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Abstract

TP1, a FORTRAN-IV program based on transport theory, has been
developed to determine reactivity effects and kinetic parameters
such as effective delayed neutron fractions and mean generation
time by applying the usual perturbation formalism for one-dimen-
sional geometry. Direct and adjoint angular dependent neutron
fluxes are read from an interface file prepared by using the one-
dimensional S,-code DTK which provides options for slab, cylindri-
cal and spherical geometry. Multigroup cross sections which are
equivalent to those of the DTK-calculations are supplied in the
SIGMN-block which is also read from an interface file. This block
which is usually produced by the code GRUCAL should contain the
necessary delayed neutron data, which can be added to the origi-
nal SIGMN-block by using the code SIGMUT.

Two perturbation options are included in TP1: a) the usual first
order perturbation theory can be applied to determine probe reac-
tivities, b) assuming that there are available direct fluxes for
the unperturbed reactor system and adjoint fluxes for the perturbed
system, the exact reactivity effect induced by the perturbation

can be determined by an exact perturbation calculation. According
to the input specifications, the output lists the reactivity
contributions for each neutron reaction process in the desired
detailed spatial and energy group resolution.

Since the DTK the somewhat approximate assumption of fission spec-
trum is used to calculate the criticality factor, TP1 derives an
appropriate correction taking into account the individual fission
spectra of the various isotopes. By this means it is possible to
determine an improved criticality factor which is close enough to
the exact value for almost all practical applications.

Numerical examples are presented to demonstrate the sensitivity

of the calculated reactivity results with respect to the values
used in DTK for the accuracy criterion, the number of .spatial mesh
points and the order n of the S, calculations. The reactivity ef-
fects obtained from TP1 are compared with corresponding results
from one-dimensional results given in the literature for the
reactor maodel used for the present calculations.



TP1, ein Rechenprogramm zur Bestimmung von Reaktivit&dtswerten
und kinetischen Parametern durch eindimensionale Neutronen-
transport-Stdrungstheorie

Zusammenfassung

TP1 ist ein FORTRAN-IV Programm, das unter Benutzung transport-
theoretischer Methoden nach den iiblichen Verfahren der Stdrungs-
theofie Reaktivitédtseffekte und kinetische Parameter, wie den
effektiven Anteil der verzdgerten Neutronen und die mittlere Ge-
nerationszeit, bestimmt. Die bendtigten, direkten und adjungier-
ten winkelabhdngigen Neutronenflilsse werden auf einer Zwischen-
datei als Ergebnis einer eindimensionalen S, -Rechnung mit dem Pro-
gramm DTK erwartet, das die Behandlung von Problemen in Platten-,
Zylinder- und Kugelgeometrie ermdglicht. Ebenso wie in den DTK-
Rechnungen werden die Multigruppen-Wirkungsquerschnitte aus dem
SIGMN-Block von einer weiteren Zwischendatei eingelesen. Fiir TP1-
Rechnungen mufl dieser Block, der im allgemeinen von dem Programm
GRUCAL erstellt wird, die erforderlichen Daten fiir die verzd&gerten
Neutronen enthalten. Diese Daten kdnnen mit Hilfe des Programms
SIGMUT dem urspriinglichen SIGMN-Block angefiigt werden.

TP1 enthdlt die beiden unterschiedlichen St&rungstheorie-Optionen:
a) Stdrungstheorie erster Ordnung zur Bestimmung des Reaktivitédts-
effektes von Materialproben, b) exakte StSrungstheorie zur exakten
Ermittlung der durch eine St8rung verursachten Reaktivitdtsédnderung,
wobel die direkten Flisse fiir das ungestdrte Reaktorsystem und die
adjungierten Fliisse fiir das gestdrte System bereitgestellt werden
mﬁséén. Abhdngig von den spezifizierten Eingabegr&fien werden in der
Programmausgabe die Einzelbeitrdge zum Reaktivitdtseffekt nach Neu-
tronenreaktionen, Energiegruppen und Ortsabhdngigkeit aufgegliedert.

Da DTK den Kritikalitdtswert unter Benutzung der Ndherungsannahme
eines isotopenunabhidngigen Spaltspektrums bestimmt, berechnet TP1
eine entsprechende Korrektur, die den EinfluB der filir die einzelnen
Isotope unterschiedlichen Spaltspektren bericksichtigt. Dadurch kann
ein verbesserter Kritikalitdtswert ermittelt werden, der flir fast
alle praktischen Anwendungen den exakten Wert geniligend genau appro-
ximiert.




Die numerischen Beispiele zeigen die Abhdngigkeit der TP1-Reakti-
vitédtswerte von den in DTK benutzten Werten fir die Genauigkeits-
abfrage, die Anzahl der Orts-Maschenpunkte und die Ordnung n der
Sn-Rechnungen. Die mit TP1 berechneten Reaktivitdtswerte werden
mit entsprechenden Resultaten einer Diffusions-Stdrungsrechnung
sowie mit den in der Literatur verfiligharen experimentellen Resul-

taten fir das in den vorliegenden Rechnungen verwendete Reaktor-
modell verglichen.
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I. INTRODUCTION

This report describes transport perturbation theory for reac-
tivity, the details and the use of the one dimensional per-
turbation code TP1 and some numerical results.The transport
perturbation theory is already established1), and in chapt II
is given a full detail of the equations for the calculation
of the reactivity, effective neutron generation time and de-
layed neutron fraction in TP1 code.

The code TP1 uses the direct and adjoint angular fluxes from
the one dimensional Sn transport code DTK. In the present ver-
"sion of this code, use is made of a fission neutron spectrum
which is independent of the fissionable isotope. It is found
that the correction factor to the criticality factor to take
into account the effect of the isotope dependency of fission
neutron spectrum and the delayed neutron spectrum can be cal-
culated by using perturbation theory. This theory is also
described in chapt II and is incorporated in the TP1 code in
which the corrected criticality factor is printed by the in-
put option. In chapt III are given the details of the program
and input description, and in chapt IV sample calculations are
given to demonstrate the accuracy of the reactivity with respect
to the error criterion used in the DTK code, the effect of the
number of mesh points and the order of Sh method. Comparison
with the diffusion method and with the experimental results are

also given there.



II,

THEORY

We write the transport equation for the perturbed system as

/. 12/

afg(?,r?m,t)

ot

where in operator notation

™)

tg

and

I :
g9

cg

~(@H) - f _+zan, L oz (Em,g+3m.,g')

tg ml gl S

1 j ] 5

- I X T (v )T, T AQ_,

4n 3 g g' pf'g m' 0

1 i > i i j

4 ;,(det)g' ;,Anm' ! (vdzt)g' z(“dzf)g'
= 2 =
= I gy + DgB , Trg = Fog * Tgg * Igg

effective multiplication factor which is determined to make
unperturbed equation critical,

direction vector,

neutron speed of the g-th group,

angular flux of the g-th group

delayed neutron precursor population of i-th delayed group

total cross section including leakage term approximated
by using Buckling,

total cross section,

capture cross section,

(1)

(2)

(3)

(4)

(3)

(6)




ng: fission cross section,
ng: scattering cross section,
Dg: diffusion coefficient,
‘B?: buckling,

(aﬁV): leakage operator, but the leakage approximated by Dng

should be treated separately,

Zs(am,g+§m,,g'): the scattering cross section from ﬁh‘ and g'
to ﬁh and g,

(vpzf)gz the fission cross section times the number of prompt

neutrons produced by the isotope j,

(v‘ y s the fission cross section times the number of delayed
d f g neutrons of i-th delayed neutron group for the isotope

j. If vé is 1ndependent of the fission energy, it can
be written as ijzté' where BJ is a i-th group delayed
neutron fraction for the 1sotope J.

x;: the fission spectrum of prompt neutrons of isotope j,

Xig: the delayed neutron spectrum produced by i-th delayed group

precursor,

xi: the decay constant of i-th delayed group precursor.

The indices g, i, j and m always indicate the energy group, the
delayed neutron group, fissionable 1sotope and the angular
direction respectively. Summation over i always indicates sum over
all delayed neutron group, j over all fissionable isotope and m
over all angular directions. As boundary conditions for the angu-
lar flux, vacuum, reflective or periodic conditions can be used
at the outer most boundary. The initial condition for Egs. (1)
and (2) is that the angular flux and precursor populations should

be given at t=0.

We assume that for the unperturbed system, the following equations
hold:

) 1 0 o, _
(G° + -k—o Fp)fkog(r )+ ixlgxlci(r) = 0 (7)
1 0 »> > o,* _
k. Fifkog(r,n) - xici(r) = 0 (8)



where the suffix "o" is used to characterize the quantities

of the unperturbed system. Eliminating AiCz(r) in Eq.(7) and
using Eq.'(8), we get

) 1 ) = _
(c° + E: F )fkog(r,ﬁ) = 0 (9a)
where

=1 .3 j i
F=g7 ;Xg ;.(vpzf)g' * ixig g.(“dzf)g' ;.Aﬁﬁ' (10)

The static equation for the perturbed system is

1 > _
(G + F—F)fkg (r,8) = O (9b)

Adjoint equations for Egs. (9} are

+ +, o+
o) 1 o +’§)

(G + k. ) fyog (X = 0 (11a)
+ 1 o+, -t > ~
(6" + g FOE (FH = 0 (11b)

where G°+, F°+, G+ and F+ are the adjoint operators of G, F,
G and F respectively, and

Il

G =ac° + s¢G , (12)

F = F° + 6F . (13)

Egs. (9) and (11) are solved by DTK code using the boundary

conditions for the angular flux: vacuum , reflective or periodic,

Multiplying Eq.(9a) by f;g and Eq.(11b) by £, subtracting
the resulting equations and integrating over space and solid
angle, we obtain the static reactivity exactly without making

approximation,




+ 1
- 11 <fk(6G+ o GF)fko> (14)
ko k <f; T fk >

where the notation < > indicates

<f;> = fav zaq. fX (F,3) (15)
m ®g %9

There is also another definition of the reactivity, the asymptotic
period reactivity defined by Henry /2/, which is discussed in Appen-
dix I.

We can assume that the asymptotic flux can be expressed by

fg(f,ﬁ,t) = fwg(f,ﬁ)e“t , (16)
and
c,(Z,£) = cmi(f)e“’t ) (17)

Substituting Egs. (16) and (17) into Egs. (1) and (2), we obtain

1 > w XiqF4 >
G +—FEf (F,d) = (& +2 1 T o (£, (18)
ko wg Vg ko i Ai+w wg

Multiplying Eg. (8) by fig(f,ﬁ) and Eq. (11b) by fwg(f,a), taking
the difference of the resulting two equations and integrating over

space and solid angle, we obtain

_ B,
= + —
p wh + o LT , (19)

where

1 1 :
p = 'k_' E ’ (20)



_ <f; % fm>
A = T ’ (21)
<fk F fm>
and
+
_ ) <fk xig Fi fw> . (22)
By T
<f;, £ »
k w

Eq. (19) is the reactivity which gives the asymptotic period,
if the static reactivity p is given. A and Ei may be called
as the effective generation time and the effective fraction of

the delayed neutron of i-th delayed group, respectively.

For the analysis of pulsed neutron experiments, other definitions
for the generation time and the delayed neutron fractions are
necessary. These are given e.qg. in Ref./3/. Further, we can
define other kinds of reactivities: the Reactivity Factors, the
Inherent Reactivity Factor and the Reactivity Integral. They

can be obtained by making small modifications to the subroutines
of the TP1 code in which cross section differences and reactivi-
ties are calculated. These modified quantities might be helpful
or specifically suited for the interpretation of certain kinds
of experiments as mentioned e.g. in Ref./4/.

1) Definition of reactivities for each reaction process

From Egs. (3)~(5), the numerator of Eq.(14) becomes

1 e .
6G + 3= 6F = -sf 4 z'Aﬁ , zlazs(ﬁm,g+ﬁm,,g )
0 n g
1 3
+ r X2 L &{(v_ZI.) _, I Al
4"}(0 j g gl f m' m
+ - p oy, z s(vir.) , 1 an
dnk, ¢ Xig o a*g'gt -, M (23)
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We define the group and space dependent static reactivity
for each reaction process as follows:

> ~ >
pcg(r) = -Gzcg ;Aa f (r 1] )fkog(r,ﬁm)/[F] (capture)
pfg(f) = =8I f ;Aﬁ f (r d )f (f,ﬁm)/EF] (fission)
prg(®) = =8I, ;Aﬁ £, (5,8 ) Exoq (Fr8) / [F] (removal)
psog(g) = -st ;Aaﬁfkg(r’am)fkog(;’am)/ty] (scattering out)
- > g9 . >
Peig(®) = zm‘fmfk (.8 oy, g.§=1zs<6mg+?fm.,g ) Epoqr (Erly )/ [F]
(scattering in)
poig(f) = psog(f) + psig(f) (scattering out + in)
> + > >
psig+g_1(r) = ;Aﬁhfkg(r,ﬁh)é'Aﬁﬁ.zs(ﬁﬁ.,g+§h.,g-1)fkog_1(rlaﬁ-)/[F]
(scattering in from g-1)
(B = ad £ (£,4 )(zx3 L (v I.)3,
PLs m P kg ;9 g P E9
* Ixgo l G(vd glgr) I ad_ £, ,(i*,ffm.)/(4nko[F])
i g' m'
(fission source)
> > _+ - 3 3j
p (r) = * zAQ f ,(r,Q )(Zx 8 (v T )
afg g'm ™ kg 579" pig
+Exg 0 8(vgle) ) T oA E  (E 80/ (amk TE])
i l
(adjoint fission source)
> - -> ->
pg(r) = prg(r) + psig(r) + pfsg(r) (total)
[F] = - zav (z zad £F (f 8T Xy Iy (z (y % ) IOAE E(F LT L))
am S Pgm MK 3 g' Pt qt m'Tkog!tp’Tm
1 i -> 5
1 . By oo (T8
by [I;AVP(; rﬁm fkg(rp’qn)iz Xi )(é'(vdzf)g.:l'mm xog (rp mt))

(24)

(25)

(28)

(29)

(30)

(31)

(32)

(33)

(34)
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The scattering out and scattering in means the scattering in
and out with respect to the group and angle variables. There-
fore, these terms include within group scattering term, that
is different from the perturbation expression by the diffusion
equation. In the TP1 code, the scattering cross section is
calculated as the difference of the total cross section and
absorption cross section. (Scattering out and in) in Eq. (29)

means the net scattering.

Summation over group gives the space dependent, but group

independent reactivity;

p (;) r (o is a suffix for each process)

>
pa(r) = ag

L
g
Integration over space gives the group dependent, but space

independent reactivity;

p =

-5
ag é pag(rP)AVP

where AVp is a volume element.

Summation over energy group and integration over space gives
the net reactivity induced by the perturbation in the whole
reactor;

o) (;p)AV for each reaction.

In the DTK code, the transport cross section is used for the
total cross section. Therefore, the scattering cross section
zsg is replaced by (1—F)ng, where u is the average cosine of
the scattering angle.

