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ERRATA

On page 4.9, the caption of Figure 4.4 should read:

Measured Axial Power Profile in a TREAT
Calibration Capsule (MDF-1) Which Contained
an 0.10 in, Thick Hafnium Absorber Disc at
Each End of the 5.5 in. Long Enriched uo,
Fuel Column

The caption for Figure 4.4 as listed in the List of
Figures on page viii should also be changed.
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PLUTONIUM UTILIZATION PROGRAM
TECHNICAL ACTIVITIES QUARTERLY REPORT

JUNE, JULY, AUGUST 1969
FOREWARD

The Plutonium Utilization Program is conducted by the
Pacific Northwest Laboratory for the USAEC. The objective of
the Technical Activities Quarterly Report is to inform the
scientific community in a timely manner of the technical
progress made on the program. The report contains brief
technical discussions of accomplishments in all areas where
significant progress has been made during the quarter. The
results presented should be considered preliminary and do not
constitute final publication of the work. A list of publica-
tions and papers is given in the report. Anyone wishing to
obtain additional information on the work presented is encour-
aged to contact the author directly.

Since the last quarterly report, major changes have
occurred in the Plutonium Utilization Program. Because of
funding limitations, the Plutonium Recycle Test Reactor (PRTR)
will no longer operate. |t is presently being put in a stand-
by condition. The Batch Core Experiment and some fuel experi-
ments that were being conducted in the FRTR will be analyzed
and reported during this fiscal year. However, goal fuel
exposures were not obtained. Other fuel experiments including
defect tests, fission gas release tests and fuel structure
characterization tests will be redesigned and will be performed
in the ETR and ATR. Future work under the program will
emphasize developing the technology on reactor operational and
safety characteristics for light water reactors to the extent
they are altered or influenced by the addition of recycle
plutonium.
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1.0 SUMMARY

REACTOR NEUTRONICS

Improvements have been made in the |least squares DUBLIK
code used for the analysis of burnup data. The improved code
has been named BUFIT.

An analytical study was made to determine the sensitivity
of calculated values of keff to the amount of energy and angular
detail used in a transport theory solution for a thermal
problem. The results show that a 10-group S-8 solution is
accurate to within £0.2% keff'

Calculations of the fast effect for uranium fueled—HZO
lattices have shown that the error incurred in assuming a
homogeneous cell is less than 0.5% in keff' Thus, if all
other sources of error were eliminated in the calculations,
we should calculate keff 1.005 for the uo, and the U‘O2 - PuO2
fueled water lattices.

An equivalence approximation has been developed for use
in applying the Dunn flux peaking or dipping correction to
pin activations.

Destructive analysis data from samples cut from PRTR rods
have been received, plotted for consistency checks, and processed
through the I1SODIL burnup analysis code.

The fourth interim critical tests were conducted on the
55 fuel element Batch Core loading at the PRTR at an average
core burnup of 5330 MWd/MTM. Tests were also conducted on two
smaller loadings of 31 and 39 fuel elements.
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FUELS TECHNOLOGY

Fourteen rods from five elements irradiated in the FRIR
core (11,000 MWd/MTM peak) have been selected for detailed
examination. Six rods irradiated under the same conditions
in the FERTF will also be examined. Visual examination of
three of the elements in the basin was completed.

Fourteen rods from nine different type elements irradiated
in fringe positions of the PRTR core (18,500 MWd/MTM peak)
have been selected for detailed examination. Visual examina-
tion of six of the elements was completed in the basin.

Surface dose rate measurements on Yankee (PWR) and
Dresden BWR) high exposure plutonium samples are continuing.
Calculations indicate that the dose rate from first genera-
tion power reactor plutonium represents a "worst case"
situation and the dose rate from plutonium generated in
present and planned reactors will be less severe.

A defect testing program will be conducted in the ETR
M-3 loop facility at peak linear rod power generations of 20
and 24 kW/ft.

A fuel element assembly instrumented to monitor internal
gas pressure within the pellet-containing and vibrationally
compacted rods during irradiation will be performed in the ATR
Another fuel assembly instrumented with thermocouples in the
fuel will be irradiated in the ETR M-3 loop facility to study
in-reactor sintering and grain growth kinetics in pelleted
and vibrationally compacted fuel.

REACTOR SAFETY

A comparison was made between the results of burnup cal-
culations obtained using the ZODIAC G and ALTHAEA codes. As
a result of this comparison it is concluded that the ALTHAEA
code can be used in studies of reactor operation and behavior
for plutonium fueled cores as well as uranium fueled cores.
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Plutonium loadings for an Oyster Creek assembly have been
chosen so that the rod peak-to-average power is less than that
in the original uranium-only fuel. Using this reference
assembly, the change in reactivity with void fraction was
determined for no control, operating temperature conditions.

A joint PNL/GE/INC transient testing program is SPERT has
been initiated to study the possible effects of adding Puo,
enrichment to uo, thermal reactor fuels in different ways.
Also, transient experiments with cold-pressed-sintered
pellet and vibrationally compacted powder fuels will be con-
ducted in the transparent vessel in TREAT to confirm the
results of previous tests with the different fuel types.

PRTR

During June, the primary system was filled with heavy
water and hydrostatically pressure tested at 1875 psig.
The P-4 valve acceptance tests were completed and the
reactor was loaded with fifty-five 2 wt% Pu0, in U0, fuel
element. The fourth in a series of interim critical tests
were-conducted with consecutive tests of fifty-five, thirty-
one and nineteen fuel elements in a central core array.
At the completion of the critical tests, the reactor was
de-fueled and preparations begun to drain the systems contain-
ing heavy water.

On June 25, 1969, the AEC-RDT approved the preliminary
plans for deactivating the PRTR. Work continued throughout
the balance of the quarter in draining and drying the coolant
systems and deactivating the reactor equipment.

1.3
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2.0 REACTOR NEUTRONICS

PROGRAM BUFIT: A LEAST SQUARES CODE FOR THE ANALYSIS OF
BURNUP DATA
R. P. Matsen

Major changes have been made to the |least squares code
which is used to extract one group cross section information
from isotopic concentration burnup data. The resulting new
programs are called BUFT (hurnup fitting code) and DBUFIT,

a double precision version. They replace the DUBLIK code(1)
which was previously used to perform this type of analysis.
Both the DUBLIK and BUFIT codes are framed around the LIKELY(Z)
general least squares code. The changes fall into four
categories:

1. An error in subroutine CHANCE has been corrected. This
subroutine which is used to form the first and second
derivatives of the least square misfit was incorrectly
programmed in the DUBLIK code.

2.  Improvements have been made in subroutine THEORY which
cause the iterative procedure used in BUHT to approach
the least squares minimum in a more direct fashion. The
procedure is now less likely to stop at a false saddle
type solution. This is brought about by casting the
initial isotopic concentrations as parameters instead of
being lumped together with the cross-section ratios as
constants of integration which were previously used as
parameters. This change greatly reduces the correlation
between the parameters that are used in the THEORY equa-
tions. The net result seems to be a more reliable
iterative path to the solution of the least squares
burnup problem.

An additional equation that describes the 239y fissions

has been included in the THEORY subroutine for U-Pu
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systens. This extra equation provides a better determ na-
tion of the capture-to-fission ratio for 239Pu, and agai n,
reduces the effort required to arrive at the | east squares
best fit. Experinental data for 239y fissions is

requi red by the BUFIT prograny however, these can be
obt ai ned from burnup neasurenments of the total fissions.

The iterative schene used to arrive at the |east squares
best fit solution has been altered. The new scheme w ||
not proceed to the next iteration unless it has a | ower
msfit (Qvalue) than does the current iteration. Severa
step types(s) are used in an attenpt to obtain a | ower
msfit. The paraneter changes predicted by a given step
type are used to generate a new Qvalue. |If this Qvalue
Is lower than that of the current iteration, the parane-
ters predicted by the step type are used for the next
iteration. |If the new Qvalue is |arger than or equal to
the current Qvalue, the next type of step is tried. The
Iterative process continues until either the change in
the Qvalue is less than one part in 10° and the par ane-
ter variance-covariance matrix is positive definite, or
none of the step types yield a | ower Qval ue.

If the change in Qestimated fromthe matrix step is
negative, the sequence of steps that are tried is

() matrix step, (2 half matrix step, (3) gradient step,
(49 one fifth of the gradient step, and (5 one twentieth
of the matrix step. |If the change in Qthat is estimated
fromthe matrix step is positive, it is assuned that the
paramet er changes indicated by the matrix step are in the
wrong direction. Therefore, the parameter changes esti-
mated for the half matrix step are reversed and the
resulting Qvalue conputed. |If this reversed half matrix
step fails, the gradient and succeeding steps are tried.
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This series of step types has performed well in the prob-
lems that it has been tested on. |In general, the matrix
half step and the gradient step (and occasionally the
reversed matrix half step) are prominent in bringing the
iterative process under the influence of the minimum on
the Q-value surface where the matrix step becomes domi-
nant. The guaranteed drop in Q-value from one iteration
to the next tends to save time by reducing the numbers

of false steps that are taken during the iterative process.

