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ABSTRACT

Several computer codes for nuclear criticality safety
evaluations are described along with thelr input requirements,
The two basic codes are a code for compubting the buckling of
fissile material and a two-group diffusion theory code, which
uses parameters calculated by the buckling code, for computing
critical sizes, The other codes generate cross sectlons for the
buckling code, modify two-group parameters for speclal cases,
compute Kgpp, and compute the effect of special shapes. Numerous
correlations of the codes wlth data obtained in exponential and
critical experiments are given tc permit the user to determine
the margin that must be allowed to ensure subcriticality for
various situations to whlch the codes may be appliled,
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INTRODUCTION

During the past several years, a number of codes have been
wrltten at the Savannah River Laboratory for performing calcula~
tions required in nuclear safety evaluations, Although general
descriptions of same of the computatlonal techniques have been
given, {222) no detailed descriptions of the codes have been
written, with the exception of the code developed for computing
the effect of 1nteraction,‘s’ because they have been under falirly
continuous development, partly as the result of changes 1ln com-
puting machinery and in the manner in which 1t has been operated.
Recently, the codes have been converted to FORTRAN IV and have
been checked out on an IBM System/360-65, Further changes in the
codes due to changes in computing machinery are not anticlpated,
By now the codes have been used sufficiently long for most (hope-
fully, all) errors to have been discovered and corrected and for
mogt (but by no means all) changes that are desirable tc facilitate
calculatlione to have been made,

The principal codes are a code for computing the buckling
of fissile materlal moderated by water and a two-group diffusion
theory code that uses parameters generated by the buckling code,
Several approximations are made in the buckling code, but an
attempt 1s made to account for all major effects. The other
codes are essentially auxillary in nature. They are used elther
to generate cross sections for the buckling code or to operate
on the output from the buckling and two-group codes to medify
parameters, to take account of speclal shapes, or to compute kKerp
for particular situatlons, For each code the essentlal features
and the theoretical basis are described, This 1s followed by a
detailed listing of the input requirements and the cutput that 1s
or may be obtained.

With any method of calculation, 1t is necessary to know the
margln that must-be allowed to ensure subcrlticality, This margln
is best determined by correlating the method wilth the results of
critical and exponential experlments. Extensive cerrelations of
the combination of the buckling and two-group codes with such
experiments are presented 1n the Appendix iIin termes of kgrr. If
the methods were qulte exact, kerr should be approximately unity,
and should exhibit no trends. It would presumably be difficult
to determine whether devlations of karr from unity were the result
of experimental error or of minor errors in the method of calcu-
lation. With the present codes, however, the methods are not
exact and appreclable deviatlons of kgppe from unity and appreclable
trends are observed, When the codes are applied to a partlicular
sltuation, reference should therefore be made to similar sltuations
for whilch correlatlons have been made to determine the wvalues of
Korp that may be consldered suberitical.

Source decks for any or all codes may be obtalned by writing
to the author,
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MULTIGROUP BUCKLING CODE
{MGBS1149, L5404)

DESCRIPTION

This code wae originally designed to compute the buckling of
homogenaous agueous systems and to provide two-group parameters
for subsequent diffusion theory calculations, Modifications were
later introduced to permit calculations to be made for hetero-
geneous cells with cylindrical symmetry. These modifications
consleted of Incorporating a Ps subroutilne (taken from the IDIOT
code!*)in the thermal group, and Hellstrand's resonance
integrals‘sl for uranium and uranium oxide and Weltman's resonance
1ntegrals(a for thorium and thorium oxide in the resonance group.
Dancoff factor(7) calculations, based on collision probabllity
methods, (222 were introduced to give effective surface-to-volume
ratios for tubes, as well as rods, to be used in the resonance
integral expressions, Otherwise, homogenelty 1s assumed.

The code may also be used to compute the buckling of homo-
geneoug fast, unmoderated systems, For thils case, the thermal
and perhaps the resonance group should be omltted. The slow group
parameters computed by the code normally correspond to a boundary
between fast and slow groups at 0.625 ev, but other group bound-
aries may be chosen.

The energy range 1g divided into 12 groups. The first 10
groupe correspond to those selected by Loewenstein and Okrent 1o
and Have a lower bound of 9,1 kev, A resonance group extends from
0,625 ev to 9,1 kev, and the thermal group lles below 0,625 ev,
For the 10 fast groups the cross sections of all materilals except
water, nitric acid, oxygen, beryllium, and carbon are those
published by Yiftah, Okrent, and Moldauer, {**' with appropriate
averages taken where one of the 10 groups encompassed two groups
in this compllatlon, Cross sectlons for Hp0 and nitric acld solu-
tions up to about 7.5 molar for these 10 groups and for the
resonance group are obtained from lLagrange interpclation of cal-
culations made with a zero-dimensional multigroup code (zDMG),
described later, with a lethargy width of 0.1'2%', Since variations
with the interpolation parameters are nearly linear, results are
presumably good for somewhat higher molarities, but the range of
vallidity has not been determined, Thls same code was also used
to calculate the cross sections for oxygen, berylllum, and carbon,

For homogeneous systems the resonance integrals required 1n
the resonance group were cglculated from avallable data 11'15).
Dresner's(17) treatment of Doppler broadening was used for the
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resolved rescnances, The NR approximation was made, and inter-
ference between potentlal and resonance scatterlng was ignored,
For 2%°Py care was taken not to include contributions lying below
0.625 ev, because these are included in the thermal group.
Contributions at energles between 0,625 and the first resonance
peak flor other nucllides were obtalned simply by integrating the
cross section curves!®s%2) iy a4 1/E spectrum. The infinite
dijution integrals were forced to agree with measurements(la) of
resonance integrals adjusted to the range 0,625 ev to 9.1 kev,
The adJustment at the upper end was estlmated from crosgs secticns
for the fast groups. Resonance cross sectlons (Ures) were obtalned
2100

by dividing by azs %% and are tabulated in the code for each of

14 SPECieS (ZSEUf, 235Uf‘ EBBPU.f, 241Puf, 233Uc’ 234Uc’ EBSUC’
236Uc’ ESBUC’ zssPuc’ 240Puc, 241Puc, 243Puc, 232Thc) at 16

equally spaced values of log 05 from 2,5 through 17.5 where 0y

is the potentlal scattering cross sectlon In barns per atom of
absorber, Cross sections at intermedlate values of ¢, are obtained
by Lagrange interpolation.

For hetercgeneous systems containing sllghtly enriched uranium
or uranlum oxide, or thorium or thorium oxide Hellstrand's!S! or
Wweltman's ®' resonance integrals are used respectively, with 1/v
contributions added, Effective ratlos of surface to volume are
caleculated on the assumptions that the metal or oxlde is black to
resonance neutrons, that the resonance neutrons are uniformly
distributed in surrounding moderator in proportion to the slowing
down power of the moderator, and that they are emitted lsotropi-
cally. Transmisslon through claddlng 1s based on the assumptlon
that currents &t interfaces have a cosine distribution‘®s®’, The
Dancoff factor‘7’ calculations, required for rods or for the outer
surface of tubes, distlnguish between square and triangular
pitches, (This is the only place in the code where this distinc-
tion 1s made,) Resonance cross sections (0,.5} are again obtained

by dividing by log 25322,

By definition, the removal or slowing down cross sectlon for
the resonance group is

Q,
2y = “51oo : (1)

f $({E)dE

« 825

where Q is the number of neutrons entering the group per unit
time, p 1s the probabllity of escaping resconance capture, and
¢(E) is the energy dependent flux., Again, by definition, the
effective absorption cross sectlion for the group 1s

- 8-
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Za = ‘91(.%0- R)Q (2)
#({E)dE
« B25
Dividing (2) by (1) yields
1 -
Za = -—p——E_Zr (3)

It is convenient to use removal cross sections calculated for
moderator and to assume them to be unaffected by the presence of
rescnance absorbers, This assumption is made in the code, and 34
for the resonance group is calculated from (3) with p calculated
as

-z [z
p = e res r (4)

In the thermal group the cross sections for all nuclldes
except 2%°Pu are taken from Amster's compendium‘*®?; a renormali-
zation of hig values for 2*°Pu was made to take account of datatl®)
not avatlable to him, In this compendium, the thermal spectrum
is assumed to be a function only of the ratios 2°5U/H, #°°Pu/H,
and the barns of 1/v absorber per hydrogen atom at 2200 meters
per second, Cross sectlons are tabulated in the code at five
values of the first ratio (0, 0,005, 0,010, 0,015, 0,02), at filve
values of the second ratio (0, 0.0025, 0,005, 0,0075, 0.01), and
at three values of the third ratio (0, 2, 4), Three-way Lagrange
interpolation is used to obtaln cross sections at Intermediate
values, Scattering by atoms other than H 1s considered to be
scattering by an equivalent number of H atoms, based on the ratio
of €0, for the other atoms to o, = 20.73 for H. All absorption
cross sections other than those of 235U and 2°°Pu are assumed to
be 1/v for the purpose of determining the shape of the spectrum,
but otherwise thelr true varlation with energy 1s taken lInto
account. The code makes provision for extending the ranges to
an H/22%U ratlo of 2 or to an H/2®®Pu ratlio of 4 with the other
fissile nuclide (2%®Pu or 285y, respectlvely) treated as a 1/v
absorber as regards 1ts effect on the spectrum. The cross sections
included for thle range are constant values as a function of H/2°°U
and values obtained by extrapolating Amster's results as a functlon
of H/2°°Py, The code computes cross sections when the 1/v absorp-
tion cross section per H atom is greater than 4 barns, but these
are presumably somewhat in error, the error increasing wlth the
extent of the extrapolation, When the 4-barn limlt is exceeded,
notice to this effect is printed out,

Bt e T
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In calculatlons for cylindrical cells, the thermal flux is
first assumed to be flat In computing, by flux and volume
welghting, the average ratiocs on which the spectrum depends.

New averages are then calculated wlth fluxes calculated by the

Pz subroutine from cross sections determined by the first average
gpectrum, and a new specktrum 1is obtalined. Thls process 1s repeated
until the flux converges unlegs more than five iterations are
required. Fallure to converge can be recognlzed by the fact that
the code prints out the fluxes.for the sixth lteration and then
those for the fifth, Average cross sections for the group are
calculated with the fluxes from the next to the last iteratlon.
In the Pz calculations, a source of thermal neutrons proportional
to the slowlng down power 1s assumed in all regions. The limit
of 4 barns per H atom may be exceeded in the first iteration, but
net in later iteratlons, A notice that the limit 1s exceeded 1s
printed out each time 1t occurs. Since at least two lteratlons
are requlred, a single printing of the notlce lndicates that this
1imit is exceeded only 1in the first iteration.

After the average cross sections are calculated for each
group, a multigroup calculation 1s made to obtaln the neutron
gspectrum in the homogenized system. Down-scattering can occur to
any group, but because of the large width of the resonance group,
slgnificant transfer across this group does not oceur The flux

in each group 1s calculated from the set of equationst4)
B 12 i
et B 1T %Y 20 By b Xy H D 3y, by (5)
3y J=1+1 J=1

where B is the square root of the buckling and where, for each
group 1, 34 is the transport cross sectlon, Zai the abscrption

cross sectlon, = the cross section for transfer to group J,

i=»]
and X4 the fraction of the fissilon neutrons born 1n the group.
B
The leakage term in (5), ~———% - %; , 1is derlved from
-1

tan
2y

transport theory for the case of lsotroplce scattering. The
transport approximatlon is made; 1l.e., the total cross sectlon
is replaced by the transport cross sectlon and l1sotropic scat-
tering in the laboratory frame of reference is assumed, This
approximaticn was ori%inally thought to be fairly good for
hydrogenous syna;temsa(4 s due to an error, Correction of the error
leads to the results shown ln Table I In which leakages calculated
for hydrogenous systems 1n the monocenergetic case are compared for

three different approximaticns: +transport, P (1linear anisotropy

- 10 -
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in the laboratory frame of reference), and diffuslon. It is

assumed that quadratic terms (through P.) are sufficilent to describe
scattering in the laboratory frame of reference accurately., The
transport approximation is seen to be superlor fto the diffusion
approximation and to err in the opposite directlon.

TABLE I

Compariscn of Transport, P; (Linear An sotropy),
and Diffusion Approximationid

Relative Leakage
Pure Hydrogen Hpo0 such that g = 9p
B/ Transpert Pj Diffusion Traneport P Diffusion

0 1.0 1.0 1.0 1,0 1.0 1.0
0.3 0.925 1.022 1.095 0,977 1.009 1,053
0.5 0.875 1,049 1,247 0.955 1,019 1.138
1.0 C.856 1,103 1.831 ¢.930 1.046 1.471
1.5 0,880 0.933

2.0 0.903 1,120 3.315 0.9%2 1.062 2,344

{a) Comparison is in terms of the ratio of the leakage (DB%)
computed by each approximation to that computed by the
P, approxlmation,

After the flux in each group is obtalned, the total produc-
12

_tlon of neutrons 1s calculated as P==§: vizfi¢i, the total

i=1
' 12
absorption as A = 2: 5, 5, the total leakage as
=
12
B

L= E: 3 - 2, ¢;, the multiplication constant as

1=1 \tan" %! =

k = P/A, and the migration area as M® = L/AB®. If 1lteration to
a converged buckling is deslred, a new buckling 1s calculated as
B'2 = (k-1)/M3, and a new set of fluxes is calculated. The
operation is repeated untll the change in buckling does not

exceed 107% cm™2,

- 11 -
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The number of iterations is limited to 20, but this limit
is never approached unless situatlons occur that cannot converge,
Such a sltuation may, for example, arise when the buckling is
negative (B2 = -k®), Arguments of tanh™! k/3; greater than unity
cannot be permitted, and 1f they occur, the leakage is set equal
to zero in all groups,

Average constants are computed for use in a two-group
diffusion theory code based on the equationsg:

g;@; = (1= ¢331)5:%; + C123,0, = 0
* (6)

V2
55;2 - (1 - c22)5%5 + cp1318; = O

where Zjy 1s the transport cross section and cyy 1s the number of
secondary neutrons appearing in group i as the result of an Inter-
actioglin group J. The cross sectione are normally calculated as

PN
i=1

11

> 4
1= %1
groups may be selected, In calculating the €i4s the source terms
(neutrons per fisslon, and removal cross sectldon) are ilncreased
so that the two-group equations will give the same critical buck-
ling and the same ratioc of fast to slow flux corresponding to the
eigenvalue as are given by the multigroup calculation. The need
for making this adjustment clearly lies in the difference between
the leakage terms (transport vs diffusiocn).

1 = and 55 = X5, but other divisions between the two

The code 18 broken up into a number of subroutines which
perform varlous steps in the calculation and contain the cross
sectlons. The atomlc densitles in each material type are computed
in ATDNY, The constants for the 10 fast groups are computed in
FAST, the resonance group constants in RES, and the thermal group
constants 1n THEML, The calculation of the effective ratic of
surface to volume, regulred for the resonance group, ls performed
in EFSTVR, whilch makes use of CRTVIR, TCYL, TOI, TOQO, DCFR, DAN,
BEKI3, and BIK, Rational polynomial approximations‘2®:2°) are
used for the K44 function and for the Bessel functions in the
subroutines BEKI? and BIK, respectlvely. The Ps calculation
reguired for the thermal group is performed 1n P3 and SOL which
makes use of BESS and BIK. Lagrange Interpolation is performed
with the functions G30 and G31 or with G50, Ghl, and G52. The
multigroup calculation of the spectrum, the caleulation of energy-

- 12 -
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averaged parameters, and the bucklling lteration are performed in
the MAIN program. The source distribution is contained in SRCE,
The cross sections for the 10 fast groups are contained 1ln FC,
FF, and FMC; for the resonance group In RCS; and- for the thermal
group in 80, 82, SUi, 85U, and SPU. The order 1n which they appear
ig stated 1n comments in the listing of the program,

It has been found that overflows occur 1ln the subroutine
80L 1in cases where a central moderator region 1s surrounded by
Just one additional moderator reglon., An example of this type
of situation would occur i1f & lattlce of MTR elements 1In water
were treated as consisting of cells having a central homogeneocus
U-Al-HoO regilon surrounded by an annulus of water., The overflows
apparently do no harm, however, They can be avolded by subdlviding
the central region into two reglons with ldentlcal properties, and
the results are essentially the same as when the overflcows occur,

INPUT

Format Data

184k PN(I), I = 1,5
PN(I), I = 1,4 1s a name of up to 16 characters,
PN(5) is & number of up to 4 digits.

7211 Ic{I), I = 1,72
IC(I) is a control vector for input.

Ic(1) and IC(2) denote the number of regions NR
(a maximum of 23 are allowed),

IC{3) denotes the number of types of materials NT
(a maximum of 9 are allowed).

IC(4) denotes geometry: O for slab, 1 for cylinder
(the slab is homogenized by the code for all groups) .

1c{J+4), T = 1,NR denctes the type of materilal in
reglon J, The types must be deslgnated in the same
order 1n which they are to be read.

IC(J+NR+4), T = 1,NR indicates, if non-zero, that
the outer radius of region J is to be read. If the
radius is not read, it 1ls the same as 1n the preceding
problem, The radius of reglon 1 for the flrst problem
is preset to 1 cm, but can of course be overridden.

