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FORWARD

The objective of the Reactor Physics Quarterly Report is
to inform the scientific community in a timely manner of the
technital progress made on the many phases of reactor physics
work within the laboratory. The report contains brief tech-
nical discussions of accomplishments in all areas where signi-
ficant progress has been made during the quarter. The
results presented herein should be considered preliminary,
and do not constitute final publication of the work. A list
of publications and papers issued during the last quarter is
included in the report. Anyone desiring additional information
concerning the work reported herein is encouraged to contact

the author directly.
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1.0 SUMMARY
REACTOR THEORY AND CODE DEVELOPMENT

The development of the Battelle Monte Carlo (BMC) code 1is
completed. The BMC code is an improved version of the RBU
Monte Carlo code and is written in FORTRAN V for use on the
UNIVAC 1108 computer system. A number of test problems have

been run successfully, and a code document is being written.

A computer code, KINPAR, has been written to aid in nuclear
kinetic studies. The code, computes the ratio of effective
delayed neutron fraction to the neutron lifetime, é/z. Pres-
ently, the code utilizes output from the one-dimensional
diffusion theory code, HFN, as input in computing this ratio.

The code is being used in theory-experiment correlation studies.

A procedure permitting the resonance contributions of each
resolved resonance to be allocated among several fine groups,
instead of being restricted to a single fine group, has been
developed and incorporated into the epithermal spectrum code
HRG.

A digital computer code has been developed to analy:ze
gamma-ray spectra to deduce intensities of the various gamma-
ray photo peaks present. Initial applications have been made
in studies of gamma-ray spectra from fission products in
irradiated fuel, but the code is applicable in the analysis of

gamma-ray spectra from any source.

A program Gas-I-A constructs analytic streamtube integrals
for the supersonic flow of an ideal gas mixture through an
open-loop or closed-loop succession of nozzles, oblique-shock
diffusers, normal shocks, bypass flows with pressure-matched
re-entries, heat exchangers, burners, turbines, compressors,
shock pumps and other such elements simply characterizable in

terms of mass, momentum, energy, or entropy transfer.
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A general multigroup formulation has been derived for the

theory of the PCTR experiments.

THERMAL REACTORS

Analytical correlations are being made of the Batch Core
fueled experiment conducted in the PRCF and the PRTR. Quanti-
ties correlated are the foil activation traverses and coolant
void coefficient in the PRCF experiment, and values of keff’
boron worth, peripheral fuel worth and coolant worth in the

PRTR initial critical experiment.

A comparison of exponential assembly measurements made
using point detectors (indium foils) and finite-sized detectors
(BF3

results, within the experimental uncertainties. The compari-

chambers) has shown that the two methods yield the same

sons were made in three lattices using Al-5 wt% Pu fuel and one

2—4 wt$% PuO2 fuel.

Measurements have been made in the PRCF of the reactor

lattice using UO

transfer function for a core loading of 19-rod clusters of
UOZ—Z wt$ Pqu rods in DZO moderator. The measurements were
accomplished by recording reactor noise with the assembly at
delayed critical and analyzing the resulting recordings in the
frequency domain. Results were obtained for three core sizes

and associated boron concentrations in the moderator.

A detailed three-dimensional model for the MTR-Phoenix
fuel loading has been developed. The model includes reflector
penetration for beam tubes and structural materials. This is
accomplished for two energy groups and in three dimensions with
28 by 18 by 39 mesh points.

A study of the sensitivity of keff to compositional uncer-
tainties in critical assemblies has been made. The method is
discussed for future reference and the results for the specific
example givée a *1.6 mk variation for these compositional

uncertainties.
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The reactivity effects associated with improvements in
slowing-down theory code HRG have been evaluated for some

Al-Pu-HZO systems.
CRITICAL MASS PHYSICS

A series of heterogeneous critical experiments were per-
formed using PuOZ-polystyrene fuels at H/Pu ratios of 5 and 15

with depleted uranium (0.222 wt% 235

U) layers interspersed
within the core regions. These data will provide an interim
check on the accuracy of computational models and cross section
data currently being used in survey calculations for homogeneous

mixtures of PuO, and UO2 typical of LMFBR fuels.

2
A series of pulsed neutron source measurements were made
as part of a research effort to develop a capability for making
"in-plant'" reactivity evaluations in support of nuclear safety.
Measurements were made on two different geometrical systems of
the same material for which k_ had previously been measured in
the PCTR. Good agreement was obtained between the k_ value
for this material and the prompt neutron decay constants, in
that both of these parameters yielded the same values for keff’

within experimental accuracy.

Experiments have been performed on Pu(N03)4 solutions with
18.4 wty 240

expandable-slab critical assembly. Data were acquired for

Pu at a concentration of 66.5 g Pu/liter, using the

critical systems which were bare and laterally reflected with
either water or a 1 in. thickness of Lucite. Analysis of the
data yielded extrapolation lengths and bucklings which are a
function of the configuration. It is suspected that the varia-
tions in buckling are due ultimately to the spatial dependence

of the neutron flux spectrum within the thin slabs.
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2.0 REACTOR THEORY AND CODE DEVELOPMENT

THE BATTELLE MONTE CARLO (BMC) CODE
D. H. Thomsen

Theoretical methods and analytical techniques utilized for
reactor design are based upon the use of approximations and
assumptions. Monte Carlo techniques are useful in evaluating
the effects of assumptions and approximations on the accuracy
of computed results. Frequently, these studies dictate the

need for improvements in the design methods.

The RBU Monte Carlo code was developed for this purpose.(l)
The code was written in machine language for use on the
IBM-7090 digital computer. A more flexible and faster running

code than RBU was desirable and became possible with the availa-
bility of the UNIVAC 1108 computer at the Hanford project.
Thus the Battelle Monte Carlo (BMC) code(z) was developed.

The BMC code is an updated version of the RBU Monte Carlo
code. The BMC code is coded in FORTRAN V for use on the
UNIVAC 1108 computer system.

The BMC code uses many of the theories as formulated in the
RBU Monte Carlo code. However, there are several major differ-
ences.

e Statistics are obtained as an integral part of the output.

e The batch method is used to obtain statistical samples
instead of equilibrium and census times.

e The weight reduction method of accounting for absorption
is used.

e Provisions were added for controlling the time spent in
the thermal calculation to that spent in the epithermal
calculation.

e The cross sections are obtained from the ENDF/B cross-

(3)

section format.

2.1
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Coding of the BMC code and the BMC cross-section library
code, BMCLIB, is complete. A number of test problems have been
run, and testing continues. Details of the changes, input

requirements, and output format are being documented.

References

1. J. R. Triplett, E. T. Merrill and J. R. Burr. The RBU
Reactor-Burnup Code: Formulation and Operating Procedures,
HWw-70049, Available from Clearinghouse for Federal
Scientific and Technical Information, Springfield, Virginia,
July 1961.

2. D. H. Thomsen. Reactor Physics Monte Carlo Applications,
BNWL-SA-1513. Pacific Northwest Laboratory, Richland,
Washington, September 20, 1967.

3. H. C. Honeck. ENDF/B - Specifications for an Evaluated
Nuclear Data File for Reactor Applications, BNL-50066 (T-467).
Brookhaven National Laboratory, Upton, New York, May 1966.
(Revised July 1967 by S. Pearlstein)

KINPAR
N. E. Carter and W. L. Purcell

An accurate prediction of the nuclear kinetic character-
istics is important to the safety of reactor design. An
important nuclear kinetic parameter is the ratio of effective
delayed neutron fraction to the neutron lifetime, B/%. To
aid in kinetic studies, a computer code called KINPAR has

been written for calculating this ratio.

(1)

for B and %. The code in its present form utilizes informa-

The code uses standard perturbation theory expressions

tion (such as direct and adjoint fluxes) obtained from a one-
dimensional diffusion theory solution (code HFN)(Z) to the
problem to perform the calculation of B/%. Modifications were
made to routines of HFN to manipulate the data necessary for
KINPAR. The KINPAR problem directly follows the HFN problem.

The code is presently being used in studies of analyti-

cally correlating measured values of @/2.(3)
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THE ALLOCATION OF RESONANCE CONTRIBUTIONS TO FINE
GROUPS IN HRG
J. L. Carter

According to the GAM-I procedure used in HRG for treating
resonances, the effective cross section for each resolved
resonance is allocated to the fine group in which the resonance
energy lies. For a broad, strong resonance, this excessive
concentration of absorption in a single fine group, and the
resulting excessive depression of the fine group flux, is an
inaccurate approximation of the true situation. To remedy
this, the scheme described below for allocating the effective
cross section of a resonance among several fine groups has
recently been included in HRG. The effect of this gggnge can

U and

Pu are examples of such a resonance.

be significant, since both the 6.7 eV resonance of
240

the 1.06 eV resonance of
To illustrate, resonance absorption increases of about 5% in
238U and 10% in 240Pu and a reactivity decrease of about

25 milli-k were calculated for a representative light water
lattice containing mixed oxide fuel with 2 wt% Puo, containing

8% 24OPu.
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The effective cross section for a reaction process for
fine group n can be written as

[ om0 o
_ Jn

On,eff
j; dE ¢ce11(E)

(1)

where it has been implicitly assumed that the isotope involved
in the reaction is in a region characterized by flux ¢reg(E),
the homogenized cell flux is ¢Cell(E), and the homogenized and
lumped nuclear densities for the isotope are related so that
Nreg Vreg/Ncell VCell = 1. Now for a resonance, Equation (1)
can be written as

JRCRIOED | JERIOIWED

4[1dE bcer1 (E) fresdE 5 () b, (E)

On,eff

- = - F (2)

_/dE ¢ce11(E)
n

where the factor Fn can be interpreted as the fraction of the
resonance integral to be allocated to fine group n. In this
interpretation, the GAM-I procedure has been to set Fn =1 if

the resonance energy lies in n, but set it zero otherwise. The
revised procedure to evaluate F in HRG is to homogenize the
flux by an equivalence principle which approximates the colli-
sion probability by the Wigner rational approximation and to
use unbroadened cross sections. Then, specifying the capture
cross section for illustration, and using the usual notation,(l)
the general form of the integrals involved in F  can be written
as

2.4
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2 9 FY Be 2 "
GY(E) ¢reg(E) dE = -—_7E;__ w—r—gg dx (3)
£y S|
where
2,-1 . _
v = (1 + x%) 7, with x = 2(E - Eo)/T
) (1 - X) oLt Xfp * og r
e % T +or
Y n
Op = 1/Nreg2, with 2 = effective average
chord length,
and A = 0 or 1 for IM or NR approximation,
respectively.
Equation (3) can be evaluated analytically to give
E
2 o T. [ B / B
_ o ¥y € -1 e
G_Y(E) (preg(E) dE = 7T T+ B tan T——:—B— XZ
E 0 € e
1
/ B
-1 e
- tan ‘1—+—Be- X1 (4)

The integration limits for F are the group boundaries of fine

group n and the entire energy range for the numerator and

denominator integrals, respectively, giving

z B
_ 1 -1 e _ -1 e
Fo =7 |\t YT+, ™1 T, ) O
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Although in principle this method gives a contribution to
every fine group, in practice some cutoff procedure is needed.
For this purpose, two energies equally distant from EO are
selected such that they include between them a specified frac-
tion of the resonance integral as given by Equation (4); this
fraction has arbitrarily been chosen as 0.9. The fine groups
containing these two energies are then determined, and the
resonance integral is allocated to these and all intermediate
groups, with the contributions beyond the cutoff energies
included in the bounding groups. No additional input to HRG
is required. In the illustrative calculations quoted earlier,

238

this procedure allocated the 6.7 eV U resonance to four fine

240

groups and the 1.06 eV Pu resonance to three.