A new subroutine has been included in the BUFT program.
|t calculates the cross section ratios and their one
standard deviation errors from the fitted parameters and
their variance-covariance 'matrix.

The single precision BUFIT is a little faster and a little
less reliable than the double precision DBUHT code. The
DBUHT code typically requires 3 seconds per iteration
for a uranium-plutonium case including data from six

spent fuel samples. Starting with rough initial parame-
ter estimates, it converges to the best fit parameters

in from 10 to 25 iterations. The BUFT and DBUHT codes
have been encoded in FORTRAN V language for use on the
UNIVAC-1108 computer. These codes are available upon
request.

References
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MULTIPLICATION DEPENDENCE ON ENERGY AND ANGULAR DETAIL IN
TRANSPORT THEORY CALCULATIONS
S. R. Dwivedi*

Predicting the leakage from clean, critical assemblies is
one of the potential causes of inaccuracy in calculated results.

The results of previous analytical studies on selected
thermal reactor systems(l’z) show that a systematic difference
in calculated values of k g OcCcurs using diffusion theory and
transport theory. 4 priori, it is expected that transport
theory is more accurate and that any differences occurring
between diffusion and transport theory results is attributable
to inaccuracies in diffusion theory.

The object of this study was to determine the sensitivity
of calculated values of kogg tO the amount of energy and
angular detail used in a transport theory solution for a
thermal reactor problem. Two homogeneous spherical, critical
reactors(s) were selected for the study to: (1) minimize the
approximations associated with reactor geometry, and (2) have
a high leakage system. The systems were aqueous plutonium
nitrate solutions contained in a stainless steel vessel' with
one reactor bare and the other reflected with H,0. A brief
description of the systems are given in Table 2.1.

TABLE 2.1. Description of the Reactors(l)
Critical H/Pu,  Solution Diameter,
Mass, kg atom ratio ID, an
Plutonium Nitrate 1.18 668 38.608
Bare Sphere
Plutonium Nitrate 1.17 553 38.608

Reflected Sphere
(Reflector thick
ness = 31.5 cm)

* Visiting Scientist from Bhabha Atom c Research Centre,
Bombay, I ndia.
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The cal cul ati ons were perforned using the HRG(4) and
BATTELLE-REVI SED THERMS(®) codes to conpute the nultigroup
spectra and group constants along with DTF-1 v (6) code to cal-

cul ate the system | eakage and nultiplication, Koeg

The dependence of k gg ON €NErgy group detail was calcu-
| ated using the S-4 approximation in DTF-I1V with different
mul tigroup structures, and the results are presented in
Table 2.2. The nunber of groups was varied fromfour to
twenty with varying group boundaries. The group structures
used are shown in Table 2. 3.

TABLE 2.2. Calculated Val ues of ke for Different Multi-Group

Structures £f
~ No. of Groups K (a)
Total No. in the Energy Range, eff
of G oups 10 to 0.1 MV Bare Sphere Reflected Sphere
20 10 1.0179 1. 0334
18 8 1.0211 - 1.0373
12 8 1.0196 1.0349
12 2 1.0246 1.0404
10 6 1.0196 1.0354
8 4 1.0241 1.0404
8 2 1.0255 1.0414
6 2 1.0258 1.0420
4 0 1.0839 1.1059
a. Experimental keff = 1.000

Since the maxi mum nunber of groups at high energies is
limted by the mninumlethargy wwdth of 0.25 in HRG, the
val ue of LS obt ai ned fromthe 20-group cal culation can be
assuned to be the nost accurate. Relative to this value of
keff’ it is seen that the nmultiplication is sensitive to both
the nunber of energy groups and the group structure. Froma
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practical standpoint, 10-group model with six high energy
groups is sufficient, in that keff is accurate to within
+0.2%. The 10-group model was obtained by arranging the
levels in the energy range 0.1 to 10 MeV, such that nearly
equal number of fission neutrons are generated in each group,
i.e., the fission spectrum is almost constant. It is also
seen from the results in Table 2.3 that the multiplication is
relatively insensitive to energy detail below this range
(i.e., <0.1 MeV).

TABLE 2.3. Group Structure (Lower Energy Boundaries in eV)

20 18 12 10 8 6 4
Groups Groups Groups Groups Groups Groups Groups
7.79 x 10°  --
6.07 x 10° -- ..
6 6
4.72 x 10 -- 4.72 x 10
3.68 x 10°  --
6 6
2.87 x 10 -- 2.87 x 10° --
2.23 x 10°
6 6
1.74 x 10 -- 1.74 x 10
1.35 x 10° - - 1.35 x 102 - _. .
4.98 x 10° - 4.98 x 10°
1.83 x 10° -- -- 1.83 x 10° - -
2.48 x 104 -- - 1.17 x 104 -- -- - -
3.36 x 10°  -- .- .
4.54 x 10°  -- -
1.01 x 10°  -- - .
37.3 - -
13.7 - -
5.04 - -
1.86 -- -- 2.38 - - .
0.683 -- -- 0.683 - - - -

0.0 -- -- 0.0 -- -- -- --
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The effects of higher order Sn approximations on the
calculated results are presented in Table 2.4. These results
show a 20.04% effect on k¢e iN going from S-16 to S-8 and a
20.2% effect in going from S-8 to S-4 independent of number
of groups. Thus, it is concluded that a 10-group S-8 calcula-

tion is sufficient in accuracy.

TABLE 2.4. Effects of Using Higher Order S»n Approximation

Total No. keff
of Groups Sn-order Bare Sphere Reflected Sphere
20 4 1.0179 1.0334
20 8 1.0154 1.0314
20 16 1.0151 1.0310
10 4 1.0196 1.0354
10 8 1.0171 1.0335
10 16 1.0168 1.0331

A comparison beEvyeen values of keff obtained using dif-
fusion theory (HTN) (73 and transport theory is made in
Table 2.5. The table shows that diffusion theory gives
results which are insensitive to number of groups whereas
transport theory results are sensitive. Also, the diffusion
thieory results agree better with experiment. This conclusion
does not indicate that the lower order diffusion theory is
more accurate, but probably that compensating errors exist in
the calculational modei. It will be interesting to pinpoint
those errors and to investigate the region where diffusion
theory will not be able to compensate those errors.

TABLE 2.5. Comparison Between Results of Transport Theory and
Diffusion Theory Calculations

k

Calculational eff
No, of Groups Mode Bare Sphere Reflected Sphere
18 Transport 1.0211 1.0373
Diffusion 1.0140 1.0194
4 Transport 1.0839 1.1059

Diffusion 1.0133 1.0192
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Based upon the results presented here the following con-
clusions can be drawn:

e Transport theory results are very sensitive to the number
of multigroups used to describe the fission spectrum, and
the best estimate of k gg can be obtained when the fission
spectrum is uniformly distributed in the fast energy
groups.

a Using the 10-group structure as described in Table 2.3,
the value of k_¢g Can be calculated within the accuracy
of 0.2% (in comparison to 20-group model).

a For high leakage systems as described above, the S-8
approximation is sufficient. S-4 theory overestimates
the eigenvalue by 0.2%.

a Diffusion theory is insensitive to the number of multi-
groups used in the high energy region. Compensating
errors must exist in the diffusion theory calculations
which give better values of multiplication factors than
transport theory. These compensatory errors are different
from the one customarily encountered, i.e., compensatory
errors due to basic cross-sections and spectrum model.

e The most elaborate transport theory calculations over-
estimate K es by about 1.5% for the bare system and about
3%for reflected systems. The reasons for these errors
are not known; however, the first area to attack seems to
be the spatial-spectral model (e.g., perhaps the reflected
sphere needs to be described by multiple core and reflec-
tor regions with different group constants).
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HETEROGENEITY CORRECTION TO FAST-FISSIONS
S. R Dwivedi*

In the analysis of light-water moderated, enriched
uranium or plutonium lattices, the fast fission in 238y js
usually obtained from multigroup calculations of the fast
neutron spectrum of the finite homogenized lattice. In this
usual approach one neglects a heterogeneity correction
(spatial effect) in the fast energy range. This effect is
relatively small because of the long mean free path for neu-
trons, but it is not negligible. The object of this study
was to determine how large an error is introduced in the cal-
culated K es of typical enriched uo, lattices by neglecting
the spatial detail. Multigroup calculations for the homo-
geneous cells were calculated using the HRG code. (1)

The unit cell was assumed to consist of the fuel region
and moderator region, and the collision equations were solved
using a constant fission source in the fuel region. The

* Visiting Scientist from Bhabha Atomic Research Centre,
Bombay, India.
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38y nucl ei was obt ai ned using a well known

principle. The calculations were perfornmed only

for neutrons having energies greater than 1.35 MV.

