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'.rho study ot reaetor kinatiou has been grarting over tho past rew 
years as zmi!tly as th& new ideas in reactor concepts. Safety is 

equally as important a .factor s power cost. in the tutu.re development 

or feasible rea.o·tor powor. dvanced reactor proposals must be annlye 

kinetically to understand the limits to the st.abil1t1' of tho reactor. 

A uaeful device in amlr.aing a reactor system ror its kinetic bo-

havior is the so-called tmnafe:r f'unotion. The transfer function can 

be de!ined as the vec.to·r that represents tbe ratio of the output to tho 

input of a system. This means t..~t the transfer function specU"iee not 

only th magnitude o! this ratio hut also the pbaso rel.ation beteen 

output and input. In exi ting reactors this phase and litudo re-

sponse is ueual]3 and convenicn~ moa:1urod by means or a sinusoidal 

input tu.nction. In electrical systems it might be a inu.soidal vol taee 

impression \mile in eheI.'lieal eyotams tt W\Y' be sinueoidal variation in 

I'E:laotant concer.1tration. Reacto.r system.s may be convenientlg investigated 

with sinusoidal v.aria:t.ion in reaetiv:tey-. 'l'he ll'latheiriatieal grounds for 

the determination 0£ this fre(luency re:lponse i" that i.f the phase a.n 

amplitude relation.a of a systeo a.re k.nmm !.'or all input traquoncies from 

zero to infinl ty or .for practical purposes over all :nZJlOVWlt ranges o.f' 

f:roquoneies then the response ~ be prodicted tor any type or input 

sinusoidal or tr!'lnsiont.. Th trans.far tunotion is the manif cetation of 

the frequency responser it is what ca.11 be usod to predict tha eystem 

r eponse to arr:!' type o~ input. 

The reactor transfer function or interest tor th prGsont ia the 



orxm loop tNoof'er !unction. '!'hi$ ~"1& that the:ro are no .f'udbaok 

etrceta (~~ature ohqofl in the .fuel o:r moderator, control s:11ta 

rod adjuetment, etc. } t.Q arreet the natul"al ff$pol'lfff of tho :roaetor to 

tho input.. Sen'~ommi= an lya1& can then bo appl 100 corl$1dtrini 

!'eedbaek GY&W~ to de~ ttnlne the o:VtJ:ral.l behavior ot tho reaetol' eystom 

under any operating coruliticma • 
• 

?he tra..~.Cor fu.1ct.lon ia n-1.?od at. thr.:m~ the t.lm• dependent 

dif!ero:nt:tal equ•tion t.Mt doacribet the Chango in the VQrlabltJ th,.q.t ia 

af fcoted by tho changing input in toms ct that input. rn other 'WOnW 
tor a .reaoto:o ~tom dii'!enmtial Gqttat1on tliJ.\t. •howe the change in 

naut:ron popuJ...11.tion •s a tu.notion of rca.ct..ivitq 1a desirod. This latter 

i.e the roaotor kL~tie equ.atton. 

In the ror:rulatlon or t.he kinetic equations it is nec;oesar.r to 

first. davolop a: di!:forct1tia.l G'tUD:tio:n for th' rate or «-:hqe ot ne.i.tron 

population ·W'f.tn tinw, wtticb mtu.ral.ly toll~ fl"'(D. a noutron "bal:meo. 

The cethod tU)ed 1s that Qf J. F., flUl (9). liowovet', a chan.:;e in noman-

el.atum ha ~ lillldO eo: that consatenc.r u intained Vii thin th!a 

'trork. Roferene• t.t} tbe nomatlclo.ture, Chnptur .u. m;q be necusary where 

·t.'i.o ::>ar. l:ll~t's arc not defined in the tm'ti• The inputtl to U1a ~;>stem 

e:u•e from t.vo SG\u•o•s namely, prompt. end delay-ad nentromh r.ienote a 

merut t.herma.l prompt noutro11 11.!othto by 

R.. = l 
o v L 

a 

• 



whe v i m 

a o tion cro -section !o. nl,y ~ 

ductlon of l eutronn i 

r 

1a vn(l-/3) 

~ (1-(d . 
Ro 

h pro uction t of el.a d r. 1tro 
I 

~ ::A1 CJ. for ll ups. to 

rottuction. 

utron:s ar lost by ca tu o 

of c ptu 

na tron d r t 

nautro • T t. 0 ro-

) O or the it.11 p or 

otion is t o! th 

then of lea 

1(1-' cf )/ fl. 0 • 

01' i n <//£:, tbe to 

e chan of eutr n po ul tion wit.b tie 

t eon rod ction and l ss, n 1y 

(1) 

i.ch lvo >n 

LA.v. · ( ) 
l 

in and ef f /(l ·'t[} hich on c .~ .. · , ...... ,.,.,. 
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y ld (1 £ / -- (1- S i.:) . u titution in £qu ti n la giv 

or 

d in tor an ni'ini t e 

itron lifet' !or init r ctor. In oir. o Q, ould 

lo·ic 11 b duoo 

The final !o oi' t e • inotic 

nc tor th neutrons fr 

tten follows: 

quation i 
(:, 
L~1.,; . 

l 

wb th !irst tem on h r ht sld r th 

(2) 

(3) 

tian 

of "tte!." tha second t m ts the doc o . 

ttsr. 

T kinetic · t:iow, (2 :ld 3) i hav t10W b on ta.bl! 1 for a 

neou ba to n lon t 

uncti :t " r ch ~ ctor · c h it oulrl r nd to sim oi 

t.n:' t o! reactivity ( b c) . h r spon. or the rea.ctor by 

the v r ion in t;, e nev.tro poj1Ul. ti n . In this 

hult (12) is nplied. L>t ~ or to il!mlify t. ppro ch th tion 

fi t. lino rit , t t i let. 
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no ~n Cind 

C - G1.0· • J .. .. .... 

In do1n· t~is ~ n ·,,d c aro ll d to 'IJ r:, o 

t otore 1 

. no -1· . r pro ot n(t) 

inc both re • 'ith the Gp oi!ic t on that 

egl ct d. The eub tit itio 

t o ti St'.,lwttiona. 

uation 2 be writt n 

dn n 
at ;;: I: 

6 
-I_ 

1 

~. 

l. -
t 

Th.u 

6 
!tfi ., I "i \.1 

l 

coable by 

6 
- nkor ti. ~ 2_ :\c -·fl. / l 

s 

•ill 

~ k dn ; r n -~ dCi 
t - L - · de 

. (1 ) 

j_ 
1 

r.r uat e el.ir!l:intited fro 1e t:io aince t no 

w1 ch n in ak. h :1 cc pluh 

or ;.;lnall in the } t cr ltica co dition on t chant: d k :l 

.d th/1 t. in o ~, k ia the value ot 1!'-e.f r do&O 

ignific nt.ly tro:i l .. · ua.tlon 4 



T 

tected. 