The F depend on geometry and the scattering properties
of the admixed moderator through Be. Because unbroadened cross
sections are used, the Fn are not dependent on the temperature.
To check on the validity of neglecting temperature dependence,
a series of calculations was made for the 1.06 eV resonance of
240Pu for a range of scattering cross sections per absorber
atom and temperatures from 300 to 1200 °K. The code NIT, which
uses the ZUT(Z) procedure for calculating resonance integrals
and allocates the contributions to the GAM-I fine group struc-
ture, was used for this check. The very slight temperature
dependence found for these allocations confirms that it can

reasonably be neglected.

The calculation of Ol e ff from Equation (2) also requires

the evaluation of f; dE ¢C611(E). The evaluation of this inte- .
(3)

minor inconsistencies between the assumptions used to evaluate

gral in HRG has been described previously. However, some

~<

Fn and those of Reference 3 made it desirable to modify slightl
the calculation of the flux integral. In terms of the present

notation, the flux integral becomes

2.6
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f En-1 N *n-1
) (E) dE = f dE  “cell | T v
n cell E E X 7E. X T &

1
o
[\
(5}

|

.

N
cell . T Tan (6)

Equation (6) is now being used in HRG.

References
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J. L. Carter. "Effective Cross Sections for Resonances
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ANALYSIS OF GAMMA-RAY SPECTRA BY DIGITAL COMPUTER

TECHNIQUE

G.

Seybold

The problem of using high-resolution spectral data from

fission-product gamma rays to infer fuel burnup is under study

at PNL. An essential part of the solution to this problem is

a means of obtaining realistic determinations of the intensi-

ties of the various gamma-ray photopeaks from the fission

products of interest. A computer program has been developed

which performs this portion of the analysis.

Programs General Capabilities

Program GSSLRN is a photon spectrum analysis code written

in Fortran V for the UNIVAC 1108, which examines the digitized

2.7
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data from a multichannel analyzer, searches for and locates

the photopeaks present, fits each photopeak with an analytic
function (Gaussian (s) + exponential), test each fitted peak
against statistical criteria such as the full-width at half-
maximum, and integrates the resolved area under each photopeak
to yield the intensity for that peak. Multiplets with mean
values considerably closer than their fitted full-widths-at-
half-maximum would normally allow can be identified and resolved,
including small intensity peaks lying under the wings of larger
peaks. The mean energies and their errors for each peak and
intensities are also determined. The program is still under
development, but has proven to be highly successful with

spectral data from fuel irradiated in the EBWR.

Program Specifics

Program GSSLRN has been written using the fitting logic
of program LEARN(I) as the heart of its analysis. The intent
is to apply the most stringent statistics available, using
the second order Taylor expansion techniques as they are

applied in the Newton-Raphson iteration method.

The program is directed toward the problem of resolving
multiplets which can be very closely coupled. The resolution
of Gaussians implies that the theoretical function can be
recursive for the assumed Gaussian shapes. The analytical
function is of the form

JJ=32
Y - ae 2 (xn - 1) + A - 1/2(A. X - AL )
B i " eXP ( i+l “m i+2)
1=3,JJ,3
where Al = amplitude of the exponential background,
A, is a parameter defining the slope of the back-

ground exponential,

2.8
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Ai is the amplitude of the symmetric part of each
Gaussian,
A. = l-for each Gaussian, and
1+1 0

i+7 = X/o where X is the mean energy or channel
number, and

o = FWHM/2.355 for each Gaussian.

Because of the recursive properties of the theoretical
function, it is possible to obtain up to ten Gaussian-fitted
shapes in multiplet form characterizing a '"set." This method
has proven to be successful and allows the analysis of resolved

Gaussians to be more complete.
(2)

which tends to be overly conservative. This technique tends

Currently, GSSLRN uses a peak-searching technique,

to locate false peaks in addition to those which really exist.
The logic coded into GSSLRN, along with the regression analysis
in LEARN,(l) has proven successful in eliminating false peaks.
In addition, the analysis has shown that unresolved photopeaks
can be located and resolved with good statistical determination.
This technique has been applied to high as well as low intensity

spectra.

Input for GSSLRN

Except for the photopeak spectra, the input required for

executing the code can be put on one or two cards.

The major options available are the following:

1. Execution with no plotting

2. Same as (1) except with uncertainties for all data being
printed

3. Execution with computer plots
Execution with CALCOMP plots.

One can expect that the execution time using (3) would be

approximately 3.25 sec per peak on the average. This average

2.9
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includes trying to analyze false peaks referred to earlier.
Presently, an additional 20 sec is required for initial allo-
cation within the computer, making the total processing time

approximately (20 + 3.25 N) sec.

References
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IDEAL GAS FLOW WITH MASS, MOMENTUM, ENERGY, AND ENTROPY
TRANSFER (Battelle-Northwest Program GAS-I-A)
B. H. Duane

Machine Analysis Abstract

Battelle-Northwest Program Gas-I-A constructs analytic
streamtube integrals for the supersonic flow of an ideal gas
mixture through an open-loop or closed-loop succession of
nozzles, oblique-shock diffusers, normal shocks, bypass flows
with pressure-matched re-entries, heat exchangers, burners,
turbines, compressors, shock pumps, and other such elements
simply characterizable in terms of mass, momentum, energy, Or
entropy transfer.

Physics Representation

Mass Imbalance: Vepv = Q1

R

Energy Imbalance: ‘pv(h + v2/2) = Q2

i

Momentum Imbalance: ~(pyv + p) = Qg

Entropy Imbalance: VepVs = Q4

2.10



BNWL-1053

Here p is fluid density, v is flow velocity, T is fluid
temperature, p is fluid pressure, r = p/pT is the gas constant,
<, is specific heat/mass at constant volume, h = (CV + 1r)T 1is
fluid enthalpy/mass, and s = S, - T In p + c, In T is fluid
entropy/mass. The flexible source-sinks Ql’ QZ’ QS’ and Q4
provide for piecewise uniform transfer of mass, energy,

momentum, and entropy, respectively.

These equations are integrated analytically over each
streamtube segment by conversion to surface integrals, to pro-
vide firm numeric reliability for any segmentation mesh size.
Traveling oblique shocks are generated as Galilean velocity

transforms of static normal shocks.

2.11
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ON THE THEORY OF PCTR EXPERIMENTS
D. D. Lanning

The derivation of the theory of PCTR experiments in terms
of the general multigroup formulation has been discussed many
times in the past. Previous work has been done both in two and
three group formulations. Recently, R. E. Heineman suggested
that the use of the standard calculational trick of solving for
an effective v might resolve the general multigroup problem.
The following deviation includes the theory of PCTR experiments
in a general multigroup formulation that leads to the derivation .
in the measured result due to a mismatch between the flux in

the PCTR and the proper equilibrium flux.

Consider the ith group diffusion equation for a multigroup .

formulation:

2 a f _
D705 + 3 i - 843230 "2 525v5% 7O

where
ij =0
and «
8.5 T 1
wij is the fraction of neutrons scattered from group j and .
deposited in group 1.
Wio = -1 is the loss of neutrons from group i by out-
scattering.

X3 ; iihthe fraction of neutrons produced by fissions in the
j group that are deposited by the fission distribu-
tion into the ith group.

v. 1s the neutrons produced per fission induced from jth

group neutrons.

2.12
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The multigroup balance of the group-to-group scattered

neutrons becomes:

252545 =

Ny

The sum over i and j of the multigroup equation becomes:
2 f a
D.v%¢. + Lo av. - 8.2 )0, =0

Z;l 4 i'Zj(xljZJvJ 1527045

or in terms of a matrix element Mij’

4-ZM = s

ij J
_ 0 f ) a
Mij Wi 25t xg32gvy T 95585

f
ZM = z (lez\) - 613 2?)¢J

13133 % i3

Taking the definition of k_ to be

k = Jfotal Production of Neutrons/Sec
"o ~ Total Absorption of Neutrons/Sec

Then,

-ZX zJ AS
o a
Z‘Sijzj%‘

ij

Experience has shown that the criticality condition 1is
best studied by making effective changes in v. This leaves the
proper balance on the group to group transfer and tends to Keep
the proper energy equilibrium distribution. Hence, it is

convenient to write:

PR P

1]

'Zx [ Tvie -

1j J j J J o
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or,
_ kw-l £ ii
2Mi505 = v\ %) 24525 T

where,

<

is the average value of vj

f
2 25%5";

=J_z_zf__

2, 2.5 ¢
J

177

Consider the PCTR type of experiment in which k_ = 1. The
attempt is to match the spectrum on the central cell, and find
the proper cell conditions to make k_ = 1.000. If kZ = 1.000
in the measured result, the prime indicating the PCTR measured
condition, the question to be asked here is: what is the error
due to a mismatch in the neutron spectrum incident upon the
central cell? This question has been answered in both two and
three group formulations, but never in a complete multigroup

formulation.

The measurement in the PCTR consists of simultaneously
determining the matched spectrum incident on the central cell
and the proper central cell constituents such that the change
in the PCTR reactivity is zero when the central cell is removed
leaving a void. The k_ of the void as seen by the PCTR is
unity. With no change in neutron distribution or reactivity
upon re-insertion of the central cell, the k_ of the central

cell material is thus implied to be unity.

From a theoretical point of view, both the equilibrium;
i.e., perfectly matched, condition and the PCTR condition can
be calculated and the error due to a spectral mismatch in the
PCTR is thus evaluated.

2.14
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The proper equilibrium comes from the critical assembly
of the central cell constituents. In this case with k_ equal
to unity, there is no leakage (D V ¢ = 0); hence,

M..6. =0, and k -1 = 0
zj 1] ¢J an ©

Similarly, for the adjoint equation,

2)4

ij J

It is important to note for future reference that in this case:

z¢l lJ —z 1_'] J

In the core of the PCTR the measured quantity is the

change in reactivity between cell-in and cell-out (Apcell),
and the experiment is satisfied when:
bpcerr = 0-

If the reactor is just critical before the central cell is

inserted, it remains critical after the central cell is inserted:

R
Before: . T+ =
z. l_'] J
After: D.v2gzc + SR + M.2)ez7 = 0
) i i = 1] ij775

where Mij is the change in the matrix operator due to the addi-
tion of the central cell and only exists over the volume of the
central cell. Since the experiment consists of assuring that

= 0, then
1=

the flux is simultaneously matched at the time 80 e11
within the experimental uncertainty ¢°° = ¢~ and ¢T =~ = ¢
throughout the reactor, which means that the standard perturba-

tion equation is exact in this case within the experimental

2.15
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-

uncertainty. Multiplying the above equation by ¢i+ , summing
over i, and integrating over the volume of the whole reactor
gives:

- =
Z¢ M5 =0

-

where the volume of the central cell is cancelled out since ¢:
and ¢; are both the flat adjoint and flux values found in the
void before the central cell is inserted.

Recall that the proper cell constituents to make k_ = 1.000
give the matrix element Mij’ while the measurig cell constituents
give the measured matrix elements Mi.. The 1 group error 1in
the measurement is expressed as:

SM.. = M:. - M..
1] ij 1]

Assembling all of the above equations leads to the important
result as follows:

T\ 4 = - O
i% bp Mige7 = 2 1 (Myy v eMy )6l = 0

This gives:

Next, note that:

S ol - 6l) Mo (47 - 0.) = 3 84l M. .64, =

i 1 1 1] J J ij J

) t o, ) + T2 .