The neutron bal ance equation can be witten as

wher e

vt
1

]

f s s
(szl * Z1) 01 Pyy ¥ I3 ¢y Py * S Py

f s ]
CEE 13) 6y Pyy * 33 0y Py * S Py (1)
S
Vi § Nj oj
1, 2
all the nuclei in region
.th

volunme fraction of i*" region

m croscopi c scattering cross-section with neutron
energy remai ning above 1.35 MeV after scattering
nucl ei density

fraction of fission neutrons generated above

1.35 MeV

V. Z N. wv. 0£
ty 33

nunber of neutrons generated due to fast fissions

in nuclei j

gtem S
1 1
V. ¢ N, o.M
57074

renoval cross-section of jth nucl ei

uniformy distributed source in region 1
probability of a neutron generated uniformy in
region i to have its first collision in region j
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Equation (1) can be witten in a matrix form as

[H] [¢] + [S] = O,
wher e
_ f S t S
[H] = (szl + zl) P, - =y I} Py,
f [ S t
L(szl * Z1) P12 Ly Pyy - I,
[
_ 1
o 0]
[S] = :illl
| 5Py,

W are interested in the reaction rate in 23

8y due to the
fission source S |If zﬁ Is the fission cross section of 238U,

then the required quantity is

o] <[]

The variational principle which can be used to calculate this
quantity is given by

L [¢, 0", zﬁ] = [s*]1" [e] + [¢*1 [H] [e] + [¢*1" [S], (2)

where the superscript T represents the transpose of the matrix
and [¢*] is the solution of the adjoint equation

[H*] [¢*] + [S*] = o0, (3)
wher e 1
_ f s) L T s)
* =

[H*] (szl + I7) Pyq - I, (szl + 17 Ppy
S
t. P S t
2 21 22 P22 - )22 §
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47
o*] =] &
[¢*] _¢2-

-
[S*] = 2ul.

[o ]

The first order approximation to the direct and adjoint
fluxes to be used in equation(2) can be obtained fromthe
solution for the correspondi ng honogeneous lattice cell. The
stationary behavior of the variational principle will cause a
second order error in the uraniumreaction rate. The neutron
bal ance equation for a honogeneous cell can be formed by sub-
stituting Pi?(the col lision probabilities in honbogeneous m x-
ture) in place of P.. I n equations (1) and (3. The sol utions
to these equations wll be given by

¢o - ¢o - S
1 2 z{ + Iy - (svzl + 3]+ zg)
f ( t t)( [ t)
I I. + I 1 - 3/t
and ¢#%° 020 = U i 2 2" "2 4)
1 2 t t t f S [
2y \Zy * I - BVI] - I] - I

where the superscript o represents the honbgeneous sol ution.

Usi ng these values of direct and adjoint fluxes in the
variational principle (2 the ratio of reaction rates in 238y
nucl ei in heterogeneous to the honbgeneous case can be given by

z§ 2 zg 2 z}
1 2 1 2 Vg 1 2

wher e 8P _ is the difference in first flight collisions in
urani um due to the heterogeneity of the lattice.
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Using the G asstone and Edlund(z] definition of ¢ (the
fast-fission factor), the heterogeneity contribution to the
ei genval ue can be given by

Ak _ de _ y - 1 (6)
k € t t (B N s )
1 \

wher e v,g = average v for 238y above 1.35 MeV. The fol | ow ng
equations were used in deriving equation (6)

25 _f
28 _ By I,
hom =~ _t f S s
Iyt I, - (svzl RS 22)
v -1
(1), - 287 28
om \)25
28
(e-1)pet _ Syet y
(E il)hom $hom
528 = fast-fission ratio of 238U

The error in L caused by negl ecting heterogeneity in
the calculation of fast fission in 238y was cal culated for
five enriched uraniumlattices with different noderator-to-fuel
volume ratios. The nacroscopic cross sections were obtained
fromHRG,(1J and P?et, the first flight collision probability
Wi th uranium nuclei, was calculated fromthe follow ng relation
gi ven by Nor dhei m(3)

phet _
C 1 +
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In this equation, Cis the Dancoff correction factor calcul ated
wi th the code DASQHE;(4) 2 is the nmean chord length in the rod;
o Is the macroscopic total cross-section of U0, ; and P Is the
escape probability given by Case, deHoffman and PIaczek:(S)

Po (x) =« {2x [Kl(x) I,(x) + K (x) Io(x)]

—

-2+ 3 Kl(x) Il(x) - Ko(x) IlFX) + Kl(x) Io(x)}

where X = rer, I o= radius of the rod. The results of the cal-
culations are presented in Table 2.6. The error in k, due to
negl ecting heterogeneity in the calculation of fast fissions

in 238y s al ways |l ess than 5 nk.
TABLE 2.6. Heterogeneity Corrections to Fast-Fissions
Latti ce, Rod Radi us, Vo /Ve, ak/y,
Enri chnent cm Vol . Ratio Y %
(2.734% 0. 389 1.048 1.0353 0.22
(3.037%) 0.5634 1.15 1.0599 0.31
(1.328%) 0.5042 1.43 1.054 0.28
(1.328%) 0.5042 2.40 1.100 0.36
(2.35%) 0.5588 2.41 1.137 0.45
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AN EQUIVALENCE APPROXIMATION FOR USE IN APPLYING THE DUNN FLUX
PEAKING OR DIPPING CORRECTION TO PIN ACTIVITIES
C. L. Bennett and D. R. Oden

In performing lattice parameter measurements by foil
activation techniques, it is important to correct for the
peaking or dipping of the flux in the foil with respect to
the surrounding media, especially in the thermal energy range.
One such method that is both reasonably accurate and simple
to apply is the Dunn approximation. (1) This method has been
routinely applied to foil (mostly round and square shaped)
activities in the analysis of PCTR experiments since about
1967. () In addition to the standard foil data in such
experiments, extensive pin activation data has usually been
obtained also. The usual procedure in the past has been to
only use the pin data (uncorrected) for inferring cell spacial
shape detail and as backup for the standard foil data. There-
fore, in order to increase the usefulness of this data, some
sort of a foil peaking or depression correction method was
also needed for pin activities.

We decided first to directly apply the Dunn approximation
by obtaining an approximate equivalence relationship between
finite slabs and cylinders and then possibly at some later
date, either take the more obvious direct approach of
explicitly deriving a first order pin correction or use some
other more accurate correction method.

First, this note briefly outlines the Dunn approximation,
then presents the determination of the approximate equivalence
relationships (actually two are involved) required to apply
the correction to pins, and finally it summarizes the resulting
procedure for actually using this method.
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The Dunn Approxi mation

If Ais the activation of a square or round foil of
t hi ckness t and A Is the activation that woul d occur if the
flux in the foil were the sanme as in the surroundi ng medi um
then Dunn's approxinmation can be witten as

A .
7§ =1 - (zzEd' - z£°11) t 1n €,

-{L(width), square foils
P D(diameter), round foils (1)
where edge effects have been negl ect ed.

Equi val ence Rel ati onshi ps

As previously mentioned, two equival ence rel ationships
are needed to directly apply the Dunn approximation to pin
activities. The first, establishing a cylindrical equivalent
to s8/t, is obtained using nmean chord | ength argunments; the
second, obtaining explicitly the cylindrical equivalent to
the slab thickness t, is obtained primarily using self-
shi el di ng argunents.

g/t Equival ence

The nean chord lengths for infinite slabs and cylinders
are, respectively:

and i:yl = 2r. (3)

If the ratio of these nmean chord lengths is defined as C_
t hen

’

- w
CES_I _.i_
2

w

(4)
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Keeping this definition in mind, we will consider both round
and square foils, since g can refer to either.

Square Foils

The mean chord lengths for finite slabs (square foils)
and cylinders (pins) are, respectively:

2
| = £t L - 2t (5)
slab ? 12

+att 1+ 2L

where L is the width and t the thickness,

- pA -
and 9' - A'n' T h - 2T (6}
cyl 2m rh + 2n r2 1+

where h is the height and r the radius.

If the ratio of the finite mean chord lengths is now
defined as C, then

= T
_ *s1ab _t 1+ h |.
c=-222 .- — (7)
i T 1+ 2t
cyl L
In the limit as h and L go to infinity, C becomes C_. If r/h

and 2t/L are both small, C_ can be used as a reasonable
approximation to C. Therefore, replacing C by C_ in Equa-
tion (7) and solving for L/t results in
L
t

2h .
= (8)

Round Foils

The mean chord length for a disk of diameter D and thick-
ness t is

c 4t x (D/2)° o2t . (9)
disk o (p/2)% 4 20 (D/2)t 1 + &

2.17
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If zd;sk Is used instead of % 14p | N @n expression simlar to
Equation (7), i.e.,

1 +

R

C- =

t ;
T 5 (10)

ct

1 +

]

and if, as before, C- is approximated by C_ (C_ renains
unchanged si nce izisk ='sl& ), the resulting equation can be
solved for D/t, giving

D _ 2h .