6 

'° dn _ ~kn .. \dCi • 
at T Lat 

). -

ubsti tution of n = no ~ n and C1 = Cto 

d(no -+ n) 
dt 

b 
= ~-·k(no -1-dn} - '\d(Cto .. ~c1) • 

f ~ ,t . 1 
e deriv tiv of t constant terms ( t dy t:ite) z ro, h no 

' \ d Sc1 • 
Ld.t 

.. 
l. 

{4 ) 

(5) d ~n = !kno 
dt ~· 

The product J k ~ n/ f_* has en om.l t ted as negligibl co rod to the 

other ter: .. Substitution of t e v riable 1n th eond kinetic 

tion { <r..lation 3) yield 

t n t e steady-st.qt condition ot '"•i uatioo is co:1eid r d, t t 

is 

0 • 

the equation beco s fi ll 

(6) 

T ual · thod ot ndlin3 theoe equatio involves th us of 

the pl ee transi'o tion.. i ld 

yields 

~ n (s ) - ~n(O) 
Cit 

e tapl ce of q tion 5 d 6 

6 6 
~ d k( ) _ s ~ ~ C1 ( ) _ \ d ~ Gi (0) 
11* L L cit 

JC; l l 
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an 

Sc1( ) - dc)c1(0) = ~ ~n( ) _).i. ~C1( ) • 
dt ~;s, 

If it ia a aumod t t all variabl have t ln d a. d,y t 

to th input 3 k(e) t. n the d riv: tiv a t t - 0 are all z ro d :y 

be drop d leavj 

~n( ) - no ~k(s) ---i* 
and 

o Equation 8 

clCi(s) - l S n(s) 
J! cs .. i 

(7) 

(6) 

bstitution of this v. lue in ll tion 7 yi ldn on tr po iti 

d finally th& tranof er function defin d output divided by input io 

~n(s) no 
~k(s} r (9) 

tt hould be tress d t this tran i'er function 

has been deriV1 d !or bar h g neo ctor in th just criti l 

state. The input ~ k c n be of to but it ll8t be ve small co -

rod to o and the nux di trib tion ohould not be distrub er tly 

fro t t to Whic the ve o uat.ion applie • Tnis not only liJli ts th 



nitude of ~k, but also its sp ti41 distribution. 

B. velo t of Kinetic Eq t ona tor a Two Core actor Syst 

rh Ul'R-10, t r f being a bare bomogen ous reactor, :! not only 

hetoro eneous d x-enec d but also c itai s two s r te cores ioh 

mildly couoled to one other. Coupling eans tJ t noutro which 

esea rro one core and travel through th int rnal. phite re.fl ctor 

can eventually find their into tho second core. It e been .round 

t t such sys , while it doe exhibit a .i.ngle etable period tor 

the !!actor as wholo, Wh n it daviates fro criticality will not 

nee s aril.1 show single trans.fer !Unction sueh derived in the ren-
o n section (.3) . Tho r a.so for thi 1G that th er lev l in e two 

core f!Ja3' different.. Thia phenomenon is termed nux tUt.tne. U the 

degr e of this i lane is known th n it is possibl to obtain tr ns-

.fer !'unotions, one for each eoro, for each eype of int>Ut that po ible. 

In the o s of two-core actor tho excess reactivity or c core a 

11 s e coupliJ e1 b t th tlOJ" be subject to oscllla tio ch 

would ;yield six se~ te transfer .functions. The eyste can b ce 

to a s1n{",le trt.lllBf er function only if th nux level i equal in t two 

cores. Thi.a iB eaaily seen ... he transfer !unction when it 1 do-

veloped for a ore syste • Th type of input which will be dev op 

and eril:2entally appli d is the sinunoidal variation of the eoupl 

coefficient only. The othod of d v :ioprnont or tho kinetic equs.1i_o :le 

similar to ti t of ldwin (J). 

r time dependent diff'usion p roximo.tion be appli to each 

c re se tely which gives in core 1 



hil a s uation hol 

9 

(r, t) l/v 0¢ 1 (r, t~ (l ) 
&t 

or th eaco co • 

c source te can be co id re to CO?nt'JO d ot t l co tr -

but.ions J r pt n u.trona th t r mod core i el , 

d layed noutrons t t within t t. t co ncnt 

ic or T 

c 1 in xcept t t t.h f'lux l be di!i'ere • 

& r !llt or t."1 slo 

0 • t.rons a::iitted in the fi ion ( p>• In core o 

th WO db 

Sp== (l - _J3}k1 Lal £1 ¢1Cr, t) . 

T d la d ourc (Sd) o nds on th d constant of ach roup nd 

t!' cone tion or ch delayed neutron precursor. To consi er o. 

l 

to b ulti ~i b:r r ctor to eor ct tor 

d r so nc b orption. 
....b. 

sd Pi £12_ )..icil (r, t) • 
1 

he final oourc t ( 2) co f th econd core i del 

b1 t I°;' in e SS th intornal r n ctor. It i 

rtio l to tl ix in the oth r core henc 

to l neutron ourc in the core 1 is the o· t t 08 tb 

te 
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Sub titut~ U'tis oource to in Equation 10, the diff ion 

equ tion, yields 

€ l q) 2Ct- i) :::: ! CJ¢i (r, t) • (11) 

v 8t 

The derivation of th k1netlc equations nd transfer !'unction will be 

demonstrated only for cor one. 

Th precursor eq ntion, ), naturally hol for each core. 

(12) 

T e aasWJption i de th~t the w ve equation holds in each cor 

nich implies tho separability of the variables r ld t . Thus 

- 12 ¢ 1 (r, t) ::: \7 2 <\>1 (r, t) . .ake thi substitution in ' uation 11, 

divide by Iai and ot u/L_al = ti, the aquar of the thermal dif-

fusion length. he foll wing equation is obtained: 

Bnt 

:;: _1 __ 

VzaJ_ 

() cP1 (r. t) 

()t 
• 

<P1 (r, t) =nl {r, t) v; 1 el/ v L:.a.i (l -i ti 2); kft - kl ~ 1 

(1 .. ti~> 

(l)) 



c . 0( 

nee d oa s h tn 

r "'1 
, 

' L 
l 

o<1 t'2(t• i ,? • J.1 v ~ i (r . 
at • 

L ~ L,,i i Cr. > -Lu
0 

< , t ) 

1 l. 

(r, t). 

6 
t + ~, rp ... 

