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ABSTRACT

Nuclear parameters of the lattlce for the French power
reactor, EL-4, were determlned in mockup lattices at the
Savannah River Laboratory. The reactor 1s to be D:0 moder-
ated, gas cooled, and fueled with U0, rod bundles. The
mockup lattlice had a square lattice pitch of 23.09 cm and
was fueled by 19-rod clusters of 1.27 cm diameter natural
uranium rods inslde slr-filled 12.7-cm dlameter housing
tubes. Bucklings were determined for various plle shapes
by measured flux prefiles. Detalled studles were made of
the diffusion properties of the lattlice with emphasis con
the anisotrople diffusion due to the neutron streaming 1in
the alr-filled channels. Such studies 1lncluded determina-
tion of the axlal mlgratlon area by neutron polsoning tech-
nlgues as well as by observatlion of the neutron kinetlcs of
the plle on stable posgitive periods. Ratlos of axial to
radlal migration areas were deduced from the buckling measure-
ments on the different shaped plles. Measurements of radial
and axlal diffusion coefflclents were made by actlivation
techniques and by measurements of the reactlvity effect of
introducing Ds0 Iinte coolant channels of selected pille
positions. Agreement of the measurements with theoretical
predictions was generally good.
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MEASUREMENT OF MIGRATION AREA AND i
ANISOTROPY IN A MOCKUP OF THE EL -4 LATTICE i

INTRODUCTION

As part of lts program to develop nuclear power
reactors, the Atomic Energy Commlssion of France (CEA) 1s
bullding a large, Dp0-moderated, gas-cooled power reactor,
the EL-4¢%12) " The EL-4 1z almost identical in size with
the Process Development Plle (PDP)(E) at Savannah Rlver
Laboratery, and the proposed EL-i fuel assemblies are guite
similar to some experimental fuel assemblles avallable at
Savannah Rlver. It thus appeared that the PDP might provide
a ready made nuclear mockup of the EL-4 which could yleld
valuable Informatlon regarding the nuclear properties of
gas-cooled lattices used in the EL-4,

A gerles of experlments was deglgned to take advantage
of the SRL facilities 1n (a) providing a partial mockup of
the EL-4 lattice and (b) obtalning general physics informa-
tlon on gas-cooled D0 reactors. The principal areas of
interest were the anisotropy and changes 1in migratlon area
due To neutron streaming in the gas passages.

Two SRL facllltles were proposed for these experiments;
the Process Development Pile (PDP), and the Suberitical
Experiment (SE)(*), the exponential facility at SRL. Table I
compares some of the dimensions of the EL-4 lattice mockup in
the PDP with the corresponding EL-4 dimensions,

TABLE I

Comparison of EL-4 Lattlice Dimensions wlth PDP Mockup

Component EL-4 PDP
Vessel dlameter, om 480 4oy
Fuel assembly 19 rods, 19 rods,

natural and natural UO,
enriched UQ:

Fuel rod diameter, mm 11 or 13 12.7

Fuel housing tube
dlameter, ecm 11.0 12.7

Lattlce plteh (square), em 23%.0 2%.09
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SUMMARY

Under a contract between the French Atomlc Energy
Commission and the United States A. E. C., a get of experl-
ments was performed at the Savannah River Laboratory in
support of the EL-4, a French nuclear power reactor prototype
under construction. The primary obJectlives of the experiments
were to determine the migration ares and the lattice aniso-
tropy for a lattice similar to that proposed for the EL-4.

The migration area was determined by two methods; the
polsoned moderator technlque using copper tubes as the poilsen, i
and the perlod reactlvity technlque. A welghted average of i
183 +14 cm® was determined for (L,® + 7,) by the polsoned
moderator technlique; the perlod reactivity measurements gave
a value of 492 $11 cm?®.

Migration area anlsotropy was determined by measuring
the buckling of the lattlce for three different core shapes
in the eritical facility (PDP), and for one core shape in the
exponential facility (SE). The anisotropy, My*/M.%, was
1.16 £0.01 using the c¢ritical and exponentlal results
together, and 1.13 20.03% using only the results of the criti-
cal measurements.

A method developed by Palmedo and Benolst for deter-
mining the radial dlffuslon ccefflclent of a lattlce was
applied to these experiments. The method presents an
interesting approach to the study of the Interactlon of the
microscople and macroscople fluxes and to the determination
of the diffuslon ceoefficient. The radial diffusion coeffi-
clent determined by this method agrees qulte well with
calculatlons.

A serles of experiments using substitution technilques
was applied toward obtaining the ratio of the vertiecal to
radlal diffusion coefficients. Although not entlrely
successful, the measurements provide useful information
regarding the appllication of thls method to volded lattlces.

bata on the worth of the Dy0 reflector were obtalned
for reflector thicknesses up to 125 em. Because the EL-4
wlll be operated wlth a reflector, these data should ald in
the evaluation of the reflector effectiveness.




DISCUSSION

FACILITIES AND LATTICES

Process Development Pile

The PDP!®! and 1ts chlef auxlliaries are 1lllustrated in
Figure 1. The reactor vessel ls a bare, stainless steel
tenk wilth an inside dlameter of 494 ecm. Its effective helght
1s controlled by the D0 level and 1n these experiments was
limited to 274 cm by the fuel assembly length. The mockup
BEL-4 fuel assemblles, described in a followlng sectlon, were
always loaded intc the reactor on a square lattice pitch of
23,09 cm, center tc center. Loadings were of several
different sizes, ranging from 88 to 332 fuel assembliles,
wlth various amounts of reflector. The loadings are shown
in Flgures 2 through 9 and are briefly described 1n Table IT.
The polsen rod boundary in loading No. 6 (Figure T7) consisted
of 2.54 em dlameter, aluminum-clad, Li-Al alloy rods, with a
lithium concentration of 4.9 wt £. These rods were arranged
on a 11.53 cm square pltch adjacent to the fuel and on a
23.09 em square pltch in the outer region. The ocuter region
in loading No. 7 (Figure 8) was poisoned with steel pipe
agssembllies 275 cm long on & 23.09 cm square pltch. These
assemblles, 1llustrated 1n Flgure 10, were selected to have
approxlmately the same neutron diffusion and absorption
properties as the fuel.

The moderator isotople purlty ranged from 99.57 to
99.54 mol % Dg0 during the experiments; moderator temperature
was 20 to 22°C.
TABILE II

Fuel Loadings 1n PDP

Loading No. of Fuel Reflector®,

No, Azsemblies om Remgrks
1 332 10 Full plle load
2 332 1C Lattice poisoned with
166 copper tubes
3 332 10 Lattice poisoned with
301 copper tubes
4 216 50.4 Reflector unpolsoned
5 120 100.6 Reflector unpolsoned
120 ~10 Thin reflecter reglon.

Quter regicn polsoned
with Li-pal rods

T 156 None Outer reglon poisoned
with steel pipe
assemblies

8 88 122 Reflector unpoisoned

* Refers to unpolsoned Dz0 regiocn between cylindricilzed
radius of ccre and tank wall.



Subcritical Experiment and Standard Pile

An lsometrlc view of the Suberltical Experlment (SE)(4)
and 1ts neutron source, the Standard Plle (SP)(s), 1s shown
in Figure 11. The SE 1s an aluminum tank 153 em in diameter
and approximately 210 cm high. The tank wall 1s 0.95% cm
thick and is covered on the outside by a cadmium sheet
0.16 em thick. The tank rests on a graphite thermalizing
column approximately 46 em high and 153 cm in diameter. The
SP 1g an enriched uranlum reactor, graphlte moderated, and
H:0 cooled. The fuel and coolant are contalned in an
aluminum annulus approximately 46 cm in diameter, 10 cm
thick, and 46 cm long located in the center of the 153 em
cube of graphilte.