T <7 (11)

The RHS of Equation(11) is the same as the RHS of
Equation (8), so for a given thickness, D is equivalent to L.
This is the same assunption Dunn used. Therefore, the first
equi val ence says

B _ .
Tt 1 (12)

Foi | Thi ckness Equi val ence

For small = (1 = im zt/Z), the self-shielding factors for
infinite slabs and cylinders emersed in an isotropic flux can
be approxi mated (neglecting scattering effects) as follows: (3)

f -1 - 1 8 _ (1
cyl =1 7 7 Tey1 [3 Teyl U0 Teyl o 1.365931) (13)
fian 1 3 gap [.922784 Slntgy t T ] (14)
slab
_ foil _ foil .
wher e To1ab = tIt and Teyl © rIy . Therefore, given an

infinite cylinder of radius r, the equivalent thickness, t, of
an infinite slab of the sane material, which gives the sane
self shielding factor as the cylinder, can be found by sinply
equati ng Equations (13) and (14). The resulting expression
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8
TCYl [f - Tcyl (1n TCYl + 1.365931)]
= Tslab [.922784 - 1n + 3 Tslab} (15)
also holds true if the usual scattering correction(*) i s made
to the self-shielding factors
f0
feorr "T=T (@1 (16)

where C = (zs/zt)fOil. Equating the corrected self-shielding

factors, i.e.,

fCyl fslab

T-C(-f,) T-C-F (17)

slab)

and using Equations (13) and (14), respectively, for fCyl and
fo1ap’ results identically in Equation (15). Equation (15)
could be solved by iteration for T<lab and hence t except
that the resulting thickness would refer to an equivalent
infinite slab instead of a finite one. For this reason a
slightly different approach is used. Equations (13) and (14)
are assumed to also hold for finite slabs and cylinders, which
is in keeping with our previous assumptions of small r/h and
2t/L. Equations (13) through (15) are, therefore, unchanged
except for the definition of t which would be

T = % Lz

. (18)
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More specifically,

in
rzP
T = t

cyl 1 + %

(19)

tzgin
L

and.slab - 1_+2t_ (20)
B

Substituting our first equival ence, Equation (12) into Equa-
tion (20) gives

pin
“slab ~ [ Tx (21)
h
Solving Equation (21) for t results in our second equival ence
expression

t = : : (22)

Pin Activity Correction

The desired result (an approximate flux peaking or dipping
correction for pin shaped foils) is obtained by substituting
Equations (12) and (22) into Equation (1), which then becones

(Ao zged ) zgin T 2h
Dhin 1 (F ) (B (2w
Finally, the follow ng sunmarizes the sinple procedure |eading
to A;?;r:

1. Determne zgin, zgin, and zﬁEd.

2. Calculate eyl from Equati on (19).
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3. Calculate the LHS of Equation (15) and then solve for
Tslab by iteration.
4. Calculate (A /A) ijp from Equation (23).
p o . .corr _ ,meas.
5. Correct the measured activity via Apin = fpin
(AO/A)pin'

Added Comments

Since the results here are based on monoenergetic con-
siderations, Equation (23) actually expresses the energy
dependent ratio of the unperturbed to the perturbed flux,

¢O(E)/¢(E), The proper spectrum weighted form of Equa-
tion (23) can be shown to be

1 ¢t
G o e (*h—‘%)sw“} -

where <1 1 . }15‘

t
(@)

-1 .
[li-@.f)e (@] e e
. d in (25)
/qo’“e (E) 25 (E)dE

T (E) .
and g (E) = —>i8b 7 [mea (g _ PIN(Ey). (26)
For estimating purposes, the simple five step procedure

can be retained by using unperturbed spectrum average cross
sections.
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BATCH CORE BURNUP DATA
R. P.

Matsen

Destructive analysis data from samples cut from PRTR rods
have been received, plotted for consistency checks, and pro-
cessed through the ISODIL burnup analysis code. Twenty-four
samples were cut from rods extracted from the reactor during

the first, second, and third interim shutdowns. When the
basic data were received from analytical chemistry, it was
plotted in order to discover inaccurate measurements. .A much

lower percentage of these inaccurate measurements exists among
this data than for any set received to date. The few question-
able results were submitted for reanalysis. In addition,
several samples of unirradiated fuel have been submitted for
analysis in. order to ensure that the data for the zero burnup

point is as reliable as that from

Results from the ISODIL code
sample exposure was approximately
a sample cut from the middle of a
ring-one element during the third

the other samples.

reveal that the maximum

9000 MWd/MTM for (as expected)
replaceable rod taken from a
interim shutdown., Input

data for a least squares burnup analysis code BUHT was

* See R P. Matsen's "Program BUFIT:

the Analysis of

A Least Squares Code for

Burnup Data'” in this report.
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punched via the ISODIL code for fourteen samples taken from
replaceable rods that were irradiated in ring three of the
core. The least squares analysis of this data, in order to
extract cross section ratio information, has begun.

PRTR BATCH CORE - CRITICAL TEST NO. 4
J. H. Lauby and L. D. Williams

The fourth interim critical tests were conducted on the
55 fuel-element Batch Core loading at the PRTR at an average
core burnup of 5330 MWd/MTM. Tests were also conducted on two
smaller loadings of 31 and 19 fuel elements. Moderator level
worth measurements were made using critical approach and
positive period techniques. Data were obtained at three dif-
ferent moderator levels (100, 95, and 90 in.) for each of the
loadings. Reactor oscillator measurements were also made for
each configuration at the high moderator level.

The 198 concentrations for each critical configuration

were determined by reactivity comparisons made in the Thermal
Test Reactor (TTR) using standard samples. Analysis of the
108 concentration measurements is in progress.

Moderator level reactivity coefficients for each loading
and boron concentration were consistent with previous measure-
ments. Critical moderator height and one-standard deviation
uncertainties for each critical loading were determined from
the positive period measurements using program LEARN. Final
analysis of the moderator level reactivity coefficients and
critical moderator height is awaiting the 105 results.

Analysis of the reactor oscillator experiments is com-
plete. The results of measurements of g/2, the ratio of the
delayed neutron fraction to the prompt neutron lifetime, are
summarized in Table 2.7 as a function of burnup for the Batch
Core experiment.
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TABLE 2.7. The Results of Measurements of g/%

10

Average Core Burnup, Core Size, B Conc., -1
MWd/MTM Fuel Elements wppm "B B/%,sec

0 55 20. 4 17.9 = 0.5
~10 77 (250 watt) 21.8 20 + 1

~10 77 (1 MW) 22.5 18.1 + 0.9

3560 55 13.8 15.1 + 0.6

5330 55 10.6 14.3 + 0.3

6139 31 5.9 10.4 + 0.5

6512 19 2.3 8.0 + 0.2
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3.0 FUELS TECHNOLOGY

PRTR HIGH POWER DENSITY FUEL EVALUATIONS
M. D. Freshley and T. B. Burley

Mixed-oxide fuels have been irradiated in PRTR as part
of the Batch Core Experiment (BCE) to significant burnups at
power generations greater than those employed in commercial
power reactors. Actual peak linear power generations were
approximately 20 kW/ft with maximum fuel temperatures (about
2600 °C) near melting. Peak burnups are approximately
11,000 MWd/MTM. Although the majority of the 66 High Power
Density nineteen-rod cluster fuel elements included in the
Batch Core Experiment were vibrationally compacted powder
fuel, pellet fuel fabricated by both the hot-pressed and the
cold-pressed-sintered processes was included. Detailed post-
irradiation examination of selected elements and rods from
the BCE is being conducted to evaluate the irradiation perfor-
mance of the different fuel types. A summary of the elements
and rods from the BCE selected for detailed examination is
provided in Table 3.1.

Three elements (Fe-6065, 6520, and 6700) as indicated in
Table 3.1 were thoroughly examined in the FRTR basin to assess
their condition. |In general, the visual examination indicates
that the condition of the elements is excellent (Figures 3.1
through 3.9).

