





EUR 3921 e

THE “PROCELLA” METHOD FOR HEAVY WATER LATTICES by
R. BONALUMI, F. PALAZZI and G. PIERINI (CISE)

European Atomic Energy Community — EURATOM

CIRENE Program

Report prepared by CISE — Centro Informazioni Studi Esperienze, Segrate
(Milan) — Italy

Euratom/CNEN/CISE Contract No. 008-65-1 NTRI

Brussels, June 1968 - 282 Pages - 71 Figures - FB 375

The method described here regatds in principle D.O lattices: it is based on
simplified models, so as to require no adjusted constants, while calculations are
at a time rather accurate and very rapid. The method follows a 4-group
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probability allowing for high energy flux peaking and using a sunphhed absorp-
tion cross section which reproduces Hellstrand’s resonance integrals; 3) a very
special, analytical treatment of thermalization in the fuel element, starting from
a Westcott-like flux in the moderator; 4) epithermal cross sections including
disadvantage and shielding factors, the latter ones being obtained by a genera-
lized equivalence theorem for resonance capture.

Moreover, standard “transport” methods are used in calculating thermal fine
flux (Amouyal-Benoist) and cell diffusion coefficients (Benoist).

The method was tested on a number of experiments: 1) the Keff; of about
300 experimentally critical assemblies was calculated, showing that the calculated
Koff is generally less than 1 by less than 0.005, 89 % of data being within
% 0.01 from the average Keff; 2) Some detailed lattice parameters were also
compared with their experimental values, obtaining an acceptable agreement.
A systematic, through slight underestimate in p, increasing with the fuel element
size, is due to neglecting spatial interference effects.

The method is embodied in the PROCELLA code, written for the IBM 7040
digital computer: each problem takes no more than 10 sec, thus making this
method very attractive for long-term reactivity studies. The code was also
carefully conceived so as to give most of the output data useful in design
studies (differential coefficients) and in comparisons with experiments.
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Summary

The method described here regards in principle D:O lattices: it is based on
simplified models, so as to require no adjusted constants, while calculations are
at a time rather accurate and very rapid. The method follows a 4-group
breakdown of neutron spectrum (fast, resonance, epithermal and thermal) to
yield corresponding lattice diffusion parameters: fissioning and absorption occur
in all groups; extensive use is made of properly developed first-collision pro-
bability methods.

Main original features are: 1) an original definition of the resonance absorp-
tion effective surface; 2) an analytical calculation of the U238 resonance escape
probability allowing for high energy flux peaking and using a simplified absorp-
tion cross section which reproduces Hellstrand’s resonance integrals; 3) a very
special, analytical treatment of thermalization in the fuel element, starting from
a Westcott-like flux in the moderator; 4) epithermal cross sections including
disadvantage and shielding factors, the latter ones being obtained by a genera-
lized equivalence theorem for resonance capture.

Moreover, standard “transport” methods are used in calculating thermal fine
flux { Amouyal-Benoist) and cell diffusion coefficients (Benoist).

The method was tested on a number of experiments: 1) the Kesr of about
300 experimentally critical assemblies was calculated, showing that the calculated
Kefr is generally less than 1 by less than 0.005, 89 % of data being within
* 0.01 from the average Keff; 2) Some detailed lattice parameters were also
compared with their experimental values, obtaining an acceptable agreement.
A systematic, through slight underestimate in p, increasing with the fuel element
size, is due to neglecting spatial interference effects.

The method is embodied in the PROCELLA code, written for the IBM 7040
digital computer: each problem takes no more than 10 sec, thus making this
method very attractive for long-term reactivity studies. The code was also
carefully conceived so as to give most of the output data useful in design
studies (differential coefficients) and in comparisons with experiments.
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Foreword

This work, originated by earlier research started in 1964, covered the
period between March and September 1966: minor changes in the code output
were later added for the designer's convenience.

The physical test of the method is kept up~to-date by check with
recently published data.



1. INTRODUCTION

In the actual design of a power reactor, where extensive calculations are
to be carried out, two conflicting requirements in the lattice physics model
are to be met:

1) A rather high accuracy in the theoretical prediction of both reactivity
and detailed cell parameters (namely those affecting long-term reactivity);

2) A short calculation time and a theoretical formulation simple enough
as to allow a physical interpretation of the results.

The first requirement is nearly obvious, and especially it is all the
more important to have a calculational method able to deal with hot, irradi
ated assemblies as well as with room temperature, clean lattices.

For this reason the usual coupling of simple theories with correlated
constants (whose usefulness usually covers a very narrow range of lattice
situations) was to be discarded. Earlier efforts in that direction confirmed
the unreliability of such a procedure.

‘After the final set up of Benoist's theory on the lattice diffusion
coefficients, and a reasonable freezing of moncenergetic first-collision
probability methods, major problems to be faced were essentially spectral
problems. Such problems involved primarily resonance absorption in U238,
shielding factors for resonance absorption in other heavy nuclides (in-
cluding Pu isotopes), a consistent treatment of thermalization 1in D20
lattice containing both a hydrogeneous cooclant (at various temperatures)
and Pu isotopes, a consistent few-group theory able to predict 2-group
parameters correctly.

All the above items were investigated carefully, with the aim of obtaining
acceptably good predictions of:

1) Reactivity in nominal conditions

2) Reactivity coefficients related to changes in: coolant density and
temperature, fuel temperature, moderator density and temperature, moderator
poisoning, Xe content in the fuel

3) Long term reactivity evolution.

As for the last point, a separate report will be 1ssued. The present

report will describe in some detail: i) the theoretical basis of the integrat
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ed physics code, named PROCELLA, which was set up at CISE as the final
result of the theoretical effort mentioned above; 1i) the rather extensive
campaign of check calculations which demonstrate that the method is capable
of fulfilling both the basic requirements of accuracy and simplicity.

In describing the model, which lends itself even to hand calculations,
the overall self-consistency of the several bricks making up the building
will be enphasized: for details on the bricks, the reader is referred to
the bibliography.

The comparison of theory vs. experiments will concern both integral
and detailed measurements: in either case the experimental parameter is
calculated, with no effort to derive an "experimental" value of typilcally
theoretical quantities.

For instance, no "experimental" f is evaluated, but theoretical neutron

density across the lattice cell 1s instead compared with the measured one.



2. BASTC THEORY

2.1. Geometry and definitions

The PROCELLA code has been devised for clustered fuel elements in cylin
drical cells; in particular a single fuel rod or tube can be dealt with,
whilst annular geometries are to be avoided, owing to the effective reso-
rence and fast fission factor calculation. However such troubles could be re
moved, if needed, by slightly modifying the code. Further, the cluster can
be made up of equal or slightly different size rods or tubes; it has to be

pointed out, however, that the S and & calculations are exact for a clus

ter of equally sized hexagonal siiiells, each containing a fuel rod or tube.

The general geometry of the cell isshown on Fig. 1.

First of all, the cell can be divided into two parts: the clustered part,
containing n fuel rods of tubes, and a cylindrically symmetric part, made
up of some annuli. Safe the cross-sectional area, the former part may be
thought of as replaced by n equally sized hexagonal subcells, each for fuel

rod or tube, having a uniform center-to-center spacing t. Each subcell is

composed of no more than five subzones, thus denocted:

- subzone 1: inner coolant, radius a, ;

- subzone 2: inner cladding, from radius a, to radius 255

- subzone 3: fuel material, from radius a, to radius a3

~ subzone L: outer cladding, from radius aq to radius a),s

- subzone 5: outer coolant (inter=-rod material), from radius aLL to the subcell
boundary.

The whole of the n subzones J constitutes the zone J (J = 1, 2, 3, 4, 5).
In order to evaluate the effective resonance surface and the fast fission
factor, the zonesl and 2 and the zonesl and 5 are collapsed together by a
straight volume averaging, so that the cluster part of the cell results made
A up of three zones:
- zone 1 (zones 1 and 2 collapsed),
- zone u (zone 3, the fuel material),

- zone e (zones 4 and 5 collapsed).
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The remainder of the cell is accounted for by the Dancoff coefficient in
the seff calculation and by the backscattering correction in the g calcula-
tion.

Such a two-part subdivision of the cell is maintained for eveluating the

resonance escape probability, but once Se has been obtained, the subcells

are no more necessary and two simply voluiz-averaged regions are used for
slowing-down calculations.

In order to obtain a spatially averaged description of the neutron spec
trum, the annular composition of the cylindrically symmetric part of the
cell has to be analysed. Generally, the fuel element will not be completely
accounted for by the clustered part; one or more coolant annuli, a pressure
tube may be present. Moreover, an empty, annular gap may exist.

The thermalization model requires two material regions: a "fuel" and a
"moderator" possibly separated by a "gap" region. If the gap is absent,
the natural choice is to take the moderator itself as the "moderator" region
and the remainder as the "fuel" region.

The same choice can be used in calculating the cell diffusion coefficients,
whilst a cylindrically symmetric description of the whole cell is required
for evaluating the thermal flux fine distribution and the T and 9 parameters.

The central fuel rod or tube has obviously a cylindrical symmetry.
Instead, the peripheral rods or tubes are to be homogeneized in the proper
annuli, the ratio "average flux in the rod/average flux in the annulus"
being accounted for by a suitable disadvantage factor.

The cell will then result of

= + + + +
N Nl N2 N3 Ng Nﬁ

cylindrical annuli, such that for increasing values of the radius one finds:

- Nl annuli associated tc the central fuel rod or tube; to each annulus

only one of the zones 1 to 4 is associated;

- N2 annuli containing the peripheral (n-1) fuel rods or tubes; each annulus

has all the zones 1 to 5;
- N3 annuli completing the "fuel" region (without rods or tubes); the zones
6, 7,... are associated to the 1st, 2nd,... respectively of these N3

annuli;
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- an empty annulus, which may be present (Ng = 1) or not (Ng = 0)

- Nm annulli constituting the "moderator" region; the zones N_ + 6, N, + T,...

3 3
are associated to the 1lst, 2nd,... respectively of these Nm annuli.

A material composition is assigned to each zone, by giving the number
of nuclides, their order number in the library and their nuclear density

for each zone.

2.2. The effective resonance surface

The effective resonance integral of U-238 in the fuel element is assumed

to have the form A + IS, where A is the mass absorption constant and IS is

the surface contribution due to an unbroadened Breit-Wigner cross section.
The effective resonance surface Seff is defined by the relationship
I, = B“/Seff/M (2.2.1)

where M is the fuel material mass and B an experimental constant.

In order to calculate IS, it is split into two terms (see Ref. 1)

I =1 + I. (2.2.2)

Let SO denote the effective outer surface of the fuel element; for
cluster geometry, SO is the polygonal surface described by those sides of
the peripheral subcells which are confining with the moderator. The integral
ISO is defined as the contribution of the neutrons impacting on SO which
are born in the moderator, while Isi takes into account the absorption of the
neutrons slowed-down from above into the resonance energies, i1.e. into the
interval (qOEO, EO), inside the fuel element,E (l—qo) is the effective

energy width of the average U238 resonance, as defined in Ref. 1.
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2.3. The neutron thermalization model; thermal and epithermal macroscopic

cross sectlons
2.3.1. The thermalization model

The main features of the thermalization model, discussed in detail on

Ref. 2, are the following:

- the average spectrum in the moderator is taken, following Westcott, of

the form
5, (E/k6 )
- E E L m
bnoa(B) = =g exp (=g ) ¥ 0 ———— (2.3.1.1)

(kem) m

where em is the neutron temperature of the moderator;

- the average spectrum in the fuel element results from the superposition
of a "thermal" and an "epithermal" solution to a two-region balance
equation;

- the thermal equation involves a simplified integral operator for the
thermalization, use of the adjusted diffusion theory according to Schaefer-
Tretiakoff for the moderator, the first collision probability formalism
with parabolic scattering source distribution for the fuel element;

- the epithermal equation involves also a simplified integral operator for
the slowing-down; a generalized equivalence theorem makes it possible to deal
with non-moderating fuel elements only; a flat flux is assumed in both fuel
and moderator, but at two different levels.

The average spectrum in the fuel element results of the form

- E exp(—E/kem)/(kem)2 + W exp(—E/ka)/(ka)2
bpper(E) = = +
fuel 1+ A [gzs + ”a(E)_-[ fuel
A, (E/kB )
+a = o y(E) ‘ (2.3.1.2)
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#here Tf is the physical temperature of the fuel element, » 1s related to

the self-collision of the fuel element and to the moderator incurrent, W
accounts for the re-thermaliization in the fuel element and 1s proportional

to Alg ZS) x(E) 1is a depression factor.

fuel’
Westcott's absorption and fission g-factors for Pu-239 are calculated

by ad-hcc formulae, whilst for the other nuclides they are calculated at a proper

neutron temperature, ef for the fuel element and em for the moderator.

Shielding factors xg are calculated for the resonances of particular

nuclides (U-235, Pu-239, Pu~240, Pu-241, for other nuclides, tg = 1) in

the epithermal region of the spectrum, whilst an average depression factor

XE accounts for the epithermal neutron density in the fuel with respect to
the one in the moderator.
If
= + «deloe
9 = (ny + np)vy (2.3.1.3)

is the Westcott flux, the thermal and epithermal reaction rates in the fuel

element are respectively

.1.5)

=
0
0
!
a
5
<
o
(U8

Sy = cog(ef) (2.3.1.6)

“ . 1 AR

op = oyt § .8 (em) . (2.3.1.7)
B

The total reaction rate is therefore § ¢, if

5= o [g(ef) +rs (8 ) XR/XE:’ (2.3.1.9)

and
n
1 )
ro= 2 (2.3.1.9)

n +
MR
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Obviously, for the moderator one has to put 8, instead of 0 o into (2.3.1.6)

and Xg = Xg = 1 into (2.3.1.7).

2.3.2. Thermal and epithermal macroscopic cross sections

In this section some symbols frequently used will be explained and some

definitions set up.

] . 6
Microscopic parameters (AUm = In(2.10 eV/ukem)).

0 o 2200 m/s absorption cross section
<M thermal scattering cross section
l—uM uy = average cosine of the thermal scattering angle
oo epithermal scattering cross section
oy fast scattering cross section
€ average lethargy gain per scattering
l—uE Wy = average cosine of the epithermal and fast scattering angle
v fast neutrons produced per one thermal or epithermal fission
% fo 2200 m/s fission cross section
a (A-l)2/(A+l)2, where A is the mass number
O oM caog(e)\[F5;7ﬂg', average thermal absorption cross section
S oy ofogf(e)4J7?T;7ﬂ§: average thermal fission cross section
ﬂT /he
. an[% gle)+ ) x /XE;] » epithermal absorption cross
section
’VﬂTo/th _
. ofo[ﬁ gf(e)+ Sf(em)XR/X?]'——jﬁf——_ » epithermal fission cross
section :
otr 9 + Os(l_- u), transport cross section
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(1)

Composition of the cell

concentration of the nuclide n in the zone g of the annulus a

N
n,u .
v 8 volume of the zone B in the annulus o
a
V& volume of the annulus ¢
¢g g-th group flux in the annulus o
s O
¢g g-th group flux in the cell
GYg na microscopic cross section for event y in the group g, relative to
]
the nuclide n in the annulus a
ZYg a8 macroscoplc cross section for event y in the group g, relative to
3
the zone 8§ in the annulus g
by g macroscopic cross section for event y in the group g, relative to
Y& Q
the annulus o
Gg 2 coolant~to-fuel disadvantage factor for group g in the zone B (only
3 B
GM,3 # 1), see Eq. (2.5.35)
ZYg macroscopic cross section for event y in the group g, relative to
‘ the lattice cell.
Cross sections for zones and annulil
T = I N o
Y8508 n 108 yg,mo
1 Vv
ZY o =\—[—- r T é’é&-
gs o B Y & >0 2,8
z = Iz vV ¢ Voo
Y& Y&sa a g,a/Z o  &,ua
a a
= v Vv
Qa QZSEaaB B
B
1 : ,
(1) g=M, E, I, S, V (Maxwellian, epithermal (lower + upper), lower
epithermal, upper epithermal, fast group; for
further details see Sect. 3.1.)
B =1, 2, 3, 4, 5
n=1,...,30
@ = 1,...,20
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= vV G
o Zan, o3 Va3 %M,3
= v
i, o ¥ 2a63 Va3 %,3
= v
FE,a v ZfE,a3 a3
Cell cross sections
A = z Vv o] Vv =M, E
g z ag,o o g,a/z o q}gaa (g > )
o o
gzsg N Va ¢g N
R =7 2 =/t Voo (g =1I,8,7V)
24 o Aug N 0 g,a
F =1 F o/t V. ¢ (g = E)
g o g, &,a o o4 g0 &

Four-group constants

Aum = AuI-FAuS-+AuV
5 =3, su, = 1n(2x10™), au = 1n(2x10%/,x0 ), aw. = 1n(5/ukf.)
Yy ’ S i m m’’ I U9
DI = DS ’ azsI = EZsS
AI AuI + AS Aus = AE Au
FI AuI + FS Aus = FE Aum
0.1 MeV
(V)
dE fuel 1 . .
A = + + —_——————— (= i
g 0ug u/\ {o 5(E) N5 949 (E)N9 Oal(E)Nl} 7 oV (= contribution|
cell
5 eV
0.1 MeV

F.Au, = f { (E)N»+ (E) N_ + () w3 3 () rye1
s bl V5 g 57 V9 %9 9 " V1 % 145 V)
5 ey cell
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2.4, The resonance escapg_probability

, According to Ref. 3, the U-238 resonance escape probability 1s defined

for a two-region cell made up of a fuel of radius a and a moderator of

outer radius b, by means of the formula

p = expl-alig V) I opp/(E2gV) 1)) (2.4.1)
where
Seff e
@ =14 (v + v, = ) (T - V1) (2.4.2)

is the Doppler coefficient at the absolute fuel temperature Tu’ y. and Yo

1
being constants.

