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EBSTRACT

The n*ne Reac*o* statics Hodules are designed to
introduce students o the use of numerical methods and digital
AL computers for calculation of neutro\ﬂflux distributions in space and
energv which are needed to calcula*e. criticality, power distribution.
and €fuel burn-up for both slow neu*ron and fast neutron fission
AN reactors. The diffusion aop*oximat*on is used for.the calculation 5f
neutron transport. Collision probabilities are used té calculate the
efféct of heterogeneous lattices of fuel and moderator on , resonance’
absorption and slow nentron disadvantage fagkors. In this module, the
", three madjor problems of neutron diffusion in slow neutron fission
reactors are *eviewed. An energy-dependent diffusion equation, steady

‘sta*te epithermal multi-group equations, and a slow neutron diffusion

equation are introduced. The structure and organization of the

remaining eiqght modules are outlined. These modules are intended to’
supplement textbooks and other lecture material generally available

*o students in their course work. Tt is assumed that students apé"

familiar with elementary nuclear structure, neutron-nuclei

interactions, and introductory material on fission chain resactors:
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INTRODUCTION TO REACTOR STATICS MODULES, RS-1

A - . \ .
-

Preface';:

P : '
The develoﬁment of;reactor physics shortly. after the discovery of nuclear

~fisslon in January 1939 is truly an elegant application of nuclear physics. and

> applied ﬁhthematicé. The ﬁotion of a nuclear chain reaction wag intensively

<

pursued |after the discovery of fission.l Nuclear physf@ists at that” time

« » ¢
réglfzq, that neutrons would be emitted in the fission process;/«And since
L . . a /

L]

-

rieutrons have no. electrical charge, they would easily penetr§te the electric

field surrounding a nucleus to interact with it and tHereby getve as the.

e

carrier for a chain reaction. - . , *

During the early months of 1940 it was éhown that fission of uranium was .

. o , : Y ‘ o o : v

ﬁrimarily induced by slow-.neutron absorption in the less abundant uranium -235 =~ =
- -7 [ kY . " .

‘iéotope. With remarkable fapidity, the phys%cal prpblemé of constructing a ‘ gf <
4 Lot . "

éelf—sustaining chain reaction in¥natural uranium were identified and solved

. - .o &
leading to the first nuclear fission chain reaction’ at the University of

Chicago on December 12, 1942. o

- Reactor physics developed duripg'the Manhattan Pfojec;z as an inspired

combination of some elements of mathematical physiés and the definition and o
ol ( L

symeasurement of certain nuclear cross-sections and integral quantitiés related"
to the mathematical models used in the design of the plutonium production

reactors built at Hanford, Washington during WOrld~War.II. The models and

analytical methods, which can be identified as "Integral Reactor Theory," were™ »

devised to minimize computations which were performed on desk calculatorg\\§ R

3,4,5,6

Integral reactor theory is described in sevgral textbooks, which have '




‘

been used 4in nuclear engineering education during the last two decades.

, 1Y

o Two developmenZs have led to a pignificant advance in the methods of

>

reactor physics analysis. The flrst is the more accurate measurement of ;
large number of nucleer cross sections. ihe second is the development of high
speé% and large capacityidigital computers. The -latter permits the use of more
sophisticated mathematical models for computation; the former,provides the data
required to make the more sophisticated models useful in the design of nuclear
reactors. The use of digital computers also facilitates the explorationnof
many core design variables and permits the solution of many problems which
simply could not befsolved otherwise.

v

The Reactor Statics Modules are designed to introduce students to.the use

.ofinumerical methods and digital'computers for calculation of neutron flux

distributions in space and energy which are needed to calcuigte eriticality,
power dist#ibution and fuel burnup for bothisiow neutron and fast neutron,
fission reactors. The oiffusion approximatioﬁais used for the calculation of
neutron transport. Collision probabilities are useo to calcwlate the effect
of heterogeneous Iettices of fuel and moderator on resonance absorption and
slow neutron disadvantage factors.. . \y

A .
These Modules are intended to supplement textbooks.and'other lecture

\

mater%el generally available to studeLts in their course work. It is assumed
that students are familiar with elementary nuclear structure, neutron- -nuclei

14
interactions and introductory material on fission chain reactors at a level of

Nuclear Reactor Engineering, S. Glasstone and A. Sesonske, Van Nostrand

Reinhold Company, New York, N.Y. (1967).

g



'1.1 The Three Maijor Problens of Neutron Diffusion in Slow l, .