Varying amounts of a loosely adhering or flakey, reddish-
brown appearing crud has formed on the surfaces of the elements
as a result of operation in the neutral pH coolant in PRTR
The crud deposits, which were heaviest on the heat transfer
surfaces of the rods, had a spotty appearance in some instances
(Figure 3.2) whereas the thicker appearing deposits were more
uniform (Figure 3.5). Thicker, non-uniform deposits are asso-
ciated with localized turbulence on non-heat transfer surfaces
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TABLE 3.1. Summary of Elements and Rods from the Batch Core Experiment
Selected for Detailed Postirradiation Evaluation
Estimated _
El enent Rod Peak Burnup, Profiloneter Gamma
Nunber No. Fuel Type MWd /MTM '~ Scan Scan
6065(2)  FE74 vp,(d) uo,-2 wt%Puo, 10, 000 X X
FD-17 X X
FS-07 X X
6519 #2(c) VP, v0,-2 Wt % Puo,, 4,600
FR-72 X X
#4(c)
6520 () #8(C) VP, 10,-2 Wt % Puo, 11,000
FR 78 X X
#7(c)
670008 a-14  mp,(®) UD,-2 wt% Puo, 9,600 x
A-103  cps, (£) yb,-2 wt % Pul, X
A-102 CPS, Uo,-2 mk@bPqu X X
6701 A-23 HP, UO,-2 Wt % Pu0,, 3,800 X X
A-12 HP, UO03-2 wt% PuOj3
FERTF (") FS-41 VP, U0,-2 wt%Puo, Low x
FS-42 “ X
FS-43 P’
FS-45 X
FS-46 X
FS-48 X

oo

(@]

temperature during irradiation.

_—hCDQ.

VP refers to vibrationally compacted.
HP refers to hot-pressed pellet fuel.
cps refers to cold-pressed-sintered pellet fuel.

Elements selected for underwater examination before disassembly.
Rods irradiated to Zow burnup under identical conditions in the Fuel
Element Rupture Test Facility in PRTR. _

Rods instrumented to monitor internal gas pressure and plenum gas

YZZT1-TMN4
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6065-2
FIGURE 3.1.

Top End Bracket Region of PRTR FE-6065 Showing the
Position of One Replaceable Rod and Small Amounts
of White Zirconium Oxide Corrosion Associated with

the Fission Welds on the Spiral Wire Wraps and the
Rod Pin Weld on the End Bracket

6065-13

FIGURE 3.2.

Fuel Rod Region of PRTR FE-6065 Showing Spotty
Crud Deposit and a Circumferential Strip Band
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6520-3

FIGURE 3.3.

Top End Bracket Region of PRTR FE-6520 Showing
the Piping Associated with the Instrumented Rods
and a Small Amount of White Zirconium Oxide
Corrosion on the Rod Pin Fission Welds

6620-19

FIGURE 3.4.

Bottom End Bracket Region of PRTR FE-6520



BNWL-1224

6680-11

FIGURE 3.5. Fuel Rod Region of PRTR FE-6520 Showing Appearance
of Uniform Crud Deposit (White areas are scuff
marks. )

6700-1

FIGURE 3.6. Top End Bracket Region of PRTR FE-6700 Showing
Azial Abrasion Marks on the Wear Pads
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6700-11

FIGURE 3.7. Bottom End Bracket Region of PRTR FE-6700 Showing
the Broken Spiral Wire Wrap that Was Spliced
Remotely in the Basin (The wire fractured at the
bend in the end pZug.)

6700-6

FIGURE 3.8. Fuel Rod Region of PRTR FE-6700 Showing a Loose
Spiral Wire Wrap
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6700-8

FI GURE 3.9. Fuel Rod Region of PRTR FE-6700 Showi ng Typiecal
Damage to a Circumferential Strip Band Caused by
Snagging During Charge-Discharge

such as end brackets. The general amount of crud deposition
on individual elements varied depending upon the position of
the element in the core, i.e., heavier crud deposits appeared
to have formed on elements that were located in the lower flux
regions of the core. Crud deposition was also heavier in the
lower flux regions near the ends of individual elements. n
some elements, the crud was noticeably heavier on the side of
the element that probably faced away from the center of the
reactor. The thickness and type of crud deposits evident on
PRTR fuel element surfaces are not similar to deposits that
have been associated with measurable effects on fuel cladding
heat transfer or fuel channel pressure drop. The possible
effects of the crud deposits on fuel performance will be
investigated more thoroughly during the detailed destructive
examination of the rods.
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Small amounts of white zirconium oxide corrosion were
associated with the spot fusion welds where the spiral wire
wraps are attached to the end plugs and where the fuel rod
pins are attached to the end brackets (Figures 3.1 and 3.3).
The small amount of accelerated corrosion in these localized
areas, which was probably caused by impure cover gas during
welding, did not affect fuel performance.

Fractured spiral wire wraps which were spliced remotely
performed satisfactorily during continued irradiation
(Figure 3.7) .

Damaged circumferential strip bands caused by snagging
during charge-discharge operations were observed on some ele-
ments (Figure 3.9). |t was necessary to periodically replace
broken strip bands to permit continued irradiation of the
elements in PRTR.

Some of the spiral wound spacer wires loosened on element
FE-6700 which contained hot-pressed pellet fuel (Figure 3.8).
No loose wires were observed on vibrationally compacted fuel
rods. The loosening is probably the result of rod shortening
caused by core-clad interaction or creep induced by differen-
tial thermal expansion between the wire and the fuel rods.
There was no evidence of fretting corrosion or crud removal
associated with the loose wires, thus indicating that the wires
are probably tight during operation.

The selected fuel rods are now being removed from the
elements for gamma and profilometer scanning prior to commencing
the detailed destructive examination in Radiometallurgy.

The detailed postirradiation examination of seventeen
ceramographic specimens from seven vibrationally compacted
Uo,-Puo, fuel rods removed from the PRTR core following
Interim Critical Test No. 6 was completed and the results are
being analyzed. Peak burnups on the rods ranged from 3000 to
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9000 mMwd/MTM and peak |inear rod power generations ranged from
5to 18 kw/ft. Prelimnary evaluation of the data indicates
good correl ations between fission gas rel ease fraction and
fuel tenmperature and between the fuel structures forned during
irradiation and rod power. None of the apparent anonalies in
the fuel structure-rod power relationship, such as those which
have been observed in | ow burnup vibrationally conpacted fuel
rods, were indicated in these higher burnup rods. This indi-
cates that tinme-tenperature dependent diffusion processes pro-
vide nore uniformand consistent structural features in
vibrational |y conpacted UO,-Pu0, fuels during extended
irradi ati on. Conparison of the burnup data as determ ned by
the Nd and Cs nethods shows that Cs burnup val ues are | ower
than the Nd values in the central regions of the high power
rods and higher than the Nd values in the end regions. These
results illustrate the axial mgration of Cs fromthe higher
to the |lower fuel tenperature regions within a rod.

PRTR EXTENDED BURNUP FUEL EVALUATIONS
M. D. Freshley and T. B. Burley

A variety of experinental uo,, and U0, -Pu0, el ements con-
taining 0.5, 1.0, and 2.0 wt% Pu0, were irradiated in PRTR
fringe positions during the Batch Core Experinment. The purpose
of these irradiations was to obtain infornation on the per-
formance of selected pre-Batch Core vintage el ements subjected
to extended burnup. Sonme of the fringe el enents have been
undergoing irradiation in the PRTR since startup of the reactor
in 1961 and have operated at advanced |inear rod power genera-
tions projected for |light water reactors now being commtted.

A summary of representative el ements and rods selected for
detail ed postirradi ation evaluation of fuel performance is
presented in Table 3.2
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TABLE 3.2. Summary of Extended Burnup Elements and Rods from Fringe Positions
of the PRTR Selected for Detailed Postirradiation Evaluation
Esti mat ed _

El enent Rod Peak Burnup, Profilonmeter Gamma

Nunber No. Fuel Type MWd/MTM Scan Scan

103703 2y sw,(4) yo, 14, 500 X
(2)  sw,(d) uoj

5118(3) DB-63 yp, () mm,(f) U0,-0.5 Wt % Pu0 18,500 x
DA-48 vp, () wmm, () U05-0.5 Wt % PuO;

5186 ZZ-17 CPS, (g) U0,-0.5 wto PuO, 12,500 X
ZZ2-17 t X
ZZ-12 X
CN-5 SW M U0,-0.5 Wt%PuO2

5224(2)  €s-27 SW MM, U0,-0.5 wt % Puo, 13, 500 x

5226(@)  Dr-go VP, pr, (™" U0,-1.0 wt%puo2 11, 500 X

6003(3)  s5c-27 VP, Pl, UO,-2 wt%Puo, 13, 000 X X

6005(2)  SF-36 SW P, U0,-2 wt%Puo, 8, 000 x x

6521 #6(¢) VP, PI, Tho,-5 wt % Puo, Low x

6500(P) ¢ VP, SC, U0,-2 wt % Pu0, 1, 800

a. Elements selected for underwater examination before disassembly.

b. Two rods containing salt cycle reprocessed fuel material are included in this

element.
e. This rod was instrumented to monitor internal gas pressure and plenum gas
pressure during irradiation.

d. SW refers to swage compacted fuel rods.

e. VP refers to vibrationally comp'acted fuel rods.

f- MM refers to heterogeneously enriched or incrementally loaded fuel material.

g. CPS refers to cold-pressed-sintered pellet fuel.

h. PI refers to high-energy-rate pneumatically impacted fuel.

vZ2T-TMNG
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Six elements (FE-1037, 5118, 5224, 5226, 6003, and. 6005),
as indicated in Table 3.2, were examined in the PRTR basin to
assess their condition before disassembly operations commenced.
In general, the visual examination indicated that the condition
of the elements was excellent (Figures 3.10 through 3.22). The
observations made on particular aspects of the condition of the
elements were similar to those made on the Batch Core Experi-
ment elements examined.

