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One

BASIC TOPICS AND NOMENCLATURE

1-1 Basic Time-Dependent Phenomena in Nuclear Reactors

* Time-dependent phenomena in nuclear reactors

1. short time phenomena: milliseconds to seconds

2. medium time phenomena: over hours or days

3. long time phenomena: over several months or years
=> These time-dependent phenomena basically include changes in the neutron flux and
the reactor systems.

* feedback
: flux changes -> changes in the reactor -> "act back" on the flux

Since short, medium, and long time phenomena are physically different phenomena
resulting in different sets of equations, different concepts and solution approaches are

utilized.
1-2 Kinetics Versus Dynamics

* dynamics vs. fuel cycle problems

dynamics a few authors all time-dependent phenomena

long time phenomena to represent a separate
fuel cycle problems| most authors

category

*

short time phenomena
1. kinetics, for the entire class of short time phenomena
2. dynamics, for the entire class of short time phenomena
3. dynamics, as a general heading for the entire class of short time phenomena, with
two subheadings:
(a) kinetics, for short time phenomena without feedback
(b) dynamics, in the narrower sense, for short time phenomena with feedback.
=> used in this book
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Two

DELAYED NEUTRONS

* In static reactor problems
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* In kinetics problems
- A0l2k ot 2t kinetics phenomenalilAl= XIBHA QI H&t 2
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* kinetics problemsOlM2l S22 U
A =QAAES PU/PU-fueled thermal reactors at higher burnupzt plutonium-
fueled fast reactorsOiil Al XIZS & X MH0 &8I IS

NeSd 4482 UA &=Ll SAAA0 ot =2 St

- ANeESAXe E42 UEUW = X&= kinetics equations2 012X 22 AU AN

2-1 Production of Prompt and Delayed Neutrons Through Nuclear Fission

*AHEE U MEEE HE BE SHAS2 ‘SAI, & XAAU0 LS
- 2BIMOZ2 E* > Ep, .
- ZUSHNE2 HEZ 0|F the "direct" fission productsti A S Al Z=ECh
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* the resultant fission product nucleii Al & =t SHXE
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Fig. 2-1. Schematic nuclear level structure leading
to prompt neutron emission.
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* Fig 2-2 : XIZgS&A 24=E UH
EF™ > Ep,
- 2= “parent nuclei’Jt NZSHEXE LEct= A2 OtLICH
t

- “precursors" are defined as only that fraction of the parent nuclei that yields delayed

neutrons.
e
= E (delayed
nevtron - neutron)
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8 2-2. Schematic nuclear level structure leading to the
emission of delayed neutrons.
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- precursor nucleusJt emitter nucleus® 18t & ANLSHLNI MHT = HE2 LS
X MHg= E) 2eFyoz SOt

+
S NLSAET HHKE SLELST HEXIS0H 02 =

2-2 Total Delayed Neutron Yields

*ER EEEN A v = v, + oy, 2.2)
& 2EMAME NLSHXE “fraction"22 LIEFHRALH
ph }J(f 2
B b (2.3)
vy = vB” (2.4)

P A @220 O B
1. U(;jl' EE'. J
X

2. N22 =8 &2
MeV) y,= BEH2 AOJs SLHXY HUXNE PRABS L & AL 5,
Vap = Vg = constant for 0 < E< 4 MeV.

- prompt yield v (Z2UEH2Z y SAl OIEIHXI)E S F20AM HIHXI0 ZotH S
=82 Al (23)S AIZotH XNLSHENE OGS M MUK AEH0l S0HZ =50l
gLt

g

* Fig. 2-3

- 4 MevV RUIA ddEH= XNESEX BIE0 MR ZIJI 20, v,= neutronics
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(delayed neutrons per fission)

Fig. 2-3 Energy dependence of the delayed neutron yields
of ?*U and **Pu (Ref. 7).
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calculations2] & HAUM LA SHAX NHXNH S26HCHD JF
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NSESH yields, v,2f SFLSD 2K (regularities) = Table 2-1 & 1.
=4 yield 1

LSAX yield |

-_—

. atomic weight 1 = & X
N

TIEPUIE
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=
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2-3 Yields of Delayed Neutron Groups

0

* 500 Of ﬂi—%‘é‘iéﬁ@—"‘—% = 40 O JHXDF NESdXt emitterdt 2 = ULH = 2
| O CHE SdXH0 Uiet Al AEH0 Az TOE g8 =
=2

*O0lE MR8 MNEXF2Z Jefdote YH: 3 JiXl Alst SHE 0l EXHEHCY.
1. @2 ddHS2 lifetimes2t abundanciesE & &6l 2 X R&tCt
2. 8A 2E lifetimes?t abundanciesE ©tCt1D GtEHEHE, OI=2 kinetics problems(il
SAIZICHH HsARoz U 2 01223 A0l S0 Y 40IC
3. 22 ddE2 IS0l 0101 HIEtSl MH=0I10, Ol Qo OS2 2F DdHHM
2 Il 2= S840l ANZ QS HA KK L UACH
= Ztetg| HE ERIF ULH

*

average source curves, S,(7)

- SEX M0 2t A XAl2 0l2fst @Az dg 4 UL
- fissionable material sample0il O S SN BAE “SAHAAN =0
- = EHOZ R 2 dEHS0| M4 =>(=21)= NYSHAX source
ﬂ

%
# nyn,= SH K >(n,: HEL )
- S ) olefEt dse B8 = o
- Fig. 2-4: 01218t source curvell MEXOI &t Ofl.(Ref. 142 K= ALE)

# =det 803H°| 6J-|_'J§° BogtS LIEHY 240I0H
St >

ﬁ
o&
X
]
mun
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0z
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yz
6 €
# S ) = nfk}_:ludk/‘tkexp(—/‘tkt) 6 grouplE & U EAHXHSE It (2.5)
’ I obdE{el ABE HoiE
= delayed neutron source

* thermal reactordil A= #%UDJF =@ G2017] W20 ARECZ BE NUESHNsSS PU
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DELAYED NEUTROMN SOURCE RATE,

‘ | |
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TIME (s)

Fig. 2-4. Delayed neutron source following a
fission pulse (based on data from Ref. 14).

FEUEHSZRH YHED = S HE A (26)HE 6JH 22 LIELCH

high-burnup light water reactor?t fast breeder reactor(FBR)0IA= delayed neutron
sourcell J|0{ot= SHEO|l G4 JHOICH = otLt OlAe S/AJAAIL SQotH S C0H A
(2.5)2 H=&0l ANELCEH = 22 SRIEA JIHES 22 LEHHLOH

(ST |

o SSX BAY FR,

Sa’ ( t) = 2 nﬁyk: U(J’M‘Ak." exp ( - ‘Ak." t) . (27)

i

Y= SAFL0 A SEHX @20 SH 2% WA S2QICH
- Table 2-11 &1
b

— a single set of isotope-independent decay constants, 1,2 AMEE
# Su(t) = ”ﬁZ:VdmﬁkeXD(_Mf) : (2.8)

# Table 2-1I2 Ol 8t single setS AtE8H X 0ICH(= WOIA HAAL AFEEILCE)
# single set AFE2| 01 &:

1. the precursor concentrations1t the delayed neutron sourcesE 2=
CHotd HEte=2M 2= = ULH
=LA BRHA a.:.*(Sec. 3-2A & 1) macroscopic cross sections2 T2 &

ULH.
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SUa0 SAXAL JELES MHols £ EP% =
g oF A

- NS4 H40 2AH JI06s, LS M0tdes d8ESsE2 BF 2N UL
(delay groups 1 ~ 3). — delay group yields% M A St lifetime bracket LA JHE X0l
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2-4 Emission Spectra of Delayed Neutrons

* NS L A2 spectrum= SESE XS HE0 FEE Chsoft).
" o

- 2M A2 HUXE I US.

* delay groups= CtE HUX BHRE 2= UE HHHEZ 0IZHR/I W20 2E A5
EH2 delay group0l 2|&¢8tCl.

- denoted by Xadk(E)

* energy-dependent delayed neutron source
- from a fission pulse for a single isotope
- AEsSdX HE2 UK dELE A (25)0 HHESH,

- SAE, 1) = nfyk:x(;k(E) Vg exp(— A1) (2.9)
1. the “initial” emission spectrum:

SAE, 0) « Z‘-de(E) YAk (2.10)
2. the stationary emission spectrum

- A (29)2 AlZHOl THotod X =otH

SY(E) o Z‘-Z(M(E) Yk (2.11)

3. the asymptotic emission spectrum
-t 20 &0tdE 01 NHHER JIHE &€ M

“(E) o< x,(E) with k = 1. (2.12)
= the total delayed neutron emission spectrumO| AlZ2tHl 2t Ol AGHH HE %= U

Ct.
= the static spectrum2 AlZ2t 2|& AHEH ) R Ectd = UL
*NEgSLEA 88 & AHEHN e 48
- Batchelor and McK. Hyder
# 2°U°| 1~4 delay groupsOil CH3HOY
# S0 Q& H=A
- Fieg
# 238U, 239Pu, 235U
# 14-MeV SAXH0| ot HEH

-

* Table 2-1V: S3A% IDI S WX SJEd2 4UE22 AL
- 2! delay groupOll CHet AU XSO0l Al JHK SR ALS0 HotW Hel s LGt
- thermal fissionlt 14 MeV f|SS|on01| CHotO H2el s 6tLt.
- This independence is no surprising.