1 

( ) 

f °'1n2( 1J""'j JV r. .f!.1 oni' , t}. (l '" ) 
0 
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- l-kJ. tlon 16 b eo 

he £mctio al do~ndenc or non po ition 

with th p r. il1ty of th v iable pr~viously · pli d. 

pr cur or equation s fro ·q tlon l.S 

· ua. ti on 1 7 d 18 a.re t e kinetic eq tions which will o 

d v t 

in aceo nc 

(18) 

tor. tion • lar eq apply cor 2. ain, wev r , h 

' Uo s will onl.¥ be d rir for tl' e on oor • 

se input of the forn 

• 

? ro of t e outp t variable 111 b 
c 

0 
11 

Subatitu-M. t ae in th ldnotic q tions th following is ob ined• 

G)n1 (t) 
'="' - . (19) 

() t 
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h te ,£o< ~ ( t.-1) 
.f \ 

n l c d tr th 

co itlon, lexnlo a<o~o - , th.e · ton 19 r UC 

Ql Q.l 
,. 

l ~ni ( t) f 1 r_ a&'cil(t) ocoa~<-1' 1 
.k'.1 ~l i ot 

S bsti tut th output var· bl s 

tion (18) in e s ot tion ~ 

st t condition n b dro oe , th t 

Th tion is 

T the ce t ro 0 t 

1<i ~ i< ) _ Pii1[ 
Ti 1 

bO( (s)"2° _ 

.l l 

a ~"'ll (s) 

• 

ti on ( nd 21) . 

il ( ) c:<o ~ • 
Ti 

~nl ( ) • 

l r /}_1 dn ( ) • 
£7;fll 

to 

(2 ) 

or 

(21) 

(2 ) 

(23) 



s..; ( ) 
~ '} ll( ) 
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s· ~J ~n3, ( ) J ~0((8)11].0 

= l • 

ugh a :i.n.:Ua.r lllQ.n!pulation or th ditf ion 

OG a . ., ~?lt {s) 
.. ~~( ) ?lJ.o . _. 

t.lon or th 

Th ~e .imultan qua.Uo 1n tlle transfer £ ction variabl tor 

th two eor , t.11.a is ~n1(s) 
Soc ( )n1° 

and ~·.12( } , c n 
Seq )n20 

ol d by d 

z braical • h resul s toll : 

J n1(a) 

~Oc: ( )nlO 

(l} -C(o) ~- ;§.. ..... i 0_ . _ 

L < + ?. .~> 1 ... 
+ ~ l ]- «'. -91 

0 
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d 
~~(s) = JO(( °20 

, 

.e ~ to ( - O(o)L~ . - 1" oc0 e 
- + -I· 

l (• . .f t> 
~ IP 

~ J 

(l/; - fXo) - ~ iJG0 ( -o(~, i~-~ .... 

L L . l I • .. . k } .... 
- l. 
'1. 

is il - seen th tr. r r funotio ar i tic l only .for 

= 1, th t · when the nux lcv l in t t co s re e l . 

In this tudy att t wa e t a lue o! .. 

I 
• 

ro pt ther: n ut , .J.. • It a known t t tl e two cor 

an 

sil:lil r to single cor r pons at 

k £1 uency w lich occ · tion 9) 

or ') /3 To eo t Jis let ~ ~i 
Ly- ~Cs /\.i) 

in 

to ...;,§. __ _.,..._ wl"I ... .,...,. A r r sent t 
i<., A > 

d c 

cons :1 of all s..tx ro a tr.ms!' r unction th duce o 

re k ! uoncy of inter t i r . 

io o! ;6 would yield t e de 1red v lu ot R. 
tal b ak f nc w re knoim. 

investigat nd analyze t a 

so if ' t did c rres d to t 

ults or thi 

fer • unction d r · v 

E otlon. Th 

) . 

bov to 

od nd 
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II. A1YSIS 0 T 0 C 

It is not adily obvio 

het.~er r not it is co 

function vio ly riv d. 

y be COlllp d .first 

avcra~e ~opert· of all six 

ti t core :r ducea to 

-co tr sf r unction 

to the ingl co trans r 

ord r to plac it in 

a sing group t 

:ups. Th rans.fer .function ror 

fu 41 + % 

., A]fo { -<Xo)~ 

th 

Thia xpres ion ily reduced to bl fo by 

etting R - 1 

e deno. tor 

l.2a I.. The tactora 0£ th ri h side ot 
t . en i e tical and t fu..'1.otion b co 

h r ctor l - - b ppro ted by s'I d t e !w c11ion 

a .t A 
e l rs -4 _<1_-_« ...... 0_1 - ~ ),J L c 0( ·1;1.L i> 1J.. .t 

• 

in th u· -10 t ion in ppro 

the impl sJ.nel co function. 1"" L et e order 
of nitud and o(o < < l . !h. r motion wn n plotto on 



.'t lit procodur .' n tran £ r otion y-

ct ri tics: 

lo u.>__.,.... 

SU>Se u nt in t discussion t eurv 1 

ppro tod by it 

i , corner fr ooour t /\ 

recisaly for e co £unction rith R - l t .i\ 

s previouslJ', for two co yst ' 
lev 1 1n sla ne not robably will not b - • • 

son the trans.fer function !unction o.t e 

ll1 - _P.2 ~ .. JI.. is still main ind. order to ob n 

in.f o tion such br .freQ.\ll cy it"iout ort 0 

tor the et r , it ul to vest 

the . nd 1 ire en re pon e se ar to • 0 co s it is 



n ces· q to kno th 

it 

ae by' 

id which 

ors (!)) 

b 

pted. 
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or the quantiti ro. 
leote • or purpos ie UG 

Con icter f rat v ry 1 frequenci :th T t na!'er .function for t e 

fir t cor beoo.. a 

f o (1/ - Olol ,.,...A-..... :,\-.- + Ola] 

-------------------~~--~-----------------& (l/R - «0 ) ;!!- JEo ( -OC0)~•J-0(02 • 
er the tr 

e-sr' nd e- 2 ... i' 

.l;r, and 1 ~ have b en n ~1 e d d the te 

v be a t ual to unity. In all these c ee th 

Lapl cinn o tor, a, s J.en th valu o.f th fra u ncy. A 

turther Si l.il'ica tion that be that or n l et1n o(o 

th rs ct to both R nd l/! .. not n c ssary in t 91 

but a ail::ip done i or c nve.."'11 c • it 1S ir ' in re ult, 

R l/R be repl ced b ( - «o> nd (l/ ... 0!:0 ) re pectively. 

ith the anaion o.f the in t e eno tor and pl c ent o all 

over th co on deno 

T is 1n to wh .., tho br k freq cncio r pre-
a nt d by the c n tAnt te in ch tac tor s oee ) 1: ( .l A ) • Thus 

• 



h 

E 
• ·1 -

in 

he 

o ~r b 

.13 ~ o. 5 
A '). d 

'1' 2 .. 1 x l· 

1-= 1 .. Js x 

o<. . 01ss 

• 
th 

by 

• 

in 

fer fUnct'on. 