Al

Neutron Fission Reactors

i .o ‘ .
: P . - . . . . '
There are three problems in diffusion theory, the solutions of,which are
. . hs
necessary for the calculation of the multiplication factor in slow.neutron

\

-

>

—

reactors. They are,

l)~"the slowing dotl of fission heutrons to thermal energies'
< . 1 ’ C ¢ i
< without capture, _ :
. | ,

2)‘ thermalization;Z%d diffusion of slow neutrons and
3) the slowing‘down of fission neutrons taking into account

L @“““Wo, BPRE the possibility of their capture in the resonance region.

g "

«E“ The solution of these problems rovides the neutron distribution in energy
. <P

L)
% _and time throughout the reactor.a The neutron distribution and the macroscopic

¥ e -
'y cross sections give'neutrbn—nuclei reaction rates, which are needed to calcu-

- [

»  late the multiplication fjiiﬁgland power distributions. The neutron distribution
is the primary dependent variable required for tng nuclear design of reactorS.

- . The slowing down oﬁ neutrons is due almOSt entirely to elastic scattering

-

N
with moderator nuclei. In Iight nucléi the first excited states lie about 1 Mev

aboxe the ground state, and hence? i eiasﬁyc collisions are relatively unim-

£2

portant in the modera(ion process. farticularly, since nuclei which are good

0
B

) w &
moderators by virtue of the elastic scak®ering mechanism are of necessityjlight

élementsm Inelastic scattering in the leavy elements can reduce the energy of

fast neubrons Only downﬂto abouE,Qfl Mev, which is the excitation energy of the
AR -
first excited state in heavy nuclei T s“process is important, however, ‘in
) N
dge-packed uranium oxide fueled light

ﬁa‘ determining the slowing down length in

. .
A
A “
. . 4 v
W
~
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0 . . : . . . .‘ , N
water reactors., It 1s less important in gas -cooled graphite moderatéd reactors

Yo ' . -
and 1s a primary proceés in fast breeder reactors. : Fr

}, " Every gléstic collisioh of & neutron with a moderatoi nucleus wi}l,réducé‘
. ‘ . . T . KN v
A tﬁ%\énergy of. the neutrons until the kinetie, énergy of the neytron approaches

.
.

an energy on the order of the thermal energy of the moderator atoms. At this

stage, energy may be transferred from the moderator atoms to the neutron and

the neutron energy will approabh'"thermal energy"'ésymptotically..
Above about'l ev the nioderator atomsican.be considered to.be at rest
Eompared to the motion of the neutrons and the caLcuiatiqn of the energy loss

per scattering collision'ié an elementary prpb;em in particle mechanics.
. T : '
. Slowing  down above 1 ev is discussed in Module RS-1.
+The last phase of the slowing down process, however, is quite difficult
to analyze. Strictly speaking, these are no therpal~néutrons in the sense of
- ~_/ . ) ‘ . ‘
neLgrons being in thermal equilibrium with the moderator. Because of the 1/v

' ~ .
4

law of neutron absorption, thgwaBsorption prdbability increases, at the end of
- /

the slowing down procgégwggd neutrons are actually absorbed before attaining

the energy distribution which corresponds to thermal equilibrium:,-The diffusion

and energy distribution-of slow neutrons (below -1 ev) 1s further complicated
by the effect of chemical binding and,.in.the case of crystal lattices such as -

. ‘graphite, the effect of coherent scattering of loﬁvénergy nedtrons by many
N\
a
nuclei in the crystal. This problem is discussed in Module RS=5.
i

The calculation of the capturé of neutrons in the resonanbef of nuclei is
complicated by the rapid variation of cross sections with energy. Nevertheless,

.

the theory of this process is quite satisfactory and calculations of resonance
capture dan be made accurately and quickly with digital computers. This problem
¢

is discussed in Module RSZQ. | . . {3

Iy

£
Q : —_—




1.2 An Fnergy Dependent Diffusion Equation

7

Diffustion theory 1lsa wldely used to calculate the neutron distributions
needed for reactor design. The basic approximation of diffusion theory is

Fick's law, which states that the neutron current per unlt energy is proportional

to the gradient of the neutron flux per unit energy; i.e.,

J(r, E, t) = - D(zx, E) V ¢(r, E, t). (1.2.1)
s .
The diffusion coefficient is approximately given b&, "

D(r, E) - 1

I (z, E) -Zi iy (&, B) I (e, B)

(1.2.2)

[ 4

Et: is the total macroscopig cross section, zsi.is the scattering cross .section

and ;i is the average cosine of the scattering angle for the i th isotope.