The scattering cross section should be expanded by the spheri-
cal harmonics functions in the same form as in DTK /5/ and
SNOW /6/ code:

(35)

(36)

(37)




I
S
21+1 )
g (B,gelit,gt) = T SpEongg (gegt)e (480
1=0
= 1 Ii (21+1) % % Y. (3) ¥* &Y (38)
1" 10 Sl p=my @ 1m

where Pl(”) is Legendre polynomial of 1l-th order and

+ .
- (1-m)! - imé
Ylm(Q) = (l+m);] P, (cose) e (39)
Y. (&) v (%) ad = 5. .5 (40)
Im 1'm' 21+1 "11' mm'
#* _ _\In >
Y].(Q) = (=) Y1,-m(9) (41)

le(u) is an associated Legendre polynomial and the notation #
indicates a complex conjugate. Similarly, we expand the angular
flux in the form

1
£(F,8) = %; 2 (21+1) 1 £P3) v, (&) (42)
1=0 m=-1

The spherical harmonics moment flm(§) is given by
£ = sl v ) £(E,D)

= /ad [;yf Py, (cose) (cos mb - i sin mé) £(Z,R)

gCIM 2y _ jeSim 2y (43)

In the one dimensional cylindrical geometry, the following

symmetry excists for the angular flux as seen in Fig.1:

fg(rrel¢) = fg(rrel_¢) (44)
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Using this relation in Eq. (42),

1

£(%,0,-¢) = %; ? (21+1) & £ v¥ (%)
1=0 m=-1
1 ) 1 1,-m,> m >
= = Foenn oo fTE v @
1=0 m=-1
From this equation, we obtain
f1F) = (™ g for cylindrical geometry

of one dimension,

Since angular flux f(;,ﬁ) is real,

| 1
£(2,8) = %; £ (21+1) @ £ yfﬁ(n)
1=0 m=-~1
1 w L wi-m = m +
= &= Feun o NG oMy @)
1=0 m=-1

Then, the following relation holds for all geometries:

glm* 2y = ()T gl

Therefore, only the real term is kept for the cylindrical

geometry of one dimension;

1™y = I

The same result holds for fig(%,ﬁ).

(45)

(46)

(47)

(48)

(49)




2) Spherical harmonics functions

In the slab and spherical geometry of onec dimension, only
Legendre polynomials are used. In the cylindrical geometry,

according to the reference /7/, we set (Fig.1),

p = siné cos¢ , n = sinf sin¢ ’ £ = cosé (50)
When ¢=0, u=sin6, £=cos6, then p2+£2=1 (51)
= .M = u 2424702
In general, cosd = <16 = ;  ueHnc+E 1 (52)

tane = D = LA“u-E° 7-g? (53)

H u
These relations are identical with those given in Ref. /5/.
The spherical harmonics functions defined by the following
equation
- ¥
g, (0,0) = |ZAm 1" 5 (r ) cos no for 1>1 (54)
1n In'"m m -
{(1+n)!

are transfered from the DTK code from the array CL(MM,NM).
an(9,¢) is assumed to be stored in the order shown in the
Table 1.

3) Explicit expression for reactivity, effective neutron generation

time and effective delayed neutron fraction

Using the expansion of scattering cross sections and angular
flux of Eags. (38) and (42), Eqs. (28), (30), (31), (32) and
(34) become

1 1
g1 S 2141 telm >, .clm >
-> ' . +
. = pX I =1 .(g+«g') T e_(£f, (r)- =t , ()
ps:.g(r) g'=1 1'=0 47 sl m=0 ™ kg kog
yoetsimgy . eSIn 3y /[r] (55)

kg kog
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I
s 1
21+1 +clm > clm >
Psigeg-1 () 1'20 I Lgp(gvg-D) mio em(fkq (x) fkog—1(r)
+.)lr1 >
+ () - kog_1( £)) /[F] (56)
> 00 20 o] 3
+Iox,o L s(vii ) () / (4nk [F]) (57)
i ig g' d "f'g’ kog'
Pagg () = I EO0H -z 1), s(v_ 1)
afg ' g' p "f'g
g J
t I Xyge s(vy Ip) o) Trog(®)/ (4nk [F]) (58)
Fl = vyt 0@ )yt v 193,
p P g P i g g' P g
i -00 >
+ I Xig z' (vg zf)g,) fkog'(rp) (59)
i g
Approximating fwg(?,ﬁ) by fkog(z’a) in Egs. (21) and (22),and
using Eq.(42), Egs.(21) and (22) become
— " -
A= zav_ I — (3 a9 (r ,9 ) £, (¥ ,8% )/ [F] (60)
p p g Ig m m kg Xkog '"p’'"'m
=3 . +00 , > i j 00 ,»
By = Iy s (frg (X)) x40 I ((vg Zed g frogr (£p)) /[F] (61)
P g9 2] .
- - __j
B g B3 (62)
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4) Dependence of the equation on geometry

The volume element AVb, the weight of the solid angle W and the

number of unvanished spherical harmonics moment are dependent on

sln

geometry. fg (?)=O for all one dimensional gcometries.

a) Slab geometry

AVp = Axp, Aam = w0, = 211Aum (63)
f;l“(?) Lo for n=0, fgln(f) =0 for no (64)
b) Cylindrical geometry
= 2 - p2 3 = =
AVp ™ (rp+1 rp) ' AQm W AumAq)m (65)
f;ln(;) £ 0 for l+n = even, fgln(%) =0 for l+n = odd. (66)
c) Spherical geometry
= A4r (3 _ .3 2 = -
AVp = 3 (rp+1 rp), A = e = 2nAum (67X
fgln(§) £ 0 for n=0, fgln(Z) -0  for nio (68)
5) A comment on the change of the buckling and size of reactor
If the height of the cylindrical reactor Ho' for example, is changed

to H, the change of the leakage term approximated by using the

buckling is



2y = pp2 - p°p2 = 1 T _y2 o ] T__y2
§(DB%) = DB® = D'BT = 35— (F3q) o~ T (69)
tr 3 0 o
tr
] _ _ 1
where the extrapolation length d=0,71 Atr' Atr_ Ez; .

Here we have assumed for simplicity reasons that the upper and

lower extrapolation lengths are identical.

If the size of the reactor changes, for examnle, by the change of
temperature, we can treat it in the perturbation calculation by
considering the expanded svstem from the beginning and regard the
outermcst region as void or the region filled with some appropriate
substance. Then the expansion of the system may be treated as the
change of material £illed, namely, the change of cross sections.
Additional remarks on the treatment of movements of region bound-
aries can be found in the work of Stumbur /3/, /4/.

The one dimensional Sn transport code DTK solves the equation

[o]

(c° + %; F°'y £! (£,8) =o0 (70)

kog

for the unperturbed system, where an isotope independent fission
spectrumn Xg is used in the fission source term of the present
version of the code,

1
'
Fo—4"x2vz

9 g m ’ (71)

instead of isotope dependent fission spectrum and delayed neutron

spectrum in Eq. (10).

In order to calculate a correction to the criticality factor to take
into account the isotope dependency of the fission neutron spectrum
and the delayed neutron spectrum by the perturbation method, we con-
sider the adjoint equation to Eq. (1),




o
+
l_a
(o]
+

(c°" + r,3) =0 (72)

-
o
=~ +
o)
Q

Multiplying Eq. (70) by f+Og and Ea. (72) by fkog’ subtracting the
resulting equations and integrating over space and solid angle, we

obtain the correction factor p' as

+ (Y]
<f, 6F £, >
p' = k1' '11<' = ],1- 1:0 of.k° (73)
o) o o <f. P >
k0 k0
where
6F° = r° - F°' (74)
o _ 1 3j 3j i 0
F [§ Xg ;.(\’p glgr * I Xig é.(“dzf)g'] Z A (73)

Therefore, if we calculate p' by Eq.(73), we can obtain the exact

criticality factor k, for unperturbed system by

kK o= ' (76)

In practice, we must use f;'

in Eq. (73) which is obtained from the
DTK code solving the equatign

v+ >
(G + — F ) fkog(r,n) =0 (77)

instead of f; (;,3).
)

Usually, the difference 6F° is small and then the difference between

<+

fy and f£+ is also small. Therefore the equation
*0 o
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14 P ]
£
o' = L<fk06F Ko (78)
- k! 1401
[o]
<fkoF fko>

may give a value for p' which is sufficiently accurate for practical
purpose. This fact is numerically confirmed by the sample calcula-
tion as shown in chap. IV.

In the TP1 code, p' is calculated by the equation

<f]'{+<SF £, >
0 , §F = F - F (79)
'+ F fl S

o' = lT
ko <f

where F is the fission operator including isotope dependent fission
spectrum and f£+ is the adjoint angular flux for perturbed system

with the fission operator F'. Therefore, the perturbation should be
small to obtain p' accurately ; namely, if the perturbation is

’

small enough, Eq. (79) becomes d close approximation to Eq.(78).




ITI. COMPUTER PROGRAM

One dimensional Sn transnort perturbation code TP1 calculates

two cases: Exact perturbation and first order perturbation. TP1
reads direct and adjoint angular flux and cross section tabe from
the disk (IDTK) written by the DTK Sn code. Further,fission spec-
trum, fission cross sections of isotope dependent and delayed
neutron data are read from the disk (IGRUC) written by the group
constant generation code GRUCAL /8/ and the SIGMUT code /9/ by
which the delayed neutron data is arranged. One cross section
table used in DTK code should contain cross sections for all mix-
tures and probe cross sections which are used in the perturbation
calculation by TP1.

If the direct angular flux is calculated using unperturbed cross
section by Eq.(70), and adjoint flux using perturbed cross section
by Eq.(77), in DTK code, and if the option of exact perturbation |
is chosen in TP1, the exact reactivities defined by Egs. (24)-(33)
are calculated. In this case, the net reactivity calculated from
1 should, in principle, become

¥, k
identical to the one by the perturbation calculation of Eq. (39).

both criticality factors by p =

However, there might be a small difference between them. In TP1 code
the fission source term F is calculated using isotope dependent
prompt fission neutron spectrum and delayed neutron spectrum as

seen in Eq. (10). On the other hand, in the source term of Eq. (70)
and (77) of the DTK code, only one isotope independent prompt neu-
tron fission spectrum is used for all regions and mixtures of the
reactor. This may give rise to a small difference, perhaps less

than 0,1%, between both reactivities obtained by the criticality

factors and perturbation calculations.

If the direct and adjoint angular fluxes are calculated using the
same cross sections, and if the option of probe perturbation is
chosen, the reactivity due to the change of the original cross
sections by the mixture of the probe is calculated in the speci-
fied region by the first order approximation. In the code, the
difference of the cross sections between that used for the calcu-

lation of direct angular flux and the probe mixture cross section



is used to calculate the probe reactivity. If the cross sections
used for adjoint angular flux is different from the one used for
direct angular flux, however, if the difference is small, the reac-

tivity of the probe perturbation may be obtained in good accuracy.

All reactivity obtained hy Eqgs. (24)-(33) are printed in group and
space dependent form according to the option choosen in the TP1 in-
put. The effective delayed neutron fraction Ei and isotope dependent
fraction Eigiven by Egs. (61) and (62), and generation time given by
Eg. (60) are always computed and printed.

A corrected criticality factor which takes into account the isotope
dependency of fission neutron spectrum and the delayed neutron

spectrum is calculated and printed by the input option.

The computation is performed by using the codes GRUCAL, SIGMUT, DTK,
which are modules of the KAPROS system, and the transport perturbation
code TP1 in the following order.

1) GRUCAL computes all specified cross sections in the form of
SIGMN file for the unperturbed and perturbed systems,
and writes the SIGMN file on a disk, IGRUC.

2) SIGMUT reads the delayed neutron data from card input and
computes delayed fission cross section and adds this
to SIGMN file on the disk by using KAPROS utility.

3) DTK computes first the direct angular flux and criticality
factor and then the adjoint angular flux and criticality
factor by using the cross sections from the disk written
by GRUCAL, and writes them on the disk IDTK. This inter-
face file is created only by the latest version of DTK
within KAPROS system /10/.

4) TP1 reads the direct and adjoint angular flux and cross sec-
tions from the disk written by DTK. Adjoint angular flux
is calculated and written in DTK code in inverse order

with respect to the group and angle indexes. Therefore,
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at the beginning of the computation, the order of
the adjoint angular flux read from the disk is in-
verted with respect to group and angle indexes. TP1
reads also isotope dependent fission cross sections
and delayed neutron data from the disk written by
the GRUCAL and the SIGMUT codes. Then exact pertur-
bation or probe perturbation calculations are per-

formed.

- — S —— — - — — T — - ——— T — — S0 - — Tt m——

1) Subroutines used in TP1

The following subroutines are used in TP1

a) DUMMY: Dimensions of the working arrays A and IA are
declared.

b) RDINC: All input data to TP1 are read from cards.

¢c) REDTK1: Following data are read from the disk IDTK writ-

ten by DTK. After reading, these are printed.
All notations given here and in the following
follow closely those of the DTK code /3/.

ISCT: Order of anisotropic scattering

ISN: Quadrature order, 2,4,6,..., etc.

IGE: Geometry (1/2/3 = plane/cylinder/sphere)

IZM: Number of zones

IM: Number of intervals

IGM: ' Number of groups

MT: Total number of cross section table

MTP: NMumber of mixtures

NM: Number of spherical harmonics moments. NM=1 for

ISCT=0, and NM=ISCT for ISCT>1 and IGE=1,3.
NM=ISCT (ISCT+4) /4 for ISCT>1 and IGE=2.

MM: =Isi+1, if IGE=1,3. MM=ISN(ISi+4)/4, if IGE=2,



d)

e)

IHS:

IHT:
IHM:

MBK:

XT:

REDTK2:

DY:

DZ:

BK (IGM) :

BK(IzZM,IGM):

REDTK3:

MA (IM) 2

IAL (MTP) :

W(MM)

CL (MM ,NM) :

V(IM) :

R(IMP):

IPLATZ (MTP) :

C(IHM,IGM,MT) :

XKI(IGM) :

Location of selfscattering cross section,
(IHS=6)

Location of total cross section, (IHT=5)
Length of cross section table, (IHM=IHS+IGM~-1)
Index for buckling

Buckling factor

=27, =2 x 0,7104

If MBK*0O, the following data are read from the
disk IDTK written by DTK, first for unperturbed
and next for perturbed system.

If MBK=0, this record does not exist on the disk.

Buckling height (in cm) for slab and cylindrical
geometry if MBK=1

Buckling height (in cm) for slab geometry, if
MBK=1

If MBK=-1 or -11

If MBK=-2 or =12

Following data are read from the disk IDTK writ-
ten by the DTK.

Inteqgers defining which zone a space cell is in.

Mixture index
Wm, Quadrature weight for the integration over
solid angle.

=z Dhn; ':l 1n("m)cos n¢, spherical harmonics

functions,
Avi, volume element

Ty Meshpoint, IMP=IM+1., After reading rs R(I)
is replaced by R(I)=(ri+ri+1)/2.