Nuclear Reactor Dynamics
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2 2= A=20| precursordt ¥BroOlCt.

# delay group 1
2 & JtXl precursors® JIHEZ 0|FHE. — emission spectra?t B

# Ote 08
OldXI2l BH3t= CHE precursor isotopesl| &AHAEQl &R0 A2 B3t [f=0[CH.
# LSt precursor groups?| lifetime ZFA00 HE EBZMUHKXNS Hate S &L
= delay group 42| emission spectrum= delay groups 52t 50 CHGtO AtEdteE 210|
&Gt C.
ale BIshgtel ~ 100 keV Ot2HOll CHol M & emission spectras & & AIF40F GtH, Table

2-VOl 148t x, 8t= HMAlotd UCH

=

Nuclear Reactor Dynamics
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PRELIMINARY FORMULATION
OF THE Point Kinetics Equations

* Time—dependent neutron flux®l OHst Diffusion theory balance equation
- Space & energy0il CH8H &< (3% exact neutron balance equation : angledl= 2IZ)

HZ

ot

220t glth

ol

* 122 space AZHQ!l precursor equations E& st S &S equation set2
* Equation set — "Point Kinetics equations" (Al2H0IBF 9| &)
- space® energy0ll CHSt EAIEMOl HIQEHE HAIGH| ol E2l AABEH=E 0

-2t EA0 OE HES S0 20

* 0| Z0 A= preliminary formulation2 S &, exact treatment= 5 U A KAl

3-1 Intuitive Point Kinetics - The Basic Concepts

3-1A The prompt Neutron Balance Equation
% 7} : No independent source, Off-critical reactor, BE AWFA271 SA] W&
* The meaning of off-criticality : The production of neutrons # The loss of neutrons

x (Z24 29 production and loss) o« (H&st= 2429 7A4)
= (production® loss9 #to]) o« (A= W FAAS] 74, nb)

* Off-balance

n(t) = - i & n(t) e (3.1) or n(f) =an(t) - (3.2)

where @ = Inverse period

- a7t 2 A9 3249 d = n(t) = nyexplal) ceeees (3.3)
- Neutron population : @9 #3%o| w2} exponentially increase or decrease

¥ Stationary flux : =02 A%

Nuclear Reactor Dynamics



* @ 524 production & loss9Y off

~balance®] wg 24

] = Reaction rate®| zjo|= %3
- DB? term®.2 FAH1 RE F ged 17 theoryoﬂ BE) n}-aroaxlg single
homogeneous composition®.2 TAH UzF= ] 7

_d?é(tf) =13:¢() — (Z,+DB") ¢(1)

- (3.4)

- d(neutrons cm/ s)

|
Al

oy, DE

M

homogeneous reactor composition AAe] ek &1t

hus

‘|—‘

= (3.4)29 2E 39 dimension : [ neutrons/sec ]

P S

- 13 modell A total integrated flux & ZAAFe] 7% @ FEE  pol] B3

& o
- b= vn (3.5)
- (35 - (34): jj‘f = (v3,— 3, — DB ¢ (3.6)
5 Lo g o vy
- @BeHEs VR U S k= E_+ DB_Z e (3.7) &
wgw p=F1 o (3.8) ag mas

EQste] (3.6)4 Bl =

by e 3)
f

3-1B Average Neutron Generation Time and Lifetime

"Average neutron generation time (/)" : (3.9)2] W<l 7

- A=—1 e (3.10)
vaf
A AEAR T4 ARG AA T Y birth events Abel ] Al AZES ov]
= "geperation time"o]Z= &l E AL

*

L _vgzde 9@ mean free path’
2

= shbel F4A7 gEI0l AR

T': oo oo

25 do7A e Hat ol s

Nuclear Reactor Dynamics
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1 1 _
-4 [ ] 3 Loml=4ls) e 3D

=~ 3% AHA ARG WA FFHoE 28w A%
ARG WY Vel B BHSRE, FHAS) A e ATl shtel FHAH
il
1

FozA T8 & At

1 _ 1 1 _
- Y Atf v VEJ( A (3.12)
" P 1 1
* "A tron lifet == —F/— —
verage neutron lifetime > S 1D > (3.13)
= o ) o u - I
- AR AP ZEY S/ FAHTNA Y Bt o]sAY = s+ DB
-9 Ag p ® YrE B1)AE 4 £ A
- o] = Infinite systemol] A lifetime B? = 0 -

* Fig. 3-1
x et o A 9 lifetime (/) 2 F-shej Aol A <] lifetime ( /., ) #A
- aed 19 RN kY k7o HAS wY

o v 1 ke
k= IY LB T 1+ LB (3.15a)
- = _ZOO —  --eees (3.150) where [ = D one-group diffusion
1+ LB ‘ D

a

length

# Lifetime®} generation time%] A
- One-group generation time : system® 7|9 AH24 #AHL ¢S
- One-group lifetime : DB’ termo] ¥35 o] 1%
- av AR AHA R HEES TSR A8) - =k A e (3.16)
o subcritical : [/ < A : F4A¢ population 74
o critical © [/ = A

o supercritical : { > /A : FAAAY population 7}

* generation time T+ lifetimeS S%% 44} kinetics equation (3.9)2]o] ¥

Nuclear Reactor Dynamics



dé _ Ak

- 1A% : neutron? 7ol 712E F kinetics equation®] AME-E
o 7

A 0 (3.17)4 9 flux, reactivity, generation time¥ 2 £0j5 A3

* Neutron flux

- Statics, static off-criticality 2419} SAgF7]9} 7+e A2 B BE Hofo] AlE
- wehA, dynamics®] A% fluxE AHEEE 2 Y
O —

* Dynamicsol A9 WS- : initiating & feedback®] B4 o7 FA L] wjio] FQ
X

- Ak U9 o A& — lifetime Rt generation time AFES A

* N & [ %% SLFAA generation or lifetimeo] 2} H-&
- O] : precursor decay®t AT AN A o] FAH 0w FA

- a8, A7 @A A7l tigk derivative term %ol factor] abbreviation®. 2 EYEHE
Aol QIS WAA = W=
- generation time 2249 9Jn)& ©@x] o]y d Q4o 3 A
o oW gk AfA W] ofgh At A ALREA] G5

x ERAG oUR|e 28 & ALEARE A2 WA EYF lifetimeS 713
- A7} lifetime %ol "prompt"EHE f015 AL AL ZEH AIE opy)
- generation time? A= Y

- w2hA, o] TN AREEHA d

=g

3-1C The Effect of Delayed Neutron - The intuitive Point Kinetics Equations

A4 FAALFAA} ¢ precursor?] B 5 o] AA)

- a’f (v, 2, — 2, — DB?) ¢ + Zk/{kck ceeees (3.19)

=

- (3.6)4 1] AA F9 total v - FETAAA ALy, 2 OA
- AEEAAE precursord B EHE JE 2 F7)

- (3.19)401 4 ALFA A precursord] &7H4 B¥ AR AA ] e HE

Nuclear Reactor Dynamics




1 _dp | vE—-(2,+ DB v 1
?}yEf df - VEJ{ VEJ( ¢’ T VEJ( Z‘I/{kck
- AU = e-p et TaC e G

Vazf ? (VdEf)

where p @ 1 AL B= _I/Ef = Z(VE;‘) weee0+(3.21)

* Effective delayed neutron fraction : 5, .= /8

- 6719 delay group® contribution &% E& 3 4 9J

_ W _ Vady .
B= ?:-113,:3 (3.22a) B,= v, (3.22b)

- level of sophistication®] A A&FAAe} AA AAFAAAS v &2 T4

# The typical form of the kinetics equation : (3.20)4S /1 & Y=

dp _ p—8
it kA AVE 2‘./1 C, (3.23)

* (3.23)4]2 precursor?] A /577t balanceE HdToZH A H

dc
S = — WGt v k=106 e (3.20)

9 IHA 3 precursord] B, 9 2HA & precursord] A4
Yk
o (3.22b)2] : the group vield of delayed neutrons
o (3.24 )2 : the group yield of precursors

o 7 N9 vields : precursord Ao wjid FHoR FAU

* The Intuitive point kinetics equations

- (3.23) & 3.204 1 709 HAFE(B(1), Ci(2) ~ Cq(2))el W3t 7702] v FA A

Nuclear Reactor Dynamics
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_ dp _ p—B _1 _
a = A" Pt s 2 4C

dC
- ko= _/akck'f' dez'fqb s (3.25b)

dt
* Sy = Vadsd

- BARHANA S, = B, on

- (3124 ARgEE S, = _%’e ”

- (.27 A S, 7 Adl dhE = A

- &A%}, direct formulation®l (3.26)°l 4

ceeeee (3

e (3.250)

precursor balance eguation

eeeee (3.26) 1 precursor source
27a)

Nuclear Reactor Dynamics
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Three

PRELIMINARY FORMULATION
OF THE Point Kinetics Equations

3-2A The Diffusion approximation as the Basis of Reactor Kinetics

i ﬁq“’(“’éf- D —(Fp— M$(r,E, )+ S(r E, )+ S(, E, 1)
@ @ © @ ®

DO o fluxe A9 oAy A, A7l dependents}ttt.
D=¢(r, Et)
P EARAAEEWE AUAE)Y] Al v #E g
;@9 cm3-s-dEY A AL W3

@ : ZRFPA o YR

F,0=3x (E) | VA ENE,(r, B D7, E ,DdE

= WESAER(y,)0 s9a0] e dependenti= o] -9 FA g
¥ macroscopic cross sectione th&¥ Ztl

v, 2L r, E, 1) = Z:v AE)Z (r,E, 1)

e | FO=1B) Jo ViELr B 08(r, E ,DdE

MO=—v - D(r,E, )V $(r,E, )+ 3 (7, E, ) §(r, E, i) — J"AFJEO.(?',E'—rE, D(r, E

leakage absorption scattering

@ AT AL E

Sd(?'- E, )= Z:)L,QC,Q(?’, f)X(;,Q(E)

Nuclear Reactor Dynamics
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3-2B Derivation of the One-Group Point Kinetics Equations

1. flux ¢ (r,E,t)°] time dependent= &7t} o J=|e tjete] &7} 75
o(r, E, ) = p() (7, E)

2. leakage losst
D(r,E)B*(r,E)¢(r,E.t)

3. I(r, E)@&e Aztel S@old,

where B?(r,E) is to be calculated from the initial flux distribution.