Crud deposition was generally heavier on these elements,
which were located in the lower flux fringe positions of the
core, as illustrated in the figures. However, the thickness
of the crud was not judged sufficient to affect fuel cladding
heat transfer or fuel channel pressure drop.

Fretting corrosion occurred because the initial FRIR fuel
element design did not provide extended surface contact areas
between the end brackets and the pressure tubes. Clip-on
extended surface area wear pads were remotely attached to the
end brackets of elements of this design (Figures 3.13 and 3.14).
These clip-on pads have performed satisfactorily and process
tube wear was eliminated.

MRTR primary coolant was initially controlled at pH-9
with LiOH. As power generation and surface heat flux was
increased, crevice corrosion at the contact points between the
fuel rods and the circumferential strip bands occurred (Fig-
ure 3.16). The maximum depth of cladding penetration measured
in the peak heat flux region of a rod was 4.5 mils or 16%of
the wall thickness. Since it was recognized that the corrosion
rate would increase in the crevices as surface heat flux was
increased, the coolant was operated at neutral H to avoid the
corrosion problem and the old circumferential strip bands on the
elements were replaced. Although the crevice corrosion occurred
early in the irradiation of the elements and did not continue in
neutral H coolant, evidence of the localized attack remains on
the rod surfaces of some elements.
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1037-3

FIGURE 3.10.

Top End Bracket Region of PRTR FE-1037

1037-6

FIGURE 3.11.

Top End Bracket Region of PRTR FE-1037 Showing

Attachment of Spiral Spacing Wires and Crud
Deposition.

Crud deposit has been removed by
contact with the rollers on the Fuel Examination
Tray.
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1037-16
FIGURE 3.12.

Bottom End Bracket Region of PRTR FE-2037 Showing
Heavy Crud Deposit. Crud is easily removed by
scuffing during fuel handling.

6118-20

FIGURE 3.23.

Top End Bracket Region of PRTR FE-5118 Heavy Crud
Deposit and Clip-on Extended Surface Area Wear
Pads that Were Remotely Attached to the End
Bracket During the Early Part of the Irradiation
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6118-3

FIGURE 3.14. Bottom End Bracket Region of PRTR FE-5118 Showing

Heavy Crud Deposit and Clip-on Extended Surface
Wear Pads

5224-4

FIGURE 3.25. Top End Bracket of PRIR FE-5224 Showing Variations
in Crud Deposition Associated with End Bracket
Turbulence
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5224-6
FIGURE 3.16.

Fuel Rod Region of PRTR FE-5224 Showing Un<form
Crud Deposition and the Crevice Corrosion on the
Rod Surfaces Associated with the Circumferential

Strip Bands that Occurred During Operation with
Li0H-Controlled pH-9 Coolant

6224-11

FIGURE 3.17.

Fuel Rod Region Near the Bottom of PRTR FE-5224

Showing Spotty or Speckled Crud Deposition _in the
Transition Region from a Light to Heavier Deposit

Sadb
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5226-11

FIGURE 3.18. Top End Bracket Region of PRTR FE-5226 Showing
Variations in Crud Deposition Associated with
End Bracket Turbulence

6003-5

FIGURE 3.19. Top End Bracket Region of PRTR FE-6003 Showing

Change in the Appearance of the Crud Deposit on
the Rod Surfaces at the End Plug-to-Fuel Interface

5.16
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6003-16

FIGURE 3.20. Fuel Rod Region of PRTR FE-6003 Showing Spotty
Crud Deposition

6005-4

FIGURE 3.21. Top End Bracket Region of PRTR FE-6005
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6005-17

FIGURE 3.22. Bottom End Bracket Region of PRTR FE-6005 Showing
Spotty Crud Deposits. The loose crud deposit has
been removed by contact with the rollers on the
Fuel Examination Tray.

HI GH EXPOSURE PLUTONI UM STUDI ES
R. C Smith, L. G Faust, and H H Van Tuy

Measurement of the electromagnetic radiations froma
Yankee high exposure PuO, fuel sanple is continuing. This
sanpl e represents a "worse case" situation for surface dose
rate fromcurrently avail abl e commerci al power reactor plu-
tonium The sanple is the highest exposure plutoni um speci nen
obtained to date in sufficient quantity to permt extensive
surface dose rate neasurenents. The dose rate, as neasured
through 33 mls of plastic on the 36,000 MWd/MTM burnup sanpl e,
Is summarized in Table 3.3. The greatest rate of increase,
whi ch occurred during the first 60 days, was caused by the for-
mation of short half life 2°7U as it built up to an equilibrium
concentration. The major contributor to the reduced rate of
I ncrease after considerable tine follow ng separation is the
241 am formati on.
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TABLE 3.3. Measured Surface Dose Rate Through 33 Mils of
Plastic from a Yankee High Exposure Pu0Oo Sample
(36,000 MwWd/MTM)

Days Since Separation Surface Dose Rate, rad/hr
1 4.8
58 5.9
116 6.1
160 6.5
365 () 7.9(a)

a. Caleulated Value

Data is also being obtained on a high exposure Dresden
sample with a burnup of approximately 30,000 MWd/MTM. The
dose rate for this sample, as calculated by PUSHLD, is sum-
marized in Table 3.4. The calculated dose rate for the Yankee
sample after 1 year is approximately 7.9 rad/hr.

TABLE 3.4. Calculated Surface Dose Rate from a Dresden High
Exposure Plutonium Sample (30,000 MWd/MTM)

Days Since Separation Surface Dose Rate, rad/hr
1 3.5
100 5.2
365 7.5

Dose rates for the various plutonium samples are sensi-
tive to the isotopic contents which are compared in Table 3.5.
The isotopic content of these samples is not entirely repre-
sentative of what would be formed in current design PWR's and
BWR's. Although the Yankee sample, with the higher 238py con-
tent, has the higher dose rate for the first few years, calcu-
lations indicate that the surface dose rate for the two samples
approaches the same value of 18.4 rad/hr 5 years after chemical

separation.
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TABLE 3.5. Comparison of Isotopic Compositions of Yankee and
Dresden Plutonium

Burnup |sotopic Content, wt%
b
Pu Source Mwd/MTM 238py  239p,  240p, 241y, 2424,

Y ankee 36,000 1.92 63.3 19.2 11.68 3.88
Dresden 30,000 1.44 52.9 27.7 12.10 5.77

A computer study now underway indicates that the early
Y ankee reactor parameters may provide a "worst case"™ situation
from the standpoint of radiation from single recycle plutonium.
Preliminary data from the study also indicates that the iso-
topic composition of plutonium from present and planned PWR's
and BWR's will be more nearly the same and the ganmma surface
dose rate will be less severe.

DEFECT TESTING
M. D. Freshley and T. B. Burley

As fuel operating conditions approach inherent perfor-
mance |imits, defect behavior becomes increasingly important
and may ultimately prove to be the limiting performance factor.
Because reactors cannot operate economically without accommo-
dating defective fuel rods, satisfactory defect behavior must
be demonstrated under high performance conditions before wide-
spread acceptance of mixed oxide fuels can be expected. It is
therefore important to determine the behavior characteristics
and operating limits for defective fuel and, in particular,
the effects of specific power, burnup, and fuel form on defec-
tive fuel behavior.

Irradiation tests of defected and nondefected oxide fuels
will be performed under high performance conditions in the EIR
M-3 loop facility. The defect testing program includes varia-
tions of three important parameters: 1) fuel form (solid

pellet, cored pellet); 2) power generation (22 to 27 kW/ft);
and 3) burnup.

3.20
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Defect tests will be performed at nominal peak linear rod
power generations of 22 and 27 kW/ft. Testing at about 22 kW/ft
is expected to produce maximum fuel temperatures (2600 to
2800 °C) near melting in pellet containing rods, and tests at
27 xwWw/ft will produce moderate fuel melting. Most of the
tests will be performed at about 22 kW/ft because the condi-
tions are similar to the maximum conditions projected for
light water reactors now being committed and are considered to
be in a critical surface heat flux region (500,000 Btu/hr-ftz)
for defect fuel performance.