Location of o-th order scattering cross section

in cross section table C.
Cross scection table.

Fission spectrum used in DTK code.




f) REDTKA4: M2 (IZM), location of isotropic scattering cross
section of cross section table, are read from
the disk IDTK written by DTK first for unper-
turbed ans next for perturbed system, and IZ(IZM)

are computed for unperturbed and perturbed system.

g) REDTKS: First criticality factor k, and angular flux
FKO (IMP,*M,IGM) for unperturbed system and then
those for perturbed system are read from the
disk IDTK written by the DTK.

h) LIES2: This subroutine is taken from DTK code, and is
rewritten such that the program for the preparation
of cross section table C is deleted and only the
SIGMN file prepared by GRUCAL and SIGMUT is read
from the disk file IGRUC to the core memory to
prepare delayed neutron data for READD.

i) WQORG: This subroutine is the same as that used in the
DTK code. This code is used in READD to read cross
sections from SIGMN file.

j) READD: Following data are read from the core memory pre-
pared by LIES2.

SNFTJ (IGM,IFM,MTP) = (vzf)é : Number of total fission
neutrons times fission
cross section of j-iso-

tope,
SNFDJ (IGM,IDM,IFM,MTP) = (vng)é : Number of i-th group de-
layed neutrons times fis-

sion cross section of j-

isotope,

XKIJ (IGM,IFM,MTD) = xé : Prompt fission spectrum
of j-isotope,

DKI (IGM,IDM) = Xig * Delayed neutron spectrum

of i-th delayed neutron

group,

where MTP, IFM and IDM are Number of mixtures, Number of fissile

isotope and Number of delayed neutron droups, respectively.



k)
1)
m)
n)

o)

p)
q)

r)

2)

After reading these data, the following cross sections are

computed.
= - 3
M. M = =
SNFP (IGM,MTP) (vpzf)g g(vpzf)g
» n).Y ) = j
SNFPJ (IGM,IFM,MTP) (vpzf)g
SNFD(IGM,IDM,MTP) = (viZ ) = Z(\)iZ )j
B r d"f’g 3 d"f’qg
CLEAR: This subroutine is used to make array set zero.
PRINT1: Print one dimensional array,
PRINT2: Print two dimensional array
PRINT3: Print three dimensional array.
PERT1: Denoninator [?], effective generation time and delayed

neutron fractions are computed.

PRRT: Reactivities for each process are comnuted and printed.
BUCK; Buckling leakage term is computed.
INVAF: Adjoint angular flux is inversely reordered with respect

to the indices for group and angular direction.

Buckling correction

The loss of neutrons by leakage can be treated approximately by using
a Buckling. This is done in the following way:

DB2

I

D(B? + B2) = 1

( " )2+ (
Y z 3ztr [:Ly+2zoxtr

n )2]
L, +20h,

LA 1 . 1
3R oz, + 22002 (LI, + 22,)2
“votr ° z tr °

_ 1
for x-y-z geometry, where Z,=0,7104 and Atr_ T and Ly and Lz are

tr




- 27 -

the thicknesses of the reactor to x and y directions in units

of cm. The leakage in the r-direction in r-z geometry is

2,405 > 2,4052 1

= X
tr 2
tr r, + Z,) 3 (roz:tr + Zo)

In the code, the following notations are used:

-2 -2
SRI (IZM,IGM) = PBF2.AZ [}DY~AZ + XT) + (DZAZ + XT) ]
where AZ = ztr ’
BF = ;: ¢+ XT =22, , DY =1L ;, D2 =1L for x-y-z geo-
/3 ¥
metry,
and
BF = 2,405 r XT =12, , DY =r, for cylindrical geo-
/3
metry,
3) Arrays used in TP1
NAIST (2#IFM) 2 Name of fissile isotope.
MA(IM): Integers defining which zone a space cell
is in.
MZ (I2M) : Location of the o-th moment of scattering

cross section in the cross section table C

for each zone (unperturbed system)

MZD (IZM) : MZ (1ZM) for perturbed system
IAL (C1TP) Mixture index
IPLATZ (MTP) : Location of the o-th moment of scattering

cross section in the cross section table C

for each mixture.

IZ(IZM): Mixture index for each zone (unperturbed
system)

IZP(I2M): IZ (IzM) for perturbed system

IMTN (IM) : Indices of mesh intervals where the probe is

inserted.



VE (IGM)

XKI (IGM)

C(IHM,IGM,MT):

SNFDJ (IGM,IDM,IFM,MTP) =

SNFD (IGM, IDM,MTP)
SNFTJ (IGM,IFM,MTP)
SNFPJ (IGM, IFM,MTP)

SNFP (IGM,MTP)

XKIJ (IGM,IFM,MTP)

SDK (IDM) :
SHMED (IDM) :
SMIFDJ (IFM, IDM,MTP) :

SHDID (IDM) =

BETAJ(IFMP ,IDMP ,MTP 1)

DKI (IGM, IDM)

R(IMP)
V(IM)

W (MM)
CL (MM, NM)

FXD (IMP,MM,IGM)

1/Vgl

Il

xg, Isotope independent fission spectrum

used in DTK.

cross section table,

c(1,G,N)=t

m
C(3,G,N)=Za

m
C(5,G,N)=Ztg

C(IHS+G-G',G,N+L) =Ly, (g«g')

m
trg

m

m

4 C(4,G,N)=\)ng

' C(IHS+G—G',G,N)=Z§O(g+g')

for 1<L<ISCT<6,

where L=MA(I), M=aABS(IZ (L)) and N=IPLATZ (M),

and I is an index for space mesh point. M=m

is mixture index.

_ i
- (vdzf)g

J
- (vtzf)g

Temporally
Temporally
Temporally

Temporally

1

2(ry

= AV,
1

Il

=W
Il

2(1-n)! |+

(1+n)!

In the present code, IHS=6.

i 3
(vdzf)g

i j
§(vd2f)g

(v

J
Lp)
£

3 P g9

Eg, IFMP=IFM+1, IDMP=IDM+1, MTP1=MTP+1

+ ri+1)

Pln(sm) cos n¢ for 1>1.

fkog(ri’ﬁh) . After the angular fluxes at

the mesh points are read from




FKD (IMP,M, IGM)

FITKO (I, IGM)

FTKD (IM, IGM)

BK(ISP)

BK (ISP)

BKP (ISP) :

LSRIP(ISPP):

LSRI(ISPP):
RG(10,IGM)
SMXD (IDM) ¢

SMXP (IFM) :

U(IFM):

UP (IFM):

the disk IDTK, the average values
for mesh intervales are calcula-
ted;

FKO (I,M,G)= %(fkog(ri,ﬁm)
+ g (Figq )
- f;g( 1’§m)
= figg(ri)
= f;go(ri)

= Bé , ISP=IGM , group dependent buckling, if
MBK=-1 or -11, (unperturbed system)

= Bé(r), ISP=I1ZM+IGM, group and zone dependent
buckling, if MBK=-2 or -12. (unperturbed
system)

BK(ISP) for perturbed system

= DgBé' ISPP=1Z2M«IGM, if MBK+O. (unperturbed

system)
LSRI (ISPP) for perturbed system.
Reactivity for each process.
Temporally,
Temporally,
Temporally,

Temporally.

4) Total size of a core memory

The integer array IA(LEN) and the real array A(LAENGE) are declared
in the subroutine DUMMY,.

The number of the core storage for them can be given by
LEN = 36+2IFM+2IM+41Z2:4+2MTP for IA,

and

LAENGE = LMAX+IRIS

for A,



where LMAX % 2IMPIGM- (*M+1) +IHM« IGM+MT+IGM (IDM+1) (IFM+1)MTP .

IFM: Number of fissile isotopes,

MTP: Number of mixtures,

MT: Total number of cross section tables,
ImM =IGM+5,

IGM: Number of groups,

IM: Number of space mesh points,

IMP =IM+1,

IDM: Number of the delayed neutron groups,
IZM: Number of zones.

The last IRIS words of the array A are used by the WQORG as working
array to prepare the cross section table C(IHM,IGM,MT). Therefore,
IRIS calculated as a difference between LAENGE and actually needed
core storage should not be too small. In the case of sample problems
shown in chapt. IV, the amount of core storage needed by TP1 is

nearly twice of that used in the DTK calculation.

1) Input data to GRUCAL

Type, CHI, NUSF, SCAPT, SFISS, SBE, SREM, STR, STRTR, 1/v, STOT

and SMTOT are necessary. Further option of 'AUSWERT', three 'ZU-
SATZ' CHI(micro), NUSF(macro) and SFISS(macro) are necessary to
produce isotove dependent quantities for fissile isotope. All
fissile isotopes should be assumed to be contained in all mixtures,
because isotope dependent fission spectrum and cross sections are
stored in the arrayes XKIJ(IGM,IFM,MTP), SNFDJ(IGM,IDM,IFM,MTP) and
SNI'TJ (IGM,IFM,MTP). The option of microscopic fission spectrum

is necessary for the CHI. The input example is shown in the Appen-
dix IV,




2) Input data to SIGMUT

Isotope independent delayed neutron spectrum for each delayed
group and the delayed neutron fraction for each isotope should
be read from cards.

3) Input data to DTK

The option of keff computation and ITH=-1 should be chosen to
create the interface file for TP1. An error criteriom 10_5 is
desirable for the criticality factor and for the flux. For the
adjoint caculation, only an input specification card is necessary
for the adjoint equation. All other specifications, for example,

the number of mesh points, the order of S, and error criterions,

N
are automatically reproduced to the adjoint calculation in the

KAPROS system from the input data of the direct equation.

An example of the input data to DTK code is shown for the exact

perturbation calculation,

ISCT = 1 ; Order of anisotropic scattering,
IM = 20 ; Total number of intervals,
IZM = 4 ; Number of zone,
MT = 7 ; Total number of cross section table,
MTP =5 ; Number of mixtures.
IAL (MTP) H 1’ _2, _3, 4, 5
unperturbed system
MA (IM) ; 1 2 3 4
IZ2(IZM); 1 2 3 l 2
MZ (IZM) ; 1 -2 -4 =2
) 11 3.1 [ T | Il__lllLLlll > r
I 1 5 10 16 21
perturbed system
MA (IM) ; 1 2 3 4
IZP(IZM) ; 5 2 4 3
MZP(IZM) ; 7 -2 6 -4
S L r v trel) oyl [N >~ r




Mixtures 1,

3 and 2 for the first, third and forth zone of the

unperturbed system are replaced in the perturbed system by mi::-

tures 5, 4 and 3 respectively.

4) Input data for TP1

Card Variable Meaning
K1 TITLE(18) (18A4) Information
K2 IFM(24I3), Number of fissile isotope
IDM, Number of delayed neutron group
IFEX 1 Exact perturbation is calculated.
0 This is not done.
IFGS 1 Group and space dependent reactivity is
printed.
0 This is not done.
IFS 1 Space dependent reactivity is printed.
0 This is not done.
IFG 1 Group dependent reactivity is printed.
0 This is not done.
IFP 1 The first order perturbation by the probe
is calculated.
0 This is not done.
IFPG 1 Global input of perturbed region (K4)
0 Pointwise input of perturbed region (K5)
IFK 1 Corrected criticality factor for isotope
dependent fission spectrum is calculated.
0 This is not done.
IPAF 1 Direct and adjoint angular flux are printed
0] This is not done.
IPFX 1 Direct and adjoint total flux are printed.
0 This is not done.
IPCS 1 Cross sections are printed.
o] This is not done.
K3 NAIST (IFM) (9A8) Name of fissile isotope

SI If IFFP=1 and IFPG=1, K3, if IFFP=1 and IFPG=0, K4 is read re-
peatedly for all cases as needed.




K4 NPR, (2413) Mixture index of the probe which replaces
the mixture of unperturbed systemn.
ML, Left mesh index where the probe is inserted.
MR, Right mesh index where the probe is inserted.
K5 NPR, (2413) Mixture index of the probe which replaces the

mixture of the unperturbed system at the mesh
points IMTN (ITNMI).

ITNMI, : Total number of mesh intervals.
IMTN (ITNMI) , Indices of mesh intervals where the probe is
inserted.

The mean neutron generation time and the delayed neutron fracFion
for each fissionable isotope and for each mixture are always print-
ed. The criticality factor corrected for the isotope dependency of
fission neutron spectrum is printed according to the input option.
The space and energy group dependent reactivities can be printed

by the input option in the following order; mesh index, average
radius, group index, reactivities due to capture pcg(?i), fission
pfg(;i)’ removal prg(zi), scattering out psog(;i)' scattering in

P

> .
(;i)’ scattering out + in o (fi) + ps'g(ri)’ scattering in

sig . sog .

- [] ] L] ] 1] L] 0
from g-1 psig+g—1(ri)' flSSlOE source pfsg(ri)’ adjoint fission
source pafg(ri) and total pg(ri). The mixture dependent delayed

neutron fraction is written on the disk IDSK4 for the calculation
of the effective decay constant of the delayed neutron by the
LAMBDA code made by Polch /11/.

IV _NUMERICAL EXAMPLES

R Gt i A e D S s b e ey ey . > Tt e o ot o= ey e —

Sample calculations are performed for ZPR-3 assembly 48, a pluto-
nium fueled fast critical assembly, of fast reactor benchmark



No.3 /11/. Number density for each isotope is taken from Table I

of Ref. /11/ to the spherical model and is shown in Table 2.

Since the atom Mn is not available in the grcoup constants library
GRUBA used by the GRUCAL program, the number density of the atom
Cr is simply increased by adding that of Mn. Core radius of

45.245 cm and blanket thickness of 30.0 cm given in Table 2 are
used. A reflected boundary condition is used at the origin and a
vacuum condition at the outermost boundary. The sample calculations
are also performed for the slab reactor which is derived simply by
replacing the index for the spherical geometry by the slab geometry
in the DTK code. Therefore, in the slab reactor, the criticality

factor exceeds unity. An average fission spectrum for the DTK code
]

is calculated from the isotope dependent fission spectrum Xg

using weight w3 by
vajxg
= j——__—
Xg Tw., (80)
. ]

in the GRUCAL code. Use is made of the weights which are derived
using the flux determined by the diffusion calculation for the
core /9/. The weights for the blanket wJ(Blanket) are calculated by

the crude approximation

nJ(Blanket)

mJ(Blanket) = wJ(core) b
nj(core)

(81)

where n? is the number density of j-th fissionable isotope. The
weights used in the calculations are shown in Table 3. Results

of sample calculations are shown in Table 4-~9. In the Tables,

k0 and k+ are the criticality factors for direct and adjoint
equations respectively. Mixture indices 1 and 3 indicate the mix-
tures prepared by using the number density of the core and by the
number density of the blanket given in the Table 2 respectively.
Mixture 2 is obtained by multiplying the number density of Pu239
in mixture 1 by 1.01. The number densities of other isotopes in

the mixture 2 are the same as those of the mixture 1. The net reac-
tivity CIN is calculated from the criticality factors kg and x*

by Eq. (20) and the net reactivity pp by the perturbation equation
of Eqg.(37). k is the corrected criticality factor of k, by taking

into account the isotope dependent fission spectrum using p' of




Eqs. (73) and (76). Computations are performed by using IBM370-168

in XKernforschungszentrum Karlsruhe.