The two different loadings used 1n the SE measurements
are shown 1in Figure 12. 1In both loadlngs the fuel assemblies
were arranged at the 23.09 cm square lattice pltech. In one
loading, however, a fuel assembly was centered 1n the SE
tank (Figure 12A) while in the other an interstitial lattice
point was centered in the tank (Flgure 12B), These two
loadings are deslgnated fuel-centered and moderator-centered,
regpectively.

FUEL ASSEMBLIES

The fuel assembllies used 1n the measurements 1In the PDP
are shown in Flgure 13. They conslsted of 19 uranlum oxlde
rods arranged 1n hexagonally shaped clusters with 1.65 em
center~to-center rod spacing. The natural uranlum oxide
rods conslasted of sintered U0z pellets 1.27 cm in dlameter
with a density of 10.4 g/em® stacked in type 6063 aluminum
tubes that were 1.39 cm 0D by 0.051 cm thick. Rod spacing
was malntalned by small nylon rings at approximately 90 cm
intervals along the rods. The rods consisted of a 91.6-cm-
long top section Jolned to a 183.l-cm-long bottom sectlon by
a 1.04-cm-long aluminum connector. The 19 rod clusters were
enclosed 1n 12.7-em-0D by 0.145-cm-thilck housing tubes of
type 6063 aluminum. The clusters were centered 1n the
houslng tubes by means of 0.159-cm-thlick spacers of type
1100 aluminum taped to the fuel assemblles near the bottom
of the fuel assemblles and near the Jjoint connecting the top
and bottom rod sectiong. Calculations indicated that any
changes in lattlce buckling caused by these spacers or by
the nylon-ring rod spacers were negligible, The housilng
tubes were provided wilth bottom plugs so that Dz0 could bhe
admitted to, or excluded from, the fuel. Detalls of the fuel
locatlion 1in relation to the bottom of the FDP are shown in
Flgure 1i.

- 10 -



The fuel assemblies that were used 1n the SE were
ldentlcal to those used In the PDP except that they were
183.1 cm long, consisting of the bottom sectlon of fuel
roda only.

BUCKLING MEASUREMENTS

PDP Buckling Measurements

Radial and vertlcal buckling measurements were made in
four of the PDP loadlings by measuring flux profiles In the
critical lattlices. The flux proflles were obtalned by
activating gold pins, 1.27 em long by 0.016 cm diameter, in
a large number of interstitial poslitlions throughout the
lattice. The gold pins were supported on the light aluminum
rods shown in Pigure 1l4. For vertlcal flux traverses the
gcld plns were spaced 10 em apart 1n at least four different
leocationa in the lattice. Radlal flux traverses were ob-
talned wlth at least 35 different radial locations using 3
dlfferent vertical levels at each location. A typlecal gold
pin layocut 1s shown in Flgure 15.

In each irradiation run the critical moderator helght
was measured relatlve fto an arbltrary zerc point to wlthin
0.1 cm uslng a callbrated glass standplpe.

The irradiated gold pins were counted on Nal (T1)
gcintillation counters blased to reject gammas of legs than
300 kev. The count rates were corrected according to
standard methods for background, dead time of the counters,
and decay. Each set of gold pins was counted at leaat four
times. The corrected count rates were then least squares
fitted to Jo and cosine functlons by an IBM 7C4 code,
JOCOSE, to obtain the vertical and radlal buckllngs and
thelr statlstlecal errors. In the least squares fits, an
attempt was made to ellminate errors due to boundary and
reflector effects by runnlng successive fits of the same
sets of gold pin data and successively elliminating polnts
from the extreme reglons of the lattice. 1In all cases, the
resulting bucklings showed conly slight random variatlion as
soon a8 the data taken near or at the extreme boundary were
discarded. A typlcal vertlcal traverse 1s shown 1in Figure 16.

The comblnatlon of four or more countings of three or
four traverses (radial and vertical, respectively) resulted
in as many as 28 least squares fi1ts in each loading. Except
In cases where the counting was cbviously bad dus to instru-
ment fallure, the least squares results were simply averaged
to obtaln the geometrlcal bucklings for the lattice. The

- 11 -




averaged B? results for each lattlce are given'in Table II
The flag on these values represents the roct mean square
deviation of the several determinations 1n each lattice.

TABLE TTI

Results of Flux Mapping Irradiatlons
and Data Fitting in PDP Loadlings

Fitting Results, m” °
=

I.

Loading Fuel No. of B 5 2
No. Assemblles Fittings 2 T
1 332 28 2.361 0,011 (inner)(®) 0.852 +0.008'%)
10 2.285 20.01% (outer) -
5 120 reflected 15 . 1.903 *0.011 -
18 - 1.255 $0.,008
6 120 lithium 22 1.226 *0,006 -
boundary 11 - 2,039 0,011
7 156 27 1.516 +0.005 -
21 - 1,737 +0.,008

{a) Refers to vertical traverses taken over the baffle plate (inner) and

awa,

y from the baffle plate (outer).

(b} The buckling result of the radlal flux traverse 1n loading No. 1 was

obt
the

1.

alned from a one-reglon fit to a Jy flux shape. It was no
final analysls for this lcading. See page 15.

A number of correctlicons were applied t¢ the vertical
bucklings obtalned from the flux traverses to obtaln the
clean lattlce buckllngs. These corrections are discussed
below. No correctlons were applied to the measured radlal
bucklings.

£ uged in

A correction was made to account for the polsoning effect
of the flux mapping gold pins and their holders. Thils
correction was determined experimentally by measuring the
erltical moderator height during the gold pin 1rradlation
and agaln after the gold pln assemblies had been removed.
The difference 1n moderator helght between the two con-
ditions was obtalned with a precision of +0.1 cm. It

was assumed, as had been done 1n earller work 6), that
the difference between the extrapolated plle helght, H,
and the measured mederator helght, 8, was independent of
the presence of the gold flux mapping assemblles in a
glven lattlce. It was alsc assumed that the radlal buck-
lings were unaffected by the gold.

_ 12 -




Uslng these assumptlons the measured change 1n critical
moderator helght obtalned upon removing the gold was
converted to a buckling correctlion. The accuracy of
0.1 cm in measuring the moderator helght change corre-
sponds to an uncertalnty of =0.002 m™ 2 in buckling.

2. A correction was made to account for the presence of
three alr.fillled thimbles used in all lcadlings as gulde
tubes for two control rods and a source rod. Three
additional tubes, ldentical to the three already present,
were 1nserted into the full lcading (No. 1) 1in lattice
positlions equivalent to those of the first three tubes.
The resulting change in buckllng was used dlrectly as
the correctlon for thils loading. The correctlons for
the rest of the loadlngs were calculated from the
measured number for loadling No. 1 using the relative
statistlcal welghts of the tubes 1in each loadling. The
corrections ranged from 0.003 to 0.006 m™ 2. An uncer-
tainty of *0.001 m™% was asslgned to them.

%, The temperature and Ds0 purlty changed slightly durlng
the experiments necessltatling small corrections to put
all bucklings on the same basls. The temperature and
D20 purity coefficlents of reactlvity were calculated
using the BSQ code!7!, an IBM 704 code routinely used
at SRL tc calculate heavy water lattices. The coeffl-
clents were 0.01 m~2/°C and 0.62 m~%/4 D.0, respectively.
A11 buckling measurements were corrected to 20°C and
99.57 mol % Dz0. Temperature and D;0 purlty changes
were measured with precisions of +0,003°C and +C.005%
D,0, respectlvely, so that the uncertalnty on the cor-
rection factor is negliglble. However, the absolute
temperature uncertalnty was about 10.50 and the uncer-
tainty in absolute D,0 purity was +0.02% D.0 resulting
1n absolute buckling uncertalnties of +0,005 m~? and
+0,012 m™ 2, respectively.