IC(J+2NR+4), J = 1,NT indicates, 1f non-zero, that
the description of meterial J is to be read., If 1%
is not read, 1t 1s the same as 1in the preceding problem,

- 13 -




Format Data

IC(2NR+NT+5) indicates, 1f non-zero, that the buckling - £
is to be read. If it is not read, it is the same as ;
in the preceding problem, It is preset to zeroc by !
the code, - i

F
IC(2NR+NT+A) denotes the number of 1low energy groups

(exclusive of any that may be omitted) that are
included in the slow group. If zero, one 1ls included.

TC(2NR+NT+7) denotes the number of low energy groups
cmitted from the 12-group structure.

IC(2NR+NT+8) indicates, if O or 1, a #33U fission
source or, 1f 2, a Pu-Be source,

IC(2NR+NT+9) denotes type of solution, If 0 or 2, no
iteration on buckling; if 1, iteratlion. If 2, cp; is
adjusted to agree wlth input buckling.

IC(2NR+NT+10) is not used,.
IC(2NR+NT+11) 1s not used.

IC(2NR+NT+12) refers to resonance group constants,
If 0, code calculates them for a homogeneous system;
if 1, they are read in; if 2 or 3, code calculates
them from Hellstrand's and Weitman's resonance inte-
grals for square or triangular lattice respectively.

IC(2NR+NT+13) indicates, if non-zero, that spectrum
from preceding problem is to be used and that rescnance
group absorption cross sectlon is to be set equal to
Zero,

IC(2NR+NT+14) denotes number of comment cards (up to
9) to be read.

F10.5 RAD(I)

Radius (in ecm) of region I as called for by control
vector, One radius per card.

F10.5 BEST

Buckling (in em™2) 1if called for. An initial guess
should be read if iteration is called for, The guess
need not be very good, because convergence is rapld.

- 1k - . .

s g




:i.<r,;i}:_ L

Format Data

50T1 ITc{1r), I = 1,50

ITC(I) 1s a control vector for the description of a
material type called for by IC,

ITC(1) indlcates, if non-zerc, that isotopic composi-
tion of uranium 1in material is to be read,

Irc(2) indlcates, if non-zero, that ilsotople composi-
tion of plutonium in material is to be read.

ITC(3) denotes, if 2, that material is aqueous solu~-
tion or, 1f 3, metal or oxilde,

ITC(X+3), K = 1,47 denotes, 1f non-zero, that A(K,J)

is to be read where J 1s the
specifies concentrations and

5F10.5 U(r,J), I = 1,5

Weight fractions of 2%%y, 284
in material Type J 1f called

4F10,5 PU(I,J), I = 1,4

Welght fractlons of 23%py, 24

material type and A
densities,

U, 235U, ESBU, and EBSU
for by ITC,

%pu, 24Py, and 2*2Pu in

material Type J if called for by ITC.

F10.5 A(K,J) as called for by ITC, one per card

Por aqueous solution, A(l,J)

A{2,J)
A(3,3)
A{k,T)
A(5,J)
A(6,T)
A(T7,3)

ete,

is nitrate ion conc, g/l.
is uranium conc, g/1,
1s x 1in UO,.

is density of UOQ, for
natural uranium, g/cm®,

is plutonium cone, g/1.
1s x in Pu0y,

lg density of PuC, for
239Pu, g/cms'

for U, Pu, Th, Al, Zr,
Fe, Cr, Ni, B, Cd4, Gd,
Pb, C, Be in this order,

A(44-46,T) 1s not presently used.

A(4T,T)

....15_

is vold fraction,




Format

Data

50I1

184k

5F10.5

T2I1

For metal or oxide, A(1,J) is density, g/em®.

I7Te(TI)

A(2,J) is welght fraction oxygen.
A(3,J) is welght fraction uranium.
A(%,J) 1s welght fraction plutonium,

ete., for ¢, U, Pu, Th, Al, Zr,
Ve, Cr, Ni, B, Cd, Gd&, Pb,
C, Be 1n this order,

A(18-47,J) 1g not used for metal
or oxlde,

The cycle of material description cards is read
for each type J called for by IC, The number of
types may exceed the number of regions, U, PU,
and A are all preset to zero and 1f not read,

have the preset values for the firet problem or
the values in the preceding problem for succeeding
problems, except for a metal or oxide region where
A(K,J) is preset to zero for each problem, It is
neceggary to reset A(K,J) to zero, for an aqueous
solution by inserting blank carde, 1f thils 1s
desired, This is necessary, and easlily over-
looked, even when tyre J changes from metal to
solution,

(coM(1,J), T =1, 18), T = 1, IC (2NR + NT + 14)

Comment cards as called for by IC,

Tcs{11), TResS{11), Acs(1l), Vres(1l), DCS(66)

Resonance group constants, 1f called for by
IC(2NR + NT + 12),

Ic(1), I =1, 72 -

Control vector for next problem, ete, Should be
blank to terminate a series of problems,
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PRINTED OQUTPUT

Name and number read as PN(I), I = 1,5

Problem number (problems are numbered conseCutively from 1)
Comments

Outer radll of reglons

Type of material in each reglon starting with first region
U, PU, and A for each type of material that is changed
Volume fraction of each region

Thermal disadvantage factor of each reglon

Thermal absorptlon cross section (em™%) in each region
Thermal scattering cross section (em™') 1in each reglon

Total thermal source and total thermal absorption, meaningless
unlegs Pz calculation has been made

Number of equivalent atoms of H on basis of slowlng down
power, numbers of molecules of Hp(O, molecules of NzOs, eXtra
atoms of O, atoms of 299y, 234y, 285y 236y 238y 239py,,
240py  241p, 242py  Th, etc, (in same order as for A(I,J)
per em® x 102% for each type of material that 1s changed

Resonance group constants: Z_, Ztr’ Za, sz, Zr, and, for
rods or tubes of slightly enriched U or UQ; or for Th or
ThOz, the actual and effective surface-to-volume ratilo

Rescnance group constants after being adJusted 1n accordance
with Equation % '

Ratio of fast to slow flux
Total production

Total absorptlion

Total leakage

Average Ztr

- 2B
Average bare extrapolation distance calculated as % tan™t 3
tr

B {square root of buckling)

Ratlo of faest to slow activations of a 1/v absorber in
spectrum

Tractlion of source neutrons absorbed and leaking In thermal
and resonance groups

Spectrum, l.,e,, fluxes In all 12 groups

_17...



Absorption and fission cross sections of uranlum and
plutonium isotopes and thorium averaged over spectrum

Fraction of absorptions and filsslons occurring in these
nuclides in thermal group

Buckling (cm™2), migration area (cm®), and two-group
parameters for diffusion theory calculatlons

Radius and volume of bare sphere, bare critlcal mass of
uranium or plutonium, and ratio of hydrogen atoms to 2887
or 2%%9py

PUNCHED OUTPUT

S1, Sa, Ci1s Ce1s» Cizs Czz, M?, punched with FORMAT (2F10.7,
4F10.8, F10.4, I2). The cards for an entire group of

problems are preceded and followed by spacer cards containing
PN(5) in columns 75-78, enclosed by slashes in 73-74 and 79-80.

- 18 -
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TWO-GROUP ANALYTICAL CODE
(TGAN1149, L5428)

DESCRIPTION

This code solves Equation 6 for plane, cylindrical, or
spherical symmetry. Two types of solutlons may be chosen: one
employing the functions that are sclutions of the wave equation
V2¢ + B®¢ = 0 and the other employing transmisslon and escape
probabilities. In the former, finite cylinders and slabs are
handled by including a transverse buckling., In the latter, which
is appropriate for a thin, heavily absorbing reglon such as a
sheet of cadmium, infinite slabs or cylinders are assumed, and
allowance 1s made for transverse leakage by modifying cii and Czz.
The code was deslgned chiefly as a tool for computing critical
sizes and extrapolation distances, and conslderable care was taken
to avoid errors due to round-off. Fast and slow fluxes are cal-
culated after the criticality calculation has been made. The
fluxes in some cases may be greatly 1ln error, pesslbly because
of errcrs due to round-off., These errors in the flux, however,
do not indicate that errors are present in the eriticality calcu-
lation, which has been checked quite thoroughly. Criticallty can
be searched for by varying either the transverse buckling or the
thickness of a region. It 1s possible also to search for the
critical concentration of a solution, which may be an average
concentration in the case of nonuniform solutions, For certaln
speclal cases, dimensions (and hence extrapolation distances) can
be obtailned corresponding to particular values of Xgpe, presumably
chosen to be those found to be appropriate for correlating
experiment and calculation, In these cases punched output, in
the form required as input by the critical dimension code (KEFF),
described later, is cbtailned.

Considerable thought went into choosing the form of the
two-group equations and the boundary conditions., As in the
Multigroup Buckling Code (MGBS), the transport approximation was
made. This approximation is, however, essentlally made 1In any
ordinary few-group treatment, If 1t were not made, source
anigsotropy would have to be considered, the neutron current in
a group would depend not only on the flux in that group but on
the fluxes in other groups, and the egquations would be much more
complicated., The particular form of the equations was chosgen to
make them symmetrical and to avold amblguitles that might result
due to varying definitions, if parameters such as p, 2., T, D,
I?, etec,, had been used. Provided these latter parameters are
clearly defined, the 2; and ciJ can of course be expressed in
terms of them.
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Arguments for the choilce of boundary condltions and for the
leakage expression used in Equation 6 are based on a conslderation
of the scolution of the transport equation 1n an infinlite homo-
geneous medium with plane symmetry. Similar arguments could
perhaps be advanced for a cylinder and sphere but the equations
are more complicated., Scattering is assumed to be isotroplc in -
the laboratory frame of reference, (The transport approximation
consists of replaclng the total cross sectlon by the transport
cross sectlon and assuming lsotroplc scattering.) Two energy
groups, characterized by suitably averaged parameters Z;, Zz, Ci11,

Cp1s Cis, 8Nnd Czz, are assumed., The transport equation 1n its
integral form can then bhe written quite simply as

=

4_;"
i
i
¥
i

-er

¢_~L(o) =ff {Cllzl¢l(x) + 01222¢2(X)} = 5 daar ‘
0 -1 ;

oo 1
$2(0) =ff {czlzl¢l(x) + 02222¢2(X)} = > dadr (7)

o -1

where r is measured from the origin to a source point in the
plane at x and cos” ! A is the angle r makes with the x-axis,

8ince the origin of the x coordlnate may be chosen to be anywhere,
there 1s no loss of generality in choosing to determine ¢, and ¢»
at * = 0. In the infinite medium $; and $; are both sclutions of
the wave equation V¥¢ + u?¢ = 0, and therefore have the form

¢, = S(A cosux + Azsinux)

Il

(8)
2

Ajcospx + Assinux

substituting x = ra and performing the integration 1n (7) give

A -
SA]_ = (011218 + 0122-2) =2 tan 1 '_'u‘_
M >,
R (9)
A, = (Calzls + 02222) -+ ta.n-J' <
m %,

Eliminating 8 leads to the following equation that must be satis-
fied by u:

w/Z w/Zs
€13 - A Cap - g - C12Cz; =0 (10)
tan” * — tan~ - =
3 Zp .
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Two roots may be possible, generally a real root and an lmaginary
root, although In some cages both may be 1maginary. The ratio of
the components of ¢, and ¢, corresponding to a root is obtalned

from (9):

5. Ciz
g = 21
B/Zy

-1 M
tan N

- Cia

The group 1 current crossing the plane at x = 0 in the negative
% direction 1is

2.7
e <1

©0 1
J;(O)_=']:j. {c1121¢1(x) + 01222¢2(x)} 5— AAAT (12)
[}

Making use of (8) and carrying out the integration in (12} give

- ' 2y p2 A, /1 32 -1 K
31(0) = (CJ_J.Z]_S + Clzzz)l}‘xlﬁ log (1 + 212) + -2'2" (E - Eﬂ‘ tan~* 2—1

(13)
Using (9) and noting from (8) that
de,
¢,(0) = SA, and o = SAsl
x=0
glve
o 'tan'l 2
log (1 + &) 1- ——“7——§*
- 08 Ty B/ 21 dgy
b5 tan™t > 21 tan™? = x=0
1 b3 1 (14)
In general then
- W
2 tan™t 5
u_ _ i
g tos (L4 T TWm e
1 =2 — %1 3 e (15)
4 &= tan™ " <+ 2L tanm —
Z3 2y 24

(It should be noted that this result 1s valld only for plane
symmetry; 1t does not apply to cylinder or sphere, )
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+  aj(u) B Dy (k) dgy

In more simple notation, ji = =7 ¢, % 5 ax : (16}

Thus the current 1n group i can be expressed entirely 1n terms of
the flux and its derivative in group 1.

In a finite medium, far from boundarieg, the flux and current
are approximated very well by the infinite medium solution, Near
a boundary 1t seems reasonable to expect the current leaving the
medlum in the posltive x direction tc be approximated falrly well
by J+ because the current depends on source neutrons deep wilthin
the medium as well as near the boundary, If the flux is assumed
to satilsfy the wave eguatlion, then the current entering the medium
must be equated to J- as evaluated from the propertlies of the
medium, The physical boundary conditions must be continulty of
J* and J~ for each group. In the finite medium the transient
solutions corresponding to the lmaginary root iv are also present
although they are not allowed in the 1nfinite medium because there
the ratio of ¢; to ¢, must be the same everywhere. The appropriate
boundary conditions thus appear to be to requlre continuity of
the vector

Jl’ Y% 0 -% Ofl|ei{p)siu)ecosux ar(uw)8lu)sinux  ay{v)s{v)coshvx al(v)s(v)sinhvx— Al_
3% + 0 % 0|lap(p)cospx ap (K ) sinux ag (v} coshvx ap(v)sinhyx Ap
J: B 0 & 0 -%|[-wDy{u)s(n)sinux Dy (pB)S{pn)coepux vDy{v}S(v)einhvx +vD,(v)S8(v)coshyx| |Aa
2] 1o+ o &[-wDa(u)sinux uDz{p}eospx  vDz(v)sinhvx vDa (v)comhvx | [a,]
(17)

or 1n more simple matrix notation to require continulty of
J = CMA (18)
At a boundary xy between materials 1 and J then
CMi(xk)Ai = CMJ(xk)AJ (19)

M; (x 1Ay = MJ(xk)AJ (20)
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do(u) _ p,yelv)
dx

The net current at a boundary ls J+ - 37 or -D(u) ax

Thus the third and fourth elements of the vectors in (20) are
simply the negative of the net currents. The first and second
elements, however, are not simply the fluxes; moreover, there are
two diffusion coefficlents involved in the currents In a group,
one a function of W and the other a function of v.

ap () and an(v) can be factored out of M and can be lIncluded in
A go that
i 10 7

S' () coBux s'(W)einpx s'(v}ecoshvx 8'{v)sinhvx Al
cosux Binpx coshvx sinhvx Al

MA = M'A" = | -pD! ()8 (w)einnx wDi(u}S'(u)ecosux vDi(v)8'(v)sinhvx vDi(v)8'{v)coshvx Ag

| -uDi (W) stk w3 (1) compx vl (v)sinhvx YDl (¥) coshvx IR
(21)
where
st = 2w s = Bgs)
i) =205 A -2

Al = oo (p)Ar AY = az(p)ds AL = aa(v)As AL = a2(v)A,

The constants A; or A; do not enter into the criticality deter-
mination so that (21) may be considered as representing continuity
of flux and net current with diffusion constants D'.

-1 M
R %1
Zy u721

Dy (n) = z (22)

log (1 + %;5)

tan
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It is instructive to calculate D, D', and o as a function of
L/E. Results are given 1in Table II, .

TABLE IT

D, D', and o as Functions of p/I

w/T _33D 32D a a/a(0.1 w/g)
i 3.0 1.5 2 1.9966
0.81 1.27%1 1.0960 1,1625 1.1612
0,61 11,1200 1.0437 1,0731 1,0725
o, 41 11,0465 1.0171 1.0289 1,0286
0.21 1,0107- 1,0041 1,0066 1.0065
) 1 1 1 1
0.2 0.983%5 00,9961 0.,9934 0.9935
0.4 0.,9607 0.98%2 0,9751 0,9754
0.6 ©.9187 0,9688 0,9483 0.9489
0.8 0,8704% 0,947 0.9165 0.9175
1.0 ¢.8197 0,9288 0.8825 0.88L0 . "
1,5 0,706 00,8776 0,7995 0,8025
©.0 0.,6048 0,8321 0,7268 0,7316

Real values of W/Z are consildered first, A plutonium solution
with H/22%%Py = 400 has a w/Z; of about 0.7, as does a typlcal
close~packed latilce of U-Al alloy fuel tubee in water, A dense
mixture of plutonium and water with H/2%°Pu = 5 has a w/3, of
about 1,3, In agueous systems u/Zs 1s generally about one-tenth
as large as $/%;. Within the usual range of interest, 1/33
appears to be a reascnably good approximation for D', It is
difficult to say much about the imaginary values of u/Z. Since
v/zi must not exceed unity, there will not always be an imaginary
root of (10). Moreover, solutions corresponding to the second
root are not permitted in the infinite medlum. Perhaps about all
that can be sald 1ls that the trends with lncreasing v are in the
opposite direction from those with increasing u.