The summation is over all isotopes.

Both the current and the flux are distribution functions in Sbace, r, and

energy, E. That is, the neutron current for neutrons in'the volume element qi

at r and having kinetic energies in the range E to E + dE at time, t, is,‘

J(x, E, t)dr dE. ‘///-

-

Simixgrly, ¢(x, E, t) dr dE gives the number of neutrons in dr at r witﬁ energies

in the rénge E/to E + dE at time, t, multiplied by their speed, v = /5_575.\
Fick's law ané the formula for the diffusion coefficient can be &erived

as a first order approximatiof from the ex;ct\neutron transport the0¥¥<3 The

approximation is suffici?ntly accurate f%ihthose reactor design problems in-

which the variation of the flux with r is small‘compared to a neutron mean free

D

~
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pﬁth and the vgfiutlon of flux with encrgy at each poultlon -ls small over the
range of the avarage neutron_enefgy change resulting from a scatterling collluloé.

The diffuaion approximuiion can be ratlonallzed by noting that the simplest
relation between the vector field, g, and the scalar fleld, ¢, whicﬁ is in-
variant to rotation and traﬁslation of the coordinate system, s precilsely
Equation (1.é.1). After all, the neutrons in a réactor don't "know" what
coordinate system is being used by the anaiyst!

Diffusion theory, however, is not sufficiently accurate for design re-
quirements in the calcuiation of neutron distributions within a singlé lattice
of fuel, clad and moderator. These distributions requiré more accurate neutron
tranéport models. On the other hand, the migration of neutrons over a number
of lattices can bé treated by diffusion theory. The classical approach is to-
divide the neutron distributions into "macroscopic"” and "microscopic" components

as illustrated in Figure 1.2.1.
' [4

Figure 1.2.1

r

r—-Moderator

Microscopic Slow Neutron Flux
in Lattice Cell .

{

Macroscopic Slow Neutron Flux , I
over Several Lattice Cells

1t
()

t—-Fuel Rods
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The mtcvoucople dlntributionn, those within a fuel lattlce cell, are computed
ualng the more accurate tranaport models to obtaln cell average maCroqupic

cross sectlona. These crofis sections are then used in dlﬁfuaion chhntionh to
calculate the average neutron distribut{ogm‘ovcr a numbchof lattlcerg; L.e.,
the "macroscopic" distributions. An introduction to tﬁe calcu{ation of the
"microscopic" distributions is presented in Moduléﬁ BS—A and 6.
Returning to the "macroscopic' diffusion theory, the basic principle is
AY .
simply neutroh conservation in an element dr df?at r and E. To simplify tﬁe

presentation, coqsider a single fissionablé 1soto§e such asturanium -235 mixed
with a moderator consisting of a single {sotope like‘éra;hite. Further, assume
a dilute system in which the critical concentrgtioh ogluranium -235 1s 8o small
that scattering by the uranium.cén be neglected. ThHe moéé 1mpor}ant neutron-
nuclel interactions are fissions below about 1’ev apd elhstic scattering of
neutrons by hézerator nuclei. The time rate of change of the number of neutrons
in dr dE 1; equél té the sum of . | rs

1) the rate at which neutrons are scattered into dE by

moderator nuclei

and

2) :he rate of production of fission neutrons
Iminus

3) the rate of leakage by diffusion
and

4) the rate of removal by all interactions with the -

uranium and moderator.