4, A final correction was applied to account for the decrease
in buckling due to the gap 1n the fuel at the connectlon
between the top and bottom fuel sectlons. This correction
was obtalned by a flux measurement across the gap to
determine the effect on f and L? together with calcula-
tlons to determine the effect on p. This calculation 1s
fully described on page 36. An uncertainty of *25% was
asslgned to this correctlon,

The correctlons and the final bucklings for all loadlngs
are summarized in Table IV. The uncertalntles dlscussed above
were statlstlcally combined to give the flags for the rflirst
four loadings In Table IV.

- 13 -




The bucklings for the last four loadlngs llsted in
Table IV were not measured by flux mapplng, but were obtalned
from the critlcal moderator helghts measured 1in these
lcadings. In each of the flux-mapped loadings (No. 1, 5, 6,
and T), 17.4% cm was the difference between the critical
moderator height, 8, measured with the glass standpipe, and
the extrapolated plle helght, H, obtalned from the gold-
count-rate data. This result confirms earlier indications!®’
that the quantity H minus S 1s independent of the plle helght
for a glven lattice. The vertical bucklings for loadings
No. 2, %3, 4, and 8 in Table IV were therefore obtained simply
by adding 17.4 em to the measured moderator height to obtain
the extrapolated plle height.

The radial bucklings for loadlngs No. 2 and % were
assumed to remain unchanged from loading No. 1 because the
only change made 1n the lattlce was the addltlon of copper
polson tubes. For leadings No. 4 and 8 in which no direct
measure of the radial bucklling was obtalned, use was made of
the relatlonship

La Ty L Z .
B 2 _ B 2 = M 2 (1)
zl 2o r

M_Z
ﬁzg is the lattice anlsotropy discussed on page 18, and

B_% B % B 2 and B_ © refer to geometrical bucklings in

r z T, zZ,
two differently shaped loadings (eg, different numbers of
fuel assemblies) of the same lattice. Uslng the value 1.16
for the lattice anisotropy (see page 19) together with the
vertical bucklings dlscussed above, the radlal bucklings
glven in Table IV for loadings No. 4 and 8 were computed by
equation (1).

TABLE TV

Summary of Measured Bucklings and Corrections In PDP Loadings

Corrections, m~*

Flux Tem D0 to -
Loading Detector Guide Yo 95.57  Fuel Fiq%E-B““kli“’“é -
No. Poisoning Tubes 20%¢  mol % Gap z r
1 +0.039 +0.003  +0.008 40,002 O 2.413 +0.018 0,826 10,015
5 +0.065 +0.00% +0.009 +0.006 +0.005 1.993 x0,018 1.255 30.008
6 +0.078 +0.006 +0,006 +0.008 +0.010 1.334 :0.016 2.039 :0.011
T +0.068 +0,006 +0,018 +0.017 +0,007 1.632 20.01% 1.7357 10,008
2 2,02 $0.0% 0.83% +n.0p
3 1.64 $0.02  0.8% t0.02
4 2,35 10.03 .86 t0.05
8 1.6% $0.02 1.62 20.04




A unique situatlion was presented by the full plle
loadlngs of 332 fuel assemblles which extended out beyond
the moderatcr inlet baffle plate shown 1n Flgure 15. This
plate, whilch 1g 1.27-cm-thick stalnless steel, i1s located
%.81 c¢m above the nominal tank bottom and effectively divides
the plle into two radlal reglons with a small difference in
vertical buckling between them. The effect 1s clearly shown
in the vertical flux traverse results llisted 1n Table V for
loadling No. 1.

To determine a more nearly correct lattlice buckling for
this loadilng, an IBM 704 code was written to make a least
squares flt of the radlal traverse data to a two reglon
solutlon of the one group diffusion equatlon. The form to
which the data were fltted was

<
—
o1
S
I

AT (Brr) » <R

R =
—
o]
It

[} T 1
cI (Brr) + C'Y (B 1r,r'), >R (2)

where Rg ls the c¢ylindrlclzed radius of the baffle plate
{108 em) and Bp and A& are the fltting parameters (C and ¢’
are determined as functlons of A by continulty of flux and
ecurrent at Ry). :

Figure 17 shows the results of fltting the radlal flux
traverse data for loading No. 1 with various values of

AB 2 = B _® ocuter - B_Z inner (3)
r r r

To arrive at the proper value of ABPE, 1t wag assumed that

the difference 1n vertlcal buckling hetween the twe reglons

as measured in the vertical flux traverses was equal, after
correctlon for anlsotropy, to the difference 1n radial buck-
ling in the two regions. The vertical buckling difference

was measured as 0.078 m~% (Table V) and the lattice anisotropy
was determined as 1.16 (see page 19). Therefore, the AB,® 1s
0.078 x 1,16 = 0,09 m~%, and from Figure 17 the radial buck-
ling of the inner regilon is 0.826 m~%. The required bucklings
are:

B_.2 = 0.826 m~% (inner)

w
o
1

2.41% m™% (inner)

These values are llsted in Table IV.
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TABLE V

Vertical Flux Traverse Results in PDP Loading No. 1

2 -2
Fitting Resultg Bz , W

(a) Individual Traverses, Averaged
Traverse Rod‘'® Uncorrected Results ‘Corrected Regults
A 2.3%64
Over
B Baffle 2.367 C2.413
1 plate 2.345
D 2.363
E| Away from 2.28%
Fi Baffle Plate 2,286 2.335

(a) Refers to vertical traverse rod locations in loading.
See Figure 15.

SE Buckling Measurements

In the SE experiments, the vertical buckling, k%, 1s
determlned from the vertlecal flux distribution as measured
by a small, movable lon chamber. Because there are fast
neutrons leaking into the SE along with the thermal neutron
source, and also because of the photoneutrons created by SP
gamma rays reaching the SE, 1t 18 necessary to make a back-
ground flux determination with each measurement. The back-
ground run ls made wlth a cadmlium sheet bpetween the SE and
the SP. The net flux distribution ~ the difference between
the total and background fluxes — 1ls then filtted by the
method of least squares to the functilon

o, = Aslnh k(X + 5 -2,) (%)
where ¢4 = the flux measured at some vertleal posltlion, Zy;
A = a constant; - '
k,® = (vertical relaxation length}™%;
X = distance from the top surface of water to some
zero polnt from which Z4 is measured; and
8 = vertlcal extrapolation length.

Inltlally, the data are fitted to the above expresslon,
assuming A, K;, and & as unknown. The least squares fltting
of the data 1s not sensitlve enough to allow the best values
of all three parameters to be determined from each measure-
ment; therefore, an average value of & 1s determlned from
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three parameter flts for all data on all lattlces; then the
data are refiltted to the parameters A and K,.

For the SE lattice arrangements shown in Flgure 12,
three different measurements of KZE were made 1n the un-
polsoned lattlices — one measurement preceding the insertion
of copper polson tubes 1n the lattice and two fellowlng the
removal of the tubeg. Each measurement conslsted of from
4 to 8 separate traveling monitor traverses. Measurements
with the poison tubes in place consilsted of 10 and 4 deter-
minations of k,? for the fuel-centered and moderator-centered
lattices, respectively. The maximum spread in «,% between
the separate traverses 1n a single measurement was +0.02 m™=.

Using the calculated D0 purity coefficlent of 0.62 m~2/
% D20, the measured KZE values were corrected to a reference

D20 purity of 99.57 mol % D,0. Table VI lists the final xzz
values obtained for the SE lattlces.