From the heuristic arguments that have been presented here,
including a study of Table II, 1t appears that the most accurate
recipe to follow in performing few-group diffuslon theory criti-
callty calculations is:

1, To assume contlnulty of flux and net current at boundaries
with the current given by -DV$ where D; = 1/33,,

2, To choose two-group constants such that wlth leakage given by
u®/3%; the asymptotic solution will be produced in an infinite
medium with the proper relative wvalues in all groups. (The
Multigroup Buckling Code does this,)
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3. The transient solutlons will then correspond to v2, determined
as the other root of (6):

vZ = 352(1 - ¢1;) + 332(1 - cpp) + MB
(There is no requirement here that v Zi)

When transverse leakage 18 characterlized by a radlal buckling,
uZ 1in (21) is replaced by Wyx® = u® - B,Z and vZ by v,® = v¥ + B,2,
The diffusion constants and coupling coefficlents (8] are not
affected. The approach taken in the code for the solutions
inveolving transmission and escape probabilities has been described
elsewhere(a’g). A gomewhat different formulation of the equations
has been employed in the code, however. The current vector in
(17) at the right-hand boundary of a medium is related to that at
the left-hand boundary by transmission probabilities calculated
for the medium and by escape probabilities for source neutrons
born within the medium, All secondary neutrons resulting from a
collision in the medium are assumed to be uniformly distributed
within the medium so that thls type of solution should be used
only for thin regions, The distribution of neutrons entering a
surface of the region is assumed to be proporticnal to the cosine
of the angle made with the nermal to the surface. Heurlstic argu-
ments, agaln based on a consideration of the slab case, have been
advanced for this approximation!®''., The regions are assumed to
have infinite transverse dimensions in calculating transmission
and escape probabilities; leakage characterized by a transverse
buckling is treated as addltlonal absorption and is accounted for
by modifying cii; and capp. The two-group parameters are the same
as in the diffusion theory case, namely Z4 and c¢44. The coupling
between fast and slow groups 1s contained directly in the equations
so that no iteration 1is involved.

Finally, consider the determination of the critical conditions
for a system consisting of several regions, At X, and at x,,
external boundary conditions must be satisfled, (Here x, and X,
may be interpreted as radii for cylinder or sphere,) A series of
equations of the following form then must be solved:

Jl(xo) = J7,
J2(xl) = Jl(xl)
Ja(xz) = Jz(xz)

Jn(xn—l) = Jn-1(xp-y)
Ip(xy) = Jg (23)

where Jy, and Jg are vectors giving the external boundary conditions,
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If the ith region is characterized by functions that are solutions
of the wave eqguation Ji 1is given by (18), 1If, on the other hand,
the ith region is characterized by transmission probabillties,
Ji4q,(xq) = TyJq-,(x4_1), where the matrix T4 contain transmission
and escape probabillities,

From (18) and (21)
CM;.(XO)A.'I. = JL

oMi(xy )AL = oMI(x )Myt (x,)CT Ty,

CMQ(XL)AQ

CME (%o )AL = CME(xp)Ad = OMA(xp)MA™ 1 (x,)C  CMy (x1 )M ™ (x,)C™ 2dT,

Finally, JR = ON, N, ... NN, C™ 07, (24)

where N; = M{(xq)M{ *(xy_,) for a function region

or Ny C'lTiC for a transmisslon region

It is convenlent to express the boundary conditions in terms
of albedos 8, 1.e., the ratios J7/4% at the right-hand boundary
and J+/J' at the left, The product of the vector Jp by the matrix

-Bg 1 O O

0 0 1

“Bogr

is thus zero., The vector Jy can be wriltten

By 0] [91c]
1 o |l
5 - 21|
O By
| O 1]

The critical condition then is that the 2 x 2 determinant

QNpNpey owe NpN,P| =0 (25)
where
1- PR o L+ By o
4 2
v 1 - 1+
o Por o Pag
4 2
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and

2(1 +8,;) 0
0 2{(1 + BQL)
P =
1-8 0
0 1-8

The transient solutions in regions characterized by functions
present certain problems due to round-off; terms of large magnitude
which should cancel, may not do so exactly, When f1, = 1 or when
Br = %1, these difficulties can be circumvented In the Ilnnermost
and the outermost regions (1f characterized by functionsa); and this
iz done in the code, (An albedec of 1 corresponds to a net current
of zero; an albedo of -1 corresponds tc a flux of zero,) Otherwlse
a more general treatment is required., In a single intermediate
function region, the matrix N can be broken into two matrices,

N = N(u) + N(v)

the former containing only functions of the eigenvalue W and the
latter only functlions of v, The terms in the latter matrix tend

to be much larger than those in the former so that a stralght-
forward attempt to solve (25) may be very insensitive to changes

in dimension or transverse buckling, The determlnant of the
product of a 4 x 2 matrix P, by a 4 x 4 matrix N, by a 2 x 4 matrix
@ can be shown to be

d:1 913 Nk Bim Px1 Pkz

IQNPI = E X X

d21 923 nik njm' Pmi Pmez

where 3 > 1, m > k, and the sum ig over all values of i, J, k,
and m permitted between 1 and 4, The determinant then can be
written

b IQ(N(I-L) + N(v))PI

Janture] + Jantiz] + Janture[2] + ant2[SS]]

+ ]QN(U.)P[SS] + Q,N(V)P[éo]" (26)

Consideration of the products invelving N(p) and N(v) terms in
the first two determinants shows that, as a result of terms that
are identically zero and of terms that in the slab case are of
the form cos®u(x; - xi_l) + sinzu(xi - %X4.,) or of the form

- 27 -




cosh®v{x; - x4_,) - sinh®v(x; - x4_,), the only terms present are
ones contalning the coupling coefficients S(p) and 8(v), the
diffusion coefficients, and the ratio of inner to outer radius
raised to the power 0, 1, or 2, depending on whether slab,
cylinder, or sphere 1s belng treated, These two determinants

are usually much smaller than the next two. In the code four
matrices P' are formed which are multiplied by @ to produce four
determinants, The number of such matrices increases by four for
each general function region so that for four such regiocns, the
maximum number permitted by the code, there are 256 P' matrices
and 256 determinants that are added to give the required determi-
nant, Even with these precautions, scome caseg& have been found
with the IBM System/360-65 where lack of sensltivity was apparent;
dcouble precision arithmetic was therefore Introduced for the
matrix manipulations leading to the evaluation of the determinant,.

It is possible for problems not to converge or to converge
to the wrong root, The latter case can usually be recognized by
the presence of negative fluxes, although negative fluxes do not
always indicate trouble, As pointed out above the critlcality
calculation is considered tc be correct, but fluxes may bhe greatly
in error. Particular care is taken in the transverse buckling
search to ensure convergence to the right root, The convergence
criteria are expressed ln terms of the change in the parameter
being searched for, When the predicted change for the next itera-
ticn becomes sufficiently small, convergence 1ls assumed regardless
of the value of the determinant, which In some cases may be very
large, The number of iterations is limited to 20, which should
generally bhe meore than sufficient 1If convergence can be achleved
with a particular set of initlal conditions., Often cnly 4 or 5
lterations are required, When convergence dees not occur or
cccurs to the wrong root, proper convergence may be achleved by
a different choice of initial conditions, To ald in recognizing
proper ccnvergence and in choosing other initial condltions, the
results of each 1teration, including the value of the determlnant,
are printed. '

The input and output options are exercleed in the MAIN
program, Some of the calculatlons are performed here also, but
most are performed in subroutines., ©Subroutlne ORDER establishes
the ordering of function (F) and transmission (T) regions, The
bucklings, coupling coefficlents, and diffusion constants are
calculated by BCKLG. Subroutine PRNT prints data for each region
in order. The calculation of the N matrices, the formation of
thelr product, and the evaluation of the determinant are handled
by AGAIN with the ald of several subroutines, The elements of K,y
when Pi1, = Bo1, = 1 are calculated in MTSYM for an F region and in
TRNSYM for a T region. The elements of QN, when f.p = Bog = 1
are calculated 1n Q@SYM for an I region., The elements of a general
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F reglon matrix are calculated in MTXELS. The Bessel functions
requlred for cylinders are calculated In BJY and BIK from poly-
nomial approximations(®°,22)  The elements of a general T region
matrix are calculated in TRNSMT, which makes use of T0O, TOI, and
TCYL in calculating tranemission and escape probabilities, These
in turn make use of functions calculated in EXIE3 (Es function),
BIK, and BEKI3 (Ki3 function). A rational apprpximation(aa) for
the E; function for x > 1 1s used In EXTE3. Matrix inversion,
required in TRNSMT, 1s performed by MINVS, Matrix multiplication
in AGAIN 1s performed with MLTA and MLTB. The P matrices are
calculated in PMAT by means of CSMPLY and MMPLY, Where a T matrix
intervenes between F matrices, multiplication of the P matrices
by the T matrix to form new P matrlces is performed by TPMT,
Evaluation of the determinant 1s performed by DETN, The fluxes
and ecurrente at boundaries are calculated in PSI; the necessary
functions are carried along in XMF as a slde calculation, Trans-
verse buckling iteration is handled by BCON, Calculation of
average extrapolation distance for the first slab (starting from
the inner boundary)_for which 1t has meaning is performed in SLED,
The concentration search 1s carried out in DIST., lagrange inter-
polation of parameters as a function of concentratlon 1ls performed
in GRNG by means of the functions G50, G51, and G52, Subroutine
EFTM (40) handles machine overflows and underflows, When an
underflow occurs, zero is substituted; when an overflow occurs,
the result is set equal to the largest possible positive number;
and when division by zerc occurs, zero is substltuted, In the
last two cases, the location of the interrupt is printed.

INPUT
Format Data
5A4 PN(I),I = 1,5
PN(I),I = 1,4 is a name of up to 16 characters,
PN{5) is a number of up to 4 digits,
30T1, (IcoN(I),I = 1,30), (JD(I),I = 1,12)
1213 ICON(I) is a control vector,
ICON(1) 1s number of T regions (£6).
ICON(2) is number of F regions, In general case the

1imit is 4, If the first reglon is an F reglon and

1f By, = By = 1, the limit is increased by 1. If the
last region is an F reglon and if B; = By = *1, the

limit is increased by 1.
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Format

Data

TCON(I+2), I = 1,6 indicates: if zero, that the data
for the I®™™ T region are not to be read or are not to
be selected and are the same ap in the preceding
problem; if unity, that a data card for the Ith T
regions 1s to be read; or if greater than unity, that
the data are to be selected from a set read initially.
The order is that in which T reglons appear, without
regard to the location of T regions.

TCON(I+8), I = 1,6 indicates: i1if zero, that the data
for the Ith p reglon are not tc be read or are not to
be selected and are the same as 1n the preceding
problem; if unity, that a data card for the I 7
region 1s toc be read; or 1f greater than unity that -
the data are to be selected from an initlal set.

The order is that in which F regions appear, wilithout
regard to the location of T reglons. I1If the number
of T regions changes, data are regquired for all F
regions even though there is no change.

TCON(I+14), I = 1,12 indicates if non~-zero, that the
thickness (cm) of region either I or I-1 is to be read
depending on whether or not f; = B = 1 at the inner
or left-hand boundary, In the latter case 1if

ICON(15) # O the inner radius of region 1 is to be
read, If dimensions are not read, they are the same
as they were initlally in the preceding problem,

ICON(27) denotes the type of problem, If ICON{27) =
0,1 or 4%, the type 1s standard; if 1 or 4, a general
data card is to be read; if 0, the general data are
the same as in the preceding problem. If ICON{(27) =
4, data cards for all typeg of T regions and then for
all types of F regions are read before the general
data card 1s read, Numbering ls considered to start
with unity for each type of data, If ICON(27) =2, a
concentration search is called for. If ICON(27) = 3,
abbreviated input for a series of cores surrounded by
a reflector of fixed composlition and thilckness is
called for, and punched output sultable for input to
the KEFF code 1is obtained.

ICON(28) indicates, if non-zero, that the transverse
buckling is to be read. If the buckling is not read,
it is the same as 1lnitially in the preceding problem,
The buckling is preset to ¢. If the transverse buck-
ling is to be used as an initlal guess, 1t must be
read for each problem even though its value is not
changed,
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Format Data
ICON(29) indicates the number of comment cards (£9).
TCON(30) denotes the problem series. The series
atarts with 100 X ICON(30) + 1 and is numbered con-
secutively.
Jo(1), I = 1,6 indicates the T data to be selected
for the IR T region.
Jo(1), I = 7,12 indicates the F data to be selected
for the (I-6)th F region. Unless ICON(I), I = 3,14
is greater than unity, JD should be left blank.

184k (cr(1,J), I =1,18), J =1, ICON{29)
Comment cards as called for,

215 NKG, NKC
NKG is the number of T data cards to be read initlally
and NKC the number of ¥ data cards. NKC must be
greater than zero, Unless ICON(27) = 4, NKG and NKC
are zero, and thls card 1ls omitted.

2F10,7, %15 S, C11s C21s Ci12s Cazz fOT NKG T regions.

4¥10,8

2F10.7, 51, Zp, C11s Czis Cims Czz fOr NKC F regions.

41710.8

4F5,2, BETFI,BETSI, BETFO, BETSO, (IGEN(I), I = 1,15),

1511, FTR, SFR,SDR, (IFP(I), I = 1,6)

F5.
%IZ 2 General data, 1f called for: Fast and slow inner and

outer albedos, Order in which T and F reglons are
interlaced: O for T and 1 for F region through total
number. IGEN{13) denotes slab, cylinder, or sphere
by 0, 1, or 2. IGEN(14) denotes negatlve exponent of
10 for convergence crlterion; cannot exceed 8 for
puckling (10"8 cm™2) or 4 for a dimension (10°* cm).
IGEN(15) denotes type of search: O denotes transverse
buckling and I denotes thickness of F region 1. (A1l
other region thicknesses remain unaltered.) FIR 18 a
factor to be applied to an initial guess elther of
transverse buckling or of extrapolation distance for
a central core, depending on whether SDR 1s or is not
zero, SFR 1s a speed-up factor to be applied to the
linearly predicted change in buckling or dimension;
without prior experlence, use unity, never zero,

SDR 1s the initial guess elther of the increment in
thickness to be subtracted in a critlcal dimension
search or of the extrapolation dilstance, depending on
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Format

Data

2F10.7,
4710,8

2F10.7,
4710.8

Fl0.k4

F10.4

3011

whether FTR is or is not zero, IFP(1l) denotes the
number of internal peinte In reglon 1 at which the
flux may be calculated, IFP(I), I = 2,6 18 not used.

DATA(I,J), L = 1,6

Z1s, Zmy C311, Coys Ci1os Cepz for the Jth region, if
called for.

DATA{I,J+NT), I = 1,6

S1, 52y Ci1s Cozs Cims Cpp for the JU! F region, if
called for, NT is number of T reglons.

PAD{I)

Radius or thickness (cm) as called for, one per card.
In a dimension search for the radius of a symmetrical
F reglon core, a guess of the radius and its change
will be calculated from a guess of the extrapolation
distance and the factor FTR, and PAD(1l) should not

be read.

BEST

Transverse buckling {(em™®) 1if called for. In a buck-
ling search if an initial guess is not read or is not
computed by the code from an initial guess of extrapo-
lation distance, it is taken to be 1% greater than the
maximum material buckling in any F region. Convergence
to a greater buckling than that initially selected by
any meang is not permitted by the code; hence if the
initial value 1s too small, convergence to the proper
root will neot occur.

(Icow(r), T = 1,30), (Jp(r), I = 1,12)

Contrecl vector for next problem, If ICON(2} = O,
geries 1s terminated.

Abbreviated Type ICON(27) = 3

Intended conly for obtaining for a partlcular value of
Kopps the slzes of symmetrical F reglon cores that are
elther bare or are surrounded by a reflector of fixed
compogition and thickness.
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Format Abbreviated Type ICON(27) = 3

215 NKG, NKC
NKG = 0, 1, 2, 3, or % denotes respectively IGEN(13)
as it is read, slab and cylinder, slab and sphere,
cylinder and sphere, or all 3, IGEN(13) should denote
the first one of the group. If NKC = O, a kerp and
concentration are required for each core, If NKC = 1,
the first kerf and concentration apply to all cores.

LF5,2, QGeneral data card as in standard type.

1511

3F5.2, IGEN(13) should be as indicated above.

612 IGEN(15) must be 1. Neither FTR nor SDR may be zero.

2F10.7, DATA(I,J}, I = 1,6

4¥10.8 Z1s %2y C11s Cs1s Ci1zs Czp for the Jth region, if
called for,

7F10.4 DATA(I,NT+1), I = 1,6, XMS
%1, Z2, Ci11s Cmiys Cips Cazs and M®Z for core, If card
is blank, next card is interpreted as ICON,

2F10.7, DATA(I,J+NT+1}, I = 1,6

4710.8

1 215 o, €115 Czis Ci1zs Czp for Jth g reglon teyond the

core as called for ICON(9+J).

F10.4  PAD{I+1)
Thickness of IR reglon beyond the core as called for
by ICON(15+I). TICON(15) should be zero.

F10.%4 BEST
Transverse buckling if called for. Read only for
first core, Intention is that 1t be zero.