The performance data to be derived include rod dimensional
changes, fuel washout, waterlogging, fission gas and fission
product release, fuel rod swelling, stoichiometry changes and
their effect on fuel performance.

Modification of the ETR M-3 loop facility to accommodate
defect tests is in progress and the test element design is
being scoped. The test element will probably be a nineteen-
rod cluster design with the defected rods located in replace-
able positions in the outer twelve-rod ring. A sleeve will
surround the element to protect the pressure tube from possible
damage. The nondefected, nonreplaceable rods in the test
element will incorporate various fuel design parameters for
evaluation such as: solid pellet fuel, cored pellet fuel,
different diametral gaps, and different cladding surface
treatments. Tests are expected to commence during the first
part of next year.

INSTRUMENTED FUEL TESTS
M. D. Freshley, T. B. Burley, and F. E. Panisko

Vibrationally compacted UO,-Pu0, fuel rods instrumented
to monitor internal gas pressure during irradiation were suc-
cessfully irradiated in FRTR to determine the effects of fuel
temperature and burnup on both sorbed and fission gas release.
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Al t hough sonme information was obtained on the fission gas

rel ease nmechani sms involved, the experinents were not speci-
fically designed for this purpose. An experinment nore suitably
desi gned to study gas rel ease nechani sns for col d-pressed-
sintered pellet and vibrationally conpacted uo, -Puo, f uel
during irradiation to extended burnup is being scoped for
irradiation in the ATR

Tenperatures normally associated with specific structural
features in uo, -Puo, fuels during irradiation are used in the
postirradiation eval uation of fuel performance. An assenbly
conposed of rods containing col d-pressed-sintered and vi bra-
tionally conpact ed uo,-Puo, fuel wll be instrunented with
t hermocoupl es to nonitor fuel tenperatures during progranmmed
power increases and during steady-state operation in the EIR
M3 loop. The thermal characteristics to be studied include
I n-reactor sintering and grain growh kinetics, grain growh
t enperatures, conparative effective thermal conductivities of
the different fuel types, and fuel-to-clad heat transfer coef-
ficients. These experinentally determ ned paraneters obtained
by direct nmeasurement will aid in understanding fuel behavior.

3.22
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4.0 REACTOR SAFETY

ZODIAC- ALTHAEA COMPARISON WITH Pu ENRICHED FUELS
E. T. Merrill, E. A. Schnaible

A comparison was made between the results of burnup cal-
culations obtained using the ZODIAC G(l) and ALTHAEA(Z) codes.
The ALTHAEA code uses a simplified model for spectral averaging
cross sections and as a result uses only about 1/400 of the
computing time required for a corresponding ZODIAC G solution.
There are numerous burnup calculations required in the studies
of using plutonium in a typical boiling water reactor (Oyster
Creek). Thus, there is a considerable savings realized in
using ALTHAEA rather than ZODIAC G for these studies.

A comparison of ZODIAC and ALTHAEA calculations covering
three different plutonium enriched fuels is shown in Table 4.1.
For each fuel the reactivity and concentrations of uranium and
plutonium isotopes are compared at three fuel exposures. The
adjustable parameters in the ALTHAEA code were set at the same
values for all fuels. The comparison showed that isotopic con-
centrations agreed within 1%avith the exception of the 242Pu
concentration in the low density fuel. Values of k_ checked
within 0.5% for all exposures and all fuels calculated. As a
result of this comparison, we have concluded that the ALTHAEA
code can be used in studies of reactor operation and behavior
for plutonium-fueled cores as well as uranium-fueled cores.

POWER DISTRIBUTION CALCULATIONS IN OYSTER CREEK FUEL ASSEMBLIES
USING URANIUM AND PLUTONIUM
J. N. Morgan, R. E. Shaver

Plutonium loadings for an Oyster Creek assembly have been
chosen so that the rod peak-to-average power is less than that
in the original uranium-only fuel. The plutonium loadings use
the same uranium enrichments as in the initial Oyster Creek
fuel assembly plus two plutonium fuel enrichments. In the plu-
tonium fuel assembly 50% of the rods contain natural uranium
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TABLE 4.1. Zodiac-Althaea Comparison

| sot ope Concentration, g/MT
K 235 218

Exposure

MWD/MT  Ne U U Total Pu 2935, 240, 241, 242,

Enrichment  ZODI AC 4,000 1.095 6,313.0 949,958.0 39,317.2 22,446.2 10,139.5 5,014.4 1,717.

3.6 wt & % Variation 0.27 0.02 -0.001 -0.02 -0.08 -0.03 0.21  0.10

ZODI AC 8,000 1.079 5,827.8 947,252.0 38,041.4 20,755.3 10,047.7 5,421.5 1,816.

% Variation 0.27 0.01 -0.002 -0.01 -0.11 -0.14 0.49 0.30

ZODI AC 10,786 1.069 5,501.5 945,336.0 37,161.1 19,669.5 9,952.3 5,642.0 1,897.

% Variation 0.19 0.01 0.001 -0.01 -0.12 -0.28 0.68  0.50

Enrichment  ZODI AC 4,000 1.075 6,249.2 962,321.0 27,000.1 15,171.7 ~7,071.0 3,523.7 1,233.

W% % Variation -0.19 0.02 -0.000 0.07 0.13 0.13 -0.26  -0.09

ZODI AC 8,000 1.054 5,622.5 959,436.0 26,117.7 13,839.8 7,069.4 3,843.3 1,365.

% Variation -0.28 0.06 -0.004 0.20 0.38 0.13 -0.25  -0.05

ZODI AC 10,777 1.041 5,208.6 957,375.0 25,523.7 13,026.2 7,028.1 4,001.8 1,467.

% Variation -0.48 -0.08 -0.006 0.28 0.55 0.06 -0.17 0.07

Enrichment  ZODI AC 4,000 1.130 3,927.1 603,219.0 30,481.2 16,858.4 8,162.6 4,041.9 1,418.

4.3 wt % % Variation -0.18 0,07 -0.004 0.05 -0.06 0.18 0.04 0.50

Low f uel ZODI AC 8,000 1.104 3,533.3 601,087.0 28,637.0 14,613.4 8,096.7 4,364.7 1,562.

density -0.27 0.08 -0.010 0.16 0.01 0.20 0.24 1.13
ZODI AC 10,748 1.086 3,269.4 599,581.0 27,389.2 13,217.7 7,988.1 4,506.1 1,677.3

% Variation -0.28 0.10 -.01s 0.27 0.14 - 0.12 0.36 1.65

enriched with plutonium This represents approxi mately tw ce
as nuch plutonium per assenbly as would normally be discharged
in a spent urani um assenbly.

The power distribution and enrichment patterns are shown

in Figure 4.1 for the reference Oyster Creek fuel assenbly. The
enrichnments and power distribution for the plutonium | oading
fuel assenbly is noted in Figure 4.2. The maxi mumrod power

is 1.18 in the plutoniumenriched assenblies, whereas the maxi -
mumrod peak in the uraniumassenbly is 1.19. Using this refer-
ence assenbly, the change in reactivity with void fraction was
determ ned for no control, operating tenperature conditions.

FLARE cal cul ations will be carried out for the plutonium
assenbly and results conpared with those fromthe previous ura-
niumonly first core analysis to assist in determning any dif-
ferences that may have safety inplications.



Enrichment Distribution
p P p
P
p
p
P P
p p P X
p P p p P X X
Power Distribution'®) (32% voi ds)
0.99) 1,13} 1.07]| 1.06( 1.12| 0.95| 1.19
1.13) 0.95| 0.90| 0.89 | 0.94 | 1.12| 1.07
1.071 0.90 | 0.84|0.84(0.89}11.06} 1.03
1.06| 0.89( 0.84}0.85( 0.90|1.07 1| 1.04
1.12| 0.94(0.89| 0.90] 0.96| 0.87 ] 1.10
0.95 1.12|11.06}1.07| 0.87(0.98; 0.91
1.19| 1.07 {1.03]1.04] 1.10( 0.91| 1.08
(a)

Average power

FIGURE 4.2.
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E 1.19 w/o uranium
E 1.67 w/o uranium
D 2.42 w/o uranium

Average fissile/rod
2.10 w/o

rod in fuel assembly equals |.00.