9 o] w<=3}= diffusion equationo] W34,

[ $(r,E) ,.dp
Jo Tuw(E) E gy

0 0

:{ | w5 mtr. map— [ 15,620 +D(r,E)§(r,E)]w(r,E)dE}p (t)

+3,Cn D + J‘"O " S(r, E, DdE

= KE normalized emission spectra yx,(E)¢t x,(E)< clydAdl gk 4
SRR ==
= Abgrell dlg & 3¢ (5, ST A E3A Ak
2) one-group equation
kol tefA] A X 18]al integrated shape function ¢& UiErhd

= integrated shape function ¢= J"AVJ]"mgb(?', E)dEdV

t}& one-group equation©] Yojzith,

1\dp _ sy _nR? _l =]
(v)dt [v,2,—2,— DB*]p+ ?bfk!/tkc,gr

— (1\__1 r (¥ E)
- )= L dEav
(

%Jvfu,,zf(r,,@m(r,E)aEdV

b
“QZ
b
I
|
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E (7, E, )¢(r, E)dEdV

Vv
.‘m D(r, E)BXr, E)Wr, E)dEdV

T t= | Crbav

o= [ m.‘m S(r, E. )dEAV

DEREES B EORDOE L
ap _ I T
A5 =(p— Bp+ ,Sm > Gyt 5
= Tp=vZ/%
a1 (1
-4 VX, ( v )
( t)

= D=2~

fO

= 5( t) = 73/‘(\1'()

S

(& (D + ALFAEA 25 k9 "reduced precursors")

3) precursor balance equation

Fkel dialy Aeeta, G e
d%ft) =— 4,50 + B,0(D)
rr E)§(r. E)dEAV
~ Jyd U(MZ'/(?’, v, E)d
> B=—

[ v B0, ByaEav

@ Approximate point kinetic equations ;

dap _ o—8,, 1 1

d¢

7dlfk = Ak§k+ ﬁ,@f)(t)
AHlA o 7 sourcedt 9+ *}1

k=

FONEOE

factors= o]& 3k UGSy AdtH},

s(2)
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a :,p/—lﬁ’ﬁ = dickt s,
dc Jés

o] WeEj7t o] ANt ¥ A% ALgET
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Four

STATIC PERTURBATION THEORY

4-1 The Basic Reactor Eigenvalue Problem and the Perturbation Theory App.

4-1A Motivations for a Perturbation Theory

*

Correct treatment of complicated configuration (three—dimensional
configurations with spatially varying heterogeneous material composition)
— tedious & expensive

* S0 we need proper approximations with sufficient accuracy

* The complications that have been eliminated in these approximate
solutions can then be treated as "perturbations" of simplified cases.

* The application of perturbation theory is very advantageous for the
calculation of the perturbation of multiplication constants k& (= kef?) for
complicated configurations.

* Especially when the calculation of the corresponding perturbed neutron flux
is not required. — Static perturbation theory frequently and commonly
applied.

4-1B Neutron Multiplication as an Eigenvalue Problems

* the concept of the multiplication constant, A — an eigenvalue in a static
neutron balance eq.

MO = AFO (4.1)
[(migraton & loss of neutrons)=(modified source of fission neutrons)]

multiplication constant, k£ defined (by eigenvalue \)

_ 1
k=< (4.2)

Nuclear Reactor Dynamics
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* For a simple one—group model,

Migration and loss operator, M = DB* + X, (4.5a)
Fission source operator, F=uvX; (4.5Db)
— (DB +5,)® =\Ed (4.6)
1 vy . .
= =k=——L (=1, specially critical) (4.7)
A DB+ X, P Y

= |If the reactor is not critical (vX; — (DB + X,)+0), the flux must be

either time dependent or equal to zero

= Reactivity (static reactivity), p ; the degree of off-criticality

__1_ Ak _
l=A=1-F=="=p (4.11)

* Solution of the eigenvalue problem, Eqg.(4.6) can be found by solving a
simple algebraic equation (matrix form, application of direct inversion or
iterative method)

4-1C The Basic Approach for the Calculation of an Eigenvalue
Perturbation

* Perturbed & Unperturbed system
1) perturbed system : more complicated actual system

MO = JFO (4.1)
2) unperturbed system : clean system
M0,= 2,F,0, (4.12)

*  Expression of perturbed guantities

= 4k _
A= 21— 2, hok dp (4.13)
where — Ap is "reactivity increment," and Ak =k — k, (4.14)
AM = M— M, (4.15a)

Nuclear Reactor Dynamics
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AF = F— F, (4.15b)
Q= 0,+ A0 (4.18)

* Mathematical formulation
AP =\ (4.17a)
AyDy = \®y (4.17b)

* Introduce @, (Eq. (4.18)) into Eq. (4.17a)

S APy = APy — (AAD — ANAD) (4.19)

* These equations depend on space and energy. Since the desired quantity,

AN, is just a number, the space and energy dependencies are removed by
integration. To preserve generality and to add flexibility to the procedure, t h e
equations are multiplied with a weighting function, & = ¢" (r, F), prior to  the

integration.

* Multiplication of Egs. (4.19) & (4.17b) with a weighting function,(see Sec.
B-1 of App.B, "scalar product")
(P, ADy) = N (D", By) — (D", [A — \]AD) (4.20a)
(DU, A D) = X\ (D”, D) (4.20b)

* Subtracting Egs (4.20a) and (4.20b),
(", AAD,) = AN (DY, By) — (B, [A— N]AD) (4.21)

* The second term on the right side of Eqg. (4.21),
(@7, [A=X]AD)=(D", [Ay— \)|AD) +(D", [AA—AN]AD) (4.23)

*x |f the difference of the perturbed and unperturbed systems is small, the
second-order term in Eq. (4.23) is small compared to the first—order

term.

* |f the first—order term can be eliminated, the right side of Eqg.(4.23)
reduced to only a small second-order term.
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* |t @v/s chosen to be the adjoint function & (the solution of the adjoint

eigenvalue problem) = the first term on the right side of Eq. (4.23)
can be eliminated. —> £q.(4.23) is neglected.

* Therefore, Eq. (4,21)
(DY, AAD,) = AN (DY, D)

AN = - = A\W (4.26)
(9250; @())

where, A\ is the result of "first—order perturbation theory".

4-2 First-Order Perturbation Theory

* The application of the same approach (4-1C) to the eigenvalue
problem of reactor (some additional terms)

*x Derivation of First—order perturbation theory

1) The perturbed & unperturbed problem (neutron balance equation)
MO = JFOQ (4.27)
M,0,= AF,0, (4.28)

a (2]

2) Decomposing the flux , insert Eq.(4.18) into Eq.(4.27)
M®,= AFO,— (M — AF)40 (4.29a)

3) The first term on the right side Eq. (4.29a) is recast into zero—,
1st—, and 2nd -order terms :

AFD,= AF,0,+ A, AF®,+ JAF®, (4.30)
= AF,0,+ A,4F®, (neglecting the 2nd-order term)

4) Insert £q.(4.30) into Eqg.(4.29)
M@u = AFG@U + AHAF@H - (M_ AF)A@ (4-29b)
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5) Multiplying Eq.(4.29b) and Eq.(4.28) with a weighting function ( @%)
(0", M®,)) = A(Q", F,0,) + A,(0", AF®,) — (0" ,[ M — AF]40) (4.31a)

a (2]

(o“, M, 0,) = A (0", F,0,) (4.31Db)

a (2] a (2]

6) Subtracting Eqg.(4.31a) & Eq.(4.31b)
(0", [AM — A AF1®) = AX(®", F,0,) — (0",[ M — AF)4®) (4.32)

a (2]

7) The term containing the flux deformation ( 4®) can be eliminated
in a 1st—-order approximation.

