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ABSTRACT

Bucklings derived from activation measurements
in the ZED-2 reactor are given for l19-element natural
uranium metal assemblies. Measurements were made in
triangular arrays of 55 assemblies at pitches in the
range 20 to 40 cm. "Coolants" used were;

(1) D.O of moderator purity,
(2) He to simulate a voided condition.,

Bucklings obtained with He as coolant are
higher than those for D20 coolant for the pitches
investigated.
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INTRODUCTIQN

Experimental values of reactor physics parameters of
cluster fuel are redquired to test the models or recipes used
to predict the nuclear properties of lattices with fuel chan-
nels having the complex geometry required to provide the
necessary heat transfer characteristics, This report des-
cribes buckling measurements for 19-element natural uranium
metal fuel assemblies moderated with heavy water, which formed
one part of a program of lattice parameter measurements for
fuel assemblies having large neutron absorption areas. Earlier
measurements on ?eavy—water—moderated, natural-uranium-metal
cluster lattices covered a limited range of pitches and
the 19 elements of the cluster were arranged in a hexagonal
pattern. In present studies the 19—elf%?nt clusters were
arranged in a circular CANDU-type array with the clusters
enclosed in a simulated coolant tube which enabled studies to
be made both with and without DEO coolant.

Bucklings derived from Mn activation measurements and cell-
boundary In Cd-ratios were measured in a triangular array of

55 assemblies in the ZED-2 reactor. Bucklings are given for
both DO and He coolant for the following lattice pitches: 20,
22, 24, 26, 28, 32, 36 and LO cm. The spatial distribution

of the In Cd-ratio was measured at pitches of 20, 24 and 28 cm,
and the relative In/Cu activation ratio at a pitch of 40 cm.

Radial bucklings were derived from spatial Mn activation
distributions using a two-group homogeneous diffusion theory
model for a finite cylindrical reactor with a radial reflector.
The axial distributions well removed from the core boundaries
were fitted to a cosine function. Total bucklings (radial
plus axial) are corrected Lo a moderator condition of 25°C and

99.72 atom % DO.

ONE ~-GROUP AND TWO-GROUP DIFFUSION THEORY

The homogeneous two-group diffusion equations for the
fundamental radial distributions of the thermal neutron
flux @y, and fast flux ¢¢ in an infinite cylindrical reactor
with a radial reflector can be expressed as

P (1) =A'3 (Ar) + 'z (Br) - - - - (1)

JES

respectively, while for a reactor of finite length with the
origin located a distance zg from the flux maximum, the

SA‘JO(7\r) -S'C'Io(ﬁr) - - - (2
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fundamental solution of the axial distribution £(z), in
homogeneous one—group diffusion theory is,

£(z) = ¢ (zo) cos a (= - zo) —————— (3)
where
A', c' = amplitude coefficients,
S, s' = fast-thermal coupling coefficients
which depend on the core properties,
%2 = radial buckling
2
a2 = axial buckling =
Hex
Hex = extrapolated height
2 1 1 2 2
= e 4+ L 20 4+ AN = e = = = -
B 5t —% + 22" + 2 (4)
L LS

The total geometrical buckling for a finite cylindrical
reactor is

B =a + A = e e = - -

For a neutron detector whose activation cross-section
can be expressed as,

Ztotal = Zth * Zf . T T (6)

where

Zt and Iy are activation cross-sections averaged
over the ghermal and fast neutron flux distributions respec-
tively, the total activation Act(r,z), is

Act(r,z) = ¢th(r,2)§£h + ¢f(r,z)5¥ - - - (7

Substitution of (1) and (2) in (7) and neglecting the
axial variation gives the radial variation of the induced
activity Act'(r) as

Act'(x) = (E;h+SZf)A'JO(Kr) + (Eéh-S'Zf)C'Io(ﬁr)

)
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Equation (8) can be expressed in the general form

act'(r) =a g (ar) +CI (pr) - - - - - (9)

where the magnitude and sign of C will be dependent on the
detector parameters and the core properties,.