Two age parameters are defined which account for the moderator region
[¢] .

)?

properties
TARS|
3 R
T, = + - : = 1+ 8 pu (2.4.3)
R 3(@28 Teply  3Eig Ty ) o R
¥
= 3 Au . %
K T T T ot O (2.4.4)
s tr’'V S tr'E
Let
L
v b2-—a2 g = ﬂa2 g = (¢ S)fuel . = hag . = 4a®
- ) > - ¢ > - s N > - '?: s =
TR © R (ng)mod " © ﬂTo
then it follows that
T f (2) ¥ f
_ R 0 T 0
fo(Zo) | ‘o ‘o
TFz) | R T 5o el (2.4.5)
o o 7o
gz, S__/M+ oz,
1 ff P
Yo =¥ * —=— (2.4.6)
m 0.7854 + /[ 0.046 + 8 _
-
%) T fission neutron age down to 0.1 MeV
1,: the same down to an eguivalent single resonance at up = 9.5928

T : the same down to u = 9.17 (smoothed oa range)



- 16 -

e

_ v ym
t = 0-38 '\/ ;’_: (2.&.7)

fo(z), f(z), g(z) being suitable functions (see Ref. 3) and g, z,, Z, constants.

The effective resonance integral of Eq. (2.4.1) can finally be expressed in

the form:
——
- A . _arctg t L.
I o= At B’VSeff/M ]/c rvy (1 £ 1) (2.4.8)

where C is the Dancoff correction.

For a fuel element in an infinite sea of moderator, Eq. (2.L4.1) becomes

p = exp{-a Ng V. yw/(hmR(gzs)mod)} (2.4.9)

———— e — = ——

2.5.1. Some escape and collision probabilities

For a given annular region n let Rn be the inner radius, Rn the outer

-1

radius, a, = Rn-l/Rn’ N, = Ztr,n Rn’ Sn = 22n Rn the outer surface, Sn_l =

the inner surface, V_ = 7(R° - R° _) the volume.
. n n n-1

=2 Rn_l
Define Pze and %:1 as the probability for a neutron uniformly generated

in the region n to escape from its outer and inner boundary respectively

without colliding; PZV =1 - PXe - PXi is then the first collision probability

in the region n for such a neutron.

Dropping the subscript n, one has the following sequence of formulae

(see Ref. L), where S should not be confused with the outer surface of the
annulus:
S = 3 (f- arcsin o + Vl - a2) - %% if o # O
(2.5.1)
S = 1 if o= O
G.. = 1-2 xi_ (ns) (2.5.2)
12 m 3 5.
. o G
g pvl 122 if n 4 0
en(l
? . n(1l-a") (2.5.3)
Pv1 - 20 S if on= 0O

m(1-a°)
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P (x) = 1+(2x-1) (1+2cx)

b
d l+2x(l+20x) - exp(-0.3 x) (2.5.4)

3

3

Cc =

vi

v Pc(n)—QE{PC(an)+GleI}—Pc(anz](E-Glg)}

p"V = > - P Gpifn# 0 and «# 1
l -a
(2.5.5)
P’V = 0 ifn=0org =1
P’ = 1 - p'v - Pt (2.5.6)

From the above probabilities, further probabilities ng turn out, which
refer to the absorption (k = v) or the escape (k = i,e) of one neutron born
inside the region (h=v) or entering from boundaries (h = i,e), after any

number of collisions in the region n. Such probabilities have the expressions:

vi

G* = Pzi (1-r_ sz)‘l (2.5.7)
Gze = PKe (1 -1 PZV)'l (2.5.8)
Gii = G-,y Pgi Gzi bvo/s (2.5.9)
Giv = T.n GXi L /s (2.5.10)
GEV =7, GZe LV /S, (2.5.11)
GZV = 1 - GXi - Gﬁe (2.5.12)
Gii = (1 - Gii -6t s _1/5, | (2.5.13)
where
=1 —[@a’n/ztr’n] (2.5.14)
If Rn-l = 0, instead of Egs. (2.5.9), (2.5.10) and (2.5.13) one has
¢lo- Voo - (2.5.15)
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2.5.2. Determination of the flux distribution (BEAM routine)

Let the.lattice cell be made up of m annular regions, the outermost one,
of subscript m, being the moderator. Moreover, denote by Fi (k < n) the
number of thermal neutrons captured in the first k regions of the cell per
neutron incoming from the outer boundary of the n-th region (the innermost
region being the first one).

The actual calculation of the FE' s 1s carried out by means of iterations,
whose starting point consists in calculating the slowing-down density with
the assumption of a flat flux throughout the cell. ‘

It

m
T
2 - A +B L (2.5.16)
m-1 m-1 )
r T
m m-1
where
A = 1 +D B = Zamlwﬁmmd
+{(1~ . > - .
1+(1 Qm/Nm) D 1+(1 Qm/Nm) D
R Lv
m 2 3
D=3g%g g ) RO+ =— & A gl
a,m “tr,m (%%l m Sm__l %m(ﬂ B )
2
1 1
c (x) = = In x - 5 +
2 [xg—l 4 thJ
0.2504

= 0.7104 +

Ap (black-body extrapolation

0.402 + Ztr,m Rm_l

distance in units of moderator

mean free paths)

and the ratio (2.5.16) fully describes the moderator.

o o] . .
Now, let My T 0, Iy = ry = 0 and for increasing values of n (n =1, 2,

..., m-1) apply the recurrence formulese (for the Fn’s, see later):
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Q
n
= -4 2.5.1
qn Nm Fn (2.5 T)
N
_ n-1 n-1
T 1 - rn_l * Fn_l (2.5.18)
m
el vi
G~ o+ G
T = n qniin (2.5.19)
1-u G
n n
n-1 n-1
r, = Tn rn_l (2.5.20)
n n-1 ev vV iv
= + .5.
rn r, + Gn a, Gn g Tn Gn (2.5.21)

When n = m~1, calculate
m-1
A+ Bﬂ“m—l

and then szFi-l (see Egq. 2.5.16).

The fraction of thermal neutrons sbsorbed in the region n is

1“:; r;l"l
f = — (1- ) (2.5.22)
n Fm Fn
m n
and for the moderator one has
r;"l
= - gy (2.5.23)

Egqs. (2.5.17) to (2.5.23) are used until the fm values from two consecutive

calculations are no longer different (in practice, until)

(i-1) ,.(1) -3
[1 ~ ﬂn /fm | < 10 7).

Moreover, for decreasing values of n (from m-1 to 1) the Fn values are updated

by means of the expressions
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rm I1m—]_
m - m-l
= —— 2.5.2h
Fm—l m-1 (2.5 )
Im
Fm Fn
p o= St oo BB (oo pe3,...,1) (2.5.25)
n n
n+l
m
As an initial guess, we take
n th
F o= I < za’k (n=1, 2,000, m-1) (2.5.26)
k=1 n

2.5.3. Final calculations

The final calculations give for each annular region n the fraction fn

of thermal neutrons absorbed in the region and the mean flux

Nm fn
d =
n z Vv it Za,n # 0
a,n n
(n= 1,2,...,m) (2.5.27)
2 Nm ve vi
¢ = (P " +y P 7) ifx =
n TTRnFn n LlI'ln 1 a,n 0
along with the following parameters:
- the thermal utilization factor of the fuel
o Cu i
f= 3 f. — (2.5.28)
. i 5 . V.
1=1 a,1 1
- the thermal fission factor
m F_o.
1 M,1
n= % I f .Z___.’__V_ (2.5.29)
1=1 a,i 1
- the thermal absorption cross section
m
z Qi Vi r .
_ i=1 851
Ay - (2.5.30)
r o. Vi
i=1 *
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- the thermal transport mean free path in the "fuel" region (see Sect. 2.6)

(2.5.31)

- the thermal transport mean free path in the "moderator" region (see Sect.

2.6)

m,M = m (2.5.32)
S=k+1 1 1 tr,1
k' and (m-k) being the number of annuli in the "fuel" and in the "moderator"

region respectively (k=k'+l or k=k' according to the presence or absence of
a gap).

2.5.L4. Disadvantage factors

For a region n, the ratio

®
S flux at the surface r = R -
GS = 6~= ; - 5 (2.5.33)

n average flux in the volume11Ri
can be evaluated by means of the formulae given on Sects. 2.5.2. and 2.5.3.
Consider a fictilous region of outer radius Rn =

= + 1
+1 R gksurroundlng the
region n. One has for such (n+l}st region

n+l n ev Vv 1v
- - + .
® - Nm "'n+l "n+l - Nm Gn+l qn+lGh+Jf”n+lT£+lGn+l
+ 7
n+l Za,n+l xn+l Fn+l Za,n+l Vn+l Tn+l Fn
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Wren ER+ 0, qn+l + 0,
vi vi 1
Gn+l ” Pn+l v
ve ve 1
Gn+l Pn+l v
vV 1i
el o , Gn+l > 0
el
Tn+l 7 n+l 1
and then
ev iv
+
6. = 1i ® _ Nm n+l" “n+l Gn+l
s T 0 Pher F
a,ntl n+l n
€0
_ Nm [:evn+l Za,n+l + U 2Vn+l Za,n+l_] _
= N =
Za,n+l Vn+l Fn Sn+l n+l Sn
oy
S o
Fn ﬂRn
n Nn
where un-i-l =] - l"n + ﬁ-m Fn.

An approximate expression for Gs is, in the case of a single solid recd:

A-R

G, =1+ T Lo =G 4 (2.5.34)
. n+2
= = = ——— Z
where R rod radius, n Ztr,MR’ A 2R n+3 ° SM/ tatM?
, = 3n n+0.5148 Lo = E
8 n+2.70 1+z

The homogenization of peripheral rods in the annular regions is made by

using the disadvantage factor
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average flux in the annulus
average flux 1n the rod

(2.5.35)

obtained by a run of the BEAM routine for the system single rod-coolant.

Generally one has G - Grod' In the case of fuel tubes,the code assumes G=1l.

2.5.5. Edge Tlux, extrapolation length, blackness

Some useful parameters will now be given, all of them regarding the
thermal flux.

If ¢ is the inner radius of the main moderator, b the cell radius,
X =-% . DM the moderator diffusion coefficient, jo the net current
entering the fuel element, then the edge flux, i1.e. the flux at the cell

boundary, will be

J 2
0(b) = 3= (1_ + —= Inx -3 ) (2.5.5.1)
ex 2
M x =1
As the current entering the fuel element 1s
i = == (Q V-1V ) (2.5.5.2)
do one Qm m a,m m m ot
and the average flux in the moderator is
J 2
o x__C (x)
. = —=— (1 + 2 ¢ ——m——t ) (2.5.5.3)
m DM ex X2 -1
the extrapolation length
D.. 4 7
1 2 M m 2
1 = = = -c¢cx C (x) (2.5.5.4)
> _
ex X& ) x -1 C(Qm Za,m ®m) !

. (9)
3YM
used in the heterogeneous approach to lattice calculations.

can be obtained is the fuel thermal absorption parameter directly

In addition, one can define:
&) the fuel blackness as
1
g = . - (2.5.5.5)

1+ 1 -\,
1oy Ztr,m ‘B’

=lw

where XB is the quantity defined on page 1b;
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b) the weight of the cell in a mixed lattice (+)

1 .
w = [}ln %-+ —%5) (1 - fml]-l (2.5.5.6)

where fm is the fraction of thermal neutrons absorbed in the moderator;

c) the cell edge-to-average flux ratio:

¢(b) = Voo
E = cell (2.5.5.7)
LoV %y
cell

2.6. The diffusion coefficients

Regardless of energy group, the diffusion coefficient in the direction
k (k = r, z) is calculated for a three-region cell, where:
the "fuel" region has radius a, volume Vﬁ, flux Qu’ transport mean free.
path Au;
the "gap" region has outer radius c, volume Vs flux @ ;
the "moderator" region has outer radius b, volume v flux Qm’ transport
mean free path Am.
In addition, let
vV, = Vu + Vc + Vm s Qt Vt = Qu Vu + Qc VC + Qm Vm
*) Consider a chess-board lattice composed of two types of cells regularly
arranged; when the average properties are to be found, the contribu-
tion of one cell to 7f and L2 1s proportional to its absorption rfte.
As the absorption in the fuel element is proportional to (ln %-+ -%5)—1
and the fuel-to-cell absorption fraction is l—ﬂn, w 1s proportional to
the weight of the considered cell as opposed to the other one. The
normalization factor for the results (wl(nfa + w2(nf)2) and (wlLi+w2L§)
is ocbviously v, + v,
This approach to chess-board lattices is described by M. F. Duret
(AECL 1235, (1961)).
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a=alc , = a/Au , Y = c/Am

+
1+2 v bl

b Ty 0 BT 15 (157, V)

The expression for the diffusion coefficient (see Ref. 6) is

Y

0T TR

Dk @me ( VC Vu Am QCVC o-g *
=1+ — + = (1 -— ) + -— Q. ¥
/ v
Am 3 ®t t g_ m Vm Au vam Ay k
Vc {—Qc Am Qu Am a *
+ - | = - )+ = - = — +
) $ (1 A ) ¢ A A wk
m{ m u m u m
Vu Am ®u Am * )
+ = — — — e — —_—
) (1 A ) (® A ) A Tk’f (k
m u m u m
The explicit expressions of Qi, wﬁ, TE

following table

(2.6.1)

can be found with the aid of the

k=r k=2
Q; F+Q' -G (14a)(1-nW )2 2 F + Q'
T r zZ
W W, - Go(l- nW) (1~ aT)) W
* 2
Ty T. - Goall- nT)) T
where

1
z = § - an [l -n Tr(nZ]
F=1+0.05¢g - 0.1875 1n (1- o)

z(¢) £WJi - % sin® ¢ - o COs ¢

(2.6.2)

(2.6.3)
(2.6.4)
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/2
' 3 a 2 ; . 0.
Qr = Y .g [Z(¢)J K13(2n cos ¢) cos ¢ d ¢ (2.6.5)
/2
2 o T 2 .
Q' = [2(¢) ~ Ki (2n cos ¢) cos ¢ 4 ¢ (2,6.6)
o7 e I
Q! = 3 Qé -2 Q; (2.6.7)
2 o /2 3 .
W, = — j\ z(¢) {1 - §'th(2n cos ¢)lcos ¢ 4 ¢ (2.6.8)
mn(l-a") o
5y n/2 _
wo = f 7(¢) {1 - Kl2 (2 n cos ¢)} cos¢ A ¢ (2.6.9)
mn(1-a°) o] :
W = 3W_-2W (2.6.10)
z o r
1 3 n/2
T, = T -—5 ‘f {KiS(O) - Ki5(2n cos ¢)} cos ¢ 4 ¢ (2.6.11)
n m™n @]
1 5 n/2 ]
TS T - £ {KiB(O) - K13(2n cos ¢)} cos ¢ d ¢ (2.6.12)
™
T = 3T -27T (2.6.13)
z o r

the Kie(x) (4 = 1,2,3,4,5) being Bickley functions.

2.7. The fast fission factor

2.T.1. General definition and effects taken into account

(8)

was used: here e is the number of neutrons slowed down below 0.1 MeV per

A fast fission factor definition similar to Carlvik and Pershagen's

neutron from thermal or epithermal fission throughout the cell.
The overall scheme of € calculation (for further details, see Ref. T)
accounts for the following secondary effects, which are to be considered

as important in D0 moderated, cluster fuelled lattices:

2



- 27 -

a) the heterogeneity of the cluster, as a coolant with non negligible
scattering cross section is present;

b) the cell-to-cell interactions, which are important in lattices with a
low moderator-to-fuel volume ratio;

c) the back-scattering from the moderator nuclei, with a non-negligible
contribution to fast fissions for channel radii above 3 cm;

d) the (n, 2 n) reaction both in moderator and fuel, as equivalent to a
fast "fission" with v=2;

e) the (v, n) reaction in the moderator.
Effects a) and b) are considered by the collision probability calcula

tion; the effect c¢) has a mixed mode treatment, which follows the Cochran-

Reed(g)

formalism in the back-scattering probability due to an infinite

sea of moderator, such probability being combined with the moderator-to-fuel
flat-source collision probability; effects d) and e) are directly accounted

for when defining the number of secondary neutrons per collision and in the

overall collision density balance.