TABLE VI

k2 Measurements in the SE

KZE, m—E
Lattlce Clean Copper
Moderator-centered(a) 4,64 5.35
Fuel-centered(a) 4.60 5.37

(a) Bach point asslgned an uncertalnty of
+0,03% m~2,

Radlal buckling measurements were made 1In each of the
lattice arrangements shown in Flgure 12. Flve levels of
gold plne, 7.6 cm apart, were placed 1n the positlons indi-
cated. For reasons discussed on page 16, 1t was necessary
to repeat each lrradlation with the cadmium sheet between
the SE and the 3SP. The net actlvitles were fitted to the
expression

). (5)

¢, = AT (B T
o] r

1 1

Table VII lists, for each lattlce arrangement, the resulting
values of Bra, a mean value, and the standard deviliaticn of

the mean.
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TABLE VIT

Radlal Buckling Measurements in the SE

B2, m™°
r ? ‘
Level Moderator-Centered Fuel-Centered
1 (bottom) 9.04 8.96
2 9.01 9.01
3 9.06 8.91
i 9.10 8.93
5 (top) 9.06 8.88
Mean 9,05 £0.02 8.94 0.03

Results of previous experiments lead to the helief that the
true uncertainty 1ls not represented by the standard devia-
tions listed in the table and that £0.05 m~% 1s more
realistic. The difference measured between the tweo lattice
loadings 1g real, because the fuel-centered lattice has a
thicker reflector than the moderator-centered lattice.

ANISOTROPY DETERMINATION

In reactor lattices that contaln voids, the critical
geometrical buckling, (Bp® + B,®), is not characterized by
the lattlce parameters alone, but depends on the geometry
of the system. This results from the fact that the direc-
tional components of the migratlion area are unequal because
of volds 1In the lattice. In one-group notatlon

k -1=M®24 M5 % (6)
o r nr 4 a2

which may be rewrltten as

x, SRR
(B2 +B%) = 7 - 2oy t-p * (7)
r T

Therefore, the e¢rltlical geometrical buckling,
(B.® + B,?), for any particular lattice shape, 1s a linear
function of the vertical buckling. The anisotropy, Mz®/M.%,
may be determlined from critical buckling measurements made
in at least two different geometrical shapes by determinilng
the slope, (M,® - M.?)/M.%, of the line passing through a
plot of (Bp® + B,®) versus By®.

In the present experlment, cores of five different
shapes were used, including the subcrltical cores in the 3E.
These cores were loading No. 1, 6, and 7 in the PDP and the
two SE loadings.
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The buckling results for these lattices are plotted in
Figure 18. Only reduced cores with a "polsoned" reflector
and full pille loadings were used in establishing the slope
of the line. The least squares it to the data usling both
SE and PDP polnts ylelds

M2 - M= M 2
e = 0.16 or, 7z - 1.16 *0.01.
r T

Using only the PDP data polnts ylelds 1.13 £0.03 for
the anisotropy. The uncertalnty indicated for these two
values represents the standard deviation of the least squares
fit of the experimental points (five and three points,

respectively).

The theory of Benolst!®:°) was used to obtain a theo-
retlcal value of the anisotropy. The two group parameters
used as input in the calculation are glven 1n Table VIII.
The calculation gave a value of 1.17 for M,%/M.%, in very
gocd agreement wlth the measured result.

TABLE VIIT

Input Parameters for Calculation
of Migratlion Area Anisotropy

Parameten Value

Average thermal flux in moderator region

{arbltrary units) 134,08
Aversge thermal flux in fuel region 87.40
cuter radius of fuel, cm 3.761
Cuter radilus of voild region, cm 6.35
Lattlice plteh, em 22,09
Thermal transpert mean free path in

moderator reglon, cm 2.478
Thermal transport mean free path in fuel

regions, om ‘ L.735
Fast transport mean free path in moderstor

reglons, cm 546
Fast transport mean free path in fuel

region, cm 5.085

Ratlo of thermal flux at fuel surface to
average flux 1in fuel(a) 1.170

Thermal macroscopic abso?pgion cross
sectlons in fuel region‘®/, cm™? 0,08355
Fermi age for moderator {99.6 mol % Dz0), em® 128.4

Effectlve thermal, macroscopic absorption
cross sectlons in cell, em~?% 0.0852

NOTE: Thermal cross sections and flux ratios
were obtalned from THERMOS calculations't®’

(a) These parameters were used to calculate the average
thermal flux in the vold reglon.
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VERTICAL MIGRATION AREA
Copper Poison Method

One method of determining the migration area of a
lattlice 18 to add a known amount of absorber uniformly to
the lattice (thereby introducing a change in km) and then
measure the resulting change in critical buckling. If the
two-group, anisotroplc form of the critical equation 1s
used,

— — =4 2 =4 2
k= mnepf = (1 + Lr?Br + LzEfBZ Y1 + B %+ 1B Yy (8)

o«

it can be shown that
Af 2 2 2 2 2 2 2 2 ]
3 [1+LZ (GBP +B, “+AB, ) 2L, %7 AB (GBr +0B, ). .
2 2 2y fA
4B 2 - (GB,*4B_%)(F + )

2 -
(Lz +7,) =

w
o |5

Ap 2 2 2y2] _ P 2 2 z 242
. [1+Lz ©_(aB_%4B_2) ] L2t [(EGBr 4B _2)aB_*+(aB_*) ] o)

+
2 _ 2.p 2y(AL | 4p
AB, (GBr +B, )(f - )

It 1s here assumed that the only terms affected by the
addltlon of the absorber are f, the thermal utilizatlon;

p, the resonance escape probabllity; and L®, the thermal
diffusion area. All of the terms in (9) have thelr sbtandard
definitions except for G, which is equal to M,*/M,®, and
which was inserted to allow 7, and L.® to be expressed in
terms of 7, and L,®, respectively. Assuming that v and L%
have the same G term has negliglble affect on the results.

In the present experiments, the absorbing polson was
copper tubes, 1.588 em outside dlameter with a 0.069 cm
nomlnal wall thickness. These tubes were added to several
lattices and the resulting changes in vertical buckling,

B,®, were measured. These lattices were: (1) 332 fuel
assemblies, PDP, copper 1ln alternate posltions in the plle,
Figure %; (2) %22 fuel assemblles, PDP, copper in all
possible positions, Flgure 4; (3) 32 assemblies, SE, copper
in all possible positions, Filgure 12B; and (4) 29 assemblies,
SE, copper in all possible posliticona, Figure 12A. The copper
tubes were placed at the corners of the square lattice cells.
The dlmenslons of 50 of the 300 copper tubes were measured,;
cross-sectlional area varled by no more than about *1%, from
an average value of 0.3265 em®. Chemical and spectrographic
analyses of a representatlve sample of the copper revealed
no appreclable gquantities of other absorbing materials.
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_ The abscorption rati¢o between the copper tubes and the
fuel was measured in lattlices (1) and (2) above, and later
1n a special loading in which the center 40 positlons of a
156-assembly pile in the PDP contalned copper tubes.
Machined copper folls, 1.27 cm in dlameter and 0.015 cm
thick, were placed between fuel pellets in each of the four
red symmetry types In the test fuel assemblles, In each
lrradiation, four vertical levels of bare folls and one
level of cadmium-covered folls were used. Folls 1.27 em 1n
diameter and 0.015 cm thick were cut from two of the copper
tubes at levels corresponding to the measurement levels in
the fuel. Epicadmium actlvities in the copper tubes were
determined by placling copper strips, 1.27 cm long, 0.015 cm
thick, and 0.15 em wide, iIn 0.076-cm-thick cadmium wrappers
at the surface of the copper tubes. All folls were counted
several times with seintillation counters. Folls were cali-
brated by irradiation 1n a uniform thermal flux,

The ratlos of the average neutron density 1ln the copper
tubes to the average neutron density 1n the fuel obtalned
from the corrected foll count rates In each lattlce are
given in Table IX. The headings Cu, and Cup refer to the
two copper tubes from which folls were cut following the
lrradiation.