11
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v

v

'X”(E,H') L the macrodtopic neatterlig opoon uoction of woderator. Lot

. ) . A
Y . r .
' ' P(E"E)dF
. )

be the probability that ncutﬁdns scattered with’initfal energy, L', \ch
o

final, energy In the range i to E + dE. The total number of neutrons scattered
N ‘ .

into dE s obtained by integration with E' from O to 10 Mev and gives the first

I

term in the neutron balance, which 1s

_ 10 Mev
dr dE | U (5E') ¢ (LE',0) P (B > E)E'. - (1.2.9)
0 .
The production rate of fission neutroms 1is "
, . 10 Mev ;
. dr dE vX(E)]f EfCE,E”) ¢ (r,E',t). (1.2.4)
0

X(E)dE is the fraction of fission neutrons emitted in the range F to E + dE,

! v

v 1s the number of fission neutrons produced per fission and Zf(E,E') is the™~
macrosqopic fission cross section.

The rate of 1eakage'is

7

- dr dE ¢ + D(r,E) V¢ (r,E,t) (1.2.5)

and the rate at which neutrons are removed by all interactions is

T~

dr dE z't(_r_,E) ¢ (r,E,t), (1.2.6)

]

- a

where Zt(E,E) is rhe total macroscopic cross section.

.

19
L~




The§¥ime rate of change of the number of neutrons in dr dE is

L ) 1' a¢(_r_’E’ t) ' &\\
s . : d£ dg-‘;—-—a_t—*- (1.2.7)
e ~

Neutron %onservation ledds to an energy dependent diffusion equation for

the. neutron flux per unit energy, which is

. - -IO“Mev 7
1 a¢(£’E’t) . ! ‘ 'l' ' ' ' [
S =V * D(x,E)V(r,E, )L (5,E)e(r,E,0)+ [ I (xr,E")¢(r,E;t)P(E'E)dE
0
10 Mev , .
+ vX(E) Ef(E,E')¢(£,E',t)dE'. (1.2.7)
0

This is tpe basic form of the diffusion equation used in the development of

the Reactor Statics and Reactor Dynamics Modules. Scattering by more than one
isotope merely gives an additional term having the same form as the in-scattering
term in Equation (1.2.7) for eachmisotope. Similarly, fission of more than one

isotope yields additional fission neutron production terms.

1.3 Steady State Epithermal Multi-Group Equations

In the epithermal energy region, above -1 ev, the energy exchange with
moderator can be calculated as though the moderator nuclel are at rest relative

'ﬁfo neutrons. Also, the elastic scattering with low mass moderators 1is isotropic

o

foiﬁenergies up to the Mev region. The slight anistropy at higher energies will

&

be neglected. From elementary mechanics (cf., Glasstone and Sesonske, pp. 127-
132), the probability that neutrons scattered with initial energy, E', have

final energy in the range E to E + dE is

7

ﬁﬁ» P(Eij E)dE = 4B for E < E' < (1.3.1)

(1 - a)E' -

Qlm

=0 otherwise

12
Py v
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% o where

£3
4

Y

and . v /

_ Mass of scattering nucleusg

Mass of neutron
§ .

.

For example, if the moderator is carbon, a = (0.716 and neutrons can be scattered.
into dE at E only if their initial energies are in the range of E to 1.40 E.

Note, also, that Equation (1.3.1) states that neutrons are uniformly scattered

(

over the range E' to aE'. _ ‘

The epithermal energy region can be divided into a number of contiguous

-

energy groups. The g th group has the energy range, Eg'- Eg—l’ let g = 1 denote
5 5

highest energy group, g = 2 the next highest etc. Generally, a reactor core and

reflector or blanket can be divided into a relatively small number of regions,

within each of which, the macroscopic crosa‘sections are independent of r. Thus,

E’.

setting 9¢/3t = 0, using P(E' » E) given by Equation (1.3.1) and integrating

Equation (1.2.7) with respect to E over the range, Eg - Eg-l’ gives for each such

o

reactor region,
E E/a

E
i D(E) V2¢ (r,E)dE - i L (E) ¢ (r E)dE -+ dE E (E ) ¢ (r E') ——SEL“*
-~ (1-a)E'

Eg-l Eg—l

E 10 Mev

8
+ VJ‘ " X(E)dE f 1 (E') ¢ (r,E)AE' = 0. (1.3.2)