In the DTK code, there is a negative fix up routine in which the
angular flux is set equal to zero, if the angular flux becomes ne-
gative. Since it might be considered that this method introduces
some complication for the understanding of the numerical results,
this negative fix up routine is skipped for the perturbation calcu-
lation. In all sample calculations, use is made of the options of
Chebyshew extrapolation for the outer iterations and the initial
guess is provided by the code.

In Table 4, use is made of the error criterions for the flux, O, 10—3
and 10-4 to check the effect of the error criterion on the flux. (In
the case of the error criterion O, the flux convergence test is
skipped). As the error criterion to the criticality factor, 10—5 is
used in all cases. From Table 4, it is seen that the criticality
factor for the direct equation converged within the error of 10_5 in-
dependent of the error criterion for the flux. The criticality factor
for direct and adjoint equations for the slab geometry should be iden-
tical for the same system. This is numerically confirmed in case 5
for mixtures 2 and 3. However, the criticality factor for the adjoint
equation has errors of 2-4 x 10_4 in the case 0of no error criterion
for the flux, 1 «x 10—4 in the case of the error criterion of 10_3
for the flux. In case 5, the criticality factor of adjoint equation

> as stated above,

however, in case 6 of Table 4 there is yet an error of 2 x 10—4. It

converged to the exact value within the error of 10~

may seem curious that there are some cases in which the number of

outer iterations and CPU time for the error criterion of 10“4 atre

less than for no error criterion for the flux. From this result, it is

4 for the flux is not sufficient

to obtain the criticality factor with the accuracy of 10_5. Therefore,

known that the error criterion of 10

in the following calculations, an error criterion of 10_5 is used for

the flux as well as for the criticality factor.

In Tables 5 and 6 are shown the results for the slab and spherical
dgeometry to check the mesh effect. It is seen that if the mesh inter-
vals of 28 and 16 are used for the core and blanket, an accuracy of

1 x 10—4 is obtained for the criticality factor In the benchmark
book of Ref. /11/, a mesh of 2 cm which gives -.i.e mesh intervals of



_36..

23 and 15 for the core and blanket is recommended for the diffusion
calculation. In the case of slab reactor, criticality factor of the
direct equation agrees to that of the adjoint equation within the

accuracy of 10—5 for the cases 1-4, As the number of mesh intervals

increases, this difference becomes larger, 3 X 10_'5 for 1448 mesh

5 for 28+16 mesh intervals.

intervals, and 5 x 10
In the case of the spherical reactor, there is a much larger dif-
ference, about 10-3 between the criticality factors of the direct

and adjoint equations. This introduces a large error to the reac-
tivity calculated from the criticality factors. As seen in the Tables
5 and 6, the reactivity from the perturbation method has higher accu-
racy, 1 x 10—6 for the slab reactor and 3 x 10-6 for the spherical

> for the

for the spherical reactor in absolute

reactor, than that from the criticality factors, 5 x 10~
slab reactor and 8 x 10 2

value,

The difference of criticality factors between the direct and adjoint
equations for curved geometry may be due to the non adjointness of
the finite difference form of the adjoint equation for curved geo-—-
metry, because this difference becomes less as the order of Sn in-
creases as seen in Table 7.In the case of S16’ there is no difference
between them, and then the reactivity calculated from the criticality
factors agrees with that from the perturbation calculations within

the error of 10 °.

The reactivity from the S, method of the perturbation method agree

4
to that from the S16 method with the accuracy of 10 5, wheras the

method has an error of 8 X 10 2

reactivity from the 52
the S method. In all cases of the S.,, S, and S
16 2 4 8

turbation method gives more accurate results than that from the cri-

compared with

methods, the per-

ticality factors.

In the DTK code, the approximate fission source term of Eq.(71) is
used instead of exact one of Eq.(10). In Table 8 are shown the cor-
rected criticality factors by Egs. (76) and (79) for the several
weights to the average fission spectrum in the GRUCAL code. The
computations in DTK given in Table 8 are performed using 88 method
with 28+16 mesh intervals. In the case 1 of Table 8, use is made

of the fission spectrum in DTK from the GRUCAL in which only the
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239

weight of the fission spectrum for the isotope Pu is unity

and all other weights are zero. The case 4 is the another ex-
treme case, in which only the the weights for the isotope U238
are unity and all other weights are zero. This case gives largest
correction factor to the criticality factor about 0.4%. Since

all corrected criticality factors agree within the accuracy of
10—5, this correction seems reasonably done to take into account
the effect of isotope dependent fission spectra and delayed neu-
tron spectra. More accurately, following Eq.(78), the adjoint flux
for the unperturbed system should be used in Eq. (79) for the cor-
rection of this effect. This effect of the approximation is seen
in the column 6 of the Table 9, in which the results are shown to
demonstrate how small reactivity can be calculated by the pertur-
bation code.

239 in

the perturbed core is increased by 1.01, 1.001 and 1.0001 from the

From the cases 1 to 4 of Table 9, the number density of Pu

unperturbed core, where as all other number densities are the same
as those in the unperturbed core. The adjoint flux of case 3 of
Table 9 may be almost the same as that of the unperturbed equation.
Then the criticality factor of k of case 3, which is less than the
previous value by 2 x 10-5, may be most accurately corrected for

the isotope dependent fission spectra.

It is seen that the reactivities calculated by the pefturbation
method change almost linearly as the change in number density of
Pu239. On the other hand, the reactivity from the criticality
factors calculations does not change linearly and has an error of
about 2 «x 10_4 as pointed out before. From the case 4 to 7, the
number density of Na in the perturbed core is changed by 0.99, 0.9,
0.5 and O from the unperturbed core to see the Na void effect,
keeping all other isotopes unchanged. In this case, also, the reac-
tivity calculated by the perturbation method changes almost linearly

as the change of the number density of Na.

The numerical error of the reactivity calculated by the perturbation
method, Ap can be expressed as
+

+ +
A<f, F £, > A<f. 866G £, > A<f, S6F £, >
|80 < k) 4 | —K Ko, K Ko | + |—% ko | (82)
i ko + <£t Y osF £
<
<fk F fko> " §G fko> fk F ko>
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from Eq.(14), where AX signifies the numerical error of X.
Ak -4
E‘|= 10

(o]
neutron balance in the DTK calculations is of the order of

Because of mesh effect, | in the present case. The
4 x 10_4 for the present cases. Then, the error of the second
term may be

A<f, F £ >

= 10 (83)

&+ =+

<t F £, >

+ + +
A<f, 8§G £, > A<f, &F £, > A<E, £, >
k k k kA . k "k ASZ
| " a—| + | " | = I———"—+ |+|—62|
<fk 6G fk°> <fk SF fko> <fk fk°>
= 1073 4 |ASE/E (84)
8r/%

where I is the typical perturbed cross section. As a result,

-3 ASLZ/I
+ |A8ELL
s/t

(85)

If the perturbation of the cross section is of the order of

ﬁ% = 10-4, é%% = 10"2 and then IA%! < 10-2, because the single

precision of IBM 370 has about 6.7 significant digit. The re-

sults given in Table 9 do not contradict to this argument.
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Summary of the sample calculations

1. An error criterion of 10_5 should be used for criticality
factor and flux in DTK code to obtain the accuracy of

5><1O—5 for the criticality factor of the adjoint equation.

2., There is a difference of about BX1O_4 between the criti-
cality factors of direct and adjoint equations for the
spherical geometry and the 82 method. This difference is
reduced to 10_5, if 816 method is used.

3. The reactivity calculated from the criticality factors has
errors of SX1O—5 for slab geometry and 8><1O-4 for spherical

geometry using the 52 method.

4. The accuracy of the reactivity calculated by the perturbation
method may be restricted by the numerical error of the flux
as a whole, about 10-3 and by the round-off error of the per-

turbed cross sections in the form:

-3 AGE/EI

Ap

: + |

where 6I is a typical perturbed cross section, and AéI is its
numerical error due to round-off. The accuracy of this reacti-
vity is almost independent of the number of mesh points, con-
trary to those from the criticality factors.

5. The relative difference of the reactivities ép/p determined by
the perturbation calculations is 1.4><1O_2 between the S2 method
and the S4, S8 or S16 method for the present problem.

6. Correction to the criticality factor to take into account the
isotope dependency of fission neutron spectrum and delayed
neutron spectrum is successful with an accuracy of ZX1O—5

independent of the weights for the fissionable isotope applied

to the GRUCAL program,
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A diffusion perturbation calculation is also performed using the
PERT1 code /14/ for the case shown in Tables 6 and 7. The diffu-
sion calculation is made using the same cross section as used for
Tables 6 and 7 except the transport cross section, and using 56
and 32 mesh intervals, i.e. mesh sizes of about 0.8 cm and 0.94 cm
in the core and blanket respectively and the error criterion of
10_5 for the criticality factor and flux in the diffusion code
D1F1D /15/. The result is shown in Table 10. The diffusion theory

should give nearly the same accuracy as the S, method, because the

82 equation becomes equivalent to the diffusign equation, if the
two discrete ordinates over angle are chosen as those of the gau-
Bian quadrature formula /16/, and the difference between the gau-
Bian quadrature formula and the trapezoidal rule used in Sh method
may not be so large. The criticality factors:of the diffusion and
82 method have about the same error of 1 % from that of S16 method,

but opposite sign.

The GRUCAL code provides two kinds of transport cross sections, des-
ignated by STR and STRTR. In the diffusion calculation, the trans-
port cross section STR is used to calculate the diffusion coeffi-
cient. On the other hand, in the DTK transport calculation, the
transport cross section STRTR is used to represent the total cross
section. (Normally STR is used in DTK code only to determine the
buckling leakage in a way equivalent to diffusion theory.) If the
transport cross section STR is used for DTK calculation, the cri-
ticality factor by the S16 method is found to be 0.99389 and the
difference from that of the diffusion calculation is 0.72 %, which
is nearly the same as the transport correction reported in Ref. /12/
and /17/. The problem of using STR or STRTR in DTK is beyond the
scope of the present report. The reactivities from the diffusion

and S2 method have 1 % and -1.5 % errors from S16 method, however
this error may be small compared with experimental error. This
might be considered due to the fact that the perturbation of 1 %
change of 239Pu density is distributed in a whole core. If the
perturbation is limited to a small area, the difference between

the diffusion method and higher order Sn method might become lar-

ger. This is not the case for 239Pu. The central reactivity worth
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for 239Pu by 52

od, whereas other isotopes have 3

method has only 0.07 % difference from the S

-~

8 meth-
9 ¢ difference from 88 method
as described in the next section.

The central reactivity worths are calculated by the first order
perturbation method to compare with the experimental values given
in Table VI in Ref. /12/ for ZPR-3 Assembly 48.

In the case of 28 mesh intervals in the core, the volume of the
first mesh is

V=4“r3=.4_“
3 3

(1.6159cm) > = 1.76739x10cm> .

Then, the number density of 1 mol atom in this wvalue is

_ 6.02486x102>

= = 0.034089x10%%/cm3 .

If this number density is added to the number density for core ma-
terial as a perturbed cross section, the TPl code calculates the
central reactivity worth for the added isotope of one mole by tak-
ing the difference between the perturbed cross section and the un-
perturbed core cross section. The addition of probe isotope increas-
es the cross section and further causes a change in selfshielding
factor for resonant isotope, and this introduces the additional
change in cross section. To avoid nonlinear changes of the self-
shielding effect and the corresponding cross section differences,
the number density which is added is reduced by ‘IO'-3 in case A and
10-2 in case B of Table 11.

Therefore, to obtain a reactivity per one mole, the output reacti-

3 and 102 for cases A and B

vitiy from TP1 code is multiplied by 10
respectively. The difference between case A and B is due to the

change of selfshielding effect or a rounding off error in taking
the cross section difference in perturbation calculation. The re-

sults are shown in Table 11 for the 82 and 88 method together with
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experimental value and calculation value given in Ref. /11/. In the
Table are also shown the ratios of those to 58 method in case B.

It is seen that the difference between case A and B is less than
0.7 % which is negligibly small. In the Table are shown also the
results by the perturbation diffusion method using PERT1 code, in

which the same cross section as the case B for Sm method is used.

The difference of the diffusion and S., method from S, method are

2
238 235,

nearly same, but in opposite direction except for Pu and

The largest difference of the S2 value from S8 value is in carbon,
about 9 %. For 2380, Na and Al, there are about 3 to 5 % differ-

and S, methods.

ence between 82 8

There is a large difference between experimental and calculated
values, from 7 to 85 %. Assuming that a part of this difference is
due to the error in the delayed neutron data, the experimental ma-
terial worths are recalculated using the delayed neutron data ob-
tained from TP1 code. If the reactivity is small, the reactivity

in inhour unit is given by the following equation /18/,

Pin = 3600 ——= =« p

where p is the reactivity defined by Eq. (14) and

B,

z
eff i i
A - Beff
eff ;3,1
i

The experimental reactivity given in Table 11 was converted from
the measured period using the conversion factor 1 £ = 981 Ih in
Ref. /12/.

From this conversion factor, we obtain




A P - -
o = Beff _ 3;80 =281 __sec™! = 27.25 sec .
o eff P 3600x10

From Eq. (19), if wxi<<1 and wA<<1, we obtain

A
z = — T = :1)- , C = Beff
i "i eff

Then we obtain the corrected reactivity pc_from the original reac-
tivity o,

C is calculated by the LAMBDA code /11/ using the delayed neutron
fraction calculated by TP1 code and the data from Ref. /19/

A -2 -1 _
C = eff - 9. 3050x10 “sec - 2.4827 sec 1.

Beff  3.7479x10°°

On the other hand, the LAMBDA code calculates the reactivity which
corresponds to the period of 1 hour,

o (1 hour) = 1.1271x10"°>

This means that the number of Inhours per % p is 887.2 Ih. From
this value, we obtain

c=2987-21Ih __ _ 54.655ec’.
3600sec x 10
Using this value, we get
Cc -1
o = Eg o = 27.255ec._1 o = 1.105p
24.65sec

The corrected reactivity is given in Tables 11 and 13. In Table 13

are also shown the results calculated by using ENDF/B-III and IV
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reported by Hardie et al. /17/. The experimental value used to com-
pute the ratio calculated to experimental in ENDF/B-III and IV is
corrected using the number of Inhours per % p shown in Table 12,
which is-calculated also using the ENDF/B data.

As seen in Tables, the corrected values approach to the experimental
values by making the delayed neutron correction. However, there
still remain large difference between theory and experiment of

about 3 % - 50 % except 23Na and C, part of which might be due to
the inadequacy of the spherical model compared to the cylindrically
shaped experimental configuration. The fairly good agreement for

238 10

U and B is probably fortuitous.

