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All matter is r.ade up of certain basic substances called elements. ,

, ' / ; * ~ .6
thereo . ! Iare 90 naturally ' ccurring elicants, of which hydrogas, oxygen, er;.per, '

F, !

-

G irca, gold, and uraniu:s are examnles.,

The ..sjority of the re*.sinder of"'T D tha cubstances. feu.d in natura are fc.--ed by ru sics 11y comb *nint; th .ss L
,.

.
!

''

% .' ,., /.h (.
, elements in various vays to form compounds. Exac.ples of cor.=on ec= poundsM are water. - salt, sulfuric acid, oil, etc.. ; ;~~ :.:e

'. -Jet

@k.'d la the early 19th century, it was theorised that the eleeents were cada
. .

w
up of tiny particles called stars. All ef the atoms of a given elemont

i

r

.'E
'

have essantially the sar.e chemical and physical properties , and fer .ost p*

/?
. . ' 'i-|0 opplications they can be considered to 'be identical to each other. An atom

.,
.

- '* ~
; il Lof an element 'ennnot be de::mposed by any ordinary type of cha=ical change.

-

- Q nor can it be synthuised by che:1eal union. From the goint of view of L

. pl .y 2 i#M
. the chemist, therefore, the atom is the funda= ental unit of matter.

..

. ". '.iId '

.

-

If us take two.or were individus1 ato=s and allev them to reect chemically,
|

'

|

g.< . . -#.

ve vill have for. ed a compou.ul. In particular, va vill have forni the9 * 9.'" U".]1 smallest unit which possesses all of the chemical and physical properties
,

.

.t
of the compound in question. This unit is en11ed a role.e. ale. In contrast..

,[M'. . . ., O :.: d: < to their effect upon atoza, onlinary chasical zesna can change moleculos.2 f

of one compound into molecules of anot.ser ce= pour.f or can even decocpose
k

- -? asle:ules back into their component atoza.h Typical examples are tha burn- t

ing of natural gas (primarily methane) to form the new ecepounds etrbon
. . _

J. " ' 'J 7
dioxide and water, and the electrolysis of witor' to produce the elements* - VM

*

hydrogen and oxygen. '

:.. . /.Q
,

'd SM011!E OF ATA!S@~ LO;-h ;
-

. in the early days of' the atomic theor., atems vero considered to be smil
..g.

5 hard spheres s1=11st to cleroscopic bil11 erd balls. llovever, it v=.s quickly
>

, + ,
- ;-@p recognized that this description was incor ect: and that atcas the.9selves

,-

vere actually coeplex arrangements of even smaller " subatomic" particles.
.

!''.j,,
Wrther investigations have shown that the substomic particles may be made

)

- ' . . . :. .k';
.

.up of still sraller particles called anns other things, " strange" particles.
' . _ .. . 'f:.g.n .'<.g

,

.the ultimate strveture of the'. . present day. physics research iatom has not yet been detett.ined, and much
c.d,'e 4

'

s directei touard this goal. In fact, in 1961 .
"

'', ':

bhysici.st Dr. thrray Cel-Mann postulated on purely unthe stleal groun.ds...ag.1,.,u.. ohl.h he sa2l.d po.pje). Their ,'
.

.- w .. . w..quark hea a sharge of( g.3
. >

j."Q. .
. . ,

, the other tuo have a sharge o (. ,,. .

. . .
J ...( 1 ' p)

,

,

W '

: 1 Chemical propertien describe hev an aten reacta chemically with other,

M.@ ;.. . .T y. :.1
types of atoes to form compounds, *.d c.eas physical properties refer to '" .... .

.

.a substance's boiling point, color, hardness, solubility, etc. ,
e.. . , , ,

f:.h.:".[WfM'
Q'h -2 th'

'

e symbol e stands'for the magnit'ude of the. uni't alcetrical charge which [ },' |
-

is found on other subato=le particles (sse r. ext persgrapir). Its r.sgni-l ' " ' rz - -y . tuda,is 1.6 x 10"g* coulombs. F -
, ,

,
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seassas are suppo.ned to be rathar large by subatoale particle standartis. l<
..

. . .
Thia is a truly revolutionary theory because heretu ore it was not thought 'gr

"' pettible to have fructlenst electric'el chargas. Trparicantal physicists *
;,

' ' have LeJ4 se%rching in Vain for quarks ever Since the theory Uus proposede
ara u.. .y b411eva that Lt.ey do not e.lat. Ifoume. In %ptwebar 1969. as .

. . .

J.u:u.$1;an phy41cist r.prt 1 firalr.3 wilde. tan or flea a aur.u 40 t'io ,'.b ('
'

.
.

'
.;, . . s

~. variety after sturlyln.g (6,000 photogrnphs of clot.1 chambor tracks. 1aa [. .. . ;

,
tra.*., v. a enda cy tr.a p: r!ucts af hi r. enar,;/ 21:21: ray tr.: t. :tia:::

-; y]y g with the earth's attesphere. Other physiciste nr. now tryir.g ts confica
,

-... .,
p his vart:..

.:a - ;.p
.,

.
'

$' '.i. . j M In n;lte of the unnartnintics which surrount th.i zubject. It in still possihte
L C3. " ks to J.sacriba en atomic stracture a;hich expl.iin.: mor.t c.! the observe.1 ceperi- i

- y h mental facts with which vo will be concerned. Tha atom cau thus be con- I' ~ ~

Q sider:4 ns beleg made up of threer primary subate,r.1c particles protons, '

, y., nautrens, and electmas. Protons are particles which possess one unit of
yT! positive electrical charge. Facetrons are particles which posse:s one unit h,

M of negative electrical charge. ticut-one, as their an.se5 implies are part.1. I..

M elen which possess no electrical enarce avul are therefore electrically [
*

*
$Q neu tral. Pretorts and neutrons are relatively heavy particles ar.1 have approxi-.

['w mately the same assa. The c.loctron, conversely, is a relatively light-
,, .i g particle and has only ab>ut 1/1346 as niuch enas as the protoa or neutren. '

,

.

Every Irf nd of atom his atsut the carte general structure. At the center is !

. " ~;.] k, a t.ucleus in which alasst all of thr walEht of the atan is concentrated. On
a the outskirts of an atos are the eicetrons which circle constantly around * . , f'

,.g|.f'W
. :.

~
,

4. the nucleus ruch as the planets circle around the ruta. The nucleus ils c.ide [..,

? - .;' $t .up of protons and neutrnns tightly laund together. The nucleuc has a diaisoter .r,
. . . .

99 cf about ane ten-thousandth's of the atom's dlau.: uter (for purposes of illus- - -
'|
I

" '' .; h tration, If the nucleus vera Llav up to the stao of a baskettwill, the..
"'3 "

S nc.necnt electron uould be about one alle avey). The acttaal disinctor of a i .

M,i{J
e. .

,' $ . typtez.1 ato:a is chaut 1 x 1D"' centimeters. The sketches in Figure 21 re- f$ . a..
procarat two of the steplest atoes found in natura - hydrogen and helium, g
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It is an obvious fact that the vest majority of the objects encountered ic
~..

& .
' ~ ;;

De laplication of this is that< + 1 f. " "0

everyday life are electrisally neutral.the atoms which make up these objects cust the=selves be electriaany neutral.
.

"4 .. .,a

Sines. electrons ar.d protans both contain unit electrical charges, differ-
,,

' ' '
'

|: . -
i

,

.
, ing only in sign, atoms rust have equal numbers of protons and electronsh .w@r

-
so that the charges esacel ar.3 the at.xn is el. ctneally .mutrti., , 9'.k' ^ . . ;.$

:
' ', . '; of neutrons that as atos possesses has no effect upon the nyerall chatte

,

|
. .J j of the atos since the neutroa has no charge.

"*
.

''
'

. '
..a..y. .

Since there are 90 naturs11y occurring elements, there cust be at lasst
..: ..,..

- ' ? J- Actuany, there are many more than this.ninety different types of ators. Rose atoss diffar only in the,

. . .. , '4 but ue win consider this pawblea later. It has been
number of protons, neutrons, and electrons that they contain.'?'

IdN ..-,.

verified experimentauy that the che=ical and physical properties of an
. . ''"

-

c e- .c d atos (or in other words, the detemination of which eier.ent a particular
.f ; W atos represents) are dete sined piimarily by the number of electrons that

.

''

Sir.co neutral atoms contain equal numbers of protons~ ,74.{.- 3
and electrons, it is also pomissible to say that an element can be identi.

. . . . the atos possesses.- 1.h-1. ' E'.D hus'c y fled by the nu=ber of protons ik.ich exist in the nucleus of its atom.
~ -

ma atos of hydrogen can contain one, nnf only one, proton in tho' nuelousfw.O~

Conversely, since all hydrogen atoms havei .% or electron in the outer orbit.
-" 2

If
.one electren, they an have the same chemical and physical propertjes.

' W

.

ve add an additional proton to the nucleus and electron to the outer orbit.2% d Le.'
.

. ~ .~4 ve viu no longer have hyitogen but vill have the new element helium.
, ' @~' largest arvi r.ost complex naturally occurring element is uranium, which has.

. ninety.tvo protons in the nucleus.3
<--|'., .. Jy

-
.. . :. . .. n ,.p;g .

TS010 PES -' . .s

.,

.c. ~ .. . . . < , ,

...: L y.", . " '"..s . . - 'y tb this point, we have ignored thg effe'ets of neutrona upon the prope'rtles
* ;* i'

.:.:,

i 'M at Ataste Suppose we take the singlest hydrogen ata= containing one proton? .;l? r.i, ' se;,>- .|.1N . ? '.f .s : Nf
'
.

in the nucleus and one electron arbiting speed th&s futsasus, 3t we were1

. %..~ . ;.' .N9 h sufficiently clever, it might be possible to add a neutron to the nucleus*

Our previous discussion tells us that this operation@".9's.;..a. .T i - "J*

of this simple atos.
will not markedly disturn the chemical and physical properties of the ates

. ",$'N
~0:-

. ; ;. .
Lerefore, this new; since it still contains one proton and one electron.,'g..

-

ston will still be hytrogen. Atoss which have the same number of protons
*

, ( 1hus,. . _ .s ,

7. 2,th.tcw and electrens, tut different framber of neutrons, ars called isotooes.
the atoa with one proton and the atom with a proton and a neutron are both., :| . g,,,c, , ~

. J 1p isotopes of hydrogen. . -,
.

~ ..:.,1's"4 It is nearly lepossibla to distinguish chemiceny between different,' isotopes
-

.

,. ,

,

.g .,. .

.
$y of an element. All isotopes of a given element have essantiany the same

-

There are only two areas~ '. color,' ta'ste, melting point, solubility, etc. .,

The first is mass.in which isotopes of an element differ significantly.1:

Every additional neutron which is added to en atom increases the rass ofThe difference in mass between isotopes of the sue elesent feeds -
, g- ',. ...

! . .,^c . . . i.:,y .

. the atos. However,
to slight differences in their chesleal and physical properties.f. . - - ' *h

. ' , ' . " . the differences are small and are usually ignered. In general, our previous
i
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state.nt that the chemical and physical paperties of an isotope era deter-
.* .

. ..

mined eclaty by ths nusibar of electrons or protons it pesaasses is valid.
'

-
- '4 %

~

k h seco.d major aree la widch isotopas of ths rame elecast differ sigsi-
.;" g*p'd ficantly is in nuclear pro;:arties. Much of this course vill bs involv.edAt thir point, it

with the study of the behavior of the atoalc nucleus.
e-

C.M witl 1,e safficient, to say that the isamber of nautreas that a sueleus con- j
* '

4 E$ If tha
tsins m.t E, itsia ce.-t.da lirits for the a::a ta he steh!.t.,Il $%; tua ber c,f neutrons is eithsr taa high or tas lov. th e at.m s.111 he uantab a

l !
. ?

Mevarthalsas, for tiont elacasts. bra is a rauts
! |

i

~ g'a@*i and 9111 J1sintegrate. Wrefore, rest naturally'

W of neutm ns which will result in stable staas. *s a netter of |

$~b occurrin.' eluaents exist in tuo or more isoto;:ic forms. .
!

.

~ @ fact, thers are about 3OO n.sturally occurrin,t isatspes of h 90 etc.nents. ]

f"v TBett?!FinAftett OF MUM 6
|t d ,

~
. *.*

,
.w
..) in writing about elements and isotopes it is esavenient to adopt a standard

D set of sysbols to avoid canrusion. The follewing sis:ple conventioca abould
i%-

..
j~

'

-

h.$ Each element is identified by a symbol which is eeensaly an at.breviation
'

be learned.,.
. ,

. ' . y , ,.a .
. .,

1 .i
'dL 1.

~| kQ er tha name of the element. Examples area. H - hpirogen O - oxygen,:;-
'

-
'

4 urantuen. He hellus, etc.
'?' * .

~.?
. >H ,

The russber of protons $n the nucleus is known as the atoale number und

d[.?) is given the symbol Z. The atomie rutaber also reprasents the nunter of2.'.,
*

electrons in the neutral atom..v .'* g-q, -'".. '

':f & 3. The total number of protans and Aeutrons in the nucleus is known as the -' .
*e

,

.

p.f;h" gga nmter and is~ given the symbol A. -
a .

.a
t, 1.',."'..

-

NJ*
..

If I is the sygbol for the%1ement, h method of identifying the isotope
....: *x,

~

r.

f' ''

g& is to write I .* Thus the two isotopes of IQ-3rogen we hav.s .iiscussed voit14
;

.

: .

!- ~-
C( ' .*J;7.s.

4

f. i . 4- be designet tH andjR.8o.
*

S: ar1..

It should he evid-nt that. thn numbar of noutrons in the nucious in given
v, * 'b' ..J*

waU an ja an isotope of utmanium which ecntnins 92 pmtons and 1/.6

h"'/
.,q t.

3 by A.Z. Thus Ste.ilarly, g * is arotherD
neutmas Q33 - 92 = 146) in its nucleus..;; .. .

1/.3 nastress in its nucleus.
QQ"g- ._.$ sot @: oft ut'antian whleh has 92 protons and only

- f." h . .,.;..s."pA#

? 0 .; ' :<- ,
., ;,g;. :--J . .; :

3th$sT=113aoEpe's'of any given elsment lieve.the some r ambsr of protons la
~. <

- ..g.a . . [Q@ h raseleus,:the atomic nu.aser ned tho chastical sy:shol ra raally tt.n usys
'

' '
-

.

Cace it is known that we are do. sling with an,,

. of s4ylpr the s' 'oe thing.s
instepe er utentame for enaapie th feueva it,nediately that h 4 tom has 929

.

+ ' ' . .%. ' j
- '

e ..> ' . .

Beesuse of thf J.Jou will frequestly sq38the syP. bel {er ma iselspa
.

i '* . 1
hs 3U he:omas U as op ,3,p y_protons. j,

.
- )

written with the atomie number omitted.!!cwevers the mass erneber A annat rmest b ceitt.ml if the partleular'..h7
; !j,:./*

..
+

U-234. . :, < - ''

..,g seat pe uf w alment 1. to be identifiud -' , .,,

.gg y o .7 ;g
,
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In general,'there are no apneini unsee. givas to different.isotopga of tho' ' , '
,

'. - g' m+S . . - .

.@#'4 .M
anon cimaat. An exception tw this is.hydtngna. N isotope til (which~ s ,.1 I

' .

, ''D .$ .' . . , "
, y

,

. . ' ' ' .k , .M amounta of 99.9ttf. of all naturally gecurring hydrufen) is ccer.only known '
- -

WJn.r C
eleply ma hydrogen. 'Ihe isotope gli (which secounts for the rissining .02$
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of naturally occurring hydrogen)a.s often called d'euterium or heavy hydrogen.
-

i
d and is often given the sychel D The isotope tH'', often called tritissa53

.f.
- '

3and symbolised as gT . is not naturally occurring but can be produced arti-
'- fical.ly. -g

.

Jr
~ '.,."%

~

Following the sane convention that'vag used for the elements, the symbols j
and a " resp $ctively. When deallag i. ' - - for the proton and the neutros are gp n

9 with the electron, houwer, it la 'co=venient to adq:. t di .htW <:1fteract |

E. . , %. ' A convention regarding symbols. Ve note that the atonic nusbar. Z, not only.

represents the total traber of protona in the nuelaus, but also represents'

.r .

M the total positive charge on the nucleus since each proton has a charge
-

. - 3 of +1. 1herefore, the rubscript in the embols writtas penviously could'

i just as well have been interpreted as charge rather thmn as number of protons.
- Adoptigg this latter interpretation, the symbol for the electron is written"

~d as _ge where the subscript -1, fr.dicates the electron charge, and the
,

~ supe script, 0, represents the fact that an electron centains no protons or
'* .p, neutron (or equivalently that it contains practically no assa in comparison-

,

~ -F,. . to a proton or neutron).
~- , c. .. . . ;..e '

'. 4 A10MTC VEICHTS. ,. .,

1. .
~

q One can easily appreciate the difficulty in rolved in determining the actual
. 4 veight of a single atem. Therefore a system uns developed by which the

relative weights of stems could be expressed without knowledge of the setuale - -a
' ''M .,# W43Mee $4 is easy far psample, te deiemise by chemisel means that as'

. exygen atom weighs about 16 times as much es a hydrogen atom, even though
"?

the nabini veight of an oxygen stora is unkr.oun. The basis of th[g new systes
of weights was taken to be the most ent.aon isotope of oxygen, l ma.0 Since,,

this atom ' consists of 16 najor particles of approximately.equa ss (8. ; .,1

* j] protons and 8 neutress, the 8 electrons having practically no mas) stematall)!: . it vos arbitrarily decided to define the aterie vel ht of the 01-

. '' J

-omic welkh*E3 125 = 14.88
'

f theas g6 000 atonie esas units (abbreviated eu).
'. U 8E

'.

IJ'38fatom isUr.esasheavyasthe238.125 ag. 1his means that the
atee is

. atom. Based on this systeo. the stealdD"'
, .

j , .%
weights of the three.b,O'

,

-h@ .

asic subatomic. particles have bien found to ben_

. .i:h
(azul:..- -

~ . . a 9 *.. . ,
?f. . ~j:.c y . ' y .e - '' Atoste W t.
3 % j so :- M- .

.M.d N" .,.[* ' ..
. , . ..

Q n i[J,y,3...;
'

J.. Proton 1.0 :7a8.

' ":. , .i7 , . .T. , ' ' ~ .
. s .

-

4..
.

-
' -c -

.,

uv m( -. i g. Electron . * .0.00955
. - - .. . . , , ..

_a
. . , - -|

. . .-.% ;' d , , . . -
7 *

- '. ' . .$a,
. .

:- .%--
.

- .

' ~ ~

~ Neutron 1.04897
'

. ~;:% .:) 1. . m . ~.
-

~ . .. , .

.

Since the atomic veights of pretons and neutrons are ahost qual to 1 aratl'~
< '

,

/ /., . .4he ans's'rr.ceber A is very n-arly equal to the stemic veight of that atom. In
a ' J:] .factCif the atomic veight is rounded off to the rimerest vbolo r:unber, it

c
'

' ., .3 ,yis 238.125 amu and the mass _ number is equal to 239. Itouever, it is important .
., ; v111' be equal to the mass number. ifer v2.uph, the at.xmle weight of U23s -"

,

u
.

ithat these two quantitles are not confused with each other. The stonia ,, ,
. . . '

treight is equal to the actual veicht of the atom. expressed in atonie assa.,

h j, units, wherens. the rass rrmaer, A. is simply the total number.of'p'rotons and ,. .'/|
.;

" neutreris in the nucleus. . . '4
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1 1.ater neientifie investigations have shown tht 1 assa is equal to 1,66 x 10'8Cc . .:/ ..'

.

grama. Thus the actual weight of a single ,0 * atom is (16.000)(1.66 x 10"34) = -1
: Y

.i 2.66 x 10-#3,gress. The use of powers of ten notation ter.ds to hide the
- , , . ,

- ;

'/ fact that this is a very small number. If it is written out in deciaal form. ''

1 the velaht la 0.040000000000000000000966 arms. ThLs tat. tar enaapin shawa*

(.9 the obvious advantaga of using powers of ten n;atation. It is ala'i obvious.

O '4 that ut. tug as stamic weight of 16EO is much si=;1er from a criculationsi
h st.anopolat than using the actual atsmic u sight of tha ata.a in grxu. ;aws-"

'.h Elving tase rymbols, atomic number, cass number, and atoain wight.m at the;

.,
,' N .g.] isotopen can be found in most chumistry, physics. or scientific rafart.nce
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". Before proceeding on with a study of the rnc1cus, it is of interest to..

Q look briefly at the orbital elsetrans and some of the important phenomina -

- ,d aasseintal sith tnam. Ia 1hspter 2 an atos ns pictural is co . stating
. ;J of a small, positively chargad no:leus surroua3od by a r.uober of rotar.ing ,

I

. :.6 electrons. In a neur *si atoe, the number of protons in the m:le'as is*

.:i.y
equal to the nu:.ber of electrons in the outer orbits.

''

he orientation cf the electrens in their orbits is stat detemines the i' ' '

i.! chemical preperties of an atos. In accurate /.aserip'.is.1 of this orinntation
. '9i is very difficult, but a simplified description will suffice. yor our

-i purposes, it een be assumed that the electrons are arranged in a series*

of cimular orbits. Each particular orbit has a definito maxima number"

,

of electans which it may contain. The first electrons. added to an atoa |
.' ? go into the innersiost orbit nearest the nucleus. Whan it is filled, sue. i
N . eeeding alectrons will go into the next larcest orbit. his process of i

filling succeedingly larger orbits continues ur.tll all of the electrons ,!

'
1, in the atom are e counted for. The innemost osbit in callcal the E orbita .,

~ 1 (or shell) and may contain a maxima of 2 electmas. he second orbit, 'j'

or L shell, r.sy contain 8 electrons. The third, or H shell, r.sy contaia ' *
,.

*

. ?- Q eighteen electrons, and the fourth. .or I; shell, may contain 32 electrons.
,

;

fi * ' (. - [ $g pelievise this pattom, the hydrogen aton will have one electron in the K - - 'i|'

' W shell and the helium aton will have tuo niectrons in the X chall, he. . .

T. , , i ,'I next largest ate:n, lithium, will have 3 electrons - two in the K shell- I.*

- * - . and one in the L shell. The L shell vill continue to be filled until the . 'r"
. atee neen, with 10 electrons, is reachel. 11aon vill have ancor.pletely. filled >'

. ; E ahell:with tun electmns, and a coepletely filled L chell with 8 electrons. j *i
j he next e'lement, sodium, vill have its eleventh clectan in the H chall.e:

|' 'j Among larger elements, this or11erly filling of successively larger shells |'' -
.

tende to break down. For eneple,. Table 3-I shows that zenon hae 8 electronsO .-

* . Ja in the O shell when its !! ahs11 is still unfilled. !!overer, the complexities ;

- : r :.7
er electronie structure are beyond the scope of this manual. '..

?.k Curxrst'mnnTru er nex: - -
-

\e.- .

.!; ..
~

. :-s .
.- =<.s .

yd It he's been sentioned that the chemical properties of an element are deter
mined by the elect.mh configuration of its stus. Actually, the cost - '

.. laportant fa= tor is ths.rraeber.oPelectrons In the outernost shell. hus t . i
..4 all elements which have atb.ta with.,three electrons .in the outernest chall. - !

,,*i
.; vill hsve similar chemical pre;ierties (but they will not be exactly the

'

~~

& ; >

same because many other factors, such as overall size of the atom, enter | |iJ;'.i
.

' ..j
T.* ; . *' "trens in its outer shell. Under these circumstancos it has been found that -

' into it). A case of'particular isLportance is when an atom has eight elee..'

,

.- . .,"'
25 the stas is exceedingly stable and has no terriency to undergo chemical ;ti* --

renetions. These % ms are said to be ehemically inert. Sinee all cf the i*'.;.T1
' elements'shich possess this property are gases they are often called inart }i

*

.
j'

.

Q casks or noble ; ases. IIe11uts is an exception to the rule th4t inert Cases! ;
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.contain eight electrons in the outer orbit. Helium only contains two

!
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' 'q outer deetrons, but siste they represent a completely filled E shall,
they give helium the properties of.an inart Sau..
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the aveber of electrons in their electron orbits, are tabularized below.
.#, ?!!LE 3 - Is It.E.'.T!WIIC CC'*'ICUR.tTIC;I 0F 11G I!!GT GASD
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,'; ELECTPDM SIELL
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- CAS E .
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%. v .J
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. Halium 2.
...s.- - -

m:, tioon 2 8
:~ -

' .

,

'f;f.*r ; trgos 2 8 8 ... ..

e .. Krypton 2 8 18 8g
." Ienus 2 8 18 18 8 .

,. . . . .
4- H Radon 2 8 18 32 18 8. .-. 7
.,w . -;
,b. ~t:

* ' ' . p.v ;
-
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.
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q 70HfC m tf! CAL REACTIC?fS
..

.n . .~ .h L%a atene underge eher.ieel reacti.ons, they do co in an attempt to asia' d l':; the stable electronic structure of an inert gan. Considsr for e c.saplo, the.
~ .4

r%
g sts:a of us*.ium. Sodium has 11 protons in ths truelcun and 11 elesctrons in,.

the outer orbits. A schecatie drawing of a sodium atos is shown la
b,h

, o -

figure 3-1.
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7to pindace va'ter would 'oe the-reastion of two hydrogen atoms and one oxygsa'
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9 4* However it is known that hydrogen and o ;ygen occur in natuss as diatosla. .

7~W **~. soluculns. %erefore the actual reaction wuld be that ti.o asleeules o
hydrerpa plus an oxygen eslocule cochine to fons tuo amtacules of unter{. '
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.
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'$.T. %' In the case of the water molecule, it has been observed that the shared
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. . j ., . : . ". u.i.'.
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-that their positive sides are adjacent to. the negative chloride ion and
the negative sides are adjasent to the positive sodium lon. The untar t."
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molecules thus apply .a force to,the NeC1 colecule which overeceem the '

attractive force between the Na and Cl* ions and causes it to be ionised;
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and go inta solution..,
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. '.'f. Many elements exhibit both ionia a:d covalent beh rior .hpaading upon the
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i particular reaction in which they are involved. Furthermore, there are
2 ms.y covalent co= pounds, such aa 303 (sulfur trioxide, which is a gas)

./,
which have a strong terhiency to gain or lose electrons to form "complaz
ions." For example, sulfur trioxide has a strong teMen=y to acespt tw .
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D bonia joining the; rulfur and oxygen atoms. Two adJ1tional electrons are
'

.

danstad. to the sulfur atsa to eceplete its outer shall from any nearby*

j (; atoms which are easily lonized (two sodium atoss, for examplo). %us, the
,

' ,j,; ) E3 accluires a chstge of :-2 and 4:ts as an ion. he chectical reaction can - ;
-~ ~-w - be written as

- .
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. :.W j 2 Ita + 502 - M*aS0j D 6)
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ea |- -
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h share ti.e Ns,S03 ciolecule is made up of t6o Na" fo.ss ani one |iO -a len.(y 3
.

9 p''' he dets11s of the subject of chemical bonding are eemptax an1 better left
I #]

'~ to ch. uni:stry tests. Ws forortant thing to see Ims this 4tueussion in4

V.. that d.mical reactions involve 31tsrutions in tas outacal.:ctron disus,

i with no changes in the nuclei of the reseting substances.
.

. T. ' , y ,ggy3 .m

$ " Q. +' We have sp'ent considerable time discussing transformations areng the outer
* e ...

.-JNW,
.C.N 'd - ~

orbital electrons, i.e. chemical reeetions. he outec electrons are the'

'

essiest to rearrange for tus reasons: 1) the electrostatic attrsctive .

. f"iJ'.$ g forea hatween the aiucleus and an electron decres.nes rapidly as the two
'" --' M M 1..il:a are seperated, 2) the negative charges on the interior alcetrons'

A fb havs a tenteacy to 'shiold the outer electrons frca the fun positive charge
J.'Yd'1

>

A- *$ of the reacleus.. The fact that tha outer electrons ara thus bound to the
M t atos rather loosely accounts for thefreintive casd with which the vast number

,
I of chemical reactions can be made to occur. Conversely. the electrons inJ*

, . ,

.4. .. . i F the inner orbits 'a're more tightly bound to the atcm an1 displacing them is~ ' -

,~.t ' 4 / f.anarully more difficult. Nevertheless,: transformations c.:nong the interior-

', ; ^ .g electrons can be accon:plished,urglar the proper, conditions..
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p - . , y'. Before considering these transfor nations it is necessary to expand briefly
. ~ . . . 1

.
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upon the subject of electron orbits. he electron orbits about which we
'

v. .
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'A have been speaking represent more than simply paths for ths electrons to
l travs1 in. Esch orbit. or shell.' also represents an r.norgy lovel that the

.] d ehetrons occupy. Tha'yls to say, the electrons in an atom cay have varioust

h,y diacrate ar.ounts or ehergy. The energy which a particuine ele etron possesses'
. ..s .3 $'e dotenmines' uhich shel! At will travel in. We fartper a sheu is from the

n

* * ' ''" . a .3 ,
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nasipus, .the grestar is the energy ~.6f the electrons which occupy it. If an
. . ; . d.' .' . 7.K. :
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stem is left, to its own devices, it.will' eventually orient itself into its.
* '..J ; V " ground state,' or conditiciof lowest en'ergy. That is, the electrons~
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hip energy light (as in a photoelectric cell) it is possible to knock na f
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electron out of the inner electren shells. Since the atom is now luft
.

-

t

with a vacancy in one of its low energy inser shells, a higher caergy.
*

electros from one of the outer shells will eventeally take this opportunity f
.

J
to redues its energy and will drop into this vicancy. In the process, the3

"

J electron vill enit the excese energy it possessed, and this esitted energyF
is eslied as T-rey. Since ese. alectron shell hos a discrete enstgy

i associated with it, the alactrea transitiou * cst.a-4 these shall; sill..

.M.| result la Lrays of eartain discreta energies being esitted. The energies
.

of three Lrays are a characteristic of the substance, and are often usad
-

;
' ;

~ as a means of identifying ths substance. Althogh there are unthods of p

,~ pr*seing charsetaristic brays other than the unthods discussed c.bove, [
L

tha lupartant tMr.g ta renesbar about tues 12 tbt thsy nault f. a r.t.Vewnldhcua [f . .. :
crientat. ions of the interior orbital electrona ut an staa.- ?. :'

. , f. .2 Lraya and other types of atomic aalselons further in Chapter 4.'
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1. Defins: .r

,

h.GQ noble gas. halogen, lon1:ation, charseteristis I-ref.
>\

; , J- 2 Id j'. ;
.id sgnasium (Hg) is the element for which 2 = 12.

Draw a schematia 5
s'i .%''ili d!Larn.: of its electron structure.

..

kQ to.- tus reactio:t of sugnesium ad chluctae,Vrlte tha c:tuation you t.culd expect
i ;!

m'J
' '

magnesium lon?
. ht is tha darst on the b

f'

f. 3.
Give tuo vays in which the oxygen atom (2.-8) might be Ionized to f1va

k
dT'
h.S sa inart gas electron structure.

L' hat woul.1 b3 the ionic . charge in3.. ,

7 ech of thess esaes?
]. . . .'. . . N li!.aly .titernativet !?.ti:h of these wuld you .noect to b the cost i;.,

thy?f
i{

'

'
"" p 4.

*

ifitrogen (Z:7) exists as a distemic molecula with a triple covalent
'

, . C'1 ::bor.l.
Draw a diagra:s of the electron structure of the nitrogen stolecule '.'. . . . - .

'7
Consider the sediu:s ston as shown in Figure 31. . {5. .

- J .A

=cacciated with the K. L, and 11 shells were 1.5, 3.7, ani 4.2 energySuppose the energies
c'; ' ' '. 4 j_

uniin respectively (the energy units used here ere ficticious. uni are
~ .

c'; 4 *
1

uses! only for purposes of this probless).Q~

%.n electron from the K chall uma removed frem the atom.Suppass further that an
J3 . .,

f

ons of the L shall electrons dreppent into tha K shell, s.nd one of theFollowing this.
,$ 0; s.

?"

1:

thei.1 electrons droppa<1 into thn newly create:d vacancy in th
*' .$?

%t s.re the amergies of the X-rays which would be emitted during thesae L shell. (.,'M .

' .

f/ tw transitions?',

. ~ .
'..'

*
*

6 .s
f ?

-

Drsw a diagram of tfie electr3n structure of this complex lonEn nitrate len. ID **, hMs 4 double hond and tuo coordinate bonds
. ,

t
G'

.

.J
d. 4* bq'.,? ..

|.
. ; ' J.

the electron which was ddirated to it. , showing - f;
.

. . . . *.

. >. J%i . . . ...,.1
.

' .' .- 7. . .

\- d k.7.Y Draw a diagrar of the elec. tron structures for e..mo.nia (Mf ) and theb" -' *' . g

g: 'nemoniumion(10l[*). ' * P,. .:w
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~~ d RA1 URAL RADIO &CTIVITY
*

, ..j .'s.re 9 .

.; ' .! In 1996 Meari Becquerel observed that' a pio:e of photographic film which f |
' ' '' I

.y ' ..I hnd been vrnpped in bicek paper to protect it fr.xs expsst.re to light hsd 7
,

"T r.4verthelazs tsecan hewily blauken.d aftv stardir.g sesr s smapL3 m' a y]'

. zw uraaltan selt. In this experiment it appeared that the u.-snita emitt=1 as -

f.
invisible radiatica which possessoJ. in c::.=ca teith v1albis 11;;ht, ths ! |'' '

''preparty of blactening photographic file.. It was also appsrent that this e

I:vndistion. s. rust have LJ = degree of poutratina; power since it had quo.m., m.. .u.w m.n. i. rm -hi h

1 .. w i emo a-

'l sative" was esined by Hadame Charie to Jes:.-ibs tnJ Lhavior uti:n 6.4aeral (
.

7 . ,

I %a.1 had observed.' .

y.y .

"E If some reditas is placed in an apparatus such as that shown in Figure 41 E
'

it will be.found that the photographic pla*e is exposed in three fairly ?

distinct areas. It was esnel'udani from c:cperir. ants of this type that there I*
.
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' -. .s ? Figure (-1: Thw Paths of the Three 1Ype.s of bdiation in an Eloctric Field . b
'

, 0,. . h. : .3.. ,. . . , .. - ., . ~.' c .. m .3 . . , . . . . . . . s. . s..
' must, be. at least three types of radiatisa giv'en'eff by'nsharally occurring ;

' " i''' ]:]
'

.-
'- - radioactive innterials. Marthermors, it sas reasible to concittde that one W

% " ' ~ . of the radiations c:ust have 'a positive :harge because it ves attracted tovent 5.
,

the novative pole of the better k
.

attraat and like charges repel)y (resember that, unlike einctrical chstges
0

y [' % another rust he negatively charted besuae E , - p.j ,

it'ves ettracted toward the positive p:*.e. and the t,hird must be ' electrically .*

n-

.i neutral because its path ves not deflected tcwrd either pole.' The three Er
.-

*

nost important types of radiation thus discovered waro enlled. alpha, beta, C.*. .. * ''

' N,- and ca-na respect.tvely (n.s:aed for the first thrao 1.itters in the Greek k
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htt$:ar investigations have shova that abou.t 40 of the approximately 300

-

'- - h r.atu. ally coeurring isotopes uMergo spontaneous radianctive disintegration. -:N
!!ss.-ly all of the naturally occurring rrlicactive isotcpes ara isstapea

|, .

of .1=s. tents heavier than load, such as uranisan, radium, and thorium. All:. - of these isotopes ezit cne or nors of tha three types of W.listion previously'

dancrihad. hrthemore, it has been shown that the radiatioca ars t.sttted
[

+

! [ fre: +he nucleus of ths trationstiva stoa. != fsst, it t.as thz atiidy of thesa
'

.

..N %-

4-
8

radiniuna .'tich led to t' s thocer that sta=d coat tin a s.acl.na2. 4h rausaa

sAy retch radioactive emisalona oc ur is a es.rniaz subject, tha rudinants
*
3

* H of whids will be covered in Chapter 5. his chaptor 1.111 he esacerut ,

D :primarily with the propert!=s of the radiations cace thsy have toen etaitted.
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N positively charg-d radiation uns found to be a streaa of ninute ferticles
. T Which vers called alpha particles and given the s.vmb1 e. Research has
'

. aboun that an alpha particla is structurally the came as the nucleus of a h
'

helium stxi. ht is, s.n alpha particle is cado up of tte protona aal two j, .

7- ,, neu trona.
' t

As such, it has an alectrical charge of +2 dae to the two protons. dh nSpha particle is e.r.it.tiwi from the nuclei,s of the radiowtive atma with''
-

. > 1 a very high velocity, typically about 1.6 x 10' sa per svenut er a lhe of }'
a.,'

the spevil af il AM. flewmHP, in spite of its high velasity, the penatrating f
E *

power of the alpha particlo is not great. ..

The ratage of a tvpical alphaq.*, a particle in air la akut 2 inches, wherens in a more dense mistorial, cuch [
.-

.-

' " , rN W''
f

aJ aluminuo, the range is only ebout 0.001 inches. na subject of alpha
C

+

*. ***

particle.rnnges will be dia:ussed .in greater detail later in this chapter., ge
.

, '

. . . . .

.a . - 'q 31oce the alpha particle is a heliura nucleus, an alternative symbol for it
.

p. .

Y '. e *q r
.

thich in commonly ussi in ,11e . Decau:.e this is .sleo th,s symbol for ,a holit:s4 >
"

*Q alo.s, it is nacasuary to infer frun context whether the symbol 1epresents
.. 1

>7" helitta or an: alpha particla.
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h negative rndiation ims naso founr1 to be made up of particle.s, and these f'
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n uera cellod bata (p) per'less. t

A beta particle has since bees. found to,

P
9 3 og Mving practically ers mass and a c.hary.e of -1. (f be launtical to as e1

'

$.1 % bets .purticle + . cif tied t.ithin the nu:1cus of the radiusctive atca
' if

s

.M(?
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at the instant 4 '*s f - aintegration and Ja e=1tted at. nn c tri.zaly high ' "
|-vslocity, uS A try )y i

'03 cf the spawi of 112ht. Dace .tha batn psetbla. .' b. , has been sla. to e , g ts le:possible to distan2itish it. fron tha othar
t;

% cleetwns whl.2 are ams present in the coms af nay mtarital. 'As 'ue Jhall
.,,

jg
. see, the ranga of a beta particle 'is not as c1carly defiosi',aJf;evertheless, as a ruk cf thush it can be sasumud thatalpha particle. that of.an

Q- c.. .., a'jad-
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than is an alpha partiola of equivalent energy.. .g . " ('. ' ..- N
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' Since a beta particle is identieel to ant.loetron, except for the fact that
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*/ i * 6pi Q it originites within.ths nucleus, it is ordo 2iven the symbol' g i
'
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. i .& O A third symbol commonly used for the beta perticia { @p'
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is $~, where the minus- sign indicates the particle is negatively charged.his latter symbe11ss is used is avoid eenfusies of the negatively sharged> h|
is being referred to. ;

,
JM,

y
beta particle with a positively charged beta particle called the positrea

;,

.| f.
We vill discuss this particle further in this chspter and in l

,'

L' 4.

32n e tHr nJgstively chstg.'d beta parth.lo is the east coemon q(f).!

of the two types, the s)mbol p without a sign is alvsys assuasi tc hs .aC apter S..# l') !j.

negatively charged beta particle. | ir!
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Whee a nualous emita sa alths partiole or a beta pa.ti.:le, the evest isnearly always accor.panied by the emission of a thint type of radiation calledg
.%
p

,

I2
Ca=a rays are electro =sgnetic radiation similar to I-rays,' -'

; J;q gamma rey has much more energy and pe7etrating poder than any of the other

, gNeuever, the inicalthe gamma rey.
visible light, ultraviolet rnys, radio waves, etc. P g.,..p.

%The next most energetic slass of IE., %.classes of eleetmr.agnetic radiation. 1here is no exact energy above ;~,g1
f;5 electmeagnetic radiation is the 2-ray.Thus high energy X-rays and lov energy .

| h,
:13.i

:i
vhich 1-rays are called gazza rays.Usually, I and gama rays are differentistal by %.j
game rays are identical.Electraeagnetic radf ations arising fmm transfor:ations withinh

. ..
., . .,; j- t .

the nucleus are called gn=a raye, and those arising from transferr.ations- fi.i .
their origin. ('' ...T'

. . ' .3 vithin the outer electm atmeture of the atos are called X-rays. $-5
7

Y:-

& the ca.r.:na ray has no mass and no charged (hence t!ie fact that it is not g$..?'"

0

h''/&
's

The symbol for the gam.se ray is y or *7 '2
- deflectedbyanelectricfield). .;.

1he penetrat.ing power of theN
to indicate its lack of charge of essa.As in the case of beta particles, the concept of

w..

. . -|. (. Q.y garse ray is very great. }bvever, as a rule of thab, th y can ha ($e definite range does. not apply. considered to be about $0.000 times rore penetratig than an alpha particle
.? .1.s T;,
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- uns't'able neeleur attempts to obtain stability.

.. s,~ * ** *

dA. 6 - .

. . . 7.. ,y,; By radionetive decay, nr.e "g">

The naturally occurring radioactive ele =ents.necomplish this by emitting . p
*..a

. . . - '
, ' , .' Y.(gg These.transforrations are generally,,

A . either an p.1pha or,bett. particle. In general, a radio . Jr='

acm=penied by the endssion of one cr ao're game rr.ys. $.a.T] Thus.
activo isst9pn always e.-its the same typa cf particle in its decay 3@*

*0s alsays c
. . . ,W O'38 alunys decays b.* tho' emission of an alpha partiebe arsiOccasionally an isNope vill$'.

$$ cays by the e .ission .af a beta partiels.amit an alpha particle on so e of its d{*rintegrations and a beta particlehd ,:' /.9
db'"E

An exa.spie of this is Fo* which decays by alpha er.icsion pri~''
on others. novever, no
99.07 of the time and by beta eeiMien o.oca of the time,
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.

isotope aetts both an n1pha and a bets star.21tanosualy in any single dis-bg,!
'

,1.4]
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Q,y )
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. .y . ...' .integration. ,.. g ., .:; ..'- k%g . .v.
. Radioactivo decay is a type of nuclear reaction einee it involves a trnas- kg-
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In reactions of this type, the atoa
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. _ 4-- Since there are 218 protons and neutrons fa' the parent nucleus there must- .' - E

;,

w
be a total of 238 in the resultant. alpha pirticle, gas:.a ray, ard daughter

F.
.

.! nucleus. The gamma ray contains no protons. or neutrons, so we' can neg.le t j
E

- ' ;/ it. We alpha particle contains a total of 4 protons and centrons, and so... .
,

dthe daughter tuteleus must contain 234 to take the reaction bslance. Since .
,' -

. W alp'in psrtin1.3 refrssents t.he reovst of 2 protoss frca the pra..t r.ucleus. , 6

the daughter nucleus must, contain 90 protons. Alto.itatiisiy, sauce da [ {
-

'

'., . '
.'.

uranium nucleus contalas a charge of +92, the penducts of the reastion cust .
?

Ealso have a charge of 492. The gamma ray possesses sero charge, the alpha
b-

? 1j- '

- particle has a chstge of +2 and so the daughter nucleus must have a charge
.' !

,

,

' ,d of +90.
{ g

.

, , . - -

r. .e
..

lhe decay reaction is most easily visualized by use of'an equations
- . c

t fs "

:.%*) a s' (4,,1} |
g-

Th sa + ,g.a , ,yX.L*i U83*. " 1-,3 ,o
. r

da '

.$ where the parent nucleus is written on the left of the ' arrow at:d the products*

?O of the reaction are written on the right. Since the superscripts in the j.i

. s' .f equation represent the to~tal number of protens and neutrons involved, they f M>

-

must balance in socordance with the previously stated rule. Thus I( f,'g
238 = 234 + 4 + 0. Simila'rly, the subscripts also c;ust. balance since they (. J

..$ represent the charges on the nuclei involvei in the reaction. hus: ; [ j

92 = 90 + 2 + 0 ; p

.y.;
,- ,

..h gh The use of these rules enables us to product the products of any decay reaction. ['

,f For example, consider the reaction: ; s
,r

v (4 2) y [h* 38 - 7 + ,He' 4 0-: o *

, ej+$l ,o o g y
,1

uhore we are concerned with determining the daughtse nuticus. Ve enn it:nedi- > p- @>
p

'

.. 4 ately asy that the asso number of the daughter r.ucleus is 226 since the p,

superscripts must bslatice anS 230 m 226 t 4 + 0. Similarly, the ator..ic nu:nbar G
,''q

- 'b isast be SS since 90 = $8 + 2 + 0. To identify the element sdaiah has as '

atomic number of 88. it is necessary to consult some reference which gives .

'./:.<.((
,

', a table,of the elements, ifpon doing this we could discover that the element !,>
,

-

iu Therefore, the daughter prnduct of the reaction is i )1
, G 'f in question is raje ,m.ag.the remetion can ha wr'itten ass '( 3a+ the isotope naRa#,.

f [,
- r

..o ..; ,at.1 ., ,,?. .

*

. . , , - .
y,W . ,y,4. 9 (44) . *-*

..

) . $, .;
'

J,. . . ' - [ ,othats, _ y
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- , -
.... , ;,. . .

- . ...y 6
6

..d 937% DgOAT g,; y;T * - . ,. .;;. .
.

., s... , :.4 .g,
. . .. . . . . . . ... , *In writing reactions for beta * decay, the see rule's apply. huis, in theeg

''j . ,

;'
W . , .; . reactions '

u ,

-
. t

' ,

,
-

!. ta s

Po"' + 4e' + g (4 4) ,II'

fa3 H'

>
-

. . .
. .. .

>,.
-

.i
,.,

.,.a . O
,I ','. ' #'i ve a-- that the supe'rseripts balance (214 * 214 + 0 + C) and the subscripts
t j3

-

baler..e (83 = 84 - 1, + 0). . s.. .- .. ,.,
.

s. |
--

;.'Ve know that t'he. nucleus is made up cf protons and neutrann. Since there.*
...s s,
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are no electrons in the nucleus,- shat is the source of the beta partie1 As? |:

$3 If va exa= ins the previous reaction, we see that the parent bismuth sta::t (,
i.

. .- y contair.41 83 protons and 131 (214 83 = 131) neutrons. ne daughter
;

- polonium stois contained 84 protons and 130 neutmas. This c.u g ests ta vs~"
i

c. that onc of the bisanath neutrons has convarted ints a preton as a result |
of the reaction. At the innt:.nt of radioactive decay, the folloi ing

.

7 r notloa unst take place withis the nucisus'

,,

T: 1,: a

s ''. ,.; o .- 3p8+ e- (4 $)n* a

J h beta particle ti:us created is emitted face the nucleus in the dacey
;| 8* proc asa. *:.ita daeay can. h/yfare be thon#.t of us the tranat.rmation of

. . . .,.i a neutroa into a prott a wir.* tin ;.h.s nuci.ata ut the parant, n.om.
. r

k'
.

it is interesting to note that the men who proposed the theory that a neutron
'

.
,

fj is transrorte,1 into a proton and bota pnrticle were able to prwa ut.rictly
,

* '1

' on theora*.ieal gtcunds slut cuch a transforcation could rat f.ossibly occur' * "
.

unless another particle vs. enitted in the process. Such a partio10, they |
"-

" , .1 anid, nust have no charge and ess.atially no r.w.sJ (or nt Icast n aussa that'
'

.. y una very rueh emeller than the mass of the beta particle). %!s partielm *> x

'h Id una aallei the antinautrins nd given the symbol a**. Although such a particle ;.

would wne practieeily inpossible to detect, a great many experiments were ;.g $f
q,,. .:.c,. .

'1 Irunche.1 in an effort to ob.arva one. It has only been in recent years. T- ,

. . E.'''
.

' i.7 that succcas in these experitsents has baan obtained arut the axistance of j
,

' '' n ,% the antinstrino proven.. hrefore, to be t.echnically correct, e.luations |
- '

'

' ?h: .g, b,
(4 4) and (4-5) chould both have the antineutrino included its thum.- That (;:. ,3

' .; la, . / ,; . '- +-

v- ; .
.=:.%[* t.Q"

G .k ' . p...

* e' + o ' + ey' (4-4 J .5188' P088* + v
,

.r. .,3 .,4: ,,g,, , .

. tr . p . ] , .
. .

,? '

s . Usuany, houaver, the 'antinentrino is simply left out of the eqt.ations ' inceF- e $: s
*

, . Q.
it has no pradtleal impor.tance. &

, , . , . ,. , . . ./:. 3 RA1T. (W pADTCr:l*IVE DECAT'
. * ' * . .

.td .

(;.,' d. 3- -
,

-
. - Qh

. , , ,

,!

,

' .~..

I!M Each radiosctive. isotope hna been found..to ditdiaterrate at a pre'eise' rate }'. ig uhlah is a che.racteristic of the particular ta'atops. 'The docit.) recess is . iM a staticucal cae. ht is, it is impos'slble.*.to day when,any individual; .- .-

h atom of a.u isotope 9111 disintegrate'. LuaVer. .it la possible to. sny ih'at. '
i

}N'%
in arty'ginn period of ti.r.4, a cartain porcentage of the total. atoms * iressat ..<; ,
vill do::a;. As analogy can La Jrnwn to tro crus of the 11f.r .tutrai3d]i ..

'_ . .

i

.J |

Its one aan predict uhen any individual person la [.'Yoisf th ille.?Q. company."d -

llouevar, the life insurance co:rpany does.sny that su:eng the t eEcle.irith a. c' *fp:b
'

i
5 speej ric age, there vill be a cortain perenntep of deaths witH1af t.he follow.

''*:ing ~

. ~ -"
.

[f2'' '

-Q * ' ' . _
'

,

.
yesar. - e.. . p. . .

..
- '

_- . .
.

.. .
, ,

h'' .c, .hdi'onct!Ie decay'is 'an expen'ential ptweese. 'This means'that the rata hr. 9.' C- l'

.. . ~ ' f,[' k''j. ?.'
disintearntion of .an Isotopa is proportiont.1 to'the.nur.ber of atomslof the .. I

"s,.i [. ;; .- . .
'

.

-[.

,5 isotope peasa.it at that tim.m. If we hava tus. nar. plea of a radisective t

4/>. unterini, and'one samplo la twice as lar.ie as. t!ia.othe'r, than the inrr,er
' . . . !LL)

*
'

'< '

sample till be decaying at n, rate twice ns-fast ni the smallor ensp13 hese ->* *

"
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, ideas ,can be. expressed mathematically in the following manner
. _ . /g . .

Rate of decay = 1 !! (47) !1
,

,

,l~ Jd
, I.g .

.( uhere 1 a decay constant (in units of sec-1. min-8. hr*1, etc)F
. ,

."
.. .'s ' l ,i..,

!! = number cf atoms present ;* - 6 .

, p.
, . . .'n .

.- .W Nate that the units of decay rate are ata=s/sse, atoms /hr, etc. These
. ' ' ' J.7,. q, . 3 units are equivalent to disintegrations /sa=, disintegrations /hr, etc. because. , .

each disintegration involves one atom.. . ;. 3e* *<
c

If we have a.sse.pla of a pt ti.;ular ra.11oastivo be.tcpe, then it vill he
. . .] dictatsamtiac at a rate gives by equation M-7). Of enroe, cash dis.,.

integration reduces the number of atoes of the isotope in question that are
'a present in the sample. That is, the factor !! in equation (4-7) is not

,
*

: constant, but is continually decreasing as time passes. Using relatival,y
, , . c,3 advanced mathemstins it la possihie to derive a fonnula which expresses the
. .,

.

.

.y manner in which N varies with time. Thus
.. .. Ah';MI N s'No e1 At (4 8) i.

. .<.. d.,... 3 ...
. ,.. . . . t.

~ '

i 'W ubere No a nu=ber of atens present at some initial reference time, to i
.

.
vw 1 = decay constant

~ :t.-.c-

.:t4.W .
-

.
.

..

- N = number of atoes present at nr.y later time t.
..g

-...J..,. ..d At = t - tu a einpsed time from initial reference time to any later ;~

.d time of interest t. . .
,!. ::. . .-

. .re .Q
'

. . ,

p
'

' -W, . " * . C.i.
- !!ote that this is simply. one fons of the general exponential equations dis- t*'-

.

.. ' cussed in Chapter 1. 11cnce our terark that radioactive decay is an expon , j.,g:3 .

--",,/' ,.,..S., ential process. _ .,

.; l.-;
. s. . .?i

. j ; [,1 A plot of the munber of ntens, N of a typical isotope versus- tias in given !fr.~ * '

.j in F1 Cure 4-3. _F1 pre t;-3 is nothing more than a plot of equation (f.-8)
.1

i'. ?-
, .,2p with A = 0.139 hr' ard.N .u 100 atoms for illu:trstive tsurposes. This

. J.,..>%@r;t.$*"
.o4 ."eurre is ,si:silar in appearance to Figure 17, a:.d has the property of9 F. ~ asymptotically approaching zero as time increases. 'thers is one important~ '

9.^'." U 'Jr . -. E',N
.-

i !
. ' . feature of this cur:re '.ht::h h corsion to ell riv'ioactive is:s7 curves.

..*'

,

. Notice .thit. aft'er $ tiottro the number ot' atons originally pre.iont wasO '
.d..T reduced' by a fe'etor of 2 f from 100 to' 50). Notice further that in the next .;'J .

'
-

..<< .

. S hour bias hterval, the number et abees p.'esent full from Sn ta 33, er i,

* 5.h *-

again hy a factor of 2. * Fat ther investigation reveals that the curve shows s*

!
,

I a similar behavior in the third, fourth, r.nd fifth $ hour time intervals.'
*

~D In general, in any $ hour time interval. 50% of the atom:: present at the f'

. . ' ' ' . beginning of the interval vill dessy. Such a time interval is enlled the I*
. .

{'half-life of the isotope.- Our hypothetical isotope, therefore, has a 5;' .-
.&

-

*''

: - . . - ::;
.

hour half-life. In general, we can define half-life as the length of time"

' . |. . '. required for one-half o't the atoms in a sample nf a radioactive isotope to ?!.

' . . ', I.,M . J. f :.,) % y.3 . ,c.3
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g decay. This behavior is also sonaistent with our gaaeral remarks in ,

* : Ch.1pter 1 about exponential processes. ht'is, in equal increments of
tina there ars equal por:entage changes in tae number of atoms. ;. ,;

.'
.. . M.'. Q. . the taan .cossesir used symbet fee half ufe is 7 /3 Watf-u fe aan be

, .
*

-

1"1..; related to the desay constant by the fomulas
-i - ' i,,: '@ -

x . 0.603 (4,9)
, A. +, .;.t".1 . ,

-

T /21
- ?'

.Usin; aquation (4-9), we can rewrite equation (4-8) in tems of half-life-

,.@ as fo n ova:
'

y , 4 ,-o.s.0 At/T]/2 l4-10)~

',
-.

..* -] ,

^-
'

. :: heh relicactive isotope has a characteristic half-life. Thus the isotope - '
,

tT-2.Tdecays by alpha emission with a ' half-life of abcut 4.5 billion years. i--h Every sar.nle of U-239. na matter what its origin, exhibits this half-life.. ( - ,

j" l'alf.-lians 6f the varicas satsactive isotopes range feem loss than cae *
r.1111onth of a second to well over a billion years. Although there are '

seve'esl isotones which have nearly the name half-lives. the half-lives of.;"

'.c; anst isotopes are unique and are not possessed by any othar isotope. This
.

.

. ,

fact is extremely useful when it is desf red to identify a particular isotone. ' -

If mensurersents of the enount of radiation beinar :=itted by ths cubstance
'

are made over a period of time, the. half life of the substane. can be deter- j 1

ma and. It is thee necessary to consult 'a'.'refersare book whic'a lista the ? y].,

?,1 half-lives of the various inatopes to detemine which one is contained in '.
j,,

, 1- the substance in question. .
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E the unit sdatch expresses the rate at which a subatance decays is the curie.;~
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One curie of ear radioactive isotopgis that quantity.of the isotope whichv
. . ~ . . " 4.. $8 is decaying at the rate of 3.7 x 10 disintegrations per second. If the

'( half life of a material is wry short, the a;r.ount of the statorial which:

represents one curia is vanishingly smaII. For a substance which decays
A.- very slowly, ans curie r.ay represent several tons of the f.uhatance. Table 4-I

' /3 givsa thw r=ount of materi:1 if.tich repressts ans curie f.sr thm, typLs.a1,.

- 'O isotopea.
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< ~. f. :h We are now in a position to consider the solutions to a rnaaber of pro,blems ..
- ' ? W,9 concerned with radioactive decay. -

'

. .. . . . . . ,

E+ 7.k Example 1:
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- - i.W many 5" particles are being er.itted par ascond?
'. W5M; #
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< ..'* in seconds nine e us have coreauest X in soc'1)

. . . . . !! = (1018) e-(5.78 x 10-3)(480)a goto -2.78,
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..7 In thio en:arple, method 2 use the more. dirticult. Itovever. If the *-
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. -

, E 'r$ Exasgic lj. and sinoa .*4ch curie. represent.s a al. Interation rate of .
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i- tzamples 4: llow'i:any curika of Ta 133 unre present at 2:08 P.lt.7 '
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Note that this is just 1/16 the samber of curius present at 2:00 P.N.i
'! herefore, just as' the nur.ber of atoes decreased by a factor of 16 in . *

four half-lives, so the nauber of curies also decreased by a factor I. % . ..;
>

'

S PN. of 16 i. ,
..

I'
v~ M:n, .

. ,5,7,y t=smola 5: 'F.ov asny curias are represented by 10~3 r,ra,ss of cobalt 60 .

('|'3g -3 5.27 years, at::lc .eight = $9.95 muJ je,
'

- W:.( ?
g...;,.*g.

..
-

,: .,

@.' ' ,. .,e Although this pobles.is not difficult, it is lengthy and so an i,..

.* outline of the solutica vill be helpful so that va alvmys keep in
mind diat we are doing. <

. . .g. . .

C', 1 , G G.. q
. . - .. :

.._...s .. %.,
.

Step 1: Calculate nu=her of' stems La
. . . .;

-
. ,.

.;.6 s..-: 49 Step 2: Calculate decay constant,1 - r....
*

, . ,i 7,s..: . . .

- c:;, .". Step 3: Calculate decar rate R. *;.

. .m. .. ..
b."., t

,. i.[; Step La Convert disintegnf. ions /sec into curies. l!
.

. .

*

t. .
..<

- u . . m..u .

of the Co 60 atom is 59.95 acu. Since 1 4
.

.M Step 1: L a atomic vaigh..

9',$ amu = 1.66 x lo-}' gra:ns, each atom weighs (59.j5)(1.66 x 10~8') =!
99.5 x 10-aa Crems. De mcber of atoma in 10- grams will P

1 . . [,';.* ; . .$
'

'-
then hos , tm

.. m
.,

o .. . ,m

[0' '

trms = .01-x 1001 = 1 x 10 * atoms.' .' ;
, 99.5 x 10 gramvatos ,;

t .'.1, . .-
.

-

- -

.. s t,

..A-j Steer 2:,; he decay constant is given by equation (4 7). Sinea va vill 'i.m.,. . e .
. ..

..
.

,
'c.'.p.Q be interest:1 in disintegratior/cee., ve vill first convert {

.

c" -half-life into seconds. , '' ' r

. .
,M. .
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~.. ,

" -

:. i...- .i5.27 years = ('5.27 years)f 3A5 Ms)(24 hours)Uo einutes)(60 neeends'I
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. $. ,.?'' ' . c d} , M. s
-

;. . g. |: t ..:
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..t; ' (ynar) : <[
. . .'.v;1 3 y :.; . 2

-

(day) (hour) (minute), y;p<
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(52.7)(J65)(2 )(ro)(60)nneorvis = 1.66 x 10 seconds I.
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.. .L.:: .*. .' Q ( .. ~ ' O.693- = L.18 1 10 , aea n
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1= .t

pgx y ,7. r'.qe y,... i ,., -.y. ,!.*f: , . 1,66 x 1,0s
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,, .
.

. a . . ,,'t .. .. ....,. .. ,.. . ,. . . . . .
.y<

'n .s . :...~...a., .; . ~ . , . . s. ., s .,

. v. . . . . .. . . .
.

' Step 3s.,77he decay rate is given by equation (41) ass ' . '
.

s. .

.u t . , . : '
' ' ,K? , , . .: , ..

' [,. M
>, , . , , . . . ,, ,..c

1 I. . , , .-. ~.

..'}. .j. ' ". K a'.g.. (l'x 3o18)(4,13 'x lo-*)tMR's 4.18 x 10 * ator..a/see :
.

,

'

,.y .
' * ^.. . = |.5 . . . * '4* '{' '* ' '
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*

* ;$si. *' , .
1 .
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he amount of (nergy ' required to pul{ an electron free of its atom and -

Ov thus form am ion pair is about 35 ev in cost gases. hus, a typt:a1 alpha"

.
particle with an energy of $ not would result in the forration of about

...S S z 10"/35 = 1.4 x 10* ion pairs along the length of sta track. The length.
#ci et the treek vill be govemed by the rate, supreased la ion pairs foteed. . ,,

* -M per centimeter of travel, at which lenization takes place. The higher thel

. gh rate, the more rapidly win the siphs ptrticle be slowed, and the shorter-

J;",5,@M
. ~ . .

.

4 sill be the. task.e.'. * . .

,
.;

- The rate at which's chargal particle such as an alpha loses its envrgy
*

'' through lonization is a very complex subject. Ibvave r, so=e qualitative-#

3 rensrks about the facto *s involved sre in order. First. the rate at which*

|3 a charged partiels esassa 1:nisation is pr: parole: a ts thJ oisctron d* sity
.rM (electrons per unit volume) of the target. This simply means that if a

charged particle en: ousters a large ausber of alactrons it win have a
greater opportunity to cause ionization. Therefore, a charged particle" ;

o , ,,

3 vin te stopped faster in a dense material with high atenic number, like
kV ;.g lead, then in a 3ess substantial material lide a gas. The second is;ortant -

.

.,

. . . ' . -
quantity is the charge on the particle. As one would espect, the greater.c the charge on the particle, the greater the force a arted on the electrons,

ip . y and hence the grantor the rata of ioni:ation. Other things beir; aqual,
one would thus expect an alpha particle to to more highly loni:ing thsn a

'7,,;,f.)$ proton (protons are not etitted in natural radionetive decay, but esa be
, , .

*"

..y.j produc61 in eartain artificial naclear reacticas which will be discussed
In later chapters). The final quantity ef ir:portsnee is the particle's*

- 5 .

velocity'. The hir.her the velocity of a particle, the smaller will ba itsg rate of ionication. The rencon for this is that at a high veloc,ity, the

p|C particle spends less time in the vicinity of a rivo.s electron and its' -< s

i attreetive force is applied to the ele: tron for a shorter period of tisei, ~

c....

.; f . . 3, c.' **.:)q thereby:reducin.t the chances .of emusing an ionization. ,
'

.

*' 1 . ' -
'

y%*

,'.e . ~ y,,. .; 2. 5 Ve noted' earlier in this chapter that the alpha particle possessed a very..]
L - . 7 e C. O': short range in comparison to the beta particle, he previous discustica'

.
.

. . ~ - - .,ty''@. ( supports this observation. %e relatively hl h eherge of 42 is one factor~

.
. ' .P which theresses -th( 1enteing ability of the a pha particle. Th9 other faatar

>

" *' - '

c4 ja that..the,large mass of the alpha particle gites it a relatively low-
*

.
velocity in comparison to other nuclear radiations. It should be noted that-; O . . ..: . ,-n..g

' . , ~ , ; < .; :(;, * . og e.q ..
. .

.

*

= , * - u t._. . . WD!|.'& - e' -

'

..

.. c ; * w
. . ,

The electren volt is a mit of energy which is

..y.s..

.y .e,. -

-

.

,

C' [W defined in Chapter S. 1*ov = millio.t aln:tre: volts.$ 1 ev = electren volt.
. ' . y. .s

-
-. . .

- O ~ 2 It'is adre es.nmon to speak of.a particitJs energy than its velocity.
,

,
.

For most work, a particle's energy and relo:lty r.ra related by the equation
E = (1/2)mv" wherre E is the energy, v is.the velocity, and n in the e.ssa. .-.

..1 of the particle. Solving this equati:n for valoeity gives v = hl./n.
. . . - _' 7h Thus 'a particle's voiceity is rotated' hot to its e.nortf. but to the ratio,,

i

Ng ofF/s. The greater the energy of a particle, the granter vin be its-
.

.a velc eity.. However,if two different psrticles have the aaze energy, tha '~'

,.
- ,L ,smellen ena vill h-xa tai. grnatest velocity; Lis is uhy a beta particle,

.

. j.C,. gQ- . has a touch. higher valacity than an alpha particle of equal ener|:y. .
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l h the incident photon goes off at some an2 e to the1
'' ~ . The resu t is t :st

'' . ; ;'':{.;k'b
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initial .line of travel, and .ths electan la ejected in ar.ather direction.,
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The ganza leses some of its energy as e raault of the collicon. but 'is not
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. , m a. - ,.
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.,' Q ' As camn rays penetrate a shield, their intensity dacreases exponentially
.pi

with distanos. One charsetoristic of an exposeatisi decrease in that it,
.

,,.

.g
-- -

y *
-

i ' 'y . . .
.

.

4
. *'

1 De torno for this inrolens. the fact that anJs and energy are res11y . ''
.
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3, ;;y tun fu.w ot' tha same thin,g. nnl one unanst b2 created i.it:mt the .iis.
'

3
.

-

,
. '. 14, ; ' appas-w:e of an c.tuivnler.t a.asuat of the other. It turns oat that 1 as:u

'

-

h, la eNiva;nnt, to 931 muy of energy. Since a pssitron atal an ois:trun
'

i-

f, |f cuh have .rCG55 amu of er.a: J. the.ininimum c4:ar*;r neeissary to product ..

,

these two p.trticles is (2)(.tY.1055)(931) = 1.02 r ev. 1h e.tuivalonee of .
,,, ,
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. 4.f : .s cass anl anorgy will be dl:cusard further in Chaptor 5. It is of interest:* .
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to os'.s. ' hat the reverse procuss to pair production nluo occurs. Tnst.
- '.~.c .i (c2
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1s, wh9never a positron ae.ounters an electron; the tuo pertielos annihi- -
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{.|f - .Inte each other and tus 0.51 nur ns.us rays t re :rea et d in their place.
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asymptotically ntprnaches iam (s6e T! gate 4-3). In theory therefore,
the concept of a definita range as applied to games rays is meaningless,'"#

J since no amount of' shielding will ever elir.inate 1003 of ther In practice.

M of course, there 1s.a finite thickness cf any shielding raterial which will
reduce the gares intecaity to a value so les as to be negligible. Haverthe-,

. . .e less, rather than define a gear.a rey range in various raterials, it is rcreR
- co.n .on to define A tP:t".h-value thicknest Of the F3treiOI for f,t s r3;*s.. .

...v

'# ,'M Anelagsus to half-life, the tenth-valt.e thic'eness of a sat: rial 1: tur.t' 3*:.? g,. thiekabes of shieldi.1g which will reduce sny incident gacusa radiation to* -

one-tenth its original intensity. 'Ihe tenth-value thickness of a ;.aterial,

' .;
y depends upon the energy of the incide . razma radiation. "he higher the

. : ar.1 enarty. the t;; ester its penetribility. an1 hen =2 the erester the -

.g;., d
.

tenth-value thi:kana. table 4-IT gives 15 teettt.-muar thir.!< r.ess To: several
.:... j corson enterials. As can be seen, the ga ma ray possesses considerably*

*j miore penetrating power than either the al,.ha or beta particle. Usually.'.
.

therefore, a shielding; designer only has to be concerned with the removal-.c2;
'.9 cf the gemma rays 'fron a source, for by so doing he vill autor.atically have. .i ~

' .:' T % renoved any alpha or beta particles which were present. The three east
;; cesvnon shielding caterials for garana rays are water. concrete. and lead.

..
. %g;/4 Use of the values 2 feet of water. I f ot o'' concrete, and 2 inches of, lead,

.3 as rule of thu=b tenth-value thickness vill provide conservotive shiel11ng.
- E ., 7 ',"D:

-
*

for essentially all applications.
-''

. . . - %*b:N'
-~e

-
*

.

' ' . :i TABt.E 4 IV: CM'A BAT TENTR VA1.UE * CCK!!!SS FOR VARIOUS MATERIA!.3-

'

- ' 7:q, .,.> -

- %,. & TETM VA1.*'E THIOTTESS l nches)_ ? i
-

' )!
- -5

EffE!CT Nav) Air (in ci tes) Water hdinsrv Co. crate Iren h t-

'

$. .

1 .19 ' 12.0 6.1 1.92 1.15--
, . - '

A. .:. . . 'd 2 .2$ 12.5 8.7 2.'70 1.7i,

-.
- ': . ;.J " n $1 .41 3C.0 13.2 3.68 1.se -

* ^ -
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'.ruptNTAt.s cr Ow.A nAr sHIEI.Dite .' f. .' .Vp
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~

%
;

.c....,'9
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; , .: ..fk .The subject of radiation dose rates is discussed .in. detail in the radiation
.

~i protection training c:anuals. For, this discussion it is only neesssary to-.

T.,6 '-]' , state that the ga.. san done rate at a particular location is,dependast upon
.

- n
i . H;. .,-; - .'.d.i . the gensna ray energy Mr.e higher the energYe the h!Cher the desa rgte) and

,

d.
~. .-b 7 , l's Q, the carea rey flux. The gama ray Thx, fs, is doff r.ed as :the Mr.her of .

- garsia rays passins thttu,th a unit area .rar secos!. Ths units of gs -s'LT $.'- . -
.

flux are therefore (gazmas)/(area)(se: sad). ,'' -

M;[.y -

. t.' y .
..- - ' '.. . ;, ,

.
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._ .. _.

. ,.

- u M'J 0 vlinarily'' th shielding designer has no contml ever the gn: .n.rsy enerr.y. ^
-

,

. - 's
.

*1his depends upon the particular radi:acti're icotepas .td.ich are present.,..

..-d .which in turn are gevarand by the particular processes tihich are cc:urring.* '

' TU. .'? f. ' W For. example, fission results in the =rsation of certain specific radianctive |
. , , ,

. '

~9' *9 isotopes as a byproduct. In any case, the problen of reducing the garna - ' . - '
* - r '

- " ~ 1
~ dose rate thus b*comes one of redu In:; .he gncza flux at a particular i

'
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-[ W In on!er to make any intelligent decision regsrding r.hielding, the designer ',,
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3 ' ' . r;A. know what his starting point is. That is, he :aast know the gamma I t
*

" '

it,.c at some reference location. In addition. he must know sonathing about'
,

the physical site of the gsme ray source. Vith this kasvledge, he can '.
.E then eniculate the gama fluz at any other Icestice of interest with the ;'

] va-ious shields he has chosen to sploy. In order to do this, he rakes i
use of the gsneral formula

'

'

r.a ,
- 3

, v.

. . ;. ,y
.

, / = /g '.3 (4-11) l,'

'p.; ,

#

/ z refemnce gsma flux [ gammas /(ares)[(gn=ess/(area)(sec)]
#1 = gs::sa fluz at loestion of interestdere

* * Y nec))
.j b = geonetric reductica factor (no units) k

,,

,;.- S = shielding reduation f.astor (no units)
. ~P.O ' 2-

, i >.

J~a- ,

'.g To understand the algnifica ::e of this formula. we vill consider seversi -

s comon examples. r L
.

.

p s.1.h J
#

>

i . J u -- 1. Unshieldad Point Snurse. i
.

'p:$*-
O.. Consider a point source suspended in space, as shown in Figure 4 8. I.

IN' 'and surrounded by no r.hielding material other than s.ir. Such a source t

j.- will amit, ganan rnys uniformly in all directions, a id these rays will
A travel in reasonably straight paths radially cutuud from the source, t- -

- '

In general the shieldi.ig effect of air is so arall that it can be
*.-'

i7.
?.A

ner'ected, and so the source can be assumed to be essentially ur. shielded. ~

' In tenes of equation 411 this s.enna that there is no reduction in
r*mne flux due to shiniding, and so the factor S = 1.0, and g a /R ' h*O

. .; %. ; lbw then, to detemine the factor G. we must ec: pare the flux at sc e
'

.
.

- . 'd artitrary reference distance frem the source (assumed to be at radius- .

, ;;. , . . . . dp,) with the flux et the paint of interest (sssi.ced to be at radius d). ( ,>
,

'-
' ..

. ': 4 -[ : "Q
To do .this, we look at how many fa . a rays are passing through equal'.1 i

**
- sized' areas at the two locatinns. for this is dat detemines the gamma

'

'

. 3 ~f 24 flux. In this case, the referesee flus was chosen at a distance so=e-
'

,..

- g'.l seen fror, the flgare, riore gn=ra rays pses thtsugh the area at the - .| iN'W.3 whnt closer to the source than ucs the point of intarost... As can be.
,

'

: g .I,-';-. % M. A 'This is due to the spreading of the garr.a rays as they rev's. outward -|| .

' reference distance than thmugh the same area at the point of interest. ;i..
. . . .

4.

3'' .ty from the source. Thus, eeen in the absence of anr shielding. the dose - !' *

*

,.Z r:ite from a point scurce can be significantly redaced by'soving: father '

,

.s ?." j fro., the sourte. To be more specifi6;1t can he she.n frole:goosetric -
.

- l' ,
1

-
,

C 'I co isijeragions that the gsometric rs: tar is given by. tha equstion:
*

er -

, ' _ I:.'s*:.' O s d /d so thst for -an unshialdpi point source, squation,411 becomes: i.
''

g
. . t .w g .- ' ,.. . . I,

fp , . .s~ -g. - ..wayu -

,.' , ' Q.;'( - . .g ,

.(4-12) , , .,

.

M * /R T-
-

, ,

I fp)t fron a point gaema.' source we : essure a gae=(. flux of 4 k 10gf .
'.

~. -

' ..
. . ., . .

To illustnte the use of equai. ion'. 412; assur.e that at a distance . . r.c
~

5 .Y

' ' - 1) (gamas)/'. - . ;x{ '|,
'-

, _r (tt (eee). An a pesnt tw rm freehe meee. the.s ema faun wuad ~ , f..
4

. . . . , .

.'a
- .: -.a. ;p. . g'. . .

._ u.r. 4. , - ba s . .
,

. . . . . . r i... i,.,
*

., ' #i2; / = 4 x 103 (1/2') = 4.x '1h3 'x 1/4 n 1 x 10 gaman/(f t )(,,,) {'
;g

.
'

8 3 .-
.

. 4" 'b , :,| '?,{|',Q & -j s' ' . -
.

'.

. -
. , , ;r. % ! . _; ...

. , ,. _

,

.~; N:2. >. |4 "~i ',|.. . ' | ,.. 'I :., ,- : .' 'iQ.)*:- *
. , , _,

'.,
. R@ 3- -

~ '. , , . ..y.g; > ,'-; r.

. , y. . ,
.

,

* ,: , -d .q, ..'
. . < .

-L.i n ..

. ..

.> g .

. . .. ...
. . . , .. .. .

l"' ' n. rp.Q"d
. .

.

' .

.
- e. ;, . . s . , *,i

,
*

.,

.. .

jf. .@pWyyyyygggg.ggg@$jgR.a.............~.;..,;_..,, . . ~ . . . . . ~ .. . . . . ,

.y ._j; .y 4-71. : oy;,,yy,,,.:: p. n. ,
, , ~

. , , . . .,
-

.y 3.. . . '*
. -.-,'-..',.7,._e

. *
. [ s.,

. .ngggg.q,.:,g. aw._na:
_ .. _

.
..

n.nza.. gar. .,. .m, j. q .

,e.;sg.. .. .
,. ,

,
- :, :

. ' . ---

- r -

o o 4 3p-
.:.i

-

3..-
.

,

- :vc ,;

,37o r g.~.w.s .
.. a

* #
s/7.: ' ; |j

i

:
i

I

e

h

-- _ - ___. _ _ _ _ - .. .- . _ _ . . _ . . _ _ - _ _ _ _ _ _



l

.

.,4 o . . u w . . m. . . o s. >. .x.~,.. .4 , g.c..r av. . ., g., . . .# . ,. . . . . ..

. . - , . . _ . _ . ..~m._ ___ _ . _ __ ._ _

.
*

. . , . . . . %.,m .. , -. .
_. _ __

_. ,
- r. . . . es , , _., . ..- . v. . , . . ,,_,

.. ... . . .
. x..k&. . .|y. .:N...';f*.C ;|a;

,

. Q:, , ,. ;;,c.:. ;..:. ;;, . . ;. . , .M. . . , .$ .' .*$
.. . . . . s .... .

.. ; .-. L.Y.*. &.. . . .C. . .. v.;3:,Y'r\.)a, . .f.;'rT~~.t. *Th. aj '.@..,n. |
'

. .>

hWD M2&W.tM.w ; k.,4..-4. .,.u
.. .,,.m. . . r. . w 'p. . .~ p .x

w.r.> ,. 5-;;._,. (. . . i, 3 , .. ;n. .
;;:-

9.g , w. .. . . ,:.9: :w=. ;:mm.m. +.m. ;n . . . . v . . t.s .:.e,.... s, .:. . v.. ...-.9. . . _ . . . -
.

6 - . . .
. , . .

.

.
.. .

:
. . , < . . . , , . . , , , . , _ .,z.. . . .

..-
.. .y s - u. _ . ... .. . ...: ..cs...,..-

-. . . ,
. . . - . .,w. . ..m..1 ., ~- . -., w~.pm' ..m.nc.. .s .a: w. ...

M?%W%.gg&'iW.g w. a .... ...
c .

. . . . . ws:
b: -
. ,.,. ec.:.r.. .

.

.. . . - %.. . gum(4.M&.Q@gfQgM.

- .j- Q f. g 'M iS2v @
. . :g . . - - . __. _ -

. ,

..
-

.....:.
. .

. .. , . . +
%, -

...e
- .

9 . .n1
.. . .

.

~ .3 ' s-a
.

<
.

e . .n. . .. . ..
F

.1 .,: ... . . ,
.,s . .

L
.

-

,. . .e. .c.
.

...n
..o. q

. ..
. ..

m. : .s q. .;u,.a... y g. . . .
.;.

.

.3 ,. .m.. .
.".: A. . . . .

,. s
. .

. - : .. g.

. . . . .. . .
, . . . ..

.

7 ..; ,,-
.

t
.

. . . :: . .,u, ./r/,
-

., . . . .
'

|y ' s
L um um. .

'

. ....+.r '

_ . . .. "Q se'

N.$ % % k'T@

'. .A; ,". . Ipn.3/J
*

*g
.i n.'..t -

. .b f,
y

* - ; ,~
'.

't \'*
.

,r.
4 1 *.m .

;.*
*b * , [.,h
. .

c . *3 * c . , ... . fa
. . :<. .s. -

> 3q,

,,.y

. . ~ . ' . :.7. .a. n,.: o.

c...

** ... .'..3.,.U..*
'

. g

=.. . . -. .
s

,.: . ~y... ; .o.w : ,, S.1
.

.e %.

...d
,

.. , 4, ; d.t..v
. 5g..,f.9

.
- .

i' . CWMA
.C ,e.. *4. * *.

..n gt . .;p-:. . . ...
. . .

. s o. , , , . ... g , .o . . ..s. . . : * .
., . . .

.

.s....p
. .. .+ k v.. , . . *, *..

< . ..s-

.
..

... w *:., 3 e r..
-

.,..s ..

i ". <s.~ . .'.%. W$.k ' '.. ?.y-Q . ._. *

, . . . . . ]'
'

f ,

-

. . ' . ...''. '

' ~;F. .

, . f. - . . - ..
.

..
. ..s , ,

. ,. . ~,|'.T '. y'. . L.. .
..

.

. .;,
. . ~ . , . . .) .. . . h.m.>

:. ... .... . . .

..+ , .p . ;."c. .-.>r-' - .' ~2. . .

% fM:'WS. o.::
w..! .Q:

.

..;,7 c _ ,
_

J

....
.. : . . . n>. . . . . . s4 .

6W' @' t Figure 4 9:aGws Hadiation l'res an Unshielded Point Source -'

g,.; .. g@'6.g

-~ W' $
. . . .

Y.5. ', ''.. 31 nee' dose nto is directly re ated te the gama flui, it uould 1 Device'

W.-f d* f '' % $' #..
. dee'rease by.n factor nf four'as we hubled ur distance from the source.

.

Y ' b behavior descrWd by eqtta*1cn 4-12. uhcre daubling the distence' . .e E-j - '

.. .

.M.'M ' reduces the radiat:nn by four, is kncun na :s invme Fran M. It,T-N
. . - 2 M "3 la inenrtant to note th.at it theoret!celly applies only to ;nint asurens.

9* '% '. where' ve get naximu:: benefit fror the sprer. dire of the pnea r.vs.'

k) Howevar. In practice it is a useful'.%pprr.'4entien for any physically"~ '
-

. . , ,

small radioactive source.- . " .
T.,

. . e. x*p.~ .- .; -
t"

-
..

. . p. :. - ; e. : - 7.. * *.

.

I *
>. . . R ; ' 3@.. .

. |=. . . . ' ' ' . . ..':...*'
.,,

v 3
. *, .

'2.. Dean Souree -* ~ -
j .~.. Li;;' N. , ..,s.

'

.'.,.'s.. .'''''''-9..'*,,- ':.: .

i ~'',
.

~ .
.

s.-.
*

4'C*

j "* '. . . . . ,.
~ 1 Fic. are /..? shcus a heam of gn=na ' rays passir.c through a shield. Montt

;. ' >*

...
+

. ..c.., .

. , . ..a. . . . . .. . . .:.,
.;,. .i . ...c.- .

.
. -

.
..

. ~ . .
. ..

,
. .

.

, .:.. e a. - . , . . . .:n . . ,.n. * - .' ' . n: . . . <,
.'r '

. . v.

.
. .

.
. :y, :. p. .; *.

.:
.

..t
. . ,. /. . ...

s- .
.

. . > . . . . . ,.... .

a
.

" '.'u# $
'

: ,

.
. . -

'

.

n . . . - _

*

w
. -..

,. .

. t. :. P. .|.
'' .s. . ' ~ 2~

.
; 1

C. . |
.

. .
.

.-.

f , i' . ,

t . . ;. _- .
*

.. .

Y r ..gs.. ..

T.*.*** '. W.g1',

. ..

.

7;, , y ,y a.,p . e . , .m. .g , ''' ,3. , ;e g h,
#= 1. . . 7- W~.,p. . J.- . - . . . . u. e . ,

- . y. . g.? .,7.# q 7. N -

". .

W.W. ,; . %" r. . abe.=*=.qe., g
.g. ,N. m ges 4; p.2

w e.* u 6.n. ..'K.r . .
.G. g'QM. . .~*@a ' .. . .C. s .t,p. 4 .

...t .. ;% .

r *

y,, =.g.P. . . y
, ...,.y (i 4..J,..h..,,.-..,J,e,,.,.4..,..y.&-... ..r.g.g. .A. ,.-W.e .....,a g..,,.

, , . . - y
. .s. . $....,.,,. .. ~ . . . 1

. , g ,. ,g. . gg 'T , .ja. . . , . g f... gy.'
.

,

. ,. 6,
..f .,,,,. , . . ,. . ) . ; y 7 , g , F - m.

.,w- - -.
,

. .g. . g* . , .
.

*~ y g?r.n.,:|'"..'.;||.s 'Vgy , ;. . . . . .- * . 'd,..e' " ' ^ ' , i . ' . ,. ' ' t
.

,-6 *p* ',...

1,. .
' ?.|. f, .. s,

,
.. ..

. . . %. - - . . ' .
,

g t . - * 6" . .

G.. ' . ,[; i ~ W )y, .hrm. *., . o .'..".1. ,]' .'.?. D,(.l.:s c,"*4 ** *'* *
* - . . . ' - a'',*

.3 -. .

!
,' ' ' ' L

,

. r.v u.. y ,.p * .- w _ g~. : . . . , ,.

[''.* - *
. .:.. ~ ' n- - .

_ .

4:0044)- .- y
i

' . . .e ..; p 3 to -..
, 6. 1..,

f' --mg,,._p r.
J R.

.

.

i

~ - - - - - - . _ _ _



__ _ _ _ _ _ _ _ _ _ _

.

i

1

1
,

'

.

|
|

1

.. . . . . . . 3,, , m . . . ,. n.3,7 .r, . ~, g,.s.g,,gg.,.7
. ,

.. .. c ..,. . , 4
. , m. 2 m. .,, . . ._ ._ m . .m. ,

,

,.
.

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

i . a .. *. . .7 ' .:2.h ' :' ':Q' y nL;.3 M.% . O.uk i .?::.. :;R. w y:=w -:# ..:-f y"!fE| .'\" :...:: W y r. =
. iy H ' &.h

p.
W...:;c: ,. 9 .. m 2 .t @ w ,r :qs,,yo %: M i k. $ 4$ $y 2 W n . Q' n:.1 &.. ..9:. M ig:n -

WW&i g gNEdg.E7M"L..;Qr5 Dip"M.L. -V . T...:.a.g. g.g3gfSEqjgg-i.gg.Mg.pgJggg.gge;g,.ggjge

. . . . .. . ... . .4
. .

| .
,

a
;v. ,A

t .n .

t.zt . . .
v

.
.

'
.. .

. . ....i.* , , , " * * .cyg
. . . . . . ,. ., _ .. y,

,

. .. -
_

--r. ;.e . _ _- *

' *5 - i & -

y~-

Ef;,N.y|h
.

. .

$'_ .
4'

s%?bW'$;
'

GN;.
.-

n . n., -

n . ..f.y. ,
-aw

--

- a .

: 7 ..
..

, .._.ytx) ; :

<X "-M.m
.

n. . g :, ; . a r. ...
-

! . s .q ._

.
-

.> -

[.% $
'

3 -

b
a. -. - w. .,

,g.a

_. .j..
__ _.. .._

. W i.Qf'. 4 smame

&,. fsmen .

x -

. /.c
.i ~#.n -

.

- l.,-
T. . T..:,'.. F .is, b.cowwolt ..o

, .
.

.
.v. $ r. ., .'.

.:
.*

l [. . s
* ..

'
-

.f.<.mi,",.$y'
.

Figu're 4 o
'

' ~ ' ' ' *o111 mated Cama Ray Beams ,
..

-

M.~ sources do not' enit a perfectly collir.ated bese, but rather, emit gassa* '*

.,' -1 rays in all directlens. A bees can'be p oduced. howevar, by allowing. 's'. the geena vnys to fall uNn a es111mator. A es111rator is usually a
' .

e-

.O @ thick shield with a er.all hs'.e th.Tugh it. If the'scurce is placed.

- j upon one side of the's.hicid, a co111 mated been trill emerge out of the
_

~

1 %. ,, ,
'

hole on the other side. This r*sults frort the fact that only gsc=a
.,

:1 rays chleh were emitted in the see direction as .the axis of the hole
.
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.G . mfE EQUIVALL''.CE CF MtSS A%D EMERCY .

'.1 i ke.
'

'. [' In 1905. Albert Eirebsin proposed his far.ous theory f relativity. One or pa

the most significer.t portions of this theory .nz Elr.staln's statement that y*

" , ; enus ans eurgy were really t ao diffurent for~d of 8.i.i ms thing. .m.1 that ;f%. .

? it should be Fossible (at least in theo:f) tc conwet seas insto ca:scrJ or Z
to convert ener,'y into mass. In support of his contantion, he prepou.A his y*#'

.

3".] fn rous equatica relating cass and enercy: [f
'

- - .,.w.< ;.,

. g. ' . t . .4 . E.a HO' '(5-1) N'

5 5;:
-

-

':.: ..-Q G.
!

6 where . p,

.. . .-v..y 3
*

"

.,3 M = mass of a body-
. *

,. 3-...W
3 E = eqtdvalent energy of the body Q,
- -..w e.;-

. . | L i' F. ''a*

' ' . :. L 4
O u speed of light

5 . ,', ';..'S.
.

. n
'

W..
. - . .

-
m' The implications of this equation were of it:sedinto interest to ghysicists p'

'- thrcughout the wo:1d. 1 hey recoCnised that because the factor C la en p;
L;< exceedingly large number, even very ass 11 amounts of rass must be equivalent g;,

-: , to tremendous scounts of enercy. For exn:sp10, let us calculate the energy g'

* :J. 4 ', .
. . .Z which could be obtained fron the comolete conversion of one pound of nans.- F. W $,ft/ nee. TThe speed o.f light is 186,000 miles /see 8or 9.82 x 10

ft/see)' = 96.3 x 10'' N,heref. ore
. ..

...s.. .s . , . ,.
.. .

.

h.t-i' " 50.h E = (1 lb)(9.82 x 108
'' '' ' '

'

,

:r, . see m.-.
.

i .3 1he energy unit ib f t /,,,a g, ,,g ,,,,', ,,,,.on, but if we convert our answer.. Is'

- <- .

d .

generated .*."1.n r10* m. Therefore, the complete conversion to energy of ' ' h.*' .
..g to kilevatt.hsurs we est E = 11,3 x lo M. For the year 1963, P.O. and .5.3 $.

':. .

. P, one pound of mass would have supplied P.C. a.t! E. with 41", of its tota 1 1963 QQ>-

40 electrical energy gineratien requirements. However, cuch exarapies are of &'

'X purely aceder.ic interest because it is generally lapossible to estry out b;;t,

such a conversion with :sases this inrfe. As uo shall see, whan auch con.

. # .M)
.

versions are enle the ac.ount. of mass involv=rt is ucually infinitesimally $..

g, 'sma1l.". p.f-
,

v..

It should be noted here that any process which results in the.11barattun of N'

, 3 , e :,+.''C energy does so et the arper.se of a ses11 arount of mass. For exarple, the b.
*, p.

,, ,]. complete cor.bustion of a pound of coal yields shcut 13.0C0 BfD of hatt. ..
"

q. 1herefore the products of ecebustion must velght less than ene peur.d by an i:J
. amount equal to the mass equivalent of 13.00* BTU. Hnvever, it reluires the fl.'.*

.

.[ conversion of only 1/3 cf a billionth of a pound of mass to product 13,000 E.*

,
.y- BTU, and this loss of e. ass.is so small that it goes undetected. h. i
SM

'
.,

.

. .; . \ g:c
~

i
.

6/. i.v. EtE ELICTIC!' VOLT ICTT f#%'EET -
.

go' ,
.: y:' -

,
.

. e. fore furth.., con 3iaorntson oc the lop 11.et2 ns of equation 31, it i, g.

y .

- . convenient to dnfins a nr.v unit of.onergy knoun as the electrnn volt. One p.. .
pw .

... x-
?: - -

..cm
. ??. . , I.
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blectron volt (abbreviated ev) is equal to the energy acquired by any particle p ,
.

*- C carrying a unit electrical chargo when it passes withsut resistance through % !
.

I *

D e potential difference of one volt. There are two other units which are .;
.'

.
,"

commonly useds
,

,

~ [, I mov (million alectriin volts) = 1,0CC,C00 ev-
: {5 2)'

. '| 1 Irev (kilo elaatron volta) a 1,000 ey;
_

.

* ' '
, he unit et ames with which 94 vill b| verking is the steale mass unit (see

Chapter 2). tle can convert 1 acu to energy usint equatica ($-1) providing
.ve era r.arrf.1 to use the propsr imits and cen rer:los factsr: in the prohl.a.. .- .jy_
The aalcul.itius is somewhat talisas aal vill nat be carrien! eut hara, out'.

* j i. the results are thsta ..

.. . , . .

'O '1 amu = 931 see (5-3)* ' *

&
S flDCI.EAP. ICR"ES -

.\
'

' .$ It has been co mon knowledge a=cng selentists for many years that unlike
~

elpetrien1 charres attreet and that like charges repel. k' hen the present
~

*s' y~ p theory of the nu.11eus was proposed early in the tvantieth century, one
f immediate question arose in many people's mirvis. W,7 don't the repulsivem

,
^

forces among the protons In the reacleus cause the nucleus to be very unstable<

- and fly apert? The conclusion drawn was that Lt. ore cust be a new type of
J force which acts within the nucleus to hold it together. firethermore, since d

% i N this attra-tive force is only observed in rnaclei, it taist operate only over '\
the very ahort distances which exist between particles in the nucleus, hus k.v $ .

I ' if two traine particlas are sepsrated by argy significant distance, thef- ,

[ nttrnetive for:o between then rust rapidly decrease to zero. his Intter [
'

. prnparty in in contrast to einetricat rarens, uhich act alpen ch erg wl bortios*

* r'- b
,* avan thon;;h they may be sepsarated by relatively largs distances. ;

'

k !!o universally neceptable theory has yet been advanced as to the ultimate. . ,

[f
nature of the rasaleer fores. Although the details of, codern theories are .

. .,1
" highly es. pler, they are hased upon the 1:Ne that protons and neutrons are' -

.

not truly fund unental particlo1, but in fact are rsther es= plex cystems in !-

I
. .6 themselves (the fact that a neutros can be trar.srormed into a proton in beta -

E deser Alves eene evWense of th&s). . Apparaat14. ene et thelp ennonituents !'d'

is a san 11 particle enlle.d the pl meson. P1 mesons have a mass of - 270 |g{
' '

.

ti.nas th:it c.T as clactron a.id can hava a charge of vl, .1, o.- O. hey decay
(with intem.n!! ate steps) to electrons and neutrons. When two nucleons t*.6

*

N (neutrons or protons) are in the inmediate vicinity of esch other, it appears
{,

, * *

L ti.st they can transfer p1 masons .bmek arul forth. Wis interection of their e

me sons is thought to be responsible for the force of attract. ion between them. i
'

, ,

~ *

~ 'g As further evidence for the complexity of the proton end neutron, one recent . b>

group of e::perlmants appears ts show that both the neutron and proton ares .,.

_
; ceeposed of a common core of radius - 0.2 f' with a charge of about +0.35e.. !

,

-

. . ,.. o,,
I= i4 9

- ~;'6 1 ne letter f stands for a unit of length called the fe:.ni, which in equal E. |
, p to Ird ' es. |
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h'y.'
,

* - C Surrou:viina this core to a radius of C.8 f is a cloud of :es:ns. In the . n'id.*

proton this eloud has a harge of +0.5'e W in tha neutron it is -0.$e. Q.!
.

Finally, both particles p:ssess a third asses cloud. extending to a rallue %@.: -
a

of - 1.L f which has a charge of +0,1*e. h overall proton charge is W<

thus +1e. and the nsatr:n h.u no set obsrae. me frr etional chtrges 'appar. s.,

. ', '-
8 G.:4

. ently ae, ten reruit et serathig lite tha quar:.
1. .r.'

;

.p. g,
"U "d Idas of far:es arts! te fren the exchani;e cf * particles" is not neu.

The electrical sal = rmetic ferees have been thwei La result rec 2 h archsr.g. h.7
of photor.s between tm =htraed bodies ther. e the tests alo :tmzagnet.io rads- 5"fM.

. ' . ation for I aM v rays). Str.11arly, the force of neuvit;.ls benght f.s Tr' %,a

P; WA. fG-,-Y result, fren the ex hnns af an ma yet 'I:m ce.*cM ''; tytt:h? :Glsd ths- '*

N graviton. j. .

,

m-tus sumurr 9,.3. ;J. ' .?,
s

u ..
2-~~

Although we have not been able to present a very citar pictura of the factors PAN,1 i

3
i

involved !n the short range nuclear forens. it ta st.111 possible to drr.v Q:.'.

'6 some conclusions regarding n selear stability. Suppsce we wore to inska a C ""

f nucleus entirely of protons. It is ven known ttu.t the elettrical force D
.k eatening heiween thereed particles inereensa rapidly as tag part.iales are h@.

brought. closer together. Tvi sur hypethetleal pratse nus'leus, the indiviJual, If.a p:n.'p-h
/ pratons would hgve to te very close to each othat in arrier fer t.he r.hort * ,

h,;f'.*;% .L. ,.i range nteele97 al.tre: Live forces to be effective. Hc st"er. Unter these con-
ditions where the distances between prot.ans are naall. the re nlaive electricalg-) forces cet very larfe and it is easy to see thst noch a conf 1 t.rst. ion would ?f

; toni to he unstable. N :.bvious solution to this problers ;aa to ad:1 some h.:h1

j neu*.rons to r.ur nuchus. his cperstien ueuld ler.vt, the at.traative forces D.cf .'
"

4 essentin11y unchang+d baenuse the attr9ctive force hets.,an a twutron and a F.kW
proton is .8usL as strenn Rh the attrnetive f6.rce be,tdean t.uc p atons) but %.,a

d would tend to deeresse the repulsive forces beenusa, on the average,'the cb ~.e

I . protons veuid then te are'*ed fa'rther start. ha it go that the alle nucleus $.-;?.3f
3

!s so unstable that 3 doesn't exist. shnross the aHe rac1 ws is stable PW.#.. and occurs neturelly 'alth6ufh it is vury r.are) ani the ,He* fueleus in $M-

' ^'d ' , '
. nseeedingly stable Iand accounts for - 10G5 of all natural t elium). !!aueier,

'

!.N'N

[d.'i$]
->3

' '

*nere'is a limit to the nurter of ner.itrons we esitid sad anel still :.sintain
"<,..

.M.Dt
1 E stable afgele se. A ueleus with to e.any neutrons can become just an' uti.

' ve find that the ,1!/ and aHe* rr = lei are not. founi in natut e. * hey can te - h@p'Vstablet as a rr.islaus with too r.any protona. A nin using heli e 1.s an exs:'ple. - ~.

. . . . ' >q.
*

,'
.

*

Up.h.h!prolueeri artifireily tut are r.sth ftn i tn de:47 by f or.13: ion. 6 He' rm elo. -

'I i.k.V ' a
f -|

of neutro:s cause's instgbility involv. . h reason thy an exesssive .t.:: mutt:1s 'eo unst.gble that it doesn't exist.j' '3#
-3,q es eencrpts which are beyr.rv1 the scope C

- fcg/
.

$ . .
., , , -

3 '.'' * :. .

%a,< :W.
" - af this r.atual..g -

-

@4:,g.g;.,
,...

u.p .

. . ..

The comiusion to bs Jrawn fr== the previous dianussion is that nuelost. . :n
*

stability is in Intro part detemined by the relative nur.ber of neutrons and |f;.9

protons.in the nucleus. However, for a nucleus with a C ven nu=ber e.f protone g-JF/ |/
;q ie

there is usu. illy a ent.go of neutron: which vill resnit in et'able nuclel. .,s.'

. % This is erraivalent to sayins; thst rest elenents exhibit, more thsn ons st.ablo N. . J
t |I88 tope. %, {,

.. ... ..k.eh Q ,

2n the.11 Ahter .elp.uents, stability is nahleved. hts the nue.her of nwtrena Qw%g
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. -1 of nesten.tJ !a. '' s rselar. 3. P. se ! v.*e;>> W .St. e b : t W et r .41, A
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."C J.'1 on Figure 5-1. Its rsda :f de:ny will be s. *b th-t 1. rt !uens its 4.utron
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to preten ratio. It couli da this dirace.y 1,y cri .'.ia.;, s autren. hat this

'
..
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I' A pmeets has not been found to eccur (thore 1: an eveupti:s to this in the
3''S case of several fissics prnt: acts, but this will be dia.:n. sad tarther la..,

i. 4 Ch.tster 3). '*).e prs =,44 or kr.te.h tht D..'. ." . .et h inty i s by | .rd aaton..

.,' We have already seen that, this la equlwelant, to aonysiti.4 a neutron iuto|
~

' i .9 a proton, thereby decreasing the neutmn to proton ratio as uma required.*

' .:) This can be seen by considering the following examples"

3.

71
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,; ,. e . ,
. q
.| f't 33I*31 (ledine) Ie''' (xenon) + f + r.

. m v.U.b
-

341

.
1

~

p.so .

- %-

- .

.
.

. _

. . , , ...

$ U!/P)g = 78/53 = 1.47 (.9/P) =77/54=1.43
'

*

. . . . * ,
- ,

. . f,G 7,
' ' * *.

. . .
.'

- g The isotope .4Ie*8* is stable. * *
.

., , ,

.
- ..m.u - . .

. iT "E Now consider an isotona of sr.all or inte.rw.diate site which has too manyo '..
j'

de ' Mj protons. Such an isotepe enn be pleturad as being at polet C on Figsre 5-1.* C4 It will decay in su:h a renner as te increase its neutren.to proton ratio..

.M Acain, the isotope could taire the direct noproach ani doeny by protne
. N . ''r A emission, but this orsects neter occurs. Instand this isotope vill prcbably

30
3' fS

decay by pstitron (h') e .iscion and ther-by convert orie of its protons into
'

y.J n neutro;i. , Apin usine 16rtine as en exse.ple we see thsts

. . u. .o.a. . ,.. f, ,1
.

. a ..

. T.yr,p.(,
. ..,...s :3

,..

' . g 8' 3,Te ** (tellurli:m) ' + P' + v ~1 1.' .

,
* .:

tit,y:? .a. .e. . . .. ?s ;. 1
. . . . .

,
-

c, i, ,. '.. 2 . .. . . ..

c. ,i G the neutron.to profen ratto for I-12/. is 71/53 = 1.34 arut for Te .124 it
'

,dd*

is 72/52 = 1.38. 7.>424 is sitabin.. Facitra .s are nr.l. one of thts tnraa'O ,' types of natyrally occurri.sg radiations diteussed in Ohspter 4. All genitron.
' '

' .e unitters are artifisially produead radionettve .isetepee. The matheJs by -*
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' r' 7@ ;
Q'.W, k..hich they are' produm(vill be discussed in Chapter 6.-
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There is. a, .second,metnot by, utii'ch a prot.os heavy nucleus esn ranch stability..O

'; . This process ts;.hnountas orbitsi electron c4turo. In this process..the,

. ~~.y ' I.c. tuoleus attrnets dr'te:of.J.its own orbital electirons (usually frca the nearest.* * '
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' J' '' ' '

' or K. shell so' this pt: Ass is.often called ~K capture) which in turn -. . - '.'
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V g favored whin, because of other reasons, not enough crergy is available for * ( Q.i
-n

.{ positron misalon. As an e. uple of I capture,
fj

Ou'' ler pper) + .ge' Ifro:s K shell) , !*14 ! stable nickel) + w d..,.'4 e e-
.

,.'
.1: 1 C'::h a trt.isition would to followed by the emission of the characteristie
f.3.-

' *

rays of traa nickal atoe as it.s eleotrcr a r =tra.gart thensiv24s

D.Mh 1*. sere in still a third method by which a proton heavy isotope can reach (M

.

,u

f stability. *his method involves the omisslos cf as alas particia r.nd is
~ p the pr@rred method for hesyter nuclei (such as that represent I by point I @y

> o.s P4;uro .1 '.. . ~t a tecs ni.isnaMa t5ae a ht4c.s r'u:hm weit 1.1 havs a, q tendency to be unstable tscous, of its oospioxity a::d tweaa:aa of the largs pj
di3 repulsive foress ubich cust be overecce. In fact. all isotopes above bismuth"

.*
1; (1 = B3) are radioactive although several of thee (such as !!-2||8)can be g;,* y

I considered stable because of their cztremely long half-lives. hus we might
fish expect that a heavy isotope vauld decer in such a r.anner as to lower its M

% mass as well as increasing its neutron to protort ratio. It is obvious that.

,] E alpha ecission results in a reduction of the mass although it is not quite (o

. ' '
' so nbvious that alpha emiselon increases the neutron to proton ratio. This I ^i

:

,- . . .;} . latter fact can be verified by considering the following example.*
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W t ~
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ea '38 ~ Th834 + aHe' + y h
. ,

11. .. .. - so
I. .I

.
. . y*.'' ,

g Here ve see that (N/P)g a 14f/92 = 1.$9 and (X/P)2 a 11. /90 = 1.60.
.
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t. Y g
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. ja Althour,h most heavy elements decay by alpha emission, there are some which ! $r* "

* -
- . " ' :7 decay by pasitran emicsion. For .those heavy cler.ents i.hich have an excess g

%c
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(* af neutrons, J eelssion is the mode of deca $,
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c-.
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, h
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W..'

1.00W)7 14.12558 ! @j g Electrons,13 . ,; . ,.00C55 ' 0C715 7_y
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- This difference between the sucastion of individual parti 21e velghts and
* the actual weight of the atom is callert the ress dr,reet of the atos. It

. .],; j represents the neount of mass that must have been lost at the instaat the
'

.: W
g atnen wss creatc$. 21s cass ves converted to eneri:y in accortlanes with

% T.instein's sque. tion ard prubably appested as g's=.1 rvt and kinetic enerfy, ,,, j of %e ne sly arnstti 'ito:.
,

. ,~. , ' , ,~ <
g +

. .r
.4.:. . .n ,

sj g

*
'

Nov let us t sk'e en asse- , led Al-77 ate's and try to bred it back up into itsr' %
.

, :.( ) forty compenent parts. In order to do this, sa mu:t resupply the sta s sith
"'g.- .

.

. . . .. ) the neds shich vs= 1 st during its creation. NL is to say. se enn .=t
:: M I; break the Al 27 a*ca < o:pl.etaly up us3*ss va ra' urn tha 0.23405 ei.m of mass-

4. .,] 1 thd. I t ast L.rf a; . .*h ticn. It fellows f.w.r. .hir that L..a :. ass.

cM f 'efect of the atom is reisted to the strengta of the forces actin,t to hold.

.% %
*

'' togethar. The greater the mass defect, the sore difficult it is to break
. * .dE j the ston up, and pace the stronger ti.e ferces must be which are holding

*

. .c. - . . e, i
the atos together .- . . .- a ^

.

. -. . i c > y a,

T ' ~c ' { Ve have seen that r. ass is destroyed wher.ever an atom is assembled from its;.

-- . ,I:.'! .Z
*~

W ; component parts. The question arises as to which of the three n.ajor atomic. O 4 particles are ir.volved in this loss of c.tes. We enn c11minste the orbital.. 1.h
'.;M3 f during the crestion of the atom, it to ressonalsle to nanu=e that 99 wuld hav

* electrons on the following r. rounds. If an orbital electron lost sons anos
1

. ;7 .t to resupply this russ (or it's. equivalent in terms of energy as datornine-d.:
' ; -;"~ 1 by Einstein's n'luation) in order to reseve the electron from the atom. Ve"

'g know free our study of chmical reactions that it is relatively easy to
), rwa.sve orbital electrons frees an atos, at least in ennportcon to the diffi-

o. , - "' culty involve <1 in re:oving a proton or nsutron. Our connlucion east there-,

,

. + , .i- i fore be that the acount of rians lost by the orbital eloctrons is infinitesi-. .

.;'.:'d,.- ' f as11y sns11. Thus, we can ignore it and consider the entire mass defoot. .,~.
'' .,Q J to be lost by the p;tator.: an.1 neutrons in the nucleus.
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-
r i. . .

4

F - I D.e l 'Since the mass dureet is a nessure of the strength of the aheP% PANC4 thidlede
'. * d. . . '''hW)

.
-

#, fores, much study has been devoted to it to paselva some of the proniusa.s, . ,. .
' ' * y s.: n i enneerned with the nature of this force. M though ve vill not.t.ursue fhei-

,! subject fart.her it 'should be mentioned that throur.h une of the uass defect
"

*
i,.

>* - .. , it is possible to predict st. ether a particular laatopa ulll be stable or * *

* ;' ) radioactive, the tyyn of radiation it will emit if it is radioactivn. and*

.

g the enerfy of 1.he esitted endIntion. :he nulatsaca of the mass defect also. . .,
* .M q .aug ests that transfor:stinas within the tr.acleus represent a way in which.

* .s
7.'' '

'sige.ificant qu.sntiths af r.sr:n can be . carart:A Ir.to <4urrg7 in ec seds.-$.P> '

'

,C
3., . with equation (5-1). .
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1 he mass defect can thus be thought of as a m' essure of the total IIir41 nit,
.

if. ) ferees hn141ng the a.t- tenether. For this re2 con the enorny e1trl' valent "
.

;.
7

{+ . . of the unsa defect is of ten.calles th.: birrline ensrev. he hirxilag cnergy ,'

,, 9 "
of Al-27 is ("tM)(.2405) =. 217.9 mev. .
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Ot 1. bre are four stable isotepes of iren (2 = 26) with r.ssa numbers 54.'c.

:D 56, 57 a::d $8 What type or radioactive decar would you exoect the
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. ' . ' . < 2. ht. type of decay does a heavy isotope with a reistively low r.eutrsa*
,

"_ (]} to protan ratio usnelly undergo?
,

What in K capturel If both Is g y,1 w are inova to be radio[ 3.
tas

a:<tve, i.hich of the ti.o i.ouD seu e,x;ner, to utdar X capture?
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NUCf. EAR F.ACTIO?.S
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(*. g.' s

. .- .
.

g.
.4 ,.

,.. . .
,

IMT:CDUCTION* . ,

,, - . -
.

. .

w /4 s
.

'

- .i } The diseovery of natural radioactivity, and it.4 zutamquent identification i..
~ '

4 nt s trinsformatinn within the nucleus, led 1.-r..dlately to attempts to'*

, [ i psiucs artift:141 r.uclur tra.utermtimes. fe! ;- iw.tas .as pre.id n
' '' ' ] ! for the study of tsseleer transfctr.ations ey the re411:stion that they re-

- .g 1 presented the most likaly way in 41eh sige.ificant quantities of cass could
- .

Le convertad to energy in acooniance with Einstein's v:p;atica. The diffi..

..'4
. 1 I conties involved in producinq artificial r.uclast re.setions can be .sp;rveisted.

...J
~ hy maalling antar il tWta.

~ . , < ,1

- V 1. 1he nucleus presents an extrerely small target to any projectile we
-

. " .

/ choose to hit it with. Its diameter is only about 1/10,000 as larga
. , . ,

as the atomic diameter. .

- q.', ,2O
5 .

,,

., , . ,.
.

.J.g 2. In most noelei, the particles are held together by extremely strong>.
'

[J.7,p'g
*

,; ,

j. forces. It is therefore mu:h rare difficult to recove a prston or,, '

neutron frca a nuc1cus than it is to recove an electron frem an ates.i

f gq, g . ,

It is difficult to shoot any positively charged particle-into a nucinus,

-

. . . ;. ) - . ...

. ;g . 3.; er to make twe nuclei eellide with esen euer beesues of he eisotrieel
" }d:! ' @

, ,,
#

. . . . . . .t 4~. .. ,

repulsive forces 41eh exist./ .

; ,

, , . . . h Host nuclesr resetions occur when a particle is shot into the nucleus and
~

f m,. U disrupts it to a point where it disintegrates in one vif or another (an
., C; Q' h. fj excep, tion to this is natural radioactive decay in sich the nucleus die.., ' s :. . . . ,

*u
- . . - 4- *' Intefratea beenuse it is naturnily unstable). *he reluctance of t 2 clear..

.',{.f.; Mr.,h] prticles tiinternet can be over:ota in severn; vays.-
-

- .~ .

..
..pa . 1,;,.thersonuclear.raections: These occur where a tacrerature of saverni, . ,

'.l .'.^ | %. j Y. y .
-(.-

.
. . nillinn| degrees, is m:hieved arsi naclei have onow-h kinetic energ:. to

.,

3 -

. .. c J overcome ttieir nutust eleeiroatatic replelon. This two of rusction
', 3 ,7

*
.:,4 .. .', .

. ad.M ' . .Y. ; ' occurs on.the sun arvi stars ani represents their energy source. Although
. .. .

72.'

^ ??.? . ' ' -W: <c.research is being carried out on therzenuclear reactions, the expericental:" . .diffi,oulties involved ade this method inprcctical.for most applications'.UC.,'"l.P' %p m,!J '
* ;. ..

. . .y | g; .'''.at.the prssent tirwe .'.
.

. ,. p . ." .
,

,: . . .- -
..

. , , ,, ,s 3 4,, ,
..;..~.~.....,.y

2..'.Aca'1. oration of ebstgsd particles: Trotont, alpha 'p.trticles, elcetrens,e- .,, w e...
' ' -g .'. ,. e

etet can be a:calersted in .atem.s==sners 114e ti.a cyclotron, bataron.,

,M W R -

,. .

synchrotron, and linear accele ator until they have enough kin' ti energy 'e'

4 ,,(,.i U.$h1
"" .

. ,3.C h i
.

to casse's uc1 war reaction when .they hig.a t.tr :et enacleus. Through.,

...:...? M ! ' ' ,6 ' e use of atted smathers, meay melear roastions have been ctudied, nearly '
*

i .*N.-
^

--

ii< M e' a dosen nov elements have been.syntheitizei, and a great, wealth of irforma-.

'Jr b @k. t

. , ,
.

,tlon concorrting the stnicture Of, the ratelir.is bas been obtained..
~ *

,, , , ,
. '../c W ?

' ' ' ' %,1
. '~ ''.. thiclear reactors: When it l'n desired to shoot a n.<utrtiri into 'a nucleks, a'- r n. .

^

3.-

'', . ,T, nuclear.- reactor provides a ennvente:S source of neutrons. Ve vil.1 discusa
,

d. w .N.4]
~

h
*

thi's' method. in great detail throughout the renalnder of the manual.. ,-- ;; ,
,.
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4 Much of the early work with r:uclear reactions was
O . Radion tive sourcesperfomed by placing a substance near a naturally occurring radioactive'

source such as radir.m and allowing it to be beobarded with alpha particlea

' . " . fru= the saures.
*

-, . . , . . . ~
..

:' .

. ., TRATU't- ?'t fHOCESS.

%,-

* I A nuclear reaction is believad to occur in two distinct stepsa
.,

,
' '~

a, 1. A nu: lear particle su:h as a proton. neutron, er alpha particle. is
I hurtid at and strikes an atomic nucleus known as tha target nu.:lous.
d 2,1. einant parti.nle ad thre target nacims ars assu=ad to co.:.nias*

j with ear.h cther momentarily to fom a "compeunda nu=1 sus. For=atian
- J of the compound nucleus can be given by the equatisr.:

~4 5
Target nucleus + incident particle - eacpound nucleus..', )

*

.. .

N A 2. The in,:ide*.t particle transfers its kinetic energy and esas defoot*# ~ ' -
(or b* nding energy) to the compound nucleus, his ex5ess energy causes '.] y the eacpound nu=leus to become unstable, whereupon it breaks up .intoL q'

" .
,

products of the resetion. The 11reti i are very
ehort - typically on the order of 10'gs of coyur.3 nucle

' .' to 10~ se: ends. A given
.. @
,'''? Q*

coepound nucleus may disintegrata in several different r.anners. We
,

vay in which it does disintegrste depe-ds strongly apon the kinetic'
-

@f
energt of the incident particle. The higher the kinetic energy of the ~ d

4g incident particle, the core unstable the compound nucleus becomes, and
t hence the greater are the number of variations in its esde of decay.,

,

*

In any esse, the products of decay usually include a product nu:1cus

*{ {d
- 5 .

stri one er more ejected particles. This second step in the resetlen can
.

thus be given by the equations ,

_ , 4..

. .v.:, ~!.'!i
' Corp.aund nucleus :- product nu Ieus + ejected particles

'

,

. . . .'

,
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-y.P'd / There are saveral cormon projegtiles which are used to produce nuclear
-

,

'

-

3.j,,''y .? ', rotations. These are listat in Table 6-I.# -
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'C ,Y y 1 Trauter of the mass defect is' difficult to visualise. Remember thst a

. u e
*

:-Uparticle valghs less when combined'in a nucleus than it does when it'

a *., ,.
-

.if
is sepsrated. Therefore', once the incident particle to captured, it - -* ~' '*'t

.h possesrcs serie mass 't. hat it. no longer needs. his r. ass is converted to
,

,k h enerr,y a.id vill be er.itted Inter, but at the instant of femation the
, g. . . ? j compru=3 nucleus, etmtsir.,s this extra.m, ass (or its equivalcat in energy). - ,'
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:~ ri
. ' p.,.,;,23 - p or g..;.
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. , . li.