Equations (3) and (9), valid for homogenecous systcms,
can be applied to a heterogeneous reactor if the neutron
flux is measured at identical positions in each cell so
that the macroscopic distribution is not distorted by the
microscopic distribution. This implies separability of
macroscopic and microscopic flux variations,

Total bucklings were determined by measuring neutron
flux distributions throughout the reactor core and fitting
the measured radial and axial distributions to equations (9)
and (3) respectively.

EXPERIMENTAL

3.1 Fuel and Lattice Arrangements

Figure 1 shows a cross-sectional view of the 19-element
uranium metal fuel assembly.

The natural-uranium fuel is that described in AECL—759(1),
Density of the fuel is 18.93 %0.05 g/cm3. Thirteen cylindrical
slugs each 15.2 #0.08 cm long and 1.31 #0.01 cm in diameter
are sheathed in type 1S aluminum tubes of 1.59 cm o.d. and
1.02 mm wall thickness to form a full-length element.

Elements were arranged in a CANDU-type array, i.e. one
element at the center, six on a circle of 3.55 cm diameter
and twelve on a circle of 6.85 cm diameter. Each cluster
of 19 elements was contained in a type 65S aluminum coolant
tube with 8.89 cm 0.D. and a wall thickness of 1.57 mm to
form a fuel assembly. Table 1 gives the cross-sectional
areas of the various materials for a cell.

The minimum sheath-to-sheath spacing of 1.8 mm was fixed
by a headpiece from which the elements were suspended. Addi-
tional constraints were provided by 0.81 mm thick Al plates
drilled to fix the elements on a CANDU array. Four plates



were used per cluster, at ~ 5 cm, ~ 60 cm, ~ 110 cm and

~ 160 cm from the bottom of the element sheaths. Not all
elements were straight so that the sheath-tu-sheath spacing
varied from its nominal value by £ 0.6 mm between positioner
plates,

The assemblies were suspended from the rod hangers by a
length of stainless steel chain attached to a stainless steel
bolt threaded through the headpiece to which the coolant
tube flange was bolted. (see Figure 2). This arrangement
allowed the bottom of the element sheaths to be suspended
~ 1.7 cm above the bottom of the coolant tube, a feature
which allowed free passage of the coolant. Heavy water
coolant was expelled through the bottom of the fuel assembly
by the introduction of pressurized helium through a Poly-flo
coupling located on the top plate of each fuel assembly.
(see Figure 3).

Fifty~five fuel assemblies were used for measurements
in the triangular arrays with pitches of 22 to 40 cm, inclu-
sive, both with D,0O and He coolants. For the 20 cm lattice
a 'driver' region of 36 air-cooled 7-element uo, assemblies( %
surrounded the central 55 assemblies to produce criticality
with a moderator height less than the fuel height. The
‘driver' region was also used in some measurements at 24 cm
pitch.

Heavy water purity decreased from 99.74 to 99.70 atom %
Do0 throughout the experiments. The purity at any date was
obtained from interpolation of the results of analyses of
moderator samples taken monthly.

3.2 Determination of the Geometrical Buckling

Total buckling was determined from foil activation measure-
ments made at positions mid-way between fuel assemblies. Fig-
ures 4 and 5 show the radial locations of measuring thimbles
for two loading patterns. The thimbles contained three foils
10 cm apart at elevations near the vertical flux maximum except
for the two central thimbles which contained detectors spaced
at 10 cm intervals over the entire moderatur height. Detectors
fixed to aluminum backing plates were substituted for blank
backing plates at the required locations in the suspension
system. The backing plates were joined by lengths of 0.076
cm diameter Zircaloy wire. The wire-foil system was supported
in an air-filled aluminum thimble of a cruciform cross-section.
The main components of the thimble system are illustrated in
Figure 6.