For 23Na and C, the errors are very large, amounting to factors of

3 and 6, respectively, and are far beyond the delayed neutron cor-
rection,



X

slab geometry (x-coordinate)

X

cylindrical geometry (r -coordinate)

spherical geometry (r- coordinate)

Figl Coordinate system for one dimensional geometry
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H=-e, =cOSY
n=Q-e,=sind cosy
E=Q- e, =sind siny

H=-e =sind cosy
7= N € =sinY sing
E=Q-e, =cosy

H=-e, =cosd
n= €4 =sSind cosy
E--e, z=sinIsing
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1
z
9 H=%-e ,=sind cosy
® =€y =sind siny
7 e, £E=Q e, =cosy
P N
/ =Y

€y

X

x-y and triangular geometries on x-y plane

H=Q-e, =sind cosy

n=-e; =sind sing

E=Q-eq =COSY

r-z geometry

M=-e =sSinY COSy

N=0-€g =SiNY siny
£=Q -e, =cosd

r-© geometry

Fig.2 Coordinate system for two dimensional geometry




Table 1: Spherical Harmonics Functions in One-dimensional
Cylindrical Geometry.

N Spherical Harmonics Functions NM IRS IRT
1 Y4 1 1 1
2 Yo01¥9, 3 2 3
3 Ya1,¥33 5 4 5
4 Yyor¥y0r ¥y, 8 6 8
5 Y51,Y53,Y55 11 9 1

N: The order of spherical harmonics functions

NM = ISCT (ISCT+4)/4: Number of spherical harmonics functions

for the ISCT-th order anisotropic scatte-

ring

IRS = [3N+1)2/4] : Initial address of N~-th order spherical
harmonics functions

IRT = IRS + [(2N+1)/4]: Final address of N-th order spherical

harmonics functions.
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Table 2: ZPR-3 Assembly 48 Spherical Model Atom Densities,
atom/barn-cm

Isotope Core Radius = 45.245 cm Blanket Thickness = 30.0 cm

239y 0.001645 -

240py 0.000106 -

24py 0.000011 -

242Pu 0.0000004 -

235U 0.000016 0.000083

238y 0.007405 0.03969

C 0.02077 -

Na 0.006231 -

Fe 0.01018 0.004925

Cr 0.002531 0.001225

Ni 0.001119 0.000536

Mo 0.000206 -

Al 0.000109 -

Mn 0.000106 0.000051

Si 0.000124 0.000060
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Table 3: Input Weights wJ to GRUCAL Code for Averaging
. Isotope Dependent Fission Spectrum.

(GRUCAL renormalizes the weights to unity)

Core Blanket

Pu239 0.844059

Pu240 | 0.151694x10" "

Pu241 | 0.769374x10 2
Pu242 | 0.438405x10 4
2 2

U235 0.709431x10 0.877913x10_

U238 0.125940 0.155849




Table 4:

for the flux for the slab reactor by S

2

The variation of criticality factor and reactivity due to the variation of the error criterion
method with 28+16 mesh intervals.

DTK TP1
Case Error cri- kg)(upper) Mixture index CPU timez) Number of Number of Py p o'

terion k+ (lower) core, blanket {min) cuter iter- inner iter- -3 p_3 ~3) -3

ation ation (x10 )| (x10 7) k (x10 7)

1 - 1.34066 1, 3 v. 39 167 3820 3.19 3.322 1.34003 -0.350
1.34641 2, 3 0.52 34 3402

2 - 1.34664 2, 3 0.41 16 3812 -3.54 -3.322 1.34599 -0.357
1.34025 1, 3 0.47 43 3663

3 10_3 1.34066 1, 3 0.42 16 4257 3.25 3.321 1.34003 -0.350
1.34653 2, 3 0.48 31 3317

4 10"3 1.34664 2, 3 0.42 16 4268 ~3.38 -3.322 1.34599 -0.356
1.34053 1, 3 0.45 28 3228

5 ‘lO-4 1.34066 1, 3 0.47 16 4838 3.31 3.321 1.34003 -0.350
1.34664 2, 3 0.37 13 4075

6 10-4 1.34664 2, 3 0.46 16 4860 -3.45 -3.322 1.34599 -0.357
1.34042 1, 3 0.33 13 4012

1)
2)

3)

The error criterion of 10—5

IBM 370-168 is used.

K is the corrected criticality factor of k, for the isotope dependency

the delayed neutron spectrunm.

is used for the criticality factor.

prompt fission neutron and for

_OS—



Table 5: Criticality factor and reactivity for the slab reactor by the 52 method.

DTK TP1
Number of -
Case mesh intervals ko(upper)ﬁ Mixture index CPU timez) Number of Number of  Number of P p_- p' CPU timez) Number of
core + blanket k*(lower) core, blanket (min) outer iter- inner iter- core memo- -3 p_3 _ -3 (sec) core memo-
ation avion ry (x10 °)| (x10 °) k (x10 °) ry
1 2+2 1.33386 1, 3 0.18 25 9720 3.6 K 3.35 | 3.348 1.33321 -0.36L 3 8.8 K
1.33984 2, 3 0.06 12 4487
2 2+ 2 1.33984 2,3 0.19 25 9712 -3.34 |-3.3L8 1.33917 -0.372 3
1.33387 1, 3 0.06 12 4463
3 T+1L 1.34017 1, 3 0.18 16 5906 LK 3.32 | 3.323 1.33954 -0.351 3 10.2 K
1.34615 2, 3 0.17 15 6062
4 T+4 1.34616 2,3 0.19 16 5913 ~3.33 |~-3.323 1.3L551 -0.358 3
1.34016 1, 3 0.17 15 6048
5 14+ 8 1.3k055 1, 3 0.31 16 5700 5.7 K 3.30 | 3.322 1.33993 -0.350 i 12.5 K
1.34651 2,3 0.30 15 6061
6 14+ 8 1.3465L 2,3 0.31 16 5684 -3.33 (-3.322 1.34589 -0.357 L
1.34053 1, 3 0.30 15 6055
7 28 + 16 1.34065 1, 3 0.55 16 5682 8.4 X 3.29 | 3.322 1.34002 -0.350 5 17.2 K
1.34659 2,3 0.55 16 6126
) 28 + 16 1.34663 2,3 0.55 16 5684 3.34 [-3.322 1.34599 -0.357 5
1.34060 1, 3 0.56 16 6114

1)

2

)

Error criterion 10

5

1B 370-168 is used.

is used for the criticality factor and flux.

s -



Table 6: Criticality factor and reactivity for the spherical reactor by the 82 method.

DTK TP1
Number of
Case mesh intervals ko(upper)ﬂ Mixture index CPU time Number of Number of Number of oy p' CPU time Number of
core + blanket k%(lower) «core, blanket (min) outer iter- inner iter- core memo- -3 p_3 _ -3 (sec) core memo-
ation ation ry (x10 °)|(x10 7} X (x10 °) ry
1 2+ 2 1.00276 1, 3 0.23 32 10845 3.6 K 3.25 | 5.060 1.00160 =1.163 3 9 K
1.00604 2, 3 0.06 13 4029
2 2+2 1.00793 2,3 0.23 33 11113 -6.97 [-5.060 1.00673 =-1.180 3
1.00089 1, 3 0.06 12 3977
3 T+4 1.00751 1, 3 0.17 16 Lokg L.y K 4.32 | 5.074 1.00652 -0.981 3 10 X
1.01192 2, 3 0.19 16 6196
L 7+ 4 1.01269 2,3 0.17 16 Lok3 -5.84 [-5.0T4 1.01167 -0.996 3
1.0067h 1, 3 0.18 16 6190
5 ih + 8 1.00705 1, 3 0.27 16 Lé30 5.7 K 4.33 | 5.084 1.00608 -0.963 I 13 K
1.01146 2, 3 0.28 15 5796
6 14 + 8 1.01223 2,3 0.27 16 L637 -5.84 }-5.084 1.01123 -0.978 i
1.00629 1, 3 0.28 15 5795
7 28 + 16 1.00692 1, 3 0.6 16 L650 8.4 K 4.33 | 5.087 1.00594 -0.959 5 17 K
1.01132 2,3 0.51 15 5801
8 23 + 16 1.01209 2,3 0.4k 16 4661 -5.84% {-5.087 1.01110 -0.974 5
1.00615 1, 3 0.k9 15 5809
1) Error criterion of 10-5 is used for the criticality factor and flux.

_Zg_



Tabl

e T: Criticality factor and reactivity for the spherical reactor by Sh, SB and S,¢ method with 28 + 16 mesh intervals.

Case

DTK

TP1

Order

of ko(upper)ferixture index CPU time Number of

Number of

Number of pk

0!

CPU time Number of

s k*(lower) core, blanket (min) outer iter- inner iter- core memo- -3 p_3 _ -3 (sec) core memo-
n ation ation ry (x10 "} {x10 ) k (x10 ) ry
1 L 0.99720 1, 3 0.62 16 4570 9.1 K L.98 | 5.157 0.99623" -0.97T 5 21.9K
1.002138 2, 3 0.70 15 5738
2 n 1.00235 2,3 0.62 16 4567 -5.31 [-5.157 1.00135 -0.992 5
0.99704 1, 3 0.71 15 5735
3 8 0.99656 1, 3 0.89 16 4563 10.6 X 5.12 | 5.161 0.99558 =-0.979 6 31.2 K
1.00167 2,3 1.06 15 STuL
Y 8 1.00169 2,3 0.90 16 4559 -5.18 | -5.161 1.00070 -0.99L 5
0.99653 1, 3 1.0k 15 5741
5 16 0.99627 1, 3 1.59 16 4560 13.5 K 5.16 | 5.163 0.99530 -0.979 6 50.0 K
1.00141 2,3 1.92 15 5736
6 16 1.00141 2, 3 1.55 16 4555 -5.15 [-5.163 1.00041 -0.994 6
0.99627 1, 3 1.88 15 5735
5

Error criterion of 10

is

used for the

criticality factor and flux.

_ES—



Table 8: The variation of correction factor to the criticality factor due to the variation of the fission spectrum
waights. The criticality factor is calculated for the spherical reactor by 38 method with 28 + 16 mesh inter-

vals.

DTK TP1
Case ko(upper)1) Mixture index Py p p'
k* (lower) core, blanket -3 p_3 _ -3
(x10 7) [ (x10 ™) k (x10 7)

1 0.99744 1, 3 5.11 5.149 0.99558 =1.873 w(Pu239) =1, w] = 0 for other fissile isotope.
1.00255 2,

2 0.99297 1, 3 5.17 5.212 0.99559 2.653 mj = 1 for all fissile isotope.
0.99809 2,

3 0.99273 1, 3 5.17 5.216 0.99559 2.895 mj 1s proportional to the number density.
0.99785 2,

4 0.99166 1, 3 5.18 5.231 0.99559 3.982 w(U238) = 1, mj = O for other fissile isotope.
0.99679 2, 3

1) Error criterion of 10-5 is used for the criticality factor and flux.

- ¥S



Table 9: The variation of recactivity due to the variation of the number density

of Pu®3? or wa in the core. The results are for the spherical reactor
by S4 method with 28 + 16 mesh intervals.
DTK TP1
Case ko(upper)1) Mixture index Py p p' Perturbation
k* (lower) core, blanket -3 p_3 _ -3
(x10 ) {(x10 7) k (x10 )
1 0.99720 1, 3 4.98 5.157 0.99623 -0.977 .
1.00218 2, 3 nf923% x 1,01
2 0.99720 1, 3 0.36 0.519 0.99622 -0.994
Pu239
0.99755 4, 3 n x 1.001
3 0.99720 1, 3 -0.11 0.052 0.99621 -0.995
Pu239
0.99709 5, 3 n x 1.0001
4 0.99720 1, 3 -0.25 -0.090 0.99621 -0.996
0.99695 6, 3 n'? x 0.99
5 0.99720 i, 3 -1.07 -0.912 0.99621 -1.001
0.99613 7, 3 " x 0.9
6 0.99720 1, 3 ~-4.88 -4,724 0.99618 -1.027
0.99237 8, 3 n'® x 0.5
7 0.99720 1, 3 -10.87 [-10.712 0.99614 -1.066
0.93651 9, 3 "2 x o

- §S§ -

-5

1) Error criterion of 10 is used for the criticality factor and flux.



Table 10:

Comparison of reactivity by the diffusion method and S, method

difference of

difference of

. Py 1) Py
k k -3 -3
) (x10 7) (x10 7) ko from 815 (%) pp from S16 (%)

Diffusion 0.98671 0.99181 5.216 5.213 -1.0 1.0

S2 1.00692 1.01132 4,33 5.087 1.1 -1.5

S4 0.99720 1.00218 4.98 5.157 0.1 -0.1

S16 0.99627 1.00141 5.16 5.163 0.0 0.0
1) =1 _ 1
°k Tk +

_99_



Table 11: Material vorth at the center of spnerical reactor of ZPR-3 Assembly 48
Material Worth Ratios to the values of SB case B
Experiment Expuriment'?) s S S S Experiment ExperimentZ) S S s
8 2 8 2 8 2 2
Isotope (xlO-S/:ol) (corrected) Calculation” case A case A case B case B PERT (uncorrected) | (corrected) Calculation case A case A case B PERT1
239Pu 106.421.0 119.8 138.06 136.7 136.8 136.7 136.8 132.9 0.7928 0.8760 1.0 1.0000 1.0007 1.0007 0.9717
235U 30.0£1.2 38.4 103.10 99.73 99.77 99.63 99.67 96.17 0.8030 0.8873 1.035 1.0010 1.0014 1.0004 0.9853
238 -5.72:0.1] -6.32 -6.89L -6.118 | -6.319 | -6.113 | -6.315 | -5.950 0.9357 1.0339 1.128 1.0006 | 1.0337 | 1.0330 | 0.9733
3 -0.143£0.007 ~0.16% -0.2543 -0.4706 -0.4920 -0.4736 -0.4951 -0.LL83 0.3125 0.3L53 0.5370 0.9937 1.0369 1.0454 0.9466
1O}S 90.96£0.61 100.51 -93.57 -97.28 -98.73 -97.27 -98.72 -95.7Tk 0.9351 1.0333 0.9620 1.0001 1.0150 1.01kg 0.9843
Fe -0.700£0.023 -0.7T4 -1.075 -1.09k4 -1.079 -1.098 ~1.0537 0.6487 0.7168 0.9963 1.0139 1.0176 0.9766
Cr -0.852£0.079 -0.720 -0.9596 -0.9780 -0,9368 0.6794 0.7507 1.0192 0.9762
Hi -1,090.01 -1.20 -1.838 -1.866 -1.833 -..861 =1.7575 0.5947 0.65T1 1.0027 1.0180 1.0153 0.9752
Mn -1.28:0.06 =141
AL -0.432+0.022 -0.477 -0.6949 -0.7166 -0.6991 -0.7208 -0,6803 0.6179 0.6828 0.9940 1.0250 1.0310 0.9731
Ta ~30.2520.92 -33.43
Mo -4, 24*0.0k -4.69 -6.359 -6.456 -6.312 -6.408 -6.1908 0.6717 0.7422 1.007h 1.0228 1.0152 0.9808
c -0.055+0.015 -0.061 -0.3636 -0.3963 -0.3631 ~0.3958 -0.3280 0.1517 0.1676 1.0014 1.091k 1.0501 0.9033
» This value is taken from Ref. /11/.
2 Corrected value is obtained by multiplying the uncorrected value by 1.105.