TABLE IX

Ratloc of Average Neutron Density in Copper Tubes to
Average Neutron Density in Fuel, as Measured by Copper Folls

Loading ﬁcul/ﬁU ﬁCug/ﬁU
1/2 copper loading, lattice (1) 1.757 1.732
Full copper loading, lattice (2) 1.667(8) 1,766
Speclal loading 1.749 1,749
Average and standard devlation
of average 1.751 +0.005

(a) The value of 1.667 was omitted from the average
since 1t differs from the mean by more than %o.

The ratio of absorptlons within one fuel assembly to

absorptions wlthln one copper tube 1s obtalned from the
above ratios by:
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Cu (_fanv)Cu Cu Cu | (Y%a)Cu (10)
U (annV)U Ay vy (vza)U

The ratic of the effectlve cross sectlons times the average
veloelty withlin the fuel was determined from a THERMOS ( 12
calculation te be 1.8716. Assuming the uranium oxlde rods
to be exactly 1.27 cm In dlameter, the volume ratlo was
determined from measured welghts of the copper tubes to be
0.01%56 t1%. Thus, the absorptlion ratlc between fuel and
copper tubes 1s :

(= _oV)
Eza¢v)cu = (1.751)(1.8716)(0.01%56) = 0.04445
a U

In a finlte lattice there are unequal numbers of fuel
assemblies and copper tubes and they are not in a flat flux;
therefore 1t 1s necesgary to flux-weight the copper and fuel
abgsorpticns. The flux-welghting ratio, designated Q, 1ias

glven by
2; N,J, (Bri)

?NJJO (BrJ)

Q (11)

where the subscript 1 refers to copper tubes and J to fuel

assemblies.

The flux welghtings for each of the lattices measured
are given 1in Table X,

TABLE X

Flux-Welghting Copper Tubes and Fuel Assembliles

Lattlce Q
SE, moderator-centered 0.8515
SE, fuel-centered 0.9363%

PDP, 1/2 copper loading 0.4704
PDP, full copper loadilng 0.9301

In equation (9) the measured quantitiles are Af/f, Bra,
BZE, ABZE, and G. The remalning quantitles are calculated.
The procedures for measuring Bn®, B,?, ABZE, and G were
deserlbed previously in this report. The method of obtalning
Af/f from the measured copper absorptions and the method for
ecaleulating Ap/p are in the following sectlons, along with

the final (L% + 7;) values.
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Af/f Determination

For purposgses of development, define

f = thermal utilizatlion, Infinlte lattlice, no poison
f' = thermal utilization, infinite lattice, poisoned (12}
" thermal utilizatlon, finlte lattice, polsoned
then,
1l _ absorptions in cell (13)
f  absorptions in fuel
i _ 21 + ( abgsorptionsg in 1 poilson tube R (14)
£ r absorptions In 1 fuel assembly flat o

number of polson tubes
number of fuel assembliles

where R = ( )
infinite lattice

, (Q) (15)

where Q 1s the f{lux-welghting ratio of the polson tube
posltions with respect to the fuel positlons gilven in
Table X.

Essentlally, the Af/f determination consists of evaluating
equation (15) using a calculated value of f.

Using equation (14), equation (15) may be wrltten:

(oz V)
1 1 a ‘Cu
—y = 5+ (Q) (155-)
f f ( ¢ZaV)U

This equation 1s then used to determine ", The evaluations
of (15a) are glven in Table XI together with the resulting
values of Af/f.

TABLE XTI

Af/f due to Addition of Copper Tubes to Lattice

Lattlce £" Af/T
SE, moderator-centered 0.91233 C.03443
SE, fuel-centered 90917 LOBTTT
PDP, 1/2 copper poison .92661 .01932

PDP, full copper polson  0.9094%2 0.03751
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Ap/p Caleculation

The resonance neutron capture In the lattlee contalnling
copper tubes 1s increased by the resonance capture 1in Cu63
and Cu®® and by the epicadmium 1/v absorptions. The equa-
ticons for resonance capture can be approxlmated by

NU VU U
Resonance capture = (l-p) = ) — RI (16)
=20V
£ m g
5
N v 63 65
(1-p') = (1-p) + —2_ LU a0 ™ o (10rt®™ + 6% [ aam)
D0V 1/v T
EZSE m -
(1-p") = (1-p")(Q) (18) i
N,V 6o es
(p" - p) = -~ B LR 4 (0 4 ofY | (@) (29)
£sP=0 Vy, /v :
where N = number of atoms per unlt volume Y
= slowing down power of moderator
ez?o lowing d f moderat

X = 1sotople abundance of cu®®

1sotoplc abundance of Cu65

-
'
1
<
N
il

RI = resocnance lntegral

Q = flux-weighting ratlo polson posltions wlth
respect to fuel positicns deflned previously.

Then,

QE.= E:_:“R (20)
p p

In equations (16) through (20), the primes have the same
definitions as those used in discussing Af/f.

Values of Ap/p were calculated using equations (19) and
(20), together with the welghting terms given in Table X and
the followlng parameters.

R
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Lattice ae/eP) pprpte)

gzs = 0,186 em™?
VCu
—= - 8,023 x 107*
V
U
Cuea
RI = 1.4 barns (for 0.069 cm thickness)(12)
0u®®
RY = 1.1 barns

GE;V = 1.83 barns
£ - (1.52 x 107%) (Q)

The values of Ap/p for each lattice are listed in Table XII.

Results

The parameters used to evaluate equation (@) for
(Ly®-7,) are summarized in Table XII together with the re-
sulting values of M;Z.

TABLE XII

(L,%+r,) from Copper Poisoning Method

s

zZ .
- 2

cm

a
2: BZE( )’ B 2: (LZE+TZ)’
-z -z m

m

5E,
3E,

PDP, 1/2 Cu 1.9%2 0.72
PDP, full Cu 3.751 1.41

05 -4.64 0.71 Ll +£%0
o4 460 0.77 481 +30
.83 2.41 0.382 510 15
83 2.41  0.770 476 +11

LAverage 483 +14

B

m
mod-cen 3. 443 1.29 9.
fuel-cen 3.T777 1.42 8
0

0

(a)
()
(c)

Clean buckling, no copper.
Multiply x 1072,
Multiply x 1079,

The other quantlitles needed to evaluate equation (9)
are the value of G = M,?/M,%, which was taken from the
experiments as 1/1.16, and trial values of L,® and 7y. These
latter quantities were obtalned from Benolst-type calcula-
tions'®-°), using the data listed in Table VIII. The
calculations gave L,* = 286.% cm® and 7, = 240.7 cm?.
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Iterating new values of L22 and 7, into equation (9) had
negligible effect on the results.

The errors indlcated on each value of MZ2 in Table XII
represent the experimental errors in Af/f dand in ABZE. The
standard deviation of +0.3% in the measured absorptlon ratio
propagates through to Af/f. AB_Z was measured to *0.005 m~ %
in the PDP or to *1.5% in the 152 copper lcading and to +0.7%
in the full copper leoading. In the SE, BZ2 ¢can be measured
to £0.02 m™% so that the error in AB,% = $0.03 m~% or *4.0%4.
Another source of gystematic error In (LZE+TZ) comes from
the uncertainty of approximately *1% in the ratlo of absorp-
tlon cross sectlons for copper and uranium. This 1% uncer-
tainty propagates through Af/f to (Lyz®+r,) as a £5 cm?®
systematic error in all measurements. The average value of
48% +14 em® includes all sources of uncertalnty llisted above.

Period Method

A second Independent determination of the migration
area of the EL-U4 mockup lattice was obtained by period
measurements. In this method, the vertical geometrical
buckling of the c¢rlitical lattlce ls decreased a known amount
and the resulting posltive period is measured. A calculated
perlod reactlvlity relatlicnshlp 1s then used to obtain Akgre.
By means of two group theory (L,®+t,) 1s then calculated
from the values of Akgpp/AB,Z.