B ) 0

Next, assume that ¢(r,E) 1s separable over the range Eg - Eg—l throughout the

region; 1.e., let

- 1.4
¢(r,E) = G(R) F(E). =4+
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Then
- I S 5/
. g S 8 .
.JP D(E)V2¢(1}E)dE = VZG(E)AJJ D(E)F(E)dE. (1.3.3)
4 ,r"}‘{’n E -
- Fg1 g-1
Defining'D(g) as the spectrum average value of D(E); i.e.,
) . E
g »
\ R f D(E)F(E)dE < 5
E -1 .
p(®) - Eg , (1.3.4)
R
. | [ F(E)dE
) - B,y -
and noting that the group flux is
A Y
E E
g g
cpg(_r_) =f ¢$(r,E)YdE = G(l)f F(E) dE, (1.3.5)
N . Eg_l//‘ . Eg-l |
the leakage term of the group equation becomes
r Eg
. f p(®)70(x,)aE = D&% (). (1.3.6)
Eg—l
Similarly,
E
g 0
(8)
L (E)¢(r,E)dE = [ ¢ (), (1.3.7)
o . t - t g —
g—-

-
"




with

- - (1.3.8)
//" vi."\iu -
ﬁA}so,
Eg E/a 3 _ g | _ o
. ! ! dE' = z ->
fE e fE L@ 0 (0B Gt L@, (.39

g-1

v

A

Zr(j + g) 1s the transfer cross section from group j to group g, which when

%¥utrons are ‘scattered from group

] !

j to group g per unit volume at r. The transfer cross section 18

multiplied by ¢ (r) gives the rate at whic®

L)

E E
g g "YRE') 3B
j' dE[ L EVFE") 7{ooyET
E .. 7 E

I(3~>g = 7—311 ﬁ"é . (1.3.10)

8
f F(E)dE

By

In the transfer cross section, the upper limit of the integration over E' is
Eg/a, since P(E' » E) vanishes for higher energies.

If inelastic scattering is important, Equation (1.2.7) will contain a term

of the form,

( 10 Mev

jﬁ Zin(E')F(E')K(E' *IE)dE'
E A

(Y




where K(E' » E) is the transfer pfébabiliEY'for,inhlaqtic scattering and -

Zin(E') is the total inelastic cross section for each inmelastic scéttérer.\ The

. >, < .« ,

inelastic transfer cross section is calculated in the same way,as the elastic
transfer cross section.

4

. q C
The fission neutron prodgggéon term in Equation (1.3.2) becomes
' (g) E: 0 (r)

The summation is over all groups including a thermal or slow neutron group.

The Z (g) is the average valge of L (E) over the spectrum F(E): and , *
{

E . '
g .
x(/g)'=f X(E)dE. , N
. E :
| g-1
The epithermal multi -group equations, thus have the form, : L
- . _ ' N -

‘

ve (-3 (g)¢(r) + Zz (3+g) 0 (_)wx(g)z Do S =0 (1.3.12)
4o1 ol -

p(8)

-g=1,2 . . . N-1,

N is the thermal or slow neutron group which is discussed in section 1l.4.
. v N
Turning, now, to the calculation of the epithermal: group constants, the
, |
simplest approximation is to use an infinite medium spectrum. Equation (1.2.7)

reduces to
E/a

ety dE'
- 1 (E)F(E) +f L (EDFE ) T oyg

DE * X(E) = 0. (1.3.13)
E

“

F(E) 1s the neutron spectrum normalized to one fission neutron produced per

unit volume and unit time; i.e.,

-

£l

b
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N v

| | o C e
. T SN y

L 10 Mev C o \ g

? L . J[ N ' d/' ' k
L v £ (ENHEIE' = 1. _ al 1)

/ !
0 ) J L]
The accuracy of this approximation for the flux spectrum within each group .

3

increases with decréésing energwidth of the group. Thus, for a fairly large
number of groups, say 20 to 30, F(E) can be obtained by numerical solution of
. . ~ . C

._Equation (1.3.13). . . g 6

Another approximation which is widely used is based on asymptotic reactor

theory. If the cross sections are independent of r over a region‘which is

' large compﬁ:sd/fs/a gfbup diffusioﬁ’igngth, defined by, ~
/ \ } - T ’
(8) :
I L L =s&m /2 (1.3.15)
- ) g\ E (g) - )
t -

' ’ I3
- the neutron flux energy distribution wFll assume an asympfstic distribution’

Pl

which rs‘éhparable in spade and energy over a region yhichjis abgut Lg,awéy

*  from iﬁ&qg&éﬁ?s with other regioms. , - 7
(F o . \
As before’, ¢(r,E) = G(r) F(E). il“urthérmbre, G(R) will satisfy the Helmholtz
equation,
~
2 2 * .
V°G(r) + B"G(xr) = 0. (1.3.16)

. / :
The B2 is the material buckling (cf., Glasstone gng Sesonske, pp. 157-162).