Manganese and copper foils were used as neutron detectors.
The Mn(11% Ni) circular foils are 1.13 cm diameter, weigh ~
85 mgm and are fixed to 25 x 20 x 0.5 mm Al backing plates.
The foils have been intercalibrated by irradiation to an
accuracy of ~ *0,25%. The Cu foils are of identical area,
weigh ~ 115 mgm and are glued to the backing plates, Sensi-~
tivities of these latter foils were assumed to be proportional
to their weights which are known to a relative accuracy of

~ *0.2%.

After irradiation the induced 2.58 hr Mn56 activity was
measured with a TQOB electroscope while the 12.8 hr cubl
v-activity was counted with a NaI(T1l) scintillation counter.
At least two irradiations were performed at each pitch with
each coolant.

3.3 Measurement of Spectrum Parameters

Macroscopic neutron-spectrum parameters were measured in
DoO-cooled lattices at pitches of 20, 24, 28 and 40 cm. All
measurements were made at moderator positions mid-way between
fuel clusters. For the 40 cm lattice the relative In/Cu
ratio was derived from the activity induced in Cu foils (as
described above) and in similar Pb-In foils, 0.2% In by weight,
Cadmium ratios wcre measured with the Pb-In foils at other
listed pitches. For Cd-ratio measurements foils were enclosed
in either 0.030" thick Cd or Al boxes cemented to Al backing
plates. Detectors were placed every 10 cm alony the vertical
in thimbles K1W and K1E (Figure }4) and radially throughout the
core at either two or three elevations near the flux maximum.
Induced y-activities were counted with a NaI(Tl) scintillation
counter,

3.4 Critical Height Measurements

An accurate determination of the critical DpO level in the
ZED-2 calandria was required for a determination of foil loading
corrections and derivation of axial extrapolation lengths. Measure-
ments of the moderator height were made with the accurate height
indicator described in AECL-1505, Height differences due to
'loading' effects were accurate to ~*0.003 cm. Foil elevations
with respect to the moderator level, as required for derivation
of axial extrapolation lengths were accurate to ~ 0.2 cm.



3.5 He—Coouled Lattices

Measurements with He coolant in the 55 assemblies
were made by expelling the DyO coolant into the moderator
region through a hole in the bottom of the coolant tube.
This was accomplished by varying He pressure in a Poly-
flo tube attached to the top of each assembly which altered
the level of the DoO coolant. (Figure 3). The He pressure -
D0 coolant level relationship was determined experimentally
by observing the pressure required for the onset of bubbling
from the bottom of the assembly for different D,0 levels.
During a He-cooled irradiation all but ~ 1 cm of DO was
excluded from the assemblies.

DATA ANAILYSIS AND RESULTS

4.1 Neutron Activation Distributions

The counting data from measurements with the Mn-Ni
foils were corrected for exponential decay, detector sensi-
tivities, background and electroscope drift. Relative
activities were obtained by normalizing to the activity of
a foil located near the maximum neutron flux in the core.

v-counting data from measurements with Cu foils were
also corrected for exponential decay, detector sensitivities,
dead-time losses and background.

Normalized and corrected activities obtained from each
irradiation are given in Tables 1-A to 36-A, Appendix A. The
radius, elevation and exact position in the core (refer to
Figures 4 and 5) are given for each foil. Foil elevations
and the critical moderator height h_. are both measured with
respect to the ZED-2 zero plane, i.e. the elevation of the
central region of the calandria bottom.

4.2 Derivation of the Geometrical Bucklings

CorreclLed axial distributions, well-removed from the
core boundaries, were fitted by the method of least-squares
to the cosine function given by equation (3). Bracketed
activities as given in the takles of Appendix A were not
included in the fit,. The average of the two values of a
and z, obtained from each irradiation is listed in the tables.