(0“,[M— AF140) = (0“,[M,— A,F,40)
+ (0“,[AM — A AF — JAF ,)A0) (4.33)

— AA(QY, AFA®)
= (@w’[Mﬂ_Aan]A@)
(neglect the 2nd- and 3rd-order term)

8) Then, choose the unperturbed adjoint flux @ as the weighting
function @*
(0“,[M,— A F,]40) = (40,[M,— A F,]0")
= (40,[ M, — A,F;]0;) (4.34)
=0

(since the adjoint flux @ is the solution of the adjoint eigenvalue

problem)

9) Remainder of Eq.(4.32)
(0°,[AM— A AF]®,) = 40", F,0,) (4.32")

a (2]
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* The First order perturbation formula for reactivity increment

(2, [1,4F — aM]0,)
(0*, F.0) N

[ a (2]

do = — 4

Jrvu!;;@z( v, EXA,AF — AM)® ( r, E)dE dV

[ {0+, E), F,0,(», E)YdEdV
Jv ik @

(4.36)

* The first—order perturbation theory formulas are called "stationary" with
respect to amall changes in the system because the error of the
first—order reactivity evolves only "quadratically" with a linearly

increasing change.
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Four

STATIC PERTURBATION THEORY

4-3. Exact Perturbation Theory

* The perturbation theory approach can be expanded by including higher order
perturbation terms.
- The result would converge to the exact solution.

— The resulting method is cumbersome and generally not practical.

* Derivation of Exact perturbation theory

- The perturbed & unperturbed problem (modified by adjoint egs.)
MO = AFD (4.37a)

M@, = A, F ®; (4.37h)

- These equations are multiplied by q)o and @,

(©0.MP)=2(@).FO) (55,

(@M@ ) = 24, (P F;00) (4 59p)
- The equation in Eq.(4.38b) is revolved as,
(0, M@ ) = 4, (D, F;®, ) = 4, (@5, F, @)
= 2 (@5, F®)— 4, (P, AF®)  (4.384)

- Therefore, solving for ~AA=Ap with subtracting Eq.(4.38a)and (4.38d) yields,
@, ,[ 4, AF - AM|®
Apz( °[°* ] ):—Aﬂ,
(0;,F0) (4.39)

* The exact perturbation formula for reactivity increments

The first-order perturbation formula is obtained as a first approximation of the

exact formula by approximating ® with q)o and F with Fo.

The errors of first—order perturbation are 2nd order.

* Exact formula for the reactivity

- If q)o describes a specific critical state, /10 :1.
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(®y.[AF - AM] )
(@5, Fo) (4.40)

- The reactivity(P ) of a state with flux @ is independent of the specifics of the

critical reference state. — the Fo and Mo terms in Eq. (4.40) cancel.

(®.[F,—M,]®)=0 (4.41)
- The weighting function need not be the adjoint of any critical problem.
. (0", [F-M]D)
(", Fo) (4.42)

*

- If the state is near a known critical state with the adjoint flux cI)0, it can be

numerically advantageous to choose this adjoint flux as a weighting function.
(®p.[F-M]®)
(0;,F0) (4.43)

st

p:p =

* Application of the exact perturbation formula provide a tool to improve the accuracy
of the reactivity.
- It indicates how to improve practically on the first-order theory results without

going to the formal but impractical route of higher order perturbation theories.
4-4 Application of First-order Perturbation Theory

* To illustrate the application of the 1st-order perturbation formula
* To demonstrate the effect of the adjoint flux weighting

(Applications of 1st-order and exact perturbation theories =Chap. 9 & 11)

* Simple one—group model

- The neutronics eigenvalue problem is self—adjoint — O =D

*

- The flux is just a single number —>q)0, O, cancel.
- The formula for the reactivity increment :
A,A VZ_/V -AX, _ 2,0A vZf ~ AZ;

VZ

M _

Ap 5
10 (v2,0)  "Ero (4.45)

.where ZIaO :DoBo2 +2, (4.46)

- Reference value of P
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1 V2,02,
py=l-——=—"—
k, VE o (4.47)
The first order variation of Eq.(4.47) is,
2;0 J_ Z;Oé‘vﬁf 52;0
- L
vz (VZfO) 2o (4.48)

* This agrees with Eq.(4.45b)
—Exact reactivity increment can be calculated,

5" =5 [1 -
70

—No need to apply a first—order approximation

* Space-dependent perturbation due to a local increase in absorption (e.g. CR
insertion)
- 1-D, slab reactor (x—direction) model

- Unperturbed criticality eigenvalue problem for a spatially uniform composition

(_Do % + Zaoj% (x) = ;tovzfo% (x)

(4.49)
,with % (xb) =0 4 x,=%a (4.50)
- Space-dependent flux as determined by the boundary conditions.

? (x):¢o cos Bx (4.51)

2
1| 2
,where (241] (geometrical buckling)  (4.52)
- Insert Eq.(4.51) into Eq.(4.49)

12>
L — ko S —

_ V21
2, | DB*+%, I (4.53)

AV X

- If the change consists only of a change in Za (e.g. rT O) in a range from ~

to +xp’ the perturbation reactivity in the one-group approximation
(¢g (x) =, (x)) is given,
—J.jp @, (x)AZa(éO (x)dx
Ap = axp
J:a ) (x)vzf0¢0 (x)dx (4.55)

The integral in the denominator is,

BVE 4 j_a cos” Bxdx =VE - ady (4.56)
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If Xp is small, the cosine in the numerator integral can be unity. Then the numerator
of Eq.(4.55) becomes :

Y 2 ~_ 42 .
& J:prZa cos” Bxdx = —¢yAL, -2x, (4.57)

- It yields the first—order perturbation reactivity :

AL, X

Ap(l) 2. —a. 2
VZ,, a (4.58)
, Where —AZa /VZfOI homogeneous change in Za
Xp /a . the relative lengths of domains
- Change in Za over entire separated homogeneous reactor composition (¥p =4 ) :
Ap(l) —_ Aza
VX 4 (4.59)
- Effect of adjoint weighting
If Omitted,
[ AZ & (x)dx
1) — j_xp a¢0( )
j_a VE oy () dx (4.60)

If *» =42 the adjoint weighting has no influence. But, for a perturbation in a small

change,

0 a (4.61)

- This accounts for only a part of the total effect. The inclusion of the adjoint weighting

shows that the importance of the center of perturbation is more pronounced
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Five

THE POINT KINETICS EQUATIONS

5-1 The Exact Point Kinetics Equation
1) Exact
ZAE glol AlbskE A, - 3E, oy Al tig &S Ad TR B
2) Exact Point Kinetics(¥€ % €%2]) (2] 3.51, 3.533} H]x)
1w 23 Fej7t Ao ARD.
o, B A, p &, sol B MG HolE 7HtH (Aol ).
3) el AN
HE Henryol 9|3k =% 2](Boltzmann equation)o|A &3}y, o] Aol = Ak 2
(diffusion equation)ol] 7|%& Fof Zgslc}

tlo
o
=
ot
O

5-1A Flux Factorization and Weighting Functions

1) #3l(Factorization)
O ZY2=E AlZrollvt &40 Z7] ¥4(amplitude function), p(H< &3k, olux] H

Al o)EA Q1 el g4 (shape function) (7, E, = =3t}

d(r,E,)=p(t) - ¢( 7, E, 1)
2 W7} Fela 77 HEje) YoiFoez e A Foke Fe ¥
2 Fal7t f88HA Bk

@ Azl wE Ee
2 T, B

@ w3l < 3Hunique)
- 59 A7+ WA 7] (magnitude)E A sHste], A7F EALS F2 T
shmo] sy

= O

-AIRE Loy Aol gk AEs Sl Fdst A ¢ 3l

@ Ynr3H(Generalization)
-1st: e 5= A7 g=4 ez FAsk)

-2nd: A&l oA TR Aol 7FE g (weight function) w(r, E)S &3t

-4 3,289 g L INLED o szgrs 3o q 2asa qea,

Jvh  w(E) ot o dt JVJO CwWE)
o0 [ 1 . ‘?(‘lg)" ED apav
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g
SRS ERANER O J{f sl 7, *?(‘fg)” ED apave g5dn A5

(24} obd).

2) 7} 3 (Weighting Ftn.)

¢( 7, E, t)ZP""(t) (7, E 1)

(superscript w means weighted)

S W E D=9, 7 E).