20 

J ( A) 
• 

-~ 
0(0 
J 

• 

(5) ror t . 

ot 



21 

This transfer function i valid tor th lo irequencio 

by t e v. lu obtain for br k frequenci 

u o tn order of nitude or one radi.'l per cond. 

t t th br ak t o.oa or A till occur 

b·t ther is short interval pr ceding t.~i 

- 12 db/octave and then quiclrly i.tt back to 

1n th 

db/octave. 

function 

Consider the trans!or .function at hi h !requ ci above 10 r d na 

r second. In this c se the tom /(s A ) b considered a unity 

1 reu. n t tra.nafor r ction -O 

T. F.1 = ro ;§ , 8 tj , o<c,(l - al' l 

~~ 2f J.B o<(, ~a Jl2s2_0f,2(1-s'I ) -•l. 1 
In thi ted by l 1' imilar e-2 r by 

l - 2 i . The in th denomin tor can bo eomb:ined into dratic 

ter. nd th function be 
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T e t dard for ot t quadr tic factor in trans£ r f nction no -

tion in 
1 .a g_f_ e _s2 __ 

w w2 

so t t the function should writt n 

nd b -
) i tlon -

andw ==-

..... i'""" 2o(o 8 
IA: 0 ' t.;;;;-

R 

+ 1/ .. l/3/o(o 

OCoa 

VO(o/'b 
·v O<o A~ z • 

f ollo : 

Wheth r or not is£ ctor re q tic or can b t otor d 

into t.o 1 ne r tune tion dep nds on th val i of i . U ) is ter 

t or e ual to unity then th tunotlon can d u t b t etor d; if 

less th unity th a q dratic 

If the nitud of the p evio ly are us then 

• 
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th val e or f i l .46, ho- e r, it can b shown t at indope ent o 

t be gre .... r t i one. hi 

o ns t;; at the denominator • t duce to two lin · co .. e t • 

The roots ot th Q.".ladratic represent d by 

w ~ 2 ) w s " - o_ arc 

:: ~) [~ ± y)2 - 0. 
The use o ... these roo in th transfer function gives, agai:.'l disregard-

the ain t ctor 

[· 
If the val es reco end d by Danotsky (5) arc usod the transfer function 

beco es 

T. •l - (347 _. s) • 
(286 -. o){46. 6 .... a) 

hls tran fer function will app r rolloWs on the de plit 

dial"r : _ / 2 2 . o<o8 ~ v°'O a -4A'o~b 1--------- . 2 t . ( 

log W ·--"-
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The co l te tr:in r r function !or th t o cor syste will be the 

combination or th lo frequency rasponsa derived previ usly d the 

l ch trcquen rcspon e above. 

The subject of this study will bo inly th br k t t occur at 

a re uenm· of pproxi:mately 46 .. 8 r ian er econd given b 

ors l value • lhe 'nd r o! thi discussion will cente on the 

ro rties of th.ls bre k fr ncy and t.."'l p rameter tha·t determine it. 

he tran !er !unction for the h h fr uencies be 1'ur r 

duced if we neglect the la.s11 t 

2 °'01' /e, . hen b = 

It. then in t e t 

o the defined val e o a, that 1 

The transfer !unction r duces to; 

• 

that a br k s ould 

occur .in th trans.t'er function. This k and th on t A ar t ~ 

one th t correspo d the sin°lc core ... r fer function. If lt .i as-

6 d that /3 known tor the re ctor tb n _I, b determin d one 

tho xper.i ental v: 1 e of' tli break !r uency is known. Thia is, 

how ver, an approximate sis o!' th a proximated hi h frequency re-

aponse. In rri1'itlg at this tra !er .function ). 

with r spoct to the .frequency of oscillation. ten 

a<, 'l' ll wa neglected with respect to /3 I «. 0 • This 1 

sumption if o< 0 .1 not mu larger than that saumed by 

valid 

o!sky (5), 
t t i , 0 .0155. The bov transfer function can be a pli with 

reasonable accuracy to t.~e UTR·lO r ctor with the degre of coupli 
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t t exist • The bre k tre ien t t io obt 1n sin(; the above a 

proximation is 48 .l radians r second whil tho oor preci o first 

appro tion gave a br k .frequency of 46. 0 radian p l" second. Thor 

is dU'f rence t en o only 2. 7% b tw en the two a proximat1o. • It 

1a also est ted that tho negl et o! ). in the or inal hi.sh .frequency 

sis will yield a Cl 2t.J rror t thi frequency. his first pprorl-

tlon is th by far ore cou1-at than tbe second. eour the 

rror will gro l rgor o(0 incr a s . Fi ure l sho t? variation 

of th break frequency s o<0 ia vari d 1.ntaining all other par et r 

contJtant. It al o co re variation with t.l-ie lL~ting f'requen , 

as o<. 0 appro c o O, o:f f / .P... • 

can be een fro th c ph th break frequency deoreas rather 

slow· d t.'le rror introduced by neglecting 0<0 is 

not more than 5)( or 0( 0 less t.'lan . 030 ich is probably a valid s-

sumption 1n th4l ts'TR..-l:J. However so this be vali th break tr ue cy 

ob inod. ex r: ::.entally wa used to fin~ tho limiting val e 0£ fl fro 

th /3 /fl_..., appro tion 11 s f s a !unction of D<.0 • To 

cco plish this the v lue of p , T and R d to be assmr.cd and t.l-irough-

out the values given by Dano!s.k;r (~) were utilized. 
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The stud;? of the kinetieB ot r · otor ayatems was done on a theo .. 

ret1e.l.l ba.ai wlt.h the first work: on the Manhattan Proj&et. Since then 

mny have solved and resolved the kinetic equations using a variety ot 
t ehniques for their di.ffe:t'Snt aims in pplioations (l, 6, 7, 9, 11, 12, 
l)) , The forcmo t application is toward th better understanding of 

the reactor as a unit in control system. Information ong these 

line is obtained through the transfer function. The reactor response 

to various reaotivity changes will disclose the trans.ter function. This 

lllaY' be step or ramp input, but as :mentioned previously easiest to 

nalyze is the sinusoidal input Md response. This section discuss s 

the various attempts at this l ttcr technique along both theoretical end 

experimental lines. 

Lundholm et al (lOb) have investigated the SRI transfer function -
inc- .frequency respons techniques.. They utiliied both random noise 

analysis and reactor oocUlation. The;) results of ese tvro studio 

each consistent with theorJ within experil!iental accuracy. The trs.nsrer 

function a derived for a. single homogeneous corn fit the experimental 

results obtained with. respect to both ph.i.sa relation and amplitud • 

Jl\J.ch earlier work than this had been done to describe tho transfer 

function of th OP-2 by Harrer et al ( 8) .. He used a cadmium oscillator 

loc ted at the center of the CP-2. The reaults a.gain agreed nth t.'te 

calculated .simple tranaf er function. All of the data 11'Efl"O taken above 

0. 2 radians per s•oond osclll tion frequency. 

Similo.:r work was done on KEWB by R. n. Cord;r (4) using rows o! 



cadm.WJ ~ (rot~) nnd cp.:>ts (atatol"} u the oocillati1on davie(t. 