Radial distributions were fitted by the method of
least-squares to equation (9) but with a fixed value of B
calculated from equation (4). Values of L2 and Lg as
calculated by the Chalk River lattice recipe POOOF (5) for
a moderator condition of 25°C and 99.75 atom % D0 were used.
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These are listed in Table II. The fitted value of a was
used and AN was at first approximated by the value obtained
from a J,(Ar) fit to activities obtained in a region of
constant Cd-ratio. This fitting procedure was adopted
after only limited success was achieved when all four para-
meters, A, A, C and B were allowed to vary in the fit. Even
in the latter cases when convergence was attained the fit

error calculated for A was —~ 50% and it was concluded that
radial bucklings should be obtainable from the measurements
to a higher precision. The determination of radial buckling

by the above method is described in more detail in (6, 7).

Six values of N were obtained from each irradiation
by combining the west-plus-south (W+5) and east-plus-north
(E+N) data for each of the three elevations. A(n), A(n-1)
and AN(n-2) listed in the tables are the average values of
all six results. Here n designates a value derived from
a fit to all radial activities, n-1 the results when the
outermost point in each set of data is omitted from the fit
and n-2 when the two outermost points in each set are omitted.
%E(n) values are used in deriving the geometrical bucklings
given in Tables III and IV,

The error quoted for the a, A and z, values is

1) the error obtained from the "goodness-of-fit" of
the data to the assumed distribution function, or

2) the standard deviation in the mean of the several
values obtained for each parameter, whichever is the larger.

4.3 Corrections to Buckling Values

Corrections for foil and thimble loading effects and
small temperature and purity variations during the period of
measurements had to be applied to obtain a consistent set of
buckling values to compare with lattice calculations.

Corrections for the !'loading effect! were obtained
from measurements of the critical height with and wilLhout
thimbles and foils in the core. It is assumed that the
radial buckling is independent of loading and critical height
and therefore QCORR 1S

T
—_—— - - - - - - - - - - - - - - 10
s Lh ( )

%17

%CORR =




where

GFIT = value derived from the fit.

Ah

i

difference in critical heights with and
without foils and thimbles.

Temperature and purity c?efficients of buckling are
derived from POOOF calculations!(?/, The buckling values
listed in Tables III and IV are corrected to a moderator
condition of 25°C and 99.72 atom % D20.

No corrections have been applied for variation of
the radial buckling with loading because it is assumed to
be negligible, This assumption was verified both analyti-
cally and experimentally. The experiment consisted of
loading the central region of one lattice with extra thimbles
and foils. The buckling derived from this measurement agreed
with the buckling derived from a measurement with a normal
thimble and foll loading. A first-order perturbation theory
model based on one-group, four-region homogeneous diffusion
theory and the measured differences in critical height, also
indicated that flux flattening produced by the increased
absorption in the central region of the core due to more
thimbles and foils per unit volume (see Figure &4), could
be ignored.

4. 4 Macroscopic Distribution of Cd-Ratio and Relative
In/Cu ratio

Results of the macroscopic In Cd-ratio and the In/Cu
ratio measurements for D0 cooled lattices are summarized in
Appendix B. Cd-ratio values (Tables 1-B to 3-B) are ratios
of Al-covered to Cd-covered activities for foils irradiated
at the same elevation at equivalent radial positions (see
Figure U4).

Axial variations of the Cd-ratio are shown in Figure 7
and radial variations in Figure 8.

Results of the In/Cu ratios measured in the 40 cm pitch
DsO-cooled lattice are shown in Table 4-B. Axial and radial
variations of relative In/Cu ratios are shown in Figures 9 and
10 respectively.

Average values of the In Cd-ratio or relative In/Cu ratios
for the region where they are constant within individual experi-
mental errors of * 3% are listed in Table V. This constant
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region is defined by the dotted lines in the figures. Errors
in averages are the standard dewviation, o, of all the wvalues
within the constant region for the axial and radial plots.

Values marked with an asterisk have been omitted from
the averages. Many of these omissions are justified because
the Cd-covers were found to be loose after irradiation.

4.5 Extrapolation Lengths

Analysis of neutron activation distributions yield
values for the extrapolation lengths if the core size and
critical height are known. The radial extrapolation length
can be defined as

B8R = R - R = g;ﬁgé._ R
ex < A C
where
R = equivalent core radius defined for a triangular

array byc

R 0.525 &/N

C

where
d = lattice pitch

N = number of rods, 55 in all cases except the driven
lattices.