2.7.2. Space and energy schematization. Some definitions

As described in Sec. 2.1., regardless of the fast fission factor calcu
lation, the fuel region contains three regions:
region 1 (inner coolant): the whole of the n subzones 1 and 2;
region 2 (uranium): the whole of the n subzones 3;
region 3 (external coolant ): the whole of the n subzones L4 and 5%
the region L4 is the outer moderator; a 5th region may be present, i.e.

an empty region between fuel boundary and moderator inner surface.

As regards the energy groups in fast fission factor calculation, three

groups are considered:

238 fission threshold)

group 2: from infinite energy down to 1.49 MeV (U
group 1l: from 1.49 MeV down to 0.1 MeV (fast cut-off)

group O: from 0.1 MeV down to zero energy.

The following convention will be adopted: upper subscripts refer to

the energy groups, lower subscripts refer to the spatial regions.
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e

1

£
pX,
ij
2J

hk
c
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define the following quantities

collision density of k-group neutrons in region 1
fraction of fission neutrons born in group k

first collision probability in region j for a k-group neutron born

uniformly and isotropically in region i

first collision probability in region j for a k-group neutron born

in region 2 with a parabolic source distribution

transfer factor from group h to group k after a collision in group

h and region i, given by:

Z}.lk+21?f\)1;fk+22hk

ok _ i i i(n,2n) (2.7.1)
1 h
L.
1
where
hk . .
z = macroscopic transfer cross section from group h to group k

in region 1

h . .. . . . .
Zif = macroscoplc fission cross section 1n region 1 and group h
h .. . . .
vy = neutrons per fission 1n region 1 and group h
hk . .
Zi(n on) = macroscoplc transfer cross section from group h to group
b
k in region i for (n,2n) reactions
h . . . . .
Zi = macroscoplc total cross section in region 1 and group h

fraction of photoneutrons (per fission neutron) born in group k in
the moderator such photoneutrons are supposed to be produced only

from thermal fissions.

2.7.3. Definition of the usual fast parameters

ones:

Some parameters of interest in lattice calculations are the following

a) Fast fission factor &€ (number of neutron§ slowed down below 0.1 MeV per

thermal or epithermal fission neutron) given by:



e = 24 v+ L N, cS° (2.7.2)
3=1,2,3,4 0 Y
8=1,2
b) Fast fission ratio 628 (number of fission events at energy above the
U238 fission threshold related to the total number of fissions which do
not happen in U238), given by:
2 2 2
L
N f2p(8)/%;
28
8 = oS (2.7.3)
\)l . 3 NZ 2f(§)
th  s=1,2 5>
2
. ) 238 235 .
where the subscripts (8) and (5) refers to U and U and v, 1S the
number of neutrons per U235 fission
c) Factors giving the fast contribution to the Pu239knxﬂd up 1n burn-up
calculations:
S
L
B = % NZ 2’:8 (2.7.4)
s=1,2 z 5
(absorption rate in U238 above 0.1 MeV per thermal or epithermal fission
neutron)
s
L
. s 2,c8
Yy = z N2 ,s (2.7.5)
s=1,2 5
-
(capture rate 1in UL38 above 0.1 MeV per thermal or epithermal fission
neutron)
.S
2
% s 3
R = L N, 2’2 = B - (2.7.6)
' s=1,2 22
(fission rate in U238 above 0.1 MeV per thermal or epithermal fission

neutron).

The (n,2n) effect has been taken into account i1n the transfer factor

h . . . . .
cik, as a fission cross section for which v = 2; the (y,n) effect will be
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taken into account (for groupsl and 2)

in the overall collision density

balance, while the contribution from group O appears in the ¢ definition.

2.7.4. The collision density equations

The collision rate in region i for

o= 1. Pk s
21 J

(i =1,2,3,4; kx =1,2)

Eq. (2.7.7) can be written in the more

Kronecker symbol):

T Gsk 6.i N. =
j=1,2,3,k It d
s=1,2

By using the definitions:

=J + b (s-1)
m=1i+4 (k-4)
U = o5 Py
B = £~ Pgi + yF Pii
A = 8y = Yp

the system of linear equations

Z = —4
1=1,8 Alm g1 Bm (m =1,8)
can be obtained, where the nis are
— l — l . — l -—
nl = Nl 5 n2 = N2 H n3 = N3 5 nh =
_ .2 2 _ a2 _
n5 = Nl 5 n6 = N2 H n7 N3 3 Ng =

k-group neutrons is:

pE. (2.7.7)

suitable form (Gji being the usual

(2.7.8)

(2.7.9)
(2.7.10)
(2.7.11)

(2.7.12)

(2.7.13)

(2.7.14)

the collision densities and in detail:

(2.7.15)
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Solving the linear system (2.7.1L4) gives the L-region 2-group collision

densities as requested by equations(2.7.2) to (2.7.6).

2.7.5. The fast-cross sections

A1l the effects of interest in calculating the fast fission factor have
been taken into account in the model; therefore only basic constants are
to be used; for each nuclide the following microscopic cross sections are

to be given:

for group 2:
v2 0?, 022 (elastic + inelastic), 021 (elastic + inelastic), 020 (elas
tic + inelastic),
022 021 020 02 02 02
(n,2n)’ (n,2n)*> " (n,2n)’ c®f?* "%
for group 1:
1 1 . R . . R . 1 1
VT 0 oll (elastic + inelastic), olo (elastic + inelastic), o.s O

The subscripts ¢, f, t stand for capture, fission and total respectively.

The (n,2n) reaction is considered to be not negligible only in group

2: the value of Vep 18 2.4k,

2.8. Experimental parameters

The PROCELLA code gives also the usual experimental parameters to be

compared directly with the measured values.

a) Thermalization index.

The main thermalization index, to be compared with experiments, is the
Pu/U activation ratio, both in fuel and moderator. Such a ratio, divided
by the analogous ratio for a thermal reference position (& thermal column),

gives the measured index.
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Following the symbols of Sect. 2.3 , one has:

. ~TH
. s g (o]
(Pu/U)k = (gig )k . (—%HS’- )'l (2.8.1)
5 afS

where k means either "fuel" or "moderator";

-~

Go. and G.. are like § of Eq. (2.3.1.8), "f" means "fission" and subscripts

9 f5
9 and 5 stand for Pu239 and U235;

ggg and ggg are the corresponding cross section§in a thermal reference

flux, whose caracteristics are summarized by a neutron temperature TTH and

' s
a Westcott's 1ndex rTH'

b) Thermal utilization

The thermal utilization factor calculation gives the thermal flux in
each annulus as an output; in such a way the calculated fine flux profile

can be compared with experimental activations through the cell.

c) Fast fission parameter

Regardless of the fast fission factor, the only meaningful parameter is

828

, as defined in Sect. 2.7.

d) Resonance escape parameters

In order to check the resonance escape calculation against experimental

results 3 parameters are given usually in literature:

238

d 1) ICR (initial conversion ratio), defined as the total U capture rate
divided by the total U235 absorption rate. Such a ratio is calculated
from the cell constants and refers to the leskage parameters of the

considered reactor:

s v .G
ICR = _%M + [%e(l—p)(lq»Y) 5 1 5 +FJ 5Af5
a5 i (148 v ) (148" 1 _+a _+y) %a5

(2.8.2)
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where:

C is the effective multiplication constant;

B2 is the geometrical buckling, calculated with the extrapolated

dimensions of the reactor;

238 1/v-ab-

~
b is the macroscopic Westcott cross section for U
a8l/v
sorption;

235

faS is the macroscopic Westcott cross section for U absorption;

-~

35 are the Westcott microscopic cross sections, for fission

and g
a

235,
>

p)

and absorption in U
Ys Tys Tgs 0 are defined in Sect. 3.1.

I' 1s the ratio of the number of fissions sbove O.1 MeV to the one

below 0.1 MeV.

The 2nd addendum of ICR (which 1s related to resonance absorption in
U238) follows directly from the neutron balance equation in the cell
(see Sect. 3); the lst and 3rd addendum are the thermal and fast con
tributions to ICR, and follow from the thermalization model and the
fast fission factor calculation (I factor).

The above mentioned definition of ICR does not give a true experimental
parameter; it has been quoted in this section owing to its analogy

with the following parameter.

RICR (relative initial conversion ratio), defined as the ratio of the
Np239 production rate to the U235 fission rate, divided by the same ra-

tio as calculated in a reference thermal flux:

TH

RICR = (2‘3‘8’1/v - ©_eiiim ) v + Tv )-(——-2a8 )7t
c 2 2 5 TH
i) ex (1+Bex T V)(1+Bex T S) ffS

(2.8.3)

where the new symbols have the following meaning:

Cex is the effective multiplication constant of the experimental
facility as seen by the cell under measurement; if no control
element 1s present in that cell, then Cex = 1 as can be derived

from the neutron balance equations (see Sec. 3);
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B2 is the geometrical buckling of the experimental facility, in

ex
order to account for the effective resonance leakage;

is the Westcott macroscopic cross section for U235 fission;

Ef5

(EEE/E?%) is the ratio of U238 capture rate to U235 fission rate, in
a reference thermal flux and for the same isotopic content of U238
and U235 as in the fuel.

28

o, defined as the ratio of eplicadmium to subcadmium absorption rate

in U238:

uk© uk 6
o8 = 1 b ( m m )
2 E 5eV
uk®
1- b m cd
cd
b €(1-p)(1+Y) v
N 3_1"5 Cl . 25 + Ty, (2.8.4)
a8,1/v ex (1+B° 1t )(1+B° 1 +a +Y)
ex v ex s s

where Ecd is the effective cadmium cut-off energy and r, b, M, em

have been defined in Sect. 2.3.1.
238

Eq. (2.8.4) follows from a group calculation of the U absorption,
in the same approximation of the detailed neutron balance equations

(see Sect. 3).
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3. EQUATIONS FOR THE NEUTRON BALANCE IN THE LATTICE CELL

3.1. The four-group diffusion scheme

The neutron spectrum is thought of as fully contained in the energy
interval O + 2 MeV and is described by means of four energy groups, defined

as follows:

- a fast group, subscript V, from 2 MeV down to 0.1 MeV;
- an upper epithermal group, subscript S, from 0.1 MeV to 5 eV,
- a lower epithermal group, subscript I, from 5 eV to;&kem;

- a Maxwellian, or thermal group, subscript M, belOWkaem.

If

and C is the effective multiplication constant, the four-group equations

are

2 1
- + = = + + .1
(-D,v Rploy =G lenf Ay oy + e Froop +eF o) (3.1.1)
(-D.7° +(1+ y)R, + A ) o, =R o (3.1.2)
5 S 5 S v
(—Dv2 + R.+A_) o, = (1+/)p R, o (3.1.3)
I I I I 5 °S
(-Dv° + A) 9, = R_ o (3.1.1)
M AM M I°I
where either y = (1-p)/p or ~y= o according to whether the U-238 reso-
nances are diluted in the group S or concentrated at the energy 5 eV; how
ever the former approach has been chosen finally (1. + v =-% )
By making the following changes in notation
- V2 = B2 D./R. =+, (1= V,5, 1) D/ = L2 A/ = q (1 =8,I)
- 3 l 1 \l 3 b1 3 II AI’I 3 l Rl l b b
F /R, = B (1L =8, I)
5’12 = B° 1° + B° 12 B 2B 1 4 B T
r r z z ] r nl Z Z,]

(wr . and T 1 refer to radial or axial DJ respnectively)
r.1 z ) ]
b b
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one obtains:

o) A

;I. = H s Frf) (3.1.5)

M T

o 8, (1+B°L%) (14a +8%r )
S - T 7}, I (3.1.6)
¢M P g Y

2.2 2 2

oy ALY (e 4B ) (Ity+ aghBrg) (3.1.7)
oy P Ry(1+y)

and then, from Egs. (3.1.1) to (3.1.4) the effective multiplication

constant

enf2(2+Y) + EP(1+Y)BI +¢€ Bs(l+aI+B2TI)
1+B L
C = - (3.1.8)

> 2
(1+a +B TI)(1+Y+QS V)

2
I +B IS)(1+B T

The infinite multiplication constant follows when B2= 0 in  Eq. (3.1.8):

enfp(1l+y )+ ep(l+y) By *+e BS(l+ o)
k =

© (1+ OLI)(1+Y +q

I

] (3.1.9)
S

3.2. The two-group diffusion equations

By ccllapsing the fast and epithermal groups, a two-group scheme can

be derived, where

o, = %1 t* oq t Oy = 6 (E) aE (3.2.1)
1 %1 S s e
pko
0, = [  4(E) 4 (3.2.2)

o

and the diffusion equations take on the form
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1
(D) v +g) ey = (X)) 0 + 2, 0,)
2 =
(=D, vT +15) ¢, = 1,0 0
Simple comparison with Egs. (3.1.1) to (3.1.4) shows that

Ioz Ay s Iipzen fA 3
Irf —V2 = B2, the effective multiplication constant is
enf(ly) /%) . I
o itTie %l LB (Dy/2,) %
3, + Dy B 1+8%(D, /1)

whilst the infinite multiplication constant can be written

+x ;
It By fl
) Zl

The epithermal constants Dl’ Zl’ le, 221

known four-group constants if Eq. (3.2.5) is ccmpared with

(3.2.3)

(3.2.4)

(3.2.5)

as

(3.2.6)

can be expressed in terms of the

Eq. (3.1.8)

where only the terms of order B2 are retained (see Appendix I).

It follows that

.5: = TI + TS + 7 ——WBSTI
Zl - 1+aI 1+Y+as v g
le ) ap(l+y)8I + EBS(l+aI)
== = :
1 (l+aI)(1+Y+aS)
z
2l p(1+y)
L, (1+a ) (14y+a )
D D B.T
2 - M, 51

(3.2.7)

(3.2.8)

(3.2.9)

(3.2.10)
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where the constants 1, a, B are such that

Dl/zl = 1 (3.2.11)
£, = (1+a)R (3.2.12)
Iy = €BR (3.2.13)
Loy = p(1+y)R (3.2.1L)
o = (l+aI)(l+Y+ aS)— 1 (3.2.15)
B = p(l+y)6I + BS(l+aI) (3.2.16)

and the "removal" cross section R can be found in such a way that Eq.
(3.2.1) be satisfied. From the definitions of 1, a, B, the alternative for

mal expression follows for L

_ enfp(l+y)+ eB  _ .
k= T H, + H (3.2.17)

In order to find R, let Egs. (3.1.5), (3.1.6) and (3.1.7) be summed:

] 2 o o
o, @ ¢S ) (1 i+aI+B 1 (l+aI+B TI)(1+Y+aS+B TS) 5 o
VWD b Y Grou T TR A, (1+B°L7);
M o u u A AR PLIFY /Ry

on the other hand, the neutron conservation requires from Egs. (3.1.4) and

(3.2.4) the identity

$,.. 6. =R_a_ . (3.2.18)

so that, as RIQI = AM @M(1+BdL2) and using Eq. (3.2.1L4), the final expres

sion for R 1s

1+ + 1
1_ pll#y) |, °1 . (1 OL,IH *ytog) (3.2.19)
R R R R vt
I S Y

once the terms of order B2 have been dropped.
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3.3. The material buckling

Making k = 1, v = B2 and replacing Zj by Zj + Djk Bi (where k = r or

k = z if the axial or radial material buckling has to be calculated), into
Egs. (3.2.3) and (3.2.4), and eliminating the flux variables, one obtains

the equation

2 2 = 0 (3.3.1)

e +uB - v

(B7)

2 _
where, if LC = D2/22.

k -1
1.1 eB .=
u = 5+ (1- T ) v= =3 (3.3.2)
L L,
The material buckling is therefore:
2 ——————
B. = %(4/u2 + bv - u) (3.3.3)

m

3.h. The migration area

From Egs. (3.2.5) and (3.2.17) there follows the expression

k ={€”fp(l+ﬂ + lis (1+32Lf)j/ [(1+B2L§)(1+B2I)j =

1+o
)
5 eBLc/k k_ K,
= (l+B . 5 55 > < gB/k
(1+B°L_)(1+B" 1) (1-132Lf =) (148212 ) (14821)
1+a c
k
N w (3.4.1)
l+B2M2

where a migration area has been defined by means of the expression
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) LT + 7T (3.4.2)

. € . . . .
Since <8 1s the epithermal contribution H

T7a to k_ (see Eq. 3.2.1T7),

1

Eq. (3.4.2) can be rewritten as

H
L I S I (3.5.3)

[s°)

displaying the physically understandable fact that, were all multiplication

to occur in the epithermal range (k= Hl)’ one should get M2 = T,
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4., COMPARISON OF PROCELLA CALCULATIONS AND EXPERIMENTS

L,1., Overall check calculations

We have evaluated Ke for a number of experimentally critical lattices,

the experimental materiaifbuckling being obtained - in most cases - on criti
cal assemblies. Two general criteria were respected:

a) The data were classified in separate sets according to the basic
characteristics of the lattices: metal rods, metal clusters, oxide clusters.
Most data are with natural uranium, a few ones with slightly enriched or
depleted uranium.

b) For each set, assumed to include N points, the following parameters

were evaluated

N
r K.
- i=1 *
Keff = = (average Keff)
N
- 2 1/2
z =
i=1 (Kl Keff)
o = T (standard deviation)

The first value, K should be 1 for both theory and experiments

eff’
with no error (in this case each Ki =1 and 0 = 0); theo -value is a good
index of the spread-out of data. In case of random K-deviations from unity
(e.g. random experimental errors) one would expect to get 68.3% of the

calculated points within Ke + 0, and 95.4% within K + 20.

ff eff —
The cell characteristics of the lattices considered and the measured
bucklings are reported on Tables IV through XLVIII and Figures 2 to L6.
The results are summarized in +table IL and may be given the following

comments:

a) In every set of cases, the average K is very close to 1, the standard

eff
deviation being of the order 5 to 10 mk, thus well within the limits of

accuracy exhibited by far more complicated, multigroup calculations.
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The dispersion of the calculated data points is very nearly corresponding
to a Gaussian distribution, as shown by the table; since no uncertainty
is accounted for in the K calculation, the dispersion of data is partial
ly due to the experimental errors.