—Lg_



Table 12: Beff' Inhours per % p and generation time

TP1 and LAMBDA
1) . 2)
Benchmark ENDF/B 82 SB
_—
Beff 0.003588 0.003698 0.003748
Inhours per % p 981 932.5 898.9 887.2
generation time 0.2529 usec 0.2631 usec 0.2640 usec

1 From Ref. /11/ where the delayed neutron data of Keepin was used.

2) From Ref. /18/ where the delayed neutron data from ENDF/B-III and IV was used.

"'8S"
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Table 13: Comparison of central reactivities in terms of
calculated to experimental values by TP1 and those
obtained by using ENDF/B-III and IV

TP TP 1 N

ENDF/B-III | ENDF/B-1IV (uncorrected) (corrected)
239y 1.216 1.185 1.261 1.141
233y 1.232 1.196 1.245 1.127
238y 1.164 1.038 1.069 0.967
23ya 1.595 2.078 3.200 2.896
10g 0.988 0.959 1.069 0.967
Fe 1.147 1.260 1.542 1.395
cr 1.529 1.546 1,472 1.332
Ni 1.382 1.403 1.682 1.522
Al 1.618 1.464

Ta 1.035 1.024
Mo 1.489 1.348
c 6.601 5.974
ol

D Corrected value is obtained by dividing the uncorrected value
by 1.105.
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Appendix I Asymptotic Period Reactivity

Henry defined another form of reactivity, asymptotic period reac-
tivity. He writes the angular flux in the form /2/,

fg(§,3,t) = og(i,ﬁ,t) T (t) (A=1)

Substituting Eq. (A-1) into Eq. (1), multiplying it by f;o(;,a) and
integrating over space and solid angle, we obtain

0 + + > 1 > > _ _
8t<fkog(r’n)§; ¢g(r,9,t)>T(t) = <f k (G°+6G+ (r +8F )¢ (r ] L) >T(t)

+ I, <f

; ci(i,t)> (A-2)

kog Xiq
If we define ¢g(;,3,t) such that

%E ;og(r %) ] Lo, (,3,£)> =0 (A-3)

g

Eg. (A-2) becomes

+ ->+l_ 5> > dT(t)= + o} 1__0 +> >
<fkog(r,9)Vg ¢g(r,9,t)> _E:—_ <fk°g(G +8G+ ko(Fp+6Fp))¢g(r,Q,t)> T(t)
+ £ A, <fF C, (¥,t)> (a-4)
i i kog Xig ilEy
Using the followinag relation
+ o, 1 0 > > _ + o _1__0_ o >
FroglC + 1o Fpog(r,8,t)> “Frog® kg F o i ixig Fi)¢g(r,§,t)>
= -1 <fF  ny. PO e (%,8,t)> (A-5)

and the definitions
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= 1 ¢t 1 2 -
p(t) = <foq (86 + K 5F ) og(r,ﬁ,t)> (A~6)

=1 et 0 3 -
B(t) = 5 <fkog K, ? Xig Fi ¢g(r,ﬂ,t)> (A-7)
ci(t) = 1= <f‘}:og Xiq Ci(E,8)> (A-8)
A = ler oy (78,0 (A-9)

N kog vg 9 ree
+ > >

N = <fpoo F o (E,8,t)> (A-10)

Eg. (A-4) can be written as

dt A i
. . + > x .
Multiplying Eq. (2) by fkog(r,n)xig, we obtain
9 + > > _ 1__ + > >
3T “Frog Frllxyg C;(Fit)> = g= <B 0 x50 Fy 0 (F,i,1)> T(E)
+ >

- Ai <fkog xig Ci(r,t)> (A-12)
Defining
— _ 1 + > > _
B, = Nk, <fkog Xig F, ¢g(r,9,t)> (A-13)
Eq. (A-12) becomes
dc, (t) “i
—_— = —= T(t) - }‘i C. (t) (A-14)

dt A *

It should be noticed that in the definitions (A-7) and (A-13),

B % = B, (A-15)
i

In general, all parameters defined by Egs.(A-6), (A-7), (A-9) and

(A-13) are time dependent. However, in the case of asymptotic beha-
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viour, Eq. (A-1) can be written in the form of Eq. (16), namely,
¢g(;,§yt) = fmg(f,ﬁ) and @g(f,ﬁ,t) is independent of time. In
this asymptotic case, all parameters are independent of time
and given by

= 1 &t 1 -
P = N <fkog(6G + Ko 6Fp) fmg> (A-16)
T = 1t 1 0 -
B - N <fkog k, xig Fi fmg> (A=17)
= 1 et A -
A - N <fkog v fwg> (A-18)
g
T = 1o gt 1 -
By = N <fkog ko Xig Fy fmg> (A=19)
N = <ff Frf > (A-20)
kog wg

Using Egs. (16) and (17) -in Egs. (A-11) and (A-14), we obtain

Bi - _
w+A B (A-21)
i

™
1

Eg. (A-21) is a little different from Eq.(19) and also the defi-
nitions of all parameters, (A-16)~(A-20) are a little different
from those for the static reactivity. Practically, the asympto-
tic period reactivity Pu and all other parameters of Eqgs. (A-17)v
(A-20) must be calculated by approximating fmg(;,ﬁ) by fkg(f,ﬁ).

As shown in Appendix II, the approximation of fwg(z,ﬁ) by
fkg(f,ﬁ) has higher accuracy than the approximation of fmg(z,ﬁ)

by £ (;,5) which is used in the method by the static reactivity

kog
of TP1 code. Therefore, the asymptotic period may be obtained

by the method of the asymptotic period reactivity more accura-
tely than the method by the static reactivity for the problems
in which the difference between fkg(;,ﬁ) and fkog(;’a) is large.

Nevertheless, use is made of the method by the static reactivity
in TP1 code, because the static reactivity itself can be obtained
accurately without approximation by the perturbation calculation

and also from the two criticality factors by Eq. (20) which does
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not hold for the asymptotic period reactivity.

If Eq.(96) is multiplied by f (r 4) and Eq.(11a) by frg (z,%),

we can also obtain the expre551on for the static reactivity as

+
<fkn(6G +

I_A

SF) fk>

~

-1 1 Q
p = — == = {aA=-22)
ko k +
<fk F fko>

Comparing Egs. (A-16) and (A-22), we can see clearly the difference

between the static and asymptotic period reactivities.

. . " -> > >
Appendix II On Approximation of fwg(r,ﬁ) by fkog}r,n)

Now, we consider about the approximation of réplaéingniwg(z,ﬁ)

by f (r Q) in Egs.(21) and (22)., From Eq.(18),_we can derive
the follow1ng equation R
. F )
1 o [C w_ L e g Xigf + -
(G + . F)fwg(r,sz) = [ka + Vg + X, i Aim]fmg(r,ﬁ) (A-23)

where use is made of Eq. (20).

If we assume that all the emitted spectra of the delayed neutrons
are equal to the prompt neutron fission spectrum and this fission

spectrum is independent of the isotope, ie; Xig = x; = xg’ and

the delayed neutron fraction B, is independent of the energy, i.e.

i
vdzfg = B, vzfg
ten in the form

‘ i i
, the fission operators Egs.(5) and (10) can be writ-

_ 1,7 -

Fe = B ;.“ Legr Im ;,Anm' (A-24)
F I v I 1 ;a8 (A-25)
— \’ — —

g g0 “fg' A e

The assumption of the isotope independency of fission spectrum
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is used in the DTK code and the error to the criticality fac-
tor in the sample calculations shown in Chap. IV is less than
0.4%.

Substituting Egs. (A-24) and (A-25) into Eq. (22), we obtain

+
5 ) <fk Xig Fi fw>
i +
<fk F fw>
<£F X v 1 L, AQ £ >
_ x Xig &'Va rqr 77 &A% Ly - By (A=26)
+ 1
<f ) X -— L AQ £ >
k Xg g'v fg' 4n iy m' Tow

If we use this assumption in Eq. (A-23), we obtain /12/

B.
1 > > _ w i w > >
(G + X F)Y £ (r,Q) = [E Py + E: : Ai+“ g fmg(r,ﬂ)
(A=27)

Usually, the ratio of the asymptotic period to the neutron velo-
city is much smaller than the macroscopic cross sections of the
any real reactors. Then the right hand side of Eq. (A-27) is
small, because of Eq.(19), and Eq. (A-27) becomes a close appro-
ximation to Eq. (9b}. Namely, (r n) = k (r Q) Unfortunately,
we can not use fk (r Q) if we apply the TP1 code in the usual
manner. Instead of f (r d), we must use f (r %) .

From Eq. (96) , we obtain

o} 1

r,R) = EkF - (866G + ¢ cF)] fkg(?,ﬁ) (A-28)

For the approximation, fkg(r,ﬁ) = fkog(r,ﬁ) to be valid, the right
hand side of Eq.(A-28) must be small enough, namely, the pertur-
bation must be small. This requirement is equivalent to6 the appli-

cability of first order perturbation theory.

Appendix III Structure of the Interfacefile (IDTK) for Pertur-
bation Calculation from the DTK Code

15t record: IscT, ISN, IGE, IzM, IM, IGM
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MT, MTP, NM, MM, IHS, IHT, IHM, MBK, BF, XT, RLOG

2" record:  i(i) DY, DZ 1f  MBK>O
(ii) BK (IGM) if MBK=-1 or -11
(1iii) BK(IZM, IGM) if MBK=-2 or -12
(iv) nothing if  MBK=0
3rd record: (If MBK=0, this is the second record)
MA (IM), IAL(MTP), W(MM), CL(MM,NM), V(IM), R(IMP),
IPLATZ (MTP), C(IHM, IGM, MT), XKI(IGM)
4th record: MZ (IZ2M)
5th record: Ko
th th _
6 record to (5+IGM) records: (FKO(IM, MM, IG), IG=1, IGM)

(6+IGM)th record: The buckling values for the adjoint equation
as in 27 record, if MBK#O.

(7+IGM)th record: k

(8+IGM)th record to (7+21GM)threcord: (FXD (IM, MM, IG), IG=1, IGM)

Appendix IV Sample Problem Input and Output

In the following, sample problem input and output for the exact
perturbation is shown for the case 1 of Table 6, the spherical
model of ZPR-3 Assembly 48 by S2 method with 2 + 2 mesh intervals.



1) Input Data

Input data for GRUCAL, SIGMUT, DTX and TP1 are shown in the

following.

//INKob5927 JUB (065991019P6M2B) 1KOBAYASHI »
// REGION=900KyTIME=2

//%#MAIN SYSTEM=M168

//%MAIN LINES=6

//#FORMAT PR)»DDNAME=SYSPRINL 00000020
//%#FORMAT PRyODNAME=FT42F001 00000030
// EXEC KSCLG 00000040
//KeFT44F001 DD SPACE=(3064,200) 00000050
//K+FTOLFOO1 DD UNIT=33303VOL=SER=KAPROSsDISP=SHR sDSN=KSDAGRUBA+KFKINR 00000060
//KeFTO9FO01 OD UNIT=33304VOL=SER=KAPROS DI SP=SHRyDSN=XSDA+JIBGRUC 00000070
//KeFT10FO001 DD UNIT=3330,VOL=SER=KAPROSIDISP=SHR+DSN=GRSTAB 000000890
//KeFT11FO01 DD UNIT=3330,VOL=SER=KAPROSD]SP=SHR»DSN=F26 00000090
//KeFT12F001 DD DSN=66BANDsDISP=(NEWsPASS) sUNIT=SYSDA» 00000100
// SPACE={TRK»(150)) 00000110
//KeFTO4FO01 DD DSN=GROUCOsVOL=SER=KAPROSUNIT=3330,D1SP=SHR 00000120
//KeFT20F001 DD UNITaSYSDA»SPACE=(TRKs(10)) 00000130
//KeFT21F001 DD UNIT=SYSDAsSPACEa(TRK»(10)) 000090140
//KeFT30F001 DD UNIT=SYSDA»SPACE=(TRKy{10)}+DCB=BLKSIZE=400 00000150
//KeFT31F001 DD UNIT=SYSDA»SPACE=(TRK»{10)) sDCB=BLKSIZE=400 00000160

//KeFT32F001 DD UNIT=SYSDADSN=6&FLUX»DISP={NEWsPASS) sSPACE={TRKs(10)) 00000170
//KeFT39F001 DD UNIT=SYSDA»SPACE=(TRK310)DSN=66DTKINPUT »

// DCB={LRECL=80yRECFM=FB+BLKSIZE=800))DISP=(NEWIPASS)

//KeFTO2F001 DD UNIT=SYSDAsDISP=(NEWsPASS)»SPACE={TRKs50),

// DCB={RECFM=VBSyBLKSIZE=3209) DSN=6&INTFAC

//KeSYSIN DD # 00000200
*COMPILE G 00000210
C 00000220
C #euneé KAPROS DRIVER ROUTINE FOR CALCULATION OF 00000230
C *unun SIMGN BLOCKS (MODULE GRUCAL) 00000240
C ##xxsk INCLUSION OF DELAYED NEUTRON CS (MODULE SIGMUT) 00000250
C **unst AND 1D TRANSPORT CALCULATION (MODULE KADTK) 00000260
C #E%¥H SIGMN BLOCK IS WRITTEN ON UNIT 12 BY MODULE UTKS 00000270
C 00000280

SUBROUTINE STEUER 00000290
C 00000300

REAL GRUCAL(4)9S1G26(4)9FLUX(4) sSIGALT(4) 4DTK{4)9SIGMUT (4)»UTKS(4)00000310
REAL PERTIN(4)

C 00000320
C *#%ux# INITIALISATION OF DATABLOGK NAMES 00000330
C 00000340
DATA 00000350
1 GRUCAL /'GRUC''AL 'y! Tyt 1/ 00000360
2 SIG26 /'SIGM'y!'N ty! Tyt Y/ 00000370
3 FLUX JYFLUX! 11 Yyl 1yt "/ 00000380
4  SIGALT /'SIGM'y1ALT ! 1yt '/ 00000390
5 DTK /'DTKI' 9t NPUT ! ! Tyt '/ 00000400
6 SIGMUT /'INPU''T SI'y'GMUT!y! v/ 09000410
7 UTKS JVINPU! o' T UT14tKS 1yt LV 00000420