2F10,4% EK, GPL
EK is kg pr to which sizes are to correspond, GPL 1is
concentration in core, g/l. The code makes no use of
GPL except to punch it out for input to the KEFF code.
These are read for the first core, but not thereafter
if NKC = 1,

TF1C.4 Data for second core,

2F10.4 EK, GPL for second core if called for by NKC = 0O, etc.

Concentration Search ICON(27) = 2

No T regions are permitted here. This sectlon 1s intended
chiefly for finding the average critical concentration for
nonuniform distributions.
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Concentration Search ICON(27) =2

\

NCONC

NCONC (€50} is the number of concentrations in the
table of two-group constante to be read in. If
. NCONC = 0, the next card read is interpreted as ICON,

goNc{I), I = 1, NCONC

Concentrations in g/1 for which group constants are
to be read, As many as four cards may be regulred,
Concentrations must be egqually gpaced within each of
a maximum of three groups. The spacing of concentra-
tions in a succeeding group must be an even mnultiple
of that in the preceding group; ©.8., concentrations
of 0, 5, 10, 15, 20, 30, Yo, 50, 60, 80, 100, 120
are acceptable.

(p(1,3), I =1,6), J =1, NCONC

Z1s Z@s Ci1s Ca2is Cizs Ce2 for each of NCONC concen-
trations.

NR,NST,KR,NVC,KGY,NFP,NFR,NSU,NS,NFC,NBFI,NBSI,NBFO,NBSO
NR is number of reglons, 1ncluding reflectors.
NST is IGEN(15) and denotes type of search.
KR denotes number of identical reflectors: 0, 1, or 2,
NVC is IQEN(14), the convergence exponent.
Koy is IGEN(13), the geometry indexX.
NFP is IFP(1)}, the flux points in region 1,

NFR is 10 X FTR, the buckling or extrapolatlon distance

factor,
NSU is 10 X 3FR, the speed-up factor.

NS is 10 X SDR, the extrapolation distance or the
radius increment.

NFC is percent by which concentration is changed it a
concentration search 1s desired.

NBFI, NBSI, NBFC, and NBSO are the fast and slow inner
and outer albedos multiplied by 10,

If card is blank, next card 1s interpreted as NCONC.
DATA(I,NR), I = 1,6

S1, Z2s C11s Czas Ci2, Caz2 for reflector.
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Format Concentration Search ICON(27) = 2

7#10,4 RAD(I), I = 1, NR, BUCK

Radii (em) of all reglong and transverse buckling
(em®).

If card ie blank, next card ls interpreted as NR,
NST, KR, ete.

7F10.4  cNc(I), I = 1, (NR-KR)
Concentration in each region, excepting reflectors.

If card is blank, next card 1is interpreted as RAD(I),

PRINTED OUTPUT

Name and number read as PN(I), I = 1,5
Problem number and geometry
Boundary conditions

Region number, type (0 for T, 1 for F), and two-group
constante

Bucklings for F regions

Transverse buckling, value of determinant, extrapolation
distance for core or, in slab case, average extrapolation
distance for first region where it 1s meaningful, and radil,
for each lteration

Fast and slow fluxes and currents at boundaries and Inter-
faces and, if called for, fluxes at intermedlate points in
first region

For abbreviated type (ICON(27) = 3): Kkgpp, M°, and critical
volume/cm®, volume/cm, or velume for slab, cylinder or sphere

For concentration search (ICON(27) = 2): critical mass/cm®
and radial buckling, critical mass/cm and axial buckling, or
eritical mass and excess buckling for slab, cylinder, or
sphere, respectively; concentrations in each region.
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PUNCHED OUTPUT

For abbreviated type only: concentration (g/1), RJZ, M,
three dimensions, three extrapolation distances, two bare
extrapolation distances, index for card reading, index for
type of solution. Format is F7.2, FB.6, F7.3, 3F6.1, KF5.2,
21T, This ocutput is in the form required as iInput for KEFF,
The concentration and MZ are those read as input by TGAN.
The material buckling B, is that (B®) calculated from the
two~-group parameters and then adjusted to Kerr, 1.4,

1~k

Bm2 = k

eff

The dimensions are either 0 or = {9999 in.)., The extrapcla-
tion distance on the finite dimension to be calculated by
XEFF is that calculated by TGAN. The bare extrapolation
distances are arbitrarily 3.0 ¢m, The card reading index

is 1 and the solution type index 1s 2, 3, or 1 for infinite
slab, infinite c¢cylinder, or sphere, A third index on at
least the first card 1s required for running problems with
KEFF. (See description of KEFF for significance of these
indices,) Spacer cards containing PN(5) in columns 75-78
precede and follow these cards,
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CRITICAL DIMENSIONS CODE .
(KEFF1149, L5403) Ve

DESCRIPTION

This code computes critical dimensions and from them volumes
and masses corresponding to a number (£9) of selected values of
Kopps where

1+ MPRF
Kerr = 1+ WP B2

and where for a slab s

B 2 __.111:_ + ———111:— : + ———jL:r— ® ) ,
& W+ 25, L + 25, H + 2S5y -

for a cylinder

B = (2.4048)2 . ( m__ )2
R + SR H + ESH

Alternatively, glven all the dimensions and extrapolation digtances
and of course Bm2 and M2, the code computes kgrp; 1f the extrapo-
lation distances are not given, the code computes an effective
extrapclation distance. The code also computes one-group albedos
at outer surfaces from the following expressions:

g = SinBW(S - SO) for a slab
sinBy(S + S,)

J,(2.4048

B,.S) J (2.4048 - B.S,)
J,(

7,(2.5048 - BS) 7, (2.4048 - B,3,)
B = T.(2.%0k8 - B.S)  Jo(2.%048 - BpS,) .
7,(2.5068 - B,8) T J,(2.5048 - B.S,) or a cyiinder
T~ BS _ 7 - BSg
5 = 1+ (Z : gg)cotBS 1+ (ﬂﬂ-_B%gicotBSQ for a sphere
+
1 + (m - BS)cotBS 1 + (m - BSy)cotBS, (28)

where 8§ is the extrapolation distance at the surface, S5, is the
bare extrapclation distance there, and By and B, are the components

_.3“{'_



of the buckling in the direction normal to the surface, These
albedos are useful in performing calculatlons concerned with the

interaction of units.

To reduce the amount of card punching required, there are a
number of optilons that lndicate which positions on a card are
meaningful., The others are ignored, and data for whilch these
positions are allocated are taken to be the same as in the pre-

ceding problem,

INPUT
Format Data
F7.2,F8,6,F7.2, Group 1 concentration (g/l), By® (em™®), M® (cm®)
3F6,2, Group 2 three dimenslons, inches
3F5.2, Group 3 three extrapolatlon distances, cm
2F5.2, Group 4 two bare extrapolation distances, cm
3I1 Indices I, J, K

In group 2 the dimensions are: width, helght,

and length for a slab,

dlameter and height for

a cylinder, and diameter for a sphere. The
unuged dimensions should be left blank including
dlmensione to be calculated by the code,

In group 3 the extrapolatlon distances are in
the same order as the dimensions, and again those
not used should be left bhlank.

In group 4 the extrapolation distances are in the

same order as ln group 3,
distance for slab length 1s read.

No hare extrapolation

Index I Indicates which groups of data are

lgnored.

If
If
Ir
Iir
If
If
Iir
If

I

H H H H H H H

=1,
= 2‘
= 3,
= 4,
:=.5,
= 6,
-7,
= 8,

necne, First
group 4.
groups 2-4,
group 2.
groups 2 and
groups 1 and
groups 1, 3,
groups 1, 2,
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Format Data

Index J indicates what 1s computed.
If J = 1, sphere dlameter,

If J = 2, height of cylinder with fixed
dlameter.

If J = 3, diameter of cylinder with fixed helght.

If J = 4, width of slab with fixed helght and
length,

If J =5, Kapps
If J = 6, effective extrapolation distance.

Index K denotes number (49) of values of Kerr to
be read. Must not be zero for J = 1 through 4
for first problem. Should be zero for J =5, 6,

9F5.3 Values of kppy called for by index K, If K =0,
this card is omltted.

F7.2,F8,6,F7.2 Data for next problem. A blank card termlnates
3F6.,2,5F5.2,311 the eeries,

OUTPUT
The output consists of a label specifyling shape, the concen-

tration, B2, M®, the extrapolation distances, the dimensions,
the mass, albedos, and kgpep.
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TAPERED SLAB CODE
(TSLA1149, L5406)

DESCRIPTION

Thls ccde computes, correspondlng to varilous cholces of Kare,
the helght of a slab that may be tapered or may be reflected, in
effect, by a tapered reflector, The taper ls assumed to be linear,
the slab thickness or width increasing linearly with height. The
calculation ls one-dimensional and one-group, The height is
divlded into a number of segments., Within a segment

By? = BZ ~ B - Bf?

where

&
B+2 = T
L L + 28

By (w Pp— (H))2
0 W

and where L 1s the length of the slab, EL 1s the average extrapo-
lation distance for the length, Wo 1s the wilidth of the slab at
zero height, H 1s the height of the upper boundary of the segment,
M is the linear rate of increase of width with height, and 2Sy(H)
1s the average extrapolatlion distance for width as a functlion of
height as determined from Lagrange interpolation of values at
three helghts. ‘

External boundary condltions at top and bottom are expressed
In terms of extrapolatleon distances. At Interfaces between seg-
ments, the boundary condltlion 1ls continulty of the vector

$(X) BinByX cosByX A,
ggizl BycosByX ~BysinByX| |4,

where By dlffers 1ln adjacent segments and may be imaglnary toward
the bottom of the slab, 1n which case the functions are the hyper-
bolic sine and cesine,

Starting from a guess of initial height, whilich is such that
the volume contalned In the tapered slab equals that contained in
a nontapered slab wlth height corresponding to kepr and wlth width
equal to that at the top of the tapered slab, the code iterates
on the height untll the boundary and interface condifions are
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satlisfied adequately. The convergence eriterion is that the
height predicted for the next lteration should differ by less
than 0.01 cm from that Just caleulated. The number of iteratlons
is limited tc 20. :

INPUT

Format Data

415 N, M, NN, ND

N is number of segments into which height is subdivided.
If N = 0, number 1z same as in previous problem., If
N < 0, series 1s termlnated.

M is number (9) of keps values to be read. If M =0,
values are same a& 1ln previous problem,

NN is number (£9) of comment cards to be read.

ND indicates, if non-zero, that length, width at zero
height, and slope are to be read; otherwlse they are
not read and are the same as in previous problem,

1844 Comment cards ag called for by NN.
7F10.5 kgpp values as called for by M.

3F10,5 Width (in.) at zero height, length (in.), linear rate of
increasse of width with height if called for by ND # 0.

6710.5 Concentration within slab (g/1), materlal buckling (em™2),
migration area (cm®), extrapolation distances (em) from
bottom and from top, and SL, If SL » 1, it 1s interpreted
as the average extrapolation distance (em) for the length,
If 8L < 1, it is interpreted as the geometric buckling
(cm™2) transverse to the thickness in a critical slab with
thickness equal to the length of the tapered slah.

6r10.5 @&(I), I = 1,3; SW(I), I = 1,3

G(I) are three equally spaced helghts (in.) at which
SW(I) is read. G(1) must be zero, @¢(3) should be
greater than the largest helght of the tapered slab
that is of interest., If 8W(I) » 1, it 1ls interpreted
as the average extrapolation distance (cm) for the
width at height G(I). If SW(I) < 1, it is Interpreted
as the buckling (em™2) transverse to the thickness in
a eritical slab having a thickness equal to the width
of the tepered slab at height G(I).

415 N, M, NN, ND for next problem,
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OUTPUT .

The output consists of the comments read; the length (in.),
width at zero height (in,), the slope, and the number of
segments into which the height 1s dlvided; the concentration,
material buckling, migration area, and all the extrapolation
distances; the height (cm) of the tapered slab for each
iteration; the value of kg pp, the initlal height (in.) from
which iteration started, the converged height (in.), the ,
volume {liters) at the converged height, and the mass (kg). . 3
If the initial helght is greater than G(3), a statement that ’
the height of the tapered slab 1s greater than G(3) 1is
printed out, and no iteration is carried out. K
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CODE FOR CYLINDER WITH DISHED BOTTOM
(DISH1149, L5402)

DESCRIPTION

This code computes, corresponding to varlous cholces of Kgres
the maximum height (i.e., the height along the axils, at the lowest
part of the dish) in a cylinder with a dished bottom, The calcu-
lation is one-dimensional .and one-group. The cylinder is divided
into a number of annull, Within an annulus

BRE = Bma - BHE

where
kil 2
B,® = =
H (H + 28M )

and where H ig the height above the curved bottom at the inner
radius of the annulus and §H is the average extrapolation distance
for the height. The radial boundary conditlon is expressed in
terms of a radial extrapolation distance. At interfaces between
annuli, the boundary condltion is continuity of the wvector,

é(r) J(BgR) Yo (BrR} A
dpl T
elo)) o g (sm)  -BeY, (3R A

If, as is possible, Bg is imaginary the Bessel functlons Ios Ia,
Ko, and K; are used.

Starting from a guess of maximum helght, which 1s asuch that
the volume within the dished cylinder equals that in a non-dished
eylinder with the same dlameter at the same kgpp, the code
iterates on helght until 1t converges wilthin 0,0001 em, If no
finite initial height exists, the ccde proceeds to the next
prcblem,

The code hag been applied to the dlshed cylinder formed by
aividing a sphere into a number (»10) of cylindrical annuli and
then displacing these annulil and deforming them so that their
tops would be flat and all lie in a plane, When the maximum
helght of such a cylinder is calculated to equal its dlameter,
kerr 1s slightly greater than for a sphere with the same diameter;
hence the method is conservative.
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INPFUT

Format Data

3I5 N, L, LP
N 1s number of radlal boundarles, If zero, series 1is
terminated.

L Indicates, 1f non-zero, that the next problem will
start by reading N, L, LP, and if zero, by reading
another concentration, etc.

LP 1ndicates, 1if > 0, that lntermedlate steps in the
iteration will be printed.

7F10.,5 RAD(I), I =1, N; DH(I), T =1, N

RAD(I) 1s the radius (inches) at which an annular
boundary is located. DH{I) is the difference between
the maximum height (inches) and the height (inches)

at this radlius, As many cards are read as are requlred,

6F10.5 Concentration (g/1), material buckling {em™®), migration
area {cm®), average extrapolation distance {cm) for height,
radlal extrapolation distance (ecm), number of values of
kerr to be read. If concentration is zero, the next card
1s Interpreted as N, I, LP, If number of kger's 1s zero,
values are same as in previous problem,

7F10.5 kere's as called for by preceding card. ILimit is 7,

3I% or N, L, LP or concentratlon, etc. for next problem, depending
6F10,5 on whether L 1s or 1is not zero, :

OUTPUT

The output conslsts of concentration (g/1), material buckling
(ecm™2), migration area (em®), axlal and radlal extrapolation
distances (em), kepp, and the corresponding maximum helght
(inches), volume (liters), and mass {(g). The volume and mass
are calculated on the assumptlon that the height of an annulus
varies linearly from inner to outer boundary, If LP > 0O,
intermedlate helghts (cm) and values of a determinant that

are calculated in the course of an lteration are printed.
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PARAMETER ADJUSTMENT CODE
{ PADJ1149, L5405)

DESCRIPTION

This code adjusts two-group parameters for use ln subsequent
two-group calculations. Two types of adJustment are possible,
In the first, czp 18 modified to account for absorption. For
example, a two-group calculation may have been run for an infinite
system of slabg of flssionable material alternating wilth thin
sheets of cadmlum, The critical transverse buckling 1ls then In
effect the materlial buckling of a homogenlzed materlial contalning
fissionable material and cadmium, Presumably only cpp should be
significantly different for the homogenized material from its
value for the rissionable materlal wilthout cadmium., The code
accordingly adjusts cpr to conform wilth the material buckling and
the other two-group parameters., AdJustments in the other param-
eters can of course be made, if indicated, prior to reading them
into the code,

The other type of adjustment consists of adjusting c¢,, and
czz to glve effective values that account for a transverse buck-
ling and/or for a change in buckling to conform to a kgep
differing from unity. The two=group code requlres the same
transverse buckling in all reglons. For some cases, however,
different transverse bucklings and kerep's correlatlng calculation
and experiment may be desirable in different reglons, The adjust-
ment in c;; and ¢,z permlts calculations of this type to be
carried cut with the two-group code,

INPUT

Format Pata

Yah, T4 PN(I), I = 1,4,NB

PN 1s a name of up to 16 characters, NB 1s a number of
up to 4 digits.