't'h nmbo: a,t ~ dote~ tbil r'OQOt19itQ !.np\lt ~2:tnd0• J1 ro-

$4.ta ,~well 'fdt.b th tmnotor tunct:ton ao ®rl"md .tore, _ ·to .. 

br.:tilor roaotor. th1D tmrwi'Ol' :."tlnotion EMt o~ to tbe ~ pal'Or 

transfer !"unction pre~~l.1 d.OJ"iwd in the !J:l,tfod110.Uon to.k:M into e-

count ~emturo d void etreote. , Hio data co . pond. to hls dor1 

~or 1\illation but. it lo 1ntef'Oatins to· note that ha HUulto tJ.'low: a 
·eownth ~P ot dcla,yed flt.lUtn'm C:'d.Oh no oonoludw. arlaea ~ 
®la.Ying e ...... cot ot the otor m :-~ ~ to t..41 ooz·· • 

coupled ~ctoJ:!J 1n eor~ml o.f'G) ~~ b:r' A~J C2h no con .... 

c:1dom the intw'aotton or ~t. o~ COr«'.i ~eh , uw~1 ne".t'...rnr,,a to 

n tJ other oorcc.. n tben np~ , nia flieor/ i» coupl r ... 
ot.oro. P~tim tl~ lb WJOd to obtc~"l l'eo.etint;· as a tunotion 

or ~ .. lal\u.t or v lien 11$ dafinos t.hroush tbO ~r~o 

tunotion. ·:e dm'$lopo the 1n'hcr..u:- oqua,tion tor a ~ c.oro z:N'CJlU"ll'~ 

ld\rtn (J)1 Wl i& oLtmn 1n ti.~e introduot!on. UfKlG two co inetio 

equations to ~v a tiunster tunction nice.ti ()(Jr.'1 1daro 0;.w ~.tn· 1dal 

variation or .:.x0 , tl'H'> con~ be~ ~o::'Qlt, boldin.: kelt tor en CO't'O 

· t co t®t value. fhi.., ;,.nput 1tJ COI3pl.1$hcd b7 WJt7 · 

aboort:ior 1n the oonto;: or 'the intemal re.n~. :ta deri'l:lt!.o.~ • t 

that it tho nux l~l 1n 0 two QQrea diff~ '1lerl the ~er !'unot1on 

t<.>f' ch eoro 11lll be d!!'tcrent. 
lllmo.f~kY' (5) ~ ~~ ~ circuit or tho tm core ~t®l ~P~ 

om:itod bj.• t. ~"""lo :oonotor. 1..:tter pm::tot'P.Jn · & ~tef o! irmuto on 

'10 o.~~Ct11. .aMlon ot wa ho eoi:UllUded th4t ·tno roe:, 
the 'V'i'n-10 to o. cinrwo:'l.&U vnrittt.'t..nn o! the uonpl 'With or ·1thout .aux 



tilting would not be significantly different than the .rospoMe o.t a 

s~le region roactor under the eame conditions of reactivity variation. 

During normal operation this nux tilting mq vaey from 1.05 to 1.16 

whieh did not result 1n signi!1cant effects on the trans£er !unction to 

make it very different trom tb single region reactor transfer .function. 



Photographs of the throe ~jor eomponents appear in Figures 2, 3 

and h. These are the oscillator units, tile drive m.ecba.nism and the 

el.Dctvonic quipoont. Diagrams of th o o:Ulator and pattern can be 

found in Fieure 5. 
The :rotor with i ta half cyl:indrioal tte:rn 1'1hen. rotated gainst the 

sinusoidal e:idmium patt rn ol tho eta.tor gave an a.pproxif.:l.ate ainusoidal 

roaotivi tu variat.iC>n. The actual variation 1s Bhcmn under result s 

Figure 6. The amplitude o!' ~iation ftB o.oohl. Thi arrangement gave 

one cyclo per revolution o that t, tho maximum d obta.inabl which 

was 1500 r . p.m. the oscillation frequ.enc.r ms 1$7 r~dians per eeeond. 

This was well a.hove the stir.Qated 46.6 :r dians per second for the brea.'< 

fro uency corresponding approxim · t&ly to /3 I)_ • The lo est quency 

practically obtainable was . )2 radians per second which corresponded to 

a speed 0£ .). l r .p.m. 1oh did not yield the transfer .function 1n the 

nge or the break at o.oa radians per eeond pr$di.eted by the previous 
na.lys1s. 

The patterns were glued to both t."le stator and the rotor With thin 

etf)el wi:re st!llbilising the rotor pattern. Thi$ was done as a e:U'ety pre-

caution s:L.'10$ the static orth of the cadmium vns tound to be approxi-

mately o. 25% which if added a step input could produce short period. 

The position of t~e oscillating unit and the 1on chamber as they 

wore used in the reactor is sholm in l<~igure 7. 

· The olltput of the reactor was dateeted by a eo pensated ion cll.a.l?lbe:r 
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Figure 5. Oeoilla tor and patterns 
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which ted a micro-micro-ammeter. The d. o. output voltage could be bucked 

out to remove the steady state component, bef o:re the output was placed on 

the oscilloscope screen, The amplitude could be measured directly' 1ng 

the db (decibel) attero.iator which allowed 4dju.atment of the pattern to a 

predete:rm.inod oize on the oooilloscope. In order to in•aure the phase 

angle the output WJ.S sent through a band paaa .filter which select· tne 

frequency of interest to be placed on the screen elittd.nating har!OOnies 

and ost noise. The input ~ignal us placed on the scop through 

synchro-generator connected dirootly 11ith t..~ oscillator abaft. The phase 

o! the input eoul.d be adjusted through a second synohro-generator 11bich 

shifted the phase an indicated a.mount. The neultant Li8sajous pattern 

on the screen could be adjusted until the outpu.t and input were preoisel.¥ 

1n phaee. The l o!' tho output could then be read from the phase adjust-

ment dial· position synchro enera.tor attached to the shaft was con-

nected to a scaler W:iieh waa used to count the revolutions in one minute. 

B. Procedure 

Sin.ce the reactor should be supercritical ror appl"Ox!.matel:.y hal..f' 

o.f' th& cyole and subcri tioal .for the re in1n& half in order to intaJ.n 

steacly st te, the l'Elaotor \"1lS made eritiaa.1 in the mean position of' 

reactivity of the patterns. Onco th.is was done all th trequonoy re-

sponse dat.~ was ta.ken without shutting do'\'ln th• reactor; that is all 

th t could be taken at one time. This was presumed neo.assar.r so ae not 

to distUt>b the nux ratio that waa initially established in the two 

coras. Of eo~se ccm.staney could not bo insUl'ed sine& any po11'er drift 

would have to be corrected by movement ot the regulating rod which might 

change this flux ratio. once the d.osired parrer level was reached tho 



automatic circuit waa put in to maintain a con.sta.'1t lovel. Thon the 

oscillator \'tls started and adjusted to tho prt>per .t.:requ ney. To obtain 

the open loop retiponse the control oil"oui t wae then removed i'roti ope.re. ... 

tlon .. 