The first step ln the experlimental procedure was to
reach a stable plle power and measure the critical moderator
height of the elean lattice with no control rods present.

At thils stage the absolute plle power was relatlvely low

(~50 watts), but the signal from the flux measuring instru-
ments was about 3 orders of magnitude above that at 1nitial
startup. The moderator helght was then slowly increased by
some predetermlned amount, usually about 1% to 2 em, whille
the pile power was held constant by inserting control rods.
The new moderator helght was measured. Next the control rods
were rapldly driven out of the plle with the moderator height
held constant. During the increase in plle power the flux
level was monltored by four to slx compensated lon chambers
and two BF3; counting systems. The currents from the compen-
sated ilon chambers were recorded on strlp-chart recorders as
a function of time, and the BFz; counts were tabulated at
fixed time intervals. The plle power was allowed to increase
two or three orders of magnltude a2t which time the power was
leveled off by dropplng moderator back to its Initial height,
After about 20 mlnutes of constant power operatlon at the
higher level, the moderator helght was agalin measured and the
plle shut down.
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Period measurements were made slx times in each of two
different loadlngs, a total of twelve critlical runs. The
difference in moderator helght between the critlcal and
gupercritical conditions, and the plle period was obtalned
from each measurement. '

The moderator helght difference, AH, was measured with
an electrical probe capable of determining relatlve water
heights with a precision of #0.005 em. The critical moderator
heights determined at the higher power level were used 1n the
caleulations thus ensuring that any photecneutrons resulting
from gamma actlvity from previcus runs would be negliglble
In comparison to the filssion neutrons. From the measured AH
value the change in vertical buckling was calculated for each

rar.

The pile periled for each run was calculated using the
fiux data cbtalned from the compensated lon chambers and BFs
counting systems. The flux data durlng the Initilal part of
the flux rise were not uged in calculating the period; the
walting period was calculated to allow the plle perlod to
reach 1ts asymptotic value within 1%.

The measured AH values and doubling times, along with
the calculated AB,® values, are given in Table XIII. The
uncertaintles on the doubling times are the root-mean-square
deviations obtained from the several instruments in each run.
The nominal uncertalnty 1n subsequent caleulatlions ls taken
as *1 sec. The uncertalnties in AB,® result from the
allowances of 0.0l cm in the measured AH and of 0.2 to
¢.5 em 1n the absolute pile heights.

Values of Akess corresponding to the measured perlods
were obtalned from a calculated perlod reactlvity relation-
ghip. The delayed neutron and photoneutron groups were based
on the neutron data given by Keepin('®!,

Other constants used in fthe calculatlon were the average
numbers of neutrons per fission v=® = 2.80, v3® = 2.42, and
the neutron lifetime, £ = 3.3 x 10”* sec. Two additional
parameters used ln the calculaticns were &, the ratio of
U2%8 o UZ®° fissions; and T, the fraction of high energy
gammna rays escaplng capture or degradation In the fuel.

These parameters depend upon the fuel assembly only and were
calculated for this experiment as & = 0.QU27 and T = 0.39.

It 1Is quilte pessible that the value of & used in this calecu-
lation was in error by 5 to 10%. The value of T possibly was
in error by a8 much as 10%. The sensitivity of the results
to changes In thegse parameters 1s glven 1in Table XIV.
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The calculated values of Akgper are given in Table XIII.
Alsc given in this table iz the quantity (Akgpp/-4By%), which
should be a constant for this experlment. B

TABLE XITIT
Period Meagurements in PDP
Ak

Doubling _Agff
Loading _AB 2(&) LB Time, Ak z 7’

No. Run AH, cm Tz ’ sec. eff em®
6 1 1.478 £0.01 1.370 £0.009 B86.5 *1.1 6.319 461.2
2 1.549 £0.01 1.435 20.009 §82.5 1.3 6.526 45h.7

z  1.770 £0.01 1.633 +0.009 67.6 +0.9 T7.575 U163.9

4 1.829 +0.01 1.688 +0.009 64.4 x1.0 7.853% Les.2
5 1.948 £0.01 1.795 #0.010 59.4 0.5 8.337 L464.4

6 2.101 £0.01 1.936 *0.010 53.5 *0.5 8.980 463.8

7 7 1.128 #0.01 1.314 +0.020 89,0 0.9 6.182 470.4
8 1.229 £0.01 1.533 +0.020 T7%.5 20.5 7.041 L459.2

9 1.262 #0.01 1,573 *£0.021 72.2 #0.5 7.209 #58.2

10 1.346 20.01 1.677 20.022 66.8 1.5 7.633 U55.1

11 1.407 +£0.01 1.751 +0.022 62.3 0.6 8.040 L5g.7

12 1.748 $0.01 2.105 20,023 47.2 +0.9 9.791 i465.1

(a) uB = 107° em™2,

TABLE XIV

Sensitivity of Akgpp/-0B,% to Changes in ¢ and T

Change in Ak, ee/-4B,2 per 0.004 increase in & = +1.6 enm®,

Change in Akgpp/-AB,% per 0.01 increase in T = +1.5 cm®.

The vertlical migration area was calculated using anlso-
trople two-group theory in the form:
2 =4 2 2 2 2\2 _
y - 2L, Tz(Br + B, ) + yL, TZ(BP + B_%) X

z
L%+ = (21)
( Z z) 1 - y(Br2 + BZE) .

where x 1s a correction for anilsotropy glven by

It

R [ PR B R AR | BT

and
y = Akeff/'ABzg
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i, 2

Because LZ » Lr s Tgy» and 1, appear only in second order
terms on the right hand side of equation (21}, calculated
values of these quantitles are sufficlently accurate. All
guantitles used in this caleculation are listed in Table XV.
The anlsotropy term, x, was btaken as 1.16, the result of the
anlisotropy meagsurement dlscuased previously 1ln thls report.

The resulting values of (L,® + 7,) are gilven in
Table XVI. The flags on the 1lndivlidual measurements repre-
sent a statistical comblnation of the experimental uncer-
tainties only {ie, the uncertalnties 1n measuring AH and
doubling times), and do not 1lnclude the systematic error due
to the uncertalnty in the calculated values of & and T. The
flag on the welighted mean at the bottom of the table lncludes
the experimental uncertalntlies plus the systematlc uncer-
tainties.

The mean value of 492 +11 em® compares very favorably
with the value of 48% 1l cm® obtalned by the copper polson
method discussed in the previous sgectlon.

A calculation based on Benoist!®:®) using the input
parameters given in Table VIII glves a value for M, 2 of
527 em?, 1in relatively poor agreement with the measurements.

TABLE XV

Parameters Used in Obtalning
(Ly# + 7,) from Kinetics Experiments

Leoading Loading
No. 6 No. 7

B, B 203.9  173.7

BZE, KB 135.% 164.6

MZE/Mrz 1.16 1.16
L_%, em® 286.4 286.4

K4

T, cm® 2L0.7 240,7
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TABLE XVI

Migration Area by Period Reactivity Measurements

Loading

L2+1), cm?
No. Run ( z TZ)’ o

6

491.4
482.7
495.0
496.7
495.8
491.7

504.5
489.3
486.3
10 483.8
11 489.9
12 97,2

Mean value — 492

o
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DIFFUSION COEFFICIENT MEASUREMENTS

Palmedo - Benoist Method

In the development of a general expression for the
space dependent flux in a heterogeneous reactor, Palmedo and
Benoist Investigated the possibility of applying thelr results
to the experimental determinatlon of the radlal diffusilcen ‘
coefficlent'**). Because their experimental results were }%
quite encouraging, some simlilar measurements were performed
in the EL-4 mockup. :

The theory and development of the worklng expressions
of the Palmedo-Bencist method are given in reference 14 and
will not be described in detall here. In general, these
authors show that the space dependent flux ¢(?) in a netero-
geneous reactor can be represented by an expresslion that
Includes a macroscople function Y(TU, a microscople function
¢(%), and an interaction term ,(T). This relation is
written

o(F) = ¥(F)o(F) V¥ (F) - Fu(P) (23)

Further, an expresslon for'al(?) 1s developed which 1s shown 'ﬁ
to depend upon the radial diffusion coefficlent.
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To apply the theory tc experiment, several expreséions
are developed that relate to (a) the measurement of the
macroscopie flux distributlons at different positions in a
lattice cell, eg, to flux detector activations at the surface
of the cladding of several fuel assemblles both tewards and
away from the center of the lattice, and (b) the measurement
of the fine structure In one or more cells, eg, toc foll acti-
vations at several angular posltlons around a fuel assembly.