No significant trend of K versus the moderator-to-fuel volume ratio was
ever found: this could be visualized by simple inspection of the plots.
Some systematic difference between different source experiments was

found sometimes as shown in the lower part of the table; in the metal

cluster set, calculated Ke for French experiments are systematically

ff

above the same Ke calculated for Canadian experiments, with very small

ff
standard deviations. In the oxide cluster set instead, a significant dif

ference occurs between French and Canadian experiments on one side, and

Swedish data on the other.

The reported values refer to both. b-group and 24group calculations;
as very much the same figures are obtained from 2-group calculations, the
explicit value of the 2-group material buckling is equally reliable.

An interesting overall check of the theory is also provided by compar
ing calculated K s with measured values: Table L summarizes the satisfac
tory results obtained.

The reliability of the method was alsc tested as far aé some differen
tial reactivity coefficients are concerned. As an example, a set of expe-
riments performed in Sweden (Ref. 28) on isothermal lattices gave B2 vs.
the lattice temperature T; the K-values as calculated by our method are
slightly decreasing with T (with a 24 cm lattice pitch, K = 1.00617 to
0.99482 when T = 22 to 246 °C), but, what is more important, one can fa-
vorably compare the theoretical and experimental values of the average

dB2/dT over the same temperature range:

-2

- experimental values: B2 = 4.90 to 2.56 m—2, (ng/dT)avg = -0.010k EEE
2 -2 2 n~2

- calculated values : B~ = 5.21 to 2.43 m °, (dB“/dT)avg = -0.0124 —5—=

C
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L.2. Lattice parameter calculations

Four lattice parameters were selected for a direct comparison between
theoretical and experimental values, namely: initial conversion ratio (ICR),
U238 to U235 fission ratio (628), Pu/U fission ratio as a spectral index
in the fuel, moderator-to-fuel neutron density ratio (Fm).

Table LI summarizes the results obtained from comparison between the
present model and measurements performed in various laboratories.

The following remarks seem appropriate:

a) A systematic but slight overestimate 1in ICR seems to imply an under
estimate in the resonance escape probability p; this agrees with the fact
that our p calculation accounts for the high energy flux peaking near the
fuel but it partially neglects the flux depression induced in the fuel at
any energy by higher energy absorptions (spatial shadowing).

b) The fast fission phenomena seem to be treated rather well.

c) A very slight underestimate in the Pu/U fission ratio does not in-
validate the reliability of our very simple thermalization model: some of -
the test calculations regard U-Pu fuelled rods.

d) The disadvantage factor Fm shows a very good agreement with experi
ments except in the case of HB-4O cooled UO2 clusters. In this case the
calculated Fm is grossly underestimated (and correspondingly the calculated
multiplication constant is overestimated by as much as 0.01): this is
caused by the very high HB-LO transport cross section, which invalidates
the assumption of a flat flux in each annular region of the fuel element
if, as is the case of the results in Table LI, the annular breakdown pre-
serves the integrity of the fuel rod rings. Halving the annuli thickness
improves the results appreciably.

Finally, Table LII shows a particular comparison between theory and
experiments carried out by CISE. The fuel element was in this case a cluster
of seven uranium metal tubes containing expanded polystyrene to simulate
a boiling water coolant.

Further comparisons, carried out when issuing this report, are in-
cluded in Tables LIII through LVII; they regard both buckling and detailed

parameter measurements .



5. HOW TO USE THE CODE

Before setting the card deck containing data of one or more problems,

a "library" card has to be put: if it is a blank card, the cross section

library

included

section has to be

of added nuclides

the new nuclides,

5.1.1. Input data

Neame
TITLE (I)
1CP

IM¢

NA1 (+)
NA2 (+)
NA3 (+)
NAG

NAM (+)
IRUB (+)
ISPA

(+) Note that NAl < k,

Format

12 A6

16

"

"

1"

1"

1"

in PROCELLA will be used (see Table I), if some cross
changed, or some nuclide has to be added, put the nunber
in colum 6 of such a card and add the library deck for

according to Sect. 2.3.2 and the sheet 1.

for a reference problem

Meanin

problem identification

designator for the fuel material: put

ICH = 1 for U metal; ICY = 2 for UO2;

ICg = 3 for UC

designator for the moderator material: put
IMZ = 1, D20

number of annulil associated to the subcell of
the central fuel rod or tube;

number of annuli containing the peripherical
fuel rods or tubes

number of annuli completing the "fuel" region
number of "gap" annuli (either NAG = O or NAG = 1)
number of annuli constituting the "moderator"
region

order number of the last annulus contained in
the clustered part of the cell (for calculating
S pp> P &nd €)

designator for the lattice symmetry (it occurs

in the Dancoff coefficient calculation):

NA2 < 10, NAI1+NA2+NA3+NAGHNAM < 20,
IRUB < NA1+NA2+NA3.



Name

IVX

IBUC

I1¢PZ

IS@ST

RE

RAGEX

Format

16

"

E14.8

"
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Meaning

ISPA = 1 for hexagonal; ISPA = 2 for square symmetry

if IVX = O cell-flux constants are calculated

ir vx =14 edge-flux constants are calculated

put IBUC = O if the effective multiplication

constant has to be calculated using the ex-

perimental bucklings BUCSPR, BUCSPZ

put IBUC = 1 if the effective multiplication

constant has to be calculated using the buckl-

ings obtained from the extrapolated dimensions

RAGEX, ALTEX

put IgPZ = O if only the standard problem has

to be made; if I¢PZ = 1, seven perturbed con

figurations are calculated also:

1) moderator temperature increased of 10 °C,

2) fuel temperature increased of L0 °C,

3) coolant temperature increased of 20 °C,

L) Xe-135 concentration in the uranium increased
of .2x10_8 a/b.cm,

5) Boron concentration in the moderator in-
creased of .5x10_6 a/b.cm,

6) moderator density reduced by a factor .95,

7) coolant density reduced to zero;

put IS@PST = O 1f only the standard problem has

to be made; put IS@ST = 1 if the problem has

to be repeated after some changes

(in the latter case suitable input data are to

be supplied following the standard problem data);

density of the fuel (U, U0

3

pressed in gm/cm”;

5 UC) material, ex

extrapolated radius of the reactor (only if

IBUC = 1), expressed in cm;



Name

ALTEX

TEREFI

TEMPU

TEREFE

TEMM@D

RB(2,I) (+)

RB(3,I) (+)

RB(k4,I) (+)

RB(5,I) (+)

BAN(I) (+)
R(K) (°)
NU(T)  (x)
IPRETU
ICALAN

Format

E1L4.8

"

"

"
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Meanin

extrapolated height of the reactor (only if
IBUC = 1), expressed in cm;

physical temperature of the zone 1 (inner
coolant ), expressed in °K;

physical temperature of the zone 3 (fuel ma
terial), expressed in °K;

physical temperature of the zone 5 (outer
coolant, or inter-rod material), expressed in
oK ;

physical temperature of the moderator, ex-
pressed in °K;

outer radius, in cm, of the subzone 1 in
each fuelled annulus;

outer radius, in cm, of the subzone 2 in
each fuelled annulus;

outer radius, in cm, of the subzone 3 in
each fuelled annulus;

outer radius, in cm, of the subzone 4 in
each fuelled annulus;

number of fuel rods or tubes in each fuelled annulus;
outer radius, in cm, of the K-th annulus;
number of nuclides contained in the zone J;

1"
number of the annulus which is the pressure tube( )

n (")

n" " " A n Ca.la.ndria

. NA2+1 groups of numbers, corresponding to the central fuel rod or tube

and to the peripherical annuli containing fuel rods or tubes;

(°) NA1+NA2+NA3+NAG+NAM numbers;

(x) 5 + NA3 + NAM numbers;

(") If its neutron temperature has to be the average between the fuel and

the moderator ones; otherwise put = O.



Name Format

NTAB(L,J) (')
C¢N(L,J)(')(qis) E1L.8
DEL(L) (J>5)

EXECD "
TC¢L 1"

RCQL "
B2RAD "
B2ASS "
BUCSPR "
BUCSPZ "
IDENS 16
NUNURE "
NUREF(I) "
IPUNCH "

17Z32¢ "
IREZG (I) "
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Meaning

order number in the library of the L-th nuclide
contained in the zone J (only if NU(J)#0);
concentration, in a/b.cm, of the L-th nuclide
contained in the zone J (only if NU(J)#0);

Cd cut-off for P8 calculation;

reference value of the neutron temperature

used in calculating the ratioc Pu-239/U-235 and
the relative initial conversion ratio (R.I.C.R.);
expressed in °K;

reference value of the spectral index in cal
culating the ratio Pu-239/U-235 and the R.I.C.R.;
radial Dbuckling (cm—g) of the assembly for

the 028 and R.I.C.R. measurement;

axial buckling (cm_g) of the assembly for the
028 and R.I.C.R. measurement;

experimental radial ﬁuckling (in cm—g); used
only if IBUC = 0;

experimental axial buckling (in cm_e); used

only if IBUC = O,

if IDENS=1, the cell calculation is repeated

for five values of the coolant density; other
wise put IDENS = 0;

number of nuclides contained in the coolant QiS);
NUNURE numbers: the order number in the library
of the nuclides contained in the cocolant;

put IPUNCH=1 if cards are to be punched for

the MJICAN@-1 code (see CISE Report R-242, to

be published); otherwise, put IPUNCH = 0;

number of zones containing the coolant material;

IZ@¢Z% numbers, designating the zones;

(") L =1,2,..., WU(J) if NU(J)#0, following J=1,2,...,5+NA3+NAM.



Name

IANAN
IREAN (I)
RH@NGM

RHPLIQ

Format

ElL.8

"

Meaning

number of annuli containing the coolant material;
TIANAN numbers, designating the annuli;

coolant density (in gm/cm3) used in the

standard problem;

density (in gm/cm3) of the liquid coolant;

the five values used if IDENS = 1 are in the
interval (O, RHPLIQ), and are .0O47, .231, .500,
.769, .953 when RHPLIQ = 1.

5.1.2. Input data for a substitution problem

Substitution problems can be made, having from 1 to a maximum of 12

changed input data. More than one substitution problem can be made.

Name

TITLE (I)
IS@ST
1¢PZ
IDENS
IPUNCH
NUS@ST
INDICI (1)

RIDATI (I)

Format

1246
16

Meaning
problem identification
as in Sect. 5.1.1.
as in Sect. 5.1.1.
as in Sect. 5.1.1.
as in Sect. 5.1.1.
number of input data which have to be changed
NUS@ST numbers, designating which datum has
to be changed (see the Table below)
new value of the changed datum INDICI(I)
(see the Table below)
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Table for changing input data

INDICI(I) RIDATI(I)
1 RE
2 RAGEX
3 ALTEX
L TEREFI
5 TEMPU
6 TEREFE
7 TEMM@D
8 the last of R(K)'s, i.e. the cell radius
9 B2RAD
10 B2ASS
11 BUCSPR
12 BUCSPZ

5.2 OutEut data

Page 1 of the output contains the rearrengement of input data, the other

outputs are the following ones:

Name

VU Vu’ volume of the fuel material, in cm3/cm

VM Vm’ volume of the moderator, in cm3/cm

W /VU Vm/Vu

TEMP. REG. C@MB. Tes physical temperature of the fuel element, in °K (avg.)
DEN. C@MB. density of the fuel material, in gm/cm3

S.EFF Seff’ effective resonance surface, in cm2

RAD(S/M) /\{SeﬁjM

I.EFF Ieff’ effective resonance integral, see Eq. (2.L4.8)
TN C@MB. ef, neutron temperature of the fuel element, in °K
TN M@DE. em, neutron temperature of the moderator, in °K

@MEGA r/xE, see Eq. (2.3.1.8)



Name

DELTA U
CHI EPI
CHI TER

CEI R 39

CHI R 4O

(G+RS) A5
(G+RS) F5
(G+RS) A9
(G+RS) F9
PI

PIO

PI INF
D@PPLER O

D@PPLER 1

CSI.SCAT.E

CS8I.SCAT.V
ASS.E

NU.FISS.E

v(cM3/CM)

EFFE
FLUSS@
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Meaning

Auy s lethargy interval from ukem up to 2 MeV

XE b see Eq- (2-3-1-8)
X
neutron density

X.. for Pu239, see Eq. (2.3.1.8)

R
Xg for PuEho, see Eq. (2.3.1.8)
. . . . 2
Westcott microscopic absorption cross section of U 35,

divided by o> see Ea. (2.3.1.8)

, moderator-to-fuel depression factor for thermal

. . .. . 2
Westcott microscopic fission cross section of U 35,

divided by o see Eq. (2.3.1.8)

s
Westcott micigscopic absorption cross section of Pu239,
divided by 0, see Ea. (2.3.1.8)

Westcott microscopic fission cross section of Pu239,
divided by 0p0s S€€ Eq. (2.3.1.8)

238

, resonance escape probability, see Eq. (2.L4.1)

the same as PI, when o = 1 (i.e. Tu = To), see Eq. (2.4.2)
p,> see Eq. (2.4.9)

Doppler coefficient at T = T , defined as (i dp ) _

u_ o p &, ‘T =T
Doppler coefficient at T , defined as'Ci 4 )

u p dT ‘T

gzs of the cell, for the epithermal group, from]Jkem

up to 0.1 MeV

€ZS of the cell, for the fast group, from 0.1 up to 2 MeV
Za of the cell, for the epithermal group (Ukem, 0.1 MeV),
as obtained from the thermalization calculation

vZf of the cell, for the epithermal group (ukem, 0.1 MeV),
as obtained from the thermalization calculation

volume per unit height of the annuli the cell has been
divided into

fraction of thermal neutrons absorbed in each annulus

thermal flux in each annulus



Name

DENSITA'
EFFE
ETA
ASS5.M
F.8.B.

F.8.C.

F.S.R.U.

L.U.M.
L.M.M.
L.U.E.
L.M.E.
L.U.V.
L.M.V.
EPSIL@N
DELTA 28
BETA

GAMMA
r¥*

K INFINITO
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Meaning

thermal neutron density in each annulus
f, thermal utilization factor of the fuel
n, thermal fission factor
AM’ thermal absorption cross section of the cell
Gs’ disadvantage factor for thermal flux: surface-to-av-
erage in the single rod, Eq. (2.5.33)

disadvantage factor for thermal flux: surface-to-av-
erage in the element; Eq. (2.5.33)
G, disadvantage factor for thermal flux: coolant-to-fuel

average flux Eq. (2.5.35)

Au y > See Eq. (2.5.31)

3

Ap.M > See Eq. (2.5.32)

H]

r, for the epithermal group (ukem, 0.1 MeV)
n 1" " 1" "

Am

Ay "on fast " (0.1 MeV, 2 MeV)
1" n " " "

‘m

¢, fast fission factor, see Eq. (2.7.2)

8,85 S€e Eq. (2.7.3)

g, see Eq. (2.7.L4)

v, see Eq. (2.7.5)

R* see Eq. (2.7.6)

k , infinite multiplication constant, see Eq. (3.1.9) or

fe o)

(3.2.6)

EPSILPNAPI#ETA*EFFE epnf

K EFFETTIV@ A L4 GRUPPI C, see Eg.
K EFFETTIV@ A 2 GRUPPI k, see Eq.