The runs we:ro oo.ndu.cted at the highest frequencies initially., the 

speed boing slowly' roduQ d to the lowest value possible. Thie don 

because tho oscillations were theoretic-alls" smallest at thd! highest 

frequency and their increase in amplitud could be care:tully wat ed as 

the trequeney was reduced. 

In order to read the phase dit.fenmce directl.JI' it wae neoessar.v 

that the p tt¢rn input correspond in phase to the synohro-generator out-

put. Thi was tested by obtai.ni.llg the phase lag at a £requenC'J' o,f 500 
r . p.m. With t..be motor running both in Coma.rd and ~verse and noting the 

difference :i.n the measurod phase l.$g. This was oo:rreoted by rotatine 

the stator coils of the aynohro enerator to a position halbra;r b tYteen 

the two previous readings. 

A ty11ieal oscillation run conststed tirst of counting the revolutions 

ma.de by the osoillato.r in one minute. This mw converted to frequency 

in oyclee r oeoond and the band pass filter adjust to enoo.lllPa s this 

£requeney. Adjustment on the low and high aide of this frequency ware 

made equal and each wa brought between 2 and ) pari;ent of the dian 

value given by the scalar. tho signals wore then brought into pha e with 

the phase dial using the horieontal. gain as necessat:r to give a readAble 

pattern. When thie was done the horizontal gain of the aoope was brought 

to position to be used throughout the experiment. The overall size ot 

the pattem was bl."ougbt dolfn to 2 em. on the screm With the db 



ttenuator. Th tl'lo l g it.hmic litude gain 

f erenc directly. '.he l)O'lfcr level 

tbe ph se dit-

re d t oh 

fro oncy ince the tranafer function s directly dependent on t 

stead - st te power lev l . A simpl corr ct1on then applied to the 

plitnd us ,.. t loca ... t. or th m.tio of th two power lev s with 

t e r 1 el at the start ot the :runs as base r level. 

e operat power levol was ten tts which ylel ed c r 

c rront o.r approx tely 2xlo·7 res. Th shutdown l>roc r -

t t th reactor be " crmmHrtt" b fo th oscillator tum 

of!. Thia prevent d the pattorne from coming to at in ' sltion that 

would add re cti:vitq to S"JS caws a. itiv peri • 
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1. DISCUSSro J ND RESULTS 

Tho results or the frequency res onse tests appe r in F1 8 nd 

9 and the data in Ta.bl l . The plitude curve been no · ized to a 

f uency ( Wr) of 1 .0 radians per second, that 1a db = o t l .O 

r diane per second. The phase data V< been plotted so that the phase 

la<Y at the break frequency deduc d fro tho ampll tu.de cu.rve is - 'TT' /4 or 

5°. It can be eeen t t the frequencies inveatigat correspond 

p rily to th range inf'lu oed by the factor 

l 

O{o - -Jo<o2a.2 ... h CXo/2b 
1 . S I 

2 R-
in the high r quency analy8ia of the two co.re transfer unction given 

previo 11• This s calculated a.a l / (s -t 46. 8) usi er the rametrio 

v ues of Da.nofsey (,5) . Tho break frequency der ived £ th amplitud 

eurv s 33. 9 radi.'lllS r second. The protJUl'aption ia de tir t t t 

thi br ak frequency is essentially indo ndent of R, tb.e nux ratio in 

the two cor a. This is pa.rticuLu-ly- true 11hen i clos to l . ap-

pears in the terms and b in both cas s e R • l/~ • varie 

t'WSen l and l .2, R ~ 1/R varies t11een 2 and 2.1,. can 'f: lu then 

or 2 . 02 for t.~is term can be ssu:med. o that o( 0 d f. re in the 

.,....,.,."''i'l'l"'ters under investigation. Figure 10 ehows the 'Vllriation or 1 for 

val"i.o 1Y assumed val:u ot o<. 0 with • .l, l/? = 2.02. To further ex-

tend the inve t1gation to incl e R Figure 11 shows the riation of 

<.X 0 with i tor various v l .ieo of R rrom 1 to ) . T ext me 



Figure 8. Experimental curve showing relative output. amplitude vs oscillation frequency 

Break .frequency {asymptotic) = 5, 4 cps or 3).9 radians/sec. 
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·able l . Eroarin:ental data 

Sooed(RPJ.i) Frequency ion cllamber rruise 
counter CPS .Low Hieb amp. DB a.tten. dial 

3 .). 1 . 0$1 .0495 .. 0520 . 192 18. 5 

5.9 . 099 .095 . 103 .192 16.0 

9 8. 6 .145 . 140 .150 .192 ia.o 
12 ll. 8 .197 .194 . 200 .192 18. 

18 16 .. 8 . 280 .275 . 285 .190 19.0 f!:"' 

24 23 • .389 . 380 • 400 .192 18 • 

31 .518 .500 .5~ .190 18.0 265 

40 39 .665 .650 .680 .190 18 .. o 
40 42 . 700 . 660 • '/20 .105 18.0 277 
:o 48 . 800 . 780 . 820 .190 1$ .. 5 

so 50 . 8)3 . 020 .845 .190 17.5 
,Q ~ 1.00 .900 l .020 .185 16.S 

•l 1 .018 .990 i . 030 . 190 17.5 
120 121 2.00 i . 95 2.050 .19() - 28.'3 



Table 1. (Continued) 

pa.DB range 
(R.Pt!) Frequen.cy 1.0n cnnmoer l'Zla.se 

counter CPS Low High ru3P• DB atten. 

160 156 2.60 2.50 2 . 10 .190 1.5. 0 288 

210 2U 3.50 3.40 3.60 .195 1$.5 29· 

270 264 4.40 4.20 4.6o . 192 1$.5 302 
:1.,5 333 5.$5 5.30 $.Bo .192 1$.o 314 
•20 400 6.67 6 . .30 1.00 .190 15.0 319 :::--

\0 

445 425 7.1 6.90 7. 30 ... 190 14.0 31' 

470 4$0 7.5 1.25 7. 75 .187 13.5 32 

525 496 8.3 8.00 8.60 .185 i3.o 328 

565 5.33 8.9 8.50 9. 30 .190 lJ.O 334 
625 593 9.9 9.50 10 • .30 .190 12.$ 3.32 

75 645 10 .. 7 10.$0 u .o .195 12.0 340 
73' 694 n .6 u .3 11.9 .195 u .5 337 
9JJ 898 is.o 14-75 1$. 2$ .195 8.$ J.51 

1.200 1175 19.6 19. 2 20. 0 .18.5 6.5 
1510 1461 24. 3 24.0 24.6 .185 4. 
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or R would probably not b co1.m r d in nom.al. oper t on o t two 

core sy ' b t dwin 0) st.a t t f'oU ctivations ve hmm th 

nux r t.io to vary fro l to ov r 2 on various occasion in th 

Fro, F:Lcure 10 it s ot that ~ does a ro eh th sympto o! 