(HAAE &l K04 F(stationary) SEJE 7FFsHH Z7] Z8 27}
-5 Ao AnpellA Z=zet AV p(h) = SAF EHE 7
(PKE)S W&o @xfo] WIZFsA whgstmz, Sk Ag3e A =
2 R AAAE AFHEE vhed Helslel B 581 A
A g Az EA BP0 Folt WFOE HeEu:
= Zyx B9 §d3t a2 A7) 9A oIt A b= %7] adjoint

Zesel g 5 B)E AU 2 % w(r, E) =4y 7, E)E A8att o] 77

S oA e W7, E D=¢,(r,E)% 7tsTF w(r, E)=¢;( r, E)S 54

f
™
2 0
°,
iy
Mo ot
ot ~~
ol
2
>,

Aol ANAA A meN  oldd  AgEce  Add  me
[ A BT ED apav= k@ tw sl gRasst D @9 v

o

A [-]9] A 2AS wEE 4+ A
(A7) adjointel A 2)/gke
2 doxA H+=d), Fdd H

sH2} adjoint$h59] # scalar?l A< (real)
279 A9 £ d7F ©Eoh

N
&2

r2(unnormalized), € A+ FENEST ¢“( 7, E, el 3t oy gk
® e C’a“?lxqoi Az uE o] EsHAl @ Aot} Vet Sl A9 A=
[e]
o

& A7 s gAY

“'( g, E, dEdV = 9,( 1)

——

-

3
=

f J‘;m w( 7, E)“( 7, E, )dEAV=F.( t)

2 A% 5 Quh F A RE $ME g el Fu 2 FuPs ¢l gre
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A}, o5& AR UE A 9E24e A BE A7 s A e A%

Jrngngbl( 7. E.)dEdV=1 for all ¢

S b wr. B¢ 7, E, dEdV=1 for all t

s
i
1%
[

’

2G5 o) Aol HE feNES A
g s e S (F98) 9

=3l #( 7, E,)=p"(D) - ¢"( 7, E, 1)

5-1B Derivation of the Exact Point Kinetics Equations for an Initially

Critical Reactor

D 5384 F47kdo] 1= At &4 2k Ao de (8.2A F=x)

L8 —(F,~ M)O+S, (1)

0=( Fo— M)®,+S, (2.
@ 2] 3.29ce} 2] 3.3225-E] A (stationary) FE]] A FAHALL,
Sp= F o0, ~()
ot}

® F,= F,y+ F,o abd, A2aee) 20 9 8 34298,

=(F
o714 F, 0,5 AL FHAE Eshe= A oz2A,

F, 0, = 1,(E) j;mv,,z,( 7, ENéy( 7, E')dE )
+ 32 B) [ 0uSL 7 )b 7, EVdE
2 e 4 e,
3) A7 2o w4
W o] el A off-criticality®] A%EE 7I&st7] 91l F, & 99 F& s
B F,E W S e 20 4 (1)L,

1 00
v ot

4 (5)5} FAFH B2ts

—(F— M- F)0+S, (6

2

, Fo =

FO=E) | o7 E D¢ 7 E DdE'= FI4& & 5 vk o) &
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HEWEK 7, ) @ A EE R AT RY TYAL 9 ¥ oA geow
A2 o1 & Ak WA AGEAH FAR vl AR 24 gl

A & ek

nﬁ

4) JA-AASE X A AL (quasi-stationary delayed neutron source)
2] A E]l F A SAAAE VEshe WS ST F 00 Y A7
tofife] ) RuF SHRYL ootz =t wEba] A-AAAE 2 =4}

AAFE A A, vhA] G e Az el A EAsE T4

O
N

"

o
)
ol
o
b1

0
e
v
o

Ir
o

H . - e}
A Eeay ws gEde Ava shte AW FAA el AgEnty A7
o)},

SEREEIRL

Ry

>’.\|L O_u

A © 192 —(F- M- F)0+S,0 2719 adjoint 128 Fapa, $113

UAE Ea) AE3hd
2 (03,1 0)= (0.1 F-M10)—(0],[ F10)+ (.S, 1)

-

I} Ze AE At 94U %2719 adjoint ZE 2+ adjoint FA)

( Fpo— Mg)@;=09 s3It 2ehadjoints] BAoNA - 2pglolt Aert ge 7
$ A 4L on),

@ % A (De Ul A F Mo AR =08k t=¢e] g 3 AolE ol g3
A HEA Ve SR

AF =F —F, -(8)
AM=M—-M, (9) o]aL
A @M (o[ Fy— Mlo)=(o,[ F,.— M,]op=0 -(10) A,
F=A4F+F, M=4M-+M, (1)
F—M=4F +F,—AM—M, -(12) o2&
(2] Aol A Fy=M,=0°22)

9 (05,1 9= (0 4 F-aM10)— () [ F10)+(0)S,) ~(13)
& Qe & g
6) Felz 2ol
D 5% el 2l Fels FaAE 4 139 Agsw, A4 UDF 4 (e Faw

-7} (importance-weighted) &JA}-ZAMA e oY vb_"oé =4 ]'olol?‘— vtk e A
ez FuUdsE W E, D5 A4 Ao
F(H)= (0, F¥) (14
} E FE, = -
@ Agzd | J‘;m Sl 7 vzif)" D dEav=K,= A U364 Zes 2o g
o e £E49

ADp(DH=[p(H—BOIP(D) +s,8) -+(15)

£an
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. (@5, Z:xa’kflkck) F,
<, S(;(l): F(If) :TF(L‘) ? kgk(t) -(16)

fiju

%
Eol Wt s (doll= "reduced"H AL XEEHE adjoint® Ths AEIEH7

al
oA (A2 A (precursors)d] FEE E "reduced"H ATt xS
oh.
@ @9 A& exact wE2 oA th3 o] WP HT

-

« 1
(@y,- ¥ K
v 0 ] =1 =z
(o, F @) =) A a2 © #=F=x),

A() =

o) =y (031 F=MID) (4 (Dze)),
or p(:)zﬁt)—(@;,[ AF — AM]®) (4 (13) 0.2 5-8),
A=y (@5, F,®)=318,00).
(&, B(D="F( (B, Ful))

and &)= (0}, 24Cy.
0
(DT 8% 7k FrA(importance-weighted reduced) A% SA AL A 3]
A, EwR (Do) BN Fox ges o] Agu,
F
s,(D) = F(:)(@ﬂ' D= 5‘ (@0 2aCr) = Fy P 2D A,

@ 3 2 AIZE o)A Q1 A balance 2> FHAEE AP g (Nl tig balance

A& wEolopy B Wk 4 3.32,
aCkérr ! =—AC( 7. D+ J'(;]mvfmzj( 7, E,0¢( 7, E ,DdE (2 3.32)

o = QSE( 7, E)Q’]' x(jk(E)7]- RF ezl

4 (00 2uC)= = (0}, 24C) +(0F, Fy®)p(d). +(18)

2 oER B4 Fy=(0), F, @)z vk ddad Fue 45t

- )
S =
= 9l7] wEo|t), wEla] ZAasE AdgEd 9lo], A3 balance A @9 A
9 w9ty o 4 959

e == 28D+ (0 B(Dp(1) ~(19)0] Tk

o
Hy
ot
ot

Julz wE7] AN 4 ADE F, A Aol weEAe K ® etk
Kye Ky=F() - A)S) gkelth o] 332 a4 (19)=

rl

e D= Aei(D -+ BLOD (20,
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7( @5 , xa’kck) _ 7( @5 , xdkck)

(&, (D= K, T OF() - AP

)

® 4 Q9% @0 LA gm gee At g 4 eods LA a4 a9
ar FD A gu 4 eoe 2% Lo g4 4% HE e s aees
0

4T AL oty dHE VlEdTh

K= w4 TaLD 07 uA e 2713

£, 0=— 25,0+ 80D 19

i}
(i
ofl
fu)
fru
rr

7)== D b+ 3se 0,

& D= A D+ (i BUDDD.

(3550 7149 ko Qlste] AHgaA %)
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Five

THE POINT KINETICS EQUATIONS

5-1C Derivation of the Exact Point Kinetics Equations for an Initially

Subcritical Reactor

YA S E 1] A3

L0 (5, 1o+ 5 D=L = (F,~ M)+ 5+ S (5.36)
=270 oAugk A7 SRSl At
A FAEL odd, fFelAN FHAE
FaslFolorit dr}.(homogeneous?t o}y
A #d)
S= S, Et) (5.37)

0= (Fpp —My) Py + Sy (5.12)lp = (]Fpo_Mo)@o‘f’ S+ % (5.38)

0 = (F, — M) P, (514 = (Fy—M,)®, + 5, (5.39)

=%27] A7} vl Ael YRR S exact point kinetics equatione %7]7} A (chapter
= HH

5-1B)Sl Atz e} Fali= A o] o} unt weighting function®] tfE #o|t},

> Initially subcritical®] adjoint> initially critical®} €8] f4s}x &

kv

/(Fa1)
An adjoint function for a subcritical system is introduced as the solution of the

following inhomogeneous problem.
*
(MG _E;)@det = Dot G“:E) (5.40)
- . . . .
o, Edet (T,E) . the macroscopic neutron capture of fission cross section
of a neutron detector

@Zet . the flux response to the injection of source neutrons measured by the

5
special detector, which is characterized by 3 (7’,E) /

T+ 7Nl th& adjoint problem©] A}-&-¥ T}
®(MZ _AOFEK))@;() =0

@(MS—IE‘ZqL%)@ZO: 0 (5.42)

(5.41)
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Equations (@: initial adjoint A mode
@: initial adjoint @ mode

(See Sec. 11-4A) 1&iu} 7l &) 7F & 2tk o J23] o 53,

0= (Fy—M,),+ S (5.39) Lmert o _ (5 —M,+$,)%, (5.43)

e, S§&=9(r.E) (5.44)

(D LGHA %2 MH->DLE M2 HiRE UE)

( —My+§)) (5.45)
Al (5.44)= uniquedi A 4! (5.43)2 A0 FES NIXIX LXIBH §= uniquedtkl D]
e A2 OE S M2 U2 ¢, ST6HL