J cr
,.

3E .' Leuteron - .
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4.-. e or ,He'
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.j Alp.w particle -
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1

3
- a nr n. . , ,

- *n * ::s ttruan a
.

=.% Y or ,Y*
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Cars.a ray .

.] .

* :.3
he deuteron is the taaeleus of a deuterium (hrsvy hydrogen) aton and consists

.

Chapter 7 vill to conenrr.ed with neutren inducedof a proton ar.d a neutrun,Rasettons incluced by, the other prcjecti2es vill be censidered.ng
-b, reactions."-

' ;' M/ in the following sections of this chapter.
.' . M ;

- * '

3 ' M.*r:! - PIDTN B'im1WE!!?
..

*

-- 5 .

s. 4

* A typteal proton 'jnducel reaction is the lotbardment of fluorine.
*

...,.t- ,
,

. . , ' . ,
,F* * + g * -e=- (3,Ne' ,a (6-1)1a , g,0..I g8 M .

~.A In this resation the compoun3 rancleus 1s ,1!h. Under namel ciret:r. stances.-

h g

. . c-. . . , ' .h
the Ne 20 isotope la hlvkly stable tra! seco nts for - 91% of all nstrarally

However, this artificially pr .iust4 neon nucleus centsinsoccurring ne.:n.3 the kinetic e-tergy nori mass-defect cf the ;.r.ston, nr.i this is sufficient to- -

y cause it to disintegrate into the products of tha rf act. ion. The brce::sts. -*
around the rieca nucleis are included to indicato that it is highly ur.stablos.

,

-G and exists for only a recent. "he lifetin.e of the coepouni nucleus is to,Iy?5 short that is prantice its exictance is seldo:a not!:td. Therefers it ic,

" S ^1 : c:astoasry to write the reactlen with the ecmpound incieus c=ittt<!, and to.

'
'. ; ,;$ alaiply remaster tLat in reality it r%es exist. as c intermodlate tep. ~ In

P other words. the previous reaction uc,uld nw.nlly t,e written as:
... O e 5. mg 1*- -3 . C e , ,jg,a ( 2)l

;Yi 7,. ,, p + ,31.

#' .

.

Nottee that this reaction is ha'lanc,ed in thican vny as vere in's radioactive
/,'M doesy reactis:s previsusly discusse$. ht.1s, the esas numbers (super--

.j ,. . y; scripts) a.3 chstges (subscript.s) bCtece ott tsth ci.hs of the equstion.
..- y

hre is a charthanj notation which is frhien'tly 'usad when writi .' reactions'
..n

In thle sheathand speWe'tht previnus saluation sedd bed
b of thle Wype..

,r
'

i~*
. ;,. ,

, . . . . ,
' * . written ass = : g.c ; .

. . ' ' .., t'll , c''

... :. . . '.;' .

WM ,
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' - .

f T (p. )'0.8 ' -]1 '
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.
.

. -. .

. . ,,,,
,

.) ~f . d, W
*aan .e , 6 . ,. , ,4 - - .

- s.-,.

.insirlo tha brackets. t.he synhil for the imcident carticle is n!s:<si nd the
. . .
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inft amt is separated from the smel for the ejected particle by a cor.r.a. A g'

.- W'the siebols outside the brackets indicate the target and product mtalai
-

- ' -

in ths reactisn. In speakir.g of this process we would say that " fluorine-19 },

uniergoes a. proton-alpha res= tion to foni oxygen-16.''
,.

..h ,
'

To illu strate the verlety of products which can be obtained fre.n tne se.no .- . "*s

.l toast:sats, m. aider the traba.-fasnt of f.:;r.ar udth pret.sns. 7... frl'ssving |
'

,

- T

renstions have been observed: ' s
-

-. . .Q.;j ,,cu' 8 + g '
n .

-3,za"S + a * (6-4) |/. n r n
,

cue +sn zt 2 + 2.n* (6-s)1

. 2~. .

S n

_ sa -n. .

.w; cu'3 + gH r **ces a + gN* + o * (6-41 |
.,

t
no

. r ,,cu'1 + 25* + 2,n* (6.7)1'b Cu"8 + gH
,3..

As ridit be expected, the simpler resotions are dem.inant with low pruton
'

~ . ' kinetic energins and the more complan reactions only become important at . i. . .

i hit; hor energies. Fore specifically, the (p, n) reaction is most common for .,

"! protons of a - 10 mov, the (p, 2n) and (p, ps) reactions dominste at - 25 !
*

.

mov, an3 tho (p p2n) reaction is most important at - 40 rev. !!evertheless,' ~ t ,

; above - 15 riev there is a definite probability of any of the four remotions t' '

. escurring, so the process rist be considered to be somewhat statistical in
,

i.
'

notart. All er the product nuclei in these reactions are radioactive isotopes .'

!
- '

g.<|'g which do not erist in nature. Several hu idred artificial radioisotopes have'

been pieduced thieush roastions of this type. It is of further interest to',

*. !note Lt.st all of the product nuclei are positron emitters (sin:-62 also
'S J un4*ergoes X oapture). In Chapter 4 it was mentioned th.at there are no '" i k

* ' ' .

.
.

'- '

d naturally occurring positron emitters. ., : p.
; . i. '.q~-

*
.

1 . .- , g- ~.
-. 9,'

Cno far.=1 ex.saple 'of proton' bontandment is of interest.1 Consider the' reactions | c
< .

< +. . .~ . l. !; __ { ,y 3] __ , ggt,3 , ,7 'f6-8)'a. 1 '

.Ca, gut' Q. $* .
.

' . y.. m, .. ~ .
4 I

In this case, the compound nucleus, M*3, does not po'aseh enough excess ;
. . ' I ) cnor,:y to allow it to disintegrste b,y etsnion of a heavy particle, co it

' '

fi I
' ''

Y simply gives up its ' excess energy as a ;b.2.n :ny to produce a core stgbla
form of M* # . However.' even under the most favorable p3nditions 'e.*inute

. j ;'

,

N is ;.
' *

: an unst.dle isotdps and it decays by $+ erission to 4C with a 10-
"

M 8

.?......
;

=q.

'"
? half-life.. .' *

7
.

' . .., z . A ....s m:,<

.!'
'

AUMI PArtflC1.E Et*BAWENT'\' ?
' , ,

. .

g- '- . . , ~

' An exnnple ' f a reaction involving an alpha particle is the following: ). ..'
. . .

|

.. ,
.W io ,- ,

r . l <- . . .
. ,

[8 + a"*
~ C** * n* 'f6-9)' .

, . . . , u

.

, .a
, , , ' y,.$'.4 . q
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;.f. .. .:Y. N. 7

',-
'
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... This reset. ion has historical significance beesuse it led to the discovery
"{

.

cf the neutron by Chadwick in 1932. In.the original experiments, the neutrons
O* . vere ellowed to fall en blocks of persffin. In so doing, they collidui with ;

a the protons in t.he paraffin (paraffin has a lot of hydrogen in it, and is
*

therer, ore a Cood source of loosely bound protons) and knockoi thet free.3:
- Hessurements of the energy received by the protons indicated that they must

%?! have been struck by'a particle with approalest.ely the same mass as the proton.*

The fact that no ionira . ion ves noticed alcag the track of .the neu particla
.pj}

*
..

indleated ik.at. M hs3 zar: chsrste.,*
, i '.. *. R

.'
-

, . . . n v.}.~
>

DEllTE!C"! B0!'BidTff' ' : -
'-

: ~;,.

' ''M.1*.
' I' * f? A typical ezn:nple'cf douteron bombardment is given below

.

,7,13 + n* 16-11)'., p'.5 2, . f 3,,

U. ' *p|,h.''
In shorthand thi's beecc'es

g
'

: .
. .

.

d. . . C*jdn)N*3 (6-12)so. *
r.

-

4 ., 53?!ctice that this is another rethod of producing the testope .,t1 There

<.,9,.-"J'? are etuipe.often a nu:rber of alternative cethods of producing any givend ,
,

c. . :, ., .

i tope. .w.
. . , + . .

rCAW A RAY M'BA*O*E'If
. /2 M.% -

~.. + .-.

9.;

~

N';.,p! .We have already noted thst ga ria ray photsns possess cAny proper'ies in..

.Q corston with partielas. fne of these is the abilitf of infues nuclear reactions.
..

.
- For exar.ples

Qx
t33 'saa ,gg (6-131gg cD+o' tM v 3--.

, . . .

. .l - which tn shorthand be o'ress
.

. . ?..) '.
.MgN (v,pl Ha za (6-11.)'

,

.: M .

D'arvna induced reacticna are of ten called photonuclear reactions...

,. . , . '

. i'. . f].,
*:;2.

.EtifM*.Y A?C S ASS CCl*S!DE"MI**:S !!! M3"I. EAR RFACTicil5
*

"' A y
.. m '

In any nuclear reestion 'or for that r.atter, in any earthly process) a fun-~
l..,b. . N'

'

demnntal tulo appliess "his rule states that the sum toisi af r.ast and
. ,

' ' ' ' r ..j

energy nust reen.n constant throughaat the psesses. For exaspie,.if va have.j O
' +- -

ff.," ;' a prseems by which we create r. ass, we da so at the expende of an equivalent
ar.ount.of energy. Apriy'ng this rule to nucienr reactions, we cae that the

, ' . ,' K"
.

tatat r.nss html en.tes,y en era side cf a rn:elese mtuaticin euzt equal tha total,,

dt.,

: i . .ases and enerf.y os. the ethat side. n.ls rule.i s n:ty um.uful in detresdning. NJi
'

s
- ,the fea'sibility.nr nuclee reactions..?.] . , ..

,.. .
...

. Consider the renettons'** *
. .D, .

,

' " , ,1]
'

; ('
-3 s

,: *.: : .n .. * ' . . -

., M .,Ma' E (C**+311* ' (6-1$)
.

'

s' r
.a, , ,

. .

~ '

fM
,

Another re.acticra in which-E-13 in' pr'edu'ced iss, C** f p.e) * * 3. * This', . |- 1
' ' 'S $ renetion'o curs extensive 1P vithin'the~ core of water-acoled reactors. -.

;. J ' ';T - As a result !!L13 is a r.a'o.r centrioutor to the radiosetivity foun5 in' -'

.

Q the cendentor off-gss cf power pisnts which .use tolling unter reactors..

h'. ..

j../,,:../' .uMeet'v111 be discussed in h. eater detail in a later chapter.
''
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.'. 7 j C Frem a table of isotopes ve ' find that the atomic veights" of the isotopes g: *.

'

insolva:1 ares
-

,

.,3-

$ . 1

y g
.

N'' = 14.0C7$2 asma
-

*
,

.,
-

.<
o. ,

? ,H e4 m 4.fr.357 ana
, ,

'

. $ I 0" = 17.00453 amu =

.c 1

f gg a 1.CC814 asui' d
M

e to 1** this reaction that tne r. ass =f the pmdu:ts is 18.01267 and that E
.;

wg
) *J of t. rw.: tuts is 19.0131 e's. I'h'afors lit.01*57 - 18.01131 = .1.0c1:3 .s:u }

has been created l's this reaction. his represents (0.0012d)(931) = 1.19 mer ?

)a of ooergy s.htch must be supplied. Consequently, the reaction is not possible
f.y

.k 0 unless the alpha particle has a Linette energy of at least 1.19 mev. In k

; actual ersatice it t6es sume.hst rore than this, prir.arily due to the. fast (.
'

*
.

''-'''.t*h htatie repuisten foreea of the nueleus. For sne ease la question, the alpha [
24b 2e alt.h4 particle nust, heve ensugh energgr to evercomie the eleotte.

-
,

**W
..-

' it particle requires about 4.4 ser to overence the electrostatie repulsion g.

*

; ~y k(
.

foresJ of the nucleus. Sinae only 1.19 nov is needed in the reaction the g. . . ,
,

. b ;.p j g difference between there values will be Civen off as geene.a rays and kinetio j.a,,
'~

ener'y of the pinducts. Therefore. ga :.s rays usually accor. party any of the r''

. c 4* C'y
.

nuslair reactions we hava discussed. Usually ve leave them out when writing L-
*

** 'j j the quation unless they play an important part su:h as in a photonuclear ic
' g retetion. . g* ,;o

We emn.also apply the cor.servation of r.ase-energy crine*ple to radiesetive ?* ' 2M N
.C, ';7 h desay reactions. Consider. for example the doesy of ,aTh828 by alpha y

, .P c;. 2.'1 % e:ri , a t en.
'.'

. era" ' + aHe' (6-16). ," p'-n

-

,g ,oth'"$ . N.| ,., .g,$.[3..,j
r*

+,

' ?,e

[N The rasses involved. ore as follovsa - -

L- -
,

'
, T|. ; .

7h ( = 223.0M3 assa ,,,Ra '' = 224.0900 nau h,
*-

.' as a
- .y ,3

,
,

y .

'
't.. . .

?%
~

,He' = 4.C039 eau q
-' 'c.r $$.

' '- ', t.,

.- e ,

, . . > . ,: . . go '

.y ig Tet=1 a 213.fd39 amu . , ,. y* ~4'
.

,f , , ,

,

. .'y, 'v r
:1 It is seen that the pmducts of the rsectios wei;h less than the 43Th'28 $

..
v .

4
reteleus by 0.CC59 amu. Therefore thers rust be a total of (C.0053)(931) = 5.516 M

,' ~ f, -

*: mov given off during the reaction. P.:st of this.unergy appears as kinetic J' enetcy of the alpha particle..ard some of it appears as gama rays (a ar.all
$2'.

.

rancleus). The
portien is also given off as kinetis energy of thefact t.hst enerfty 18 Civa.n off in the reaction is net,1(a

<

'g n' s

surprisir.g since this
'

s..g A~ han to be true in onfer for the reaction to procaci spsatsnoously.- iIw :,,;,'
% - , , .

.

.. -
,

. "

% 1 the nu: lese weights, rather than sta=ic weights, thould be used in these .

i.!
-* .- ..

., ''cal:alations since only the nuclei tal e part in the resetton. However.M ,V atomic volghte :ay be used since there tust be equal number of electamns { h
, t

.t qr.

u, ,

M - on both sides cf the equation anti their rasses will cancel out. @...}
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' The next question is how this available energ7 is distributod between the
alpha particle end the gan=a rays. In order to explain this we must digress

: for a moment. */ hen we spoke of orbital electrons, as l'ound that their
orbits could be r. ore accurately described as er.9.~;y 1=vels. has, whart

.J so electron vic r.sved from the K shell to the I, ch.al, thl: process repre-
*

;f tent.ed an increase in the ennr'ty of the 4 ectr:r.. !r sunh a process toric
*'''ys pa':a, the nto:n ua:. 4.6 t., ha enitad. . U.. :b . . ': ein e h in s.tr. . .

S" exelted stata for a roaant, e' vent sally it vill try to return arosin to it.s
'

lowest energy stste (termed the.l.toand at: to). ' b n L..la occurs, the.

excited electron vill drop be:k into the f. al. ell aM the en:ss ener, y it
. 7; poznessed vill be n.-itted as a chsr.ictsristic I-re.v. It r.nu cpunts that
. cf, tan nacticles in the c:.cle;:1 ilk, exist in urt.ain al.::inet over: ohnla.
'7.' nus it is possible to exette a: nucleus by gain it e.norgy. Eventual./,

| however, the nucitat will 'also return to its ground stata and any ex ess' |
',y energy it possessed will be e=itted as qs==a rsyn. 1y.

,

. . , y.

'' "] g !!ow let us return to our example. Ve seu that there vss 5.516 ese givenA

. , N *D off during the reaction
,

E ven t.b the pfa88* nucleus,* Of this, 0.0 $ rev 1: l .s

"' 7 leaving $.421 mov to be divided up batueen the alphi partielo and the. gamma. -

f'' ,# rvys. Vo might aspect t. hat the proport. ton of the totti enort:r taken I:y'

.- . cich of these particles wuld be quite arbitrary mM that soTn'88 vould thus;

*
.

4

:i.'
emit alpha particln: with a continuous spect::= of energies ranging frux 0

'
to 5.421 env. Experim*ntally, however, 71% of the alpha psrticles have an"

4 ._ . . ,

.
. .9 energy of $.421 mey (in which ence there is n) y ray accor panying the
.#* reaction) and 221 of the alpha particles have an er.er;;y of $.333 eer (in.

6 h which ease a 0,CR4 mev.g.ur.ma rny acoc renles the reaction)le.. the decay
* he emplan%iem,,

'', L + , ' fur this is that in the asse of the S.421 may 41pha pag'a..
d s- ,.?.*'

. ranction preeneda directly to the groi2.d state y"o fts In the cass of.
- ~ yV the 5.33.9 mer alphi particle, however, the Th nucleus has decsyed to

* '-

. 't *6,.t an exalt.ed stato g.gitasaa. Ihw 0.CE4 cav'[;s .fm rey must be given off b{..
2ye-

' g the exalted ' a?.s nuolous as it goes to its cro nd state. hushha' .
..

.W. .% inest have an ax ttei state that represents O.C24 egy of enerry above its'

1 y ground state. Careful scrutiny of the de:ey rtaction indicates tbt 4'84Rn;M actugy has sevorst ex:ited states. If we considne the ground statsof ~
'

.;f
*

.p'' ,,Ibi, As havinr, 0.0C0 may excess eno :;y, we can chaw its excited states
' on a; plot nuch as Fit.sre 6.1. This ficure thcus tbt the .dc..r.y of the Tana.

. ~;..,f; is .4etus11y quit.e co picx, althour.h 25; cf the decays tde place by cne,aof
ki the tw modes 1.reviously diss'ascad. Thi: trr!.21r.a uhy c.1pha t srti Iss andi

t],'
' * mitter. Ta identify ths isotope. it is c.nly ne:: mary to plac: the t.n.om

. r;szta ruys of a fou dis.:reto ener;'ies ata obtt'r.ed fr:.a the d scay of u. alphs
'

2:' ttar. Wi: in:t is rw.r .usernt in the ide stific-tion of an un!:n ,e al.phs.
.

6 sample in a datastor which will m'a4.adre the *::tery of the radiations cattted,

* . .% and then ennault refere9ee bsoks which ear.tain !..forntion such as that-

.. e - presented in Figure 6.1 tthis is usually not n: cas/ as it counds be:aut.e
f,] there are a grett riany. inotopes to chcose fr: . nr.d the. results are often ,

"

. ,, n. -%,
- -

olouded by experimental error).. . . - * '.-
. ,

.

,

. , . , . .f Similne ennsiderations hold for resetiens invsiving E emitters. in eners:y-
'

.
-

- - ;- . ~< . g icyc1 diaCram for the decay of 'is (sonun) to, q!!;;#' by-)" er.isdion is12gJven in Figure 6-2. Ihasd on our previous < 4r; ::nenta ve wuhl expe=t to find.,) 7 -',M .-
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s4taMa enitting !* particles with an energy of 1.39 nav (neglecting the. . , ' .
~

,' rare 4.15 mev g partie's). However, we actually find a continuous spec.'

trum of p energies ranginf froc 0 to a r=axirs:n of 1.39 mev. What is the<
.

''' ' - Y reason for this? he nnever is that t!.* antin*dr!a' etrries ousy so=e
erf the 7" particle's ai .ra fy. Thus in this .s n.nle tY. sum of the kinette4

, . Fp, <;neegies of th f ~ 3;ar*.h..' t.al t!.e sa: m.:tt.-!r.s u..:.: 1:n1 1.3) e a. Enw.
*

4 over, in any si:utle de:cy, there is ns .-sy of kncuin.. h.sv this enerf.y sill
_ be split up between the tus particlas,

w
. - . ,

- - ' .$
Ve can see tMt obserration of the p* e. srgies fro a a r!ves !sstop is of

d little use in identiti sdna of tha isa:.*:2e, betsam p ;. par-'el: rsy.

?Q have any en rdy up ta e. tertain maxir:us. However, 1s.2:cpe J deatifica ti:ne

.c may be narle on the bas:s of the ga:.u riy e.no:1;len sinch .Lhese have discrete
. : values. In mest cases, sipha emitter identificat.f on is also based on the
' ' . . . . U gamma energies rathat than the alphs anergies. Ela is primarily because

". ". 3, '" ' ''1 the exceedingly short range of alpha pqrticles in amst substas. sos cor.pli-i

.Q.[3
,

J.,,**,' estas S e seesassey owyertrental tesA4149es. tdentifiention by use of Ws.

also has e:enerio advantages because the same apparntus can be usna for. "

,g] both a and p e. titters. Re process of identifying radioactive isotopes-

i .
' '

;;.- 8 by observing their y ray energies is called gamma ray speetweetry. A'

' .| g gasme ray spectrometer reasures the intensity of the gn.=:4 radiations fma .*
e .

9., a source at different er,sr.y levels. The data thus obtained is usually.
'

4 plottaf as shown in Flore 6 3, which is drawn for Na-24.-

'

h Ve see fmm the figure that penks in the garna ray intensity occur at the*
f

three energies correspsn ing to the ge:: 9 rays tznitt.ed in the decay process.d
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-g As - 14
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f. e) 3488 +:q 23 - --* 3 3 Alas + o '
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+ o' n"
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e) 3, A'8 + ,He* .---->. ifa" + "

2. Pluts::1us-39 underse.4 e de.my by the fanovity rae: tion:i,

', h Pusseu A eaD *+**T

The masses involved are: Pu-239 = 239.1265 amu, U-235 = 235.1170 amu,Y a a /,.0039 eru. The U-23$ nucleus in known to receive 0.067 may of
*-

'

'. kineti
.

j. $g energy in the resetion. Studies have shown that alpha particles
of three discrete energics are emitted in the reaction. .

Furthermore,f
* , i; y.p in 11% of the disintaxrstions a ga:na ray of 0.051 mar is eeltted, in

.

17$ of the disintegrations a gn=ma ray of 0.013 tav is emitted, and?
in 72,1 of the disintegrations there is no gn=ma ray. ' Vhat are they

d three alpha particle energies? Drsv en ener,y levtl diagram slailar'

?.t
- - :: !f Q to F1 pre 6.1 which chavs the escitod states of U-C$. j

>

t 3. '
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3
9 The neutron is particularly well suited to cause nuclear nections because

'I it is not affected by the charge on the nucleus. Even neutrons of very low
-- , kinetic energy can penetrate the nucleus, armi as a result, neutron induced

reactions are considerably acre coesca than the other types discussed in
.' '

Chapter 6. In fact, it is the ability of the neutron to cause the fission+ .. ,

reaction in U-235 Jiich has led to the development of nuclear power as it i

easete teder. Therefore, heesuae of the great practical importance of the |. ,

..
neutron and its reactions, we will consider these topies in some detail inup - '' '

"

7.Z tais shapter.
... v. n

-
|

umTmw muncts. , .,
- . g. :s

.f ' Q Before studying neutron reactions, let us briefly consider some of the,

-

.; ' .;" methods usal to produce neutrons..'.

*
.. , t

- - ' S'- 1. Neutrons can be produced by bombersting certain light elementa, lik's
' '

.9*
berynium and lithius, with alpha particles from en alpha emitter liks
radium, polonium, or plutonium. for Example:-

. - ..
_....r.

,F + a * (7.1)
'

Bed + ,He' n;-
, . , , 4

* -

,

'
%r;

''

2 Neutrons can be produced in severni photonuclear rasetions. For e m ple:
'

b. .. hj Be* + y'
. 4

t: Bee +ca (7-2)
;. . - . .

4 o... .. . .

,[ 1he isotope Ba0.disiht.egrates imediately into two alpha particles, so- - ,

.3 the overall feaction can be written as:2 .- *
,

>
.

'' ~ Be" +^ y" z 2 He' + a ' (7-3). n
. @I

4 u 4.
. . , . ..

'9 1his reaction is act'ually used in the neutron sources for many nuclear-

j '. u ; ' . . ! * f f.J.$ reactors. Because of the importance of this reaction, it is worth our.

- | ' ' ''d while to detemine' the minimum gasuna rey energy which. will allow the'' '" '

'P.-
,m reaction to oceur., the masses involved ares-

.

,;y; , . ..
.. ,

,, . 'C. c. . [, .'| Be* = 9.01504 amu ,He' = 4.00337 ann.s. 4-4..r4.rs.. i.en . . -
.. .

.
-

'.i ,' VM . i * (,*.[. .'.* N. ,

.- ,,

.

O
" '

,He'.= t.CCJW asas f.
-. .. . 2.,

. . .r t ;a ,,- . ; *. ..

.- ; . ," . r.Q, - ;. .', , , ., @
...

. f'.'2 .%. ~
,

' ' '
.

n* = 1.00897 amu '
,.

, . s..., ,.u.

', . . .'[
..s. o. ~..a. c, .

o. e
.

,
.

...

7(.]
- '

- p, ,. . - Total = 9.01671 amu . ,

'): .' ',* '
3, ,;. .

.p ,i ' ,
.

J f I(. ~ *H As can be seen, the products of this' reaction velgh more than the original
;. - .a . . ; .;e.g . ..

.:,-
' De* atom by 0.00167 amu. 'Since this figure represents mass which use~ . . J. / f- .-

4* ^'"~; ' * created in the reaction. the gasssa ray must have sufficient energy to.o

4 - i g@- supply this cass. 1herefore, the mininnan gamma rey energy is"
-. c,

:. My (0.00167)(931) = 1.56 .new. A 1.56 rsv comma ray would allev .the renetion
s
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C to occyr, but would not have any energy left over to give to the He* f'

4
,Q and n products.ns kinetic energy. It can be shown that the products @o ,

r of the reaction must have a srall amount of kinetia energy 14 satisfy stj

f certain theoretical requirements. Therefore the mininum gasma ray E*.;

y$iy antrgy is slightly higher than the value we calculated. The actual
1 Y figure is about 1.6 ner.

D@@
J8.

.k 3. !!autron besos can be produced by bocharding certain target materials

[ vith high energy charged particles in various accelerators such as the
,

g, cyclotron. c.
A 4

2 4. Neutrens are produced in great nu: bars in all nuclear reactors. We 5
i;, will, of course, dente cuch of the rerainder of this manual to the ! g;
* study of nuclear resetors. j ty;<

' hr f.i~a
!!!UTmtf REACTIOfS .-*

Q l Y:. *
' , . , There is really nothing about neutron reactions that is different from the I

@y
'

.

i,'i things we learned about nucleer resetions in Chapter 6 The reactions are (
"

.-

% written and balanced in the sane way. there is a cor. pound nucleus fomed i
I j as as intermediate step and the senservation of mase. energy holds. The i y

only reason we are discussing neutron reactions sepantely is because of
' k"

3
3 their particular importance in the nuclear power field. There are several. . $'

d M 1r.portant types of reactions brought about by neutrons. These includes r M..

w w
c. r..

%, y ,

1. Laiettre esoture (n, *) in which the excited compound nucleus' er.its 1 7;; .) ..o
j its excess acergy as gamma radiation. For esseple p,..

(deIn***lf In*** + oy* (7 4)4.Intas + a
1Mm. _ .

..
n ---, n..

4e
p.. . . . , .

k I'

In, shorthand, this would be In*** (ri, y) In***. Va have written the-

reaction 'aa thoustr only one garza rey is soitted. In gener-1. however, f ({ h'' the excited nucleus drops to intermediate excited states on its way to G.

,
X the -Erzund state, and vill enit a ' series of gamma rsys which add up to f I.]-

.

.

R the total available excitation energy. In many cases the product nucleus - : ?. .

1 4 is neutron heavy, and'so doesys by 3" emission (usually accompanied -

[
Ej.

.] d byv!s). For the evneple cited indium-116 decays by p' emission with ; R~

1 n a 51. nirmate half-life.- r. r;

4 [ g
? Radiative capture reactioits are very coemon'and most of the processas i {':whereby radioactive isotopes are produced for experimental research or ' . .. f- ['.industrial uses involve this *.,ype of reaction. A stable target eleme'nt !.

' *

is inserted into a nuclear reactor ard is bombarded with neutrons for ~ f ;C
.

- 'I
.

0 a period 'or time, thus producing the desirei radioisotopes. A cuclear
.

1 4.
reaetet 'espeelally designed for radioisoteps production is located in. [ b, . j .

'

. 'Dak PJdge, Tennessee. Radiative capture reactions also play an laport. _

~'
- * . M1 r

*3 0 ant part in nuclear reactor operation because.they are involved in _[ s;j i
.

'd breeding and fission product pisoning among other things. And finally, ! T.

$ .U D in designing shielding it is necessary treempute the rate of generation i; y
b of capture ge =tas sin:e they often are the' chief source of biological. (;V g;

/*| hasard during reactor operation. - *
,
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Charmed carticle aatsnion ((n.p), (n.a), etc.] in which the compound'
'

. 2
nuejeus decays by emission of a charged particle such as a proton or'

These reactions are rare with low energy neutronsro.
alpha particle.. . .d

'

because expulsion of a charged particle usus11y requires a considerable -
'

~ . '.'h"'
As neutron energy is inersased, however, they becomeamount of energy."

more ' probable. ' Coe such reaction which does occur with low energyi]s' .

neutrons iss.g., ,

L11 + ,He' (7-$)B** + ,a*O g 1 3
-. . , <

R his is sa extremely laportant one because, as we shall see in latse
-| ohapters, it provides the basis for the detection of slow neutrona and

elon is as important remotion for the control of nuclear reactors.2
'

, .. .j.

,

Fission in which the nucleus of a fissionable esterial such as U-235i .3. absorbs a neutron and splits inta tuo la.gs fragments. The products
'

.. , . :
. of this reaction, in addition to the two fission fragments, are two

- u . f l.f.9 or three new neutrons plus a considerable quantity of energy. Because |.

. . .. .,ij of its particular importance, the fission reaction will be discussed'

:..'9 .

- . . ' y . '. .,y.'.g separately in Chapter 8., *

j .... ,.1, .q The three types of reactions discussed above are often grouped together,,.4 ..

M under the general heading of absorption (or espture) reactions. The reasons
- - -

.

for this is readily apparent since in each type the incident neutron is
-

'
.

.i O absorbed by the target nucleus and pther parti =les leave the resultant com-
. ..

pound nucleus.,y
'1 t

k there is a secord important type of neutron reaction known as scattering.
.

In this reaction, the neutron can betr.Mht of as colliding with the target
-

< , .'' <

b j inacleus and rebounding with less energy (speed) than it had before the*

- . .0 onllision. he reduction la neutron energy appears as added motion of the
target nucleus. The amount of energy lost by the neutron depends upon twog ,

- . . [ things: ,the mass of the target nuc eus and the angle at which the neutronl
..

, '

strikes, the ruscleus. These facts enn be ensily visualised by considering,

7 .y% the" neutron to be a billiard ball. It is well known that if one billiardhall suffers a head-on esilision with another billiard ball of equal mass,,

i
E the incident ball vill,eone to a deed stop and the second ball will roll

In other'd away with the same velocity as the incident ball originally had.''

words, the incident ball vill tysnsfer its entire kinetie energy to the
}' ball it strikes if the tw balls are the same sice. Now eensider a billisrd4

j
bell suffering a head'.on ec111sion with a bell of essch greater mass. An'

.' example of this would.Se dro ing a billiard ball onto the' sidewalk (i.e.
the second ball is the' earth In this case, the billiard ball will rebound<-

~

| with essentially the same velocity it had when it str.ack the sidewalk, in-*

dicating that it suffered no appreciable loss of enargy in the collision.~
- -

We can.generalise this idea and say that a neutren 1s capable of losing a' .

': 6 f nearly equal

ness (portion of its energy)if it scatters off a particle o
" '

.
3

large
,

'

a proton, for example but can only lose A: c:.a11' portion of its energy'':. . 1.

. g' 'h . -
if it scatters off a much larger body. (an uranium nucleus, for example).

-
, . .

*
' The effect'or the angle of collision can also be illustrated by considering4. . ., .;p : . .'.

-
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C the collision between two identical biniard bans.
'

.

If the conision is #a glancing blev, the Jncident han vin continue to abre, but with a reduced
- T.

,

a velocity. In general, it can be stated that a neutron' vin lose r. ore of
-

A

its energy in a heed-on collision than in a glancing blow conision.
*

;

Itis easy to see that scattering can produce a vide variety
.

deoecding upon the mass nusber of the scattering nuclei, and the initialof neutron energies,
~

,

,y energias saj scattarlag anglas of the incident neucrons.. . ,

#. 3
..4 3*

The "biniard ban' type of scatterir:g discussed above is core preperly
.

3 "'X'
;. ')i caned elastic scattering. hers ta also a second type of scattering known

" M,- as inelastic scattering. Inelastic scattering is reany an (n,n) reaction,
in shie.h i n Miron la abastbed by a target nucleus tp fo:s a esa)
uni:h then disintegrates by emir. ting a neutron of lower ecergy. pour.d nuclaus'

T The bulk
of the energy lost by the incident neutron appears as excitation energy of% the target r.ucleus. his energy is subsequently e:::itted by the target nucleus

-

1 as gamma rays. Elastic scattering is the most im.

Q' scattering nuclei and for neutrons of lov energy.portant type for light
~

-~ "

I high neutron energies, inelastic scattering become With heavy elements andlaportant. However, both
types of scattering produ:e the same end result, unich is the reduction of; .f. the neutron energy.

ej between the two nachantsns.harefore, in future discussions we vin not differentista
*.

;..). }- .

,

.
.

, ,, . -

1 490AB A8Mt04
- .. e< .-

- < .. '* * -'.,s '
'.. !I" .

.

he designer.of a melaar facility must know not only% hat reactions are .:.f'
possib1n yh' n. neutrons strike a particular material, but also to what extente*- - ff v ,

these reactions will occu*. To provide this latter infSrsation, the concept f
- ". { of croJs section was devised.

*.* ~

'2 .,

"i T|The e-one seettsn for a given nucleus can be
defined as being a measure of the probseility that the nucleus win undergo ,'s" 4*

a nuclear remetiog with a neutron.,

the greater the probability it win reset with a neutron.The greater the cross section of a nucleus,I t.
*;

he unit of crossv 7 k
svetion in the barn (abbreviated b). The torn barn may seaa strange. It-

.

j/ arose when scientists said that a nucleus with a high probabnity of under- j
,]

going a reaction ues as easy to hit vith a neutron es the broad side of a
, ' -'

. ]. y barn. ', .

y,-, .-
,

,,

.s
One night expect that the probability that a neutron vin unriergo a reaction*

with a acleus would be dependent upon the sise, or cross sectional area,
.,

*iG of the nucleus.
ths grestar tha chances, that a neutron 911.1 hit it ar.d cause a reaction.That is, the larger the target area that a nucleus presents,

0-

*. .-i .. j Hence, the adoption of the term cross section to describe this probability.
,

- '?
However, it has been found that the actual cross abetional ares of a nucleus

, - -
' .

is of secondary imperisn=e in the .detamination of its cross section for
n.

"J-

neutron redefle,ns.. 'Of far greater inportance are quantitica such as the
'

..

e.sergies 'df7 hd"exditad states that.a nucleus may occupy.
; t

. *- 9 e hus it is that i
.*9 certain nuclei have such an affinity for neutrons that thsy seem to attract

'
,

'? ' " ) them much as a magnet attracts iron. Thou nuclei have'. cross sections
'

minions of times greater 'than their cross anotional' areas would suggest. ie
' - y

conversnly, other nuclei seen ainoat to repel neutrons, and have cross sections :

auch smiler than their actual aress voula suggest.s J!avevers since the pro .
.g n.

W*,
'the unit of the cross section chould be related to th.e apprzximate erssa

'

'."g.
q

:sb(11ty of resetton does bear a small relationship to actual physieni site,
<
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90 sectional area of a nucleus. Since crong sectional area is relst i to M
p, .

the square of the nuclear radius (A =gr for a circle), and since the %
. 10_eLeer I.edius is on the order of IC.ca. the barn was defined as being (.2i -

nu,

en .
. N e;e: s

Suppose we have bue aheads A &nd 8. Suppose further het we knew tab 5
atos A has a eross section of S barns and atos 5 has a =ross section of#

twenty barna. If we shoot a neutron at each of these at.ses, what an the Q';", *.
% ''channes ht a reaction will occur with atoa 5 as opposed to a reaction1

.3

5 ..h :*?c-occurring with atos AT The answer is that the chances of a reaction occurr.
ing with ato:n B are four times as great as the chances of a reaction occurtw p.P.

We conclude this because we know that the cross section {fg',ing with sten A.*

--.) for ston B is four times as large as tha cross section for aton A.
-

. . < . .

Sd',
*T - -

The concept of cross section has far greater usefulness than the staple ~'
, > . ''] problem above would suggest. We will show Inter in this chapter how the

Q .1-[,cross section can be used to determine the precise reaction rate when many g, y.-
neutrons strike a target containing a large number of target nuclei.. :, W

. Although the probability that a neutron will react with a nucleas is of >?:f
interest, it is of ten even more importa.Y., to knew what type of reaction it Q.f~-f .

- M, ;' will undergo. Therefore, the total cross section is usually broken down ;M
into its tw major component parts. That is, we say that the total eroes g.

Lgsection is the sua of the abeerption cross section and the scattering cross a,

section.,

h We can break things down still further and say that the absetption
...

S cross section la the sua of the radiative cepture, charged particle emission. M.i
and fission cross sections. Now va not only know the probability that a d,6.Mlt.,,s..
neutron will undergo a resetion with a nucJeus, but also the probability - kMKof ocourrence of each particular type of reaction.,
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. M.M.
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M.e;.
3. nueleus. This are&s sooties is more sorteetly callet the sieroseooie 3,ge,gk

. . . . e i s p%and is given the symbol s. In the real world, however, we are never N.
.'P

G
ed w&W to teeshisa between a neutron and a stAgit nue16 des bidh APS'C MMsenserned with the roastians between a number of as.steens and a target eaa. fd**
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Q taining billions of nuclei, h eroes section for a cubie centimeter of
.*g

M%..
' % '

sueh a target is torned the aneroecoote eross section. I. and is the product
-

. ?.: I p ?.of the stieroscopie cross section and t.5e total nunter of nuclei in one cubie.. fcentimeter of the target. This is: C.".
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q1.' ... 3'; W ",7 ;7; I, = zacroscopic scattering cross section g.

- ; ;, . 4 :i . t;

-: 4 I .y = macroscopia radiative capture cross section n*

n+, ,p
Q,

4, .

F,P, a macroscopic 'chargaut particle ar.insisa cross section ;
1 <.
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f = macroscopic fission cross sectionI

|- he total nacroscopia absorption cross section. I,, would be given by: $
w
"

s9 :a = 2ser + 2. + t (7-d) g'~ ; .

'

' , - Equations (7 ?) and (7 8) can also be written in tems of microscopic cross g
sections if dustred. For eneple in terms of ths r.icroscopic cross sectiou, ;;':

: 7 equation (? ?) becomes g
'*

{e.' (7-9) '

Y . f,.j g=as+8n,y + e ,p. + ogo..

, p
vhere all subscripts are consis' tent with those previously used. |
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M a he calculation of cross se:ticins is exceedingly difficult and the values' , t

(,4 ,-) used are based primarily upon experimental data. Almost every book on the ;
*''

- .h subject of nuclear energy contains tables of cross section data for various ; i.'

2..; , .U . O iso topes. The tabulated values are generally the microscepic cross sections t

@b.
since these are indeper. dent of the quantity of =sterial and depend only [ P

a

iupon the isotope in question.
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' upon the'.!p,='rti=ular isotope in question, but also upon the ensegy of the'"' -
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neutrens in :cived. We vill first consider the ener y dependenen of the j i7 - # absorption cross section, and then the behavior of the scattering cross L..

i ihg, section. '
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Tor many elaments, especiall) 'those of mass. number exceeding 100, an examina- !
'

-| D tion of the variation of the absorption crosu sections with.cnwrgy rovesla

N[
the exis'.on e of three regions. Dare is fint a low-aner;7. region belowd

[4 about 0.1 ov where the absorptian cross sectics decreases atendily with in-
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.
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y creasing noirtron energy- (of .ve}oeity); In this region, the croso section .

is inversely proportional, to. the neutron velocity, v. he regica is thero-'

d. V fare callui the 1/v region and the cross anotions are said to ' obey the 3/v j*

4 |- law. Physically, this behavier may be explained by the idea that the chance
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. j-|
."

'
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Tollowing the 1/v region for slow neutrons, the elements under consideration .
.f roughly 0.1 to 1000 er. exhibit a resonance agion, usually for neutrons o '

This region is characterised by the occurrence of peaks where the |

-

'

,

absorption eross section rises. fairly sharply to high values for sertain
energy.

*

neutrun energies and then falls again. Most isotopes exhibit several
-

:

resonane's peaks, although the peaks are generally more numerous, armi mors
|

s

.' important, for the larger elements '.,

Ve notedResonanee absorption may be illustrated by reference to Figure 71.
.a

in Chapter 6 that a nucleus could exist for short periods of time in any
of seversi excited energy states before decaying back to the ground state.

;

The process of adding a coutron with sors kinetic energr to a target nucleus
is shown in Figure 71 by the arrow labeled Meutron Chpture with 7.are

, For a cosent, t.he compound nucleus contains the entireKinette Energy."
mass of the neutron (or its energy equivalent of 931 mov) and the energy Ofi of the systes can be thought of as being raised to the. point marked E .o ;

oourse, once the neutron is ocabined. it will lose some of its mesa, as dis.0 ,.

. .. ) eussed in Chapter S, and this ' excess mass will be emitted as energy by the

$- ( compound nucleus as it decays to its ground state. ':his process is shown ri ,
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f,j .) - by the armw labeled "*. ass Defect of the Neutron." Now suppose that the '

g
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f;, neutron had, in addition to its mass, enough kinetic energy to just brieg k $
*

.

Ta the energy of the systen up to Eg instead of y.,,. Notice that E3 is equal }.%,] to the energy of one of the e epound nucleus' ex=itel states shareas Es was [.

i. not. When the kinette energy of the neutros is just at a value which will -

@1
allow a capture reaction to se direetly to an easited state of the sospeund

d. nuelous, the prehabllity of the reestion escurring is greatly enhanced. *

*D.us, a peek in the e oss section occurs at this neutros energy and we have f' p|dc[d
,.

a resonance. Notice that there vill be other resenances for those neuttua *

energies that create 's compound nucleus in some of its other excited states. I ,

. . .s

f.'] Beyond the resonance region. 'the absorption casa sections decrease steadily
,

~ ~ '-

,v7 trith freressing noutan energy sad are usual 2y inst;niti.. ant ec=cated to the [
*

N scattering cross sections at energies above a few nov. With the exception f
. h of the ressnance region. we noted a genersi decrease in the absorption cross ;

y.% section as energy inersased. Once again, this can be attributed to the fact'

t

Q that faster neutrons spend less time in the vicinity of a nucleus and there. L

h; fore have less opportunity to react with it. As an illustration of our i

M"b' 2
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discussion on absorption cross sections, Figurs 7-2 shows a plot of og versys |
[;energy for indius
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f._ h very markedly with neutron energy, although there is a general tendency
'

-
'

for the values to decrease for neutrons of high energy. | {'
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In nuelear work, there are several tems which are com=only used to classify k
.. '.

*

4 Neutrons with energies below - 1 ey are referred to ss Sneutron energies.
slow neutrons. Wis category essentially covers the I/v region of absorption f~
cross sections. Neutrons with energies in the range of - 1 ev to - 10,000 et, y

'

~ which essentially covers the resonance regica, are called intennediate %
.

neutrons. Finany, neutrons with energies above - 13,0C0 ev (0.01 mov) are >

caned fast neutrons. 3ere is no upper limit on the fast region, but from i.,

.
.

a practical, standpoint, neutrons in the roast.or rarely easeed 10 new. [.'

d2 -

.~ Bemal neutrons are slow neutrons which are in temperature equilibrium (

$.
with their surroundings. his definition requires some expla. nation. In t
our discussion of seattering we tacitly assumed that the target nuclei were *

't at rest. Astually, the atsas in any target util have some vitrettsaat kisatie &
,

,1 energy, and this energy win be detemined primarily by the temperature N'
~.I of the target. The higher the temperature, the higher will. be the kinetio . ,

; energy of the target nuclei. Now consider a coniston between a neutron E

. . ' and a nucleus where the kinetic energy of the neutren is less than.the kin. ?
etie ' energy of the nucleus. In this case, the nucleus win transfer some ;.#

. 'of its energy to the neutron, with the result that the neutron vin gain .,
s

O energy in the emitision. On the average the n.utrons esa never slow down f
to where they have energies less than the energies of the target nuclei, t.*-

for if they do, they will begin to gain energy in scattering collisions and O
i. . ~ ' vin continue to do so until equilibrium is reached. merefore, at the

' I.

c apletion of the slovir.g down process, the neutrons win also be in tea.
d perature equilibrium. with the surmundings, Hence the term thermal neutrons. 'e'

d Meutrons with onergies-just above the thermal region, i.e., in the upper i-

range of the slow region, are often caned ooithereal neutrons. p#
A

u .
YTables of. cross section data cosmonly list the thermal neutron: cross sections.
b

''

'

. 'A
It has been standard practice to base these themal cross sections on neutrons

;1 having sin energy er 0.02$ ev, which corresponds to a neutmn velocity of f
4 2200 meters /see and an ambient temperature of - 72*F. Actually, water cooled ;

power reactors operate with coolant tarsperstures of - $50*F. As we shall F
y

h %9 see in Chapter 4, ths coolant is also used to slow neutrons down. Thus the !
true thersal energy in a power reactor vin correspond to a temperature :. h..' ,

,

.s
of - $$0*F, which is .047 ev.. $*.

.i 'L" -

. , . p
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W .. . h3
*]"' The neutron fht, d,-is defined as the total distance traveled by an of the . [

.
*

; .

neutrons in one cubie centimeter of a material in <one second. In one second, . ti
,

' "
1 '

an individual asutren win travel a distanes equal'ia esgn tude to ite t ' . - - f
. .

. TeytJ 5
.-

voiseity, v. .That is, if a neutsee is tende%&ag 2000 see, it w(11 * ' .

d[
"a. . . . * ,7 -

7., travel 220000 b in each second. The total track length of au the*peutfons. #'
'

C in a cubic centimater of material win.ainply be the product of the nedtron ,.'.- $

,
.

;*

, h velocity, and the , total number.of neutrons in this volune', That is,'
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A
4,6 lJ M=av (7-10) ['.

7
'

n
%where / a neutron fluz (neutrons /an*-sec) -

R
~

.

T.

o F n a neutron density (neutrons /em )
-

$3 - -

p. .

A y a neutron velocity (cm/see)
~ E'

v.,a.

f.*

g yrom a practical standpoint, neutron flux is usually takan simply to be C
- a censure of neutron population density. Dat is, a region of high neutron ?
,k fium is ordinarily taken to mean a region of high neutron density. This

;@f., interpretttivi is atrict.ly correct, however, only if we specify a neutron
M velocity. Yor emaapie we alght be discussing the thersal neutron fica g'

- g -(1.e. y =220000 cm/see,. With all neutrons having essentially constant p)
,( velecity, the v tar.i in equation 7.13 is a constant, and g is directly j
cr ' proportional to n. i...

2:C'
.e k'*?34TM)N RI1CTIC't RATE O. ' . '

. * *

. g.
s...

' ihe trus usefulness of neutro- flux and cross sections comes in the calcu- !(
.' *

[! lationsor the reaction rate between a group of neutrons and a mass of target 6
d ', ma te rial. The rigorous mathematical derivation of the reaction rate ex- M.

,

. ~ pression is beyond the scope of this manual, but intuition vill lead us to E
5V

.h
. . . ,,

I^ the.corrett result with little difficultyg. .*

^

|?j p ' It saacs reasonable that the reaction rate betvaen neutrons and target g yh The collision ra %
. .. * atoms should be depe.ndent upon their collision rate.n m o n o .... .. n e . t o m . u i m ... (,e,.o .,te "r

- i *

.q.

.

", 4 neutrane ia.the target. Te see thip, assume that target atoms are spaced, i-.
' ,

en the average, 2 centimeters sport . If a neutron travels 100 centimeters Il
'j.. . in a second (i.e. v a 100 cm/see), it could be expected .to suffer 50 ceu13 ens k*

'

2
per second. Slallarly, if it traveled 200 es/see, it should undergo 100 [..

'

.- .;

. g collisions /see. hus, the collision rate should be directly preportional ::
'

bJ . to the r.eutron fluz. - .g
.'b Es D
>, :. ne example above also indicated that collision rate is also dependent upon b"

y] " target atos spacing. A good meegure of target atos spacing is.the target . p-'

sten density, N (target stondem ). The higher the density, the core riosely g
gd are the atorss speeed, and the higher the collisica rate for any givers neutron h

.

'

d, rhut. Thus collisio rate should be related to the product /.N.-
~

- . t-

w.
f .. . . .

k!.h he collision rate, howeve'r, does* not necessarily equal the reaction rate. E.
'

;

To obtain this,, we multiply the collision rate by the probability that a .- 4p)r. collision will produce a sear. tion, which is measurea .by o . Thu's, the c.-

7,5 resction rate for neutrons in a cubic centimeter of target material is given E[
, ,

.1
, .

% . .- - 7, \
v. . . ..

.$[
,1 T).e distances here are for illustrativ'e purposes only. Except for gaseous %

'~

-.

(, , media at e :tremely low pressures, the target atom spaeleg would be much _ y'*
.,

smaller than this. . ' -
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RR (reactions /cm -sec) a g !! o = g I (7 11)8'
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Consistent units require that a be expressed in ca rather than barns in
':

{ this equation. .
'

.g..,-.,....,m ,

t

'

~

<a If the target contains more than one cubic centimeter of material, which :

is the usual case, then the total reactisa rate is equal to the reaction1

,] yote pee suhte acetisetst times the target volume, V, is ouble sentimeters.
,

'

* '1 TRR (reactions /sec) = p 1 Y (7-12) .

.rg
.

5 ff we are interested in only one type of reaction, say fission, then we
would use th.e appropriate fission cross sections in equations 7-11 and 7-12...

-
,

. . . .

taneuts/cm*-see.
.;

' , . ' Einaple: The themel neutron flux in a block of graphite is 5 x 10 i

aaibe atomic density of the graphite is 8' x 10 atoms /ce. The alcroscopia- - - -

absorption cross section for carbon is 4 x 10-3 barns. What is the neutron '

. N./.
absorption rate per cubio cantimeter of target materia 11 .

.

. i

S
J , 2.; RR = g N e. .

'. .

.-A

,$,e: = (5 x 1058)(8 x lo j gg , go-at) = 1.6 x 10' absorptions /co-seesa.
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h The only th to be ca ful about in this problem is that you convert

* barns to em{n
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j 1. The iron (ehemical synical = Fe) isotope with 2=26, A=$t, is known to
.

) undergo a radiative capture reaction. Write the equation for this*
,

reaction.. *
. -'j 0

11", undergges a charged particle emission,.i 2. '|'he alu-inus isotope, t$sotope, u*:a". Vrite the equatian for t.hisreaction to the sodius"

'l reaction.
.

.
*

.
. .<

j 3 What is the daughter product of the (n.p) reaction with 12 g*#7 1
9 M

'

Cornare this result with question 2.q
4

f 4. Define microscopie case section, absorption reaction, scattering
) renesion, resonance, thermal neutron.-

.,

sY $
.

Bursts of ic neutrons are directed against tdo equally sized targets.eI 5
*

= 6In target A there are 3 x 1C* atoes, with e$arns.1 barns.~ ) A and B. a 4.1 . WichIn target 3 there are 4.5 x 10* atoms, with s
.

a
. I

4 h tarr,et will absorb the greatest nur.ber of neutrons? Wish type of .

. ;n . .

. .r.< - h+
atom has the best chance of absarting a neutron? *

...?: .

p

( 6. What is meant by the statement that 3-10 is a 1/r absorber? ,

4 g 7. Under what conditions 'is it likely that a target nucleus viil exhibit
a
r a resonance in its o ?e -

.; s

y,) . 8. In general, how do scattering cross sections very with n'eutron energy 2
'

y 9. What are the conditions which will result in the neutron losing a large -
*

amount of energy in a single scattering collision? -

a.''.s.
$

'j 10. Discuss the physical significance of neutron flux in., terms of neutron .
.

*- -

. p renetion rates and neutan population. '

n.. . 'i .
.

.J 11. A large nuclear reactor produces heat by tge fi'asion of (1-235
$so b). There are 1.6 x 10' atoevee of U-235 incor&,theWho average thermal neutron flux is the core is 3 x 10'the) s/cm ,,,,,..d (s

'' =
f a' (' ' , . . !

' an
1he core can be considerad to be a cylinder 12 feeg long and 10cteet

*

'

.
,'

-

'/ in diameter. It is known that it requires") x*10* 2 fissions /see to * ''.' *
a

f produce 1 untt of power. At what power level ({in magavatts) is the
-

'
. .a reactor operating. Also note that 1 inch = 2a54.centiseters. . ; ..
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Shortly after the discovery of the neutron. Enrico Femi in Italy beebarded

1~2

2
"

urenlum with neutrons in an effort to p educe elesents with at. sale n =bers
>

'
His theory was that

greater than 92, the so-callad transursniu= elements.
the neutron bombardment would produce (n v) reactions ir. the uranium, and',.

the neut:wn heavy uranium nuclei thus produced would then decay by p*.

These attempts etentually succeeded, but !emission to the highar elements. t

interpretation of early e:rperiments was difficult because of a new and
Termi found that neutron irradi.ited uranium was radio-. . . unespected result.. . '

active and that the half lives of the radioactive nuclides present did% For this
' not eerrespond with any knova half-life of the heavy elements. Mcvever, ;
)' reason, Fermi believed that transuranius elements had been produced.

,

i

;r in 1739, the German scientists Maha and Strassmann chemically separated' 3 t |
' the radionuclidg'from the uranium ar.d pved that they were actually isotopes
''h] of barium (seDa

. ) and lanthanum (,,La ) instead of the transuranium
'

L ,

elements that vers anticipated. The results could only be explained by
;*

.

,

' anstseing thet-the uranium nucleus split into two parts during the reaction
;

i

Thin process of splitting a heavy nucleus into two partavith the neutron.
"a= i''=** 'i'aiaa-_

O. ,

&. he announcement of urer.ium fission led to intense research by scientistsi

,' thewughout the world. It was soon shown that fissloa is accompanied by*

'Q [ the release of Isrge amounts of energy, and this fast led to the development
'

' .E of the steals bomb. Since that time, the fission precess has been applied, , *

to the commercial generation of electrie power,.( 'j t

A } FISSION CROSS S10TIONS - ,

, ,
-

. . .

s
. ,.c ...

he diseevery of uranium fission by neut: ens led to a number of investigations
'

3 ,.*
;

to detensine whether other nuclei were fissionable and if particles other
't ;*

,

than neutrons could be used. It was discovered that erly 'of'the r.uclear{ projectiles we have' discussed can cause fission, and that almost any heavy
**

.. .. 1 .Q ] nucleus vill underse fission if the ' energy of the projectile is large enough.* * 'i5
-

Wus tantalum (atoale' number 73) has been fissioned by the use of 7.00 mov
.|

.

i .C'

alpha particles. -
.

,

'
*

f ...

: n '
-

.

From anbindustrial standpoint, fission by nauttuna is'.the only important. *. -

D Furthermore, although fast neutten fission technology has advanced
-

-

type.
steadily in recent years, processes usist thermal neutron fission still- .

.

predomin4te in industry. Therefore. uch work has been done with three
;" 4

i

nue11 des U-235, U-233, and.Pu-239 - which are known. to undergo themal
* '

,.

J.J U-235 'is' the only one of the .hree which occurs in nature. Natural . . C|
, c..

fission. '

uranisan contains 0.712f. U-235, W.2825 t*-238, and 0.006% U-231.

Le i *
. II'd g As explained in Cha'pter 7. fissi'on is ene type of absorption reactions .A

. _

plot of the micrnscopic fission cross section for U 235 versus neutron energy,;

as shown in Figure 81, has.the general characteristics of absorption cross 6.-

;
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~ 8 sections discussed in Chapter 7. That is, in the low energy regions the |

d
cross section is very nearly described by the 1/v law, there are resonances

- - in the intemediate energy region, and the c:ess section is small at higher

(. '

energies. The ttiermal neutron (0.025 ev) cross sections for U-235 are"'
given in T.able 8.I. Ve see from this data that when a themal neutma; . strike's a U 235 nucleus, it will esuse, a fission 580/6% = 83.35.of the
time, 9112, undergo an (n.y)- reaction to U 236.107/696 = 15.4% of the tine,.

s
,

*6and will sestter 9f 96 = 1.3%. of the time... .JJ . .

Ffgure 8-2 shows the fission cIoss section for Pu 239. Its distinsulshing-

..d festure is a inrge resonance at 0.29 ev which causes it to deviate signi-
"|y flesn'.ly from 3/v behavior in the slow asutros region.

. ' . *

- Tve T 8 Te THEm8.At. NEUT"c ! CPD53 $!CTIONS Cy WE UR.U!IUM IS01VPES AND Pu-239*

.. ,3

%; , Cross Section* g U-238 M Pu-234 -

a

. . . , . . .

. 6 N, .! J., ee $80 O $33 ,750
. . . ,

-'',-s.'

. ~ ~ IM 2.75 $2 315; e(ny)

.i...,3. . . 9.6 '' ;j+', e, 9.6 8.3. * -

.
.s

.

1074.6
. .

',| g . statal 6% 11.05 -

Table 8 I shows that the thermal neutron fission cross section for U 238 is O ~* ' .
';

!
barns. In ~other wort's, U-238 ennnot be fissioned by themal neutrons. he

| fission reaction involving U 238 is a so-called threshold reaction. This,

.

; -
' s.'. 4 eeans that there is a threshold neutron energy b,elow which the reaction-

: ;q cannot occur. and above which the resetion can occur. In Chapter 6 vs con.'

.

sidered the reaction Se' (y.n) 2 He' and found from mass-energy balancel N *
-

l. ' .]j considerations that the minlaum gasma ny energy was - 1.6 mev. This is**
.

. .
sn example of. a threshold reaction. 1he threshold for fission of U-238 is.

ii N 1.0 A 0.1 mer. A plot of the fission cross section versus neutron energy
.. .

' . ' ' '. 3 for U-2391.s given in Figure 8-3.
9

- ..
. .Q, . i; . i.o -

.
.

, ,

, ..;.
.

. .

9,
. .

., .

. . , . .
,

. .(4 -
..

.

...v.....rt.n .

.h,M
. .

-

s

.
.

.
.

- - e. .

"

.' *
* *

. e.* - -
,

.

'','.; , ....
,

_
. .

' ., ,

, , ,
..

-

.

. .s. .. -- a - g-
-

.., , .
, .

. ..
, ,

.
.

. .; - :. . . ,,
,

2 . . _. . ,,
_ . i.

2. , , .o o.:
.

,,-

i.o _ i
. .

ENEMY (WM .to .
,k...#,1~;i; i.. i', ( . .

.
'

Figure 8-3: Fission Cross Section 'of U-238 versus !!autron Energy- .

,[., '
* *

. . 13.
'

.p' -

.i.1 Q s.

,. . , , ., . ,

m . .., .
r.; . . .. ...s , .

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

. .s. . .

." 4 1. Cross . sections for charged particle ealssion are negligible in all cases.,

0 1.

. i

m'q. - .,.
.- . - .. .. . . . .

;. . .

k
~

L'":W:s??.TQp.Qw z::.) m.M:%p.:qimg=4.-.gyggg7.qS,qm. =,9=
.

"?.~ 'f . p . T::.4.1's., % :; g:.,. & "y .: a. ;'2:s.. ,
. ; ..,...t . .. . . .. %.o c .. . ..

.. *. ., ,. . y -

. . . . - .

...M. ' =. . . . .%, ,^. - | 8. . j . .;. t . . -. . c, . , ; . - S , :.G.Q., .;;;; -
' '

' '

, . . . . . . *,- .
. c,: .;: ':e.7., g..tjp%, u

. .,. . ..g ,1..; . .

g g.g. y g.;.g .. ,% . . ~- - ,,. 7.- - . 3 w. , , .. . ..

,g;Qm.k.. smr- -.

:
-

:. ;.y.= x.'

e ;.- h- :,,
-

,
6

D 0 8 6[ ~'

. . #3 70 j~ ~ ~ -
-- - ' ;

a -
,, ..

:: .

7 .g
,

. .

.. ..
. . , -

- . - t. . . . _ 1

J.= i.

l

i

.

.

I

- - - - - - . . - - - . _ _ - . - - - - - - - _ . - - - , , ,~~-r --r----,--,,--m- . - - . - - - - - - - - - - - - - - - - - - *'
_.



.

:. .. , , . . . . :....,,,,.... . . . . .. . . . ,.
,. . .

. . , . . _ . ..... . . . . . . ... ,

.
w . . . . : ., . 4--

. . -- - ,,.~. n . - ... ....-.c..w..,... ., . . .,. , L, . . w -.
. . . .

4 .o
. .

c.
. r :|.k. ,. . *: w.; .~, :.yp . . . ~. U.a ,..?.:-- .

. .i , w: -
e.;;. ..i; .,.;. .

, . . .:-q :,.M. . .*h. . >. . . . . ~ . . .

.. . . ' . _....,a.u..
.a T . .'.. . s . G. . . N, . . . c '-

.

.,. .G : .,: -k .T , ; .x .. ,,"|:. :* -
. n n,;.y .s. :-- . .T . u. -

. . . . . . - . . . . . . -..s.., -

,
. v. -;-y

}. }g. ;
. .s . . . :; .-

.. n ..
. . .. ...

_ ~
- . ,.- . - - . , . . },..;, . . . , . , - . . . .. . . _...

.. <. . ..L . ,... . . y ,.-|:=..,,; :. s. g 3.*. :.-2.,.,. :r- 5 :.gw .w . .. :. , y q. . ;.. . - ;. 5:,g.:. :. 3..
. . . -,

. . ; 2 . ;. -,. . . .,;
...

,.;-h :q:
.

~ :;
-

.. s ,. .s.;.,.
., ._2

:. s.. .. .. . . s... .. . ...

.

e.. ' . . . . , .
; -

,_ ,; . ..y, ~.
. ? \ ::.: ...s: e ; . .:.~. +,. b q', ;?'- '. .*.s' * .. . .. :: X ,^ . y*,*y' u,..

.> T . :o : . . .-- . a ; . :z .w . . . ~ .
9 3. ,:~; .: . p " ' ^:;- :u, ; g, y4..: ;,I.:''w;. ? ,' C;g*'*(, ^ * ~ *.::.;:

. . . .

. - ^
.s

.
. .. t e :. . r _ , n .. .t. 4,,,%., . ;' .p~.'sg ,. ^ i' # ,*s 4,. . .ed-g.gm g.' . _ ' .

' *- e .-.K- g g.e. . _s ' . . .-
. . ,_ . ,y y,-

,,

~ ,s.h. . . , ,--
.

se r .

t

. .. j . . . . - >- j. ,
'

d >
s.

.
&*

. .

.
i

... s .
g.),

. - | h. .a
.

. , ,

-| '.?
*

- '> - - ; z.

: -
f

. .
'
,~ .

. .
- ," . . - A

,

.
.

.

i. . . .. . . .
-

.

.
.

, s ,a j
* ' ',_#a.. . ,

*
-.; g i. ' .

. e i
'

. . - [
. -|'O g a L'o * *-

,j .( - * .. * s

.
, . ' -

,

, . * *r * * '

.-: - .
. .

6

... , . . .
. . .

.,
.. . .

. ,e < - < - i ,

* '
.- ..
7 '

.
. $

- 2 ;
i ..

.
.. ,..

a .

., .- .

p
: .

.y ,. s:
** *

. *%.
. . gag e &
u -

.
r.,

:r , e , a
~

, r
a . 2 : E

"
.,

. . , . <s,
. *E

s . += i ;.
, 8-

:
[

.

A - .
. . ..

E
,

-

. . a\ W 6

2.; g
. w

[> . :,. 4
--

. >
. ,

;
[ g:..

-
. .

. g r g
t. ~,

'a .,

. .

o,s.
.

.

. - t<
- ,, .

w ~ i g
0 '~~'

O $ i {.
'n

g >g-
.

g - O[t
. s

g .. rx

.e .
-..

.. c, .. , 7
.' W h - $: $ ! j,

)-
.

1 t .. .

. . . . . .a.
* # . 5

L-t; > [..%
. . .

.; . .

',t .g |
. ,,.

v . . , , .f ,-
. , . .

. .. -
. e. , . , ,( 9 e. t. .

- -

.' ; #A'
.

'

3 .| >u, . r, . .. .

s 4
. -

.- -.. . . , .

3
.

.
.

% i, . , . . . . , ..+z.,.. . . . . .
. . ; .

., ..

. r.. .,
i t.

*
. -

. . .
- .,- .v - t g',

b 4 [ t

. h -','; g ? i* *.
.

q .
.

'
~

g i r:v.- . -

.

!0 . .&. . . ,..
.1 1 ,

. . . F.
.1 Q *

9
- . -

r, . . c.. .

p
*

* 7 1 k

. , p .!. ! .N f 9'

y.
.

;
1

s i. j.| ..
.

. .s., , . s.
-

, . i .

.i
.

,

G.n. .
.

.

,.. , .
,

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

. v. -
. ., , . - e i,

r . .

.. . e- ,. . g :. .

.e se *8 T b [.
*

[
q g Q 9 'O.- O o- . ..~

h (SNBYS) . D- -
, s 1

'

,

o
. . -

t.

. ..

.>. . .
. . -

-a.

.p n.,

.

.
.

. a.
.- - ,,. .._..,c....,...,-.. . .,1.m. n . ,

. s . . m. . . . . . .. . f,n.x. , . 3. . a,.'. .,. r s. . . .,.,.w...,.
. ,;

, ,,, .

. ,.
,.

.....f.,.,.,,.,.n....v..- e. ,:..4. . . .
r.

.. s
. _

. c. . , . . - .
.. . . .~ . . . . ...

, . .u ,:- s .. ,. > . . . , . . . . , .

. 2. ... ~
. ,. w.. -

.

. .r:.. ..
.. v.c:" . -n

.

.:
. . .

i. .- . .. - +..
; u. , .~ ;s :':.i.. :M,:2.w.u . ; .: x. :...Y, ,2. ..y r.> u. .. .7.... :

.

i

. - .
.

. -= . -
: .... . . .

< %. v:.y.v..m. ~.s;,y.9..:.y u... ..2 _,.1. .m.,...4
x. .:.r;.:..y .- - .y-

.
-

.
. .<.;., . -

.
~

. . . , . . , . . .
- . m . , .m.. g .,,.;.g g .. .

.

.. ..mw. .

,

,

: O O 8 7'I
-

-
# 3 TD .!

**
- - .r. . >. .n

g_. , -i' * 1

* .he*-.s =. .- g. g. . -.p--
.-

, , .
,

% . , . , . 1

. - I.

-,

e

y , , , _ . .---- - . - - ,m -., , - -w - - - ._



,
. - - - --

1

.

, , . . . .*
. . s u s,, . .io yg. ,, .ps , ..~,w. - y *, ,. .

...

.
..,f.y .,

,
, _ ,

*'.*.-.**L
. y:, n ,* ... G. *, r . . . . ... - . . . .

.

. , *g; > . . . e ;f, . , . g~f. . .. y (,. ," *7;-,%, , . e; ~ ' q= .. a.: . ' e >;,

.?a. J.. ,*. ..y.- - * ,,u.

., ..
7.. f.% ", * . , . 4 - * i ,% . ;a. . . . . , 9_ .;... ;<.

.. . {J,.. ".' ., .. .Q. - g, ' =. . * , , . ; ,:
. , ,. .r..

. . : . . . . f i.g: .. ' - ''', .' W.
.

.t . . ~.. . ..t. .-......e , ' --

...t...w. . .c..: .ye. . .
.

.~c. . :.'. .. :. 4 w . . . : ' . . fy, ..;,. f.: .- g.

.

:...x:. . ;;;.:,. . e- w .. .mr.L.. ., ..
, , . . . . < v

.". . ., e. . ::
9 .:.q ;.a

y ~,. :-

;c Q., .w. a ,,,.. . .. . _ . . .c;w :.x.:.y::J.3..p.s zw , u ..*.~ . .
.'

.

.;;; * . . . . g . ,
. . ~.... .'

. :., . :- .

. s..,,....:.. mu. , i.u,,.h..-Q n. c :
.

. .: u.
.

.-;;,- ;i,t.>.a.

..

3.~.~m,.!.,n, CK.e s.?%f.,y;n=;}K;{
.

% :* .R *; S .
vs.. w:;. m ..y.,42w.gg,%w. w : y Q.m . m; f % m?.~.a:i. W Y 9 y f. Q - n ." M ~;'; x ?; % .,u n.;;.':;..;q ,?

. Q..
.

...
.. w . w;

. ee :
. .y.:.s.

y. g A :,.y.3. 3 - p3 ,,
.

..a .. o - v gs
3

. 9
. * ( - .

.

q,_:$
. , ' -y.

d 8-5'. . .

y
~ h In addition to the three nuclides listad in Table 8-I, there are cany others

.

Wich have high cross sptions {e,r ther=al galon.PM . he only one of any fore-
o Several examples are#) ,oThaas, p, sa, ,, gas , ,,y a andp

.d seeable importance is Pu 21.1, which may -e of importance in plutor.ium-fueled1 power reactors which operate with high usage of fbcl. All those nuclides
*, .'] fissionable by thernal neutrons are, of course, also fissionable by fast

neutrons. In addition, there are seversi nuclides which l7 fission thresholds of about I nev. Acong these are ,o nisa,ike U-2'$, have,,p,al', and.

I
d3% n. : *
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* .

fERTTI.E MATRRIALS
t

.D fable 8 2 !adientes that 9 / 88 and 11888
' .

are both potentially usefuly fissionable materials. Mle neither,o,f these isotapes is naturally occurring,
s

.
,

both can be produe'ed in usenal quan".ities by neutron teabardsent of U'38
.,

$
and ,a n*3' respectively. U-238 and Th-232 are called fertile materI ls:

. .

J -

that is, they are non-fissionable natorials (to thermal neutrona) which can. ,, f i.f be converted into fissionable materials by neutron bonbardment. Is the case
-

'>> d of U-238, the reactions involved are: *
... e.s.1s

h:| d
i . ..%-f waU +an - eaN +T (8-1)-

4
3.. N

Ja 'iy ,,u=2' M , a 21 M ni g .3p'2"+p +r (8-2)n* O
.. h., h N as, hh a 2.3 days _ asw , p # 7 ggg),3 p,

. ' =.. tiotice that these are the reactions Fami was trying to produce when fission. ;
was discovered...

.

The absorption cross section of U-238 is shown on Figure 8-4. !!otice that*

y it is characterised by a number of large resonance peaks. This charnetaristlev
-

J.k has e algnifiennt effect upon the operation of nuclear reactors as vill be
m- discussed.in Chapter 10.

,

In the case of 2-232, the reasons ares
.. ..

' !
.

-d.{
~

,

'

- : b ' ,,n"' + .n u ,,n'" + y: (8-4r i '1
,

.

gan h6 = 23.3 min _ p, ass , p. , 7 (g,,$)
..

' a33 M =; ., , y - ;, ,Pa do? U'33 +| F" + y (8-6)...y
, U'ae of fertile materdais la suele*ar roastere wdit be discussed move fully *

'-

*., ,1 in Chapter 9. Der one, for example, be placed in a reactor running on U-235 .2 d and eenver.ted into fissieashie isotopes at a significant rata.*. . . , .

, , ' . ' . ' , ' ~ . .4 Such a'

i
remotor has the potential of producir.g a significant portion of its aus

-
,'.

. . ,

'

fuel. This process is called breeding and reactors destgr.ed for this use
.

*

} ' * "d
-

'

are calla! breeder reactors.& . . ., ' ' .- . ,
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VIE FTSSION REA' rION AC D.T.RCT RD. EASE _

The fission renetion is written and balanc'ed in the see way as ar6 all
0.'. .:3 nuelser roaations we have discussed se far. Fet ensaple, sensider the seat

*
. . . ,

eosmon fission reaction - that of U-23$ arJ a thermal nautrons
. .

..j*
s

,xa + t *2 n* (8 7)
s'. .. , , . 9

'.

a t.. . , u3 4 ,n ; s ag-

S
tion .

Me U-235 nucleus can sp111.Ya, are es11ed the fission products of the reacThe tw isotopes. ,I" ani'

in'a great v.any different ways, and so it is
impossible to say in any given fission ren: tion just exsetly dat the fission

.

' ,{ products will be. Equation (3 7) shows that, two neutrons were emitted ss
C; . . .

"; a result of the fission, Again, however, it is tripossible to say la anyIn someparticular fissics reaction just how many are actually emitted.
'

icases no neutrons are enitteds in ethers there r.ay be one, t.m. three or *
'

On the average, there are 2.46 neutrons emitted for each thetual !
.:a
,% oven. ante.

fission of U-235. he average numbers of neutrons given off in Fu 239 and
>

.

...,,3 U 233 thermal fissions are 2.88 and 2.54 respectively.
.

. '-' , 7,.p '
,.

Although we have seen that it is impossible to predict the exact products.....,+1;' . ' . *

' M.J. of any particular fission reaction, it is of interest to take a typical
-

. .

1 2.? example and calculate the energy release which accompanies it. Such a ,

fM.. '. 2
y reaction veuld bas .

;. '. Q Kr*S + saBa 3* + 2 n*
'

$ ,,U'38 + o * - 3 an'''
'

he masses involved are U-235 = 235.124 anu, n = 1.009 as:u. Kr-95 = 9&.945 mu.

g. . , i .j Bs 139 = 135.955 amu. Calculat.ing the total r.aases before arvi after the.

' ' ''

C reaction we find that
,. . .. , k**,w ~ . . '

. x-

+ e. * L ? .% Was'es Before Fission Massee After Fission~.
.

. 'v[, . . S V s* , - 1.4 * ,. < ,i. ,

U-235 235.124 Kr-95 94.945 i.:. .. .

* f:s . .W y Ba 139 138 955
., -

1*
. nMrs ,

. -

~ . . .. Total 2a. ,

'.

:D. q.3,
-. - .. Total .

.
. ..

' ' ... , . . . -
.v:' : . -

- ., , ,.. ''
.

'

. :v . -m.,,
.

.. ~

.O Wsa converted 1nto energy = 236.133 - 235.918 = 0.215 neu.' '
- ]

- 7 Energy released per fissica = (0.215)(931) = 198 mev.c-

e
Although this calculation was made for one particular mode of fission, it
tsay be regarded as typical. While there are s11Cht variations from one made.

to another.'a rule of thumb est,1cate of about 2CO stev of energy released per
., - .

...
.; 1- In the overwhelming majority of cases there are two fission productsa t

'

produced as indicated in equation 8 7 Eevever . in about 1.out of every,

'

a - 12500 fissions, a third fission product, tritium, is also produced. This
-

,
.

' - * -- ' reaction, called ternary fission.1s illustrated by the ' equation '

H V2 a*8
R8 + A' + A1gass'$I ' n :- - osa o s. ,. g he an. lor significance of this reaction involves the unique vaste disposal

.
'

- - w nnd heslth physics irsplientions of tritiu= which iCa $' emitter. We

. |
subject of. tritiu:s vill be discussed further in Chapter 13.
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U-235 fission is satisfar tory for most work. The ss.se value may also be-

used for the fission of U-233 and Pu 237.
;

-

The major portion - over $3 percent. of the energy of fission appears
as kinetic energy of the fission fragments, ar.d this is=ediately c.anifests
itself as heat as these heavy, highly chstged particles slow down. Part""
of the re sinia; 20 parcent or es is liberst~i in the fo-. of instanthaecus -.

gsama rays and as kinetic energy of the fission neutrons. Ihm rest is
1 released gradually as energy carried by f" particles ani y rs/s c:nitted by

.

! the radionetive fission products as they decay over a period of time. 'he
approximate distribution of the fission energy is sus =arized in Tr.ble 8-II., +

TAE.E P II: * ::7S*MIDIION OF F75.5 0:1 CIP37
#' d Kinetic energy of fission fragments 168 i $

* . .

' . . .I
*

-,,
.

Instantaneous gasma-ray energr 511f
,

* ' ' Kinetic energy of fission noutans S105' ,

"*

v.. . , .
.

' ' '' i." - Bota partleles from fission paduets 7 + 1'>

.
. <a -

'

, .,.N Cassa rays fron fission' products 611 ,

:

-:~

j Q Ant 1 neutrinos 10
'

'.
7 ,t$

~

Total fission energy 201 2,6
,

-

- -

{|,r N
~

$*M
1he 10 mov energy of the neutrinos, which accompany the beta radio' activity. -

is not available for producing power since these particles do not interact *
.

-
g

! appreciably with matter. Therefore the primary fission eneri:y in only about -

| i h 191 mov per fission. However, there is a secondary source of energy .which -

G arises when fissions occur in a nuclear reactor. Sese of. the excess fission's.
<

;f,Q neutrens are captured by 2e nuclei of various catorials such as .U-238,
,o stmeturni materials and moderster (see Chapter 9), present in the. reactor, -'

, . , .
' 5# to underEo rsdistive capture (n,y) reactions. Thus neutmas are absorbed

~

Tf and ener*y is released in the form of gamma rays. Since neutans capture
y and emission of. gamma radiation occur within a very sh:rt time, this energy,,

"ij. nay be reganled as being released instantaneeusly, i.e. at the coment of.

, @, E,.-
fission. Th'e energy of the capture gencia radiation will depend upon the
catorials present in the routor, but r.ny be *.aken to be 3 to T mov/ fission.

es? Since the pmducts of tho (n,y) reactions are fregently radioutive, another,

'#( 1 or 2 mov, on the average, is released over a period of time as bota and<

4ff gamma ray energy while these products decay. This secondary energy dis-
- 21 eussed above is thus approximately equal to the energy lost to the neutrinos,'

'

I.,M and so the total fission energy available in a resetor can still be thought '

, . ..

N' ,/.. v . #' et as being roughly 300 mov per fission, it is of internet to break this '.i. T
..'
;'

. --

W S; , energy down into the parts which appear immediately and those which are * '

. % delayed. .This is done in Table'8-III. , .- M.
- .-
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.7 TABLE 8 III: LIBERATION CF MEAT DtfE TD FTESION.;.. .

. c .i;
# Instantaneous Her, i

i1
. :@Q..

- 4.,

.

.
-

Energy of fission fragments 168
- -

.

.

.W
Energy of fission neutrons 5

- - ->

' .S
" . , " 'I'nstantaneous gasma rays "

$
. . .d..

, . "n3 Canvaa rays from (n,y) reactions 7
*

'

.." is3s
. a. $

t Delayad
' ,,

. . , F. .. Beta particles from fission products 7 *

.

#
. Canna rays frem fission products 6 '

I fi@.y
'I .3 Rndiations from (n,y) resetion products 2-:Q -

1$..%'' *%
,

. . . -
.

-

./ - Dete are several interesting conclusions to be drawn from the data of ~
g Table 8-III. In the first place, when the reactor is started up o'nly 185,

9 riev of heat will be released per fission. In the course of tien, as the
fission products and ca ture products accumulate and decay, the heat will*

. .
-" increase gradus 117 to mee, 4% whleh value it will regia eene4 Ant pre.,j vided the systere is in equilibrium. *then the reacto.= is shut down and the* 5

I .. ' fission process is brought to a virtus1 stop, the delayed heat uill con-
! $ tinue to be released for some time while the various radioactive nucleic.

.
* *

d ecay. Anytime a large reactor is shut down, it is necessary to cool the
. ***d., fuel in order to remove this delayed heat (or decay hest as it callsd).

*

* < ,

Figure 8-5 shows the decay heat generation in a reactor versus time after-

a shutdown for the case where the reactor operated for an infinite r. umber of |1 full power days preceding the shutdown. Wis latter corAition is equivalent j- to saying that a truly equilibrium fission product inventory existed in the
reactor prior to shutdown. Table 3 !7 gives ore precise values for the.,

'g decay heat, at various times during the first few hours after shutdown.
,

,

'

S TADLE 8-IV: RATE CF PFCDUCTICN OF DICAT HEAT Ft'LLOWT?c SHtITtuVn FFCM FtTLL mWER i
.

* ..;
" *

Time After Shutdo'un % of Pull Power-

..

- J: t - ''- I see 6.0.
,

d .

30 ala
. . 4.5 '. [_1 min

( N. ~ - - .
. 2.0

- ,, ' P ., .- "
1 hour- - 1. 6 .

,

|
- '

JM
.,

8 hours '

1.0 ' - '

,.j 24 hours 0.7 - ' N /' ' -., u . .

s- ' ..' .. <i 48 hours 0.6:y.
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| hO Another point to note regartling the fission energ - is that because neutmas ( kJ
M;] and gar:: a rays travel considerable distances in catter, a large portion of ts!

%.? the energy they possess is liberated as heat at some distance fron the place h:'

K .; wh=re fission occurs. Die fact that a considerable quantity of heat is ki
F liberstad in the anderator and stmotural materials of the reactor has s'*

- .fy important bearing on their design from a heat removal standpoint.
.-

1 ,
'

M Using a valtte of 200 mov released per fission, and applyin.g the appropriate f, ., .
*I conversion factors, it enn be shown that it takaa 3.1 x 10 e gg,,g,3, p ,.,

WId * second to produce 1 untt of power.
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. . u'.) A detailed stuJf of the thenr.a1 neutron fission of IT-235 has shown that the S

(U 236] coepound nucleus splits up in more than /.0 different ways, yielding dQ;,., -- over 80 primary fission-pmducts. Die range of mas numbers la from 72, T
.Q robably an isotope of sine (Zm30), to 160, possibly an isotope of gadolinium

-
tp" p(2s6t.). . In Figure 8 6, the maan. numbers of (1-235 fission products are plotted . . ' h

.

. . -.

against the corresponding fission yields - the fission yield being defined ; ' - O '' bi( ,
g|., g Q given mass number. Inspection of Figure 8-6 shows that the masses of nearly..,-i j. . [s.j

as the percaintage of the total huelent fissions that for:a products of a b
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all the fission pre. ducts fall into two broad groups, a " light" gmup, with [' mass numbers from 80 to 110, and a " heavy" group, with mass numbers froa r..
,

125 to. lf 5. The most probable type of fission, comprising nearly 6,4% of
[. &.,

f|J the total, rives products with mass numbers 9$ and 139. Therefore, it is '

apparent that in the great majority of cases, the fission of U-23$ is j l,j
,unsymmetricet. Pu-239 and U-233 have similar fission product yield curves i '

j which are also shown on the figure. [ [,
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. At the instant of fission, the fission product nuclei are ejected with
'{ such a high velocity that they have a tendency to leave some of their {' .'-

orbital electrons behind. Therefore, the fission preducts act as highly
. -

.., (' charged particles passing through matter. The lighter fragments onrry as
average positive charge of about 2 units, whereas the heavy fragments' .,

ear?y some 22 positive charges. Ia Chapter 4 we noted that the ioni=ing''

ability of = chstged particle increases with the charge ani r. ass of the.s
.x c % particle. Therefore, the fission fragments produce a great deal of ioni-

antion and their range is relatively short for particles of such high
. g

5 The ranges in air of the light and heavy groups of fissica frag-energy.
$ ments have been found to be about 2.5 cm and 1.9 cm. respectively. nis' 'N is slir,htly less than the range of aa sipha particle fro:s a typical radio-t active sourse. In Cha

about 40.000 lon pairs /pter 4 we calculstad that an alpha particlo produced? -

en la air. It is of interest to calculate the. r*
average rate of ionization for a fission fragement. On the average, thei heavy fragment possesses about 61 mev of energy. In Chapter 4 it was noted
that the naount of energy required to form en ion pair in air uns - J$ say. , -

I

. , .. ,

Pah Therefore the total number of ian pairs formed by the heavy fragment iss.-,
.

*8' . y f. 61[10 8

f
= 1.74 x 10 ion pairs,

;b. . . . .
^ *.:. . j This represents an everste ionisation rete along its 1.9 en path of h

.

,~} m
.'

* '

Q 1.14 x id" , 9p g gg.

. .. r
.,1 -1.9. . - ../-
cg,- RADI0 ACTIVITY OF FISSIC'! P7CQUCTS - . r'- -

'

>| -

4' .
. .

.

t

M:. Ifearly all of the fission products are radiomative and amit nogetive beta
particles. The reessa for this is readily apparent free a eensideratica

'

,. ,t, D of the neutron to proton ration involved.
about 1.6 neutrons for every proton in order to overcome the large electro. Recall that heavy isetopes require|b,1

,

. .
,

'- a statie repulsive forces.' .t, , The fission produets, since they are formed from R
.

' ~

,h' J .urunium, will also have a neutron to proton ratio of ~ 1.6. Intemediate r
i

-.9 . sized isotopes, however, require a neutron to pmton ratio of - 13 forO !stability. It is evident, then, that the fission products will possess aa..
'"" - '

y**:, excess of neutrons. ;

decay by p' emission . he fission products are so neutr6n heavy that on -As we discussed in Chapter 5, heutron heavy isotspos
.

" ^* -

. ',the averagerit requires about three $".eaissions to roach stability.
.

f
,

. . .' .,-

:: 'J.!' l' ; ? . This. gives rise to.de=ar chains, a typical'one being the decay of ths renon-140
4

.

. , . 'd Lisotope to a stable isotope of carium.|- , ..a .
' . . ..

, ,
.

-: y y,144 S' .
~

t4o r=
,

1

,a
14e F _ j,,., 16 see ~ *''c3

, g 14e. , , . " <. . .~ s
$ 34 M see...

. 12.8 days ~ ht ...
' .

.- :
\ 1..- i- t;

^
-

.r.i .m , . . :.
'

<
.,

. . . ? %- :T
g. .. "o ;1 , ,

c . . . , . . , . .
.

8 14e . -.~ > s

~..
* . ..L .. .: ip . .'4Dhr).**ce

, , . *
s-

. -

, ' , . . (88); ",
,

.., .

4

N . '.,

..' {y$
''

Since there are some'SO different rndteisotopes preduced in fi ston and each' ' ' ''

s' ~

prod.wes through its deeny chain en average of two additional radioisotopes,
'a 's ,L

..
there are over 200 radicaetive speeles present among the fission products
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'$ he fission prcducts play an important role in the operation of any reactor. -

c; First, their in:ense radion:tivity makes a shutdovn reactor completely in- y
accessible for refueling or anintenance unless extensin shielding is pm- Fj-

E vided. Seaandly severs 1 fission products, notably xenon-135 and casariun-14Y b.;

~ have large absorption cross sections for the:2.al r.eutrons. Ue shall :se c %'
$ '.s in Chapter 1C that these isotopes have a 1stge effect on the operation of r,

t.gthe reacter because of the competition they represent to U-235 for the7
,q absorption of neutrons. Q.

hFISSIC'l HED"!C"3 NQ I RIst us return our' consideration for a moment to the fission reaction repre.'

i sented by equation (8 7). As in any nuclear reaction there is a compound M.g'

I .y' nucleus famed as an intermediate step. For the fission reaction uith U-235, | t
g,t the ocapound r.ucleus would be an excited state of U 236. h e laplication h.i

,1 of equation (3 7) is that the conpound nucleus disintegrates into the pro- d* '

%a ducts of the renettons namely, two fission products and two neutrons. Actually. i

? this is not strictly correct. What does happen is that the compound nucleus h.
only breaks up into two fission fragments. he fragments thus produced are hie
so neutron heavy that they decay by neutron maisalon rather than by beta f

q emission. herefore. It is the decay of the fission fragments which produce p.'t

Q the neutrons observed in the fission process. he products of the reaction 'i-?
g that are given in equation (8 7) are really the resultant products after h.. 'the original fission fragments have undergone decay by neutros emission. 1.W

j In most cases, the fission fragments eject their neutrons with about 10"" $n, '

,7 seconds after the fission. For all intents and purposes this is instantaneous - 6,
nnd so we never obserse the original fission frapegts but only the pmducts W|,

'

after neutron enission. IL is for this ranson that we ignore the original I,'
,

] fission fragments and write the fission equation using the products of the gp
-

neutron decay. c&.

L s.t.,J , .

f he neutrons which are emitted by the fission fragments within about 10-" b-A
1 seconds are called emet neutrons. For U-235 fission, prompt neutrons ?.5

. .g account for about ,. of all fission neutrons. h e remaining 0.645 of N6,

. '

'kM.O the fission nedbrone are sailed Delayed neutross de not
appear instantly, but at a geodus e pate ever a peeled of ninutes

,

O.) after the fission. Research has shown that the decayed neutrons! accompanying M
fission of U-233. U-235, and Pu-239 fall into.six najor groups, .edch of D"

which is characterised by a definite half-life. Table 8 V shows .the char- (I;'
.

*acteristics of each of these groups... sf,

' -
. .. ; ' Ey.

he fact that the delayed neutrons have definite decay half-lives suggest bd.,,

that their origin is associated with the disintegration of.certain radio- *i '

isotoper, he 55.6 second half-life has been definitely associated with the If,

p. i <9 .

decay of bromine 87 and the 22.7 second half life with iodine-137, he ,:

sche e shown in Figure 8 7 has been proposed to account for the 55.6 second 'g7''
.

'

0% delayed neutron group, and a similar mechanisa is probably applicable in the . M.s..m# rw' -
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' other esses. One of the products of fission is the P' er.itter, bromine-87,.} decaying with a $$.6 second half-life to produce krypton 87 The latter ;

la evidently formed in a highly axeited state, with sufficient energy to
i

'

percit it to ics:ediately eject a nectron and leave a stable krypton-86
uu:leus. Any excess eners:y available appears as kinetic energy of the neutron..

- The observed rate of emission of the delayed neutron is deter =ined by the/j
. ,

rate of for:ation of the neutron emitter, krypton-87, an:1 thio is dependent..

on the rate of decay of the bromine-87. This saans that the neutron emissic's[ also exhibits a $$.6 second half-life.
*

f

f' .1

*

There is one more important fact concernisg delayed neutrons. Table 8.T.:
shows that although U-2JS, U-233, and Pu-239 prcdu== delayed neutrons in'

the same six groups, the amount of delayed neutrons varies considerably
.

.'

between the three types of fuel .l.

istportance in the control of a nuclear resetor.We vill see later that this is of great. . .;

t.Q
~

' ' ' In general, the more delayed .
'f* neutrons there are, the more easily a reactor can be controlled..

f.'d :..p . -

It 'is of interest to consider the energy of the nsutrens born in the fiasion.! .J_ ',

''s ' reaction. ?!o definite energy can be assigr.ed to the proopt neutrons because' .

*
' .c

this energy vill be dependent upon the noda of fissioning (i.e. the particularf

set of fission products which are formed, etc.)..
O.

'

.,i e, Instead, the prompt neutrons-

show a continuous energy spectrus which has a pesk at - 1 mev ani an average,, : value of - 2 mer. The prenpt neutron enerr.y spectrum for U-235 is shown?

,1
In Mgure 8 8.
higher than the energies of the various delayed neutron groups which areThe energies of most| of the procpt nc'utrons are considerably1

'
-

...; | given in Table 8 Y..m., .

i... 9 ' .p .' .
. -

'

af9NTAFE3M PtH2Ni *
s, * ^';

.~ , ,es- . 'i
*

All of the is'otopes with atoaio number 70 and above are sufficiently unstable!- * '"
t U that they have a definite probability of undergsing spontaneous. fission -

.J l U | that is, fission without neutron b:mbardnent. For uranium and plutonium
~

.3 isotopes, this probabilit is ver -

'! -' being on the order of 10'{ - 10"y small . spontaneous fission half-lives
' ears. Table 8-VI gives some spontanecus.'.. fission data for the important uranium and plutonium isotopes. (
y# J .

.
" . " -

.q
' .Y-

TA3fl 8 VI: 31citTA! SUS FTSSTO't DATA FOR U Af*) Pu ISOIDPES'. i V
.. . , Gj \-)

. '. !. . J!,; Isotopa ' Malf-life trears) Ton of !?sterial frise/see-ton)
.

I Soontaneous . Fission Spontaneous Fission Rate per
.s .j
Ul . .

'.N t.233 1.8 x 10 ' - ''

.,

' 7: .
1

290, . . . . :, 17-238 8.0 x 1C * 630G
.*1

2.cf
. ,. ,

..

?.9 18 ' . -m..

,1 w . . . . . .
Pu 23: * 5.5 x 10

. . . . . . . ' . !
4100.

.

...e. - ,.yf .
- .y .

<

.c
;s . .

.
.* 9..w .?! 1

In addition to the . values given i,n the table, the delayed neutron fructibn
' . .

. .
.s .|

'

for the fast fission of t/-238 is 1.68Lf . . ;. .
.
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, -s ,4 nuclear fission, fertile material, prompt neutron, delayed
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J . '- T, W 1. Defines,,

.T b.
.

< ! ' ;.
neutron, ther. mal neutros.''

-

Vrlte the equations fcr the conversion of U 238 into Pu 239.! 3,y.3

$ . '.5
2.-. 6: >

What is the tource of the decay heat which continnes to be generated
. . ... .w. .

3.E~ after the shutdown of a nuclear. reactor? Ir.sediately af ter shutdown,
' ,

about what fraction of the total rnactor pcuer does decay heat repre-
' e,*

4.

# 9
.- 'j aentf.

,

In many renc'.or facilities, the concrete biological shielding which
- ;m..

,

'

t surrounds the reactor pressure vessel (a picture of a typteal reactor.,

i

'
and pressure vessel arrr.ngement la given la Chapter 9) is provided -

,

-

' ^ */' . .e . .i'1

- .

# '. with cooling coils. 'Jhy is this necessary?
* ..,A , |

,~'
.

.y What is the average ratsber of neutrons produced per themal neutron '
!-

.6 .

$. t
*+

dy. . .M
.

#. fissics in U-2357 In U-2331 In Pu-2397
'
' . ,

. . -C .' , .3e
v- 4.. / New many fissions per steend are taking p14ee is a reester Whiek ia

.

-

'

? 6.
. , ,

'.t: $ psducinc :D0 megawatts of power? ..

...

.. . . '
* '..,

Describe the mechanism. by which delayed neutrons are produced.
.?c. - - -

O 7.'. g p'g
8. . How do prompt and delayed neutr.ons compare with regard to energy?

'k. ',
*

.. 7 l''j . .. : .

Write the decay chain for the
.

...,) . 'j 9. Why are fission produ-ta f enitters?.. ,,

3e.r*O fuse a chart cf the nuclides).T
%''- * /.9 fissica product

o . 4 . > ,'
..W .

.

"-

Could U-23S be used as the fuel for a nuclear reacto'r in which thei s..,
W:.. e ,I /k 20. Why?majority of the neutsns had energies near thernalf
7, ,:i

-

' '' '. !'.) . ,. '

How much energy is. released in the U-235" fission reaction in whichL .

, . . . . . .:.
0Io fatn. vet. = 139.9/.9 omut'. 11.

' %) 3 r*' fats. wgt. = 93.a35 asui and
-

3 u
.i'.

! are.the fission pro.duc. ts'
-

,

-h-'
's - ,s

12. ' A reactor coro contains h0 tons of uranium enriched to 3%. What is
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. 9.
,.w.

.i
- .0N.''j

. 4 the spoutsscous fission rate in this core? Ilow many watts of power
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'
~

Ii:T!D:XiciION1ti:PKI, EAR REACTCRS afD WCI.IAR
. . ' .
.? PC'.fER PLAITY CTCI.ES -

:

3 ^,,q. 2 .h. :
- -

. , ,
..

. .
, .'

)Q 7t:7K"CU:T!05,

? ,

.r. - ~d~ '
"hus far we have talked almost excluzinly abo.it pure nu-lear physics.*N ;'ro.a this poir.t on, we vill concern ourselves with one cf tha prtetical

.
'

+

applications of nuclear physics. In this chapter ve vill introduce the..

~ ~J nuclear reactor and discuss its application to the generation of electric
.

' .. power. Ihe material in this chapter is intended to present a broad pictured of the nuclear power plant. Ihe remainder of the canual vill discuss various
- ,. f. aspects of nuclear po;.rer plants i.n greater detail.

- 7

.

. ?*
'A
9 THE C!!AIN ftEACTIC!!~

-

.mn
. .'-

e In Chapter 8, we discussed nuclear fission as a more nr less isolated event -
h what happens when a single nucleus splits. The fission reaction is useful

'

. cG only when the reaction takes place in .a r. ass of fissionable material con-fc*U talning billions of fissiocable nuclei. Under these conditions it is possible'T that at least one of the 2.5 neutrons e=itted during the fisalon reaction* '

vill be eeptured by another fissionable nucleus and cause a second fission.. . . , .

~ " .1 If each fission enuses at least one r. ore fission, the process will be self-~

? sustaining and vill constitute what is enled a chain resetion. Zince there
are, on the average, 2.5 neutrons emitcod per fission of uraniura 235*. it
is possible that tus neutrons will be captured by fissionable isotopos end
cause fissions. In this instance. our chain resetion will not only continue,-' *

.: but vill increase in magnitude. Figure 9-1 shows scher.atic diagrans of two
..u chain reactions.
. , .~3 .

.

- '
'- *.

. .

.

' ~;1 At first glance it might seem that it would be.very easy to creata a chain'

reaction. After all, it only requires that one of the 2.$ neutrons producad.

c.. . a be absorbed in fissionsble notarial ani cause another fission, Therefore
-

,

's;,f 8

,' , . $ we have en no everspee 1.8 emeets neutreme to play wie af ter each fisslen.s.

'

1:evartheless, in prs'eties it'is not particularly easy and it requires special
- .

.

. h| materials and a considerable arount of engineering akill. The problems can
.;*

*

be overcome, however, and chain reseting systees can be ride. The device.'.M in which a controgind nuclear fission chain reactio i takes place is .ealled
.

s

?6 a nuclear resetor . In the following sections of this chapter we vill
1.' |

*
*

w . .
. . * * . . ,.'a 1 Uranitan-233 and plutonius. 23?, the other tuo com.non naterials fissionable -. "t'- *

g hy thert.a1 neutrons, a-it 2.$A and 2.E3 neutrona per fission respecti.vely.
-

K.O '

,,'s _2' An atomic benb is a speelally constructed device in wh'-h a his;hly'un.
" ..

.

P. '
*

controlled nuclear chain reaction enn be z.ade to occur for a sufficiently ,
. - .

~
? I ' '

d ! long tir.e to yield a significant energy release. Although both r.uclear *'

reactors and nuclear weapons have in common the.use of fissionable. :r.aterial. .
~;; their constrtiction and behavior are entirely differect. The gas flame on

| a kitchen stovo burner and a rating u.contro11e.5 forest fire are both'
~ combustion processes but they are also different in consta'setion and.,. 4 '

. .
behavior.
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$ If44 urn 1' uranium M9.3M UU38, 0.N U-239) bg'iteett eennet be used for the''
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''
'y constru: tion of a nuclear chain reactor. It. is impossible to establish a. ., " *

; - chain reaction with fast neutrons in pure natural uranium because, at the. , ,

.- f, Q average fission neutron energy of - 2 mer. the fission cross section of . . " ~ ~ ;;
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' of about 6 barne. Thus, in an essembly of natural uranium, most fission

. .

"
I neutrons would simply be reduced in energy by scattering collisions to an t

anergy below tne 1 nov fission threshold of U-233. But a chain reaction |
br. sed on themal neutrens is also impossible because U 238 has very high i

0

rrecnance penhs in the intemediate energy range for the absention of*
.

neutrons by radiative capture, es van 111catratei nr. F1 pre E-4. Esseatially'

,

all neutrons veuld be ics ty resonance capture is U-238 before reaching ; !

.
there.a1 energies *.ere 1 235 hss a high fission =rnas sectica.

t>

s,

1 One logi:a1 vsy to get around this difficulty is *.o separnte the isotopes
,|

d of ursni,:s so that subz c:tisily.mre U-235 is an.ilable. This not on'.y
eliminatse capture of r.eutrons by U-238 but also increases the fission cross+ section at icw neatron energies so that a chain reaction is possible. he , .

''
_

process of separating the uraniu:n irotopes is exceedingly difficult and '

: expensive freneeber that crdinary chemi:a1 separstions cannot he used because .

.3 U-233 and U-235 have the samp chemical properties). but is done at three i

-@ spacial plants in the U.S.A., one of which is at Oak Ridge, Tennessee. he4. ,
-

'A separation of isotopes will be more fully discussed in a later chapter. .
1

Uranium in W.ich the percentage of U-235 has been artificially incressed J
, "~

q aborn the natural level is called enriched uranium. Enriched uranium is i
'*

' available in any isotopia concentration from that of nor:nal ursnium up to '

j essentially pure U-235.

Senernity, it is desireable fres a fuel cont standpoint te operate the ;

reactor with as lov enrich =ent as possible. Re ability of uranium to sus- <

-; ;, tain a chain reaction can be improved by adding other enterials t4 the
'

,

f

[
', reacter which hel;r to prevent neutrons from being vasted in non-fission

L
i h renetions. These techniques will be discussed in detail later in this chapter.*

and in later chapters. As a result, sose rascters do employ natural uranium+ -

,

fuel, and even those reactors which employ enriched uranium uomily have'

an enrichment of < ~ 4% U-235'.'
., i

- - .>
-

t
i

8
., ,n;....

.

s . ' /..
CRITICA1, FJLSS

~

k.
-

'L .

Noutrons vill be lost from any nuclear chain reactor 'me' rely by escajid.%r- .
'

i; -

7.) leakage from its outer surface. The larger the physieni size of the remeter, .2*
|the smaller is the fraction of neutrons which leek from its boundaries. If ,'

1 . . , . .

t- * ve start with a very s=all aeount of fual, so r.sny neutrons are lost through
- h 1eakage that no chain reaction is possible. As additional fuel is added, -

-*

N' ' - 'the importsnee of leakage is reduced until finally there is . lust enough.-
I

*

> y fissionable material present to. initiate a . chain reaction. At this point* *

| {. the systen is.said to go critical'and the nr.ount of fuel'.is termed a critical
~,

~

l -5 mass. Vhen the reactor is just critical,. the production ~of neutrens through
j fission is exactly balanced by the loss of neutrons. through leakage, absorption. .* >

F. 'in fuel, and absorption is all other materiQs.present in the reactor. 'f'

1 .-* "

l. . .t }
..Q.4

, > c. ;i . .
.

- > .,
, p. 1 .

Ve hava aiready mentioned that U 235 is not the only fissionable material
'

* -

y e i

,
;

"

' ' which could be used as a reactor fuel. Two'other possibilities are U-233
and Pd 231 However, since neither of these are naturally occurring : e

* *
.

<. .' isotopes, U-235 vss the logieni choice for fuel in EM early reactors .
and continues to be by far the most videly used-fuel. Use of the other

: N, .. ." p ,. isotopes, notably Pu 23b is expected to become rabio important in future
, , *
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1 Tor practical considerations, a reactor which is to operate at any appreci-
i able power level must contain more fuel than simply a minimum critical mass.

,

1 f This useas fuel is neessaary for everseming tansersture effeets es the
i power is raised, f'or over=osing the poisoning effects of fission products'

( that gradually build up in the reactor fuel, and to make available additional |
N1 to cocpensate for the depletion of fissionable material as the reactor'

j operates. 1.ot us consider what would happen if we were to brir.4 together ;

a su;er:ritical (i.e. Isr2er than the mini =um critical r. ass) assembly of |y
1 fissior.shle material. A chain ra ction would iceediately start becauaa af (
G the presence of a stray neutron from cosmic radiation or some other source.

'
| The power would rise at a rate detemined by the degree of supercriticality

.

|
.

j until tenperature effects within the reactor halted the increase. For highly ,
~

; supercritical reactors, these temperature effects could include core dana 6'
." ' (physical distortion of a reactor core vill frequently result in a less

.p j favorable arrangeeent of components which will nake the assembly suberitical).
'

O i .
.

.'-1 ., In any case, it is evident that some reactor control cachanism must be pro j
vided in any practical reactor facility to give the operator the means to r. -

*

d ! shut the plant dovr., vary the steady state power level, and insure that no f
s :. . reactor dacage vill occur due to exe'essive power generation.

,1 There are several ways in which a reactor can be contailed, but by far the
d simplest and most coccaly ceployed method is the use of an adjustable neutron $ [';.
{ poison. A poison et.torial is a caterist with a high neutron capture cross.,
.j nection. hn such a =aterini is inserted into a reactor, it enters into [
'; conpetition with the fuol for the available neutrons. Each neutron which. i"

. ,s is absorbod by, the poison is just one less neu' tron which is available for .
'

c*

sustaining the chain reaction, and if the poison material absorbs a sufficient 5d *

-, neaber of neutrons, .the chain reaction vill be ter=inated. 1here are a - .4,

- - - ! * ? numb.ar of,beutron poisons whi:h can be used t.s control materials. One of k
,

i
the most cosmonly employed is baron (an = /.010 barns for themal neutrons). E* '

E
: Adjustable contal m.ts.containing baron are inserted the proper distance

into the reaetor to maiatain the reactor critical at the desired power level, f
, ,' As the fual burns.up .and fission product poisons ac=umulate, it is necessary, f.

.

- Q
- .

f< :- to pull out control rods gradually to keep reactor power constant. . If. itq.
-

j

. -

j .is desired to shut the resc*.or dawn, the control rods are inse'rt'ad their . .
*

.
- c.axi:.ur. distance'into the rasetor ard the chain resetion dies 5ut; ' . . _ . ' e-

h;
2* '. <

. * . . r '

i.* ~ l.
Itt a;tu:TIci':0 PCM RTMOPS ~

.

''
,- .

. g...
. c.

. , , "
4 Were are a number of ways in which power reactors are classified.' 1bese*

.' einssiftentions will be given at this point to provide a basis for further b,
s. ''.- Y'q f discussions.-

,
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~~ '#1. Thysics1 arrangement *of roderster and thel'
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. 3 The ceneept of n enderster will be' discussed below and will help to -

t
.

A clarify the following recarks. Ilouever, reseters-in which the fuel and $;~
: e
-

t' mdcrator are plared together in a uniform mixture are calla! homogeneous W

reactors. For example, a ho ogeneous reactor can be made by d.issolving h
'
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f
- w a uranium salt in a veter moderator. "onversely, a heterogeneous na tor,

$i-' which is by far the most comon type for industrial uses, is one in which h
,

the fuel and moderator are separate' bodies. An ar==ple would be lumps of E',

uranium fuel enhedded at. various loestions in a large block of graphite.
2@.

-

',3
.

2. Type of coolant used [
-2

'* ~..,

; u''' *1. Raaetors are frequently epoken of as being water cooled, sodium cooled, t,.
*

~

~ ~ ' . gas cooled. etc. '.

+.,

' . ,t_.' 3. fleutron energy spectrias , I
.

. .: 9 k.
,

'
7.; A third vey in which reactors are classified is by neutron en. gy spectrum. S' , , Reactors in which most of the fissions are caused by high energy neutrons bare known as fast reactors. No moderator is used with this type of E
'

reac tor. neactors in which most of the fissions are caused by and'etated '
-

neutrons are ea11ed therral reacters. L
~

' % d,.j
.

-

' ' (-
. -

, ,
-- 4. Use of fuel _ fs, . *

. . :. ,1 - ' -*

. $Reactors are sometimes e
. .

'- *
O
9 utilize fissile r.aterial}essified in tems of the~ var in Wi=h they W

A breeder nactor produces more fissile F'.-

natorial than it consumes by pmviding neutr:ons for conversion of fertile f3% natorial to fissile natorial. Breeding has been desonstrated in fast U-sC reactors and may be possible in thermal reactors uhleh are specially y.

[g' ,f'.' g dcaign=d to avoid non-productive neatron leases. A converter reactor M
'

,, a twduces soms new fissile material but less than the noount consumed. t
1.. $ (A typical light water moderated convertar vill extract only about 2*. k.,7 of the available energy in its fuel wheroes a breeder can potentially

,

'-< utillae 100% of the energy). Finally, a burmer reactor produces no new b-'

9 fissile materia ~1. By definition, it has little or no fertile material
. ;' available for conversion. ' ?.

Z,
. . s, R

The bulk of preseni, day cornercial power reseters are converters. Breeder
' i * ~

reactors are still in the experimental stage. and seveal prototypes Q@.
,-

. 9-3 are being constructed throughout the world. It is expected that they @
s.

t will come into genersi use la the aid 1483's. barring any unforeseen r - R1
,',$ .- technical itiffleulties, hir general use vill take the knoun' uranium U

reserves a virtually limitless sour:e of energy.
@

, -

.'. . - r;.

-!
.

A schematie diagram of a hypothetical hete:tgenecus power reactor is shoi.2 %
'

-C in Figure %2. this sketch is ,not intended to illustrcte any particular -
' i"i type of renetor," but to simply show all of the es.~.penents that a reactor E

.
*: < ~

may (but no always). employ.- -

3,

, .
-

..
' 4_. ., .
!

. . ' 1 Fissile materials are'those isotopes dish een practically be used As
. l m. . .. . .

> ? 6:, .

.O Petator fuel. Firs 11e matwrials are U-233. produced frem the naturally '

! [!
'

.

~$ . occurring fertile material'N232: naturally occurring U-235: and fu-239,. ; 4
|

.
,

, Q * = produced fron the naturally occurring fertile e.aterial.U 238.
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.. uranium uns that so few neutrons could be slovad down past the t'-239J ' '

resonenees to take advantare of the large !!.235 thermal f:ssion cross
. section. Hawever, a chain reaction is possible f f naturni uranium is

'-l mixed v:th certain mater els which will rs;!dly slow down the high
*

energy fissien neutrons. n th!s way, the -e st. cons spend relative 17.

'
. little time with'eneriles in the reso.ance re;1cn, with the res.:lt tnat

. U reso,ar.cn espture in U 2391s cinte. iced 4.21 inc high ther al fi: sis.1
'

cross section of U-235 can be utilised. A taterial whien rapidly slows
-

down fast neutrons is called a r.edercor,and the process of slovind
noutrons is called notieration or therralising.,e

- - '
. ., y ,

it ne e,echanisa by which the mederstor slovs r.eutrons dnwn is scattarir.g.
.A A good moderator nust therefore have a hign scattering crosa se=tios. .
.2 In order to be effective, a moderator nust also allow the neutron to*

,3j lose a large part of its enerr.y in a sinrle cc111ston. This means that
'

.%-

*
~~. Ej

the eoderstor cust be a light natorial (recall our discussion of
scatterinrr in 2hapter 7). 'the reasons for.this intter restriction are.,

..| tuorold.
^;il The more energy that een he li.,st by a neutrun in a single'.

collision, tne fever, on the nyerage, en111sions will be necessst r to
i

* . ,'j thermalize the no stron, Slane even tne best morterstors have a small. . .- .. "-
D absorrtion cross section, every ur.r.c=essary collistan that is raw. iredd sinoly incremmes the chances that the neutror. vill be absorbed by the. .

.4 moderstar and ir.st. Secor& 'y, a neut:en which can lose sent of its '
'

#

eurstr In a sinele en'11sion spands less tir.e ulth energies in the
.t'-23* resonance rerton. for ext:,.le, in a si sle collis!cn with a-

$ hydroren nucleus a neutro.. my dron frna - 1 rey, which is above thei

. resonenen renton, to therr.s! (*.".25 cv), wh* ch Is below the resonenes-

, reaion, without hneln. spent nr.r t1=e at all netually in the resenanca
region. If, however, the rmderstar f tections to slow the neutron by a-

.
2

;;.: r: rest number of e .all anarry lessen, there is a' ccod chance that af ter3'' . .W so*e oollision the neutron vill be right at the enertty of one of the' '~

resonincas, in whleh ense it v:?191 ast always he absorbed. A thitt! '

rcriutrement or a rond .wdera to.- 1 s. ns we ha in sol rnad;r implied that
it have a low absorptinn cross sectien. The araller the absorstion

,.; cross section, the s aller is the chance that the neutron will be lost ..

'. by absorpt!on in the erlerster dur19- the slowing down peacess. Finally *
'

]t ' increased de.isity improves the rodernting ability of 4 material since.

the hjaher the density the more 13 <e'.y It is for a neutron to encounter''

a codarator atos.
. -:# For example, neutro s u!11 be c.ederated mors efficiently

, ; ; in 11guld ustar than in stegt.
.a
MJ'

It should also be noted that la addition to the ntneral'eNtaria d(egussed4

M | above, the sul Lability of a particular r:sterial for usa as a oderatsr,*

rr for that. tutter for use irr any espacity In the reactor, is t.'so.

:j
T ;i InfJuonced by its ability to withstand a high temperatura anvirenr.ent,' ,

;

.

* ' * ' p
. ability tc ulthstand the Intense initation fj eld which 's preret 's -

*he enre, nrrt it.s chemien1 A.d corresion characteristics.. ,. '
.

-
-

g See c& mon me!srators.are water, heavy veter (Daf), graphite' . carbon),
'!
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. 7 and, to a lesser artant, beryllius. Sorte properties of these various h'

;i .. :,+ff.iisterial are given in Table 9 T..
*"a

. . , .
. 8

.. *, . . .
.

# .f. * T_AN.E 9 I, PTPERTIES CF TYPICA!. FCD!.8.titRS .
- ' '

,
} a . .. ... .s

, ,, ,.' ! Starlit 1 Atomie Ve'taht .
.

..-

. . .

8. 02arns) e. (barns). .. .
;

- .

3 s .- .
. . y ". Water' * * 18 . - 48 6.6 x 10*'

s.. j ifeasy u ter (Da0) 20 - 10. 5' 9.2 x 10"
3 . ..

.

s ;'J- w Crephice 12 4.3 3.3 x 13'8. . . u 8
~ ~I D

'

. ..a .

Sery111am ? 7 - ,1 x 10-a.. a ,
,

" ' 2. P.eflector ,
.

.
W

a.- y
.? ' s ;; & The les' cage from a reactor can be reduced significantly by surrounding *it with a reflector. A. reflactor, as its na.se i= plies. Is a material

- "
''' ''

k
which reflects neutrons back into the reactor after they have leaked

,

</-:
out. Use of a reflector redu:es the critical mass of a reactor oore' '

,g and results in lover fuel costs, and savings resulting from scialler.
'

,

e regetor cooponents...

-

i O .
. . , . .

~- d
me reticetor works by scattering the neutrons, and so a matcrial with

' ', f a high 6sattaring cessa a6stien is prefersed, h refloater must aise $
.

have a lov absorptien eeess seetten since any neutrons which are absorbed
b; by it are lost just as ofreutively as if they had 1 caked out. Since,

p these are siallar requirements to those for a coderator, it is co==onq practico in naay actus1 reactors to have tne same catorial serve both
' r

y( purposesI 1hus, in the figure, the sto3erator at the extreme edge of
'

,; ,

'

the core would serve as a reflector. Coolant uhich is located arourni. ' . , .
the outer core surfsees also acts as a reflector.,

...M. ,

..:; - 3. Coolant'. .
'' -

s 1
~a-. ,

' ? With =eny industrial nuclear reactors, the heat produced in the fission
'

e resetion is the importaot comereisi product. For exar.ple, nuclear .
~
J r actors are used as heat sources for the cor:sercial generation of

3 clectric power, for power generation in space, and have been proposed
? for sea unter desalir.ization plants. In on!er for a reactor to be used -

- . -

".[. O
"'

na a heat source, provisions srust be ineladed'in iis design for extractingj. .. the heet. from the fuel, and .this is the hesi2.* function of the coolant,
.