DIFF.R
DIFF.Z
RIMGZ.
ASS@R.
A.R.U8
NU.FIS
EP. NUF
L2 RAD
L2 ASS

DrM’ DrI’ DrS’ rv

Dow» Pprs Dpge Doy 121 o

-, RI, RS, RV (in cm

Bys Aps Ags - " T Egs. (3.1.1) to (3.1.4)
-, YRs’ _ "

s

nf AM’ FI’ FS: - "
eanM, eFI, eFS, - "

L2 (in cm2)

r* Tr1i’ Trg> Trv
Lg’ T21? Tzsr Tav " MJ
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Name Meanin

M(0-MU.X.T) thermal group (O, ukem)

I(MU.K.T-E ) lower epithermal group (ukﬁm, 5 eV)

S(E -0.1 MEV) upper " " (5 eV, 0.1 MeV)

v(0.1~-2 MEV) fast group (0.1 MeV, 2 MeV)

DR1 1 (in cm) )

DZ1 D,, " i

sl Zl (in cm )

s11 . ? ,

s12 Lo ' Egs.(3.2.3) and (3.2.4)

DR2 Dr2 "

DzZ2 DZ2 "

S2 L, "

521 221 " J o35 N

S11 35 contribution to le from U235 (in cm_l)

s12 35 contribution to L, from U (in cm ™)

FLU/FLC ratio of fuel-to-cell thermal flux

vu/ve fuel-to-cell volume ratio

SIG XE 1 epithermal absorption cross section of Xe135 (inbarns)

SIG XE 2 average thermal absorption cross section of Xe135
(in barns) :

AVE VU1 average velocity of epithermal neutrons (in cm/sec)

AVE VU2 average velocity of thermal neutrons (in cm/sec)

ELLE EX 1oy extrapolation length,see Eq. (2.5.5.4)

BLACK B, blackness, see Eg. (2.5.5.5)

WEIGHT w, weight of the cell in a mixed lattice, see Eq. (2.5.5.6)

EDGE E, ratio of edge-to-average thermal flux, see Eq. (2.5.5.7)

B2R GE{. geometrical radial buckling (in cm—2)

B2Z MAT. material axial " "

B2Z GE@ ' geometrical axial " "

B2R MAT. material radial " "

AREA MIGRAZ. RADTALE Mi, see Bq. (3.4.2) (in cm?)

AREA MIGRAZ. ASSIALE Mi, see Eq. (3.L.2) "



Name . Meaning
2 Ko = 1 Y-

BUCKLING MATERIALE Bm = TE T in cm

R.C.I.(DEL SIST. CRIT.) initial conversion ratio, see Eg. (2.8.2)

RAPPYRT® PU/U CQOMB. thermalization index, see Eq. (2.8.1)

RAPPPRT@ PU/U M@DE. thermalization index, see Eq. (2.8.1)

RH@ 28 pogs See Eq. (2.8.14)

'R.C.I. RELATIV® " relative initial convertion ratio, see Eq. (2.8.3)

DELTA 28 628, see Eq. (2.7.3)

If I¢PZ = 1:

Configuration n® Type of perturbation Denomination
1 moderator temperature increased of 10 °C TM+10
2 fuel temperature increased of 40 °C TF+40
3 coolant temperature increased of 20 °C TC+20
L xe3? content increased of .2x10'8a/b.cm XEN@+.2E-08
5 Boron content in the moderator

increased of .5xlO_6 a/b.cm B@RP+. SE-06
6 moderator density reduced by a
factor .95 RHg M .95

T coolant density reduced to zero VUGT@

Primed quantities ((EPSILgN)', (PI)' and so on) denote derivatives with

respect to the considered perturbation.
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APPENDIX I

Rewrite Eg. (3.1.8) by displaying leskage terms in the form:

T

fp(l 1
nfR) 4 (10y)8; + ebg(var) (1482 = )
1+B° L o1
C = . - (A-1)
2 I 2 S 2
(1+aI)(l+Y+ as)(l+B l+(!I ) (1+B m Y(1+B TV)
With the following positions:
l+g=(1+ aI) (L +y + aS)
= + + +
B p (L+y)gr + (1 +ap) s
enfp(l+y) _ -
1+q 2
e B _
1l+a - Hl
Eq. (A-1) gives, to terms of order B":
T T
~ o P I s
C ¥ Hy+H -B" {H,(L" + Ta + Trytag + TV) +
T T R
I S S
+ — — -
+H) Tray © Trytag  V 5 1)) (A-2)

By proceeding in exactly the same way, Eq. (3.2.5) gives, to the same

order:
D D D
K ¥ H' + H -B°{ H' (=2 +—=)+ 8 -2} (A-3)
2 1 2 5 Zl 1 Zl
wheré:
z
H'—€nf —g.l
Ly
z
gt = AL
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LT = i = ! 1 .
The conditions H2 H2 and Hl Hl give

21 _ pl+y) which is Eq. (3.2.9)
X l+a '
1
le € B
—EI = T which is Eq. (3.2.8)

By equating the coefficients of 8% in Fgs. (A-2) and (A-3), and apply
ing the identity principle as to H
and (3.2.10) of the main text.

Egs. (3.2.7) through (3.2.9) define D

, and H,, one gets at once Egs. (3.2.7)

1 provided I_ is

1° %110 Lo 1

known. The position
£, = (1+a)R (3.2.12)

leads to the final result expressed by Eq. (3.2.19) as shown in the main
text.
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11.

12.

13.
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TABLE

I

The PROCELLA library

order number nuclide
1 U-235
2 Pu-239
3 Pu-2Lk0
L Pu-241
p) U=-238
6 H,0
T D20
8 H
9 0
10 Zircaloy-2
11 U-236
12 C
13 Al standard
1k B
15 Xe-135

(+) Pseudofission products from y?3

(°) Pseudofission products from Pu®

p)

39

order number

16
17
18
19
20
21
22
23
2k
25
26
27
28
29
30

Pu-242
Am-241
Ps-15
Ps-25
Ps-35
Ps-Us5
Ps-19
Ps-29
Ps-39
Ps-L9
Sm-149
Sm=-151
Gd-157
Eu-155
Cd-113

nuclide
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TABLE 1II

Constants for the fuel material

fuel U UO2 uc
ICg 1 2 3

A (barn) 2.95 4.15 3.1
B (barn/g/cm) 25.8 26.6 27.0
8 (barn\/g/cm) 27.62 27.62 27.62
2, 1.0 1.07 1.0
2, 0.0 0.066 0.0
Yy (ox~1/2) 0.0051 0.0058 0.0051
Y, (grem 2 ok~ 1/2) 0.0050 0.0050 0.0050

TABLE III

Constants for the moderator material

moderator

Mo

Mg

Aug

au¥k

6.5928
6.1700
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TABLE IV

Metal: French: single rods AQ 292 (Saclay)

Reference No. 10 Measurement technique: critical flux mapping
Rod diameter: 2.92 cm Uranium density: 18.9k g/cm3
Cladding: Al, 3.0 cm I.D., 3.2 cm O.D. Lattice pitch (square): 12 to 21 cm.
D20 Moderator purity: 99.70% Lettice temperature: 20 °C
. 2 . .
No. of bucklings: 6 B, and K_.. in Fig. 2
2 -2

Bm (m =) Keff
Pitch Vm/V exp. calc. 2 groups 4 groups
(cm) b
12 20.30 8.38 8.544 ©1.00121 0.998L48
13 24, 0k 8.28 8.50 1.00455 1.00172
15 32.L40 7.81 T.99 1.00452 1.0017h
17 41.96  T7.10 7.15 1.00157 0.9990k
19 52.71 6.22 6.25 1.00111 0.99896
21 6L.66  5.35 5. 40 1.00183 1.00008

Keff

(1.002k47 1.00000)
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TABLE V

Metal: French single rods AQ 356 (Saclay)

Reference No. 10 Measurement technique: critical substitution
Rod diametro: 3.56 cm Uranium density: 18.90 g/cm3
Cladding: Al, 3.68 cm I.D., 3.88 cm 0.D. Lattice pitch (square): 13 to 25 cm
-D2O moderator purity: 99.70% Lattice temperature: 20 °C
. 2 . .
No. of bucklings: 7 Bm and Keff in Fig. 3
2 -2
. Bm (m ™) Keff
Pitch
Vm/Vu exp. calc. 2 groups 4 groups
(em)
13 15.79 T.99 8.056 1.00120 0.99882
15 21l.k2 8.L6 8.L43 0.9993k 0.99641
17 27.85 8.02 8.01 0.99967 0.99677
19 35.08 T.23 7.28 1.00137 .99879
21 43,12 6.544 6.47 1.00088 .99863
23 51.96 5.68 5.67 .99972 .99781
25 61.61 4.98 L,ok . 99822 . 99663
eff

(1.00006 .99769)
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TABLE VI

Metal: French single rods AQ 44 (Saclay)

Reference No.: 10 Measurement technique: critical flux mapping
Rod diameter: 4.4 cm Uranium density: 18.90 g/cm3
Cladding: Al, 4.5 em I.D., 4.7 cm 0.D. Lattice pitch (square): 13 to 30 cm
D20 moderator purily: 99.7T0% Lattice temperature: 20 °C
No. of bucklings: 10 Bi and K .. in Fig. L

. Bi (n™) K
?izih V;n/Vu exp. calc. 2 groups eff 4 groups
13 9.97 6.10 5.88 . 99655 .99531
15 13.66 8.09 7.86 . 99595 .99356
17 17.87 8.h2 8.32 « 99799 .99515
19 22.6 8.06 8.0k . 99961 .99676
21 27.86 7.38 To4h 1.00163 .99901
23 33.65 6.70 6.72 1.00060 . 99825
25 39.96 6.01 5.98 + 99909 « 99703
27 46.8 5.28 5.28 1.00012 . 99840
29 S5h.17 L.sh 4.6k 1.00L442 1.00302
30 58.05 4,32 4.34 1.00103 _ . 99972

K

(99970  TT  og762)
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TABLE VII
Metal: French non natural single rods AQ 292 A/B/C (Saclay)
Reference No. 11 Measurement technique: critical substitution
Fnrichment: A: 0.69%; B: 0.83%; C: . 89%

Uranium density: 18.9k4 g/cm3 (A and B); 18.75 g/cm3 (c)

Lattice pitch (square): 12 to 19 cm; No. of buckling: 12

Bi and Keff in Fig. 5(4), 6(B), 7(C). Other data as in Table IV.

. B- (m 7) K
fizgh Vm/V.u exp. é calc. 2 groups eff 4 groups
12 20.30 7.91 7,46 .9912)4 .98879
A 13 24.0k 7.84 7.59 . 99462 .99207
17 41.96 6.76 6.48 . 99185 . 98955
19 52.71 5.91 5.67 .99187 .98993
Rieff
(.992L0 .99009)
12 20.30 11.12 11.31 1.003k0 .99875
13 2L, 0ok 10.90 11.16 1.00528 1.00055
B
17 b1.96 9.10 9.16 1.00158 .99757
19 52.71 8.00 T.99 . 99976 _ . 99635
Kerr
(1.00251 .99831)
12 20.30 11.88 12.05 1.00305 .99778
13 2k .0k 11.56 11.84 1.00562 1.00035
C
17 1.96 9.62 9.65 1.0007T .99632
19 52.71 8.178 8.h1 .98858 . 98457
K:eff :
(.99951 . 99L476)
Ktot

(.9981k . 99439)
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TABLE VIII

Metal: French rods in tubes B 44 T78 and B L4 T106 (Saclay)

leference No.: 10 and 12 Measurement technique: critical substit.(TT78)

"

flux mapping(T106)

Lattice pitch: 21 and 23 cm D20 purity: 99.8% (T 78); 99.7% (T 106)
No. of bucklings: UL Tube: Al, 7.8 cm I.D., 8.0 cm 0.D. (T 78)

10.6 c¢m I.D., 10.8 em 0.D. (T 106)

Other rod data as in Table VI; no Figures relative to this bucklings.

Bﬁ (%) K
Pitch v /v ex al 2 eff Y
(em) AN P. calc. groups groups
21 25.7 ‘6.45 6.70 1.00728 1.00L46L4
23 31..48 6.01 6.35 1.01079 1.00843
Kéff
(1.00904 1.0065L4)
21 25.7 4.85 5.3k 1.01675 1.01439
23 31..48 L.81 5.39 1.02078 1.01858
K £
(1.01877 © 1.01649)
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TABLE IX

Metal: Scandinavian rods SW 20

Reference No.: 13
Rod diameter: 2.00 cm
Cladding: Al, 2.06 cm I.D., 2.26 cm O.D. Lattice pitch (hexagonal): 8 to 1L cm

D20 moderator purity: 99.75% Lattice temperature: 20 °C
; ) . .
No. of bucklings: 6 B and K_.. in Fig. 8
2 -2
) B” (m ) K
?i;jh V'm/Vu exp calc. 2 groups eff 4 groups
8 16.37 6.80 6.56 . 99603 .99437
9 21.05 7.7k T.75 1.00020 .99789
10 26.29 8.3k 8.13 . 99564 .99282
11 32.08 8.20 8.06 . 99676 . 99387
12 38.42 7.90 7.75 . 99620 .99336
1k 52.75 6.83 6.83 . 99998 « 99759
K
(.997h7  ©TT [ 99608)

Note. The experimental values of Bi have been reduced by 0.2 m“2 because

the experimenters report that their B2 values are systematically
m

in excess by such amount over data from Ref. 1L.
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TABLE X
Metal: Scandinavian rods SW 25
Reference No.: 13 Measurement technique: exponential
Rod diameter: 2.53 cm Uranium density: 18.73 g/cm3
Cladding: Al, 2.61 cm I.D., 2.86 cm 0.D. Lattice pitch (hexagonal): 8 to 16 cm
D20 moderator purity: 99.75% Lattice temperature: 20 °C
_ . 2 .
No. of bucklings: 7 Bm and Keff in Fig. 9
2 -2

Pitch v /v ex Bm e 2alc 2 groups Keff I groups
(cm) o'y D . g 1Y g P
8 9.75 2.86 2.13 .9893L .98907

9 12.68 5.68 5.39 .99539 .99k2T
10 15.95 T.35 7.11 .99598 .99L00
11 19.57 8.10 T.94 .9970L .99L451
12 23.53 8.u46 8.23 «99530 .99241
1L 32.49 8.07 7.96 .99728 .99L436
16 L2.82 7.33 T.21 .99661 .99396

Keff
(.99528 .99323)

Note. Experimental Bi reduced by 0.2 m-'2 (see Note in Table IX).
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TABLE XI

Metal: Scandinavian rods SW 305 TER

Reference No.: 15 and 16 Measurement technique: critical
Rod diameter : 3.05 cm Uranium density: 18.76 g/cm3
Cladding: Al, 3.15 em I.D., 3.45 cm 0.D. Lattice pitch (hexagonal): 13
to 21.21 cm
Lattice temperature: 20 °C No. of bucklings: 15
Keff in Fig. 10
. . Bi (m_g) Keff
Pitch vV D20 purity exp. calc. 2 goups - 4 groups
(cm) m u % K
(1.00186 °T¥.99956)
13 21.82 99.52 8.22 8.21 . 99986 < 99717
1k 25.49 99.52 8.12 8.11 .99987 «99711
14.85 28.77 99.72 7.98 8.0k 1.001k1 .99858
15 29.21 99.52 7.81 7.87 1.00131 .9986ML
15 29.28 99.73 7.95 8.00 1.00129 . 99846
16 33.55 99.65 7.5k T.61 1.00168 .99902
17 38.10 99.58 7.07 7.13 1.00162 .99919
17 38.02 99.72 7.19 T.27 1.0023k .99979
18 43.02 99.75 6.83 6.87 1.00108 .99866
18 43.02 99.54 6.57 6.63 1.00193 . 99973
19 L7.77 . 99.59 6.19 6.26 1.00234 1.00029
19 b7.77 99.65 6.25 6.35 1.0031& 1.00103
20 53.14 99.65 5.79 5.91 1.00k26 1.00236
21 58.80 99.72 5.51 5.59 1.00288 1.00106
21.21 60.12 99.73 5.42 5.49 1.00283 1.00106
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TABLE XII

Metal: American Rods NAA 100 (Nuclear fmerican Aviation)

Reference No.: 1k Measurement technique: exponential
Rod dismeter : 1 in. Uranium density: 18.88 g/cm3
Cladding: Al, 1 in. I.D., 1.079 in. 0.D. Iattice pitch (square): 3.625 in.
to 12 in.
D,0 moderator purity: 99.76% Lattice temperature: 20 °C
. ' 2 . .
No. of bucklings: T Bm and Keff in Fig. 11
2 -2

Pitch v /V ple Bm e i 2 groups Keff L groups
(inches) m u €Xp- calc. group ‘ group
3.625 15.57 7.31 T.22 .90854 . 99665
L.50 24,62 8.47 8.46 .99982 .99692
%.90 29.41 8.36 8.32 .99919 .99620
6.00 Ly,67 T.25 T.22 .99910 .99648
7.50 T70.45 5.36 5.45 1.00338 1.00162
9.00 103.41 3.92 3.9k 1.00087 .99973
12.00 182.18 2.11 2.09 .99855 . 99808

Keff

(.99992 .99795)
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TABLE XIII

Metal: American Rods NAA 200 (Nuclear American Aviation)

Reference No.: 1k Measurement technique: exponential
Rod diameter : 2 in. Uranium density: 18.88 q/cm3
Cledding: Al, 2 in. I.D., 2.079 in. 0.D. Lattice pitch (square): T7.25 in.
to 12 in.
D20 moderator purity: 99.76% Lattice temperature: 20 °C
. 2 . .
No. of bucklings: 3 Bm and Keff 1in Fig. 12
2 -2
Pitch v /v ex By (m 2 1 2 fers 4
(inches) AN o alc. groups groups
7.25 15.65 8.23 8.09 .9971h .99L L6
9.00 ah.7 T.22 7.30 1.00221 .99969
12.00 L. 76 L. 76 4.83 1.00318 1.00167
K
eff

(1.00084 .99861)



Metal:

Reference No.:
Rod diameter:

Cladding:

Do

No.

of bucklings:

Pitch
(cm)

12

22

.06
13.
1k,
1T.
18.
19.
20.
.00

97
48
30
90
68
>T

Al

v
m/V

13.
19.
20.
29.
35.
39.
L2,
49.