Initial Oyster Creek Uranium Loading
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X11.19 w/o uranium

P |1.67 w/o uranium

2.42 w/o uranium

E,|[1.06 w/o Pu
fissile innat. U

E,[1.385 w/o Pu
fissile innat. U

Enrichment Distribution
LB P P
By 2 | E2 2 | B2 P
Ey 2 | B2 2 | E2 1 P
2 | B2 2 | B1 1 P
2 | B2 1 | E1 P
P E, . 2 X
p p P p p X X
Power Distribution'® (32% voi ds)
1.01 | 1.10 | 1.04 ] 0.85]| 0.97 | 0.92 | 1.17
1.10 | 1.00 [0.92 ] 0.97 | 1.14 | 0.98 | 1.03
1.04 | 0.92 | 0.83| 0.85| 0.99 | 1.16 | 0.96
0.85 | 0.97 |0.85[0.87 | 0.90 |1.18 | 0.97
0.97 | 1.14 [ 0.99 | 0.90 | 1.05 | 1.01 | 1.05
0.92 |0.98 |1.16 | 1.18 | 1.01 | 0.96 |0.91
1.17 [ 1.03 | 0.96 | 0.97 | 1.05 | 0.91 | 1.09

Average fissile/Rod
1.91 w/o

Pu Conposition, w/o
239 240 241 242
.60 .25 .11 .04

(a)Average power per rod in fuel assembly equals 1.00.

FIGURE 4.2.

Initial Oyster Creek Plutonium-Uranium Loading
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TRANSIENT TESTING
M. D. Freshley and T. B. Burley

A know edge of the behavior of reactor fuels subjected to
hi gh energy, short duration power excursions is essential to
permt a conplete appraisal of fuel performnce and reactor
safety. The transient behavior of m xed-oxide fuels is being
I nvestigated to determne if there are special considerations
associated w th addi ng Puo, enrichment to uo,, fuels that would
I nfl uence power reactor operation. Sonme of the specific objec-
tives of the transient testing programare to:

e Conpare the transient behavior of pelleted and
vi brationally conpacted uo, and Uuo,-Puo, fuels

® fEstablish fuel failure thresholds, nodes of failure,
and possible failure consequences

e Investigate the extent of netal-water reaction,
t he magni tude and nature of pressure pul ses generated,
the fraction of thermal energy converted to mechanica
energy, the chemcal reactivity of the dispersed fuel
and the extent of fission gas rel ease

e |nvestigate the effects of Puo, particle size

e |Investigate the effects of different transient
condi tions

® |nvestigate the effects of various preirradiation
condi ti ons.

A joint programinvolving Pacific Northwest Laboratory,
CGeneral Electric Conpany, and |daho Nucl ear Corporation designed
to investigate the transi ent behavior of m xed-oxide thermal
reactor fuels in SPERT is being fornulated. The purpose of the
cooperative PNL/GE/INC effort is to investigate the possible
effects of adding Puo, enrichment to uo, fuels in different
ways. Al though a conplete programdesigned to study Puo,,
particle size effects in Uo,-Puo, col d-pressed-sintered pellet
fuel involving approximately 25 transient irradiations was

4.6
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outlined, the first test series involves 4 or 5 irradiations

to investigate the possible effect of single 500 um di am Puo,
particles strategically positioned in enriched uo, pel | ets.

The Zircal oy-clad pins will be tested at three different energy

| evel s in SPERT. These irradiation tests will be supported by
detailed preirradiation characterization and postirradiation

eval uation of the fuel pins. Subsequent test series will involve
I nvestigation of the transient behavior of pins containing

mul tiple Pu0, particles and pins preirradi ated under different
condi ti ons.

A joint programinvol ving Pacific Northwest Laboratory and
Argonne National Laboratory is being conducted to conpare the
transi ent behavior of pelleted and vibrationally conpacted fuels
by irradiations in the transparent vessel in TREAT. Detailed
eval uation of high speed notion pictures permt studies of the
failure nodes and failure thresholds of the different fuel types.

A few experiments will be conducted in the transparent
vessel in TREAT with pins designed to elimnate power peaking
at the ends of the fuel colum. The purpose of these tests is
to confirmprevious conparative results with col d-pressed-
sintered pellet and vibrationally conpacted fuel pins in which
there was consi derabl e power peaking in the end regions.

Seven Zircal oy-cl ad pins contai ning UC& fuel (4.79% 235U)
are being fabricated for these confirmative experinments. Two
of the seven pins which contain col d-pressed-sintered pell et
fuel, will be used for calibration purposes to determ ne the
axi al power profile. Three of the remaining five pins wll
contain pellet fuel and two, vibrationally conpacted powder fuel.

Haf ni umwaf ers (0.100-in. thick) were placed at each end
of the 5.5-in. fuel colum in the first calibration capsule to
suppress power peaking in the end regions and provide a nore
prototypi c axial power distribution during transient irradia-
tion. Gamma activity measurenents nmade on individual pellets
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after irradiation in TREAT indicate that the power peaking was
reduced but that the power in the end regions was still approxi-
mately 5 and 7% higher than the average activation of the fuel
column (Figure 4.4).

Another calibration capsule was fabricated with additional
hafnium absorber material (0.200-in. thick) at each end of the
fuel column and is awaiting irradiation in TREAT.

REFERENCES

1. D. D. Matsumoto and R. H. Holeman, " ZODIAC-G,"” Reactor Physics
Department Technical Activities Quarterly Report, January,
February, March 1968, BNWL-775. Battelle-Northwest, Richland,
Washington, July 1968.

2. E. T. Merrill. Unpublished Data. Battelle-Northwest, Rich-"
land, Washington. (Preliminary Data: ALTHAEA, Part |-A
One-Dimensional Two-Group Diffusion Code with an Effective
Four-Group Burnup.)
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5.0 PLUTONIUM RECYCLE TEST REACTOR

REACTOR OPERATIONS
R. F. Warnick

During the early part of the report period, efforts were
directed toward resuming reactor operation. The primary cool-
ant system was filled with heavy water and hydrostatically
pressure tested to 1875 psig. The reactor was fueled with the
55-element batch core and the fourth series of interim critical
tests was completed. Then, the decision was made to deactivate
the PRTR. The balance of the report period was spent draining
and drying the coolant systems and deactivating the reactor
equipment.

All the heavy water has been drained from the primary and
moderator coolant systems and the primary system has been dried.
The out-of-reactor portion of the moderator coolant system has
been dried. The following have been drained and dried: the
reflector coolant system, the rotating shield coolant system,
the lower access space cooling lines, the primary pressurization
portion of the helium system, the FERTF makeup system, the
FERTF light water injection system, the filtered water line,
the sanitary water lines inside the containment vessel, the
emergency water lines and the process water lines inside the
containment vessel. Draining and drying of all other coolant
systems are in progress.

PROCESS TECHNOLOGY
R. H. Purcell

The fourth interim critical tests were successfully com-
pleted for the 55 fuel element batch core and two, smaller
loadings; 31 and 19 fuel elements. Moderator level worth
measurements were made using subcritical approach and positive
period techniques. Data were obtained at three different modera-
tor levels (100 in., 95 in., and 90 in.) for each loading. Reactor
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oscillator measurements were also made for each configuration
at the higher nmoderator level. Moderator archive sanples were
taken for each critical configuration such that the boron con-
centrations can be determned at a later date.

The PRTR Annual Safety Report for CY1968 was approved and
I ssued.
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R. P. Matsen. An Analysis of Yankee-Rowe Burnup Data,
BNWL-1122. Battelle-Northwest, Richland, Washington, July 1969.

PRESENTATI ONS

R. ¢. Liikala, J. L. Carter, Jr., S. R Dwivedi, G. L. Gelhaus
and V. G. Uotinen. "Uncertainties in the Analysis of Plutonium
Fueled Assemblies,” Trans. Am ~Nucl. Soe., vol. 12, no. 1,

pp. 227-228.

B. R. Leonard, Jr., "Thermal Cross Sections of Plutonium
Isotopes and the 1968-1969 |AEA Review," Trans. Am Nucl. Soc.,
vol. 12, no. 1, pp. 226-227.

D. E. Christensen and E. S. Murphy. "4dnalysis of Nuclear Fuel
by Gamma Scanning,” Trans. Am ©Nucl. Soe., vol. 12, no. 1,
pp. 93-94.

R. P. Matsen, G. J. Busselman, R. H. Holeman and R. C. Litkala.
"Analysis of Uranium Fuel Irradiated i n Yankee Reactor,"
Trans. Am_ DNucl. Soe., vol. 12, no. 1, pp. 31-32.

ACCEPTED FOR PRESENTATION

V. 0. Uotinen, J. H. Lauby, W. P. Stinson (BNW), and

S. R. Dwivedi (India). Measured and Calculated B/% for Some
Uniform H,0 Lattices, to be presented at the Americdn Nuclear
Society Wznter Meeting in San Francisco, California,

November 30 to December 4, 1969.

D. H. Thomsen. Analytical Studies of One and Two-Dimensional
Cell Representations for Cluster Geometry Fuels, to be pre-
sented at the American Nuclear Society Winter Meeting in

San Francisco, California, November 30 to December 4, 19609.
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