For (2) above it 1ls shown that for a one regilon eylin-
drlcal reactor ‘

¢
o(F) == J_ (Br + €) (24)
L 0 T
t
: ¢
¢ 1 o]
where 15 o) = BrCO (c - Eg) (25)
¢ = distance from center of cell to the polnt of
mneasurement, usually the edge of a rod or
channel.
b = cylindricized radius of cell
¢c = flux at radius c
¢t = average flux in cell
BPQ = the radlal buckling.

The term Cg 1s related to the radlal diffusilon coef-
ficlent Dy by

L3

D
r m 2m
LB, (26)
e}
Dm ¢t Vt
where
Dm = moderator diffusion coefflcient
¢m = gverage flux 1ln the moderator
V, = volume of the cell.

t

In equation (24), € 1s positive or negative depending on
whether the flux i1s measured on the side of the fuel assembly

away from or toward the center of the lattice.

The develcopment also shows that

02(F) = ¢ (T -~ 75) Cos oy (27)
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where a, 1s the angle made by a line drawn from the polnt of
measurement to the cell center with a line drawn from the
pile center to the cell center, ie, 0y = 180° when the point
of measurement 1s on the slde of the assembly directed toward
the center of the pile, and 0° on the opposite side.

Two types of experiments usling these developments were
performed in the SE. PFigures 12A and 12B show the experi-
mental arrangement with gold pins placed at 45° intervals on
the outer surfaces of the fuel houslng tubes. Data for the
first type of experiment conslsted of the (corrected) acti-
vations for the gold pins located directly toward and away
from the center of the lattlce. These data were fltted to
equation (24) to determine both B, and €, which were substi-
tuted into equation (25) to determine Co. Applilcation of
equation (20) then give experimental values of Dp/D.

The second type of experlment provided a more detailed
test of the theory by comparing experlmental values of ¢,
with those predicted by equation (27). To obtain the experl-
mental values, equation (23) was solved for ¢,(r) setting
¥(F) = J, (Byr)

¢(¥)/3 (B,r) - o(F)

%) = B35 G775

(28)

The pin activations around the fuel housings gave the values
of ®(r) at different radil r and angles a,, while the
activatlions ef the plns on fuel assemblles at or near the
plle center gave ¢(F). Figures 19 and 20 show the resultling
values of ¢; plotted agalnst ag for typlcal fuel assemblles.
Comparison wlth the theoretlcal curves obtalned from
equation (27), also shown in Figures 19 and 20, shows that
the experimental points have the approximate distribution
required by the theory but fall below the thecory In absolute
magnitude. The two thecretlcal curves glven in each flgure
represent the allowable spread in C, determlined from
equation (25). The difference between the theory and the
experiment is posslbly due to the breakdown of the diffuslon
theory sapproximatlon of the Interface between the vold and
moderator.

Experiments of the flrst type above were alsc performed
in the PDP, Gold pins at o = 0° and 180° were placed on
the housing tubes of selected fuel assemblies of the 156-
assembly pille, as shown 1n Figure 21. TFour such radial
"traverses" were made at right angles to each other. The
data were fitted to equation (24), where both B, and ¢ were
determined and then used to obtain C, and D./D_, as in the
SE experiments.
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The values of Dp/Dy obtained from the SE and PDP measure-
ments are compared 1n Table XVII.

TABLE XVII

Summary of Palmedo-Benoist!1*’ Dyn/D; Measurements

z2 -2
B 5 m Dr/Dm

SE, Moderator-centered 9.23% *0.31  1.28 20.03
SE, Fuel-centered 8.87 x0.12 1.29 +0.02
PDP, Quadrant of plle

1 _ 1.81 £0.02 1,38 #0,05

2 1.79 £0.01 1.25 x0.01

3 1.80 +0.01 1.27 #0.03

'l 1.81 £0.01 1.27 +#0.01

The good agreement between the two facllities adds to
the confidence in the method because the B.% values ‘are a
factor of 5 apart. The calculated value of D./D, using the
Bencist method 1s 1.30.

The experlimental method lg stralghtforward and does not
require the lattice to be perturbed other than by the place-
ment of the flux detectors In the lattlce. The values of
Br.2 obtalned in fitting the gold pin actlvitles to equation
(24) are somewhat higher than those obtained from the inter-
stltial traverses and the accuracy of the fit 1s somewhat
poorer. The reason for thls discrepancy 1s not clear.

Persson Substitution Method

A method of obtaining lattice bucklings by substitutlon
technlques uslng a one group perturbation theory analysis
was developed by Persson.!®! In this measurement it is
necessary to obtain values of ADZ/D and ADP/D resulting from
the volding of coolant channels in fuel assemblies. Methods
glven by Persson for measurlng these parameters were used 1n
this experliment in an attempt to obtaln an independent verl-
fication of the effects of neutron streaming in the EL-4
mockup fuel asssemblies.

The measurements were performed in the PDP in loadling
No. 7. A diagram of the lattice showing the locatlions of
the test fuel assemblies 1ls glven in Flgure 22. In the
AD,/D, measurement, a slngle test fuel assembly was placed
at the center of the lattice. This assembly was ldentical
with the other fuel assemblies in the lattlce, except that’
the bottom plug was removed from the housing tube to allow
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D:0 to rise Into the coolant channels, All other fuel
asgsemblles and steel plpe assemblles in the lattlice were ailr
filled. The reactor was brought to crltlecal, and the moder-
ator helght was meagured. Hellum pressure was then applled
to the top of the test fuel assembly to partially expel the
D-0 whille the moderator height 1n the plle was adjusted to
maintaln crlticality. The new c¢ritical moderator height and
the hellum pressure were then meagured. The expulslion was
performed in several steps, and the critlecal moderator helght
and hellum pressure were measured at each step untll the D0
in the test fuel assembly was completely expelled. Finally,
the pressure was reduced to zero, allowlng the test fuel
asgembly to reflll with D0, Then the critical moderator
height was measured.

In the ADy/D, measurements, two test fuel assemblies
were used at symmetrical positions 180° apart. - Four criti-
cal runs were made, each one wlith the two test assemblies at
a different radius. The four radlal positions are designated
A, B, C, and D in Figure 22. In each run the critical moder-
ator height was measured, first with D,0 in the test housings,
then wlth the D0 completely expelled from the houslngs, and
finally with the housings full of Dz0. In each run the three
measurements were made by adjusting the moderator height to
maintaln ctrilticality. The plle was then shut down, the test
asgemblies moved to a new radlus, and the three measurements
repeated.

The meagured quantltlies for the two Lypes of measure-
ments are glven 1ln Table XVIII. In the ADZ/D measurement,
the helium pressure was converted into terms of the fraction
of fuel assembly whilch 18 gas filled. The change 1ln critical
moderator helght, AH, 1s accurate to £0.005% cm.

The results of the Persson analysls of theése data are
glven ln Table XIX. To faclllitate comparlson, the value of

Dair _ DDQO
Z z
alr

P
z

that results directly from the measurement 1ls also glven in
terms of

- 34 .