120, L, GUCK, HUCK, TA, TB, EFFL

5710.6 If L = 1, adjustment 1s made in cpzp to conform to GUCK

(material buckling (cm™®)) and to other two-group
parameters; rest of card should be blank,

If I = 2, adjustment 1s made in c;; and cpp to glve
effective values that account for transverse leakage

a8 characterized by GUCK and HUCK (transverse bucklings
(cm™2)). TA and TB should be left blank, EFFL is Kerf
to whilich material buckling 1s adJusted, Parameters
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Format Data

left blank will have the values in the preceding
problem or preset values for the first problem, The
preset values are 0 for GUCK, HUCK, TA, and TB, and
1 for EFFL,

If L = 3, same adjustment is made as when L = 2, but
GUCK and HUCK are interpreted as transverse dimenslons
{em) and TA and TB ag the respective average extrapo-
lation distances {(em)., This option applies only to a
parallelepiped,

If L = 0, series 1s terminated,

2F10.7, Two-group parameters I, T, Ci1s Cp1s Cizs Cozs and ME,
4F10.8, Migration area not required unless kgpe # 1.
F10,4

I10, L etc, for next problem,
5F10.6

PRINTED OUTPUT
Identifying name and number followed by two-group parameters,
material buckling (for ca» adjustment), or effective buck-

ling adjusted for transverse leakage and Keff, migration
area, and Kgpp.

PUNCHED QUTPUT
Two=group parameters and migratidn area, Spacer cards con-

taining the identilfyling number in columns 75-78 precede and
follow these cards,
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TWO-GROUP INPUT CODE
(TGIN1149)

DESCRIPTION

If many problems are to be run, it is somewhat tediocus to
prepare input for the two-group code when searches for the average
concentration in nonuniform distributions are to be made; this
code supplies the reguired punched cards. In addition it contains
the arbitrary set of concentration profiles used in a recent
study@4) of the effect of nonuniform distributions, and it con-
taine the relative radil for subdivision of a s&lab, c¢ylinder, or
sphere into five regions with equal volunes or with equal ratilos
of surface to volume,

INPUT

Format Data

5A4 PN(I), I = 1,5
PN(I), I = 1,4 1& an identifying name,
PN(5)} is an identifying number,.

4710,5, Outer radius (cm) of core, outer radius (em) of reflector,
3110 average concentration (g/1) in core, transverse buckling
(em~2), IG, ID, and ITR.

IG = 0, 1, or 2 denotes slab, cylinder, or sphere,

ID indicates, if 0, subdilvision into five regions with
equal ratios of surface to volume, or, if 1, into five
regions with equal volume,

ITR indicates, if O, that series of problems is termi-
nated; i1f 1, that average relative concentrations in
each subdivision are to be calculated for each of the
five concentration profiles; or if 2, that these con-
centrations are taken to be the same as in the previous
problem,

4¥10.5, Next core radius, etc.
3110

PRINTED OUTPUT
Tdentifying name and number, Then for each of the five
profiles: the radii (cm) of the subdivisions and the

reflector and the tranaverse buckling {em 2), the concen-
tration (g/1) in each region, and zero,
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PUNCHED OUTPUT

A ecard giving radil and buckling.
A card glving concentrations,
A card wilth zero.

Three such ¢ards are obtained for each of the flve proflles,
The entire batch of cards is preceded and followed by spacer
cards containing the ldentifying number PN{5) in columns

75-78.
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ZERO-DIMENSIONAL MULTIGROUP CODE
(ZDMG1149)

DESCRIPTON

This code computes the spectrum in an Infinite homogeneous
medium in which there is a uniformly distributed fission socurce,
in which there is no leakage, and in which the only events are
elagstic scattering and absorption., This spectrum is useful for
computing constants for larger groups than employed here, where
leakage 1s considered, as in the Multigroup Buckling Code,
Although leakage of course affects the spectrum, crogs sectlons
averaged over a group width ars not apt to be affected signirfi-
cantly by whether or not the spectrum used for calculating them
takes account of leakage, provided the group is not so wide that
the number of neutrons lost by leakage is no longer small compared
with the numbers lost by absorption and by transfer to other
groups. Elastic scattering may be anisotroplec in the center of
mass frame of reference. No provision is made for inelastic
scattering or for resonance abscorption expressed 1ln terms of
resonance parameters, All groups must have equal lethargy width,
Only down scattering 1s considered.

The neutron balance equation for a group k may be written
N Kk
N0l = X * 20 20 Mi%iuy%i4y (29)
1 1=1 J=1

N
1=
where N; 1is the atomic density of material i; g4 1s 1its total
cross sectilon in group k; Xk is the fraction of the fission
spectrum in group K; Ciky is the number of secondary neutrons
transferred, per elagstic scattering collision with material 1,
from group J to group k; and ¢3 is the flux integrated over

group J. The code starts with the group of highest energy and
works downward, calculating the flux integrals as it goes. In
the code the absorptlon and scattering are treated as coming from
different egpecles and different types of absorption may be kept
separate, Thus oxygen is considered to conslst of a scattering
gspecies and an absorption specles which may in turn be considered
to consist of an (n,a) specles and an (n,p) species,
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From the mechanics of elastic collisions, the probabllity
density p for transfer from E' to E is

ngo (2n+2)0q (B Py {75700 - q)

- (2E- E‘(1+a))

p(E,E') = (30)

BV (1 - a)

A-1
A+ 1
Legendre polynomials, and the b, (E')'s are the coefficients in
the expansion of 04 in terms of *, the cosine of the angle of
gcattering in the center of mass frame of reference. In the code,
the number of terms in the expansion 1z limlted to six, 1l.e.,

6
Og
Q
Og = Tro ngo(enﬂ)bnpn(?\)

2 .
where a = ( ) , A i1s the mass of the scatterer, the Pp's are

It is convenient to use lethargy u rather than energy E as a
variable where u = 1log Eo/E and hence E = Eo,e”™%. Then

aE
c(u,u') = p(E', B}

~(u-u') 8
- 2

n=0

—(u—ui) - (l + CL))

1 -0

2n+1)B,(u' )Py (29

(31)

where, ?f course, Bn(u') = bn(E'). Except for the dependence of
B, on u', C(u,u') depends only on u-u',

Considerable simplification results if all neutrons within a
group are treated as having'the lethargy of the midpolnt of the
group. The transfer coefficient Ckj then 1is

6

ey = % (2n+1)13n_/'b P (M)A (32)
n=0 a
where N
a = Qe—CkPJ+i)fua' (14 ) or -1, whilchever is greater
and
b = 2e—(k-3-i)fua“ (1 + a) or 1, whichever 15 less.
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b

The accuracy of this approximatlon depends on the wldth of the
groups. For H,O, results obtained with wldths of 0.1 and 0.05
differ only sllghtly.

;
ﬁ

Among the quantitles calculated by the code 1s the transport
cross section, This requires a calculation of the average value
of W, the cosine of the angle of scattering in the laboratory
frame of reference. From the mechanics of elastic collisions,

1 6
_ on+l
m =./' 1 +2AK ( n.Q)Bn B (n)dn
Lo 1+ AR rem T
_ 6 (_1)n+lBh ( n _ n+2 ) (33)
~ (2n-1)aR~1  (2n+3)antl

The readlng of input data and the wrlting of cutput are
controlled by the MAIN program; most of the calculation is per-
formed in subroutines, The flux integral for a group 1is calculated
by FLUX from source neutrons furnished by figsion and by transfer
from groups with higher energy as calculated by SRCE. The fission
gpectrum is calculated by FSPM, with the spectrum expressed as
N(E) = a'E e 3/T, The coefficients for transfer are calculated
by STR or STRL for scattering that is, respectlively, isotroplc or
anisotropic in the center-of-mass frame of reference, The average
cogine of the angle of scdattering in the laboratory frame of
reference 1s computed by COSAL, Average group constants for
groups of greater wldth than employed in the code are computed
in GRCST which uses WEAV to compute the flux-weilghted averages,
A1l cross sections except the transport cross sectlon are weighted
directly; its reciprocal is welghted by the flux In calculating
average values,

INPUT

Format Data

5A4 PN(I), I = 1,5
PN(I), I = 1,4 is a name of up to 16 characters
PN(5) is a number of up to % digits.

1315, (re(zr), T = 1,3), X, L, KI, KJ, KK, KL, KM, XN, KO, KP,
13,I2 Ip, IPP

I¢(1) 1is number {£5) of anisotroplc scatterers,
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Format Data

I¢(2) is number of lsotropic scatterers,
I¢(3) 1s number of absorbers, IC(2)+(C(3)) <15.

K is number of groups (400, except that number for
which Legendre coefficients are >0 for n >0 must be
the smaller of 160 and 5.0001/D + L where D is group
width and L 1s number of groups above 10 Mev).

.
5
A

I is number of groups above 10 Mev, which must be a
group boundary.

KI is number of groups within first coarse group for
which averages are deslred,

KJ ie the number of groups within each of the next KK
coarse groups.

KL is the number of groups wilthin each of the next KM
coarse groups.

KN, KO, and KP are the number of absorbers of types
1, 2, and 3, The number of type 4% is IC(3) - KN -
KO - KP. A type might, for example, be (n,a)}.

IP indicates, if non-zero, that fluxes from previous
problem are to be used in computing group constants.

IPP indicates, if non-zero, that output is to be
punched,

2¥F10.5 Group width D in lethargy units., Temperature of fission
spectrum T, Mev,

245 SPN(J,I), J = 1,2
A ten-letter label for species I, (Scattering, (n,a)
absorption, etc., from the same nuclide are treated
as separate specles, To provide spaces on printout,
only the middle eight positions should be used.)

7F10.5 s8&(J,I), J = 1L,K

Microscopic cross section (barns) of species I in
group J. As many cards are used as are required for
a specles. The series of cards SPN, SG is read for
each T from 1 through IC(1) + Ic(2) + IC{(3) before
proceeding to read CL. The order must be the same as
in IC, i.e., anisotroplc scatterers, lsotropic scat-
terers, and absorbers,

7F10.5 CL(J,N,I), J = 1,M
legendre coefficients By for N » 1. The number (M)
read is the smaller of the number (K) of groups and

5.0001/D + L. As many cards are used as are required
to hold all the By for a species. A new card is
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Format Data

atarted each time N advances. The same number of cards
is used for each N even though at low energy and high
N many By are zero, The By for N = 1,6 are read for a
species before advancing to By for the next specles.

7F10.5 Atomlc mass of each of IC(1) + IC(2) scatterers in the
order in which labels and crosg sectlons are read.

7F10.5 Atomic density X 10%%* of each gpeclies of scatterer and
absorber in the order read.

BIS, IC,K,ete, for next problem., If K = 0, series is terminated.
13,12

PRINTED OUTPUT

The identifying name and number, read as PN,

The labels SPN, read for each speciles and, directly beneath
each label, the atomic density.

The group width, the number (NG) of coarse groups, and the
lethargies of the coarse group boundaries,

The temperature of the fission spectrum,
The flux integral in each group.

If there are exactly two coarse groups, the fission and
transfer gources for the second group are then printed.
Thege can be used as sources in a subsequent calculation,
for example in a thermalization calculation where up-
gcattering occcurs,

The flux integral, the fission source, Zt, Beps Zgs Zal, Zag,
Zaa, and 35 for each of the coarse groups.
4 .

The transfer cross sections ij for the coarse groups listed
as Z11, Z21s Zpps Zaly eses ZNGHL,NGs

PUNCHED OUTPUT

The following data are punched, consecutlvely, if called for
by TIPP£0: 3y for each coarse group, Zi., Za, 2 X NG zeros,
Skj (in same order as above), and the relative molecular
welght of the mixture of nuclides, These data are preceded
and followed by spacer cards with the identifying number
PN(5) in columns 75-78. (This format is that required as
input by the code HEETR(1€),)
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PARAMETER AVERAGES CODE
(PAVE1149)

DESCRIPTION

This code takes point cross sections, welghts them by the
fission spectrum, and computes average CIross sections for groups
with equal lethargy width, Similarly, Legendre coefficients are
welghted by Ja1 and by the spectrum, and averages are calculated.
The code is used chiefly for preparing input for ZDMG. The inte-
gration required to obtain averages 1s based on the trapezoldal
rule. All computation except the integration 1s performed in
the main program,

INPUT

Format Data

Al _PN(I),I = 1,5
Identifying name and number as Iin ZDMG.
1415 (N1(D),I = 1,6), (N2(I),I = 1,6), KF, KN

¥1(I) is the number of values to be read for each of
at most gix cross sectlons., If N1(1) = O, the serles
of problems 1s terminated.

N2(I) is the number of values to be read for each of
at most gix Legendre ccefficlents.

XF denotes read format.

KN denctes number of types'of cross sections to be
punched (e.g., elastic scattering, (n,a), ete.).

3F10.4% Group width 1n lethargy units, the initial lethargy
(i,e., the lethargy corresponding to the upper bound of
the group of highest energy), the temperature of the
fission spectrum, Mev.

The manner in which the remainder of the data are read
depends con the value of KF,
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KF Format Data

0 7F10.4 Energies (Mev) to which neutron cross sections
correspond starting with highest energy.

7F10.%  (A{1,J), T =1, N1(J)), o =1,6
th

A is cross section of type J gt I energy.
Type 1 must be the elastic scattering cross
section, A new card 1ls started for each new

type.
1844 Six 1P-character labels for the six crogs section
types.
1844 Silx 12-character labels for the Legendre cceffi-

ciente B, in the expansion of

6
g
0g(1) = ﬂg n=zo (2n+1)8,2, (M)

If there are no coefflcients to bhe read, this card
should be omitted.
7F10.4% B(I,J), I =1, N2(J)
B is JH Legendre coefflclent at Tth energy.
& new card 1s started for each J.

1 4¥10.% Energy (Mev), Os, 0;, Os, starting with lowest
energy. As above, 0; = Og,.,

18A4 8ix 12-character labels for cross sactions.

Six l2-character labels for Legendre coefficlents.

7F10.4 Energy (Mev), B;, Bs, Bg, B,, Bs, Bg, starting
with lowest energy.

2,3,4 Same as with KF = 1 except that respectlve orders
for reading cross sections are: 05, 05, O, U4,
C1j Ogs Tpy Jzy Tuy I55 F1j T4ay I, I T1. The
formats for KF > O are deslgned tc handle the data
in the form reported in Reference 25,

Data for the next problem are read, starting with the card
containing N1 ete.
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PRINTED OUTPUT

The lethargy and energy corresponding to group boundariles,
the average cross sectlons, and the average Legendre coeffil-
cients are printed, These are followed by the input data
consisting of the cross sections, lLegendre coefficients,

and energies,

PUNCHED OUTPUT

The first KN types of average cross sectlons are punched by
FORMAT 7F10.5. A new card is started for each new type.

The average Legendre coefficients, 1if any, are then punched

by the same format, and again a new card 1s started for each
new coefficient. Both the cross sectlons and coefficlents

are arranged in order of decreasing energy. The output cards
are preceded and followed by spacer cards with the ldentifying

number PN(5) in columns 75-78.
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——— APPENDIX ——
CORRELATIONS WITH EXPERIMENT

The combination of TGAN and MGBS has heen correlated with
a large number of exponential and critical experiments., All
correlations are expressed as the value of kerr calculated for
configurations found experimentally to be critical. (An expo-
nentlal experiment is considered to be critical with a buckling
that 1s less than the geometric buckling calculated from the
dimensiong.) Many of these correlationg have been reported in
internal memoranda; others have been given in external reports,
All the correlations that have been reported internally together v
with many that have not previocusly been reported are included in ;
this appendix. In addition the early correlations‘®®) with : ¢
critical experiments performed with aquecus solutions of plutonium W
have been repeated. Correlations wilth data for lattices of rods ;
of slightly enriched uranium and uranium oxlde in water have been
reported recently(l) and are not included here,

No attempt 1s made here to express the correlations as func-
tions of variables to which they appear sensitive as was dcne for
the rod lattices(l). This is left as an exercise for the user of
the codes described in this report. When one wishes to use these
codes for a particular situation, he should examine correlations
for similar situations and should chocse Kepp such that he has
reasonable assurance that the system will be suberiticzal, In
general this Kopp Wwill not be a single value but will be a func-
ticn of variables such as H/2®5U. Where the correlations show
the codes to overestimate reactivity appreciably, as with U-Al
alioy fuel tubes, the subcritical Kesf may perhaps be chosen to
be slightly greater than unity. Where correlations show the codes
to err in the opposite direction, as with lattices of slightly
enriched uranium rods at low ratics of water to uranium, the sub-
critical k,py must necessarily be chosen tc be appreciably less
than unity. It is easy to choose kopp B8O low that subcriticality
is cbviocugly assured, but thesre are generally eccnomic reasons
for not pickling values toc low, There is therefore generally an
incentive to study the correlatlons so as to choose an adequate
but not excesslve margin of safety in terms of Kegrp. This margin
is necessarily in addition to operaticnal margins cf safety that
allow for errors in measuring concentrations, double batching,
and other contingencies, the consideration of which i1s outslde
the gcope of this report.

For correlations to have meaning, it is necessary to describe

how the calculatlons were performed. Most of the systems were
reflected by water. Two-group parameters for water were chosen
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to be those characteristic of an infinite sea containing a uni- b
formly distributed fission source, and are those calculated by

MGBES with zero buckling and no iteration., In some experiments .
thin walls of aluminum, stainless steel, or cadmium separated the

core and the reflector or separated various parts of the core.