**s. ' .; j In adt.ition, most nuclear reactors, even those'used for purposes other* - "f3 than the generation of heat (isotope production,',for exA.ple) operatef e at high;cnough power levels that sos.e fom,et coolin,t must be provided
el staply to prevent structural dnzage to the core due to creessive ter.,cer- -

,,:g .T
*

ature._. . . .

i C _
,

, s

.
~ g

.

.M 1 % eore is the name given to the region of the rea:ter system in which $G. '.he fuel'is located. . *
.
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The basic requirements for a coolant are that it have suitable hestj
transfer prop?rties, have a lov absorption cross rection, and meet the- 8'

.) general requirements regarding hihavior in the reactor envinement
'

which were given in the dis:ussion of coderators.,
- -

.i y Favorable heat transfer requirements invariably require that the coolant
,

* ..

.Q. be a fluid basause hast is trar.sferred nort effinlantly in flout.ig3 '
-

systems and because the heat energy s:ust be transported from the tsastar-

to other ap,earatua, such as heat exchangers and turbines, where it is
used. In addition, it is necessary *.o have a fluid which can absorb

.-

. . , . .
'

a large amount of heat while operating at a temperature and pressure'|
'

'.

' . .
2

4
. 1 within the lir.lta af the u==en structural raterials.A

''
'

coolants which are used in reactors include ordinary water, heavy water,
<

'M.

gases such as helium and :arbon dioxide, liquid metals (principally:d - #. ,

. , , ; .4 -
S;

sodium), organic caterials, ard molten salts.
,

~
.

. ' '/ . Yy ::2
,". . d.

.

4. Thernal shieldy . .y,.

.
. .

;

. ' |,4 To protect the reactor. vessel frem possible damsFe from the heat liberated
.

1
. ,d upon absorption of radiation, a ther:al shield is nomally included

,

between.ibe.: ore and the. vessel talls. It is usually made of a sub-!<

, ,;; stantff.4hl.
..

(usus1Wstiel). - Since' the themal shield is r. heavy metal, it isehness' of a dense caterial of fairly high melting pointi r.

*

'd
h, effective' for absorbing * rays and for senttering fast neutrons.1 These

1
~

two types of radiation :nrry cost of the energy leaking frors the rasetor
~ , '

) The absorption of the pri=ary ga:.ma rnys ard the secondary
core.

radiations acco .panyiny, the capture of the 31 cued down neutror.a produces|
.,

n considerabin naount nf heat in tt.e themal shield. In power ren: tors; * this is refnoved by the :oolant arsi.

u contributes to the nynilablei energy.,
...i' h . s ". " . '. ;. ., . . ' 1.c

*

5. Fuel rods. - * .*

. - .. ,.jjt*) *

'
. .

..-
' ..

The fuel any be in say of several chemical foms, the most co r.on being
- . .

* *' *

uraniun dioxida (UCs).*- . . ..

The fuel rods are physically oriented so that;.s (, ''
.

coolant can circulate in at:d around thes. to remove the heat.'i d The core
*

lattice strutture also has provisions for guiding the earttrol rode inte
,

* ,

. . .]t the , appropriate regions.,,

, ..
*

? ; :-,

31oce the coolant ordinarily comes isto direct contact with the rust~'
,

mds, the latter are generally encap21sted into metallic containe s
'

'1

called eine ine.M ! The eladding prote:ts the fuel fron deterioration'.C Q :y - M due to chee. leal attack or erosion by flowing coolant, provides stmetural
1

rigidity foi the fuel reds, and provides a barrier which prevents radio-' || $.*, 'l
.

,

' tetive fission products from reisching the coolant arx! bei>*
| , . '; y~ 1 .

-} &. Control toda. ~ , -

-

to all parts 'of the primary system. ng temnsported
- .

..:3 P . ... ~ -

s. 1: 8

'''f7a4
, ."

a . -_-
[ 'p;f Ve have 'aiready discussed the functions of the control rodr. They are
p'. : 1;A - moved by some type of actuating mechsnis= which is located external to
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the reentor vessel (not'shown on the figurs). Both electrically operated |
$

f

I aM hydraulically' operated control rods are in use. The drives may'

.j entar through the top of the vessel, as shown, or the bottom.
.'.e

1 Frovisions are ir.:1uded for positioning the rods et a nue.ber of inter-
Lh r.Miste pnsitions betw an full in aM full eut so that fir.e control of .. . -
' 9 the reactor is.acnieved. In medition, they see provided with a rupid

-
- insertion feature which can be used to quickly shut the reector down

'

it conditions verrant. Such a rapid shutdown is called a reactor trip.
'

. or seras, and ordinarily is accocplished in - 1 3 seconds. For safe.
I guards reasons, a nusber of features sre providad dich win automaticany
1 tri; ths reactar at the first sign of an abnor=al co.;11 tion. Such a-

i
N conditico, for exasiple, might be high reactor power, which would be
2 no@.ored by instruraents sensitive to neutron fluz.',

(n

'.g<.,.|| 7. Pressure vessel
;... -.

--

' fne entire core is generany contained within some sort of pressure *,

'. ' Z vessel. . Ordinarily it is made of steel, but eihar materials such as* W cocerete have been used. The rating of the vessel varies considerablyq
; . with the type of coolant used. For water cooled reactors, the vessela,

- .f ee=sonly have to withstand pressures on the order of 2$00 psig..

. < h, g ;g 3. 31olecleal shie'd1 :

''
t ' 't As reactor ooeration procesi. s, a substantial inventory of fission products ei

'

* nec rulates in the fuel. "he fission products are *ntensely redio !- 3 cet**e emitting f parti:ler and y rays. In addit *on, n.aclear reactions. I
. -

? y cec :rring in the :oolant and structural catorial psoduce a ramber of .j
p radioisotopes, and there la generany a si.1:stantial number of neutrons !

-

l <whi:h escape frwr. the reacter vessel. Thus it is necessary from the f.'

( standpoint of protection of individuals working in the vicinity of the ' ' , . - }

.

-

q reactor to provide sone biolod ca* shielding. Ordinarily this is made ' '

[
i

' . ' of concrete although other r.atarials may be used. (*.tnere neutrons are
-4 j a p oblen, a sean amount of polyethelyne may be used to zoderater. the - /

neutrons so that other shieldica materials r.ay absorb them core effectively.).-

X .
-

'
,

-

] Pc'Jfa RIA':Tt R 3757 3:3 H j.
,,

.
'

-

In recent years, the nuclear reactor has found increasing application in f: the comerciel generation of electric power. In simm1=st terms, the reactor,

'

*
* ' - f replaces the boiler in a conventional power plant cycle. There are. however. !

.$ a lar,tr nurber of reactor types, and the design of the overan plant will [l ''. 9 vary considerably aspending upon which type of reactor is used. In the tonow. #-

<

ing sections of, this chapter we vill look at the basic power plant cyclesg
|

. .

, q for a few of the more coanon reactor types eM win discuss some of the .,~ '
-

;- advantyes and diondventages of each. It should be recognised that the4, , '

'$ diseuesions are very brief and that many features la these plants which are '-
C ." 'gg cencarned with reactor control, safeguards, and handling and disposal of Ii * 2 I radioactive materials, .and which are fundamentaltto the overan operation i

w
%

are not discussed. Some of these are considered in creater detail in later h 't.

] chaptors of this ast:ual, notably chapters 12, 13, 14 and 15. i.
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. 1. Pressurised water (F'a*!t) . . . , [ ov .*

d";f.-,

<
. p.

In the pressurized veter resetor concept shown schecatically in Figure ?-3, V-y..

. 'i onlinary isater at temperatures up to about yr and pressures up to h,'l '"

about 26:v* psig is pu. sped through one or rore pri ary coolant loops. k 977.sch loop contains a ecolant pump and a shen and tuce heat exchaager i p.-.] cal'ad the steam generator. The circulating isater serves as the reactor d..
+

;d coolant, noderstar, and reflecter. *he heat which is absorbed by the } E ;

-

'

coolant as.it passes through the core is rseoved from the coolant as ! ?.'

5 it passes through the steam generstor. This heat is transferred to '
p ..>-water on the secondary (shell) side of the. steam generator wh.ich boils Q. ,.-*

1 and is sent .to the turbine. The secondary side of the plant is virt tally .:: .<! ' 1

.
L

identical to conventional steam plant systems and contains the usual 7.9. !
'' j condenser, feed.;ater heaters, condensate and feed pumps, eto, $'/!. |

'

r. '

; KO" -* i
. Although steam is generated in the secondary cycle, little or no bulk ".;Qt'"

boiling of the primary coolant is allowed. This is prevented by asintain- h>-t.! ing the primar- coolant several degrees below the boiling point. .inother * Q.!.F
/

i voy of saying this is that the coolant is maintained at a pressura some- pe;fwhat higher than the saturation pressure corresponding to the raxima g2*-J."
, .,

l
. coolant terhperature. For example, 600*T coolant ,s.euld begin to boil

-

$~.1.0 at about 1833 peig, whereas the actual coolant pressure would be kept
E;';):
f. '.T

@Q
at - 2300 to 2600 psig.

J' /.,

ne coolant pressure is cornmiled b.r the pressurizer whien is a vescal |connected to one (and only one) cociant loop through a relatively saan g 74.".
.t

piece of pipe. The pressuriser is partly filled with water and is heated ! F.3 vith electric eteersion heaters until it is at saturation :enditions at CE
,

the primary systers. operating pressure (i.e.. - 2300-2600 psig, - 657-670*F).
,

?p. ,.,E he pressuriser thus seta like a sistan, enerting pressure en the. primary
.' g1

c ,

*1 eeslant thrwugh the surge line. 'the pressure applied to the eoolaat.

.. d.: *H at this point is transmitted throughout the remainder of the primary
. systam since the latter is filled solid with vster. ; The fact that the ,' Qb".S,'; -P . *

t>*

* '.pressur(ser is only partially filled with veter, the rezainder being
.

*

7.#1 ~'

, ;jt',j,i'f 1 * pressure starts' to fall, pressurizer liquid" flashes in order to attempt *asturat'ed. steam, ehables itato' function as a pressure controller. When'r, .

[W. ,"59''

'.i. " . .

* f."** f''.to quaintain the steam'spaeg pressure. Conversely, if posasure starts h$ '-
;

,,' ."/ o .
.

to rise,, steam condenses in order to mininite the.stens spaea pressure G
4 --

f ". , ,i . . increas e'. *- 'y h.s .* . ., , .

5 Wf-#

~ 1 resent -day P'I.' 's use a combination of ' control rods''and chealcal shim - D;7* *

t.- .

. -e., for reme.or. control. ne latter consists of boric acid dissolved in the i Ep."
*

.

V. . .

'~
.

, k.t(.h
.

-

1 Current TJIt's are designed to froduce between 230 and 35;*, .% per . W-D.

'-
coolant.*.oop, depending on the manufacturer.- 2us s.1Cic F*Je plant hMi'

S
' ,: . would' utilise 3,. or t primary, ecolant loops - -
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. ; ..q.e coolant. he control ro?s are essentially fully withdrawn at full
.

_ 'n poser and are used nainly for lead swings and to pmvide rapid . shutdown'

capability. We horie noid is used to coepensate for t.he extra fbel' , '
,

dich is included whos the core is new, and the boric acid is gradually'

* -

.j recoved from the esolan' (try dilution and derinere11:ation) os power.. .

operation progresses and, the extra fuel is depleted. The use of a
l' uniformly distributed poison produces a more unifo. a power distribution

,

than was possible in earlier P'A's which only used control rods (the.
.

latter tend to strongly reduce *he power in their general vicinity and1
1 have a lesser effect upoo other regions of the core).'

.4

'3 land cha.wes on a P'a are nomally accomplished in the follovig manner.
'a he turbine control valves are manually opened or classi as desirse,

[ thereby chant ng secondary flow, his causes a change in the amounti.

7 of heat extracted from the primary coolant in the stesa ger.erator and
i results in a change in primary coolant temperature. An automatic control,

24 K*% system senses the ahmage in coolant temperature and moves the control*
.

' ' ' rods to com ensate for it, thus ad.tusting reactor power to match thes

-
..+.V.v desired electrical output. -

-

- *

. ,9 y .
.

:.

,h Since the pressuriaal ud.er reactor concept seceed economically sound'

a.F *6 4 and the anterials of construation were available, these reaetare received .
. ' . " . 2 early emehasis. They.are us.ed slaost exclusively for nuclear ships.

"

.

. p' ~ 1
' ' . ; 5 In addition, the Shipping;; ort p'.ent whl=h went into operation in 19$7,

Q was the first U.S. nuclear plant to be built as part of a public utility.
.

-

8 % rough 1970, mughly half of the light water reactors which have been,* * '

or are presantly being built in the world,are F'A's. The total capacity, , .
*

- W of these planta is in excess of 30,f00 Wo.
-

.

- . . A. . .
* '. M'M ., Some advantages of the FR include:

H:i.,..
~.2 A. The prirciple materials used (water, steel, etc.) are coevaonly

* * -

,? j eoplayed in many industries and their properties are well known.
d This also minimized (but did not eliminate) the additional develop.,-

i'
'

. ment work for reactor peripheral equipment such as pumps, beat.,# h; ., exchansers, etc. Pu:h of this eqalpr.ent are virtually off-the-shelf
*

.
.

/ '.' ,1,7?' -
.r;

,

t . " , items./-
,. , . ,pw

.

- J B. Seo4 ration of the secondary and primary systems means that no radio.
- ,;; *<. 3stivity enters .the; turbine plant (in the absence of steam generster, .

2 i ' ~ tubi 1.eska). His results in a savius on snielding and makss this
1 [ equinss:st more ace'ssible during operstion.e

' ..u~
A P*i1 operates at a sosevhat higher ears power density (W/ft ) thanC. 3

' ' does the other na*er light water reactor (the sa - see next section)'~? .-
'

r and requires 's. correspondingly smaller fuel inventory. Bis higher
- ]' power den ~sity is the ' result of heat transfer co:siderations. The]..

' cost advantage .of the smaller' fuel inventory la partially offset
*( *br. the' fact that a F*R requiree a slightly higher enrichment.,

,.,-... c. , . ..

.R . .' ', //g' - Disedvantages of'the PVR ineludet S . , . , '
. . .s... .

. V , ,-i f'5., . .

.,,,;~ . . .
..

. . . .--

. A. In o'rder to obtain coolant temperatures which are sufficient to
. '. E *,* *-
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; provide overall plant cycle efficiencies which are acceptable,
| 4 cxtremely high pressure equipment must be used. he technology of.j building the large pressure vessels (both for WRes and BWR'sJ has

bean one of the limiting factors on maxisua plant sise.,

*8 , -

B. The use of steam generaters and a considerable quantity of equipment -.
'

<

asso:iated with boria scid control. adds to the overall cost and.

.A 1 esoplexity of the plant compared with direct cycle plants.
d' ~j

.

C. In order to prevent bulk core boiling. rMm= coolant toeperatures. ,,

are limited to - 60C8F. In order to transfer the heat to the see.
: cabry fluid, ths ten:,csture of ths lattar cust be still lower.--

typi:suy - $15'T. This low tezperature (and pressure) stsaa results-

._ d in a considerably peorer cycle efficiency than is possible with
'

'

. andern fossile fired plants or some other reactor types. In some
% cases this disad mntace has been overesee by using fossil fueled

. Mr ' boilers to superhesit the secondary steam, but in general, this~

~ "'.) approach has not been economically, or ecologicany attractive.
- 9e i .

. :,5 D. We high power density and larg 3tored energy la WR's makes them
'' ' .

f rather sensitive to coolant loss or pu:nping failure.- *

..
I '2 3alling unter (T.lR) %-

... .s. -

Q l'.ost boiling unter c9eters are direct cy:1,3 pinnts sir.ilar to that
'*

nhasen in F1. pre "-4. Watar 11 convert c<l alt rac t.ly in n t.eea.i in :.hn core,
elit.inating the need for a staan genera tor. Sines boiling is allowed.s i

! these systems operate at, considerably lower. pressures, typically about
. .d j 1M|* rsig, than PWR systema.

,,

* "
.> : a. -

,

;i )9 - " ' ' ?. As the coolant.p tsses through Oe core, only a portion of it boils.- ne
I risa:Inder la mixed sitt. the incoming feedunter and is recirculated beak)

. .

'' n . ". 1 )
w th. , nrt.u. - .

the eeelant is pumped g.a m.. ,2., f.r..d .ir lai. . na i., .'
* ok to the vessel. In some of the early small,

' ~

l plants, notably Humholdt Say, natural circulation was used. This depends
'

*

(
j

. upon the difference in density between the coolant in the core, whichs

'

contains a substantial amount of steam voids, and the solid water which
.

- .

is-being reoirculated... ~ ;. , s - *
.

s . . .
..

(1
'o . . . . .

- .,*1

he 'iarge new Ms use .tet pucps in addition to centrifugs1 ptmps for
. .

-
,

'a . .vP ' coolant rseirculation. Se figure shows a plant of this type. "be,

* 7 , J.i P l j.s
principle reason for adopting this scheme is si= ply to reduce the number ' '., .

. - r. ; r .70'" ,' a..d siz's of the centrifugal recirculation pumps. "ihis results in savings '
- -'

. u .V. f,1.1. *. .*y r . j in reduced pumping power costs and in maintenance.
. .

-

"

-
. y .

.j he steam leaving the reactor ve,ssel must be dried so that its quality ., H iis satisfactory for turbine operation and so that the amount'of radio..
j activity transported to the turbine plant equipment'is miniaised (many

- '
- --

'

; . radioactive isotopes, notably the lodines and cesiums, are solsble in ' -
- '

Q water and prefer to stay in the liquid). W e older BWR's used screen
*

,.; a
*. .g '

mesh dryers, but the new plants use standpipes with. Internal swirunga
,

.,f .f j 1ranos which separate the~ steam-water mixture by centrifugst force..

'
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DVR shutdown espability comes entirely fras control mas. 1hese rods. j '
onlinsrily enter the hottom of the core because the top of the core is

j already partially poisenel due to the presence of ttea.t voids. The'
,

i resnona s.ty voids att as a poison vill be considered in detail in
,

., . Chapter 10, but in .timplest teras it results from the fact that steam*

; is a . css effici.ent roderstor than veter, p.rA as a r?sult. nev. cons taxa
. '..j longer to slev down in 'voidsd regions and rare of thwa set captured

,

1 4 in U-238 resonances. Chemical shim is r.ot used becausa of resctor

I( stability considerations resulting from poison displacenent by steera
volds..

,,. . , .
' "

la'id changes are accomplished by two general technipes in a WR. m'

i first is by control rod movement. The turbine control valves are operateda

-
r

- by a reactor pressure sensor. When control rods are withdrawn, reactor 1

v .A ') power rises, p.oducing r. ore steam, and enusing reactor pressure to start l

' ;.y"'; ! rising. The reactor pressure sensor will see this increase and will I

r ! open the turbine control valves sufficiently to accept the extra stees. )

;
' ] which is being produced. The second control technique involves varyin's,

'

g the coolant recirculation flow rate. As the recirculation flow rate
? is increased, the stem which is produced in the core represents ai

sultar and smaller fraction of the total coolant in the core. In effect.-

! at high liquid flows, the core is more efficiently moderated and reactor.

power tends to rise This would pmduce a response by the turbine in;
O the manner descrihed above. 1we reverse is true for reductions in re-r

J cireu14 tion flow rate.

* ?/ ,' " -[
,. (

'

. . . - -<

L'R and PWR plante 'are exceedingly close together from an economio
1he,dpsinto.and since neither concept enjoys a clear-cut advantage,

*

. .. ,

f stan,

utility on' ars have basa split eosentially 50-50 between the two typest,

p .k of plantc In 1970, the espacity of WUs either in service or on orderb . ,

s.- _ tatslet mo.re than 30.000 MVe, .

,

,. .
, , .

. . .

4 The me. tor advantages of the WR includes
i 3

.

y A. Advantages resulting from use of conventional mterials as discussed. .... ,

' . ;." E J ., for PWR.
~

a . .

.-
.

, y . ,

B. Simple eyele with miniaura of auxiliary equiement. In particular,e

, . . , elle.ination of chemical shis results in a substanti31 reduction in
e l plant equiement and potential anictenanes probim. The si:s of'

$ the primary coolan.t pumps is another area in uhleh the. WR his an- #

.
7 advantage over the PA Q ,.

*

. . :.t ..
_ . .

. l ' t!ssivantages'of the WR concept includes;"
'

.

!a- 5
. .

. :.
. '9

.

A. Radioactive materials .rench turbine during operation,' requirings
; aAlittenal shielding and limiting ce=ess during operation. !!ovever,-

i the bulk of the' activity'is short-lived and does not interfere with. .

{ M r.aintenance during outages.;, , , ,,
. s . u . .,

. -
' * '.

f s . B. "he WP. esanot be operate <i with excessivs * core stesa vapor voldrae
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~.M - & As a result the power density is 11mised to values ,'
-' 3 & fractions.* ,

*- W lower than with F H's. , *,

'
.:. ,

Although turbine steam temperatures and pressures are higher than .-

'cf i C. , *.

those of 'a comparshle F2, they are still lover than those of modcen
O fossile plants and some of the other rea: tor types. Since the f

,

. ' . '
.

coolant does heil. however, it is techai= ally pessibbt to sucer../ ;
1 h*''''"""i"***'''*'''' ""*2''''"'''***'**'***'''**di" ''

'

'O ~; a few cases (Pathfinder, YESR, Sonus) but all of these projects in
l'( .

the U.S. A. have hess abandoned. 1"here is simply not enough econce.ie
.

,

'

incentive to warrant tne naditional R. L D. costs, particularly.[ -

a ;< . since the breedet reactors which are on the horizan vill employ
. . s .I superheated steen.

.s- . :..5. ..

$ j. Memogeneous renenste
.

.

~ $ <* . ?.
.$ The homogeneous reactor concept is one in which the fuel is intimately' ' 'j'. - , - *

. ' . " . mixed with the sister coolant which also acts as the sederator. h re
.

*

,f' S. are no fuel elements and generally no control rods are in W core dyring.

,e operation. 3e coolant and fuel circulate through the reactor vessel.'' *
-

-0- - ecolant circulating punp and steam generntor. Heat is re'noved from the
fuel solution in the steam generater. he fission products in the solution

;I aske these components highly radioactive. h primary synten must be
- ; *.

" i
Y oparated at high pressures comparable to those of the pressurised w(ter, *

O syste s in order to prevent doiling. A side stream of pri=ary system, g solution is circulated through a low-pressure system where evaporators
are utilised to adjust the coscentration of the fuel solution for the3

,

. ' . high presgure loop. Equipment is also provided in the low pressure
,

' ' :

, , ., .N..
. system for fission product removal., ,

. . w. ,

" 'w? Ua aqueous homogeneous" reactors.are op6rsting in this country at present,. . . .*

-
.9

- 'N although there were four remeter' experiments that operated at one time'.

or another in recent years. h urnay1 sulfate system (HRE.2) operated -1- [ fg- at a maximum taeperature of $70'T and a pressure of 18C0 paig. Steam

', ;]| pressure was about $:D psig.
.

|. Homogeneous reactors.have nar:y advantages due to W mobility of the
.

a..r
c ,rj ..

',M a.q faal. 'The core. can be. designed siaoly and compactly with a high power. . . . ' '

densits he need'Yor fabrication of fuel elecents is eliminated. Onei~ e
of the most. outstanding features of the system is the ense of control.

'.t . c ' 9:e t
"' V There is's very sensitive neCative to:sperature coefficient caused by,

-

changes in fuel density With temperature which prerides a large amount ;-.*. !j' " ' i , ,'
' '

.' I 'or lent follnwing eentrol. . p.f-

I . - ..
*, ; \-

.

:.

t Seie are' sone formidable problems irberant with aqueous homogeneous
,, *

One problem is that of corrosion because of the strongly said Y t I2 -|' systers.
and on!41sitt solutions investigeted to 'date. Solution stabilities lialf T .r...

'i> ;J }
,,

'
t

the samisur temperstures attainable and require proper flow conditions 'y).4 *i
. ..;

p.p . to prevent stagnant areas ard leoni overheating. In addition, the
. < ' ' -

.

i -

..
''i

.C D solutions f,ecome highly radioactive during reactor operation, and the -

.

hasard of +selution leak is s large problem. Free'autions nust he..' t. a'en. ..
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% &
7 to prevent accumulation of a critical n. ass in parts of the systeci other4

g' ;-
$'9 th5a the reactor core.

.l
. .- : . E

] 4. Heavy water remotors - y
a*' lb

. - The principle advantage of moderation by heavy vetor is that natural p$ ,

ursnites can be used as a reactor fuel whernes the light vster reactors
' ) typically operate with enrict:=ents in the range of 2 - 4%. Heavy water [

;
.,

;i
is a s.:perior moderator to light vetor due to its extremely low absorp. g.y
tion cross section. The principle disadvantage of heavy wat.ar reactors ij is the cost of the heavy voter itself (~ 923 per pound). A second P

'

y =sjor disadvantatre is that a substantial a=ou=t of tritium is prsduced i
due to neutron activation of deuterium, whics adds to the radiation ?a

.|) pmtectico problems. ;
"

- - 'E 5p In a heavy water moderated reactor, the fuel rods do not have to be Z
psche! as closely tJEether as they do in a light water reactor. This

[
5

d,

has led to the use of " pressure tubes" rather than pressure vessels'

,.

7 f
.;,

.'h
t.: contain the fuel and coolant. (-

1 - ?..

..$ $ F1 Cure 9 5 shows a schematic diagram of the 1C0 We SCWR (steam
.

f,'
(

. .9.,.,".d*W generating heavy water reactor) in England. The fuel is located in ;

U. y pressure tubes and sent to a steam drum and then to the turbine. A- . < -
'

c.t portion of the steam is sent to a special superheater fuel bundles and $, .

. N. C, the resulting superheated steam is mixed with the r.ain body of the
,

, o
<', .N ta6urA6ad 86 eau enmute to the turbine, he pressure tubes piepee a #6 0. ' .g . -)

.

low pressure vessel containing the Da0 moderator. This vessel is at %; p
'

. .' .5 4 atmospherie pressure. Control is obtained from a combination of ; f- . . ,. L { dissolved beric' acid in the coderator, liquid poison in separate tubes j
'

*

. ' ' .
.- - ,.

,'' * M" :/ in the fuel clusters, and varying moderator level outside the fuel. *

t'

t. . .i k.

.'
,

Ir:dividual pres.sure tubes can be cut out of service for fuel replace. [.
-

. -

. ' f;'A .i:ent while,the'plantis at power. ! r 'r
4q .

. ' .'' " ".. ' h
A - *

- - hs --

..

:s d ChS C001.D REACTCAS
~

! T'* .

y1
.

. -:- :c h.

..d's$
.

Cases such as heilum ' nd carbon dioxide have been extensively used as Ea '.

',''J9 k
-

.

reactor coolants. 1he early interest in this con =ept amse because it is {
*

e

. ^ '' J.y {; possible to utilise natural uranium os a fuel when graphite is uked as a - ! y
: t' . moderator. 1hus countries like England, which had an early need for nuclear i ;

-- '
% power but had co lage scale uranius enrichment facilities, adopted the .. [ U

,
Ii gas, coolud reactor concept. ' '

f;
<

*-
~, . y . - .

-: . r' -

t, g
- I, N Use'or 's gaseous' ooolant pomits the attainment'of high temperatures at' ' . " , i k

' ' ' '; J .1 substantially lower primary system pressures than are possible with a water - '. i [
'

'/J cooled syster... Thus it "becomes feasible *n obtain cycle effli:lencies '
.

"
' '

c, '.9 which are comparable t'o those of.nodern fossile fueled plants. 'In. addition, -[ E!. , .

. .- G 4 the gas. cooled reactor can be adopted to either ther=al converter or fast A. ' [ g
*,

. '' *

.U br6eder plants. 1he former employs a Craphite moderator whereas the latter I. . -,
, r

g g g would not. -The applicability of a gas to a fast reactor is trought about *
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E by t}ie relatively low density of the gas, which makes it a poor moderator.-
-

-.

M &..y
-- Figure 9-6 shows e. schematic of a gas-cooled advanced themal converter Q'

. resetor sirilcr to the Fort St. Yrain plant in Colcrado. This plant has -

7. severn1 unique features including: '

9 ,

.

* 1. Use of uraniu:n-thorium fuel cycle. he initisi loading vill be about.
i 44 U-235 and W th-232 Mosequent fbel loadings vill u=e the U-233

~:3 for=ed from the thoriun. At Fort St. Vrain. .the fuel la in the for=
.

I of very arts 11 particles ( .01 inch diameter) of the metal carbidas
1*

. whteh are coated with layers of pyrocarbona for eladding. These l
,W. pseticles are then pecked into 0.4 inch diameter graphite cylinders*

j t: fors fbel rods a. the latter plar.ad in drilimi herstonal grspnite
,

. a blocks to fem fuel bundles. The graphite blocks also have coolant and
.

*

"/ control red passages drilled in them. The core is then made up of a ; 1

*
<

, , .,3. . inrge nucher of fuel bundles sitting side by side. 1
. ,

,

. 2. Use of pre-stressed concrete reactor vessel, which not only houses all |j the major sempenente of the nuelear stema supply system, but also provides t,the biological shielding. i ih .
,

~ ,

I For a high temperature gas cooled reactor, it is necessary to use helium
' * ^

1 .tp as a coolant because carbon dioxide reacts chemically with graphite at-
.

. !

1;, temperatures in ex ess of - 65C* F. *
,

.. $ Q t
*!j control for a HTCR is accomplished entirely with control rods. The load *

Q is varied by regulating the turbine emntrol valves. The turbine steam flow (i;'
g; is then fed back to the co.. trol red positioners and they are moved to match
63 reactor power to the generator ' output. '

. V. . ,
13 i

, ..y One of the main disadvantages of the concept has been the economic factor g

3 imposed by the low volu:netrie heat espacity of gases *arsi the consequent |tJ high coolant pumping power and large primary syntes equivalent sizes.' |
,

| ff Another disadvantage results from the fact that it is difficult to design . >e fuel ele.-ents with a reasonable life expectancy at the high temperatures
'yf of the advanced gas-cooled systems. ~ J

.

r

.(.X. LI7.'ID f.*.'TAL REAC1dRSr- -

"

;-g
, ,

. -

.K Liqu!d metsis, principally liquid sodium. have applications for reactor

. y%,h
coolaats because they allsv the attainment of high operating temperstures
without.theneedfprhighpressures. The coolant system pressute is usus117'' less than 100 psip while temperstures up to 130C* F are obtained. This.a.'

is made possible because of the exes 11ent themel properties of the metal3

4, .
, - ,

.-
.

.
,p

. .

. j 1 The 100 psig is due principally to pump head required to overcome system. - c
.

|. - :( pressure losses.~ The setual vapor,' pressure at liquid sodium is sely * ...
. - a'- ' .

g' - 1 paia at 1200* F. ,' '
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g coolants (high specific heats and volumetric heat capacity, and low.'
.

vapor.s pressure). The high tesperatures allow attainmoot of steam conditionsd (approaching steem te=peratures of 1000* F) which give net plant efficiencies, .-5 of great.or than 351.
4 ,-

Although liquid metal coolad. graphite moderated, thermal reactor have \
'

te
%

Y
been S.rdit (notably ths 7f .Ws Hellan plant in !!obrsska, st.ich ves decos.

<

|

9 mission +d following failure of moderator elements in the core), their )
',

~

videspread use vill be as fast breeder resetors. As discussed previously,
.

: N'a a fast reactor does not att'

be an effective moderstor)pley a onderator (liquid sodium is too hsavy to' '

and depends upon fission by fast neutrons to$ sustain th., chain esectist. 3reerter reactors are renators which produs4- 1g more fisulenable material by neutree absorptian la fertile satorial than'

- 4h. they eensume. It is expected that these remeters vill achieve breeding
.

ratios * of - 1.1,, whteh r.eans that they will double their initial charge' *

.M of fissile material in steut 7 years of operation. Since the world's supplya t;'. of fertile material (U-233 and 3-232) in quite large, this will result in'R. sufficient fissile material being produced to supply cas's needs.for
3 centuries to come..

,

y,.v . ,
'

., g A schematic dingram ef a typical UEBR is shown in ' igure 9-7 tiotice thatF
)y it contains an intemediate sodium loop between the pris.ary coolant loop

-

.?'. and the steam system. This as necessitated by the fact thata,,

N O
-

1. sodiumreadgy(activatesasitpsssesthrou,hthecoreduetothed arenetton Na n v) !!a ' and it is necessary to present any escape of
(.4 '

.$ pr! mary coolant from the system. *

2. . Sodium remets vigorously with unter to fom sodium hydroxid and hydro-
.

) $ ges gas (2.1a + 2H,0 * 2HnOH + Hz). In a closed container such as a? '/p stear generster, a leek een result in high. pressures from the hydrogen*
,

-
.

di .for: sed and fore the rapid heating of the vnter and steen. -(However,
*

'

there ,is no explosion if omen is excluded' from the hydrogen). Thusy it is possible that some sodium from the primary system could be released
if it case into dire t contact with unter. The use of an interendiatev

'r.1 loop prevants this,
-

i .J .*y)
,1 Sodium is an opaque fluid, and as a result, fuel har.dling and saintenanceN $ in the core must be done " blind.' Automatie fuel handling' machines are? used for this purpose. In addition, sodium reacts checically with air, ' ,

'3'

and so the resetor vessel must be maintained in an inert atsasphere of. *

f,p hel.ium.. argon, or nitrogen.
!. - . s

' ' . > .. . .
..

,

SpeeAA1 attention must be paid to the sentrol systems.ef iMF8R's since they i.
< . ..

' .' >;
"

do not. possess as many inherent safety charseteristles as de light water'N
. reactors,{ve since any reduction in moderating characteristies of the core.

.For exseple, the r.oderntor temperature and void coefficients
.
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,
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ares pos).t; .
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CHAPTER 10

-

.<
~ h

- g
REACTIVITY CONSIDERATIONS IN WATER fCOERATED REACTORS

,

,- ' .J js.

3 .. 7 P
. |N.TRODUCTION -

-.m
.

. s t
,

TG this point our discussion of nuclear reactors has been lleited
,

; i

verlous types of reactors are utilized for the generation of elvetricthe rejor emphasis being directed toward a belet description of how the
N.1 I , with

'

(

within one general class of reactors - the water moderated reactorsIn. this chapter e will look in detall at the processes occurring
power.

.

% . t.
!

However, many of the principles whicr. we will discuss are comon to.

' . . . ' i '' all types.
Mut.flPt.lCATION FACTORe

$;*

.
' ): As e first step In the development of a quantitative picture of the".

, reactor, it is necessary to define a new term.i- nuclear

the number of neutrons la the previous generation.k, is defined as the ratto of the number of neutrons in one gener tithe multiolication factor,
;il

*

eQ '
a on to

period of time between successive fissions. A generation is tha
h Figure 10-1 Illustrates chala..:
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!
$ reactions for k=2 and k=1. The value k=2, as will be shown later In g
W this chapter,' is unrealistically high and would never be ach'leved nob %
{*3 desired, In a real reactor. It is only given as an example because it

: c,4 is easy to draw. Study of Figure 10-1 indicatos that If k is exactly.
M1 n.- equal to I, a chelp reactica will preceed .lin constant po.er. level and +

M '~ the reactor will be just critical. On it.e other hand, If k is greater3

.h than I, thw reactor po.er will continw ts Ircrene with ticie and the |
f reactor is said to be tupercritical. 51mila. reasoning lea:s us to the .

fi conclusion that If k is less than I, tne n. truer of neutrons present in 1
*

5 the reactor will be continuously decreasir.g. In this case, the chiIn >

N reaction is not self-sustaining and the reactor Is said to be subcritical.
'

#,:.; ,
. e

** |, in order te obtain a better understandths of the operation et a reaetor > ,

/ let vs-consleer the sagaence of major events whleh neutrons undergo from j |
' their "birtn" through fission to their "dantn" through absorption in sorca. .- |

.0
.

Y material or leakage from the reactor. Consicer N fast neutrons (m2 mov) f
'

l fission of U-235. $1nce the fuel is generally* " released through thermal
k lumped together in the form of rods or plates, there is a definite

.
I

;

G probability that. some of the original N neutrons will strike oth6r ,

f uranium atoms before thoy have had a chance to reach the moderator and ' !'d slow down. Since the neutrons are still above the threshcid energy for i
.-

e-

fission In U-238 (el mov), and since U,-235 also has a small fission cross
-.. section for fast neutrons, some *lssicas vill occur and the fast neutron

* h ~

be Nt fast neutrons, where e, the f ast" fission f actor, Is a number greater f

*
-; population will be Increased. Af ter f ast fission has occurred there will *

f(' dj
than one which measures the Increase In the fast neutron population due g),

. a to fast fisstens in U-235 and U-238 (or any other fissionable material 1-'

'e.h t. whIch Is present In the reactor). Now the l'c fast neutrons are ready to b

enter the moderator and bargin 'to slow down. But before they do, there is I*~ -'
.

;h a definite chance'that some of them, In particular those born near the p
,**

.

g edge of the core, will leak out of the rosetor and be lost. . The probability |
'

y that a fast neutron will.not leak out of the core is called the f ast
represents the fraction of the I.h non-leakage probability,~[$s. ,Since g

'

which redin In the core, a total of tic %s {total number of fast noutroy;",s ,
,,.

q@
noutrons actually begin the slowing down peccess. As the fast neutron t

. .' .
W slow down, they encounter the U-238 absorption resonances (see Figure 8-4 i
W. in Chapter 8-). The probabl.Ilty that a neutron will not be captured in the !-

,

'i . ) iG U-233 resonances is called:the resonance escspe,proba5I'llty, p. Sirce p !
*' W represents the fraction of the total number of 9eutrons which remain in !

'

,' *,) the core, Nc / p neutrons will . roach thermal energy.
'

As the thereal noutrons;

thk reactor, a csrtsin percenta;e of them will leak out. Theg move around,that a thermal neutron will n2t leak out of the core is called
. , .

probabi t.lty .p
h

. ,,

I...
*, ' . * * -

4'(t
.I 'It has become comon , terminology to speak of "thermsl" fisslori, . '* '

,,g absorption, and leakage when discussing the six factor fortnuto. The sts.
|i

.

~ ~ , , -gry. dont should realize, however, that "therral" truly re'f ers to a speelf te
,

f I
i,

neutron energy, as discussed in Chapter 7, whereas the " thermal" - -

4. .

b,. 1 quantitles discussed.above are actually averages over the slow range. . E
' ,

Id
.p The ihermal" terminology is ,thus not strI.ctly correct, but It is so ' , " (. )W -

'* . k widespread that wo will continue to use It.*
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.

the ther nal non-leakage probability, / Therefore, after thermal
leakage has occurred there will be Ncd p / , remaining in the core.

.

All
of the thermal neutrons which do not I k from the core will end up

.*

beleg absorced in one of the various materials in the core.
,

.

.

. , ,,
The only

neutrons which will be of any use in furthering the chain reaction will be~ ~
'

those which are absorbed in fissionable material. The probability that
.

d
-

l a tr.ermal neutron will De aesorbed In fissionable eaterial as opposed to
'

$ all otner reactor materials is termed the thermal utilization, t.'0
There-lore

the number of thermal neutrons absorbed in fissionable material Is
.

Nc d',p d f.,1

sose wlli cause fissions and some will be wested in (6,T1 reactions.Of the thermal neutrons absorbed in fissionable material,,

'

Thefuel quality, n , la defined as the number of fission neutrons produced
]

'

per thermal r.eutron assorbed in fuel. Thus the total nuecer of new* ;
fissionneutronswillbeNedpkfn. Thls latter expression representsfe '

the number o' f fast neutrons available at the start of the next generation.
,

g
.. The ratlo of this figure to the original numser of neutrons, N, will be.; the multiplication factor k. That is:'

: ,. k = "* IiP t"=c/,p[,fn.. :* ..
,..t a. .

:- .

j
The multiplication factor given In the prev!cus formula Is usually called

,

.1 the ef fective multiplication factor, or k Thusg. .. ~-

: ' ,

g = nept $,$ , (10-1)
k

s w
.. i

Equation (10-1) is of ten referred- to as the six factor formula.
.

''-

The
*

derivation of the sim. factor formuts is Illustrated in Figure 10-2.
The figure assumes that there are 1000 neutrons at the start of the

, ,j] . . assumed for Illustrative purposes.
hypothetical generation..

f. Typleal values for each of the six factors are

J '.i there can be considerab.le variation in any of thva depending upon theAlthough the values chosen are realistic,. ' .,

-

particular. reactor, temperature, fuel burnup, and control rod position, etc.
g .

'
...m
' ' .

1

Leakage can never be completely elTminated in a real reactor because a4'
.

. . " real reactor must of necessity be finite in size and therefore some
,

2 ' ' ' neutrons will always be able to reach it's bounderlas. However, to aid in-

the solution of certain problems, the reactor physicist often finds it"

[ convenient to consider a reactor in which tnere is no leakage. ,

.. l' Such a
reactor would have to'be Infinite in stre so that a neutron could never' . '. reach its bounda'eles.
called the Infinita multiplication factor, or k .The multiplication factor- for such a reactor is'.

S.0 '. hold for k liquation (10-1) will
- and /,, wTil both be equal to I.except, of course, the two non-leak *ge probabilities /

iT
Therefore- I'.% *

.-

, . Q.h '.
. , , .

-
-.' '

',,' . . . .
, ,

.

.h. ".ntpf .
>

*

.
(10-2) ,.-;*b' '*"g

-

Equation"Il0-2) la:of ten referred to as the 'our 'factoi formula.f
~ '1,% *

I N'
* -

.lf 6quation'(10-2).

p, is substituted into equation (10-1), we see that
.

.
~

.
.

.

. . . .
off . k i e

.. c. k.

c.:: , ,

f f iiO-33=
.. v ..

. + . . -
. .. . $. . " . . , , , , ,. -

* .

c ..
. *

l. a.a .
. .

. .
, . .. p r * .

. . g.
.

;$
, ', ','dj-QdK. 9.f'7'ff1~,$'M%5.5 7iNNhMNh' k5,M h.

*

z. *. w. . -. W. . .c 7 . .: . .
*

..

. ; : %x?.; .=:Li . '.:. . . . . . . . .n . .. cn
-.i..'T...J.~ .; ; ' . ; * .. :. 1.ti.:

;,. .
-

' ., ..

' . ' .2 %.ims#.O np. f: . NMO;M,M.y m, n,a .i',
h." .' 1: . q .. . 4.

*""

,J. U , M: .[|.
'

, ~ ~ ^ .
~

y. - ~. -
.4 ~, '*mi', '

'
_ .:-

. wm ',r -
,

|27..

s
.

73 70 -7 , r.
,

.; Fj7 |

.

.

- - - - -



. . . .

.
.

'#
<*s'' ? ''

. , . ' . . '... , a,. . :r - .
. e ?

- ~ ~ ~

L '. . ., , ; . i. .4-*.a'' -*-*1*=.
..

_ * - ~ * ' ~ -
. ,.>... ,. a - -

.* " * : --. :-.: ~: <-.:
. . .* ~

:.LO . . . . & .:= . . . .- L..
-

- - - -.. . - . .-*

' . .
. s.3:.). "COyx.:.n.M.: .

...

.'
.

G
..

: y -|, :-~:, -Q,;.''

. , .. .s -
-:, , .., _ ..

. .....n. ..

'
. . , ~ . . - . . .

n;;g.F. iffs:: : -2.i~.;.Y.s_ -Q:: :~i. :pQ,$Q~1.'k.'&. :Qa-%M f M j | Q,.... .[.. .
.

.

. e
.

---. 2; . , .n.:.,;c. , ,. c.g,.. m w v- u -

' . _

1 ,,a.a n. - 8 =-

Wc * ., . . . . ,. .....<......e..~,.. . . . . .w . .. s

. m..

. . , .

-

. ] -

10-4
I

. .:r
-

t. y ,:.. ,a
- -

.

. -
1

}
.

2 O ORIGINAt. FAST NtuTR0115 -

~

... q Q. -
.

.. . 0 N . . :
-

..
.

. .;v
.., . .

.o .,. ,- -

. ...

L'

. ' . ' j ASSORPTION IN 0158 AND '

t' '

U-235 TO product FAST

1 .{.
FtSStoM E s t 04

. [
*

-

.

,..-

% 104 Na.

.,

a ..m* ; '''' . FAST t.EA'A AC,2 I

ESCAPE c"'/
52. As FAsrs,m 4: = 0.95.s

* ,. .e ,

. . .?)

7. i.. ".') |>

988Nty' |
.

. . - d . '. .'.ry '

\.S .
' * .

i : RESONANCE CAPTURE 14 U-25: PUZy$9 a.- . <;
ATONF sm 99p e.go PRODUCED '

, s. . ..1
, ,. e .t. -j .

. . i

.

.
O 889 ws4p4 ,

. ,

. .. . .>
j. 9,,. . . .. :n g, .

i..
-,

'''

;. . ' , , ' '.|.j TilERMAL LEAKAG,E ESCAPE As
, . , - 1:j ip o.98 IB rutaMAts ;.r -,

,
.

- . ,, : ~.. ,:- ,,;;. -. .,t ,

: T*. W 371 Ns4ple
' 1

'

I
'

. -, 4. , . . , .... .: .:. 'q .
'- , , . , . . . J l

' ' *

N." A850$tPfl0N IN FtS510NABt.g ABSoltSED.

* >m),,'
. MATERIAt. 383 Mc^gi$5

q

' ' . - u.23s og pp.ts, - /f * 0.57 i' '-

. ' *.
*

2%.1
.

.
''

. .
,

496 NE472,&
.

-

q. . , ,

. * ,
-

.. .. . . . ,. . . .
' $.4

- - - FIS$loN ~

.c .
-

E1 ,t1 = 2.05 - ' ~
-

' .
.

...% *
l

. .. -

. . |'
|

' -
D, , 1017 Nt/gp4fr} ., |, ]

'

-.
,

,

'
, $ Kess = M a i 017 L..> ,

. - FigureIb-2: 1.lfe Histor'y of Neutrons in a Typical R.uctor-
i |w .

-

' , *.. :

. .e '

,
1' e;*

.+g.,.,

, s .. n.1 . - .

. . . 2 - .
.

-

-|
.,

. ( s'
- , t q [>. n($MeU ka [e*t h t .,,,'s.

'e M.. .,h 7d','h p *j O .M.%.,W.Q[' * [ k. h' . q ' .'.-~ y ; .; y:,.s , .; .q. .:. ; , .e s,',:g' ;.p'*.' .y''.tygy + ~......'',*p.'"Es.-N.'

e ,e

';rw .' Te '.
- ' '.*

' ' ' :7 .. g". .:.n , : -
y

. :,; s;;;. :-. .. . , J.,:.:.:;--

.

-.,..n.-
... ,. . .w.-

.. g . p . c%. .
. .;

g". g:.;+... , t. . . , E . ., . 4 .v.

.

. . '..,:- . .:;. - . , . ~ .~ : r -

,
1, d' [*

. :. v.". .9.,-:.: :. ; ~ . . .:: . , . f . . . . . :.- . -: c. ., - e.1 >,
.

,-

-.

.a ,,. '.1...

, ,
- '' ' * * 8.* * . . .,

[, ;-
.

** *

. . . . . . . .' *- *'* * ",a
,

. . . d.
. m .: .. . . . .. - ,*

- .-

:- ;3 To [t '

g . :. ~-- ,.s,- -
.

*
;:j4_ , ,, p'_ T ~ * . ~ ' ;,

..

. , .
_

. . . ,
.

.

I

e

. _ ___ - . . _ _ _ - . - - - - - - -- - - - - - -



_ - _ _ _ _

|

|

t

.
. . . .y- .

, . - .- 's w...: q ..;n.w,. .:: .- .--
, *| .. .' .'

~

:^ - _u - ... . .. . .

[ ',.'. ,
2 J.r - '2-(.* [ ;c -' ' . 1.# _ . , - :

' *-* ' . k ' . ..;-. . ..,a;.,, . y ..; .
**

f
--

,

... .. ..f. .. . , . .
,. ,, g,.,,

.,,,,,.....:,.. -
.e, ---

Q :p.. y: %... ,.2..k. .g.. x .x .. , . . ,@... . ; .
4, ._r

- . ;. . .

:. . . - . . , , . . .

y c.,<y :. n[{ .?; ;,. ,:..
. .

; . |. ;.:
- , . _.3, ...a...., . ; .- . .. L ; . . a.a. . ; ;;; i. .c, .: , . ;o,

. 'z. g ._.._.,:;.;.r. 3; . ,._j_
.

. ._ -r. rr . :.4 ;'...g . , . -.*...:... ..c. .

*
d<

!
< '* - ; ft

.'
I

t.d 10-5
t

*

| . /t-
. .

.-

equation (10-3) # are both numbers less than I, It'follows from$1nce/ and/I g , must always be less than k ,.that ky
Before considering each of the six f actors In equation (10-1) In greater ,

detall, it is well to summarize the discussion by giving a more precise
,

'

definition of each of the terms Introduced to this point. Thus:
. , .

e"1

k = number of neutrons in any generation of a finite sized reactor (10-41-
*H numoer at neutrons in sne prev 6ous generation

'

..

= number of neutrons in any oeneration of an Infinite enactor (10-S)~
k
" numoer of neutrons in tne peswoous generation~

p
-

number of f ast neutrons produced by ther . mal fission _ (10.6)=- g
nummer et tnermal neutrone absorced in fissile material' *

.;;

* w fa number of thermal neutrons absorbed in fissile meterlal (10-7)
. ;I nuraner of thormal neutrons absorbed in all reactor materials 6

. .-\ -
~ .

1 s e number of f ast neutrons produced by fisslons of all enernles (10-8). .
*

-.} number of f ast neutrons produced cy,tnermal fission'< - . *

A* . . ..
l (10-9)p = number of f ast neutrons which slow down to thermel*

number of tast neutrons whicn start to slow cown
. .

( = number of f ast neutrons which remain in the core af ter leakage (10-10) 'l
.! total numser of tast neutrons in tne core before leakage i

s
.,

[9 = number of. thermal neutrons which remain in the core af ter leakaga(10-II)
, ;. number of tearmal neutrons in ine core before leakage

-

,r.a*9 in general, the evaluation of the six factors is a complex mathematical -

- <

~ ,J problem with which we will not concern ourselves. Nevertheless, it Is-
s' Instructive to look at how various reactor paracteters affect the six

i . . *. factors', at least in a qualitative sense.
-3h

. .
*

.5
1, ft ' . ".q .

.
.

, .

'

'

This factor can be calculated for'a particular type of fuel. providing
".! the number of neutrons given of f per fission. ,u, is known as well as'

,

the appropriate absorption and fission cross sections. The value for ~

'

.j 3 is then calculated from the following relationships
|

. .r,
,

t

neutrons produced a neutrons produced x nur-ber of fissions*

. .,i

absorption number of fisaiors nunu,ar of absorptiora
ii .

-
. . . *,

., . i^ f,3 ,f c. (10-12)'

,
** q=v..t' .

-

.+. *
.

.

d !

. . f. . t+on,i*; to J
-

'

$'
* ' g .

.

,

1 The numerator.of this ter,n is calculated'on the assumpt.lon thait there .

*

,.

t. Is no leakage during the slowing down process. This leakage'ts .

'

accounted for in i . ,* *
.
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At the standard thermal energy of 0.025 ev (70* F), the appropriate g
'l cross sections.for U-235 are: of = 580 b, e = 107 b. The value ofn
O v for the fission of U-235 is 2.43, so n = (2.,I3)l5801/(687) = 2.05. ,

'

The corresponding values of v and n for Pu-239 are 2.89 and 2.05,
respectively. .

o .4
k As discussed in Chapter 7, the er.ergy of a tNreal neutron varies
$ censiderably es the moderator tot.perature is increased f rom room tempar*

ature to the full power value. The overage neutron anargy in the slow *

range verles even more because it includes effects such as inest.plete .

thermellzation when steam volds displace liquid moderator. Thus, it
.g in Instructive to loo % at the variation cf n witn neutron energy over ,

'

i .

tha slow neutron energy range !!n which tne majority of the fissions 1'l .
occur) es sho n in Figure 10-3. The verlations shown In the figure
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Figure 10-3: Verlation of n with tJeutron Energy ),
'

-. :3, , . . - . r.,'

are princikf ly',.due to variations In the ratie og/(og + e 1 |'; 4 ", valuesforv'do.'Increasesonenhutasneutronenergyincreads..The
.

n
, but iare essentially ' constant. for botn U-235 cod Pu-239 over the slowi

v
*

[ neutrea range. It'Is seen that n for U-235 Is nearly Independent -
.' ; of energy, but tfut the vafue for Pu-239 snows a generally decreasing { (

1

' strend with'a.stgnificant depression near the absorption resonance F
posk af 0.29.ev (soo Figure S-27. - '

|
-

.
.. .. s - . ..- . .r .e

'i - ',) The;everage neutro' ri energy in the core is depandant best'cally upon
.

('
. . .

>-j two quentitles , the relative amounts of moderator and fuel, and tho' '
|

-
'~'

j Q temperature of the system. In general; tha mora-modarator which is [i:

, available, the moro ef fective will be the slowing down process and
1

.

* *

the lower .wlli be.the average neutroh energy. Similarly,1he lower the '

.',
,

. temperature / the Tower. will be the aJerage heutron energy. The -
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|. . s.signlficanceoftheseobservationswillbediscussedlatedInthisi .
, ?( >| chbpter.

k,
-

.
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'

a
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The thermal utilization can be calculated If the thermal neutron
, s. ..'-

F.'*
absorption rates In all reactor materials are known. Tne reaction gi rate in any material Is given br .'
rate In U-235 is therefore ,tue{ eqgation(7-12L Tae aesception d3 r, 35 vfuel and the absorption rate k
in the moderator is 6 mod r, mod ymod. Finally, neutrons are absorbed :
in numerous other reactor materials such as U-235, control materials, I

,

cladding, strt4ctural materials, and fission products. For Illus- ~

!1 trative purposer, we will lump these all togetner and assume the
d

*

absorption rate is given by 60ther I,other yother. In the previous/ expressions, 'the e terms are the average themal neutron fluxes (,
*

b.

In the various materials and the V tems are the volumes of the y
'<
.( various materials. The thermal utilization is the U-235 absorptional

*

*19 divided by the total absorptions, or- g >
* g., c' ofuel I.238 vfuel (10-13) "a i

.

f.sj g g,235 ytuel , god g ymod , ,other g y jtuoi med other other
.

'

-; e
d Sometimes the top and bottom of this expression are divided by -

.

. . > ;-
-

gfuel to gives ' .,3 .;q
*,y .

- | s;,,.

" '
. +

.' fe E I
\;

f
. n Ilo-I4)

f, g, m ytuet ,(4 mod /, fuel) r, mod ymod , (9other/4 uai) g,other yothert *

3'
,

.-

. ,

Q The ratle I, mod /, fuel l is etten called the disadvantage factor, and b

s

'

Is usually about 1.1 to 1.2 In water moderated UOz lattices. What .
' '

this means is that the average thermal peutron' fluu in the fuel is ,

k:
lower than that in the moderator. A typical flux distribution through i e

c.*' * % '.1 a fuel rod is shown In Figure 10-4 The themal neutrons which are y n
..

Incident upon the surface of the fuel rod are rapidly absorbed.

9" ;.j because of its high cross section. As a result, the central Peglena | k

*

. .. af the fuel cod are somewhat depleted of themel neutrons. I G
.

.') ) g
. .., .

. 5

' .1
, Note that macroscopic cross sections and ' volumes must be used In ;

'"

-
3

equations (10-13) and |10-14) because the various materials in the I $**

reactor are not present in equal quantitles. Using the cross section I. |
.i

.j per atom, e , will not, give the correct result because It does nots
bq take into consideration that there are more atoms of some materials

- t* $
*

3 - ,.

! 9
'

. - a' than of others. 7 $'
,s *;

e~' !,,
-

,

. t i

&
, , ' Ai,p(. 'This discussion assumes U-235 is the only material in the fuel which

. '. *

'*'
1* '

'

LI!undergoes thermal fission. if Pu-239 Is also present. Its cross . * ~ } r!,' *p . section must;.also be included In the fuel terms.
.
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k, Figure 10-4: Ther:nal Neutron , Flux Distribution in the Vicinity of
Y. , s.n
< M e Fuel Rod
. .%

.M , ; ;} We will not carry out any calculations using the equatlons for f..: *

The main rosson for presenting them here is that they very conven-,

.] j O lently show the effect of a poison 11.0. a material with a high
aosorption cross cectioni upon the coactor. ino introduction of e ,

,

e "'
polson into the reactor, such as the bullduo of certain fission-

*

q . products, markedly increases Z Oth*P. Since Ea0 M8P
f..

e appen d in the'

. .g. .a denominator of the fraction, any increase in it will result in a
;.- 'f ' !

docrease in f and a corresponding decrease in kogg. The mejor effect.. . .

r. . . a. of a control rod is .its influence on the tnermai utilization.- ..
,. g . ;,, - -

. Jj i *
, ,.

It should be evident from the expressions for thermal util fration
that it is strongly dependent upon the relative amounts of various p'.,

. -

.

] p reactor matarlats, the principle ones of which are moderator and
'

i fuel, One question the fuel desl0ner initially ~ faces is the deter--,
,

. O a mination of the proper volume, ratio of rederator' to fuel. Most.

"
reactors now being constructed have e moderator to fuel volume ratto,

of about 2:1 to 3:1. Once the fuel is built, this ratlo is fixed.il J However, It,.ls still possible to vary tne ratio of mederatsr to fuel,j .j en a weight or molecular . basis. Tha weignr or eclecular ratto,

;," Q changes significantly as the temperature and stes's vold content of the .
Q moderator changes. As moderator temperature Increases, or steam volds' ,

.
*

7 '. .;r- are produced, the density of the moderator falls and the weight of the
.

-
)'

.

' . f.) y ruderator (or number of molecules) In the portion of the core
. .' |,H ;' , , occupied by the moderator Is reduced.

Figure.10-5 shows how verlat.lons in tr.e 'ratto of moderator molecules
- |) y

g',
. . . ,- '

' , ,

., . v. ..,, . . , .

',

',jo t
',

,.y
to fuel moleculos influsnco'. the thermal utillzstion. As flHs0/N02

,

.i,.:.s%g
- u approaches'O (l.a. when there is little or r.o ecderator in the core)Q W the probability that a neutron will be absorbed in fissilo material
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i Figure 10-5:J. ? . . p- '

Upon Thermal utilization for Typical Water Moderated, Reactors
.

.

. * L . , '' -* *
-

g Operating With and Without Chemical Shla
.,

'. ;. j.
,

.Is improved. Hence, the thermal utlllzation Increases. Conversely,- 1
Increases (i.e. the relative amount of f uel In the core is

as %gp/Ne,the thermal utilization must decrease. The figure alsoi'

.7' t.

reduced)
' , ' shows.that an increase in enrichment increases the thermal utilization

.
.

due to the fact that an Increase in enrichment involves the substl-
.

,

tution of a fissile absorber ,U-235, for a non-fisslie absorber ,U-238.. -

W iA. " ' . -

Figure 1.0-5 has two sets of curves, one for a core operating without'' .; ,,[ 'J.' boric acid dissolved in the coolant, .and the other for a core
operating ulth about 1200. ppm of boron in the coolant in the form of .'--F. ,

J

9 t| dissolved boric acid. The former curve would be representative of.,

bolling water reactors, which do not.use chemical shire for reactivity-

control, and the other is rapresentative of a present day pressurized ';,

~2
.

. water reactor at beginning of core ilfetime. The presence of the '

boric acle* markedly increases teoth'r In equation-(10-131 due to .

-
'

the high thermal neutron absorption cross section of boren, and thus
O results in a significant reduction. In thermal utilization. The point

to'' note about ttie. shape of the two curves is that as the moderatore to fuel ratto is reduced, the thermal utilizatfor. Increases much ecred
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na chemical shlm Is employed.regid!y when the core contains chenical shim than In the case where
,

i

'i
The reason for this is that the

removal of moderator from the core in the case where chemical shimla employed sfruitaneously removes an equivalent am:unt of dissolvedi| W.:

?

.V] Q.;
'

boron.
Thus, the reduction in the amount of rederatur in the core

also reduces the polson ef fect of the boron and the tnormal utillza- W@
+

I
i.

tion rises substantlolly. >t

$ alscussed further In leter sections of this chapter.The si alficanca of this will be,|
-

Qjy
j

pg
The figure also shows typical values of iM 0/i!

~

f$
W

UO2 for PnRs and 84Rsover the operating range from cold shutco.n to full poner.
s%tdown would be located at the right ha is side of the rance, and (3@h

,

Cold./

he operating point .ould reve to t:*e lef t as a syston was boe red ], $]
and power raised.' For reasons which will be considered later<

j C-

Pnil, and therefore has a hlgner value of fkO IAJO2 at shutdo nDA generally has a higher roderator to fuel value.e ratlo than a
, the

h. .,

|" / ;' R. '.
However, the Introduction of volds into the moderator of a DwR glQ w .

) 62lt a wider spread of operatirg values ,,.g ves
types and up at aboat, the same place at full power.and therefore the two reactor {,

n9
*

,, 3,E
-.

The previous discussions are based on the assumption that U-235
g.-;,

f3
le the only fissile material in the core. , . . ''

must also be considered In' expressions for f.If Pu-239 Is present. It
'

h.-
t-

microscopic thormal absorption cross section than U-23511029 b vsStoco Pu-239 has a higher
' . ,

Q : 9'683 bl, the direct substitutl<.n of Pu-239 for U-235 would result i h.an increase in f.
.

.-;

In practice, however, Pu-2391s only produced ,i tn

as the reactor is operated. and thus it only appears et the orpense
'

of U-235 deplotton. i F.:.

than U-235 is deptoted, and f will actually increase tnroughoutFor. breeder reactors, Pu-239 is built in fasterEf-!
,

T
much of coro lifo Iultir.stely the incrnase will como to an ond b I Q b
as the concentration of Pu-239 increases Its depletion rate throughfission will also increase until it eventually balances the productik) $.-

ocause

1 q .'ratel.
This behavior, where f increases as the fuel burns is alsoon J | }J,

possible in convertor reactors for about the first 8030 thr0/ Ton if; J ! ?.e
the Initial production rate of Pu-239 per U-233 atos destroyed is 'f p;.0.8 or so.
fas enricheent is Increases, there isTo accomplish this, the enrict:mont rust be less then =25about i di

! $inn sem muni, olamiu, n less U-255 in the core and hence .k
",

fu+e e athroughout core 11fe. "
However, even in this case,vuu noihu.u.iy

1 )- M
'

slowly throughout core. Ilfe then it would without ths contributionf decroases more
'

Nfrom Pu-239 bulleup.
-

These Ittaes are Illustrated in rigura 10-6 below., ; G
[.j hV r.

'

'. 3.. t -

t
.

P,- , . . <

The fast fission factor varies from about .l.02 to about 1.8 for water. [' - hp.moderated rea: tors.
. . fuel ratlo as shown in Figure 10-T.It is most strongly af fected by tr.e moderator to-

IEd.l

"'' > E'.. -

As the amount of rederatcr Is.-
are loss likely to encounfor a moderator molecule and be slowed downreduced/ the f ast fission. factor incrosses duo to tha fact that neutrons'. ~ E'd

p

\
. ), . .

. 1. d t
.- . before they can cause a fast fission.'
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In 'th'e range of enrichments (=1.5% to =3.5%) whlen are used in Q- . .
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present day water moderated reacters, the fast fission factor fs
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~ essentially Indspendent of enrichnent. This is because the fast .
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- %,..'

- ..: f - - - og for U-235 and U-238 do not differ greatly (the value for U-235 - K:
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. .. : eM; . mderator In:the core is reducede the f ast neutrons 'aro not stoined . .

I : .' '

s w
7 $. ,. -d ..

19 down as ef fici.ently ano they spend more time with energles In 'and - ..

-

',6-[',[,$.. g about the resonance region.- As a result, riors of them are captured
.

p{g'
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,
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5The resonance escape probability is also strongly af fected by fool
.

p~ ''? _ in SJneral, as fpel temperature Increases, resonance
,

tenperature, This p
. ~

: : ,

absorption increases and the escape probability decreases.
behavior is called the doppler effect and will be discussed in 'd

r

-1 ,
-detall later in this chapter. r.3 , . . .I

[ G
" As discussed previously, there are basically two methods to vary

w

- -$ the ratio of moderator molecuisa to fuel eclecules. . J
The first is the (

selection of the relative solumes of each meteria' by the fuel; l :.
the bests for hla shelse will be canaldered later la

'

.f'

Wdeallnee.more aatell, but basically It levolves the necessity of providing
.

{,

adequate fuel cooling when rne reactor is operiting at full power,the desire to g2t something close to the maximumk,,, out of the fuel
<

d.d
e.

material while at the same time providing a negative moderatorg 4
d temperature coef ficlar't Idt scussed below). In any case, one curve on [.

Figura 10-8 shows the effect upon p of varying the relative volumesj
E)of moderator and- fuel while the system remains at amblent tempt.ature

i

Z' .:
' 5

A second curve shows the behavior of p wnen the water to $
.

(70* F).~~.

fuel volume ratlo is held constant but the nodcrator and fuel are pfate that this curve drops ,,y heated to operating temperatures. (.m
t

considorably below the curve for a 70* F system due to the doppler-
-;p

/D effect. p.

,y ,- 9
The resonance escape probability is also dependent upon tite composition .h

.

.) of the fuel. In general, the higher the enrichment, the higher will f.',

N *# This is sleply because an increase in enrichment reduces the "
De p. _

|k'$ amount of U-238 in the core and therefore reduces the chances tnatAs the fuel-resonance absorption will take pince in this material. - i'i- ' *O,) burns, fission producfs build up and these tend to reduce p because.

they leclude resonance abscreers which were not initially in the fuel.% { 7.

i.
The bulldup of plutonium also makes a negative contribution to the

*

p.
resonance escape probability. This is principally the result of the @7,y i bulldup of the non-fissionable isotope, Pu-240, which has a large l,

The cross section of Pu-244**j absorption resonance at 1.025 ov.
s

;-
-

.f
q.

su o c,
la shown in Figure.lo-9.-

,

;.,

, 1.- E
.

.4 ''

fpand[y
. '

J'. . , i
-

y
h 5.

_ C
.

Intuitively, one would expect tne non-leakage probabltitles to.t y
|;.$ depend upon two quantitlest II) The aversgo distance the neutrons Ff

4
In this'

travel In the reactor, and (2) t!'e size of the reactor.?! 2(J) the thermal diffuelen
,

; regard, three new terms are introduced 5'
. | ,' ' length, L , which is 41% of the average crow flight path of a thermali,I, , which Is 41%p,

' r ..

T ^neutron in the core, (2) the fast diffusion length4 J

oftheaveragecrowflightpaththatneutronstravelw$ttienergies qo.'l
.

-

t

1 .{. - above thermal, and (3) the geometric buckling, Bg , which i,s a n.

>|s.- - . .
- .: .-.4

A more common terminology In reactor theory texts is the squat ,of the 'fM (.1

] $ fast dif fusion length, which is called the *ermi age, t.
7..
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' , . . . .? r.easure of the reactor size. The exact formula for geometric buckling
,

5'.'

,..y is arranged so that as reactor size increases, geometric buckilog: .,

": y docreases.3 These three terms appear to be rather strango choices,. . . . .

. ' " ' ' ?.D but are arrived at because of the precise mathematical formulation
--

> .. y of the non-leakage pr.obabilities.
.

. . .
,s . . .

Figura 10-10,shows typical values of Lp ano 1.T versus moderator to', ,,'j - fuel ratio. It is seen that Lp increases substantially as moderator Is
-

S'*
.

- "'] removed from the core. This 15 simply because the neutrons are less , ,

*

. ~ , . , #'i likely to encountor moderator at' oms and be slowed down, so the slowing'

process takes longer and tna neutrons travel farther. Remember, the-

j .z primary mechanism for removal of fut neutrons from the core Is
*- -1

,

thermellzation rather than cDsorption, sir.ca the absorption cross^

- . . . . - ,
, . - ' '; ' ''' S sections for rest matorists are small .for Intermediate and fast

~

".; !: 'N
e n,. . . . . ..s... . . .

.

Thus Ly shou'Id be espected
'

' neutrons (except at the resonanco peaks).' E -
,.

~. . :1. .':
:.')..- ; .s.,.o

.- .. '

. '. ;; 4. s - ,
, ,

. . . .

. . .h ~ c.y -- ., . g . The geometric buckling f rmulaa for cylindric.)I and parallelopiped -
-

- .- '

~ ~,

.. ;+y (boxilke) shaped cores ares . o
**

,

.e. . > . .
- .

.

' , '- Cylindrical B32',(2.405/r)2,(,fh32 where r = effective radius.. . . .

h ='effectIvo height & .
..

2 . (,f,3 +(s/b)2<(,fe)2 where a, b, c = effective " - ''2
.

* '

;y .Parallelepiped: Bg.

A - lengths of the three sides -
',

,

*=. . . .;

b The effective distances equal the true distances plus a se.all 4.lltional,

correction to account'fo,r the reflector (since a reflected reactor has . ,h'.z -*

less leakage than.a bare reactor of equal size..The refincted reactor is.

.' .j effectively larger).
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Figure 10-10: Typical Values of fast and Thermal Diffusion f.engths in a 4
*

J 8 8t**Heterogeneous Water - 002 Yy
i, ,a .. c ... A r.

;. ,; to depend rather strongly upon the moderating ability of the core. j. -

2 However, there is another factor involved in this behavior, and that -.

~ .~p Involves the fact that scattering reactions also frequently. change I,
**

4 the direction of the neutron as well as its energy. Thus, Instead !,

-

.]%
of traveling In a straight line, the neutrons travel a crooked path {,.

as they slow down. .This crooked path tends to reduce their crew ,
-

; flight path length., Thus the removal at water also results in.an g

e y increase In M because the neutron path is straighter. This is y

.y basically saylhg that the water In the core has its reflecting (' propetles reduced.
f

,'.

Similar arguments hold for the behavior of d (major dif ference is that with tnermal neutroni,with N .,o/M . Thetheprincipl$ removali
I g. .

|
*

mechanism is absorption. As the moderator is remojed'. It absorbs* '
.

fewer neutrons and the neutrons frtval,a straighter.* path. Both of'

~
|

- *

these ef fects tend to increase # k The isotdpic -ca:positi.on'of the {i
core can have a significant influInce upon 4 ** Fde example, the h

"
- .

T-
presence of a strong thermel. neutron absorber, suc!) as empalcal . shim,' '

. ;

tends to reduce 4 'I'- - - |.T 4 'km- . . . .
'

~ - It is seen that typleal" values of af and- / at room tarporat'ure are [
> 1 =l.2 cm and =6.6 cm. TheaveragacrIw fligh$ paths of thermal and -

,- h
*

$ above thermal neutrons ata thv4 =2.9 cm (=1.25 Inches') and =l6 cm i--

(=6.4 Inches) rospectively. Under operattn0' conditions, thesa,valuaa - [- * '
,

,

would be Increased by =20=5088 .. ;.
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* -. tr ,', r7 Assuming core dimensions of =12' high and 8' dia.?.etar, the variation

. .J of fast and thermal non-leakage prchabilltles are sho n in $
i -

. .. , %
.

Figure 10-11. As can be seen, therinal leakage is virtually *non-
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Q Figuro 10-II: Typical Variation of Fast and 1hermal Non-leakage
Probablllties with NH20/NyO for a 12' High, 8' Diameter Core2 ,

^

'existant from large present day cores. As owpoeted, however, bcth*

*u . .j , f ast ca.1 thermal non-leakage probabilities decrepse as moderator Is 1
- sT.- -

. removec from the ccare.
,,.?*, * , , . , ' '

,

4
'

- ('

- - . ~ v. '

Ithe*fest non-leakage probability is notrgreatly effected by changes '
,

'9/j . e :In. fuel.compositlon as the fuel burns since the travel distance is f!
'

j
. .. ,

',.,- .
. . 'M

determined princf pally by.the scattering properties of. the moderator, id
'';' ' .. Newever, the non-leaks 0e peebability is dependent upon the power dis. *

?,.N . :A; ,tribution in the core. That is, the more power that is generated on
*

,g ' T.E . ' ' . . the. edges of the core, the higher will be the neutron population on' '
(l

. '. ,-l i .
' , * * the edge of the core, and the greater wil.1 be neutron leakage. It- *

.,

- ) will be shown in Chapter 12 that near the end of core life the power.
* *

,.

* JE distribution in the core is frequently shif ted towards the edges.. . _

'
. .x - >

.
. .

' -f in theory, the' thermal non-leakage prger.U lity is af fected by both .
1he power distribution and the buildup of strong thermal absorber'

'. fission products. In practice, hc4ver . thermal' leakage Is already. .4' 'j,, ,
.-

"

-so low that minor varlations in it have no significant ef fect upon
' L[!

*'

.

.a ' ' , the reactor. **
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g .g,; .to fuel ratto.ls given In Figure 10-12. It c&n be seen that for low-*
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N
r

.. . , .r-. ,.

,
,

k decreases. rapidly due to the rapid docrease L LvaluesofNH0/Nuob,8: 7.9 Similarly, at high values of NH20/MJ02* t
92in p (see Figure I* i '

t~

k pg also decreases due primarily to the decresse in f (see Figure 10-5 1. :
e ,

.; There is an intermediate point whe.m k,,, is a maximum for any given [ k
1.; reactor and set of operating conditions. This is the point of g

'

. optimum design, for at this point the maximum k,gt Is acnloved for [. , .

- Q any given quantity of fuel. When !!,wy:;/% is less than ibe optl. .m , ?
' '. value, the, core Is of ten said to be uncar caerated, l.a. It has too !

3 little moderator to achieve the maximum kept. Ccaversoly, when I

,.;] MH20/N02 1s greater than the optimum volie, the core is said to bis '

,

ei '
overmoderated. i ,

t . t

.. Ti. ora are several curves shown on the tigare. The solid curve at !4"o
-u the top shows the effect of varying the volumes of |

moderator and fuel In an uncontrolled reactor at ambient temperaturo. ;

"f The peak will usually cecur at a water to fuel volume ratto of ..

; =1.5:1 to 3:1 depending upon the fuel rod diameter and enrichment. !
'

, ,

i The dotted curve shows the ef fect of increasing the system temperature l 1
*

'

, ,

- to typical full power values. At a given value of NH20/N02,the !
'

.# ' dotted curve falls below the solid curva due to the roduction in p |
'

I 'T caused by the doppler ef fect. Finally, tra dashed curve shows the |

d effect of dissolving a rather substantial amount of boric acid
"

l chemical shim in the coolant. This curve falls well below the | e
previous ones becau e of the reduction In f brought about by the -

C Raio polson. I'

* It is Interesting to note that In a core with ch'amical shim, the [,

,? optimum point ' occurs at a lower value of UgyrgNdO2 than In a core
. -j without cheetcal shlm (assuming the two cores are identical in otner .| . t

.

? respects). This Is because the rasderator contains a poison, and can L
' '

'

.i ce explained by the following reasoning. When the noderator is ;*

C pure water, adding some of it to the fust substantially Improves i,

.i p without significantly hurting f ftecause water has a low absorption 1'

% cross section). This results in an incresse In k, which continues r

as we add water until we get p pretty close to 1. In the chemicaln ,
6

.i-W.1 shim case, the addition of water helps p the same as before. But
"$ thls time the high absorption cross section of poison in the water L

'

i'

- f starts killing us on f (notice from Figure 10-5 thet f falls a ||-/ lot fastar with chemical shin than withoJt). T.'tus, the benefit we
] got from lacreasing p is much mora quickly of fsat by the reduction L .

- :.-|
In f, so the. optimum point occurs at a 10 er wter to fuel ratio.

[;:Since PWRs' a' e designed to operate witn chemical shim throughout truch |
r.

'4 of .: ore lifetime, this is one reason why they generally have a f ..j ilghter" fue! , lattice (l.a. more f uel per unit core volume) than U.f ts. !''
#

. W f* .
. . ' . '

'

,''
;# figure l'0-12 is drawri for an enric.wnent of about 2.6L If the :*, J

s
enrichment is inercased, the curves would all be translated upward W- ) ;

*

9 'since both f and p increase with onrichment. Conversoly, If enrich- '*
i gl inont is decreased, the curves would to translated downward.*
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EPITHEMIAI. CONTRilRJTIONS TO k g,
. .

- '

q
.

.~ The six factor formula discussed above sorsdat simpilfles the actual !

processes taking place in the reactor. The major ef fect which has been ;'

Ignored in our description is resonance capture in fissile material. .
.2>

.

h3en tne fuel rods are closely packed, as la the case In present day j
i

j reactors, tne relatively low andcrator to fuel ratto results in ine:m- ;

!
plate thermalization of many neutrons before they are wbsorbed. As a
result, resopance fission will represent a significant fraction of the

v total power - gecerally 10 to 201. Usually this Is accounted for by 1
.

*

:(j adjusting f .Ith the addition of an epithermal cross section to the j

- i numerg+or of equation (10-141. In edeltion, we have ignored the !

relatively small amount of f ast and resonance energy absorption in the |' *
moderator and structural materials. This it usually accounted for by ,

2. 3 making appropriate adjustments to the resonance esca9e probability.) .'
,-

I ,' Finally, boron control material (alther rods or boric acidl, which is'~

' basically 3 slow neutron absorbing material, also results in a small *

' ' . ~
.

arount of epithernial absorption. This is usuall) accounted for by an.

. . ,11'

approg lete correction to f. Thus, while It is convenient to retain
> .

g our simplif ted six factrr approach, it should be realized that tSe
~i factors must be adjusted somewhat in actual practice. Figures 10-13 and '

1 10-14 show neutron balances similar to that in Figure 10-2, but including
'. the effects just discussed. ,

-

'

REACTIVITY - ,, - Y
, .

*-

:W.). E ;' . ' T |1 Reactivity, e, is defined by the equation*

-[ L

' 4 9 . .:.),$ #"keH - 1 (10-15) [
m..- u: d] {. , , 'i,,'."#3,.

m ff-
..;.- .. ,

. .> .
.a . ,

.- . ! This is simply a new term which is used to describe the state of the .I'.-

.'i. td . reactor with respect to criticality.- It is more conrnonly used than --

*

kogg, but It really doesn't provide any additional Information. If k,gg'~
lb kneen, Peastivity een to seleulated from etwation (10-151e and vissa h,

#'1 * ,

1-
' *

. ,'^)| verse. t. . ' ' ,-- -
. _.

,

when the reactor is exactly critical, k,g, = 1 and a = 0. Under these'

'
g..S conditions the reactor is said to have.zero reactivity. Suppose .: *.W g

2 kogg = 1.003. Under these conditions, the reactor will be supercritical
- I

*. * *

and the power will be rising. The reactivity will bet* >

. C { . '. . *
. ..' .

. i' ,*9 a = 1.003 - I = 0.003 = 0.00299 = 0.299%
.

'

. N . l.003 T"WI '. P |
~

.p<, , .,

i
.- or 0.299% " excess" reactivity. 14ote that reactivity has a positive sign

" . '! !
-4 . . . .

Under these conditions the reactor is said to possess 0.299% reactivity'
.

y ;
*

when the reactor Is supercritical. . *, ,, ' gg
. , ..

. i

\*

'h Now consider a suberttical reactor with ket, = 0.997. Power would be *

decreasing under these conditions. The reactivity would be:
-

,

.
.

1-. o
~.

. . ....
.

., ,,
.: .:? .*.

, ..:
.

.

d'
.-

m. E

L.Q. 4':QQ4L%.5,a v.Xi.1'Q, .. q.%x/qS.W. ,:i.% .:.5:, :, ..;p.n:. g .:
- 3

,. ,. W .i,:R,. Q .kR %:... :? R. M...U. Q : ;%

s . + . ::: .- . , q .,m.. n . . et . .... . . . . .. * .. . . s__y ,, . .c., ,. . g. , ,wm .;, . , ,., % xg ... s. ,

.....e..,.,....f.3.... , . . .- . -
, * w ; 'g . . pr ,1 :,. . ;j.g,

....,4,,, . a3 . .,

.,,, ,cv
. , *.. .'- '

..... -. . % >. g e:p _- .
. 1. .. , .... g . . - ", . t.;,_.r p. . .,

,. ag . . .,.~.a ..9 .. c.,c . ., -- .., - . ..

g ". , .. " "* . *( # . . . .

-

n w a[0 1 4 3[, .
- .

, ~
.

_-

. c. . .x- y-Q:. 1.
-

,
t |

. . -.. . . . . - -- - ...:., 7_

.

|

|

J

I

.

=.----+.ww.r,w....-,,-.._,s.-e...m.m--a.-.-, . , . ,,.__,,.,.-w..._ . , y-gry.,,y-m.g,..g-_ _ _ . ,.-py-,w.qp-pu-.-,.-.-y,,



.

% 4 f.. ', . [ # 8.'^ ^ f ,. ch.f ,#' , , , . g
,

* . p g g
-

f

. . _ - - - -

.t.<,*.~.",.,,,,..... *- *.
. . . . . ._-.I.-..q--,.,,- '

...a, .. . . . * . . , . .--. .

.y
- . ., . . . .* a . . ' %, .. ;; * '. ' ':- u

.m .' * ' .
~ , m. .

~
.. .:.,

* .M J
.

~.;,.. y .' 9' g ;. , -..:+J. *." . O *. . .~. i .' ? . + t -.~. . ' .' ' ,' .% -. z - g.er.. ;c. w. ,.W..
- ' ; - *-e .. .h ; ca.x". : ..:.: :

*

. .m. . ' . , g . z:r.m.
.

e ~. .

.,.:. ....... ,,. .. .

....c
* v$. . .

.

. . , . - . * -.. . .

A M...e. ...... ........ .*MNE2M. . ~. + :
., . . . . w .. a:.: ..~...,m..: .;; . _.

.

. . . .. . ' . .
- '.~ . M.i.. . .:A. . :M. ,. . . . .:.M2salM55d...c.:. ..,.M.E'.$d.:~.s,.i. M in s @ A M. . c. ,.s.

..9~ . u . . %... :: , ./ . ..~..y - n.N. . :s ,.: . ..v- . w..- -
.

.. e. r ...c..-. -- .
..

Pb4,..,

.J. . . . . - . . . , . . . . .......;,,,..s. e-......,s.s . . . ,3. . .
- -

-
. . . .
- .

. ' .4. ,j. . . - . . , , ,
|

t
. .:.
c: . .; .m,~

tua sc . . . . .
1-

10-20 !' . ' , . ,
. .

W -

t, ..j a
. . -- [

--

.. c-

$ - to 3 h.

_

3.. ,
- - - - - - Q_

'-
r

a - a a n k:& . m.
-

i . ,;;9
. . , e,. . :, .- .. -. : ,..

.

:-::... .: p.
, I;z . . ~

.

. ..:+ ... ,..&M'Q.; .

' . . '. Mil ;

.

MW ,

e, v-..,4 . 1. 3
.: i .j , L,,

s. i
,

,
,

64. g

a. < iLra .

~

.'.]I
g

'
. , , ,

'

-
-

' . *. y. wls wsw < ! O e., t *

l,,,o d (.

2''IntSt.1 j fM
'

r'= m |.l.' *

-,. ,

,
-

8 .- NI NotSSt.d '
-

-
'

,

74tu21vM j e, i.y -.

.. u -U RN1MSdI $.
, " * L*

*]b; n .; NI Wolstad ! |
'

'** %. .j
,

a w i i
e i i

5
--

n J,9 1W1331vW . eq , in-| -

d)
j j

. . .
21:1u2J get 1 m .o a

|
gn:

W
,

Sho1W33 Ot u);M --- ,

a v< ,

!
' . . f. 0 14tusivH t -

311c.Sid N1 I g as go ,..' "10m I $ 88'
-

.

LM SN011"R38 (A'u)*,

hI a ; ~ i
'' WFianne i - '.. i .-

cuy minco3)-. ' , - ,g * WSvaru.stis ts i-9 -

CP (D to. ' . ' <,- -

Nt HolidB05ftV , I . !

, ,

h e
!J i.- .f.

"
|

w

. .i . ' . U. .--

N011J'JOSR't[ [ gg .

sianooud.-
'

,

. ,

. .r... Not%td N1- .e.i

2 i
.I k ,-, ,

e. . . ... .
32o3;.. .

'

2 e,. .
I i'

..

Holid ! O to g := n.*'
i

.

30y*Ayrt .L3N -

, o

*

~ ""~ l. T |1
~~ -

. ,
y

/ ".8I .' 57VIH31VW l
-

.

! D ** I ['. W.[ *103J,NO3 N1
"

-

*
't i N0 tid'dCS9Y I ', .S.-.''d'

* .t
ra

. .'q i
[ 1 A'7 S31SB3M'A 1

'
' tI}. . * .

'; N " - 3 -- - ' 'r 33no.1 Ol -

'

Nf904 CHIf%Q"th . I -

. .

<

g .. .
c,- , . ' .-. .. -

,

. .- ..- .m .s;
,

' '
9

,

.
. .

., ,

.. i
'

'- *
'

I
*

fan
'

? rs ga iw V. .

. 2,, t -
.n

d*'.k !|' ;E EI Q ''

LE13 O
[[sQ- O* , eg P'' 8

43a
8 :t j., $' 3 G .-

<.

C. . s :
.

2 '
... 3av%..

4.. 3 g.s %. .

; ;
'.:.<c-; c6. . a. :1 A a-a-.

.,g (*(v 5!$i f ;,. }
. g. ~

q U3* | ,''
- . ' ' l

, . . .q , . . .

r....,..,
.

.., t ,

.-

a ; ,. ; ( |
,

i.'; 4.. . .)
.

' .
.

r, ..
, y

t'C. , '-

' c,r ;. ~ . ~ . . .
- g * ,

t -n . ,

, y
-'" ." . i.~ ~ & . . . h D .. .'- . ?. D . C y .'.'"J '.. m'. , ,'.?;] ';' Q 7 : " m - ', ~ ~ '

: . . - q . w,.up .A. . . ..9., ' ;; .r; 3 :, . , ,' ' ; . 2. . . ,
. ~. '..g...tm: 2. #.s . o:y * . - .s. , , .'.P. x. ..., :.G ;

. T.' . .

;n.a..u. nu,,. 9. _,.v.
x. . ;!p;;; .,. . q. . c : < : &,, ,|.,

.

.

. , . . . . . . . . . . . . . a
. ..; .-';' t. _,, 9 . ' ' .. .c. '- - . .~ y ,

.''.4..
. . . ' . - .,4,. . . . . , , ; ;.? " . , ... .

.

.

. . ' .
;

_ .

....;,.....,.. . . . .. . . ., :
..

.g.,.,
. ,,c. 2 u. w .: ..

.
.... ,,. . . -.. .+, ..

. . ... .. , . ,. e .

..:...,..,,,,....
..

.
. .

.

.:.*.
. ,., s . . . - .,-..

v , . ..v ,, . . .

.,

. . . . c. . :, .. . . . ., : .

_...a,.y.~;,n.g{.w-ng.0 1 4 4 J.|
.

.

.a., . .,.r,.......m.a u .~, ea
. . , .

.
.

.
~' - ~

. . .

r - ..; 3370 ' . - .. 11. .

.
-

.u- * -

.v .- z. v. ' ' s, ,

I
.~

-
- - . - . . . _. . .

1
*

i

_ _-,_.__,__ ~~--_.- -- ,. . _.._.,._ _.- _,._,_ ,. .-.- - -.. ,- - - - _.. .__ _ .._.- -______ .___.______._________ - __ _ _ . _ _ .



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

|

l

l -

I
*

l .

t
*

,

i

l @^'733 * e.*f .(g,f ; y 4 . , , , . ., ,
'

| .

.
. .. v : ' ? $ ". * Q - ~. , { K ' ~"-'. ->4L.g.p. - * * * *

.

. . v . .-|:~;; |a .'.g . - :. . ;.. .u. . - .., .' .| ~ - ' ' .
.. . g... . -.,.~

, .,,; - 2.
.'

%. ~
:.-.w -

_,_.
( .:

- ;r'.-u..,.sa.~.-f, ;' .c .a ~ ;. s :. = m3 * .:.c * , .g3
..v ;s :

. . . s = . . . .? . . :; %2,..,..,..,..y.''.h:- * r.,,.;= *: --

*..-v .
-

: . _ , _ , ,_ f q.,:~ g:X.; * . +.

9;* -: -

, G. -* .@*.* * ~ . =,

- i.., ,

s
;- . -;3_. , .. = s ,..... *, .~ , . , . -O -

* * r ;,
|

- .. . -.*=

. . , v - o/ ,,,, . . .w <. - . . ..2 .; -

-- . > em sr T.-1 Q, , .. xA._ ,.g. . . . n:n . :.c , .g. :- - ' *~ . .: . . . . , . . . , . .
* g w ;* g . , , . ,

, ,,4 pg,g p- * . - .
M

A
- .

.4

'.9 / i

; . . .

ac

t9 ,10-21,

*.- -

'
.

~ ' W . .

eh j .a )1 O Q
. O og 1m 8 "7 . I.

"
. ..

- S- , -

it I

- fj Ig d I '''
.

I ,i
o-

gI
-

i

,

W
. S n.Jt '

: .. s
&a * i?

2 $~%n8
UN.s i.2.

2 n u.W '

-
.

t
.

0; 19te31VN p 4 J 0
-.

. .

*; aus.sid ..
.. .- m 5 a.-

y !Mt holS$1d''
'

.
.

'
1 TIM 31W4 | ei

5 ti.lB3d | $- ( g
~

bl NOtSS1d ; *
., - |.g. .h 7tl%31VY4 i a , m - ,

e altland m - m . = , r- e .
- SNOL*T33 (dit) { $

-

~
' E~

3; 74t33.LvW
. g
j Ni eg, - ,

gsmssu m : i n_.
* .

i 9 013938 (A'u)
*'

a -_ ,
.-

7vknt MLS o
.

(* s7vnuslyW o

,
- J$'. ' .I. 7 gg*(nv .tNvice .

= .w*
'a Wl* NedMOttW 9 .= *

; *
-

>e 6
- 3.L3tM1044 5 e m *..?'''

7' tecilit.$ H1i (4 G3 S ' # . 'Ti

$ NC11JWQS9Y > ! ~ E '.A.,
f

.

,
. ' , ' .

- I

7 --.
~1 330J) e-

_

wegg o in 4_.
--

-

,
,

,.- 31VMV31 13M ',
'

* e >

S1W1831VN ) { {',
d ''

ioalNos m 0 :
'- -

.

youdactett I ....l'' |
""'o *'

. .

I
~ -

. e' Sgicy3M3 k
m -

--
.

t . , .

,

,

*f. S .;. e
' "

. Mt94 cmmo1Sp h, . . , -

'. ;
E

i. .* .. [ .,. .- .
-

).

-
.A * ' n 2 *

.-

. '* *.. s.
t

[' g o.j . , , . . ..

. .
- -

.. ,g n. ..

.. - -; . a. ~f - . - . n _e
.

. . .

@ 4 9
. .~ ~

.
-

. . | T gK hgC .

-
.

', : '9 -

GIP 51 , Is-

'

; . 9 .

' -
'

, , ... .. .
.

.
.

,

.- .

.
- ..9 g . . ..

. ' -
~ ..- - ..

.
, .

...- g.. r. t ..
-

.

.
,

. ... . - - e. . ,.

, g/. ,h . . , .
-q ...

f. .F 3**C. ..

.. ..- t .. w, . ..,
. ,3 .

1 __ .t-

?
- ,- <' f|.? .i - . f. |.O, , . & WWQ.W$;.h &SK]ME -|r") ?,{S&|f5QIQ.s;E(TE.k i T.!N!;'. 5, ii'. I. *.

'

v

g,p .y*.,0, t .; , A.r q ,t./.,(p*. T'. y.,;, g . y e, x ~ ' . ,. .. .m.cn:# ms.0. n -

.. w .c.+ ..+. y|e .:.c..w::e... : ;eg.:, ::,yu i:...v.m{s wfypy.y . p..v.s . .. ... .y ?-c's
.

g,. 0.8 q<,: s.,; -

.. .. . . , , '. |
-

- , , ,: .y. ;, .y ~. p . . *
, ,,.g..,

.

.,

f.
. # , ., . w.. w . .~. . . .,w&s.jw.g,Was A?'s .*t *f;. . ,;,q.t

- -' .e t .s,-'. s q A p: p,;.. . .e..y'. - ., a..

v...t :. t f .3... .

.f . fL. .- c .4 .

, ,, s.s,- - g .;. ,4,,- . , , ..

An,,(0 1 4 S p. ..
..,..~.~~r.~. 3 ; 9. p: p- -: '. y,*

~
..

_z
.

. ..

'
-

. .- . . .

.E..m
.

. . .
.

- ..: . )3Toe -

...
! . . ' + , ] .A -

,

s ,o-
'

*I, ...

'|
-

_.-

.

.
e-ww - --- - --.v-,--~ ~- . ,. w--v--e,-ew&--,.wmw---www-ve.w~,--- - - - - - --m---w---=------w----- - - - - * - - - -



- _ _ . _ -_ _ _ . . _ - _ _

t

i

.

.

1

i

.:.$ 9 . :.c ,.
. -

., , , , , i
4. '

.- V ' .- : .m. ~:1-. . ~ .e. p,
.

. . . . ~ . . .
~

.

-O . . . ir:%q' J. . ,; ; t:" g. - ? . 4. . .'. c::. % .', , . | v;.m.. : . .g;.: c ; e, ;r - s .a : a . . i. ;0; i

. ,.. .- . '- ; .< . -
.

,
-

- ;; W ^r...- |
.

- . w ' 4.y. m:m-N p;~,y.t%.=.p'.W;q. m.k 2 J.y :;; . v.3.n.cy::m:c& . : Yg.s ,-;ygggg,.,, 4. :m. . .gu,,.;., g,u..yg . , g g...

.~~. -~ -

- . -:-- ^29 : : 3.,J,;m.j .Jga.
.: ~

. M : w : . .w. . :. ~ .

.o s...;-
.

g j. f, ,g.,g
. >. g2 . w

,

m_2 .
. . . ;. j

....m .m _

-

, , ,. , .

- ---_.,...,....,,.....,,..,,,,,,..c,.m.,,,n3f.- - - - , - - -

.
_

.g . . . . ,

.,
.

..
<.

*p go.n - - <

.
-

..i
. . e

-

.

a
,g*.:

. . .

&- .

|-

'W ~
p = 0.997 J i = -0.003 = -0.00301 = -0.30!$ Oo.irn -'5''53'T '

. : ;.0 .
'

. ~j ~

'3
- Notice that when the reactor is subcrItical, react!vity Is negative.*

In this Instance the reactor is said.to pcssess 0.301) negstIve' "

.
reactivity.

', 7. ',-
* . . , .

;i The rules concerning k ,, sad reactl.v3 4 en sewisel* b 7.sSie I.M:

beIca. -,.-

:T
. '.j TABl.E 10-1 . REl.ATIONSHIP'OF k,99, p,'Aldo P.EACTOR CONDITION

i
g

9 REACTOR |
- ," M CONDITION ketf '

e'

.<
. ~ . , . .-n .,

., ,C Suberttical' '+ <l.00 nogettve (<0)
' '

N:. .:?)
*

1. : 1.00 0 1,T Critical-
:f..

- '

v . . c):'.
. . . ..

. . k. .L.;a Supercrit.lcal .'>.'.' >l.00 positiwe (>0) .5
.-

Reactivity is o[te'n given the symbol Ak/k instead of p. In this context..
-

' I'j k without a subscript eeens k,99 The symbol A (greek letter deltal is
;$ cor.unty used in mathematics to meen "the change or ettforence in." Thus.'

'

'T in this case Ak means"tI*o dif ference In k gf with respect to critical."
.

.

. .g or ko g g - 1. Since kit, is usually very close to 1.00 numerically, and gL
sInco division ~ by I,00 does not change the valve of a nueter, roectivity. t &j ls otton approximated simply by Ak rather than Ak/k. In both of the twof.y.s previous examples, it is 'seen that this approxleation would have had a

W negligible offsat..on.the results. Mswevar, care must be taken to avoid-

.. e .. w m -

differs significantly frem.l.00c in sumary:. .,g this spproximatI(a. W kett
.

.

~ .' y%:D . " . . p ,ko t - t . su c ':. .r> ' ; ...

%p ^*wu1 . . . . ..- . . .. 3. keff k - ,

"_ ,w. ~..

..
., . .

,a. ;y- ,

. . .

- ' . . . . y) which,for valuesf.of K,g g close to 1.00 becomess -
.

.
. . , -

.' .
. .

s.. :o.. ,. ~ , , ,-.

,. , .5. 'j ~ .. i .. .. . 7, Q p*kaff -l = Ah .- ...'..,.,y"...e,..
'

< v .. . ..: . . . . . . . .
.. - 'g . .7 e .~ .; .. . ..

...,"*3'' '

. ,
.

, , CohTP01."n00$ .,. ,

'~Jb - . ' , .2. f/ ., .. . . . ..'-/ ~ .
* 'M .in order to operate a noclear reactor,'ine operator must have the*

-*
, . .

' - 3
' .U [.q capaallity of varying reactivit'y at will ,Ithin certain practical limits.'- ',

. J
h Control rods have tradificnally been the rost important daylce for

|this purposa althougn In present day reactvs their usa is being ' - ;,7

supplomonted by such devices .as tissolved corte acid t.nd varlable g- - '. 7
.

*

.' . ' ' --*- *
*

speed coolant pumps (toth of which wil'l.te discussed in detall in later .V . , 'J # t.: . i j
'

' . *'' ' pertl ,ns of this manucl). However, cont.rol r.ods still remain an ;-
* .

-
'

., j Q 'Impartant method for regulating reactor poner, ' power dlstelbutlon,
and sast inportant, prcviding the capability for rapid reactor shut- .

,.

J down. In ihls section we will discuss. tne. principlas which govern thelr. g. , * *
,

' - - F. ,3 of fects, while in later chapters we will consider thelr use in the. g
.. 4 overall picture of reactor operation.
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Both BWRs and PWRs now use control rods employing boron carbide as the
y

f poison meterial . Their performance is based upon the ability of the
k;| l

themal neutrons In accordance with the equations Z<

9-boron-10 Isotope to absorb.

Ll?+ 14 The alcroscopic absorption cross section for hbisreactionis381be".
818 + gab 3 bsens.1 The principle effect of control rod In-. .

sertion is the reduction in t* a thermal utill:stion factor as discussed $,

previously. bever, tne f act that control rois 3ra locali:ac pcisons, f.-)
.

and in general are not. uniformly distriouted throughout tne core (in contrast, Q*

>

- for example, to chemical shtml gives them certain uniqua characteristics b.e ,

which will be discussed below. G;.: .

)

|..

h.4. .
'a

As one algnt aspect, tne potential strength of a controi rod depends pel-
' !.

T
I.' .1 tlmarily upon the percentage of the total core thermal neutron population ,

'

] In other Mwhich has a reasonable chance of Interacting with the control rod. @ '

.5 wreds, if a control rod is capable of ansarbing 50% of the neutrons In the
%'.E |

9

~ d core, it will be considerably stronger than a rod which can only absorb
j.

' d 10% of the neutrons in the core . wur task is therefore to Identify the & '

3

f actors which will af fect the " absorbability" of a control rod. q'

fe. ".,j .

'f
Sinee a control red Is a local 12ed pols 9n, onty a lImlted mseber of Q,"

,

W:'

neutrons are available to It; camely, those which are born close "

enough to the control rod to have a reasonable chance of striking its
.. .,

.]( surface. We'have already mentioned that the average crow flight path %'
. ,

' A.
! ~ length of a thermal neutron is related to the dif fusion length, tT, and - $is on the order of i - 2 inches. Thus, one would expect that the bulk ,d

Esiof the neutrons absorbed by a control rod were born within 1 - 2 Inches2

.{ ;h!
,

-$
' d 1 BWRs have tradtflonelly used B6C control rods, but until recently d :[

*

[5
.:

:) PWRs employed a silveq-Indium-cadmium alloy. However, the pro- .. ,

hlbitive costlof' silver has resulted in the adoption of 8gC for ("'
;

i .: new PWAs. The mejor dif ference between BgC rods and Ag-In-Cd rods d ,k:1. *

! W
H is that the former. are almost exclusively slow neutron absorbers,

ip;!

.'k wt.oroas th&. latter, absorb en ap;reciable ember of epithermal - -, ,

f
-

neutrons dueA to Ag and in resonances. The general remarks'In this M
[ {{g

i, .

section; howev'er, are, applicable to both types.
.

lh

j .
- '

j .;J - n
D-

s u Naturally or' curring boron is 18.8% B-10 and 81.2% B-11. The
,

-

' 2
microscop,e!. thermal ' absorption cross section of natural boron '

d E.Y
'' J, . * lj .

*

;M .
Is 755 barns. g j. ,1 .

;'. v
,,

($: 4 *

1 Note.that c'entrol rod 'strengrn is not so much determined by the
A 7f ~f

| . ; .A absolute number et neutrons which a control rod absorts, but'rather.q..

[-[.!
'

Thatby the Forcentage of the total core popplatibn which It absorts.
-

Is, a rod which absorbs 200 neutrons from a core containing 1,000,000 i; ., ,

neutrons will be considerably weaker ttian a control rod which absorbs y yi0 (; ,,
,

100 neutrons when the total core population is only 500. Thus the student g e;''." *

,
''

should realize that control rod strength does' not necessarily increase
!.'

Qt,

pp ., '! when the reactor power is ineressed. .
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.f'Igura 10-15(a) shows a schematic diagram of a typical1 of its surface.
'

!r.A lattice cell, In which a cruciform (cross shaped) control rod is .

surrounded by four fuel assen.blies. In an actual reactor, this lattice
cell arran2ement weele be repeated over and over so that the entire core -

--

might contain as many as 500 fuel bundles and 125 rods. Tha dieensions 1,
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.'j Figure 10-15: Region of Influence of a BWR Control Rod- .
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i"[! shown are for the Smboldt' Bay core. The region of infle;ence of the* # ' ' '
- .

If1 -1"] control rod (of ten called the absorption area) would thus be an envelope
' ;

#
.

'+ surrounding the rod as shown In Figure 10-15(b). Theory shows that more
I precise results are obtainec by taki.ng the thickness of this envelope .

' ,{

~~

||
'

M"'%
to be I.T rather than the total crow flight path (Ly Is 41$ of the crow *

flight path). Thus the percentage of the tot.al cell which would be ,

under the Influence of an Inserted control rod Is given by i

m... . . . . - y
.

:
,

:.. .'

9 Volume'of Absorotton Ares Envelope Surroundlocp Rod , l.y 5, .[
'

,

J.' . Total Voluf34 Of Cell VCell , !
-

.
.. . , . . ...

. . . }
.

' .[. where Scr = surfaca area of control rod = (perimeter of rod) x (tenftn' . ;
. T.W . - , of rod)

' t-

,

? ,
-

,

:.,
. . . .

D'd V,,gg,= volume of la'ttica cell = (area of cell) x (length of cell) , i
'

,
q .' .. . . . - . .- .

g, .. ,

';
.j ,e . .

..

)4 i.f
. Ly = thermal diffusion length',

- .

* '.

'

* The above expression is applicable to a'strD o controlled cell. , Since a }l
'

{ $ real core contains eany calls, some of which raay be controlled while . c,
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I 1 others remain uncontrolled, it is more appropriate to generalize andc. .

say that the percentage of the core under the influence of any control,

!
''

.

'*

I . rod (s) of Interest is given by:s .

*
b.j

- ,2 Volume of Absorption Area Enveloce SurroundInc Art o :!s

w. ,,
- .

i .1
.

o of inte rest _ L7 S.,.
. foral tolere et C.sre i: -[.j. ~ d ger,.c,.,

where now: S. i. > l '.n ep = total surface area of all conMI rods of Interest'. . ..j ente
.J

- V = total core values. . <' ' ' 7 M. . .

Now that we have determined how much of the core volume is influenced by|
*

the control rods, it is necessary to cetermine wnat percentage of the
s

**j . I, '
core neutron Inventory is 'ilkely to be found within this region of Influence.*d*.

That is, insertion of a control rod into a region where th.ere are manyM'

peutrons could have a s!gd f fcant effect upon the reactor,iwhereas Insertion./. s-.

of control rod of equal physical size into an area where there are v,4ryi* !

'...a -d.

few neutrons would not be very of fective.*

1..a . '3 In Chapter 12 we w

12f N/. . $ the distribution of the neutrons in a power reactor core.In lli * onsider;@$$f.h c: L ..

a few qualitative remarks,are in order at this time, de't' ally but *
. , -

neutron density near the edges of a reactor is somewhat leker. thai Inin genera Q the ,
- '"

.'3; , .
.

~- j the center.
The reason for this is that on the edges of the core many.

neutrons are lost to leakage whereas oautrons born in the Interior regionsl.] ~
'

; are trt likely 'o leak out.
might repect a control rod Inserted into the center of. the core toThus la the absence of other ef fects, one.

.,
, , *

..

3

absorb a greater percentage of the core neutron population than a similar... }
.

' 'S.

sized rod Inserted near the edge, and in general, this is true.* 0-

-

any given point In the core, the concentratinn of thermal neutrons is .

, . At
. '. i. a

-4

measured by the t>ermal neutron flux, ey (see Chaptor 73. Thus the
number of neutrons which arm potentially influenced by the Insertion of1,. .

,

a red Is proportiona! to the product of the volume of the coro Influenced,'
"'y

by the rod and the neutron concontration ulthin this volume, or Ly S'a
in this expression 4 gp (y

,
'-

[j. '. 1 ., the rod (prior to its, insertion).is the thermal neutrpn flux at the location of ,ge.7 e,

~

By similar reasoning, the total . number ,

of thermet neutrons In the core would be proportional to ,V
'- 4. . . . . , .

eer,ty'where +1 is the average therm 41 neutron flux throughout the cd,e,g,' peg ' . f|Ji
Thus the'avEcontage of the total core neutron population which a control-f y] .'] ;

pe re '.

rod or group of rods Is capable of absorbing is given by:
,

e y ,. .. ;,

if ... ),j.$.
. % ". . c".hi

.$ 'M-

g f ~*hx ,

A. '*<%. .%Q
I

,

core 7, avg. . core T, avg
;*,

m..

.. $ N
,. .

S ]k.3. '| . .)

'
,

.

c;.
'

Ther'e is one more ef fect which must be considsered before we can det'e'emine
).

!f. ' .
*

.of the neutrons which are absorbed.the resctivity worth of a control rod or rocs, and this is the importance
.

2 |- -

I1;Q."<g* .

..9 " 'of a neutan near the edge of the core. Consider, for example, the absorption
'r-

1%.j,d
.

.
1

If the neutron had not been
absorbed, there -Is a good chance it would have leaked out of the core and -

.d,;d.
{ $.-,

cean lost to the chain reaction anyway.
;,

g. ;,3
.'a Tnerefore, the leportance of this.. .y ng,. x; .9 ... .:.3, I . .

~ . .
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On the other hand, a routron ItI'the conterneutron is relativel'r low.
of the core has a hi p probability of evsntuaH y being absor' bed in fuel
and is therefore a valuable neutron. Thus two rods which absoro e @al*",

fractions of the total neutron population may have screehat different:.
'"

reactivity worths dependtr.g upon the leportance of the pa.ticular neutrons |

th.2, a pture. Tus probiwa inen is to sec. enow tw.tify which see le::ortant !:
neutrom., ind which ci a not. To Js thl i, we will 3 sum ** int.t r.qlo...; o f !

-
-

l the core which have a hign concentration of neutrons must bc regic,ns =here g|

a lot of fissions are taking place and must therefore be important regions. {3',

.

Conversely, regions with a low concentration of rieutrons must be regions3 .

'; whcre aany non-prehetive processas are occuref n; (loskaga or absorption
T hi.s-

In poison materials) and must taerofore ba rotatiwaly unleportant.
,

'

It can be reasoned that the importance of any par;ticular region must be
related to the ratio of the thermal neutron flux in the region of Interest ''

to the average thermal flux throughout the core. Therefore, to complete !
, our determination of control rod worth, we must multiply the number of

/4f avg *ibed |N f' d I"neutrons absorbed by their relative Importance f actor, 47
-

T., "j; other words, the reactivity worth of a rod or group of rodris descr
|||

*q;;
-

by the following 04pressions- #

.

.

.Tw

a ,

,'h h Red Werb ($k/kl * l.y x S 'r/Vger,'u 4g,gp/67,avgI8 IIO*IOI
i

.

g

* * W, The implications of this equation will be discussed in some detall 'later ' *

. . .
.

* m In this chapter and also in Chapter 12. hswever, it is Instructive at thisNa'-
'-

. tire to calculate the control rod system stror.gth for the Humboldt Gay g
'. -

core with the lattice structure shown In Figure 10-I5(a). Thora are 32 W+ .

'

of these celli In the carel. The rods are very thin and so the perlmeterd '

:[ of a rod is approxicietely equal to 4 x 8.75" = 35". Int.tlally we will ass'ume
- ,j system temperature to' ba = 70* F, so LT = 0.5" (= l.2 cm,.;see. Figure 10-101.

-

2 = 121 In . The. L angths' of 42
The cross sectional area of a cell is 10.5

.. . 3 both the fuelf and the contro'l rods are about 79". .Jhu'sf.,*..g .. t
d; ..

.
. ..'.. . .

.. : e ,..

-,...y - (123109 02) -
, . ' ' .' . I

, ,

. ). .

,

C <3 l., x 5.. = 10.51135)(791I32) = 0.~1'45 r. .
- .

~
-

*
...

-

s. :j vcore .

' .

P.'cj Since we are considering a case Ghere rods'are Inser'ted into every cell,
j,, . ,

r;
-

'

' sceo will be Inserted Ints tugh. flux *regl'ons and.scme into low flux .

.. - M, , regions. These will of f set"4'ach dther a'nd for. the ' entire control . system, -

,

tj =.13. Thus the rasctivity worth'o} the system is
- (er er/$7h)44.55 ok/k.

*>
appfoxima That is,'1f keti'= l.,200 ,lth all rods with--; .

'S
drawn [i.e.., p = (1.200 - I)/1.200 = 0.163), th's reactivl.ty would ba

.'1
0.165 - 0.145 = 0.020 with all reds Inserf ad.' ^ This Is epivalent to.

1.'. k gg = 1.020. In this case, the reactor would t.tllt ba supercritical
o,

1 . t

. . . .
. F|

. . .

.

1. s , p.- e .
.

' ,'* 7g I. Actually, In tha'Homboldt core there are several' b'undles around tne.- : ....

This . ~ . .
*

;C puriphery which do not have cutrol rods associated with tharr.. ' * -
. ,E will make a small in:ressa in core volume without making a corresponding. , ,

' *

.''
, ' ; ,y increase In absorption voluee. By neglecting these bunales, our "

ealaulated t'od system *4trength will be somewhat high. .. .g .j. -'' ' - . ;
.

..- ' - .

. .. ,
.

.
.

.. ,
. . . "*. < * .-

.

., ~. .. 3 , g. , ,. .. -
.

-
,.. ,

>

, .. . . .q . . .
.- . .. -

. .
.

. .- = . . ,.

I
'{ - Q { .V* QU2"@-@j'-|:.,Mi g y,y '#4 $ W '-[ggyQ7 '? -

. n. .. s.%L M s
*

, . .
:.y . . p .. y g g w y. r. g ..;.:. ng;.m. y.. .:r::. ~ ,. a . :.,<. J.'a : r . n.a.. . . ::. ; ;w,x

w i>- - -
. ., ;,a

v. , ..-v r.e~
. .. . . .

~ '
.

.. - - ,- ..
. . . , p m.; .

.w
_ ., , . .- _

- - .
-

13 70 [0 l 5 O[- - > a
r - L -

.

- -

). :- r 6
. . - . _ .-

,

i

.

.

*
---e-. - . -m _._._..,r,,.__% .m,.m_,______,m%... _ . , , . . , , ___,._,,__,,,.___,,r,,,, . _ _ , _ _ , . , _ _ _ _ , , _ _ _ , , _ _ _ _ _ , , , _ _ . , , , _ . , . _.



- .

I

l

l
'

t

l

.o p.*'-' . 1 ~
-.

, . ,,.c , .s.- . v.u. '. r . s. ..

.

. , . , ,~na._.4 t, p.g:m. .. . .- ;

*. . g ..y. .: . . ; 7 e ...

w . h.- c$|. . D-$;4. .hs $".f} .~;'*K~.&k$' ..$. 2. . % .L 's .'- ,
-

.,s,.

...'.4'.
, ' ', .:.

-- . * . . .n.- ,

-T;.. . m'm'5WJ A :'W-
.

~ . . .;
*

. . ~ ..

. . . . , ,.,(,/* . . *i.**. , ' . -, * . . .
. .

. . - ~ %.t. U .
*~~ .-

.. + :
.~sep. . M. . . . . k.~ : . **'r .: ?. -.

. ? &.?.c..r.. T.u.;.y. A:n ,,;.; . . %
- V...; . M..-

. aw * *'* *y- . ;. .u a . .~.^Q-.'? *J;
'

g.
-=

%;*N i. .W;::: ; .e.g. .. ,.r..-

. . . . . . . . . $m.M.:.% ::;n V,'w*: ; ; w.u .:.
',m.a n...v ~.W ~ v. ,. . p, i n 'A,, ; .,.a

* -
.' .-.-,..<n m

ce .. . . v
- sa . .. y .

...

M- . .a.
..

.g-

. . .,, q cy.-: > %,.. :.
. 3. . . w. . ..

. au.
3,.w.z

J=**%+ wa:? Q .O
.:._ -.. . .

'

2if$hi$%%h] $ ?C5N W.ME W S?'$@ N , y" ":f f":.s.....a.?'.. M.t*%.*.%MD.'W:: % W. . . ;c.
.

r - - :. . ,.. -

-, .
.; ::- " ~ ' ^ " ' ~ ^ ^ ~ ''

, , mo i,

t.
. , - - . i- .

t
. - . - . ,y - i

..

* ,

- --
. .

4 A ..

| 10-27 .

-

h
with all Peet in64P+48. and same supplementary * ontrol scheme is obviously0

required or the. plant could not be shut down. This supplementary cor. trol
as discussed in Chapter 9.could be chemical shim (PWR only), burnable poison reds, or polson C.rtains,

4 .. , ~ $
. . %, ... .- .

. ..

It may be confusing to the student how exoressica _(10-I61 relates to
.

"
.

gmtion (10-1M for tha tha. mal utilitition hator,
.

-

eu l t y t...i

sidering the centrol rods.tns. at ut!!!2ation f actor is calculatec from 110-86) wi tncur con-;

q factor which accounts for the ef fect of the rods.'Then this value. Is a=ultipl-lee by a correction
M
9

to determine the system wortn In the above example for the case whereBefore temporarily leaving the subject of control rods, it is of In' terest
,.

j-

- :s the system temperature Is = 550*. F. The only' difference between theM
70* F example and the 550' F sxample is that I.y has increased to about1
0.7" (1.8Sem).

,

.g to about (14.5)(0.71/(0.5)Thus the control system strength will have increased
' '

.>

.s = 20$ Ak/k. .
|

.

,1,.
.

NEUTRCH SOURCES-

., - -
.

The questfon Is often asked as to%here the first neutron ricossary
.i
''

to start a chain reaction 15 obtaired.
always plenty of noutrons available from natural sources.The answer Is that thero arec
most important of ,those natural sources ares Among the.

U.~d"
' Cosmic neutrons - The eartMs atnesphere is being continuelly

1. , ,

.b'

'. bombarded by cosmic. particles from nuclear reactions in the sun
C

.j.- , f.* 1 +

' W dQ . H1'gh energy neutrons"are among the particles reaching the earth.'s
,

" '
. -

g

M:. 9$j
surface,

At sea levelcthe cosmic neutron fi .m is about 50 *
,

*
-

i

* , negtrons/cm fhr and af,'en elevatten of one mile about 300 neutrens/
,,.