17

Canadian Rods

ZEEP

3,257 cm

96
13
6l
96
98
10
83
16

0 moderator purity:

N O N o o N

99.77%

exp.

.299+0.
.345+0.
.570+0.
.915+0.
.234+0.
.069+0.
.845+0.
.192+0.
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TABLE XIV

28
03k
L
35
14
oLé
062

08L.

Measurement technique: critical
Uranium density: 18,95 g/cm3
Pitch:

hexagonal

Lattice temperature: 20 °C

2

B~ and K
m e

calc.

N O 9 N o o oo

.318
416
Lu8L
.035
. 483
.186
840
284

in Fig. 13

groups

1.00031
1.00138

.99828
.00297
.00690
.00342
.99983
.0031k

.00203

K
eff

eff

groups

.998k1
. 99866
-99534
.00010
.00L431
.00087
.99736
.00097

.99950)
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TABLE XV
Metal: Canadian Tubes HIPPO

Reference No.: 17 | Measurement technique: critical

Tube diameters: 2.273 cm I.D. 2.858 cm 0.D. (inner coolant: Air)

Cladding: Al, 2.858 cm I.D., 2.96 cm 0.D.

Gep (air): 2.96 em I.D., 3.651 cm O.D.

Outer Aluminium tube: 3.651 em I.D., 3.71 cm O.D.

Uranium density: 18.9 g/cm3 Lattice pitch (hexagonal): 18.90 cm to 22 cm

D,0 moderator purity: 99.7k4% Lattice temperature: 20 °C
o 2 -
No. of bucklings: 3 B ~and K .. in Fig. 1k
2 -2
Pitch VoV Bm (m ™) 1 5 Keff I
(em) /Yy exp. calc. groups groups
18.90 27.97 5.853+0.15 5.761 «99757 ' .99533
20.57 3k.02 5.728+0.15 5.842 1.00325 1.00111
22.00 39.61 5.641+0.15 5.725 1.00255 1.000L7
Keff

(1.00112 ,99897)



Metal:

Reference No.: 18

Rods per cluster:

Savannah River

7

Rod diameter: 0.998 in.
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TABLE XVI

clusters "HURLEY"

Measurement technique: critical

Uranium density: 18.9 g/cm3
Cladding: Al, 0.998 in I.D., 1.062 in. 0.D.

Rod arrayin the cluster: hexagonal, outer to center spacing: 1.50 in.

Coolant and moderator: DEO 99.75%
Lattice pitch (hexagonal): 9.33 in. to 21 in.
No.

of bucklings: 5

Pitch
(inches)

9.33
12.12
1L.00
18.52
21.00

11.L

20.87
28.63
51.88
67.38

2

Bm and Keff

B2 (m_2)

m

exp calc.

6.020+0.05L  5.98
6.115+0.051  6.126
5.160+0.070  5.120
2.920+0.080 2.86
2.095+0.0L9  2.043

Pressure and calandria tube:

in Fig. 15

Rcella

12.443
16.171
18.67
2L.6978
28.0055

Lattice temperature

none
22 °C
Keff

2 groups U groups
.99926 . 99791
1.00029 .99853
. 99867 .99722
.99813 .997hL6

. 9963k . 99592

Teff
(.9985L .997L1)
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TABLE XVII
Metal: French clusters AQ 7 GO/G2/G5 (saclay)
Reference No.: 10 : Measurement technique: critical substitution
Rods per cluster: T Uranium density: 18.9 g/cm3
Rod dismeter: 1.65 cm Cladding: Al, 1.7 cm I.D.y 1.8 cm O.D.

Rod array in the cluster: hexagonal, outer to center spacing: 1.875 cm (AQ7GO)
2.075 cm (AQ7G2)
2.375 cm (AQTGS)

Coolant and moderator: D20 99.7% Pressure and calandria tube: none

Lattice pitch (square): 15 to 23 cm. Lattice temperature 20 °C

No. of bucklings: 12 Bi and K_.. in Fig. 16 = (AQTGO)
17  (AQ7G2)
18  (AQT7G5)
2, =2
; B (m °)
?tzih Vm/Vu exp.m calc. 2 groups Keff 4 groups
15 13.5 6.48 7.016 1.00953 1.00798
17 17.78 7.43 7.808 1.00765 1.00543
AQT7GO
19 22,59 7.39 T.737 1.00802 1.00563
21 27.93 6.99 7.264 1.00722 1.00490
Keff
(1.00811 1.00599)
15 13.27 6.35 6.712 1.00634 1.00486
AQTG2 < 19 22.35 7.31 7.678 1.00836 1.00604
21 27.7 6.97 7.261 1.00751 1.00523
Keff
(1.007k0 1.00538)
15 12.88 5.76 6.346 1.01008 1.00887
17 17.16 7.02 7.L487 1.00911 1.00716
AQTG5 ( 19 21.96 7.22 7.629 1.00907 1.00685
21 27.31 6.93 7.284 1.00891 1.00669
23 33.19 6.48 6.717 1.00677 1.00468
Keff

(1.00879 1.00685)
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TABLE XVIII

Metal: French clusters AQ 19 TP 106 (Saclay)
Reference No. 10 Measurement technique: critical substitution
Rods per cluster: 19 Uranium density: 18,8 g/cm3
Rod diameter: 1.0 cm Cladding: none
Rod array in the cluster: hexagonal, spacing (outer to center) 1.5 cm
Coolant: Air Moderator: DQO 99.7%
Shroud : Mg, 10.9 cm I.D., 11.2 cm 0.D.;Lattice pitch (square): 19 to 25 cm
No. of bucklings: k4 Lattice temperature: 20 °C
2 . .
Bm and Keff in Fig. 19
2 -2
. B- (m )
Pitch m K
(om) Vm/Vu exp. calc. 2 groups eff U groups
19 17.94 .71 5.086 1.01115 1.00891
21 23.30 5.40 5.7Th 1.011L43 1.00881
23 29.2 5.63 5.938 1.00994 1.00726
25 35.63 5.55 5.790 1.00828 1.00577
Keff

(1.01020 1.00769)
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TABLE XIX

Metal: French clusters AQ 19 TP 78

Shroud: Mg, 7.95 cm I.D., 8.25 cm 0.D. No. of bucklings: 2
Lattice pitch (square): 21 to 23 cm Other data as in Table XVIII

Pitch Bi (m™%) Kerr

(cm) Vm/Vu exp. calc. 2 groups 4 groups

o1 25.97 6.97 6.980 1.00027 .997h42

23 31.87 6.47 6.726 1.00742 1.00489
Keff

(1.00385 1.00116)



TABLE XX

Metal: Canadian clusters CR 131  HWC (Chalk River)
Reference No. 22 Measurement technique: critical

Rods per cluster: 19 Urenium density: 18.93 g/cm3

Rod diameter: 1.31 cm Cladding: Al, 1.38 cm I.D., 1.59 cm 0.D.
Rod arrey in the cluster: circular, 1.775 cm and 3.425 m
Coolant: D,0 99.72% Moderator: D0 99.72%
Shro 4 tube: Al, 8.58 cm I.D., 8.89 em 0.D. Lattice pitch (hexagonal): 20

to 40 cm

No. of bucklings: 8 Lattice temperature: 20 °C

2 . .
Bm and Keff in Fig. 20

2 -2

; B~ {(m 7) K
?zigh exp.m calc. %n/Vﬁ 2 groups eft 4 groups

20 L. L73+.06k 3.78L 11.10 98773 .98695

22 5.658+.060  5.128 13.9k .98962 .98831

2k 6.008+.0L5 5.680 17.06 .99289 .99132

26 6.016+.055 5.766 20.LL .99L00 99233

28  5.725+.032  5.586 24.09 .99631 . 99470

32 L.952+.030 L.870 32.21 99732 . 99596

36 4.1h9+.022 L.039 Li.b 99568 .99459

Lo 3.418+.010 3.271 51.68 .99301 .99218

K
eff

(.99215 .9920k)



Metal: Canadian clusters

Coolant:

He

Other data as in Table XX

Pitch
(cm)

20
22
2k
26
28

36
Lo

W &= Vi O O ON N &

B2
m

exp.

.587+.087
.817+.052
. 176+.0L6
.186+.0L1
.030+.030
.281+.026
. 4h2+.030
.729+.009

_2)

calc.

W & U1 v V1 1w

.96k
.310
.880
.983
.816
.109
272
487
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TABLE XXI

CR 131 VT (Chalk River)

2 . ;
Bm and Kéff in Fig.

Vm/Vu 2 groups
11.10 .98795
13.9L -989L5
17.06 . 99327
20. 4k .99k 96
24.09 .99h17
32.21 .99436
Li.b 99326
51.68 .98855

(.99200

21

eff

Keff

4 groups

.98695
.98782
.99137
.99299
.99222
.99271
.99196
.98753

.990LL)
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TABLE XXII
Metal: CISE Experiments AC-PP-XX (Saclay)
Reference No. 23 Measurement technique: critical substitution
Tubes per cluster: 7 Uranium density: 18.7 g/cm3
Coolant: polystyrene Coolant channel diameter: 1.3 cm

Inner cladding: Al, 1.3 cm I.D., 1.47 cm O.D.
Uranium: 1.5 I.D., 2.26 cm O0.D.
Spacing: 2.26 cm center to center Moderator: D2O 11.10%

No. of bucklings: 8 Lattice temperature: 20 °C
2, -2
Bm (m ™) Keff
Denomination  Coolant density Pitch V /V 2Xp . calc. 2 L
(g/cm3) (cm) Tou groups groups
AC-PP-02 0.552 17 14.87 L.85+.0h Lk.238  .98789 .98676
" " 19  19.43  5.49+.08 5.310 .99608 .99L59
" " 20  21.9 5.62+.04  5.545  .99827 .99668
" " 21 2h.5 5.61+.09 5.6L2 1.00077 .99915
" " 2k 33.04  5.27+.08 5.420 1.00428 1.00275
(Keff= .997h6  .99599)
AC-PP-00 0.0 20 21.9 6.18+.0k 6.223 1.00104 .9988L
AC-PP-01 0.317 20 21.9 5.76+.04  5.776 1.00039 .99862
AC-PP-03 0.953 20 21.9 5.32+.0L 5.316  .99990 .99858

The lattice configurations named AC-PP-02 are reported, regardless Bi and

Keff’ in Fig. 22.
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TABLE XXTIII
Oxide: French rods 0X AQ L6 (Saclay)
Reference No. 10 Measurement technique: critical substitution
Rod diameter: 4.6 cm Fuel density: 9.7 g/cm3
Cladding: Al, 4.7 cm I.D., 49 cm 0.D. Lattice pitch (square): 15 to 21 cm
D,0 moderator purity: 99.70% Lattice temperature: 20 °C
§ . 2 . .
No. of bucklings: 4 B, end K_.. in Fig. 23
2 -2
Pitch Bm (™) Kef‘f h
(cm) Vm/Vu exp. calc. 2 groups groups
15 12.4 6.76 T.22 1.01026 1.00818
17 16.26 6.69 6.983 1.00752h 1.0053k
19 20.59 6.1k 6.438 1.00882 1.00683
21 25.1 5.58 5.768 1.00635 1.00458
K 1.00824 1.00623

eff
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TABLE XXIV

Oxide: Scandinavian rods 0X SW 13.5

Reference No.: 15 Measurement technique: critical
Rod diameter: 1.35 ecm Fuel density: 10.42 g/cm3
Cladding: Al, 1.37 em I.D., 1.57 cm 0.D. Lattice pitch (square): L.5 to
6.4 cm
D,0 moderator purity: 99.69% Lattice temperature: 20 °C
. 2 . .
No. of bucklings: 3 Bm and Keff in Fig. 2k
2 -2
. B- (m ) K
Pitch m eff
(cm) Vm/Vu exp. calc. 2 groups 4 groups
4.5 12.95 L.ouh 4,192 .99521 .99L439
5.4 18.82 5.62(*)  5.587 .99926 .9978k
6.4 27.26 5.81 5.719 <99757 .99592
Kere .99735 .99605

(+) The value Bi = 5,65 has been reduced from 99.55% to 99.69% D20 purity

using the correction values reported in Ref. 15.
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TABLE XXV
Oxide: Canadian T-rod clusters Z2 T HWC (Chalk River)
Reference No.: 19.20 Measurement technique: critical
Rod diameter: 2.4 cm Fuel density: 10.2 g/cm3

Cladding: Al, 2.438 cm I.D., 2.54 cm O0.D. Rod spacing (center to center):
2.667 cm

Shroud: Al, 8.256 cm I.D., 8.434 cm O.D. Coolant: D,0 99.73%

Lattice pitch (hexagonal): 18 to 36 cm Moderator: D0 99.73% (temper.: 20°C)

No. of bucklings: T Bi and Keff in Fig. 25
; 2 , =2
fzzgh Vm/Vu exp.Bm n calc. 2 groups Keff I groups
18 7.10 k.56 L. 426 -~ .997L48 .99661
19 8.11 5.25 5.166 .99833 .99715
22 11.h7 5.97 6.049 1.00185 1.00019
2L 13.99 5.8L 6.008 1.00L436 1.00268
2h.6 14.79 5.82 5,942 1.00326 1.00157
28 19.68 5.17 5.322 1.00488 1.00339
36 33.68 3.L45 3.5u45 1.00458 1.00373
K 1.00211 1.00076

eff



Oxide:

Coolant:

Canadian T-Rod

Alr

No. of bucklings:
Other data as in Table XXV

Pitch
(cm)

19
22
2kh.6
28
36

Vm/Vu

8.11
11.47
14.79
19.68
33.68

clusters

4.87
5.69
5.72
5.28
3.62
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TABLE XXVI

B2
m

L.861
5.921
5.918
5.35h
3.648

and K
e

I

eff

VT

Lattice pitch (hexagonal):

in Fig.

eff
groups

-99979
.00568
.00549
.002k2
.00134

.0029k

K

T

(Chalk River)

19 to 36 cm

groups

. 99854
.00393
.00365
.000Th
.00038

.001k5
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TABLE XXVII

Oxide: Caenadian T7-Rod clusters 72 T HBLO (Chalk River)

Coolant: HB-LO (C18 H22 density: 1 gm/cms)Lattice pitch (hexagonal): 19 to
28 cm
. 2 . .
No. of bucklings: 5 Bm and Keff in Fig. 27
Other data as in Table XXV
2 -2

. B” (m ") K
Pitch m : eff
(em) Vm/Vu exp. calc. 2 groups 4 groups
19 8.12 3.2k 3.978 1.01277 1.01243
20 9.17 3.4l 4.181 1.01377 1.01338
22 , 11. 47 3.48 4,289 1.01721 1.01676
oL 13.99 3.26 L.1k 1.02159 1.02115
28 19.68 2.68 3.508 1.02626 1.02591

K 1.01832 1.01793

eff
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TABLE XXVIII

Oxide: Canadian 19-Rod clusters Z2 19 HWC (Chalk River)

Reference No.: 19,20 Measurement technique: critical
Rod diameter: 1.42 cm Fuel density: 10.L45 g/cm3
Cladding: 2, 1.43 em I.D., 1.52 cm 0.D. Rod array in the cluster:
circular; 1.65 cm, 3.19 cm
radii
Pressure tube: Al, 8.26 cm I.D., 8.79 cm 0.D.
Calandria tube: Al, 10.16 cm I.D., 10.44 cm O.D.
Air gap between pressure and calandria Coolant: D20 99.63%
Lattice pitch (hexagonal): 18 to 36 cm Moderator: D20 99.63% (temp. 20 °C)

No. of bucklings: 12 Bi and Keff in Fig. 28
2 =2

?i;?h Vm/Vu exp.Bm tm c;lc. 2 groups Keff 4 groups
18 6.48 1. 407 1.341 .99853 .998L0
19 7.55 2.407 2.365 .99906 .99871
20 8.67 2.995 3.107 1.00264 1.00210
21 9.85 3.479 3.627 1.00359 1.00287
22 11.09 3.804 3.973 1.00k427 1.003k42
ol 13.73 L.0ks 4.293 1.00684 1.00586
26 16.61 4.078 4.291 1.006L1 1.00539
28 19.72 3.952 4.103 1.00498 1.00399
30 23.06 3.690 3.816 1.00459 1.00370
32 26.63 3.380 3. 486 1.00k22 1.003L44
34 30.43 3.052 3.1k2 1.00393 1.00327
36 34,46 2.754 2.804 1.00241 1.00184