Two-group parameters for these materials were calculated by MGBS g
in the spectrum calculated for water. (Thin aluminum walls have

little effect, and in some cases were ignored.) Two=group :
parameters, the material buckling, and the migration areca were 3
calculated for fiseilcnable material by MGBS, with iteration. 1
For heterogeneous systems cylindrical cells with the same area

as the actual square or hexagonal cells were assumed,

Most experiments were not performed with shapes that can be
considered one-dimensional, In these cases the flux was assumed
to be separable within the core. Thus for a finite cylinder a |
caleulation was made in the radial direction by TGAN, and the i
critical transverse (axial) buckling {and hence the radial ex-
trapolation distance) was found corresponding to the experimental
diameter. A calculation in the axial directlon then gave the
eritical radial buckling (and hence the axial extrapolaticn
distance) corresponding to the critical height. These extrapola-
tion distances together with the experimentally determined
critical dimensions permitted a geometric buckling (Bgzg tg be -
calculated and hence a keff’ caleculated as keff = %*{—ggggg 3
correlating this buckling with the material buckling (By®) calcu-
lated by MGBS, For exponential experiments in which the axial
buckling was measured by a flux traverse, the radial buckling
was calculated in the foregoing manner, and the geometric buckling
was taken to be the sum of the calculated radial buckling and the
experimentally determined axial buckling.

2351

Extensive correlations of experimental data for agueous
solutions of highly enriched uranium have been made with a very
gimple method of caleulation in terms of an effective extrapola-
tion distance(ET). In a recent study of the effect of nonuniform
distributions ‘24!, critical radii of water-reflected spheres of
solutions of UO.Fs were derived from this correlation and were
corrected to critical radii of spheres of homogenecus dispersions
of pure 235U, with the density of the metal, in water, These
radii have been correlated with the present methods of calculation
in terms Of K pp» with the results given in Table IIT.
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TABLE TIII

kars Calculated for Critical Water-Reflected Spheres of
Homogeneous Mixtures of Ho0 and #3957y

Critical Radius,

H/2%5y 285y, g/1 cm Xerr
1735 15 18,87 1.0000
1301 20 28.99 0.9999
1041 25 23.09 1.0018
867 30 20.19 1,0056

743 35 18.48 1,0108
650 40 17.30 1,0151
578 45 16.44 1.0187
520 50 15.77 1,0016
L33 60 14,80 1,0261

371 70 14,13 1.0293

32k 80 13.63 1.0313

259 100 12.93 1,0342

216 120 12,46 1,0354

143 180 11.71 1,0388

98,9 260 11.27 1.0423
63.7 Yoo 10,97 1.0456

Critical experiments have been performed‘as) showing the effect
of lateral reflectors of various thicknesses of stainless steel
on the critical heights of cylinders of solutions of uranyl
nitrate where the uranium contained 93.3% 2°5U, The comparisons
of calculation and experiment in terms of K. ep calculated for the

. experiments are presented in Table IV,

A survey of data(ES’SO) obtailned with agueocus solutions of

uranium enriched to about 30% 225U has been made. Some data'®?

for an enrichment of U44,6% were included, In all cases the solu-
tions were of UOpF¥,, which was taken to be UO, in the calculations
pecause MGBES dces not have crogs sections for F, The reported
solutlon concentrations were used in the calculations, but the
apparent densities of UQ,Fp were obtained from data at 25°C
analyzed by Johnson and Kraus‘®2! rather than from the reported
ratios of H/2%%U, Ratlos calculated by MGBS from these densitiles
(adJusted to UO,) differed only slightly from those reported.

Most of the experiments were performed in stalnless steel cylinders
with and without thick radial water reflectors, For the experi-
ments at 30.3% enrichment the cylinder walls were all 0,064 inch
thick. At the 4%,6% enrichment the wall thickness was stated'®*)
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TABIE IV

of Solutions of UQz{NOs)z in Water

kgpy Calculated for Experimentally Critical Cylinders

Thickness,

Uranium = 93.3% 2°5y, 1.1% 2°%U, 5,6% 2°°U

Water-Reflected Cylinders

H/zssu(a) efr fOT Cylinder wlth Dlameter of
Calc Reported 8 in, 9 in, 10 in, 12 in, 15 in,
62.4 61.8 1.04840 1,0462 1.0494 1.0267
240,1 240 1.0350 1,0343 1.0325 11,0296 1,0339
350.4 382 1,0296 1,0309 1,0357 1.0281
483,5 493 1.0215 1.0272 1.0250
781.2 733 0.9909 0.9937

Bare Cylinders

Cogc, ngf for Cylinder with Diameter of
g/l 10 in, 12 in, 15 in.
111.7 1.0348 11,0288 1,0197
77.5 1.0258 11,0197
56.6 1.0075 1.0108
35.3 0.9831

lateral Stalnless Steel Reflector(b)

Kerr

384.8 g/1

10 in.

8 in, 10 in,

111,7 g/1 77.5 &/1 56.6 g/1

o & e

WWNDMNMRHHOO OO

oo o-~yumn
[oleRole e NeRUI IR

1,0426
1.0497
1.0L495

1.0035(¢)
31,0461
1,0435

1.0348
1.0321
1.0317

1.0310

1.0272
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TABLE IV (Continued)

Lateral Water Reflector

Korr
Thickness, 10 in. 12 in,
in, 384.8 ¢/1 111.7 2/1 77.5 /1 171.9 g/1 56.6 g/1
0 1,0348 1.0258 1.0075
0.88 1.0368 1.0278 1.0198 1.0229 1,0102
1.75 1.0325 1.0248 1,0212 1.0197
2,63 1.0311 1.0247
3.50 1,0307 1,0267 1,0250
4,50 1.0193 1.0153

Iateral Stainless Steel Reflector Surrounded
by Iarge Thickness of Water

Kerr
Thicknesg, 384.8 g/1 10 in,
in, 8 in, 10 in, 111.7 g/l 77.5 g/1 56.6 g/1
0 1.0440 1.0462  1.0325 1,0309 1,0215
0.12 1,0392
0.25 1,0366 1,0293
0.50 1,0331 1.0398 1.0277 1.0211
0.75 1.0334 1.0229
1,00 1.0376 1.0406 1,031z
1,50 1,0396 1.0302
£.00 1.0438
2,50 1.0477  1.0372 1,0366 1.0343

3.50 1.0487

(a) Concentrations were calculated from reported densitles. Cal-
culated H/2350 ratios were obtained from these concentrations,

(b) Type 347, 7.9 g/em®, Composition assumed to be 18% Cr, 11%
Ni, 0,006% B, 70.994% Fe. Fictitious B is to simulate 1/v
absorbers other than Fe, Cr, and Ni,

{¢) This point appears in a table in Reference 33 but is ignored
in graphs; 1t wae probably consldered in error by the
experimenters,
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to be 1/8 inch, but the same tank was stated‘®®) to have been

uged for both enrlichments: hence the wall thickness was taken to
be 0.064 inch. In no cases were there top or bottom reflectors,
The bottome were somewhat complex and assumptions had to be made
as to thelr effective thickness; the thicknesses aggumed for the
16, 12, and 8-inch dlameter tanks were, respectively, 1.7, 1.0,
and 2.5 cm, The sphere experiments were performed in vessels with
1/8-1inch-thick aluminum walle‘®®),  Values of korp calculated for
these experiments are listed in Table V.

Aqueous solutlons and homogeneous mixtures of uranium wilth
lower enrichments have been included in a recent study of both
heterogeneous and homogeneous systems of low enrichment. Average
values of Kgpp correlating the calculations and the experiments
within, for the most part, *0,01 are given in Appendlx A of
Reference 1, Minor errors in Reference 1 are:

1. In Appendix A the expression for kgpp for oxlde
.rod and solution data should have been stated to
be valid for the range 1.5 < 2 £ 5.0, For 2 < 1.5,
the expression for metal rods 1s valid for oxide
rods and solutions,

2, The heading on p 29 of Appendix B should have stated
that the oxide has a density of 10.9 g/cm®.

3., The enrichment of the uranium in Table III (accord-
ing to a private communication from E. B. Johnson)
18 4,98% ror the 890 g/l solution; the others are
all 4,89%, as given. (In Reference 7 of Reference 1
Volume 7 Number 2 of the Transactions should be cited
rather than Number 1.) Taking the correct enrichment
into account reduces the first four deviations from
the average XKepr from 0.79, 0,64, 0.64, 0.52 to 0.27,
0.12, 0,14, 0.00 respectively. This same error
exigts in Table III of Reference 2.

4, 1In Table II the headings fof Fhe gecond and third
columng should be: VHEO/VU €¢) and Lattice Type and
Dim.'d/), cm,

The foregoing study considered only metal and oxide rods and
homogeneous mixtures or solutions, At the time the study was
made, however, correlations were alsc made wilth data for tubular
metal and oxide fuel, with data obtained at SRL with 2 and 3-inch
diameter metal rods enriched to 3.0% 235U, and with some data for
ThO, rods enriched with 225U, These correlations were not included
in the reports of the study. Some data have appeared since the
reports were written (including data for three lattices of oxlde
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TABLE ¥

kopy Calculated by MGBS and TGAN for Solutlons
of Moderately Enriched Uranlum as UO=Tp

Cylinders: 0,35% ®°*u, 30.30% 2°°U, 0.07% 2°°y, 69.28% 2°°u

Diameter, kerr
in, 1/255%]] Tateral Reflector _Bare
16 75.6 1.0188 1,0186
108.7 1.0243 1,0248
170.3 1,0270 1,0289
265.3 1,0253 1,0221
43% .0 1,0176 1,016k
650.3 1,0124 1.0107
Bo7T.9 . 1,0067 1.0031
933.9 1.0042 0,9981
12 81.2 1.0205
81.7 1,0202 1,0245
105.2 1.0227 1.0279
133.9 1.0248 1.0299
165.3 1.0284 1.0305
254 ,1 1.024%4 1.0289
374,0 1,0206 1.0239
436.4 1.0191 1,0210
526,1 1.0162
616.5 1.0153
645,2 1,0146
8 81.2 1,0307
92.8 1.0321
103.7 1.0332
113.5 1.0337
139.2 1.0346
158.5 1,0349
193.5 1.0350

Spheres: 30.45% 2%5U {assumed: 0,35% 234U, 69,2% 2%°1)

Diameter, Water Reflected Bare
in, H/225y  Kerr H/Z35U  _Keff
12,01 352.3 11,0276

13.74 574, 41,0122 76.7 1,0297

218,3 1.0360
15,96 784 .2 1,0070 5344 1,01h44
22,00 1196,0 0.9975 1040.3 0,9997

Cylinders: 44.6% 235U {assumed: 0,5% 234y, sk of 2°%°y)

Diameter, korr
in, H/2%5U Iateral Reflector _DBare
12 259 .4 1.0264 0.9936
hok,8 1.0231
679,0 1,0209
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rode enriched to 5.74% 2%°U), and correlations have been made wlth

these data. These varicus correlationsg are presented for metal

tubes and rods Iin Table VI, for uranlum oxide tubes and rocds in .
Table VII, and for thorium oxide rods in Table VIII,

The form of the tables is ldentical with that used previously, -
except that kepsy 1s tabulated rather than the deviation of kgpp
from an average value (note that for the three oxide rod lattices
at the 5.74% enrichment the deviations from the appropriate average
kerr in Appendix A of Reference 1 are -0,0087, -0.0100, and -0,0168
for the order in which the data are given in Table VII), that
references are listed for the data rather than Just the laboratory
where the experiments were performed, and that the atomlc ratio
of H/Th is tabulated rather than ratic of the volumes of water and
thorium. The cell radii and the fuel and cladding compositions -
are those actually used in MGBS, In some cases a certailn amount
of guesswork was involved, because references are not sufficiently
explicit, The ratios of the volumes of water and uranium are
those calculated by MGBS and may occaslonally differ slightly
from the ratios reported in the references. In no case did stain-
less steel cladding contain boron, but boron was assumed to be
present to mock up strong absorbers, chiefly manganese. For ThOs
it was necessary to assume the uranium to be 100% ®°°U rather than
93% because of the way MGBS treats resonance absorption in rods.

The SRP tubular fuel elements studled at SRL were slugs 8
inches long with 0,2-inch end caps on each end, The axial buck=~
1ings glven in Table VI have been corrected for the end caps by
adding to the experimental axial bucklings the material bucklings
calculated by MGBS for lattices of tubes without end caps and then
subtracting the radial bucklings calculated by TGAN for an infinite
series of 8-inch slabs of fuel tubes alternating with O.4-inch-
thick slabe having properties calculated by MGBS, with zero input
buckling and no iteraticn, for lattices of aluminum tubes (i.e.,
end caps). The correction made the axial buckling more negative
at small pltches and more pbsitive at large plitches and had a

maximum absolute value of 3.75 m 2.

Little effort has been made to fit the correlations to poly-
nomials in the ratio of water to uranium, but there appears to be
the same general trend as was observed for rods *) . The wvalues
of kgpe For tubes tend to be somewhat larger than for rods with
diameters such that the ratios of surface to volume are the same,
For the SRP tubular elements the difference averages about 0.018.

Many fuel elements are fabricated from an alloy of highly
enriched uranium and aluminum, These include both MTR-type
elements and SRP tubular elements, and crltlcal and exponential
experiments have been performed with both types, -
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TABIE VI

Lattices of Uranium Metal Tubes and Rode In Water

BHZ’ m—2
Lattice Type and- or
Materials(®) Cell Radii(b), cm VHZO/VU Dimensions{¢), cm (H, cm} _Xerf HReference
WAW 0.616 1.734 2.374 1,15 T 115.32 (121,92} 0.9610 34
123,20 (106.68) 0.9613
2,867 1.71 87.38 (121.92) 0.9745
89,92 {106.68) ©0.,9736
95,50 ( 91,4%) o0.9737
105,16 ( 76.20) 0,9730
WPWQ~ 1,281 1.429 1,482 1.557 0.98 s 40,11 ko,11 -58.52  0,9592 35
BaW 2,431 2,527 2,829
3,008 1,28 hz 65 42,65 -45,01 0,9632
3.187 1.60 ks,15 45,19 -38,73 0,982
3,366 1.93 Y7.73 47.73 -31,06 0,9827
3,545 2.29 50.27 50,27 -30,48  0,9926
3.725 2.66 52,81 52,81 -32,58  0.9%99
3.904 3,06 55,35 55.35 -33.83  0.9963
4,262 3,89 60,43 60,43 ~47.48  1,0057
WPWQ- 1,281 1,%29 1,481 1.557 1.06 5 62,50 62.50 -27,52  0.9634 35
BOW- 2.431 2,527 3,048
QBG~ 3,124 3,831 3,907
W 4,408
4,587 1.25 56.91 65.04 -24 .46 0,9711
65.C4 65,04 -1%.61 0.9679
4,766 1.45 59,14 67,58 ~20,01 0,9796
67.58 67,58 ~16.35 0.,9796
4,g45 1,85 70,12 70.12 -14.95 0,9886
5,125 1,87 72,66 T2,66 -14 .24  0,9923
5,304 2.0% 75.20 75.20 -16.72  0.9969
WPVC- 2,205 2,256 2,278 2,968 1,62 T 38,94 -54,55  0,9517 36
VPW 2,991 3.042 3,201 47,48 -36.29 0.9596
3.734  2.64 45,42 -40,01 0.9857
55.38 o -22.81  0,9874
4,134 3.51 50.30 -3g.51  0,9965
59 .04 -27.61 0,9997
' 4,534 4 b7 55,16 -48,23  1,0038
WPVC- 0.554 0.605 0.627 1.500 Q.67 T 47.48 -61,81 0,9054 36
VPW- 1.523 1.57% 2.205
PVC- 2.256 2,278 2,968
VEW 2,991 3,042 3,201
3.73% 1,35 45,42 41,62 0.9613
55,38 -25.40  0,9633
4,134 1,92 50.30 -31,18 0,9788
59,04 ~-19,27 0.9813
4,534 2,56 55,16 -34,32  0,9878
WEVD- 1,095 1.176 1.19% 2,108 1,28 T 50,40 -32,25  0.9654 37
VPW 2,126 2,197 2.739
2,940 1,66 54,1¢ -1%2,70  0,9743
3.274 2,35 60.24 -14%,66 0,9883
3.608 3,11 66,40 -21,06  0,9952
VPVD- 1.095 1.176 1,194 2,108 0.89 T 50,40 -37.36  0.9336 37
VEW 2,126 2,197 2.739
2,940 1,26 54,10 -24,15  0.9575
3.27%  1.95 60,24 -16.36 0.9804
3.608 2.71 86,40 -19.97 0,9889
(TABLE CONTINUED)
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TABLE VI_(Continued)