.p? ,Sp '/.l. .r p 9, %, .,
--

.

.s ' em"de..

. w: *
.

'
. , .-

.d ', ' ,fi|.;;y
..

' / ". ,

..

2
Spontaneous fission - The' l.sotopes'of uranlum are unstable enough

.
.*,;. . ' ". -

to have a small chance of fissioning spontaneoasly without capture
"

y,s

of a neutron. The process is not very f requent, but does proceed.- 3 at a definito rate In say mass of uranium.CM,I . - . J.j
.

7he rates were given
in Chapter P as 280 and 6300 fissions /sec-ton for U-235 and U-238

'

." respectively,
spontaneous fission.in each case several neutrons are produced for'each ..

' ^-
In a large power reactor, where there are

*

several tons of fuel, spontaneous fission is a fAfrly significant
-

neutron source. ',

17 tons of U-238 in the core.For example, the Humtoldt Bay reector contains about -.d
therefore bei. The spontaneous fissica rate would

*

,
"q. . .

|- i,. -
. .J - ..

'

..
-. !

(17 tons)[6'300fissio'ns)
. -

..
_ , , g ,gy _t_l.ssionse' .., -* ,. ~.M (secHton).'

sec.2 ,y . ..
., -

on the average 2.19 neutrons . ore iditted' '., ,
, . .. .

W
of U-238,. co the spontaneous fission sourc. for' ench spontaneous fission -g

*H -
'

hw ..
, !

6 strongth -Is = 2.3 9 x 105 ,
'^

. . .- ? neutronstsact
.

,~ 3.
Photonuclear reactions - Af ter a water mcderated reactor has been

. ..

-

operated for a time and therefore contains an inventory of fission
*

*'
'

4, ,

.,n...cm. .
- ~

.
.

U
.

.
-

. ,p+
.
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i
j, i

t ;

|b h* '

j.

producis, high energy gama radiation reacts with leavy hydrogen h4
l

. ~ < nuclel to produce neutrors In the following react (cn: ,s - | !
-

. .

. - - %-
.

1
~ ~j t+102 w gut + ont (10 17) ,

-..;
<

.

$ This is a threshold reaction, requirIn3 a min * mum grea ray enert;y I
O - . Hc# of 2.21 cav. The atont or this reaction in a 11p.t ..trer mheced ,

1 reactor is limited bacsuse there is only coe ufora of nasvy hydrogen f !2 1
- .'.y (10 ) per 6,500 atoms of ordinary hydrogen (3H 3, ; 1

'

3] Therefore, la any nuclear reseter there le always a sussly of neu+,ses O f

'

.; avullebte to initlara e chain reaction. In spite of this, uwarly all /.: reactors built to date have self-contained neutron sources installed in"

their cores. The rosson for ttils Is primaril/ s matter of safety. In'-

0"
- order to control the reactor properly, the operator must have an indl -

,J estion of reactor power on his nuclear Instruetntation at all times.
.. This is particularly Important on a reactor startup because the operator *

''
, i is withdrawing control rods to attain criticality and he must have

j some Indication of reactor behavior in order to I;now when to stop. If
- ;t the opers, tor were to withdraw control rods too far, the reactor could.- ' be mande highly supercritical and reactor poner could begin to increase e

-
at an undesirably high rate. The Instrumentation that the operator '

e*plcys to monitor reactor behavior Oses detectors which are sensitive

O to the number of thermal neutrons at the lccation of the detector.
The detectors are generally located outside sf the reactor pressure9 !, vessel, and therefore, the neutrons must traverse a cordicerable amount
of waten, steel, and other materla ts to reach them. As a result,j there is a considerable attenuatica of the neutrons as they traverse

.E
- ~ -

the distance from the core to the detectors. The neutrons presene . .

In the core as a result.of the verlous natural sources are more than[. suf ficient to Initiate e chain reaction, but are generally not plentiful
-

*
''

'

enough to provide a sI nt f tcant response on the "out-of-core" nucloarD
'

,. a Instrumentation. Tho lustrumentation rnadings are so * mall, that
'

olectronic noise, etc., can completely mask any changes in the readings.

that result from control rod withdrawals. With a source in the core.,

.. ~ the neutron population can be raised to a point where the Instruments
.'

present a true picture of reacter conditions even though the reaJor ,i
.

. may be completely shut down with all' control rods inserted.
< ' I9 .

. . .

J |1. Operating Soures.

S ,,*
~

,

|
., , .

. .

.

There are a large number of nuclear reactions which will produce . ;
- *

'
.*

neutrons. Ibwever, both PWRs and DdRs employ a source which is based '

*-,

.s
, ;.

, upon the photonuclear reaction . U.
+ =

tj
- y'+ kBe9 i n Bes ,ent

f.;!(10-1831
.~

*
,- . -

,

}
.

. . . . ..4 1
*

It is of Interest to note that De-8 'Is very unstable and Irrmediately , ,

-docays to two alpha particles. . -
'.'

y .

.o+, 3|, * * '

d '* *

4-.
H

'
g *

k *
. ;..
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In Chapter 6 It was shown that this is a ttrashold reaction which.

_.p requires s' trinimum garrris ray energy of 1.6 mev. Therefore, In order [1 to make the source morA tnere cost be a supply of high onergy ga'n'a.a ;
<

- i . 2 rays available. The material used for tnts purpose Is antirnony, which
i occes In nature as two stable isotopes, $b-121 with a 57.25% abundance

. t' ''

{
~ _. . ent! Sb-123 with a 42.7 M abundanco. These stable isot,cos, whei exposed" i

- to a. nsuteen flux in a rcrtor, t.r.sergs in,)) . e. t i ns. Of I.treru t !

is the reactic.n =l th ic-125.W !
,

i
- 14 2c $b!23 + tn : $bl24 ,y glo.gg) |j 51 51., g

, -s

M The isotope 50-824 unde goos 2 decay with.tho omissions of high#

onergy germa rays (* 1.69 mev) of sufficlent energy to cause the
o *: neutron producing reaction with Be-9. Its half life is 60 days.,,

' . <''

35b124 .I.U2 w EO d
* '

T 124 + ,l.a + y U .6%) 0 0-2M52 e.

'

; Y Constru.:tlen details of the cource will ,ary depending upon the partl-
cular facility. At Humboldt Bay, the source is in the form of a ,,

f
,,

cylindrical red of antimeny placed in the conter of an annulus of beryllium.
'

Ibth the antifrony and baryllium aro encapsdated in stalnless stoel..

j j to Improve corrosion rasistanca. The entire apparatur is contained
|

'
'

O.,
' g in a dumy fuel assembly and is located in a spare fuel assembly locRtlenj . within the core. In pressuelted water reactors, the sources are

r:
J usually Sb-Be mixture pellets stacked in stainless steel tubes. The l'

.y tubes are the same diameter as f uel rods and are located In empty
e

l;'
t fuel-rod locations of selected fuel bund;as. ;

-
.. ,.

e ,

'. d Before an $b-Be source will work, the antinony must undergo irradiation ;.

'

in an operating reactor in order to produce the necessary Sb-124'

; As the source sits In the neutron flux, It.s neutron emission rate :
,

will gradually incrosse untl.1 It reaches an equilibrium value et which
l R

*i time the productlen rate of Sb-124 (governed by tne power lovel of the *

reactor In which tha source is located) eatches the Sb-124 re noval rate
,

} M by decay. . At this point the source Is fully " charged". If It is [';.j desired to have the $b-5 source available for the inittel startup ij of a new plant, the source nust be " charged" at some other f acility.
[

< >

e
.*-

Whenever the source Is rer9eved frori a reactor (or, alternatively, i f
'3

3

. d
~ the reactor in which it is located is shut down), the nourron pro-. . ,

-
,

t

.| 1. duction rato of the source begins to decay wi th a 60 day hal f-life jbecause $6 124 Is no longer beirg broduced. If the source Is left
gf * * .'

out of a reactor (or the reactor'in whict It is located remains iN.' 'J

shut down) for several nal f-lives',"the source will have to be reactl- I
'

,
. wated in another reactor. Once the reactor in which it Is located I:- 7 J returns to power, however,' the so6rco .wlli recharge itself back to ' l' [:-- 4 equilibrium.

.
The cholce of gama emitters for a source is fairly *

;
-

g limited / then, b3 the dual requiroments of hyh garnes ray energy and i- W long enough half-life to permit realistic reactor outage timos with-
1 + out the nood for rocharging the scurce. g
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7 neufrons/sec/curle*

.]
~

An $b-Be source has a neutron productlen rate of = 10
; of $b-124. The exact figure depends somewhat upon the gecmetric con- ''

T figuration. For BWR applications the source might contain 2000 -'
.

88 - 10 1 neutrons /sec. If1
"

4000 curtss of Sb-124 and produce = 10#
5 neutrons /sec,the natural source strength is taken to be on the ordar of 10

J 5 It can be seen that Installation of n 50-59 source of this strength"

5

}
=ould Incesase the c.et. tron population by l @ to 10O

~

.The gamma field surrounding a charged $b-Es source is very high. At l

a distance of I foot f rors the tource, the dose rate IS roughly

9 10 R/hr/curle of $b-124 Thus f rom a 2000 curie source.*the dess o,

1 rate at a distanca of I foor is on the ordar of 10'* R/%r.
. n.. ;

. .

*

}
2. Startup Source

T - For the Initial fuel loading of the reactor, an artificla! neutron
source is particularly necessary because at this time 'even the major*

.

. d natural sourcos (spontaneous fission and photonuclear reactionst are." *

* . ' 3 low because there is very little fuel In the cora and it has not yet
~Q built up a fission product Inventory. In addition, the reactor is new

!q and untried.during this operation so It is particularly important that
L lts performance be monitored on the Instrumentation. During this
'l period, i special startup source is usually employed instead of the

', cperating source. The majo? reason for using a special source during

h|
this period is to employ a type with a low gamma ray backgrotsnd. The.- 1 *

high gamma ray background of the Sb-Pa souren has two major drawbacks:.- i

j 11 the hig*, radiation level complicates the ent.Iro operation by
'' necessl+ating/special shielding and handling procedures, and 2) the*

d neutron detectors are also sensitive to gamma rays and this needlessly
, 3 ralses the background and makes it more difficult ,to accurately measure

- tha neutato levels.- . ..

.

The comon.startu'p sources employ the .f a, n) reactio,n 6elth beryllium:
'

-
.

#.s
..p.
'# il0-21)

, -
- 4 ---- -w= gCII + en!gee 9 + gHe ~

.

,.
q. g ,

.

ehe alpha particles can come from any of several heavy Isotoper which*

undergo alpha decay, have a relatively long half-life Iso the source
viIl not die out too quickly), and do not emit any bl h energy garma0 i

'

' rays In their decag. Tne two mest cowonly used isotopes for startup'

sourcis'are 92 u13.and:KPo21e. The decay reatt'lons. Involved are: * IP.g,

.
, . |- .

~

P 239 1142 = 24J00 years _ .92 u $20235 + 2 e ' (10-22) *

]H 4,. -

, ,
,

$S. ,' ' h p,gge g = 138 deXL..
'

T
pg 04 .* g4 * noq33 -2.

. ...
.

gamma ray.ioss 'producos 1."S x 10' neutrons /sec/curlo of Pu and h.is aA Pu-Be sou'rce
~

;

rate .at a distance of.1 meter of = i mr/hr por 105
-

y''J -

w neutrons /sec. A Po-Be source produces 2.6 x 10' neutrons /sec/curic
-

-

. ~ . , "of Po and has,a. gama ray dose rate at a distanca of I retor of
|
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'

p .

,

8 neutrons /sec.0.04 er/hr per 10 , ,

8. ;j.; Thus, to produce.10 neutrons /sec would requiro = 38 curtas of !

j".1 Po-210 and the gasma dost rate at a distance of I retur would be !
I= 4 mr/hr. The comparable figures for a Pu-Bo source are 67

curles and 100 mr/hr. )
,

,

( Q ..-
,. .a

d ,

'.d
.

The short rangs of elpna particles n.cassi rate c.i *ng tna at;ho j'); emitter and the *eryllium together, usually in po=4 r form. Tho ,

. . -

mixture is then encapsulated in stainloss steel (1f Pu is used,
'* : the source is first encapsulated in tentalum becssse It resists
d, chamical attack Oy Pu). FaRs generally en a Po-d' source in a
Mi dummy fuel rod just as for the operating source. This source Is
Y simply lef t in the core as the plant starts up and eventually decays" '~

c:t away. On the other hand, a Pu-Be source lasts /ndefinitely because
' - ,, ' . : of the long half-life of Pu-239. , when these sources are used during.

- ~ . .] fuel leading, they are Inverlably removed from the coro just pelor
i to startup and are replaced with a chstged up operating sourca. If .''

gA lef t in the core, a Pu-Se source would undergo fissioning when the
f . , ' reactor was started up and would be ruined (and very likely melted-

. e , .. unless care was taken to provide cooling for It). One disadvantage,.

. ~ .9 of a Pu-Be source is the cost of the Pu (which is roughly 20 times
as expensive as gold).

O ror re,ueiing ou, ages a,ter tho ,.ac,or nas been operated for a .
.

.U consleerable period of time, the $b-Be scarce Is used because the
,

high fission product gsame ray background eliminatos the main advantage
.' * for using .the startup source. Secondly, thoro is generally little
" or no movement of the source durl'ng refueling as there is during

initial ' loading, and strict radiological preceduros must be adhereds
to while handling the highly radioactive (cue to the fission products)
spent fuel, so the other major objections to the $b-Be source ero.

. minimized. The problem of detector response to gemma rays still9

f - exists, and in fact Is aagniflod, during refueling. Frequently It is

0, "'. .;
,

necessary to combat the problem by temporarily changing to another.. . . .
type of detector which has a higher sensitivity to noutrons relative

..N .to its gamma sensitivity than do the normal detectors. '
*4 s .

-= lt is of Interest to note that fea the very .large DwR reactors now
Q;.. mig In the planning'and constration stages, all nucle R Instrumentation
- 3 ' will be located lostde. the core rather than outside the vessel. Such

.
- a nove has been necessitated by the fact ,tDat It is possible to pull,

clusters of control rods near the center of very.large cores and maka'

-J''p small critical voleraes which are so for reaoved from any out-of-coro
detectors that they simply cannot be monitored. With the detectors~-

P located within the core,. many small . operating. sources . distributed-
.

* r - .throughout the core will be used. !
"

. .: --
,.,.

'' 7- . y; . . . - *

. NEUTRON MULTIPLICATION IN A SU!D ITICAl. REACTOR
'

.. ' Consider a' tank 'of wate'r 'In' which th/re Is no' fuel'. Suppose that one .

'' million neutrons are somehow In'troduced in to this pool of water. Theso
L .. ., .,

~ ;' *.

.e ,
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'
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' neutrons will travel about until they are alther absorbed by the water or

they leak out of the system. in a very short period of time there will
- be no neutrons left In the pool. Since there were a million neutrons at ,

'

I

9 the beginning of this generation, and zero at tne end, k gg would beo '

This result is cartsinly oct unexpected since there Is no0/10' = 0.
fuel in the "r.* actor" (the student should convince himsalf that the six

J incice formula alw givna the ecsult ther %t, = 0 for this Ay stwm tocause
i

4'
s i

the thermal utill:ation, f, equals zeral. **sw suppose inat just enns.gh |
. Li

Iuel 13 added to the reactor to make keg ( = 0.5. If one mililen neutrans,

. are added to this rescio.' they will also die by leakags and absorption,
,

but ,cr e of the absJrpilons wIll produca new n9utrons as a result of ('
j .

h .' !1

flesians in the fsel. At the er.d of the first generation In this rowtor'

there will be (1,000,000)(0.51 = 500,000 neutrons. Similarly, at the end,

'

of the second generation therei wt il be (500,000HO.5) = 250,000 neutrons o
#

Under these circumstances the , neutron population is grad 6sily [remaining.'

dying out, but several generations will pass before they are completely
'

'

Again this result is not unexpected because we know that a chain
,:

4 gone. is loss than one. }
i

3 reaction cannot be sustained i f kegg,

,

Now consider a slightly dif ferent problem. Suppose a continuous source.- ,

Is placed In the reactor, and this source emits neutrons in bursts of [
*-

*
.I1,000,000. Suppose further that these bursts are timed to coincide with, ,

; Now let us consider the F.

the beginning of each generation In the roactor.
etlect of this new source unca the reactor with no fuei. At the start ;' ,

O of the first generation the source emits a burst of 10' noutrons into the '
p

Pteatees These neutrone will be absorbed and leak out as before, until l.A
at the end of the first generetten there will be none left. The peuteen
population does not drop to zers, however, because at the beginning of

.

'

the.second generation the source emits another burst ol 80' neutrons. i
sThe procass will continue so that at the start of each generation, there l

~4
will always I;a 106 neutrons In the core. The student should not be confused .,.

f into belleving that key, a I for,.thlt, reactor simply because there are
- i p

10' neutrons at the t* ginning of each generatten. ket, Is Intended to I
'

datormine what happens to the neutrons from any single burst, l.a. i

whether they are set f-sustalnin2 or not. In this case, the neutron
'

-
? population is artificially sustained, and would immedia?3fy die out if,;',

i
.; the source were removed. The process just described is pictured in

!
Figure 10-16. Motice that the graph of total neutron population versus *

generation shows that neutron population remains constant at precisely [,
,

? 4 6

3
.

the scucce strangtn. ; '

J
- g

*
.

| I, Now conslder the same situation except that enough fuel has been'added to;

the reactor to make kegg = 0.5. 'At the start of the first generation * !
'

Atthere are 10' neutrons Introduced into tha reactor by the source. ,

8 i -

.the end of the first generation these will tava teen reduced to 0.5 x 10
? d

'

because k gg = 0.5. la the meantlee, however, the source will emit.
' ' 'le 8 neutrons so that at the beginning of tt'e second

.
anow r burst of 10 '

-

The - c.; .
;. generation thero will be (1.0 + 0.53 x 10' neutrone Its the reactor.Notice$ process will continue on in this'way as shown in Figure 10-17.

that'an equilibrium value for neutron population Is graduelly being.
.

approsched. In this case, if the calculations were carried out for a,

suf ficient number of generations, we would discover that noutron population f
IEI
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Figure 10-lh ' Ef fect 'of a Continuous Neutron Scurce of Strength 10
~

A

neutrens/ generation upon Total Core Neutrons Population who'n~ kept 4 0,3
* : ,?

. _.4
- .

|
,

.

.
. . . .

'

. .
- *, ."

*

. ;. .n;,.
*

,,

. . . , ,

.g - . . , e .. \+

.M .' , . .-*

. ., ,y,

* . .

J''!
. o .

.

,,M

.
. .. , .*

-. s
. v 1.f.%qwycmur- m.r . ,,;., -; p ;@r :; y;r., e; ; e,. .,ar.c: =: wpn , .. , . , @.. a 3* ; - ; A..-w, c. . g.'.~c _.. . '.

um ; ,
-

-

w..s .
.;;4gs .w. . . . . gy i.p.mw.7.;,' :wn..:;y::. y

< . y ; .a 4. . . s:.q. +.,. n'%... .,,g, . :. i. 2...m, a. :
.y .. ,

..,u.+..,:. .n.,y*..... -
g~ . .; , , .a... . .,. _ , ,,

:. j;.:*. 7.,,. . 4.,..*
.. - .'. n..

. . * ~ . - p ,q ; < .i . ,_. j. :~ . ,,
.~

.

. s a .. ? .
.

... : - ~ . -. . - . , . , , . _ .,.;; , s ._*.~g
,

-

. . n.:. _ .: .
- .

. .

, . , ~ . , ~ ~ , .7, . n.>....p. .,,c.
_

....u.. . . . .. . ;, ,. ,,. . i ,'. * e
.

..
.

. , . . . , . . ,
. ,,

*
. . . , . , . , . ...

'

J 3 70 (' -0 1 5 8}
-

'"
,, .

i
' '

r .

. . . .;. -
,,

.

- . :., :.. e .. . , , . |

. . - . - . .. .' -
h

|
"

.a
.

.

k-- - - - - - . . . _ _ _ _ _ . _ . _ _ _ . .. .__

.



__ _ . . . . _ _ . -_

.

; . ,. ,, . ,. : . ,..; .....n ~, / ., .. . - m, . x. , .
. , . , ,.

. - - , -.. M

. ..y 3J.x::Q. D.. .i .. i .. F'--= :... , q
, , , c. , . . . . . .. . . v...., . . ..

.
. h m''.3g. $..

z .-. ./g . - . .%.n . 7~..y.h.; 3.f:. ::%. h..[&.:fy.
'

. ' .M' n: f
m w ...., r.,; w # .s .;.y.; : p;"ik k.g.:

" :.. .
.

;.,..p ;n.i.. - ..-.e. -g,-;.y; ' . y-- .- .
, .

. -. -.r.m . .g .. . . -v :r.s w.e ... . . -:. : .c. . .w;. e _ .; e
. . . . . . s . ..2.

- :;g' .. : .
..- A - v. . . . -.

- :. .;n

..

,.| : |
%.. j;.,.'. NS,. . t. i~.J. ?;t., .;g%..'.W.:-$.' %c* )!.V.v. G.:',.:. 7- "M _ M. ..'.C.k.. . . ' 'e.. . . F_.:'; :n .?.. ' ' ~* ..-: .. ; s. .

.

~ -w. .m:.. e.p% _ya .?p:ra.c,r.m.c, w.- ; ;. S: .,..e~
m --"w w . a e . #c.;c : m ,..w. n... ..

-
.. . -*' ~:; y . . . r_-- --;. .: 9

.w - . v.ma.es .- .. - W16,, . _ .y m .gyQ.
. .

.

. > - - . . .
. .. . . . . .. . . .. . . . . n.m.w . w,c

*' e .

: : ; 7.= ; : * - - -

". ;[.c. t ne . .*
. |.: .

-
- ..

..
'. *;;- ; . .w,9 , + f *! .'~ - -'

- ,2 f.Q ,y.. s..,:.;- ' . ? .

1 . . ' ;. .
.; -

. - 10-351 i -
i

-

. ' , . ... - .
-
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-
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t .- ; would?.4 gal'lfbrateaf times the source strength, in theo y it =culd takej
' '' .. " anIinfinite'n'mber of generstions for equilibelua to be reached, but '

u

2 Figure 10-17 shows that for all practical purposes it has been essentiall;'~

's,
reached by the eighth generatica.

-: = .

The ed.illbrium neutron vaculation tear i*. ee nt.a911f raza. red as-ands-

'l ma:.n the val u of k tr in ino react.sr. .sa hwe v_or. v : s r he . left *E.

; the equi |Ibelum value Is exact 1y equal td the sourco atrength. :ll.ni 1 ar I (,
when h g, = 0.S, the equilibrium value is Just twl o the source strengin.y e
Ih general, the equilibriua value will be higher the closer kuff is to

' . 1.0J. It can be Jhown e.s*bematically ??Jt the equilibrium neutron-

1 population is given by t. e equation:

8:C ~ 'p. (10-24).M 1. - heff .

; v,;. =.
@d

where p a equilibrium neutron populatten **4
' '"

i S = sour'ce strength ineutrons/ generation) |,.
,y

,

.~
.;

% . .1
m The student should convince himself tr.at equation (10-24) gives the.-

.1 # ' correct results for the two cases just discussed.i '

'.]
-

. *

' "i The quantity l/II - k
*

Equation b)24) can be rewritten in terms of 14 as shown below:
is often called the suberitical multiplicationy#

./, factor, M. -

1 .n
I I'' Pk =$x '=SxM (10-25)., . , . ..I ~ kett I~koff

.

, Q:n.G .

. /,..
w. q.m _- ' ' . - .. . , ,

Thue, ibe ' ub' critical multiplication factor la the amount by which theg^c 9. , .. df s

. |'e source neutron population is multiplied as a result of-th? presence of-

.
-

. * : .1 ' fuel-In a suecritical rasetor. . Inspection of equa11on U3 241 shows that._

M. ' W.:' things seem to go awry when k gg = 1. Under these circumstances thee
.ild denominator of equation (10-24) equals 0 anti the equillbelure neutron..'
]? population approaches in,finity. This result simply means that the neutrons*

from any particular tr.rce bu'est will never die out because'k gg = 1.0.
Since the source continues to emit neutrons, and sinco none o,f the neutrons# ' #d-

1 are ' dying out, it follows that .the total neutron population will continue
( . . .:g5; to increase as long as the source Is left in the reactor. If the source Isn . "

-) lef t in the reactor for a 'Infinito nurater of cenerations 'tho' neutron
'

'

population will buil,d up to infinity as the equation predicts. This brings
5.g up an.Interestir.g point. If the source is left in the reacter| as it Is.

*g' in practice, the only way In which the react?r power can be held constant

r. - 1.)
. . Is to. Insert control, rods far enough to hold.k g'g slightly.less than I.O. !

*

'

In pt actice, honever, the value of. k.pg t. hat.ls held is so close to l .0 --

1 hat the difference can be ignored. For example, the neutrcn groduction-

. .. * " .] rate'at' full power la a typica! rosetter is on the grder of 101 neufrans/
~

, , a generation. A typical source strength might be lo neutrons /generatten.
*: *$ Substituting into equation (10-24) yields:<
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:-'

.

11 = 1 - k,,,- .
>

.

10-

.. %. :
'

.

T M, .

-

./ ' '

f '.)}
l.km . @. 10-12 .

,
.

.
:

n,,, i - 10-u 1 - 0.00c000coacc0i
I,.

w,'
k,99

. ,

0.9999999999999=
.

m
* $ There fore, the assumption tnat kaf f = 1.0 when roactor power is c.:nstant
- In a reactor with a source is seen to be justified. Tr.a fact tnat k,,,*

y is actually slightly less than 1.0 simply reflects the fact that the ,

'i.$ reactor does not have to be completely set f-sustalntng, because the source ]
n

_
is making up the dif ference,

..
. . .

b .q Equation (10-241 falls when k p, pl.0. Under these conditions it predicts .W
a negative neutron pcpulation, which is physically impossible. {

,

. 4
In the previous discussion of the suberttical multiplication phenomenon,

.

we have made sorPe slepilfying assumptions. It would be fortuitous, for?

( example, if a sourco emitted neutrens in bursts which ex. ctly colncided
O with the start of each new seneration. it wouid be eau iiv +=rtuitous. ,

H If all neutrons had exactly the same 11fetime in the reactor. In practice i

.-
*

~E the Denerations overlap each other, and the sburce emits a continuous |
'

.a
'- stroom of neuteens. All this means is that the calculattens must he''

< .'E,' . based upon averages, but this in no way affects the end result.
:& . . .

,
-

"

'J, PEACTOR PERl00 AND POWER LEVEL. .
'

.

P

In the previous section we dis:ussed the behav' lor of'a subcritical reac*er.
IIn this section we will discuss the behavior of a supercritical reactor..

'.] la Figure.10-1, the behavior of the nautron population in a reactor in
. i. s wnich kef f = 2 tres diagramed. If there was I neutron in the reactor at 4 -{m

[- ., .3 the start,'then there would be 2 at the end of the first generation 4
.

,at the .end of tha.second,,8 af ter the third,- etc. The student should~2 '

. f . 75 recobnize this as another example of.an exponential process. The varia-
. !'

'3 tion of power level with' t(r e for a supercritical- (or. slightly subcritical) ,

*j reactor ca'n therefora'be espresseJ with an*eeponential equation as follows: *

' *

&. q?;O .
A: * .

,
,.

.
. ir

..d ' p . p at/t- , t . -
-

(go.26)
t1.-s

,0 , . . .. .
,,*

-
. . .o . :. 5 - .

. . . Ps.Initl'alfpowerlevel'. ~
,.;. . . .. . .

.'m 1

where: . , , ,:~T .

o '!,

Me.N[
, ,

PP i p'owei ' level a't any later tl'me '
'

,
ec; ' ',

-
, - .. - At = tima' interval b.etween P and Po**

t a roactor period ' I- -

. --

-Q'c .
, . ,

.
.

'

, ' - ! I
'

* '. . . .
.

- .~ 1 .E'qbatidn (ID-261. does. rot have to be' wrl * tan in torms of power level.
J'.' j lt'could Jtht as correctly be written la terms of neutron flux, sinco,

,
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10-37,

. ~:i
. ..

4

power level is proportional to fld Thust ,
;

* - (10-2D. ,] $ = (g e@* -

,

|1 .

s ".~ Ths concept of resctor parlod is an extreetly le;:rtsnt ene in the oseration
4

'.i * of u etesctor. 113 p-triv.1, t la. th2 logM af I'*3 .ts:21sary for rm .t1r
2 p: war to incressa ce 'd=crasse by a fccter of 2.7t:. *.s tactor 2.713 ny

seem a atrange number to chosse for the definiti:n. Recall, hosever, ,

d-
*

that 2.718 Is simoly ihe numerical value cf e, tre base of the natural )' ;g i
logarithm system. When the sign of the resctor ;eriod is positive,.,4, .f

-/3 a us:fsr power is locreasing. hhan the si;n of 1 s p-aried Is negative,*

reactor power is cecreasing. For ews.sple, if a reactor Initially at a*

power level of I watt is placed on a parted of +1')0 seconds, the po.or-
..

2 level will have Increased to 2.718 watts at the end of a 100 second timeN Conversely, If the reactor mas placed on a period of -100Interval. ;

2 seconds, and the initlat peser level was I watt, the poner level af ter .

!.* 2, *

100 seconds would have fallen to 1/2.715 = 0.368 .atts. ,

.9,
; 1

.

. is,
.

'd . It is omsy to verify that the verbal definttlon.cf period given above.O
; . not inconsistant with equation (10-26) hleh contains the period. Suppose'

. ,, .
we again work ihe previous example where the-reactor was on a +100 second
period, but use equation (10-26). Then:

.
,

jN' i
- pap a, g ,

.. ;

. . .: , - .. .

f where Pg = I watt ,

, .
*

ht 'h.i.t . 'b. .s
*

.' - 180 seconds* s
.

. ..
.

' );Iid , T = +100 seconds .,
. ,

'

Substitution of thaso values into the oquation ytoldst4
'''i P = (l)[e100/1003 * al = 2.718 matts

'

;,.

, . '

. s
=i

' whleh agrees with the previous result. $1milarif, equation (10-26) can
,C- be used to calculate the result for the second example In which the reactor

*

'

was on a -100 second period. In this case: ,

f

. g = I..
- . ..

'
s ,

.. .J-- '

", t*..1 , ,

P wsM i ' .'X |. -
. : * ''

* ,.
;,

. .l 0
. c.

At =E '0' seconds - - i

.
r. . -

*9
-r.. . , -

t's -600 seco'nds -.- * '

. :
2

. . - ..

% and P = (l)[o-100/100] . gg;(,-1) = 1/2.718 = 0.365 watts ,' ~
*

,
- .

If
.e
'] Equation (10-26) contains four variable cuantitles, P, P . At. and t.

. '

g

any three of these quantitles are known, tne fea*th can always be determlned.'. .
Unfortuantely, equation (10-26) cannot te roadily solved without ref aren:ag to a table of natural logarithms or a sliderulo htch contains logar?thm' w '

sc.s los. To overco o this difficulty seeeral ty:es of graphs, rules of ..
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thumb, and approulmations have been developed to aid In the so ution of
problems involving reactor period and po er level.

,

. t

.

L Plot of P/P,versus At/t -

i
I

!, .

By dividing both sides of equation (10-261 by P * Th' TOIIC"I"9 J '.
aj .

:j .[,
expression can be obtained: .

.

(I M (
-

P/Pg _= $
_

,

..

} }
As discussed in Chapter I, a plot of P/Pg versus At/t on seMog paper [.

' ,

2 - ;
+ results in a straight Ilce. Soch a plot is given In Figure IO-Id. | '
' " . ' :shenwwer a plot such as this is available, it can be used to worm any

>

probleo concernir; periods. Several emanspies allt IIJustrate the , ,'

metnod. ,.

.- . s.
*; Example I Reactor power increases f rom 75 f*WT to.137 StWT in 70

|*
. seconds. What is the periodt -

e
.! ,

.
,. ...

s- . .
~.:., ?. .1

.( , < , , p . g 37 gwr , . . .
. ,

<
?
-,

. . .
, .

-a t'<
.

Pg = 75 MWT -.
.. . .,

3 1
.,

At a 70 eneutide''

.| ' s i $
*

;

||.s. .

j .

.. P/P6 = 137/75 = 1.83
'

.|.- .
-g ..

.

. ,
-

,. l.- When P/Pg = L83, Figure 10-18 give: the result that at/t = 0.604 j. m

i..
-

'Thust.
3 -

, ul - . ,
s.

.
-

* ~r . : ,

. ''' - 70/.r.= 0.604 ' I|
,.

'

' ,
.

t,. i,1 <

u. .iww. .
seconds

.-

',' i 5. *

it = 70/0.604 = |16.l *
- -c .

!'
', . 9) '9 ~( Exagle 2 Reector power decreases from 148 MWT to 90 MWT in 82..

'
-

4 seconds. . Wha.t is the period? ~ ~

u

|. -) .

,@a . .

a - e ~ .
, .. , . . . .

. ,
' '

]
.

. . , - . 1, i
p ,,90 MWT. %2 .,

.

.

. ,
. r- ,. - .

. :,. ..: .
, '

4 ;*
, V}

.,, f.

, Pg s 148 WT.
' . . , ,

.
> ,

,

., ,

,. ... . ..

'O 1
'

. . . ..': .,, At = B2 seconds.
. ..rs

,., 7.m . . .
<- - .< . , ,

,

,.c
- .. -

.] P/Pa=90/143=0.'608) ., ,
,

1.
.,.

.

pg
. .

t,. .: , ,

'I t
, -

'From Figure 10-18: C . . ,
~

., ,

:.. .' . -
.

. ,
.' i

a. ~2 s ,
.

. . ... ,a .,
' .

..'| ,

lat/r = -0.497 = 82/t .,

r. * : ...t , '
,

l

O t = 82/(-0.4971 = -I65 seconds
,

'

.

&g
* ', I

).
7

^

. d' '

Exarnple 3: The reactor is placed on a 70 second period fo 49 secones.-.

;

; y,y ,,']
If the Initial pomor was 68 ff.fi. what is the power af ter 49 seconds? ;
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1 . cV P a 68 MWT : . '?e ,. ;q -

At = 49 seconds-
.

N,, t = 70 seconds '

.

T M/r = 4?/70 = 0.70 * '

- From Flgure 10-18:
.

. t -
P

-~ 'P/P, = 2.01 n Pf68 ^2 4
|

. .,-
.

. .

[ P.='(68)(2.0M.=136.8MWT
.a,

'

. . - -
.

.

.7 *s.4
. rs. . - .

. .. - - Time Interval o.f.Inferett is an Integral number of periods. )
*

..~
. . .

if a 'eactor Is pl' aced on a period, then after a flee Interval equal 3

r

to the magnitude of the period the power level will have increased g l]
.

4or decreased by a factor of 2.718. It Is also easy to figure out.

what the. Increase or decrease will be when the time Interval is.- <

*. exactly two. periods, th'ree periods, etc. For a time Interval I

. . ' of two periods: '
.

,
. .O

_

' - -. gAt/t . 2 -

.
,

'

Therefore.

,

P

. ' . .v.';j P/Pg = eat /t . 1 = (~2.718)(2.7181'= 7.39 '
, ,,

s

. " . . If the period is negatives,,
- . . . . ,g a,

,
- e -- At/, . 2. -

. ,,_ .

.. . .

. ....t

t/ ' * " fij 'p/p 's e*t e 1,/es.1/7ht
' * *-

.

e .. , ' ,
. . . . . ,., 4 .,

..

. .. . -

-

.j . . ;;.. , . ,
.

'+. "? .p*.n - For' a time Interval, of three periods:
*

.,-
. *

. -. A *.-- -.,.. ..
, .. . , . wp .. -

-
...- ' 4 : ,

y !..~.. At/t = 3
r,

..'..<s.". - -
. ,

. . . . . , . ..,. .
. , . . ,

..y
.

. .
. , . -

.Z .

. - . .
.

O = M = (2.718)(2.7115)(2.788) = 20
.

~'

, ." . .. . . .

. P/P -
.xp' ._w* *

-
- .-

. . .
.-

's. < , $lmilarly, if the period is negatives
. 4, .. . .. . - ,.-~

.
- -

= c. .s.
.

P/P,= e-3 = 1/20'N ' ..' '

!
>,

,. ;; -

- <
.

- .~. .s \
'

It is useful to sremorirs the figures 7.39 and 20 corresponding to the .

,-

power changes for two and three periods respectively. Similar results. J

-

g con be derived for four,"five or more periods but these values are'

jgenerally not worth comaltting to memory.
.

,

. . -
,

Example i t . A repctor is at 28.MWT.' :Wriat will .the power level b's -.
. .

-

.

},
-

. . .
, .-

,.s^
- ' . - - ..; -

3
..

. .
.

, .. . .,a -
.
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I ;it .
,

- g$ 3 minutes af ter the reactor is placed on a 60 second period 7 , [.
. .

!

'

Stoce 3 minutes represents 3 pertoss, power will have increased :
o >'by a factor of 20. That is: . .

n
,

<. ,.

P/P' = 20a s. >

. .s
'28 Nati P = (23)(20) = M3 44-drE Since P =

o

Example 2: If a reactor Initiaely at 200 t4T is placed on e -200 |.

ucund period for 400 seconds, ishst will the finsi po.er be? .

.? ' '

Since 400 seconds rwpresents t o perlocs:
]'g .

P/P, = .W.M ' i.p
, :
3 Since P* = 200 WT: P = 200/7.39 = 27.1 ff47 -* . ||
. A.< ~

.
6

*

/ 3. Doubling time or halving time. ||.
JH If the time Interval required for the reactor power to el.ther increase :i

or decrease by a f actor of 2 is known, the period can.be obtained by i,.

multiplying this time Interval by 1.44 If reactor po.ver la decreasing, ;'

O ***P*''d**'*"'''''"''"''***""''''''S''*"*a*S''''*''S"- ! '-

h Example la Reactor power doubles In 6.5 seconds. What is the period?
'

i

'It = (1.44)(68)'= 95 seconds .

. , . ;
;.

Example 2: Reactor power goes frors 42 watts to 21 watts in 62 seconds. : 1,

..] What is the perlo~d?
.

.
. I..

Y
.

; , ,t' :

.; t = -(1.44)t62) = -89.3 seconds -|
~ y

, n' ,

. :-: 4 Power changes of loss than 20$ .
..

:..,. .- y
- If the time Interval is known for a reactor power change of less than . :

{v . .

*
"

20$, the period ca : be calculated f rors the formula: f
G

. ,

. .

.F
. at - (10-N)

3+
* *

' -* *
y t = (P/P ) -i. . .

- r i.

.

, L.,

+ .,
.

. .

s
,..a . ,

.'
.~ ? .

Power falls frons 00 TNT to 85 lf.fT In 20 seconds. What is :['
.

Example it'-
.

F
th. e' oerio.d? .

. . .- .
t ** .*; - ,- . ,:.c

. .
: .c .. s ... .g

. , -, ,, , ..
g* <-

.~
.. .

.,

..< 'go.. - go .go , . .
-

-
, .

n<.
.,

' . t= , , = 0.94 5 - 4 * U"U5T * .364 seconds., , - |.
.

.. .~ *

'. .-

1
- . . , .

. .

g$ - Notice that.lf P/P = 1.1 or 0.9 (I.e., l'f tnere is a 105 power changs- t-- '

either firection) fhen the parlod is bst 10 times the time Interval. ,[

. . . .
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This can be verifled from equation (10-31).|

I i

i
. . #:

_. = v. .- sg sg ,

.- " . ? t = 1.1 - 1 = U. = 10&t

.. ...

2 |
-

.

. -
- =f.at

. 3 At = -10At .
- ' . .a 0.9 - a .e

.
-a inExample 2: Power goes from 35 watts to 35.3 watts (10't increase)

- .' 9 seconds. What is the period?
'

-b
-

t = (10)(93 = 90 seconds.-
'

Cther approximate formulas concerning periods and power levels can be h,
derived, but those given above are suf ficient for all practical purposes.'

'
,

' if. STARTUP RATE
.

..% .

show how fast the rear. tor power Is changing,
On INRs the meters used to''

Indicate the period. liowever, on Westinghouse P. irs, these meters Indicate
In a new unit called the startup rate. The startup rate, SUR, is

*
i,'

defined as the rata of change of reactor pcwor empressed in decades per.

f.
'

minute (DPM). A decade la a f actor of 10. Thus, if the SUR is 1.0 OfH ,,

.1 m the power will increase by a f actor of to in each minute. Similarly., v
If the SUR is -j DPM, the power level will drop to 1/10 Its former level g.s

. ...

: in e.ch minut.. .

e
I

, hen SUR 1s used Instead of period, the variatio# of power level with time [..* W
- -Is given by the equations ,

, ,

" '.. s 5URxit. (10-301
'

9'. P=P[x10 }# '. ;-

. . ' .. .

.;- ,
. ..

e
M where:' $UR = startup rate (decades per minutel

and P (minutes) - <

."at = time Interval between Pg
f~~.%E = Initlat power level:

^3i
. = power level at any later time - 't*,

' :
* jR

-

If the SUR is known, it

'

.
.

-%
This aquation is analogous to equation (10-26).

;F is possible to calculate the period and vice versa. The roletionsnIp ./.,e
,.

.

between these two :tuantitles is: -

' ~.
. ..

.. .5 .- . ., . ,

--

(10-318Sun = 26 . *
s. -

*- ^; '

.y *t '

i.

'wheres'' t = period in sedends
.

t

*
4

' *
*

SUR = startup rate In' 0F94.

< t )
:*|

-.
.

. . ._ .

.
'

-

. --

Thus, a SUR of 0.5- Df4: .:orresponds to a perltid of 52 seconds. A 100 .

. .

*
.,

$ second period corres e nds to a SUR of 0.26 0FM., ,, . .

1
.. ..

- . .

;' m

I Later Ifi this chaptor we wllt show ttat the SUR cannot exist at such L '(
.

4

.
4 value for any extended period of flee. !
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Equation (10-30) can be solved using a silderule or a table of corconO b

.' logarithms. Figure 10-19 Is a plot of P/Pg versus FUR A At whlen can
be used in an analogous manner to Figure 10-18. However, to eliminate';

the need for remembering too many formules, it is ug .ted that
, = hen SUA problems are encountered, tne L.R first be co. averted t4 period

.J Jntng equation (!b-311 a'u tr.a r.rchicas t u.: " s . .:. ' n e.I r..I t h e .- . . .u s*
,

. .y *3. p discussed in tne previsus saction of falJ :hst.t?r,
.

On license exeminations, the student is cccasionally nsked to rieke plots
of- reactor ;ower vers:.s tir.a on soml-loeprittoic paper for various startup.u

E Thew clots wiel :a straight l ie..s ..n tt:I s r,p.e of graan pa;se
.ates.
(see Chapter !) strice the poner rise is sepan ritist , inwJ rne pec'alem is.

The esslest way to do this is
~~T

then to catermine tha slope of tt.e curve.. . .

to deter 9fne how long It will tske for the power level to increase by one
This is accomplished by Invertin) the SUR. Thus. If the SUR-

decada.
is 0.4 DPM, it will take 2.5 minutes por decado of poaer increase. Figuro. .

- j' 10-20'shows the po.or respor.se versas time for soveral SURs. The stucent
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should verify that they are dra=n with the correct slope by checking the j
length of time required for power to change by a decade. |

'

. .i .

.
Another question which Is ~prequently asked Is If 11 takes a certain number f.

of minutes for power to increase by a decade, by how rwch will po.er go ,,

have locreased in one-half of this time interv. sit The answer is not 5 -

@ Y tinns its original value. Out /17 s 3.16 ti 9s. Ih,le. Foll.m fr.:n tha ; |

fact that in an exponential procuss, equal percaretage criangas tak.s place {
'

In equal time Intervals. .

. .

j Po0MPT FIEUTPCN CENERATION TIME I
c

ta in orevious sections we have of ten menticned rieutron generations. Before 4

continuing on, it Is worthwhile to discuss the approximato longth of time !#
,

which is Involved in each generatlen. W will define the generation ',
time as the average length of time between successive neutron "bleths". :a

$ The total generation time Is composed of three parts: 1) the everage
'

|,

length of time required to slog the newly born fact neutron dosa to thermat, !e

,
2) the therr.at lifetime prior to death by absorption or leakage, and g

4 3) the average length of time between the absorption of a thermal neutron
G and the birth of a new fast neutron. For low onrichment water moderated '

reactors,8 typical values for the three terns ares 1) slowing down time: S
''

= 7 x 10- seconds, 2) thermal diffusion tima: *J.5x10-5
'

seconds, 4
,

Q 3) time from absorptlen to birth: 10-12.Soconds'. Thus, a typical=
.,

, . A prompt. neutron generation time for reactors of the type we are discussing [
s w would be a 4.2 m 10-8 seconds. The proelse val e will very semanhat g

c,., depending'upon the site of the reactor, enrichment, moderator to fuel j+-

, .j ratle, and fuel burnup. However, .the verlations'are not large. | {.

. ::s * '
.* *.'] EFFECT OF DELAYED NEUTRON $ UPON REACTOR SEHAvl0R

~
;

p* ', ,

*'
.

Le e .

'i Consider a reactor in which al,l.Joutrons are assumed .to be prompt, l.ot i

' - us assume that this reactor l's 'Just critical at a power level such that (1,000,000 neutrons are produced in each generation. raov suppose that by ,
' ~~ control rod withdrawal or soe.e other mechentsm, k gg is quicialy increased ;e

3 to 1.001. Frem the definition of k,99, the neutron population at the.end i.

'J of the first generation is (1,000,0001(i.001) = 1,00l,000 Similarly, '

at the end of the second generation the,, neutron population .ls ;
'

; (1,000,000)(l.00112 = I,002,001. How s.jppo$e 11 Is desired to level off '

' the power by inserting a control rod f ar onough few return k g, to 1.000. |e2
Since control rods car.not be moved instantaneously, this operation will . !

.. require a small amount of time, say 3 seconds. . A typical prompt neutron !
M generation time is = 4 x 10-5 seconds, so that in 3 secends the reactor L

will have undergene 3/(4 x 10-5) = 75,000 generatl'ons. .By,the t!ee the" . - B
. . . ' .

. (-

d . I d
~ .. ~

_ 1 The last value Is for prompt neutrons orily. The vales,for delayed' I f

j neutrons very, v.i<,ending upon the hai f-Il f e of the procurser,. but- In', . . i

.> g all cases are much longer., .The significence of this wi t'l ta discus' sed '
'

,

'

. ' -: In the next sections ( *.- .. . .,
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reactor has' been returned to critical, the neutron population will have
, s

"

risen to (I,000,000l(1.00137soca , g,73 x go n. It should be obvtouso '

from this example that a reactor operating on pree.pt neutrons alone is j.
impossible to control effectively. ;

]
Ns.# consider the same problem in a reactor using ci.re !!-235 as fuel. Intels case, the cel.tyed neutron fraction Is '.64..) hlth tne r, tactor in ,

its In!tts! critical condition, there will be 1,000,000 neutrens born at i
the~ beginning of each generation, of which 993.600 will be promst and

;

6400 will be delayed. Of course, the delayed neutrons will not appear
-

',

1 *

et once, but at a gradually decreasing rara cver a parted of several, .

mieutes. ',.. .

By the tire all of the delayed neutrons from any particular- '

d

generation have appeared, tne prempt neutrons from the same ganaration .
3 :

will have undergone a great many additional generations. In other words.
'

- J

( the generations overlap by a consIddrable amoi.nt. tJavertheless, with the
I

.

reactor just critical an equilibrium will eventually be reached so that: )
:[ ) at the start of each " composite" generation there will be 1,000,000

4

,

nectrons, of whle 6400 are the result of fissions which occurred in theA

past, tihen koff is increased to 1.001, the first generation will..as
.

] befora, result in the eventual production of {1,001,000 new neutrons.a
Of these, 99.361 or 994,594 will appear imediately. The remaining i

t
,q q 6406 f rom this generation will~ appear later. However, at this time the'

a
reactor will still. receive 6400 neutrons f rcm the earlier generations t

< -

O when the reactor was just critical.
Therofore at the end of the first j

: com,osite
g.n. cation ther. wili be 594,594 2 ,6400 . i,000,994 .

' r.utrons. t
Notl.;e that this is a fsmer than would have appeared had all neutruns

}. |
been prompt. These 1,000,994 neutrons will uncargo fission and will- J

oventually become (1,000,9941(f.0011 = 1,001,993. neutrons. Again, howe.er, !.

; E
only 99.36% or 995,582, will appear lereciately. Another 6400 will also

'.

. . ...;., y ;'

appear as the result of earller fissions, making a total neutron popule*fon
** ;m .d

- ' of 1,001,982 at the' end at the second " composite" generation. ~ This is: 4 ' ,

19 fewer than appeared at the end of the. second generation when all v3
. y neutrons were assumed to be prompt. $

Admittedly, the difforonens between
fy a

the two cases are very small for the two generations that have beencalculated. However,' a

recall that the power taulldup in a supercritical
reactor Is an exponen,tial process, end that exconential processes start

., t 3 *

C ' ' '

s lo.# but quickly build up. . If this calculation were careled dut for
,[J

several thousand generations, the dif ferences between.the two cases would
,

1 . be found to, to truly signif fcant. 3In fact, it can be shown that the'-
! osymptotic period Is = 0.1 seconds for the prorst reactor, and acout

..
-

; 1
-

60 seconds for the reactor with. deleyed neutrons. ".2yd In the 3 second time IInterval required to move a rod, the power will only increase by about 5%' ~ 5, ;

- Is seen that the reactor is rather easy to control.Under these circumstances it.
[,If the reactor is on a 60 second period.*.:a -

.

;{
"

-

:.; ; , ' - '
in 'sumaN, It can be ' stated that wiien a reactor is maile superceltleal { ..}\

'

if y ,*
~

.

.3 ef fect of this exects reactivity is reflected in an Irmediato increase, the; in prompt, neutron population. It is.also reflected ! mediate {j~

Increate in the Inventory of; delayed n S tron precur.In ah
- T.

t
- ]

.'

sor fission products.
However, the delayed neutron population does not show an Imediate Increase ;

, , *,
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but rather, continues for a measurable length of time.at a level determined W

[-

by conditions whlch existed prior to the time the reactor was made >

t
'l supercritical. Therefore, the rate of lecrease of the total neutron p,

population is reduced when delayed routrons are prasent. Another way of A*'

looking at this behavior is that the t resence of delayed neutrons markdly @'
5;.! 1.v:roasas tha neersgs gkneestion ties As to in-e lon ; tire ti sy Inalved g.'-

,

n
In the birth of delayao reutrons. In effect, the prasancs of daleyed

. neutrons Increases the core aversge_ generation F1sse f rors about 4 x 10-5*

seconds, which would be tna value in a proept reactor, to about 0.0S - 0.10 g
4

i seconds. Were it not for this fertunate circumstance, the nucteer reactor 5,,

. j would be too dif ficust to coatrol to eske it a practical power prods.cing 75.,

.: 2
.

f.):tool.-b c
.

FD;ure 10-21 shows a plot of reactor power versus time for the previous 9, pj : e
: r i.
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example. . Curves are dra'un for both 'of the cases discussed. fatice that
t'i..-~

- ' for the 'first4undredth of a second or so the two curves colocide, but
..that as time goes on the delayed neutron curve levels of f on a much slower. U

h period. The fact that the two curves nearly coincido for.the first fcw
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y"I
Ia*
) generations wa6 'lliustrated in the nwnerical exaseple, where the dif farence

2 .

between the neutron popuidtlons In the first two generations was very
a,- : S small. This momentary sharp rise in power following a step change In

,

'

reactivity is called the prompt jump. Once the oelayed neutrons have
.

" ~
,

gilnad control, tne resctor lavels out on snst is call rd fra staala or|

an eptatic period. Slace *he stante parlod is usually all tnat we are
,

'

ever conearned with in penities, the adjective steale. ls generally ignored'i l
*

and the terms stable period and period are taken to be synonymous. The ,

size of the prompt jump depends upon the magnitude of the step ch4 age in$.*
rse:tivity. The larade the reactivity addif f on, the larger the p.omet* ,

. ' -
juop. Table 10-II gives approximate figures for tne ratio of power oefore

|

, , ,,
s .

'

'.[ j
' TABLE 10-II: NAGNITUDC 0F PROMPT JUMP FOR VARIOUS STEP '

|~,

.v,,~'

V "t e ' <i REACTivlTY INSERTIONS FRCN CRITICAL (FOR s = .0075)
a.

a
.

d
pC c
after Jumo/p.before Jumo Stable period (seconds)

.,. : ; e 11.< ,

4e. .. 1 .0002 1.03 445 p, , 5;, w:
i- '

f .,Q,4>
l .i

; <
-

.000S 1.07 160
.

.001 1.15 65. .-
.

.j 002 1.36 - 23
,-

f Pi,
* ''

}
.

; .003- 1.66 10
J .. , , . .004 2. 5

;
- O 2. ,1,3.s - . . ' ,1 o

. .005 f
a 2 I

.

q -i *

, ' '' j 3 and after the prompt jump for var!'ous reactivity insertions. f-

f t 15 possible to see the prompt jump on the power level InstrumentationOccasionally ii
. ' 1 recorder traces, but frequently It is net observable because the control [

} rods trove too slow to provide a clean stop change in reactivity, the [
4

;* ,j ,

| normal reactivity changes are too small, and the recorders ero too slow g
1 to provide this kind of resolution. ' i

u t, . , ,1

,. N PRC"PT CRiflCAl.
. [,

'
..

f~
, n .< . t.

j
'

~ .. .i N- ~

'Insthis section we will look at what constitutes the uppwr limit on
.c . . X <;'.; . -

.j

*

k gg in.a real reactor. To do this, let us once aasin consider a crittsal f'i i

' | . s-
' .M"% ' W 4

'

. ,J twoctor operating with pure U=235 fuel $les,, the celayed neuteen fraction l
ls 0.84!l) and having an equilibrium neutron population of 1,000,000, if L

'J4

' .

*
. ,? 1 ;

. .h gg Is suddenly lacreased to 1.0054, the first subsequent generation willo'. c') , ..:( {-result in the eventual product of 1,006,400 neutrons, of which 99.361 or
.

.

,. .JJ
1,000,000 will be prompt. Notice that the reactor is proeucin,q enough

i

* ..,
'

j f, T $-

prompt neutrons to sustain itself wlthout benefit of any delayed neutrons..

%*
,

-

Under these circumstancos the reactor is said to be prompt critical.
.y

,, T.j,. . . When the reactor Is less then prompt critical it can be saen from the .
g}' , , ,J . . , . ,, -

. )
, i %; <

'

discussion In the previous sect.fon that the reactor requires the delayed h
-..

;j
neutrons to sustain itself. The reactoe must, in ef fect; we;t for the/> d -
delayed neutrons to appear and so the delay time before thelt- birth (

p e

iv.,|gd g -
4

becoms the limiting f actor In. determining the rate of power rise. ~ tthen:g, .,

qQ[h.Q~M the reactor is above prompt c'rltical, however, the reactor no longer needs
J., w

l

Mt /. l
. io welt for the delayed neutrons, and so thelr delay time Is no lenger E

.

g.g.,yf .,
&., .

f'.! ,
.

i. .

..
- "

p, . .N. . .
1
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-

- Tthe limiting factor. Consider, for example, the behavior of the reactor
'

when keff a 1.0074 The first generation would eventually increase the
neutron population to 1.007,400 (assuming an Initial pc.pulation of 1,000,0001

..g
.i or. *enich 1,001.000 .culd be prornpt. I f tha west pos .1:-Istic possinia

~ assvnpraon Is ruda. I.e., thit the dalevac r:murro.n b s.e z.a infi.ii r3 a alay
tirra and never ypear, the reactor will still behave like s pretapt roactor
with k,,, = 1.0cl. We sa in the provlous section tnar under these

Q circumstances the reactor Is uncontrollable by ordinary methods. Therefore,
q . k,pp must ulways be kept belcw that value which uill . uke the reactor prompt*

*, '4 critical. In pr xtice, prompt critical will por oven be appresened Juring,

Instead, k g, will be limited to values which 'normal reactor operation. o'
-

.

will produca a parlod no shorter than about 20 to 30 seconds.
.] in water moderated react:fs, the fuel is primarily a mixture of threer

Isotopes, U-235, U-235, and Pu-239. The delayed neutron fraction for each.d ' ' *

of these isotopes is given in Table 10-111. The effective dolayed neutron'
"J

- %

;- ! TABLE 10-111: DELAYED NEUTRON FRACTIONS FOR REACTOR FUELS.

. . . '

- t footone til
- '

' Q
'.

U-235 .64
Pu-239 .219 ' U-238 (fast fission) 1.68 '

*

.<. * .

f raction for the entire cors wl'll be a weighted average of the delayed, ,

4

neutr'on fractions for each of the isotopes in the core, with the weighting
a

factor being the relative nu:rber of fissions occurring in each Isotepe.
..

For example, new Humboldt Bay Type 1. fuel contained.2.6% U-235 and"
97.4% U-238. The average delayed neutron fraction for this core was
0.75% which is slightly higher than the value for pure U-235 due to thei

.? Influence of the U-238. As the fuel , burns, there is e gradual bulldup
id of'Pu-239.. By the time 10,00014WD/ ton of exp+3ure was obtained, and ti e ''

fuel-was about ready to be replaced, its compasition was 1.56% U-235, ,

98% U-238, and 0.32% Pu-239 (the remaining 0.12% is primarily the non- -*

fissionable isotope U-236 formed from (n,y) reactions in U-2'451. The
' average delayed neiitron fraction In this core has fallen to 0.60$ due
-!; to the influence of the Pu-239. Since prompt critical occurs when the
? excess reactivity in the core equals the delayed neutron fraction, It

will occur at a kaf f.value of 1.0075 for the new Humboldt Bay' core, ,
:..

Z and 1.0060 for the burn.ed core. - .-
3. ..

s
- .,

THE. RELAT.lCNSMIP BETWEEN REACTIVITY MS PERIOD
"

j y
..

.

' . .y
< ~

. -Wit Is of lotcrest to,know what period.wlli result for a particular valuei
of het, In a rester. This wlll depend upon tha avorage neutron !!fetime i .J 't '

'

g .lgeneration, timel .upon dne average 'hal f-ll fe of the celayed neotron
'

.

~.- enitterst,and upon How close any particular value of k gg , puts theo
reactor to ' prompt .ertrical. . This latter vot leblo Is, of course, measured

'_ by the averatie eleidyad neutron f rullen in the renatore it (4 penalble'

,j .
toVirlve a formulawhich'r, elates. k' gg, or more corrrnenly reactivi ty, to'' ,

'. t
*

5 .., . ~
.. ~ ,

.

.
, , .

I
,

.
> t

'

. .

2; ._ 3 :. .- 9 , ., v . v. ge. y; .- 3,"
. - . ', :.~ . ..'" ..~ .[.k. . ,**

+.v;['@ C .g ''(.' 7 ' E*b','M ' I E [.k.b , 'e[:. *N. . Ih5* ,j
. . -. ; .-.

,
,

. , , , ..
-

,,

. . .

'
. . , - * . (. [ , %, , . . ,-[ i . . ,, * y gj ; y ,J., . .

'

* *
-

- .
. . .

' cl&NC5Wh. . ?([ *A^ ~'*%.a u :J $'
'

.

' ''
,

'

h* l 7 3 F' -

,,,

| . . ,

;3 To ''
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period. The derivation Is beyond the scope of this manual but the formula
.

)is given belowi
,

u... ,
-

.
|

. t 3
8*k * I + At,e '

ggt (10d2).

!;
. .

.

f where: a = rascrivity (Ak/k)
i"'

1. = average prompt neutron lifetime (sec)
; 2 = average delayed neutron fraction!

-

'

' J

1 = average decay constant for delayed neutron emitters =*- '" )

0.693/Ti/2 *h*"' II/2 le the average hal f-il re of tne;j delayed neutron emitters..

'. .' t = reactor period (sec) 'ia

. .
e

p -
.a ,

- 1

The average decay constant dependa only upon the relative amounts of eachN i of the six delayed neutron omitters produced oer fission. This is *.' .

) ;,,i reasviably uniform for all fuels, and so an average.value for 1 of = 0.1 i;
.sec can be used with little error for all reactors and for all burneps,3;
The aserage. prompt neutron li fetime will very se.*ewhat depending upon the

.

i composition of the core and its geometrical configuration. For the newi; llumboldt Bay core, the average lifetime was about 3.8 x (0*8p 'j . This value is only important when the reactor is prompt critical.seconds.
WhenO '" * '*** ***- ' ' d'a*"d' a ' ' " a*a ** ' a v* d " * " " " 5 - '"*'r d*'av ''** ba' r*.

- i

]) birth is so much lon er than the llfotime af ter birth, that It is the.] delay time that is I miting.,

,

. , Q i
O q

*

liotice that the right hand sloe of equation (10-32) contains two terms. *-.,,3 . ,

The first term, L/k ppt.frapresents the ef fect of the prompt neutrons. '
,, a ,

7. m j
. That is, if all neutrons. .were prompt, equation 110-32) would only contain.

.
,

," ' M .; this first term on the right hand side. Similarly, the second term on.,

j . 'the right hand side accounts _for the ef fect of delayed neutrons.,

Whenever.. ,a - .''.

9 -

-
'.-

i 1
.j

To be strictly correct;'s quantity called 8.ft should be used in thesa.

N j ,'
, . equations instead of the true defayed neutron fraction, s. The *,,, . . (

.". ' quentity S y, takes into account the fact that delayed neutrons are
.

.,

* j -
a-

.
' anerally born at lower energ.les (= 0.4 mov) than are prompt neutrons

- V.d) ,D,*.. =4 mov).y.This 'ias two major ef facts. Flest, the delayed neutrens '. j

- .
, . . .

' , i ' M,. .
*

.; J
*

ca'nndt' cause fast fission In U-233 so In tnis respect they are a sJ.' j $

* 4p"g. i e
*

4 .lesovelveale 'elnee a e 1.09.; M Ihe othee hand, 'they de not
,. .- t,

,d
,3 '. t" . perience as.muet.i fast leakage, and se In this respect they are = l-2% . ..

'*i

' .'.';,.i% teore valuable since Lg = 0.98Zy&l'ua,ble", and so 8.jp = 0.9716.
..

Overall, they end up being e 3$ less
. .

'.%. .M; ~ Toweres and of Ilfe, power distribution ' a ' * I
-

' ..

' , , .
1

.tende to stilft. to the ooges of the core and fast leakage Increases.
*

?.' ij

* / *.'f,act"ttist. delayed neutrons avoid this* leakaqs makes them relatively~ .'...-|
. -

.j')7'
*

The
'sc i -

'

2 9*,; .,,.37 . more valuable at end of Ilfo than ht beginning of life. . Thus at end
f

,

M ,

' ' of tl fo 8.'f', = 0.998 although i,n' extreme cases it ,can 'even exceed 8.
-' g In generaT,. there is so little dif ference between 8 and 8.gg. that 7,- .

*

the. subject will not be considered further.q . ~

.

7}** J '
.J :.

-. <
. . e: -.'

' , ,
- -

.:
.s.

.
'.. ...:

* - . ..,
, . . . . ..

,i -f ] D. . .y " ,' '
. g 6

-.. .'

| ",. *!* . J '. ".
, ,, ; , .

,.x
,

| I *
-

,
-,,., .

,,
'

- ,.; ( { *
, ,

.

t

:w., . m. ...e.. 2%7,L.".;%e~'.. :M | $$|'$ ?..r'k Y. v. f,.w.hh k '.$ '.h~ :lb. m .., >:r.'r?
...R .n. v. i., f

n .. w ~i$ '.. z. '
.e

> ,.w ..

. ~.. n-- m.a .. .. .. . . . . . . . m.-
* * .n ;fgQ:g' ;.Q;,;k .* g).%;|' :.:;%. .,. .. : . .gie.K W{;;;*Q;.% * 7||||,L%ip . . .--

-G|;M:.kQ. : . p%| .' .,:;W,m.'.
.

, 'f * . 9.[,e ;:;;:w' . .. , '
.~c ~- ..

.

.?| '

. . -.-'. -7
r . .. w . ~ ..% ~ *

, .

'.[. .
x;..

' :. ..-

- - g7 --

,

..s .. . p to p., ~.

,

L.,__... - . -- ~ ~
-

, , _ , _ . s.. . . - - * " - - ~ ' * * *,

I

| |
|

r-

l=
| . I

i

I e-

'r..-. .. .v.n_.., ..-..-__,<._____.__,-__.--.mm---.----.. _ , , . , . - . _ _ ,,.,.m_.,,_._,.,__ - . . . , . _ , _



|
| 1
t

|

i

!

.

I

. - - :.. ., .
.

:y ,. -, . _ ;>

a _

- _ . .-
--

~ . . .

'i Q.- - . ' - %v ii . ,.;; . ,.s . .. ., s . ~ ~..g .. c.. .
'

.

.
.C ; -- '."..+.i . - 5. .. .?- 5 A . .. ' .a: . . '. P .. . M. . . .'1 : .;

. . . . . . - -. , %. . 3-);:h.e '.:.n%. : ..,. *m iW.F,., :-h :-:. *y . .M 4 , ;n.4?.~.e %y ,Wmw. 2..
.

u......; ' . -
.

~ .:. ..
.;w.. : . -.:~. 4

.-.
., . .v .- -

.3.| %.ar-s
. - - ... - .. .

- m' . . n::..W :':--->:. '. %.y. .C c. '& ' ~ .
~~ ~ W- : %:- ".Y.'.;'.-v.. ..

5 . a::1:d::c .s :mWrM. g.na c ?- . q% w:: c-M .1 -; . ,

|
-

t . . . . . . . . . !
|

.'a . .. :. ..

,1-

,.7j . .. . .
- -

. ..- ,. - *

'.s 10-51 .
..*

-

. [ f :. :..

.

the reactor is significantly less than prompt critical, the proept neutronP

( terra can to ignored and ,the period can be calculated from the equation:
.) . .Q.:;i.ai;'

.
,

'W 8' ; %. g30 333'

i s , . i + A r-
.

.

.
-

'-y .i .

l G To litustrofe, let us calculare the reactivity =nica o:.id result In n

. [ 60 second parloc for the new Humeoldt Bay ccre (d = 0.0075, L = 3.a x 10-8
<f seconds, and A = 0.1 seconds). 'From equ.stion (10-32):

.,. a.
~

o = 3.8 x 10-5 0.0'375+
.ti. (m,99)todi i + N.8)to04

.c.g
o
Y 0.634 x 10*S + ,.0075 0.634 x 10-80 + 0.00107s p=- __ =

Nf f 8 *O kott
, . .

;,]
. *'.1 Since the period.ls 60 seconds,ithe reactor is known to be considerably.

F less than prompt critical. This means that k.99 <l.0075 and it is a .

., y fair approximation to say that . keg, = 1. Thussc

:Y .

/7.] p = 0.634 x IG-' + 0.00107 = 0.00107

.' m $ Thus It is seen that when the remeter is considerably less then prompt
h critical, the second term (i.e., the dnlayed neutron term) is dominant.C

.

This is the assumption which lod to equation (10-33), ,

. . r.- !. .

.

To fliestrate the off,ect of plutonium bulldup, let us calculate the-

, ' . period which would result from o = 0.00107 when 8 = 0.0060 instead of
;'

.

.- -,
0.0075. Sinco equatten 110-33) is appIIcable.

-
- '.1 - '

0.00107 =.0.0060 <

.a -

I + 0.474

... ,.1 - -
l

.

...
,

- * ?) 0.00107 + 0.000107r = 0.0060 *
.

..s

0.005
. ,.

N ..?.9

w
, . I * 0.0060 - 0.00107 * I"555I' {

* '
a

',F [ *

A.
~

3.000101
. . , . . .

' .y - t = 50 saconds T*
. ..s.- . , . < . . . . . .

. .. .-
. .** '

.

,

i
*

..;. s. . - - >

~- .which compares with the value of '60 seconds f rom the previous example,
,= -

. e- .
. . -

,

Equation'(10-32) can be used to cateuf ato the Urlod whi.ch would.be *. .*
i

obtained whert the reactor Is above pecmpt critical. Consider,. for ext.mple,. *-
< . - the,new Humboldt'#ay reactor with ke9, . 1.01. Equation (10-32) give.s

.,

. 1,4
'

;.
.:

. < 3-
0.01 3.8 x.10-8 0.0075*

.' *1 .

M. . 8.04t | + 0.it .
- '... C.. A. w

$. .- '
.e + .. . '. . .

.? ,. .
. .-' .

.
. h..

,
O.0099.='3.76 x 10-5

'o,co75 F L' - . , f. . i .
.+ ,

-
,

* , .t i + 0.it
< . . . .

.

w y::
. . .. .. . ., . ,. . .

- . ..

.

? >. -
.. ,

i
*

.
. .,

.

'

9
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This equatica can be solved for* t by relatively advanced algebralc
' '

L techniques, or by trial and error. We will nct complete the calculation
here, but for Illustrative purposes an approximate result can be obtained
by assuming that the delayed neutrons never appear and that the reactor"i i

j j is operating on prompt neutrons alone with k.g, = 1.0100 - 0.0075 = 1.0025.
; The falayed neutron ters in equatlo.1 (10-32) can then be ignored end the
| ;velod can be calcstated'from the equation: -

.

. <

""

L
4' s = k ggt,

. .. i g
.

T.'U5 3 * 3.8 x 10"S
' . . | 0.002S
j 8.coz5 t

,

,w

0.002S = 3.8 w 10*S
'

o -

.r .
t. : p ,

*I.$ | t = 3.8'x lo-S 0.015 seconds *=...'
.r rJ 0.00Z3

~
'

3..

* ~
'q

.

Prcblems of thle type are of academic Interest only, sInce the reactor' '

- 2 1 1s never oportid in the promet critical condition. l'or all hand calcu-
j lations equatten (10-331 will suffice. Although It is Instructive for

Q the operator to be able to 'make rough calculations such as those outlined-

i above, in actual. practice they are seldom required. Instead, the operator
,

h ustally has a " rho-tau" curve at his disposal from which he can obtain the g

.. . j destrod results lunediately. A " rho-tau" curve is simply a plot of f
S- N reactivity (rho or al versus period (tau or t). In other words, it is a i

'

.
' "

i plot of equation (10-32), although usually a more accurate fem of the |-

* i equation which considers six ~ separate delayed neutron terms rather than .
'

' .j
-

; . '. ; one average term. Figures 10-22 and 10-23 are cho-tas curves for
2 Humlnidt Bay for positive and negative reactivities respectively. Notice*

g .,

that there are Individual positive roactivlty curves for new and old fuel..' ;i
*

These eleply refleet the buildup of plutonium as we have discussed.
. .N 1

,

4.. b ] So far we haknot considered negative reactivities. Equation (10-32)
. .

.

(or equattiiir(10-33) since prompt critical is w t a facter) does not"

'y ;-
.

*

( give accurate enough results to be of any practical usa when negative '.

* ': rasctivities are balog considered. The reason for this is that equation U
,

1 (10-32) contains only one delayed neutron tom using average delayed -
.'i heatron properties rather than six terms to account for each of the six -

.

,

- 1 groups individually. This does not introduce much. error when positive i
'( ~ reactivltles are being considered; but'results in the equation being
, .

- practically useless for negative reactivltles due to the following j,,

j; phenomenon. Suppose the reactor is operating at some steady power level !j,

, j whos) suddenly all control rods are.quickly Inserted, thereby making the 1
*

,

J1 reactor considerably subcritical. As was the case for positive reac-
O * tivities, the prompt neutrons will undergo several thousand' generations . 'M;-

[
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within a fraction of a second. Since the reactor is far subcritical. . p.

;q.- - the prompt neutron population will thus fall almost innedlately to the
3;;':source multiplication level. This rapid power reduction is called the s;

prompt drop, and is somewhat analogous to the prorpt jusp. However, there
..

;

*1111 ramsina .: near equillbelm Innotoay o* de8 sfu r.d.fcun precursor W
'

.

D fisclon products in the cere. Thuse will ..cntin.se to em!t nwirons at y" rates deter:nined by their respesettve hal f-Ilves. .in rno first few E-
| minutos af ter shutdown, the majority of the short half-Ilfo delayed @

*

i neutrons will be born, and then immediately reduced in nueber to the Q'y' " sourca level. Finally, the lost remaining source of neutrons will be ,,4!
'; the 518 second half-d l to delayed neutron (,ailtters. ild:ause the neutrons gi

.
.

cannot he eliminated until they are born, the rate of reactor power W,
,

decrease is also limited to a 53.6 second half-life. Since the period i &M Is 1.44 tires ths doubif og or halving tine, the f astest equl'I tbrium '. i?-d
,$ The roaster will remain en this period until the neutron populatten | @N'.

negative perled the reseter een be en it =(1,44HSB,3) e .40.2 seeende,

$ levels of f at a value determined by the sub:ritical source multiplication. I p,{ ;

,
j

*

3 F1 ura 10-24 shows tyl*lcal' recorder traces following scrams (l.a.,0 ,; KP; 'Iw.ediate Insertion ci all control rods) from full power for a typical i b*O SWR and PWR. The curves show the same general behavior and era essentially M ii

similar.;.the only dif ference balng a slightly larger prompt drop In the ,I @/-( case.of the BWR duo to the f act 'tnat the strong B't..3 rods take the core
g. n.;|"

some6ha That is, the i f,magnift)t f arther suberltical 'Imediately af ter the scram..dR~of 13e prompt drop f acreases as the magnitude of the stepr 9,
'*

::.: . ., negative' reactivity insertion increases... .

[.; p.4;'s ,

Of codrso. ..,etherbs no. reason why the reactor must be shut down by complete
.^ w

- M .
! $E

..; Insettlen of all control rods. If the control rods were only partially f IFInserted, the reacto'r could be leveled of f on a longer negative period,b

i say -500 seconds. Further rod insef'tlen might cause the period to g i'd
f. 3

,

phorten to -100 seconds. Still further Insertion' will cause the reactor !. Cito equillbeste at.-80.2 seconds as before. Any further rod insertion
$ %

,

.

P will have no ef fect upon the resulting . equilibrium parlod. This does
i '.Ri' not mean, however, that Insertion of just er.ough control rods to result

.Y ,f., in a -80.2.second perlcid will shut. the ' reactor down as fast as levnedtate [ $~
'

E2 Insertion of all control rods, because with a Large reactivity Insertlen ythe reactor gets the benefit of a large prorpt-crop.:n . , , .
b b'* 2.g

. 'u Ena
b * ***

-
"

- p MS
s .

REACTIVITY COEFi lCIENIS *.. .;' ?
r er . o .* '

.

-:n
%. .a in our discussion of tha six factor formula, we went on at some length - % $

*

f I.%'
,,

.
.-

about how each of the star f actors were af fo:ted by. verlatlons in such E (,3quantitles'as moderator to fuel catto and coro conposition. In this W.section wa wllt discuss the practical significance of our previous $,. .x
' Y

* . . i' ; .,J obbervettens... ~.. . c * *
> h.;*

'

*
. . . 1 4 , . . , ,-

c

* s . , . _ y. ; ; .' ' *:. - . % ' * * W -4 ' !.

Suppo'se a reacto'r Is 'p%forforence. lac 6d|hn ";60 sacond period and alto.eed to follow
, . .. ,

'
i..

_

-
*

** # 1'
its own cour'se ' lthout

* , One might expect that reactor f h.w

- -
power would continue to rise on a 60 se'and period until the core melted

L' L'-

,

,o
down. However, If the f'4 actor is properly designed, the power would p IM

,

l~

.

continue to rise until the 'coro bogsn to P. eat up, at which time the V d''(
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period would begin to lengthen and the posar rise would ha terminated. >

{()
-

"

Clearly, the of f acts of the power rise have resulto:f In a reduction in .
- > -

k gy, for the coro, and have acted as a kle: of Ir.tcenal brake on the
,,

The reactivity offects accompanying a change in power level
s %e

reactor. ' D.;
are m31nly the result of chaages la three ;usntlif es; eccerator temstrature,

(|'

[j lugt tw9ePefuPU, d6J SPSs4 Neld IP40tleA. TP4 *AyaliuyJ el ike PweJf kl*f,,

/change whl.:h att:nJs a uni.t crany la any :,f in.ese thNa qu.*.ntitles is,

We will ;/.called the reactivity coef ficient for the : articular quantity. ,

i consider each of these three reactivity c sificients separately. %.
9.

. . . * y'3.-
-

j
,] 1. Itsdarator temperaturf coef ficient.

, y ..

As the temperature of the water moderator is increassd, its density qJ,'..n,
,.

ga p decreases (i.e., it expands) as shown In Figure 10-25. Stace the (.;
1

U,s
.4..W a.
.. - '.......m * ' ;

- 5 - .

%.,'[ - g .,
, . -

- ,'
W)

' .
k.W..

4 . >- q. .- :' &. C * C
#i.,,' $$ .

{ { _ .

"..
a

I.fI WATER Tnaptes' JetN '

} i Cowsft.MT A7 3101 R
L:.,,

E 45 6

2.+ ,

-,
.

,

i
* .

- - *
, 'k 46 m

. .. .

*,

.s.s
*

.
.

: p.
- :, ,,

t.t
-

'

SS

.1 $ - i r! $
-

.
'i S- *

P. *' .So
* - -

.. I- r.

. , s..n+ . : .: ?:-. . .

.t 4-
, , . - .

. . . ' O1 At >
-

'
',

:
M-

.
. * . ; .: (7 *. -: * U

f.-' .'. ).,'.) 20 ,' .
k,,

,. .' g,;. . .
n. a.q

,

is E
*

f .

... . . . . . . . , , '- - - . . . .
-'

"
.

'. 4 3e ua .2M .uo 450 .Mo conna. Tv ..

9'8
- TEMMRATUAI (4)~ 8 .01 .44 .m .es .ao L ni .

.' d -
. v. a . .

<.
q. ,,-

.
-

-
-

i <. . . r. ,:.: . >.
..- . .

b
y , , .

Density of Water and Steam-water MixturesFigure l'0-25:
- .

'

* |

4
volune In the core which is occupied by moderator remains essentially | ;.-,

-
.
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constant , s reduction In moderator consity reans that there Is a. .

-

a ,
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< Thereduction la the number of moderator polecules In the core.
,

- . . . ~ nunber of fuel molecules in the core remains constant as tempera-~;

ture lacreases, so the not result of a to.mperature increase Is|' ' that the roderator to tuoi retto (on a wou;nt or moleculo easis);-

decre ses.y
*.- + . We cave already discussed tna effects of u changa l'n t%;)/rf q upca

the factors which make up k gg, but it is worthwhile su.-marinng" e This is done inthese ef fects as they apply to both BWRs and PWRs.
Table 10-IV for canaltions at beginning of core life and at end ofa ,

cc,re life. In the tshta, a negative ef fect li taken t.s mean one fi

4when moderator temperature in,.reases. Aq,

which tends to reduce k,,fch tends to incr*easa k,g, when moderator,

positive effect is ons wnThere are nine effects listed in the table ,18

temperature increases.
If ,'some of which are positive and sorre of which are negative./ .;- ' ch,',

the negative ef fects are larger then the. positive effects, the over-
. . " M 'J all moderator temperature coef ficient is nagstive. This means that

{
*

7 the not of feet of an increabe'in moderator temperature is a reduction .

.i in k,#4 Conversely, if the positive-ef fects are larger then the.g
* .tp negatisa ef fects, the reactor will have a positive coef ficient

and an increasa In moderator temperature will tend to increase k ,gg.. .
.!

*

-*@ ,; . t ,

~.t To tilustrate, suppose we have k,,, = 1.000 (p.= 0 Ak/k) and
'

moderator temperature = 500* F. Suppose further that we raise $moderator temperature to 550* F without making *any other change.;.

.
,, ,'

~ In the reactor . At this new temperature, k,gt would probably no ,_.

-

2

forcer be 1.000. If the moderator. temperature coefficient is
,

J*
,

necitive, kept would be less then 1.000, say 0.999 (p = .005 Ak/k). |The temperature coef ficient. ls defined as tne. change in resstivity, '
,

. ,

per degree change in temperature, oct ...

i

-J.
:;.a ..

", . .p,. .-

a;
(fuel rods, support structures, etc.) also expand. Therefore, the
physical dInensicns of a hot reactor are si.ightly larger than when
cold, and the mcderator actually occupies a somewhst larger voluse. |

" "

;

However, the amount that the solid components expand is very much*

/; less than the amount that the water expands. Therefore, in our
, discussion we will assume that the physical dimensions of the .,t

,; the same volume under all condif fons. . 1 -
.N. j'core remain essentially constant and that the moderator occupies *

'

. . . .

.
"- ' ~N -

i, 4) ~ * }
. .-

.

in addition, there are a ' number of other relatively small effects D l'$ ~. ' which are not listed. , .
.

I
'

,
, . . ,

' .3 . W. . . ?
.

~ |@
. . . . d 1

in a large.plantMth .forcsd circulation, this could be accompt,Ished
.

'- ~ by simply runningt,ha. reactor coolant pumps and letting the friction . - ||i
8

s, j
' .e

heat. they gener. ate lh' crease the temperature. '
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! ' ,'' Hoderator Temperature coef f. = *T ", - mlHa t
(10-343 ( t'

s. iinal Ilnitial .:
-

Y where the temperatures in the doncminator refer to the moderator and :
IN Subscripts initial and final refer to before nnd af ter tna L

-- ktparature changs. Tnug, for the previous,e.xamplo, tr.a avsr49e
.

[
$

acJarstor temperature coeifIc! ant over the range from ';00* F to }l'j 550' F is given by: .Y [ ,
- .

,

1 - " - - " -i.0 x iO-' prF |n.r.c. 330 - 300
-

M i= .24
g

*i As we shall s44 below, the magnitude of the temperature coefficient
i varies considerably from one reactor to another; and fee different

M . operating conditions in the same reactor. However, for light water
rreactors, the value -l x 10-4 p/*F is a representative figure.u

. . . . .

"7,$ In general, a negative moderator temperature coef ficient Is a '!,

. vi desirable condition. If the reactre power beglu to Increase, alther -
'

. .

SM*!
Intentionally or unintentionally, one effect of this increase will ,I

,

usually be an-increase In moderator temperature. - tilth a negative. . . ; ,g moderntor temperaturo 'coef ficient, the Increase in temperature would ,!
a

i

L cause a reduction in hef f, thereby acting to stop the rise in power. t

i O Thus, a assetive temperature coefficioat serves as aa laherent reactor
to . control mechanism, independent.of.any mechanical control systems,

L (;
-

g'

and can be an important safetp f,ea,t1{re. signed so that the . moderator temperature coef ficient is;BWRs are de-Bott( P4Rs acid y.*-
. ' -

. C for normal "3r power' cperat'ing cohd!'tfoNs;
'

negative :5.

g ,'c-
.

.?
~

,

"|-] Defore continuing on with our discussion of the 'coef ficient In g'

*

.) different reactors, it is well to clarify one point regarding the '

coef ficlect which frequently confuses students. Suppose the moderator: '
,

gi' temperature Is hold at a constant toeparature, say 70* F. The
'% question Is, if we mnintain a constant 70* F, do we still have a f

,,

.

modarator temperatura coef ficlont? The answer is yes. Tho co- (, ,officient is nothing more than a prediction of what will happen to..a,

{
,,

', .g reactivity If temperature Is chan2ed. If temperature Is held con. i
4 ,stant, the coef ficient still exists, but Its ef fects do not geti

[ an opportunity to come in to play. {, y(g.,., .

,

To help relate the diseuesten el the moderatee toepardture WHl Aleat:r *

...f to the urlier discussions in this chapter of the six factor formula, i

*

gr
i it is Instructive to reconsider Figuro 10-12, which illustrated t' , I

*

4 the relationship between k 99 and fly 1o/t g . To aid in tho'following !.
'

discussion, the essential ,f eatures of ir.e figuro have been repro- ' ' '

"4 ducod in Figure 10-26 In a somewhat meaggerated form. We have.already
, g
t

.

Indicated that an increase in moderator temperature causes the * i
[., i'

operating point to shif t to the lef t on such a figure. Thus, any ?.u reactor operatos over a range of IQ 0/i!UO values rather than at | ['
-

,

2* W a single point on the curve. Three possi$le operating ranges are-<. 5;.,

1 Indicated on Figuro 10-26. In addition, the figure Illustrates
,

', ? how the temperature coef ficient tesuld t: shave for reactors operating
g [,

.

4-j over each of these ranges. { , r.'
*
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1at us first consider the reactor operating over range A. -At amblent f- '-'1 .

-

';3 temperature it is caereting in an over.noderated condiflon (to the
.

.

".' d
right of the optimum point) and it will have a pcsitive coef ficient.

[ )'

W*.?P
la fact, it will have a positive ccaf fIc! ant at all operating points

.

In tha overinoderstoJ roglan. Ho.ever, the ms;nttude of the coef ficient i
'

I 3111 decrease as the reactse aporouches ?? asri.ua point. The ng.il- .

i'd ti.de of the coef ttclent depends upon the sic;e, or steep. ess of tis
When the k pg curve is risinj s*eeply, a one dogree change | ;k,gg curve.*q e

In temperature will. rake & relatively larga lacrasse in k gg and th-o ** '

.i:j csafficient is !1rge. As'the k,gg curve flattens out, a one degree 1 -

cege in temperatura will mak a sinaller lacrosse in heff and the
i coefficient is sraller. At the optimum potnt, tne coeff.lclent is }.: -

That is, the slope of k p, curve is horlaontal at this point, ,

i zero. o
so a very small change In temperaturar will not result in a change In .

kegg. l'Inally, as temperature Is incrr.tsed beyond the salue which
.

.

.y
.M corresponds to the optimum point, the coefficient becomes negative.- ,

>

r

The farther the operating point moves to the lef t, the mone.strongly '[
.. f

''3
negative the coef ficient becomes because. the kept curve begins to . ,

,.,

' : .1 fall off at a faster and faster pace. I
<

d Conttruction of the temperature coef ficient curves for reacto's j [
y .

r
'

operating over the B and C ranges follows sieller reasontr.g to thatM

glvon above, inspection of the curvos Indicates the following impor- [

tant observation - no mattor what the temperaturo coefficinnt is of i.

rours temperature, it tends tc move in the negative direction as tempera- hf .;#
7.;

ture Increases.1 ~'C
s'Y

'\ When the core la new, the peak k gg in en uncontrolled reactor is f f|,

typically = 1.2 - L.3. Thus, in a new core, some sort of control would 1 f*.

- ,r-

9; have to De provided. Whether the control takes the form of control
,!.

*

|.
' .N* rods, as In a IWl, or d!ssolved boron, as in a PWR, has a significant

f- I(
[i.

''

V of fset 9 pen the ter9eratura esef fielent sharacterist!cs of the aere,'*
Therefore, the coef ficients in the two types of reactors will be con- t". >i

.i sidered separately. '

[ )[
- ... '

4: -Q - .
,

p, ,.
*

.' % . A.
BWR ,t p*

. .. .,. .;
.

r

' , , In the Ble9, control is accomplished by the usa of locall2ed polsons -
f )I

.s
-

either control rods or f!xed burnable psison.- In osely reactors.

..W. the burnable poison was In the form or ''polson curtains".wich ,[
.,

I
. l I

.

1 This ef fect is strengthened by the f act that e one degree change in ,
I?.

'itemperature causes a f rger reduction in density at high 103peraturesf ' !ithan at low temperatures (see H gure 10-25). Thus, at high temperatures. *

a one degree temperature rise causes the operating point to shif t fart?.ar f 'h;l"

to the left on Figure 10-26 then does e one degree rise at low temperatures. . fj ;
.

*
t.

I i'2 The reason for.splittlng the control ra::uirements between control rods,$'

and flued polson is to allow the control cros to be weaker. This lessans g.,

i
. 3, tha potential constquencas'of transients which Involve the accidental. -

*'

% ' w.ithdrawal cf a control toh For. f urtner discussion see Chapter 15. g- .. c,
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, ,
,

! -
,

-v. .

'
, -: , i were thin sheets of borated steel which were sandelched between
A fuel bundles. In later designs ti;a poison (usually an elecent called;

Mh* M4 .

out that the worth sf a localized polson is dependant upon how

gadolinturs, which Is a slow neutron absorter) was mixed with the. .. . J.1
d fuel la selected fue.1 rods. Carlier in this cha; iter it was pointed

**

G .c*

,.M , .many neutroas can ruch its surface. Since the nwirons tesvol
f arther as the nederator density is rum.ced, on in rease In redera-0 *

.

M tor temperature results la an Increase in the strength of any
inserted localized poisons. Thus, early in core life, this ef fect
adds o' strong negativa contributton to the roderator temperatea,

.
d coef ficleat (see T.able 10-IV). On the other hand, as coca lif e-1 *

;] time progresses the poleons art, removed from the core ane the im-
portance et this of feet is diminished. Therefore, in a SWR the. . .? *

499 .d .aederator temperature see6flelent le sedinarily more negative at
.,. , 1 begfralng of core life than at the end of core life.;'

v
..Q. . ,.

..''W Figure 10-27 shows the temperature coefficient behavior cf a typical
d
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h, ( h.' i, ~

INRforverlovsopersfla0 conditions. Motice that this particular-
.

..

Q ,', ;q ,-
core has been destped 'wlta a volure ratto which gives it a negative { !|l?
coef ficient et roon temperature even la the uncehtrolled case. h'", ,

QThat is, this reactor would be like ther Illustrated by range C
{

,

j ,on Figure 10-26. lFigure 10-27 Illustrates sur previous runarks c;
4 , i iehnut the h4hautor of the coef fiele . . D.s+ 82, it la ccr.shle obly ,' 6

- '- -

acre negative when tu control rods are loteated, and it bo:c es I.ex more negaPIve es the temps sturn incresses. The figuro also sh us
'

.g : the coef ficients at beynning of life and eM of life for the j }
';

uncontrolled cases. The dif ference motseen these curves is the re- !_
tc. i

,

l
sult of changea Ir. the cameosition o' *ne fi.sl. Fo. onwstw, in | '. u.

q.
' *

". "j Table 10-1v Ir war pointed out ther the nuitoup of Pu-239 eiede
.

3.,. 4 1 !both positive lef f ect upon H and negative (ef fect upon ett conte!-3

(,
butions to the coefficient. The not ef fect of the changing core 6.

'$
composition is small, hence the two un ontrolled curves nearly g I.

.s
The ef fect of changing ec pesition as core lifetime )coincide.. '

r.
c j sprogresses would be completely oversha1 owed by the of feet of con- .

( trol rod withdrawal. '
. .

@c
i ;y.

.-

We have stressed in this section the fact that leserted control I
y

r'
.$ rods tend to make the coef fIclant ciore negative because thele reestle

'; Ng *g j
{ kvity worth tsnde te ipePeste at + pesPetWP4 feeP04444e 19 la 1? Interesting to illustrate this ef fe:t upon a curve of kof t versus
[

e

.
,I,

g Hg0/NUO as shown In Figure 10-28 On the figure, t,he upper2
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:.:
curve lliustrates the behavior of the uncontrolled reactor as

f,-
.

r.;,
th0 bO, is varied ahlic the lower curve shows the behavior of the

gj'

d /I H0D0 the difference0 ,

contrcIled reactor. At any glvon value of Ng between the two carves represer,ts the Ak wort $ of 1.!e, rods.
,

The g

. :uble ended aten.s cro thi.s a ressure Of contral fstw stren:th.
y;

;?j These arrows get longer as P.g.c/% .:acruosas ud tas Ag , .:.. . .e $"

,..

for the controllao rasctor faltu tartnst and fM::er utioe thst ;
;

of the uncontrolled reactor, which shif ts the peak in the former
curve decideoly to the right. As can be seen, a reactor operating i,

at point A wout.1 have a positive coef ficient when uncontrolled, 4(.)
y.|y but a nettve ccaf fict.:nt onen scarrolled. TtIs, of ourse, ;

agrees with tha previous remarks regarding the of fect of Inserted
E

' C
-2

rods.~'
.

.-9 ,

.

9. PWR:t:1 .

r + p, At the beginning of core ilfqttro, a PWR has a considerable con. ,

Y centration of beric acid in the coolant. Any mechanism which re. E

!; sioves moderator from the core is going to result in the simultaneous
-

'@:) removal of an equivalent amount of poison. The removal of poison
|will tend to increase kogg and will represent a positive contri-
Rg bution to the temocraturo coef ficient. The greater the concentration

. ;,.. of boric acid, the more leportant is this effect and the more the
Thus,. k-:!

~j .coef ficient tends to be positive as shown in Figure 10-29. .
-
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| lb $. .
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.
.

,'gY| ' the influence upon the coef ficient of a dissolved poison is exactly
the reverse of a localized poison. In a PWR the ccetflclent gets t

rnere negative as core !!fetime progresses and chemical shim is.. P

$ renoved from the core. .
O L;r Ths desirability of having a negsttve temerature coef ficient t

. } at cperattrq conc; tic.% ;tec:ss c.) upar f !.1! r u;aon tr+ e.14h:Nm [
! / concentration of enemical shlm wnlen a Nt can empicy. Site:3 inis

.f maximum concentration is generally lesuff!clent to provide 411 !

'

of the reactivity control which is required by the . core, current |<

PWRs also er gicy fixed burnable poison rods In the fuel. These i
,

.

M.' f ocalized piscas crowl:e o n.egative contrib.;tica to tre co+f ficient :
) and their use in place of boric acid prevents the coef ficlont from fj helag peeltive unser operating conJitions at beginning of core i

"

..
.. h lifs.A f.

- )2
.

. .

% L
'

q Pressurized water reactors are always forced circulation reactors. [.

' 'y in general, they arw heated up to cperatlng temperature and pres- j.

- y sure using p re heat rather than nuclear heet. During this pro- 5i [ cess, the reactor is shut down with nearly all control rods In- @-

Q sorted.2 This gives a little break on the coefficlant during the
,

".
4 low temperature ccnditlens wh'en it is most positiva. That is, with i
9 rods Inserted the coef ficient may always be negative where it might [$ g not have been at the same boron concentration with all rods with- r2

* 1 drawn. ,v4 -

C. y
" ' -

' 4 Figure 10-12 shows the ef fect of disfalved' boron on a k gg versus W
;

e.j 1%o/Nuo, curve. The reader should consider t.his in an analogous e-
J sPenner 15 Figuts 10-28 and verify that as N /H20 %02 is reduced the 2.

y uncontrolled and controlled curves ~ tend to move closer together g
because the ak worth of the shlm is reduced. This shifts tha $.

'' d, optinun point In the controlled curve to the lef t of that for the 2'% * '

E uncontrbited curve, whlen means the coefficient tends to be recre
'

b'

:j posittve^as disc'ussed above..
.c b ' h

E.. . ..' ;j 2. Hoderator..Yold Coef f-Iclent .
.

E
'

,
W i i5 in this section we will consider the ef fect of coolant steem volds : p

. 'TJ uoon the reactivity of a bolling water reactor core. Most of the f.;'8 principles discussed apply equally well to a PWR, and we will discuss P
:

.

3 - A
. .1. , -

s,
- $j Most PWRs love a requirement in their AEC operating license which states.

.| F
-

.* 1 i (!,'
that the esef fielent must be negative whenever the temperature is above !

.

-
- ,r # 450' F.. T

,

(' ,t
.

1 .g - -
. .

}
-

.

.j 2'

Generally a small numeer of rods are w!thdrawn'to give the operator the I It
.

- - J capability of quickly accing sorre negative roactivity to the core should. i'. I. {
.

',
.

4
g the need arise. The "need" could arise; for example, by an sccidentalN '!". p'deboratfort caused by improper valvl.ng la the horstion concentration !N control system. h6 **
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... . W".
$7 ,n .

them briefly at the end'of this section, but the importance of volds
^

p;. .i. .
-

In a PWR is reduced because there is very little bollina In the core.
' h. -

| 3.

J its coursu of heating
Since a BhR is essentfally'cottled up d.rIn;l b-'.)

-
to rated tee;erature and pressure, the sacant of. steam bubbles, or b,c -2ftar esit cW il aas b.de bn.n reshed,vot na, in t:u :sro I J :.-sil . R-i a .d reactor pour is esta.d to produca 2:2em 'h .u ownt of voids E'-

i
In the core Increases until at full los: .e nsva a candition called c-.

At rated volds, the volute of tr.e vcids in the cors may
represent 30$ or more of the total ecdarstor vols.me. [f[..

At the top of the .? .rated volds." ~

coro, whers th s caount of st.m is ar
s raalm.m valus, the vold'

I n .4 prepnely easigned rua.:for, QT
volume fraction may be in excess of 701. 1.e., ni
the ef fect of increasing volds is to acc necative reactivity:

*
,

Such a reactor h''*
Increasing volds should tend to shut the reactor down.The vold coefficient hI,,

Is said to have a negativa void coefficient.1 ye.
is defined in a nsnner analogous to t'te mdarator temperaturo coef ficient, , |j

'

that is, it is a measure of the reactivity change whic.h accompanles
2.i, a one percent change in overall core vcid volume fraction, er ,

'' * M (10-35)"'
? Vold Coef f.(f.k/k/$ volds) = *V

*

f Ir.at VInitial M..n p
I@, f.t

wheres .V = moderator vold volume ($1
,

*J

For example, If an Jacrease la the core everage veld freetion from
,

@20 to 22$ produces a decrease In reactivity of .002 f.k/k, then the.

. ' ..
,,

vold coef ficler.t will be: ..,

' R-re, -

o .002 -. *002 = -1.0 x 10*3 ak/x/$ volds c; ..n
V.C... 22 - 20 2 a. .:-H

|
. '. . . . L!' f*

,

- :.s which Is a typical vahta.for a.BWR..
. . k

w
- ,y ~ ,. ..

The mechanism by which a'n increase in core volds reduces reactivity
. . -

.

%It essentially the same as that descriced for the modarator temperature- , D.
Volds may be..thougnt of trerely as being another way of 9.}

-

coefficient.
, reducing the' density of tha troderator, and by doing this they result in - W

'

all of the ef fects' summarized in Table 10-IV.
h ever, Introduction 'Q

1

M'of volds into the moderator rosults In a much greater decraese in h6
'

-

' ' The' resultef fective density than does heating (see Figure 10-251. $.J Is that the vold coefficient is nuch streger inan the modarator to.*pera- (1,;t*

ture coefficient. f.tention was made previously that staall positive -~ i *

', d,C
roderator tc.$arature coef ficients were permitted at room temperature.

<

| 0.-1
Cedinarily, it is desirable to ha'fe a.iagative vold coefficient at any %.,

5

4|cparating conditions which could result in s bstantial vold formation [

,

" ) ;. ..

In the core becausa of the f act that
.s coef.f fclent is strong and

~ E.

;

This.
" '4 '

, . the vold content of the .coro can be che'n;ec rath6r quickly.3 I usually means the vold coef ficlunt must be riegative whenever the n.adorator II.';'

' is above the bolling point at atmospharic pressure (212* Fl. In general,-'. d '' 'W
If the vold coef ficient Is negativa, t*:e re:arator terrperature co- $,

of ficient is also negative since they era?tne result of the same of fects..
~$

.
i

'

~

f requires that the moderator terr.paratureThusi a BWR lletrnse f requenti
coef ficient becc.me-.negstive before the troderator reachas 212' F.. -

5'
, '
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Figure 10-30 shows the vold coefficient in a typical DW versus void v-'
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$ I volume 'In the core. - The vold coef ficient becomes more negative as . , g
I vold fractiori Is. lncreased. As in the Osa of ,tne moderater tempera- g'
l . ture coef ficient, *this is a restalt of the. cora becoming significutly ' - f' '

.

'

j undormoderated so that the resonance' escape probab!llty begins to "

g..

.. r'; j decrease very rapidly. In ' addition, the vold,coef ficient* In a BWR p
tends to become more positlwa as burnup occurs. A sin as in the casa Q** ;;

I' of the moderater temperature toeffitlent, the primary reason for h. > -

"! j this is the fact that there, are fewer con +rol rods in the burned core. $
Thlt reduces the esq11tude of one of' tne largest negative ef fects that mi

*i i tukas up the coef flclent. Plutartium bulldup also tends to eJd a E
Msanall pesitive contributton to the vold coefficient as burnup occurs'

.-

-
,

- l due to its ef fect upon f slightly r,vershadowing its of fect. upon n.
,.. -

?. .;

'
-

.
.. ~. .

-

,
.

. . . . . . .- .
, ,

.

*

f An important. consideration with volds is the f act that they- are not g '. ,
,,

34 ,; . ' ;; . *,y uniformly present throughout the core. The water entering the bottom- ;.q
' -

,
,

of the core is cooled below its bolling point (this is called sub- A*

k. ' ,
,

( . cooled water) and tr.ust travel a portion of the way up the core before"
.

, . -: sufficient heat is added to ofevato it to the boiling point.. All - . Fc,

1 heat added beyond this point. goes into bolling the water and increasing' '"
'

j
' ' J h the vold content, and as a result, the volds tend to act as a polcon *. ,

L
,

In the top of the core. It is tnerefore necessary to properly pro- h - '
_

-

t
! , .' gra.n movement of control rods so that thay act to poison those portions - |

- -
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- *j , of the core where no poison in the form of volds exists. In this way,-.
.

'

a the power distribution can be made as uniform as possible. The j:ontrols
|, of power'distributlen is discussed further In Chapter 12.2

-
-

~9.

- In addition to. changes In reactor po.or love , there are many things
_

,

|4 which can affect the sno.farator vol: .Slure whilo o 05R Ic in operatten.
.'

. .{ h e of these cra: ,

<J
i A. An increase In reactor pressure! .alch causes tho' reactor power s

i to increase because the volds are coepressud and occupy less '
'l volume in the core. .

:4*
;

. .

B. A decrease in the temperature of the water entering the core ',

(l.a., an increase In subcoollng), which causes the reactor poi.or -

g to increase since fewer voids will'he produced because mor) of the '

% reactor's power must go to heating subcooled water. Changes in
i subcooling can occur by changing feedwater temperature, by cutting -

.
y feedwater heaters la or out,. by,' transient chanDes in feedwater* ,

flow, by changes in the core recirculation flow as in a variabia,, .i

.y- flow forced circulation reactor, or'by changes in subcooling due. j;, ,-
,

.4 . (h. to changes in the secondary' cycle of'a dual cycle plant Ilhe' |
44e Dresden. 5

. .e
.; 9 4.4 .a . . l |The operator 'of a bollin2 water reactor soon appreclatos that In

,
.

addition to his real control fods,.he has " control rods" In the form !~
d,, P of his feedwater valve, speed liontrols on his coolanf recirculationi

- oumps, and In the devices ihtch'centrol reactor prossure. 1.fnder !'
some conditio$ , these cari act as ve. y potent reactivity control de- . ;

.
,

vices. e*,

. .

-

.3
-

.
- ~.I

,

*j ,,',

Although the moderator tenper6t'uie in a PWR is essent! ally the san'e as . .

t "In s.BWR, the moderator is subccolod in 's Pd because the reector h. .

*

<.
-, '.N'' [ . , , * '' * Is operated at a pressure substantially higher than the saturation [
.-

k.-
- -r pressura. For omample, at 550* F, Tne saturation pressure Is = 1030 psig'

'}
'' (thus a BWR would cperate'at this pressure) whereas the operating.*

. , - :. . .

Tnerefera, a bl h degree of bolling y,.. ,. pressure of a PW 1 is = 2235 psig.
,

0"'c'

; .Q .

M 9, ~ , is Jmpossible in a PWR. Nevertheless, *here exists a phenomenon h
.: called surface bolling which does oc:ur in PtrR cores. The surface of .di . .

'

f'

' )" 4 . ; the fue'l ,clodyrig is somewh.tt hotter than the bulk coolant temperature
'"' "

? 'and may onceet tne bolling point of the coolant at the operating pres- |.;.]
' * +\ sure. Thereforo,'smdll steam buboles reay be formed on the surface . gj

As .they are s.ept s.ay frc n the cladding by the' . t.of the, cladding. lant flow and their own bouyency, they are rapidly .
*

j
-]

.
- ,,

,

' action of the coo-

quenched by the sneln body of the coolant. At full.poweri surface *-
-

|,*|bolling.ef.fect,s may .rosult in a vote voli.ma fraction of = .5% in the-
.

"

,,
coolant. Ass'uming that the monaratcr temperature coefficient is

- f(
-

,
,' -

, negative las it must be in presently licensed PWRs), the veld co=-
1 .

. etlicient wlll als6 be negarl*ve. ,However, et beginning of life Itc.
~

.J.' i.
$

| will be smaller than the.corras;ondir.3 coef ficient in a BWR because
'

fof the po'sitivo ef fect of the chem.' shim and because relatively fewer,

?control rods will be Inserted.'
.
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3. Fuel Temperature Coe.fficient f j
- .m . . . . 4

,

,5 *- %

3
We have already mentioned that reactivity Is influenced by changes y;

W In fuel temperature. This ef fect is measured by the f t.al temperaturn
; coef ficient, which is of ten called tho ecsolar ;;oefficient air.ca It', .

.< rnol ts from a ph ,.icmenos c.tllad thie d::s!.c of! ;t. Bei dep; lor 5 |
" '

'd of fect is a broadening and flattoning of tt e 0-133 sbsorption cross (
'

,
~ s,ction resonanca peans as U-23d temperature Ir. crosses.1 The precisa ?

i treatment of the physical principles involved is complex, but the . t. , -

-1 following is a simpitfled explanation of the phar.ca r.on. For pur- [:

l poses of Illustrarian, succo44 U-238 exr.Ibits an absorption resonenca ?:
*

'' ( l for neutrons wita a selocity of 10 nites par r.our ithe velocities h
*

-

]
used here bear no relationship to reality, but are chosen simply for [
computational ease). Although previous discussions have Ignored h

* "
this fact, the nantron must be traveling at 10 mllos per hour

'.] relative to the U-233 atom for absorption In this particular resonance.
[

,

If tne U-2M .atcyn is motionless, this.can only occur if the neutrot
.

' .
*is traveling at oxoctly 10 ast f es per hcur. All of our provfous ( ;I

discussions have tacitly assumed this to be the case. In reality,
however, all nuclel in a substance are in a state of constant vibra- -[

t
_ i

!,
'

" ~'M l tional motion, and the extent of this protlon is dictated largely-by I

the temperature of'the substance. The higher the temperature, the |
?Q]
.. <

1 more vlbrational rrotion exists. Returning to our nxamplo, suppose a '-

O tn. u-23s nucioi are vibrating bacx and fortn at 5 mines per hour. ;-~e- .

4-n The neutron will be going to miles per hour relative to the U-238 9! L
'

.1' atom If conditions era as shown in either of the two pictures in
* F

",M ; Figure 10-31.. , ,
-

. .
,

g'
>L

1 |
. ... i. , ,

, ~ rf 1
''

|
-

.

? & 49 3,, i, -40 ; ;.

.. > e ,

.[ E

'- | .
. . .

Conditions hhich Will Result In !!autron Absor,, tion s
i

;

j ' Figure 10-31: '
.,

{7
,f j in A, Fictitious U-233 Absorption Rasonance at 10 f4PH .-

s -5*
,

f.
'

~

Thus I.t is seen.that thers.ls a possibility of neutron absorption;
,

; for neutrons with velocities anywhero betwsen 5 and 15 miles per leur :..,

'y (t.he Interee'llito energies are obtainec wato the rietstron and. nucleus (
. 1 are traveling at various angles to each cther). This is basically why

f'.2 i the resonancos are broadened. At the stee time, the rosoninco w!Il
'

'

be flattened somewhat although the reasons are not as ossy to explain. (
*

.

Tho not. result of an increase in tempe.atura uoon a typical U-238 t .,

- .

\
'

~

' 1. The discussion will bo principally concerned with U-238 since It is [ ' ', },

the most importunt re.onance absorber in the core. Howevar, the dcppler i...
,

offact occurs with all resonanca absorcer's. . . |
'
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. anscrption cross section resonance is shown in Figure 10-32. As a
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i
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1

4 ''Y result of this broadening and flattoaing of the resonances, the-

7' 7 neutron sees a significant absorption cross se tion over a wider
'

'
'- range of energles. This results in more resonance capture, a lower

~ i resonance escape probability, and a reduction In k gg.e
.. .
q

M
.

'
in a low enrichment BWR or PWR, where most of the fuel Is U-235,

. 'd the magnitude of this coefficient is typically on tha order of
? -1 x 10-8.Ak/k/*F. Tha temperature referred to In this expression-y .

:y is the fuel temperature. At first glance this e.6 not appear to te . i% ;.
- ', .,:j a very important coefficient since Its magnitudo la most cases is --

* ' y, i substantially smelter than the moderator temperature coef ficient. -
.

However. 'In the UO rod typo fuoi neployed In botn DwRs and PWRs,2
;'t the fuel temporsture Increases to very high valu9s as rnactor power .

' *is. Increased frem 0 to 100$. The maximum fuol temperaturos may, in ..;~ '
e * *

*
' .Q. , [d.

? facts?be as high as 4000* F at. full power. Thus, e!though the regnl- -

7 : tude of the coef ttclent is small, the reactivity ef fects are not .
. necessarily-small due to the larger toeparature enenges which are en- i'g

- !
.

:5 ,,.. countered. However, the fact which makes the do:cler coef ficient j'

. m:) m' v~.sphrticularly important ,Is that fuel toeparature :. :sediateur.lacrossas
J

ly '- <

.:i.an. .h in.r.....in e .+.,..e.r,.hd fo.i t .r. .h.n....
. .

.

. '
. q. , , all:4ys procede.chenjes in either moderster teenperature or vold content .'4._:i .

*
.

* * .
y g '5%8,(Ace U02 is a relaftvely poor conductor of heat,*And sinca a cylindrical .

C . . ?tod has a small heat transfer surf aco per unit volume, the flee e.on-'

..; j..

I.Ef,.{sitant of the fuel (the time'requfred' for 63% of tne heat generated 'st .;. i
*

%;
!,

.'%.,. any Instant to be transferred to t'ho modecafort is, rolatively tong- ' ' il' '
.

-" 4 '. genecally five or more ieconds. In the event of a large reactivity .
.

*
-

!;

. - * -

,
. addition to the reactor . the: moderator temperature and vold coef f icients --

, *
.- cannot'come into pisy fo'r several seconds and would have. Ilttle of fect '

,

|.-- on the . termination of the ppwer excursion. The fuel tamparature co- ' .'

.
~

8
*'

ef ficient, on the other hand,, starts acting Imme:lately and represents
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j tne primary shutdown mechanism for a fast power rise transient. For
J tnis reason It is called a prompt coefficlest whereas the nodarator

c:afficients are considered to be delayed ccefficients. It is one.i
| . cf the most Imacrtant safety features of present day Bwas and Plas. I

-

to-- . .
;'

.P ino magnitude cf tne deppler coefficient f.e:cres smslier (less neg.n- 1

t! vel as fuel temperature Increases as shown In Figure 10-33. ft.e , ,,
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reasons for this are beyond the scope of this manual'. The figure-'
.. .. .

,
also shows that tho magnitude.of the coef ficient Is influenced by

.i
"

.
moderator conditlen. As moderator temperature Increases, or volds ,.

are formed, the avera2e energy of rne slow neutrons increases. :Thlt.

,d r.eens that the absorption cross section of .the surface.cf the'fsel -
..

. . reds decreasas; which allows s. ore slow ne. frons to 'psnetrate.Into the '

caaters of tha rnJs. That . ls, tha f lu is no longae .as.strongl.y- de-.
'' " pressed in the center of the rods and tee disa: vantage' fae. tor Is lower. .

_

*. In effect, the U-238 nuclel frithe center of the fuel.Tods.get a -
" '

graater opportunity to~contrJbuto to the dcppler ccaf ficient, since
" - - core noutt'ons reach the~se nuclel, and so tes coef ficient gets more ' '

,

.; strongly negative.. ~
-

,
-

. . . . - . - ,

. . . . ' . .
. i. -

. .
,

..,

|..

. As burnu'p ocedra ttie 'coef fl'elent baciznes more c.egaNv, e.'' This.ds b'.' Dj-W i .u-.

<.

'
. l' because of the buildu'p of resonancos In tna fuel which were not ort . ' . . -

; ;

!o --. <

-.. g ginally In the nea font. With more available resonances, tho Impor--
-

T tance of doppler broadening is enhanced. Some of those resonancas '
-

ero fission products ,!although most'of tnese build up to near equillbrium g..
.
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concontrations f airly early in core lif e), but one.of the most Im-
'

I
~ '

portant at hl0h burnups is the ' Isotope Pu-247, which has a resonance!
*

~ .
.

of a 105 barns at 1.03 ev, -

.: ..

i ~ ' k '

i XENON-135_
.

3. in the precodini, sections of this chaptar, the rec.tivity of fects of..

.d All of n ess
control -rods and of tne va.-Icus coef fictor.ts =are discussed.For instanca, a control"1 represent relaf tvely rapl4 changes la reactivity. Conversely,rod is moved and its total ef fect. Is seer. simost Instantly.,

the reactivity ef f ect of xe=135 and the reactivity ef fects which will be-j considered in the next sections, samarium-149 "t burwp, are t! Ings which ,

i occur relativaly clowly sna their influence is felt over periods of tie.a
;l{; ranging from hours to days and years..

.

In Chapter 8 fission products were discussed in some detall. Xe-135
-;

c|

Is but one of the = 100 possible fission prodt. cts. Its Importance is a
* *

j result of the fact that its microsecpic abso.ption cross section, c ISa .

"n = 3,500,000 barns, it is of note that most Isotopes, exceptIng the small*W
*

i.1 group considered along with Xe.-135 s nuclear.polsons, have values of o: 'a

In the range of 0.01 to 10 barns. Th, fact'that'sa for Xe-135 la high
would be of no 'particular consequence if there were little or no atoms

* '
-

.) of this Isotope formed. However, Xe-135 ls one of the most comeen of all
;

q
fission products. It is formed to a small extent (0.351 as a direct . ~ p.

*
fission product. The percentage Indicates the number of Xe-135 nuclet .

h'formed per 100 fissions. The major source of Xe-135, however, is through.,

? ~ :i.i.

'

the decay Iby successlye 8 emissions) of the fission prcduct chain telth
.M

. mass number 135. The Initial fission product in this chain is uTe12s,~-t *

.
*

which is formed in 5.9% .of all fissions. The ccabination of fora.stion
i.

Q,5 , through decay through the chain plus direct yloid makes the total ef fectlye .-
,

' .W
'

fission y!ald of Xe-135 equal to 6.25. That is, an averago of 6.2 otoms
U .'
'2 of Xe-135 result from each 100 fissions. The productlen of Xe-135 can

-

? thus be sunr.scl2cd as shown in Figure 10-3.t.
'

*
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.? Xe-135 and Its poisoning ef fect on' the reactor are romoved by two mechanisms -. , j
. . . . .

Its decay by 8 cmission with a 9.2 hour half-life to Cs-135 (costum), -t
'

|}
and 21 Its capture of a neutron with the resulting formation of stable Xe-136.

'

,
:i' o

-
.

The removal of Xa-135 can thus be summarized as follows: .
.
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4, Amovat sechanic ns for xe-135
,h.; * Figure 10-35: ,

When a reactor of the type we are considering is operated at high power.
- E

h very roughly haif of the X4r-135 formed, is re-oved by each of theseg ;t- .
. "3 mechani stas. .

,
.
:n

The not amount of' wormn In the core is dependent upcn the relative rates ;y
y of its f ormation and disappearance. In other words: *

I

.f* .

*.p
Tate of removal by d'acay $. - i .]