123 b5 My 60 123 So; Myjo5 g b3 Migei s

and since §:¢T . =0, and 2. M..¢. = 0 ,

i 1t 1] 3 J

t° F
N s =

then z ¢ ‘1ij¢j z 865 Miij
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with the concluding result that: The error in the matrix SM..
i

can be related to the error in the group fluxes, §¢; (i.e., tﬂe
difference between the PCTR central cell group fluxes ¢, and

the equilibrium system group fluxes ¢i) by the expression:

+7 +
> o) 6M..¢Z = - D 8¢: M..S8o.
ij 1 1)) ij 1 1) 7]

One way to utilize this expression is to use the effective
change in v. Let v~ = v + 6&v;
then, -
- £ .
SM.. = M7, - M.. = 22 (x..95:
ij ~ Tii T ij — Ogy 2
where the group-to-group transfer cross sections and the absorp-
tion cross sections cancel. Substituting for GMij gives:

.[..
i i D 86:M. .84,
ij 113 7]

v, - v _ 8§

- v +- f .
v 123 % Xij 23V

In this case with koo = 1.000 the relation holds:

Sv © © ©

v k - Tk

where §k_ is the error in the measured value.

In summary, these expressions show that the error in the
measured value of k_ due to the mismatch of the neutron spec-
trum, relative to the equilibrium spectrum, is proportional to
the sum of the multigroup products of the mismatch in the flux
and adjoints weighted by the matrix elements

_ 0 a
Mij = vip 2yt xay 2l T 852
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APPENDIX

A test of the general multigroup formulation is provided
by reducing to two-group theory and algebraically rearranging
terms to see if the general equation reproduces the previous

two-group result.

In the simple two-group case,

_ rem a _
Mpp = - (27 +200) xp1 = 0
_ f _
My, =+ v 2, x12 = 1
o rem _
Myp =+ 27 X1 = 0
_ a _
My, = = 2, X9 = 0
M-__l_!-— = - f—z— M21 - - 2
M2 1 M3z 1
Mjq o, f M2 o %
S6TM, . 8¢, + 66 M. 86, * S6.Ms. b, + S M, 8o
C sy _ S0Myg 8y 1My 89y Moy 8¢ Moy 895
v 7 f .
41 v 2293

Since \)Ef;= M,,, the values of M.. in the numerator can

2 12 ij
be divided by M12
substituted for the

anﬁ then the appropriate flux ratios can be
ﬁ%% ratios. By also changing 8¢5 back to

¢£ - 4y, etc., the equation becomes:
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sy (o7 - ¢I)(¢2{¢1)(¢i - #) . (1 - o1)(ez - ¢5)
; T o1 05
. by 41 . 4]
(¢; ) ¢;) _% ;% (¢1 ) d’1) (¢; ; ¢Z) ;% (¢§ ) ¢’2)

On expanding the equation and rearranging terms, the desired

result is obtained:

-

T T
<¢i ¢1) ¥ ¢

S

59 o2 ¥ o %9

¢

-
N
gt

—

¢

This is essentially the same as the previously derived result,(l)

(¢i ¢1> 0] 0]

sk ) ¢§ %2 ¢£’ ¢;

o 1 ¢I
2

That is, the error in k_ is equal to the product of the frac-
tional mismatch in the fast to thermal ratios of the flux and
adjoint. The inversion of the adjoint ratios between the two
results is presumably due to the difference between considering
the change in v (as done in the new derivation), or the change
ijlzgg as was the case in the earlier derivation. This
difference will make very little change in any numerical
evaluation.

1. D. J. Donahue, et al. "Determination of ke from Critical
Experiments with the PCTR," Nucl. Sci. Eng., vol. 4, p. 297.
19568.
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3.0 REACTOR PHYSICS

THEORETICAL CORRELATION OF THE PRTR BATCH CORE EXPERIMENT
M. A. Mannan* and D. L. Prezbindowski

Introduction

A detailed theoretical analysis is being made of the
Batch Core fuel experiments conducted in the Plutonium Recycle
Critical Facility (PRCF)(l) and the Plutonium Recycle Test
Reactor (PRTR).(Z) The purpose of the analysis is to determine
the limitations of certain calculational methods in their appli-
cation to predicting the behavior of the PRTR Batch Core Exper-
iment and more fundamentally in their application to predict-
ing the behavior of plutonium fueled thermal reactor systems.
The calculational methods selected for this analysis are HTH(3)
and HAMMER(4) multigroup cross section codes and the HFN,(S)
rLoG, (4 exTeERMINATOR, (9 20B, (7>8) pErT4, (®) and xinpar(10)
reactor codes. The results of the analysis will provide a
basis for selecting methods appropriate to the calculation of
the PRTR Batch Core Experiments and identify those areas in

which further theoretical development is required.

Calculational methods and results of the analysis of the
PRCF critical experiments were reported earlier.(ll) This
report contains results of a theory-experiment correlation of
the axial and radial flux traverse, the coolant void coeffi-
cient, and the worth of a peripheral fuel element in the PRCF.
It further contains some values of the effective multiplication
factors, keff’ loss of coolant coefficients, boron coefficients,
and the worth of a peripheral element in the critical experi-
ments conducted in the PRTR.

* On assignment to PNL under an International Atomic Energy

Agency Fellowship.
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PRCF Critical Experiments

The gold foil activation traverses in the 13-element PRCF
core with 4.64 wppm 10B in the moderator were calculated using
EXTERMINATOR(R-Z). The experimental and calculated axial and
radial traverses are given in Figures 3.1 and 3.2 respectively.
As shown in both figures, the results of the correlations in
the active core regions are quite good. However, there are
serious discrepancies in the reflector regions. The calculated
values are much higher than the experimental values in the

radial reflector and the bottom reflector region.

There are a number of aspects of the experimental procedure
and the analytical correlation of experimental traverses that
are inconsistent.

1) The moderator level used in the bare axial and radial
irradiation was 2.25 in. higher than used in the just
critical experiment. This increased moderator level com-
pensated the negative worth of the foils and foil holders,
but the calculated activation was obtained using fluxes
from the standard critical experiment calculations. How-
ever, this difference in moderator level does not affect
the activation rates in the radial direction nor in the
bottom reflector region.

2) As shown in Figure 3.3, the radial foil holding tube passes
near a control assembly and a safety rod guide tube. The
absorption due to the safety rod guide tube is relatively
smaller than that of a control rod assembly. The absorp-
tion difference causes an asymmetry in the activation
traverse in the reflector region. The calculated traverse
was obtained by calculating a core without a control rod
assembly and by homogenizing the safety rod guide tube with
the reflector. Furthermore, the usual radial symmetry

condition was assumed in the calculation.
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3) The foil holding tube for the radial traverse was placed
in the middle of the moderator region between fuel ele-
ments (Figure 3.3). In this position, the fluxes seen by
detector foils within the active core region near the
reflector are not too different from the fluxes in the
adjacent reflector, and the experimental traverse shows
little peaking in the reflector. A homogeneous core with
cell-averaged parameters is used in the calculation.
Therefore, fluxes obtained are cell-average fluxes. In the
homogenized core model, there is a discontinuity in the
absorption cross section at the core-reflector interface.
Therefore, the calculated gold activity traverse has a
large peak in the reflector. A simple correction for the
heterogeneity effect was applied to the calculated flux
traverses in the reflector region. The calculated values
are multiplied by the ratio of the average thermal flux
in the cell to the average thermal flux in the moderator
of the cell obtained from THERMOS calculations. As shown
in Figure 3.2, corrections to the activation decreases the
discrepancy between the calculated and experimental tra-
verses in the reflector region, but a substantial dis-
crepancy still remains. The calculated axial traverse in
the bottom reflector shows a peak which is not seen experi-
mentally as was the case with radial reflector. This over-
estimation of calculated thermal fluxes in the reflector
regions undoubtedly contributes to the overestimation of
keff in the 7- and 13-element cores and suggests that the
standard homogenization model is not appropriate for these

small and highly heterogeneous assemblies.

Coolant Void Coefficient

The change in reactivity due to loss of coolant from the
central channel of the 13-element core with 4.64 wppm 10B in
the moderator was calculated using the HAMMER code. The

3.6
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calculated and experimental values are shown in Table 3.1.
Calculated values are higher than experiment and lie outside
the experimental uncertainties. There is a considerably
higher discrepancy when HZO coolant is used.

TABLE 3.1. Reactivity Change Due to Loss of Coolant
from Central Channel in PRCF Experiments

10, . D,0 Coolant H,0 Coolant
B in DZO’ 2 2
wppm Experimental Calculated Experimental Calculated
4.64 -0.65 + 0.1 mk -0.8936 mk -3.8 mk -6.61 mk

PRTR Critical Experiments

The analytical correlation of the PRCF critical experi-
ments yields useful information regarding potential problems
in the analytical correlation of the experiments conducted in
the PRTR. 1In applying the same theoretical methods to the
analysis of the PRCF and the PRTR experiments certain trends
in correlation results are expected. The observation of

these trends helps to identify limitations in the methods.

Effective Multiplication Factor, Kegs

The keff values were calculated for two of the initial
critical experiments conducted in the PRTR. These experi-
ments were the 55-element core with 21.00 wppm 10B in the
moderator and 31-element core with 12.4 wppm 10B in moderator,
which contains 99.4% D,0 and 0.6% H,0. The coolants used in
these experimentiligntained 97% DZO and 3% H,0. The calcu-

lational methods were the same as used in the PRCF analysis
and were performed using the HAMMER, HTH, and 2DB computer
codes. The calculated values of keff are compared with experi-
mental values in Table 3.2. The results obtained using HTH

and 2DB are in good agreement with experiment for the
55-element core. The discrepancy in the HAMMER result 1is

-11 milli-k for the 55-element core. In the PRCF analyses,(ll)
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TABLE 3.2. Comparison of Calculated and Measured Values of

the Effective Multiplication Factor, kefrf for
PRTR Experiments

Calculated keff

Number of 10B Concentra- HAMMER HTH 2DB Experimen-
Elements tion, wppm 4 Groups) (6 Groups) (6 _Groups) _tal Kk ..
55 21.0 0.989 1.002 0.995 1.0
31 12.4 1.016 1.0

keff obtained with HTH, HAMMER, and EXTERMINATOR were higher
than the measured value for the smaller cores (approximately 2%)
but decreased with increasing core size. For the 55-element
PRTR core\keff is closer to the experiment for all cases cor-
roborating the trend. This trend is due to the fact that a
smaller fraction of the core cells lie at the core reflector
interface as the core size increases.

105 addition

The reactivity worth of 10B addition to the moderator of

the 55-element core was calculated with HAMMER. The calculated

and experimental values are compared in Table 3.3. There is

Reactivity Worth of

excellent agreement between the calculated and experimental
results as was the case in the PRCF analyses.(ll)

TABLE 3.3. Reactivity Worth of Boron-10 Additions

10 Coefficient of Reactivity,
Concentration of B milli-k/wppm
in 55-element Core Measured Calculated
20.95 -8.6 -8.52
20.85 -8.6 -8.554

Worth of a Peripheral Fuel Element

The reactivity worth of a peripheral fuel element addition

to the 31-element core with 12.4 wppm 10

B in the moderator and
to the 55-element core with 21.0 wppm 10B in the moderator was
calculated with HAMMER. A fuel cell was homogenized and added

as an annulus to the basic cylindrical core. The calculated
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and the experimental results are shown in Table 3.4. The
calculated values are lower than the experiment and fall within
experimental uncertainty for the 32-element core and outside

the experimental error for the 56-element core.
TABLE 3.4. Worth of a Peripheral Fuel Element

Worth of a Cluster,

Cluster 10p 54 D,0, milli-k

Number wppm Measured Calculated
32 12.4 4.0 3.61
56 21.0 2.0 0.389

Coolant Worth

The reactivity worth of coolant in all the channels (fuel
and reflector) for the 31-element core with 12.4 wppm 10B in
moderator and the 55-element core with 21.0 wppm was calculated
with HAMMER. The worth of coolant in the central channel only
and in the fuel channels only was also calculated for the
55-element core. The calculated and experimental values are
shown in Table 3.5. The calculated values are consistently
much higher than the experimental values. Further investiga-

tions are being made to determine the causes of this discrepancy.