(d / W b... k ot 1+917 :x 10 econds a. o<. 0 appro ch a ro. Th be-

havior of the function with incr o<.0 also cted. 

c n bo en th value of J.. ec es w1 th incr sing ex 0 • T 

e pro t thermal n tron litetime tor ti.nit re otor 

'ft Iv L a re 1t la t.he non- l e probability. U e 

coupli in ases as evid nc by inc sing <X 0 than o.r n utrons 

t fro the cor s, h nee i. t uld decre s • T d rea e 

1 J.. ::.a he.'1. obvious. ith Ci. 0 al t.o o. 15'$ given by 

(~) the valu of Jl. 1 l . 801i x 10 0 4 

mr R inc J deviate l e !ro i 

tor iv n 0( • Pro bly he inc e do.mi.nance o 

on co over the othor in the p uction o! neutrons prod cc behavior 

that r clo ely anproxima that of a stnel co • 

T cu l drawn iJlG t 1.mplifi d transi' r otion 

for th a ecial oe ter II. Whil it c-

c tr te an tJ1 curve d from th h:ien tre ue 

cable o t'or thi speci case which rob bly did not obtain during 

th course or 
Th& final value of Jl wu determined fro.: igure 10 t o< 0 qual 

to .015~. Th up r nd 1 Gr limits to th lue or l . &3 z 10 

c. ero s t f' ollolls: 

{l) Asa e the v of o< 0 not noro t~u .03 nor l 
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ovoroomo imperfect alignment it na necessary to place two flexible 

hard~bbel" couplings a.long the sbatt. 'lhus the meQbani.eal probl 

aol ved and possible random fluotuations in phas l"l3&dingS tl&G considered 

a minor objection to tbe use of this type or !lexlble coupling (lOb) . 

It was presumed that the ion eba.m'beT' did not introduce signi!ioant 

phde error at the frequencies investie ted. However, the bandwidth 

of the band pass filter did appear to have sigrd£1cant f f'ect on both 

t..t-ie frequenc;;r and phase r adings. Thi was due probabl.y to th eo inod 

&ff ect ot harmonicn and noise. It .e round howova:r tba.t 1! the band-

width was kept. within tor of the median .frequency and adjusted to 

enclo o an ual ~e on eh sido of thie frequency that there ns 

Uttle distortion of th w ve pattern on the oscill<:>scopo. Larger and 

uneven widths seemed to itt the phan and ae the bandlf:idth was in-

creased tho output smplitudo howod a corresponding increase. 

It wan found that a.t high frequonoi ( .bove 6 o ) tho phase and 

ainplitud moasuranenw re made easily US1.llg the Liss joue patterns on 

the oso1lloacop$ aoreen. At lO#er frequencies however, reading$ became 

increasingly dif!ieult. This 11as attributable to the low persiatence ot 
the oscilloscope aoroen. At these 10\'fer trequoncies the la!t side of 

the pattern would ditmp~ar before the beam bad swept back to reinforce 

tne image. 

A second method there.to?'$ a! det$rmi.ning the phase ot the output t 

law frequency (l cps and less) consisted in the superposition or output 

and input on a dual tl'"aee scope. Adjustment ol tho input phase ue.in 

gave the pbas l~ when the patterns coincided. 

It s found that the db attenuator reading in stops of .5 deo1belp 
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Tr.ls quite :suf.fieient ~nd that .final:' eteps 1'0Uld not have produced 

greater aceur. C?.f ~ eonjunction with the method used to road the deolbel 

gain. 

Other :improvements s~.gested tor the equi~t aside frolll a mot"$ 

precise alignment of bearings wva 

l . Either ~ion of the 'bevel gears in oil to rodnce •ear and 

noise or repla.~t by a 110rm gear driVih 

2. Placement or two ~re boaringo to keep sha.ft and oscillator 

frol'll 'twhippine . tt 

3. Replaaem~nt o! bronze be&rin,;..,. with roller or ball bearings. 

u.. F'Jrther :reduetion of the pattern size to lower the static worth 

or tl1a equipment. This trould servo the dual purpose ot making the experi-

ment. s:a.f"er and preventing the reactor from be1ng "elugg!oh. 0 
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VI. ST 00 

Th ox r 
r net on of a two-cor 

rr no spo. 

' fr ,q 1 ncy ma diotinct d asily lyz • Ho ever, 

1 umber o.r '!: c .... or which 11 con ribu 

1nvestig ted. ny t 

t ctors ro not ot 

others • not. d is lat.. r ca 'I ile in h 

to to /3 , , ol 01 R-- t1n1 ).. • In thlo study th 

objectlw . s to d ter.:i:.no fl and bre k in td. tod oould be 

proxim ted by /3 l JL 
ot the above ter.· · • !t 

complic ted tu."letion in:rolving st 

v nt he p c1 $ d te l tlon of .l 
as d 0?1 nly 

!'ur"her . or c, 

rn this light. 

o·dd be extond d to o · r r uancie 

lCO selnJ! ll hooretio lly derived reak trequenoi !ro 

•. 6 dian:s r cond to 400 radiane r cond. 

other b~ as, t ic th ore !i 

ble then sine ch :ie dori vable in te 

ra tors it ah()uld bo n ible to d t mine all 

to au ntion&. 

, are vislhl 

ot the ba'1 aix 

irly p .. -

r tre uenci could obt<lin by abpl co pli.4 

anot r 30 t-:> on& 1.r re ucor t,:;) th niotor olon 

Ho v r, to:r 

stdble by in.troduci .fiv o ix: tu in usol l • 



revolution of the oscillator. 

It iS ful'ther euggested that th& tranat~r function be investicat.ed 

with the ion cha.moor in various poa1t1oM to detect the reactor response. 

'l'be rea.etor mq bohaw more as a singlo oore reactor in the position it 

•a for thia experiment that is in the themal column than it would had 

it been located between the cores. 

Finally' an attempt mq be made to detect tha transfer function of 

eo.oh core separatoly. As a result. of arl1° flux tilting that ~ be pr e-

sent the transfer function of each core wt>uld be d1f£e:rent. J\.n ion 

oha:mber loeated a.t MCh co~ to detect its output and preferably 1hielded 

trom neutrons arriving d1~ctly from the otn.r core may yie1d s1gni£1oant 

results about the magnitude and variation of flux tilting. 



vn. c CtUSIO s 

The rre uency re ponse is of a two-co.re utilisin a 

cent lly loc t v shown to bo f ible. Th re-

ult nif sted in the fer function show a. cl arly de.tin d break 

t ency. 

nderstan ot t1 t ore t er £unction eri ed by 

mrtn (.3) cl er b'.I a.n:U ing s pa.t"a tely the high nd 

the original pu:rpo of t s inv tig -

tion was to · bre k tr uency correspond! to ft//l. or h 

ingl core tran fer tuncti~n, oo that fina.U,y J.. y be de , it 

ie conclud t t th othor ~ ........... ter b sid ;6 ne b known ll'IOr 

oisely th t rea nt for . final ev: tion of 1-. 
course signing limits within -10 can 

can in co:tbinat on with t ex.per entally value of the br 

f re u ncy yield 

signed J.. • H c t 

4 10-1 . x eec. and 

t.'1.an i .91 x io-4 c. 

of t e other 

no 

tion to th e .• t t be 

conclud that the v. l of .£. was ual to 

ter tn 1. 805 x io-4 c. d no 1 s 

H r it imn fioi nt kn01t'l dg o! th value 

uncertainty to this v. uo. 10 tablish the range !or Jl t precl 

knowl rte of f' an 'r' 
n etuate be en rea.so bl 11mits for the -10 ·• cussod in 

Chapte1~ $. 