~

Iste of chan' e * Iate of production from direct,f,,laslem end f rom desey of leding
" yd by neutron aesture . .,.j' ', 3 g

A menen love,1,,,,l:
L., '' f I

' ' d when the rate of production exceeds the rato of removal, the xenor' In-
|

;$ Q ventory in the core will be Increasing, and vico versa.
'

&:
.

.

?

' [} Equations (4-7) and (7-12), which express the ratos of radloactive decay
|

.. ..
'

'',]
6 and the ncutron Induce.1 rosction rate rotpectively, can be used to esthe-,

frnatically express the provlous word equation. ; The ultimate production
|

t. '

?s rato c.,f Xa-135 is 6.2% of the fission rato, or .C624t Vf core. It must3 be remaibered, however, that most of the xenen Is produced via the decay
* ;

d of I-135, so that there 's a time delay before the full . amount of xemn .o

, * '

d . Is produced f rem any group of fissions. The re-cval by burnup is given
.

*
;

M V IW.f - d the removal by decay Is given by I
'

-

!I Y Xo Xe coro*% .Thorofo,h Xe core, anre, the balance equation becentest,
by doa 1

,

!,.
- .: .4 .e

*

m.: gq-

de core - I e'3xe core (10-36)V= .0574t[Vcore ' 44a,X V X#"
v*

' $ whereti 6 = everaDe core thermal neutron fivx -
' |r.

.

n ,y - .
,

'

. - p.!
[f = macroscopic fission cross section of,tne fuel, |Ig

Vcore = core volume [,7 45 a Xe = absorption cross section of Xe-l.1$N o

g3 1% = concentrationLof Xe-135 atoms In core

' ,.G*

M IXe = decay constant of Xe-83S' - ..-; y., ,

,

. .a ,
.

.
.

. .

. ..:., y-
.,

J.-. de are now In a postilon to understand the bshevlor of xenon In.a ntarnbar
- , . ,gg * 'r .4

- Q of more common operating transients.
,,,

..

' N:n
' j

,i $ l. Startup from the Xo free condition ,

f
* *

A reactor which has never run at power befors, or's roactor which has ' _I,
', ] Been shut down for several days will be in tha X2 free condition. .. - ;'.
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Figure 10-36 shows how the concentrattori of. menon in the core for
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|1 Figure 10-36: xenon ~ Transient after Startup f rom Zero Power

Q to Ful* Power of a: Reactor Which was initially Xenon Free
,

h alternatively, Its' reactivity worth) builds up af ter such a reactor
J is quickly brought to full power. The figure shows that as soon as

- the reactor reaches power,. the' menon st.rts building up In the core and
gradually apprcaches en equilibrIOm value. This equilibrium value is
reached when the rate of production of xenon ,[ust equels the rate at

.

. *
~\ which it is removed. Although the' time required to reach equillbrium .

;

.;'s verles slightly f rom one reester'.to another depending upon the power
. . ,j density, a value of 50 hours is close enough for all eractical pur-

-

To aid in sketching the buildup curve, It can be furtherposes.
. T|,,C assumed that approulmately 90% of the equilibrium value is reached ,

C t-

~.i .In the first 24 hours af ter startup.
.

'

..
.,- . .

:d .The bulldup of' neun to its equilibrium wiua from the xenon free
condition ,at startup can be explained by referring to the diagrams
of xenon's life history and equation (10-35). . As soon as the reactor,;

*

reaches power, some Xe begins to be formed due to direct fission.
In addition, a large amount of I-135 begins to be formed and xenon

^

. :
begins appearing at a gradual rate. fran its decay. At the outset, when*

is small in equationthere is little xenon in the core (i.e.,ifXe,

'

(10-361), the removal m.echanisms are too small to balance the pro-e .
,

'3
duction of xenon and so the menen concentration increases. fbwever, '

.'
I

.
-

as fi , gots larger, removal by both decay and burnup Increases, tendingxu
' to cancel the production and causing the curve to start loveling out.
( g When the removal completely catches up to the production, equillbelum

is reached. -
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- Now let us consider the situation which exists at equilibrium. In,

this case the rate of change of xenon is zero, and equation (10-36):3-* lacemest .
.

t core -(c ,Xe Xe c' ore - I. c. - 0 = .0620Z V N V N YXe Xe core .o.

, <

l') n! wing for HXa at g ullibrium gives:
7 e

<
4. * "N - - (10-37)
j Xe.equil.. ,,, y ,ycore * axe core .

*

V
.. .: ,

, 4
.

.
4 As can be seen, the e.:willt,rlum xenon concantr3tI*Jn depends upon 19e*d

neJtron flue, or alternatively the reactor 20=4r. Tne relationship
*

. .)
Is shown In Figure 10-37 What this figure (or equation (10-371) tells4
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FI ure 10-37t Equilibrium Xonon Worth Versus Hautron FluxC
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e
-

d us Is tAat In general, the equlilbrium xenon level.wll! Increase
', as reactor power Increases. This behavior can be'sein from the following

reasoning. The equilibrium production rate of xenon always increases,

as the neutron flux In:reases, thus requiring a higher removal rate,,

to scril' eve equilibrit.;a. I:ow an increase in flux automatically 1.ncreases_

remeral by burnup. But burnup is cot tne only removal mechanism, ),9 and in order to equilibrate st'hlgher fiumes, the removal by decay ~

t-

'
must also show en appropriate Ineresse. Since decay does not depend - .', ; . . , .

N upon flux, but only upon Nxe, the latter must lacrease in order to'
*

' ' .- [*

" *6 increase the decay removal mechani.sm. 1.n general, therefore, the -
,

'[' equilibrita xenon concentration will be-higher as flux Is Increased. -
*

% -. .

. [,' The. full power reactivity. worth of xenen will very from reactor; to '|,1 g reactor depending upon tne neutron flux and other factors, but in -
,

.[ .'W light water reactors It is typically in the range of 2 to 4f Ak/k. ,
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Reactor shutdown from equillbriurn , enon .

gh to reach equl- |

x
|

2..

if a reactor is shut down af ter having run long er.oulibrium xenon, the behavior shown in Figure 10-38 c::urs.
;
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#

from Full Power, Equilibrie Xenon Condition4

f]In the core,

Approximately 8 hours after shutdown the amount of xenon
-

. .. to a peak value and
.

.. c.". . ..
V

or equivalently its reactivity worth, increases half-life that. ..

..[| then decays away to the menon f ree condition with a133. The core can
-

eventually approaches the 9.2 hour half-life of Xa-be considered to be xenon free approximately 100 hours
after shutdown.. .

,
, '

. .. *

' M*y ..
,-

'

T$1s behavior esa be explained as follows:
- .. 1. '

. .
, "

., f

' A'. ' At the time the reactor is shut do.tn, equilibrium amounts oat the shutdown, the production
E''

'. _,

?j ' l-135 and Xe-135 are present. H2 wever, because
of I-135 and re-135 by direct fission stops. i of Xe-135 by
'of the I-133 elready in the core, the product onrate as before
decay of 1-135 continues at ossentially the sameFurthormere, af ter the shutdown, the Xe-135 is no

~~* .
.

t The;

only removal mechanism.f or Xe-135 is by radioactive decay. longer rentoved by neutron capturo .to any signi ficant exten .
the shutdown.. ,i There- *.

,.4 l st the ,

foce, since the production of Xe.-135 continues at a mo
-

'

'T 135 is removed
equilibrium rate, a'nd .since the rate at which ,Xe-

.

135 In the.

core Initially builds.up!following the shufdown.;is signt ficantly.' diminished, the concentration of Xa-
-
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8. As time posses, the rate et.which Xe-135 is being produced diml- .

:
nishas because the 1-135 concentration die.Inishes. On the other ~'1
h.1nd, the decay rate increases as the cor. centration of xonon in

.

| the core Increases. Eventually a point is reached where the,

..'a j Xu-131 production and en.coval rates sra cual, and the amount of-

, Ko-635 in the care levels off. This is t: e polot .ot peek earen.
'

.

C. Still later in t!ae, the rate at which xer.on is roeoved by decay
excavds the rate at which it is produced from I-135. Therefore,

i

1 thu xenon Inventory in the core begins to tecrease. Finally, as
s

' T- the '-13J In tne cors is nsarly o4pleted, t%e rito at whica. tti.e'

. Xe-135 Inventory decreases Is governed by, and approaches, its
. ,

1 | 9.2 hour hal f-life.,
1.

d if a reactor'Is able to start up when xenon is at its peak, it Is~-

said to have sufficient reactivity in control rods to " override"
,

"
I

peak menon. A -typical power reactor usually can override peak xenon .

.during early core life. Towards the end of core life, however, It may
|

.

1r /,

y , ,' ] not be able to do this. Af ter a scram from puer, it would be necessary
'

to get started up and reach power ulthln, say two hours, or else the'

reactor might not be able to achieve criticality for a day or so.,

.. i ,
4

- ...
Reactor startup with menon in the core

,

'

; g 3.

h
l Let us next constoer the conwneri case of a stortup which follows a few .

hours af ter a shutdown f rom the f ull power oq.llibrium wonon condition...

. . ,
-This behavior is shown in Floure 10-39. The first portion of the curve.d ,.
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during which the reactor is shut down, is the same as Figure 10-38. ". .

Once the reactor returns to power, honever, the xenon Inventory be .,. ,

girs to drop. This is due to the fact that or.co the reactor ' reaches
power, xenon again teg!ns to be rarroved becauselof neutron capture'

' (as well as by decay). However, Its rata of productlen has fallen
' cf f from its equilibrli.* value bcr.au'su uacay dur!ng the hutds.n ?lt:s.

.d has depleted the I-l'.5 Inventory. losporarily, tr.erefora, thw rate
y of xenon removal exceecs tne rate of pecau:rlon. Tree I-13$ inve. tory

.

a starts to recover ler edlately upon the return to power. Its halt-
; life, hcwevar, introduces a lag of several hours before the menon'

1[ begins to r.rcsvar. E,ettually, tha xenon also returns to the equi-
c.; librium value for the pour loval in qastian. The intrial drop in.

menon Inventory following a return to power is often called xenon.,

']~. burnout.'

,

i 4 Xenon behawlor on load changes' .
~

.. 'j
..s
.> e .

3, .; With the Information presented so f ar, the ef fect of xenon durtrig .

,,;; load increases anc reduction, as shown in Figares 10-40 and 10-4t, .

' '
s .|, sheuld be understendable to the reader. ..
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havior of Sm-149 and.its precursor Pm-149 are similar In many repects to
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Xa-135 and its precursor l-135. Samarium's ef f ect on reactivlty is mucht
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{' soslier than xenoMs'beccuse it has a smaller microsceolc cross section
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is in.:vpendent of poner. The equilibrium react!sity wor th of 39-149 ,

.,j In most light water reactors is about 0.7$ Ak/k. This number will o.vary slightly from one reactor to another because the samarium con- b
,,

J centration and its reactivity of feet depend upon the composition of F9the core) but the variations are small. For all practical purposes
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however, in any particular reactor the equllibrium reactivity wrth i gj-

3 .ls independent of power. * q
. The shape of the Sm-149 bulldup curve will look very much like that
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.:!4 for Xe-135 (Figure 10-361. The time scale will be lengthened, however, g
due to the long half-11fe of An-149 and the fact tt,at there is no | s '.
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Samarium oxhibits the other of fccts which were discussed under Xo-r3S I'

).'sbut the magnitude of these ef fects are small and slow acting and are I
generally masked by other reactivity of f acts during operation. ,
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? SinceeachfissTonresultsinthede'st/uctionofafissionsaia' nucleus;
,

*
; $. [ there is a gradual depletloa of the f uel as the reactor'producss power.

*4 The term used to describe the depletion of the fuel as a result.of. power
> @.

-
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I operation is ftat burnup.. The negative reactivity ef fect of fuel burnup

'

h

'.
' ' '

occurs at a very slow rate. The amount of coatrol. cod.which must.be .'

'wlthdrawn or chemical shlm which must be reec<ed sach day to. compensatej
'J g for the of facts of burnup Is small. hvertheless, cvor a period of runths ,.

i w
the reactivity of f act of burnup is larg'e, and ultimately it reaches the - h E

7.
' d point where refueling 1s necessary.
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Two of the terns which 'are used.In discus .Ing fuele burnup are: . ?.

.

l. Fuel exposure . expressed in megawatt days per ton of urantum (Mw0/T). ,

j,
,

This term Is used to descelbe the arrour.t of energy. release (aregewett ;

days) per unit gelght. of resetor fuel. It any't>e applied to an Indivl- j E
'

;
*

Pj $ R. dual fuel element, to the average value for a particular region of the g

. y core, or to the whole coro. At the present time, most fuel Is de- {. .c ,

fsigned to achieve a turnup on the order of 20.000 to 30,000 Mw0/T.
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;. However, .considert,ble ef f ?rt is being made' to increase this figure i 4

5 since 1.ncreased.burnup means less reactor down time 'and raore uttil-
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24 tion of- the.' t' a.l, with correspondingif lower p .,wer costs. ;
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6 t2. . Conversion r5tlo". .-Lisually expressed in percent.
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Thla term, as applied ('s,,,.s t.

' to reactors of tne type we oro discussing, means the number.of Pu-239
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nuclel which are produced pe'r 100 U-235 nuclel consumed. If the con- - p g
n. k* .

,4a
version ratio Is 50%, 50 Ilssionsble Pu-239 nuclel would be mode per
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..., y,., , ., J y '. L.100 U-235 fissions. .Convers~ ton ratios for light' water reactors aro
E O
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,< u typically in the range of 50% to 701. Cartain broeder reacturs are-
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l' expected to achlove ratlos as hl h'as'150%.
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worthwhile summarlzing some of the incro important ones here:

;.,
,

.
.y

The bulldup of plutonium reduces the avera2e delayed neutron fraction- . .;,
' * *

.

" . ' ' l. for the core, and therefore a given reactivity exition results ind a slightly shorter period. ,

The fall- |
,3

. .) Burnup ef fects the reactiv'It'/ coef ficients in ibe co.e. 1

*k 2. The vold and t.vpara-*

temperature coefficiant becorwstore negatise.1 ture coef ficients become more negative in a,P.G and rere positive in a2
B M due to the effect of poison removal..4

Tnis. a.w,

The power distribution throupour tre core changes with burrun.U 3.
subject will be discussed in Chapter 12 howa u r, pa.or distrib.ric., |~$ changes will af fect the core's margin with respect to heat transfer. ^ 1

t bility.'

* .tidits, and can also affect the core s s a.

...e.
..g .

,'gT.,,
.

. . , . ,

,
- ,* .t. * .' .

,
,

.. . , , > -
..

g .. .

.

. . ..q ..
. - c.

. ,
,

- . s ....;,.,.

;-.e *: . . -. . ..'N --
,

. -. .. .
.<

, ., ,
, *

*; '} .

W . : . . . ..
-

>.. . ~ . . ~,. . r .. ,.

. .w
_

', .

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

..
.

.ud. * 5'.

.i,*. *f, ..l s, ' '/)'
*

/p . p ' s e.
* * .h

* .
' ,

.. * e-. . *

' , . , . . . , .,..,..e.
* ,- ,,

.
s,

. . . . .
. s . * .. ,% -~. . ,: . .

.
8 *

,
.

t.... ,
r.....e ,',

,.
, : . ,.. v* s,. .

, . .. - . . .. . .. . .? ; . ; ,, . . ,,. s ; .%.*.,* * . - . ,,
* '

* *>&

*y .:~,.,'~ -. . , . >
- *

' :. ; j.r *z n ;,f 7;.
.h :,;W.::, . ... - ,. * .

.
'YG. s- ~. , *

* :. 4
.

.

;; ..s
...4.~..

.

..p.,.;,.'..
~

t * .;y- . .i , y. . ,
- .' . ,

.
.2. y. ': <*

. .;.n

. . * . , -
.. . ,~ .yr a ,, a ,.. .. .

,
.

. . . .. w,'.~
. . .- Q.f te,.v: /s4t ~. ... . * ~ ......s *r: y'

'

...

~. .
,

.y'e. < p. % *.i....,... m ...i.. . . - . ~ -. .
, v. .:en. , v". :. . , e,n. 6 ?. , . .,

.......'q,..,.c.,,., . . |3. g ;*# ' . -
, -

P'. . .s . $ . , .;' d .ir .
w. .. .. *

*- =
= ,. . ..,.

" m...
f. s."

-

. .' ?,.*..e.
ae * ; :;en' < ;, a ss . ..

p': ;, ; * *.; - ,

sy, pg..
..

.. . a,. v *,.o
= .p J , .

' s*
6 * *, .? ,;g .; * , * , ' , 7. '. *

~

,M'
. .%..~',..''. - * sy v*

.
.

~ :r.g .. - r *. *.% - . . s L ,. ,. '* * . :v.. .

,

.s.., s.: ,

e s. . .n~ .* ; .. . . . , . . . , , ,. < . , ,.
'

. .| , .'. . . , .

? .. 4
'g; .

*
- ** -

..

* . , ..i. .) .'g, j,.a
,

' ' , J'.=:*4 ;,.s 3 . . . .
.C . , -* . , .

,. , 8
*.

* ' .
. , ,. . .

t,,. an* .. %.
..f s *

,,
. .*= -s* #..'*,,)*.'

..
. .i s . 3' , y e* s .'r [*g ! 7 ,*. * , *t

- ; .8 . : * p [., ,,
.'=

* .3 G,* * ''
s**.j *

, ,
,f3j.

- -

2, .[. .. .' ,
.t

* ....
* .,,a ,

, * . .
s

* '.)p,. s.. ,*,

g. s .r *,,.,n...'...,,. . . ' ** / . s .*m * *'. .s.. . = ..'&* * * * . ,.

. ,
. )

~.w . . , . . . .e..,..p* ...x
.

.,g.
.

. < . , . . . '
. s

, < , . .. . . ;,. vm. .~ :
m. .!. . . .. r, . . .4,,,.q.s...... .

, ,
.

.- :
. .. .-(..

. . c. . . . ,
.

, , , . . ,

2: . . ,

.
.

a ..
. ...

, . .3,...

.

: : ,. ,
.

-

.<
. .

,
s

;.. w . n. ,
.. .

- .. .-. . . .
.

- . . .

N.
.

, - , . . ,
,,,

.7 . ,...a ..t'. 6. ..
. .

,

, . . . ..4 w
.

.. . -

..,*.;" - * s s-
. ^

.
.. . .

. .* **
. 1

.
* , .'3;

,. * ,

e

.; , ,

. f
. . , *s,

.
- 1 . *: I . - - .

.: ,.; t ". ...
i

. f.. . *
'. . ''

s
[, . i

C.J ' ... e

1
.- - .

..'e
- .
s

- * b q

|. i.'4 ^, e.

7., .! [ " . 5 ' ~ ] g ;' '-' p'~' { . g .' ~ G-
_

- m' dyhk "-- k' . . [ 4[(, I . 8, #,.{ .I
** l.

/N

.T--'g
. g,

y-s, j#,y ,.
g9 yw

1
- }'( .**

* *g . ; .... - e .g. '. . t. ,)
.. , . s t i.

.

,

*k%p ** f,\p. . f.r . .,0. ^ .: ,. ,
. .u , ' , , '

- .. .A e . ..
. , *e L .*. * * .E

ef, e|; e,y , y' ;* [e * s .1, f 3 ,A, , f , g-:y*g Y .

;.|
* . . . ' . , , ~-..Y. '.*q, Q -'|**; , ,

-

. . - .
,

,

s .. . .
-

* * *g}[ * .' s*.*,' ._, .
. * '..,

. , . ,, . ' ' [[* ~| h . .*

* " * *. ~ w.a...y.,,(.,02 0 7' .
. . . ,*' ; 7. . ,

.- 4-
-~ ._,rw . . xe

,

.
. . . , -

I<

4 #3 70 a .- ier .
. . 6s ir. ..- '

.
- - ,

.
.

.,
- *

, ;
r . . .p w . .

*
"

. . . . .

* . - * e . . . . . . . . . . ,

6 1

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



I
^

|
1

.

I

''
. - i ~~i W A r ' ,. ,4. y.': . * ;'

. s. . . , . . . ,3 a c. i .y 7,.f. . *, s. ~ /

,* -. s i m... g a A .s ao-'n 1*. . - -- " ~ % mma-
, ,

75 <

- -

, ,

* ' ' ' '
,,

.

- . , .:
' .U...- . p

'

. s. x .
' . .n.

!.c,{ * 1.y - .u-m . !:. ~ g;" ' *:'7 :'w=.
-

;,
.*.

, ~..~' *. '. . ., .. ,
- .-+ : .

-
: v

' $,
.:, *

;...- ' .ya #a - ' : i ~ .. , ,.' ,,,-- ,,,':,"'. m;.
'. J ---|= T------+.. - .. , .

e.-a..3 . . . , . . . . . . ...- -

. * .* u..- ; , :. .,r..

..~, c.:.u,. :.::-; N.w ~L-pg N 2., ..:.:.. :,: .::.:;' - .
' s* : ." '. ...: .o. .. ~..-; ~ .- :- n-:-:

,
- -. . , i.ti.

.-
- ;~

.

- mw .~:~...--. ..

. . . . .
-

i n - ~:e .&~ ; -::.:.'y.. ..
. ty%M.QLeft"%;G.% .,T-yc.y 3,y P' . c ,-L., ' . .. ... , ,

., i ma r- w=-nswe r-e wmawrr.we. ~-ma w* .'
. .

.

* :
f;m :--

-

; . ,n. 3
-

.

":.: . . .
,

10-84 -"-- .
._

- ' :
.

h h - .

| $
., .

PR09LD4S..;

t.
I

)
w

1. a) . Define k gg.e
J b) What is the dif ference between k, and k gg?'

e..

- g c.I s f there ars S/00,0'h") neutro,is In fN c?. a, sid k g g . 0.99,q
we many neutr:.:ns ulil there to af ter t,to ge.-ara-lons h4ve gsnei .,,y

, g,%. ey?- .

.,

2. a) Define each of the six terms which make up k gg.j '' *

a
j y t. ) Er. plain ho. cach term changes following a recectlen'in mderstor

.. "

1 .n-; density.

j , , . fg c) Explain how fuel burnup affects each factor. '

.3.
,

., e .. . s, . i: 3. Calculate k,99 and each of the'six factors for a reacto. which under-*

1 - :!.Q goes the following generation:
.

1 ..-
' ~"

'.. h 1000 fast neutrons ,

,~ ".54 30 bonus fast neutrons from fast fission -'
.

A" ig 50 no.utrons lost by leakage during roderation4 - .

+ ;..;u ? 980 reach resononce enerDY'' *

''d .

870 neutrons reach slow energies
'

. 110 neutrons undergo resonance absorption in U-238
's*

,

'.i
'

,,,

5 '' " "*"'' "* ' '' 6' '**'***O-

332 neutrons absorbed by U-238, moderator, poisons, etc. g4
.

9;j 75 slow neutrons undergo non-fission caoture in U-235.

:; . 403 slow neutrens obsorted by U-235 to cause fission
j j 1005 f ast neutrons produced f ron slow r.eutron fission in U-235
: . . ~ . .

7 .
-( 4 a) Define reactivity.

,

'

s ,

.' b) What is the reactivity when k gg = 1.032? k gg = 0.9657o o
c) tfhat is k gg when tha reactivity Is +0 25Jak/ki: ..g o

, . .

,
. .

. s

*; <i S. At full power In a particular reactor, tio insertion of a co'ntrol
,.

J- rod naar the center of the.cora results in a reduction of 80 NwE-,

c .t in plant output. Tha insertion of an Identical rod near the edge of ,

.| - .2 the core results in a reduction o.f 6 MWE. |Expl.ein.
'

.

..j .,r... . . .
. . . . . *

.
. . ,

, .

,.; . T - (3 a. ' a) a31eause the lefluence of moderator canaltlens upon centrol red*

.

.4 ' iorth. ''
'' ~

,

g*.'*.j ,,

bl ' It is not uncomon for o control rod to have a hisher w' orth at .
'

{ ,

3 rooe temperaturo than at operating temperatura.. Ulscuss how ''
-

*
this could be possible. ' , . f. -

,-
- .

.
d .

.
. .

Q b .] 7. A core designer concludes that movement of a control' rod 'causes too -

s Isrgo e reactivity change. He decides to replace the rod,wltti two - .. .

,

r.e
- s

"woakar" rods.' Wron these two rods IA and B)'ere noved simultaneously, ' ,'.

they produce the exact reactivity changa the original red produced.' ' ^

t.aow tne A rod Is withdrown from the reactor and the B rod is loft!! . g lully inserted. Would you expect the reactivity change to be 1/2, g&

.more than 1/2. or less than 1,/2 of eving both rods together? Explain.; .,
.

- 5
-

,

: .:
g
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8. Two control rods'are the same length and contain equel amounts of,

''; B-10. One control red is in the form of a cylinder, while the other
:

. has a thin bladed cruciform shape. Assuming that the reactors into
|which they are Inserted are. identical, which would you expect to have ;the highest worth? halala., ,
'

y . .

- 4 a) Urlts the equations lavolved in thy co. ration of an ontl. mony-,

beryllturi r.eutron sour:c.-.

b) Nt Is the purpose of the soures in a power reactor?
c) What would be t!.e acproulmate spontoneous fission source strength ',

...). In a reactor core contaltJng 50 fons of low onrichment uraniumf,

d) Wt 1.1 the najor scarco c.,f r.outrons In a core 2 rinutes af ter..
.

shutocan from fr jl ;cwer? 2 oays!.. - '

-or ..

9 10. a) Define and explain subcritical multiplication. -
/.,. .] b) If a source emits 5 x-105 neutrons / generation, and k ,, = 0.98'

'
' . . how many neutrons are born throupout the core in each generation?
n c) How rany t!mes larger will the neutron population be.when k g, a

f. . - 0.95 in a particolar reactor than when k gg = 0.907 Assume een. -
e.-[ stant eauree strength.

.

. c. *

i II. a) Define period.-
-

.

.
.' b) Define startup rate,

ch What is the period when the SUR is 0.4 DR47
' ,

12 Power Goes Irom 60 MWT to 82 MWT In 30 seconds. Use rigure 10-18, .

e to determine t. * ,

.- 2
. . ' ' .

-
, , .

,

1,
. 13. The following exaceptes are .to be * worked without using any tables. or

. s.
-

.Y, graphs or othe.r reference mIterial. s
.

.p..
~ ' V q al . Power goes from 20 MwT to 54.3 t'WT in ~88 seconds. What is t?

'
. . .

-C b) Power goes from 480 frfT to 240 f.:wT in 200 seconds. What is 77
-

1 c1 .lf it takes 5.7 secends for power t6 Increase from 5% of fullaq over, to 4.55.of f.ull power. = hat Is t? ,
.

f d)- lorrg does 1t take for power t6 Increase from 20 INT to 148 IWT.s

r * . _.s.,3 en a 200 second periodt. *
.

,. ' 1
. e) Power Is placed on a 60.second period for'a total of 3 ntnutas., '

'

At the end of this.tlee period' the power.was 600 IMT. What was,

. E.; the Initial reactor fo.er?
.

*
.

-
- '

- p y" f) If a reactor operatin1 at 5 x 10'3% full power Is placed on a' *

50 second . period for 100 seconds, what Isethe final power?..y J..... .

:
..

',.w ,14. On e piece of semil'og. graph paper, skstch power traces for SURs of i
.

. . o 0.2 DR4, 0.4 DR.I and 2.0.DPM. Assume ~l watt at start. f1
.

1+
, , .g .

,
. -

. - 15. A reactor's power is equivalent to a 100 watt light bulb and is In-
}.a creasing at the rate of. one DR4. How long will it take to reach tho,

,I - power of a 270 hp automobile (assume to be 200 totif A 4000 hp loco. L
0

*'
motive lassume to be 3000 set)? Np,. reference meterial le naeded. i.4. ;' Approximations are.nacessary. (Hipt.for second part consider the (;

'

. ~ , , Ab). - - - ^.
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j

.
-

.

f p - .-. . .

. -- -
,0 16. al What is the approximate length of a procpt neutron generation? -

t
.

b) The majority of a prompt neutron's lifetime is spent,In whe.t
'

'

r

,j
- .

*
.

,

manner? :e -..

r. , ,] ,.; .

IK, a) What is the source of delayed neutrons!
'

.

l
.

.

*
. .: . : *

t * t) What is 5 In your reactor et 901 an1 at ECI.? Why coas it change?' "

s c) DIsicuss t.9 a;f.et of salayed neutrons upon a r.u;we:rities!.v- *Tj

3 reactor.
4
S 18. a) Calculate the appnsximate period which would result f rera p =
* 0.05$ Ak/h. .

b) What wo.;la ca tne pa.-'nd in the previous p.obicen if all neutrons , .

were prompt.-
.

k c) Define proept critical.* hhat will be the reactivity in the ccre. ' . .
4 at prompt critical when A = 0.73%.
q-

. ,
, *

19.* a) What Is the prompt ju:sp? - -**
.-

Y b) Why is It that s reactor never has an equilibrium negative period
y shorter than -80 seconds!

'
-

20. a) Describe the important mechanisms which contribute to the moderator '
.k temperature ccat ficient of a B'.vR.

.

.

4 ' b) Discuss tf4 elf act of chemical shim upon the moderator- temperature
.K coeffIclent. .

t .A4r. .-.

H20k02,shedanuncontroIlp W.

Onacurveafkgjvs..N. ? ' ."- J . *; 21. a)
the semo core w th full roo control, and the same cor,d core,e.with full,

*
. .

*-
; -.

. ,

9 chem shim control. Explain the difforences in the citrves.' .l. -

f .b) .5 ketch how the temperature.coefficiant woulo behave'In,the thr.ee ..
*

.

tf cases it the core wJs/ designed with a water to 'ual volume ratio
.

er

whleh plased its W4.spaesting point at the opuum ratle' fer,the' - **-y .j- '
.

.n e uncontrolled, case. h ;' -
*

. ,g -
. . , ,

i 1 0 22. If the moderator veld coef ficient. o.f' a s.vR is -1.5 'x 10-3 Ak/k/$ volds
. .

i,{y, occurs which r'aduces the vofd volane, to 20% volds, how much roactivity..

' *at the full. power condition:of 235 volds, and a rapid pressure Increase
,'

will be Inses'ted.into the core?-
', 1 , .

-

,-
,- .

_ . .V.
'

.j 23. a) Assume that we are using the frictional haat of a coolant pump to
Increase racarator temparapes. A tarsparsture Incressa feca 440# F...

| f to 510* F produces a reactivity decrease of .0375 Ak/k. Wha t, i s *

-

y the average temperature coefficient ovar this temperature range?
.

'

h b) .How is the . coefficient at .t60* F likaly .to compare with the
.

-

.$ - coef fIclen't at 510* F. ,

- ..- . .. 4..
-.. ..

.
. .

- i

,

.'
3 24.. al Describe ths 'af'fect *which.prcduces the fuel temperature coef ficient..- -

,

X b) Why is,this coef ficient of particular. lmportance to reactor saf ety!-

$ c) What is the approxtrste tragnitude of the fuel torpersture coef ficient?
;; d) 00 moderator conditions have any. Influence upod the fuel temperature .. .;.

**m coefficient? Explain. - .r... i g , ,. .
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25. a) How are Xa.il.35 and Sm-149 produced and removed from the core?

.

b) Do the equilibrium anounts of Xe and Se depend upon flux! .
i

,. ,~^

. . , .
.

26. Sketch the xenon behavior for tne following operating sequence?
.

3. ' ..
-

. Startup to full power frw clean co.9ditiori nr.J oprata for 2 days,.,

-3 al' .

. '1 b) Reduce lonJ to 50$ for I cay..
'~ c) Increasa load to full power for 2 days.

di Scram and stay shutdown for 8 hours. l<

| al Startus te full peser and efterete fee 2 days. .' *
,

,
,

- -

. , . .

.i. 27. What is the converSIO6 ratlof. '
.

:.
.

. . ,
* .

. . .
1.' ,* . .

,

. ,. -

. ' -
. -.

.

. .
, ..~ ,j ,. , - .s , ,.

,

. , ,. .y
. .a .

.* .

.,--.,

,..",.'"y
. -

2
,- .(, . ; ..g

. . . . . .

,

e s d = w_
*

" . " ' . --S .,
. g ,

.- . \

.. . ; .v1) . .
< .s.- .

. - . . .
,,- sg ., . . , .

. . ,..w
- . . . . .7- , .

- ..
..

...
*

.

..- ..:9
J w

.,
, .

.m ,.

.
.

.s .
,,

- . . . ...

.. . ... .

.' .-
.

:, - .. . . ,. - < - ,. - -.

...s...
.

.

. .
. .

-

~ .. - - ..
.

. . s. .. ;; .y.
. . ..,. ..? , ,.s . e.

.

. . -;**_ .
.

.. .
.

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

. q ._- ..s . : . ~,. . . . , .;: . . . . . , . . .
.. .

..
a.

:. .
. .

. ;
.

. .w ,..., . .
.. , ...

.
. ~. s.: .. .,s. n

,. t, .-; . ,
. -

..
.

r.., . . .n,
, .

s- .
.

:, ;. . . . . -
,

... , . .. .: 7. 1. ,.. . w. ,

?(i , , . . . . , * ', ;s . s
. . .

* .I #
.!, .. . , , .

. . ,,, ; A. L . ;
.1./

' . ,

g

..t-
.

- , .j, .,, . . , , . ~ . . . ,.. .
o *

. . . .. .' . ,,
. . . 'e

a t

,
.

, a
A

e . N 4

,,s. .
c. e ...,.-(

.
-,

. * b. . ,.au.. , . r !.5 :q? s. e .;p W. *d. .,'.*. . < . f . .?.s.'...
.

. h .b '** :
*f. o.

v ...f. .4 e . . .s ; ..
*,

*
. . q *.. . ' . . . . '

*;} ...#
.

-

,
. , - . . . . -.ve . , . .

h * , . =9 .t. f. "i}} d,.t
,

- -
.

"

.w, ".7
-

. , * , _ ., ...% . ? g4 'y ' y T., <
4

. . .

o .:1,* .,(,,,

.',a .. -
*

,

4. ...W.. **' :.4 :. .' ' . . * ,
.-- ...

* .

. I..
- , . , * ,. .e%. . :n '.;. ~. ,. 3y,.,.g.., . ,,

, * ., , . . . 2: . ,.
< ., t j . , , - .

.w , q~.
..

a
.,

.

. w,::e;:v, . .., ..~..q.,..- m: .

4. ,. .
..

.

. '. ..:u . ;- .
.. . .n s. , . .

, .. , , . .. . ~ . ~.. ...z . . . .
.

, .+ .y.s b u.g. ... , . ,. . , J,; . . . .. . . .4..s. .y:. ~ . . + . . *. .
. . .

i, - . . ' *. . . .

.e. .,. 9 ..6 . ,
. .

, .
s .y. ; .. . :. . ..;.

. . . . ~ . : . . , ..

., .a : . < ... . - , ,

. ., . . . .
.. v ,.. .. . ..

. L . . W G'. w., a. . . . . . ,. . ..4 %..,.
.

.. . , . .,. .. .. ,

.

' '

.

. . .s v . ,
.

..
.. ' *. .. .

. .

.

.

;. [5-. :.3: ;;.1.: .' . ,, . . % .' , . ?, .y? , % ;. ,'.s.....,.'
,

.. .,:>
.. .

,

s. .w _ .

. ..ms -w : ,n, , 3 .,,-- . . - . . . , . . - .
. . ,

,, ; , .- . ,
,.s s.

,

.,
e...

.e y,..,. .

. . ~ .1 v.: . . . r e. .. p. . . : ~ , . . . . . . - . ... . ~ n. . . . . .
. . . , .:. .. ,x,..,.....

. . . ,. . . , ,... . . . :. o. a ; .: y .. . ,. m...c . .r
-. . .

. .,
. .s.,. .* -.- .

. . -.m.< ..
.

-

.
. .

.. ....a,. . e.a. ; , .

.
.r.. .s

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

.
. .

s., .. . , . .
.. . .y. , , .. c .

.
.

... . ..c..
.

.
. .e . %. .

.
.

. , . , -., - .

2. . . s . , :.. . , i.v.. . ,.
7 .-r. . ,. , , . , . . ,.. . . .c,

, ' *,.;..,C'', d f...

..e.3 *

*,.4,,.,-:. %.: ',. . ., . . w

.

; ; .,; .; . ..'., .
.

, t. . .-

;, s.
*

r. .' .. !.

.' ' , . , - .. , .E'.'.J.' t
-

.. ..,
,~ .. .' .

r. , . ,. - ....,M.,'..,.
..

;. . . . . - '*.'e.'
. .-.:

*
. .. J ...,

,. .e
. .

.
,,,

.

r. .. - .' - t .. s .,. e

- .
" , *f'*. .

. ). .., '' *' "',
,

.. ..,t . . 1,1.3.'.*.
.* - *.'

. .' >

.. ..'6 . - .

.. '' .' : r. .
,

,

?

.. . . a. . ..;
m

.. ,.
. , . . -

.: ,, m; v.. . . - . 1 ..w . -
. ,,

.c... .-

. .
. , . .

.s .
..

.. . . .' m
g

,.. -c. s*

. u. . . , .. .. .
- . - - . . > a, . .-,'

w g, , . .
, n.
.

.
.

- . .

.'.s. o
.

.,s

... r. .I. , .
. t'

. .**W
-- .pcv.;g:. y <.,-.g-n.4 v ,,. .t.% 2. 'c.e,nc., . . . T ,,.23. , e. ,p , . , , . .s , q. 1, L.ip.q,v.7. p. .;%.,3.,, ,..,v. f,%v.va. w . ;*. a

. . u... . . r. m. . .y; ..p. ; y. . v: ~.m,'y .w . , s,.c,~,*.,.. ... . . . , a .9 . :. 1,
r. .;,,,, . .x

< .S .
..,....,,.,e...}

, : ..
-

.

. .% ... ..'. .. . , . . .u ;. . s . . ...o. a.,
;* .

-
. . . . ye . . ,

.. c
, .,. .. . . ' .

. ,
. !e. .. n, se.:.

.. .. . .s ,

. ,. . , . , , , .

, ,. ,. . ..
.v . . . .j. .n...-

- .. . . . + ...t.,. . . . . ,,
<c ng.,

s,h,...,.........p.%....4,. . . , , p . t c,. .
,

,.e.,..i.,
.

.- :c ' , .
. . . -

.
.

.. . y,. .
* - -, . , . . . -. . . . , -, .

g4r .. , .

3 =.> : hew n, ..v. aw,.Ls.m. y * | ,. ..),g..gh. .. ..M
. .. .

,
.,. .

. . ' . -,
. .

. n s .

3 yo {Q. .-- i

~ ' * -
. ... ,

.

0 21 1]: L. < . , .

-'
,- .. u--

-.

. . . . m..'. e.. , . , . . ,

.
t-.. *A .. - , _

. ,T,. . . . . -y. <
.

.., ..

.
v

.
.ee. . . . . . . - .

W

.

.

- - - - , . _ __-,,. - .._.--..,__,._m,,_m._. ..-__...,.m- , , , , . , . , , , - . - - - - - .. - . - , . . , .--_ _ _-- _ _ _ . _ . _ _ _ _ _



._ . ._ -_ . __ __ _ __

|

.

.

f

|
;
i

z. . . . . . , ....e c ~. ., ,.
- .x. . . . _ em_ z. ,,,. ., .n.2

-

,._ r .

-
,

p.,. ,

' M y =4 ' w . :~. . a.u.. .
.

c.
. . q' q . D... e ......i, . .:

. . :<. 1, , ' ': . .- * \' ..: -: : .

,
. . J -.6.''b.:.[ p . -j:'(- , t; y.pf Q ;{; ,:c:.. .s .g-p.y; .e.q: y*,n- j - .y:. . :.:f:u
'

.. .. .- .: . . . , . . .:.. .;
.

1 . g. - 4.. .g.

v. ---> _

s. . _ .u ._ .. . . . . . . u j . . _ . % .y . . . . . . . .. . . , j - . . _ g . ;... .m w ...
. . . . - .

qc" r;m,7.Y-i,''.~'.'--E;;, ..M C.1 - M.?.':Qg mMMJ;. G .Q( %Q, :c;. 9. - ' . j)- N./: ;gy : .7; . Cy;
.

Q/ ^ -^ .s nz,

. 1 . ~.R. . .
i* - -

-~-m:.y. : -ygu.:nf. .g..g :~e3.t 3 _ 3:g %. , q .g* - ;
.d dommaman wammemmonwar r amsum,w.w nu.uyxo...::we av.~n y .. zm.., yw . 3:.,

.

. . . ..
-

.i

.

. .
.

. ~ }. . . ; , j
-

- .

* -

m.
- - -

.

1 CliVTER I1
p: .. . - .. ,.

o *:* '. 4 HEAT TRANSFER EFFECTS'IN WATER MODERATED REACTORS -' *
.

- - -E.-
*

INTROCUCTION . .

. . ,

.s
The purposa of this chapter is to present so..e of the significant aspects
cr resctor operation that era concerna.J with core f.*3: tr er...f c- l imita rlems.,,

3

,

Ouring the design of a reactcr, consideration is flest gisun to tr.2 de-,

4 sired thermal megswett output, and the Desic fuel element and lattico design.
Once these are established, the heat transfer and fluid flow engineers ine
conjunction with the physicists, must considor the ouestion of ho.e large
the rasctor rtust be to dall ese the required p,T.ar. It is fesirable to r.ska tha

| reactor coro as small as possible and to " work" It as hard as possible In
order to reduce the size of the vessel and cther components, and to minimiza-a
the fuel cost. At some point in inis process, the designers cots.up against

- limits beyone which the reactor would either not operate satisfactcclly or
..

the overall cost would Increase. The operater of a reactor must be aware
- '.- C of certain of these limits, because It is generally possible to exceed .

j them through improper operation. .

,1,

b EFftCT OF HEAT A00lT10N TO A WTERI AL WITH NO CHANGE IN PHASE..

*U' When heat energy is added to a material it acts to increase the atomic and
~

M molecular vibrational r.-otion of the material. The most familiar cbservable
effect of this increase In stemic and molecular energy is an increase'

.]. In the temperature of the material. Hswever, considering the wide veri-
.

'| ations from or.e material to another in such properties as thennedynamic.

/ state (i.e., solld, liculd, or gas), crystal structure, and complexity
-.,

$
and size molecule. I't is not surprising that dlf ferent materials are

. affacted to different da2reas by the addition of a given quantity of heat
That is, the increase In temperature which.results from the addt >,. , ,

energy.c .'

* . .( tion of a Stu of heat to a riatorial will dif fer f rom one material to tho'
.

'

} next. To describe the effect of the addition or subtraction of heat energy
upon the tiemperature of a b dt, a qu2ntity called the host capacity of the

'f;.4 body Is employed. The heat capacity, C , is defined es the number of. Stu%p
required to raise one pound of a substance by one'*F at constant pressure., 14 If we express the abova verbal definition in t.uthematical form we ob.taln:

4-
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''
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'. . |:h .k.
* * . , ' 9. , W . .
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s
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where: C, = heat capactty'of a matertal 10tu/lb *F)'
- .-o... . ;.

* f Q e total heat added or subtracted.f rom the body (Btu),,
.J N , e- -

e a mass of body (lb)..
~ 4

'* >

* )AT = ITgg,,, - Tinttial) i temperature change of body ( F .
' ' ,

-
. .. } , , ,

- ,

. . .'.i .i.
Equation (ll-1)"can be rearranged'to gl've .

*

.
.s . . . .

-.
,

,
, 9.= m C ,AT

- (Il-2)
,

. '
. p

*
. This is the fundamental soudtlen which descelbes the of fect of-heat additlen ~

to a body under the condition that the body undergoes no change in phase.. .- .
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. 4 (bolling, melting, or freealng), it applies equally well to sollds, liquida p
- ".! k or gases. I,

j &

k in east pomar plant' applications, heat is added to flowing' fluids rather y[.-
h t' tan sisy.3..4 c Jias of e.sto.-l l. For these c.sses, it is c.v.wnler.t to A,

%' consider best and mass flow rates and re-write equation (11-2) in tne i
. .l - forms i.

b.
. aw

,.

,Y~ $ = A C;3 AT (11-3) U
4

a . .
.

..% :.' N where: O m heet' addition (or sustraction) rata (Bru/ne)
.

y
.

{Q
,f & = mass flow rate (Ib/hr) * y*

f,

' '

%> Examples in n certain PivR the coolant enters the bottom cf the core at i b
*

.0 %u 545' F and leaves the too at 595* F. The coolant flow rate is 68,500,000 | E
lb/hr. In the range of 517 to 570* F, the heat capacity of water Is %a

.
'

' **

{ .{= 1.3 Stu/lb *F. At what power is the roactor operatingt g. .,f . . ., - sy. T' r s . . . . . >' *
-

T"'3'y1 in di =*(69,300,000)(i.3)(595-545) h 4*- 3 - r
*

=
r= 4 x 109 Dtu/hryd.

"
Y /* : ' '". . . ?.i.-.

g"' . .- a 1. .> v
,.

To convort this answer to moro familiar units. wo maka uso of tho. . *'.y C f act that i W = 3.413 x 106 Otu/hr. Thus: [ ?-, w gt ?.

.) $ 0= $ = 1300 mf (Th'ermal)
,

. >y
,y, p.* - 5., 7 f

* ' ' "
-

t t.s.
s.c There is one major difficulty ihtch is encountered in the use of equations [ .

b

-
,

tt (11-2) and (ll-3) and tnar Is the heat capacity of a ratertal' varies temea
N! ehet HeeMing upon tee temperature land to a muen lessor estaat tne ;< .' . g y. . ,*

'

N, pressurel of the meterial. For example, near room temperature, the heat F .r. ..

.'O
,' *J

coacity of .watar is = 1.0 atu/lb *F, wheress at 550* F lt is * 1.3 Btu /lb *F. . *
.

* ;

; Thus it requires about 305 more heat to raise a pound of water from 550* -*' ' " ' '

q "% to 551* -F than it does to raise it from 70* to 71*' F. Therefore. If'Itl * ' ' , , ' 'g'

'.7. ' Is necessary to calculate the heat required to raise the temperature of ' . r p
i

- * ' .. T
.7) a materlal-over a wide range of temperatures, It is no esssey to account ,' g; E

''

,

| 9. for-this variation in heat capacity oy employing Sultable average values. x

'
s%.*1 e..-

.
. ** * ? s' I b.

y,? The .h. eat capacities of 'several cannon materials used in nuclear power plants ' i.,-W are given in Table 11-1 belcw. - -
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* .x x . . . ., .g;
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EFFECT OF HEAT ADDITION TO A MATERI AL WITH A CHAtCE IN PHASE*

, _

If a liquid la maintained at a constant pressurfs and sufficient heat Is I

added to it, the temperaturo will rise until a definite value, calloc the )
::sturotion tee.peroture or holl.Ing point, is r eached. !!eyond thi s point, '

d furtnar adJitic.n of n=se w lf cause tha 111 14 to upri cs. Vap :ri: ..' ion
,

s
- occurs becaus. the molecules nave so mucn vibratlovl er. orgy tbst tn.?y can *

H overcome the mutual forces of attraction! which hold tne main body of the
'

11 quid together. Thus the eclecules on the surf ace start breaking away.

from the main body of fluid.g .
,,

'
1 The vaperlaatton prosess occura at coastant temperature provided tnei .-

.

::j system is meintained at constant pressure. The arount of heat necesst:ry.

to vaporize a pound of liquid is called the heat of vapelzation, l 4

, Ja,; Thus, In a constant pressure vapor!:stion process, the following reistion-
e ymp.

" !, ship holds: .. c .

$' t= . - O = .myegny.p (Il-4)

, .

.: .

.?. @1 where: 0 = heat added to body (8tu)
-:- '

ysp = mass of liquid which is vaportrad (Ib)m.

7.; hvap = heat of vaporization (Stu/lb),

. .
.

.

3- y in.a system cont.alning a mixture of both liquid and vapor, the f raction
,

of the total mass which is in the vapor pnase is called the quality of
;[ the fluid. Thus, in a liquid-vapor mixtures*

r. w.. , . ..

. 5|.)l' s .'C * *
*

' . :: .. , ,.

- "XML (|{.$) . \. *1 ', x= .

. .
. s _. . .. ...:. '.;'

.

*
.

: : %.
.

.
.L.'. * . . ,

* -

T *, org. s. : . '
. . .

.q .. ..7
. . ,

- *

~. .
*|

.
-

.
% sy * = *..

..v.
;, n. 4

. . . . .: ; , . .
-

.
. myap = xa (11-61

t ,

, . ,-
. .i- . 3 .. ,

'
.

wheres x = quality . ..,:, . ".-. , .

;.7
,

,' a = total mass of fluid
- - -

..

. .-

- Thus, x = 0 mean: pure liquid, x' = 1 means pura vapor, and x = 0.5 means .. :t
.

.y ,

the mixture Is. 50% liquia and.Soi vapor on a mass basis.
,

-

~-

' -
.

' r '. ;, .. a . . .

. '

'

Suhat,ltu$len of equ4len '(ll=41' info equation.lll=4) glweet -
'*

.
.

- * ' . ,

. . ~ * . . .t.... . . . . .. s .-. . . .

, .: . .', ; O . . .
.,11-7) ..~ , ' .

.

man' * ' *
, yop'.(' , 4 ;= . : ' .. ' ', . , , - . ..

....%. -

* . y > .
. . .. . . . , . . . p. . .. ... . .- . . .. . ,

, . . . . , '. ,
' ~ ... .. ,. .' I.

-
. ,'

'

. I In tho' case of water, these forcos are primarily electrl' cal. Because.
.

of the polar.nat6te' of the %0-solocule, the oxygen end of one. water mote-
*- <

cule- tends to be attragte'd toward, and " bond *' vlth the hydrogen'end of,<

,

an adjacent molecule -

,
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f the. system Is flowing, Q *anil a would be replaced by the rate terms f$
.

. y and m.
.-.

-

|

.
*

.-
. c g, .

.'; E Fre'quantly 'the situation is encountered where it is desired to b'cIl a !

;7 liquic which is initially at a temaersture below its bolling point. The [ '
,

' 4 flect rest .nich is madeJ to the liqu ral ta. Its tw;wrotu. tin acccecance gp with equation (!!-2) or (11-3). After the bollina point is reached, tra fd remalndar of the heat goes towsed making steam (or increasing the quell ry
W of the fluid) In accordance witti equation (ll-7). The total heat ac M :e
M would be the sum of these two, ort .

,

. v. ' .y
Q s'en C iT + xma *(11-81 (

- '.
,.

, - - ? o *

. .. ... - -

b[r
p vap,

j
,' " .'' P. Agaln, O end m could' be expressed as rates, 6 and rn.*'

i. -

1- b i, .

.a M Example: In a BwR operating at 1035 psig ITonters the bottom of the core at 53S' F and fst = SSl* F), liquid coolant ,

*/.? eaves the top of the core . ! '

E as a steam-water r.1xture at 13.S$ quality. Total coolant flow rate is -
.

E

i.

/ 74 50 x 105 lb/hr. Assume that In the temperature range of Interest, the . * '

.h . heat capacity for IIquid mater is 1.3 Btu /lb 'F and that the heat of vaport- L

~

i
'

;f ration is 650 Stu/lb. At what power level is the reactor operating?
. .

J' .

,

dp To solve this problem we must reeagnias that part of the reactor i.. : i

4[
h. thermal output goes toward raising the waiir temperature and part '' L I. * '

*

gces toward the productlen*of steam,. Therefore, equation (ll-8) nI ). ;
~1 spoiles. - .- w--.

- .
,-,

.

*t.n s - .s . ..;
. , .- . . ,.

1) y'y
,s . . . . , . - t* Q = ,m C ,(Tsat - Tinletl + **,1

;

.' E ' -| fp vap ..
. :6 % . . - .. , ~.

.

8 - l, ;
.,.

"
''; M y A (50 x lC )(1.3)(S!! - $35) + (.135)(50 x 10 )(650)8*

,, .M r.t.- . . .. . ,

, 8 , , | 3
. *.

' . ,
' M *k= $.44 x'10'*

r
. '-

- ,,; -- Stu/hr. 6 s.

x, - Q- .- ,:
-

'

\ 5
,d Usi6g the conversion factor that 3.413 x 106

. .. .. .."'

Stu/hr = 1 MwT, tne I i: .

. . ,, ~ J ,$ poser level <would:be ' f
j .j

.
. . .; . . .- s - I~

'

..; ls S.44 x 109 ;*.

'k/d i i3,41x.los1 NM . -''' .
*.

5.1 W . . . . . . . .. . ,. ;
*

.

.

.
h
-
g The reactor wouls be producing a total steam flow oft t

-

, ,

n .

. .

8
.. s.

. In team * .8E" coolant * (.1351(50 x 10 f = '6,750,000 lb/hr g ',
. .

@ s,

.y -
.

-
, , .

:9.. .. s
' . >-,.

6 As discussed previously; a constant pressure. vaporization process occurs ,.v. 4 0
-

'$ J ' at con , tant temperatura at long as both l!qul'd and vapor are present. ~ . * .I .' I N
'-

,.
-

: y . khen'tna onttro mass'of Ilquld.has been vaporized and heat Is added to; '
i. l

''

p@ the pure vapor .theatenporeture of tne vapor will begin to incrosso in ~.+. s . 4 -

accordenea with equattens- (ll-2). and (ll-31. The hast capacity used lei. 7
--

1@'h' the equations must.be that of the vapor,'wh? .- is ordinarily scmewhat
-g;? f-

',. . .-
s

smtllr.- than.that of the liquid.. . . .
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HEAT TRANSFER FUNDAMENTALS ,.7. ,'.

' - %: .[T
-

,

In the revious section we discussed the e8fect of the absorption for s .

| N. , ,'

removal) of heat from a given body of ettter. le6 licit la the discussion (* * * /*wet the assumption that heat can, In f act, he transferred back ant! forn F|.5 hoen di f ferent to ics. !n rial s ':qct W vs wl i t u t fr' ..!. ~8 h * a;:,

h.:.hewtals of tre Transfar process lisaef- =%:c. reJ siments itast te
1p..

-

(.f.'..;
seat b<efore heat may be transferred, how it is transferreJ, ,sne h=w easily

p". '
.

2 It is transferred.' '

<

0:..

' The flew or transfer of any quarttliv c.sch as esttir. electricity, or . en ,;3.y.varniH1 by thrad t ule lassa' gl.? .

:[; :'.-I . *
* ,,

- .~,j I. There must be a driving force which ca;ses Re quantity to flow, yi.
,

,

'

2. The rate of flow Increases in direct proportion to the snegnitude of h: :-; the driving force. That is, If we est.sle tne driving force, we will' .p: ;dounse the rate of flow,. ** ,,

(' ,-;0. . '; ;,
I v. . .,

3. There will always be some resistive ef fect whie.h tends to linpoco tne h'-!!cw. This is basically a restatoca it of tPe first law since overcoelrig '':R . .The reststive of foct is what occessit37cs a driving force to cause e A."l*C
flow lat ternatively, ene can think of th!s as a "you can't. get sorne-
thing for nothing" ruta which is tt e reason why porpotual trotlon eachlses ,7*

,

':Mwon't work). .Flow rato varies inversely with resistance. That is. 0.-:I t wa doublo the resistance Iwlthout cPangIn.,) the driving forcel -wa 0. .will cut the flow rato in half. -

Using the'three previous rules, we can .rlts the general'.' flow equations.
. U:M..

. -
. _ . . .
t..+: '

d ,, @W .c, t.

Flow flata = Drivlso Force P.M :
..

V -

(31-9) -

.

poststance ' '*"c.

- .

M Er.
"

In the case of fluid flowe the drivlfl0 f oraa 1s a pressure deep and t>e re. dN . ... a
.

"
" sistenee la the frictional ef fects of pipir:3. orifices, velves. .etc. W./ '"For ?Jthe flow of electrons (current flo.) the drivl.12 frrco is a ,voltsgo cros

and the resistance Is in the form of resistars anJ other circuit elaterts.
htt,7"'. cM.

i

Finally, the flow of host, 'or heat flux f.nich is sin. ply the heat fluw [%7f:
] por unit area of heat transfor surf a*.e), ro2uires a tmparaturo ll'feren:s r,.@? 6*

y . l.t.athsatically, ints :sn be uxpressed es: ' 2. $ ~i
- as a ortving forco. '

t. :Q ..~%
,.. r .. ,

- 8 37 g,g e
.i

,

p = "H";.
.

u n. ::e -r
,

.
.

,
-

. (l l .,g o) .c.r,;. r. -, , .i

%. c ..

W; 4,,.

- 0 = re'te of heet' t'ransfer' Ntu/er).
,

m y ..
where: .

g${. *
.

.W :..y',, ,
.

.. M
,

- A = ~ heat transfer eroe (f t } s . .; ,.-
6,:

2 , . ...

D/A=he'i flux (Dru/hr-ft 3 ,. ,

.o.4 a 2''
' St = tenparaturo diiforance (*F) * '' *'

2
. %

R = heat transfer resistance l[.*FIhrIf t .1/[Ptd)-
:e< .

-

I,.O.~-.

.
-

,., .

, , ..

. -

.. ..

-
-.I r. i'
'

. n. .
,,

.. .....r. >.. w. 3 .,~ v ., y,. ,m e ., m.q ., ~ .c m...;... ,..n ! M '. m. . .-
-

i' m m .o:, y ,., 2. ;c s.s..m... x ., . . . . . g.
.,

.. . .... ? .y ., .. , n- ,.

' ,.: : .:. - . :.:. ; .'
. ::. .:. ::.... .

,

e , .- y . . > . . . :.. .. ..', :. .. .
.

. .:.,.' . -

. ; @ i R &,i D 3.; 7 N .;. J ' W .y ...
..

j
" -ch. :Y ..."' '

:a.

. ~ "; ' . ' .,5 C~%. --
-

gn j.
-

.3 %. ...r. .: , o .~ . -

,

.

i

;37.o 4.L . j. x.
,

. - < ~- .

4 .~
. .. .. . . . - - . . . . . - - .

.

.

-, .w--.---.. - - - . . . ..._,__..,__,.--..----------...,-.-.-v.--..-*-.--v-s-.-----,.-.-w . - - - . - - - - . - - . - w. . . - - - - - ~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -



.. ._ ._ _. - . __

n ,

s

.

.

i ,:; , ,. . .. , . . , ,

.. ,

_ . .,. g . ,, 1._.. . _ . ,.e.~ .c ..w. ; . ,< :o _.m ., . ,,, , . , . _ . .. .y . . . . . . . ..

. .- . .'.a.. .
-

. . . . , , . .

.. .,.a:.. . , w . 3.. ... . .
.

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

. . . .. :.. . , . . . . . ..m. 3. , .

. . . .
.

.

,, . .a
-

. .:;. :. n . ; .. w- ,.u....,- e c .. .:. ,.: ;2 . . . . .
.

.

.
.ca

. . e. . .. .
.

|a. :,.
.. _ , . . ,

_

. . . ... .
. .x . .. , . . ;. .

. . . .
u _..a~ c.

. .g. .

w: . .a:~::.ui.-A21, ;%a:n .) . ...%h.n:@.: M.h |.?7.'.g.y ,.:C- '&. s.
.

.

.

,.4

.; . .. .. . . .. ......m . . . . m ~,. m. -
. , .

,

'j s ..
.. ] . ' ' , .. . . .,

. . . , ~ . y . .
..

.
..

.$. .
. : ..' .i.- p-

,3:. c.
.. '.:-'...

.c g3 6 :' %
.. .

h $c : :.. . f'.
: ...

~.,~,...g .g ,ep
;

.a,...

; ' . Q'1 3.Q
To illustrate the significance of equation (ll-10) consider the folicwing-

,

casess. p.g ;s 1
a,3.:

..
. .

~;.%:a.d -* .+
.<

e An insolated 1000* F steam lina is a case where a lar-s driving force|, ' . ,; "Q.Ic :'. ,y, I.

' S ' i. 1.0 *i exists, namely the dif feronce in treperature betwesn lE00' F and room
''-(, [}[ M h ?.s... 4r.i tues. Ideat I f ue o. t of the sidst n' tas ;%, t.:.ever, I., e.Ji te

.

low becausa tne resic,tance to haar transur or tna ..i. la:In.g m tori.nl"'t , .

i .f' ..; c ( N7 is high. ..
,

. , , ;..'' j;,.#' g l
. . .

H..:i' ,

-, ' ' .5.+
.

N.;. 2. In a cot. denser, heat from the condensirg steem is transforced through, -~ '+'

(th rne :,,4anser tuba to tr.s cooling wet et . Canoite tha ralstively 1:e
3 M teir.pra ture di f fsrsen, concarstivaly isege unsunts of ov.sf sra tr:ne*

. .. . . . , . .

0, , forrod becoase the rosistancos involved aro low. Those rosistances. . ' '
. P! ,d ,.|.

'p%
I include the reelstanee of the film of 6taan and sendensate on the out-r. 1.

;. :3/1,T '.N,7, ': sido of the tube, ths resistance of the tube material, and the re-.

3- r%t '. sistance of the stagnant film of water on the inside surface of the..

V.''$.'N,/.2. '[h.. ..
- .(d tube.

*#
,

..
.,. p;..

I ., %. . 9.j ~
'

of' To illustrate the appl! cation of equation til-10), consider typical power'

.

. .e ;w[M |:4 reactor fuel rods as a hown In Fibro 11-1. The fuel itself is a cylinderJ.
''

.
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*h .. .I'E Figure.Il-1: S.: hem ic'CrosisectionofaTyolcal*uelRedShowingIuei
'

is .

, "

-|.$ ', Contor Temperature (T' ), fuel Surfeca. Tee;erstara (T 1. Te.-prature of ;

' ' O],
*' ., c g

.q Intor' lor Cladding Surf tee (T ), Cladding Exterior Surf ace Temperature-
. g,, '. . . p;. (Ts), and Both Fluid Teepararget (Tg1

.

3; -' -
.

. . . ~ .t.: . .,
, ,

/,,E . 7,M,.K;
..

h;
.. .. . .. . .

!'p .

S ' (actu6lly a numeer of sylledefeal pgliets stecked en top et seen other)-"<

.:b . .~

. J * of U0j scout 0.5 inchas in diameter. Surrounding the UO is a thin. annulus'

2 ,,

. of cladding,usually abou*t 0.02 to 0.03 Inchos thick |an: modo of stainless; ' <. i?' .: /1-

staal or zircalloy. As enn be seen; the hast that s generated within .tha
.v.' .. . .rM N{

' | $.:;;,. .,. . . ;' ':'
.

. Q .,.7"f,h 1,}"; h . * UO2 must be transferred through Jour resistancas in series--the resistanco.

of the UO itself, the resistance of,.tho small gas space between the'
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11-7
.: i

.

. . i.l002 and the cladding , the resistance of the cladding, and the resistance of
j the water. Equation (11-10) can be written for each one of thosa resistences

" In turn:,

n.. .

Tc T '' Ih/A f *'02 I Ul"III.

1

r.
,

' W as spacel U l-W'j T -T2* g1
.:
1

y T2-Ts * Ib/AUN I U l*W
7

elad
. n . . :, . '

^

;7 T3-T,=(6/AMRg o) (11-14)
2,

'' .41
i

) The 6/A torm in each of these expressions is ossentially constant. Tha t
j is, the host which is transferred through the cladding Is the same heat * >

which was transferred through the UO and which will bo transferred to the2
a water. The heat transfer ares, A, increases as tho heat rioves radlally
H outward, but for thinly clad rods, the incrasse in aroa is seall. To obtain .

the total temperature drop It,is necessary only to sum the four ladividual >., ,

temperature drops. Therefore, summing the left and right sides of equations-

,. 1 (11-11) through (11-14) gives: g

'

liyfl*(fg Tl*Ma*Tl*Us*Tl*
"

n g a a f |', ,,
,

-j . , .j
'

* '

(6/4Rno + (4/A MR gg.) + (6/A)(Regad) + (6/A HRa HOI
,

i
'!

,,...eW 2 2.

i.Y, z,.N.
. .

' ^ '* .'
'

.. -

-
.

(11-15). . . . " . *m . .,s . .

" .'1 Removing parentheses, factering, and combining terms in equation (11-15)< ..

[ gives the followirig excressica for the total tamperaturo drop:-

}
- .

. ($/AHR
:. <

.; } ." -(Tc~I)e UO + R,ge + Reled + RH203 UI"I63.

f
.n .~.

2 'i
,

.

,

. . . , . s

O H ** it is seen..tharefore, that the total resistanco tn heat transfer is simply
'

*.. ,.

. ."3 . -. , .i
the sum of tho four Iridividast series resistencos.

.-

:3)3'
, .

We islit not attomat 'to make air exact evaluatinns of the rocistan as in
' a'+

;
; equation (ll-If), but a foe qualitative romarks about the factors involved * j? - are .in order. One of the mSt Important factors influencing the resistance ,

i'
'

to heat transfer. ls the naat transfer mecnanism, of which thoro are three '

[i;

. ' . . , ~ type.s.. .

, . . ,
.

. .
-

.
, . ,i

1.., . .

..
4

. s

''!
'

r. . ' ' .
y' 1. Conduction-
.

. . .

- [!-
,

. :.

Conduction is the transfer of heat by. atomic, molecular or electronic ?

.N action, and .ls ttie primsry heat transfor mechanism in solids. When
. ,

*

I I

-

Fuel reds aro evacuated and then flllod with bullum during manufacturo..
-

.

. 'During operation, fissica gases are relo3 sed into ttils space. ~

> .

c -

.. .
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n
ri-
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2

the temcerature of a body lacreases, the atoms, molecules,'and electrons y{-
~ .

-

4
A if a hot, rapidly

of the body increase their vibrational motion.
vibrating mol.ecule is located adjacent to a colder, more stationary

. ".s,
f y

roleculo, the hotter molecule will ultimately Induce vlbiations in thee
t $.*

4.steur miscule ,enJ Ill, in ef fect, nave tesnstvru som of its hos . &|9N, If
The situation is ar.alogous to naving a moflonissa cus.e et Jsilo. f. .A f
one cornar of tna ci.co is wigglec, tna alggles a.Ill sventually spreads

It is important to recognize that in p4
until the whole cube is moving.I -|'

spita of the f act that taa vibreflons are transf erred throughout the
'

That *

now tnara is no partwent rslocation of any of the mola.culo.1 ,

%I Lack or wing is in, sintinguisning festurs C~

$
Is, inere Is no mlairg. .

't of the conduction process. ..

hThe ability of a material to conduct heat is measursd'by its thermal [.. .

f g

.3 ] In general, the higher the thermal conductivity, the jconductlvity. *

bottar the materlJI Conducts heat, and the ICwer is It5 roslstance to
"

5 /.*

( As a general rule, tne best conductors of host are %heat transfer.metals.' They possess large nirnbars of relatively free electrons which';
6.

serve ss the mejor heat carriers. The next best conductors are dense,3a 5
non-porous crystals and othel. non-metals which have relatively few f ree [O1 p

The
olectrons~ and conduct principally by moleculai .or atemic motion. G-(
thonnal corductivities of these raterials vary. considerably, but are- a,'

sub,t.ntiatiy ia ar (typicaiiv about 1/icol thaa.those of most metais.O A;
The worst solid conductors are dry, porous.non-metals such as asbastos,

.

g9 .

b
Since the transmittal of vibrotlanal mo.tlon .ls . Gy'

.

dry wood, and cork. aided by intimata contact, the pores tend- to block the flow of heat. 6 -*

f' ,.Tho thermal conductivltles of these Insulating r aterials ,s typicitly -

C-

*

N -

y -
..

i
.= l/1000 that of puro metals.

. . ,

'
' .

0
.

E.(.4 ETlih resistance to haat conduction depends not<only upon the thierma h . .
- .

.
1

conductivity of the matarlal, but also upon it.1 shape. In generall the
p'J.f f "

j racistance is :lomered by e.akinj the bcdy intd-thin shapes with;it largh'
n

- dsurf ace a'rea perc tin!t volume. Thick shapes wi tti low sur'f a'co to volume . >
j

ratios, such as' cylinders and spheros, provide a rotative [y higher' r f
,2

realatence to heet fIos because they maximlas the path len2th along [?
.- ,,

.i4 which the heat N ' fravel... '

.-

:s
p0

h
For the F W r W livMrated in Figure 11-1, conduction is the primary

g.7

heat t( m '. p u nts.n in taa.e02 and the cladcIng. The rosistanco - M
t .

of the U3 is high for two rossons. First its thermal f**

p to hau o .c. 3 Of., s p atively lo,w fat elevated temperatures the .hermal
'

t
.

M
,

j conduci.,ity .. 4 as great as the thermal conductivity W.,
, conduct Nity of 00 ,1s only about 1/Second, the cylindrical, shape is very poor as far as2;;
of uranium metall.

As a result, a large temperaturo d.lfferential
' @|,

&
alding in heat reeoval since it is thick'and possessos a sesll ss~rface .

9
-

h' , - ,

1 Is required within.a fuel pellet to drivo largo quantitles'of heat to ?.
eroa relative to its volums. E.

' , * - . * -
~.
j horu the s.vne cuantity of UO2 prossed into a thin -flat*

. .

plate, the resistance to heat transfer and the resulting temperature ,
- tthe coolant.

. A
The gh i$ dif ferential fo** a given haat .transler rate would be much smaller. W S

resistance of the cl: adding 15 estatively low because of ths high therma F
' 4 .

i
* m.

con:fuctivity of tho mtal and ,fna thin annular shape. s..

-'
.) - .

-

r.*
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I2. Convection
.

N. .'

- ,3 .

. : C.
.

Transfer of liest by mixing of the not med cold bodle: Is c1lled : *- '

vection. This mechanism, of course, is ;ve.erally limitad to r.:a- trar.1- ( C,''

for in flulJs (ll:; ales or gasesl. Mr. art ge3! -Imln3 u t sis, tN *e41s- p.t

W.Tan.:o to l e t tr:en;ter .l: v4cy lu.. D. . $ . ..? - I t ! ..J si .J'. i , ; |

* i; prc. cote rapid haat transfor, devices i.h.cn pet *' t.s c nvectl n are :. - 7'.
'

ployed to the m.mximam extent p/sett:al. Su n Tevices incluco hi;- $~,
.

-
coolant selocities to minimize stagnant arcas ano pecrote tu-sula..:c, gj

E. ;h! nixing vanes, and nucicato bolling boe jelo.l. ff.'~

h
Unfortunately, heat transfer in fluids 's prmetically never a pure w;r
convective process. This is particularly true in the case of fli.lds P'

-i

I flowing past a metallic surf ace, as is tne case in the roactor cere 4. .',

i

%'ii.
.

M and in most heat oxchangers. Flulas haec a tendoney to adhere te soll:
4 surfeeen resulting in the formetlen of a virtually stagnant film an i pi,*

* ' the surfees. Although this film is ordlnarily very thlR, heet irgns- %f,

6 for through it is principsily by conduction rathor.tr.an co vection [|$n

and its presence can markedly increase the oeerall heat transfer re- ,-g^

sistence of the fluid. Thus, in order to evaluate the resistae.ce of t$ .:
a motorial in which convection plays a sart, a number of paratr.ete-s ?:.u

..1 must be known, including flow rate, fica gecnetry, fluid toeperat.re . hl -

thermal conductivity, and steam content. ::
.,

b./
' Onder normal conditions,'the resistanen of tne coolant to heat trans- , W..

.

'

* for is low in comparisonf.to.that of the 00 ' t'!!'at little resista ce N.T, ''

2there is occurs in the- waf e' ' film at.tne ::.rf a o of the cladding. As CZ. .

r'.
'

- . 'i a result, there Is aimeasurable temperaturo cr s os the heat passas N:s
' .b. ..

'througn this film as.w'es:lliustrated I'ri Figi.re 11-1. Occo tha hest .'

.;
penetrates tno tilk it' Is transferred rap' idly througnout .the rse.ai.*.:er !.{#.

'

{M
. j.of the water and the resistance is so 10 fr.a'r thero is virtualli'~,

,

'

,' no temperature varlat,lon.'th'roughnut tro bulk of the coolant at ary

$g?
*f

or its void content.ndoes i.ncr,erod (the tefr.paraturo of the cc,olart
'given olevation along.tho' filel

. ase stessily as,lt progresses upwsrd
*

'.q '

along the rod because of the continual additier. of host to the I

h,',.-

I,

.]
coolant)., ,

~ '- y;.

x. , ~~
-

- || ln th'e gas speco surroundl,ng the 'fpe1 ps.liet, i.ect.tra'nsfer is b, p-

*1 both .conductlen onri'cciivactten/ D th eta..c-l.,n pI.rjin 1 on I:*:cr s-; . h;...

Rt' part because the ps Is r'el.ot;lyolir stJ;nsnt. Altn6agn the inermal
conductivities of g3ses are vedy 1c4, and consection currcents in nis b'
region are small, the'resisYande ,to host t'rt.nsfer IS still rotatleoly $g;q

, .t Iow Jue to tho thin annulatyshape of the reglen. |'j #
. , y.. ,

..
c( i . .. . ~ . - . , ,. 3

The fluld temperwture str ongly , influences its vl'ecositf e inich In' {g'c:-
. , ' ' - -

'

:. ..y:- .

'
. - . , . , -I. i.

*h t,'.'. r
,

turn influoncos its susceptability to termation of films en surf a:es. 1. '% ,
.
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}. if.E Every body of matter which possesses heat energy las reflected by F &,6 lis temperature), continuously solts this energy In tna .*are of;olectro- rg|
h magnetic radiation. At the sar e time, every ho:(,ls con {Inu=usly [ i,-

,
,

% n'.cebing radian? energy wnich uns er Ittas by rel:: :ortn;; toalw. E,
.

h' mi . are at ini.:n The radiation es c .i tra: It Up* *:W t. :n tha b ht W erature cf ttia emitter (It incress46. es tna fcerth g:ver of the E fcM ebsolute temperaturo) and.the rato of which it is sus:,ree: depends upon b 7
'

6 tre tcraperature of the surroundings. If there is no large temperature L D
~ f" s!f ference between a body and its surroun:In;s. tr.e ratos of emission 6,./ -w M. sorption will us assent! ally Neal 37d t*e met ramnt best ex.

casage from the body will be smell. In r.ost hastTensage equipment. )' W

i{.'
:

. , . , wt.lch Is speci fically designed to promote hest exchange by conduction
{,FS and convection and is designed to minimize the temperature dif ferentists i9 between'various locations in the ap;aratus, net ra:iant heat transfer s*

is small and Is neglected. However, because radlant heat losses In- |

{$
-

* ^

a crea'se rapidly as the temperature of a body rises (because of the four-n [,
. .d

pa or relationship), bodles which operate at very high terparatures,a

cT such aCreactor fuel rods, may lose a substantial ar.ount of heat by ; E'Q this mechanism. i My
|| n'.M The student may be confused by the connection between radlant heat [ b '

fj transfer and X or y radiation. X and y radiation aro photons which d p'g
. O V are omitted by bodies which possess energy above their ground state
- $ as a result of nuclear ard electron shell processes which have occurred. g[* thy Rajlant heat emission is an evactly analtgcus r.ro: css wheresy a body !; [.

, . .g;
' rlda itself of heat enerDy which it possesses in order to return itself p.

( , 4to the "0round state" toeperature of its surroundings. The only
. L

* -
,Q di.Iforence is In the relative magnitudes of ins eurgles Involved ;i ?

*
,

i.1 in the various processes. Radiant heat transfer Irvolves reletivel L'.'
! .ilj IcG onorgy photons (frequently in the vislote light nr. orgy range), y

*

s E
.

.'] whoreas X and y raclatlon involves higher energy photons. In fact, p ('
:

h, it was the study of radlant heat transtoe by ? tax Plan:k v.lch led to [ T
,

j)M his formulation of the photon theory (more coronly called the quantum
tricory) whlen 'was subsequently used by Albert Einstein.to e$ plain [ [.

,,
.

.

.h
*

; ' t." . . ., -
'

{ f:
.*

x-rays.,
.

-,

~ .o . . .

HEAT .TMil"JER IN F)lt'.lM's ifNTER. r c.g 3

.: y *- -
,

b h.
,

. .e 4.... ;...

. Along a considerable. portion of the typleal E R fuel rod, boiling ls - [ @
- ~ .

(. 7

*Q occurring at the coolant-cladd.Ing Interfaco. Ac long er. this bolling is & [q of a typo known as no:Icate bolling, tha resir.tance to heat transf or at
E (1 tno coolant-cladding f riterf ace f and the temperat:.re dI!f erontial botw6en

.

5
$ the cladding surfa:e and tite bulk of tie co:Ibnt) is vary Icw. M.c l ea te -f4,

N
'

,

.g colling is pictured in Figure,11 2. In nucleate br.Illeg, a stese bubble h E
.
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' ic ' Figure 11-2: Nucleate Bolling

-

.I . ' ' .; forms on the heat transfer surface and then b'reaks away Into the bulk fit'd.
<. a

* At any given titre only a small portion of the total heat transfer surfa:e
43 covered with' steam, bubbles. ~ Nuclaste bolling results in a lod re-

. sistance to heat transfer because the agitation produced by the bubbles;L

breaks up the thln film of stagnant water which adhcres to the surface '

of the cladding and therony promotos mixing and convective heaf transfer.

h If the heat generatton within the fuel Is increased, the rate of bubble~

formation upon the cladding surf aco will also be Increased. As a result,.
*

. I
the bubbles will occupy a greater percontage of the cladding surface ares,

^ at any given tir.e. Furtt.ar incresses In tho heat flux will Increase stosis
formation to a point snere it is being pro.fuced faster than It is being,, ,

s'.ept away by its bouvancy and the ceslet circi.lott'on. At this point,**

the steam core.p'etely blar.%ets the beat tesnsfor turface and ' separates it
f rom contact sith the Sulk coolant. T hl a. phonorunom.1.no.en as film

;, balling, is Illustrarnd in Figure ||-3. Sleco the thc.rmal conductivity*
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1. W
.Q of steam is very low, the steam blanket results in a large increase in the *

*

W resistence to heat transfer at the coolant-claddin2 Interface. In order ;( to continue transferricg the same amount of heat scross the Interf ace,
,

1
-

:|r the tc.,perature of the. cladding r3ust increase sharply .
,

..

.

@.sN. The ef fwet upon cidJalog surtsce "ar.r,4rsture sf tr.e transificn f r.rs nuclasta
.

,

r

,g to film colling is illustrated in Figure 11-4. R.aferring to tne figure. ?
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ff
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'h Figure 18-4: Effact upon Clacaing Temperature of the
~

-, . .

Transtflon from Nucleate Boiling to Film. Bolling ;

p)f . . .
. ;

.

2 1
. it is seen that as the heat fluu is increased, the cladding surface tempera-*.; fure increases slowly until the critical. heat. flux if. reached. The critical.
$g heat flux Is considered to be the point at htch the transif fon front.

6.9 nucleato bolling to film belling begins. The celtical heat flux is . ),
'

- $ charactoriand,by localized flow and temperature oscillations brought '

?.
,
4 at:at liy:the changing steam bubble ebnaltions. The cladding surface tempera- !* I

.' ff.i ture risos rapidly to on equillorit.m gelue fcr the filte boil.ing candl- '1
W tion. If, as is frequently the case, the ter peratura Increase attending -

. . f,,d, the transition frars nucleate to filra bolling causes the claddir.g to. excaad
-.. .

4:) '. .
.

~

;.
. . . . .

1. This latter statement.can be vert fled by.considorinh nquettori (11-14), b
.

. 'q
If Rg o increasss, ano'0/A and T, romain constant g, tho. bulk fluid [. '|,4

.$ tempofaturo, depends only'upon'the op'erating pressure of.the reactort, .,6
|-f.''. d Q . .%

. T, 'nust increase. * .
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! Its melting point, s''fa.Ilure will' occur . Cladding failure resulting
~

l'

. from the onset of film bolling Is called burnout or departura from nucleate'

bolling (DNB).
,

Although a PWR operates with subcooled coolant, there still Is a small
amo mt of Ic cl or su.-f s:o belling whler. ,In possibles. T34s t/pa of tnllinel
can occu.* It inv clecding surf:sce temparaturo of any*ps:ar cxceeds inw ,

, saturation temperature of tr.e coolent. In this caSD, a stue.m Dubble might~

form at this lo:ation and then be swept Into the main body of the coolant
] where It would quench. Such a situation Is.particularly likely on a rapid

power lacrosse which results in en in:rease in claddin; surf ace tevearctura
-

.

witnout appreclauly af fectieg resetor pressure. fond e.lereeponding asturstion
temperature). It is. estimatee that under translent conditions, localw

[' quality in a hot r;hannel r:ay get as high as 5". fas compared to thR peak
channel exlt qualltles of 2011. Ordinarily, this local colling offect

.| would have the characteristics of nucloats bolling, but thero is a heet
;.j flux limit beyond which a PWR would be subject to DNS..

.7..M The magnitude of the critical heat fluw depends upon many verlabl's, in-%> e
cluding fuel rod geometry, coolant flow rate, coolant subcooling , coolant2..M quality, and reactor proMure. The relationships ighlch relate the critical.,

-

', heat flux to these various parameters are complex, and are based predom!=
,

.

nately upon a largo r. sass of onperimental data. In general, however, the |
'

following qualitative romarks apply: '

.,

- ...

l.
.

The CHF Increases witn Increasing coolant flow rate bocausg the higher
..

.

1',, P

h' velocity is more ef fe:tlse in sweeping away steam bumbles from the.

cladding.. In of fact, this means that steam bubbles'enn be generatedi
at a faster rate before the cladding wi[lrbouln to he t,lankoted.3~.

2. If the coolant is satiates, as In a lhvit, an increase in pressure.".
will decrease tne C W. Triis results from thn fact that as pressuro
Increases, the donsity of the stcom bubblos approachos the density

4

i

of the liquid coolant. '

This reduces the couyancy of the stoom bueblos
and makes thest more d3 f ficult to ' sweep away. ,

,

m^) * -

. .

':>
.

,

not exceeded, short term ose.lf the .sel.t,I,'g polttt of 'tte cladding is
' *

.. . . . . 'I lixperiments have shown tNat .

n
.

'' *

raflon'above the critic.at heat flux eay.! not pro. fuse burniut.'f.evertneless, the cl. adding begl..s to acuaken
.

*m

at temperatures well beloe?the molting peinte and long term sp4Patien-4 '

!
*

'under b eee se ultless s'ill ultimately result *In failure--if only due
-

..

'

to Inability to withstand contained fission gas press are (sce next t

section!. '

' j*. *
.

?- . i .. ' * :
i' l

' .' ' .* . , . . 4; 2
.,

The subcooIIng Is the JIffe'rence between tho' actual coolant temperature
. .

and the saturatlon forgerature. For exartple, I f 'the coolant. temperature *
I, j5

'l . Is 540' F, and the saturation temperature is 550* !",.the coolant is j
, -said to be subeccled by its* F.
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: 3. ~af the coolant is subcooled, as in a PWR, an Ir. crease in the subcooling.

'
will increase the Clf. This results from the fact that stema cubbles-

:] will quench n' ore readily In highly subcooled woter than In we'er which
* Is nose the bolling point. Tnus, removal of steam bubbles frun the

; s::rface of the cisdding by quenching action is Impreved as !!'s sub'-
'

q :.o.llr.) increasas, in a PwR, ca: cooling can ha in':rsand L/ two r etas:
8)
$ A. If the reactor pressure is held constant (i.e., saturation tee;:ers-
% ture is held constant), a decrease in coolant temperature will
f result in an increase In subcoollng.
" -

B. I f reactor coolant temparature is held constant, the subcost ing'

i will incrosse as it's roa.:tse pressuro incrosses (becauso of tha cor-
resending increase in the saturation treparature). Tnus, ine o

.I contrast to a B'.fR, an increase la the sperating pressure of a,PdR.

3.,e
' '; may result In an increase in the CHF. ..

.

2 s;' Bocadse of variations from one reactor-to another in the parameters listed
4 above., it .Is impossible to give a value for the CHF unless the proctse

'

Y 'spe' rating conditlen.s are kneen. However, Figure 11-5 shoes a typteal graph !
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.ol ChE VCesus Coolant quality; The typical operatin rango of a PWR would . - |
,1 ho 0-5% quality, whera the CIIF ls on the order of 10g Stu/hr-f t .
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other hand, the large change In ccolant e;wality frorn entrance to cult of'

{ a hR produces a significant verlation in tne CW along the length of the* At the entrance to the cere, it Wid be on the order ofs

J f fuel bundle. as for e PylR. Out near tse core nais it.c.sy only 8a 400,000-2
l' 106 Dru/hr-ft'

i ,C ,000 Ot /hr f,2 Nc.nse of ttu hiejl ;.al' tv.'

7 { lt should now be cleai* fnat it clau. fin; tall re :s to la.evoided, t*ej flu 4 Isreactor tsust to operated In. such a c' anear tnat tr.o critical heatm
S j not exceeded at an) point in the core. Tharef ora, all ocaer reacters have

r The limit is!f thli, restriction weit *as liito their sen-Irg 18 ansa..

i In terr.s et a que. tit / calica 'ha :ritical hast tit.
'[ { usuallt a o rwssoretto ICHFR). The CHFR at any locatloa in the ccre is dof tned as follows:L '

*

; }- ' location of Interest ggg
. . , , j g , critical host flux at# ''

actual heat flum at locaticn of interest
.c,''. @j

,

if the critical heat flux ratto is 1.00 at any locatlon in the coro, tt)e
.

~~ -3 }
' - beat flux et that location has reached the value at which DNB can be

'

!'

If tha critscal' heat flux retto is il.00 at a given core loca-;
aspected.
tion, flye heat flux at this point is less than t*to critical heat flax sndt

.*( ( *
'

~ . DM8 should not occur. ,

.t
.' .; .

Although enany exporteents.have~ been per formed ta er. essure the critical heatk

flux for dif foron.t operatisy conditior.s. f t.are is r.,till a smoll statistical
.

- ,' w Therefore, la order to provida
' ; uncertalnty associated with the;results.
.i- $,3-* ' . * . , /* a' degree of conservatiste, enost reactor llconses specify f| tat the Ca#4 at/*

*

l.3 to 1.5 during steady. . . .
.

al.~.arl locaticht in tho core must never fell below
*"

.
''.a 1 * it&te operation, normal oporatlonal trinstants, .or irilcipated abnorrsal

' ' N,h* *4 jj*"' ../a . , fransient conditions. As the (DB phenceenen bectsnes better understood, the
.

. . , . ..

? ,,;h ,g*0. cmd.dyf or coitservatlsta h reduced, and licor.ses any be rltten with minimum. . . i. *

' "/.. , '%./
' *

- < *" * t'''CHFFilselts 6f 1.00.at somhlme in tha f utsre.
. . - ~ 4 .a. ..

'

,' ?.';f* d . o (.
,n t *. The OFR*verles'esasideratly froC one locatten in the core to another....

The location of gecatast concern, of course, is that 6t which the ratio'
*- *

.. a ..

Is at Its minirsm (f40HFR). Inspecticn of equation 111-17) Indicates that' O eg
*-( '.

-,(J the OtFR can tre reduced in two mays: 11 'ty resucing the critical heat
'

*

flux, or 2) t>y lacreasing,the acti.al 6.est flux.. . . ,
, *

'

in determining tho MC.flFR. one locatic: esi:n r..t.: aldus be lomiljatel- SJ .

~
..

.' 1s the pol'nt in the coro which is operatirq at tho highast heat flux, in
both GWRs and it.P, this f requently cctars telo. thovertical conterline3'.'

In the lower regions cf the core, the ecolant is relatively'

, , of the coro .
., ., I

, , ; '
-i

u . .
.

I

' 1 ino reason' for ints will ba discussua In detall lyi the follo.Ing chaptor. !
# '.

For a BwR this results frees the presorce of volds.In the top half of<

.'"
,

~

.- Yolds fond to reduce roactivity inegative vold coef ficient)'',
_

*the core..
and power lei this roglen. In a Pe.7, tha cce, trol rods enfor from the *

6 tihenover control rods are partially inserted they i:

, f.~
top of the.curv.*

solectively golton the upper perficn cf the core and the power fonds I

to tio,ger.erato.1 proforentially In 77.s leser bortions. ], ,,

., {
' ,
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E cool and free of volds, which are con:lltions feworable to a high value E.h.
*w.,

4' of the critical heat flux. Thua, the point of manhaura heat flur Is not 76 -
This &'3 necessarily the point at which the criticsi heat flux Is a cialmum. p{'Is particularly true .in O'Ns where fliere is a significant oc:rsose In the

'b critic.I Icat flux In bl.p ly voldsd .egions. AS 2 result, in fe: sting the g. ,
g{. -t/Cde, or.a er.ust also In.ust; gata f.9ose locaricnt .mrer *: tha tap or 7.si core i Mcn comDine a relativoly high actual heat flux w! O. a t.ie cost.snt ,y
{g.-gi temperature or vold content and ccrrespondingly Ic.or critical heat flut

to see if tf*ey are limittr.g. In general, the etermination of the locationp ,t
h ar.d usy.! tuts of the WR is a cometa problam .nich re:;utros detailed Qi;

NOc.le.33 at tse coolant tl.u in wach f uel t.,n: , sna 7.% . : ext,sr po.se
h*N ' ..

* P
distelhuilao n. .

m .9
+.

C. Current P:st and SWR designs have a.MCHFR of = 1.8-1.9 at normal f ull power M''
5 Stu/hr *F, Moperating cor.dttions. $1nce the CHF for a Fat is typically . 10E

('d,h $)this means that peak hast fluxes can te steenhat in excess of $00,000.. *
'6

-
2 ;

M Bru/hr-ft . For BWAs, where the CHF may fall to 700,000-800,000 8tu/hr-ft2

My In regions of relatively high flux, the peak heat fluxes must be held to h.M
!

'

2W see==het lower values--typleally 400,000-450,C's0 Stu/hr-f t . Thus, the

h coro of a P.G can tie soc.eshat smaller in physical size, with smaller diameter b.{
r

% fuel rods and . lass heat transfer surfaco aren than a B'.A of comparables

~

@O7.& therest output.
J.'i . , ]- . ,;.. 7 .-

,

*

a b-- .

'

'7 FUEL PELLET * CENTER MELTING ( r-.T .

jjk Histcrically[ two heat transfer limits hasve been prescribed for water k*'
ye :

'

.R moderste1 rcactors. The first Is the fCHFR ll:-it previously discussed. 6[.
'

.'@}?$
which is Intended to prevent cladding f ailuro due to On3. The second is
a limit on fuel rod cantar iemperature.which Is intended to avoid fuol

' 9'

8.'j i pellet nditJng during,norwal stosdy stato and eApacted tr3nsIent condi- h.

f uel pellet s i s * M30* F. Since the Wtions. Ino melting point c1003
'r.C+ is W
y f uel pellet temperature is rot direct'ly measured, acGitban (11-16)
i-h, eeplo/od to estaDilsh the limit. Thus..the limit might ca axpressed in terms U

.- if.% of it'e heat flux (0/A), or alternatively a fuel rec pomer density (which M,

! .i Is essantially Q per gram of fuell which wou'Id produce a fuel center %'

Q temperaturo near the r.oltIn) point. The coolant heat transfer resistence j'A.,

i

.y used in establishing this limit is that for the expected normal coolant-
?.1
:..

,.l.n 'clacnicg Interface conditions (ttucleate bcIllnq or pure 11guld at the .'

'Intor'u'd since the coro li des 1 ned to sleul ameously meat the'previo. sty $
. Py;

2
,s F.*.

+

g.*. discussed ONG limit.' -
.

*. .

..s.,,,.,,, .? p. ., -
... . .g

<
.. ., .*t

Idy Both PhAs and;BWRs operato with peak f uel. centor temeratures at f ull
'

. . , .

ir.2 s - .
-

WM power of a. 4000*F. Under transient conditions, the values may approach .* * .

I

f.Z = 45C3* F' Cyre averago fuel temperature values are considerably lowor-- U:
iv. j

R. i
typicall'y = 180 V F.

=
. . . * * *

C... . a

yH + (11-111 through (ll-141' If the various resistancas are 1:no.n. The approx!- ~
'

k|,,

g,s The teperitura profile across a f uel rod can :e calculated f rm equaticr.s . .

#
msto tuguratum profilo across a Humboldt thy (B'.Al f uel rod operating g y,..

un.ur meleato boiling conditions is shown in Figure 11-6 for two epurating * t y-;:
, . , * Q
Q*
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heat fluxes. Thls figure' shows that when power generation (i .e., thei
'

'

) haat flux) within a fuel rod increases, the fuel centor temperature rises 'ti The bulk coolant temperature of a ShR, of course, is not af fected)
j by poder, but is simply ecual to the saturation te?perature of water at

. '.sharply.
The toeperature. drops across the fourthe reactor operating pressure.( ranje. r%iitsi. cat prst, 4.f ;o..rse, dep nier.1" A st.. h pJesutor2 .s > 4;m-{y: ?

a

For Mosict day it ros bu-o
slons, 'rurselais, cools.nt flo, rate, etc.will rosult in a fuel conter torporaturaa .*

)
calculaiuc that 495,000 Bru/hr-f r
Juut1,clow the UO molting point assuming nuciosto belling and this has
been set as the limit. Al though a small accusit of fuel ennter taelting) ,

can onur ul thour nJurcaly of tecting tne fu.sl . .s hlqh degrse or cer.t se, ;
,

# 1 Ir.o major reason is That the melteo I;0gmelting will result in failures.I will no longar retain its fission product gases and the Internal pressure:

AI In the rods due to those gases will cause the cladding to rupture.
.' structurally tound sintered U32 pellet will retain over 75% of the totala
$

'

ficslon product gases producod in its lifetime. If, ho.vever, 8th Integrity ..

is weakened by melting, these gases will be rotossed.I Although it isc

. .{ ."
~

,

reas' nable to expect that it will ultimately be possible to operate oxide
'

)i fuel with some portloa of the fuel molten (thereby ellminating the melting
.

o"j .

point as a design limit! 1horo.are other dif ficaltios which must be combated- ;
Sd ) before significant increasoscln fuel poner density can be achieved over

-

d'
*

- present day designs. Arong these is escoasive fuel pollot thermal expansion.
I which could result in overstressing the cladding.'

$
Which of the two basic hest transfer limits, iCVR or centor melting, is gP ' Q?'
the most conservative must be determined by calculation. For ExRs, the
N0liFil is almost always the limiting f actor. That is, for normal powers

! ) distributions the NCHFR will prob.saly bo loss than the llennse limit of"
1,3-1.5 before any point in the coro is epo-atin.) at the maximum heat1 a

flux limit. For PWts, the two Ilmits are alaut equally conservative and
' j; which is limiting is dependent upon the nature of the cccurrenco which

'
*1

*
'

causes them to be approached. On a rapid power increase, where the fuel '; .j temperature increases but the fuel flere constant doldys an incre.sse in *
.,

*
g coolant toeparature, the contor melting limit esy to. the one which is reached

firste On tiewer lamt somewhat mere lik6 lyt sauer ince. ease, where thed, h
coolsnt tempcrature rises appreciably, the MCW l,imit %ey be reached

*

' . ' ..j first f sifice the CHF decransas as the coolant temperature Increasesi. There ,
*

y j is an incont!ve, of courso, to design the core In such a manner that the
ido limitu are approelm,stoly cquelly limiting. 1t ould be Inefficient.,s

'

.
' [j to have a corp limi ted to a low po.or level due t: MCIfHt considurations **

when there was substantlol margin on fuol center tceparature.'and vico-
' * * . ..

! versa. ., >
.

-.

:. .g.
* %* ..

. _

*J*.

1 .I Actually, the ability of the fuel to retain gases Is' reduced significantly . i
-

=hm the fuel temperaturo caccoJs 3000* F- (called the fissicn priduct
'

' . '
',

1 redistribution tom esture). Evon in r.omsl cperation, a. .sma'Il to ount'
- *

m >

s

of fuel may excced 3c03* F. Inouever, the 1901.15 designed ulth sufficient ,*
e

- y plonum volume within the cladding to a'ecept the gases rotossed frcm thit g ' >1
, 'g If the fraction of fuel opor.eting above 30C3' F Increases much
-

,.

9 fuel.

, ;; ] . ccyond the design voluo, howevor, ,f uel cladJIng fallures will tio likely. )

~
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It should be recognized that if the critical heat flux is reached both.
:.;u

DNS and center melting may occur even thcugn the crltical heat flux 15This is so bact.iuso the coolant-
,

'

loss then the maximura heat flux limit.cladding intorf ace resistanco increase's dronstically wh6n the critical
.

.

fl ..orarThi s em,I ts I n a i.1) l f icant i t.ve,a..s i n tua i
temcerature over that whicn would exist uncor nucleate a; oiling conditions.

. . . . . hul i t ct i s r ee t."id..

~]
Sucorimposed on Figure Il-o is a temperaturo profile whicn might exist

. ,

'w
in the case of O!G bc'ng reacned..,

,-
.

- HEAT TRANSFER COCFFIClelT

Equation ('ll-Idr. htch la the basic heat transf er relationship, is of ten
;.

'q written in the formW o

T.Mt q (ll-183
.L 3' 47 = UAT

l. *

= ;
.

? r (Rt + R2.+ ***Rn :

.
.

.

* j);'. . ,*

1 ',
. . .

*U = overall heat transfer coefficient (Bru/hr-ft *F)'. #. ... .

where
. 'o.J

.

The overall heat transfer coef ficient is thus seen to be the reciprocalWhen the heat transfer coef ficient
.

, s .:

'f. of the total resistance to heat transfer.
is high, the resistances are lo , and a f avorablo heat transf er conditlenConversely, when the heat transfor coefficient is low, resistance

2

''
,

In this .exists.
Is high, and conditions for heat transfer aro unfavorable.f
terminology then, ONS woula result in a significant redaction in the heat.

,

. ; .
,** *

trsnsfer.coef ficient of the fuel .
.
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~: l.. Datine or empi: sin: ),

.; ,
,

< al Heat flux i.

i b) Celtical heat flux |
*

[ $ c) Nucleate belling
|9 di Filta colling 1

*
.j

; e) Convection )
f) Conduction.

*

g) Heat Capacitys .; .

1
' E 2. a) A PWR operates at 3200 f.f.vT. The coolant temperature Increases from

|

' ' . 545* F to 600* F as it passes through the core. that coolant flow l

2
rateIsreguired? Assuee Cp = 1.3 stu/hr-ft , g g so 3 gwy .. .

.9 3.413 x 10 Btu /hr.
. i

- ;
' d bl. What would be the tamperature rise at'50% power? Assume constant

'> flow rate.*
.

v3 c) If the average core heat flux is 205,000 Btu /ne-ft ,fiow many
,

2 !-
-

h square feet of heat transfer surf ace area are requirod?-

9 o -

,

b 3. a) At an eleva'tlon 3 feet up f rom the bottom of the core, the peak * k'..'
*

M@.1
'

2heat flux in a particular SWR fuel bunste Is 300,000 Etu/hr-ft ,-
The CM R of this point is 3.2. What la the erttical heat flux-

$ .h at this point?
b) Two feet f arther up the bundio there is a point where the heat flux

*y4 *

2A- Is 250,000 Btu /hr-ft . However, the CHER is 3.0. Olscuss why
-

. h
.

* ' this could occur.'

. . .; [ - '
,

,
. -

>

^ P 4 Olscuss what occurs' at C G ar.d cf hat significance it is to reactor

* ''

&q,s
'

operation.
.

. . .

1 -
.

.

S. 5. In.a'PWI you wish to incit.de a safety feature which-will sense reactor-

f_1 power and will trip the rsector before a power level is reached whlen

N- "

%[?
. will result In DNB. Asst a that under the conditions tnat reactor

g,ressure is 22.15 psig and noir.nt entars the core at 550* F and lesves
*

at 600* F, the appropriata trip setpoint has been determined to ce ||01
dr of full power. ..

-

Aa;
.

-<

9 al If the reactor pressure is relsed to 2335 pstg, but tha coolant .~-
'

'i'4 temperatures are net altered, would it be legit | mate to raise the '!.,
,

k,9 trip setpoint? hhyf
,g b)' 'If the pressuro is allowed to remain at 2235 psig, but the reactor -

g is operated in such a raanner that the Inlet and outlet temperaturos
are 530 and 500* F raspectively, what could you do to the cetpoint i.,.

Of h and why? !W .
. .

,]e; 6.' What is the offcct of praisure on the CHF in a B41 and why? I

t}i
.
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The major resistance to beat transfer in a typical fuel rod is.. .

.' 7. a)
rovided b what? l''

, ' ' ''

Why Is. there a sharp drop in coolant tem;ierstura in the Ir:mdiate )
~ .b)

i ', vicinity of the c.! adding, but a near unifom temperature as you
''

. cVe tarta.rr nasy from the etD$d!r;7.' ~.1 .,
+ . . .

.

~ *i

8. 'Why is extensive ,centar melting undesirablef
.,

... . -

9. a) The Humboldt Bay core oper.atos at 233 f4WT. Reactor coolant flov.;

is = 12'* 10' lb/hr. Coolant enterin2 ina c-e 15 subecolod av.y

10* F. Saturation temperature is = 530' F. ,mst is the appreal-'

, a
-

&;
mate core exit quality? Assume Cp = 1.3 Stu/le *F. Ivap = 650 Btu /lb.,

b) khet is the approxtrmate steam fica rate?
y

,

What ef fect does an increase. In host transfer resistar.ce have on fuel: ./ .

ife. *'j y

4 pellet center temperature? Assume constant pc.ver.
-
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CHAPTER 12

''-

OPERATING CHARACTERISTICS OF 1.lGHT WATER POWER-REACTORS -
<

. . - . s.

n -
.

*

INTRODUCTION
J

'

in the previous two chapters we considered some of the basic theory involved
in power reactor design and performance. In this chapter we will dis:uss
the practical application and significance of this theory to plant operatten.

>

INITI AL FUEL. LOADING .

9 The first task which must be accompilsnad in the life of a power reactor is
to load th6 Individual fuel bundles into the cora. A typical PWR or

*

.

BWR fuel bundle has a clean, uncontrollee (r.o control rod, enemIcal shim,
or fission products) k.,a 1.3 at room temperature. However, the dimensions*

of a clngle fuel bundle are relatively st.all and as a result, excessive
leakage makes keff <l for a core composso of a single bundle. As additional

,a bundles are added, the core dimensions Increase and leakage decreases. .

I With some minimura number of uncontrolled fuel assetbiles, leakage would *,
~ . ,

be reduced to the point that k f f =itical core, and it seldom consists ofI, and the reactor weuld go critical.
.
*

This core la called the minimum cr -,.J
more than = 15 fuel assemblies, and usually less. The remainder of the core .

.-' loading, which generally consists.of several hundred fuel assemblies, is
'q used to reduce leakage to .negllgible proportions in order to provide suf f t-

cient excess reactivity to overcome the negative power coef ficient, fission
product bulldup, and to provide for an appropriate amount of fuel depletion, ,

i . as operation progresses. In large present day co es, leakage is small and
1 generally represents = 2-3% Ak/k. Obviously, once additional fuel is

'" loaded beyond the mIntmum critical core, some form of control must be4

*employed to keep the reactor shut down.
,

. .

The initial fuel loading programs dif fer somewhat for BWRs and PWRs. In
J a IWR the control rods are first Installed and laserted into the empty

.*
,

~
core.I Fuel elements.'are then loaded one at a time around the Inserted

,. rodtr In a prescribed sequence. At periodic Intervals, the leading is i

j ,a stepped and some,or all,of the control rods In the loaded region aro -

carefully withdOwW:to check the status of the core with respect to critl- !
! cality. Usualli?the" core loading Is temporarily suspended when the mln! '*

i ' .9 mum critical' size (uncontrolled) is reached and a sortes of measurements
are perforwed tolterJfy certain physics design paianetors such as-

IG moderator' temperature .and vold coefficients, and control rod strength.*

W s,the loading p'rogresses|beyond thu.eninimum celti, cal size, additional
.

O A
i physics data is obtained'at; rBgular intervals so that by the tima the core

,

*
, ~

7 leading Is completed Its character.lstics are reasonably well known.
'

;

<

; ., ..
.. . - .. .

'
i During the fuel loading, the, head'mus.t be. reeoved from the reactor vessel *C' '.'. h p ' , -y

*

4 In order t,o provide ~accabs.t6.the core. .in cot)trast to's lhtR, the control !.* * ' *. vj '*

. p', s ,;
-

i. . . . ..

. .- r
{..y. . . ..

!

.

I fo physically" support the rods untll fue.1 ls loa.ded around thom, dummy *
.

. .

;
- fuel assemblies a.re etso loaded. Inte selected *eere leentlens..- i -

., - .. - <
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s M
/ $ :' rods in e PWR enter through the upper vessel head and must be disconnected

'

d, ',
p:-

% g
(d To avoid the Inconvenience of providing some sort.

when the head is removed.
of terporary actuating rechanism during the loading process, physics testing

g
6,;. * *; ,

L is postponed until after the core Is fully loaded. Instead, the water in
t-
, . . b-'g the core is borated to a relatively high value (called the refueling con-,

$ centration) to eliminato any possibility of the core achieving criticality k@
7

In addition, control red clustsrs are installed induring the loading.y the appepriate fuel bundles (about one Dundle'In three gets a control
r.;;,

!g, .
pelor to loading, and so the core is fully controlled by rods as'f) rod) The total control strength provided

- g.

wall as boric. acid during the loading.,9 from exceeding = 0.9 at any 7during loading is sufficient to prevent kaff@ W
?,r

fis.o. Bundles are Installed ont at a tir.e. on essantially a non-stop ,

At the co tpletion of Icading, M- -
schedule, until the coro is completely !cass3.
the vessel head is Installed and the control rods are connected. The pro-

L " C *-- 7'; ~,

l) withdraw , . t r' 'a

f
cedure for achieving the initial criticality is then tot

reduce the baron concentration by dilution b'part o).the control rods, 2)'

of the coolant with pure water until a predetermined concentration is reached, r|'f -j, .
1;f

#. At this time a
.0 and 3) . continue control rod withdrawal until A,f, = 1.

.

%.g
*

@ program.of testing is begun to measure the important physics paramoturs. |
%

f' h..

Thro'ug'hout the fuel loading process, tne core neutron population is con-
,

.h | Q5 .~tlnuously monitored to guarantee that the reactor will never inadvertently
'5

W.,
. ,

p' echion criticality and (in the case of a BaR) to predict the size of
the minimam critical coro. Thus. prior to t* o lnstallation of any fuel, P-s ,

M ! F
O savoral neutron dotection Instrumnnts are placed in service, oither In- ' '

@[ . s!de the core itsel.f at. vacant fuel bundle locations or directly outside g [j-m'l Is loaded %
thesvessel in their normal holders. aSecond a neutron sourco If-

D in a vacant f uel'' bundle location. In PWRs, the source is Installed inte- |
h;.'W In'EWRs the source is in a speclot holder and Is Installed r

N Into the core.
* E."- ..

The b' ndle with the source is the first onek grelly eith a fuel bundlesSace the seurse.la in ike ears, the datgeteke will ;i

h[ begin to, respond, and the, magnitude of'thelr' response will provide an in- ]et[.. ,:
u...

'

.

- Ioaded .Into Me sere.*

/b' ' -

,.dication of the-total core neutron population. ;.c;r. %O. Y[ y
,

,
... . . '. .

b .',..
,

. . * ..

In general, we'are.deallpg with a subcrit! cal reactor during tha . loading'
'

:,3.
.. ,

.e, ( gy."'.A *

process. As e' r'esult, the -cora neutron pcpulation is' given by eqdtton-
.

.d W..W.-
s''

, ,.

4 (10-24),whl'ctFle-repeated'below ' - ' ' t 'w,.

' W . 1 ;g
.

;4. .~ (..'6. R.m.gJ% -% .y .p
b;;htfg., V...

.. .

'9

h. wheroFP'Mghl;-core'.neuNon''po,.pulatio[ ,

.- .
. '| @-

.

C: '

[ h[-
.

J.'

, $
,

. N
j .

%Woource.;gtrengtli (ne.utrons/genoration)-
*~

. . , , .

'. ~ j [*bQ

.

,$., Uf" hj.: .[. . '. ' , -
** *

* . e. -
.,

'
.

The neutro~n catectors are generally s:pr. .ead arou'nd so that they moni- .
i 4;., ,2' .' ' ny. - - . . . . ,

.

>.

. b..12.s. '
"-

- Q 1
..

5] sponse os. 41. of. the widely separated detectors /more than one nedtron . ..
'[ '

^ ~

.h
'

tor.d!'.f ferent 'slbos' of the. core. I'n order'to. provide'an Initial.re .
y p'

{.*
*

.
.

.,
; , , ..

sourcemay,be:used.}
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_ ', $ Ofcourse,itisImpossl51etocounteverysingleneutroninth5 core.~
~

r

Q':t .-
.

.

Instead, the neutron detectors see on!y a small fraction of the total ;K.'
core neutron population (detectors located outside the core would see

~

a certain percentage of those which leaked from the corel. Our data then | @
consists of a detector court rate, which in turn Is equal to the total g%;*

core neutron population multiplied by a detector ef ficiency f actor to fp?
..

account for such variables as catector location with respect to the core, ydetector site, and detector sensitivity. That is :. .-
N-

; E8 (12-M Idi.
.

CR = E x P = I - k g4 zu
%'t,

-

% DE * ',

J where CR = detector count rate
E = detector officiency factor . $;u

*

g

If any three M'.~ . ' , .

Equation (12-l) has four variables ICR, E. S, and k ,g).forexampleif E.T
"

of these oro known, the fourth csn be calculated.,' *

TD[.t
3

CR, E, and S v e knoen, it is possible to calculate k ,,9 Frequently
f.

*

however, calculations of k gg f rom this equation are subject to rather large
errors resulting f rom the dif ficulty associated with determining a pre- fp"

I clse value of the E f actor. However, in spite of the uncertainty associated N',i
f rom this relationship, it can yleid valuable %,

with the calculation of keff
information on whether or not the, reactor is nearing criticality or it E;

'

QJcan serve as a means of prodleting where it will go critical if the reactor $.9is to be brought critical.' This Information is obtained by examinir.r, the -

O ratlo of the detector court rate at any given point in ilme to the detector b.g

crsurt rate at some areltrary ref erence time. This ratto is generally called Rf
the count rate ratto. From equation (12-l), the court rate ratio is seen [c ..,

0
*

%.n'to bes .

Ens /(I - k,.n_n) g .(<

n ,' gg, ,E Srcf/II ~ keff,rof h.f|(3

ref rof r.p .'
*

M.-y ,

En5ntl - k. 9_,.. 1 U2*23 F 3,':.". .d- E 5 u-keff n; 4 t ->ref ret b.S
.

.
.:

.. . 7M.

where: CRR = count rate ratio M.O
CRn = detector count rate for core condition n Mr

9 e detector count rate for reference core condition %.
,

f Cse,kn
,

a detector ef ficioney for core senditlem g
Erof = detector efficiency for reference coro condition rf . '*

, ,

w ,S 'a |j -'

$n = source strength for core condition n '

.

Sref = sourso strength for reference core condition F.g.? |
,

.)
- k,gg,n = k pf for core condition n , * . jj.{.|

*

o
for reference core condition ,.

W.. ' !
keff,rof * koff '

- ..'

'.
-

. ^ , * -''. . .

,

**
,;

_ TaostuNntshouldv'erifyalgebraleAllythatke#g = I - [ES/(CR33. h.4"3' g -
,g.
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i F $ The subscript a can sta'nd for the value of any quantity shlch is being |w .
.

| h varlud In' order "to change kegg, such as numter of fuel elements loaded. [Fd control red pcsitlon, and chemical shim concentration..
. * * F

i
*

4 .1

y Equation (12-2) can be simplified somewhat by assuming that the loading, , [*

'

9 d or approach to critical, takes place during a period of tir.e which is ;

k
j O short in comparison to the, half-life of the source (which ranges f rei 60 *

T days for an $b-Be source to 24,600 years for a Pu-Bo source). Thus, if the1 .

'd source undergoes no significant decay between the time the reference (3 .

I - <

j $ data was obtainod'and the time the remaining data was obtained, $rof *
j . *h Sn and the source strength can be cancelled f rem equation (12-2) to glva: ,

-

[, [ constant , source strength 3* CRR = =
q

E(12-31
3, a$ pi *

y

*)
- y2 tlndor sorte circumstances, it is also legitimate to assume tnat tho deto: tor [

.

. .:.

"f]
ef ficiency is constant for a particular' set of coun* rate data, so tn.it it (

.

:| /
. too can be cancelled to givetj - ;'

.r.
3 ' N. -

. t
-

CR (1-km est constant detector gosnetry, j..

p'
- '1. g.pg , ,

of Il * "effe ) gpastant source strengtn j
9?

. 4 n ,'

f.
.,

J (l2-4) e,

-
;.s.

-) .' ' ,y.
'-

i
' % H3**ver, as we shall see below, the assi.mption of constant detector ef f t- ~

,

Q ciency is of ten a poor one due to changes in the detector-core-sourcet
{,:

,a

.[5 geometry during the loading process. Nevertholess, the loading procedure
["rj is usually planned in such a manner as to retain ecnstant detector of fi-

cloney to the maximum extent posslble. |
-

, '

'.3
a

. .
i b

'
t The epplicatlon of the CRR to fuel loading (or an approach to critical by'

ed *

i j,h rod withdrawal or boron dilution, for that matter) utillaes the f act
,) Q that as the reactor approaches criticality (i.e., when kaff n approaches -

,

i term la the denomi-.

1.01 the CRR gets very large because the (1 - k ff ng; jn theory, t hon celticaYity is achieved CR
' ,.

n Will
"

nator approaches zero.s. and the CAR will approach infinity. This fact
i ." continue to rise forover*

2 To predict the !
d ,|j Is true no matter what the numerical value of CR ,9* p

!point at which criticality occurs, we alght make a plot of CRR versus'y . 'g) number of fuel elements loaded (or control rnd position or chemical shim .j**

- .' I 7-j concan'tration if we are using these devices to achieve criticality) and ;
O , '',

-
''

{ '? extrapolate this curve to a CR % Obviously,' extrapolating any curve }
to Infinity Is Imcossible so this method isn't very useful. However, when ;

,-f *d
.

..i a number approaches a, its reciprocal appecaches zero (l.a.1/-+0) and -

3. . . t,
e g91

.
- r :.;.-,

.9
..

. 'Ip, ' "p 3 Because the source is continuously injecting neutrons Into the core
.-

' ' ' - .,

[ $
~ and they never ole out. That Is, suberltical multipilcation becomes |.

i -Q ' ' Infinite as discussed in Chapter 10. .
.

.',.

'.P, y . . , .

.(.. .;

t .

7

sThis is the same as saying =/H or N/0, .hore N 'Is any finite ' number,
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it is easy to extrapolate a curve to zero. Therefore, it is useful to de--

[ fine the laverse count rate ratto (ICRR) as the reciprocal of the CRR.
,3 | m as .

r -
-

-
.

e4

, ,' j , Eret(I - kcff.nl [constantscarcestrength][
* '** CR

.
d

,

1 *n Entl - k ff,ref3e
(12-5) i.

, $ s

.1 .a .

U ICM = CR
(I - k.#,.n) constant source strength,''

= *

.
.

.
p L3 ".keff,ref3 f.onstant detector efficiency.
.,

4 (12-6) -

9% f :
*

. q To predlet criticality, we can thus extrapolate a plot of ICAR versus number ~ ';s !
- f of bundles loaded (or control red, position or boron concentration) to
C ICRR = 0. The following examples will Illustrate the meet.anics of the method<

as well as its limitations. i
a

- d

I
| s *

ii i Example la in the loading of a SWR, the startup source and a neutron *
. , , '

h I detector were first Installed in the vessel at specified locations and the [
.