TABLE 3.5. Core Coolant Worth

Reactivity Change, milli-k

Number 10 Calcu-
of Fuel B Concentration Experimental lated
Elements in D,0, wppm Dry D,0 Ak

31 12.4 0.0 (a) 20
(100.40) (85.92)  52.637
SS(b) 19.6 0.0 0.80 6.120
(91.56) (91.10)
55 21.0 - - 9.835
55(P) 21.0 - - 6.039
55(¢) 21.0 0.0 0.02 0.526
(98.40) (96.35)

Number in parentheses are experimental critical heights.

No coolant in fueled channel only, unfueled channels are
filled with D,0.

c. No coolant in the central fuel channel only. ALl other
channels are filled with DgO0.
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COMPARATIVE EXPONENTIAL MEASUREMENTS USING BF
DETECTORS
J. H. Lauby and W. P. Stinson

AND INDIUM

3

In order to test the relaxation length measurement method
in exponential assemblies, recent experiments in the Critical
Approach Facility (CAF) included comparable flux measurements
using indium foils (1/2 in. diameter, 0.007 in. thick) in addi-
tion to the usual measurements made using a BF3 proportional
counter (1/2 in. diameter, 4 in. long). Indium foils were used
in four lattice spacings: one with U02—4 wt% PuO2 fuel rods
and three with Al1-5 wt% Pu fuel rods. The Al-5 wt$% Pu fuel
rods are 1/2 in. diameter and 24 in. long, clad in 0.030 in.
Zircaloy-2. The UO,—4 wt$% Pu0

2 2
and 36 in. long, clad in 0.034 in. Zircaloy-2. The moderator

fuel rods are 1/2 in. diameter

and reflector were HZO'

An indium foil is effectively a point flux detector
while a BF3 proportional counter integrates the flux over the
length of the counter. If the flux is assumed to vary exponen-
tially over the counter length, the ratio of the flux average

(y) to the flux at the center point (yc) is given by;

! =

sinh 2X (for a counter length of 4 inches),

(B

A

NN

where X is the exponential slope.

The expected difference for measurements made with point
and integral detectors would not be a function of position but
only a constant correction dependent on the counter length and

exponential slope.

3.11
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Both BF3 and indium measurements were made in the central
fuel rod position with the fuel rod removed. The aluminum
tube containing the indium foils and 3/8 in. diameter polyethy-
lene spacers was filled with water and polyethylene. The BF3
traverse was made in an air-filled aluminum tube and included
a varying amount of coaxial cable as a function of counter

position.

With the Al1-5 wt% Pu fuel, measurements were made using
indium foils in the 0.85 in., 1.30 in., and 1.05 in. triangu-
lar pitch arrays. In the 1.05 in. lattice, relaxation lengths
were measured as a function of boron concentration in the
moderator for five nearly equal steps between 0 and 285 wppm
natural boron. For the 229 wppm case, relaxation lengths were
measured as a function of radius. The core sizes included
127-, 229-, and 240-rod arrays which contained 46, 83, and 87%
of the critical mass respectively. Only the 127-rod core data
could be analyzed as an exponential measurement. The axial
flux shape in the two larger core loadings was no longer

exponential.

With the U02—4 wt% PuO

made only in the 0.80 in. lattice. These measurements were

2 fuel, indium measurements were

also done as a function of core radius with loadings of
approximately 50, 57, 69, and 81% of the critical mass.

Relaxation lengths were obtained by using program LEARN(l)
to fit the equation

y = A sinh B(C-x),

where y is the source-corrected counting rate, x is the posi-
tion measured relative to the bottom of the fuel, A is a func-
tion of counting rate, B is the slope of an exponential without
end effects, and C is the height above the bottom of the fuel

3.12
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at which the extrapolated flux goes to zero. The positions
measured with both detectors relative to the core for both
types of fuel are shown in Figure 3.4. The relaxation lengths
obtained with both types of detectors are listed in Table 3.6.
About half of the values agree within their errors. For those
that do not agree, the sign of the difference is about equally
divided, implying that no systematic error is present. If the
length of core traversed and the number of points measured with
indium were equal to those measured with the BP3 counter, the
errors also would be more nearly equal in magnitude. The con-
clusions that can be drawn from these measurements are that

the results are not significantly influenced by the method of
measurement. The BF3 detector, by virtue of a higher sensi-
tivity, provides more usable data points to determine the
relaxation lengths and axial extrapolation lengths with greater

precision.

Indium foils were also used to measure the radial flux
distributions in the 0.80 in. lattice with 277 rods of
U02—4 wt% Puo, and in the 1.05 in. lattice with 229 rods of
Al-5 wt% Pu fuel and 229 wppm boron in the moderator. The
indium foils to be irradiated were attached to fuel rods on
a diameter of the core. The data were fitted with a J0 Bessel
function using program LEARN. The radial extrapolation lengths
measured in each core agreed within their errors for irra-
diations made with the source in and with the source out of
the exponential assembly. For the 0.80 in. and 1.05 in.
lattices, the radial extrapolation lengths obtained were
7.4 £+ 0.5 cm and 6.1 £+ 0.2 cm respectively. Three values of
the axial extrapolation length obtained from the hyperbolic
sine fits to the BF; data agreed within their errors for the
0.80 in. lattice measurements. The error-weighted average
value of these three measurements is 4.3 * 2.3 cm, which is
much smaller than the measured radial extrapolation length

(7.4 £ 0.5 cm) obtained from the radial flux measurement.

3.13
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Measured relaxation length are usually used to evaluate
bucklings by equating the material and geometric buckling formu-
las and iterating on A, the extrapolation length, which is
assumed to be equal in the axial and radial directions. If the
measured extrapolation length (Ar), relaxation length (y), and
radius (Re) for the 277 rod loading are substituted into the

52 _ (_2.405 \* (1}
m R+ A Y ’
(S T

a measured buckling value of 8.54 m_2 is obtained. Since the

formula

measured material buckling for a given fuel configuration is
independent of the diameter of the exponential assembly used in
the measurement, substitution of the other three measured values
of relaxation length and related core radii into the buckling
formula yields Ar as a function of the radius of the exponential

assembly. A plot of these results is shown in Figure 3.5. The

7.9
7.7 F
=
(8]
. 7.5 F Inferred Value of (R_. + Ar)
~<
7.3
1 | ! 1
22 24 26 28
Core Radius (R + Xr) - cm

FIGURE 3.5. Variation of Radial Extrapolation Length with Core
Radius for Rods of UOg—4 wt% PuO2 Fuel in Light
Water Arranged in a 0.80 in. Triangular Pitch
Lattice
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calculated points have been fitted by inspection in order to
extrapolate into the range of the critical radius for this
core. Using the same buckling value and the measured value
of the axial extrapolation length, Ka = 4.3 + 2.3, in the

geometric buckling formula

o2 o 2405 N2 a)?
g R, + X H+ Zx ’
C T a

one can solve for (R. + xr). R. can be determined by reading
Ar from the curve in Figure 3.5 at (RC + Ar) and subtracting.
The number of fuel rods at critical obtained by this method is
342. The buckling and number of rods at critical for the

0.80 in. lattice are compatible with results reported pre-
viously for other U02—4 wt? Puo, 1attices.(2)

References

1. B. H. Duane. Maximum Likelihood Nonlinear Correlated
Fields (BNW Program LIKELY), BNWL-390. Pacific
Northwest Laboratory, Richland, Washington, September 1967.

2. W. P. Stinson and J. H. Lauby. '"Approach to Critical
Experiments with UO9—4 wt%h PuOg-Hg0 Lattices," Reactor
Physics Quarterly Report, October, November, December
1968, BNWL-985. Pacific Northwest Laboratory, Richland,
Washington, February 1969.

REACTOR NOISE EXPERIMENTS IN THE PRCF WITH UO
FUEL IN DZQ
J. H. Lauby

2—2 WT% PuO

2

A series of reactor experiments with 19-rod clusters of
UOZ—Z wt% PuO2 fuel in DZO(l) were performed in the Plutonium
Recycle Critical Facility (PRCF) prior to loading that fuel
into the Plutoniu?2§ecycle Test Reactor (PRTR) for the Batch

measure reactor transfer function. The transfer function was

Core Experiments. Reactor noise techniques were used to

measured for three core sizes and associated boron concentra-
tions in the moderator.
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Three BP3 ion chambers (1.4 in. OD by 8 in. long) were
spaced symmetrically at a radius of 33 in. around the axial
midplane of the core. A block diagram of the recording cir-
cuit used is shown in Figure 3.6. Because the ion chambers
were not of the guarded high voltage type, it was necessary
to isolate the high voltage by feeding the signal through a
capacitor-resistor network having the proper time constant.

The signal was amplified and recorded on magnetic tape.

H.V.
ey’ /\/\/ squ]‘y
: 7
3 Ion Chambers 1076
In Parallel
1079%—
Pre-Amplifier Amplifier "-J Tape
Recorder

FIGURE 3.6. Block Diagram of the Instrumentation
Used for Recording Reactor Noise

Analysis of the recorded noise was accomplished using a
10-channel frequency analyzer. Each frequency channel inte-
grates the amplitudes over the length of the recording, and
an analog-to-digital conversion gives numbers proportional
to the sum of amplitudes for each frequency.(s) The recorded
signals were analyzed at four tape speeds (1-7/8, 3-3/4, 7-1/2,
and 15 in./sec), resulting in amplitudes measured at each of
40 frequencies. To obtain data at sufficiently low frequencies

to define the transfer function for the 0.93 wppm case, the
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original data tape was re-recorded to increase all frequencies
by a factor of eight, thus providing amplitudes at 80 frequen-
cies by a factor of eight, thus providing amplitudes at 80

frequencies to define the transfer function.

Each data set was fit with the equation,

| 2 A% wl + Ag
ITF! = A, + —Z% —_ 9 ,
1 2 2
w wo o+ A4

where |TF|2 is the square of the amplitude divided by the fre-
quency, A1 is the white noise background, A2 characterizes the
amplitude of the plateau of the function, /Kg is 2w times the
low frequency break, /KZ is B/% where B is the delayed neutron
fraction and 2 the prompt neutron lifetime, and w is 27 times
the frequency. Program LEARN(4) was used to fit the data. The
values obtained for B/f% are listed in Table 3.7 along with
values calculated using a multienergy group diffusion theory
code, KINPAR.(6) The cause of the systematic discrepancies
between experiment and calculation has not been determined.

TABLE 3.7. Comparison of Measured and Calculated
Values of B/%

Moderator (5)
Core Size Boron Concentration, Measured Calculated
(No. Clusters) wppm 10B B/ 2 B/ %
7 0.93 6.2 + 0.3 4.42
13 4.70 9.8 + 8.71
28 11.23 13.2 £ 0.4 12.38

The change in the ratio B/% is related primarily to the decrease
in the lifetime, &, as the absorption cross section of the core

. . 10 . .
increased, due to increased B concentration in the moderator.
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A THREE DIMENSIONAL DIFFUSION THEORY MODEL OF THE MATERIALS
TESTING REACTOR
C. M. Heeb and R. H. Holeman

In the course of designing a plutonium fueled core for
the MTR, a model was developed for that reactor which must set
some kind of a record for detail. The structural features of
the reflector region of major neutronic importance are described
discretely. This is accomplished in three dimensions with
28 by 18 by 39 mesh points and for two energy groups.