FO| AEADF DILHQ AIAEIS EI| AEIDF UHO AAEHO AR 22 YHOR 25
SHAS P& A UL
o AN %(cpg,%qs) — (&, [F—M]®) — (6., F ) + (&,5) (5.18)
o = 0 « 1 * * * *
OIH AX= o (ﬁpm;;(p) = (D), [F —M]®) — (0. Fs@) + (D0..5) + (Py0..5)
(5.46)
Al (5.46)= EIJ| AX2IF LA W Al (5.18)2 2FE 2A0|C}
L (@0, =) = (B30, [F — M]®) = (8, F8) + (83,5) + (@}, 5) L2
¢(r.Et)=p(t) -¥(r,Et)
AMEHS AR5,
b (r. BN (r, Eit)
dEdV= (5.47)
/V/E 'U(E) [%
JelD OE HA2 U9He LSoFe,
F\(t) = (®),.Fw) (5.48)
FO| AED DI RARO A FUEHO=R 42 20| 0
. t)— 0Ot 1 s(t)
t) = t)+—=—>» A t)+ (5.49a)
p( ) A(t) p( ) A0; ka( ) /l(t)
. F(t
G0 =260 + B g o) (5.490)
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cHYH X=Z2e B2

coy_ p(t)—=B(t) 1
p(t) ="y + ;Akck(w (5.34a)
) F(t)
Cr(t) == NGy (8) + 12 B (t)p (t) (5.34b)
ol
__1 *
5(t) = 7y (@0 9) (5.50)
ZI| MEHDF DIQHQ AlAES] SSHEACZ PEk A0 SZESts B2 = exact
static| BIES&E e &2 2 =HACH
p(t) (gp)\O;[F M]!p) (5.51)
(@)\07W)
2(0) = Do Fo-MolW) _ (W [Fo—Moleh) _ (5.52)
(@30, Fo% ) (%, FoPyo)
p ()2 =JI| static reactivity pp@ Xt0l= CtS1t 201 LIEtE & UL
__1 (& _
50 (t) = Z77 (@ oA — AM2) (5.53a)
p(t)=py+dp(t) (5.53b)
po == 1 — )\0 == p[s)t (553C)
Eq. (5.53)2 =53,
Sp(t) + F}\(t) = (Pro, [NAF — AMW) = (B, [AgF — M — (A, — M )|
= (D)0, [NF —MP) = (&), [(1 — py )F —M]®) (5.54)
= (Do, [F —MI®) — py (D30, F¥) = [p(t) — py] F ()

5-1D Reactivity in the Exact Point Kinetics Equations

* One dollar (1$=100cents) [reactivity units]

 a reactivity or a reactivity increment in the amount of 3

1 * . — s == |_
G(t) = m(qso,Fdw) ; pE t2 BR0IXS BE [() =62 =0

* exact kinetics equationOlA  LIEHS F'_*%_'.:_(pdy”(t):%(@3,[AIF—AM]W))%

Nuclear Reactor Dynamics
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“dynamic reactivity"2t £2Ct p%= AIZH0 QESts SEXS ( tHez M=

T
_—
ol

i p= perturbed system@ \ 25 =& ﬁ(@,\( VE)oz sAg Lt

* DFOF oxact point kinetics equationOll A28 flux?t adjoint fluxJt E&&sHCHHA 10
> X|

et 202 P& BISE: 2HEE 210/CH(RHE06I0HH, zero-order termOl JH&E %0l
JIE 240ICH) BtE2E9 2XE Mot fohAde pdy”(t):ﬁ(dig,[F—M]W)ED

pdyn(t):#(@3,[M-AM]@)§M BISEE R5H0I0F BHCH(zero-order® A 3]

SBCt= first-order AHAMZE F3t= 2301 Xt =L =chapter 11)

*

B2 E 2 IOt ot= X2 dynamic? LIt static®l FREL S Kot

* Chapter 5-1COHIM 25 AtA A% AADN FOHA= O0ILH MEH X2 =I] =2A
2 D 2UGHAl 2L CHAl 2ol exact static reactivity 2 0A S 22 INE2SZ =J| adjoint
fluxJt AFZ2E = QI

* Eq. (5.53D)0IN BtEE= & M &22 LA AL

p(t) =py+dp(t) (5.55a)

Weighting function®2M ¢ 0t ABEIS2 £J| WIST py= static AEHO BIESEQ 2

ObICH,

Po= Po (5.55b)
1 *

5p(t) = —=—— (&5, [\JF — MW (5.56)

p(t) F)\(t)(/\o[o %)

Al(5.56)2 2Xts G382 A2z ot Ox, 1xX, 2i g2z UHE = ULH
AF =F—F, , AM=M-M, 0e|l1, L& 22 HES2 2oliol 2% T8 ZO0t&IC

W(r, Bt) =, E) + M(r, Et) (5.57)
() 1

Al (5572 Us Aol e §o(t) = ——

p( ) FA(t)

result 5/) (t) = F/\ (t) {(dsio; [/\()F()_M)]!Z))+(@im [A()AF_AM]%)

+ (éf\()} [AUFO - M’()]AW) + (st\[)i [A()AF - AM]AQ})}

(@f\o: [AF —M]¥) (5.56)

(Do, NoFo — M %) = 0and (D), [AF, — My AP) = 0

Nuclear Reactor Dynamics
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(0, [NoAF — AM|AW) [This term contains differences in operators and in the flux

shape. Both of these differences are initially zero and develop after the onset of the
transient. |

coek

.

010

=, §p(t) = 1(t) (@, \F—MP)E Bt Wb 7| SAX=0 HEjet 20

T AEHOF 2AHC ATZ0AM P8t Al Z0t&ICH

'11

First-order perturbation theoryOlAd ¥= =J| XA modeOlA TS 201 ¥, E Z& 5t
= gz UsHE = UL
¢(T E; ) %o( 7EY) +A¢)\(T;E;t) (5.59)
o 1 *
Al (5.59)2 Y - _
( ) H op (t) 7(1) (@0, [\F —M @)
1

result 97 (1) = iy { (@0 Ao =My o) + (B3, N AF — AMIT)

+ (D0, [NFy — My | Ay ) + (D), [NAF — AMAY, ) }

(5.60)

A 5581 A 5,600l 22 B H HM, M M &2 001 U & M &0l main
S0l S0 Ul M &S AHEE A 5582 =J|0= 00IXI2H AI2F0l XILIY 3AJ[E IJt&
Ch.2Xt SEA FHEH) A 5.600M= SSSHEHOICH

(see Sec 9-2 and chapter 11)
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Five

THE POINT KINETICS EQUATIONS

5-1E Effective Delayed Neutron Fractions and Further Discussion of

the Exact Point Kinetics Equations

w fFaAY =42 AR &-("Effective” delayed neutron fraction ), 3(t) & ‘adjoint
flux weighting’& st#| &2 pgole o #4E 71AH o] x}o]+= ‘adjoint flux' 7} &3+
watetye}l iAo disiME &S HAA HAEA AAYA ok ‘adjoint flux'e] el
UA o]EAdo] A F4AE2] 'emission spectra’ ol tid A3 A E AsHr] o

ol

x ol#]et AL dolrr] Yal, ‘'initial adjoint flux' 3+ separation approximation<
3!

g 2 (5.6 o] YERA Hr}

b0 (1, E) = ¢y (1) (E) (5.61)
‘ol AGEDS BE T A(G.62) o AL W A (5.63)3 o] T
&, F,W
B = (Oi—d’“) (5.62)
(ng;Flp)
[ xaBreimas| oiwa | 208 BBV
—~ |4 E
B (5.63)

| xoeipr] 601 [ 260y, maEy

vk vy = a3l tE) oFF EAS THARR o] oGS FAIsH HW, 4 (5.64)

ﬁk = ﬁk’}/dk (5.64a)
- v

B= =% (5.64b)
(v

Nuclear Reactor Dynamics
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/ Xdk<E><P3(E)dE

Tae = *
[ x(Ber(E)ar

x WekA ‘single fissionable isotope’ o] WaiE = 49 =X A} emission spectra®l A

W 429l emission spectra®] H|Q) v, THE 'effective one-group” B 9] kel zkol7f

(5.64c¢)

* FBRAIAM &= 3 5-194 HE A o] ¥ FA=Fe] HF importance’t BE FAA
o] H+ importance BT} 18%°]4 A= AL & 4+ St

olg st A =, A AR 7+ AW 1E719] importanced Wx7F Fra 1o B3|
S SRS A FAAAREE] Aozt AA yEtde @4 A SRS oluX| 7t
U-2389] fission cross section®l 419 719 &gt olats Vel 7] wie] o]
Joj 22 71385 A YA =H7] wiEol|tt.