The total axial extrapolation length BZt can be defined
as

6z, = H__ - (n_ - 15)

T - (hC - 15) = 62, + 82,

1l

a
where
6Zu, 621 = upper and lower extrapolation lengths respectively,
h - 15 = distance in cm from bottom of fuel to the criti-

cal modegator level.



Values of BR, b%,, 0%z _and 0Z, obtained from the flux
distributions for all latticgs are listed in Tables VI and
VII. Errors quoted are derived from the errors in a, A,

z and hc.

Figures 12 and 13 show the variation of the radial
extrapolation lengths with lattice pitch. Plotted values
at each pitch are the average of the measurements listed in
Tables VI and VII. Axial extrapolation lengths ‘listed in
Tables VI and VII are also plotted as a function of lattice
pitch in Figures 13 and 14, Lines in the figures are drawn
as guides-to-the-eye only and are not the results of a least-
squares fit to the data.

DISCUSSTION OF RESULTS

5.1 Buckling

Summaries of buckling values for DO and He coolants
are given in Tables III and IV respectively, and are plotted
in Figure 15 as a function of lattice pitch. Figure 15 shows
that the maximum buckling is at a pitch of approximately 25 cm
for both coolants with the He coolant giving higher values for
the range investigated. These results, combined with the
critical height measurements (Tables VI and VII), indicate
that a positive reactivity effect results from complete loss
of D0 coolant in the cold-clean critical state for the lattices

studied.

At a pitch of 24 cm, with both D0 and He coolants, three
buckling values were obtained. The first value is derived from
flux distributions measured in the 55-assembly core when sur-
rounded by a driver region of 36 T-element UO assemblies. The
other two values are derived from measurements in the 55-assembly
core only. Results agree within experimental errors for the
D,O-cooled lattices but for the He-cooled lattices the "driven"
result is slightly outside the experimental errors as compared

to the "undriven" results. This may be due to the existence
of anisotropy in the air-cooled lattices or larger uncertainties
in the measured bucklings than those quoted. At this pitch

the 55-assembly core result is probably more accurate since the
neutron streaming effect, if any, will be less due Lo the higher
critical height.

Apart from systematic effects the quoted buckling errors
vary from 0.01 m—2 for 40 cm pitch lattices to 0.09 m~2 for
the 20 cm He-cooled lattice.
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5.2 Macroscopic In Cd-Ratios and Relative In/Cu Ratios

The measurements indicate that these ratios are
constant within experimental errors at radial positions
s 2.6 x d (d = lattice pitch), for all lattices studied.
At a pitch of 20 cm the In Cd-ratio at radial positions
beyond 2.6 x d does not rise as rapidly due to the presence
of the surrounding driver region (see Figure 7,

From the axial plots the region of constant ratio
for all lattices studied was found to be:

4o em < 2 < hc—25, h = moderator critical height
within experimental érrors.

Individual measurements agreed with the average
values listed in Table V to better than * 3%,

5.3 One-Group and Two-Group Models in Analvsis

Although analysis of axial distributions was based
on homogeneous, one-group diffusion theory, analysis for the
radial component of the buckling was based on two-group theory.

Use of the two-group model was considered to be war-—
ranted after analysis of activation distributions obtained
with the improved measuring techniques discussed indicated
a systematic error in the derived radial bucklings. The
error increased as the radius of the region analyzed was
decreased. A more detailed report of this investigation
and adoption of the two-group formulation is given in (7).