8 PERTIN /'PERT'y'UBAT's'IONI'ytNPUT!'/
C 00000430
C #%un% INITIALISATION OF KAPROS SYSTEM 00000440
C 00000450
CALL KSINIT(NLsN2+N3sNasN5) 00000460
o 00000470
C #@uw# CALL FOR MOOULE GRUCAL (CREATES SI1GMN BLOCK 00000480
C “xuun WITH NAME SIGMALT NOT INCLUDING DELAYED PART 00000490
C 00000500
CALL KSEXEC ('GRUCAL 192,0yGRUCALIGRUCAL »SIG26+SIGALT»IQ) 00000510
IF{IQ.NE«0) GOTO 1001 00000520
C 0LLTI530
C #euw® CALL FOR MODULE SIGMUT (ADDS THE DELAYED CS PART TO 00000540
< ¥x%#¥% THE SIGMN BLOCK SIGMALT AND STORES THE RESULT 00000550
C ##unn IN KAPROS DATABLOCX SIGMN 00000560
C 00000570
CALL KSEXEC ('SIGMUT '93,0SIGMUTsSIGMUT »S1426+51G26» 00000580

1 -SIGALT»SIGALT»IQ) 00000590



IF{1Q.NE.O) 6OTO 1002

C
C #%un% CALL FOR MODULE UTKS WHICH WRITES OUT THE KAPROS
C *#dxd DATABLOCK SIGMN ON EXTERNAL UNIT 12 FOR LATER
C #anax USE IN KADTK AND PERTUBATION PROGRAM
C
CALL KSEXEC('UTKS 192909)UTKSHUTKS»SIG26951G2691Q)
IF{IQeNESO) GO TO 1003
C
C #xxx#® CALL FOR MODULE KADTK WHICH PERFORMS 1D TRANSPORT
(of #axen CALCULATIONS REQUIRED BY THE INPUT DATABLOCK DTKINPUT
C
CALL KSEXEC{'DTK '94909sDTKIDTK9SIG2619S1G269FLUXIFLUX
1)PERTINYPERTINYIQ)
IF{IQsNE«QO) GOTO 1004
C
o *#%x% REGULAR END OF KAPROS J0OB (IQJ.EQe0)
C
RETURN
C
C ##4%4% ERROR = MESSAGES (IQeNE.O)
C
1001 WRITE(NS5,101) IQ
GOTO 1009
1002 WRITE(N5+102) 1Q
GOTO 1009
1003 WRITE(N5»103) 1lQ
GOTO 1009
1004 WRITE(NS5,104) IQ
GOTO 1009
C
C ##%%% FORMAT STATEMENTS
C
104 FORMAT(1H »' ERROR IN MODULE CALL 4y 1Q = ',l56)
103 FORMAT(1H »' ERROR IN MODULE CALL 3y, IQ = ',16)
102 FORMAT(1H +' ERROR IN MODULE CALL 2y 1IQ = 'sI6)
101 FORMAT(1H s' ERROR IN MODULE CALL 1» 1IQ = *,]6)
C
C #xxnet RETURN CONTROL TO KAPROS
C
1009 RETURN
END
*#ox$
*LINK MAP,LIST
ENTRY STEUER
NAME STEUER
*E%D
#KSI10X DBN=INPUT UTKS»TYP=CARD»PMN=PRUTKS
'BWRITE ' 'SIGMN t 12 'STRUCINU' 'END UTKS!
*EXS
#KSIOX DBN=GRUCAL»TYP=CARDPMN=PRGRUC
IGRUCAL !
'KFKINR ' 'SN=RECHs' !
10 11
*MISCH !

3

00000600
00000610
00000620
00000630
00000640
00000650
00000660
00000670
00000680
00000690
00000700
00000710
00000720

00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000840
00000850
00000860
00000870
00000880
00000890
00000900
00000910
00000920
00000930
00000940
00000950
00000960
00000970
00000980
00000990
00001000
00001010
00001020
00001030
00001040
00001050
00001060
00001070
00001080
00001090



14 'KFKINR ¢t ' ' ! ' 00001150
'C ' 300, 0.02077

'NA ! 300. 04006231 2
'FE ' 300 0.01018 3
ICR ' 300, 04002637 4
*NI ' 300 0.001119 5
MO ' 300, 0.000206 ]
YAL ' 300, 0.000109 7
's1 ! 300. 0.000124 8
'PU239 ' 300. 0.001645 9
'PU240 ' 300, 0.000106 10
tPU241 ' 300. 0.,000011 11
'PU242 ' 300 0+0000004 12
'U 235 ' 300 0,000016 13
tu 238 ' 300. 04007405 Y
14 'KFKINR ! ' ' ' ' 00001150
'c ! 300, 0,02077 1
INA ' 300, 0.006231 2
'FE ! 300. 0.01018 3
'CR ' 300. 04002637 4
‘NI ' 300, 0+,001119 5
MO ' 300. 04000206 6
tAL ' 300 04000109 7
'St ! 300, 0.000124 8
'PU239 ! 300 0400166145

1PU240 ! 300, 04000106 10
'PU241 ' 300, 0.,000011 11
tPU242 ' 300. 040000004 12
'y 235 ' 300, 0.000016 13
'y 238 ' 300 04007405 14
6 'KFKINR ¢ ' ' ' ' 00001150
'FE ' 300, 04004925 1
'CR ' 300. 04001276 2
'N? ! 300, 04000536 3
'Sl ' 300, 0.000060 4
U 235 ' 300, 0.0000823 5
‘U 238 ¢ 300. 0402969 6
YGEWWCHI !

3

6

1PY239 04844059

'pPU240 0e151694E=1

'PU24] 0e769374E=2

'PU242
'y 235
'y 238
6
1PU239
‘*PU240
'PU241
tPU242
tv 235
'y 238
2
U 235
'y 238
'TYP
YALLEIN
'CHI
'NUSF
'SCAPT
YSFISS
1SBE
'SREM
'STR
*STRTR
'1/v
'STOT
1SMTOT
*AUSWERY
'ZUSATZ
'SF1SS
'CHI
'NUSF
*GRUCEND
#5%$
*KS10X DBN=PERTUBATIONINPUT)PMNaPRDUM TYP=CARD
5%#0

0e438405E=4
04709431E=2
04125940

04844059
04151694E~1
0¢769374E=2
0¢43B405E=4
0¢709431E=2
0125940

04877913E=~2
04155849

11

OO
(el =] o]



2 3
L2 1.2
#KS10X DBN=INPUT SIGMUT»TYP=CARDIPMN=PRSIGM
'BETA!
' SIGMALT ! 'SIGMN v 26 3 6 6
tFrssy ! '
4%#000 0406 0017 0623 0627 06416 0408 0402 0401
14#040
4#040 0014 0637 0428 04611 0408 0403 0,01 0,0
1%*0.0
44040 0409 0436 0425 0414 0409 0404 0401 040
14%#0,0

0e0 040 040 0407 0el1l6 0030 0422 0015 0406 0403 0001 040
14%#040

0¢0 040 000 0404 Oel4 0436 0426 Oslé4 0405 0401 000 040

14#0,0

0e0 040 040 0604 0olsd 0436 0426 0414 0405 0401 040 040

14#0,0

'tPU239 ' 0e2523E=3 148592E=3 1e¢4343E=3 2,1779E=3 0+6839E~=3 0,2324E=3
tPU240 ! 0e2688E=3 2.,5208FE=3 148432E~=3 343600E=.-1¢2288E=3 0s2784E=-3
tPU241 ' 0s160E=3 34664E=3 2¢768E~3 64240E-3 209‘2E'3 0e256E~=3
YPU242 ! 0e0912E=3 444460E=3 3,6T708E=3 9¢2936E~3 449704E-3 0.2280E&-3
'y 235 ' 0e6449=3 346146=3 3,1904=3 6¢9068~3 241721=3 044412=3

'y 238 ' 0¢0586=2 0¢6176=2 0¢7303=2 147491=2 140143=2 0,3381=2

YEND!

‘#KS10X DBN=DTKINPUT s PMN=PRUEF»TYP=CARDs»LMN=LESE

ZPR=3 ASSEMBLY 48 SPHERICAL MODEL DTK INPUT (6+341978)
-6001 -1 0 2 3 1 o] 2 1 26 0 0
3 3 0 0 4 0 100 20 20 (] o] 1
-12 i 0 30 1 31 0
1.0 l.E=5 0.0
1.0E=5 0.0
454245 754245
2 2
b 3
99999
*GO SM=STEUER
/%

//DEL EXEC PGM=IEFBR14

//A1 DD UNIT=3330,VOL=SER=TSTLIBsDISP=(OLDs»DELETE) "
// DSN=KO e INR659 ¢« LAMBDA

/%

// EXEC FGCLG

//CeSYSPRINT DD DUMMY

//CeSYSIN DD »

C REACTIVITY AND KINETIC PARAMETERS BY THE PERTURBATION METHOD USING
C ONE DIMENSIONAL MULTIGROUP SN CODE DTK MADE BY KEISUKE KOBAYASHI

C AT 26 AUG 1977,

C MAIN PROGRAM

/*

/%

//LeMYOB3 DD UNIT=3330,VOL=SER=TSTLIBsDISP=SHRsDSN=0B3,INR659.LIES2
//LeSYSIN DD *

INCLUDE MYOB3
ENTRY MAIN
//GeFT10FO001 DD UNIT=SYSDAsDISP=(QOLD»PASS) sDSN=66INTFAC
//GsFT11F001 DD UNIT=SYSDADISP2(0OLDsPASS) +sDSN=65BAND
//Ge«FT13F001 DD UNIT=3330,VOL=SERaTSTLIBY
// DISP=(NEWIKEEP)sSPACE=(TRK+2)+DSN=KO+INR659¢LAMBDA
//GeSYSIN DD #
TEST DATA FOR TP~1 PERTURBATION FOR ZPR=3 ASSEMBLY 48 SPHERICAL MODEL.
6 6 1 1 1 1 0 0 1 0 0 O
PU239 PU240 PU241 PU242 U 235 U 238
/*
/7

11

00001420
00001430
00001440
00001450
00001460
00001470
00001480
00001490
00001500
00001510
00001520
00001530
00001540
00001550
00001560
00001570
00001580
00001590
00001600
00001610

00001630
00001640

OO OW W

10
00001750
00001760

MATIN
MAIN
MAIN
MAIN



REACTIVITY AND KINETIC PARAMETERS BY THE PERTURBATION METHOD USING ONE DIMENSIONAL MULTIGROUP SN CODE DVK.

TEST DATA FOR TP~1 PERTURBATION FOR IPR-3 ASSEMBLY 48 SPHERICAL MODEL.
NUMBER DF FISSILE ISOTOPE IFM= [

NUMBER OF DELAYED NEUTRON GROUPS 6

NAME OF ISOTGPE PU239 PU240 PU241 PU242 U 235 U 238

INPUT DATA FROM OTK PROGRAM

ISCT= Q ISN= 2 IGE= 3 IZM= 2 M= 4 IGM= 26 MT= 3 MTP=
NM= 1 T MN= 3 [HS= 6 IHT= 5 IHM= ERS MBK= s}

BF= 0.0 XT= 1.420892E+00

MALIM)

1 1 2 2

BERR R R R R AR KRR RN R RN AR R KRR KRRk R R R R KRR R KRR F RN F A R R R R R xR R R RN KRR R ARk R R R

FLUXES AND ADJOINTS FOR ALL FOULLOWING PERTURBATION CALUCULATIONS ARE ORTAINED BY USING THE FOLLOWING CGMPOSITIONS
IN SUCCEEDING REGIONS

FARRERERRAE R R AR RN R KR AR R R AR R RR AR R KRRk ok MR R R RO AR AR RN RRER R R R kR R R B R AN KRR
FOR DIRECT EQUATION
MZ(IZM)
1 3
FOR ADJOINT EQUATION

MZILZM)

2 3
LAENGE= 200000 LASTR= 8992 IRIS= 191008
LEN= 590 LASTI= 71 I0IF= 429
CRITICALITY FACTOR FDR DIRECTY EQUATION 1.002763E+00
CRITICALITY FACTOR FOR ADJOINT EQUATION 1.006042E+00

EXACT REACTIVITY FROM THE CRITICALITY FACTOR 3.250062E-03

CROSS SECTIONS CORRECTLY PREPARED

CORRECTION TO THE CRITICALITY FACTCR OF DTK WHERE AN [SOTOPE INDEPENDENT FISSION SPECTRUM IS USED FOR PROMPT AND DELAYED
FISSION NEUTRONS

CORRECTED CRITICALITY FACTOR FCR NORMAL EQUATION 1.001595E+00 [RO=~1.163E-03)

MEAN GENERATION TIME= 2.595200E~07SEC

EFFECTIVE DELAYED NEUTRGN FRACTION FOR EACH ISOTOPE

MIXTJRE INDEX= 1

GROUP PU239 PU240 PU241 PU242 U 235 U 238 ROW SUM
1 0.0 0.0 0.0 0.0 0.0 0.2 0.0
2 0.0 0.0 3.0 0.0 0.0 0.0 0.0
3 0.9 0.0 2.0 2.0 0.0 2.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.9 0.0 0.0
6 2.0 0.0 0.0 0.0 0.0 0.0 0.0
SUM 0.0 0.0 0.0 0.0 0.0 0.0 0.0

i (z

2pod | 4L woxF 3IndinQ

<L



M1XITUKE INUEX=

GROUP PU239

EC Vs W

SuU

5.80305E-05
4.37983E-04
3.35774E-04
5.19558E~74
1.62790E-04
5.53183E-35
1.56945E-03

MIXTURE INDEX=

GROUP PU239

GROUP PU239

1

5.80305E~05

2 4.,37983E-04

Zoundw

suU

3.35774E-04
5.19558E-04
1.62790E-04
5.53188E-05
1.56945E~03

<

PU240
9.83343E-07
9.81850E-06
6.86235E~06
1.27469E-25
4.65141€E-06
1.05384E-06
3.61163E-05

PU240
9.83343E-07
9.81850E-06
6.862356-06
1.27469E-05
4.65141E-06
L.05384E-06
3.61163E-05

EXACT PERTURBATION

-—

T e et et et et et e P et et et et Pt e s P g et P s et s P

PU241
3.34634E-07
T.84861E-06
5.89225E-06
1.35359E-05
6.30279E~06
5.54092E~07
3.44682E-05

U241l

PU241
3.34634E-07
71.84861E-06
5.89225E-06
1.35359E-05
6.30279E-06
5.54092E-07
3.44682E-05

PU242
9.40804E-10
4.69668E-08
3.85368E-08
1.00485€-07
5.30517€-08
2443356E-09
2.42415E-07

U242

0DO0OOO0O000
DR
[=R=NoNoRoR=Noly]