K 1.00346 1.00275

eff
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TABLE XXIX

Oxide: Canadian 19-Rod clusters 72 19 VT (Chalk River)

Coolant: Air Lattice pitch (hexagonal): 18 to 36 cm
o 2 -

No. of bucklings: 11 Bm and Keff in Fig. 29

Other data as in Table XXVIIT
) 2, -2

l(ji';sh Vm/Vu exp.Bm (m galc. 2 groups Keer 4 groups
18 6.48 0.72 1.367 1.01643 1.01639
20 8.67 2.77 3.156 1.00992 1.0093k
21 9.85 3.35 3. €94 1.0090k 1.00823
2p 11.09 3.72 L.061 1.00921 1.00823
2k 13.73 L,12 .48 1.00861 1.007k5
26 16.61 .17 I, Lol 1.00792 1.00673
28 19.72 L.0T7 I, 259 1.006L0 1.00525
30 23.06 3.86 3.986 1.00L66 1.00361
32 26.63 3.58 3. 662 1.00329 1.00236
34 30.43 3.28 3.319 1.00171 1.00089
36 34,46 2.97 2.978 1.00040 «99971

K 1.00705 1.00620

eff
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TABLE XXX

Oxide: Canadian 19-Rod clusters 72 19 HBLO (Chalk River)

Coolant: HB 40 (Cl8H22’ density: 1 gm/cmB) Lattice pitch (hexagonal): 18
to 28 cm
. 2 . .
No. of bucklings: UL B, and K_..in Fig. 30
"Other data as in Table XXVIII
2 -2
Pitch v /v ex Bm & c;lc 2 groups Keff I groups
(cm) _a b. . g D g D
18 6.48 -0.37 0.431 1.01470 1.01470
21 9.85 1.21 1.800 1.01271 1.01264
2L 14.57 1.57 2.225 1.017k43 1.01731
28 19.72 1.53 2.064 1.01724 1.01711
K 1.01552 1.015k4k

eff
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TABLE XXXI

Oxide: Cenadian 19-Rod clusters Zz2 19 HWC BIS (Chalk River)
Reference No. 19 Pressure tube: Zr. 2, 8.28 em I.D., 9.14 cm 0.D.
No. of bucklings: 5 Lattice pitch (hexagonal): 30 to 34 cm
B2 and K in Fig. 31 Other data as in Table XXVIII

m eff

2 -2

Pitch vV /v exp.Bm = c):alc. 2 groups Keff 4 groups
(cm) m u

18 6.18 1.19 943 .99L6T .99L59

21 9.85 3.30 3.3k9 1.00117 . 1.00055

2k 13.73 3.89 4.063 1.00L47h 1.00387

28 19.72 3.80 3.909 1.00359 1.00270

36 34,46 2.6k 2.66k 1.0011k 1.00062

K 1.00106 1.000k47

eff
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TABLE XXXII

Oxide: Canadian 19-Rod clusters NPD-1

Reference No. 17 Measurement technique: critical
Rod diameter: 1.323 cm Fuel density: 9.53 g/cm3
Cladding: Al, 1.385 em I.D., 1.589 cm 0.D.
Rod spacing(hexagonal, center to center): 1.791 cm
Pressure and calandria tube: none
Coolant and moderator: D20 99. 60%

Lattice pitch (hexagonal): 19.05 to 30.48 em No. of bucklings: 5
2

. ) . ] o
Bm and Keff in Fig. 32 Lattice temperature: 20 “-C
2, -2

Pitch Bm (m =) : Keff

(cm) Vm/Vu exp. calc. 2 groups 4 groups
19.05 9.73 h,21 L. h99 1.00620 1.00537
21.59 13.15 5.0L 5.147 1.00260 1.00135
24.13 17.00 5.00 5.089 1.00248 1.00117
26.67 21.28 h.us 4.709 1.00826 1.0071~
30.48 28.5 3. 74 3.93L 1.00755 1.00668

K 1.005k42 1.00434

eff
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TABLE XXXIII
Oxide: French 7-Rod clusters 0X - AQ - 7 - 162
Reference No.: 10 Measurement technique: critical substitution
Rod diameter: 1.62 cm Fuel density: 9.85 g/cm3
Cladding: Al, 1.7 em I.D., 1.9 cm O.D. Rod spacing (center to center):
2.1 cm
Shroud tube: none Coolant and moderator: D20 99.70%
Lattice temperature: 20 °C Lattice pitch (square): 17 to 23 cm
. 2 . .
No. of bucklings: UL B, &and K .. in Fig. 23
2 -2
Piteh Bm (=) Keff
(cm) Vm/Vu exp. calc. 2 groups 4 groups
17 18.00 6.02 5.952 .99822 .99641
19 23.00 5.57 5.584 1.00043 .99877
21 28.54 5.07 5.052 .99939 .99791
23 3L. 6L L. b5 L.L78 1.00109 .99987
K .99978 .9982Y4

eff



Oxide: French 19-rod

Rod array in the cluster: hexagonal, spacing 2.1 cm

No. of bucklings: 3
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TABLE XXXIV

clusters

Lattice pitch (square):

Other data as in Table XXXIII

Pitch

(cm) Vﬁ/vu
21 9.13
23 11.38
25 13.83

exp.

5.15
5. Lk

5.33

0X - AQ - 19 - 162

2

calc.

L.753
5.217
5.241

Keff

21 to 25 cm
. . )
Bm and Keff in Fig. 34

2 groups

99149
.99471
. 99768

99496

Keff

groups

-99027
.99328
. 99623

.99326



Oxide:

French

19-rod
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TABLE XXXV

clusters .

0X - AQ - 19 - 162 VT

Rod arrgy in the cluster: hexagonal, spacing 2.2 cm

No. of bucklings:
Other data as in Table XXXIII

Pitch
(cm)

25
27
29
32

Vn/Vh

13.17
15.82
18.68
23.35

L

L.37
k.39
L.28
3.84

Lattice pitch (square):
Shroud tube: Al, 11.6 cm I.D., 11.8 cm 0.D.

B° and K
m e

L. 495
4.503
L.329
3.899

K

ff

eff

Coolant:

in Fig. 35

2 groups

1.00372
1.00362
1.00171
1.00232

1.00284

N

K

25 to 32 cm

2

4 groups

1.0023L
1.00224
1.00039
1.00122

1.0Cs=
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TABLE XXXVI
Oxide: French 7T-rod clusters OX - AQ - T - 220

Reference No.: 10 Measurement technique: critical substitution
Rod diameter: 2.2 cm Fuel density: 10.19 g/cm3
Cladding: Al, 2.3 cm I.D., 2.5 cm O0.D. Rod spacing (center to center):

3.2 cm
Shroud tube: none Coolant and moderator: D2O 99.70%
Lattice temperature: 20 °C Lattice pitch (square): 19 to 24 cm
. 2 . .
No. of bucklings: 3 B and K_.. in Fig. 36
2 -2
] B (m ) K
Pitch m eff
(em) Vm/Vu exp. calc. 2 groups 4 groups
19 11.23 5.51 5.977 1.01036 1.00395
21 1h.2L 5.6k 6.117 1.01184 1.01029
2k 19.31 5.28 5.693 1.01220 1.01071
K 1.01147 1.00998

eff



Oxide:

Shroud tube: Al, 10.6 cm I.D., 10.8 cm 0.D.

French 7T-Rod

- 04 -

TABLE XXXVII

clusters

OX - AQ -7 - 220 - VT

Lattice pitch (square): 19 to 25 cm

B2 and XK
m ef

f

in Fig. 37

Other date as in Table XXXVI

Pitch
(cm)

19
21
23
25

Vm/Vu

10.12
13.13
16. 4k
20.05

3.22

3. 97
L.38

k.33

No. of bucklings:

calc.

3.577
L.297
L.5h1
L.L86

K

eff

Coolant: N2

2 groups

1.010k49
1.01003
1.00527
1.00550

1.00782

K

b

4 groups

1.00954
1.00871
1.0037k
1.0040k

1.00651
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TABLE XXXVIII

Oxide: French 19-Rod clusters OX - AQ - 19 =132 - A
Reference No. 10 Measurement technique: critical substitution
Rod diameter: 1.32 cm Fuel density: 9.52 g/cm3

Cladding: Al, 1.4 cm I.D., 1.6 cm O.D.

Rod array in the cluster: hexagonal, spacing 2.8 cm

Shroud tube: none Coolant and moderator: DQO 99.70%
Lattice temperature: 20 °C Lattice pitch (square): 19 to 28 cm
. 2 . .
No. of bucklings: 3 Bm and Keff in Fig. 38
2 -2
Pitch v /v ex Bm e )calc 2 groups Keff 4 groups
(Cm) s . . g 'Y g D
19 11.55 5.08 5.007 .99833 99707
21 14,62 5.21 5,247 1.00045 . 99957
23 18.00 5.0k 5.110 1.00202 1.00066
K 1.00043 .99910

eff
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TABLE XXXIX

Oxide: French 19 - Rod clusters 0X - AQ - 19 - 132 - B

Rod array in the cluster: hexagonal, spacing (center to center): 2.0 cm
Lattice pitch (square): 19 and 23 cm No. of bucklings: 2
Other data as in Table XXXVIII

Pitch B, (x70) Kers :
(em) Vm/Vu exp. calc. 2 groups 4 groups
19 11.10 4.89 4,795 .99785 .99670

23 17.56 5.02 5.075 1.00155 1.00021

Keff .99970 .998L46
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TABLE XL

Oxide: French 19-Rod clusters OX - AQ - MG - 19 - 120 - A

Reference No.: 10 Measurement technique: critical substitution
Rod diameter: 1.2 cm Fuel density: 10.15 g/cm>
Cladding: Mg, 1.3 cm I.D., 1.5 cm O.D.

Rod arrayin the cluster: hex., spacing 1.6 cm

Shroud tube: Mg, 10.6 cm I.D., 10.9 cm O.D. Coolant: N

2
Moderator: D20, 99, 70% Lattice temperasture: 20 °c
Lattice pitch (square): 19 to 25 em No. of bucklings: 4
2 . .
Bm and Keff in Fig. 39
2 =2
Pitch V.,./V exp Bm . 2alc 2 groups Keff 4 groups
(cm) m iy : '
19 12.46 3.75 Lh.517 1.02487 1.02341
21 16.18 k.20 4.963 1.02594 1.02429
23 20.28 L. U3 4.993 1.02037 1.01864
25 2&.7h 4,32 Lh.787 1.01828 1.01667
K 1.02237 1.02075

eff



Oxide:

French 19-Rod clusters
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TABLE XLI

Shroud tube: Mg, 7.95 cm I.D., 8.25 cm 0.D.
Other dats as in Table XL

Pitch
(cm)

19
25

Vm/Vu

14.31
26.6

B (n”?)

m
exp. calc.
5.34 5.947
4.87 5.165

OX - AQ - MG - 19 - 120 - B

No of bucklings:

K
2 groups

1.01616
1.01067

1.013k2

4 groups

1.01kk2
1.00911

- 1.01177



Oxide:
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TABLE XLII

French 19-rod clusters

0X - AQ ~ MG - 19 - 120 C

Rod arrgy in the cluster: hexagonal, spacing (center to center):

No. of bucklings:

Pitch
(cm)

19
21
23
25

Vn/Vu

12.46
16.18
20.28
2h.Th

Y

3.68
b1k
L.L43
.3k

2

B and K
m e

~t

eff

ff

in Fig. k4O

Keff
2 groups

1.02176
1.02485
1.0190k
1.017k48

1.02078

2'

ST S

0O cm

groups

.02040
02327
.01735
.01589

.01623
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TABLE XLIIT
Oxide: Scandinavian T7-Rod clusters 0X - 8W - 7 - 156
Reference No.: 21 Measurement technique: exponential
Rod diameter: 1.56 cm Fuel density: 9.L42 g/cm3

Cladding: Al, 1.56 cm I.D., 1.72 cm O.D. Rod spacing: 2.375 cm
Shroud tube: Al, 7.2 em I.D., 7.4 cm 0.D.
Coolant and moderator: D,.0, 99.65%

Lattice temperature: 20 °C Lattice pitch (hexag.): 52 to 30 cm
No. of bucklings: 10 ' Bi and Keff in Fig. 41
2, =2
fi;;h Vm/Vu exi? o )calc. 2 groups Keff 4 groups
12 6.11 2.36 1.521 .98458 .98L3k
1k 9. 47 ¢ 4.093 .99222 .99132"
16 13.36 5.19 5.019 .99600 .99LT72
18 17.76 5.25 5.1L45 .99719 .99580
20 22.68 L.9€ L.891 .99791 . 99659
22 28.11 L3 b.o473 1.001L7 1.0003k
2k 3L4.07 4.00 3.997 .99990 .99892
26 L0. 54 3.5k 3.521 .99916 - .99833
28 47.53 3.01 3.069 1.00296 1.00232
30 55.04 2.58 2. 654 1.00k416 1.00365
K 99756 -99663

eff
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TABLE XLIV

Oxide: Scandinavian 19-Rod clusters 0X - SW - 19 - 156

Rod arrayin the cluster: hexagonal, center to center spacing: 1.85 cm
Shroud tube: Al, 9.64 cm I.D., 10. cm O.D.
Lattice pitch (exagonal): 20 to 28 cm

No. of bucklings: 5 B; and K_oo in Fig. U2
Other data as in Table XYLIII
2 -2

} B- (m 7) K
Eé;ih Vm_/Vu exp. m celc. 2 groups eft 4 groups
20 7.38 3.95 3.509 99107 .99035
22 10.17 k.60 h. L2 .99692 .99591
24 12.37 4.88 L. 807 .99820 .99702
26 1k, 75 k.90 4. 797 .99720 .99595
28 17.33 I, 6l 4.586 .99839 .99721

K 99636 99529

eff
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TABLE XLV
Oxide: Scandinavian T-Rod clusters 0X - SW - 7 = 122 = A
Reference No. 21 Measurement technique: Exponential
Rod diameter: 1.22 cm Fuel density: 9.27 g/cm3
Cladding: Al, 1.2h em I.D., 1.38 cm O.D. Rod spacing: 1.5 cm
Shroud tube: none Coolant and moderator: D20 99.57%
Lattice temperature: 20 °C Lattice pitch (hex.): 12 to 18 cm

. 2 . .

No. of bucklings: 4 Bm and Keff in Fig. 43

2 -2
Pitch By (m ) Kere
(cm) Vm/Vu exp. calc. 2 groups 4 groups
12 13.40 5.73 5.718 . 99973 .99825
14 18.9 5.96 5.886 . 99809 . 99636
16 25.25 5.62 5.421 .99399 .99235
18 32.45 k.95 L.793 <99LLT .99308

K 99657 .99501

eff
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TABLE XLVI

Oxide: Scandinavian T-Rod clusters OX = SW-T -122 - B

2

Rod spacing: 2.0 cm Bm and Keff in Fig. b4k
No. of bucklings: &4 Other data as in Table XLV
2 -2
; B- (m 7) K
?zzih Vm/V_u exp. n calc. 2 groups eff 4 groups
12 12.46 5.28 5.386 1.00230 1.00104
14 17.97 5.80 5.757 .99892 .99731
16 24,31 5.55 5.432 .00653 .99495
18 31.51 4,95 4.855 .99675 .99538
K .99862 LO9TLY

eff
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TABLE XLVII
Oxide: Scandinavian 19-Rod clusters OX - SW - 19 - 122
Reference No.: 21 Measurement technique:exponential
Rod dismeter: 1.22 cm Fuel density: 9.27 g/cm3

Cladding: Al, 1.24 cm I.D., 1.38 cm O.D.
Rod away in the cluster: hexag., spacing

1.485 cm

Shroud tube: Al, 7.5 cm I.D., 7.7 cm O.D. Coolant: DQO

Moderator: D0, 99.63% Lattice temperature: 20 °C

Lattice pitch (hexagonal): 18 to 30 cm No. of bucklings: T

Bi and Keff in Fig. 45

2 -2

} B~ (m ) K

?izgh Vm/Vu exp. - calc. 2 groups eff 4 groups
18 10.5k L. ok 4.818 «99733 .99618
20 13.50 5.31 5.227 99797 .99658
22 16.78 5.26 5.177 .99772 . 99629
ol 20.3€ 5.01 4.889 . 99630 .99493
26 24,26 L.65 L. 491 .99455 +99330
28 28.25 .09 L.052 .99853 .99750
30 33.00 3.66 3.611 .99791 « 99703

K .99719 . 99597

eff
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TABLE XLVIII
Oxide: Scandinavian 19-Rod clusters 0X - 8SW - 19 - 122 - VT