Similar trends did not exist as points within the
selecled region of the axial distributions were omitted in

the analysis of the axial distributions,

5.4 Extrapolation Lengths

Radial and axial extrapolation lengths are plotted
in Figures1ll to 14 and summarized in Tables VI and VII.
Radial extrapolation lengths derived from measurements with
D,O coolant are generally less than He coolant values for
all pitches except 20 cm, From Figures 11 and 12 the radial
extrapolation length appears to be constant within * 2 cm
for lattice pitches in the range 24 to 32 cm with either
coolant.
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Total axial extrapolation lengths exhibit the same
trend as the radial lengths, i.e. D O-cooled values are
lower than He-cooled values. Derived upper axial extra-
polation lengths are considerably greater than the theoretical
values given by 0.T71 Ktr. This could be due to neutrons
arising from

1) Dbackscattering in the graphite reflector and
2) backscattering and production in the fuel itself,

since both fuel and moderator extend above the critical moderator
height.

Present values of extrapolation lengths and previous
ones(u) should assist in predicting critical sizes of cores
in ZED-2. They should also be of value in assessing the
effective worth of reflectors.

CONCLUS IONS

Buckling values have been obtained for 19-element
natural uranium metal fuel assemblies both with DO and He
coolants for triangular arrays with pitches from 20 to 40 cm,
inclusive. For this range of pitches the He-cooled lattices
yielded higher bucklings.

Spatial distributions of the In Cd-ratio with D0
coolant were measured at pitches of 20, 24 and 28 cm and
the distribution of relative In/Cu activation rates was
measured at a pitch of 40 cm also with DO coolant,

Extrapolation lengths derived from flux plots yield
information on reflector effectiveness in ZED-2.
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Table I

Cross-Sectional Areas of Materials Per Cell
for 19-element Natural-uranium Metal Assembly

Triangular 20 22 24 26 28 32 36 4o
Lattice
Pitch
(cm)

Cell Area

(cm?) 346.%41 %19.16 498.83 585.44 678.97 886.82 1122.38 1385.

Uranium 25.69 25.69 25.69 25.69 25,69 25.69 25.69 25,

Area
(em?)

Moderator  284.33 357.09 436.76 523.36 616.90 824,71 1060.30 1323.

Outside

Coolant
Tube
(cm?)

Moderator 20.13 20.13 20.13 20.13 20.13 20.13 20.13 20.

Inside

Coolant
Tube
(cm?)

Alumigum 13.36 13.36 13.36 13.36 13.36 13.36 13.36 13
(cm?)

Air ?2.90 2.90 2.90 2.90 2.9 2.90 2.90 2.

(cm®)

Moderator 11.85 14.68 17.78 =21.16 24.80 32.89 142.06 52.

Metal
DO Coolant
2

Moderator 11.07 13.90 17.00 20.37 24.01 32.10 hi,27 51
Metal
(He Coolant)

13

.36

30

.52



Table II

Values of L2 and Ls2 for

Lattices of 19-element Natural-Uranium Metal Assemblies

as Calculated by POOOF*

Triangular ‘ DEO-Coolant He—-Coolant
Pitch ” . .
L 2

(cm) (en?) Lsg(cmg) L (o) L on?)
20 81.08 137.8 83.66 156.7
22 102.5 134.3 105.0 150.2
24 126.6 131.6 127.7 143 .4
26 153.0 129.6 153.8 139.3
28 185.0 128.1 184.3 136.3
32 255.8 125.9 253.0 132.0
36 339.4 124 .4 33%4.0 129.1
iTe} 435.8 T 123.4 427.5 127.1

¥*
For moderator conditions of 25°%c, 99.75 atom % D0
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Table V

Average Values of the Macroscopic In Cd-Ratio or

Relative In/Cu Ratio Measured at Cell Boundaries

as a Function of Trianqular Lattice Pitch

Triangular .
Lattice In Riljzlve
Pitch Cd-Ratio Rgtig

(cm)

20 1.982 *.006 -

24 2.525 +.006 -

28 3.197 +.007 -

ho - 59.61 *.07
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_37._

APPENDIX A

Summary of Relative Activation Distributions Measured

in Cores of 19-element Natural-Uranium Metal Assemblies
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APPENDIX B

Spatial Distributions of In Cd-ratios and Relative In/Cu Ratios
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