' ' ''

d L detector was observed to road 25 counts per second (cps). Four fuel bundles o

l [i were then loaded Into the core and the detector count rate increased to ,

y f 45 cps. Then four more fuel' bundles were loaded and the detector count j1
*

V ) rate was deter:nined to be 125 cps. All readings were taken with the con- ;,

?; trol. rods in the loaded region of the core fully withdrawn. Based upon i
this data, predict the size of the minimum critical uncontrolled core. }'

<

g Also estimate k,g, wl.th 8 bundles in the core. I,

y g
4
3 To solve the first part of the problem, we will make a plot of ICRR

. ..

}
versus number of fuel bundles loaded. We can use any one of the

[l data potats as the reference condition, but the most cor: eon practica
e*

' ., .-

$
-

la to use the first one , and we will artitrarily de thl,s.,

*/ ....
* "-

11 . ,

*
> . y

,

( Elements Count Rate (CRn) ICRR (CR, ,/CR ) . }
,

- *
*
"

'{ N=0 .CRe = CRref = 25 25/25 = 1.00*

I, *

N=4, CR, = 45 2S/45 = 0.57 -

% I,
.N = 8 CRs = 125 25/125 = 0.20

-
!

--

,

. W Z;
r The plot of ICRR versus. number of fuel elements is shown In Figure 12-1.- (,. Note that the starting point of the curve I,s an ICRR of 1.0 obtained

,
j q

, - n by dividing ihe referonce count rate by itself. This the customary [
V starting point for plots of this type. Examination of Figure 12-1 Indl - i.- *

'g * cates that criticality cae be expected with an uncontrolled core contgIn- I..'' .

g "Notice that . ad we extrapolated the curve af ter,g Ing ten elements. %

iS
the initial loading Incrament of four elseents the predicted critical ~

r(!
,

- I loading would have'been nine rather than ten.- Generally, the loading'D .'.j
-

,

| procedure includes the restriction that the nu'aber of elements loaded'

1
between ICRR daterminations cannot exceed one-half of the number of f ,',

N -
'

M additional elements predicted for criticality (this restriction will-

e

Inot apply when only one more element is required since It is impractical
b}j i
,.3 . .
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,

*
. e,' m.. .

-

to lead a fraction of a 1.undle). Thus, a more conservative approach
7:

', 4-0
*

would have been to.take data af ter six bundles were loaded as well as
.

fjQ<

af ter alght bundles.
.

Since the data for alght bundlos extrapolates
,

e. b to ten, data would be taken af ter each bundle was loaded beyond thepp)) eight!b The extrapolations would, of course, become increasingly'52 accurate as criticellty was-neared..

W.,. J
t .? Notice that in order to predict the stro ot ths minimum critical core,Qf it was *not necessary to actustly calculate k "f t. Inspection of equa-ee, p tions (12-5) and (12-6) Indicates that In order to determine k gg,n% the value of k oeff. ret must be known. In many cases heft. ret is not

.

h known and the ICRR cannot be used to determine k
*

,

In this Instanc,n even though it9 eff'

O;s: can be used to predict criticality. e, the rieference
f

data was take'n with no fuel In the core so that wa know k gg$ cog = 0.
',
.W in ordar to determine k pf af tne 8 bundles, we riust decido w othero
M o

equation (12-5)'or equation (12-6) is applicable. Sinco no information
H .f regarding the relative magnitude of the datoctor efficiency factors at
.. ..

;
the two data points was given In the problem, the only thing we can''

*7 assume is that the ef ficiency was constant. throughcut the loadin2 and,

that equation (12-6) applies. If this assumption is not warranted,f
}.''.) tha results will be erroneous. In any case:
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1. In.the previous s'xample e de a was purposely adjusted so as to produce
",

-

3 a fairly linear ICAR plot for Illustrative purposes. The next two awamples ,

will consider more reellstic cases .here variations In detector ef ficiency7 ,

,

come into play. ,

Example 2: Consider the BWR loading shown in Figure l2'-2. The applicable
i
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Figure 12-2: Locations of* Source,' Detectors and Fuel for semple Leading echase. . . - '
*

Q data is presented below. All count rates were obtained with control rods
' ,!

' *

h in the loaded region fully withdrawn.
'

t

i L' .
i*

Leadine Number of . Total . Number of Detector Count Rates !
3 ,*

* Bi increment Elements In incremant_ Elements in gbre I _2 3 '{<..

0 0'. - 0
, ;

- b, 600 ISO 7.

2,? '. ., - '

t .' 4 | .'' .

8 792 620 175 f

-- -'

4 672 500 70 [
' ,

.

2 4-

T 3 2 10 1000 1070 230 .I

'

:> -

* 'y The problem is to predlet the site of the minimum critical core from this
. :
,Q date. .- [-.

'l '
..

-'
. .

~ L
.

f.' As in the previous example, we will choose the reference data to
.. y

,

a.
be that ot.tained before any fuel was loaded. With this basis,,tfie..- CRA and ICRR values for the various detectors are found to be: *

, p
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. . . .
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Figure 12-3: ICHRINveforSampleProblems
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are far from being straight lines which

.'
* *

'

s ebe,seen, the three curves.
d ; ipoint directly to the number of elements needed for criticality. Letj i nus first consider detector No.'t. The Initial c.ount rate of this fj detector is high because of its proximity to the source. Recall

) )that the averego crow-filght path length of neutrons in a cold reactora

*i Is about 6 Inches. Since typical BWR fuel elements are = 4-1 Inches ( k

t li,5 square. -It.can'be-seen that thero will be a consleferable attenuation L f!1 of neutrons tryTng to reach detector i fecre all fuel elements other
<

': (.. | f then the one'In the upper left hand corner. When the core is far -

I' &!
.

'

] suberltical, as Is the case .for the first few loading Incromants,
. the neutron production.rato in the fuel-Is low because of the low - fI

3 g value of multiplication. Since.there are few neutrons In the core,
, { t

t K
.and since there Is a considerable attenustion in going from the core t'

.
.,

} to dotector I, it should be apparent that detector I will not show I

*
1

*

any significant increase In count rate for tru first fnw loading
I' h"
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increments. lbweber, as critica'llty Is approached and saberltical -

.,

multiplication is'high, the neutron population in the cora is high enough j-,,,,

that detector i begins to see significant changes In count rate in .

spite of the large attenuation. Under these conditions its ICRR curve |
.

~

5
' will begin to extrapolate to the correct value.

.

flow let us consider detector.2. - Its inttlat count rate is lower than
-

|-.

detector l's because It Is located farther from the source. lbwever *:*

It shows a fairly substantial increase In count rate whwn the first l-
Increment is loaded. The main reason is simply that the detector

E

sees a much larger portlon of the leaded core than did.catector 1.
It therefore responds more correctly to the neutron multiplication. J,

A::tually, detector 2 will overestimate the multip!! cation of the*
,'
'

fuel. This Is because the upper lef t hand corner of the loaded volume*

is directly in the line of. sight between the searce and the detector.
,

' ,.

feet only is this earner of the f uel Increasing the count rate due , ,,

to suberltical multiplication, but it is also displaslag same of the.
i.

%; water that the neutrons must travel through before they reach the
. .

>.

. 2 detector. Since water moderates the neutrons. end thereby e'wposes i"
,

A, them to the relat,1vely high thermal absorption cross sections of the t;,

; various reactor materials, its presence tends to attenuate the neutrons.
~

. The disprocement of water therefore increases the travel length of
the neutrons and vould result In' an increase in detector count rate .

leven if there was no multiplication. Therefore, whenever fuel is i

loaded between the source and the detector, count rate will bo Increased ,fg IS by a greater factor than would to predicted simply by considering
neutron multiplication. Petice that detector 2 did not respond as L

greatly to the second increment of fuel. This Is simply because h ;'.,

the change was made earther away from this particular detector. By
. . ,

the end of increment 2, detector 2 should be reading about right since [ '',

It overestimated the first step and underestleated the second. *l' rom t..

this point on, it should reflect changes In the core with reasonable
' '

.s. .

accuracy and extrapolating its curve to predict a critical loeding -

- of = 13 elements is probably not too much in error. ,' [
s

. e

; Its initial count rate was quite low and probably unrel.lable. In
'jiDetector 3 was initially placed too far from the source. As a resultg ,

. i, ,.
'

,,
-

addition, the previously discussed effect of moderator displacement i'

causes the detector to grossly overestimate the ef fect of the first j
s two Increments.c Af ter the third increment of fuel is added, however, ;'

.

this detector will begin to give 'f airly rellable results sla.ca It 5
'

y '

h sees the core very well and the sourc'e-core-detector goometry Is no, ;.

longer being altered appreciably. L
>t.
>'(
E

.

Although the previous example was purely fictitious, it shows that
- a considerable amount of Interpretation must be f actored into the use .L

l(!s d et en ICIIR eurve because of the large ebenges In detester aff teleney -

.

brought about by shifting core-source-detector geoestry throughout 'i;
r.*

-

,the fooding. l.Inearity of the curves can be Improved somewhat by
averaging the various detector responses or by plotting ICRR versus ,
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M g-

$.a geometric buckflng rather than number of fuel elements. The locations
of the detectors'can also be changed throughout the course of ths.

$W loading to keep the;n in favorable gecrestric pcsitions. Of courss,de

E any time a datector is moved its count rate will. change (because-

h lts efficiency changes) and this must be accounted for in subseq.ent
ICRR. calculations by applying a correction factor.$9

i~.p% The two previous exaleples were typical of BWR loadings where It is tr-
'! tendad to actually achieve criticality at so.me point in the process.
.I As discussed previously, the coro remains suberttical throughout the

! course of a t'ypleal.PwR leading because the core la so heavily poisor ad'3 that k,. of the polsoned fuel is <l.O. Thus, no matter hon much f uel we:2
loed, the reactor remains subcritical. Typically, in the fully loade! core,k gg = 0.9 The general shape of an ICRR plot for this type of loading

..; e
* ] is shown In Figure 12-4 below. hhen the first bundle is lowed, k gg.c e
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K, Figure 12-4: ' Typical ICRR Curve for the 1.oeding of a Suberitleal Reactora +.
..

*t
will be relatively . low (typically = 0.41 because leakage is high in this

,.

'i ":'

single bundle core. . Addition of a second bundle will double the slas of. .
-

.,J -

ihe core and cause e' substantial decrease in leakage. This will ne re-
.

?' ''. flected as a significantly higher kagg and 'a significarst decrease In the
.

.y ICRR. As the loading continues, however
,f, ', smaller percentage change In core size (a,ddition of a single bundle.toeach bundle makes a progressively

a ten bundle core- Increases core size by about fo$, but in o twsnty bundle
-,

8.> -

'.

core It i-epresents only about. a.55 changdl -wlih a correspondingly smaller. ..

'H change in leakage, k gg and ICRR. As a r6sult, the ICAR curve tends to
,

e

flatten out as bundles continue to be loaded, and it approaches a , limiting

,

t4 .

, _, t value determined by.the k ff of the fully loaded core. Of course, thej*4 -
.

precise shape of the curve is also af fected by source-detector-core.goometry*

just as was the case of the BWR example considared previously.
.-

m
(,5 Example:

-

Figure 12-5 shc.ws the fuel fonding sequence of a small PWR which .- < ;;g i-employs the early style Jfor.PWRsl crucifcrm rods. Control rods were'"
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' . . . ' Figu're 12-5: Core Loading Sequence for Small PWR
. .. .

.c .-
. Inserted 1:$ ihe core t'ht oughout the loading and the coolant was highly

bornfad. The source was contalnod in the first f uel bundio which was.,

j loaded. -The followlng count rate data was obtained.
}' .

_

.
' Bundle CR Bundte.. CR Bundle CR Bundle CR

*

,. *. . . .y . . . , ..

I 800
''

.9 667 17 2190 25 2120.

a - s. :.7; "; ,'. . ,'5,.i 2 154 10 870 18 2210 26 2l00
'

3 .189. I l' 1670 19 2270 27 2080
. .) 4 173 12 2000 to . 1150 28 2120. ,

d;; .. ?' 6-
. * 370.. 13 2350 21' 2180 29 2110

*

5.
* -

'" 358- 14- 2450 22 2160 30 20$0.

7 360.' ' 15' 2220 23 2130 31 2310 !. . f.;.', , . .-
- - 8 ,-,y .

~.
417 ' ,16 2200 24 2l00 32 2400 i

*;..-

7 .. .
. u ' ** .

|

~ '

.

'

| The pr'obleen Is to me' e' two ICRR plots-one using the count rate data for
1 the f.lpst bundle es a reference, and the second using the data for the .

twelf th' ;bu.ndf.e .a.s a refer.ence. *.
. , . . .

*
!'

-
., ,

:3:.; y :. '- ' . , . . .. . .

' * * * .

};*
. , .

.

... The arithmetic )!3
- :.The two plots. Involved ars shown in Fign.e.12-6..

* * d necessary:fo' construct the plots will be lef t to the reader. l. coking *..

' ' . ''' g,. first at|the detectoc response.during loading.of the flest twelve I-

,', . bundles, we see a curve which is slmitar to that of detwetor 3 in :
'

. ' . ' . . ' trie" previous example. The 'flest .few f uel bbridles make a r.ubstantial . *
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6; Figure 12-6: ICRR Plots for Example Problem .
c.

, percentage Increase in core. sire and k gg, and should result in a [.

f * . h g

'1 i
*

a. ,M significant Increase in detector count rate. BJt in addition, the r. .; -....

. o*1 ~ .U. .s. ' . - 9 bundlos are located directly in the line of sight from the sourco b
*

.. .- .

.p. . . 'to the detector and thus the neutron attenuation between the core s- -; - , , * . . . . . .... .

'.% . . i.t K.. and the detector also decreases. In of f act, the detector is moved . [*/ - *. -
.'''' ' ' , ~ ~ ,.N cidser to the core and becomes more of ficient. This produces an

{~

M.! ,** Increato in count rato over and above that which can be attributed 4

D''

to tho increase in coro neutron populat ifa also s'ee the
. ef fact' of the Inserted control. rodh 'on. ion alene.k. ,. ,

'

s detector offIcloney. For.

* * . i.- . , -
.,

y;g E exanspl e,4two control rods shield the datector from the first four I
9 bur.4t es. Ibwever, the .fif th bundle is only shielded from the detector ra ~

p,g by one control rod. Thus, loading the fIfi,h bundle produces a sub- .

g

f".- stantial incroase in count rato. This same of feet is also observed when
''the n1 nth bundle is loadod. ..: ?- m

.Y rj
'

*
. . .

- El- -. ~ - * - . c. .

,

)7
After twelve bundlee.have been jesded .the leuret=Gertadetteter ge'emdfey r%# !;*

, _ . . . .

3 *. Is reasonably constant. In addition, the core is now large enough ''*

:.y', . so that leakage is fairly small already and the loading of additional*
4

c.o . fuel doos not make a very large Incroase in k gg. Thus the ICRit curve !o
d ',,

. . '. .;
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2 i 1tends to level out. However, the curve using the f trst bundle as a j
! reference is now so close to zero that it is a little difficult to

i
,

really spot any trend in toe data. Since the loading of the twelf th L-
'

f- j
bundle represents a reasonable stabiliza1 Ion of the gecer.etry, the

>

e idata for this bundle is a good choice for a new referee.ca. This !
.

- ;
second. curve once again starts at an ICRR of 1.0. This shifts the
curve upward and gets It out of the mud, theroby making trends see- { ,

what essler to see. Of course, if criticality is approached, this g~'
,. second curve cust also approach zero, just as will the original curve. g

d
Adopting new reference count rates from time to time caring loading {

.

* j . ,
is a cosanon practico in order to make the data easier to interpret. [g.-; .

. ,

APPROACH TO CRITICAL IN THE LO1013 CORE 4 ,

4 's
?

I.
*

Af ter the core is fully loaded, it is brought to critical by adjusting itsc.! F.various control me:hanisms. In a thiR, this is accomplished by withdrawal
.

!
. ~.') # 5of Individual control rods in a prescribed sequence until celitcality is ~

S

.

reached. In a M.R. Both control rods and chemical shim concentration
. ,;

| - Emust be adjusted. The general-
hrods called the shutdown bank $ procedure is to first withdraw a group of;

and- then, follow * with a baron dilution ,2

Assuming that the reactor had been borated to a refueling concentration [
prior to the startup, k g, would typically be = 0.9 with all rods inserted. y,e

The shutdown bank Is generally worth = 2$ Ak/k, so k.g, /h
,

= 0.92 when It is- '

withdrawn. The dilution would be planned to add * SI Ak
kaff up to e 0.97. Celfle411ty would non be,seMewed by es windrawal ' h., or to bring- ,

} '

of addittenal control reds.. e'

j''

- .'

Startup of a fully loaded reactor by boron dilutton and/or rod withdravel E:.M
la governed by the same rules as startup cy loading fuel. The only real T.

N *t ,*

dif ference is that is.gg Is changed in the former by varying thermal utill.
.

;

zation, whereas in the latter it Is changed by reducing leakage.
- -- R

?
*

chemical shlm is removed or control rods are withdrawn, the count rate - $As

on the out-of-cora nuclear Instrumentation will increase due to the In- g.-

p.'crease In subcritical'mu)ttplication. Equations (12-31 and (12-51 apply
to this process, and- If .we can assume constant detector geometry, equations M

. . . . r4.

(12-4) and. (12-6) also Apply. The latter assumption is a very good one 4
-

.

i
during boron dilutions since the reactivity chango is being made uniformlyj

3 . On the other hand, the Instrument response to rod Nthroughout the core..

.

'
_

g..-

9

1. The PWR control rod system is designed so that groups of rods are with-
o

drawn simultaneously Instead of Individually as they are in a IbR.
'

.
h(' .Group sizes range from 4 to 8 nods... *

#y
-

. .s.

3|,
., , . , , -

-
.''. Y- 1

The shutdown badk"must always be withdrawn prior to initiating the
This la to provide the capability of making a rapid negative '

. . C' l i,

- ' dilution..

I ' ''

reactivity insertion In case the dilution Is inadvertently carriedM
.

,.

too far an,d criticallty is approached. E.?
,
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.p'
};I9

withdrawal is strongly influenced by the sourca-rod-detector geometry and
- ;~ ,
' M,'','j -

So the use of equations (12-41 and (12-61 may give erroneous results.
.

<..P Qf'. /. ,'
hoeple it In a PWR with all rods inserted and sufficient chemical s'ttm L.c: !

'

.

.

o
to rake k. , = 0.9, the out-of-core neutron detectors read $0 cps. E '.m g

y[ The
*$.e .shutdown henke sentlttl89 el 4 conteel Pode worth a tetet of f.11 Ak, are tM 1

witanrawn as the first step in an approach to critical. ., ;N Estimate the $''
.

. ',fr,$ ruadings on the detectors when these rods are fully withdrawn.'

p'd *
'

,*

- Mnr The probiere does not state whether or not the rods are located in 6s

P,?!

auch a manner that datoctor geometry Is strongly influunced by their.

|N.7.1 naovarnent.- 4.In the absence of such Information me can only assumo M.
'

that detector ef ficiency is constant. If this is true, we can get
'

*g the required answer from either equation (12-41 or equation (12-61. |::i'
p._.,

The obvious reference conditions are CRref = SO and kett
j [c?.jW

To determine the count rate after the rods are withdrawn,,ref = 0.9. W,' ,f.e, ,

% it is
necessary to know k gg af ter the roos are withdrawn. Since the

.
.o

k-5
- ,G

worth of the. shutdown bank was given, we can determino that after
r.

*
f the. bank is withdrawn, keff;sd = 0.900 + 0.021 = 0.921. g.,

f;h '
Thust .j t,y .

1

. .

d )'
,

> c c,
50 0.079
M * (I - 0.9211(1 - 0.900f " 5" W "*D # 'f b/[;..

,f;|* .p%

h,h.T; CR = g'o7g = 63 eps .

h.:;|

S ,

b-
u.; I.

*a * y s.:,.1.'.;.g Go-ple 2: F
. .

A dilution w.n than begun in the atove resctor and w.n con- - v.',' '
. tinued until the count rate was 200 cps. What was kaf f at the completion ZG

P '.* '.

p '#. of the dilution? What was the reactivity worth of the boron which was j
i

{,,3 removed from the, core! ! .' .
g",1

,

,s , -

.; [,,

(~,:,,.j
We must agala use equation !!2-41 or (12-61 to solvo this problem.

. , .

t r
.

for the reference ccnditions we can use alther CR = S0, k ,I %s.
Q,? aft = 0.9 -

or CR = 63, k g9 = 0.92I. We will arbitrarily use the original f.[:4;.;
:.,

'.

;!;,, values (however the stydent should also acek the problem with the :^'

( new reference eenditleds in order te verify that it glwes the same M, .. .,

|gj result) so that p,.g',
'Q g;:.~ ,a. .

50
.

* ,

..f. ..g

''".q * W * II - koft.dlie,tel.
-

| kJ
?., '; (1 0.900) f w.

[;3
- ) Nf'- <

' f!.?p.
.. 0.25 = rI ~ k '' d''"+"}

' ''

-
* >

# g g '. .. ,

lJ|.;:
\ -

0.800 ; t
, * .

- *. .
. . . . . m.

', , -$ y-ketf dllut) = 0.025
-

- [('. {o ~
* .

. t%3, , \-

.I.

.,
y

- !. kaff.dllute I ;0.025 = 0.973 Y- . = '
* i.p .;s .- . . . , .,,

#
,

*" . ;-
To answer the second part of the. question, we snust datormino the I .. L.
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.1 reactivity before and af ter the dilution. Thus: |

' t. , .
!

.
' '

t - 0.921 ***
[} 8before * 0.921,

. .g

, 1 - 0.915 , C.0257 !- n
-,after 0.973 |

.

Thus the reactivity worth of the boron removed f rom the cor,e wast'

.d .* Ao = 8after * 8before = -0.0257;- I-0.0859) = 0.0602+

q . ..
,

' = 6.025 Ak/k |y
4 ..

-L Example 3: Af ter completion of the above dilution, centrol rods were |
*

pulled in increments of .003ak until the reactor was superceltical. After i'

'
* eeen increment of control rod, the rod motion was halted for a suf fieletft.' * ' 1'

.

time to let the sount rate reach its steady.s+ ate value. Determine the

! 4 steady state value of count rate af ter each increeent of rod withdrawal.
*?

*
-

. . ..

The solution of this proslem is completely analogous to the solution, ,

O *''h*'''''****a'*- '"* '''''*"*" "s"''' **" " " '* *** ** "
O and CR values before rod withdrawal, af ter the shutdown bank is wIth-

drawn, or after the dilution. The calculaticns will be left to the*

student, but the results ares
-

, ,
-

. o . *
. 1 .. . .

Count Rate.after increment.'
. u

. increment ken.' a f ter increment
.

e
. : t

* 0.915 . * 200 . V.
,

'' 0 ^

., . , ..

1 0.918 221 .' ,. ' :..*

'd - , ,

-d j.. *~2 0.981 263 ' . 3 *'; 1:' ,*

* ~

3 0.994 313 . .. .

, .
-- v

...' 4 0.987 385 --. .- .
' '

5 0.990 .500' .
'

-

.' '64. 0.993 714
*

*

#> 7?' O.996 1250 . ..f.-
.,

'' - *- '

''

8' O.999 5000* -

' ''j g|
- 9. l.002 Continuous increase.

8',

In the previous three examples, we have calculated the Ideel' response of
,

an out-of-core dotector during a typical approach to criticality of a
t- PwR. The results are ideellzed because they assume constant detector

'

of ficlopcy throughout the entire process, and In~ general'this wil.tIpot
'

l be the case'. 1.ater In this section we will consider.some.of the'; factors. .

, which af fect the date, but for the moment we will Ignora them.' Fl.gure* i
.

l.* 12-7 Is a sketch of the data from the previous examples as 1.t 'mIght' appear
to the operator on a strip chart' recorder. The most'obvlous feature of *

, . . ,.
,

g the curve is that the neutron flum responds quickly to each increment 'of~ . ,. , *,~ rod withdrawal, whereas there Is a gradual increase throughout the dilution. ' , ' '
.

process. , This Is to be expected since the reactivity increase brought ,

l./ 3 ataout by rod withdrawal approximatos;a. step change whorfas the reactivity *' .
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- Increate during dilution takes place very slowly.

'Now consider the 'esponso of the Instruments to tre equally stzod reactivity* r fctico that the Incrossoadditions which take place after the cliution.''

in count rate gets largor'and larger as the reacte.r gets clo,or to critical.
This Is sleply a reflection of tr.e f act that the ".7-eR appros:hes - as
criticality is neared. In additlen, it takes longer and longer for the.

count rate to reach the equilibrfum value. This is particularly noticooble.

in the last two cr three locreaants whero it takes several einutos to level
, eff even though the sentrol red movement may have taken loss than a minute.

,

In theory, the lengthening of the equillbration flee would occur in aTP.ls point is Illustratod inreactor even if all neutrons =ero prompt.'

ti.o discussicn of subcritical emitlpIIcation in C*. apter 10 (pgs 10-32 f f.).' *

in ints discussion, where es, layed neutrons had ret yet been considered,
.s

a q it was seen that for the case whero k gf = 0.5 (Figure 10-17) It took the,

neutron populatlon about cight generations to reach a near equilibrium,
'

total 'latthough in theory It is never res:hed). By Constructing a similer *
*q table for a higher value of k gg .say 0.9, the student can verify that '3 e

considerably more than eight generations will be required. The equi-
1' '

libelun neutron population in this case would be 10 x 10' for k gg =8 0.9 ,o
O but the population af ter alght generations would only be = S.7 x 10 , or
..g a' fittle core than ha!f way. However, if all neutrons were proa.pt, it would

only take a short parlod of timo to equilibrate even though rany thousands
of generations wore required because the prompt reutron generation time
l_s so short. If all neutrons were prompt, therefore, it is doubtful '.a

!

whethor we would notlco this offect even though it is occurring.
..

What really stretches out ti.e observed equilibratio3 time In an actuald
To illustrato this we willreector is the presence of delayed neutrons.*

consider a hypothetical reactor in which we can aroltrarily turn the.
,

'i i Whenever the delayed neutrons are turneddelayed neutrons on and off.,

9gg is reduced to 99.3% of Its true value recause we are ollmleatingoff, k Assuming aO.7% or the noutrons which are produced in cech generation.-' '

source strength of 10' neutrons per generation. =e w!!! calculato the
,

equilibrium neutron population for true idolayed neutrons turned on),,

,g k.gg values of 0.95 and 0.999 and for these sa-e cases without delayed*

-
neutrons (in which case the k.g, values are J.9t3 and 0.992 respectively).

*' -
.

The calculations are made using equation (10-25).
,;

.
.n.

a bank of rods in a large PWR. The' addition of 0.5$ Ak/k would generally. G.

only require th.e withd'rawal of part of a bank and it may tche anywhere ..,
' "

from = 10 seconds to well over a minuto doper 21ng upon how many rods ' , ,
;

.

cre in the bant and the axlat locallon of the bank.-
'

<

.'' i!'
.

8
''..'

.] 10 /(I - 0.9) = 10 x 1041 BecauseP=S/(1'-k.gg)=
,.1 {'
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~

'i $$~f.

!
- *
- . r tri

~ ~ ,

n.t h u = 0.95 b ,,w 0.999 {+
e.

%
h Equil pop. when all neuts are considerej

Equil. pop, assuming no delayed neufs appear
20,000,000 1,000,000,000\ s
17,500,000- 125,000,000 'f )

How tot us consider whal* we would.saa when we quickly bring k gf1, y'ff
Within a very short period of tjee the prarpr neutrons would nulld up to ae to 0.95.>

-a

near eaullibrium population of 17,500,000 neetrons. Then there woul,1 be {-b. a slower increase trors'

gradeally build into the core.17,500,000 to 20,000,0C0 as the delayed neutrons
'

J$
'ig us 67.54 of this way to equilibrium,In effect, wo see a prompt junp that takes

;

which when coupled with the ras.ld
equilltertura population in a very short time. buildup of the short half-life dolayed groups atans that we reach a omse

....

.M
, ' F':

of the way to equillbelu:n.quickly brought kef f to 0.999, our prompt jur.p would only taka us 12.51On the other hatid, if .a had
."

*)J

Igh were building In, the count rate would locrease 633f.During the period that the dolayed neutrons
4 e .

*

tia.e passes before the count rate will stop rising. Thus, a considoraal,e,

[*W{? This characteristic of taking toner and longer for the count rate to
. I} .

,

.' }
p% equilibrate when reactivity ado! .:,s are made to a suberlitcal core la |~e

ene of the surest signs avellable to the oporator that criticality is% being neared. Iva
M [

of a fully !cade<t roastor,There is no rosson why an ICRR plot could not be plottd during the st.srtap.|h
/' { ICIUl d.sta is very good because of the constant detection goemetry.During a baron dilution process, in fa*ct, the
p3 .

{ '{
.

-|4
rod withdrawals, however, the data is frequently not very good becautoDuring

,,.

N tj ' 6p

M a quanti ty against which ICAR can be plotted.One of the aujor diffIcut tles Ic involved in pickingf
,

of gec N try problems..

Mh t, h*
>

against number of control rods withdrawn. The logical chsica is.,

[. *Rd" ," w. D strength of dif ferant control rods verles consideracly, the k gg 'of theIbwever, since the reactivityC

j.
,*

core depends strongly upon which ' control rods.are withdrawn as well as sinply[7 e
how many control rods aro withdrawn..

.. 4'j i-factor into the plot. This throws an additional complicating' ':&
.

'.a.| .

*

.' '' ~

.'t
t

The difficuttles associated with an ICRR plot can best be seen by considerleg.
'

,

'
*

< :$
'

. .

the data from a typicsl Dift startup.Figura 12-8. The Hw iboldt Say core is shown in {d a

M Although there are soveral out-of-core noutron detectors whichp A B C D f. F I
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bc- p
ed In' this reactor, we will look at tu respense of Just one, I p
estted adjacent to the southeast corner of the core as shownare empi

[<ph
[

The k gy of the fully controlled core la not proelmalywhleh la 'L
The sequence of rod withdrawal,in the figure.

,

known, although it is,probably = 0.9.,

detector response, and ICIE are tabulated below.
,

! y .V,,
g.

Total N.eber of
Rod Position Rods withdrawn- Detector ces- (CRR -

h,
..

f;o .?

.

40 1.000 ;

All rods in 1.00 40 1.000 F:'.-0 >

C-3 fully withdrawn 2.00 40 1.000 [-?-.

:
D-4 fully withdrawn 3.00 50 0.800

A.'C-l fully withdrawn 4.00 50 0.S00 P*

'D-6 fully withdramn 5.00 60 0.667,

f-g*

.. F-3 fully withdrawn 6.00 60 0.667.

C,-A-4 fully withdrawn 6.SS 60 0.667
F-S withdrawn 585 7.16 60 0.867 t,b.

$+
A-2 withdrawn 585 7.74 75 0.534*

W.,; ''

E-l withdrawn SSI 8.74 85 0.470
hf.e

*

B-6 fully withdrawn 9.16 90 0.444. ', *

E-l f ully withdrawn 9.58 90 0.444 W
A-2 fully withdrawn 10.00 90 0.444 VJ.
F-5 fully withdrawn 10.19 140 0.286 @

' . ' . '? C-S withdrawn 89% 10.38 150 0.267
D-2 ulthdrawn 19% 10.57 200 0.200 .

10.76 300 0.134 iB-3 withdrawn lgt
c,

E-4 withdrawn 19$ 10.88 Slightly supercritical
D-2, 8-3. E-4 withdrawn 23$

As can be seen, extrapolation .. . . j

Figure 12-9 shows an ICRR plot for this data.
of the curve to estimate a critical rod pattern is virtually impossible $

..'
*

The first Muntil we are within gbout one rod of reaching criticality.
,

'

two ' reds werejuf fed from the center of the core and since the core is %'f*i .,
still considerably subcritical at this point lorobably * 2$ Ak/h), and Nd.

,"
'

since the lacrease in total core neutron population brought.about by the
,

the 9. ,'., g

withdrawal of these rods is concentrated near the center of the core,On ihe other hand. rod C-1 does pro-d, rdetector does not "see" these rods.
. h'

* *
..

9.', ..g duce an increase In count rate because it Is located on the south edge of
' ,

.'

f''6
"''the gora near the detector and because thero is a neutron source also located." *I

** *
. " . . G .,

The source is actually located at the axlat midplane W4.

Ih the,* vicinity. M
of the core, and the majority of the Increase In count rete caused byrod C-1 occurs when the upper tip of the blade moves past the midplans ',,' ' . * *P

$ ,.
$'3 '

thereby " uncovering" the source..A. sJmilar situa1 Ion occurs when rodNotice that the count rate" Increases more when E-l IsD

.

;.
'

first withdrawn 56% than it does when E-l is withdrawn the remaining U,,E-l is withdrawn.-

471 even though the core Is screwhat closer to c-itical dur.Ing the, secc.'1 W, |
.

,
,$

Of course, as criticaltty.ts.neersd, the neutron population' .. f.'O 3
.

In the core gsts quite high and the phulation increases as increment 1bincremont.M ! ~ f'
of rod are withdrawn become large enough that the detectors. respond to all g

,

*
i

By this time, however, a competent operator wo41d be well g,
,

aware that the reactor.was nearly critical'sleply by observing the nuclear *
s..rod movement.'~'
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' M ' ./ . . * Instruerentation. In the oplnlon of the author', it is a waste of time to

,

,f <,; enske plots like'this during approaches to critical with standard rod patterns.'' '

' t

'[p Figure 17el0 shoes one final example of an actual approach to critical. ,

, ,,
This rocorder trace was obtained at a 500 RWE PwR during a rapid return

'" to critical following a reactor trip f rom high power. In this case, the

f, ;.' d chemical shim con:ontration was already adjusted to the proper operating
% concentiation so dilution was.not necessary. The rods are being manually .

4 W'
withdrawn In banks. As Is typleal of a PhR, there Is an overlapping of

'
8

,
. banks at the ends lancept for the shutdown bank). That is, bank 0 begins"

-

to withdhw 'sleditoneous with bank A when bank A is, = 75$ withdrawn.'

'

~ *

', 'j There are three' interesting thinga to note in the, figure. First, there is
'8 ;1 a substantial lacrease in count rata es Sank A undever's the source.

.

4p Sef.ondly,' notice the prompt jurnp when the reactor was put on the 0.5 094
Frv. SUR. Ardth!rd, notice how quickly the doppler coef ficient stopped the *

*f power rise. s 's

i|0 --;;.,6 .
. ..-

*
CONTR0!. ROD NORTH CHARACTERISTICS OF OWRS .'-.. .. . .

. |-,y u.: e .
. .

.
, .

'| . In the DhR the reactivity worth of control rods is relatively higtr and -
. .

,Gj ' there o'xists a potential for undesirably.large reactivity Insertions
.

.. - ".

. J1 caused by misoperation of the system which could result in targe power'
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1 9 transients. The potentId is parTecularly great during an apprcach to '
''? critical when the core 1s'at cold, zero power condItlens and the reactivity

*

/p coef ficients have not yet come into play. Of course, measures are taken.

1
. 45 to avoid this ty;e of incident which includo equipment design features '

; Q as well as operating procedures, but In the final analysts the best s:fe-
'y pr guard Is an alert operator who thoroughly understands the significanca

-

i

4y of the equipment ho is using..
.

.3:s.

-} .|. in Chap 9r 10, w'

' ' wnich Ireluenc, e developed a relationship which showed some of the f utors
.

,

; ;;. e the strength of centrol rois. In this chapter we wil!
! p* Q,' apply this relationship to some practical situetions to better Illust.e.te '

-.- .;. i ITs full significance.' In adottlen .,o will discuss sor4 of the critor*3
h,| ,[U. which are used to develop acceptet,le control rod withdrawal sequences. *

-

Althcugh the discussion ulli be dirocted principally toward SWRs, the 3

[ ,. -7 physical principios Involved apply equally woll to INRs. (
,

; ,

t
f.,j in Chaptor 10, we stated that control rod worth was dependent upon the i., ' .' ' ,

'

"/ id expression:-

!-a e
t

4'.
@T b ." " .2 I

.

Rod worth tak/k) ~= Ltx V x |
3 f '. ,et. core, |coro,

1 .

[y.!Q' f
Wo used this exprassion to show that tne total control system strength of !

| .j. a OWR such as Hue.boldt Bay night ba = 15% Ak/k (and in newer dosigns ranges [[#

p up to = 20% Ak/kl. The number of control rods typically ranges from = 30 L i
,

d in small cores like Humboldt Bay to = 130 In largo cores. Thus the strength

[] .

k . arrangement of other entrof rods la the core, and that in certain con- -f

'

; , ,7 of en " average" rod night run from = 0.2-0.5% Ak/k . It is found, however,l
i;t that the worth of any particular rod is extremely sensitive to the gcoestric

'

,

a .
1

C,Y) figurations a particular rod may exceed the average rr,d worth by a f actor. '

.] V. .of 10 to 20. It is important that the operator be able to rosognise I,

.j ' ' . , .pe,ttorns whleh een produas these high red worths. r.

't +

) .h.,5 'To illustrate this behavior, consider the first part of the startup of s ' ' f
' *

'':q typical BWR. l'Iguro 12-11 shows a st: hematic of the core cross section.. '

*] b.?.?
in a normal startup sequence, the rods are categorized into groups (or

-

c ,

j banks in PwR terminologyl. The groups are withdrawn in sequence, and ,wlthin
',* f each group, rods are wi tndrawn Individually. Two such rod groups are f::,

,

'..I tilustrated.on the flgure-the five rods enclosed in solid boxes being| ,

i. * c group A and the fo.ur. rods in the dashed boxos boing group B. Assume,

L.{ 'g the cora 'f s.f reshly. loeced and all rods aro Inserted. Under these conditions, ..; 'g the coro is ordinaril'y suberltical by = 4-5% ak/k (l.c., kaft = 0.94-0.95). [y . c.m flow assume that the center rod is withdrawn. tfith this rod coe.pletely out
E.

., ,,

9 of the core, the core will still shutdown by = li Ak/k (l.a., k pt = 0.99).2 1
,

p e.

k \;pA,

i'%
. [

,

I r'

. . .ig Determined by ' dividing total control strength by the number of control#

,

i*'
rods' That is: 15% ak/k/32 ccds = 0.5% Ak/k/ red. {

.

,1% 2 AI! reactors are designed in this manner ~ to insure that the core can -.,
' '

% still be shutdown If a red gets stuck In the fully withdrawn position. |d"
- -

, t} - * *
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l'Igure 12-11 Beginning of Rod Wit 1drawal Sequence in Typical DWft ("O
'/

* - -

v
y..

The withdrawal'of this rod has brought the reactor from kept w 0.94-0.95 e"
| to k g, w 0.99, and thus it is wortn = 3-4% t.k/k, which is 10 to 20 timos 'f,g ..

average" rod worth. * The large worth of this rod is of little concern, gg,the.y

' ~ however, since the reactor romains subcritical. flovertheless,.'It is of pn
< *

Interest to try and explain the worth of this rod on the basis of our pi '

' ;- previous expression. The key Involves the size of the core when the rod L
C

. *
Is withdrawn. What we really have in this case Is a four bundle reactor G.

-

** surrounded by a reflector composed of fully controlled fuel. The offective t.' .,

volume of the core is thus very swolf, a9d equals the truo volume of four P*.

fuel bundles plus an appropriate volume of refle: tor. The control rod ! .;;
'

- ~ extends into virtually every region of tnis ef foettve core, thereby making ! E.,**g
- the ratio Scr/Yeare very high and the red very strong. ; Q

. .

''"

' N. ',3 . .

t#'

.

As the second rod in group A is removed, experience shows that the reactor t
'

. ., .

(<'. |'Will Stil.1 Pem414 484Pitleule TheP8f4P8e th# WGPth Of the tee 9MW P86 must I
,

". 1* * '>

j be less'.than l$ Ak/h. The-reason is that the second rod is f or removud : p.
.

tf rom the firs'' rods The.ef fective core size now comprises tho'elght bundles } I. j*

v. ..

* * surrounding the two withdrawn rods, plus twelve controlled bundles botween [ .4 *
*

the two rods, plus an appropelate amount of reflector. Since the ,two
. [ 7.*

.
,

*
. rods aro the same physical size, but the first was withdrawn f rom a core,of s. Q;, ,

4+ bundles, whereas the second was withdrawn from a coro of 2C+ bundlos,,the
.

' J ,'. .

l s'econd is worth less'than 20% (4/201 as much as the first rod. Wheh the * '
* ( {' ??

third rod Is pulled,* the of fectIvo Coro $3 2e Increar.as In such a hunner
..

,
*

t. ; p. e . ..,
. . - . ..

.,
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$~, as to include the twelve bundles surrounding the three withdrawn rods,
il plus the tundles in controlled calls within the triangular region bounced I'

|

+. P: by ti.a three rods, plus an appropriate amount of reflector. ' Thus thu worth
of this third rod is very low. By the time the last red in group A is pulled,.| ;Qg the of fective core sl2e has incrossed to a point wners It includas es titiallyt

v.1 the entiro cera and the worth of this last rod Is very low.
*; M

b This hnhavior Illustrates one triportant consideration In the developmunte

69 of .1 r.3d wi thdrawal se:;uer.co. The first few rods uhich are withdraw.s
j,h sho.ils be scatte.-a.1 through;ut the cort., so that the ef f ective core slic
% app oachas the truo core siro early In the sequence. In this way, thu,

:N wor.h of the rod which takes tha reactor critical Is minimized becaus2 it
.

~f .h,; ls only controlling a srull fraction of the total effective core valuae,! .,

i; p
i.%

in an ectual reactor 11 takns from 10 to 23 withdrawn rods to go critical- *

. ,: Y,e in a normal scattered pattcen. Fcr purposos of Illustration, howevor.
q.j acsuma that the reactor is just subcritical with tho flvo group A rods out.,

3

M flow assume the withcramal of one ro1 in group 8. Strico this is the rod
i$ wM th takes the reactor critical, its worth has sorre practical leportanco.

Racause the location of this rod is within the rejlon of the effectivo core-
p|,J which was formed during the withdrawal of group A, iho ratlo of Scr/Vcoro/q la about too same as that for the last group A rod. tbwever, although theN g worth of the first group 8 rod is small (gonerally 415 f.k/h), it is worth I

'

I 'f somewhat more then the last group A red, the resten for ihls le that when ( 'w

M-

the 8 rod is withdrawn, the cora flux distribution will shift rathor,
' %

strongly to its vicinity. Thus (OT r 7 It will be high for this rod.
Thesecondgroup8rodwhichiswitdr/4.coridusuallybediagonallyy7 .

awn wou
3 j,, g.j scross f rore the flest rod. Normally, we wnuld not be able to imediately
t. vg*'A withdraw this second rod'because the reactor. period would be too short.1

*

/ *. '
a.I lbwever, presuming 'we could withdraw it. Its worth would be somewhat less. . , , , ,

' "'

,J |J{ than the first rod In the group because it tends to equall20 the flux,

s

g ,~4 distribution across the core. In other words, the flux would not be ,

'

|
<j peaked as 6trongly around the second rod as It was around the first rod.
^J but would be mora evenly divided between the two. Thus, (4T,cr/$T coreN

*

;.: is lower for the second rod then for the fIrst.
-

,

! :Se, ' *

M .~

id . Figure 12-12*It, a q alltative graph' of the rod worth behavior as we oull a'

Within thetypical scatte' red rod pattern such as that discussed above.
f'h *

[. first groups we reduce the worth of each succeeding rod because we Increase*

tho offective core siz'o. Af ter the of fcctivo coro sizo has teon stat.ilized,.

g.,rg we continue to see a similar shaped, curve because we alternatively peak. ,

J . . - ..

L.h , f , the' flux around the first rod in a. group and then spread it throughout
, t

;'
-

.N P . the core as succeedin2 rods in the group are withdrawn.
. . . *-

3. <
, Daforo leaving the topic of rod worths durin2 approaches to critical, 'It

u i . .

. ,. is of intorest to illustrato examples of undesirsblo. rod patterns. . l_n
"[,- v,,
.7 ;1

-

&Q -
''

;. ,} It would be gradually withdrawn to overcome the of f ects of reactor (
.

I
p ,j .

power escalation and heating. ,

. . , .,

. . . .7
-

.

.= p , * *

C.V ,

f .

,- . .

N..
" I .

'
. g a. . .,

p
g g _.

,
|

:i .m . . . j . y . e.. . _ m .7 ,... .m.~ . -
. ..

,
~ . . .,. ,, ,,

; , , .
m ,:r. , . . , , . . -

*A % t
. . - { Q 'f }5 * . . <. c'

ne .
,

N''' l kf 3 rc |
,

e w.. .

.c ..
|

'

. . . . - . --. ... .
.

1

.

.

' . . . . . . ..



..

-

i

.

.

(
)

.

3 . ' (. ,
, - -

. , , f.s.
. . . . .. . _ . . . - - _ . . _ . .

.

* ** *
. .r } . . *

.. 4 * .a. . . . -.
*

.4 . . - . . ' . . - ' -' -. .
. .

.. - . .~

~

~. *~

~' _ . . , . '
~ A--L-. , _,.s,..,. ., ,* **

..._.,'_i - ,
** ; *- . . . . ?...- ; .

. . . t *. I..,

, . a_ w . .v .., ._ - -..._-_,. . ,

. . s.
.
,~.c.. . . _ , - m. r.. . . _ _ . . - , . - - -. , . . .. ,.,;.

__

.. . . . . _.. :._,. .. .n, -~.

.

. . . . . w.
-

.. ....~n.. . ....w-

. . ,,i . . . '12-23 - -
>

r

. - :
...

,e ." i '. - -

. rg.<
. --

. ,, ,
-

,- - , . .
,

r
.s. -

-

. _. ; I
'

-

..: y
* --~ _

' + . -
., g .

se
%,, v: I

ar -

i 4
. v
.

*s.

' 7 $
.- S

* a .
'

' ,.. * g .
. j. ,

.

.1 *
| |'j '

-
- ., . =

. s. -

, .

I 1 3 4 3 1 2 3 4 1 1 3 4
1 GRour A GuouP & Git 00P C

*-

. . .

,
\

r .

,.. Figure 12-12: Typleal Rod Norths During Scaitored Withdrawal Pattern.

4
general, these*are patterns which confine the effective critical volume-

, '

. to a small region of the core, theroby resulting in high rod worths. For
1 g - examplo, consider tt's two rod clu:np pattern sho,n in Figure 12-13. He.
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seen that'the first rod is wortn * 4$ ak/k, talthough this* g-

have alreadfa at little.importapee eines the reacter eennot to erifical |
**

'hleh worth* *

with only one rod,wlthdrawn, in many esses, however, the reactor can go; ~
|i

: *.. ,

* critical la the cold condition with a two rod clump.i $1nce the second,
- .

s e' '

rod,eatentially doubles''the slae of the core, It should be t. orth = 50% '

Il-,
'

as much as the first iod, or *2$ Ak/k. ' This is a very strong rod to go. ' '
~*

l i,.

.; ,i critical on, and the core could and up highly supercritical if It were !!
-.

~' fully withdrawn.. .
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Theb Is one other condition which is extremely leportant f rem the stand- ' r:This is the hot, standby condition whero aj point of control rod worths.
[. {
"

&.G is shut doen with all rods loserted, but is at rated texperatuco ar4u
-

Such a condition trists treadiately following a screa from full$
'y

'

pressure.It is occasionally.necessary to start the reactor up f rom this '.;' '. p
g,ouar. The ' (;* *

condition follo Ing spurloas scrans from faulty Instruments, etc. Lw

of f 2 cts of the r.sgative tar.peratura coef ficlont mean that it will be - ;.,q :
po.stble to withdraw so< oral rare rods beforo ranching critical thari was I t

:g

possible in the cold renitoaiGisually, it will be pessible to withdraw j i,

W'o*4 ' cross" shown in Figuro 12-14 and stillr
-

. L

I, somothing eqolvalent to the k
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j Figure 12-14: Five Rod Cross Rod Pattern in a lhdt, ,

l.

have the reactor be slightly"euberttical. In this case, the ro'd left In |it' .
.

| the center of cross will be extremely strong and its complete withdrawal
{

;.

.

4) ray placo the reactor _In a highly supercritical condition resulting In3 The reason that this 'j
sovoro damage to the coro and the ro.setor vossel . .[rod has 4 high worth con be soon by considoring the following factors.;j

i
Ifhon the rod is inserted, the "of foctive" coro . consists of not one, butf .P * 't

|four little four-bundle' reactors which are essentially unconnected because. ; .,
t,

neutrons f rom 'one cannot' trovat through the Inserted blade to Intermingle - !
*

,'
with neutrons frers another f thero'is a small umunt of coupling on the

'

f
Normally, when a control rod 15 withdrawn,. ~ .; g

diagonals, but this is weald.It adds the 8our fuel bundles whic;i surround it tot the effective size of(y |,

Ekt in this case, If we look at one of the small tour bundle !) ,
,

reactors, the withdrawal, of the contral rod adds not four bundles to it,the core.

in othar words..the Withdra.wal. of one control rod transformed
?.p,,

but.stateen, . [,
31

-" **
~ . . , , - . ;j- ,

'

;. -*

.

The vessel can be severely damaged by shock waves generated in the
. . , .

j.
1 *

~ i{ water following a severo power excursion.'
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i

e four-element reactor into a twenty-tiementireactor and f'or all Intents (
'

and purposes, the stro of this rod la much blggor than its actual physics )
slzo would suggest. Also, it should to noted that =een the rod Is with- i

will te high. Finally, the fact [ |!'
.

drawn, the flux w!ll be peaked rather stro . gly in the confor of this twenty-*

eierr.ent roactor,J and 197 er/tT,corel8'

that the reactor is hot Increases L ar.d f urther er.hancos rer2 worth. A
rod such as this may be worth 4-S$ Ak/k as ccmpared to typical rod wortns

'

. .; of 0.5-1.0% Ak/h in the normal full power rod pattern eno 2-35 t.k/n in* ;
,

the cold two red slump. Finally, the reactor le very cisse to celticalj ri ,.
Iwhen this rod is withdrawn. Thus cearly tna entire worth of the red

& - goes,towards making the core supercritical. In the two rod clump, the -

gI,

.; ccre was still at least l$ Ak/k shutdown prior to withdrawing the sor.or.d -

'

, . .
. m roJ. Thus, half of its worth is required just to get critical and k gg,,

*
,

.' 5 . . Is much lower when it is fully withdrawn."
,

= - t >

{ , ,

'

,

POWErl EsCALATICN (
-

-
.. . ,,

t

h
. * tenen'ttie reactor chieves c'rltl.cality, its pc er lovel is very low--ty;lcally '

less than a hatt. As a result, the fuel tc perature is essentially b I,.

equal to the bulk coolant taxporature.2 After the reactor is brought [
*

' critical, it is usually placed.on a perlos of = 40-60 sacends (0.65 and .

,

0.43 DPM respectively) by appropriate rod 4 thdrawal boyond the Just 1

critical point. tilth no furthor* rod rectidn, the power will rise soveral -
1

decados-typically to = 2-31 power; depenalt.g upon the size of the core, ;

Q diamoter of fuel rods, magnitude of the f uel for:peraturo coef ficient, and ,i
3

9 how f ar the roactor was suporcritical--and .then lovel of f. This behavior .

results from the fact that when power gots high enough, the fuel temperature ["
d bogins to rise significantly, thereby causing a reduction in kof f due to L

,,
"the doppler effect., ifhen k,gg roachos 1.0. the power rise will be tornt- g
F ''nateo. It is important to stress that'It is the fuol toeperature increase

3
which initially arts to stop the power incresso. Changos In moderatse ,

t toeperature, if tKdy occur at all, will require that the reactor romal'n at C
-

an olovated power for a measurablu longth of tiene. Tho termination of tno , a
initlat power rise by the f uni temperature coef ficient was Illustrated i.
on Figuro 12-10. It should be noted that once the power has levoled

,j of f, it will remain at this level Indafinitely as long as there is no chance L ,y
in rod position or moderatfor conditleas. If power starts to felt, tna Pi

'

,* * if uel temperature wi 6 a drop ano cause Ngg to encoed 1.0 long enough to g
roturn the power back to the equillbrium point, and vice versa. It should p.* ,

I also be noted that once the coef fielents come Into pfay, it is aocassary h 's
.J to withifraw' reds (or deboratol In order to make further power incrosses. $, ,

F
;-' .
o:; ;- .

,

4 3 'tre are talking now of heat produced frem fission. There may be sera N
decay heat if the fuel contains a significant Inventory of fission F &'

-

| products.
'

* 6.
t4-

Si* -
; , , '.

. h2 This can be verf fled by considering equat[ons (11-16) or (11-18). .
! E

l 3 *

Since the roactor is producing no'haat, Q/A = 0, and AT = 0. That'
-

is, no temperaturo delving forco 1s re ulrod sinco no heal is flowing. '
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In a DuR plant, the redctor is generally brokht critical at or near ;
room te perature, and nuclear heating is used to achieve rated coolaat..

.y terepsrature and pressure.I Therefore, af ter criticality is achieved the
. r. ;

. $*

j, power is raised to a level called "neating power", which is typically h,Tho Instrument trace for this process would look
]= 105 of full po.er.v.j like Figure 12-10, and savarst Increments of rod would have to be with-

c

i' a
drawn to overcome to fuel temperature lacrease that occurs in reachin; heating

i

t |Once heating power is achieved, the moderator'tompcrature begir s E..g power.
?,.1

to increase at a slow, stesdy rate. The vessel Is bottled up during the
<

L
heating, so inero is no tollir.g In the coolant. Instead, the Increase in 1*'

mokritc,r temperaturu is o.corrpnied by en appropriate Increase in sy A a
- .

f 1hroug;.sut the haating process, reactor po.ur is held virtu,Ily [j press..rn.
constant. In spite of this, however, It will be no.Mssary to withdraw

-

g.

$g.f control rods from tims to time. This results from thJ f act that the es.
' '

tlnuously rising moderator torperature acts to try and shut the reactor,f In other words, rods must be withdrawn in order to overcome the.

down.redorator toeperatura coef ficlin.t:(assuraing it is nogstivo).2 A typicalW -

.

'E
rueerder treae during a BNI hestup is shown In Finure 12-15. The thins

-
.

|- T *

to c.ste is that er.ce heating power la reacheJ. the power does not leveTQ of f af ter each increment of red withdrawal as 11 did during the approach
-

J h to benfing power because the roderator temperaturo is continuously rising "

,
v.:
M sinco we are adding heat to the coolant but are not yet removing any

-*

In other wordt host addition and rc:noval are not [
> #'h significant arnsunt.' -

balanced. ,
,y g

- 'P) Figure 12-16 shows a B$R I.eatup for the Ondostrable case of a positive9
M to perature coatficient. Note thct rods must be periodically inserted

-

!'s
.

to kocp the reactor under control.*

- . & . ,
*g

Once the BWR.ls heated to rated conditions, a flow of steam is started
?.4 to the turbine and pressure is held essentially constant. If additional hM roc aro withdrawn', the power will start to rise and then lovel of f due to,

D !the fomation of moderator volds and the Increase in f uel tarperature.
TN

M The po,er will stay loveted off attor each rod withdrawal incroment and ?This is becausewill not fall off'again as it.did dur'Ing the heatup.pf . the system is no longer bottled up 'and so an increase in ecolant heat '

addition treactor power) results,In a correspond.Ing increasa In heaty
*

fj . . removal totdem* flow'to turbinal and a balanco is achloved which prevents
*

Recall that this balance IL-

'd. . . t ~a coat.inual 'incr' ease in mode'rator 'vol'd contont.
*M|d det.|'cicur- Iri'the heatup phase ar.d that' roderator tamperaturo continued ,

% *

?te Increase even when ;the ';iower was II.eveled, of f. JegJre 12-17 shows' the
3

,

.Lh trnce which wouldi ecernpany a power; Increase by rod withdrawal in a SWR.4, *

' -[b
.. .' " . . ' . '

|.

'

- >

::. . -

3 . Assuelng a norniel " cold" startu'p. Occasionally the reactor will bes-..
;

brought critical at an elev' te'd temperature and pressure during the
<

". [j e
recovory from a' plant trip. This 'Is a so-called " hot" startup.

.

g;.,

mu.ny, during tney.thocess the tuei te.,.,.,ure is rising .
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'.:y mp friction
.

s-

ted ccodhlons with coolant puTherefcre, the heating
,

.- ,;
., ' pro-

can go directly to full powerThe power, escalation
.

'

A PA is ordinarily bested to raought critical.j

heat before the reactor is tr f f ect and a rather- 1 i Instead, we$
tem has been warr as up.af to overecree t*e do;gler oThe po.*r trace duringnot necesssey.h;

phase isviding the secondary sysmperature lacrease.
t that the ;r,,er-

will require rod withdrawsraall amount of moderator te
'

taller to Figure 12-17, excepd incrosse,

d withdroeal for tu bine loainated by de.);Ier ano rnodera o
'

t r tcr.::araturo. r
'l

the escalation will look s
.

EWA. /

rise from cach incre ent of rosce noet section) will be term
-

as would to the case in a
-

I,' ~,.

/,' lds
rather than doppler and voA M AT 1480* PCh'ER emplor d /

*

I e

.f Ol'fRAf ttG OLA%*,TEnlSTICS CFt the ty;c of control systems /
i

|
la Chapter 9 we looked t,rlof fy ageneral %sorvations: tion of the turbino con

,

trol,

f i t ;

on PntRA and reado f os folicwingare mado by changir.g tna pou
I;

?| [., j - '

the rods to ,I
8

l. cad changes tr.an acts to reposition
/

,h,*" ' .;q ; l.
valves.q 1

The autorriatic ecatrol rod systemg'. - ;,' f]f fl temperature. Incrossos, nr.3a

/e ,, ' : , . : .,. ',l maintain the proper coolant as loa: decrosse 7,. 2. Increases

The steady state coatont temperaturem tc .perature sad pressure
. . y.. . . . .g L

!

f*.- l ,g,(',' 4
- i t

the steady state secondary stco olent temperature,
.
., 3.tr *.

as load lacreases. hip whleh relates toed, cothey are progra~ ed
"

.

l snoen' .

T3nd pressurel et.d show t,hy
' ' <

str*pilfled diagram of a PhH cyc ecore, it is heatedO We will now derive the relations
.

;"

:.'

'. ...,1
and secondary temperatureConsider the"? :.~'r '. ? 8

. ths

y {
to change as they As the coolant passes torough

-%-

( M:|,V ij do.
.

.t { in Figure 12-18.
. .
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. Figure 12-182

ter-serstura only increases.,. -

.~:s t

'As discussed la the nox? section, mocerntorfrom zero ::wer to f ull power.
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from tha cold leg temperature, Te, to the hot leg temperature. T .
Theh ,

;
rato at which heat rust to added to the coolant in ordor to produce this

- J ,% >

M That Ist ; |'y temperature increase is given by equation (11-31.
. (12-7) T

. .-
.

~

-

). ..J O=&Cp (Th-T). c .

'

$j 6 = heet addition rate from reactor to coolant (8tu/hr)where
'M di = coolant flow rate (Ib/hri

y
.;

p*.d p = averaQJ Coolant t. eat Cbpacity In the temperaturo
t

C ;
[~D range frorn Th to Tg (Dtu/lb *F) *

- 4C h = core eult (hot legl tern;ersture (*F) ;T
Ge TW e = core Inlet (cold leg) te.-tperature (*F) .e

The coolant. !,

.y Tha best ' addition rate, h, la of course, the roa-tor power. !M flow rato is a fixed quantity and tha heat ca;adty of wator is als.a Thus !*

.:A essentially conster.t over the normal range of coolant foreparaturos..y
>

is virtually constant and me can tr.sko the statstrantthe product of AC '

tliat the trenperature rise across the curs is direr.tly prcportional to reactorP.M p'

~ ;*G
.y power.

'

At full power in a (NR, Te = 550* F and Th = 600* F. At 503 ;,

-
E.1 Example: What is Th at 50$ pomorf |Q ,powor, we observe that Te is still 550* F.O- .

Sinco (Th-T full po.eer, we know that (Th-T)= {
sm

24* F at 50% c) = $0* F of
y. c
7j ' power. Thus3 at 50% pouor:

,.

C (I(g i ~

Th=Te + 25 = 550 + 25 = $75* F [- [jl- *
. -

While heat la being added to the primary coolant by the reactor, it is being
;.W .

i

.
* i.' i simultaneously removed in the steam generator. At any point in the steam
* ' * '

|
..

heat is being transferred from the primary coolant to thes
*

<Q generator, fluid at a rate determined by equation (II-18). That Ist .
4 .seeendary

d,.
'

(12-8).

,( Dx=UAtTprl,x - Tsee,x)'
.x

Dx'=heattransferrateatsomeareltrarylocationxin f% *

$. where
the steam generator (dut/hr)

:} U = Heat transfer coefficient for steam Denerator |.

,, t. . tutu /hr-f ta _ =p) 2 ;

Ax = hvet transfer surface area at location x (f t 3
*g -e.
g 7 rl,x * Primary coolant-ternperature at location x

T ec,x = secondary coolant temperature at locatleri x
p* * '+

s'

in this expression, T, is essentially uniform througtout the steam
h
4A

generator .,.and is equafto the saturstion tcgerature of the secondary .
J 1

1 I,,

'.R
,

i.'e-

Wu era speaking now of tho secondary temperature throughout the steama*.h I If load changes. the secondary
. ganarotor at a particular plant load.

tumperature will change (discussed later In this section).but as long''A Q fas saturation conditions exist, all of thee fluid will be at the same..
\'

1,' temper'ature, whatever It mlght be.
,

y
.

-- . . . .~
- ..: .-.m -

j .;d
.

. .

..
:.:i

> .e:
- 3 .g .z y g . - ,'5

a . .c,. .y . q ,j.g.; , g .7; p .3;
-

.

* .

.
-

' y. u u_;j ,c.'a ;f y,.
.v.. ..

C.- . ,

., . . .

*x:; - -
- !..

'. '

':'
-

.,
f 2 . . .m[ ' . . ,...,m.w._._- --

.

- 9370}0264^I
:

'

:
s

.4 ' J
t '

-

|
-

,
_ n .y .-

|r

-

.

I

I

- - - - - ,. . , - _ - - - . . , ,,.-.e., - - - - - - - - - - - - - . - , - - - a , , - - - , - . .-



. _

l
i

|

|
~ s - :,->

,

~ . . . .
* ** ,

** * .

~_') e

,_. . = . , ~ : . ; - ; ; ' .- . - 3 . --
, . , ,

, _ , .. . .
'

.-.J .

~-
y .:

. :.1 ., ;;. ;. -.
* '? 3I *

*
,*

-k *k: .J- -.] ' L.~.''''* ,,,

,-- .

.. ,,

. .a - . ,, *~ .- . . .q.- y , . . - .a . ; ,

. ,

~ 1 a ~.M '.....:_-y n ,~.:i'%'..* Q ' y ;. 3 ,Q= -~ . .f g~ g j m,,~.;.;Q.-
' ' ' ^ ;3L W.% 4.' ' T ~ '. '

3L.. . z. _.._ : , ;.- '- : e: m ; 4 y . y,--; ; =~
. . .

. -
- , 3 ' h:2 %s _

_
-

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

-
-

.f ..
, ,
. s

p f_
r

,

-c
[

.

. . g.i
. ,- .

j E. . 6.i
J

' - i I.12-33

|- - t L.
k

On the other hand, tne tor.perature of the primsey fluid is con-
,

& ; p ,.

As a result, the heat transfur rate through the stcars gcnerator tubostinually changle; as the primary fivid passos thrsu2h the staarn gonorator.
'

3steam . g'

- J
! [.,{ At the point where

varies as tne fluid moves thrcugh the steam generator. t f. ?

the primary fluid first enters inc sisam generatse, the heat tr.snsfor ra eat the prie.ary fluid cxit, the heat trone.for
. [O

-

,

It high' because Tort is high. Hinover, en ave.caga huat transf er !
go [:'

rate is lower becsuse T rg is lower.rato aver the entire sicat. ganarator can be dotermined bf using an averaThe total host transfor[k ,
o

-

terocrature in equation (ll-18). .

prier sry coolantrate througnout the steam generator wlll then be:
[] (12 4 k

a

I
4 = UAto9(T,yg1 T, y)

g-;
E.'

generetse istu/hr) f,, $ = total heat transf er rate in the steeA it = total heat transfer surface area (ftg)
.

.'s where "*
t am

.T.,g = average pel. mary ecolant teeperature In the s e
t h-,

.

generator (*F) = (Th* icv 2 5-1

. Tsst a saturstion temperaturs of the seconda'ry system
. *

, ,;,
.

?.;
*

J R
t necesserfly during Translents) the h in equation @

*

In ef fect, ve have twoAtsteadystato(butno$inequation(12-7).
. . <

(12-9) is equal to the f
IndepenJont rotatler. ships which relate steady.stato reactor power to the

,

L-11 sing those
various temperatures in the prirnary and seccndary systcr.s. i

relationships we can Investigate the behavior of PWRs with various controls

O systems. 5
n.

'

L, Control System Designed to Maintaltt Ccnstant Te.

', l. E
The au'tomatic reactor control system of niost large present day PWRsat all steady state loads.{

4

-

is designed to r.alntain nearly constant Te
How this task is accomplished will,be considered later In this sectfon.

,;
4

of the re r.alning verlobles are datormined f rom equaticns (12-7) aridin any caso, If we specify this requironent, the steady state values
, "

[QFigure 12-l.9 sr>ns tha steady stato charactoristics of aThe numorical valuo . on tno
,

; (12-9). :.

PWR being controlled in this trianner. figure are typical values, but vary semenbat f rom plant to plant..

$

;

0
'

,,

i'* . Ecuation (12-7),

I

l.et us first consider conditions at zero poner.Incicates that there will be no prir.ary ecolant te parature riseIntultion tells us that this
,

i

L

.across the core sa that Te * Th * Iavg.* ;*
, , ,

E I.
-

-

$

. >'

-

'Actually, the'feedwet'er enters the ste69 generater at a lower tarspera ...,However, the amount of heat necessar[:i
--

m-. .
.

3 f'

*

ture than soturation temperature.to reise the tempersture'up to the saturation poljlt is tmall in ecm-
;,

Therefore,. d
,

;

parison to the heat which is added to tne fibid.as It bolls.during most of tne tJano that the secondary fluid is In the steamAs a result, it is justified-
.

~

.

q-

'y ,,

[t8 - ,

i I
generator it is at the boiling point.to' assume that tho secondary fluid toeporature is constant,
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Figure 12-19: .
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c Control ProgramSteady State Characteristics of a PWR Operating with a'

.

Cor.stant T,,

*,I -

i
*< -

adding heat to the primary coolant.must be the case since zero power Indicates that the reactor is not
' '| 2

,

i
"

,ld
//

,the cocondary system, so Tsat * Tavg (f re.m equatlon |tl2-9)).'.tain' Stesdy state conditions we cannot be tranderfing.acy heat toIn addition,.in. order to main-
'

:a! .

,

.

[ M
|

.ns, at zero power there is no steem flow to the turbineJaf., '4
.

Tha t,' .4
tdary system is effectively a bottled up volute of'flul'd ph

:2 f the 'secon- *||i t ' '1 .,

3dcated adjacent to a volume of high tomterature primah, coolant.As a result, the temperature of the secondary fluid will locreasa. {
ysicallyi ,

|k ' j
,

^k' 'until It is in equillbelum with that of'the pr~lmary tys' tem.
,

1
$'-

.

.
. ..

m

tween the primary and secondary systess'. temperatures are equallred, there will be no heat transferred be. Once'
'

h
. '

'l -
-' ' ' ~ S;

-' .4- , c:
f g[. .

"' ) . I tiow let us assume that the plant is brought to 50$ power
*

' time being we will ignora the mechanism for achloving this
'

*
t

r, i For the ''.;.

' crease and will concern ourselves oni'y'wita. how 'ystem condition
-

3power'Ind
i

'p, < ' -~
'

will equilibrate at this power level.
in
i i s "*Sir,ce T;' con: tant, equation (12-7) Indicates that T e is assumed to remain

-..7
.

, | ., Onco.steJv ls always half-way between.T h must else substantially.- . T. ., ,I, <

Sinco T: a, *

and T . It also rises. pL
-

! J; . , h, -h'j! M c
r stat. is reached, sii of th..hes, .dded to the primary

coolant by the re'xtor must be transferred to the secondary fluid In
-

[, .p , -

t.accordance with' equation'(l2-9). .
..

'Thus, Tavg reust be higher than
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*
g-

vafue.
Tst We have already seen that T yg will riso frem Ms nodoad.g

which provides sore of the required driving force. Ms.ever,. . .
1 - If known values of D (reactor power). U (chtained from design in-.-

formetton on the steam generator), Atc * fphya,Ical she of steam
.' -

T.
{ generator), and T.,g (from equation (I2-71), are substituted into1

,

equation 112-9), It can to shown that Tsat also has to f all sceo-*

what from its no-load value in order to provide the necessary tempora-
turo dif ferential.' As a resdit, Ph."ts operating with a constant T-

e n
* control,philosopny s.'.o. a reduction in secondary tv-perature as load,o

is increesed. Since the secondary fluid is saturated, the secondary ' *

tapparature uniquely determines the secondary steam pressure. That '

Is, the turbine the..ttle pressure will also f all as load is increased.. .;' *

Seemdary stooe. pressure Is also chesa on Figure 12-19. !:
> 6.

The fact that secondary temperature has to have a steady state value 'i!

;

loser than the primary systa.9 tarporature r. cans that we can no longer ['
' *

Ieeve the seccadery system bottled up. Otherwise, the temperature it

7 of the secondary systam woald rise until it equalled the prieary I. .

?.] system temperature as in the no-load case. Thus, io maintain the f*

S proper ten.perature relationships for 50$ power we would have to openg the turbino throttle valves and the fesJ.ater valvo and establish h-

_.
;a secondary systen flow. Tne flow wauld to suf ficient to allow as<

riuch energy to be extractoo from the secondary fluid in the turbine . P(
,

if '

. O and condenser as was being edded to the secondary system in tho steam.y
%- -

gen. ator. in other worus, as in o .ry oth.r steam piant, staam p
flow from the steam generator of a PWR woul*! Increasa as the load
increases. i','

I
, *

* ,

Similar reasonslog Indicates that when load is increased from 50% },|
.

power to 100% power the followin2.will occur;t b

fi
.

*
**

A. Th and T (T
,7 100$ pe=ayg will. rise. h - Tc) will be twice as I,arge at |

, . {iE ..er as it was at 50% power *..

:q .

II. Tsat will drop causing Psat to drop. '

d,
w, L .

.. -

.J SOf power value. * ..
'

g.+ j) ,0. ' furbine steam flow wlli ineresse to apprentmetely twice the
.

. *., :
L.

' * '' . , ,
.. . . . - T -.-, , , . ,

, L, All of the above ane)ytes were based on the assumption that T
-

re- !"*
, , , - malnad constant. The. nixt question is how can we be sure tha$ this E

*

"' ' @
*'

.ill be the case? The. answer is'that we can prowlde the raector S
w..

,

with'an autmatic rod's,ystem which regulates the' reactor power in 5, .
- - - -

, ,

f ' ". . ; response to electrical'.lcad. demands In such a manner that Te does !.
,

,,

In fact remain constant .,$uch a system is Illustrated schematically ~ 8*
.

. . .

,.1
,

in Figure 12-20. j,,e j
,
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:s >

. .

if we maintain constant Tc, we can datormina from equation (12-71 |, ..

[Thoroforo, 'w will vary with load as shc.n in Figuro 12-19.
-

'

that 7,yEtrol tae reactor so that T.,bhe control systems are designed
,follows Figure 12-19, we -

, If we co g,-

is constant.will be assured that Te c-at the propor value rather than working directly ?

-

to maintain Tavg
',

As a result, one essential pice.o of data which must ::olwith T To obtaln gfed into the control system is the actual !?casured Te. avg. ,

:
this, temperature sensors are located in both the het and cold logs

. ,

of the coolant loop. The nessurod valuas of Th and Te are sont
y

'

in the core. This ;
to an averaging unit which comeutos the true T yoa

p
4

value is then fod to a corr.parison and s.rrvning unit, |
.

.

4, '
,

~

The control system no.e knows that 7,yg actually is, but before it ,

can dotermine whethor or r.ot the reds need to be moved It must also
;.

}e

Is supposed to be, in other words, wo must gor.ersted .

fknow whar Tavg
some roterence value of T ,g against which the control systers ca.i -

,q

This ruforenco 7 which we willi

corrpara the actual measured Tavg.Y 9olng to be the curvo of ,T,,g
y ',

versus load%
now call Trof. 35 Slrol

, that was determined for Figuro 12-19 since this Is wh!t we are trying g*

j.; to get the control system to match. Therofero, If load is known,
f

on the Figure. b-s
ret can be calculated just as was T,yg-$ T

.
.

'

~ As a measure of load, the centrol system uscs turbine first stagen
This value is fed into a prcportional unit which convorts {

a
pressure. In accorcance with the appropriato r

first stage pressure into Tref3 linear (straight line) rotationship. The output from this unit, which
-

L%F is the T of for the existing turbino losd, is (cd to the comparison
*

' r
,

and surrrning un'lt.,,
'

The comparison and suming unit empares the desired Traf against the1

ayg, and if they are not equal.lt generatos an output signal.!.'
actual T
(called an error signal) which is sent to the control rod moveM nt3

circultry. The error signal can be ,elther positive or negative, '
f.a

depending on whether Tavg is higher or lower than Trof- The sl9n
E,
F,' of the signal Indicates whether the rods should move In or out.

The snegnitude of the algr.at Indicates how f ast the rods will move.
;*-

y.
,f That is, if Tavg and Tref dif fee by a smit amount the rods will g

I- move slowly io raske the correction, whereas 1f they dif for by large
*

p.A
,' aecunts (large being = 5* F or more) the rods will begin moving at (*

Then as Tav and Trof begin to .

high speed to adjust reactor power.,

come together, the rods will . slow down and final y stop moving alto- |

gather when the error signal is ellisinaNd.2

I
'

1 Because T is influenced by what is occurring at both coro Inlet.s. .

and exit ra$her than just core intet. Therefore, Tovg is a more [|ay
,

,:j g relloblo Indicator of overall core performanco than is T , and it,e ;i

| con be used in other control systems besidos the automatic control
-

rod systen.'
'

Actually, in order to keep the rods f rors continually "r anting" there ...2
..

. -

d
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g
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Vi*
Ly*. There is one other feature of the control system which needs to be

t.. discussed. The only way T vg can change Is If we disturb the balance. a
f;, . , between heat added to tf e coolant by the reactor and heat extracted f,.p from the coolant by the secondary system. Thus, a change In Tayg h

must be preceded by a change In roactor power or a change in tur5ino 0r. r

O d load. There is, howev.tr, a tIrvi celay tet esn the charge in power [I.[. or load and the resulting chango in T.,ke. To smooth out the oporation, -'
- O It is advantageous to Irunediately get t. rods moving following a E

(h1 rapid change In power or load in anticipstlen of an eventual chang 4 (
*

r In T In this way, we got a lot of our red mo u.wont out of th L.
way$,.fo.'

ro Tav Dets a chance to get very f.tr away from Trof. Thuro - .

< .

fr.ro, the contfoi systyn looks at reactor poner as measured by an .
,

**

f
-. , . ,

out-of-core neutron detector, and at turbine,loed.ehen ei .,e sl nalstn.Wim.m, . L,
** u Thesp- .,e s.nt t. . onit eeich I.e . .t th. ,... .

..

. .a.
,,,9 f f there two quantitles are in balance this unit has no output sigt.al. * i,: 27 H2never, If the two quantitles becomo unbalanced, caused by either*

, ,

. g,. ,1 one being changed without a corresponding change in the other, than [
f', this unit will send a signal to the suming unit which will get tho'n- -

* 'y '3 rods started moving in the proper diro:tlen. The biggest use of this -

n anticipation featura Is to start the rods moving in ced at full speed
J; . , following a large turbino load rejection. To Illustrato, assurno that
/ " .) the unit.ls at stesdy state full power. In this condition, turbine -

E

i

i[. . load and reector power are steady. Thus any s. mall differonce between
thest is not changing and this unit sends no signal to thee sutrming

. ' ' . ' , ..
,

. -unit. Now If'the turbine trips, turbine load will drop alrost Irnrne-
.

L

.

'

;

g,J diately to zero, but reactor power will stay at about the full load ! '

g .value. Thus a rapidl.y (percasing unbalance between the turbine and
.thofreactor li noted arrd 'this feature sends a signal to the summing -

,te.- . '.. .
V ' ,1 . %'/ ' . * 7inif.t,o estart, tho rods . moving I'nward at f ull speed. r
?4 ..L' .

\'' -
. r

;[,1, N To complete this. discussions of FW oporating' charactoristics, tot !
'

*. ), ; us sea.how.the.~ entire plant would. respond to a rapid increase in i
poidfdtien.901 poser to 1005 pow'er. This Increase in load would be,1.T ',1 "-

t

. .) t.ntt{afed by the operator opening the control valves so that turbine
|

.1 steam. flow Incre'alod. The of fect of this increase in load upon several -*
.-

; { ), [/ plant,parametersissho:rnInFigura12-21. The nunerical values have j ["j. ' in most cases -been omitted because they vary widely f rom f acility to ; L

[- facility.'',r. t- --.z . . -.

e -l
.

I-.
:

-
. '

,

i is % deadband associated with the error signal. Ordinarily rods -[ h
,

*

.

i will not healn to mnve until the error signal is at least i 1.5*, .[
'

,

. f .. 4 and they wlTI stop msving when it le reduced back witnin this hand. '

7-
<

. .c,
*

i ,

k,V . I in calculus, the datormination of the r* ate of' change of a quantity i
. '-

' 'i is called "taking the derivative". Therefbre,, this unit is often- . t

,[g called a derivatlye unit. -
.j

,,
,

2 Roactor power and turbine load are never balanced exactly sinco scr e f
'

of the reactor power is wasted in boat lossoc of one sort or another.
, ,

-
i. . t. . ,

I

( . .i (

'. '
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v6 Tho Initiating event Is the step Increase in stesn flow shown on
'

g< curve 1. This irrnedlately caases secondary steam pressure and tupera-
.l

ture-to start falling (curve f.,). The reduction In se:oncary terpara-
ture causcs rcre heat to be estracted f rom it.e primary ecclant in the
steam generator (cquation (12-931 and the Irrnadiate ef fect is to-

, reduce T yg (curve 2). That is, we are inf tlally rarNving = 1001
poeor from the' primary coolant in the steam generator and are only -s
supslying 90$ power from the reacter. Since he t removal exceeds,

j heat addition, the coolant tea perature starts dropping.

The Inittel responso of the rosetor to this transient is a rapid''* power increase. This results from the following:
.

- / A. The reduction In Tava Increases reactivity because of the negative* * moderator toeparatur3 coefficient.,

ti

N B. The anticipation feature la the control systes sees a rapid In.

,H crease In turbine lead without a corresponding incranso in reactor^

This rapidly Incrossing Imbalance sends a- signal to thepeer.
( rods calling for rapid withdrawal.

. .,

k.j C. The step load incross's results in a step Increase in Tref Idotted,,

* h; - lino curvo 21. Thus T is new tos Inw anJ this results in,. av
, anerrorsignalcallingiorrodwithdransl.
/d

1* Af ter a few seconds, the anticipation feature signal dies out and
T

- '
,; aya is beginning to be turned, so the rato of power increase slows

. q
*c down Ipoint A on curve 3). H:wover, tho (Tayg - Tref) error signal/,6 calls for additional rod withdrawal, so power continues to rise,

*
,

but at a slower r2te.
,

~h When reactor pomer reaches 100% fpoint D curve 31. T will be

'

b- levelled out because we are now putting just as much hhat Into the
oy

'i ,h coolant as we are extracting. Although T Is levolled out, It isM avg

'k still too itsw so roactor power continues to rise above 1001. This
means we are now adding mo-a heat to the coolant than we are taking ~

'

out in the socondary eyebre and Tavg will begin to Inaraana.
As T Increases foward T

k,g and ,o3 withdrawal will gradually come to a halt. reg, the error signal will gradually disappear
,

*-
r The negative tem-p perature coef ficient will act to limit the power rise,.and Its of fectsf

;d
.-' ,g coupled *with avtcnatic trirssing of the rods as necessary, will bringf the reactor power back to 103% when T equals Tref. At this timeay

.. . ..cf , the systers will enco more be in equilib!Ium.- .<

'
~ ..

* '' f Typically'the abovo.franslent will take 5-8 minutes to dissipato,

*C ltself. The Initial coolan.t. temperature drop =lli probably bo 3-4* FJ
-

,
-

'deependlng on the system, and the final coolant temperature will be
.A dmA* .
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. . . .

,

..

l TI eabout' 3* F higher at f ull power than it was at 9M poner .
,.

% control rods will be f arther out at the end of the transient to
compensate for the negative reactivity ef fects of increased modcrator

;
' and fuel temperature.

Before leaving the topic, it is Instructive to consider the of f ectsThe density of water 152
of the ebove transient on the pressurizer.,4 ,

directly related to its tesperature (see Figure 10-25). Thus, uhan IThis causesdrops, the volurna of the primary coolant guts smaller.T ,g On the otner har.d. when Tavgtna level in iho pressurteer to fall.
starts risir.g, the primory coolant swells and the prcS5urlit r levol

$1nco the primary system is filled with solid water, this
,

|Increases.. expansion and shriah.Os vould cause vicleaf prassi.ro fluctuaticns Ifchan0*s. |the pressurizer we not available to acec.-adato the ecolant voluw.a
1

,

Although the action of the pressurlier !!mits the magnitude of pressure'

surges to acceptable lovels, pressure ocas fluctuate during the tran-f tihen pressurizar lovel Initially f alls, the volumu of the pros- ,

sient. Since*

surlaer steem spaco increas.es and the f.tos. pressura drops.
<

'

the liquid in the pressurlaer is saturstad, it begine to flash in anJ*
.

,

However, theattempt to mainteln its oaullibrium vapor prosauro.g

- flashing procoss causes the pressurtzer liquid to cool because it.

Thus,
, must supply the noe.os:,ary heat of saporizstion to the steem.4 6 tho equilibriua val.oe prussuro (which Is at all times equal to the ~

reactor pressure) of the pressurizar* liquid will drop during a ro-
0 duction in level. Thw prossure drop will be rotardod by electric

h heaters in the pressurizer IIquid which automatically come on as>

Since they supply sc..e or all of the necessarypressure falls.
heat of vaporization, they prevent the liquid from cooling land thea

pressure from !alling) as for as It would have in thole absence.,

a
Conversely, as level starts to rise, the steam to the top of the

Thepressurizer will be ecwpressed and will begin to condense.'

condensation pro:oss suppilos the liquid alth the host of vaporization
*-

possessed by the condensing steam, thereby causing the liquid tem-,

parature and the correspondlag vapor pressure to incre'ase. To help
' '

water Is sprayed into the pfes-2stop the pressure incresso, cold,

surizer steam space when the prossure Increases above a particular.

This cccis the prossurizar liquid and rather abruptly turns.
.

,
value.'

the pressure transient (point C on curve 51. The spray system then

. ,.I If (Th - Te) is 60* F at f ull power. T ef will change by 30* F in.
-

~

r'

Going from zero load to full load. Thus, a 10% change in lead will'.y'~ ;

i
,

produce a 3*.F change in Tref *-.

2- Golatively' speaking. Actually the sprsy comes f rori tha cold leg of-
.d *. 'a coolant loop and is therefore 540-553' F compared to the pressurizar*

fluid temperature of a 651*.F.,
' -; ,

'
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12-42
.. ,

d.

i' h continges to f unction until the pressura returns to the pre-translont -.
. v41ue.-

,

' ' ' Finally, curve 6 shows that the secondary staan pressure falls as a
result of the poser Increase. We have airsady sten that this IS a
consneluence of er;uation (12-9). Actually, sir.co se are transferr'Ing ,

1
, g ossentially full power to the secondary system while T ,a is still ,

* '.

g below its ultlenato equilibrium value, the se cadary temperature faust -.,

h Initially f all slightly below its equillerium valuo to provide ths
h nt;coccary AT to satisfy equation (12-9). Then as T vg rises, the

secondsry temperature can also rise by a corresponding arount.
.e

.|

J
2. Conj 14nt T Progrom -

' avg
.%

in the previous section wa discussed the typical P..71 centrol philor,;hy,.
g% but gava no, Indication as to why It was'c'esen. In this section an)

"

ihu next, we will discuss two alternative control schs.Ses and will*
,e-

< '$g show mhy they are ordinarily rejected in favor of the previous schers.*

. .

' %,4
'

.

unJor allOno possible control scheme is to maintain constant T
steady stato loads. Figu.c12-22showsthevariationISseveralvariables

av
<
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Figure 12-22: Steady State' Ch'aracteristics of a PWR Ustdg o Constant . .

; M T Progeseayg ,

C
*y when the reactor creploys this type of control scheme. The advantages.

''
,

O .of this program aret 1
> .

'

,

Q .
. ' '

: p3

d 1 PdRs are normally cperated at a constant., pre'ssure for all loads. !i

Typically it is, = 2235 psig.
.
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A. Volume of coolant is const' ant at steady load so that required
size of the pressur.lzer is. minimized. r

.

*

L. .
.n

, 8. Control rod movement to increase load is minimized. Ths rods only
* ,' ;need to overcome the doppler of fact. There is no steady r. tate

mca. orator temperature coef ficier.t ef fect to be ovorceme.
- .

.' d . C. 14cre of the core's excess reactivity i:an be used for fuel burnup, f'

*
(J since loss of it goes for overcoming the moderator temperature L

. . J, coefficient. |
.. . 3

,

.

'.s The disadvientages ares ;*
e

,d A. At full power, steam pressure is very lo since 7 .9 must fall - i

. .

3. '*' ,. substantially in ordwr to allow the heat to be transferred in I-

i'i the steam generator. This low pressure means low thermodynamic
|

'

' '.i cycle offIclency..

..

-.3 .*
The physical' size of the turbine must bo very large to handle the

.

B.'1 .
, ,

i tow pressure steem with its corresponding high specific volume *

3 t

. '9 (ft /lb). '.

.

-
'

. .q
...

,

j The poor secondary system performance with this type of control scheme i

., ; has caused this method to be abandoned ice largo power reactors.
.

'

1 ,

f ,'
. '; 3. Constant Secondary Temperature (and Pressure) Program

. .,

gQ.. . -
. *

The characteristics of this system.aro.shown in Figure 12-23. The
,
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3
. L'd )" principal advantage of this approach is that it optimit(s the secondary' +g ,

*N system becausa It provides a high secondary temgarature and pressure-

l 7 9 ;. at full load. Its disadvantages includet
It:, y'

p .. must rise substantially In order to provide the required
T.,|eratura dif ferentla! In the steam generator at full load.; A.

' * tomf :,
<

V.M
This awans that the pressurizer mut.t be very targe to accce.edate

.

fC the large coolant swell..
'' G *i

.-
.:

h% B. , Considerable rod movement li required to overcome the negative
QS temperature coef ficient when changing lord.

i z.. y
;(yj C. Considerale excess reactlelty la tied up in overcoming the tea-

~

f.p,r q parature coef ficient.
. ...e.

3
' ',ja . D. The coro exit temperature (T ) is very high at full power. Thish

puts the roactor closor to the 0*18 limit.* e
.. . y -..

. f.4 Now me are In a position to understand why something approximating
'

pp,

y" the constant 7 program is ordinarily the ane chosen for an actual ,

plant. It i s' amically a compromise between the constant T, and '
.

.di constant Tsat programs, necessitated because ttie former resuNs In

.-
i

5 undantrably poor secondary system performance and the latter is too i

I,,*s'T severe en the primary system.' ,
, '

,

Q)b.i.

OPERATIND CHARACTERISTICS OF A DWR AT HIGH POWER1

.t ,.

f +,., A simp.llfled schematic diagram of a direct cycle 84R system 1s shown in
* ,

.

I Figure 12-24. In the early plants using the direct cycle,
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^

8 . < .

r

l insertion ,.

approach , the normdl method for making load changes is manuaThe turbine is casigned to automatic llyH'
,

1 | 9I

setup) through the actica of a pressure controllar on tno steam line, follow the reactor (which Is essentlally becle. arcs from the PwR control
dor withdrawal of control rods.
h

. -

To illustrate the response of a Swa to rod movemar.t at high power, we ( e

inserted control rods
will considor the case where a group of partially 3t to give a small ,

%

are quickly withdrawn from the lower half of the coreThe response of sevaral 1-portant plant variables;}
[}

.

' y

"stop" power increaso. The Irraodlate ef fe:t of the rod withdrawal is t |i
a reactor power incro.eso which continees until essantially the onr cois shown in Figure 12-25. -

,'

Curve 1). Thon

reactivity edJitlon is cancelled by the ocpplar effect ( ated in h & ,

the poser settlas back somawhat es the adcitional heat belr.g generid fraction. g ,

the fuel askes its way to the coolant and lecreases the coolant voThe increase In vold content causes the reactor to ecrentarily go sutcr
. '

itica! ,

t .

t e offacts
until power f alls to a polnt wharo 1he vold and fuel tempera urle [ ;'

share In cancelling the rod withdrawal Instead of doppler doing the wno
Slnce the fuel timo constant Is generally in the ran20 of S - 15 5|

L
,

.*
.

.

l lds
seconds (see Chapter Ill, the process of balloing in the equillbe um vo

,

j!'

Job.
,

so.; .

takas place over a tir.o Interval which may a:pect:r. a half mir.ute or r!'3 -
'

for

When the reactor power increases, the stoa 9 prod ction rato in the res
' ''

:.
t d by the turbine.

I<I

manontarily exceeds the rate at which steam Is being accep eSinco this excess steam has nowhere to go, It accumulatos in the steamsing a riso In reactor! i
"'

I i

O d

Spaco in the top of the vessel and is coe.presse , cauA pressure controllor Isectos on tho main stoam line
-

ttio
,;

,

sensas this increase and automatically begles to opsn the turbino throWhen the turbino catchas ap eith the reactor, that is,pressuro ICurve 51. 5*
,

1'-
(

,
-

t all of the steamvalves (Curve 63.when the throttle valves are open far enough to accepd the controller stops 7

;; t.

i
which is being produced, the pressure stops ris ng an

.

,

.

;<

, - > f'
At opposed to the " dual cycle concept used at Oresden I, but abandoned

*

In f aven of direst eyele.with verleble retirculation flow control for b'
,

' I' I :'

Basically, the dual cycle concept involves pl64teg a :_ *

Part of the i '!lient exchanger f ri the pr! mary coolant i-ecir.culation loop.recont units.
feedwater on its return trip to the vessel ,Is' routed through this heati

*
104*

exchanger. 'Scine of this rerouted feed. star bolts and is sent to a
! I

The recalwder of th.c rorouted feedwater $
'

'

,

pressure stage of the turbine. . 0y varying tho aroun i
t of

. Is returned to the main feedwater stresa.feedwater sent through this h5at exchanger, th2 feedwater temperaturod pelfrary ccolant are altered, which{,.

&
>

.and t.ceparature of, tha recirculate Although the princlpte i' produces power changos due to the void coef ficient.'15 basically the 'same as variablo recirculLtion flow, which will bo ' (
.

.

discusced lator .in' this section, the latter has iho advantages of pro-
-

ller k

viding a greater range of load follow capability and of producing unachanges in power distribution which is baref.lcial in terms of reactor
. , .

.. ,. t[
,

y,*

stability.. . 'k-

. 3

'f
,

Recall that,[the rods onter a OtfR f rom the bottom.
.

,
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.

opening the valves.1 During the period when reactor poner f alls as volds - 1

[.tbuild in, the pressure' also falls scmewhat and the throttle valvas back I
q off a bit as well. {-

'

c.
' , c.

f Curves 2, 3 and 4 on Figuro 12-25 show the po,er traces for di f f erent
(.I.J elevations in the core. The thing to notice is that the power Ir.creat.: took.

-

place in the lower regions of the core fec which the rods wors withdrawn. P-

'
r.

in the top of the core there was no reactivity Increase due to roJ .Itharawal, | 6
,

$
but rather a reactivity decrease due to higner vold content, and so the i w3 power actually dropped somewhat. The core poner distribution will ta 7fdiscussed in detall later in this chapter.9

! T
aa

'

We see from abovo that rod withdradal is eccoapsnled by a prescuro increaso .

I'

bdue to the natura of the control scheme. Although the operator wodld ' F
ordinarily readjust the reactor pressare back, to the norml operatir value - ( ,at the completion of the load chango, the of facts of tho translont le.:resso

-;
'

, t-must still be considered. Basically, en increaso in reactse pressuro
C-

,

causes a reactivity increase duo to tha cce.pression of corn volds. Tnat is, .O
..

,' since the vold coef ticient is negative, any of fact which reduces coro ,

' ;. P,'

'h vold volume will incrnase roactivity. Therefore, when rod withdrawal Initiates
*

P'

a power lactaase, the resulting pressure ir. crease causes the power to
peak somewhat higher than it would have haJ pressuro resalnaJ constar.t.

- %
F1 in fact, l.f the operolor attompted to make a large load increases it is i 3

4
*

Q not et all unlikely hat the samhined reactivity ef fects of the red -ith-S drawal and pressure Increase would cause a reactor trip on high power Isee -( L'

in any case, it is desirable to minimize transient reactor ,t i'Chapter 151;.

!
pressurd fluctuations since they 30oduce unaestrablo reactivity swings.

'

.* ,

' To aid in this effort *the plants are provided with turbine bypass valves , ,".
. ,

,
!which dump stenid)rectly to the condenser. The bypass valves are set to Lb

,

-

autematically begin. opening when reactor pressure exceeds the normal set- ' , ' Spoint by a small amounti typicall-y = to - 15 psi. Thus in the previous
f

*

example, had the rate of reactor power incrosse outstripped the turbine 'i '
,

controller's abil{ty.to keep pace, the bypass valves would have opeaec on i[ (-high pressure and accepted sorre of the excess steam until tho turbine.,

caught up. r..

* [. (-
-

. , ,
s". .1 ' I

-

.
1

This description assumes that the pressore regalator is a pecportional
[

3 ,

'

controller, as is usually the case, and contains no roset action. Tha .
P, p;

, amount that the pressure must increase in order to cause the throttlo
. >

i f *;.q valves to cone open Is an adjustable feature called the "proportf or.at
4 Ubonda of the controllor. Ordinarily, in going from no load to tuli load .

I. f-
.

with no changa in setpoint, the pressura cay increase by 100 psi or core. I b.
,

, in order to avold such swings la the reactor cparating pressure, the-
h ('.j-

*

I

operator would manually roadjust the centrollar satpoint af ter a change p ?|
In load so that he carried essentially constant pressure at all steady

,
.

L 4
*

' state power levels. t,.s
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_ A Actually, the true value of the turtline bypass system is not to help out
.)o,' on losd pickups ~, since the operators ordinoelly hsve the gooJ judgment -

*3 to lleilt tnelr load pickup rates to acceptable values. The true valua:

|j h' comes on turbine load rejoctions Icaused by generator protective relay
*

b action in most cases)'where the rapid closure of the throttle valves by

N(: C
.I governor action would causo a large pressure Increase and subsequent roactor

] trip (on high power due to vold compression with e backup trip on high*

'.f'".
pressure). In a situation like this, the bypass valves would fly opent'i ,

.i to accept the steam beleg rejected by the turbine. Assuming the valvos*
.

@.9 are de.-lgnad to hanJte a largo load rejection, foe action of the valves..,

'Pd would limit the pressure increase, thercey averring ino high power trip,
.:!

.

h[;9? and allowing the cperator time to manually insert suf ficient control rods
'g#i. to recuco the reactor power down to a low, stanc3y value. **!

;,{ . .

?.!
- ) * The prsvlous description of the response of a B' P. to rod withdrawal,.

* ' 4 assuming assentially constant recirculation flod, is casically valid for the*

;.

^1 ; d,3 new 8sR plants as well as tha earlier ones. The newer plants, however, *.

'
i ^ aro.equippt d with varleblo speed rocirculation peps which Improve the.j

M'.)*j.
' plants' lotid follow characteristics by onat.!!ng. load to be varied over

'f. 1 e significant range without ne:essitating the rather time consue.Ing movomant.!

7 f of control rods. The nouast plants can vary load over a range of about

f.p 3S% of full, power without rod movecent, and can acccmplish this swingy:

d in about 70 seconds. The additional control equipment ordinarily used for+

.p . load following by this method is Included on Figaro [2-24.

dQ *

. . .

.; p;g To illustrato the basic principle of this method, considor Figure 12-26,
i kA
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which shows tha. response of.a ElWR to a negative ' coolant flow ramp. As flow'

la reduced, the core overage vold fraction rises. This Is simply because
the reactor is adding its heat to a sraller amount of water, thereby causing-' '

J a groeter percentage of it to boll. As the void fraction increases, the
reactor goes suberltical and power falls until the gain In reactivity
resulting from the reduction in fuel ter.perature cancois the loss in.reac-,

tivity resulting from the increase in void fraction. Recall thot since'

we have not moved the rods, the excess reactivity which is available to
volds and doppler is roughly the sa a oeforc ar.d af ter the flow changa. -

fictice that there is a small undershoot on poner and overshoot on voids.

'j This is because of the time lag between a rediction In fission rate and ,

e corresponoing reducticn In heat transfer rate is tno coolant. Even thcugh ,,

the fission rate fells rapidly, it takes a few seconds for all of the host<

* stored up in the f uel rods to be dissipated to the coolant.
*

C

"] in the actual systems which are in use, a chan e la coolant flow can be ,

Initiated olther manually er automatisally. 7 e autesnatie system senses**

Generator speed if requency) and responds to the small f requency changes*-C .

which occur when systes load demand is not matchod by system generation.'

- For example, a reduction in system frequancy Indicates tne necessity of ,
, ,

*b an increase in generator output. Assuming that the plant was at less
than full load and therefore capable of picking up lood, the reduction
in f requency would result in an error signal being sont to the rocircu- *j
lation pumps calling for more pump speod lincreased flow). This would bo ji

'

[ , lust the reverso of the previous exa.-ple and would cause a reactor power t
g increase as desired. To speed the overall plant response, the error signal i)

is also sent to the steam pressure regulator and mcmentarily lowers its !,

setpola.t4 This results In a rapid oponing of the turbir.e throttle valves -3- r,'

,; as they attempt to reduco roactor pressure, and immediately flashes some .- . )-additional sta n from the large reservoir of water in the vessel. This -. 4 -
.

*

setpoint reduction is only a temperary rcoasure, however,,to rapidly pick i f.

,,
up the steam flow while waiting for the locreased recirculation flow to E-

take effer.t. Long term redaction of pressure would tend'.to, Increase the .
<.

vold volume and work against the power increase which is trying to be I-

Jj ;J., .achloved. by increased f low. f
. ,,

, ,

M 3( ' Done thing which mus't be guarded against in a varlable flow system is t.

' excessive poner increase by rod withdrawal while operating at reduced - !'

flow, since this could lead to Dio. Control rod withdrawal Interlocks are j
provIded. to guard agaltjst this condition. h.,

.o !-

POWER DISTRIBUTIONS IN UNIFORM CORES i !

* . . ..
* ~ ' Y

*

A given ' reactor has a certain cora volune and number of square f eet of y,*

,

heat transfer surface, if the reacto'r could be operated In the Idoel :t i

9 manner, .It would be operated sottnat'all portions,of f tha core were working !i |
( f. ,' * ' '

. .n % .* . ..

't
- -

...,

as soon as the OCB opens rather'.than'walting .for a pressure increase. . $ ''

.

h- g
7 g

_ -This gives thorn a little head. start. _
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1 1 equelfy hard.cnd producing power at the maximura rate consistent wl.th .the U
' % heat transfer limits discussed in the previous chapter. Under these candi- U
* T. tiens, the fuel would be burned uniformly, the core sizo necessary to pro- *

''s daco a given amount of power would be minimized, and the lowest f uel cost. .

9,1 per it.tt uould be realized. Unfortunately, hosevar, there are a number of 9
Q unsvoidablo phenomena which make it tripossible to achieve a perfectly p:

f4 uniform power distributton. In this section and tho,e which follow, seme j

,$m of ttia acre important of these pheno ena wIll be discussed. -

[
1...

' To bogin the discussion, we will consider a very strapie uncontrolled. E

?.)t
.

hegneous reactor surrounded by a vacuum (a so-called " baro" reactor), f.
icQ in it.ls reactor we would discover that the posar density (power gener tod 9
.E p::r unit volumal drops substanti stly as we move cuti.ard f rcm the centor i
- D; to the edga in any direction. Tne reason for this is tnat a noutron born (-

'rc nese the edge of the coro has a f ar groator probability of leaking out of [
2.~r the roactor than does a neutron born naar the center. Since. neutrons 7

7 which leak fro:n the coro'ero no Icnger available for producing a fission, i*

(\ the fission rate (or po.<or production) is doprossed on the edges of the h,

core. In this simple rosetor, we would find that at any particular elovs- .

' k@i.."
tion, the power distributleri would look like or.e hump on a cosine curve as f
we ruved horizontally from one side of the core to the other3 $1milarly, g
the po or distrlbution from top to bottom at any particular radial locotlo.1 -

@ is also chapod like a cosine curve. This localized power distribution Is E

i.4 Q callod a cosine distribution and Is Illustrated on Figure 12-27. Tho
viour. ..tu.ny .h.e. th. tn.em.: n.ute.a vive si.tribut!.n. ehi 4 i
directly proportional,to the power distribution within the core.gh I.e The '*

%. .
,

;- only dif forence Is that there are thermal neutrons, outside the core which .:-

'' h do not rnsult in fissions. Thus the poser distribution drops abruptly L
*

. .
* ~ '

("(; to rers at the edge of the coro, whereas the therral flux distribution
'

,

.A gradually falls to zero outside the core Idashed extrapolation on the*
;,

'N figure). s.

.v.y y.
. .y . n

'

The first conplicasion to this cosine distribution occurs If the core is >.'

3 surroanded by a ref W tor. The reflector operatos in two ways. First, Q
,.; It scatters. some of the thermal neutrons which lean from core back into r

M the fuel. Secondly, it moderates fast neutrons which leak from the core, b,

, '.[ This riobratitig ability produces a big piloup of themst neutrons just E
,e outsido the core boundary (called a reflector peak), and fr.any of these t

-

;.. thermal neutrons reenter the core. Both of thesa effects tend to increase f.c
.@ ,

*y 1 Sinco the shape of most fully loaded power reectors approxima.tes that (
,

of a.right circular cylinder, the horizontal . direction from one side p
*

' N. . of the core to the other is generally called the radial direction. d
Q Tho vertical direction from top ,tybottom 'Is called the axlal direction.

. . .m . , . ..n 2 Assuolng uni fom fuel ccmpositio'n Ihroughout the coro. .That is, , ;-

f^ . P = $tgY, where Ig and V aro consta #itsN.s
' ' '
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i Figure 12-27: Thermal Neutron Flux DIstriburlons in a Homogeneous Reactor -

A i s
'

the power gameretten en the edges af the sere relative to 'what It would f.

. ' . '
.

have been In a bare reactor and tnus tend to flatten the power- distribution. L*

| .
'

m.4 .
1- -

The power distribution In a heterogeneous reactne would also tend to assume [ ;
the modifled cosine shape dlscussed above, in the radial direction, however,

;; !
. .

tbo distribution would be " rougher" due to the discontinuities caused by [;, .

the separation of moderator and fuel. We saw In Chapter 10 (Figure 10-4)
. 'F -

~

for example, that most thermal . neutrons are produced In the moderator (by {- '!'slowing down), but are absorbed before they reach the conter of a fuel ';,

rod, thereby causing a thermal flux' depression In each rod. Conversely. 2 '. :
'

.

f '.5 , the fast neutrons are thert.ialized In the water gaps between rods, resulting t*
.

In thermal neutron flux pesks just outside of each rod. Thus, Instead .# t-
* * 'of tho smooth modi flod cosine shape which would exist in the homogeneous 1,

,

J coro, the heterogoneous core would have a radial distribution as shown .g.
"*' in Figure 12-28. . ' .
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The modifled costne flux distribution discussed above is a reasonable y.* q

.y.p "first approximation" to the actual flux shape or pcwer distributtrn In
*

,

- However. It can be altered substantially by numerous (
? - many powar reactors. i -

.- ), ]" offects, such as vold distribution, control rod positions, Isotopic com-In the sections below < ( ',-
position of.the fuel, and coolant flow distribution.we will see how these factors affact the power distribution in actual

-

?. d
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| N
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"i n' , practice.
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:4'.;,. DISTR 1DJTION OF PCT.fER N40tG INDIVICUAl. FUEL. BJN01.ES
.

.

.

'
.,

, ,

i| .1
: 1

c..3;.|'' Power reactor cores are ordinarily compose.1 of discrete fuel bundles, each
- .. ,

- In general, the ; (
!;> y

.

of which contains a great many Individual fuel rods.That is, Individual fuel rods are sol-'

- .
*

fuol bundles are handlod as units.
. '' dom transferred f rom one bundle to another, but the entiro bundle romalns',' ,

Intact f rom the boginning of its useful li fe to the end. In general, the
4'

,; -

[
pcwer produced by Individual fuel rods within a b.ndle varlos considerably ?*

*
e .;

depending on the position of the rod with rospect to the edge of thi core,d '
.

7 I (Wo will considor the power distributton between. Insarted control rods, etc. ; 7rods in detall later in this chaptor, but f requently we are only Interosted. g,7
To describe the ila M in the total power produced by the bundle SS a whole.

' .,*

i ;
distribution of power between bundlos, e torra called the bundle posking

*
.N ; j(,. r Is defined by tfie equationt . 8,

* -

' |, ;-
,

gpp3 ,. total power generated in the f uel bundio of Interest ;;
:,;. ' - gg '

< total pcwer generated in an " average" fuel bundle,.

1 P!
' ' ('{ .. .. !

- f' .korevamp,le,dleproduces240/l?2=1.4M.d,coreisproducing240MWTil~4'tarfleuldebundlela|
an

I f the l'12 bundle Humboldt na. . . , i

iq. .

"everage bun '. |

producing 1.6 NdT, it is operating at's bundre peaAlng factor of 6.6/1.4.4
',.f. .~.r'g .,z

-

Thus.,lt is produc(ng 147. more powed than itse " average" bundle. . (- [!. .
.-* * -
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i-In the abseneo of complicating effectsi the power distribution across the
,

bcoro will tend to assurne the rodified cosine distribution for a heterogeneous ,

6
coro shown in Fig'ure 12-28. As a general rule, therefore, the bundles
located near the edge of the core will produce less power than bundles j'.:

located near the center.1 However, as previously mentioned, it is desirable to (;
;

try and flatten this distribution as r.uch as possible and equattre the p|.

gperaer generation among the various bundles.
4.

,
-

k 1

in BwRs, where most of the control la taken care of with control rods, a,

degree of power flattening can be achloved by employlr0 a rod pattern In f'ywhich the central red ons of the coro are more noavily controlled than-
l

the edges. Such a pottern is sho.n for the tiumtoldt Bay BWa in Figure 12-29. @
"

Also shown on Figure 12-29 Is a plot of fne banale osaking factors across'

a central ' row of fuel (ine rua just above the core conterlinal. The shape f.' ,

- of this plot should be compared to the modifled cosine distributions shown /
U |

previously.8 The deeply inserted red is seen to drastically reduco the
Ipower' within the four surrounding mundlos er.d to make a small reduction4 *

in power in the bundles lue$lately adjacent to these four. In our pre- : i

)vlous terminology, the region offected by the res constitutos its absorptien .' ,

,1 .
' area. The dif ficulty with rcds as a power shaping device is apparent &

'.. I fru.s the figura. They are vary non-uni form in their ef fect, and although },

they,hese generally depressed the flux in the contral region of the core, . C

they ha9e done it by "overkilling" a small number of bundles. One might i-.

wondor whether a more uniform et fact could be obtained by altering the 7
' ''

pattern so that all contral rods were partially Insorted rather than having $*

a few ful,ly Inserted and's fe. very.slightly . Int.orted. The answee is,yes g
,

. <on the . total bundle p'ower basis.sth6t*we are considerleg at the moment, t
fbut auch e~ pettern ueuld have a alsesterous ef fect upon the axl'al flux .-
k{ .' *'

distributlen ite be discussed in newt seetten! Inanmush at.it'would, saube
.

*

.) en abnormally high power density' la the top of the core *where ONG is most - i'

likely to occur..
~ ' * '

-

' *~ . .:.'. d,^I ^l
s.. ', , . . . . '"..

~ The 8 d has one particularly effective Inherent power flattening mechanism -. ..

In thd. form of volds. An increase in hundle po er causes a corresponding 'Y|,.. [ i,

!-

Increase In' the bundle vold content, wnich in turn limits the power in- v ..

Thus the tendency of volds to concentrate in high power regions 7,

r .; crease.-

In preference to low power regions has a definite flu flattening ef fect.. . '.

~
t

.> .\ The absence of' core volds and significant numbers of Inserted control rods
.

[; i
, ; ; as potential flux flattening devices In PWRs has led to their use of ,

'

,

,, *

y . .. .

,.
, .

s .
.

!..

'' J l Since a bundle's power is't'herefore loosely related to its radial - *
.

location with respect to the center of the cos o, the bundle peaking (.
'

'; ; f actor. ls somettmas called the radial peakir g 'f actor. h. .

1
... .

. !$, .
.,*

i - ,j. 2 .The reader should recognizo'that the true distribution when the flux
- t' ?'

'' In. Individual fuel rods is considered woul'd'be " smoother" than the'
,, ,

.
- ..

.stop function which results when only total tu.hdle. peaking f actors are ' '
I

' W '

- +

3 s,
considered.
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multi-enrichment core loadings to improve the power.hr.ent, are used. i Di
i

i!

genbral, three types of fuel, dif fering enly h enr cThe highest enric!vnent fuel is loaded on the outside ofla s.,all and interinediato&the core and the lower I
'

fuels are also (onrichnent fuel is Installed in the co'nter,
stand plants (up to a 5001&f) the two lo.or enrichmentthic the conter of the'/%

separated, with the lowest enrichment fuel gologcore, and the Intermedicte onrichment fuel into an an.9u uSuch an arrang uent, one the "stasothed%y/_
l s around the

*
r.,

.

>

n In l'igare 12-30.
outside of the low enrichment region. h

out" power distribution which would result, is s owTho sharp breaks in the power generation curve actual y
do exist. although y.

.

, . ' , l*
In fact, .-discontinultles.djacent to the boundary, ($ .

the thermal neutron flux doos not show theseHo.evor, even though there Isl
at noch reglenal bount.ory, the fluxus trertciate y a pt change because ofE

g 7

but on opposito sides of it. aro equal.no shrupt chango in flux, the power will thow an r, ru
b Although it is a

sir-e P = stf. - i

the abrupt change in enrichment for Ef),istelbution and thorr.at noutronr coros, one must be@f '
,

d
valid assueption to say that the power

careful when there is a change in earlr.httent. flux distribution are the sarns in uniform regions o
;;.

FE*

. for the very larga 6>

The three zone loading' arrangsment Is -not as casf *ableThis is because the physical size of the core is so eucht the ruglons tono tofj'.S.

largar Wi.
*

;'.

then the svarege crow flight path. o, f. e neutron that le, in figure 1240, what eteursIQ
"

acres. m.

l a: region 1. When
work ledspondantly of each other .Tha
In region 3 has ainest no influence upon what occursSince the boron le uni.

gU.;;'

the average 14 of the Q'
the coro is operating, it must be borated such that

*
-

)

core is = I (overall coro loakage is very s.,sil .formly distributed, it rukes k. 41 in the center and theThe po.or generation in the centor;bcontor region

" strength in the center, which N"-
Is in ef fect a tuberitical reactor. When the core is small, 'S

..
..

will thus be dependent upon the " sourcef
f

* i ion operates at e %. !in this caso is leakage from adjoining ro2 ons.
.

the leakage to the center Is high and the central regHowever, in the very largo coros, this is not the
. (-g

ll belo. that in the outere , ' m
reasonable power level.

To overecrie this, the two lower onrichment N
,

case and power in the central region dreps*.ettern throughout the
%'

*

region as shown in the figure. fuels are distributed uniformly in a checkersoord paThis prococos a two region core witaMJ
tially equal to the g'.*;

-

volume occupied by regions .1 and 2.the central region having en "of fective" enricnt ent essenm$
'

-

average of its two component fuels. .

in the core inci ie eJ
-

y i
Other means of flattening thN bundle power alstribut onIn the coro at appropelatsf@

the use of fixed burnable polson places locatedlocations, polun niaterial mixed with the fuel its se ec-

av ..-l ted fuel buncles, g.".r.

p),

*
.

fuel. Itswever, /;,

The discussion hero It referring to a new core with news.Gs and PWRs in sub-- $'t.
.

multi-enrichment coran are " automatic" for boththey will be composed of a mixture of new andThe reloading schases will be planned to ,
~ -1

k
. sequent cores since e,

, ,

j
partlelly depleted fuel.utillto the flux flottening potential of thes, f

' e cores.
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Vr.S ~

and non-unt form coolant flow distributton.I theactualbundlepower
'

'

f
' distribution will, therefore, vary significantly from one plant to the %

next, depending on how the care designer has chosen to ernploy the various
The only general statement which can be e.ade is T

options at his dispossi. "-

that bundles in the conter tend to work harder than bundles.cn the edge, %
.

-

,

unless specific maasures are e ployed to overcome this for.dency. . I
.

E. |
,

Bafore moving on, it is of Inforest to digress for a moment and Investigato [.
'

the effect of power districution upon rod strength in a GtR. Locking at:
IPigure 12*H, it la laterdatlag te spHulate en the ef fect of Insertin

j'
,

I nto . . .
a rod such as E-4 lato a higt flux region as* opposed tc,fr.norting one E.
o 10 flux region, lik.a cett A-5. Lookinf at tho f arms in equation (10-163

2 end .

wo see that the absorption cress of the tso rods are about the same.

kf
.

*

the ef fective size of the cora is the same for both (It equals the true"1 . ,

C.' The dlfforencefull sizo of tne cera pt.s a small amount of ref f actor). 12 9
betereon' the two rods will t.o the result .of di f f erences. In ($To ovaluate this dif forence, we can assume that tho Nma$l'f'@4

'

|

' d. 4*
.

.' $3 forms. In this case,distribution is about the ss.te as the poaor distribution.
l is sort of a.4 averago bundio peaking factor for the bundlos J. Q.a

($T,cr/9T avg : r.
j surroundin,g each rod. Thus: ,f A

.

N At

1 rod E-4 = 1.250 + 1.235 E l'.238 + l.276_='1.250 :: p.l ,

U (fT,cr/4T, avg > m-

l rod A-5 = 0.908 + 1.006',+.>' 0.991 -+ 1.072_ = ;0.994 ; q.
.. r 6

> ,

($T,c'r/6T, avg. .

f4 *
,

:1 ;; 2 E-4_ ,_(t.25'01 tj81 '

.' tak/kl rod E-4 , (or y/cr , *.,1 ! O
='

(U'9941'
-

tak/kl rod A-5 (4T,cr/ci,avi3'^~5
.

:
-

6..
- . * ra.9 rod E-4 would be. worth = 60% roro trian rod A.5 'under this sat of operating

@~
.

; So This is only a ' ou ,h ostireate, but it.glvos some feel forar - -conditions.

.w .

rotativo rod worths. r.,, *
. y

'''
'y .& . AXt AL PCMER DISTRIBUTIONS. -

.

1'

6-. -4

' in the previous section we concorr.ed ourselves,with the total power pro- T

. '

' (. ,
. e

, ... .

duced |n a bundle without considering what part.'of .the bundle it was ganarated.
.
k

rv .
,

Wo have already seen that teskage.at the". top.inji bottom of the core
[d!U ' (.* *

*
.-

J 'r /
.d ,

'In.
.