The -10 Spoll8e si:mil r to t would be ote o a in l 

• but re ult o! co nl here are oth r break 
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rr uenci that occur in liroite 

li htly and only' in the e range • The 

deviates further and f· er f 

cant th et.feet of coupling. 

atf ecting the tr fer !unction 

ctor res ns naturally 

core re ponse the re ai nU'i· 

The t.r.!lllSfer function rived b7 aldw:tn (3) was valid for th 

T -10 boh vior at least 1n e range of b'equenoie investieate , that 

s tro 0. 32 rad ns por second to 1S7 r di.ans p r second. o ab olute-

1.y ~ lidat hie trnruJfer function for the UT -10 it is nece ry to 

kn tor ocura.tely o that preoioe locations of th 

bre troquoncio ro known. ther than this appl"Ollch• sine deto in-

eters by diroot ea.sur . t would be ditficul t, 1 t s 

t th tra ter function h h d l frequ ncy ana sis be 

assumed pplicabl to th UT - 10 so t further investigation o t.'1 

tranef er .fu."l.ctlon to higher and lower qu . cie uld yield t irly 

ocurate 

In c nclueion if turth r rk is carri out it io s eatod that 

the lmr tr uency respon e, leas than 10 radian r oond, bG ured 

on record r r. ther t an osclllo cope. Th l r uency ttema 

becom indistinguishable nent r<acording or th e i d-

vised. 

experiment p1':>vcd safe and the r ctor showed veritably no 

er drift during t 4 course or the o oillat1on run.a. lev; l of 10 

w tts s u rather than the originally propoe lev 1 0£ l w: tt in 

order to giv l rcer moro easily bl o cillation plitudes. 
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V!II. S RY 

e t nsfe_ funcl.ion 0£ U t cor UT ·10 reactor was in ti-

g ted by £re uency sponsc naJ.yeis ing a centr Uy loca.t varyine 

quency ot o cill tion ed ab orber. _h range of 

r second to 157 radi er second. The rirnental v u or t b ak 

.r ,1enoy was 3J.9 radin er second. h p:ro,.,pt t n u ron lit -

t ,, .l, wa 1 . 8 ... 4 x io-4 sec. an had limi ot 1 . 5 x 1 -4 c . and 

l . 910 x io-h see. or 0<.0 b t on • 5 and O. OJO n R bet en l 2 

with t e re 1n1ng 

h exp rim....nt show d t! t the t ohnique wa f .d pro 

cle ly d lined r su.lta. o th pa ters 

not and th pos iblli :y ot determining th through th ext ion 

of. th rrequenci ugge ted. 

of the s arate hlgh and lo frequ ney re pons yield 

the rollawi br r qu ncy in th tedl 

U) b ak= 

. e e de.fin in the no enclatur • Th limit fr -

e cy wh 0( 0 ppr<> c s zero ls f / j_ which cor sponda to t. 

single core bre frequency. 

~ecsted i: .. prov en on th t chni d incl d d r dnction 

co r f r da at fr uencie 1 ~ 

than 10 r di por s cond. 
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l/I , 2 ./a I o< 0 + 2 ct 0 I I JL 
oill ti , eci' 20 10 w I w 
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ekl , em. 

n t~ n p c U"SOr 0000 nt tio , a • 3 

in t e .i th del ye neutron preoa or cone n 

• 

+ in an inf nite edii , 

·r cti: 
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ul iplic tio c at.ant ror .!ini 

ltiplio:i.ti cons nt :xc n ot l, d !in rr - l, 
di- no1onleso 

in le core tiplication £ ct.or de!in 
{ ff ... iy. .. eff' ionles 

. in co 

an pro t l et in 1.">.f ini 
ctor, econ 

l neutron 1 or a e cor ln init 

ct.or/ 

L .... th ion l t h, c • 

- n utr n ! pulation, n trt. c/cm~ 

S - s - 11 cl • !n utron tJOpul t Qn I.r 
o ul tion, n utran /. .J 

8 

-
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p - probabili~, dimensionl s 
0 I. 0 R - nux tio in the two co s of two-core reactor, n11n2, 

d ensionles 

acian operator, :Jec71 

S - total ourc of the l neutrons, neutrons/ sec. c; ~ 

S - ouree of the 1 neutron 
precur ors, neut.rons/s c. c • .3 

sult of th decay of n utron 

Sp - ourc ot the l neutrons r esult ot th pro pt 
fat neutrons on fiss·on, neutrons/c .3 s c. 

ourc of the 1 neutrons 1n fir t cor arising r second cor 
a.e result of p s e t ro ""h Ule inter l graphite reflector, 
n trorw/ c j ec. 

T. F.1 tr sf r £unction ot first co , J ni/ Sex 0 rlj_, d nsionlos 

v - m n v locity of t o l n utrons, c· ./soc. 

o(, - coupli co f fiei t, dimtm!Jionloss 

~o(- 11 c e in coupling coef.fioient fro previous st dy tate 
co dition, dimensionles 

f3 ... total traction o fission products th t are de 
c rsors, dimonsionl a 

d neutron pre-

A -

v2 

fr ction of t ion neutrons 
neu ron pr cursor, i -

a2 a2 a2 
2 + .. 

0 a y2 oz 2 

t arise fro the i th delay 
, dim n ionlc s 

E. - proportion lity constant between th flux in on co t time 
( t -1' ) d t~e source or thermal noutrona arri~ t t o other 
core from this source at tim t 

A - dee11.7 con t ver gad over ll th& del yed neutron group 
tak· into account the abundance o! ach of the 1 grou s, - 1 • 

Ai - decay constant of th i th g:ro p of dela d neutron precursor , 
c .-1 

V- neutron leas per !iasion 



~ ~ totlll absorption cro s section of core terial, cm.2 

1' - the time it take neutrons rising in one cor to appear as a 
aourco of th rmal neutrons in the other core 

<P - neut.I'on flux (thermal), neutrons/cm.~ eec. 

W - oscill t.ion fr uency, r di.ans per second 

W N - so rr qu noy 10s plitude is no lized to l , dbW - O, 
radian /s o. 

w Break - break trequency 

Subscripts and superscripts 

0 - steady state v lue or p ra ter 

l - pa etrlc value in core l 

2 - r etric value 1n core 2 
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