The MTR reflector is made largely of beryllium metal
penetrated vertically by small cooling holes of variable spacing.
This reflector surrounds the twelve major beam tube facilities
which provide neutron egress from the core. Six of the beam
tubes are in the horizontal plane through the core center and
are splayed out at a nominal thirty degrees to each other.
These are designated HB tubes. The other six tubes, seen from
above, are DB or down beam tubes and fall along the same lines
as the HB tubes, but in the vertical direction they interface
the core above the HB tubes and are at an angle with respect
to vertical. Aside from other small irradiation facilities,
the other major structures are the horizontal through tube
facility (HT1), which grazes the core just below the midplane
at the west end, and a cavity on the east side called the D1
piece, which is associated with the spent fuel discharge
system. In attempting to describe this system, the following

approximations were made:

1. Two vertical planes of symmetry exist which bisect the
core in the east-west and north-south directions creating

a quarter core bounded with two reflecting planes.

2. The quarter choosen was the northwest quarter containing
the HT1 facility and the L13 position which will contain a

regulating rod for the plutonium core.
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3. The thermal neutron absorbing portion of the shim rods was
represented in two regions, one a cadmium aluminum compo-
site and the other a central cavity containing water.
Below the absorber portion the two regions were a pure

aluminum structural wall region and a follower fuel region.

4. The circular horizontal beam tube HB1 and HB2 were made
rectangular in cross section to preserve area and volume.
The angular-placed HB1 was represented by three displaced
rectangular parallelohedrons whose center lines tracked the
path of the beam tube.

5. The DB1 and DB2 tubes were handled in a similar volume-

preserving fashion.

6. The proposed regulating rod was represented as a single

rectangular region.

7. Reflector aluminum pieces (A pieces) were represented

discretely.

8. The end fittings and other plumbing above and below the
core was represented by a metal and water smeared homo-
geneous region 40 cm thick. Beyond this, pure water was

assumed.

9. The HT1l, a square duct, is represented as is, including

the aluminum skirt plates interfacing the core.

10. The core is a two zone representation. The power portion
being represented by a smear of the fuel plate meat, the
clad, and the water coolant. The other zone is a smear of
box edges and interstitial water between boxes. All
smearing operations naturally contain thermal flux adjust-

ments to preserve reaction rates over the region.

Most of the approximations are justified by the experience
gained in the analysis of the engineering mock-up critical

experiment in the PRCF.
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The computing details implementing this model are as
follows:

1. The three-dimensional, two-group diffusion theory code
WHIRLAWAY (1) is used as a start.

2. The code was expanded to include 146 region inputs from
a previous limitation of 98. The space points were
decreased to 19,660 from the 20,000 previously allowed.

3. The memory requirement of the present version is 55,268
which leaves only 27 unused locations of the total made
available to the user by the EXEC II software system on
the UNIVAC 1108.

4. The running time is 1.2 min per iteration. The number of
iterations to convergence depends on the degree of over
relaxation used and on the quality and availability of
starting group fluxes. From a flat flux start and an over
relaxation factor of 1.5, between 200 and 300 iterations

can be expected for 0.5 millik eigenvalue convergence.
References
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VARIATION OF knff DUE TO COMPOSITION UNCERTAINTIES
IN CRITICAL ASSEMBLIES
C. M. Heeb

In the analysis of a critical experiment, the question of
how well the composition of the subject assembly need be known
often arises. It is almost equally often dismissed with vague
observations about the same effects in numerator and denominator
cancelling out. In the case of some critical approach experi-
ments performed as part of the Phoenix fuel program,(1) this

persistent question was answered in some detail using a
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variance theorem from elementary statistics. Although the
actual variation of keff was small in this case, the method used
to determine this fact may be of general interest and

applicability.

The experiments consisted of variations on a cylindrical
array of cans filled with moderator and fuel discs. The discs
were polyethylene, pure aluminum and 20% Pu-Al alloy. A large
amount of data was available on the disc wall thickness and the
fuel weight percent. The 95% confidence level on fuel disc
thickness was 2.5%; on weight percent it was 2%. The effect of
these uncertainties was calculated using a linear model for

keff as a function of weight percent and disc thickness:

kepp = Ag * AXy + AX,

>~
I

disc wall thickness

<
1]

2 weight percent Pu.

The values of the three A constants were determined by calcu-
lating keff at various values of X1 and XZ' One-dimensional
diffusion theory in four energy groups was used for the space

calculation. Multigroup cross sections were computed using
HRG (%) ana THERMOS. (3)

The theorem from elementary statistics that the variation
in a linear function is given by the sum of the variation in
the linear arguments times the square of the linear form
coefficient was used next:

2

2
Var [keff] = A Var [Xl] + A2

1 Var [XZ]

The variation in wall thickness was determined by sampling
the mean of 240 discs in five samples chosen at random from the

data population. The weight percent variation was determined
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analogously. The final variation in keff was then given by

Var [k gl = (0.86853 x 10732 « 2,932 x 1072
+ (3.56096 x 10 )% x 2.0238 x 102
= 2.787 x 1077
v Var [koggl = 0.000528

Thus the 95% CL variation in keff due to the variation in the
mean disc thickness and the mean weight percent would be
2.95 x 0.000528 or about *#1.6 millik: Certainly well within
the usual uncertainty expected from critical experiment

analysis.
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SENSITIVITY OF A1-Pu SYSTEMS TO RECENT CHANGES IN HRG
U. P. Jenquin and G. L. Gelhaus

Calculations have been made for various Al-Pu fueled
(1,2) to the
HRG code(s) and data tape. Results are presented for two

systems to determine the effects of recent changes

Phoenix fueled systems [a HFIR(4) region and the MTR fuel used
in the PRCF(S)] and for three lattices of Al-5 wt% Pu rods.(6)

The Phoenix fueled systems contain a high concentration
of plutonium (20 to 40 wt% Pu), and the plutonium contains

about 20% 240Pu. Since the plutonium isotopic concentrations
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are so high, the fraction of absorptions occurring in the non-
thermal energy range is quite high. Therefore, changes in the
HRG code and the HRG data tape affect the results for the
Phoenix fueled systems more than for the lightly loaded rods.
The reactivity effects for the various systems are summarized
in Table 3.8.

TABLE 3.8. Physical Description of the System and Reactivity
Effects of the Changes in HRG

Parameter Description of System
System HFIR MTR Al-Pu Rods

Plate or Rod Pitch, in. 0.10 0.20 0.85 1.05 1.30
Weight % Pu in the Fuel 43 20 5 5 5
3 240py in the Plutonium 23 20 5 5 5
Change to Program or Data Percentage Change in Neutron Multiplication
"Wings" 24OPu Cross

Section Data -8.7 -3.3
Allocation to Multi-Fine

Groups -4.4 -1.0 -0.06 -0.01 0.00
1969 Data Tape c0.7@) .38y 50() g 1o g 79(P)
HZO Upscatter -1.3 -0.9 -0.26 -0.17 -0.12
Intermediate R.I. for

Admix Scatterer +2.6 +1.1 +0.05 +0.02 +0.02

a. Relative to 1967 data
b. Relative to 1965 data

The 1967 HRG cross section data used with the 1967 HRG
code gives a calculated effective neutron multiplication of
1.026 for the just critical MTR fueled loading in the PRCF.
This version of HRG allocates the entire 1 eV resonance to one
fine group. Hence, the wings of the resonance are subject to
the same amount of self-shielding as the peak of the resonance.

For systems containing a large amount of 240Pu, the net result

3.26
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240Pu cross section which is too small.

240

is a spectrum averaged

240 Pu cross

The "wings" Pu method is an allocation of the
section which places a larger portion of the resonance integral
in the adjacent energy groups in HRG. Approximately 10% of

the infinitely dilute resonance integral is placed in the
adjacent groups and allocated in a manner suggested by a GAM-II
calculation. Since the data in these adjacent groups is not
self-shielded using resonance parameters, the calculated spec-
trum average cross section is larger than the value calculated
with the 1967 HRG data. Reactivity calculations using the

240Pu cross section data for the PRCF critical experi-

llwingsﬂ
ment and earlier PCTR-Phoenix experiments are in good agreement
with experimental results.

240

Using the "wings" Pu cross section data for the HFIR

system lowers k_ by 8.7%. The HFIR system is more heavily

240

fueled than the MTR system. Thus, the spectrum average Pu

cross section is probably too large because the cross section

data is not shielded sufficiently.

The first change to the 1969 version of the HRG program(l)

was to allocate the resonance cross sectlon to more than one
fine group. This change is theoretically more sound than using

240Pu cross section data. Relative to the 1967

the '"wings"
program and the 1967 data, this change decreases k_ by 4.4% for
the HFIR fuel and 1.0% for the MTR fuel. The effect is much

240 240P

Pu effect. However, part of the u

less than the "wings"
cross section is allocated to energies below the nonthermal to
thermal cutoff. Thus, part of the resonance cross section is
omitted in the calculation of k_. If all of the resonance
cross section were included in the calculation of k_, it is
estimated that k_ would be 0.7% lower for the MIR system. For
the lightly loaded rod systems, the effect of the allocation

change is either very small or negligible.
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The second HRG change(l) was to update the cross section
data tape with the best cross sections available. Using the
1969 data rather than the 1967 data lowers k_ by less than 1%
for the Phoenix fueled systems. Using the 1969 data rather than

the 1965 data lowers keff by about 1% for the Al-Pu rods.

The third HRG change(l) is to include the upscattering
effects of HZO’ The effect of the change is to decrease k_ by
about 1% for the Phoenix systems and by a few millik for the rod
systems.

The last change to the HRG code(z) is to use the inter-
mediate resonance integral formulation for the admixed scatterers
in the fuel. This change increases k_ 2.6% for the HFIR system
and 1.1% for the MTR system. For the rod systems the effect is
negligible.

The combined effect of the four changes is to decrease k_
by 1.1% for the MTR fuel. Thus, the calculated effective neutron
multiplication for the PRCF critical experiment would be about

1.015, or 1 1/2% higher than the measured value.

Absolute values of the few group parameters showing the
effects of the various changes are listed in Table 3.9 for the
HFIR fuel and Table 3.10 for the MTR fuel.
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TABLE 3.9. Results of HRG Calculations for a HFIR

Plutonium System

1967 Program

1969 Program

"Wings" 1967 1967 1969 H,0 Intermedi-
Pu-240 Data Data Data Upscatter ate R.I.
Group 3 (2.38 to 0.683 eV)
sa’40 927 438 697 732 735 597
L out 0.3487 0.3634 0.3644 0.3638 0.3374 0.3407
I a 0.2357 0.1269 0.1853 0.1932 0.1941 0.1634
vif 0.0549 0.0575 0.0577 0.0576 0.0582 0.0589
¢ 0.0894 0.1060 0.0950 0.0940 0.1005 0.1057
One Group (10 MeV to 0.683 eV)
Excess 240Pu resonance
contribution 1100 1158 1152 1152 1152 914
nf 1.1161 1.2956 1.1995 1.1836 1.1612 1.2138
P 0.4571 0.5240 0.4885 0.4855 0.4727 0.4918
£ out 0.01302 0.01486 0.01389 0.01380 0.01342 0.01394
k 1.398 1.524 1.460 1.450 1.431 1.469

£

TABLE 3.10. Results of HRG

Calculations for the MTR-PRCF

System
1967 Program 1969 Program
"Wings" 1967 1967 1969 H,0 Intermedi-
Pu-240 Data Data Data Upscatter ate R.T.
Group 3 (2.38 to 0.683 eV)
5a?t0 1617 1114 1275 1311 1321 1170
L out 0.4064 0.4100 0.4112 0.4111 0.3820 0.3833
I a 0.09317 0.06761 0.07583 0.07767 0.07837 0.07068
vif 0.01812 0.01831 0.01838 0.01840 0.01868 0.01874
[ 0.1429 0.1492 0.1465 0.1461 0.1578 0.1600
One Group (10 MeV to 0.683 eV)
Excess 240Pu resonance
contribution 1845 1948 1944 1944 1944 1702
nf 0.8525 0.9742 0.9342 0.9201 0.8909 0.9279
P 0.7615 0.7899 0.7813 0.7801 0.7707 0.7803
£ out 0.02182 0.02260 0.02237 0.02233 0.02199 0.02225
k 1.514 1.564 1.549 1.545 1.531 1.547

@

3.29



5.