.r *.*s. ;*W*. ' .* *, t.
,

g '.a*g g r .g p:,,

. s

Partleularly.ef fective in.WRs becauspih{ Y;.s.n. .f t
* 5 . .. g ..e., *. .,, .

.Ve f ct 9pon the vold g
f i|g., .

n . I ''
'

distributton. . it is accomplished,by 'ortflelig..the Infot no'seplaces Ej
~

. ,,,
'

.'[f,s.6 *

Ef

.J .g . ,., . W.. ,
of the fuel,

.

,j.* j* st'.
.v *-. . *

,

(T'would be slightly largar in the cente'r of the c6re than at the edge
-

.'; ,-<

2
becausa of tho higho,r void content, but the ef fect.is small and is

..-

t, }, partially ofisot by the fact that the rods, ara outsido tho fuel channels ?' - ..

,

and are surrouhdad liy water ratheFthah a mixtura of steadi and water.
-
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#

t
'

, '*$#'S will dopress the power density at the ends of each fuel bundle and will tend L
* '.

h'N
h , to produco a cosine shaped axial distribution. However, this striple dis- ?

tribution will be codified by volds, rods, fuel exposure and'other e~f fects $
.

C ? .< as will be discussed below. - *
'

To quantitatively describe a vertical, or axist power distribution, tha
k*;n axlal peaking factor is employed. The axlat pea *41ng factor can bast be -

.f,7' ; understood by considering the follo=Ing example. Suppose a particular r

14 Humboldt Day fuel bundle .Is generating I.6 WT when the reactor is operating .

m
,

at full p:fwar (i.e., the bundle peaking f actor for this bundle is 1.141.
' ' ' 'e. ,

tiow let us slice the buadle into ton aqual parts as s.9own In Figure 12- 31. F

([;. 5 Each of thna slices is coconly formed a " node" by people who uso com- *
W putnrs and aro ongngnd in the business of making calculations of this [T-'1 sort. it should be cbslous that In this fuel buMio, the "ovarage" noda

f,;.5 is producing 1/10 of tha total bunJ1o po=ar, or 0.16 WT. The power pro- i
e

'

+ .'- 4 duction In any nodo in the cundio is related to this so-called "avorago" >..

?- node by the axlal peaking factor: k
' *

'

gg , power generated In any vertical noda of Intarost in a olven bundle
T. ,4 averago nodal peser in tho Dunolo of intorest
Nt (12-Illg-

N. Thus in the example, A node which produces 0.133 f. fat has an axlal peaking'
i

L

{,,4 power of 0.83, which means that it Is working 17) Delow the "averago" node. {,

e 14edal powers and the corresponding axlat peaking f actors are included in p
h,-j ' Figure 12-31. , (*

-
.

' ,vp, e.
W '. % in a D'.tR, the peak In tho axlal pcuer density generally occurs bolow tho .

Wr$
contarline of the core because of the high vold concontration in the top ,

h: of the core. This tandancy is partially of fsot by the use of bottom entry -
,

,h q control rods and a rod pattern which hos several rods partle.lly Inserted . (
7-

.? ' ; Into the lower fdit af the core. The of fect of this. control strategy can t

3:,j,
k be seen on.71gure 12-32 by comparing the axial flux distribution when ' $
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o
i. ) &h uniform axial control is used to that when partially-Inserted botfora entry k

. . .

$ rods are used. Notice that uniform control results in very high axial
. C. peakleg in the bottom of the core and results In a low value of the CHFR.

7 In this region even though the DN8 heat flux is high (since there are
few volds). The bottom entry caso results in much lower peaking, and a.

Y2 higher mininure CHFR in the bottom of tha cora. The CHM is scene = hat ic4er*

'h la the upper region of the core, however,. because the heat flux is highur.
n
-

[ In a INR, the of fact of hlgner moderator te nparsture at the top of tha
,0 core also fonds to push the axlat flux peck slightly belcw the core contar-
# line. However, tnis offect is not nearly as per.nounced as the vold effect
h in a BXR, so uniform axli,,1 control is acceptable, in f act, the use of
k top entry rods macns that partial insertion of control rods exa5gerates

. .9 the flux peaking in the loaer half of the coro. As a result, It becoras
1 advantageous to use uniform axial control to minimize axlal peaking, and

this is 4 major ressem for amploying eheelsal shle as an alternative ta many

.'4
partially Inserted contrcl rods.. .

$*
'

.
,

*

1.0 cat. PEAK 1HG
.

,

. .

g!. .

'

'@ We looked first,at how the total core power is distributed ainong the In-.

% dividual fuel bundles, then at how the po*er produced by a given bundle
gC is distribuiod from one end of the bundio to tne other. Finnfly, we will
tj look at the coro in still greater detall and discuss how the pomer produced
y Q In ena exlal node of a particular bundle Is spread among the Individual
A fuel rods.. (,

C
V.$1 To illustrato some of the factors which af fe'et the po er distribution among*

| ,[ various fuel rods, consider Figure 12-33, which shows a typical bolling
;.*1 wator reactor lattice arrangement. Ilote that tho bundle Is currounded>y on all four sides by. water. On two of the sides, ho ever,1ho water gap

-

may be partially fitted with a control rod blade dapending on whether or.c.
.

not the blade is Insertod. The water gaps have a significant effect upon
f;7 the power distribution among the fuel rods. In general, there Is reflector
t.f peaking in the water gaps which measurably Increases the po.er generatton

j'$ peaking Is'snost strongly falt In the fu'el rods which border the wide water
In the outer row of fuel rods Felative to the contral rods. This reflector'

s
,j, , gaps which refmaln af ter a conf rol rod is wi thdrann. Of course, when the -

t." control rod is Insertad, it overcom9s any ton:ency for reflector posking ,
I

'

(partly becaus.e It absorbs thermal neutrons and partly because It displaces
~f q,- the reflector) and these same fuel rods operate at very low po.or levels .

S' relative to the fuel rods In the remaindor of the bundle.
.-7 ,.

f: Once agaln, the situation can be described quantitatively through use of
a pasking i !equeflens , f actor-In thl-s -case a.* local" peaking f actor d stined by thep*v *-

'. t.*,
. . .. ..

h,.{
~

' ' , , " !.....
,

,
g , power in fuel red of " Interest in a given vert. node et a particular bundle

a >

: 2 svg. poner in sno f uel roos in a given wort. noce of a particular bundia
14, Q.[|2 (12-121
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1 figure (2=33t Schemetta of Typical'DNWCore tattice herangement^'

.p..,

i This defintflon is ansfogous to those jpiven for the axlal and bundle peaklog i.

For example consider node seven of the bundle shown in Figure
-

,

; factors.
12-3f. Stoce the ortgloal Humbolet Bay f 6el bundles were made up of 49
fuel reds, It follows thatf.within this node each fuel rod is producing an

-.

I- '' '
-

average power of 0.181/49 = 0.0037 iMT. If one of the rods In this nodo
is producing 0.004014mT, It w!11' have a local peaking factor of 0.0040/0.0037 =' * .

.A ;r

f 1.06. .
g

.?
. . , -

Figure 12-34 'shows the local peaking f ac'f'o'is for 'the Individual fuel rods '',V i
''

On it.e withdrawn - j
of a 9/R for both a withdrawn end inserted c'ontroI* rod.

,

|, rod figure, two sets of> numbers are given. The uppor value shows what '.',f..)
'

would occur lf all fuel rods were loaded with fuel of the se.mo onrichment.
~

;-
d

t Notice that th's power; posks strongly in the fodd. located adjace'nt to tha )

To couMoract this ef fich fuel rods. In the vicinity &.
' large water gap.i IThe lower

flgures show the ef fect of using 1.9% ghtly Ibwer enrichtwnt.are typically. loaded with UO2 of a s!! I
.

onriched fual in the 4 corner rods.
l. coking ath and 2.4% enrichment throughout the rem Inder of the bundle.
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Figura 12-34: Typteal t.ocal Peaking Factors for BwR Fuel Showing Etfacts
n(-h 'of Control Rod Water Gaps and variable Enrichment 1.oading

'
'

m
. - .

. E l~"

$&., the case where the rod is withdrawn, we see that we have reduced the enawlmurnn This is an important considera-
.d<- local peaking by'= 30% (frim 1.381to I.241. i, 4 tiore because bundlas adjecont to withdrawn control rods will be the ones
'

kj which generate the'most power (l.a., have high bundle peaking f actors) and
p.y would therefore.be 11mitlng In terms of CHFR or.conter melting. Conversely,-

;'

!.
.

. the high local peaking factors which occur In bundles near Inserted rods *
'

|
,. g. a

are of little concern (although they too kill. be reduced by multiple enrich-b/j$l mont fuel 1 beca ase these bundles are Invariably operating at low bundle.
,

,@($ peaking iactors.
-

* ;
\,

. . to 1.s
.,7

*- .

!h.y 'The 'above discusilon Illustrates the rather large local.p'eek'Ing ef fects
. ,,.- ' ~.

_' N'. M . . . t*
. ,

brought'about by the dl,scontinuity In the fuel-#poderator lattice arran08- .
|

. . cg ' . . ,O.' 6-,
i

>~ 5;r di .h ment due to control rods. . In general, any discontir.ulty In the. lattice
will cause local flux peaks or cereessions. For example, inost fuel bundles .. . f. + vN ... . * *

4'y have, one fuel.' rod.which !s divided verti, chi.1.y.Into 'three or four separate |
0 1-' * - >.- .

ThatID,ec.fuelrodwillconsistofa,

*i ? .s .

sepentsifoMstructural support.
.

I'd! @.,J -
'

|
..

length of'pelletsi.followed by an "end." connector.to which is attached 7

'

h$
, '

some sort of Juel rod support structure, fo)Jo.eed by another f angth of
'

g ;. ,, , >

fuel pellets [then another ,"enda connector, efer There wiIi usually be
.**

'pg'. . 4 :- -

a pil'oup of,,J. thermal peutnns In the ,end, connector. Just as In the reflector q': - (., @ 5,' *.4 .
.* *

| $ .. . i ,Y onless .the: connector la made .out of. special materials. .The reason for
~ .*

* * -*

1
$.- this is that' fissionlag' vets to remswe therhel.heutiene free the syntess . -

' o. ^ ..** *
-

As a result,.the thermal neutron*'

C.y '

k ' .
. and replace thest with f ast neutrons. population is depressed, but ttie f ast noiatron population,Is enhanced .by the .-

'' '* i .
*'' ,* *-

[s proseenes of fuel. 'The end connector, however, acts very similar to. the'. .Itacts'toslowdcwntheplentifulsupplyoffastneu)rons', .g
-

!.o.

'. wotor adderator.
,'
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t f-,

, g

* ' 5 |y
.

but does not absorb r.any of the thermal neutrons which rosult. Therefore, F(.
the thermal neutrons pile up. This effect can be reduced by mixing a small 1,"-

i B.
.

amount of poison material (e.g., a non-fissionable material with high thermal
neutron capture cross sectlen such'as dysproslun) with the fuel pellots [.;.

m.edjacent to the end connectors, or by lowering the enrichtent In tnese,,
'

y;t *
pellots..

4, * i

Present day PARS, of course, are free of tno discontinulties caused by T.?
.

control rods interspacrd between fuel bundles. Nevertheless, thAy have /-\
sJ r ~

' discontinultles within the bundlos caused by vacant fuel tubes (Into which s~.
go control rod clusters, burnable polson insorts, scarces, and in-core T;'
instrwacatation). - Tnis will lead to local peaking of f ects within the [7 "

-
.

;
. bundlos just as for D.As. However, the e.oro ur.1 form PAR Inttico results'

. ,i
In lo:al peaking f actors which are scmewhat less tnan for B4Rs. h. .<'"

.

. . .

RELATIONSHIP OF PC4ER OlSTRibuTION TO THER*?At. - HYORAULIC LlHITS i. :
;

a

G
h'h We have noted in previous sections of this manual the Icportance of the* ' i

9reactor being operated within the limits on CHFR and fuel centor temperature.5 , ''
hh,Ile calculations of these quantitles are not ordinarily r. ado by the g' ~'

-

operator,. he.e.ust have a basic understanding of the technl;ues used to mako d;?,i.
".1

these determinettons. We teached briefly on this subject in the pravicus,

chaptor, but it is worthwhile to reconsicer this topic In sotawnat more [;

datoll at tnis time since it directly ' relates to the subject of power .

l' './
,

distribution which wo have been d!scussing.
7-
!Calculation of the CHFR or fuel center te.-porature by thu standard formulae

( . reqtilres that three piccos of Information to known: 1) the physical gecentry . . ~

of the bundle, 2) the power density (or rore comfronly the heat flux l, and ' 4t,

3) the conditions of the coolant at various core locottons. c,.
*- $. ..

The physical geometry of the system is important for two principal reasons:
- Q:

.
,'

k. ' .. . ll It influences the resistance to host transfer and the temperatures('
'

of the cladding and fuel (see equations N-III through (ll-14)"), and 21 [
.

l
. it influonces the pressure drop and coolant flow distribution in the coro. p.,

However, the physleal geometry is fixed by the design and is therefore cD*

d., .** ,'heyond the central of the eserater. -

P.>-
4,.

.

4., ... ' -
.

. . , .

I' ' I lleat flux and po.or density are directly rotated quantitles. The heat b.,

'

E.M'* ganerated In th9 fuel rod becomes heat flux when it flees to the ccolant. b.

However, only about 97% of the power generated In a bundid flows through '.

j the cladding Ithorobp bel'ng classified as heat flux). The remainder
Is carried by y rays and f ast neutrons which pass direct ~y through the sf
fuel and cladding without undorgoing eny Interactions which liberate V,

M|heet until they reach the coolant. Thus. 3% of the hoat can be censloered
[b

'

as being Instantly transferred to the coolant without having to flow*

through the. normal paths, and Is ther,efore, not part of the heat flux. , g. j-
.

.
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The power density or heat flux must be krc.n because It is the nutrerator4 a _g
Mas F

.,

.?
of the CHFR expression (equation (11-171) and it ap; ears In equation (11-16), .

;

*L
}from which the fuel conter temperature Is calculated. Actually,348 or-D

center melting will occur at scee point in the core rather than uniformly f-I .

throughout the core due to the fact that the heat flux is not uniform throughoutM the core. Therefore, In these calculations, we are always Interested in
i

t $ the heat fium at some particular point in the core, and this datormin.itionSJ requires tho' use of the peaking factors discussed provlously. flow, the heat-P
f-, ' flux at any particular core location is related to tno overage core hoatflux by the equation:
Yb
.g th/A)y=IBPF)yx(APFl x($/A)coreavg. III"I3I

x (LPFly y6
h ..where (6/Al
Q IDPF)y a heat ilux at point y In the core -

bundle peaking f actor for the bundle In =hlr5 point y
ayy Is located.y-*

(APF)y = of point yaxial peaking factor in the bundle at the elevatlon,'-
, ...

,j k
.

3
*

,.4-

(1.PF)y = local peaking factor of point y * q '- . *' ?4
, ($/A)coreavo a core average heat flux?Y ] .L..

:
. %.-

The product (BPF)(APF)(LPFI is sometimes called the total peaking factor, % !~ y.,v O ''''' ** *S"''' " (i2-i3) can.be re.ritton as,

| [ ($/Aly = (TPfly
.. ,.

x($/A)coreavg (12-14)'

..fij
To detertaine the core average heat flux. It is only necessary to divide y%,

. '4].. ,

1g the total core power for rore properly 97% of the total core power) bythe total heat transfer surface area. For exam
-
N 172 fuel bundles, each of which hos about 41 f tgle, Humuoldt Bay uses , i. q..
3

*

3-of heat transfer surface$2 3 area.
4. < &@iWhen this reactor is operating at 230 Mdi, which is equlvetent.

h,. . rg.
s l

, to 7.84 x lo Dtu/hr ," the average core heat flux Is given by:
.*

8
] (.97)(7.84 x 10 1/(172)(41) = 108,000 Stu/hr-fta

. ,..
.

.] To complete the calculation of the heat flux at.e point in the core, we ... . s:3:.%adNU.,h
. -

o
need to know the appropelate peaking factors. Thesu are determined by aD

N ccabination of computer calculations and experimental techniques such as' " + Y'.
-

the dotarinination of the atrount of Induced radfooctivity in test spect- YM
*

'N mens placed .In various locations throughout the coro (the use of flux
-

,

kd wires Interted in the Humboldt Bay reactor core is a'
and tiio use of in-core neutron fronitors and in-core thermocouples.n example of this),

r,p-

,CT - - . . -*

*& ' Example: A particular reactor contains 193 tual assemblies, each having . .@Q.G
.- .

4,,

.

,

'q 2

270 f t of heat tr nsfer surf ace area. The core operates at 3250 Mar. . , g.';,, . g. R|-
. .,'

.' Iky -
-

.

[p< Q 1 M. .Q
_

-f.k..g:1,3|nco i I-tw = 3.41 x 108
-

.Bru/hr., *
,

W ;.
= .

.:
. . .

- ,
. * ?.:.s; ,e

.-

w .,

. .k
.

.w ., ...., .

i ~ . .

',. '

' - 'fl .'' '

2
4:;

'
.

* ,

. .m
'

. a.
. -

.J
- . _ - ,' T

-

W~ |.

.
'

.

. n ,. ,, $ . g .. 3, y m. . ey.. . ..

. . ; w .,. ._ . . . . . , ,.. . ..
' * ' . n x. .-

. ,.
-

.

. )-
,*

. ,

. .
.

i. .. . . , . ..- . - - .-
.'. -

% m w .. M ; g .,. { % g .u .
|

-
,

.
.

029O13 To :. . '
- I

,r
'

.;
. ..e.- I--

. . . - -
.

-

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

__

4

,

. .. . -



. -

.

1

1
I

1
|

; . . . , ' -
. , . 1i. W:. .. f . - e .w.-- -*- -

, ~ * * - '

. . 6 g A_' r ? ,n.: :s,. .. _. 9. n, y_._.o .: m_w., .,w. __. . , __ .', -

.

t
.

.
.

.:n..- , .:. .. .

.; ..~.-..h
.

. . - .- .

- p . .i.:n . .; f .~.'g.' . ' ~2

. . ~

%.. L % - ~. _. ,. :i .' . ~,..-: . .i; (. ".. : j.. - Jv. -
^* -'- -- .

.
., - ~ 3... . . . ... .. : .,2 . .. . ~ . .

.-

. . . . . . .

mW -?t. % .e. M V 9..f. m g j k r # 2 -f 4.T' .6L <- . .. . . ..:. n..,; tg _g ;g.g
, o

_

.......a..
:

v
- .,

- G.
~ ~ k

,

, , .
-

. ,,

_ -1 p

j 12-70 (
.y r

-
i

T&- '

lie.9EG.'TAL CONTR3L ROD WORTH
. h f. hu \

discusse.l. Now that we have sho.sn what the neutron fli.x distribution in f. * )jIn earller seettons of this manuel, the worth of entire control rods was ', k'' '

,

''
the core looks like, we can make sorne general statemants about the la.ro-~

-

sental rod worth . In both PWRs and thfRs, the control rods can be moved ;1 ,

axially in discrote increments (called steps or notches) in crder to snable .

[;
*

the rods to be p sltloned in Intermediate axial locations between fully E-' *

inserted and fully withdrawn. The total rod worth will be the sum of the k ,

|worths associated with each incro ent of movement.*
i,

1A first asproxtration of the rola?!ve wortti of Individual increments of i

'i a control rod can be obtained fran equation (10-161. The physical siza {
;

of all control rod incrorrents is uniform and the physical size of the core f

la slso constant. Thus, varistlo's in the worth of dif ferent increwints [
'-

,

'

of control rod would be expect 6d to be the result of variations in 14 and'

g In their respectivo.wicintties. It seems reasonable to assume, for ..

i <

!emple, that if a small increment of rod .ls rekoved from the extrarna top
-

' ,
'3

l of the core or the extreme bottom c,f the coro, where the flux is Icw, it ;
'

will not be worth as much as If it is removed from the conter of the ccre
6

a I where the flux is high, and in general this is'true. As a first approxitaation, ,
, '

*

the w'.arth of Individual incrc:Mnts along the 1
'

) ;

proportional to the square of the axial noUlro,ength of a control rod is
'

n flux distribution. For g
'

Q a perfect cosine flux distribution in the aylal direction, and Ignoring g..I

) othor complicating of fects, the increer.nr]foi control rod worth (l.a., worth a g

O | por incre~ent of travell curve weald ap aar liko the ball shaped curve U & ' *

. . . 1 shown on rirare 12-36. Also shown- t; figuru is the,"S",,, g Integrals
.
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- 1 Incrorental ' worth is also callet.1 di f forontial worth in some books. , .
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'

L

k I. What is the average heat flux throughout the corafj 2. What is the averaga heat flux In a bundle operating at a B*F = 1.407
'

3 3. What is the max!aue heat flux In the above bundle if It has a peak*

6
APF = l.65 near the core centerline and the maximun LPF at this elevation| ' 'Is 1.057

. *,
.

,t Since i MW = 3.41 x 10" Stu/hr, the total reactor power in Stu/hr Is:
-

$=(32501(3.41x10")=11.1xIOS Btu /hr
; 8

l| 5 The total heat transfer sur. face area Ist|

!''
''

* A = (193)(270) = 52,200 ft .2
1 |

i1

'. I Assuming that = 97$ of the heat passas in ough the claddlng as host
-

'

flux, the core averago heat flux Ist *

. Ih/AIcare avg * "'' bx * 207,000 Bru/hr-ft2=

U (
~'

! A bundle operating at a BPF of 1.4 would have an average heat flux of| s

|
.

, ) (D/Atbundleavg=(1.4)(207,0p0)=239,000 Stu/hr-ft2
-

. . ,
~

The peak heat flux in the bundle isould bet * .

{.

. :: . .- '~

t$/A) peak =(289,000)(l".65)(I.05)=502,000 Btu /hr-ft2/,

The third f actor in the deterknation of CHFR or fuel conter tenparature*
1 is the gondition of the cool *abhi We saw In Chapter il that the CHF is

dependent upon quality in a boldog system and upon subcoollng in a non-f j boIIIng system. The condition of the coolant also influences the heat
.

-

transf er coef ficient botween coolant and cladding, which In turn af fects,

the fuel center temperaturo. The.most important factor which governs the.

-

condition of the coolant is its heat content per unit welg'it. Fordpractical'

purposes, the heet content rer pound of fluid is known as the fluid enthalpy.s . .

H, which has the units of Otu/lb. To completely detamine the fluid pro-
perttee, it is also necessary to know the pressure, since this governs,

'

whether or not the heat added to a fluid goes into raising its tumparature.* *-
producing steam volds, or both. In other =ords, the pressure tolls us*

whether the fluld Is t.ubcooled or saturated. .

-- -

At overy point in the coro, there Is a maximum allowable coolant enthalpy*

which can be tolerated without excoeding either of the heat transfer limits.
The value of this allowable local enthalpy depends upon the actual heet < p4

d dflux at the point in question. For exseple, we can only tolerate a los -
-

~'.

.

enthalpy if the hent flux Is high, but can toicrate a high enthalpy if '

the host flux Is low. Knowledge of the power distribution from the pro-g vlously discussed peaking factors, which is equivalent to knowledge et ' '

the total heat added to the coolant, is not In itself sufficient to deter- '

O~ mina the coolant enthalpy. This Is because you must also know how much)
| '
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%m n D:.s
% coolant is being heated sinco enthalpy is defined as Stu per pound. In Q
.O other words, a high heat flux may be perfectly acceptable If iho coolant -h7
*

.

"9 ficu is high, but unocceptable If the coolant flow is low because tho .

E first case would result in a low enthalpy, but the second case would result s.

In a high enthalpy. %:
" -

$ .

6 Therefore, a new peatting factor which takes into account both heat cddition p,

4 and coolant flow is froquently used. This is the enthalpy rise peaking ['

y factor, FAH, . given by the expression: [._..

$ enthalpy rise of coolant in flow channel of Intere.t he.
*

FAH average entnolpy rise of coolant in the core
"

p(J'Q
2,y 112-15) *

.
..

e ,, . .

<$ In general, to ovaluato the enthalpy rise of a quantity of coolant, tha ,

.ff[; total host addition to the quantity is dividad by the flow rate. Thus, ,

-Qthe donornin4 toe .the average enthalp riso of the coolant la the core (l.a.Iat core power
'

E,i.would be obtainod by dividin0 the toI, . of equation 112-19) ,

'. ,P lin Stu/hr) by the total coro coolant flow rato (in Ib/hr). t.
.f f" :6

p Evaluation of the numerator, however, depends upon what one defines as a'

1 coolant flow channol. For ewns, a flow channel always refers to 1ho entire c:
'j coolant volurre contained witnin the limits of a single fuoi bundle. In P

.y other words, the calculationils.b'ased upon the flow through the nntire Ern bundle. This is becausosthe 9'j g bundio noso place producod ne},turbulanco caubed by volds, spacers, and thek
*

.

arly uniform mixing of Ihe coolant within a'< :, . i ,,
i

G bundle at any elevation . FeriPdRs, however, uniform mtwing within a /

;;'..' .<' D region betfeeen four fuel rods as shown in Figure 12-35. This is basically @

i ..

'j bundle is not assursed. Instead', a coolant flow channel is deflood as the .

.,,..-w $ ...
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lt Is recognized, however, that around the high perdered corner rods the g.. 'f .

|f quality or, enthalpy will be slightly higher than the bundio averago. This. NIP *

I wall. amount of non-unifomity is f actored into the CHF correlation. E.
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$'O because the PWR does not h' eve the 'large vold turbulance.ef fect and there d
'

*
' h Is'less alxIng .l,

* i g.,

Now then, to calculate the enthalpy rise in the peak BWR " channel" (f.e., y-

bundlo) we divide the total bundio power by the total bundio flow. The '
(.;

e total bundle power is obtained by multiplyin; the averego core heat flus ), s.times the bundle peaking factor times the area of the bundia. This would ).:,

then be divided by the bundle flow rate, which is ordinarily datermir.ad i.':.,

by computer calculation. In the caso .here the fuel gee: etry is un! form :-,

| (I.o., there is no orif felng), the peak Dundle flow rate will usaally be bslightly lower than the average bundle flow rate. This is because the 6i

peak bundle operates with a higher than average vold content, and volds N,

*
have a flow restricting ef fect. Ordinarily, however, the peak bunste flow f .31 r
rato is only slightly bolcw average, generally 3 ho S$. '.

,, a
'

Examples in a certain DW, the pe& bundle operates with a BPF = 1.4 and [p.
with a coolant flow rato 95$ as large as the everage bur.dle flow rate, h:J~

''[ .' What is FAH of the peak bundlef {h.
,

p"
First we will calculate the heat addition in the " average" bundle. R

~ . :.,

. ' , . Since It operates at a 88F = 1.0, M.
'

W-. > a.. .. .

9 avg " I9/AIcoro avg * Abundle xBPF=(1.01x(h/Alcoro evg 2 ....

-) *A
bh..bundle

' 4.
. u

$1ne no information was given, we cannot assign numerical values

[3
I

IO I /AI CP A *

core avg tundle'-

o :
. The enthalpy else in the average bundle, aHayg, will be 6 ,g

.

divided
. i

' .
-

.

by the average bundle flew rete. A.,g, or f: |
j . . -

: 5.*K ' *

.L '

A """#"*.'

. [- t.M,yg'= f1.0) x. ' .' e
' * (ih "*

' ' .
i

.

3.< avg ng |

&.

'The heat addition to the peak bundle is105 greator than that to the W, . ,
*

q' 4 average, bundle, or , k::,

. * W.,

'

. O eak * I.h/AI MAbundle x.BPF=(l.4)x(6/Al [core avgp,
. '.

cop .,yg ,
.

,

s

. . c - XAbundle .
.

h.. .,.
; %.,. ,

.

The peak bu'ndle eper'ates at a flow of 0.95 m,yg, so
. ,

{J
~ * ' ,

*

..} .2 .- . .

7, .,. ,
-

, ,

2 I However, some' mixing does occur in a PWR, and this is accounted for p.'l i
': by multiplying the Fgg by a mixing correction f actor which Is less

, ti.- !' '

than one (typically = 0.92). In ctner words, the actual * enthalpy ;L;. ..i riso in the peak channel Is not quite as high as It would be without S
] mix!ng. <
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\ .. ..

| peak:" (l.41 x (6/4),. . ..,,, x A . 4r.
-

M
.s .96 thavg ')

1 .

Then, since Fg = AHpeak/ANavge
-

"

AH"(1.4)x(6/A).y. ...., x As.. ,.e./.96 k .,, 1.4F ' 3'(l.aj x (9/^8 core avg * Abundle/Mavg1

a . We see that in a BelR, FAH is nearly oquel to the SPF If the flow
i

{ distributlen la reasonably uniferie.*

16 e PWtt, we are dealing with subcooled water, and all heat added to the
I coolant goes into raising itu temperature in accordance with equation

(11-31. Te get enthalpy rise, the heat added is olvided by the flow rata,<

i
n so thats.

.t.

i,- .

A" C AT *

AHsubcooled " & = C AT (12-16)
-

p
'

.' Notice that the flow cancels out of the previous expression. That is.
any flow Imbalance which exists'wllt reflect Itw!f in the channel tempera-'

fure rise. If two channels recalve the sarro best, the one with the lowest.

A flow will have the highest tamparature rise, and vice versa.v. .
'

Example I: The coolant in a PWR enters the core at 545' F and leaves''
.

*

at an average temperature of 595* F. However, the ccolant at the outlet
*

q ,

of a particular flow channel is 590* F. What Is FAH for this channel? ;
.

.
.

49

N 1 AH 45
'

_k j . AH * gg,yg " C O95-543jC (590-545) * 3g = 0.M
*

I
-

., p
,

- <
>Example 2: The peak bundio in a particular PwR operatos at a BPF = 1.45.

, *. Within' this bundle the paak rods operate at a LPF = 1.08. Assume that,

. , ' . - flow is uniform throughout the core. What is F I,
AH ..

3*.' * *

.N ;. .This example is different'from the last one in that no Information"

,' *

.ls given on tetnpersturos, so t6at equation (12-16) is not very usolut.
/ . f

~. qA, ,"*.'h],
' . .' @y/| , .H$ revel,"we cah use a . procedure anale out to that used la the example

.-

| W SWMeste'esteulate the ehenhel enth ley citet. That is, the heat !
-* * '

,
.*

addition to a channaf can be obtained from knowledge of the core j
.

averagc heat fl'ux and the apprcpriate peaktr.g .f actors. In this casa,. '

% '( ," , ,
we will have to know a BPF and an average I.PF for the four rods !.

!
*

* a rrounding the chancel (which for this example we w*ll assume to be !.
*

.. ,.

?'^ '
1.08.1 That is, the BPF assentiatly tells us how much heat is added *.s ' . .

-

'

% *

ter the average c'oolant channel in this bundl.e, and the I.PF tells !.
. i'

. . us what occurs In the hottest channel. Racall that in discussing - !-'.

B'fRs, we didn't need to use a LPF in datormining coolant properties i.

g becausa.we assumed complete mixing within each bundle.
,

| I kpeak'E'(0/^3
f

'

x BPFpeak x 1.PFavg peak x Achannelccre avg
'.=(6/Al x 1.45 x 1.08 x Achannel

I

cora avg,
O

, i .
,

1 1 ,

) ,,*
,

4I1 . i'
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'
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.

The erithalpy-rise in the channel is simply the heat addition divided ., - (,.
M since all ,

', g the flow rate, which for this problem is savg chan n
. of

channels receive the same flow. f
t

.

c a '; ki.,
IO/A),.,,r. . ,, x 1.45 x' t .08 x A .nn,t

i
'.

A" Peak * _ d' avg chan F 5,
* i s

The expression for the enthalpy rise In the averages channel will be the! L.

same as that for the peak channel except the peaking factors are all [ i;
t V:1.0 for the average channel.

1

""**^^***M [ I
AH =

8V9 %:vg chan ['
-

e. . :
-

b..' V
fg *

~ | j,? Thus,

PAN ,-A%_w , IO/A),..,..
e,., x l .45 x l .C5 x A,. . M /h...., ,.%

-

Q/Alcore avg * Achannel/havg chan ' E |;*

AH V +g e

avg 1. E-
*

:{ a 1.45 x 1.04.= 1.57 . .

F,

' "..< e (
t
I'

-

(BPF) x (1.PF). ,For a PWR. then, FAH s '
r.

For ' purposes of cor:parison, Table 12-1 suemar,12es the dusign peaking
f actors for current large (e 1000 NWE) BWRa and PdRs. It should be

y
,

'b"
:

.

CESIGH MAXIM.N PEAKING FACTO.'tS
'

TABLE 12-1: f
FOR LARGE PWRs AND BWRs

-
-

BW4 PWR,' -, [s

T74 T2T ,
'

P U
, Local 1.40 l.46 % t'

Bundle 1.50 1.72 .g g
Axial: .1 g,gg g g

.

'
. Enthalpy 2.62 2.722 :.

*O -Total (LPF x BPF i APF),

[
[t

!.
emphasized that these numbers are design' figures, and in actual operationt, , As can be seen, the .

It is usually possitale to achieve lower peaklig.
'

f.
The ;

total peaking f actors for the two plar.ts are not greatly dif ferent. [. [

OUR has higher, local peaking due is the control rod water gops, but haslower axial and radial peaking due to the flux flattening of facts of voldsAlthough The figuros given in tha .
)

...
.

/ ;.

E
i

coupled with botterin cntry control rods.
-

table are representatit.e, they will dif fer se.tewhat f rers plant to plant. lit addition, the manuf actur,ers are continually engaged in de' sign work to
- .4

> 3 k
~ c, - ;.

,{ j.
reduce these peaking factors. i. i

%. '
*

'[,.;. -

-
'

i liighty descndent upon the' precise or'lticing pattern which I's,used.-
' -

j (~

D
[1

Ordinarily, Wes'tInghouse multipfles this '' Ideal" figure by an addla
,.

|
'

-

.,tional 1.04 to account, for possible verlations brought about by equip-
.

,

2
j p>g , taant. telerences, etc.

'* ,
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Sn worth curve. This curve is vimply the sum of tne worth of all Inserted -

f
- - notches or steps' when the rod is at ar.y particular axial position. The - - :

student should be sure that he understands the difference between the Bell '

J
. *

curve ano the "S" curve.*

$ !
'

:' ; For the ideal case shown in Figure 12-36, the strongest increment occurs-

'I when the rod is withdrawn one notch or step at the axial centerline of *
. ,

the core, and the curve Is syrrnetrical about the centerline. Ordinarily, !
' j . ,

th.s is not the case, but rather the bell shaped curve is generally skewed ,

.I

-

toward either the top or bottorn of the core dupending upc.n f actors such.

as those listed belows ,.,

4 > ;'

|6 1. In a II'dR, the notches pulled trqa the tcp of the core are scrnewhate

stronger than their sytrvr.etrical counterparts in the bottom of the,g .

t eers. Thus the peak netch wqrth gesurt above the care certturline* .
. ,

(i.e., the bell shaped curve on Figure 12-36 la skeme#.to.the rlgbT).
,

i The reason for this is that when a rod which is insertaronif.eksnail 4

$[ distance into the bottoen of the core is withdrawn an adelf.lodalj notch, s,
*

n .

crease in the lower core will cause the coolant to stargt olfing-||o?.o. .'. ',.[f *-
-

4the power will increasa In the bottom of the coro. Terrs'folver'.in . . ' .
*

N
;

t r, * - '3
['',j i ..

p .' down In the core. The volds which are produced in Stamor.iteilori's - '*
p*

.E I of the core will rise throughout the upper re2 ons ,and tfnd% pols'on p- ' I
-

- ! them, causing the power incrosse In tne bottom of the cis'a' to beJ .$ . ' * *' . [.

partlelly of f set by a power reduction in the top of the core settiat ' -i
.

g the. net core power increase is small. The major of feet of',' rod di'ttv - .
'

' % 9.-

drawal from the bottom of the core Is to shif t the power distribyttort. -

g
F to the bot tom. Conversely 'when an Ircrement of rod Is withdrawn ' '* '

.,,

from the' top of the core, the extra volds which are produced a're f',

already near the core exit an4 their polsoning ef fect on other core
regions is minimized.' Thus, the total co're power increase is g'reater. |,.

T- n .

2. In a fMR operating at constant power, the strongest steps are usually (
, ,,

located below the core centerline (i.e., the bell shaped curve on p
Figure 12-36 1s show'ed to the right)*. The reason for this is that y<

.

when the rod Is partially inserted (or when we are withdrawing steps*

from below the conterline) the flux is always skewed to the bottom h.

of .the core because of the rods In the top and tho of f act of the O
.: warmer water in the top. This enhanca.s the worth of those notches F**

relative to their syrvretrleal counterparts In the top of the core. $#
.,

One way In which the previous observatJon c,an be cor.pletoly invalidated F

of the core due to insertion of part length rods into 1he bottom. In
, p,is if the reactor power distribution Is.* skewed strongly to the top'

: v.- .

'

f, this case, the strongost steps may be those withdrawn from the tcp ' 9
: ,

. half of the core. J; 31
*

,

W-
'

. '
. e . ... ,

.

3. ThehotforwaterorhigherveldsententInthetopofthecateAsusos
'

P'*

; en increase In 17 in this region anil terids to increase the notches d. .-
I'''

|, . . ' withdrawn from.the top ~ relative'to those withdrawn from the bottom. * -- .- .
' * ^ '. T\.

-
. ..

INCPEMENTAl. BORON WCRTH ' 2; . * ). M'
*

'

1 i 'N
. ,.

. , . . [ [?
' *

..

$ incremental (or dif ferential) boren.wPth r.efers to the reactivity effect
- h.:

' c
,.. ,
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~

<.

. .

-
. - .

4 g.

of each increment of dissolved chenical shlm which is added to the coro.
'
g' As a first approximation, it takes about 100 ppm 0 to reduco reactivity

I by ifak/k. However,100 ppra added to a boron free coro (l.a., going f rom * J

0 ppm to 100 ppel will have a greater ef fect than adding 100 ppm to a
highly.boratsd core (going from 1000 ppa to 1800 ppm for example). The' ' reason for this is that in the latter caso, the nedly added boren nas to
compete for neutroas with the boron of ready in the coolunt, whoreas thu
first baron In the coulant essentially has the field to itsell'. Thus,

I the incre.v. ental boron worth tends to drop somewhat as concentration In-'

creases. This behavior is shown In Figure 12-37.

2.0 -

.' l.L, ,

'
;

70* F-
-

, -,
'

g1 .

I
3] {g 2 _

'

1.,.. . .
.- " 9N -

.8 - 570*F *
< p...** n. >

.

., j yA.

.

'g,
- ,,

o s.:,

-

-j.f i
t. , j ,o . $.

soo scos uno aane.e - ' ',
80264 COMculTtATou (ypu s) -j.. .., ,

. .. . . . .
.

Figure 12-37: Typteal incremental Boron Wortn curves ,

,
- ,

,

4 ' ,,n
, .

'

t Also note that the Incremental worth drops as moder'ator temperature In- '
..

| creases. This is because of the decrosse in moderator density. In
'

ef fect,100' ppm 8 In 70* F represents more boron stems than 100 ppm ina, ,

.' 570* F water. This behavic. , of course, is what tends to make the moderator
temperatura coef ficient.more positive as discussers In Chapter 10.*,

. , .

. ; , . . . . .

. 3 REACTOR STABil.lTY'
.

.,.
,i '

.
'' ' ~

Any systers which operates wit'h feedback mechanises may become unstablel ' '

If the feedback serves to ampilly disturbancos rather than damp thcm. '
'

'

( .<A power reactor core is an example of 'a system c,pgrating with feedback..
,

| For example, reactor power, coolar.t flow rato (or flow distribution between
1 parallel flow channels), and coolant density are Interrelated quantitles*

* - which food back upon, each other. Thus Instability is theorotically pos'sible.

I
' . th the reactor e64 inuch design work is done to insurs tnat a given roactor-

|

,

systes will, in fact, be stable'. . 3 .T*.
, , , ,

; - .j '

A BwR ganorally has a lower staldllty threshold (l.o'.', Ic~more Ilkoly to '

'

.~
.

' .z .}. . . - . -,
,. .. .

.

.g be un:>tobial for. hydraullc-rosqtivity couplod Instability than a P.fR of'. , , , . - - ., ,.

.?*' .} % 1 -P '"' g* ~ '. . '.
,
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O comparable size because of the larger fluctuations in local coolant density
- h within the cara during power operation. A8 a result, our discussion of i ,

this topic will bo directed principally toward B. irs, altt:ough it should
"t be recognized that PWRs are also susceptible to this type of Instability.'

Although the reactor may become unstable for marty reasons, the sequence
. of events is usually a variation of the followingt

,

y .

l. A random disturbance causes an lacrosso In reactor power and a sub-*

sequent increase in core vold fraction.
,

2.. The production of volds causes a power reduction.
. . . ,,
- . .. .

3. The power redEct'lo4'causes p reduction in the core vold fraction.**
.-

1* . ... .* . .
,

.u .

4. . The reductfun in core volds causes a power increase and the cycle
,

es .

3 f. repeats itself. . -

, ,

a

Oscillations of ths. type described above occur contjoususly In the bolling ,

,

4. . regions of a DWR and are f requently referred to as " bolling noise". In
's stable reactor, " bolling naise" oscillations are small (generally 45% of.

. - f ull power, peak to peak) ad are not diverpnt. Olvergent means that the
emplitude of the.oecillations Ir. creases with time. In the unstable case,

.

of' course, the oscillations do diverge.' Under experimental conditions,"
oscillations of i ICC% around the averago power have boon obsc u ed. The,

term " chugging" was coined to describe the reactor behavior during early
exportments with the " Bort.x" roactors . In " chugging" vold formation wasl

*.o rapid on the power upswings that smach of the uncollod coolant was li terally
lifted from the core. On the power do.nswing this largo mass of coolant,

'

i

would f all back into the cora to restart the cycle.
. . ,
O .

.

Power Instabilltles are f'requently accompanied by, or are caused by,"

hydraulle Instabilltles (i.e., oscillations in coolant flowl. For example," *

the formation of large amounts of volds In a flowir.g fluid will markedly.' .

', increase the frictional losses that the coolant suf fers along its flow
d friction

will result in a lower flow. ping power is providod, the increaseThus, on the poner upswing portion of apath. Unless additional pum.[
;

. 'l
-

,

large esaillattene the Ineressed vele f restion. can block of f the seof ant* ' * *

( flow-whleh compounds the probless by allowing a higher vdtd f reetten than .
woold have resulted had flow not dropped., Then on the do nswing portion,,

,8
. .

,] the volds begin.to disappear and suddenly .the flow gets awltched back on.
Oscillations like this do not necessarily ef fect the core as a whole. ,

O That is, the coolant has a cholce of many parallel paths as It enters the
-

.. ,
' .

..,.
,

! !,

I " Borax" refers to bolling reactor experiet. .t,. One of the principal :'

early uncertaintles with the BWR concept.was its ability to operate In |'

a stable manner. A large arrount of theoretical work and experimental .* ,

I2 3 work Including the "Barax" experiments, was therefore done in this ,

,

,

|
area to verl fy the feasibility of .the. 8;fR. ' '. , ,

:.
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k( $ It Is possible fer flow to alternatively be choked of f th oneL -

j portion of the core and then ariother, so that core flow and core power - k') ir
core.

t
Qi.

'i;. " slosh" back and forth across the core. 'In addition to being caused as a k.
.f. ; result of feedback from power oscillations, hydraullc Instability may result [[ f,-

& when the flow characteristics of the core vary enarkedly frcm one reglon i h
. ' " to another due to ef fects lika localized scale belldup, etc. Finally, ~.-

.

thans is one mechanism by which hydraulic Instability trcy be initiated ).b.| wIthoat warning. This is when something within the vessel breaks or becomes ('
*

Id loose. It is easy to envision the effects of a place of metal ratt!!ng I T
:. around loose In the bottce of the vessel and alternately blocking and ) .

O unblocking soveral coolant passages. As a resalt, the operators must i EI.) alwsys ce alert to any signs of roactor Instability. The onsot of I.nstability !. E!^7 Is 4:ce.tpsnied by lacreased fluctu.ticns in foedwater flow, generator ocput, i P
,TJ rasctor power, water level, anc pressure over and ateve those attelbutable

! O
6 to bcIllng noise and minor fluctuaticas in systcas like the autcestic feed-

@ifV., watar control. The smsothness of plant response to ntnor translents brought
' absJt by routina testle.g of such components as the main steam teeletten

' '

.

-

(' valves also gives a gas Indicatica of stability. ff*-s p'. ,

f.yf ,- Tho question arises as to what pecmotes stability in situations such as*

[.;.

1hme coscribed above. The answer is that anything which acts to maintain* *g . . , s
. .e th<s status quo promotos stability rrost of the tine. Tho f atter quell ficotton f f
Q:5 may secm to be.nonsance, but It is a fact that a phonmonon which is very ,

$ ef factive in maintaining stability under ora set of circumstances may
[dNei cause the reactor to run away under another. Consider, for example, the i ~'

y( C MastIve void coef fielont. Normally, this coef ficient is extremely ef fective
g, in datping out oscillations because it tends to oppose olther a rise or k {r.[g a fall In poweer level. However, If the magnitude of the coef ficient Is [ t,;h overly lyge due to a poor cholce of the moderator fuel ratio, reactor powar

[,(c;.a msy tend to overcompensate for small changes in vold volume and oscillatory: -

' W conditions may result. Nevertheless, certain f actors nearly always aid BwR p
y.) statel l i ty. One et these is high reactor pressure. Tt.e higher the pressure i L
j' the smaller the volume of any givea mass of volds, and hence the less the [ >
*..}9 , chancos of flow choking and overly large reactivity offacts. Borax

-

**'

g y(:fg experlmants showed that* chugging was virtually impossible to initiate when
i. ?

P. roector pressure was >6DC psig. A second factor Is the " time constant" t
pc of the f uel for hegt trinster. lj0 . rod type fuel tends to retain boat that ['2
'

0J ., it generates and releases It rather. slewly to the coolant. This tends to
.

h.
i

damp out rapid fluctuations In core volds. It also brings the doppler i
'

$,,' coef ficient more strongly into play, which acts to maintain the status quo. "
.

i . r. '

+.

: ,, The Em has b'een preven :to be .ah exceedingly stable device as long as it C
(. Is operated within its dosign gioner and pressuro limitations. Nevertheless, ! %'

any BG will become ur statale if oporated at high enough power lovels i f. *- ~'

C, duo to excessivo vold fermation,and.the flow choking and reactivity oscil- >
Lh Intlens this produces i However, tests have shown.'that this level Is i Q|

. poses of heat transtifPea|abilltb ' generally.alqve t@ldff Men in Alsead upon the reester power he pur-
' .

' W i t+. '
V ' .u' p ** $ 3;' -

.

p.x r e'
!!i .I Reactor Instability In either a PWR or BWR cari be broget about t.y the

'

( k
E tE $ . automatic control systerns; ~ for| example, fluctuottor.s in the reactor
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pressure regulator'of a BWR will c'ause power fluctuations due to alternate k im;In the design of a complex control '

)compression and decompression of volds.
systes like ihat employed in a PWR, It is important to recognize the various 7'',

.

.

? JtFor example, thetime legs that are' Inherent in any physical pro:ess..

7. ' |
~

RTDs used to measure coolant temperature do r.ot respond Instantaneously.
,

T i.i.9 .'-
'3'a rise in reactor power does not produce an immediate Increase in T va.a 0?'Unless the control systers takes these time lags into censideration,

- i

the controllers may get out of phase with tha plant and cause Instability. y@.s |etc.

.

u.i- !

One potential type of reactor Instability wnich has recalves considerssle i f.' ' ~~af tention with the advent of the large sorwnd and third generation reactorsTheso ?.
is that brought about by spottal xenott concentratico fluctuations.
fluctuations can be Inlilated by virtually sny enange in reactor power (5,.,,

level and/or power distribution. As an exa ple, consider a PWR operatir.g
.

The axlat flux diste!- d/. .
at full power ulth all rods essentially withdrave..

.
' ''

;*
12-23(s!,bation will approximate o cosine distributten as sho.n in Figurt. 5.. .I
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Figure 12-38: Exsmple of an Undamped Axlel Xe Oscillation Following a . , M: , 1
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k -M and the xenon distribution will have a sitallar axial shape. The operator
~

, h then Initletes a boron dilution and atjlows the rods to drive in to certpen- Y

*d sate for the chemical shlm removal +oE rnalntain constant total reacter$

%|!6
power. The result of this operation is so skew ine power distribution .

toward the bottom of the core as shown in figure 12-38(b). Sinco changes "
.

.

:(F;
In xenon concentration have a time delay associated with them, the t.enon

' ' distelbution will still retain its initial shape. 14swever, af ter a few
* hours, the high flux in the bottom of the core will result In menon burnout-

'[ In this region and the reduced flux In the top of the coro will result
W in xenon bulldup. Thus the xenon distribution will be skewed'to the top
M of tine core. thereby enhancing the flux peak in the tottem of the core..

% as shewn in Flgure 12-38(c). It le possible that this ef fect could cause5
,

kj the core to approach DMD and/or centor melting limits In'the Icser region..

h[ In any cvant, the hir,h flux In the bottom of the core relative to the'

M top will eventually result In the xenon distribution shi f ting to the bottom'

<
,

U of the corf., whica in turn tends to drivo the flux back, to the top as

b shown in Figuro 12-38(d). Under certain reactor conditions, and in the
*

.

obsence of apprmrlate cperstor control action, taase axlat power oscillations*
.

UV
can continue and evan diverge. r

.
-

Althou2h it is desirable to have a reactor which is inherently capable t

E of datging out xenon oscillottons without recourse to operator action, i(y
'

this feature Is not a necessity 1:ccause the oscillations are so slow (the
, .

!y- O P*'i ' '' " '"* 'd " ' * d'Y' '"*' * "**'''' **'** '***''"''''"'Y' '

possible. Nevertheless, it is Instructive to considor- sorse of tne f actors . gi
@p which will promote stability against xenon oscillations. t:
d

.. c. Spatial unon onelllations arn conenened with thn ,hif t of pownt- frota ono ' '

d region of the core to another. Therefore, it is useful to adopt the ,

i$ viewpoint that the ' total. react'or is ccrrposed of tno (or sometit.ses more) '

'h separate reactors siftfog side by side. Those regions in which power is' | E,

rising must have a locsi excess reactivity, and those regions whera power !D ,,

,y is f alling must have a local negative reactivity. Thus, even though the | i*

;y roectivity for the entiro coro raay be zero (l.o., total core power is ;

}e constant), it is possible tipt one region of the core may to very slightly - i

superarittsal and another very slightly auserttleal,.

, ,

.., *w" .-' '

,

The rate of change of reglonal power with respect to tf rne, AP/at, Is
*[g
.-

directly related to the not reactivity of the region, and can be quall- * '
.., ,

. ".h, , * * ' rf tatively described by the following relationships t
,

',-.o -
*

-
; *

# . w ,. ,-
, ,

| ~ 3 ap : : r

= alw + aP + ak ,,4,,n,, - p y C,.- ;
. '".r; y g~ y. <

v "

,

' .,jregiono
?.K ., ,

region = rate o'f change of' regional power, [j. wheros (aP/Ati
,

[ ,
ah a excess reactivity that the regJon would possess , ,

-

{. ,''
: If there was no leakago Into or out of the % e,% . W, ;- ~

. reglon,and I f the ' region was at zere power .
~ W. ' 7,

|L
, . - ...

M.?h . w, ,

-

ff.h< . 4~; 4 7'
'

- with no xenon .

:p '

- -
.

-

a, ,.- ,

-

; ..$ ,

~ ':, * .c. < * *
~
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" ' a. a = power coef ficient of region (ak/ unit poner). ~
~ ~

I.

W If the power coef ficient is negative, this~ '

.T will be a negative number..

P = regional power
Loakage out ofAkg agag, = reactivity ef fect of leakage.,,

=
the region will have a negative sign, and.

leakage into the region (from adjacont regions)1

- will be positive..2 .

%
sh = reactivity ef fect of an atom of xenon
C * f*"*D"I * I **" " * i * * I " t h* I'9I"g

h
.

. Thus in deformining the not reactivity In 'the region we start with the*G

T rosctivity associated with the cold clean k of the radion, which is
' determined by enrichment, control rod positicn, chemica.1 shlm concontration,

To this we must ada or subtract. the reactivity of fect of regionalotc.,'
power, which is given by the product of the pc ee coefficient and the power.- ''

-
-

Ordinarily, this will reduce the regional reactivity sinca tho powery /
coefficient is negative. The next ef f ect is leakego. Thore wit t always.

sq be teme lashaga out the sl4s of fMe, >6449er, .whlen tem a llegaf f wa 8H84t, J' * .

-'a However, leakage can also occur betwa*e. rsglons of the core. I.eakage always
occurs from regions of high neutron p4pulatlett to:.regisns of low population.',

Thus, If the region of Inte, rest.la 'at 'h-towd p.oGeP than surrou tding roglons,*

there could be 3 not itakage into.the region so that leakago cargstitutes
a positive local reactivity of fcet. Finally, thero will be o reactivity
loss due to neutron absorntl6n In xenon. The total xenon of fact can be
considered to be the reactivity of fect per menon atom times the. number of'

xenon atoms avellable.
'

,.

If the sus of all of these reactivity of f acts adds up to zero,.the power
In the region will be stable. The object is therefore to have the reactor

.

!
designed so that if any of the reactivity ef fects changes (l.i., a change

i lly

compensate in such a manner as to keep the regional react lt,l sutomat ca
..

In regional power, xenon concentration, etc.) the otheywivity reasonably
well balanced..SJ -

, ..
..y Now ist us consider how this relationship applies to the lower half of'the_

core In the previous example of e INR which has undergone a change.In' power
-

..

In the lower half of the core, the local Ak,,was initiallydistribution.
increased Ibecause chemical shim was removed ' rom the beer haif of' the

,

core and no control rods were Inserted into this reglen to compensate for'-

It) and power in this region started rising. The faster we can stop this0

power rise,' the smaller will be the upset in the gross core power distri-d

bution and the more likely we are to be stable. Stability will thus be* ,

- Gnhat. cad byt -

jd -
.

, ,--

'!- l. More negative'. power coef ficient
. -

,|. ,

. .
'

The more neDative the power coef flolent, the f aster the secess.

If we.ruactivity.In.the lower half of the core will be dissipated.
-

. g'

prevent a iayge Increase in power in the lower region, we will not
*

' : at
suf fer as much extra xenon burnout and thus will alnlatze t.e shifth..

RF 1
. +.

In the xenon / distribution.
*

-
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2. Increased leahoge !

E.g -
;. .

As the neutron flux in the lower half of the core increases, the.
.q.:

J. ' potential for increased neutron ic3kage out of this region is increased. 1

|
.i

if we can take advantaae of this potential we will terminate tha
|transient more rapidly. Reglor.at leakage will be enhanced by:

4).,
'H A. Small core

.T

h
Small ' cores are inherently more stable against xenon oscillations
than are large cores.e

ij 9 Increased enlgration len2th

' '2 The f arther neutrons travel, the escre likoty they are to undergo
,' leakage.

'
*

[*, C. flon-untform pouer distribution
,

,

,|

2 If the power distribution is . flat, this means that leakage f rors
one regle.,n to another is mini'mized since the neutron populationy

h in adjsco".t regions is about the same. .

'** . ..
2b 3. l.ower power density

d. Od

p Xenon is produced b'y lodine decay 'end. ls reinoved by decay and burnouf. (
The production by lodine decay will increase when the power in the

h" region Inersetet, but there is a rather long time delay before this
la felt. Similarly, the reeoval by decay does not change rapidly when*

,h- the local power char.ges. If only these ef fects had to be conslJered
I? the changes in menon concentration would be so.small and so slow

following a change in regional power that no significant transients.:j* .*

could develop. However, at high power densities, rer: oval by burnup*

"; ' Is significant. . Since this rernoval mec*iants:n has no tiene delay associated
C with it, variations in local xenon burnup rate will cause large changes*

# In local xenon concentration. Thus, as pcwer density increases and-
0' reernval by burnup beccmes the dominant removal stachanism, changes. In.

i.) local power Jonsity cause progressively larger changes in local xenon
. concontratfor., resulting In larger local reactivity swings, and the

. %.j:
.

reactor tends to be more unstable. ' Conversely, at lower powers whera -

L burnout is less important, the reactor tends,to be more stable.

L[v The strong negative power coef ficient of BWRs make t' hem somewhat more .

*

stablo against sustained spatial xenon oscillations than equivalent ched
'k; PWs. Evan in the largest B'.G cores, ienian oscillations should be highly. .-'

@ da'eped.. However, it is not expected that the large twelvo f'oot long PMs
.'

.O will be Inherently stable against axial xenon oscillations carly in the '

life of the first coro when the power coefficient is least negative
~

'. d As a result, these reactors have teen provided eith part longth control '
,

@ rods (rods which have a' poison section 25% as long as the active core.'

'l
length) to enable the operator to counteract these oscillations If thiy

,

occur. If a local flux posk tended to occur, such as in the bottom of the k,
.U.:
m. ,
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' * core at the start of the previous exarnple, the part length rods would be- -
.

.. .
-

moved into this region to act as a local negative reactivity ef fect in ,
- *

order to help damp out the trenslent.
-

, ,

. . We have only discussed axlal zenon oscillations, but radial (sido to side)
. .;

.

and azimulhal (around the vertical axis of the core) are also possibia..

Usually, however, the core 15 more stable against tnese other types than.,

In general, the power distribuffon isf
against axial oscillations. reasonably symetridal In these directions and there oro not largo p64er
distributlen verlations in these directions as sceetimes occur in the
axial direction.
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l. In the initial loading of a BWR, the sourca-Is loaded prior to any
fuel and a countrate of 35 cps' Is obtained on a detector located In'.

'

' j,3' Four fuel bundles are loaded between the source and detector5 . ,: the core.

./ M.:.
and 1he countrate Increases to 900 cps.

.g
q.i

.

Based upon this data, what is k , ha previcus result.
with four bundles?).g| A.

B. Discuss the probable accuracy a
. - L.;;.;

.,
..

,

;.

. 2. An ICM curve shaped as shown in the figure would cost likely bef,.S'
'

; .
;

I r,
.

W,

>= 1

%.4' me -

. . . . .
.

.t . .

. , ,3

the result of 88
- .,

- .
*

?. N.C A. Detector too far fran hources'
B. Loading batneen datoctor and source;- - .

ff[ Q C. Octoctor too closs to source.
i

7
g,.

2 q *\.

'Q Explain. ---
,

lt - - -

Explain the general shape of an ICM curve for a PWR which is
.

.W 3. A.
,% boratod suffliciently to make k. = 0.91.

}/*d: B. It the countrate is 50 cps when the source and first bundle are
,

' ~ . loaded tassume one bundle core has a k, , = 0.31,.w*iat is the, , ,
*"

.H '.,'; ~
.

maximum possible countrate for the rese or la part (A) If <!stector
. ,

-
. g' .. .

.Ih - - geometry remains constant throughout?l*

.b.y

4 .A. Predict the critical loading for the following data . .
.. .... -

.;
.

,(/I:;
: ..-

|., Elements CR
- '

*' ~

. o .TZ . '.. .n. .
4..w

4 13 . .

. . . . . . . .

8 14
, "

1,' . ,,:
.

*

.t. ? 10 . 15*

' !J,' 12 20'.so ;.
' 'Y

*' -
33 30 ,,_

* .. .-

~-

tg~' so .
<

.
'

y.,..'. . .
~

..
_

-

.. a . , .

What does the shape of the ICRR Indicate about the source-fuel- -J['' * B.

',
. detector geometry?''

: .h .
'

s' . hYfg 5. - Assume that a certain BWR has a k ,, = 0.95 with all rods inserted.
Ascurro further that the worth of The rod notch which takes the reactor. ,

$ ' just erttleal la .001 n. By what faster wlli the CRR have learassed 47
' '

.

Just prior to pulling the notch chleh pio<:cs the rasetor critiesi If'
.

dotector gccmotqr can be assamad to rt. main .coristant throughout the rod <
tj.

e withdrawal? -

'
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$ y t:W
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. 6. As rod witSdrawal progresses during an approach to critical, the e**

Ir. crosses in countrate get progressively larger.and take longer to
-

.. .
- %- :equilibrate. Why does this occur? i.

... .
* '

, - . . ,

_ .) 7. Sketch the trace you would expect to see at your facility on the
riost sensitivo nuclear Instrumentation as the reactor Is started up'/

.

and placed on a 60 second period.-,
.

8. Consider the Humboldt Bay core as shown below. Fiqueo .4 shows the
"

., i i I i
_l s tis!t

,
g ] gg

_ D ruu.y wminusa L+ +--

j .g [ g . .,. ;.j ?[ D PAttw, wm4DtAW g - g g'
-

y *.

O FOLLY in sRttn 4
'

4 j ; {.

3 - ,j' 'i 3 - | /[M i,% -
- -

b,
2 .4 h h N fAL --y '

H-t ed M i + + li
.

.. X[L
i *

I | [ t y

.*
.

11 i i I I

A 8 c. e E P A e co s. s- i
. 9 i

E N. 9}
$ core at ambient temperature just prior to reaching criticality (l.a., ,

f criticality can be expected to occur when one more rod Is withdrawn). .!
:

*

F1 s n D sho s thn rod pattern sit full pownr.-* 0

A. If the object is..to go critical on a weak. rod in order to minimize j..

'i the chances of a nuclear excurston, which would you pull, C-3, C-l., .

.,

or D-St. Whyt , , ,(*

B. Would you expect the worth of ulthdrawing C-3 to be greater in j.;.
*

- pattern A or pattern Bf Why? ..

I
: ,d O. In pattee.of 8,. which would cause the greatest reduction in power,,' ' . ,*

Insertion of AJ5 or 8-47 Why? -, "
-

&. .s, ..
,. .

I9. , Discuss the relative advantages and disadvantages of PWR control pro-
.. f. ..'. *

-

N 7,'n.* j-., ,. g grams,which result in constant T.,g, constant *e, and constant Tsecondary'''
,.

-

_

10.. Describe'the 'respons's of your f acill'ty to an cpening of the generator. . <.
*

. . -

'? OCS et fdll power.' ,

.

. . . g. . .

Ol .scuss the. response of your plant to a 20% toad pickup at' the maximurs
~ . -.

. . .f II.

(C..,...."
, .e ;'-

..

.; . ,, ; rate by the norras8 method.'
,

1* ..d r *. * 4
,,

,
-.

. .327. A. ' If...a. bundle in your core is operating at a BPF = 1.25 at full power,- '
" ".

.[J. :
'

i
* -

how many WT is it producing? .

|
. . '.--' * -

8. What. Is the heat ' flux pt the above bundle at a point where the AFF = ;* '* 1- -

J-

. s..- 1.4'and the LPF = 1.17.f..... .

. . .
3-

.,, - .s - . . . .

Conalder a 300 bundle BWR operating a 600 tMT (or 2.05 x 10' Btu /hr).'' Y
. .

~
-

13. *

2 of heat trr.nsfor surface arod. At
. .

- .Each bundle has a total of'60 ft
.

.
. ' f ull power, the tiordest working' bundle tal the' core is operatin'g at a

,-
-
,,
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4 ';' bundle peaking factor of 1.35. The corner rod (local) peaking f actort.f -

la 1.33. ' At a point 10 Inches below the core centerline, the axla!'

8' M peaking factor is 1.43 and the critical heat flux is h0,0C0 Stu/hr-f t ,2
b'. At a point 12 Inches above the core center!Ine, the axlal peaking4 factor is 1.24 and the critical haat flux Is 600,000 Stu/hr-ft , w3,t2

t3 la the CHFR at each location.at full power? Tne operating license"-

K.h spect fiws that the ntlnirun CHFR must be greater than 1.5 at 1255 po.er.
'O. i Is this 11rsit being rset?.

3'.%
K

.
-

\1 14. Olseges the advantages and disadvantages of centrol reJs and chemic.tl
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axial pxer distribution, and their effects upon the operating .g
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. what is the core exit temperature of a coolant channel operating with f.'' *
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L.' 22. The failure of a core support stnteture within the reactor vessel t- ,
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f causos a significant flow roduction to several fuel asser.bfles on 2,

ono side of the coro. What are the potential consequences of this g
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event? What, If any, Indications do you have to inform you of this [occurrexet
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CHAPTER 13,

*

CHEMIC41., RADl0CHD4f C'A1., Afd NASTE DISPOSAL

C0flSIDERATICNS Ill WATER REACTOR OPERATIOf(
,

. .

.J :
e. .

*

IrlTR00tITION.

$
3 .

'f Oter the long run, successful operation of a power plant depends, In
targe part, upon the success of the chemical control program. The chemical

-

program Is basically dirocted toward four goals:
-

,
l. Preventica of aqulpmsnt failure brought abou,t by checilcal attack.

J' 2. Maintaining peak equiprient performance levels and minimizing required
.

-

maintenance.
y
*'

3. Minimizing the spread of radloactive meterials throughout the plant..

.

4. . Control and disposal of process wastes in complianco with estabitshed.: standards.-L

'a Most of those geols Involvo the appilcation of Econventions!" chomicala

principles, particularly thoso involved wlth the control of corrosive'

attack of system matorials and the olnlmiting of scalo bulldup on host
.

i transfer surf acos. tNever, thnso considorations are ccar. plicated by the!

presence of chemical reactions which result.from the Ionizing of fects of ,
*

reactor radiation energy and the myriad of nucteer reactions which occur
-

,

'

1 In and around the primary system.
' .

.

< . ,

i ,

in the first part of this chapter we wllfdiscuss a number of chemistry-
oriented topics to. provide e background for lator discussions of the

.

! 1, -

particular chemistry programs at.. reactor plants.. ,

*

'i ACint. BA888'AND pH* .
-

4t a
'

'

} Acids and bases are an3ng the most important of a'll chemical compounds.,

An acid Is defined as a cer pound which releases the positive hydrogen-j *
ton, H+; to a solution.

A base Is a' compounc which roleases the r.egative
.

,,

d. hydroxyl ~ lon, OH , to a solution. An example of a corrmon acid is hydro- .*

chloric. dctd, H:1. This molecule contains a hydrogen ton H+ bonded to~
ie chlorlde lon Cl'. In other words, the' hydrogen atom has transferred
(

;

its electron to the chlorine atora in the manner previously discussed in'

Chaptor 3 under Ionic reactions. '

A common base is sodlum hydroxide (or
. t

,

caustic soda), HaOH. This contains the lons Na+ and OH'. Acids and - ~ '' '

,
*

ta'as will neutrallre each other if placed tcgeth'er. l'or examples *

' f |
,

! j NaOH.+ hcl- H2 + NeCl
. (13-1) ' '

.

I

.
,

' . ,.,
.

- ,

. . , -

In this reaction the H+ and CH" lens have ccmblnad to for'm wa'ter while
f. - -

'
4

the Na+ and Cl* lens have combined to form table salt (which would be - '

i-# * '

lenized or dissolved by the waterl. Thus, in a neu~t'ralization reaction,.
<

both the acid and the base are destroyed and water is' formed. 4
,
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'i! The acidity or alkallnity of a solution is determined by the relative y-
.

:~ conc 4ntrations of H+ and CH lons la the solution. That it, if the ?f *.

*

,y concentration of H+ lons owceeds the concentration of OH l'ons, the solution

is acidic and vice vorsa. If tne concentrations of the two Ions are O
M( equal. De solution is said to be neutre!. The treasure of acidity or alka- y

*

.- linitt is th,+ pH of a solution. If the pH ls 7, the solution is neutral.-

'? If the pH is 47, the solution is acidic, and If the pH 15 >7, the solution h
y?- Is basic. To got a feel for the significance of pH figures, pH 6-8 is t..

,

f essantially neutral, 4-6 is* weekly acidic, <4 le strongly acidic, 8-10 is h'.' i.,.
.

weAly basic 'and >to.Is ,strongly tasic. ...-

9
,

*

.-' < .k CORAM10N Ol' SdAftRI Al.8
.

'2.

% .-
.

*[ The general or uniforN corrosion of the most prevalent materials in a
"

**

i' D clcsed cycle water cooled cosctor, carbon or stainless steel, is Illustrated . ?.
. A, . $l ,

by the6 corrosion of Iron In pure water. At the elevated temperatures
.

d/*
~

.

' *: found in reactor primary systems Iron corrodes to form an oxide called f.,' '
.

? . s
- 'h;.]i

msgr.stite, Fo3 %, 'according to the following overall equation:0 ' . '
(.*

. .

f,-Q 3Fe + 4H O ' Fe3 g + 4H22 0 (13-2I [r m
G Q The detalled mechanism, which.has been the subject of much Investigstlen T.,o

b. but about which much remains to be learned, is considered to be as follows. ?.N'

'@J.'.
The hydrogen lons in water exert a greater attgactive force upon the p.
outer electrons th the Iron atem than does the f ron nucleos, and ttius .; .

,f are able to lenize the Iron In accordance with the following equations Ej
*i. .', :.

E .';i;( Fe + (H+ + 20Hf i Fe++ + 210H*) + H
__ _ 2 II3-3I d.

$ 2H2O fy-'
-

, g") The Fe++ and CH lens. form tn[ relatively Insoluble ferrous hydroxide,
. r. 6'i:. ...

f"

; Fe10H)2, which forms a film on the surf ace of the Iron. Ferrous hydroulde P&
'

'N decompossa to form mag 6etits,' hydrogerr, and water. b.
~ , - - Q.V . .. V..

'C-. 3Fe10H12 '
r *

A33-4I '"I '& Fe3 %.+ 2H O + H20 2

N .
,

.Q The physical picture.cf the greying oxide filre is represented by Figure [
; .:(. 13-1. At the metal-oxide Interf ace, f errous tons and f ree electrons are 4.,'

L .? .' led
ka O [

.,

.lago p*

M1 _ n4 ,

: t.d _%NNV .t . y @
,
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.
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.
*
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Fe'' -

Fe##. 2,ow- ' pebu)y.g.il, f*

;g h -

'
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. Q .y:V. -

-. . . . . . ',

,' ( Figure 13-1: Corrosion of fron at High Temperatures
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formed and subsequently dif fuse Urouhh.the oxide film to the oxide- [

y* ;e '; f@3 '
.

.

' water Interf ace where thof are used up in the f.orr.ation of H2 and Fe(CH)2* - * r. .
'27 . ? The rete of- the reiction appears to be lirite< by tne dif fusion tims. , , , . .

... .of . ferrous tons through the oxide film. As tne film Nilds up the cor-* -

L.

rosion rate goes dcran, and the oxide can therefora be considered to be' - -

e protective coating for the metal. However, It appears that thers aru (
,

'
- limits to the maximum oxide thickness (usually tal inch) due to br.1hdown

of the autor surf aces, and so an equilibrium corrosion rate It ultimately f

'
1 reached.

i ,

j in addition to ferrous tons dif fusing througi the extco to the oxide.
Lwater interface, hydrogen lens and hydrogan ate.-s .ilso ditfuse in the*

.

0 oppnsite direction through the oxide to tr.o etal-oxido Interf ace.
,

.

Hydrogen than enters the metal structure Itsolf ar.J can causw roactions ,

Iwith the carbon In tho steel result!ng In de arbur!xation and embrlitlo-s .

mont of the metal.
;.

.

' One of the'Important verlables which influences the' corrosion rate of ;
r

| Iron and steel is the pH of the water. The high concentration of H+ ii
'

Ilons In ecidic solutions greatly accelerates the lent:etion of Iron in
.,

q accordance with equation (13-3), and in addition prevents the formstlon -

of the Fe(OH)2 protective film on the retal tho:ause the H+ lons neutrellte
U tho OH lens and reduce thole conenntration). Thus, neutral or proforably

, high pH water le desirable from a serpenten limiting etendpoinh i p,

'

M - The above discussion is concerned with gecerel corrosion of Iron and-
,

stool. There are also e nutber of corrosisn mechanisms which occur under'
,

various conditions In Iccalized regions. Two of the esore leportant of Li y
f those eres. .

.

f i

L 1. Chloride Stress Corrosion Crackt'ng
[

Austenttic stalnlo'ss steels (300 series) are particularly susceptible a

to stress-essisted corrosion in high ter perett.re water contalning ?
'

chlorlde'lons and dissolved oxygt .- knen the protective magnetite (

'

film is under, tensile stress, therbonds between the Iron and oxygen I
, ,

*

*
,

atoms are strotched, often almost to the creaking point. Chlorine f
' atoms which are in the. vicinity of stressed r:agnotito have a tendency b

to replace oxygen atoms In the magnetite lettico, thus converting ity .

| _
from;Fe3 g to FeCl . The reason this is possible is twofold: |O 3

A. Chlorine tends to attract electrons to fill its nearly' complete [
3

-

l outer electron shell just as doos oxygen. .Thus chlorine is ;!capchte of assuming the electron attraction (from ironi f unction - ;

| ! which was* provided by oxygen In the ragnetite structure. '|.
_

-
'

t

a 8. The' chlorine atom is physically larger then the ' oxygen atom and'

.

g it tends to fit botter In' tho stretched lattico than dess the oxygen
w atom. That is, when the larger chlorine atom is s'unstituted..for .' .
k oxygen, the bonds can shrink back closer to their normal lenyt'h ..

*
-

LIn the stressed lattice. -
'

u ;
| _-

. , .
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.<.| 4
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%,c[K
* '-

y,

- ,=- -
,

M,b , ,' , k, The forric chlorlds thus p'roduced in regions of tensile stress is. 3 y-

, subject to hydrolysis,according to the equetton:. .i- ,,' ,

-

,

t-fe2 3 + 6 hcl (13-5)O2FeCl3 + 3H O
* ,' W.o 2 .*

eq
M dhich results in a local reduction in pH (due to production of hydro-
'j''. .j chloric acid). The hydrogen tons then attack the catal.

[fd stress corrosion Is greatly enhanced by dissolved oxygen in the
wator. This appears to result from the fact that oxygen prorotes.% e thlcher eagnetite film which in turn has a greater espacity to;i, q function as a reservoir to concentrate the chloride Ions.e...

.Q.t
~ N 2. Crevice Corrosion

69 Corrosion tends to ocese In crovicos which are exposed to a corrosive:W :,
f' envi rosvnent. Fron an engineering standpole.t. crovice corrosion is *

h.4 leportant because It can result in binding cr seizure in bearings of. *
. .M rotating equipment, solzure of nuts and bolts, etc.

ish
.f,1.h Corrosion in crovices can occur because of: Al an increase in retal-

3 4.,$ lon concentration within the crevice (as corpsrod to the concentratica
L.? outsido the crovico), which may then result in concentration call
,'y ?"f) corrosion; B) a decreaso in oxygen concentratioa within the crovice
.,

ct, ,i las compared to the concentration outside the crovical, which may
thnn result in concontration call corrosion; or C1 increasnd cor-

7 -

rosivity resulting f rom tho accumulation of solt.ble and insolulato'

$.C corrosion prodacts formed within the crevico. All three of those: mechanisms are the result of littlo or no fluid circulation through
(g,M

y
the crevice. .

,fq
,,, , .e...,

.F '1 .The action of the concentration cells is Illustrated in Figure 13-2.
_
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Figure 13-2: Concentrotion Call Action in Crevico Corrosion-
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-

in Figure 13-2Ia), the high concentration of metal lens in the cre- . > e'
svice (which build up due to general corrosion and are not swept away!,

I -

tonds to attract electrons away from the si.rf ace of the metal which !bounds the main tody of the fluid-where there are fewer meta'l Ions.
-

On these latter surf acas, retallic atoms are being Icnl:cd and 'are [
going into solution. Thus tne corrosion takes ploco along those p

surf aces which f ace the esin volume of fluid. The principle of the
y

Foxygon call is tho same (02 attracts electrons to form 0" lons)
.

except that the direction of alcetron flow is reversed. That is, the t

high concentration of C2 eslecales in tne main- body of coolant tends (
y-

to pull electrons away f ran the metal surf aces which are adjacent , :.to water which nos very little dissolved oo gen. The oxygen contents.e.
E

Ifl the SP4Witt etWit tend te be lower than that in the main body of b
*

,

tne coolan7 because the oxygen would be used up in the formation of.

retallic oxides and would act to replenished if there was-little flow i,

into the crevice. Thus, In the oxygon call, the coercslon would occur . .

on flee retal surf aces unich f ace the liquid in the crovlco.,

Crevice corrosion is strongly influenced by gecmetry. The closer
-

i
' the tolerancco In a cravice, the grosier will be the crevice cor- [rosion. As expected, 14 tne surfacos forcing the crevice aro In

motion relativo to each other, crovice corrosion Is recuced due to [.
$ tne resultant mixing action' It also follows that fhe prosence of s

i.3 .

gU dissolved oxygen, greatly increases crevice corrosion. P- ;
!.

,

! SOURCES OF RADICACTIVITY IN REACTO"1 COOLANT
-

t

.

From a chemical standpoint, the accumulation of activity in the coolant,
6

' :or the possibility of producing such an accumulation, is one thing which
..

In dealing L!
m des a nuclear plant uniqJe'from conventional. power plants.,

fwith the " ordinary" chemical problems like corrosion, the chemist is
severely limited in the chemicals ho may add to the coolant to inhibit these' ..

*

processes because of the possibility,of them becoelng in'tensefy radioactive hIn addition, tne talldup of radioactivityas they pass thrcugh the cere. [~In the coolant governs, to a large d,egree, the racistion levels in whIch*

the operators must perform inele duties and af sc f!ctates tno am ,unt of
+

;treatment which must be given to process wastes before they can be dls-,

1,

charged tcL the environs. L.

: I. There are several general sources of activity In the coolant. F
These .

:includo .. ,
, <

j.
* ' l. Activation of2Co' erosion' Products }

.

L
.jThe materials use'ddn.the construction of the primary system Include

.

'
" *

stainless staal Iprincipally Fe, Cr,Ill,14n), Inconel (principally E

,

,
* -

Cr and N1, with lessor a.nounts of Fe, Mn, and Cu), alrealey (princ!-
,..

N pally 2r).. and carbon stool IFe; smell awount of 14n). In addition,
h

,'

',
I-

g ' nickel Is Invarlably conta.minated with cobalt.J, g " - ~

.
.

i L.*

; s.
,
; j'8 . .

1
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'f From these constituents, a wida variety of activation products are
firmed by neutron activation as shown In Table 13-1 below. These . s'.

h .

TARI.E 13-l - SOUEES OF COct. ANT C0AROSf 0M P400UCT ACTIVITY [.|
. .hh <
* g M'*N A.::tiva- Activation

M Stable tion Prod ct 2'

y Parent Product Decay Products
*

27 oM+8+y b2sFo88 + gni & 7 + 2 sf*" C

C 8
go vLr- 3,ng40 + g + y g22 o ' + gni - y + syCo[ r sm o e < + a- + y <uunu + oni - 1 + u,.:n -

-

n

k.aR,bj
.

St _ Q rr { y 51 + y (K capturo) {
24CrSO + On Y + 24CrH ggNb88 + 8" + y FS t > y + a,cZra, g Zr '' + on'

l li 84 f8 3 + on ---- *= Y + 2sCu . ? 8 F 2gtil & a+ tor K capture)'
.

-.,

N's
' .' C22 u h -

z su n * + 3-~
.. l S8 788k*C 2aN3 ' - p + nCo g 3,ygts + g. + y ,,

84 + on!
58 + g

I 54 M 24 r$4 + y (K capture) %l i 19 + 2s?1n Ch 2sFe an
- NW .

k '' activation products are released to the coolant as the structural ;

h maturlat corrodos or erofes. $sme of this activity ramalns in solution ['

h.m) anJ Is continually circulated throughout the primary system. A large
'

amount of it, however, ends up. In various insoluble oxide forms which {' ..

- 'd are aaneenly lensen as "erue". Same of the crud.ls filtered out of !:.

the water la the coolant purification systems, and scene of it simply .'y
t el stays suspended .In the coolant and is centinuously. recirculated.

[* ,.h 14uch of the crud, however, deposits itself on the metallic surf aces F

(. C. .li throughout the primary system. The highly' radioactive and high k.

i'M, temperature fuel' heat transfer. surface. es well as any relatively b
,y stagnant. areas such as crevices'are particularly susceptible to C

,

U*

G.
- crud deposition.

- ' . . . w.e . . n
- . .

. :. - ..

M ' in PHRs employing chem 1cil shlm, It has teerun'oted that an increase ..
w

f In coolant pH produces] slob ltime constint .MJ10 hr). Increase in core * E:i

f'7 - It is thought to be reldted to crud depositionetti 31.ie core. High pH &.

.-
55 reactivity. The rossen for; this ef fect Is not. dafl(Italy < known, but E'

-
.

gi. ,
could reduce the crud thickness on the f uel whlcle.codid',' A) lmprove gY

f{!
,

heat transfer coef ficient resulting In lower f uel;.tomparatures 'and . g
3 '

doppler reactivity galn, B) reduce parasiti.c absorption by the crud, t..'

b, and C)- reduce surfaca temperature on fuel and rnsulting nucicate 9
'd

. . ' bolling vold formation, causing ' reactivity g31n. through the vold
.

coefficient. It is.llhely that all of these acchanFsms, and possibly E
'.S .others, contribute to the phenomenon to a greater o'r' lesser degree.

.
,.
pl

t .
,, , , ,

-

.' !.,- . , Af ter' a plant has operated at full power for'several* months, it' @!
6

p,'; y obtains near eqJillbrium crud levels in the coolant. However, on.
'. f t.) g subsequent startups and sometir.as on large'' load changes, the crud i;

2 level in the coolant frequently increases by a factor *of to to 20.
| .{., - Thase incidents ero tormed " crud bursts," and aro thought to result ( ',

* " ,

g principally frcm thermal shocks. Other contributing mechanistas may ,
*
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be the result of enanges in water chorelstry during outages. For - -s

exae.ple, oxygen is Introduced when the priracy system Is cpened for
molntenance, and this may Influenca the cheelcal structure of the
crud. In addition, P'4Rs are highly borates during outages with a

'

subsequent reduction in pH. One Interesting thing about crud bursts
Is that soca plants seem to have escre troJtle with them than others,

' l'
even when the plants are.very simil4Pe to theP4 Mdet be Some very*

subtle ef fects Involved whleh have not yet been discovered.-

* *a
. -j~

2. Activation of Water .

-
.

i
.

'.\ . .
I

.

U The largest sour:e of coolant. activity durtrig agtual.high power l*

,.

.' operation results from activatten of the mater colecule itself.
.| )

-
,

Fortonstoly, rrost of .the principal contrit:utors 'to this. activi ty are .h |
~~

vary.short-lived..alnd to this activity disspccars rapidly following .i ''
-

, . ' a shuta,.n.. Tablo,'l3 II lists s=me of.the reactions which occur in |
.
. .

the coolant. - *., , . . . y ". .- , .. . .

: . .. .; .:a
.'.'*e-

. . s . .

'/.;r",i , * . i. 4, * * flBLE f 3-i l ACTIVATION.PPOCt.tTS CF WATER
-. . . .. . ..

-
s

.
.

. . :.;rr r-.-.
,

- -La s- ' , . .pAI
, . . .) . : * .,. ., .

. . .

.'e . .. Activa-. ..+ .. .

ActIYation '..
: .. ; , . . ~- g.. .

" *
-

*''. tlon '.,..w Parent:; . Pt oduct . ". * d- . *

. . $'Mucleds [ ~ *
'

Product Y. ..."' 0 deca ~y ~ Products _ . N.
.j; '.* '* '*

s.,- ..
, . ' .. .. .

.

$0 ' + g -- 2'gp ''+ yNIS
"'# **S" ,. ,. Y .

1 l l '
'

3018 + .8~ ' y(= 6 mov)
|

*
+.

. . * ' c a018 + 3 p -l
" 2 e + yNID-- N gCI 8 '+ $+H. : *
'. 6018 + 3 p -l : onI+S lF* 6018 + 8* l' ..

+^ H. . "3018 .+ 'onl lgf 8 + A' + y P

l += gG937_a.2 == q' a017 + S~ + y'' l

y.

'a017 + ent - > ypf.C.
, 3H8 + ent-

7'
,. & y + gTP '248 + 8* ' 3H

-
.

I.. .. . ..

d The great abundance'of the 3014 footope (99.8% of nat.urally' occurring,

* ,

Oxygen) makes fhe' formation of nitrogen by the first two reactions s '.
. . *

the most prevalent.1 , Af ter their formation, the .nf trogen atoms
'

', .f ;'

usually have enough energy to break away from the hydrogen atoms g
. ., .- In the eriginal water molecutee in varying degrees o.f lonization. ,)

~
. . 'y*

They subsequently combine with oxy 0an and.hy'drogen in.the coolant. 1
-

to form ions or compounds of the..following types: N0i,, Noi, NH , 1
-

NO, N0 , ard N . -
-2 1 ** **

.; .w;'ng.t.
- ' '

y|
-- -

:.' - .. :

d:.
+ -. w. . .

,.,
.

. - : '

.3 -

p<
- , . .~

: :. n ..I ,.
Freo dissolved cxygen In the coolant from alr'Ib; leakage or radio.;- )..

' *

lytic dissociation of water (discussed later Irr this chapter) are '

E|
-

'2 activated by the , reactions discussed above, but the oxygen atcrs'in ' , ' ' ' - h
-.

tha water enclecule is by far the largest source of these activatIcn-

..v i. ,

prVducts. l'
*
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In P".M systems, all of this activity is confined to the primaryi.- '

&y coolant, in BWRs, hoi.ever, abcut 75$ of the N-13 and 5% of the
yM.f N-16 go with the steso to the turbine. The reader reight wonder whyi, -

's g. there is a dif ferarca, since both r.Itrogen isstepes behave the sa.t.e

' q[h.;
fecer. a chemistry star.fpoint. The differonce is due to decay of
N-16 during its resid.nce'tfrae In the water. The fraction of the

'. *p.
-

. nitrogen isotopes which carry cvor with the steam is dependant upon !
,

* .g the specific operating canaltions. For examale, if thero is considerable.-
.

, *q ; air In-leakage into thJ C3nden% ate system, there will be a large'

d .N a;..sunt. of atmosphocle nitrogen dissolved in tna water. This will ,

4 mean that the water is saturated with nitrogen, and newly forrr.eJ '
'

e ', . rr, ni h egon will be forced into the steam. The partition f actor between,
'

fgg v . - .I d nator and steam is also ef fected by pH. If the pH ls lowered or raised*
,,

. . ;;G q{ @g= '
p from pH 7 the radlolytic nitrogen in the steam tends to increase.

,!

* '. y, . 4
*

. . , ,
'

1.,,,
' ;| From a mdleleeleaf stendpoint during power operetten. N.It is by. ' .,

;.!y@g h
{* *-

*

far the most important.of all of the water activation products due
--

>

.to its relatively large formation rate and the extromely hard gammei
,

t. V hhtch acc mpenles its decay. FI-16 is even the mejor contributor to j,
'

*:; !: raelation level.s during normsl operation around a SWR turbine, in f
' .

P *

spite of the relatively small percentage of tne tntal ti-16 produced 1

-

which roaches'the turbine.
'

i M$e ,) f
. t

'h *

6 3. Fission Products - -;,,

. .. .x g
s, y j There are two general ways in which fission products reach the coolant.

,
.

,g,7 The first is by direct recoll, where a fission product nucleus born *
* jA near the Inside surface of the cladding rebounds directly through the ,..

' '.

."

(@}'*.M cladding. Although the average path length cf a fission product
{.

,; -

. i .7' t. . . nucleusIsveryshort,therestillrom3Insasmall,gutfinite,proba-bility that the nucleus will penetrate the cleading. The other wayb.1 in which fission products travel to the coolant is through ciudding
ch.. 'd's defects. The amount of activity which reaches the coolant through j's-~

%.1 ,. defects can vary over many decades depending upon tha nutriber and sI2e[[ :'
- . . of the defects and the reactor power level. '

I.)1.j, . Theio ere two general classes of fiss_fon products--those which are
. I-

,
.

c.
' (' ,; volattie and tend to separate frere the water, and those which are [I

*

y*ff; . non-volatile, and tend to remain in solution or suspension in the water.; q'
.

*w
'

.,.

, , .b.'' Principal aeong the.volatllh f f'ssion products are Isotopes.cf the
-

!
*

(i
.. -
" . , . * i'

'
. , C. , noble gases xenon and'. krypton. Xenon and krypton decay to the non- t.,' D
.L;.\ - 'volatlls elements ceslum and rubidlum respe=tively. * Rubidium decays -

h.
s. ,'' *

to strontium and thus Is the source of the biologically significant',.s~..,

M. .

.. i{I
-*

Isotope Sr-93.
..

-.

; , , '. * -

, . .
..

y. . g. . . ' . . ,
'

a .i-.. . s.
,, . .-.,

. . , ,-
,.

[[
-

- .
.

fiL
_ t ,

l
So called " tramp" hontadlodtlon of the outer surfaces of the cladding

..
*

with minuto arounts of uranlun during fuel f abrication also contributos ( f |'
' -,. ;.., ..*-

..
.

to recoll fission product activity.
.'

*
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. In the BWR, the majority of the'fl'ssion product gases are carried

with the steam to the turbine and condensar. Those which do not undergo' '

decay durlog the residence time la the hotwell are then removed f ror.* '

*| 1he system, alon2 wIth other non-conde.1sibles, by the condenser air p
.

ejector..
,

'
ty ,fa
'

In a PfR .the fission product gases tend to remain trapped in the. '

primary systa,a. Tnore is a tendoney for them to c me out of solution*
i

and accumulate In the gas spece of the voluma control tank in the i.
'

| chelcal and volume centrol System.1 Mswever, most of the noble gesas1

are relatively short lived and decay to .their r.cn- aletite daughters.
ihtch in turn will reenter the coolant. l.onger lives noble gesos :

s *
, can be vented f rom the volume cor trol tank i.tonever requirod. Venting ;

.; , -

; Is.a nor:r.at procoJuro following a reacter shutdo=n (to res.0ve P2 frct
the coolant as allt be discussed lotor in this chapter). In additlen, r

, , . , , '

the original coolunt Inventary is gradwally expelled from the system*
<

.d and replaced by pura wotor in order to reduce the chemical shiri con-
', *

f.j *. centrJilon over the Courso of an operating C)cle. Tho enxpelicd coolant
corries with it dissalved noble gases wnich are stripped outaS as e-

first sic; In the liqufc treatment process.
.

'

Principal among tha non-volatile fission products are the longer lived ! j
*

lodine lootonos such as I-131 (T1/2 = 8 dayst, 1-133 (T1/2 = 21 hrt.

00 and i-i35 (rif2 9.2 hei. other non-voiatiie fission product isotepes t

which are commonly found in the coolant include the Cs, Rb, and $r i
dau0 ters of the nobio gasos, plus lasser aerounts.of Zr-95, Hb-95,

'

h
5 N=99, Te=99, Be=140, La-ide, ta=133, and C6=144-

,

in both PWRs and GWRs, non-volatile fission products are removed in
coolant domineralization systems, although a large percentage of* *

.< ,

1 hem edhere to vessej .and' fuel sur. faces and also to crud, and are dif= tt
'

''. ficult to get rid of. Decay is an important re ovat mechanism for theil .

short lived Isotopes. r.

'
-

. . .

During normal op3 ration, the contributton-of fission products to the
radiation levels around. primary system cor ponents Is small in com- .

.
.

. parison to N-16. ,This.was true aven In the early BhRs wnle'h expertenced
~

F;

.
,

widospread failures of.the original stainless steel clad fuel. Ho.ever ,,.
..

1 The systein used' to maintain the proper r. ass of coolant in the primary-- -
:

,

(system, and to control the concentration of enemicals (principally l

chemical shtm) In the coolant. .
-

. h
a The solubliity of a gas decreases as the to:rt erature of the liquid in N|'

,

which it is dissolved Ir. creases, and also es the gas prescure above the |-*
2 i ,.

liquid docreases. Gas strippors are of ten based' upon these prir.ciples.
,

The liquid is hoafe d norf than sprayer! Into an evacuated chuber to
Q force the gasos wt of salution. Using a spray incroas.es the surface ["

h area of the liquis and gives tho gas a bottor chanco to escopo. r

o
<

'
'

- > ;, , . .
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many of the fission products are relatively for,g-lived and markefly
.

,

?;p Increaso the rodletion levels which exist in the vicinity of pel:iry., '. ;

.;,y syst i.7. components during outages. This, of courso, c mplict,tos ev-
,'

V
v. fueling and maintoasneo work. The Icnger lived fission products atast,

N;...B also be considered in the treatment of process mutcs for dispose".I '?, ..
!.a ,.

.

M When the chemist measures the fission product activity In the cool.
! . .' or In the condenser of f-gas of a BWR he usually Icsks not only at . .e

-

total activity, but niso t.oa It is spilt up e .sa;st the verloos is . topes.Gf .. for scalo, if the fissien products are the ra: ult of recoil thor, is,"

y;~# relotively speaking, a larga percentage of short lived isotopos be.ause
;

',s. , there is little or no delay tie.i between the birth of ths fission rrc 'c...- duct enti its entrance into tne coolant.- On tr.o other hand, If ther::
'[e Is a pinhole look In 1ho cladding, there is a gecater percentago of'r .\* .a

long Ilvad' Isotopes In the coolant because it takes a finite longth.1,
*

,']., C
*

of time for' the fission products to travoi from the pollet to the .

C t.,

6 hole end. ultimately to the coolont. Finally, If there is a gspIng .

.g' hole In'the cladding and a significant quantity of fuct is exposed
g :j directly to.the coolant, the percentage of short lived isotopos enr.e'

Gr again incrosses until It approximatos the recoli distribullon. The
{'0 chemist can frequently chart the profess of a fuct defect from this .'

d Information. It is also of Interest to note that a reactor which hn:..' .

s. f operated with'large ancunts of dofoctive. fuel retains a "..emory" of
p ,A the defects for months or years after the defective fuel has been .(

y
6 .1 replaced. This is because there will be extensive uranium.contamlnation
*f .ot the systen.and fissioning of this contaminent will rolcase fissle,.1

* G ' products directly to the coolant. The fission product distribution
,h, from.o contaminated system will show a recoll charactoristic..

! :. . ,

4 Teltlum Production .

.

o

f'
-

!..M ,

[ Teltlue (gM or gT ) is an Isotope which is produced in nuclear reactors3 3

..[,;d
*

l la substantial quantitles. It decays by 3" celssion In accordance:..

f' k..;. *]
with the f ollowing reactions

.

3 h fr = 12.3 years H
-[I . gH ,2s1+A+U (13-6)'

3

$;*. .y
I/ There la ne gamme rey sesempanyttig the feeay and the A* energy is - .'.< .

< | very low (18.6 Kev auxImum, 5.6 Kev average). By way of comparison,'

most 8" emitters have ruxleum 4" energies in the range of I-2 stav
.[<) J

0 (1033-2000 Kev) In addition to any y energy. Thas tritiva is one
3 ; ..,

i of tha lasst hazardous radionuclidos and relatively high concentrations -
[% can be tolerated In the body and in the environs without adverse .l

'
' ', J-'

1, effects.
.

<-

:.(, . ~ .
~

.

Although experience to date and estim.itos of future offects of tritive-
.

.'C.|4.M
.,j Indicate that It wl,Il not be a problem, it neverthel'oss has certain. .

.

propertlos which make It worthy of consideration.,

.3.
. .

.

.U
A. In the prosance of norrel water, tritium exchangas rapidly with

$
?, J. g

hydrogon lons to form'tritInted water. HTO. Tritlatad water
-

. ., .,

|r s
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(llquid or vapor), rapidly enMrs the body by skin pet.etration.
Although its biological half-life is relatively short (= 12 days),.

.? concentration of trittated water in locall:ed areas e.Ey have some
- biological significance. Actually, there are scrae scientists sto

believe that tne grestest biologicci ef fect of triflum may result ,

,- !

from the relatively large mass dif f erences that arise from the sub-'

for 2H In a cell. The mass ef f ects would begin.

i~1 stltution of 3H3
immediately rather than being Initiated by decay of the tritium

9 atom.
*

G. Ylrtuntly all of the trittu:n produced in the reactor is ultimately .

released to the environs. This is because tritlate1 water is'

Impossible to separats f rom normal water by ordinary wasto pro- .

cossing techniques (avapsration, demineralization). Actually,
.

*

more of the plent's tritlun levantory woJ1d be released by the,,,

.g fuel reprocesser than at the plant site itself, since much of the**,

tritium produced in the ccre is retained in the fuel. ,

..,

a
:i Telttum la produced in a Verlety' evi waye In the core, locluding -

,

j A. , Ternary fission .
, ,

; One out of evory 12.500 fissions produces trittum as a f.lssion
product. For a 35,00 tut .I=.1000 ft.El reactor, this amounts to,

the produc.tlon of = 13,000 curles per year of full power operation. *

.

WPth stalntoss steel. clad fuel, Indications are that about 701 -

of this activity romalas In the fuel and.that ab'out 30% dl(fuses,, to the coolant, bperience with aircaldy clodding is not es'

C ' extensive as with stainless steel cladding, but It appears that, i

.

less than li of the triflum Is released to the coolant, possibly |:oue to chemical reaction of the triflu:n with the zircoloy. Thus,
*

g., .

for a alrealey clad' core, this source migtit only contribute = 100
!':
-

;,

curles per year to the coolant.

4
- 8. Activation of boron

.;
R .,

.

The B-10 Isotope reacts with f ast neutrons to form tritluen in ;;
accordance with the reactions e;'

- ti
' .l t 2 gHe4+173 (13-7.) [3B e , on'

-

3 .

,
The cross section for the reaction is = 0.030 barns in connarlson U
to a cross section.of = 3800 barns for the absorption of a thermal'

'r ' ,i
.

neutron by 0-10.
i,

, -

This. react.lon takes placo In control rods, buenable polson, and b
.

7 cnemical shlo. The chemical shim is an Important contributor |I
.

*
- .

to thei tritium activity.In a PdR which is not found in a BWR. j :'-*
.,c . .;

." For a 1000 MwE PWR, it la estimered that = 1000 curles per year
' '. ....i ,,.

will be formed in the coolant as a resulf of chemical shtm. g. '

y
.

* *

I .,
^ * .

~: ., _

*
,

. .

,
'

,:

,,, ,.g. . 7 ., _ . ;y- y;. v. 7 pn yg p-c. - . =

-
y'. -- - + - .w
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The boron in burnobio polson and control rods Is generally enessed
'

,

') ,

.

in stainless steel. Thus, it seuld be expected that the fraction El
', y of tho total produced which Is released to the ccolant frem this E

. .

equipreent Wd be comparable to that raloesed frem stainless ?.". C=. . , .
steel clad fuel rods. For a 10:30 R.tE PA, it has been estimatec Ei

.,

*$ '9
'that = 2000 curles per year reach the cociarit .f rert centrol rods k-,

gs

, 'and fixed burnable,po(son. f F. . . ,
.j C. Other reactions _9

.

, *-
,

y$'

Ther+ are a number rf other resctions 'which produco lesser aircunts r
.r of triflui.s in the coolant. I,..*

, $
. I. .

a -l) Activation of deuterlum F.-

G' *

302 + gn) c.--- 173+y (!!-8) *

$'

$ This reaction Is very limited (= 0.1 curies par year) because b
of the relativel{ constitutos only 0.15% of noturally occurrinlimited supply of deuterium available in7.

'

nom.al water (g0 Pe'L,
hydrogen). In hosvy wator reactors, henover, this is an g I~,

h leportant sourco of V-triflum, amountir.g to sovnral thousand
FQ curlos or yace fomed in the coolan.t. jr. ,

, i'. <
. .-

2) Activation of lithium .

-( 't. .
' ,. . ~ . . . ., : s

'HIYbi litfttua occurs In two l'sotopic forms, all . (92255)
., ' . -

s
~ ,) *

,.

7'
f.:

aftd*'2L W (7.5%). Both unsargo reactions to fem tritture. h;
*,

w
,

'' .. .. .-* .c.
, l'l'f + * g'nl - - -173 + 2 e4 5 381 4- (1)=9).

v.g i HL, ,

b'-

.N
.

1 8 i3 1 '+.o
,

gT .+.2 e"
..

b-3 Hnpj
(13-10)N N.

'

*

The former has a cross section of about 0.04 barns for f ast
w

neutrons and the latter na's a cross ~section of = 7 barns h,'.!
: ,

.
,

far thermal neutrons.
-

.
% id. ' .- ,.

$ .
* ' - -

-

The largest available source of lithiurs 'Is the 1.1-7 isotope !- '*/ ..
t

formed as a prcduct of the reaction between 0-10 and tt ermal T
. 'y 4 .neutrons In control rods and burnable poisons, l.a., 8

'

? 80

.. f}( (n,a)Ll. TI.o tritium produced frcm activation of this C.,

lithium 1s locluded In the previously quoted figures for these 6( ~.Q, ,._ ',,, ,-. s, .
" Y ;'.-s ; ; t % places of equipment, and represents about half of the total. }g.'. 9 Q'.

' " t . _ it. !
,

,
*"

.. - M in a PWR, ll0H ls used for pH control and is used in coolant X.:

' \c L'' purification dominerall crs and so both LI-5 and LI-7 aro * b.
,M ' h'J ' Introduced into the coolarit. J "

g LI-7,'which has a much lower cross section than does L1-6 Fortunately, tnis is prodcrainantly),.

L
t. w

(actustly.,the chersicals containing litnlum which aro used]
'

In PdRs huo the_ L1-7 concentration increased to = 99.95). ,

,
. tJ

. ,

". . t<
,

:2 .
-

.]l
,

}.'
. "

.n.-.. . - c . v. . ...c.,- .t,, ...
.

,

i' -

:. c~ ... m .
, -

--' . '(., +,,'4.,,-. -,,

. '' b~ t. j ) .'Q ! ' N~ .,, " g, ,, g-
.-* '',' . . . :* *

\

,\-
, .

.
y. - -

. ' ,NN. . w . :o.S " .c . . c . .
- j', r *

,.

'o~ ,
',. .

- fi[.k.y ph db, '*2 ',

;3 To L)0 3 2 7;7-

w.- #<

.

( y- ;5 -
i ,

. . . . . . . . _ . . .
'

. _ . . , . -. -.
- - ---- 8

-

.

C__ - - -



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

i

i

. n , .,. .,. x. .*-*.,. .n.,.. , a :p ,* ' , :; - r ; -
,,

..=.-_.x... -- - - - . - - - - - - - -

(, = ... . .

, .

1TI '-
'

.' $L .d . ;. . .,*;. . ' a ~ l )
-

N 4*

!. . .

. , . . , -
. , - - -: .;- ,,,, , ;.....- .

.-

,

r-, , c. . . . s. ..- ., ;-.7 -c: -w . . . - .t .

.:,,,..- - . - . . . . . --.
..~.

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

. ... v .~
. . . a. m . . ~z. < . . - 1. .

3 3 .. m . g . W p .; ; t .. -.:.-. y .
...s.: c - * --

.
t. . . .: . v. . :. . u.t. ..:. : . ... . ,. n ...f 7. .. .s..., .-c. .

-- . .
.- o, c .,. .-,..r..- ... '

gwyy.g3.z p.7.;: , .y. -'. 3 .e, . 3 1
. a.

._.y . -- ; -

men w .x.' wm :1---

, ?

; - . .
I ~.:

,,
.;

- .

k:
.

'
. .e.

' - - - g3.g3
%,

-%:- - '( V'

- - . * About 20 curles por year of tritium is produced in than coojant - - *
,

,- g
, .y of a PWR from these sources..*

y.
9 b.RA010 lytic CECOMPoslTION CF WATER
.

y, ,<
.

"
' Water is broken down into hydrogen and oxygen by raslation. The overall .

A.t.

equatlon is given by: ." .

V.
(13-1Il D2H O '[ "'* k 2H2+O22 Y.:'

.

In reality, however the reaction takes pla=,e In a series of steps whicn
[.]

* J-
. .l '.
, , ' land to the final preeucts. .

C,

O .

Equation (13-11) le. drawn with two arrows since. It is a reversible reaction. Nc

. '
v

. si That is, in the prosonce of rs.dletion hydrogen and cxygen combine to form
.

* IT.1 water. 1 4N
*

. :. : I h'

''T The dissociation reaction is thcught to be attributable primarily to
'

* .

fast neutrens, but Daw.a radiation is also a centrioutor, since disso:tation f'

L-' '

~. ) continues at a reduced rate followln2 a rea: tor shutdown. One concern
.

""*

about this reaction it, that it results in the production of free oxygen $
'

f.' .
';, J .-~ * '

,

In the coolant, with a satsequen.t Increase in oxygen. assisted corrosion. ;7 "

1* 1 To combat this In a PvfR, a small ' amount of hydro 2en is injected into tne p.
,

coolant. This d(ssolvert hyorogon is then available to react with cxygun F, ,. .

* '

'? as sosn as It la formed.' Thus, an excess of hydrogen promotes the roc.ombi-*

nation reactfen and reduces the equilibrium oxygen level in the coolant. ,
p.f

- W: .
- *

| ,.if$
.

in a BWR, Injected hydrogen wo0ld tend to carry over to 1720 turbine with'

the steam. Although t ydrogen injection has been tried on an experimental [?
td,basis land it works), it is not ordinarily used t,ecause the hydrogun is e

*

carried over with the steam and it costs too much to contleually maks it - }' f.*

,)
g

.

' up.- . . ,
,

5.. .

{'*

OCHlhiPAll2CRS.<
r..

to the radiation levels around the primary syste1 In addition to contel-
'

; f. .
*

We have shown that virtually all reactor water importtles contribute .*
,

-

k"-i
.

--.; - .

..

[fbuting to " ordinary" chsical dif fIculties su:5 as corroston, sesle
' '

,' formation, and crud doposition. Thus it is necessany to treat the coolant i, y

{j.Tto rossve as many as pcssible of the undesirable I.. purities. Demineralizers-
- -

are the most conwonly used equipment for this service.
" ' h;.

..

*: '-, t
. . .

,.

i t A domineraliter works on the principio of ton ewehange, wherein the -

domineralizer removes undesirable lens f rom tt.a solution and replaces $,*
,

"

githem with more desirable Ionic species. There are two generet types of :t.,

i domineralisers; f) cation dominerallaers which revove cations (positively -{ p. . . .
**'

[.7.
" charged tons), and 2) %nlon domineralizars which remove anions (nsgatively .

,

F ''fchargod Ions)., Physically, both types consist of millions of microscopic
,

7**rosin beads.'> .
.
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* resin.1 This flgure is shown, not because it is important to know the'
chemical formulb for a resin (It Isn't), but, to show how the resin p'rosents

. j
*

,

a tangled spider we type of arrav to nearby Ions. This complexity has <

.

a large Influence upon the ability of. the resin to retain lens. Notice f'. '

that each of the 503 functional groups has a single negative charge. The.

positively charged cations which are held by this resin will be attached ';

to too functional. groups.. *
, ' , ,. .

* Do s'impi.1fv further.digcussions of resin behavior, we will represent ttio
~

y
. teatrix by the le the~funstlenal grosp by the letter F with

s'ubscripts a and Teute.'anlon'and catica restas respectively.
1

Thus ,the resin.shown i I%d" fl'gure w6uld be represor.ter stmply as H F"' |j '

. ;|. ., .- - ! ..
.

. .' : 7 ".n
ec.

* '

/ ~.." .:.

'The affinity ot'a particulaf' rosin for d.1.f ferent Ions varies considorably'
, ,

|'from one ton to the next. The rosins'have the ability tc reject an ton '

. . -
'

for =3|ctt tney have a lo,e of finity In f' vor of one for which they havea
..

,

a h4,nor af finity. Thus if a Catlon relin has H* Ions, attached to it,c"
.

and the af finity for hydrogen Ions is lov,' It will exchango its hydrogen *
-

.3 tons for nearly any other positivo lons, Na+ for exarr.plo, which are in the .

vicinity. The net reaction might be:
,,

.,
" '

(M F )He + H+ . (13-12)y (McFe)H + tla+ ,,

"
ce ,

j. .. t

Similarly, an anion resin may be supplied with OH* lons, for which it,.

A has a low af finity, and it will exchange them for other anlons for which;''

- W lt has a higher af finity In reactions of the type: ' '
*' (M F,10H + Cl --+- (M F lCI . + CH'" (13-13)'

aa
.a . 'Inspection of the two previous equations Indicates that passing the coolmat~

i d through an appropriate mixture of cation and anton resins would eliminate -
.

. any Nacl in the solution and replace it witr. additional water molecules* r

- (the H+ and OH" lans' which are released to the coolant would form wator). -

!
Thus the water would be purifled. In some Installations, the anion and

~

.) estion resins are contalped la separate tanks, and la others they are~

mixed together. The latter are called mixed bed dominerallaers.
, . .

.

,
.

It is connon terwinology to Ident'Ify the particular anton or ention botng
hel'd by a resin as the " form" of the resin. .Thus In the previous equations, -

resins originally In the hydrogen and hydroxyl forms were converted to i

o the sodlum and chloride forms respectively.
. i

I ~ l
A mixed bed dominerallzor In which the rosins are originally In the hydro-

'

a gen.and hydroxyl forms will have little ef fect upon flae pH of the solution I.
: since it will be releasing both hydrogen and hydroxyl lons which will (|

:

!.
7'

.
.t-

da the fqure, singlo l'inos and double lines joining various atoms1 T
'represeni single and double covalent bonds respectively. Although

- N the bond lines are not shown, the hydrogen atoms are all bound to'

their respective carbon atcms by sir.gle covalent bonds. .'
.
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3 E|., '
Each resin bead is compose [f of two principal parts; an inert. Inc. ky

<

4;, . matrix, and a chemically active functional group. .le $ f..The latter is bau.. ally 7;.g the device which holds the lon which the resin will use for excha. ge.
The matrix Is a cornplex organic polymor (a long, repotitive chain if ;,3",g

) k.'

Individust molecular units joined togethor). Its principal purpot; e is FP
u

'l{
.~ to provide an Insoluble unit to .which lons can be attached and thu.: L;' -he'

retoved from solution. FIgura 13-3 shbws a typical cation exchang.. '
-
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Figure 13-3: . Typical Catton ton Exchange, Resin
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: neutt'bllze each other. In some cases, it is desirable to use the de.minera- ).gc. .,

1 fi lizer to maintain a high or low pH. For example, to maintain a high pH, i
I ,(:''' cation resins in the litnium form alght be used in conjunction with anton F
I S../ rasinsInthehydroxylform. Action of the dominerall:er would result :.

in the release of Li and OH' lons to the solution which wesid result in f

5]
|

'

,

" ' ' the solutic,n becoming more basic.
G-

,
.

p Th2 theorotical determination of the relative affinitics of demineralizers
stiy, for dif ferent Ions is complex and most of the available dats is based.

F| ur,n esportmantation. Sar.a qualJtative obso.vatisns can be c.ada, hosevrsr. i
K in gani.rol, the largir the charge on an lon, the greater is the restn's s
k- affinity for lt. .This is probably because the ion bonds to more than

'
~

-
k

.
' or.e functional group and is therefore core tightly hold in the resin

p. ;-) structure, in addition, larger more complex lons are usually held rnore
.W - tightly than smaller lons of equal chsrgo. This is probably due to their, i
b; - balng "antangled" n' ore of f ectively In the ecmplex poly.9er structure. It

..; h it knenM. fer aussple, that leePeated Gre6B linkleg ineresses the ef finity
,

,

b.; cf a resin for nearly all Icis. Cross linking would appear +3 creata |-

*/? many more Intermotocular "noaks and cranles" which act to trap lens. !

bY However, there are exceptions to these rules and so it is Last to consul.t ;

"% the I!torature to detarcine whethcr. or not a particular resin will remove s;

b a givn ton from solution. Tablo 13-111 lists a numter of common lon,
'

M
F:7 " - TABl.E 13-111: RELATIVE AFFINITY OF 10N EX38ANGE RESINS FOR CO*NO J ICNS
.:. . ,

h Catton Resin
,

Anlon Resin
.gj

M l.ow AffIntty LI+
~

~F-
N H+ OH .
! ~ .~ - Na+ Cl"
?.S

*

t.%, + Be- !
*

~.8[j
K+ N0i

'

|

E .. Rb+ I" |
'

'. ' '

$; Hlgh Af finity.- Cs* - Clos t
t

- w |.

A r, .- t In order of their af finity for ton exchange resins. The table shows, fer-

M; /, ~. " fexample, that a 11thfu:n form cation resin would grab a potasslum lon for |
*

,DT c.;}?d *
Jehich it ha's a relatively high af finity and get rid of the lithium lon..j

+ ?.
, . .JJcta'that hydrogen or lithlude form cation desineralizers will remove~.-7

..o 4
. . casJum and rubid.ivi . fission product lens fro 1: solution.

,

.': . . . .. . . .. .,

:p,] .ifhon all of the resins in a domineralizar have undergone reactions of the |.-

''- 3 typo given above, their usafulness insofer. as supoly{ng OH and H+ for
~.'. !

'. some other lons If they were not originally in the H and OH* forms) is !-

"'

ended. and the bed 15 said to be depleted. The exhausted resins can be '

'

. disca'rded at thls', time,- or , they can be regenerlited.-
,Il-

, ,,
.

~-
-

:

. w .. To understand regeneration, it is necessary to briefly discuss molecular
'

l-

, ?a . energlas. The oblit ty of a substance to react is related to Its anar2Y. .
-

"* W
;,

- with substances ordinselly becoming moro roective as their er.ergy increases. (
$.Mi .

.
'
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if we have a group of basically Identical moleculos in a given region,
they will possess a wlde distribution of energies about some average value
(which is de'tormined by f actors such as system temperature and pressure).

' This is due in large part to the random rastion and resulting coll tstons.

of the verlous inolvidual molecules. As collisions occur, ecleculos are
gelning and losing energy la a rather renJam f ashlen (the sltuation Is !

.
1basically similar to that of the "theral.al" neutrons In reactor corol.

Thus, although a given substance may not, on the averoga, possess the-

proper energy to have a high probability of undergoing sc: a particular ,

chemical reaction, there will almost always be a few moleculos which do
hs.e the proper energy and will react. ine o'nly proble.1 !s to get encugh.
of these molecules to mske the reaction pescoc.1 at a wis rable rate,'-

,

One way to do this is simply to increase the concentration of reledales.

in the vicinity. The core molecules there are, the more there will bes

which have the prepar energy for reaction. Thus it Is 15at a reaction,

which might not otherwise e cur to any great extent can be made to occur' *

*

,,.j by increasing the concentration of one or more of the reactants.,
*.-n Therefore, if we treat a capleted 'catlen bed with a strong acid (1.e., a

y solution with a high concontratton of H+ lons) reaction (13-12) can be
< reversed. Similarly, trestleg a depleted union bed with a strong base

will reverse reaction (13-13). P.cgeneratlog will thorofore return the
,

-
,

resins to their original hydrogen and hydroxyl forms In accordance with
the following reactions:

1 (t/cFc)fla + H+ ---- (McFe)H + 16+ (13-1431
,

(MaFa)OH + Cl- (13-15)(M Fa)Cl + OH* ra,; Is..,4
.

Thus the normet pref erence of the resins for Na+ and Cl" Is overcome by
literally overwhelming them with H+ and OH* lens, some of which have the ,

*

.

proper energies to make the reverse reaction attractive.e .

* '

t .

The soluttons lef t over f rom the regeneration process co,tain a highi*

eencontretlen of the Impwlty salts. If these are highly redlesettve,i' * * * N
.

"; . ' '.[ they may have to undergo special. ha'ndling and treatment. Ordinarily, -*

- If. the regenerant solutions are expected to be highly raoloactive, the
, ,

7>q 1 resins are simply discarfed rather than being regenerated.
*

* '

.: :
'

.
. . . . . *

; . 'M . i . .