2 o2
Lattice Ty or
Materiais(e) Cell Raait{P), em Y&O/VU Dimensions?c), em (H, om) Xerf  Reference
WPVE- 0.57% 0,625 0,635 1.697 1.31 T 36,60 -39.51 0.9581 37
VEW 1.709 1,781 2.hk67 -39,56 0.9583
2,667 1,73 39,56 -26,96 0.9732
2,800 2,02 41.54 -22,83 0,9803
-23,43  0,9818
2,934 2,33 43.82 -22.57 0,9886
-21,37 0.9854
3,201 2,99 47,48 -25,71  0,9940
-24,75 0.9914
VEVE- 0,635 1,697 1,709 1.781 1,18 T 36,60 -40,57 0,0L86 37
W 2,467
2 .667 1.59 39.86 -28,72  0.9693
2,801 1.89 41,54 -24.,41  0,9777
2.934 2.20 43,52 -22.74 0,98%0
3.201 2.86 47,48 -25,20  0.9859
WRER- 2,040 2,289 3,007 3,056 1,57 T 39,04 ~31.04 0,9485 36
W 3.209
3.734 2,53 32.56 -53.58  0.5785
45,42 -29,22 1,0252
4,134 3,36 36,04 ~50,66 0,9991
50,30 -16,06  1.0085
4,534 4,27 39,52 -57.05 11,0122
55.16 -25,69 1,0138
WFWE- 0,610 1,740 1,781 1,905 1,51 T 37.3% -ek.31  0,9689 37
W 2,667
2.801 1.78 39.20 -19,37 0,9820
2.934 2,07 39.36 -20,33  0,9873
3,201 2,69 44,80 =-15.39 0,9961
34567 3.36 48, 54 -23,63  1.0034
VFVP- 0,610 1,740 1.781 1.905 1.31 T 37.3% -31,70 0,9681 37
W 2667
2.801 1,59 39,20 22,48  0,9746
2.934 1.88 39,36 -23,14  0,9839
3.201 2,49 41,98 -23,09 0,9933
3.%67 3,16 48,54 -22,48  1.,0012
WGWP- 0.589 1.770 1,781 1.905 1,39 T 29.70 -56,79  0.9669 37
W 2.667 34,98 -33,11  0.9669
37.34 -24.29 0,966l
39.56 -17.88  0.9678
2,801 1.65 41,54 - 9.69 0.9757
2,934 1.92 32,68 -42,61  0,9830
38,48 -20,02 0,9831
43,52 - 4,86 0,9816
3,201 2,51 41,98 -17.91 0.9%921
44,80 -11,65 0,9548
47,48 - 3,48 0.9895
3,467 3,15 38,62 42,61 0,996
45,48 -23,80 00,9979
51,42 -10,20 0.9936
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TABLE VI {Continued)

Lattice Type and

Materials'(®) cell Radiilb), om VoV
WHVP- 0,586 1,770 1,781 1,905 1,38 T
W 2,667
2,801 1,64
2,934 1,91
3,201 2.50
3.467 3.14
VHVE- 0,589 1.770 1,781 1.90% 1,25 T
W 2,667
2.8C1 1.51
2,934 1.79
3,201 2.37
3.467 3,01
WRIR~ 1,720 1,796 2,880 2,966 1.58 T
W 3.734
4,134 2,20
4,534 2.87
IW 2,540 2,866 0.27 8
3.224 0,61
3.583 0.99
3.941 1,41
4,299 1.87
4, E57 2,36
5,016 2.90
5.374 3.48

- 67 =

34,98

36,72
38.48
45,10
45,48
41,98
48,50
48,.8¢
L5, 48

34,98

36.72
32,68
38,48
33.52
47,08
48 .42
41,98
50,52
51.56
45,48

41.56

iz, 54
47,88

20,32
20,32
20,32
20,32
20.32
28,57
28,57
28,57
25,40
25,40
25,40
20,95
20.95
20,95
20,95
27,94
27.94
22 .86
30.48
o, 76
33.02
26,67
35.56
28.57

U DimensiocnsiC/, om

20.32
25.4%0
30,48
35.56
40.64
28,57
34,29
40,00
25,40
31.75
38,10
41,91
48.89
55.88
62,86
27.94
3k.92
30,48
30,48
33.02

35.56
35.56
38,10

BHE»' m-z
or
(H, cm) Keff  Reference
-26,33  0.9663 37
-18,08 00,9767
-13.11 ©0.9849
(101.60) ©.9815
(101,60} 0.979%
- 8.95 0,9932
{101.60) 0.9880
{101,60) 0©0.9894
-15.56 0,9990
-31,18 0,9635 37
-21.98 00,9734
-38,06 0.9812
-16.5% 0,985
- 2.80  0.9837
(101,60} ©.9847
{101.60) 0.9772
-12,83  0.,9923
(101,.60) 0,9885
(101,60) ©0.,9935
-17.36 0.9977
(69.34%) 0,9765 36
(65.34%) 0.9974
(69.34%) 1.0038
-97.64  0,9065 38
-88.22 0.9155
-71.15  0,8%46
-68.73 0,9068
-63,18  0,9063
-18,42  0.9239
-10,71  ©.9318
- 4,40  ©0,9358
-26.76 0.9650
- 7.99 0.6622
~ 3.32  0.5767
~12,50 00,9801
- 5,01 ©0.9800
- 0.68 0.9739
2.64 0.,9749
-11,11 0,9769
6.43 ©.9754
-38.05 0,986
- 9,88 0.,9821
-43.23  0©.9824
-18,71  0.9823
54,77 0.9769
-29,72  0.,9704
-T70.42 1.0146

(TABLE CONTINUED)



TABLE VI {Continued)

Lattlce Type and

Materials(a) Cell Radii(b), cm vﬁgo/VU Dimensions C}, om
JW 3,810 4,299 0,27 5 15.2% 22,86
22,86 22.86

02,86 45,72

30,48 30,48

30.48 38,10

4,657 0.4 33.02 33,02

33,02 h1.27

5,016 0.73 35.56 35,56

5,374 0.99 28,57 28,57

28,57 38,10

5.732 1.26 30,48 40,64

30.48 50,80

6,449 1,87 45,72 b5,72

45,72 5T7.15

{a) Materials used in the calculations are designated as follows:
A - J are uranlum; P - R are cladding; V is vold; and W 1s
water, The varlous welght % #®°U and metal densitles are:

A - 0.94 , 18,78;
1,002, 18.9;
1.25, 18.9;
1,466, 18,9;
1.95, 18,.9;

HoHda
|

B - 0.95, 18.9;
D - 1,007, 18.9;
F - 1,k4, 18.9;
K - 1,60, 18,9;
J - 3,00, 18,9,

BHE, m-z

or
H, cm

-117.66
8247
-50,26
-43,56
47,11
-16.71
- 4,61

The varicus cladding materials, percentage composlitions, and

denclties are:

P - Al, 100 Al, 2.7; @ - Al, 96.78 Al, 3.22 Ni, 2,76;

R - Zr, 100 Zr, 6.%,

Kefr

Reference

0.9376
0.9122
0,9143
0.8931
0.9302
0,9288
0.9281
0.9585
0.9761
0.9718

0.9830

0.9809
0.9769
0.9764

(b) Radil are outer radil of reglons, ending with equivalent cylindrical cell radius,

{¢) Lattlce type is either square (S} or triangular (T).

Dimensions are length and

wldth of a rectangular array if two are gilven or equivalent dlameter of a cilrcular

array 1f only one 1is given.
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TABLE VII

lattices of Uranium Oxide Tubes and Rods in Water

BHZ, m—a
. M {c) ILattice Type and or
Materials(®) Cell Radi‘l(b), cm JHgO''U Dimensions'd), em {H, cm) _¥eff Reference
WQAQ- 0.301 0.3%2 0.907 0.953 3.08 T 69,48 (84+.73) o©.9928 39
WQA- 1.18% 1.270 1.824 73.66 {73.41) 0.9939
QW 1,905 2,501 78.60 {63.80) 0,9931
83.32 (59.64) 0.9937
WQAG- 0.301 0.3%2 0.907 0.953 4,54 T 65,78 (94.23) 1.0046 39
WQA- 1.18% 1.270 1.824 68.56 (81.08) 1.0040
QW 1.905 2,790 71,24 (73.46) 1.0041
72.5% (71,09} 11,0047
T2 .54 (71.40) 1.,0051
76,30 (63.03) 1.0027
VQAQ- 0,301 0,342 0,907 0.953 2.52 T 82.32 (89.18) 0,9960 39
VQA- 1,184 1,270 1.82%
Qw 1,905 2.501
VQAQ- 0.301 0,3%2 0,907 0,953 3.98 T 71,24 {99.59) 11,0093 39
VQA- 1.18% 1,270 1.82% 72,54 {94 ,87) 1.0102
i 1,905 2,790 72.54 %94.59; 1.0100
76.30 80.90) 1.,0092
WaAQ- 0,301 0.3% 0,907 0.953 4,35 T 85.54 {103.48) 1.0040 39
WQA- 1.18% 1,270 1,824 91.86 {85.14) 1,0030C
QWa- 1,905 1,956 2,007 96.80 (77.50) 1.0029
W 2,790 101,52 {71.55) 1.0020
VQAG- 0.301 0,342 0.907 0.953 3.79 T 101.52 (89.13) 1.0082 39
VQa- 1,184 1,270 1,824
QWA- 1,905 1,956 2.007
W 2.790
WBW 0.%10 0,806 1,334 3,71 T 20.8% -80,19 1.0115 4o
1.600 6.25 25,00 ~50,72  1.0154
1.867 9,25 29,16 -43,20 1.0158
VEW 0.410 0.896 1.334 3.17 T 20,84 -79.8%  0.9660 40
1.600 5.71 25,00 -52,82 0,9945
1.867 8.71 29.16 -44,00  1,0036
VRCR- 0,723 0,794 1,516 1.588 3.98 8  59.44 0,12 (121.92) 1.0144 b1
VRW 1.842 1.905 2,580
VRCR- 0,723 0,794 1.516 1,588 3.98 s  53.4%4% 60,24 (121,92} 1.0136 41
PRW 1.842 1.905 2.580 '
WRCR- 0.723 0,79% 1.516 1,588 4,67 S 59.4% 4g.k0 (121,92) 1.0113 b1
FRW 1,842 1,905 2.580
WRCR- 0,723 0.794 1.516 1,588 4,67 s 59,44 46,08 (121,92} 1.0123 41
VRW 1.842 1,905 2.580
VROR~ 0.723 0.79% 1,516 1.588 5.13 8 54,86 B4.B6 (121.92) 1.0183 1
WRW 1,842 1,905 2,580
WRCR- 0.723 0.79% 1.516 1,588 5.82 S 59,44 471,52 (121,92} 1.0182 1
WRW 1.842 1,905 2.580
YRCR- 0.723 0,79% 1,516 1,588 4,08 8 67.56 53,42 {121.92) 1.0201 41
PRW 1,842 1,905 2,723 67.56 53.76 (121.92) 1.0210

{(TABLE CONTINUED)
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TABLE VII (Continued)

(c)

Materials'a) ce11 Radiilb), em 0’ Vy

WRCE- 0.723 0.,79% 1.516 1.588 5.67
VRW 1,842 1,905 2.723

VRCR~ o.723 0,794 1.516 1.588 6,13
WRW 1,842 1,905 2,723

WRCE~ 0.723 0.79% 0,516 1,588 6.82
WRW 1.84%2 1,905 2,723

VRCR- 0.723 ©,79% 1.516 1,588 6.04
PEW 1.842 1,305 2.866

WRCR- 0.723 o.79% 1.516 1.588 7.87
WRW 1,842 1.90% 2,866

DVEW 0.453 0.458 0,497 O,T45 3,16

0,803 4,07

1.138 10.66

(a) Materials used in the calculatione are designated as foliows:

A - D are
is water,
densities
A - 2.55,
C - 3.39,

densaitles

P - Al 100 Al, 2.7; @ - 85 TL.T4T Fe, 18,5 Cr, 9.75 Ni,

Lattlce Type and
,Dimensions?d),
5 48.26 57.92
8 59,12 57.92
5 L4B.26 57.92
8 60,96 60,96
3 57.16 60.96

50,08 T1.12
5 31,51

29.55

29.86

cm

BHE’ m—z

or
(4, em) Keff  Reference
{121.92) 1.0188 41
{1p1,92) 1.0220 41
(121.92) 1.0191 41
(121.92) 1.0208 43
(121,92) 2.0227 41
(121.92) 1.0208
{ 92,96) 0.9916 42
( 52.96) 1,0002
{ 92,96) 1.,0259

uranium oxide; P - S are claadlng; V 1s vold; and W
The varicus welght % 233U, wt % oxygen, and oxlde

aret

12.00, 9.,265; B - 2,60, 11.85, 10.43;
11.86, 9.754%; D -~ 5.742, 11.87, 10,193.
The various cladding materials, percentage compositions, and

are:;

©.003 B, 7.9; R - 85 T0.9 Fe, 18.5 ¢r, 10,6 Ni, 0,002 B, T.9;

S - 35 T7°.096 Fe, 18.4 Cr, 9.5 Ni, 0.004 B.

(b) Sse note (b) of Table VI,

{c) VH:O/VU in the ratio of the volume of water to th

density of 18.9 g/cm®,
(@) See note (c) of Table VI,
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TABIE VIII

Lattlces of Thorium Oxlde Rods in Water

BHE’ m 2
Lattice Type and or

Materiala(a) Cell Ragii(b), om H/Th  Dimensiong'S), em [(HY, cm) Keff Reference

AVQW 0.330 0.3%8 0,396 0,545 4,70 5 88.12 (121,92) 0.9730 43
0.577 5.89 79.72 (121.92) 0,9843

BVQW 0,330 0.348 0,396 0.545 k.81 s 48.04 (121.92) 0.9855 43
0.577 6.04 43,98 {121.92) ©.993%
0.629 8,20 40,06 {121.,92) 0.999%
0.771 15.01 38.36 {121.92) 1.0139
1.091 35.42 55,86 (121,92) 1,0316

CVFW 0.297 0.306 0,392 0,689 13,07 S k7,28 (140,50} 1.004% hy
0.816 20.83 55,24 (135.27) 1.0146

BYQW 0.330 0.357 0,392 0.552 5,16 S 36.66 (127.21) ©.9837 43
0.577 6.15 34,24 {133.44) 0©.9866

0.68¢ 11.02 31,26 {135.05) 1.0119

(a) Materials used in calculatlons are designated as follows:
A - O are thorium oxlde enriched with 23%3U; P - Q are cladding;
V 1s void; and W 1ls water.
The various wt & 235U, wt # oxygen, and oxlde densitles are:
A - 3-31: 121323 8035; B - 5-53.! 12.16, 8-35; c - 3-37, 11.961 8-”5-
The various cladding materials, percentage compositicns, and denglties are:
P - Al, 100 Al, 2.7; @ - 88, 71.5 Fe, 19 Cr, 9.5 Ni, 0.00% B, T.9.
(b) See (b) of Table VI.
(¢) See (e) of Table VI.
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Critical experiments have been performed at ORNL!45) with
ORR elements, which are of the MTR type. Three concentrations
of uranium were used in the alloy glving masses of 225U per
element of 140, 168, and 200 g, The enrichment of the uranium
waz 93.2%., The equlvalent cell radius was calculated to be
4 548 em, and within this cell the respective concentrations of
uranium were calculated to be 38.53, 46.26, and 55,08 g/1 within
the active length. The aluminum concentrations were calculated
to be respectively 1039, 1038, and 1036 g/l with effective densi-
ties of 2,695, 2,694, and 2.692 g/cm®, The uranium density was
taken to be 18,8 g/em® 1in all cases., The respective H/23%0
ratlos were 445, 370, and 311l. The average uranium concentrations
were 3,57, 4.27, and 5,05%,

In caleulations of the buckling by the Multigroup Buckling -
Code for the ORR elements, the uranlum and aluminum within the
boundaries of the elements were asgumed to be homogeneously
dispersed, The larger cells resulting from moving the elements
apart were then treated as consisting of two reglons: the central
homogeneous mixture of aluminum, uranium, and water and an outer
annulus of water, The interactlon of llnes of elements in water
and the reflector savinge of surrounding water reflectors were
calculated by the Two-Group Analytlcal Code, The arrays of ORR
elements were all treated as though they were rectangular because
this was approximately the experimental arrangement., Results
obtalned for these elemente are given in Table IX. There 1s a
trend toward increased conservatism In the calculatlons as the
spacing between elements lncreases,

In addition to the experiments with the ORR elements, ORNL
has recently performed experiments with a heavier MTR-type fuel
designated as SPERT-D!%®), Each element contained 306,46 g 235U,
on the average, 1in 22 fuel plates. The plates were 0,020 inch
thick and were clad with 0.020 inch of aluminum, The uranium
enrichment was 93.17% 2°°U,

Critical experimente were performed with several types of
arrays, The plates within an element were removable so that
criticality could be achieved by adjusting the number of plates
within an outer row of elements, In one group of experiments
nearly square arrays were made critical at various spacings between
elements, (In one experiment an approximately cylindrical array
was formed,) In ancther group of experiments the nearly square
arrays were three elements long rather than one element long as
in the first group. Lattlces of slabs formed by placing several
elements in a row were made critical at various spacings depending
on the number of rows. In two caseg cadmium sheets were inserted
between rows., A lattice of elements was immersed in a dilute
solution of UOp(NOg)p containing 3.99 g 2°SU/1 and various con-
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TABLE TX

Comparison of Calculations with Critical
Experiments with ORR Fuel

Approximate

Fuel Elements Spacing, 1in, Critical Number Keff
140 g 0 18,75 1,018
168 g 0 15.5 1,028
1/8 15 1,027
1/4 15 1,029
3/8 "15.5 1.033
1/2 16.5 1,035
3/4 20.5 1.036
200 g 0 13 1,023
140 and 168 g 1 28 168-g elements 1.035