BNWL-1053

D. D. Lanning and G. J. Busselman. Phoenix Fuel Program
Progress Report, BNWL-635. Battelle-Northwest, Richland,
Washington, November 1967.

J. H. Lauby and W. P. Stinson. "CAF Measurements with
Al-5 wt% Pu Fuel in H90 Moderator," Reactor Physics
Department Technical Activities Quarterly Report, April,
May, June, 1968, BNWL-887. Battelle-Northwest, Richland,
Washington, November 1968.




BNWL-1053

4.0 FAST REACTORS

COMPARISON OF MELT-II WITH FORE II AND NUTIGER
A. E. Waltar and A. Padilla, Jr.

A comparison of MELT-II with two other coupled neutronics
heat transfer digital computer codes, FORE II and NUTIGER, was
carried out to assess its accuracy both under steady-state and
transient conditions. MELT-II is an improved version of
MELT-I. It is intended for estimating gross core behavior
during major fast reactor excursions. However, the region of
investigation of this study was limited to below substantial
fuel melting since FORE II and NUTIGER are fixed-geometry codes
which cannot be used for core meltdown analysis. Moreover, the
modifications to the portions of MELT-II which treat fuel

collapse and sodium voiding have not yet been completed.

The case chosen for comparison was a 1040 liter core
divided into three equal-volume radial channels and seven
equal-volume axial nodes. The three fuel pins representing
their respective radial core regions consisted of a 0.230 in.
(0.584 cm) OD, a clad thickness of 0.014 in. (0.036 cm), and a
fuel pellet OD of 0.195 in. (0.495 cm). Variable fuel thermal
conductivity was used along with the assumption that the con-
ductivity is constant for temperatures greater than 1800 °C.
No sintering, fuel swelling, or central void formation was

assumed to occur for the fuel.

Steady-State Axial Temperature Distribution

The steady-state axial temperature distributions of the
fuel, clad, and coolant are compared in Figure 4.1 for the
hottest (inner) radial channel with the exact solution. The
coolant temperatures calculated by MELT-II, FORE II, and
NUTIGER agree well with the exact solution.
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For this case, the centroid of the coolant nodes in
MELT-II were assumed to be at the axial midpoint. MELT-II
allows the centrcid to be placed anywhere between the inlet and
outlet of the node and for transient problems with low coolant
flow rates the centroid should be placed near the outlet.
However, the MELT-II output provides the coolant temperature
at the outlet of the coolant node regardless of the location
of the centroid. For FORE II the temperature of the coolant
centroid is always taken as the arithmetic average of the inlet
and outlet temperatures, but the coolant temperature, anywhere
between the inlet and the outlet, assuming a linear temperature
gradient, can be outputed. NUTIGER assumes that the centroid
is always located at the outlet of the node.

The clad axial temperature distributions calculated by
MELT-II and FORE II compare very well with the exact solution
which assumes that the clad node should be connected to the
average coolant temperature. Therefore, the NUTIGER clad
temperatures are slightly higher because it assumes that the
clad 1s connected to the coolant temperature at the outlet of

the coolant node.

The fuel in each axial segment was subdivided radially
into seven equally-spaced nodes, and the axial temperature
distribution for the hottest (innermost) node is shown in
Figure 4.1. MELT-II and FORE II agree quite well with the
exact solution, but the NUTIGER temperatures are high due to
the different connection between the clad and coolant. The
effect has been aggravated because the fuel thermal conductivity
decreases with temperature. That is, the slightly higher fuel
temperatures at the outer edge of the fuel pellet results in
slightly lower thermal conductivities which result in higher

temperatures further in, etc.
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Steady-State Radial Temperature Distribution

The steady-state radial temperature distributions at the
axial midpoint of the hottest channel is shown in Figure 4.2.
As already shown in Figure 4.1, the coolant and clad tempera-
tures are identical for MELT-II and FORE II and slightly higher
for NUTIGER because of the connection between the clad and the
coolant. The fuel temperatures for both MELT-II and FORE II
tend to be higher than the exact solution near the outer surface
of the fuel pellet and then lower than the exact solution near
the center. This is characteristic of the nodal approach which
lumps all of the physical properties of the node into the
centroid. Also shown in Figure 4.2 are the fuel temperatures
calculated by a finite-difference analysis. The temperatures
are very close to the exact solution. The finite-difference
analysis will be used later for comparison of transient results
for which there is no exact solution as a basis.

Transient Results

The effect of a 6$/sec reactivity ramp, without scram, on
clad and fuel temperatures is shown in Figure 4.3 for the same
axial level as in Figure 4.2. Although the clad temperatures
for MELT-II and FORE II are initially identical, the slightly
higher fuel temperatures in MELT-II causes its clad temperature
to eventually rise faster than that of FORE II. The transient
fuel temperatures for MELT-II, FORE II and NUTIGER have
essentially the same shape and compare well with the results
from the finite-difference analysis. Therefore, the difference
in the time it takes to reach the melting point of the fuel is
the result only of the different initial steady-state tempera-
tures. For MELT-II, there is a slight (10 °K) rise in tempera-
ture as the fuel passes through melting because a variable

specific heat model is used for the heat of fusion.
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A brief comparison of the UNIVAC 1108 computation time
required by the three codes for the particular transient chosen
is made in Table 4.1. The numbers given, however, are not
completely revealing, since the codes use quite different

methods for time step determination.
TABLE 4.1. Comparison of Running Time
Total Run

Time, sec
No. Time (Including

Code Comments Steps loading)

Finite lifetime (very tight |

MELT- 11 error criteria) 416 82 <*—
Mixed mode (very tight

error criteria) 92 59

FORE I1 5% power change per time step 112 79 <€—

1% power change per time step 468 157
(v4.5 msec time step
NUTIGER (geometry determined) 65 126

2 msec time step 145 240 <€—

NOTE: Arrows index the cases which are plotted

NUTIGER and FORE II both require a geometric check on the
largest permissible time step because they use explicit tempera-
ture calculation schemes. NUTIGER makes no other check and in
order to insure accurate power calculations during super prompt
critical conditions, the user must specify a short time step
which is then held fixed throughout the transient. All
reactivity feedback is one time step behind the power calcula-
tion. FORE II allows a variable time step which can be limited
in size by the fractional power increase per time step. An
extrapolation procedure is used to predict reactivity feedback
effects in the new time step to enable reasonable power calcu-
lations to be made. No check is made, however, to determine
whether the estimated feedback corresponds to that actually

occurring due to the new temperatures.
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MELT-II takes advantage of the exponential nature of the
power variation in determining a variable time step (no geo-
metric constraints are necessary because an implicit scheme is
used for the temperature calculations). The time step is
established once the power computed on the basis of an extrapo-
lated feedback during the new time step agrees with the power
computer with the actual feedback within a specified error
criteria. This procedure allows very rapid feedback effects
(e.g., core collapse or sodium flashing) to be adequately
handled. The method works very well when the net reactivity
is high and the power is changing rapidly, but is rather time
consuming when the chaﬁge in power is slow. To offset this
difficulty, a zero neutron lifetime approximation was developed
to perform the neutronics calculation for relatively slow por-
tions of the transient. For '"'mixed mode'" operation, the code

selects the appropriate neutronics scheme to use.

From Table 4.1, it is noted that MELT-II and FORE II are
comparable in running time, whereas NUTIGER is substantially
longer, primarily because of the fixed time step procedure. The
NUTIGER time step allowable from geometry considerations was
not adequate for the neutronics calculations. Essentially, no
difference in accuracy was detected for the two FORE II runs.
The mixed mode approximation in MELT-II yielded a substantial
savings in computer time over the rigorous method at the expense
of a maximum error of only 12 °K in the peak fuel node and a

2% error in the power.

CRITICAL PARAMETERS FOR Pqu-UO2 SYSTEMS
C. L. Brown, L. C. Davenport, and C. A. Rogers

Studies were continued to establish minimum critical
parameters for various forms of FFTF fuel for use in criticality

safety analyses. Calculations completed are summarized below.

4.8
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Homogeneous Pqu—UOZ—Water Systems

Critical parameters have been calculated for water-
moderated and water-reflected systems of 31 wt% Pqu—U(Nat)Oz,
with no 240Pu and with 10 at.% 240Pu, in the concentration
range of 0.02 to 1.0 g Pu/cm3 and into the undermoderated range
of 1.0 g Pu/cm3 to dry powder at theoretical density. A
complete summary of results is given in Table 4.2. A unique
characteristic of the 31 wt% Pqu-U(Nat)OZ—HZO system was
identified this month. The volume and dimension curves versus
plutonium concentration display a '"triple point'" of criticality,
apparently due to the 238U content. Thus, if a sphere of given
diameter is chosen and the Pu concentration is gradually
increased, criticality will be obtained. With further increase
in concentration, the sphere will become supercritical, but as
the concentration continues to increase the sphere will become
subcritical. It will then remain subcritical through a region
of increased concentration, finally becoming critical, and
supercritical, once again. There are, thus, three concentra-
tions within the sphere at which points the vessel becomes
critical, with these points of criticality being separated by
regions of concentrations in which the vessel is either sub-
critical (safe) or supercritical. This same phenomenon has

been observed in Pu-H,0 systems containing high 240

239

Pu, but is

not seen in the pure Pu-H,0 system. For the latter system,

2
as the concentration is increased, the critical volume continues

to decrease.

Pqu-UO2 Fuel Pins 1in Air

The minimum critical number of 0.250 in. OD, 31 wt$%
Z-U(Nat)O2 fuel pins with 0.016 in. Type 304-SS clad and no

Pu was reported in our January 1969 Progress Report. If

PuO
240

this is geometrically translated on the basis of conserving

the critical mass of PuOZ—U(Nat)O2 for the newer fuel core

4.9
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dimensions of 0.196 in. OD with clad having 0.230 in. OD and

0.200 in. ID, the number of pins for criticality is as follows:

Spacing Between Pins, Number of Pins
in. for Criticality
0.00 1899
0.04 2446
0.15 6742

Pu02-U02 Pins in Water

Critical parameters were calculated for 24.5% PuOZ—U(Nat)O2

fuel pins in water. The pin size and composition are described

below:
Used in
Actual Calculations

Enrichment,
wt% PuOZ-UO2 24.5 £ 0.05 24.5
Pin OD, in. 0.250 0.250
Fuel 0D, in. 0.212 0.213
Clad 0.016-SS 0.016-SS
Density 93 =+ 2 TD 95 TD
240p, . at.s 12 + 1 11
235y, at.s - 0.711

Material bucklings were obtained using the Modified Hammer
Code.(l) This code predicts reasonably accurately the material
bucklings measured for 1.5 wt% PuOZ—UO2 rods, and 6.6 wt$%
Pu0,-UO0, rods. The results of the calculations are given in

2 2
Table 4.3.