F 5-1 Relavtive Importance of Delayed and Prompt Fission Neutrons if FBRs

Delayed Relative Importance of Delayed and Prompt Fission
Neutron
Neutrons, ¥
Group, k
1 0.802
2 0.831
3 0.818
4 0.825
5 0.825
6 0.825
* '"Thermal reactor' olA&, AW SAAES S9 T4l Hla] © & importanceE 7F
AA "o U-238904 & 249 et otde] FA4A=e] WE FE5S 57 " &

g=i =
9L minimal$t importance® 7}t A oyR]e] Fid sty FUlele
E)= AEAarst 254210 W importanced] s Aujz el 9%
At A o]= ‘Thermal reactor'olA A& F42F9] importanceEo] =4 4=}
A

Bu 2 #E AYA He= Aotk

(==X
—~

= og $Jx}i°ﬂ/\1—5 g XLXl s OMX]
7 Aonw SFAS dove=d YoM S FHAAEG avrt A webs] AA A
2 && FAdAE o9 adE 1 FEALFHAE, Gy 5 AMESH B G9

271 furt ozk Atk ¥ 618 AR Aol G, a3 A fgkatel Hw

Nuclear Reactor Dynamics
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3* 6-1 U-233, U-235, Pu-239 ¢ A2 FaAEsH4E (A2 94=2)
EES 28k FAAE [ FraAY TS By
/233 0.0026 0.003
/235 0.0065 0.0070
Pu*? 0.0021 0.0023
=] )

‘two fissionable isotopes’¢] 7

/ Xdk(E)SOS (&

By = L

o) QA7) B A o] Abe] SR A

FEABFAANEL T BFE o

N

2

X

o
2

A

v

A A&

[o5

= =

= Eo] Pu-239 9 U-238¢ 7%,

B [ 630 R () + s By (D]

| x®)gy(B)ar

E

(& R &

* 2 (5.65) o FHAL
2 (6.63)3 2 AHolth

vieldg 7FA7] wi&ell

- (5.65)
f 60 ()0 R, (r)dV
|4

S an energy-integrated reaction rate©]t}.)

dzo] vRAl GFL Fu ke AL AT BAYoR

gy AAR Pu-2399) Hmdle] U-2380] =& zjul Az}
U-2389 &7t A
RS AASA oz 1 5-204% A FAx Aikel] tigk U-2389)

=
dee 71 A(5.659 Z3() <t
[ez]
-

N

‘space, delay group, and system’o] t3l &S HoJFr}

V(1) = Vgo + Vs

fu

ng (7“)

.66)
ng (T') (5.66
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* 5-2 Comparison Pu—-239 and U-238 Contributions
to the Production Rate of Delayed Neutorns

Core/Blanket
Core Center
Interface
Percentage Addition of U-238-Produced Delayed Neutrons to
Pu-239 Contribution
Delayed Neutron v R,
y u 100 dk8 f8
Group, k Vgkg ng
1 29 17
D) 44 26
3 71 42
4 105 62
5 182 108
6 315 185
L
ng
0.142 | 0.0836

¢ (rE) ¢ AU oFHorRy 7| B F fa ALt Tt oF A wu
At a2y LAk Ee] A 9ol ‘increase due to spatial adjoint flux weighting’

o] 'decrease due to spectral adjoint flux weighting' ®.t} & 4 9t}

+ 21(5.65)% one-group B o W&l v} o] 2xefA & Qv

S S
Br = Yar (5/4979*& + ﬁksg*ﬁ )
f f

with Sp = f@’g(r)Rﬂ(r)dV
14

21(5.67)¢ Z3 ¢t FHEL v, 7F 'spectral weighting' ¢ &35 7}do] g
U =]7} ¢ spatial adjoint flux weighting'®] &35 Yehdith

* ‘integral kinetics parameter’ £ oFgl] 4 (5.26)¢] F &l Wl FHE 7FAa 9l
o]# 3t FS AHA Wk E-‘static reactivity’ & ‘form'o] W} FA WS E-'dynamic
reactivity's A-&317] 93l =Q4=HAT 7 AE rolFA =W, 1 Fohe 3ol
AR Be 4 vk mER PKES p)sl= Fol oE4olA & dAz 7
integral kinetics parameters’ & p/A4 ¢ B/A4 o] %3 HA WAt}

Nuclear Reactor Dynamics
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@) 5
Alt) = (@, Fw)  F(t)
o(t) = % (@5 [F— M) oo (5.26)
B(t) = iy (@0 Fa)

Nuclear Reactor Dynamics
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5-2 The Point Reactor Model

« Wk ) (rED)E E31, 4 (5.26)¢] "exact" definitions ©Z5E  p(t),5;(t), and A1)

zb7] 984 += amplitude function p(t)E A 3}+= exact point kinetics 2ol LA

I QS Ao}, 18y 193t shape functionsE9 AL YsiAE full
(r,.Et) o9& A9 sjEo] €At} (see ch-11 -_- )

Al AH&-8F= approximate F+t W<l ‘point reactor model'S AH 3}

x o]2 9JF)A exact point kinetics Ao ZXEH & 714 F8 3Hmajor) Bt F7HA
A A8 (minor) ©e8tE 8l ‘major’ ©EskE flux shape®] AlZF 9EAS %7] flux
sharpfte2 FUA oz o]F FAjst: Aot}

lb(T,E;t) = d)O(r:E)
F7FA ‘minor' ©e8kE ohgak Zoh 4] (5.23)0] i FOEE #e 239 2Uge R
tAl AT,

F(t) —> FO = (QS}FEJJWO)

Egk A 2 A Arba FyE 27] AARA} Ghe ' approximate AT

Fy = Fy

s olel @ 37HA Bt thedt 2 AnE tden
) =

L pt)=> (1) = 3 (@, [AF— AM]ay)
Ky _fo
2. A(t) —> Ay = Fo 120 1

3. Bi(t) => B =+ FO (B, Erypo®y)

x olo W} (A E  ‘Point Kinetics equations

zi(t)—Mp@H%z]Akgk(t) p () =28, 4 Ek]kkck(t)

Co(t) =— MGe(0) + B (1) ¢t = Neu(t) + 22 (1)

Nuclear Reactor Dynamics
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Six

SOLUTION OF BASIC KINETICS PROBLEMS

2 s98 ZHES2 UYs NEsH Q89 Hs2z 2ol S&st HE HAAH &
Ct. &0, =& ZH0ol st —’FilﬁH(numerical solution)E €J| f|oHAE Z2RFH Z=2
80| 2 RoICH il 2AIE 29SS =8 ol Aol (analytical solution) €Al 1L = R0l
Ctd & 2= ALt 0l2det & dHIF basic kinetics parameter= 2+2| ZtHE sl 120l
of =& ZWUE Oldlidt=0d &332 F)1 MS0ICH. Rel= 0ledst analytical relation2
soff =Xl & U[S AO0ICH

ry
>
N
-
S
9
o
o
3
o
=
o
5
N—
OfH
ol
i
=]

1. 61 XE=AHX OES oL ‘effective group'@2 2 At (Sec 6-1)
2. DN=2/ALS20KM =A4X generation timeS HEGHH EHIH HE29S2 A kinetics

equation 2tFs}

?I12 & I ZAIE HIELZ 20d Z2idte B =24 DE20 HE8E = UL S

ol & BHM ZAIEE:=2 D520 M o st O 0= 1=%=2°2| neutron generation

time Ol G &J| ME0ICH

HEN reactivity(BHE5)E & 220t dt= A2 Oleist LES ARGH=0 SLoHA &
Ch. O 2= Yol LetAel A0IH, B2 42 Bl S22 Qe BtE2E BHetE
ttot=dl HEHe 2E2 S8dilite SER0[0h

NS A2t IEHE SAIELD &2 JIEEHC
totHl ShI ol JtE &SR8t classEt g21Ch
OOIM HAAENZ JFESHCH

|

rU '(D
|/\ o ro

Ol

?IZ2AH0I 2lof Ol BEOUA 2H 2 2EA2 UsSW 20

jb(t)zf(%l_’gp(twrf/ll gzgk(zwfjl s(2) (6.1a)
gk( t):_ﬁké’k(t)_‘_lg,qf)(f) (6.1b)
A=A, , B=p, (constant) (6.1¢)

K&, F() =F, (see 5.26a)

Nuclear Reactor Dynamics
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6-1. Kinetics for Small and Large Time Value

s9st FHE Sl AHGHHANE FE8 HE L2AH NLYSHXA sourcell HEH &£
Ch Z&tet

DAL 200 B2 Al2b, = 20 A2l 2ot 010l OIxl=s ges AHEX
6-1A The Stationary Solution : Source Multiplication Formulas

Short time O et XIESHAN HEsS 4HEIN 2AH Rl JMH 2E2sHE

Alg Sl
oF2to] HMEE H5 £ QUL
ZAAEH 2SYFAZ2 (6.1) Ao A2t 0I2ds 022 1 A 48 &
4= UCH.
,?)ZUZ(po—B)pO—FZ:Aké’m—FsO (6.2a)
ngOZ_Aké'm—i_ﬁkf)o (62b)
Ol (6.22)0MM  p, 2 s, = FXNUZIF AL O O OICH
A AS Edl Rele ‘FLLEH oHE generation time N0 SEZ Olels
QI LCH.
(6.2b) A2 Z2ALE HAMAIEH A 8sH S 1| Z(stationary decay rate)Ol
As
HoFD UL &,
A= Bibyg

S(K]: Z:/Iké'm: Bf)o (63)
(3470 A
Rké'(t):/‘tkc,;(?ot) 022 ( §, & I #2Z 54X total source =
A:Co _ Sa

po=1 (—¢,=¢,) 2 2%, (6.3)1 (6.4)0A
Sw=28Sy, (6.5)

((t2t M stationary integrated AIZEEAE X source =

B 2 integrated total HEL S S X sourcel 52& LIEHHCE,

OIH SFXRZ20A (6.3)2 (6.22)00 CHOHH,

Nuclear Reactor Dynamics
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0: pop0+30 (66)

(3.48)0 A t=0 N

5(1)27@ ( s(#) : relative independent source (3.48) )

SJ'O
S,
- s= 6.7)
SJ'O
po=1 0122 (6.6) (6.7)0A
370 = il -5, (6.8a)
O
tlp’ £ ‘source multiplication factor’ 2t &tC}.
0