Coolant: Air B2 and K
m e
Other data as in Table XLVII

ey In Fig. 46

. B2 (m2) K
?Z;?h Vm/Vu exp. m calc. 2 groups eff 4 groups
18 10.5h 5.35 4.632 . 98296 .98132
20 13.50 5.5k 5.123 .98913 L99T37
22 16.78 5.61 5.136 .98643 .98L460
2k 20.36 5. 40 4.894 .98L03 .98229
26 24 .26 4.97 4.527 .98L450 RIS ERI
28 28. 47 L. 46 4.109 . 98634 .9850k
30 33.00 4,10 3.680 .98200 .98085
K .98506 .983k49

eff



TABLE IL

Overall test calculations based on buckling measurements

N N = 271/2
- i1 & by 5 feer)
For each set of N points: Keff = 5 g = T
No. of Keff ¢ Percentage of lattices K £f
Part Type of lattice . within N
lattices | (L-group = = e (2-groups)
eff — eff—

]
)
2 U Rods and tubes 88 0.99902 | ©0.00L61| 6L.8 90.9 .00153+0.00429
5
> metal Clusters 76 0.99852 | 0.00702| 61.7 100. .00029+0.007 38
-
g Single rods + 7 rod clusterg 53 1.00189 ] 0.00752 7. gk, .00316+0.00743
0
8 UOQ 19 or more rod clusters 78 1.00282 0.01010 T2. 92. .0037610.01005
o Metal French data only 18 1.00597} 0.00258 78. 9l 1.00817+0.00243
P -
S | clusters| Canadian data only 16 0.99124 | 0.00289 | 62. 100. .99208+0.00312
9
v 19-rod French + Canadian data Lk 1.00248 | 0.00438 ] T79.6 93. 1.003L40+0.00kLT
¢ Uo . : —
— 2
© cluscers Swedish (exponentials) 19 0.99119] 0.00639 | 73.7 100. .99250+0.00626

. =901 -
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TABLE L

Measured vs. calculated Koovalues

Lat%ices(l) NZQSZZ Sum of exper. Kw: a | o] (2)
Sum of calc. K»
N \
Hanford 19-rod UO2 6 1.00972 0.00977
lattices
PLATR 37-rod UO2 24 1.00676 0.00389
lattices
(1) Experimental data from UNC-5012
- N 2
5 .{Kw i(exp)— aK .(calc)g' L/a
(2) l=l ] b] -

For each set of measurements: o
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TABLE LI

Comparison of theory and experiments:

detailed lattice parameters

Perameter No. of % Error (EEEQEX:EER;) Source of exp.
exp.
cases data
Initial conversion ratio, L7 + 2.4 + 2.0 AECL - 2025,
ICR AECL - 2636;
+ AEEW ~ R.336
(1), (2)
U238 to U235 fission ratio, 35 - 0.3 +2.0 AECL - 20253
628 AECL - 2636 (2)
Pu/U fission ratio in the 20 - 1.5 + 0.5 CEAR - 2482;
fuel element AEEW - R.336
Moderator-to-fuel neutron
density ratio, Fm
i i .0+ 2.
Alr and D20 cooling 15 + 1.0 + 2 0 AECL - 2025
- i -10.0 + 3.
HB-LO (018 H22) cooling 7 10.0 + 3.0
Notes: 1. Zero error assumed in the experimental data.

2. The reported oscillations in the errors cover the whole span of data.

References (1) F. Accinni et al.:"Evaluation of lattice parameters for a heavy
water moderated, natural uranium fuelled power reactor" presented
at the Int. Conf. on Physics Problems in Thermal Reactor Design.
London, June 27-29, 1967.

(2) J.Bergeron:"Mesures de facteur de conversion des réseau a
uranium naturel” - thése présentée & la Faculté des Sciences
de 1'Université de Paris (1965).



TABLE LII

Theory vs. CISE experiments

(1)

Square lattice Coolant density, 52 (m—2 ) 102 628 ICR(E) Pu/U
pitch, cm g/cm3 Exp.m 2-group calc.| Exp. Calc. Exp. Calc. Exp. Calc.
0. ——- 6.18 + 0.04 "6.22 | 6.95 + 0.35 6.91| 0.825 0.822 | 1.198 1.19
20 0.382 5.62 + 0.0k 5.54 | 6.53 + 0.33 6.62( 0.84k 0.843 | 1.245 1.23
0.660 5.32 + 0.0k 5,32 | 6.39 + 0.32 6.46] 0.841 0.843 - -
19 0.382 5.49 + 0.07 5.31 - - - - - -
21 " 5.61 + 0.09 5.6k - - - - - -
24 " 5.27 + 0.07 5.k2 - - - - - -

(1) "Equivalent" density of a water coolent

(2) Experimental uncertainty + 0.00L.

(3) Experimental uncertainty 1.2%, including reference spectrum uncertainties.

Reference: F. Accinni et al.: "Evaluation of lattice parameters for a heavy water moderated, natural
uranium fuelled power reactor” - presented at the Int. Conf. on Physics Problems in Thermal

Reactor Design. London, June 27-29, 1967.

with the same hydrogen content as the polystyrene used.

=60l -



TABLE LIII

Bucklings of UO2 clusters - 9.33 in lattice pitch; results of substitution measurements; moderator at
22.8°C and 99.58 mol % D20

No. of rods | Rod spacing Housing tube Avg. Bz(mfz) Bz(m-z) k ff(h—groups) G(Akvif)
in eluster center-to-center Coolant from D§;873 PROCELLA © PROCELLA ( © )
: (inches) 0D(in)thick.(in calc. calc. pem
19 0.607 Organic| 3.080 0.030 3.53 k.06 1.0135 - 1310
19 0.607 H20 3.080 0.030 2.07 2.89 1.0209 - 2050
19 0.607 Air 3.080 0.030 5.45 5.52 1.000k =
19 0.598 Organic| 2.679 0.030 h.57 4.81 1.0056 - 8ko
19 0.598 Ar 2.679 0.030 5.60 5.56 0.9972 =
37 0.607 Organic| 14.350 0.050 2.52 2.86 1.0061 - 900
37 0. 607 H20 4.350 0.050 0.70 1.63 1.0157 - 1860
37 0. 607 Alr 4.350 0.050 k.35 h.27 0.9971 =
37 0. 607 Organic| k.76 0.050 0.31 1.43 1.0202 =
37 0. 650 Organic| L4.T4E 0.050 1.11 1.46 1.0060 - 750
.37 0.650 Orgenic| 4.970 0.162 - 0.80 - 0.17 1.0113 =
37 0.650 D20 4,746 0.050 k.00 3.63 0.9917 + 680
37 0. 650 Alr h.746 0.050 3.65 3.63 0.9985 =
Note: AkVT is the chang for voiding the coolant channel, §(ak ) represents the error affecting

eff

e 1n keff

such & quantity when the experimental Bi is assumed exact.

eff

Reference: F.D. Bentan: "Measurements of bucklings and void effects in D20—moderated, organic or HéO-cooled

lattices of UO

5 rod cluster;

DP-873 (1964).

=01t -
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TABLE LIV

Comparison of calculated and measured results for Hanford 19-Rod UO2 lattices

Description of the lattice:

Fuel: natural UO,, density .10.1 gm/cm3

Fuel rod radius: 0.6401 cm

Al cladding: IR = 0.6413 ecm, OR = 0.7175 cm

Center-to-center rod spacing: 1.646 cm (hexagonal except in outer shell)
Tubes sourrounding cluster:

Al inner tube: IR = L4.1275 em, OR = 4.L50 cm

Al outer tube: IR = 4.762 em, OR = 5.080 cm

D,0 purity: 99.7%

Hexagonal lattice Koo Aka for voiding the
Coolant coolant, channel
pitch, inches Measured | PROCELLA | Measured PROCELLA
7.0 D20 1.005 0.9991
+ 0.006 | + 0.00L4
7.0 None 1.011 1.003
8.0 D2O 1.052 1.045
+ 0.009 + 0.009
8.0 None 1.061 1.05L
9.0 DO 1.088 1.072
2 + 0.022 | +o0.011
9.0 None 1.110 1.083

Reference: R. Sullivan, H. Soodask: "Extended comparison of calculated and

measured reactivities for D2O—moderated lattices; UNC-5012 (1962).



TABLE LV

Comparison of calculated and measured results for PLATR 37-Rod UO2 lattices

Description of the lattice: Hexagonal lattice pitch: 11.1 in;

Fuel rod radius: 0.25 in.;

Fuel: natural U0
Al cladding: IR = 0.255 in,
Pressure tube: IR=2.325 in.; OR=2.487 in.Calandria tube: IR =

2’

density 10.3 gm/cm3;

OR = 0.275 in;

2.8775 in; OR = 2.9375 in.

Experi | Center-center (% coolant | Pressure Koo Ax,,
ment |Jrod spacing voids Cal:ggria Effect of
No. (inches) Measured| PROCELLA Measured PROCELLA
1 0.648 0 1.043 1.037
2 " 32 1.050 1.0Lk 0.007 0.007 |voiding coolant (2-1)
3 " 100 1.074 1.059 0.031 0.022 voiding coolant (3-1)
Y " 0 None 1.103 1.093 0.060 0.056 tubes (L-1)
5 " 0 1.077 1.075
6 " 30 1.081 1.080 0.004 0.005 voiding coolant (6-5)
T " 100 1.100 1.093 0.023 0.018 voiding coolant (7-5)
8 " 100 1.098 1.086 0.022 0.011 voiding ceolant (8-5)
9 " 0 1.068 1.064
10 " 0 1.093 1.088 -0.051 ~0.0k7 tubes (10-11)
11 " 0 None 1.1khy 1.135 0.067 0.060 tubes (11-5)
12 " 0 None 1.134 1.131
13 " 0 None 1.130 1.12¢9
1k " 28 None 1.1k4k7 1.136 0.003 0.001 voiding coolant(1lh-11)
15 0. 580 0 None 1.152 1.1kk 0.008 0.009 rod spacing (15-11)
16 0.580 22 None 1.152 1.143 0.000 -0.001 voiding coolant(16-15)
17 0.720 0 None 1.137 1.125 -0.007 -0.010 rod spacing (17-11)
18 0.720 33 None 1.14h 1.130 0.007 0.005 voiding coolant(18-1T)
Reference: R. Sullivan, H. Soodak: " Extended comparison of calculated and measured reactivities for D,0-moderated

lattices" - UNC-5012 (1962).

-2Il -
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TABLE LVI

o]
Measurements on Agesta 19-Rod clusters in the pressurized exponential assembly

TZ.

Description of the lattice:

Fuel natural UO2, density 10.5 gm/cm3; Coolant eand moderator: D20 99, L4L4%
Fuel rod radius: 0.85 cm

Zircaloy-2 cladding: IR = 0.86 cm, OR = 0.93 cm

Zircaloy=-2 shroud tube: IR = 5.65 em, OR = 5.74 cm

Center-to-center rod spacing: 2.21 cm; hexagonal lattice pitch

e

Temp. (°C) 24 cm lattice pitch | 27 cm lattice pitch
keff keff
21 - 1.0130
22 1.0062 -
50 - 1.0116
61 - 1.0121
68 - 1.0115%
75 1.0037 -
90 1.0029 1.0116
125 - 1.0097
150 1.0008 -
152 - 1.0085
180 - 1.0058
190 0.9971 -
207 0.9972 -
210 - 1.0041
239 - ‘ 1.001k4
2L6 0.99L48 -
248 - 1.0016

Reference: R. Persson, A.J.W. Andersson, C.E. Wikdahl: "Buckling measurements
up to 250 °C on lattices of Agesta clusters and on DpO alone in
the pressurized exponential assembly TZ" - AE-254 (1966).



- 114

TABLE LVII

Comparison of calculated end measured results for some 37-rod UO2 SGHW lattices

Description of the lattice:

Fuel: 0.91% enriched Uo2

Fuel rod cladding: OD = 0.578 in, cladding thickness = 0.036 in

5.250 in, OD

Pressure tube {ID

ID = 4,520 in, OD = 4.776 in "
Calandria tube {ID = 6.240 in, OD = 6.625 in "
ID = 5.520 in, OD = 5.900 in "
Coolant-to-fuel volume ratio (= 1.7 "

Moderator-to-fuel volume ratio(= 6.3 "
= T.3 "

Triangular lattice pitch: 9.5 in

Reference: C.G. Campbell, I. Johnstone, D.C. Leslie, D.A. Newmarch: "Reactor

physics studies for SGHWR's. A comparison of experimental results

5.500 in for SG2

SG3, SGL, SG5
SG2, SG3
SGh, SG5

SG2
SG3, SGk, sG5

SG2, SG3, SG5
SGh

with theoretical predictions". AEEW-R 336 (196k4).

lattices

1"

"

"

"



TARLE LVII (cont'd)

Core ,’ Coolant 1 F-S-(P-T‘/Uog) F.S. (C.T./Uog)
Exp. [METHUSELAH ~ THULE  PROCELLA | Exp. i METHUSELAH  THULE  PROCELLA
SG3 Air 1.301+0.01k 1.207 1.316 1.411 1.415+0.015 1.271 1.438 1.523
Mixture 1.564+0.017 1.485 1.500 1.566 1.672+0.019 1.547 1.593 1.650
Beads 1.652+0.035 1.549 1.528 - 1.761+0.02k 1.608 1.613 -
Water 1.689+0.019 1.639 1.581 1.639 1.779+0.020 1.689 1.649 1.700
Water (90°C)
SGh Air 1.315+0.01k 1.218 1.313 1.h32 1.413+0.016 1.260 1.k01 1.517
Mixture 1.585+0.017 1.53L 1.503 1.598 1.674+0.019 1.580 1.569 1.663
Water 1.729+40.019 1.68L 1.598 1.687 1.796+0.020 1.717 1.6L48 1.736

= SIT -




TABLE LVII (cont'd)

Core | Coolant F.s. (D20/U02) Pu/U
Exp. METHUSELAH THULE PROCELLA | Exp. METHUSELAH THULE = PROCELLA
SG3 Air 1.675+0.021 1.496 1.745 1.796 1.35+0.02 1.180 1.301 1.358
Mixture 1.885+0.024 1.764 1.83k 1.861 1.2740.01 1.2k0 1.234 1.2k0
Beads 1.937+0.029 1.81k 1.836 - 1.26+0.01 1.21k 1.216 1.211
Water 1.91h+0.02k 1.370 1.843 1.863 1.21+0.01 1.170 1.184 1.164
Water (90°C) 1.29+0.01 1.225 1.2k 1.223
SGh Air 1.72940.023 1.582 1.828 1.886
Mixture 1.911+0.025 1.920 1.916 1.958 1.28+0.02 1.234 1.220 1.217
Water 2.0L45+0.027 1.977 1.93k 1.969 - 1.170 1.177 1.153
SG5 Mixture 1.2540.02 1.243 1.221 1.239
Water 1.19+0.01 1.175 1.193 1.164

- 911 -



TABLE LVII (cont'd)

R.C.R. 8
Core Coolant 28
Exp. METHUSELAH  THULE PROCELLA | Exp. METHUSELAH  THULE  PROCELLA
SG2 Air 2.004+0.020 1.899 1.987 1.995 0.0598+0.001k4 0.0679 0.0603  0.0671
SG3 Air 1.984+0.009 1.889 1.960 1.992 0.0658+0.001kL 0.0730 0.0652  0.0671
Mixture 1.881+0.010 1.838 1.901 1.896 0.0532+0.0011 0.0624 0.0506  0.0561
Beads 1.811+0.010 1.768 1.843 1.83L 0.0584+0.0013 0.0648 0.0537  0.0593
Water 1.698+0.011 1.667 1.738 1.733 0.0517+0.0011 0.0592 0.0L89  0.0549
Water (90°C)| 1.709+0.016 1.69L 1.754 1.76k 0.0499+0.0021 0.0592 0.0k91  0.0553
SGh Air
Mixture 1.771+0.010 1.735 1.81k 1.812 0.0521+0.0011 0.0603 0.04ok  0.0548
Water 1.648+0.015 1.638 1.688 1.687 0.0510+0.0011 0.0583 0.0kTh  0.0537
SGS Air
Mixture 1.375+0.013 1.866 1.897 1.888 0.0506+0.0011 0.0423 0.0508  0.0560
Water 1.7014C.013 1.693 1.740 1.727 0.0512+0.0011 0.060L 0.0482  0.05k49

= L1T =




TABLE LVII (cont'd)

K k'ef‘f‘ (Bixp.
Core Coolant - ~—
METHUSELAH THULE PROCELLA METHUSELAH THULE PROCELLA

SG2 Air 1.07kT 1.0450 1.0527 1.0213 1.0135 1.0187

Water 0.9865 - 0.9332 1.0017 - 0.9739 L
SG3 Air 1.0751 1.0519 1.0564 1.0153 1.0191 1.0161 ?

Mixture 1.0451 1.0217 1.0k415 0.9951 1.0003 1.0182 B

Beads 1.0391 1.0214 1.0348 - - -

Water 1.0257 1.0066 1.0172 0.9892 1.0009 1.0136

Water (90°C)

Note: SGU4 and SGS5 lattices not calculated because thickness of interstitial tubes was

unknown.
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PROCELTLA

Sample problem
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DATA (Zones de 10 colonnes)
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