Subassemblies in Concrete - Dry and Water-Moderated

Calculations are in progress to determine the thickness of
concrete necessary to reduce keff < 0.95 for a 14 x 14 square

storage array of FFTF driver fuel bundles in concrete. This

4.11
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TABLE 4.8. Calculated Critical Parameters for 24.5 wt%
PuOg-U(Nat)Og Pins in Water (250 im. 0OD; 0.016 in.
SS Clad; 11 at.% 240py)

Critical Critical Critical Critica}
Water to Fuel Mass, Volume, Critical Slab Cylinder Areal Density,
Volume Ratio kg fuel 2 Thickness, in. Diameter, in. kg/ft2
2.51 66.45 24.6 4,23 9.52 26.97
5.97 23.53 16.5 3.68 8.32 12.42
7.37 18.55 15.4 3.63 8.16 10.29
10.53 16.01 18.1 4.08 8.73 8.50
16.18 13.63 22.7 4.63 9.52 6.54
22.93 14.72 34.0 5.69 11.07 5.81
33.62 22.22 74.0 8.03 14.65 5.69
46.26 40.08 181.5 11.60 20.13 6.05

storage area is to be located in the FFTF Fuel Process Demon-
stration Facility, 308 Building. Tentative results indicate
that 11 in. of concrete are needed. Evaluation is now in pro-
gress to determine if the amount of concrete needed will be
reduced by the neutron absorption effect of the steel liner in
each hole.

The fuel was 31 wt% PuOZ—U(Nat)O2 at 90% of theoretical
density, with no 240Pu. The clad is 0.25 in. OD, 0.218 in. 1ID,
Type 304 SS. The pin spacing within the fuel subassemblies was
assumed to be 0.040 in. and the fuel length, 37 in. There were
217 fuel pins in a hexagonal array within a subassembly. The
hexagonal subassemblies were 4.220 in. across flats with no
retainers. The concrete had a 5.00 in. ID hole. The concrete
OD was varied to give a specific multiplication constant. The
cell calculation used fully reflecting boundary conditions to
simulate an infinite array of storage cells. For the two region
calculations, everything inside 5.00 in. OD was homogenized.

For the three region calculations, region one homogenized every-
thing inside the 4.200 in. hexagon; region two was water or void

out to 5.00 in. OD; and region three was concrete.

4.12
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The calculations were performed in cylindrical geometry
using three computer codes, see Table 4.4. The multigroup
diffusion theory code HFN was used with 18 group cross sections
from GAMTEC-II. The multigroup transport theory code DTF also
used 18 group cross sections from GAMTEC-II. The former cross
sections included a correction for linearly anisotropic
scattering, and the latter included linear anisotropy. The
multigroup diffusion theory code 1DX with 26 group isotropic
cross sections was used by L. L. Maas.

TABLE 4.4. Calculated Spacing Versus keéf for Dry and Water
Moderated FFTF Fuel Pin Bundles in a Concrete Storage

Array (Hole size: &6 in.) Center-to-Center Spacing,
Inches
Fuel Pin Bundles + Fuel Pin Bundles +
Water in Concrete Void in Concrete
3 Region 2 Region 3 Region 2 Region
keff— HEN DTF HFN DTF 1DX DTF DTF 1DX
1.00 11.78 11.14 13.66 12.95 14.68 10.90 10.88 12.86
0.95 12.42 14.52 13.81 15.60 11.33 13.38
0.90 13.17 15.61 16.76 11.81 13.95
0.85 14.10 17.18 ~v18.33 12.33 ~14.57
References

1. L. J. Agee. Hammer - A Hanford Version, DUN-4829.
Douglas United Nuclear Corp., Richland, Washington, 1968.

HIGHLIGHTS OF AN NPTF VERTICAL CORE CONCEPT
Q. L. Baird and H. C. F. Ripfel

In compliance with a recent RDT directive, work on NPTF is
being deferred. A brief summary of the NPTF design, which has
been suitably adapted to the vertical FTR, is given in the

following sections.
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Reactor ) -

The vertical core reactor concept features a main support
grid plate on pillars from which a shell is erected to surround
the core and reflector. Axial support for the typical NPTF
driver fuel modules is provided by means of rods extending
upwards from the main grid plate. These rods are individually
removable to free the space underneath the reactor for the
insertion of FTR driver fuel tests as well as NPTR control and
safety modules. Lateral support is on two levels: (1) NPTR
driver fuel modules are socketed in the spacer plates of the
support rods which are restrained by clamps; (2) At the top, 4
triangular spacer bars connect the individual modules. This
scheme should provide for position reproducibility of the order .
of 1 to 2 mils. Otherwise, the modules are separated by gaps
of about 30 mils to provide cooling channels and clearance for
ease of loading. The control and safety rod drive units have
been arranged at the bottom of the reactor to clear the top
loading surface. The NPTF driver fuel modules have straight
hexagonal cans which contain the fuel pins and the interstitial
sodium. The average material density and the fuel configura-
tion approximates that of the FTR. About 25% (55 of the 217) of the y
pins are removable from thin, 8 mil wall, stainless steel exchange
tubes. The control rod drive units feature a double spring .
loaded scram assist. The in-core section of the control rods
is of the sodium follower type. Poison is contained in an
accessible annular space. The tertiary safety rods, non-

scrammable, have full scale fuel followers.

Instruments and Control

NPTR control and safety is based on the measurement of the
neutron flux. Conventional neutron detectors can be used in
view of the favorable neutron to gamma flux ratio. Data

processing and display (not control) is provided by a computer

4.14
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which is envisioned to have a 24 bit word length and a 16 K
memory size. Reduction of preliminary test data, as well as
programmed control of a very small reactivity worth auto-rod,

are additional capabilities of the computer.

RADIATION DAMAGE FLUXES AT THE VESSEL, TUBESHEET, FLOW METER,
AND THERMOCOUPLE LOCATIQONS
E. T. Boulette

In the evaluation of any concept, radiation damage to
structural components and sensing devices imposes strongly
influential design limitations. Since radiation damage is a
function of the neutron fluence, neutron flux distributions

(radially and axially) are of interest in design evaluation.

In Figure 4.4 the total neutron flux distribution through
a typical fuel assembly is illustrated. Four below-core shield-
ing configurations were investigated. In all ﬁpur configura-
tions, all regions were identical except for the Shield
(Zone I) region, whose material composition differed in each
case. The four compositions and the resulting fluences at the

tubesheet are indicated in Table 4.5.

TABLE 4.5. Incident Fluences at the Tubesheet

Shield Composition, vol$% Total Fluence, nvt
A 20% SS - 43% Na - 37% B,C 1.5 x 1020
B 20% SS - 80% Na 4.0 x 1022
C 100% Na 1.0 x 1023
D 57% SS - 43% Na 7.5 x 1021

The above tabulated fluences are based on an assumed ser-
vice 1life of 20 years and an availability factor of 0.75.
From these results one sees that the tubesheet location is
highly dependent upon the shield composition and the tolerable
fluence level at the tubesheet. Fluence limits at the tubesheet

(assuming a tubesheet temperature of 900 °F) are tentatively
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established in the range 5 x 1021 to 2 x 1022 nvt. In
Table 4.6 the tubesheet locations (in feet below the core) are
listed for each shield that would satisfy a total fluence of
2 x 1021 nvt. Also tabulated are upper limits for localized
fluences due to streaming. These upper limits are calculated
by employing flux values at the listed tubesheet positions in
Shield C, corresponding to 100% Na in Shield (Zone I). It
should be emphasized that this technique of calculating
localized fluences due to streaming is highly conservative.

TABLE 4.6. Tubesheet Locations and Localized Streaming
Fluences for Shields, A, B, and D

Tubesheet Location, Streaming Fluence,
Shield ft below the core nvt
A 2.0 4.0 x 1023
B 4.5 1.2 x 1022
D 3.5 6.0 x 1022

Neutron radiation damage criteria are tentatively deter-
mined without consideration of the neutron energy spectrum.
Because of this, shields yielding the same total number fluence

will yield significantly different energy fluences.

In Table 4.7 are listed number and energy fluences at a
fixed position below the core for Shields A, B, and D.
Table 4.8 lists energy fluences and corresponding tubesheet
locations in these same shields for a fixed nvt exposure. The
importance of spectral consideration in defining radiation
damage criteria is clearly indicated.

TABLE 4.7. Total Incident Fluences to Tubesheet
Located 3.4 ft Below Core

Number Fluence, Energy Fluence, Avg. Neutron

Shield nvt MeV/cm2 Energy, MeV
A 7.5 x 1019 1.3 x 10%° 0.17
B 2.0 x 1022 5.8 x 1020 0.029
21 20
D 3.8 x 10 1.4 x 10 0.037
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TABLE 4.8. Tubesheet Locations and Energy Fluences for
2 x 1022 npt Exposure Over a 2.6 X 108 see

Lifetime
Location Below Energy Fluence, Avg. Neutron
Shield Core, ft MeV/cm? Energy, MeV
A 0.9 2.2 x 10%? 1.1
B 3.4 5.8 x 1020 0.029
D 2.0 1.1 x 1022 0.55

Another design criterion of importance is the radiation
damage to sensors, such as flow meters and thermocouples.
Fluences have been calculated at the sensor locations indicated
in Figure 4.4, and are tabulated in Table 4.9. The exposure

time in this case is one year and the availability factor is
0.75. i

TABLE 4.9. Incident Fluences at Sensor Locations

Fluence, nvt Total Fluence,
Sensor gEn Y 0.1 MeV) nvt
Flow Meter 2.5 x 1018 1 x 1020
Thermocouple 5.0 x 1017 5 x 1019
21

To meet a criterion of nvt (En Y 0.1 MeV) = 10 nvt for
one year exposure, the sensors could be located as close as

6 ft from the core center line, if streaming effects are
ignored. Streaming through the fission gas plenum, however, .
will most certainly be of concern at this location. The loca-

tions indicated in Figure 4.4 will more than adequately satisfy

the criterion of nvt (E_ % 0.1 MeV) = 1021,

The radial flux distribution is 1llustrated in Figure 4.5.
The material composition of the shield is, in volume percent,
75% SS and 25% Na. If a 20 year service life and an avail-
ability factor of 0.75 are assumed, the total fluence at the

vessel wall is 5 x 1021 nvt; at the core barrel, it is
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1.3 x 1022 nvt. With steel temperatures of 900 °F, these total

fluence values fall within the currently established tolerable
fluence range.

All results are based on a reactor power level at 400 MW,

ESTIMATED UNCERTAINTY ASSOCIATED WITH DECAY HEAT CALCULATIONS
L. D. 0'Dell

An estimate was made of the uncertainty in decay heat cal-
culations introduced by the uncertainty associated with avail-
able nuclear data. Decay heat calculations are made using the
computer code RIBD, which includes the contribution of each of
450 isotopes or isomeric states. The accuracy of the calcula-
tion is limited by the nuclear data. For this reason, the
nuclear data library was recently updated to include the latest
available information. The calculated decay heat rate associ-
ated with FTR fuel irradiated to goal exposure is shown in
Figure 4.6 together with the estimated uncertainty in the value.
Uncertainty in the fission product yields is based on
Wolfsberg,(l) whereas the half life and decay energy uncertain-
ties are based on Nuclear Data Sheet compilations. If the
uncertainties in the nuclear data are assumed to be standard
error, then the decay heat uncertainty limits represent the

standard error in the calculated value.

References

1. K. Wolfsberg. A Method for Estimating Fractional Yields
from Low- and Medium-Energy Neutron Induced Fission,
LA-3169. Los Alamos Scientific Laboratory, Los Alamos,
New Mexico, January 1965.

GAMMA INTENSITY NEAR CLOSED LOOP PIPES
C. A. Mansius

The sodium that is used as a coolant in FTR closed loop
test facilities will become activated as it is circulated through

the high neutron flux regions within the reactor vessel. Piping
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.carrying the radioactive sodium between the reactor and
shielded test cells can, potentially, pass through regions in
which personnel and/or equipment are to be located. We esti-
mate the induced gamma activity in the test loop coolant to be
about 0.01 Ci/cm3 from 24N
factor of 2 or 3 greater or less depending upon the actual loop

24Na/cms, the gamma intensity at 1 ft in

a. However, the activity could be a

geometry. For 0.01 Ci
air from an 8 in. OD by 1/2 in. thick steel wall, infinitely
long sodium filled pipe will be about 1700 R/hr. Approximately
1 in. of depleted uranium or 3-1/2 in. of iron are required to
reduce the intensity by a factor of ten. The radiation inten-
sity is proportional to the inside pipe area for smaller pipe
sizes and will vary as 1/D, where D is the distance from the
pipe surface in feet. These results can be used together with
proposed criteria to establish piping shield requirements for

specific conceptual arrangements.