PU242
9.40804E-10
4.69668E-08
3.85368E-08
1.00485E-07
5.30517€-08
2.43356E~09
2.42415€E-07

U 235
1.49094E-06
8.558B80E-06
7.50714E-06
1.65612E-05
5.19681E-06
1.05558E-06
4.03705€-05

U 235
8.98963E-07
5.75262E-06
4492246E-06
1.12850E-05
3.56T46E-06
T.24631E-07
2.7T1511E~05

U 235
2.38990E-06
1.43114E-05
1.24296E-05
2.78463E-05
B.76426E-06
1.78021E-06
6.75216E-05

U 238
1.92195€E-05 -
2.07T408E-04
2.43739€E~-04
5.94806E-04
3.44161E-04
1.14720E~-04
1.52405€-03

U 238
6.34870E-06
7.42716E-05
B8.56790E-05
2.15576E-04
1.25402E-04
4.18006E-05
5.49083E-04

U 238
2.55682€~05
2.81686E-04
3.29418E-04
8.10381E-04
4.69562E-04
1.56521E~04
2.07314E-03

ROW SUM
8.00598E~05
6.71664E~04
5.99812E~04
1.15731€-03
5.23155E-04
1.7T2705E-04
3.20470E-03

ROW SUM
T.2476TE-06
8.00302E-05
9.06014E-05
2.26861E~04
1.28969E-04
4.25252E-05
5.76234E~04

ROW SUM
B8.73074E-05
7.51694E-04
6+90414E-04
1.3841L7E-03
6.52124E-04
2.15230E~04
3.78094E-03

(G~1) TO G FISS.SOURCE

R{I) GROUP CAPTURE FISSION REMOVAL SCATT.OUT SCATT.IN OUT +IN

11.31 1 =3.0249E=-14 =6.9921E-11 -1.3382E-10 -6.3780E-11 1.9555E-1l =4.4225E-11 0.0

11.31 2 =-2.6518E-13 -2.0194E-10 -5.2018E~10 -3.1766E-10 1.1757E~10 -2,0009E-10 1l.4125E~-12
11.31 3 =-1.2611E-12 =4.7223E-10 =-1.2217E-09 ~T.4818E-10 3.5520E~10 -3.9298E-10 6.7204E~12
11.31 4 =5.5131E-12 =9.7086E-10 =2.4320E-09 —1.4544E-09 9.5660E~10 -4.9TB84E-10 2.T706%E-11
11.31 5 ~1.2048E=11 =9.5710E-10 =2.7402E~09 -1.7698E-09 1.4731E-09 -2.9664E~10 7.0538E-11
11.31 6 =6.4040E-11 -1.5825E-09 =6.1626E~09 ~4.,515BE-09 4.4961E-09 -1.9764E-11 1.5241lE-10
11.31 7 =1.4569E-10 =1.4026E~09 ~7.5426E-09 =5.9911E-09 6.5383E-09 5.4717E-10 2.9257E~-10
11.31 B8 -1.9005€E-10 -1.3401E~09 =B.8050E-09 =7.2741E-09 7.6429E-09 3.68T9E-10 1.6315E-10
11.31 9 -1.9092E~10 =-1.18556-09 ~9.0821E~09 -T7.70SLE-09 7.8755E-09 1.7044E-10 1.5632E-10
11.31 10 -3.1%11E-10 =1.0389E~09 =8.874TE~09 ~T7.5195E-09 7.5930€-09 7.3449E-11 1.336lE~10
11.31 11 =3.3525€6-10 -7.3256E-10 ~5.9230E-09 -4.8547E-09 4.8900E-09 3.5371E-11 1.1153E~10
11,31 12 -4.,09356-10 -5.8152E~10 =4.1493E-09 -3.1578E-09 3.2100E-09 5.2192E-11 B8.0550E~11l
11.31 13 -2.8836E-10 -3.1811E-10 -2.30056-09 -1.6939E~-09 1.6724E-09 -2.1543E~-11 2.9464E-11
11.31 14 =447325E-10 —5.3903E-10 =2.3696E-09 -1.3571E-09 1.4194E-09 6.2267E-11 7.0252E~11
11.31 15 -3,3555E-10 —4.1676E-10 -=1.5554E~09 -8.028BE-10 B8.1293E-10 1.0052E-11 1.4222E-11
1131 16 =1.4067E-10 —2.0398E-10 —6.2091E-10 -2.7621E-10 2.81B6E-10 5.6575E-12 6.4744E-12
11.31 17 =3.9924E=11 =6.4231E-11 —1.8504E~10 -8.0877E~11 B.2033E~11 1.1557E-12 1.3264E-12
11.31 18 -8.3912E-12 -2,4866E-11 -4.5044E-11 —-1.1287E-11 1.1590€-11 3.0319E-13 3.0757E-13
11.31 19 =4.74776-13 -2.4917E~-13 -1,3508E-12 —-6.2690E-13 6.3694E-13 1.0035E~14 9.3138E-15
11.31 20 =1.2159E-13 =1.4067E~13 =3.3264E~13 =7.0574E-14 7.3333E-14 2.7588E-15 2.1302E-15
11.31 21 ~2.6560E-15 ~2.1006E=15 ~6.8424E~15 -2.0854E~-15 2.2360E-15 1.5068E~-16 6.6999E~17
11.31 22 =-1.5986E-16 —-1.2603E-15 —2.6886E-15 ~1.2682E-15 1.3246E-15 5.640LE~1T 1.9817€-17
1131 23 =4.7167E=17 =1.21306~16 =2,.3390€E~16 =6.5426E-1T7 T.2856E-17 7.4301E~18 2.7355E-18
11.31 24 =1,0254E=17 =1.9250E-17 -3.32233E-17 -3.7293€E-18 5.6366E~18 1,9072E~18 2.6735E-19
11.31 25 0.0 0.0 0.0 0.0 5.2105E-19 5.2105€-19 1.0735€-20
11.31 26 0.0 0.0 0.0 0.0 1.5909E-19 1.5909€-19 0.0
11.3LSUM =2.9568E-09 =1.2103E~-08 —6.4665E-08 =4.9595E~08 4.9449E-08 -1.4621E~10 1.3179E-09

1.3462E-09
4.3178E-09
7.8038E-09
1.0355£~08
6.7902€E-09
4. T195E~09
2.0531€E-09
8.0155E~10
3.1199E-10
1.0147E~10
4.T418E-11
2.9812E-14

WOoOOCO0O00DOO0O0OO0O0ODOOO
IEEEREEEEREEEEREEER

MOOOGCOLOOO0O0OODOUOO

648E-08

AD.FISS.SOURCE

2.1761E~10
6.6720E~10
l.4410€E-09
2.9568E-09
3.1833E-09
5.2002E~09
4.5950E-09
4.4162€~09
3.9593E~-09
3.5108E-09
2.4440E-09
1.8473E-09
9.5309E-10
1.54356-09
1.0596E~09
4.6522E-10
1.4143E-10
4.4T36E~-11
1.0907E~12
3.5318€E-13
8.7319€-15
2.5883E-15
4.4866E-16
445525E~17
0.0

0.0

3.8648E-08

TOTAL

.w2319E-09
3.9152E-09
6.9373E-09
8.8792E~09
5.5231E-09
3.0530E-09
1.0488E-09
=3.6058E~10
-8.9463E-10
-1.1803E-09
~9.8560E-10
-9.3929€-10
-6.2812E~10
~9.5024E~10
-7.4248E-10
-3.3905€~-10
~1.0300€E-10
~3.3454E-11
~7.1391€E-13
=2.5931E~13
~4.6064E-15
=1l.3640E-15
~1.6104E~16
~2.7597E~17
5.2105€-19
1.5909E-19
2.3431E-08

€L



33,93
33.93
33.693
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93
33.93

NN PONNDNNNNNANNNNNNNNNNONNANON NN N

INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
INTEGRAL
TNTEGRAL
INTEGRAL
INTEGRAL

33.93

1
2
3
4
S
6
7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

33.93SUM

DDV P W

-1.3738E-14 -3.1756E-11 —~6.0T78E~11 -2.8967E~-11
-1.1535E-13 -8.7836E-11 —-2.2626E~10 —1.3817E-10
=5.3228E-13 -1.9931E-10 -5.1563E~10 -3.1579€E~10
-4.0347E-10 -1.0107E-09
~4.0200E-10 -1.1509E-09
-T741l703E~-10 -2.7923E-09
-6.5T7T35€~10 -3.5350€-09
—-6.1669E-10 -4.0520E-09
~5.3634E-10 -4.1091E-09
~4.,5073E-10 =-3.8503E-09
=2.9938E-10 —-2.4206E-09
-2.2323E-10 -1.5928E-09
=1.1991E-10 -9.6719E-10
-1.7582E-10 -2.0025E~10 -8.8032E-10
=1.2589E-10 =1.5636E-10 -5.8356E~10
-7.7000E-11 -2.3439€~10 —~1.0427E-10
~2.3564E~11 -6.7884E-11
-9.2926E-12 -1.6833E-11
—-B8.7096E~14 —~4.7218E~13
-4.2823E-14 —-4.9471E-14 -1.1T715E-13
=6.9524E-16 =2.2647E-15
-4.1601E-16 -8.8T4BE-16
-1.6817E=17 —-4.3247E-17 -8.3394E-17
~-7.0422E-18 =-1.2157E~-17

=-2.2911E-12
~-5.0602E-12
-2.9017E-11
-6.8749E~-11
-8.7460E-11
~B8.6379E~-11
~1.3628E~-10
-1.3701E-~10
-1.5714E-10
-1.0870E-10

-5.3101€-11
-l.4647E-11
-3.3227E-12
-1.6595E-13

-8.7906E-16
-5.2769E-17

-3.7510E-18
0.0
0.0

0.9
0.0

0.0
0.0

-1.1917E-09 =5.2116E-09 =2.7967E-08

-6.1307E-09

-1.0451E-06
-1.2956E-05

-3.8907€E-05
-3.8583E-05
-6.1496E-05
-6.27T70E-05
-7.3198E=-05
-5.0884E-05
-8.2636E~05
~5.9010E-05
~2.4848E-05
-6.9084E-06
-1.5592E~06

0.0
0.0

-1.4171€E-05 -2.7122E-05
-5.2018E-08 =3.9611E-05 -1.0204E-04
-2.4185E~-07 —-9.0564E-05 -2.3429E-04
-1.8405E~-04 —4.6105E~04
~2.3021E-06 -1.8288E-04 ~5.2360E-04
-3,2016E-04 -1.2468E-03
-3.0453€-05 =-2.9118BE-04 -1.5658E-03
—-2.7434E-04 —1.8026E-03
—2+3957E-04 =1.8354E-03
-2.0340E-04 -1.7375E=-03
-1.3716€E-04 -1.1090€E-03
-1.0398E-04 -7.4196E-04
-5.6134E-05 -4.0595€E-04
-9.4121E-05 -4.1377E~04
~7.3292E-05 =2.T354E~04
-3.6032E-05 —-1.0968E-04
-1.1114E-05 -3.2019€E~05
-4.3605E-06 -T7.8989E-06
-7.9361E-08 -4.1651E-08 —-2.2580E~07
-2.0434E-08 -2.3607E-C8 -5.5901E-08
~4,2722E-10 -3.3789E-10 -1.1006€E-09
-2.5666E-11 =-2,0234E-10 -4.3167€-10 -2.0361E-10
-7.9963E-12 =2.0564E-11 =3.9654E-11 -1.1092E-11
-1.7706E-12 =3.3242E-12 =-5.7389E-12 -6.4400E-13

0.0
2.0

0.0
0.0

-6.0443E-10
-7.4334E-10
-2.0461E-09
-2.8078E-09
=3.3475€E-09
-3.4861E~09
=3.2624E~09
-1.9840E-09
~1.2122E-09
-6.3853E~-10
-5.0417E-10
-3.0123E~10

~2.9671E-11
-4.21T9E-12
-2.1913E-13
—-2.4855E-14
—-6.9020E-16
-4.1861€E-16
-2.3327€-17
-1.3643E-18

0.0

0.0
-2.1559E~08

-1.2927E-05
-6.2312E-05
-1.4349E-04
-2.7572E~-04
-3.3817€-04
-9.1362E-04
-1.2437E-03
-1.4892E-03
-1.5571€E-03
~1.4722E-03
-9.0895€-924
=5.6466E-04
-2.9892E-04
—2.3697E-04
-1.4120E-04
-4.8791E-05
-1.3995E~C5
~1.9792E-06
-1.0479€E-07
~1.1860E-08
-=3.3544E-10

0.0
0.0

~5.4795E-04 -2.3562E~C3 -1.2630E-C2 -9.7240E-03

9.2164E-12
5.2944E-11
l-5416E-10
4.0851E-10
6.2933E-1C
2.0377€E-09
3.0515€E-0G9
3.5189E-09
3.5707E-09
3.30715-09
2.0106E-09
1.2386E-09
6.3266E-10
5.3109E-10
3.0659E-10
l.0690E-10
3.0254€E~-11
4.3525E-12
2.2411E-13
2.6039E-14
T.5295E~-16
4.4340E-16
2.6401lE-17
2.1737E~-18
2.2820E-19
6.9812E~-20
2.1601€E-08

4.07T71E-06
2.3675E-05
6.9559E-05
1.8507E-04
2.8508E~-04
9.,0979E~04
1.3530E-03
1.5652E-03
1.5941E-03
1.4909E-03
9.1971E-04
5.7614E-04
2.9588E-04
2.4913E-04
1.4350E-04
4.9959E-05
l.4249E-05
2.0396E-06
1.0697E-07
1.2396E-08
3.6405E-10
2.1476E-10
1.2496E-11
1.0113E-12
1.0274E-13
3.1415E-14
9.7312E-03

-1.9750E-11
~B.5229E-11
-1.6163E-10
-1.9592E~10
-1.1401E-10
~B8.465TE-12
2.4369E-10
l.7138E-10
8.4620E-11
4.4791E-11
2.6620E-11
2.6346E-11
-5.8773E-12
2.6917E-11
5.3648E-12
2.6326E-12
5.8235E-13
l.3464E-13
4.98B00E~-15
1.1843E-15
6.2750€~-17
2.4T93E-17
3.0742E~18
8.0947E-19
2.2820E-19
6.9812E-20
4.2210E-11

~8.8495€E-06
-3.8637E~05
-7.3927E-05
-9.0652E-05
-5.3089E-05
-3.8324E-06
1.0926E~-04
7.6065E-05
3.6992E-05
1.8768E-05
1.0752E-05
l.1475€-05
-3.0400E-06
1.2157E-05
2.3087E~06
1.1681lE-06
2.5374E-07
6.0411E-08
2.1773E-09
5.3584E-10
2.8609E~-11
le1152€~11
1. 4039E-12
3.6729E-13
1.0274E-13
3.1415€E~-14
7.2385€E-06

0.0

6.4138E-13
2.9690E-12
l.1665E-11
2.9062E-11
6.4806E-11
1.3205E~-10
Te5324E~11
T.0594E-11
5.9569E~11
4.8014E-11
3.2753E-11
1.1507E-11
2.T066E-11
5.3935€-12
2.4703E-12
4.9786E-13
1.1693E-13
3.3793E-15
T.6982E-16
2.3007E-17
6.57T13E-18
9.7014E-19
9.6874E-20
4.0008E-21
0.9

5.7450E-10

0.0

2.8624E-07
1.3338E-06
5.2726E-C6
1.3287€-05
2.9391€E-05
5.90L7€E-05
3.3483E-05
3.1546E-05
2.6T02E-05
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