3 140-g elements

on outside edge
140, 168, and 1-1/% 6 200-g elements 1,024

200 g in center
' 28 168-g elements

27 1#0-g elements
on outside edge

centrations of horon, and the critical number of elements was
determined as a function of the boron concentration, The uranium
in solution contained 92,6% #°°U,

Calculations were made for all these arrays, Two approaches
were followed with MGBS, In the first, the entire eclement was
‘homogenized as was done for the ORR elements. In the second, the
element wae treated as though it consisted of two homogeneous
regions: a central 2.454 in, x 2.703 in, U-Al-Hz0 reglon and an
outer Al-H,0Q annulus. The concentrations and densities within
the reglons were:

e R = 4,2934% cm
93.16 g U/1 (1% 2%4U, 93.17% 25U, 5.83% 23°7); 13.71 g/cm®
1429 g A1/1; 2.7 g/cm®

e R; = 3,6907 em
126.08 g U/1; 13,71 g/cm®
1294 g A1/1; 2.7 g/cm®

Ro = 4,2934 cm
1811 g Al1/1
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Elements separated by varlous distances (measured in the experi-
ments from the outer surfaces) were treated as having the central
homogenecus region or regions surrounded by an annulus of HpO,
(In the solution experiments, solution replaced the HpC.) The
solution experiments were performed in a 37.75-inch ID tank. The
thicknessee of the top and bottom reflectors were respectively B
and & inches, The thicknesses of the slde reflectors decreased
as the size of the lattice increased with boron concentration,
The calculations took account of these finilte thicknesses, When
three elements were placed end to end, a 1-1/8 in, thick Al-HzO
region separated fusl-containing regicns in adJacent elements,
Two-group parameters for this thin (homogenized) regilon were
provided by the buckling code., Results of the calculations are
presented in Tables X-XIII. The trends are similar to those
observed with ORR fuel{*®), The method of treating the fuel
region makes quite a difference, Better results are clearly
obtained when it is subdlvided into two regions,

TABLE X

Approximately Sqguare Arrave of SPERT-D Elements In Water

keff
Separation, Critical No, of Regions
in, L, in, W, in, Number 1 2
0.00 11.,98. 11.29 15,09 1,0236 1.0183
0,25 12.98  10.26 12,63 1.0435 1.0255
0,50 13.98 10,80 12.36 1,0648 11,0341
0.50 ¢yl,D = 13.29 11,35 1.0538 1.02%2
0.75 15,98 11,84 12.63 1.0673 1,0266
1.00 15,98 14,79 14,82 1.0745 11,0243
1.25 21,23  17.07 20,11 1.0762 1.0183
1.50 26,98 24,00 32,04 1,0710 11,0071

1.60 32,17 30,70 46,77 1.0749 11,0088

TABLE XI

Approximately Square Arrays of SPERT-D Elements,
Three High, in Water

Kepp
Separation, Critieal No, of Regions
in. L, in, W, in. Number(2) 1 2
0.00 11,98 9.59 12.81 1,0307 1.0250
0.5C 11.75 10,49 10.09 1,0603 1,0098
.25 16,98 16,98 16,00 1,0793 11,0211

(a) Refers to a single tier,
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TABLE

Arrays of $labs of SPERT-D Elements in Water

Surface Separation,

in,

No. of Row Len§th,

Kepsp

No, of Reglons

Within Row Between Rowe _ Rows in, {8 1 2
0.00 0,00 2,32 47,94 1.0387 1.0330
0.50 2.19 3 55.94 1,1320 1,0923
0.50 2.56 4 55,94 1.1387 1.0988
0,50 6.37 2 55,94 1.0809 1,0501
0,00 0.75 y(b) 15,10 1.0511 1,0431
0.00 0.75 y{e) 21.09 1.0571 1.0490

(a) Length includes thickness of water assoclated with

each element.
(b) One 0.025-inch sheet of cadmiwr between rows 2 and 3,
{c) One sheet of 0,025-inch cadmium between rows 1 and 2
and another between 3 and 4,

TABLE XIII

Approximately Square Arrays of SPERT-D Elements at 0.5-1nch
Spacing in Solution Contalning 3,99 g 2*°u/1

. Kerr
Critical No, of Reglons
Boron, £/1 L, in, W, in. _ Number 1 2

0 10,49 10.80 9.33 1,0476 11,0224
0 cyl,D = 11.84% - 9,01 1,0501 1.0246
0,389 13.98 14,68 16,80 1.0519 1.0205
0.579 17.48 15,42 22,06 1.0565 1,0229
0.773 20,98  17.3%4 29,04 1.0638 1.0279
0.871 20,98 19,40 33.12 1,0626 1.0255
1,118 eyl,D = 26,28 4y 38 1.0614
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Exponential experiments have been performed‘*”) with SRP
tubular uranlum-aluminum alloy fuel elements in Hp0. Theze
experiments together with some more recent ones have been summa-
rized by F. E. Kinard‘4®', and the elements are described in his
Table I. The designationg for these elements that willl be used
here are Mark VI, VIA, VIJ, VIB inner, and VIB; they refer,
respectively, to tubes 1, 4 (a nesting of 2 and 3), 5, 6, and 8
(a nesting of & and 7) in this table. Very recently experiments
have been completed with fuel elements consisting of nested sets
of three fuel tubes, designated as Mark XIIA, (4° Except for the
Mark VI tubes, where a triangular pitch was used in some experi-
ments, all pitches were rectangular. The arrays having triangular
pitches were approximated by cylinders having cross-sectional
areas equal to the products of the areas of the hexagonal cells
and the number of cells. The boundaries of the rectangular arrays
were taken to coincide with ¢ell boundaries, Where the rectangu-
lar cells were not square, square cells having edges equal to the
shorter edge of the rectangle were assumed in computing the
buckling, and two-group caleulations were used to calculate the
interaction between lines of such cells through the thickness of
water corresponding to the difference between the longer and
shorter sldes, Correlations of calculation and experiment are
given 1in Table XIV,

Table XV gives correlations with experiments in which sheets
of cadmium separated rows of tubular elements in water.

TABLE XV

Rows of Tubular Elements Separated by Cadmium Sheets

No, of No, per Pitch, cm

Element Rows Row Within Row Between Rows keff Reference
Mark VI 6 8 7.54 8.81 1.312 47,50
Mark VIA 6 6 7.5 8.81 1,081 47,50
Mark VIA 3 7 7.54 8.81 1.101 47,50
Mark VIJ 5 10 7.54 12.70 1,225 48,50
Mark VIB 2 6 7.79 9,06 1.068 48
Mark VIB 2 6 7.79 10,33 1,066 58
Mark VIB 2 6 7.79 12,87 1,068 Lg
Mark VIB 2 7 7.79 25,4 1.122 L8
Mark VIB 3 T 7.79 14,14 1,067 48
Mark VIB 3 7 7.79 16,68 1,069 L8
Mark XIIA &4 6 9,04 12.70 1,083 4g
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TABLE XTIV

korr Correlating Calculations and Experiments with U-Al Alloy Tubes

Square
Triangular KXeff for an Array of Piteh Within Piteh of No. per No, of
Fuel Pitch, cm 19 31 Row, cm Rows, em Row Rows Keff
Mark VI T7.57 1.03%
8,81 1.040
10,08 1.043 1.047
11.35 1.049 1,046
T.5% T.54 [ 4 1.047
5 y 1,045
8.81 5 5 1,028
3 6 1,027
10,08 8 4 1.016
9 ) 1.017
12.62 5 6 1.016
10 6 1.010
Mark VIA 7.54 7.54 3 3 1,062
8.81 3 4 1.073
10,08 i 3 1,072
3 5 1.075
12 .62 7 3 1.075
5 4 1.075
15.16 7 3 1,068
Mark VIJ T.54 7.54 3 3 1.046
4 3 1,049
10 2 1.043
13.97 10 5 1.022
15,24 10 5 1.048
27.86 20{a) 2 1,045
30,40 aola 2 1,045
8.81 8,81 LY 3 1.064
Mark VIB 7.79 7.79 4 2 1,057
3 2 1.057
8,42 4 2 1.059
3 2 1,059
9,06 3 2 1,055
10,26 3 2 1,051
12,87 ) 2 1,048
3 2 1,051
17.95 5 2 1.065
8,42 8.42 3 2 1,073
12,87 " 2 1,082
Mark VIB, inner tubes 6.23 © 6,55 3 3 1.041
y 3 1,042
6.55 8.77 4 3 1,042
11.31 y 3 1,034
6.86 6.86 b 3 1.059
Mark XIIA g.04 9.04 6 2 1,049
3 3 1,048
10,16 6 2 1,050
12.70 6 3 1.048
15.24 6 ) 1,054
10.16 10.16 6 2 1.053
3 3 1,048
15,24 6 i 1.077
11,43 11.43 5 4 1,044

{2) Double rows, 2 tubes wide, 10 tubes long.
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239p,

Correlations with experiments performed with aqueocus solu-
tions of plutonium have been presented previously(zs’. These
have been repeated because there has been a change in the manner
in which MGBES computes the resonance group constants and because
previously the data were adJusted empirically to take account of
the vessel walls. In the present calculations the vessel walls
are included in the two-group calculations, The results are glven
in Table XVI, The new values of kegpp are about 0,005 lower than
the previous ones for water-reflected spheres and about 0,007
lower for water-reflected cylinders,

TABLE XVI

Agqueous Solutiong of Plutonium

Water-Reflected Spheres

Pu Cone, 2%°puy, Diameter,

g/1 % NOg~ 1 in, Kers
26.51 0.54 77.8 14,02 0.9980
26.50 107 0,9925
27.65 137.5 0,9969
28,587 187.5 0.9953
27.94 1.76 109.5 14,02 0.9957
33.62 86.7 13,02 1,0011
35.65 145 1,0018
25.06 3,12 116 15.01 0.9924
25.83 147 0.9940
27,05 212 0.9929
28.78 87.4 14,02 0.9966
30,33 43 0.9978
31.79 208 0,9960
35.68 309.5 0.9998
39,62 Lo8 0.9998
38.05 130 13,02 1.0062
40,90 i 205 1,0050
44,38 269.5 1.0063
36,27 93.1 12.81(8) 1.0059
37.11 125 1,0043
50.32 138.5 12.10 1.0085
56,48 207 1.0111
63.75 270 1.0133
T77.22 : 359 1.0146
29.88 4,05 87.5 14,02 0.9981
31.72 146.8 0.9999
33,94 210,7 1.0016
36.38 272.4 1,0033
41,12 384.9 1.0035
32,41 L. 4o 158 0,9996

{a} Aluminum walls, others are stainless sieel,
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TABLE XVI {Continued)

Bare Spheres

35.51 4,15 106.9 15,84 1.009%4
43,20 281.8 1.0078
22.35 4 .20 76.1 17.87(P) 1.0001
23.85 148.4 1,002%
25,18 199.2 1.0057
27.48 285,8 1,0090

Water-Reflected Cylinder

Pu Cong, Diameter, Helght,

g/1?c) NO. , g/1 in, 1n, Kefr
54,53 119,8 $.00 17.55  1,0090
61,49 134 15.78  1.0104
73.92 125.6 13.94  1.0189
85.1% 151 12.73 1.0118
99.09 136.5 12,08 1,0173

109.16 166 11,76 1,0141
39,10 138 10,00 16,44  0.9955
hg,26 i 12.85 11,0007
62,47 146 10,73 1,0023
TT.17 152 9,84 1.0069
33,50 137 11,00 15.57  0.9993
36,90 300 16,93  0.9975
39.10 138 12.28 0,9963
41,73 215 12.85 11,0002
b7,21 117 10,66 1,0071
48,75 116.3 10,18  1,0033
48,98 139 10.22  1,0008
63.99 121,1 8.98 11,0119
26,45 134 12,00 17.50 0,9940
31,14 11% 13,16 00,9990
36.52 107.1 11.21  1,0062
4o, 29 126.6 9.94  1,0065
48,75 116,3 8,80 1.0056

109,16 166 6,82 11,0160

(b} Covered wlth 0.02 inch of cadmium,
(¢) #*°Py ranged from 2.83 to 2,90%.

Some experiments‘*225%) have been performed with lattices of
rodg of uranium oxide enriched with plutonium oxide, Correlations
with these experiments are given In Table XVII, Presumably caution
should ke used in extrapolating the results to other ccncentrations
of 24%°pPy, because MGBS treats 2%°Pu as though 1t were homogeneously
distributed in computing the resonance group parameters,

In addition to the exponential experiments with U-Al alloy
tubular fuel, Kinard(48) performed scme eXperiments with Pu-Al
alloy rods clad with aluminum, Correlatlons wlth these experi-
ments are gilven in Table XVIII,
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TABLE XVII

Lattices of Rods of UQp-Pulp; in Water

BHE s m-—e
(¢) Lattice Type and or
Materials(a) Cell Radii(b), cm VﬁgO/vU : Dimensions'd), cem (H, cm) Kepr  Reference
APW 0.472 0,541 0,734 2,50 T 56,56 (123.20) 0.9882 E1
0,800 3.55 46,08 {123.20) 0.9629
0.947 6,17 41,66 (123,20} 0.9778
1.067 8.63 43,72 (123.20) 0.9824
1,200 11.72 51,04 {(123.2¢) 0.98758
1.240 12.72 54,80 {123,20) 0.9900
BVEW 0.429 0,438 0.497 0,745 3,74 8 32.38 (92.96) 0.9499 ha
0.803 4,81 29.46 (92.96) 0,9562
1,053 10, 4% 25.89 (92.96) 0.9790
1.135 12,61 26,18 (92.96) 0.9843
1,490 23.90 32.24 (92,96) 1.0027

{a) Materials used in caleulations are designated as follows:
A - B are UCz-PuQ,, P ias cladding, W is water, U is vold. The densities and
compositions of the mixed oxlde are:
A - 9.569 g/cm® 12.00% 0, 86,68% U, 1.32% Pu; 0.22% 225y, 99.78% 2°°y;
91.41% 2%°Pu, 7.83% 2%°Pu, 0,73% #*'Pu, 0.03% **%Pu,
B - 10.333 g/cm® 11,865% 0, 82.313% U, 5.821% Pu; Nat U; 90.49% 2°°pu,
8.57% 24°pu, 0.89% 2*'Pu, 0.04% 2*ZPu,
P - 2Zr 6,4 g/cm®, 100% Zr.
(b) See note (b) of Table VI.
) Vgao/Vﬁ is the ratio of the volume of water to the volume of uranium having a density
of 18,9 g/cm®,
(d) See note (c) of Table VI.

TABLE XVIIT

Lattices of Pu-Al Rods in Hp0O

3quare Pitch,

em H/Pu Array Keff
3,18 24 B8 x 8 1,000
7x8 1.000
3.81 Lsg 7T x 8 1,013
7x 7 1,006
L4y 6gh 8 x 8 1,008
7x 8 1,003
5.08 g0 8 x 8 0,988
Tx 7 0,982
5.72 1280 8 x 8 0,960
7 x7 0.952
6,35 1630 8 x 8 0,913
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233y

Because #°°7 is treated as a 1/v absorber, solutions with
concentrations much above 100 g 2°°U per liter cannot be treated
without exceeding the limlt of 4 barns per H atom in MBS,
Correlations with experiment, moreover, show that the code tends
to overestimate the bucklings of these solutions by rather large
amounts, This code has, therefore, not been correlated with
eritical experiments performed with solutions of 233y,
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35, Experiments performed at SRL in 1963 by W. B, Rogers,
Direct experimental results were as follows:

Square

Fuel Tube Pitch, in. Configuration Vi 0/ Vy k2, m™ %

Inner 1.974 8x8 0.982 57.12
2.099 8x8 1,282 by, 54

2.224 8 x 8 1.627 39.21

2.349 8 x 8 1.937 32.35

2,474 8x 8 2,292 32,45

2.599 8 x 8 2,666 35.13

2.724 8 x 8 3.058 36.85

2.974 8 x 8 3.897 51.23

Cuter 3,076 8 x 8 1,057 26,00
3,201 8 x 8 1,249 18.86

7x8 1.248 23.71

3.326 8 x 8 1.449 16.33

7 x 8 1.449 19.99

3.451 8x8 1,656 15,59

3.576 8 x8 1,871 15.48

3.701 8 x 8 2,093 18.47
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k9.

50.

51.

Experiments performed at SRL in 1967 by C., L, Beeson.

Direct experimental results were as follows:

Center-to-Center

Fuel Assemblles Spacing, inches 2 oo .
Rows per Row Within Row Between Rows Kz , W
2 6 .3.56 3.56 6.15 $£0.10
3 3 3.56 3.56 4,85 +0,10
2 6 3.56 4,00 7.55 +0,10
3 6 3.56 5.00 -6,00 0,30
y(a) 6 3.56 5,00 45,00 £2.00
i 6 3.56 6.00 14,75 +0,20
2 6 k.00 4,00 16,30 %0.30
3 3 L ,00 4.00 12,25 0,20 :
4 6 4,00 6.00 24,60 £0,60 3
k4 5 L,50 4,50 -4,00 £0,30

(a) A 0.030-inch sheet of cadmium was centered between each
pair of rows,
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L. C¢. Schmid, et al, "Critlcal Masses and Bucklings of
PuOz-UOp-Hp0 Systems." Trans, Am, Nucl. Soc. 7, 216 (1964).
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