The value 0.512 measured in the present experlments agrees
favorably with an earller value of 0.529 measured(?°) rfor
the same fuel assemblles at a slightly dlfferent lattice
piltch {2%.7 em triangular).
-Dair _ DD20 .
The results,of-the‘*;rwr—-£—— measurements are also
Dair
) Z

given 1n Table XIX. This measurement had also been performed
previously wilth this type of fuel assembly, but in a reference
lattice of Dz0-fllled assemblies; In tlls experiment the
reference lattlce was alr fllled. The results do not agree
with the earller experiments or with calculations. Although
the reasons for the discrepancy have not been examined in
detall, a systematlc error Involving the comblnatlon of the
large bottom reflector and the volded reference lattice 1s
probably responsible., Because of this anomoly 1t 1ls impossi-
ble to obtain a satlsfactory measure of the anlsotropy in
this lattice from these results.

TABLE XVITI

Meagured Data, Persson AD/D Measurements

step AH(3), _aB,®, Fraction of Test

aDz /Dy No. cm LB Asgemply Gas Filled
1 0 0 o}
2 0.368 0.463 0.324
3 0,373 0.4T2 0.41%
L 0,373 0.473 0.450
5 0.368. 0.466 0.499
6 0.371 0.472 0.5k
T 0371 0.4T73 0.566
B8 0371 0,474 0.603
9 0.378 0.483 0.675
10 0.409 0.521 0.741
11 0,612 0.779 0.97%4
12 0.356 0.459 0.571
13 0.358 . 0.462 0.434
14 o] o] o]
Change in Critical
Conditions Upon Ex-
pelling D20 from
Test Assembl (v) Radius Test Assembléeﬁ
ADr/Dz Positiony in Plle, em AH, cm -4B,", WB
A 48.95 1.16 =l.477
B 87.97 0.96 -1l.214
C 114.29 0.74 -0.93%6
D 131.60 0.69 -C.877

(a) Change in critical moderator height from Step No. 1.
D20 height increassed upon expelling D0 from assembly.
(b) See Figure 22.
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TABLE XIX

Results of Persson AD/D Measurements in PDP

D:ir _ Dgao |
——— = 0.339
Dair
z
D:ir _ DEEO
D.0 = 0.512
D2
z
Diir _ Dgao
e = 0.280
D
Z
Diir _ DEQO
55 = 0.423
D2
zZ

GAP CORRECTION CALCULATION

The vertieal buckling measurements for some of the PDF
loadlngs must be corrected for the buckllng change caused by
the gap where two fuel sectlons were Jolned. PFigure 13 shows
the location of the gap in the fuel assembly; Figure 14 shows
the water helghts for the different lattlice loadings in re-
lation to the gap. The gap causes a change 1n £, the thermal
utilization; in L2, the thermal diffusion area; and in p, the
resonance escape probabllity. The flux peaking causing the
f and L® changes can be. measured by foil activations in the
fuel assembly. Resonance escape probabllity changes can be
estimated by calculatilons.

To determine the gap correctlon, the buckling change was
calculated for a sectlon of fuel assembly of arbiltrary length
(but longer than 3 mean free paths for lattice neutrens) 1n
a flat vertical flux. Then the vertical buckling correctlon
for a lattice contalning the gap was determined by flux-
squared welghting of the flat flux ABz® in the measured
vertical buckling of the lattlce.
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The measurement of the flux peakling at the gap was made
by placing copper folls between fuel pellets of the four
different types of rods in a representatlve assembly. Foil
activitlies were corrected to a flat vertical flux as shown
in Figure 23.

Conslder an 18 ocm section of fuel assembly that Includes
the gap. If the gap were not present,  would he that of an
Infinite lattice. When the gap 18 present In a flat flux,

f changes to f'.

I, +X +X
m

1 £ Al
== %, where X, = (02, V), (29)
1 . '
1 X et Xm + XAl + X Al (30)
£ X'
f
Al
2
1 1, ¢ o ¢ “a  1-a
= =T+l -7t = = {31}
1
£ P9 a ] a ¢ Zf a
a
f (from calculation) = 0.9449
a = fractlon of fuel section that is fuel = 0.9333
¢ = thermal neutron flux in fuel assembly without gap
¢' = thermal neutron flux in fuel assembly with gap
¢" = thermal neutron flux in aluminum connectors between
fuel rods
1] !
2 = 0.9899; + = 1.137
Ea(Al) = 0.0123 cm™*; Za(fuel) = 0,169 em™*
f' = 0.9362 (flat flux)
Af £ - f' -3
T = 7 = 9.2 x 107%,

Two effects are included 1n Ap/p in goilng from a fuel
sectlon without a gap to a seetion with a gap. First, the
fuel-to-moderator ratio ls reduced because fuel 18 removed
from the sectlon. Second, the rescnance integral, RI, changes
because of a reduction of the mass of U0z and an increase in
the effectlve surface.

-~ 3T -
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N, V
£ U :
1op g g M (22)
8 m ;
-1 ;
AE - __.Bl' Y_T'.I. A:\IH' + ART (33)
P P v v RI
m m
vyl v
(-E A=2= (1 -a) = 0.0667
v \%
m m
I ~ RI M M "M M :

2R _ 2.6 x 107° (flat flux).

The correctlon to be applied to the measured bucklings
because of the fuel gap ls determined by calculating the
difference 1in buckling between the fuel sectlon with the gap
and that of a fuel rod with no gap.

3tarting from a two group formulatlon, the buckling
difference In the gap 1s given by

k = nepf = (1 + L®B2)(1 + B®) (34)
_Af  Ap (L2 + 1) AB® + BEALZ
Bk = T+ T = (TR (T % wBE) (35)
AB? = [.Af_f+ ép}'-l] (1 + L2B2){1 + tB2) - %i—' 1.2p2 (36)
where AL? = %; L2

3

0.11 m™® (flat flux).
Figure 24 shows the net buckling correction as a function

of vertical buckling. These results were applied wherever
necessary.
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ANCILLARY MEASUREMENTS
Moderator Flux Traverse

To determine if the placement of the copper polson
tubes at the corners of the lattice cells apprecilably sup-
pressed the moderator flux, an experlmental flux traverse
was made, uslng copper wire, along the dlagonal of a sguare
lattlece cell that contalned a copper tube and, for reference,
a cell that 4ld not have copper. The regults of the tra-
verses are shown in Flgure 25, normalized to THERMOS (1)
calculations for the fuel cell and copper tube. The traverse
through the copper-contalning cell showg some suppression
when compared to the D0 traverse, but for most of the points
it 18 not a signiflcant amount because of overlapplng error
bars. On the basls of thls experiment, the change in the
moderator disadvantage factor was consldered negligible for
the determination of (L,* + 7,).

Reflector Savings

The ecrltical bucklling was determined for four lattice
loadings that had D0 reflectors. In two of the loadlngs -
the 332 and 120 assembly pilles - both the vertical and radial
buckling components were measured by pin irradiations. For
the other two plle glzes, only the vertleal buckling was
determined by critical water height means. The radlal buck-
ling was then inferred from one of the other plle sizes and
the anlsotropy In migration area as described previously
(see page 15). Reflector saving 1s defined as the difference
between the extrapclated and cylindricized radilil of the core.
Reflector thickness 1s defined as the difference between the
" radius of the reactor tank and the cylindriclzed radius of
the core.

Plgure 26 shows reflector savings as a function of
reflector thickness for all reflected lattices, including
the twe poilnts from the SE.
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ASTM A 53
STEEL PIPE
8.94 CM OD. x
0.7875 CM WALL

ALUMINUM HOUSING TUBE

6063 AL, 127 CM O.D. x
0.132 CM WALL

FiG. 10 CROSS SECTION OF STEEL PIPE ABSORBER ASSEMBLY
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