An estimate of the 20 year gamma exposure at distances up
to 10 ft from an 8 in. diameter sodium filled pipe was made to
determine the shielding requirements to protect electrical
equipment. The results at distances of 1, 5 and 10 ft for air,
iron, and uranium shields are shown in Table 4.10. Assuming a
useful lifetime of the order of 107 to 108
4 in. of iron or equivalent shielding would be required to

rads, about 2 to

protect electrical equipment located in the vicinity of the
closed loop piping.

TABLE 4.10. 20 Year Gamma Exposure, 8 in. Component Diameter,
0.01 Ci/emd 24Nq

Exposure, R

Distance
from 2 Inch 4 Inch 2 Inch
Component  Air Shield Iron Shield Iron Shield Uranium Shield
1 ft 2.4 x 105 6.0 x 10’ 1.0 x 107 1.4 x 10°
5 ft 2.9 x 107 1.3 x 10/ 3.2 x 10° 3.8 x 10°
10 ft 2.2 x 107 5.9 x 10° 1.4 x 10° 1.7 x 10°
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To perform maintenance work in the vicinity of the closed
loop piping, shield requirements are minimized if the work can
be delayed for several days to permit decay of 24Na. For
example, the radiation intensity from 24Na at the surface of a
3 in. pipe shielded by 3 in. of iron is estimated to be about

10 mR/hr eight days after shutdown.

GAMMA INTENSITY NEAR FTR
C. A. Mansius

The gamma intensity following shut down of the FTR is of
interest for locating neutron sensing elements for use in
monitoring shutdown flux levels and reactivity status of the
reactor. The computer code ISOSHLD was used to estimate the
gamma intensity from the fission products in a right circular
reactor 57.6 cm in radius and 91.4 cm high, with an average
density of 5.055 g/cms. It was assumed the mixed oxide fuel
had been irradiated to goal exposure at a power level of
400 MW. For these calculations it was assumed a sensor would
be located 15 cm from the surface of the core, which corresponds
to the midpoint of the second reflector ring. The first
reflector row would provide a 10 cm thick shield composed of
75 vol% steel and 25 vol% sodium. Consideration was also given
to the effect that could be achieved by use of additional
tungsten shielding. Results are summarized in Table 4.11.

TABLE 4.11. Gamma Intensity in Middle Reflector Ring
as a Function of Decay Time

Gamma Intensity, R/hr

Decay time,

days Base Case 5 cm of Tungsten
0 3.3 x 10° 3.5 x 10%
1 3.8 x 10° 2.6 x 10°
3 3.0 x 10° 2.2 x 10°
10 2.0 x 10° 1.5 x 10°
30 1.0 x 10° 6.2 x 10°
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5.0 CRITICAL MASS PHYSICS

CRITICALITY OF HETEROGENEOUS PLUTONIUM-URANIUM MIXTURES
L. E. Hansen, S. R. Bierman and E. D. Clayton

Critical experiments have been performed on heterogeneous
Pu-U systems with average core compositions typical of the
materials that will be encountered in the processing and
recovery of fast breeder reactor fuels. These heterogeneous
criticality data will provide an interim check on the computa-
tional methods and cross section data being used in survey
calculations on homogeneous PuOZ-UO2 systems, pending the avail-
ability of clean, homogeneous experimental criticality data.

The experimental assemblies examined consisted of alternate
(but not equal thickness) layers of Pqu-polystyrene and

235

depleted uranium (0.222 wt% U). Two PuO2 fuels were used.

One had an H/Pu ratio of 15 and contained 2.2 wt$% 240Pu, and
the other had an H/Pu ratio of 5 with 11.46 wt$% 240P

was not, however, a sufficient amount of either Pqu-polystyrene

u. There

fuel to obtain an unreflected critical assembly when the
depleted uranium layers were included in the system. It was,
therefore, necessary to reflect two sides of the H/Pu = 15
systems (see Figure 5.1), and to use a fixed uranium-free base
of H/Pu = 15 material, with dimensions of 30.9 x 30.9 x 15.4 cmnm,
as a driver for the H/Pu = 5 fuel (see Figure 5.2).

The criticality data for the experimental assemblies
examined are summarized in Table 5.1. Multiplication factors
computed using the GEM-III Monte Carlo code are also given in
Table 5.1 for each experimental assembly involved. The
computed values of keff for the measured critical core configura-
tions are quite good, and in most cases, the deviations from
unity are within the statistical uncertainties of the

calculations.
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Depleted Uraniui

#

rq PuOZ—Polystyrene
;f/':H/Pu =S
2.2 wt% 240Pu

Neg 0690500-3
FIGURE 5.1. Experimental Assembly, H/Pu = 15
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Depleted Uranium

?Puﬂz‘ﬁa}ystyrene
H/Pu = 15

Poﬁystyrene

= 15
240?9

Neg 0691022-3
FIGURE 6.2. Experimental Assembly, H/Pu = 6
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The paucity of experimental data and the need for further
experiments is readily apparent when one notes that, apart from
the experimental data reported herein at H/Pu ratios of 5 and
15, the only other data known to exist for comparable under-
moderated Pu-U systems comes from the UKAEA (a single data
point at an H/Pu ratio of 18.6 and with a Pu/U ratio of 0.335).

PULSED NEUTRON MEASUREMENTS ON ASSEMBLIES OF URANYL NITRATE
R. H. Chow and S. R. Bierman

(1)

mum critical enrichment for hydrogenous uranyl nitrate, k_

In a series of PCTR experiments to determine the mini-
measurements were made at different 235U enrichments and over a
range of H/U ratios in the region of optimum moderation. Fuel
from the last set of k_measurements was saved for use in
developing the pulsed neutron source technique for determining
the effective multiplication factor of in-plant subcritical
multiplying systems. Also, since k_ was measured for this
material, measured values of keff as a function of buckling
resulted in an experimental determination of the neutron

leakage as a function of buckling for this material.

Pulsed neutron measurements were made on assemblies of

235U enriched and 11.2
atomic H/U ratio) having geometrical bucklings of 0.00967 cm
and 0.0137 cm_Z. Group constants from GAMTEC-II(Z) were used

this uranyl nitrate material (2.26 wt$%
2

with the measured decay constants to obtain values of keff from
the following relationship:

-1

K =1 - o [v p, (14 1.2 BZ)]

eff (1 7 Bogg)

The prompt neutron decay constants were obtained from a
five parameter, double exponential least squares fit which per-
mitted a harmonic analysis of the pulsed neutron data to obtain

the fundamental mode decay constant (ao). These values of «o

5.5
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and the respective keff values are tabulated below along with
keff values determined from the measured k_ value of 1.0294 for

this composition uranyl nitrate and the following relationship:

_ 2 5,2+-1
keff = koo (1 + M™ B7)
2
B~, Ogs Percent
cm- 2 sec-1 Based on o Based on km Difference
0.00967 5787 + 15 0.640 = 0.01 0.632 -1.26
0.0137 7433 + 23 0.547 + 0.02 0.539 -1.48

The above measurements are supplementary to others cur-
rently being planned at the Critical Mass Laboratory for
experimentally measuring keff of each of these two systems.
Measured values of keff will permit the evaluation of the

neutron leakage term employed in obtaining the above keff values.

References

1. S. R. Bievrman and G. M. Hess. Minimum Critical 235U

Enrichment of Homogeneous Hydrogenous Uranyl Nitrate,
ORNL-CDC-56. Criticality Data Center Publication, Oak
Ridge National Laboratory, June 1968.

2. L. L. Carter, C. R. Richey and C. E. Hughey. GAMTEC II:
A Code for Generating Consistent Multigroup Constants
Utilized in Diffusion and Transport Theory Calculations,
BNWL-35. Battelle-Northwest, Richland, Washington.

CRITICALITY OF Pu(NO3l4 SOLUTIONS IN SLAB GEOMETRY
R. C. Lloyd, S. R. Bierman, C. A..Rogers, and R. D. Johnson

The critical thicknesses of plutonium-bearing slabs are
needed to provide an improved basis for nuclear safety guidance
and criticality calculations. In the past, criticality data
have been reported for slabs of Pu(NO )4 solutions containing

9 240 (192’3,2)
4.6, 18.4, and 23.2 wt% Pu.

derived from experiments performed with the expandable-slab

(5)

These parameters were

critical assembly which has been described previously.
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During the current reporting period, this assembly has

been used to examine the criticality of Pu(NO solutions

. 240 (O34 .
containing 18.4 wt% Pu. Data were acquired for systems with
a plutonium concentration of 66.5 g/liter in the bare configura-
tion and reflected on both faces with either water or 1 in. of
Lucite. The measured critical dimensions of the 42 in. wide
vessel are listed in Table 5.2 with the results of a preliminary
chemical analysis of the solutions.

TABLE 5.2. Criticality of Pu(N03)g Solution in Slab Geometry
Slab Assembly - 42 in. Width, 18.4 wt% 240py

Critical
Total Slab Critical Critical

Exp. Pu Conc., Acid NOz, Thickness, Volume, Height,
No. Reflector Status g/2 Molarity Sp. Gr. g/ in. 2 in.
491 Unreflected 66.5 2.4 1.18438 218.5 8.90 102.34 16.914
492 Unreflected 7.90 137.25 25.422
492R Unreflected 7.90 138.11 25.578
493 Unreflected 7.90 137.92 25.595
494 Unreflected 7.60 171.09 32.861
495 Unreflected 7.50 189.81 36.911
496 Unreflected 8.90 101.84 16.832
497 Unreflected 8.40 113.22 19.779
498 1 in. Lucite on

2 Sides 8.40 81.39 14.292
499 1 in. Lucite on

2 Sides 7.90 85.21 15.881
500 1 in. Lucite on

2 Sides 7.40 92.05 18.275
501 1 in. Lucite on

2 Sides 6.90 106.14 22.538
502 1 in. Lucite on

2 Sides 6.40 145.72 33.234
503 1 in. Lucite on

2 Sides 6.30 161.54 37.392
504 Full Water 6.30 82.76 19.298
505 Full Water 6.90 72.36 15.447
506 Full Water 7.90 65.71 12.306
507 Full Water 5.90 98.24 24.373
508 Full Water 5.70 113.31 29.048
509 Full Water J % | 5.60 124.75 32.521

y

510 Full Water / \ / 5.50 142.04 37.6060

The results of a preliminary analysis of the data to
obtain the best lateral extrapolation length and buckling for
each system are given in Table 5.3. The extrapolation lengths

were evaluated by minimizing the root-mean-square error in

5.7
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the critical bucklings computed for each set of experiments. .
As a result, the critical buckling varies slightly with the

different reflector materials. This variation is apparently due

to the spatial dependence of the energy spectrum of the neutron

flux within each system. Since this dependence is effective

over most of the core thicknesses and is not the same for each

system, the space- and spectrum-averaged material cross sec-

tions for each system are not identical. Thus, the material

buckling of a given fuel may vary with the configuration of

the critical assembly. This effect is being investigated.

TABLE 5.3. Bucklings and Extrapolation Lengths, 66.5 g/% v
Reflector A, cm Buckling, m_
L J
Water X sides = 6.49 151.4
1 in. Lucite A sides = 5.68 148.4
Unreflected A sides = 4.20 147.8
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