.. f;h PRIMARY COOLANT CHE 41STRY PROGAN4-"-
t.g. ** w '

.
. , ,

, f "J'.M .. :. During. normal p,ower operation, chemical analyses are run several tlines a -e

.of~ ' . . . ~ -week on the primary coolant. Some of the more important tosts and limits aras :
, . y, . . _;-

3 ,

. ,-
.

'l ' As vrltten, the equation just shows the hydrogen /lon s'ince it is theI'
. .

.

] - Imp 6rtant factor in the roaction. In reality, the tecid would have sonsi.C'

.

; - ;, negative Ion ascociated with it which would also be present in the
-

*

. .

.. , solution. For example, If sulfuric acid is used,1he reaction is .'
. ' -

ig:7(Mc e)Na + H 50 - 2(M FelH + Na250g and the left over solution .

.

F 2 6 c s
,

G would contain a h!gh concentration of sodlurs sulfate.
.
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b.* l. Cilertda and-Fluoride
.g,5,j .

r;, Ibth the chloride and fluorice concentrations must be kept very
p9 low-generally <0.1 ppm. The concern with chloride is its catrimental
.M .'j ef fect upon stainless steel as o result of stress corrosion cracking.
('.O The potential fo.- tne introduction of chlorides into a BWR system-

E,'f is great if salt water is used for condensar cooling. In additloa,
[,j reany lubricants and solvents contain chloridos.
> : .,1...

c' - Flucrldes react stron2ly to dissolve essst metals, in particular the
N1 Ircsley used for fuel claeding. Fluorine is not as comonly oncentered
if*!] as chlorine, but is found in such materials as teflon and froon anc

$ can be released f ron these risterials by thermst or radiolytic decra -
D ,} position processas. As a result, these materials are not ccmonly'

.

1, | used around ,the primary system. Fluorlde also promotes stress corristen.

,,,.y.] 2. Oxygen.
W n3f;:/. It is destenble to maintain the dissolved oxygen levels as low as'

*Q", g,- scavenged f rom the primary syst~n with hydrazine In accordance with
.

. . possible to minimiro stress and other types of corrosion. In a PWR,
,i tr.n levels must be <0.1 ppm. 'Daring the Initial startup, oxygen Is.
if

t.he 'equatten N Hi,+ O ." 2H O + H . During subsequent power operation,44 4 2 2 2 2,'
s'.*~ J M. the coolant oxygen concentratio'n is maintained at a low level by

, .' [ .[Q ,,,,~J,, "meinf 1ning dissol,ved hydrogen In the coolant (= 25-30 cc/kg of coolant).3-

,

-i gy
. .. ..

,d
. . . .,.

'

li.'a (MR, fhe dissolved oxygen levels In the coslant may run as highs

i. ' ' " as 0.3 ppm compared to = 0.01 ppm in the f oedwater entering the
*

.
*-

6.i
'

vessel. Short of eliminating condenser air leaks, little can be done-

[f - to reduce these levols. Sodium sulfite, which is of ten Ls'ed 'as anfi
.

oxygen scave ger in conventional plants, .dannot' be' used because the.

y, stablo Na-23 Isotope is readily: transfermwd. to the highly radioactive
'g z Ha-24 Isotope. In add.Itlon,L.the continual feeding of ionic specles
Q*- Into tha coolant would %iliikly deplete th,e purification domineralizers.

Hydrd2ine Is not used because.,lt breaks *down'*{n the presence of radl4*.

pg tion to nitric acid (HNO )lun,le'ss en " excess ol' hydrogen is present. ~
-

3
:: q Hydrogon injection has not, teen used becaupe of reasons discussed--

.T. h .previously. ' ~'

'
- | .?

' 3.'pH - ' - . .

# ? .t
- -

- -

s, .

s~".
- i . . .

. .
-

~

'1n a BWR, the coolant is kept as' pure as possible and the pH is close'

.-

'

4. ; to neutral. If it varies m.sch from 7.0.. It Indicates that impurttles,

Y..'- 1 dro prasent in the water. A low pH (acidici greatly enhances the.; ,

@d
~~- corroslon of most matarlais. In highly oxygenated water, high pH

can promote stress corrosion..e

- ,
.

.

J . '. In a PWR, the pH will be dependent upon the boric acid concentration .
T' hh in the coolant. At high (= 2000 ppm) boric acid concentrations, the ' '

8

:

{ pH may be as low as 4.5, teharcas without any boric acid it may get as-

:_ '.3 ," ,*'

- ,;A
.

. . ,

.;.j:.
'u.a'
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O' .

high as 10.5. ' The reasca for it going so high In itie obsence of boric
acid I,s that Ll0H is added to the coolant as a pH control agont. '

It is of Interest te noto that the pH values quoted above are those
obtained in a lab with a sa:nple ten peraturo of = 70* F. At the

actual coolant cperating temperature of = $50' F, boric acid lonizes
.

. '
to a much lessor extent than at room temperature. Thus It confelbutes '

fewer H+ lons to the solution and the CH' lons 'contelhuted by LIOH
, will tend to overwhelm them and produce a noutral or basic solution

under these high temperature conditions. Thus, even though the coolant;

appears to be acidic at roce to.mperature, It will not be so acidic
at caersting temperatures. We have already snan that high pH is

,

4

beneficial In terms of reducing corrosion rates.
] .

"[ 4 Conductivity
'

| .y '

Ccnductivity is Indicativo of the amount of lonized substances dissol~ved*

In the coolant. In e PWR, the large amount of dissolved substances |
*-

reskes the conductivity rotatively high trango <l to = 40 umhos/cm3 :
J

and not particularly meaningf ul. On tne other hand, in the relatively ;*

pure BWR coolant, conductivity is a good Indication of coolant purity,In a DWR, high conds.ctivity ,'and it shcald crdinarily be <l umho/cm.
can Indicate a condonsor tubo leak, doplation of ccadsnsato dominera- i

'J- liter resins, etc. The of f act of high conductivity doponds somewh.st
upon the particular substance which is causing it. Chloride from a ',

9 salt leak will enhance stress corrosion as gcussed previously.

** Zn dro particularly susceptible to forming oxides such as Fe3 ,,
-

[Magille correston product lens, such as Fe . Cc'++, Cu++, and
0 .,

j'

- and plating out es scale on heat transfer surfaces. .

. .:
..<.

. in
5. Soron. .

, i

Th's boron concentration in a PdR is carefully monitorod as an Indication
-

. , ,

,:; of the reactivity status of the core. It will have a wide range of
.

(
J values, from about 2000 p;;,m (as B, not boric acidl during refueling

-

,

T ': shutdowns to a maximurs of = 1000 ppm at beginning of cycle power operation,3 g.to zero at end of life power operation.'' *

Boron is also monitored at a BWR to Indicate leakage of emergency
-

liquid polson solutions into the coolant. A significant amount of . i.

i, boron la the coolant could have undesirable ef f ects upon roactor
)operation because it tends to make the power coef ficient positive.

Ordinarily It will be <l ppm.

6. The primary coolant is cecaslonally analyzed for f ron, copper, nickel, !
'

zinc, or other materials which may be present depending upon what ~
,;

:

alloys are used for construction.of system components. ||-
These tests ,

.*
''

help to determine where corrosion is occurring and how truch, and '

o whether the corroston products remain in solution or plate out,.
.

Cemineralizers are the principal means for maintaining coolant purity in *

both the EWR end PWR. In a DWR nixed bed demlnoralizers in the hydrogen
! I

-
: I y,
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N and hydroxl form are Installed in the condensate system and in the cc.stant k

f'~

f,,c ,'
clean-up system. The latter is a system which takes suction from the

f reactor vessel and returns the dwmineralized water back to the vest.el F

on a continuous basis, it prevents the buildup of non-volatile Impsettles Ly^6 ,; In the vessel Itself which otherwise could ter.d to accumulate there is' <

k3 a result of the d!stillation of f act of the ballina reactor. t

w -

[.; In a P.fR a small volume of coolant is also continuously recirculatec via I

m the et.a.tical and volurre control system through mixed domineralizers .htch i
U2 era la tha Ll* and the CH for-s. Thz borated ecolant quickly convc ts [

$.] the 0,* anton resin into the torate(Gh') form ar.d tha borate ton tt n
*

'

h exchangas with impurity lons so that the de.tinerall:er does not con r.se ;

to re ovo the chastest shim. Tna boric acid coccontration itself it.

@f".f
" - -

adjusted by injecting a solution of concentrated horic acid into the .ociant, ;
when it is destres to increase the concentration er diluting it witl* - :

''j.M pure water when the concentration Is to be reduced. However, when it3 .

$' concentration is very low and it is castred to reduce it still furth i , f g

f,ch dilution is impractical tocause It takes tco r.uch water (dllution is en i n

I7 ^; exponential process and the concentration approachus zero asymptotically).
f,*,,},.] In this case, a separate datorating dominarallcar containing hydroxyl f
g. forrt anion resins Is used. Usuntly there is also a separato cotton de- [

r

* d. minorallrar in the hydrcgen forrt which can be used Intermittently to y L-

'N, control lho t.ulldup of Ll+ If its concontratics gets too high.I
| [i**v. g
3

s

O- RADI0 ACTIVE WASTE DISPOSAL. i P*

b N-

, ~- in the provfous sections we discussed the sources of the activity In the
){ ;.g

.
,

.,) pritpary coolant. With such sources of activity at the plant, the prodactlen
,

.. - of radicactive wastes Is inevitable. Thorofore, all. plants have waste
''

treatment facilities to make certain that no essloactive material Is released
'

to the environs which .:ould causa a radiation hazard to the public or .
-

plant e ployees. Strict. limits are placed upen the discharge of radicactive -

,g
*
.y wastes at each plant by the A.E.C. and verlous state and lecul agencies. .

e. . * -
..*,

*E / l. Gaseous Waste - i

pp.':
,. .

* " grw g. .

in a BWR, the major sources of gaseous waste oro condenser of f-gas J. ;i

,k, . n
.

and ventilation air fece rsdlation areas. Frem a volume stmdpoint. - --

*'y condenser of f-gas consists r minly of dissociation products L'i and 01 '

2 2,.

Ui carried over wlth the steam plus air from air in-leskage Into the e

condenser. The activity in the of f-gas, however, comes f rom N-13, h' " -
,

'

H-16, and any ire and Xe isotopes f rom tra+p U ce defective fuel. t-
. , . ,

f'1 Although there may be considerabic activity in this mixture of radio- 2
. .> ; active gases, the volum.e Ir.volved is nil. Af ter the of t-gas. ls re- 6

'

9 moved from the condenser by tho air ojector, It is sent through a h ;s

?, . # larg s volume,of piping ar.d then to the stack. The purposa of tne b 4

g, ' large volu.te of pipe is to give a traverse tige.cf 20 minutes to an F e
.

-v. .p-g n r

I Orcinar!!y 1.1+ will not replace H+ on ElenInceallzers to any great d, ['f''
,

t 7extent, but it will if its concentration increases- suf ficiently.
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hour before the gas is released. This "hcidup time" completely

, J.e
,

. .]
. [' eliminates N-16 f rota The mixture, and a cor.siderable portion of the g:,.
~ In the latter group are Kr-90 g

N-13 and shortcr lived noble gases. T.- 1 (3 seconds), Kr-89 (3.2 minutes), Xe-137 (3.8 ::!Inutos), Xc-138 (14 P.
minutes) and Xe-135m (15 minutes). At the er.d of the holoup pipe @A

-

Is placed a high ofilclency filter to re . va the particulato daughters
of these neble gases, in particular Cs-137, Sr-90, and Sr-29 (stroatium f,i

' ~

..
.

In tha daughter of rubidium, and is also a particulate meterial). P
'

,

Since Xe-137, Kr-90, and Kc-89 are all shcrt livod, they are essentf ally i'i |transformed completaly Into particulates before they roac% the filter, M !
'

Tha strontium isotopos, of coursa, are particularly harsrdous from a j:

biological standpcInt because they ecliect in ttva benas, and Cs-I37
_.

7'
.

-

' | has a long (30 yesel half-life which would allo.: It to buffd up to
E.*

unacceptable levels In the environs were it colng discharged in..1 2 significant quantitles. . Af ter the gas leaves the holdup pipe It p@.(
is diluted with large cuantitles of ventilatic,n air and sent up theM ,

.

b;.

*

The stack of fectively dispersos tra diluto mixture to insure that 9.,
*

. , ,

sta.:k. '

-| .i .i speelfic of f-site location will re:elve an undesirably' hlgh amount '

}.y'* 'j no

.i of radiation. r.5' '

L*.

Caseous waste dispcsal is less of a problem In P'.Rs because there is ' ['l
. ..

..", 1 Frem ano production of it.rge volurws of disseclation products. f
-

volume standpoint, iba majority of the gas collected in the waste- ,

f.-Q disposal system Is nitrogen cover gas %hich is displaced as various.,7..
*'*'

g tanks in the CVCS are filled with liquid. The rolettvely smalf vol'ume U.'G-
("

4 of fission gases which are parlodically strloped f rom the coolant .

.E,

are stored in tanks for long periods of time to af low the shorter lived ..,,. . '* '

'
- , ,

The bulk of the activity released to the environment .$.,

gases to decay.
consists of the relatively long Ilved 1scio;4s Kr-85 (10 years) and ,,V.

..

q Xo-133 (5.3 days)., .. 7.

1
.

-a %,.

2. l.lquid Waste
. T.7*q

F'. . '
,

. "
* The primary sources of liquid waste are a:plaaent drains and blowdowns, y'

leaky valves and fittings, and domineral!:ar regenerant solutions. y',1
., .

.' ~~

Several treatment methods are nomally uses for !! quid wastes, including] . ; .g *
.

In the latter, m'.S .g'W~g?. f holdup, filtration, ceminerallzstion, ac: eva; oration.
. the activity is retained in concentrated form in the slurry. The type lii '

'' - - - - *4
,;

If the watse p. j of treatment used depends on the conditica of tho wasto. y
is reasonably puro, it may be economical to domineralize it and return - Ka ,

,

, .l It to the primary system. 1i the water has high sollds content ar,d kt
* '''

"l} activity lovel *(repneration solutions 1ere a good exa:nple) conc,entration f*y
may be the best method.'.. Finally, weste .hich is low in activity but,r ' - 'st. !

*3 high in sollds content (and therefore, rot economical to domineralizel
* ."

eay clmply be held up to lct short lived activity decay snd then flitared'.'i j ,,

.

and pumped overbosed to the I.lant's outfall, - -f[.?~3
.'y i;

o

4, , 1,
~

3. ~ Solid Weste
\, ,./

'

.S. &
.n . . .

..n- '
'

s u
.7-

. ..~ This matarlal .wlli prir.arl'11 be co-Jpos.ed of dentneralizar resins,
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5 radiation area and has becma contaminated or activated to such a 7 jff *
level that further use would Involve a hazard to personnel. tbrmally . p

- ) tnere is no treatment for solid wasta other than compressin2 the paper, L
_, 2

- rags, and other ecmpressible staterial into covact bales for easier
@T.T.d handling and space saving. Special storags balldirigs are provided

for keeping ' solid waste at the site. Those designed for high activity (S '2,

j waste are shielded. Periodically, waste dispos.31 compantes are E-'

| contracted to haul some.cr all of the solid waste to designated turtal b-j gec6ad , in remote desert areas around the' country. O
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'W . JJ . .. PROBt.04S
..;..

-

r .1 .; -|
;

<.,

. *I 1. Discuss the principle of the Ion-exchange domineralizar. How ara
3

-

., . >

. O. these used at your facility?
..

v
. !;! 2. l.Ist the limits on reactor water quality for your f acility. D!scuss

:/i ..] the reason for each limit. t-
.

.

. . .;. ? 3. a) What are the limits for discharge af gasseus and liquid endte= i

v

''
.

active waste at your facility?*/

j- b) What are the major sources (In terms of volume) of the liquidW-
, ,

; ., and gaseous wastos?--.

:3 .J c) What are the major sources of activity in the wastes? What<

,I Isotopes are normally found In the wastes? ';,

. |, _
.- ..;

's.'j.. .

i
. 4. Discuss the various types of treatment available at your f acilityn e-j;

*
.: for liquid wastes. Describe under what con.11tions each is normally .

. .?Q :i .; used. ,

t.f y:f.;i- .
. -- . -

.<- 5. a) What is the formation mechanism for 14-167~I W J b) What is Its signif fecnce during power operation of a swr 7 of
-

".e' $. Q
. a PWR7 . .

'

. '. } h 6. Give examples of each of the following groups: !, , . .
-. p.v. s

i,' .A " a) Radiolodines * '> * .
,

f.i b) Activated corrosion prodw:ts. ,; ,., ' ! - c) t4ble gas fission products a

f.o.?Q. d) Particulates *
,

.. .. .. ,

't 2 - .1 7. Assume that the concentration of radlolodines in the primary coolant
-

.~.
.

.: ,

i{ 3 of a DwR is 5 uc/mi due to cladding failures. A packing look on a )

,!' primary syste valvo is discharging 0.5 qstions of wofor por day.:.
F,

,

Assuming that all of this water vaparl2es en reaching the atmosphera I,,

' ' ' S. -d'.1
b and is then picked up by the reactor bullclog ventilation system and. v. . '

.,
M:1 a discharged to the stack. what is the radiolodine stack release rate

'

i
i'

:

g,]; ; (In uc/sec)? How does this figure compare with the halogen release '
,.

jp}.p. .
.; , limit for your facility?,,

;,
, . . .

''

'

8. Olscuss the major sources of'triffum in your reacter. | [ i
- -

5., ..:; . . .* c..
'

p
~

:. .,,:.m ,. . .. , ..

. i
, ,

p.3.%q -}
c.g.. .

, . , . .- - '

5 L
. . -,

* ' *
. _ ' , _ . . ; j G

. . . . -
,

.

.. .

p v..:.g - . ... - ,

,,. 27 . . . - .. . , . .

c''.d4
.

* #
. .

*" ' t

kz. Q
' . . , , . - . * - I, ,

.
*

>

, .'.::} Q - y. .

'

'.;,
.. _. .

p

.

t

I

o,.,. *

j .s .

.

.g
' y

.
3,

1 ^
',-,, . + . . , - - . . . = ; .~. . - ,. , , r. .. u...x. ,

p 9 m

.

.
- ~

.

, .
.;; .

!

. . .; .

;- x' .
.

. A&.: x64 i . " :.:.; .
. . . . ^.:., .

. .; ; . - .. . .
.

:.:...

m (033Ei.;:.- 1s3 70 .L -
''

; 7-.
-- |

.,
<

, .s
,

'%.
-,r r o -

. i. ,,.i...e . c . .n . . ..,....,g,.g- . :w.. v . g .,,.;..., 1 4
, . . . - , . 7.

,

.

. - . . . , , - _. - . ,ym- _ - - . . - - , .~...-% _ - - - - . . . . . r . - . - . . . . . , . _,. .-



.

.

.

. .
4 , .,

> '-
<

. , .
~

'

. . ' '

,' ' ~- 2 5 .; 3; ,=. .~. *. .

y~_
= *

'
* **

83 ' . . ..

.
~

.. L. .: 7 . :. .- . . r,: ~ - . . ..
.

-
. . ,

. = .:- .. - . .u . . z . ..=...:, ... s . . . . . :. . i . 2 , . . . ;.,. ;- :. . . . . ..: ..
.

5
.

N,[ MhIk.?. ..[(sh:'; e(1.jbbi'j'E.g.~59.f.Ybhh-[.f)[_.kSai .h". Mj:.E' ' '
;

i 5

,

r . .

! c. ; -

I
' ~ CHAPTER 14

,

'
*

tA;Cl. EAR INSTRtK4ENTATION
, , ,

*

:
i
!-

1NTR00tsCTION
-

, ,.. .
<

.

The primary purpose of all nuclear instrumentation systems is to
detect and mees:,re the presenct of nuclear radiation for indlcation,s .

record'and control purpetes in order to protect personnel or equip. rant.
In nuclear power plant applications, alpha particles, bota particlos,
gamme rays and neutrons are the only important types of radiatTon
from a detection and measurement point of view. The device which
actually senses the presence of the nuclear redistfore Is called a

In trost doractors of Interest, radlation is cotected witherdetector.directly los Ire the caso of charged particles) or Indiroctly las in-

tna caso of gams rays ud neutrons) by the Icnizatiren which It causos,

,
. on passage tnrough a gas, solid or liquid mecfum.,,
"
.i

j DETECTCAS_
*

,

._

Gas Fllied catectors - General
s Many of the most common detector types (including the lont ration

cht:mber, the propertional counter and the Galger-MGiler tubel employ
f

gas. filled chamaors and are based upon the behavior in an electric
-

field of the ton pairs formed by Icnizing radiation! In passing.;

- through the chamber. Figure 14-1 1s a schematic diagram of such a
,

s
tETECTOR On!TER CAsits/-

/ /*CEuTER. WlRE*-
. e ,

$ $ e, [ / M ut. M To M.ETERisse,e- iwu oone

N .9 GY O-|
'

' j -
-

. ,,
- ,

'

_ _,f v. m u - Cs R.- mc. .

..

. P
., voL tsct,; /

,
, *-

gd g-

o- . a .

.=-
.

. r
- ,

.
. .

Figure 14-1: . Schematic Diag sm of'a Gas Filled ChamberI "~

. .
'.

detector consist'Ing of a cyllodrical gas filled 'chambor contalnIng .

11

a'n axlai confer wiro. The axial center wiro is electrically Insulated ,-

.'1 *

'

- .
3 The' process of Iontration by charged particles and gamme rays is

,

discussed in Chapter 4.,

..' . ..
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'

g from the cylindrical outer casing and is maintained at a postrive - e

,4 potantial relative to the casing by an external, variable high voltage
pc.ee supply. .

.

h When a nuclear particle for photoni passes through the det'cetor, Ion -

d pelis are formed in the fill-gss along the path of the particle. Tho
p[ positive and negative lens which are formed within the chammer tend toe

mIgrato toward the negatively charged outer casing and positively chargedh
,

conter wira, rospectively. The negative Ions (electronsi flow throughad.

M the center wiro an f tho external circuit to the outer casing where thuy
are .sd to ropf enir.h the electrons drawn f rom the cuter casing to,nm.tra-h lire the posit! 2 lens. The fibrof electrons in tno externsi circuit

& canstl tutas an vloctric current which is messured to Indicate if,'e pruJenceo . $ at.J pantity of radletion In the v!cinity of the detector.

g Funda ntal to the operation of a detector of this type is t!'e behavior
af i a Ion palfb formed by the Inlflat lonizing event. One of'thos hu

"
,

Impcrtant factors In this regard is tne voltage gradientl between the.
,,

1
1 two electrodes. The voltage gradient determinos the rate et which tha

*f positivo lens and electrons are accolarated toward tnele respective
*

*

g sloctrodos . The higher tho voltop gredlont, the more quickly will the2

i charged particles migrato to the electrodos in any given detector, if~

Zy tno voltr.ge grodlent is very low, the positive lens and tho electrons
f. g' do not separate very quickly and there Is a good possibility that many of

J{d
them will recombine before tney travel to the electrodes. Thus, the. total. . ,

number of charged particles which reach the electrodes will be less than (
the number which were formed by the original lonizing event. As the
volt'ge gradient is increased, the chargod partlelos cove more quicklya

tward the electrodes and recraelnation is reduced. As the voltage gradient
h~: Is further increaseJ. a poln't is reached where all of the charged particlera

{M
produceJ In the Initial Tonlaing event are collected on the electrodes.,

'

3,1 That is, there is no recombination. Small increases la voltage gradient
.

'
- ., 3 eeyend this point eo not increase the amount of charge collected because . ..

Ma
. -

-

- * '
.

.,y v'./,9 1 The voltage gra'dient is def fded as the rate of change of voltage with
;,,

'W distance between two points .Itt space. Thus, if two points have a poten.
% '

p: tlat dIf ference between ther of 10 volts, and they are 5 contimetersg apart, the vof tage gradient is 2 volts /cm. y.@ .p 2 The fic't that the voltage gradient governs the acceleration of a
. . ..

f.$
.

*p;* charged particle can be seen from the following analogy. Consider a ball
starting f rom rest at the top of a hll t and rollin2 down to the bottcrn..T;/; The velocity of the ball at tho base of the hill depends solely upon* ;.( the hofght of the hill ineglecting friction and wIr.3 resistance).? Heuever,

.

.; f tna rate at which the ball accol' orates depends upon how steep tho hill,

Is. The steepnass of the hl'll is.tho saoe as saying the gradient of the-
,,

hill in as nuch as it is.a rmosure of the chan2e in elevation por unit.,r :
* p$ -

. of travel distance. Thus tho, total energy obtained by a chargod particle,
'

,

,1 depocys upon the total. voltage.chango that it encountors, but the.,

!; accoleration it experloncos deponds upon the voltage gradient. (-
-

.
t .t .
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.c gw
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' no more ton pairs are av'alfable. \. ,

.

The discussion of the preceding paragraah is pictured in Figure 14-f
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FI' ure 14-2: Charge (Pulse Height! versus Voltage Gradient to illustrateg.
'

lonization, Proportionni Chamber and Geiger-FJiler Regions of Operation
,

4 . .
'

where the charge collected on the electrodes of a given detector is plotted,.
; against the voltage gradlont existing between the electrodos. The voltage-

~
.

, gradient is changed by varying the high voltage in Figure 14-l. Two
, curves are plotted in Figuro 14-2. Curve I is for an ionizing redletion

j- ' which produces a small number of primary lon pales In its Interaction with
the detector and c'urve.2 is for an Ionizing r.adiation which produces a

~ ' * *
. large number of primary Ion peles in its Interaction with the detector - .y,

f*

I
For example, Curve I might represent e T ray, and Curve 2 might repressn' t .

' en a particle, Region i of the curve la thu recton of recombination,a
and the charge collected increases as the gradient increases. Re2 '3A IlIg is the region whure recembination is eliminated, and the amount of chargei

.. . |g collected Is not dependent.upon voltage gradient. This region 15 comonly
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lj; ref erred to as the ' saturation region or the Ionization-chamber region. g-
$ _ As dI_scussed befora, in this region the arrount of charged particles col- ,,

g;' - locted is equal to the total numbar produced by the Ionizing radiation in y,

.@r;., -
Its interaction with the detectee. C.* **-

.

f2 As the voltage gradient between the conter electrode and wall of the $;-

b chstr.ber Is incrc ed t:eyond that corrasponding to the Ionization cha.-bar ..

N region, the charge collected on the electrodas exceeds that which was -
'*

*
, ,

- prodxec in the Initial event. To understand this ;,henemanen let us

ri lock ecre closely at the charged particles as they cove toward their i

fd.; rsspactive electrodes. Sloca the entire chatbar is filled =lth gas, (
g tnera is a good paastbility that taa charged par-ticles will pass In the p,

1' vict..ity of un-It.nized fill-gass atoms during their aassage through the -

d, cat e: tor. As they do so, they exert fcrees upon the electrons on the., f.
> fill-gas ato.ts e n :.ttempt to lonize them. If, on the avera2e, the L.i

.T peleary charged ;,articios are accelerated to a point where they acquire an y
l@ energy greater than tto lonizarlon potentiel of the fill-gas beforo c-

@J.'- they encounter un-ionized fill-gas atees, it is likely that these chorged *

W particles will, in f act, cause further Ionization of the fill-gas. This b
d additloe.at loni:ation is called secondary lonization. The positive Ions f.~$ sad electrons procuced by secondary lonization add to the charge collectod I-
<hg anJ nay themselves ca.so addition 4 secondary lenization which also ados :.
"9 to the charga and so on. As a result of this chain or avalanche of k
.

bf lonization, the final chargo col.lected on tho electrodes is much largor i

@:, Q than that carried by the primary lore pairs formed by the pos%3go of tho
nuclear particle through the detector. The ratlo of the charge ultimately g C,

E coliected to the charga carrled by the primary Ion p. ale is called the B
,{ gas empt'ffication factor. That is:.c

.s a t
. . .

M -Ceot
*'

..- prl- II4*II bAxC ** =

'f4
* *

...

. total charge collected 5
@K.

.

.. g*where C
eag g = total cheese produced in deteeter by primary lenlaing

, g
. .

5. C' *"
* pgg

eventj . p.f *
. c

, ,g; - A = gas a:nplification f actor p-
. . .

,

. -r;

; ' j% 'Th6 gas ae.plification f actor is, of course, a number greater than one b*
,

2'

,.1 and may exceed a'million . Once gas'ampilfication has begun, then, the n.
f, total charge collected increases beyo'nd- t, hat produced in the primary y

'

.,A
. event as is Illustrated by Region IJl. Over a fairly * wide range of voltage g*

' .J
h

4 . .-

D 1 The Ionization potential Is the minimuri energy required to overecrme the i
W attractive force between an electron and its r.ucleus and completely f.
Ji- remove It from the atom. That is, it is the minimum energy necossary f
M to lonize the atom. We saw In Chapter 4 that in .90st gases the ?.
r Ionization potential 3 on the order of 35 ev. P.

..
'

P.

1 2 Technleally speaking, in the l'on chamber region. A = 1, and in the <U
F, g -

i.

region of . recombination A<l. - b
'
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gradients, the gas amplificatica factor at any' particular value of voltage ~

,

gradient is Independent of the nuer.ber of lon pairt ormed In tho initial .f
tIonizing event and the t.#o curves en the Figure remain a fixed distence

apart. Another way of saying this Is that thts neerical value of A is
tha saae for both an a particle and a y ray 1 This portion of rcd en ill [i
Is called the proportional reg!on because within tnis region the sl:a t
of the output pulse is proportional to the size of the input pulse.2 As ;

the voltage gradient continues to be lecreased, the large, relatively
' slow moving positive lens begin to pile up between the electro n s, pro-

~

ducing a specu char 2s which distorts the electric field in the tube, which
!

In turn begins to af foct the gas ampilfication f actor. No lonp r Is tne
magnitude of A Independaat of the sIza cf the Initial event, ens the two j
curvas t egin to cune together. Since tha proportionality between charge~

,

tellcatsJ ond the else of the primary event begime to be lett, this peption.
-

-; of Region ill is eslied the region of limited proportlonstity. In effect,
the big primary pulses produce a big pilei.o of positivo lons and the, ,

resultant space chargo tends to weaken the fleid and linit further sacsndary i
'

lonization. A smaller Initial pulse on the other hand, can tolerata a
6 f arger A coforo It produces as large a pileup of positive lons.
''

As the voltage gradient is further increased, a point Is finally res:t.ad
,

where the avalanche of secondary lonization which had previously been con- '

fined to a point or snall reglon of the center electrode now spreads c<er"

- Its entire length and the total amount of charge collected 35 corrplately
s Independent of the number of lon pales formed in the Initial event. The t

size of the chargo Is now limited only by the voltage gradlent and the,

characteristics of the detector and its associated external circult. The
' gas ampilfication f actor and therefore the charge collected still locreases,

j' with the voltage gradlent, but the size of the output pulse does not depend
on the nature or the ' energy of the nuclear particle Icr photoni causing
the initlal lontration. This Is Illustrated by Region IV, whleh is, .

* called the Celger-MUl!.er region. 'It should be noted that screewhat of a
1 plateau (flattened areal" exists l'n'this region whero the charge collected

,

I

.
Is essentially constant. The beginning of this plateau is called the

j Celger threshold.
u

. Increasing the applied voltage beyond the Calger-Muller reglon results !
-

In a further increase In the charge collected. The potential is so high,
however, that once a discharge is initiated, others follow to ef fect a

!

|'

1
. We are speaking now of the nurr.erical value at. a given 'value of voltage

gradlent. As the voltage gradient. Increases A also increases. But.

.5 In the proportionel region, whatever the numerical value of A, it-
. i

*} ls the same,fe,r both partic.les. , ,

'

2 This latfer statement 1.s als'o .true in the ton charnbar and recombination
-

*

regions as well, however.
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t 8,', continuous dischargb.
y dotection aid rneasurement.This region Is not utilized in nuclear radiation k

,

4

R'.? ' I!ade of Operation&'
. ?4

As. we have altsady seen, the Interaction of .o r.uclear particle'?* ?.,

datoc'it,rs results in a flow of electrons through the e t2
*

with riost-
circ' ult "of .the da tector.'&

~
Referring to Figure 11-I or 14-3a, it can bex crnal electronic.. b scan that for oni Interaction the flow o,f electrons thrcugh the extern i

circol,t.wlli ca Sc a voltage chahge or pulse across the resistor R
=

.M'j s

ganeral, there ar,1 two types of nuclear radlation detectica systets.
;V . In

utilized. to detect, esasura and record this e: uctric'sig'nal2. ;.e

radiation fields. an atto:not is rodo io distingulsh cach Individsystem, which is generally applicable to treasurements maoe la very t
T. In the first" .

N o.

voltogo pulso resulting from an interaction with tro det*'I.6 .s a l
.

interactions por second (or cauivalentlis eslied pulse type oseration anc the Instruments gonorallf- ; ector. This medo
.

'r c y road out In
;[.. As the strength of a radiation fleid Increasesy palcos/sec or **courits'*/sec).

rapidly that It beccmes very dif ficult to distinguish one frcri anoththe. Interactions occur so-|
Jo' 4 ,

in a tr.enn level, or current -type Instrurentd'

! ?.i Individual events, but rather the pulsos arc, allowed to ono attempt Is medo to.maasuro
;er.

average electron . flow rate In the external circult II.e.
'

.f ~j$ Is measured. verlap and the
t3 p , the current)

4 y
in nimipi., n.)
a pulse type or cur.. m.o.r . hee.r e.n ue me t. p.ne, eme, .s O;[cy

.

rent type detector dopendin2 upon the characteristics
.

g

of the electrical circultry, la particular upon the amount ofU-
and capacitance in 1:te circult. restatancel'

to go lato detall about the characteristics of the varioIt is beyond the scope of this msnual
'I ,

circuit elements, but a few general words are in ordor.Y. us electrical
terr,s, a capeelter can be thought of as a kind of a spri,' In simplest
storage reservoir. Elaetrons can flo.e

s
| '

ng loaded electroni

As they do so, however, thof " compress the spring of thinto and accumulate on the platas of
: a capecl+or.

capacitor" II.e., build up a voltage acr'ss the capacitori.
., ,

In the circuit external to the capacitor begin to dissipate
o e? .g., . . .

If the chargesg
'q

will be releaseo" and the capscitor will reloject its st7 , the " springinto' the circuit.
tends to irrpede the flow of electrons in a circultOn the other hand, a resister is simply a device which

ored charge back.

s

efectrons r. move through 4a resistor, you have to glye them a
'

| -

In order to e.ake.

bulld,up a voltage across the resister). .
. push II.e.,

2 -

! "--

tiow

.
,

"

!
~

then, let us considor the behavior of the circuit sh
"

} I4-3a.
,

are driven out of the centor wiro of the detector by the fWhert a burst of lonizatten occurs within the detectown in Figure
~

*

!
or, electronsof the battery., _

A on the figure, the electron flow splits and some flow i tAs these electrons rosch the Junction marked by pointorce lvoltagel
y

. p{'
~~

.

and some flow into the resistor.f ,g
conmon terminals of these two devices.Thus, e voltage builds up across then o the capacitor';1

|
|, tiened b'otiecen the two devices depending upon theiThe electron flow will be prrapor-

F

, , r%, ,
. such.a r'annde that they will have equal voltnges across Their tr relativo sizes 11:h
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k Figure 14-3at. Sche.mtic of a Cas-filles Cnamner Connected to a Cc:nting Circuit
.
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v v,0 - e ^ '2=1
:.1

j
y, VOLT AM When an Ir.tcrletion of a particle

' -

S olthin the detector ta es placo,
5 fhE ' - ~' ~

, "j #,(
,

O f.5 AV a pulse Is formed. if rne originas*

Idis.LtCTacu

~

j (PEOP.To R) . J potential at point "A" of Figure
13-3a is V . than tas potential.0Rt. p V, after a timo t is given bya. ..

~ '$
- V=VO II * ** MS 530* n.-
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Figure'I'4-3c: Signal at Point "A" of Figure 14-3a when Circuit Designed'**
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for Pulse Type Operation
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For example, If the capacitance is large II.e., its' ability to storepn
i

[$;d charges is great), most of the electrons will flow into it rather than
"

2 Conversely, if the
trying to force their way through the resistor.
resistor is small, it is so easy (l.a., it takes only a small voltagel24:b

for the electrons to pass through it that they will tend to take this path. |
'i.0,]

-

in any case, the onset of ionization in the detector will result In a77,;.

rapid bulldup of a voltage across 1ho terminals of the resister and- [.y
This Is Illustratedcapaci tor which is sensed by the counting circult.g ,,

In Figuro 14-3b.by the rapid drop of the potential at point A as seen byg. 4
J-j the cowstf ng circuit.3

^g,y .
,

ftom then. once the Ionizatlon In the tube ceases, the electron flow out%.T This Is the signal for theE3
D of the center electrodo comes to a halt. Electrons thus flowcapacitor to start unloading its stored charge.W of f the espaalter and throu0h the resister (they cannot flow back to the,.'M detec+or since the un-toilted fill-gas acts as an open alreult) and-

y,3 tonization is completed 8'

the signal persists beyond the tica that actuti
.

4 '.e5 As the charga on the cocacitor dissipates, tha voltage signal gradually.The rate at which the signal dissipates
%g;6 returns to its steudy stato value.

is governed by a quantity called the HC time constant of the circuit.2 -

, *

The largar is the product of R and C, the longer Is the time constantM
- M and the more slow 1y will the pulse decay.V* , .g) It we intend to make a pulse typo Instrument, we want the potential at

- g.

N
point A to re cve[ rapidly af ter an Interaction has oc:urred so that theJ

As a general rule.g.;g next Interaction can be recorded as a separate event.4C th refore, we try to make RC small, usually by ninimI21og the value of
$.* With a small value of C, thero is very little stored chargo and-:

. ..
C. In principle, we can further

.f ' *d it only takes a short time to dissipate.Tr.at is, alth a small R. less charge WIll tendreduce IC by reducing R.Z. to accumulate on the capacltor |n the first place, and that which does

f.C_
accumulate..wllt find it easy to flow back of f since it does not have toe-

There Is a limit to hew low wo can reduco R,
buck as much resistanco.
heue'rer, because If R gets too small, the electrons. will be able to flow'C'

f .Q That is, we will
through,lt without having to receive much of a push.
not develpp much of a voltage across R and our counting circuit will not.;, : ;-

.

*

L.. jj .
.r.
.r.a

The student should not be concorhed by th's fact that Figure 11-3b
~

M 1

shout the voltage at point A dropping while the text talks about voltage.j Since our vcitage buildup is brought about by en accushulatica -

*

.bulldup, 1.o...,g.?'' of negative charges, we are getting a negative voltage buildupf;.., -r a voltage drop. ,, ' , .,

,: . - .

4 g %; Techalcelly'spgeking, the time constan't measures t?ie time regulr'ed w .'
4

.
. . .a : , I

**

.? .i.* * (. [',% r .2'
. ' *

f or 63% of the.!c.harge. carried by the espaalter to dissipate. .,. ,.
. .

,

. . , , -

Ordinarily we wodid. not dellborately place a capacitor in the curcuit
*.e.-

' ..
*

3s.

, .%.4-@ However, the detector hos a small amount of inherent capacitance (
*

at ell.
and'so it is impossible to ollminate It corrpletely.. ,* -

,
*

. , ,, p
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The designer of a pulse counting system ust,.- -

see a very big pulse.
thsrefore, chossa R so that he achieves the best balance between largei

In any case, a circuit designed withp
pulse size and rapid recevery.the proper PC tico constant for pulse type cperation would shed

a signal
,, ,

stellar to Figure 14-3c..

A term which Is of ten used to describe a pulse type system is itsResolving time Is defined as the mlnlmum time which
, ~

~.

can elapse between the Inreraction of tws successive nuclose particles
resolving flee, t.

i o cvonts..

within a estector if the> are to be counted as two success vseconds or less are not once,a.non
'

,,

Ibsolving tIcas of approxtristely 10*8If the radiation flold the detector Is measuring
'

Increases to the s,sint that the tiro Interval betweer..the intoractions
with som systems.*

la the datector decreases to foss than the resolving ties, the detector" e

output can no longer be counted as Individual e,ents and the counting;, The resolving tir9e twy
.'system 15 said to be " saturated" or "Ja .med".1'' *

be f ictitod by the charactoristics of tho dotector (lo..3 collection timal
'

- or by ino electronics of the counting system liargo RC cr inadoquate
,,

',

registering devlee).
j that current type o,Seratio'n can be obtained

it should be apparent by now
by making the resistanco R vury large so that the RC time constant is

.

.In this caso, lho pulsoss
Icnger than ihe Interval between Interactions.,,

overlap and a continuous.curront flow passos through R (the dotector
-

[-;.
This behavior is shown ,

deel het Gletharge Seitlhutuslys howeverl,,g
.The signal strength If proportional to tha rate of entry of nuclearin Figure 13-33.. No atta*pt is made to resolve the ledividual pulses.<

i ..

particios into the.dete.c. tor and the amount of lenization they cause.
.

;'

J ..- ,. ,

*

lontration Chambers _*

An ton chamber detector'can be designed in frony sizes and shapes an'd
..

.
..

'

can be used to ressure all types of radiation that produco lonization.
A typical chamber consists cf a cylindrical, conducting, g'as filled

-

chamber with a central conducting el.ectrode located on the axis of theThe filling gas In tsany
chamber and. Insulated from it as In.Figue 14-1..

,

cases is'enly af r at.atmospherle pressure, but nearly any gas may be usedThe proper voltago is appIIed
for Its particular' I,oni:ation properties.
between the wall of the chamber and the center ele: trade to cause the

'
. . $1nco the gas

detector to operato in the Ioniza'flon chamber rognon.}

emp!!!1 cation within the chamber is unity, the signal from tho Ion chambor-, '
Indicated

. requires considerable electronic ampilfication before it can boRather sophisticated and expensivo electronic circuitry Js.c
.

8,
'

b or recorded.
sometimes required to do this. _

g..
'

j

The lontration chamber can be used in alther pulse or curront type o;eration.
-

.-
For either type of opera-,

,

Tho.latter type operation is tho most frequent. tion, the signal current is very t. mall Idoponding on the appilcation '
|

* to 10-8 w erel. When
signal curront raay vary frors approximately 10-14

g

When a countin2 system.becomes saturated, the Indication may cel f t3
-

, down or even drop to zero.n , .
.;

' |'
*

.;
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'. f the current is greater than 10-8 ampere, it can be measured by a standard
~

(J sensitive D'Arsonval type meter, but below about 10-s wpero those
M Instruments are not sufficiently sensitive. As seen in the previous dis-

'l nFr cussion of modes of operation, the detector output can be dotormlned by
~j * '

s>easuring the voltage drop across a callbrated high resistance. This
] signal is normally fed to the grid of an electrcester tube (refor to;

; Figure 14-31 tehich is the first stage of a d-c amplittor. The electrometer
*' tubo is a specially designed vacaun tube which draws a very low grid

N . current and consequently has s high Input resistance, f.taximum grid
:I U . curr<.nts of the ordar of 10-1" areparo can be obtained, giving Input re-

k nict oco of 10l% ohes or higher for a I voit Ir.put. In recent years,! i

. ,!
~

.s1 its the sdvent of solid state eloctronics, the function of the electro-
'

1 meter tuba has been taken o er by a special type of transistor called
'

;
- M. 4

a field citect transistor (CET). In any case, one of the rgjor probieras
encour.tered in rudiarlon measurunnts is trying to maintain the extrem. sly

tp high resistanco of the cotector, calibrated resistors, and assselated1

d
'

connecting cables associated with o-c amplifiers.l , .

.;

il '

I lon chanbors are also widely used.In radiation protection work, as
7 3 they establish to the hignost degros a linear relationship between

i
. tha lonIzation forced by the radiation and the energy of the radiation.?.

,

This is important because the dsesge to booy tissue.Is, to a firsti

-i h approximation, proportional to the number of Ions formed in the tissue..

-

.3 e O
re As mentlened previously,' a number of. flil gases may be employed in '

G those detectors. Air is of ten used In charbers designed for the rnessure-'

[
'Q g$$ ment of y ray dose rato In radiation orotection work wince the roentgen

is defined as a speelfic a:tount of Ic.112ation in air. In other cases,
19 detectors are filled with pure nitrogon Instead of air. This is usually.

R the case If. response time is any consicoration because the prosence of
''

,-
- 4 oxygen fonds to slow the collection of electrons in the detector. This-

i 0 of fect results bacsuse oxygen has six electrons in its outor orbital and
: 'j has a strong tendency to pick up two additional clectrons to form the 0"
l .rf len. Thus electrons which move rapidly are converted to C* fons, which
Ji E move rather slowly because of their size..
"f. ,

,.

% .

'
- -

.hs Preseetlanel Counters ..

.a, u

y,. .2 ,<
r.
/ p

, Detectors operating in the prcportional region can be of alther pulse.

.,

or msan level type, as was the case with lonization charibers; however,
j i'; the pulse type application is by far tho most comtnon. Cas filled chambers

"

3 k" operating in the proportional regicn and utilized in pulse type application,; aro called proportional counters. A proportional counter, Ilke tho .

9 fonization chamber, can be designed in many sizes and shapes, but basicallyy
h; consists of a system of ,electrodas In a gas filled chaeber. The amount of

.
* {f Ionization producpd per Interaction of a nuclear particle is a f unction.t .

d" ~
j.; of the energy of the particle as well as the chr:.ber characteristics
th and operating conditions. The gas amplification obtainablo in prcportionet
/; O counters varies frvm unity up to about 10 .5

.

Yj (y once again, virtually any fill-gas can be used In a propcrtional counter..

h, . h evor, the performanco of a propertional counter can be st.bstantially
-

y)
.

.

{'-
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Improved by the cholce of the proper gas, and therefore the choices are. -

'

generally somewhat more limited than in the case of an lon chamber.
Since proportle.nst . counters are usually used in high speed pulse counting

. - . systems, oxygen Is never Included. Ordinarily, the fill gas contains a
larDe percentage of a monatomic gas like argon. This is because a

? higher gas amplification is achieved with these gases because the enargy.

available to cause Ionization Is used core ef ficiently for this purpose.,

Polyatomic ga'secas molecules are frequently disassociated.by chargod
particles rather thna tonized. Usually, hewavor, the fill-gss contains

*

a small u.oant of a polyalemic gas to help quen:h tha discharg: (m
*

J nut section for o discussion of quenchleg). A cc:rron propertional
N ' counter flll gas Is "P-10" gas, co'np: sed of 90% argon and 10$ r. ethane.

}j (Calg ) .*

.1 .

Proportional counters of fer several advantages over both pulse type*

*
5 tonization chambers and Geiger-Muller hbes (discussed next). Both

v 'R pulse type lenlutten chambers and presortional oewnters Nintain pre >Sr=. *

* tionality between the output pulse end the number of Ion pales formed
p in the Initial Interaction of e ~ nuclear particle in the detector. This

. .j porparty makes possible afscrimination between the various types of
radiotton and the determinstion of the energy of the nuclear particles.1'

Honever, the proportional counter, because of g.ss a:npilfication, pec$uces *

a much larger output voltage pulse than doos the ton chamber. As a
result, the electronic amplification.necessary in a particulse application'

for recording the signal is less for the proportional counter. Therefore
%| the proport!onal counter of ten requires simpfer, less expensive electronic. , ,

treescring equipment than that needed by the Ion chamber for equivalent'
.

service. Actually, pulse type Ionization chae.bers are not sensitive
enough for utilization in tota radiation c.easurements wheroes proportional

y counters are qulto adequate. The proportional counter has the advantaga,

i
.

' over the Geiger-Miller tube (discussed below) In that proportionality
Is maintalnad in tha proportional countar, whereas In the Celgor-Millier
tubo, the dependence of tho vizo of the outpat voltage nulso upon ths primary
lonization Is complotely lost. Another advantage of the proportional counter

- over the Geiger-16 iller tube is that for straight counting (where the
:.] pulsehelghtdoesnothavetobeknownaccurate[y)theresolvin2 tire

' *

. of the proportional counter can be mada as low cs,0.2 to 0.5 9 sees whereas'

.
t

. the resolving time of the best Geiger-MGIlor tube ls on the order of,<
, , . . . 100 to 200 y secs because of the large discharge which must be. quenched

..'af ter each pulse. . Much higher counting rates are therefore possible witt!2 -
~

proportional counters than with Geiger-fdllier. tubes. Proportional couators
, are also scuawhat f a' ster responding than pulse type ton cha..bers because

.

, .
.

*
i

.
*- -

. '

1 Refer to the section. on Pulso Height-Analysis.on page 14-38 of this
.

. :
-

.;; '.9 emetlen for a dleaussion of discriminetlenaand partiale en*P0y deteemindiana.
*

,

, . 2
Whenever.th'e amplitude of the pulses must, be maasured accurately, the -

error la pulse size because of the presence of Iontration from the pre-$ coding pulse must.be avolded. The resolving tIms of the proportionst
countor in this case Is on the ceder of 50 to 100 9 secs. -

!
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4.- . .

u . .-

'y s

p
' the higher voltage gradient significantly reduces the ml;; ration tima

. . . .
-

F.'
.

,

0J of the relatively slow positive lon.s. ~

:
..'

M .

; - .
.

Geigar-MGiler Tubes..W
'

.

th
h The Geiger-!Giler (G-M) tube has been one of the most widely used d.v

"

4.? tectors In the nuclear power Industry because of 1ts high sensitivity
and reasonable cost. The tube censists of a gas filled envelope c:entaining.

h,j/ two electrodes. The voltaga spalled betwee.n the t,.o electrosas is r.uch
W that the detector courates in elegion lY of Figure 14-2. These coun t .. s
d can be used for counting any type of nuclear radiation which will pr bce
( lonization within the tube, no matter how small the amount of lonizuf fon.
.Y).. The signet f rom a Gm'4 tube is typically 100 times greater than that f rors'

a proportional c3unter, and may be on the order of ,1 volt or more.
.

h@~s Consequently, a rs aer sleple,. low. cost maasuring c'Ircuit is rc.luiredI

M in a system utilizing a G-M tube of the. detector. It is because of its
| M simplicity, sensitiilty and low most thal" this' type of counter is frw-

*

'f quently used. .it has, however ce'ctalsi disadvantages. Because the pulge
.h; cites are Independent of. the pel'nsry*lonization, pulse size cannot be

used as a sneastra of p.articis energy.. nor is it possible.to discriminate*|g be1 ween verlous types.of nuc' lear particles except by plactr.g varying thick .f
h nesses or typ'esibf' external sblaicing around the detector. Also, as ..

provlously'afi cus' sed, a G-M. counter" is approximately 100 times slowergj
- than a pro " .icipal. counter because of the large dead timo resulting k3 i .movlfM3. then. h of posittve lens surrounding the centert", from the s,

{p,; electrode firl{oding each lonizing event. .g,

.pp :e . o

|J The most corrmon',till-gase's for'a G-M tube are the noble gases, particularly*

.j"1 arDen and neon.. Uhless prowlslon is nede to prevent them, multiple
JJs discharges will' take place- for one Int'eraction of a nucles particle in

.

f.d-j the . tube.' Multiple discharges result from the f act that the positive' gas .
.

'

'M (argon or neon)- lons are accelerated-so rapidly toward the well in the
,y. G-M tube that when they strike the well they will generally knock out,

7- many secondary electrons. Tnese, of course, will cause additional
.

' M. lonizettons and allow the tube to discharge continuously. To prevent~

Q' this. f rom occurring; a small amount of a . halogen gas ! generally Cl2 or*

.

.i N Brg) is added to the normel fill-gas to quench the discharge. Although
.

jd somewhat oversimpli fied, the basic principle behind halogen quenching
'

'

.

,' d . ls as. follows:
u,.u,

; :;5 1. The positive argon or neon lons have an extromely high ability to .

gG attract electrcns and thus regain their Inert gas structure. There-,.

W fore, they will pull electrons from the halogen molecules In the "'
-

a. ! vicinity and neutralize themselves.
,,,.. .

- c. ,.

( gt,, . . - . .
2 >

p 2. As a result of step I, the positive particles which approach tho' .
~ '

'-

yf well of the G-!4 tube are Ionized halogon molecules rather than argon-

.. ; . ., , lons. As they near the wsil, they attract electrons f rom It and .
*

.*
,. ,

?.+ become neutral halogen molecules. They are hignty excited due to
| .W the kinetic energy they acquired in traveling to the wall and due .

,

. *

. ,% to the kinetic. energy possessed by the electrons whIch they attracted. '.,*

[|, - Howover, halogen rotecules era diatomic .being composed of two hal, ogen , .***

i
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.

atoms held together by covalent bonds. The excited halogen molecules '

.
.

us2 their energy to break apart into neutral hile;an atoms rather than
,
"
.

retalning it as kinetic energy. -As a result, the cathode does not get.

bornbarded, and secondary emisslod is averted.
,,

Scintillation Detector
.

Certain nsterials, . called scintillation p>. sphors, exhibit the preparty.

el emitting flashes of visible or ultravlotet light when struck by *

In a scintillation detector, a saintillatten phssanor;
charged particles.
Is coupled to a davico called a photer ultiplier tube which con.erts the

,

.

,

.

light flashas into electrical pulses. s
.

0 There are many types of scintillation phosphsrs t.aving a variety of e
*

proportles which r.ske them riore or loss useful for any particular
application. Prchably the trost widely uses scintillater in pos.ar plant ,!

-

appilgations is the sodit.m lodide crystal with thallte activator, or.

't

| Ital!TI). The activator is an Impurity which Is adJod in small amounts
- *

.

to on otherwise extremely p'are sodlum lodidJ Crystal In ordwr to give
the latfor its light emitting properties. For reasons which will te dis- 2

cussed below, this type of scintillater is used elmost er.clusivoly for tna'

detection of y rays. The general arranga.wsnt of a Hal(TI) scintillation g

t-detector' Is shown,In Figure 14-4
d

e When a gamma ray enters the crystal, it causes ionization within the ~ ' ,,

'
crystal by the photoelectric of f act Compton scattering, and pair pro-
duction. The electrons thus liberated witnin the crystal give up their ;

When tne
*

energy by exciting. bound electrons in the crystal structure.
,

letter return to the ground state, light flashes are produced.1 Tnese ;. .

light flashes pa.ss through the light pipe (wnich is ordinarily noining
Ttroro than a transparent glue which is used to attach the crystal to tne

photomultipiler tubal and strika the photocathods of the photcnultipli.v
.

emils electrons when struck.by light.ghotosonsitive rutorial ,nichtube. The photocathodo is ir. ado of a tElectrons emitted f rem thes
;- photocathode;ar's attracted to the first dynode of ths photmultiplier
~ tube which is at a positive potentiel. hithin the phctomultiplier tune ,

!-
is a series of 10 cc 12 dynodes"scranged so that the electrons emitted, ,

f rom aach ace focused toward the next. Each dynodo has a suc:assively I'
-

higher potentiel ,se that the electrons move fret dynoda-one to dyrode ,(* '

two to dynode threal etc. At each syneda sesendary eels. sten of electesas-.,
'**

take ple' e so fhate.by'thej!me they 'are collected by the last dyneda,ci call 6d' the anodet.the: nt.mbeP.of electrons " collected per event is many' ,t
.

timos the 'numban .that lef t ths'photocathoda. .The multiplication f actor. ;.
.

8y " . of presortt day photohuttlpiler.t.u,bes"lp'around 10 , so thst for each [.-

s1,

V
. ,.u a. .,.

. ..

Tr.o dotal ls o f - f tie .' process.~ere complex and beyond the scope'of tnts
'

'||
., ,:

~ ., . ;
. manual. In additloot. details of t.he process dif,fer from one typo of

-

. .

'' 1
*

c - . -

scintlllator to ap6ther'.' " ~ ' ' ~
f. ,

.p.....
-,

2 The same as in a photoalectric call. The prccess by which this cccurs i.
.. . . ~

-

'.

is the photcelectric effect.
.. . ... .
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S' henatic Diagran of a Hal(TI) ScIntlllat!cn Dotcetorf Figure 14-4: c
.

'

8 electrons would be collected i

' electron released frote the photocathode, 10,t '

V .

by the~ anodo. , j( .

. k . ~
Sodlum lodide has sever.21 properties which make It usef ul for the de-- h

. 1 Flest,11 Is a relatively danso insterial g9
-

pl M. A:1 ton of sana rays. The(sp. Cr. = .7) which makes It ef fective for stoppinQ T rays.
d' scintillation process, of courso, will not occur if tMi ganna risy passes. . ;-. .

In spffa of its.;-
-''

F through the crystal wi thout undergoing ao interaction.*
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-density, however, a flat crystal must he relatively large to stop a y [:5 9 -
'

,

'
ray. Typleally, the crystals have dimensions on the order of I to 6 T- r

- - -

Inches in each direction. In order for a light pulse to pass through<

a crystal of this sizo to the photocathrade, the crystal must be trans- (.
,- paront to its o.n light. Sodlum lodido has this property. -

Other advantages of Hal(TI) scintillators, and rest other types of I.
scintillators as well, cro : 1) very short resolvir.g tima (roughly

~

comparable to the proportional counter), 2) very high sensitivity (C
~1 . . .

(= ICO times greator than a G-M tube as e rule of thu.:bt due to good y *

light procuctica ef flclencf coupled with large teplification in P-H -

tubo, and 31 ability to distinguish bet soan in:Ident phalons of dif ferent 1
energy because the intonst ry of the light f, lash is proportional to p,

, ' enorgy. The main disadiantagos are their oxpanse (a 3" x 3" llat crystal {-1. , .'

; costs = $1,000 compared to = $25 for a typical G41 tubo), and tho
-

f act that they ara reelativoly f ragile. h '' '
"

, ,

i

,', Theoretically, Nal(TI) scintillators are sensitive to a and 8 as well E..) .
;l as v. From a practical stenopeint, however, their sensitivity to thsse C.

radlations is low. One reason for this Is that flat Is a hygroscopic matarlal.
?y,

That is, it readily absorbs r.olsturo fron the air uhtch clouds the crystal,

and nukes It less of ficient. Tharefora, !!al crystals are always herm.eti: ally' '

scaled in a metaille container, which tonds to shleid out all a und a.ost 8. '-'

v ~

Beta particles are most ef ficiently detorted by organic scintillators fl.
,

. such as anthra:o..e and trans-stilbono crystals. Their general physical @ '
, arrangement is similar to the Nal detector. Actually, theso typos of '

ceintillators are not ecmonly employed for power plant work, sinco the L' '-) .
get filled deteeters se en edetWete Jeb f8P meet purposes, One eemen

J application of organic scintillators, however, la the use of liquid * i'F-
Ll.h.

scintillation systems for the detection of tritium. 1ritium emits a .?
very waak a which has such low penetrating power and causes so little (( *:f.-

. 3 , .
*

,

:
.i lonization that it is very difficult to detect. In a liquid scintillator, F.*.~.,

- both the phosphor material and the tritlum bearing r.storial (which is W "~ '
ordinarily wator) are dissolved In a solvent such as toluene. Thus the %-tritlum comes Into Int! mats contact with the phosphor and can be detected. $ .'I,

er :.
Alpha particles are generally detected with zinc sulfide activated with hb,I.

si lver, 2r.$l Ag). Sinco an a particle has an extremely short range in P*y

a relatively dense material such as L.S. a thin coating of ZnS applied S'-*

' directly to the gMss envelope of the photemaltiplier tube will suffice - W ~

5 '.' ' *
for a counting; Altornativo arran
a transpare' t material s.uch as lue'gements in which the ZnS Is coated on f,a Its are also employed. In this event, . ,

the lucite would be optically coupled.to the P-H tube. The thinness di '

of the ZnS,mafues. Its sensitivity to 8 and y very low, sInce both of IJ
*these pass right through without an approclable number of Interactions.:'.

Actually, 2nS Is not vary trans,paront, t'o its own rodlation, so an 5. mount |-
'

of It large enough to stop a T ray would be virtually useless as a detector G

because no light would roach the P41 tube. For o counting this is no h.pr.otdem., how' aver, because the coating of ZnS ls so thin. F. , #
^
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| ', khen charged partic!as or gamma photons pass thrcugh photograchle emulslons_,
lj they produco latent Imagas along thJIr paths. U:.ca *he telm is devo!'pos,
,g) silver grains appear along the tracks. Calibration proceduros he.va

been developed which relate the density of the photegraphic deposit in
Y.'1 the film to the dose of radiation received by it. Photcgraphic film
e.

d

F.E (x-ray film 1 is used in nuclear power plants for monitoring personnel
.i.d for the radiation dosa due to garma, beto and neutrons. The,photogr ohic~

film can be worn as a badge or In the form of a finger rir.g. Photc4e.ephic
,y])
, . .

fitn.ls also used for environmental monitoring. Since speciallzed equip-'

t

[.U.. ment is rcquired to make dose dotorminat.lons f rc5 develepod" film, this
i' d service Is handled on a contract basis with an oatsido firm. All por-
f!d ' sonnel film badge results are put on itB1 record sheets and maintained
Y.? as the official record of radlation dose for all employeeg.

.g9
- The thermolumineseant dosimetor_ represents a relatively new advancement *; J.t'

Y '. In persanc.at radiation and environi.sental dosimetry. Oro typa of destrator

%.W
takes tha form of a miniature rtJio tube. The sensitive part of the dost-
meter is a cylindrical hollow metal tube covered with an activated fluoride

.M pondor (usually calcium fluccide) which is fixed by a vitrlfled enanal ,lj.'u
.

to form a continuous et.ating. Within the cylinder is a tungsten filamant*
,M,, . heating etcment. ,The entire asembly is enclosed in an evacuated glass
.%.j]- bulb which is lisolf enclosed within a metal or plastic sheath shaped g

Ilko a fountain pen ' hich is designed to nrotect the dostmetor,against %" w
,,

L mechanical shocks. The principio of o;. oration I.s as follows: Irradiation-

~. .d of the attivated fluoride powder excitos the crystil, croating metastable
p .y statas ior."centors" which consist of electrons or holes trapped at special
s .latt ico : sites. The num.ber of r.etastable centors Is proportional to the
.'y/ .*. _

-magnitude ,of .the tonizing dose.,s
. /.i i
'' 1 To.obtain the store 4 data f rom the dostmater , It is Inserted into a light-
h. j tight cavity' and a constant voltago is applied to trya haating filament
. .y for a predatcrmined time. When the fluoride pc. der-15 heated, the centers

.[C
are.orptiod and their cnarge. carriers (electrons or holes) are roturned/

,

-to tha ground state accompanied by the cmtssion of.Ilght. The Intensity/

of the emitted ll ht is proportional to the ma'gnitude of the lenizingD.

yy; doss. The light output is measured by a photomultiplier tube.
i .

-
-

.& At presunt the use of thermoluminescent dostmetdrs has been for the
'

.

PQ seet parte eenlined te 49viramental scniterled. Theeddvenfasseaf*

' , . .I. ' these detect. ors .for environmental mor}|toring are that they are rcre, *
,,..

sensitive than photographic film and for low doses their results are !..? 1 .".; . more reproductble.
,. . ,

* * - i.t
.,;.....-. 2 ..

.

.

g~. .m .~. *e..
-

,
, . * * '.L,* . ,

, . . - r, - - - - - e,,, .

1
. . . . -| . e'

.
- G.U ...

. ; 3b.
... ;,W.

,. .The fluorlde powder is mixed with-tho.enamal snd palated on the 'me'tal.

tulkwhich 1s.then placarf ,In an oven and baked. This gives the ehamel !
"

,
, . . , ,, v c.s a ' smooth, hard glassy fin'Ish. g-
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Another relatively new development is the solid state scrilconductor - - F'."

detecter. A detailed discussion of doped semiconductor devices is - M[ coyond the scope of this manual, but for those who may have some knowledge fof ths subject, these devices are made of p-doped germanium on the sur- g
face of whicn Is drif tod en n-type Imparity such as lithium, in effect, E..

.s

this results In the formatica of a junctica dicde. .f"or datection purposes y:

Y lt Is roverse biased so that It dcas not condact. However, Ionization ;F
/;[b o'f the depletion region by incident radiation will result In suamentary (current pulsos which can.be detected. These detectors are ordinurtly*

' . * * . ' 'used to detect y rays for preciso analytical work. [| -
F-N INSTF1M.f;TATIO!! /JID D3fifROL SYSTElf APPLICATICHS $'

.- h-

-
.. ~ ,

tt. clear 1rstrumontation an3 cc.ntrol apolications In-a nuclear power plant J
. ' can genorst ly ha dividaJ Ir.to four typos of systa mu nautron .T.onitoring i

system, reactor protection system, process radiation monitorinj systsn ; p.t
.

.
' ' '

. und area and environmental conttoring system. In addition to this is
| k|. . . the Instrumentation asso: lated with the counting room and personnel radi-

-

*
, , . W ation protection monitoring. j g.;

,

.i * - ,

1 <.fleutron Monttoring System.

j L- ,

..
i n-

Instrument systems must be provided to measuro ver/ oce.urately at all' tines
6 .'5

tne reactor power levol and the rate of changs of reactor po.er lev;si i N
treactor period - see Chapter 10 for'.a disc.ussion of this concept). This * ;

.j Inforrotion is requir;ed by the operat:r In order for hl a to intelligently j f.*
operate the reactor and must he fed into the retctor protection systora ( ,'

,

which ' operates to shut thp reacto'r 'dowh if certain power Isvol or rate ( E-

j
. E change of power levul;llmits are heaeded. Conventional methods of ; $*

' measuring therpal power output (flow, te-:perature and prnssure measuring f f.
tlnstrumentarlon) do not respond f ast enough to protect agelast the rapid [.+..]

.
,

; power. Increase of which a reactor is cap 4hle. However, reactor power ; Q
'

changes are brought about Oy ' changes in the coro neutron population, and the [ D;j latter can be measured accurately and rapidly by a variety of neutron . h*
.

_ monitoring systems. In general, these systerns are composed of a detector, ( Q
.1 which is ususily a gas fitted lon charter or proportionst counter, plus t. $2

.. ] an appropriate ceabination'of electronic equipment including high voltage '"- { - [.;power supplies, ampliftars, and readout devices. -

( M.

. .
.

. r -

The detectors for the neutron s'enitoring systems may be Iccated outside .
{ k.

*

;
g of the reheto'r-vyssel or they.may be located within the reactor core. If - '. *;
'

^
'

; It is possible to do'so 4lthoet unduly sacrificing accuracy, the former
' $ fi ,

| . n rethod is profef' red' because the detectors tend to be rather fraglie and . k
-

1'", .:
the environnent outside tho.' vessel Is' considerably less hostile th.sn :

| ,

. that yrthin the coro (In.particular, the temperature.ls.much lower and the { "

. . '
'[g.- -

detector I.s subjected to'less. severe banbardment by,lonizIng radiation -

1. I
-

,

which tonds to result In Dradual caterioratten of Insulation, etc.). $, p
If the dotector Is located.cutsido of the vessel, it is generally located - |- -

. In a holder located near the externil wall of the reactor pressure vessel
.,

i '

!
- at the elevation of the coro. Located in this mannor, the detector M' '

responds to those.noutrons which reach It af ter having leaked from the core, I k' ..,
- .. ; .

p'1
.
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h 5 c:
d. '

passed it' rough the reflector, and penetrated the wall of the vessel.N- '

b4 Only a very sns!! percenta,;,o of the coro. neutron population makes ttLis ~

kjourney. The accuracy of the detector depends upon this percentageQH remsinin3 nearly censtant %y , for all reactcr operating conditions. That PQ 1s, it ti.9 core neutro.1 population doubles. *.5e number of neutrons ruaching |

. f* ' the dato: tor must also double If the detecter response is to be of any
1.-
Z-

vulue. Deause ths sve.oga travel length of reutrons within trea et.,ro[ is only a e,sttor of Inches, most of tha neutrons scen by the out-of-care k.J;. , detectors originated ne:.e ths edge of the core. '

tow neutrens which originsted naar tha contar cf the coro.The detectors see veryi.w
['4' This is not.K c cerInus dof tclency In physically small coros where the enttro core JF

tend;. to work as e sinds unit and Individual ragtens arv not likel) E
'h to be working independe fly of each other. Then we can be reasonably

[.
[gf sure that a power locrcae in the contor will result In a co . parable4 power Ircrossa on the adgas us well so that the antectors will respond t

p. T accurately. Unfortunately, in large present day Ms the physical sizo :;g of the core is so large that we can no longer da:end upon this behavior. p
That is, a power change msy occur in the cantor sf the ccre which woald, ;, - J..' Q go cor.pletely unnoticed by an out-of-coro detector.

~

y; hava gone to otplcylng nothing but In-core datectors.Thus these reactors -

k'(J
1.argo PJRs,

h:r.,ever, continus to usa cut-of-ecro detactors since their cores aro {. -
- physically paller than thWs of cc* parable output and sin:o they ara L

loss likely to have substantial variations in puar distribution ll.o., 6
pour inceatos in ono region wi thout a corrnspandl.y incronw in other (

C," regions) because they oporata with virtual.ly all control rods wi thdrawn.
y , ,

The r.eutron population In a power reactor wlli typically charge by r
4h,j seven doctdes or so (l.o., a f actor of 10 ) in going from the fully >(7

(.] shutdown cand! tion to full power. l'o design a single Instruaent whichJ.r can cover a range this large is virtually impossible. (~

.)% ' series of three neutror, monitoring systems is nor . ally employed.
As a result, a k,

These [. ,;
are usually colled the soarco (or startup) range monitors the Inter-

,

mediate range medtfors, and the power range Penitors respe,ctively in order
, , . . , .,;4,

'. Q]s

of decrossing sensitivity. The exact ranga covered by each system verlos f

{90
'

- -' '

somewbet from plant to pinnt, but thele rangss always ovorlag so that ;.
-:

something is responding at al.l. timos between shatoonn and full power. '' N*

Figure 14-3 shows the rangas covered by each system at three representative f'.
i

. E. plants.
A more detailed tiscussion of ca:h ty;,a of system is given below. ,.4a

.
. (;~'

g 1. Source range monitors e,

~
f y. J*5

As one might expect, tha most sensitive renitoring system ordinarily Is
-

.- '

r, a pulse type system. The dotector for th!s systus is usually a $- *'
.

proportional counter since this type of cno-bar cebinos the desirable.(.s..g ;.
featuras of high sensitivity, fast respcasa (short resolvin(. ;

and ability to distinyalsh between noutrons and garrms rays.g time), 1 F
, fj Tho

alert resder, howevur Inust bo wendcring how a proportional counter , iC.
can datoct neutrons sinco the lattar carry no chargo and do not lonizo J.*

,M tho fill gas. E;
9 The answer is that the darector has some boron-10 [

. , .

( '

added to it, which in the grosence of therral nautrons, undargoas*

the roaction $ 1. ,,. - B c(n.ul 1 b3 .1 lontration ulthin the dotector is I[ '

-
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' O
, q ,

td produced by the a particle and the LI-7.1 Since the rande of an % y
* --

N a particle or a LI-7 fon Is very short, the boren must be located jb': within the enomber itself If 'the particles are t'o reach the fill-
.

L.:
*

- 47 gas. One way of accomplishing this is to fill the dota:ter with a V$ gaseous compound of boron. The nost cownon choice is boren tel- b.

R fluoride (BF ) and such detectors aro known as "2F3 prepo.-tlonal ?,3
6t- counters." .se saw previously, however, that fr.onatcraic fill-gatos ;

I @ ware proforced for proportional countars. Therefore, it is of ten [~;'
-

| ~ .j deistrable to chtain the neutron rosoonse by coating the Ir.torier '? r

| 'f) of the walls of the detoctor with a thin filta of B-10 Such date.: tors p
>f are krown as baren llacs propo.-tional counters or "B-10 proportional r.tij counters" and they are ordittarily flllod prafominantly ultn argon. j,'

'O -H The arrangement of electrcnic equipmont In.tha startup chanr.ol h.
'

}c]
varios sore.hst f.crs plart to plant. Ho*+ier, a typical arrango- Lment is shown in Figure 14-6. Allah voltage is applied thecugh a

, by

s-
.

| L.'
'

.
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Figure 14-6: ' Typical Source Range Monitoring System Employing L. w U.8-10 Proportional Counter , { k.

,

. i

:M.- ' resistor (the same resistor which is shown in Figures 14-1 and 14-3) .
{ M
. p

'ij to. the cantor wiro of the detector. The signal from the detector, f' ' - ;

which is very weak, is sent to a preamp and then to e linear ampil- ! 6
d[, fler' to increase- Its size. The signal is then sont.to e discriminster. ! EJ.

'*
~J This device looks at the siza of the Input pulsa and blocks those ! GM which are smaller than a certain minimum size and passas those which * '

M enceed this minimurs size. In ossence, it is at this point that we f p'.,

,y separate pulses caused by neut'rons and garvna, passing the former y p.,

IT
.2

, .on to the counting circuit anJ ellmlnating the latter. This is
}. p5 possible, of course, becauto the neutron pulsos aro really caused '| 9

'(.( by the heavily lenizing a and LJ-7 particles end are mu-h larger j. $i..: than those caused by the less 1.onizing y rays. It is important
y pi[d that we do discriminate In'the circuit because af ter a reactor has ( j.!

-

q;g, run for awhile anc built up a ,large accumulation of fissicr> products, g f. , |-
,

, t..m
.. . 1. 0[, -

' N i
kl h Thd LI-7 w'lli ultim.sto'ly becodW o cautral atcra (as will the a. for that i*

mattnr), but Ire.medlitely af tar tho reaction It has a lot of kinetic I. L.5
. . energy and it " runs away" frem Itc electrons for a mcment during which i'

~T..;3l time It ionizes. j
c :
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.h the gamme !!ald around the detector is very hlgh. When the reactor 2
~

. k ... -

if l,

i is shut down, the neutron field is very low, so our menitoring system b |' response during-the Initial phases of a startup would be almost entirely |
v-

'i doc to y rays and we would be receivleg a f also pleture of what is really (.

happening to the core neutron population. {,
,. s

$ Af ter leaving the discriminator, the neutron pulsos are sont to a snaper h..
which makes them all exactly unifccm and ths proper s!2e and durstlen (. .
to be compatible with the remsinlag electronic artolpment. Thu pul as y.

1 arca tpcn sent to a devico which es,tra:ts the logarithm of th 2 co;nt rato. c-
This value is displayed on a mator witn a lo3srlhic scale which gct.arally'

device whic,n " counts per second."1ropds out I The final signal Is also snat o a [.
' '

h cceputes its rato of change, aM dotorminas the purici (or c
''; startup rate). This value is also displayed.

,

p.'
*;

.

L exa .

J? One of the pelrhlpal pnblems In tre sourco range is trying to pick out F'

,

3 the relatively small number of pulses ;roduced by noutrons from ths large' [,
.) number produ:ad by ga.-mas. The dis:rlmlnator is the major placa of L:J

"

equipment uhleb is used to acco. plish this, but its task can be aldad 7
by other means. Ono wy 13. to shield the esfector with (cad. This t.
stops gama rays, but.has a much testler ef fcet on neutrons sf ace load I-

has a relatiscly sm111 cross section. Anothcr method of Improvin- tho (
response which is generally applicable to out-of-core dotectors is to M*

surround the detector with, a gsc(. moderating restorial such as polyetheleno y'

. (which contains a lot of' bydrogen). The overwholming majority of the !f
| neutrons which reach the vicinity cf the out-of-coro detectors are fast

**

,

neutrons since thermal neutrons sleply do not travel f ar enough; The .
L*

'

-; detector, however, is only sensitive to thermal neutrons since B-10 Is " *- -

princI ally a thermal neutron absorber. Tt ere Is..considersble tnermall-- 'ca'

R, ,

zation occurring In the various materials in the vicinity.,cf. the.? detector - -
,|'. ..

lparticularly in the concrete biolcgical shlold which surround.s tre reactor cb,
#.

. vessel), but the ef ficioney of the procest. can bo Improved with ttie- ~

k'-

D
,

polyoth.elene and so the neutron signal can be. Increased without e",cor- p.'--

* respondine increase,.in the y signal. *

? .. r:. -*
.. .

f
. . . . . . . . .. h?s

'- .

* *.M When It is desirable to locate the sosrce range detector $ within-the cere , | ."
a so-callad fission chamber is croinarily used in place of- the B-10 p.. y ~

,

proportional counter. The fission chamber Is an ton chsmber with e C'.,-.

. ." -

' . . neutrons fission this U-235 and the highly charged fission f ragments -
R*coating of U-235 on the Inside surface of the. dotector wall. Thomsl ..-

*
C.!: '

-
f '' produce Ionization in the fill-gas. The reason for using this type of k

detector is that the stro of a pulse produced by a neutron is overw*'elmingly 9.' ~,

larger than that produced by a y because the fission fragments are so [T.V '
*

' highly.lonizing. Vnen a detector ,Is . located within the core, the y [i'

@-..fleid is so high that It Is V.,lJ tually *ImposSIblo to dl.scriminate them
'

b'
.

out f rem pulses producod. by a and t.l-7 Thl,s Is because the simultaneous
'

. . .F-

h 1
~

O, A logarithmic scale Is used beir.hus'e'seve*al decados r%st be covere<l and - [
also because it is necessary to take the logarlttm of the signal before s' f",

tho period can be datormindd (for anathematicalircasons beyond the scopa
of this manual). 6

*
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N
"L,i arrival of many y's In the tube can produce a pulse which is as large

~

t as ttiat produced by the neu. tron. With the fission chamber, this is.If less likely to occur becaus's it would require the simultrneousi'$ arrival of a much greater number of y rays.'e

G
[M -

Ftr. ally, most reactors reploy at least two independant source ranga !
.N monitoring systems. The detectors are located on cpposito sides

!% of the core so that at least one monitor is flicely to see a rod 'N sithdrawal.
.

8- pkJ
-

Wf 2. Intermediate range rionitors fo.tN ?c'r in the Interwed! ate rango, tha coutron signal la felely high and so -

@ tMe meet gemen 8/stes emeley ten chambePS.eSePetin0 la tne eurrentua mia. Since the r.eutron signsi is still relatively low at the.

[[ 5.1tton cric of the Internedtate range, however, it is still necossary' I
*

g nd to provido a means of distinguishing it f rom the y signal. A dis- |.?.:d celeinator will not work since these are not pulse Instruments.
h,3 in these Ir.struments, the current produced by y Interactions simply I
* ct-

addt, to that prod ced t.y neutron Interactions and it is impossible(9
. p., to toll what f raction of the current ca .o f rom e3ch source.

>

.p a s
- - .5 V tThoreforo, a slightly dif ferent type of detector, called a gama

compensated lon chat.ber (CICI is norrally useJ In Informediate range. f 'i
e W

. ;3 , . .[(.$
:] \conitoring systes which employ out-of-core detectces. A simpilfled

schematic diagram of a detection system employing a CIC is shown in- Figure 14-7 The Cic is really two lon chambers located within a h,['' 3
'

.C single case. One of the chambens is coated with boron enriched in the !y.'$ B10
- '

Isotope and is therefore sensitive to r.eutrons and gaena radiation. ('' *

The second charitber is t.ncoated and thus is sensitive only to game.
.

.-

p,h By connecting the two chambers so that their output currents buck f{
'"

i
i* d (the currents ciectric:lly c: pose each other), than the net electrical

output or current fecrs the cha .bar will be tna algebra!c sum of the g
j

.a|){.[f two lonization currents. If the neutron detector is perfectly gamacorp $nsated!'*

Its output will be proportional to the neutrcn flux '

% at the detector Iccation. Car ma co..ipensation can be obtained by
l Initially designing tha chambers to give a fixed percentage compen-

*' t.
8

-

j'c f sation, by designing the chambers so that their volumes can be (.l., verlod to obtain the desired compensation, or by varying the high )
.

voltage supplied to each chamber to obtain the costred cerapensation.a .%

.k .'~t
. . [

1 i

. flortnally, CICs are designed so that they are slightly undorcompensated E
,

;H (approximately 9!!! compensated). In an undercompensated chamber the ,

. - ~ {
'

" .# '
'

i.
,

. -

4,'. ] 1
Perfect, 'or 100%, gama compensation maans that the CIC ls dasigned I'.** s - so that' operation in a pure'gama field results in equal output currents' , , , ,from,both chambers. 4th the output currents buc! ting each other, the f(M.W not current due to ga**a radiation would equal tero. In a ga.rna ar.4 5 ;-,

-"
neutron fleid, the not current would then be proportional to thel -

.

",

noutron flux only. '

.'J
, ,
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claAunt a I = Instrument current !

1g= Current from charber 1
-=. Ci t 1 = Current from char.ber 2 |g 2

-
4 I=It-12 !' i
d FOR 1001 C0f9ErlSAT10!!-

i
d i In = IN*IiI2*Iv y., ij. ,

! =In + 1 -1 I;=
g7 7..,

FOR 95: COMPEll5ATICH*

.

II IN*III2 " 0.33 I'

_
T '!"2 T y,

I=In + 1 - 0.95 I,7
s ..

HN. = Igg + 0.05 12
, H d- AMMgigg , 7

~

o9 i.

:s .

> .

.

' :-
-

.
.

*
. . .

'

,

Figuro 14-7: Simpilf fed Measurement Circuit Employing a . i
Capansated lon Chamber ;

current from the boron lined chambar is greater'than the curront frcrs . ;
*

.-

the unilnad chsmber in a pure gar.sa ileid. This has the advantage*

,

that the Indicating and recording instrumentation always reads up- |
''

scale. It should be pointed out, however, that a grossly under-
compensated CIC 15 hazardous because the Instrumentation will In=rrectly
read upscale at low power levels and consequently will not accurately4

J ruflect a chanDe in power level. In an overcompensated CIC the -

current f rom the unlined chamber (gaena only) is greator than the |

current from the boron lined chanbar in a pura game field. A grossly
overcorr.pansated CIC is also hazardous becaus.e ti.e Instrunantat!cn.,

9 might be peg 2ed downscale at low power lavals. Mn increase in power
; level would tnen be cmpletaly easkad. )ditu either grossly undar- V .

* '

, ' compensated or overcomponssted CICs the oporator must use the startup t
*channels until ha sees a significant neutron reading on his Intarvedtsto

range Instrumentation. ..
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|P]1
When the reactor is operating at h'Igh power level the ga-rna contel- *?.;''

. button to the signal from a CIC is very small so that rust of the 5
'

ffp signal current is due to the neutron flux. Under these conditions I
g*j., a loss of high voltage to the gama only chsr.ber oculd hardly be i;

noticed. A loss of high voltage to the boren lined chsmber would, ('
, . .' .

E- of course, cause the Instrumentation to P*2 downs: ale. -

Q -

To further Illustrate the offact of compensation upon the respon.a
wJ of a detector, considor Figure 14-8, which shows the response of ['. is
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an Interned! ate channel with a logarithmic display to a rapid shut- . .'|. .
' .. *

down of the reactor. Ilotice that as the power falls (l.a., the ''

proportion of the signal attributable to neutrons gets smallor), a
1

" '
grossly undercompensated detector reads upscale sinco It c.ontinecs
to respond to the y rays. Conversely, the largo T signal f rom the
unlined char.ber ovarwhelras the neutron signal and drives the Instru-
ment downscale in the evorcompensated case.

- |

As mentioned above, the Intermediate range neutron monitoring systems
are ordinarily provided with a logarithmlc roadout since they .must
Indicate over several docados of reactor power. Since a logsel r'.,1c
readout is desirable, and the logaritan must be taken before the

3 period is datormined (again, for mathematical reasons) It is also'

-

convenlent to go chaud and provide an Indication of the period (or
ster +up rato) on those instrunents (actually, it is of ten the other

i

way around - sincre it Is dastrabis to have parlod Indication, it is..

convenient to m. uke the Instrument logarltnmic). A simplified block .tdiag am of a typlcal system is snoen In f*lgure 14-9. *
*

4 *
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Figure 14-9: Simpil~ fled Block Dlagras of afi Intermediate Rangs '
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Monitoring System Employing a Cic '

0

,

,
.. *

, , , .

, .. . *"

Once aDal%"the now large BWRs use In-core fissioh chambers for the E
Inter 1tediate rango monitoring system'. This systen monitors the neutron 1,

a

flux by. a7new technique known as the voltage varianca method. This !
-

,.
- i-

,c method depends upon the fact that neutron Interactl' ens 'wlth the dotecto'r. [
'

.

.[f - are a statistical process and thereforo even at constant power the'"

i . . , emplitude of this plus and minus verlation is tolated to the site
'

[-

signal will have a small plus or minus associated with It. The,
-

- ..

i. i- "
. . of ths signal itself and can be used as a measure of fission rate. 'e'

3.'.. .. , " ,[,: , Finally, most reactors utilize at least two Intermediate range monitoring
*

.

L
~

,' ,'
-

systems with the detectors appropriately located to look at different 0
, ',

regions et the core. , *. O . . 'a' . -
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' p 3. Power range snonitors -

; q gJ.

.- 1.. ,-.
.

W *

4 4 The power range Instruments are ordinarily lon chambers connected . V.
.

.

-
, -

"G ..

to linear readouts. Line.ar rondouts are preferred because they are.

,@
' rore expanded at the top end of the scale and inus can be road mere E

L,.-

,

.& accurately (a log scale compresses the top of the rango anJ expands L
- h.l

4 the bottom).
_

' E
I.? !

.

M There are a number cf variations of the power range trunitoring channals. p. !
.iq The early DWRs like Humboldt use a CIC similar to that employed In

.

C the Intermediate range channels. This detector is connected to an 'p I"

f.,d *
,

extre:nely sensltive a .neter which can trassure carrents as sinall ar. f70 10-11 a.nere .1 The picoaesneter is provided with a ranga s. Itch an.4 5
,

*d a nue.ber'of scales of di f ferent sensitivity. By changing scales,
. 9

-

E.d *

the range of these Instruments is extenced over many decades (a9 logarithrale Instrument, how,ver, can cover this sa're range using just
. p*

3
J.'T [M one scale). Sinen these Instruments aro useful at very low power louis, . ; S

-

.
- G where the y signal Is significant in comparison to the neutron signal, I k4 the use of a CIC is required if the Ins.trumaatt is to road correctly. .- k. 'Is Tho Instruments are calibrated on the basis of heat balances to read : D
~

',4 total core. power expressed in $ of full power. Three of those
[

.
W

j.: power range channels are used at Nmboldt with the detectors located
t [;

. % in holdors just cutsido the vessel and positioned naar the axial
i ?'d

% conterline of the core. The detectors are 120* apart around the !
'

rr o circumierenc. of two v.ssei. .

I:
1

'

W.
~

:2 The large IWis like Diablo Canyon employ uncompenssted 8-10 lined t %, '.
,

- ..

t h..

4 ton chambers In their power range systems. Coepensation is not f, ['~~? required because these Instruments are not intended to reopende
'

% unt[l the neutron fluw is high enough that it overwhelms the y signal. F.,
These detectors are unusual In that they are very long, stretchingi

di ; l'
' -

the nearly entire axial length of the core. In addition, the detectors - %'

h are divided in half so that, for all practical purpcses, we have y y
r.1 two separate lon chambers setting on top of each other. The upper p

(
,

M .

portiots of the detector r.onitors the neutron flux In the upper half i a'9
! of the core and 'the lower half looks at the bottom of the core. Each t ,.

I;d half of the'long lon choeber feeds Its'own Individual ameter and h h
-

.

'.
/ readnut. . in addition, th'e signals frce the two halves are sumed
2'$ and read ou.t.. Thus' tfje operator can read . riot only total coro power, f J.

J C-2>

* *1

O
. but also how It 1s. divided between the upper and loser halves of the

'

W . Jihe operator can keep' an eye out for possible axist xenon oscillations -
-[ f2core. The reason for provlding the latter. Information is so that

$ j (p
,

<

and for distorted po.ler distributions which cct.ld adversely af fact g ,

D
.f.$ tho; CHF11 Isee Chapters !! and 12). Four of these monitorin2 systems. g

i. L'd .are used, with the detectors bef rig Iccated in Instrument walls In 7 %
.

,,

,y s. F
~'',the biological'sh!alding surrounding the vessel adjacent to each of l- S!

* -
-

*.y ; _. .
*

~
*-

f f
k' 'i

& Since the prefix "plco" stands for 10-12,.these ' Instruments are often k- O' ' '

'.'~ ;i
referred to es picosameters. *

. (Y
'. C

.
'

.

, ,
.

'.

f y

.i. .'

*
,~9;
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'

.the four " corners" of the core.
.

|$ .
-

'

In addition to the out-of-core power range Instruments, both the '
.

f early BWRs and all PWRs are furnishec with olnlature In-ccre fission ,.I

chebers to measure the poner at selectec discrete Iccations within.

the core in order to detern:Ine the power distributton; in the B*iR;
''

4 these St all detectors are permanently located at fixed positions althin ;
the core while the PriR systan uses r>svasta detectors which are Inserted
Ir.to tubes which oxtend Into various core reglens..a

.

~

The large fl'.fRs uso alnlature in-core 81ssion chambers for both local
.i monitoring and for determining total core pe=or. Some of tne date:ters --

d are at fixeJ locations and others'can na tr.sved about. '' '

., *

"., .

" In both P.;Rs and B.fRS a high readir.g on the power rango Instruments.

will produce an autccutic reactor tels. '

, ,

- Poactor Protection System ,!
y

. .

*

' O A nucione power plant reactor protection system enecrnpsssos the safety
sentors which monitor critical plant para atars and oil electrical and ,'
nec.hanical covlcas.And circultry Involved in generating trip signals, -

associated with the protection functicns wnon a safety sensor recpc-ds3 -

j to' an' unsafe operatlog condition. The protectica functions include ;

.' g. scramming the reactor, blocking control rod withdrawal and actuating ',, W engineared-safeguards suchas contelement Isolation and emer2ency cora
Jflooding and cooling. One or more of these safett functions may te actuated ;, ,

whan the approach to an unsafe operating condition Is sensed dependin2 i-, upon the nature and severity of the abnormal condition.
.!. -
.

The proposed IEEE Standard for Nuclear Poder Protection Systems lists (.

.> many requirements for these systems. The est significant of these t

requirements are surmarized to show the general philosophy useo in the i* -

* design of those systems l'
.;

.+ 1. The protection system shall with precision and reliability Initiate !.
~ : '5) . appropriate action whenever,a plant cancition monitored by the system , [

*

,

reaches a trip level.-'

g.. -

i
.

2. Any single f ailure In the system shall not prevent proper protection I.

d, system actlen when required. h..

> s s. -

5
.

-

~., . .; -

1 tif 3., Channels which provide signals fer tne same plant protection funetten 5

-
.

,.j shall be Independent and physteelly separated. f

.V
~

bf.

. . . %. s > * . ' rj'

O 3
.

A channel in this conte'ut Is defines as an arrangement of components g. j,,
" * as required'io generato a single trip signal related to a plant con- S

- dition requiring protective action. A channot loses its identity
where singla trip signals are cerebineJ. - ,

v
t*

! . .... :' f>i . . ~. '
'

. .
-.

,

:s. r -
...

V .'" * .
., *

....

'"!' |.7. . , . . . ,. . , . 2. > ;. c- p w -- , .: g,,- cm. .;. . .* -- m, J.pu.9 ; 7, . . .. .
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y'

a. w
, g y. .

j - -4 Protection system Input's shall be derived from signals which are g (E:
N direct measures of the plant condition menitored (to the extent y

*

* 4 fassible and practical). 3
- Mi

'

t:&
*

W . 5. l.tesns shall be provided to check the operational swallaellity of ;-

f.o
each systen input sensor during reactor oparation. .

r; 1.

d 6. Tha protection system shall be designed so that once a protection- , E 1

[g ' system action Is Initiated, it will go to ecmpletion.

f 7. Means shall be provided for manual Initiation of protection systes ,

action.y y j

h All reactor prztection systems are designed with the coincident trlp f
b philosophy l to provido a safe and rollable systen sinco a sinalo sena:r t:

'

)d f ailure will not defeat the safety operation of the syste's nor will a single t-

) failure cause a spurious trip operatin . The sansors are closed under k'
'

**

.T norrial operating condifloas and open on an abnorrist condition. All relays 1];.
, *

y asso lated with tripping or reactor scran are ncrmally energized. Th!s h*
,

,

h.Ti arrangement provides a "f all safe" type of system since most f allures ,

fi such as broken leads or open or shorted coll would result in raturning the
% relay to its de-energized position and do-enargizing the circult.

'
V.

p
i.eg '

. Cne of the most popular type of safety system designs is the dual channel
'j-[

,

safety system where cach safety channel is fed by at least two Independant g. @
'y sensors from each measured vpriable. The operation of one,sont.or in a Q: (';

h safety channel will result in annunciation and a trip signal from that 2.
N channel (often referred to as .9alf-scram). A simultaneous operation of E'

*

3- a sensor in eseh of the two safety channels results in a reactor scram. j f. . .

*[ The f ailure to operata of one sensor associated with a measured verleble | h*

j will not Impelr the ability of the other sensors to operate. Also, a g ?.
-

,,

false operation of a sensor cannot cause a peactor scram since It trips only : i,
N{ one safoty channel. With this arrangement, any sensce con be callbrated, t .'

' '; -

rJ maintained, or tested without causing a scram or without de-activating j*

@; Its trip. Each safety channel ra: elves its supply power frora a soparata | j,

; C.S source.'
- ~ . k.v .

. s e*s .
.

i [;."r Typical plant parameters that are connected to the reactor protection
$ systas are h:Igh reactor pressure, low reactor water level, high neutron

f.
.

flux (hlgh power), short feactor period, high containment system pret:ure ;l- -!3 -

i and low conJenser vacuue. A manual reactor scras Is always provided. j t"

.(, design of the reactor, the primary system and Its containment. |i
f.:? Other parameters may be tied into the protection system depending on the
C
5

.

! v,. . .
.m .

6,' I As an example of coincidence, cons! der a case where the reactor will trip f..

.r on high power. The sencor for this Is the power range nuclear instru-
!'

?
'

mentation and in a typical PWR there are .four of these. In general, W.,,

< however, it would take a simultaneous high reading on at lease two of i. I h.

%!{-j,j those Instruments to cause a trip. Thus we speak of this as a two
' "g :

i.i out of four coincidence. -

% i.i.
*

-
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Process Radiat!on f.'onitoring Systen
, ,

A process radiation monitoring system is provided in nuclear plants to
monitor and record the levels of radioactivity In plant precess stewsr.is and,

annunciate any significant increase In radioactivity levels in these pro-
cess IInes. With few exceptions, these systems provide no automat!c,

operation, but sorve primerlly to provide the operator with the inf:,rmation
he needs to mako prudent dacistons la the operation of the plant.

In general, e process monitor consists of a detector connected to a |
logarithmic re*.ote roadout in the centrol room. The process e.onitor.s .sra,

.; for the most part, e.snitoring for the pressnce et fisclon products and
-"

] corrosion products which are 3-y emitters. Sloco the dotector Is ordinarily'
[

*

located outsida of a pipe, or in a well within a pipe, they tend to soe
more y than 8, but this is not always the casa If geocatrical considerations .

.; are favorable for 3 detection. In any event, fr.o ecst ccmmonly used*

M detectors for these Instruments are llel s:Tr.tlilation detectors and C-N,
.) tubes bocause of their sensitivity. If tr.e activity leval in the process *
j s* ream Is expected to to high, an ton cha .Ler nay be satisf actory.
1 . -

.

p , Typical process streams which aro monitored Include:
<

l. Stack or plant vont where gaseous radloactive matarlais may be '

!

released;
'

,a ,
2. Llquid waste discharge pines |;

-

.

s
Com'ponent (or closed) cooling water systras

.

3. .

is

4. Condenser air ejector; |.i
*

.

- ,
.

.
.

,
'

S. Reactor waters. , }
6. Condensato or steam generator liquid.

N.-

7
in most cases, the purpose of these Instri.mants is simply to Infornt the (

.,
-

operators of the radiatlon status of the processes, but in a few cases, E

they' perform seme automatic safeguards functions. In particular, the .
Jmonitors on the waste discharge linss generally oporato automatic Isolation j,* *

valves to block the release of westes whleh exceed predetermined limits.' -

. , 1Area Monitority System
, t

.
. .

L*

The primsry purposo if the oroa monitoring system In a nuclear plant is !to protect plant personnel by bonitorthg tho'gyma radioactivity levels in
|i-

,.

!
*

. aross where porsennel may to" required to work. The systers at both Humboldt yand Diablo Canyon consists of several. channels or stations. each of which f
consists of a fixcd position G-M tube detector and its associated power . S**

supply empilfler, cnd readout. 14creally, both local and control room '*
readout on a logarithmic scale.are prov! dad for each station. The gsrima ' 7
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d located
-

' fleid at each station is also rehrded on a snultipoint r,ocor erin the control rosm which providss a record of radloactivity as a it.nction
.v;

-
.

-

- O, -

The readouts are in air /hr and cover o range of either.0.Ol to$ When the radioactivity level ford of timeI.
1000 scr/hr or 0.1 mr/br to 10 R/hr. local

~ ',2
" .s' station exceeds a preset level, an alarm is displayed at the4'

Station and in the control room.
,

1

Suf ficlont stations are provided so that no area of the plant where ;:er-12

sonnel may mrmally work for extended periods of timo is lof t urvtont *orod..J
A built-in remotely cperated chock source is provided at thch statf or toE

A portable test, station providedh.:
check that it is op$ rating preparty.supplice of tie syston is used to perlodically check the callb ationy) by tnaf. of each renitorir.g station. ,

.j
E_nvire.vnental f.toni teriro_ System

,w
,

&
$ Several of f-st te anvirorsentai monitoring stations tre normally set up

*'

'g approximatef f two years prior to initlal plant operation to daterminol'ollowing Int tlal operatica
Q the beckground gaena dose rate in.ths onstrons,theso stations provide the data for determining tro plant's contributtoneq

h.$ Each station at Humboldt contains two IC mr " stray radiation chambers"

to the lategra+ed gama dose rate to the envirefle.
'

..

,

(whIch are Doth'n9 more then a sensitivo .infograting typo Ion chamber)'t g
t.4 O Considorable work is cow boing dono u!!tizing thomo- %

luminescent dostmeters for environeontal rmanitoring and it may well be
and a film pack.

(;3

that in a very pw years a typical station will ccasist only of two ofg
?,J -

those detectorsd
The nurnher of stations sat up around a plant will depend on the terrainAt Humboldt 30 stations were set up initially.21

.h
surrounding the plant site.and altor inroe yeses of ~ operation the nue.ber was increased to 36 stations., %

*

3
h';

Thore are many other aspects of an envirorvnontal snont toring proc,ren. sucti'42,

as air sampling, meteorological data collection, and enviroreantal sa pileg/*.] Discussion, of these topics will be lef t to texts6 and sample analysis.
f3 *.

on radiation protection.
h;T Counting Room instrumentation

. ~

1,7 .

Every nuclear. power platit has a counting room which contalr.s egalpment .for .;9 T *

dolonntning the quantity of redlosctivlty In alr, liquid and solid samplescollected from the various plant processes, in radtarlon protection surveys'l''
.

...

li

3
A typical 'cou'nting roon will contain an Internal%3 and f rom .the environs.

prosortignal countor, a single c!Tarinet analyzery a multichannot analyzor
. - .d

| |C , ~
, _,f.,and a 11guld scinti,llit}pn, counter.

,

.

,
~

,

.

,

ja ,

The Internal propor-honal counters (IPC) aro used for alpha and/or beta
(7 Tho'detectc# Is.o h4mispherical gav filled enamber into which the g |i

,J

g, h After Inserting a sampfscoun ting.
sample to be counted. Is ,placed, for counting., ,

^
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,

and soalln0 the charebare the chamber is purged,*than filled with PalO ',
i ** ges 190$ arDon and IC$ mothene). A ccatinuous flow of gas through the
'

chamber is maintalied while counting to prevent air Inleakage. Operating
.

voltages for the date: tor are in the proportional range so that pulso.

height is proportional to the primary lonization caused by the esJI: tion* -

being counted. The pulses from the detecter are amplifies and fed into
".

'' a discriminator circuit. Only pulsos large enough to pass through tha
1 discriminator are counted. Pulses due to garvna usually are so small that

they are blocked by the discrieilnator :acsusa the specific tonizetter.
et garas (lon patrs/cm) is so low. Thsrafera, ;arrms pulsus are noti

ne,rt.nlly countad. Soms gsmsa counts a.-a c:,tained, twavor, due to tras
'photoelectric of fect when gamm3s are abscrbod by the orbital cloctrons' - .

of the atoa's in tho wall of the dotector. Tne getrens count rato is*

norm' ally smst.1 enough.that It can be Ignored. ;
-

,

I Tho'llquit! 351niilla,tlen syster., is used *or detecting ino low enerp $ ,i
*

35 from' fritige. f flis"t: tritium wples ero water solutions s.14 mensuraJ *

ansunts of iht, sasples .ers glJsolveh alor.g witn the scintilldflon p.s phor,
5in 6. solirent s'vchfss tols sne. The visis centaining the sarple-phos:ho.-

;0 colution are fhon placed in the Instevent next to a photomultiplier
., ;

.

tubo and counted In the usual manner.'*>

o . . . !
'

"

q Ooforo discussing thn singlo channot end multichannol analyzors, a gonoral *

discussion of pulso height analysis is desirable. Whenevea the output 's

dissipation 'In the doth. lonizatlen cha..bor is proportic9st to the energy
pulse f rom a ccunterror i

tor the measurement of pulso heights may be
~

used to determine the osorgy, of the incider.t radiation. The simplest,
*

'1 .

pulse height selection can be obtalced by utlll21ng on Integr'al or .

;, y basellne discriml.nator' which allows or.ly pulses above a certala mir.ir um
. size to be measured (this Is what was cone in the startup monitorir.g *

*

By cal.~lbrattrig ' n adjustable Integral discriminator countlegsystem). a **
a .tatesmaybemeasuredasafunctionofdiscelminatorsettingbraltaga).-

' plotting counting rotes versus discriminator setting gives a curve lika ''' ' '

ttiat shown irg figura 14-7a whlets is calles an " Integral blas curve."s . - - ' -

- As cart,.be seen from this curve, the higher the af scriminator setting, tne , f.c
fewer'. pulses that.ure pas' sed. ' 'This cu ve could be dif ferentiated pcInt-' * a.

,,

by-point to.obta.In a' more useful curve called n "dif ferential blos curva," '

such.as Figur's 14-7b, whici gives the cistributton of pulse heights. It.-
* < ' * ;.

. , ,
.

. ,

Pulso height distributions such as Figure 14-7b can be obtained directly !'

.

and.much more accurately with e single cha'nrel analyger. In this Instru a
' '

mont thoro are two discriminators (called a dif f,oro'ntial discrim!cator) ,

, ,
used to pass only pulses'of such a helght that they fall between the two''

; .;
.] discriminator sottings. The two'discriminators con be reved up anc do n-

.,
" the soltage scale together with-a constant voltage Interval between .. c. '!,

; ,- them. This voltage interval is cerrmonly referred to as the " window" or- '*

" channel." Tho channot width can bo r-sde widnr o. narrower depending ' , ' ',

'

- upon the resolullon destrod. Conorally, the narrower the window, tha
,,

J better;the resolution. Normslly, the culse height range of a single ~
'

,

. . .. channel analy:or is 0 to 50 volts or O to' l03 volts and ch1nnel uldtas ;.
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. 'of I to 5 volts are of ten used. The voltage s: ale'Is normally' calibrated L L.

e>,

j ".J ' ' , , 'In units of particle energy by acJusting the et;tifier gain to give a . I 5
s -

'

y ray of known onergy a definite sized voltogo pula.c. By calibrating.,
'!!.

', the e.y*.f wa In tdrms of energy, dif ferent!al bles. curves such as figuro 14-8
! j are obtained.
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. Although Slngle channel analyzers are;adoquate for a large number of
s

. .; ;
'

,' encana.re.ecnf s, thero oro cur.y timas uhon.a multiensnr.e!,analy2ar Is needed. !
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-
. ui Multichannel analyzers with as many as 8192 channels are currently In f

,

*

1 wide use today. Regardless of size cr design all multichannel analyte. s &j do the followirig: 1) ass.clate each input signal with a specific .

!.

'

i ' *

j channel, 2) store data in memory units that koop track of all the signals L'
,,-

that fall into each channel 31 dispisy the Information stored in the y.-

,
-

mermry or provide outputs for this and 4). -provido outputs for data *g*

printers, "x" "y" plotters, etc. One of the peleury advantages of 1.
4

j roultlenannel analy:crs is that they allow simultaneous measurement of
. . .

'

, **
; ; a large nunber of points on a pulse height spacirum. This reduces the F

time required to catormino the energy spectrum of any source. Tnis Is
.

!. expe:lally importont when tne sourco has a short half-life or when the
.

#

*

Intonsity or charactor of the radiation bein0 measurod varios during
<,

J the counting . interval.
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The single channel analyzer .ls used almost exclusively for gross gamma'

. : .

,

bf; -

j'.9 counting since the multichannel analyzer is evallable for pulse spectro-
+-

,

The dotector is a scintillation detector. The detector output i
metry. '.:

E is preamplified and fed Into a linear amplifler which incorporates a
f$ pulse helght analyzer. A scaler Is used for readout. A separato high.i

M. , voltago power supply provides high voltage for the detector unit.*

1

c". The multichannel analyzer is used whenover tha 92ntu energy spectrum of
.

L. a source must be determina.1. The detector is a scintillation typo or a*

solid state type which feeds a preemplif ter. The signal ficm the pro-N
h. amselfler feeds the multichannel enslyser which Incorporates the necaneery
p'j a-:plifier and high voltago power supplies. The r*altlehennel output is

.

displayed on an osclitoscoce which is part of the analyzar and 15 also
N, fed to an "x" "y" plotter where the energy spectru1i curve is drawnp .,

9.'5 automatically.
v:1

h Padiation Protection 13cntterInn Inst uments_ ,

LY
{. [,,3 l. Rsdlation Survey Instruments

,

,' Many Instruments, riede by dif ferent manuf acturers are available f or |O
rr.sking radletion surveys. Generally, those instri,ments can be dividas [rc:

e.//.
@| into two groups; those used for the dotcetlen of rantation which do
*

j not provido a reliablo quantitative Indicatici cf radiation dose rato
.?.1

'

0,5 .) and those which are used for the measurserant of the radiatlos dose
r' rate. Only the rest corrmenly used survey tr.strxants wlll se discusseo. (;i
k.y
. .; A G-M survey meter is generally used for the detection of bota-gar.

.
;

. . . wa t 4

f. ',
'

'.: n radiation. The G-M tubo is contained in a probe assembly which Is }

D.~9 atteched by an electric cable to a portable Instrumer.t box which ,

. contains thr, pownr supply,1 nicc tronic wepli f ying r.ionur tne} circultry
i .; and Indicating meter. The Indicating mntor usually reads counts,

'

per mint.to although some Instruments ruy have a scale callbratedj ,;
.M roughly in er/hr. The latter is a bad pract!ce, because this doso

rate calibration is only good for the particular particle energy for
m,|4 which the scale was calibrated. The probe of this Instrument is1 ,

'[:f provided alth a reetal shleid which 'can be pesitioned to cover the
Qi - ;G-14 tul;es in this position, the G-14 is sensitive to gema radiation

.
,

- only. With the tube uncovered, the Instrument is sensitive to both
- -,. .

b%
M. h..* . beta and gama radiations. Headphones are provided with G-fl survay

~

[C. -' : ..' *

Instruments'for aural detection of radiation.
, . .

..

1rM '| .,
. For the detection of alphe particles. see form 'el an alphs survey c.,

. Q meter is used. This is sometimes a C-M probe with a very thin winJoii ".
-

,

.a ~

W bat rere often it is a In3 scintillation detector. In most cases'

*O-
?.'

1 ,Portablo G-M and alpha survey motors are r.oreally supplied with battery
. . .

' I'/,1
packs, however, a-c operated Instruments are built for use wh(tro surveys|

']Q are to be carried out at a fixed location such as accass control.
| * *:
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h .

the alpha detector Is just a special probe which attaches to the
'; 1

|
-

olectronics package for the G-M survey Instrument.
- -

-

i
. .4 ,

The most cormenly used instrument for bota-gama dose rate coasuremonts.

I is called the Cutie Pie (or C.P.). The C.P. Is a pistol-shaped!
'

The
instruant with an air tilled lonI:ation chacecr as the barrol.

l lon current produces in the enanber is amplified and read on ai

! Since the dose rate is proportional to the lon current,
i micreameter.

j the eeter is calibrated in nr/hr. Tha C.P. Is not sensitive to
{ alpha radistion De ause of the shielolog effect of the window .in the.

*
d

, end of tne barrel. A beta shlald is artsetied to the side cf the
barrel and is places over the wirmc. whenevor gart.a only moasuro-c

I .d
*

ments are desired. Ordinarily, the C.P. Is carried with the window,

?
-

uncovered (window coent to af ford ruxltra.m pretoction to the surveyor.
.

;

, '} I
*

,

2. Personnel Monitors*

i; ,.
~ '

'. 4

i '! Another class of rn*Intici protectlor manttoring Instruments are the
i

'

personnel Nnivers .hlen are worn by all partone.r.1 who normally are
requirod to .ork in a radiation aron. The persontvl montters r.ost

4-a

(1s th fcorrmonly sorn arc, pocket lonization chambers anJ flim t-ad.Jos.j ] . of these devit;os measure tho total radiation rl. :o recolved ovtr aj

,
|.1

*

.eperiod of time.'
!

'

7 *

t
The pocket dotteeter is an lontzation chamber similar to a fount.iln .

4
: *

pen In stre and shape. It coesists of a plastic or raf al case, lined .j ;
*

Internally with graphite, with a contral wire o!cetrode. A special
-i

'

i

!
charger-reador Is used to mossare the potentlat difference between :

*

! I
the conter electro 3e and the Inner wall of 1he case. Thls chargsr-

.

Peader is also used to charge the electrodes to a known pctestial
*

differense (voltagel. Sage charged Me potentis| dif ferspse Peral Al |
* '+ e- .-

.

'. unchanged'until !cnlair.g radiation enters the chamber.
*

2 When this.

; .

; ~. , happens, there is,a decrease In chstgo proportional to the amount of*

1 :1, radistion recolved. Atter a period of exposure, the chargo renalning
; on the electredes .ls possiired by,the .:hargor-roadar. The foss In * .,

potential is, read as.the radiation deso absorted by the chance . Pocket
'

g'
;

-

*

desleeters.~ir,4as. urb."geons.and to a slight extent't,eto rodlatioq. They a

do not measure alpha,'particios. By lining the chorr.ber wall with *,

j |' boron-lo, pocket dositaters are pesduced which are sensitive to slow
'a . *

j g

-

- n.eutrons. : .- s
. :,

- .

,
' Pocket desirneters ar"e 'olso made i.hich are setf-reading. The"/ aro

,

similar to the dall'cc just discussed, but are mado so that tne charges
.

|
.

L
on the conter wlre causes a deflnction in a quart 2 libor. The fiber

; has the same chara,e'as its support anti is roved a.ay from the suppor.t . 4

' , . '

|
by repulsion of l'lbe chargos. As the charge on tne support and quartz

i

fibor reduces becauco of ionization within the chambor, the gaertz-

j j lho nave. ent is ir.dicated on a scaloSfiber moves closer to the support,
; i .

callerated in mr/hr. The waaror can read on this scale total susorbed.j 'N'

cose at any tIma he wishes. The chamter is recharged ustrgt a charger
, sImilar to the t.harger-reador already discussed.
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| *;d The film bad;s consists of a plastic- case with" an IdantifyirIg namo
plate or number. 4 film pack made up of several types of film with

,

'

*1,

h. varying sensitivities to radiation is inserted into the plastic
i f.;7 case. Momember that lonialog radiation prodacos an of fect on photo-

ky graphic film similar to tha,t of light. Various shielding materials.,

' . *- . are also used over parts of the film to' help the film responJ more' ' ,

. i.'..R
*

-

. s
4'". . ,e g - uniformly to gama radiation of all .energios and to absorb low enorgy~

-

.'p: .. 1. #
particles. Film is made that is-scnsitive to beta anJ garma radiations-
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1. Discuss the principle of operation of lon chambers, proportional
! counters, and G-f( tubes. Includa relative sensitivities, counting
'

* . spead', applicability to pulse and eeen levol usaga. and other advantages
f

..
* .and disadvantages of each. *1

;
, .

>
~ .

2. Ilhat is gas amplification? Is it strongly dependent upon the number'

.
of. primary Ion pairs produced Irt a datoctorf is it strongly dependent

T,1 hpon tna voitage applled to a dotactar?
Ji

~

.j 3. a) Discuss trie principio of operatica of a CIC.
b) What is meant by the torus overecepensation and undorc.wpensation?-

,

,
* * * Are thase conditions desirable or undesirable whod a CIC l-s used

T in a power range neutron detector? Why?
y* e) Oncealenally a condition of slight oversompenseriert.sen be corrested.

- by adjusting tho hign voltage to ths unlined chax.cor. bplain

;j what adjustment would be made and why It works. .

'

'4 Drau a simple one IIne block diagram of each type of neutron n.onitoring
chanael at your facility. Indicate tho type of detector usod; alarris,
trips, and Inforlock.s associatcd witr. the chenr.ol; and the approxle.ste..

'i
.

? - range of the channel.

t
- 5. The traco cbtaineq on a startup channel tr ploying a B-10 proportionst

<ounter and a loger,Ithmic ratematcr with a maxitsum count *rato capabliity
of 105 cps is sho.n talow. Olscuss the reason for the inhavior sho4n,i -

i-

7 .' ' -
- at points A and B.-
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d. .i 6. al. Discuss tt's principle of operation of a scintillation detector .
..

': d $ :, , bl What aro its advantages and disadvantagas?"-
' ~~ '

c )- Where are scintillators used at your facility?

.&f
4 7. Consider a 8-10 proportional counter connected to a ratanater which'

.j
; has an Integral discriminator. The detector is placed in a field of

fr.orr.al neutrons and gacca rays. Thu gsms ray energios are uni formly
,

distributed up to about I rNv. Assu.?.ir.g the voltage to the detector-

. , ' . , is set and lef t at the recor.mndad value, plot a qualitative curvo
'; of tno detector response which would be obtained in moving the

F. 7 ciscrir.Inster sottin; froa its lower to its upper limit. Indicato
*4 mr.oro the discrimin:,rce should to placed if the chanr.el Ir. to be

,

!; ; used as a startup channel.
: .1 e .

-$ 8. Discuss some of the things which could af fect the calification of an
j{. . < cut-of-care power range channel or. ploying a CIC..

.,
,. +

( . *, 9. Olsc ss the advanta;os of fission chambecs over baron lined propor-
,.; .d tIcnal countars for in-core use during refueling operations..

.g .. ;
e : "'i 10. Dis uss the design of. the rosctor protection (or safety) system at
'/,( $ ycur f acility In teres of the ef fect of cwgonont failura upon its

I
? *3 ocpsnJability, and features designed to provant spurious op6 ration.
/-, ,

D] 11. Tha hetepe I'nes deseyraw tgesitron emiselen with a genne reye by.

. , ' ~ encrgy of I.12 mev. a spectrum you woulJ expect to soo if you.

.1 counted a 2n6s semple on a multichannel analy2cr.' l.abic all im;;cr ian t

i' ; featuros of the plot,

k 12. Discuss the principle'of operation, range, and type of radiation detectedi

' -'" for each of the portable survey Instrua.cnts and personnel dosimoters
useo at your facTilty.. . .j, , , .

.,

-h } 13. 1.ist all places where racloactive gases and/or IIquids aro routinely,- roleiased to the envirornant or could be released in the ovent of an..

G accident 'at your f acility. Discuss the monitoring systems caployad*
*

, , .

i '. .:; at these locations. ,
', 2
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