9?4
It is a function @f the macroscopic cross sections and multiplying and sca

ttering
"

properties of the medium. If the infinite medium multiplication facto_:

' 2
greater than zero, B" will be positive. Conversely, if kOD < 0, B2 will be
i

negative. P
rd

|
@)
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Asymptotic reactor theory can be used for the calculation of the critical

3

'si;ghof a 3§;e geb%z&;icglly simple homogeneous reactor. The sbatial distri-
T Y o .
bution of the flux per unit energy for all neutron energies satfsgiés the

Helmholtz equation,

v2G(r) + Bgzc(g - 0, C@1.3.17)

4

where Bg2 1s the geometrdic buckling which is determined by setting G(r) = 0 o

-,

the extrapolated surface of the reactor. For example, a spherical reactor oﬁ

extrapolated radius, R, would have the spatial digtribution,

mr .
gin R . \g/,//{

G(r) =/—r0—, ¢
@
and L
. ' -
» Bg = R . \ - - A \-; .
' ' RS
If the material buckling 1is equal to the geometric buckling, the reﬁstor‘is
I TN ~
critical. i L L F\ )

LIS

The asymptotic reactor theory approximation for computing the neutrod}%;
. . . “"?\"S ., ‘.\l. -

spectrum yilelds tHe following equation for F(E),

E/a
2 . ' vy dE' - N
-[p@ir, )] FE) + f E (EDF(E ) ioggr * X(E) = 0. (1.3.18)

E .
The group constants are computed using this solution for FkE).
The choice of the buckling to use in Equation (1.3.18f‘1s made by trial

and error. A guess 1s made, the spectrum and multi-group constants calculated

which are then used to calculate the spatial distribution of the group fluxes.
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Y

Inspection of the group,fluxes:will iIndicate whetﬁer or not the average 1€akage, .

( )B ¢ over the region is consistent with the value of BZ ,.If not, a "

different value of B2 can be selected and the .process repeated. -

This approximation is the diffusden theory analog of the consistent Pii
. B * .~ N

and B-1 approximations used in reactor design codess. -

In the neutron slowing dpwn module,_RS-3, resonance absorption”is treated
: E ’ ' /

separately as dikcussed'ih Module RS-4. Neutron absorpt ; is dinﬁEd into a

smooth component‘xhich is averaged over the calculated "1_pra,éhd a resonance

w

between neutrons and moderator are quite complicated as discussed in section

1.1. However, becaise of the strong energy-cgﬁﬁling between the moderator and

-

4 Cr
neutrons, the medium imposes a definite energy distributionmn on"the neutrons

which can be calculated by several more or less sophiétfcated modelsg. This

P Y

distriﬁd%@on is used to calculate the slow or "thermal" group cpnstants for a
¥ .
one group diffusion equation. R

j The steady state conservation equation is ', | '
) - "
DV2¢(rt)—E o (r,t) + q(r,t) =0 (1.4.1)
s 8- as s '—’ ERE ’ o
Q
The slow group flux is the integral of the distributjop from zero tg-the maximum
energy of the thermalization region, EC; i.e.,
E
c
¢S(£,t) =I ¢S(_r_,E,t)dE (1.4.2)
M 0

z
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I q(z,t) ::\iée'source pf.nggﬁfbnsﬂslowing down beltw E_. and is given by

: T ‘ ‘ &
- '. s . ) N s iE /Q ) . . ' '. i . -
A S : E_ - of'
. L ’ 0 = ' ‘r,E! ———— ! e e
( qQ(z,E ;) JP L ENHmEL ) gy .. (Y
L . E |
c .