(0l248t source multiplication formulaS2 Y92 L0l SEGIH =Ch)

static source multiplication factor& JoHZ At

7 a0l gH0l S, 8 OBk (=7 o) 8 =ase
S S
30+ 3,=038,,;=5 2 -=—10- (6.8b)
] 0 tot, 0 l—ko — Ako
(6.6)2 pOll CHoll HIZ EH
S
=—" - (6.8¢)
by = o4
BoF adjoint weightingS HE8CHH source, p,, ¢, s2 G2 F2AL00F &
2 0|CH
adjoint weighted & source multiplication formula = 4!(6.8)2] weighting &l Xl &
Al
HstolCtd & == QL.

static adjoint weighted source multiplication formula = TS ZC.
(6.8a)0A S =Fyp, 012, &0 adjoint fluxE Sotl HEZotH,

(o7, F(}@o):_}} (2%, Sy (6.9a)
0
(6.8b)0II A
(@5, [Fy0y+ S =— zlkof( @ %, Sy (6.9b)

Jelld (6.7 (6.8c)0lA

Nuclear Reactor Dynamics
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1 (@7,Sy)
Dy=——" — ., - (6.9¢)
SH AXNZ0A, p,=s,=0 OICH
(6.2a) 0l M
0=—6po+§ktak§m=—5po+sm ez
poz—sg 6.11)
0 JI Al source multiplication factore %i’ Z =N &L

B = 0l AUl A negative reactivity &&= otH & Ch

My 22 % ACt

& C+Z2 source multiplication formula = OI2H X200 CHall (6.2a) A0 2O &
CH(S0>0)

So+ S4 (
= - é 6.12)
Py B— o
= 0/YH HAAEHS flux amplitude(po) = independent source 2 delayed source
o o=z
LIEFLIH, OION source multiplication factor = reactivity SIH0l 2loH 2 &=L}

6-1B Kinetics for Small Time Values

B2 A2t gst0l e SHstd HetlE AHSC2ZM fele U d2 AlED (onset

of
transients) AIZSAX 1S9 AN Ofol & &= QUCH
HIZ HOE &40ILE 2 HISH 22 2dHAYHS BEE Heel: Mo Z2= o
£ M0l
SAOIXIGH DO AHE [0l Stol R2l= “steps" "ramps" & JFAESHC
ZI| LHAENC B TS 20
. ) _[ 0 for 0
reactivity step : p(?) {91 for >0 (6.13a)
. . _[ 0 for ¢=0 ) o .
reactivity ramp @ po( t)—{ at for =0 (a : reactivity insertion rate)(6.13b)

0l 22 &XlH "limited ramp" £ = “terminated ramp" ct] StCH

Nuclear Reactor Dynamics



MEH MH= daisis2 EXMC D XLSAHX sourcelll JISHCE

L AlZE tOIA S2UEE B2 0tk fAIE 23 H0h

A6 0= Biby St o1, (6.17)0IA

¢, = B, (p(D) — py) (6.18)
(et KIE=AS A source = Ui 20

sdD =54+t Fk!ﬁ,ﬂkl( ) (6.19)
1) = { 1) = plat (6.20)

-

(6.19) Aol Th5S =&t

Nuclear Reactor Dynamics
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0 for =0
. . , _{ at for 0=t<t
limited reactivity ramp : p(#) = o, for t=t, (6.13c¢)
SHX EHAE Ofller XILEAX source & ZIILH J|XZ0 CHE
Z2tH0l B2 T step S WeldiXles &= 210ICH
IS0 ol SAEo=Z HElste ¢t p 20l
. 01— B o
p0)=-"1 0 g+ SAu=" 1 (6.14)
ék(O):_Aké'm"i_ﬁ,qf)(]:U (6.15)
(6.14)A19] 2H0| step change 8t¥H  p & step change &'CH.
et p(f) = t=00lA HdE8=OoZ HGEHCH
J0 o () = t=00IA 02 JI2JIS JH&ILH
t=00lM p 2 & 2 JISIJIE Ol8o &H=2 A2t 2030 UAH XNESHEX sourcell
CH&t
ChS S JHX 2 A Jtsotth
1. & XEESAX source (CDS : constant delayed neutron source) ZAb
sd)=s, (6.16)
2. Aaish =™ AL (PA : precursor accumulation approximation) :
¢t p 20 X AT AIFEZD| 20l S @AM §,=&,, et
=1
p(H = AZHol et HElotESE & 4= QUL
E( == 2,850+ Bip(D (6.17)
gtet  A(H) JF AIZHOI el SO1ettE, ff 2Als GOsS 201 a4 4+ Us
Z0ICk -
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|
= Z{!B,ﬁk (6.21)

(6.3) (6.2D)0IA SIHS short time 2AF= CH2DF 20| 3 2 £ QUCH
?Aké’m Bb, (6.3)

- CDS 2At : XIgsdiEdE &2 E= A0I2=2

s.(8) = Bb, (6.22)

PA 2A} :
B6.2D0NA  BA= y:ﬁm 0l
(6.3)0A  s,0=Bb, 0122 (6.19)0 CHSHEH
s (1) = By + BAI(1) (6.23)

OIM2 CDS 2AIIA XIZELT datas total B 2222+ LIEHID,
PA ZANME B4, 242 OB A JF UEISC
M2tM, PA 2AIA MEN MHE datsio] 20 NYEAHT sourceE SIHAIICH

Ao nEXO gte

2=0.4s" 1 for U*® fueled thermal reactors (6.24a)
A=0.6s"! for large mixed-oxide—fueled fast reactors (6.24b)

5 O XNEESAHX sourcel 28t 2HEEE 3 (6.22)2 (6.23)2
amplitude?! (6.12)0l CH otH

ths & A 2= = UL

. p—ph 761)(] 73( t)
PA 2 APEE Al
. - y 3 f ' ’
p=—""Fp+-d {ﬁpﬁﬁﬁj;[p(t)—po]dt}+*Sf,f) (6.26)

_|.

, = JddHlIMe SUsEs std=ECH
ME dde dasiso Sils & NLSEKL sourceZ2 A1, 2l PAZAHNIA R

A ZAE =2 2240| UL

ne-delay—-group kinetics" 2&0|C}.

Nuclear Reactor Dynamics
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pH=-+"" Bp+f Ag+-4 (6.272)

F=— b+ Bp (6.27b)
OIDIAM 621 22 11 Q222 01D sk A @ ¢ 2 NHEGHH FHog LRI

QUCH.

d _

4t 2 G D ==2I0,8,D) + 21 8(0) (6.28)
Z desH S22 A "ol ¢

{H= Fk!é‘,{(z) (6.29)
(6.28)1F (6.29)01l A
Lt)y=— Fkiﬁkm D)+ Z!ﬁm( )
0] Alo] XS (6.27b)AlC] KBl 21D B,
— AL+ Bp=— Z:)lké'k(i)—i- Fkiﬁkp(t)
01 | Al ﬁpszlﬁkp(t) o2z
Z!Mk(t)

A(H = *Z\W (6.30)

A= BeHie 20| AI2ES B2 LIEILI ®A 2R AIO G0l l=otH SIC.
MUK D22 U2 M OIRIIKZ, A 9 0lMst =ML A o™ A0

el b=

0jokst 20F QUCH K2 S0, E& AHEZ0| M XIBHXQ! inner core &0 Al
& cross section® jJOH =g &0let] M2ae =~ QUL

Ol248h 20l A Ol CHHME HI6HH LOLISXE L0otED| Adh A() 2

B AI2F 2HZ 0l CHGH I AMGHE Xt

(6.2b) AOIA  A,8,0= Bub, 0122

28k 2.8y 1 _
2(0) = —% =—Fo—=(5) =" (6.31)
> By A
% 2.
k /1,(,

A" 2 “initial" one-decay-group A £ 2|0|8&tCt.

(6.2b) Al2 t=0 O|&S MAAME JI¥slD Y202
A= HAAMEHOIA MBS MY O B2 ZDALES LIEFHCE

A= (6.32)

stationary

T
=

Nuclear Reactor Dynamics
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A7 2 A o numerical 2t2 HIDHEH thermal reactor % OtLI2} fast reactor

A U2 W2 lifetimel HAYHS0| IXs 2 A, k0l AdH FssS &

rr
[m]

}:,1 (B1R1+'“+BGAG) (6.33)

B
Table 2-112 2HEY A, = A, 20 = 30084 2 0122 A, It A Ol
o =l

=) (6.34)

4

HAl = C

ol

?ANME 22 &2 4, & dUHE2Z A2 &0l AHiXe 9g=

N
S
JA
6]
HU
A
o
|
T
w
ior
=
Jz
ro
S
e
U

ietd Ol= & =+ RUCH

>.

- — 23 5
Ao HEXO e UPE AIRSls 95
= nz2

D0l CHAH 2 0.08s™" HTOICH (6.24)2 2tSD HIWGHES 6~8HH XHOIJE HHCH,
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£ = Epexp(—A,0) + ﬁ,(j] exp[ —A,(t—)]p(¢)dt (6.36)
MetAd dsisio] MA ‘4’2 KNESAX source = CHSH 2 CH

Sktg,{( )= Z:é’mexp(—/‘tkt) + S:ﬁ,{jexp[ =2 (t=)p()dt (6.37)
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