( ~ This equation for q can pe derived simply by inspection. Neutroﬁs at E' are
o LTl . ' .
scattered uniformly over the energy interval, (1 - a)E'. The fraction that are

) -

scattered below Ec is (Ec - aE')/(1 - oE"). ) '
The slow neutron diffusion coeffigiént and absorption cross section are

average values weigﬁi%g by the slow neutron flux energy distribution and ¢s
t ] . '

N

i8\ the total slow neutron flux, - ““} ' v

«

The caldulatién—of sldw neutron jspectra using the Hydrogen gas model is
v < :

discussed ih Modules RS-5 amd 6. - . - - ”.

E'N .
A ’ :
- ’

1.5 Structure and Organization of the Reactor Statics Modules *
2 - " :

The following Reactor Statics Modules are:

RS Number Title
. 2 One Grodﬁ Neutron Diffusion Theory \\
3 Neutron Slowing Down and Epithermal b&gip Cdnstants
4 Resonance Absorption !
5 Slow Neutron Disadvantage Factors ~
6 Slow Neutron Spectra and Group Constants .
7 Three Group Criticality Program
8 Multi-Group Constants for Fast Reactors

7

N
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RS-2 introduces the student to the concept-of the gritic;l eigehvalue, k,
the discretization of a one group diffusion equation and the numerical solution
of the one group reactor mbdel‘for k and the.spatial neutron flux distribution.

For slow neutron reactor calculations, the neutron.energy range is divided
into three groups, fast, resonance and slow. The division follows naturally
from the different peutron—nucléi iqteractions in each energy group. Thus, all

o
fission neutrons are produced with energies in the fast group. Also, neutrons

-
cannot be removed from the fast group by inelastic scattering. The resonance
group contains all resolved resonances\and is sufficientl& wide so that neutron
transfer by elastié sPattering from the fgét group to the slow group can be
neglécted. Finally, the entire thermalization pr;cess is confiQFd to the slow
. group. Theilr energy rangé and l?khafgy widths are given in Tablg 1.5.1. They
are~ca11ed macro-groups to distinguish them from the micro-groups used in

£
neutron spectrum calculations.

Table 1.5.1

Slow Neutron Reactor Macro-Groups

Macro-Group Energy Range (ev) _ Léthargy Width
3 7
Fast 5.531 x 10” - 1.000 x 10 7.50
- Resonance ‘ 0.640 - 5.531 x 103 9.06
Slow 0.000 - 0.64 -

The group constants can be calculated for each reactor region using RS-3
and 4 for the fast and resonance group and RS-5 and 6 for the slow group. One

dimensional criticality and neutron distribution problems can be solved using

a0

bt ot
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these group conéigngs as input into the three-group critiqality program
presented in RS-8.

The last module includes a separate .program for the calcula;ions of
neutron spectra and group constants for use in fast breeder reactor calculations.
It can be used with the criticality.progrgms in RS-2 and RS-8. J

A typicalkcriticality and power distribution calculation for a low enriched

/

uranium oxide slow neutron reactor using the three group model can be made using
Y

*

/J L d
the following proceéure. First, the reactor is divided into regions, within

. : {
which material properties are constant. For each region, the isotopic number

densities in the fuel, cﬁ%d anJ moderator are calculated. The fuel lattice cell
gebmetry and the average temperature of®the fuel is calculated using the 7

®

Therpal-Hydraulics'Mdaule, TH-1. This provides input data for each reactor

region for the follow}ng computer programs;

3
Y

Module Program Name Output
RS-3 FARCON Fast and Resonance Group Constants
RS-6 SLOWCON Slow Group Constants

A

This output information is used as input data to the three group—one
dimensional code, ODMUG, presented'in RS-7. ODMUG can be used to compute the
Peritical eigenvglue, k, and the uniform slow neutron poison cross section
required to make the reactor critical. The output of ODMUG includes;
1) Critical eigenvalue of 'unpoisoned' reactor,
2) Poison cross section needed for criticality,

3) Spatial flux distribution,

l’\':'
o S
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4) ‘Spatial power distribution and

5) Total power generated and power density in each region.

The sequence‘of calculations 1is shown in the following diagram.

4
8

Physical Input

- FARCON. 3

. U02 fuel rod radius -

Fuel clad thickness
. Fuel lattice cell dimension . , -

Average fuel temperature

Isotopic number densities SLOWCON

Region size and geometry S

THREE~GROUP CONSTANTS
ODMUG pws

Output

Fast reactor calculations can be made by using FASTCON to generate group

constants for either ODOG or ODMUG.

iy A
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