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Reactor physics studies for steam generating
heavy water reactors

By C. G. Campbell, D. Hicks, 1. Johnstone and D. C. Leslie*

THE STEAM GENERATING HEAVY WATER
REACTOR

A 100 MW(c) prototype Steam Generating Heavy
Water (SGHW) reactor is now under construction at
Winfrith. The fuel assemblies are large clusters of low
enrichment UO2 fuel pencils, clad in Zircaloy and
cooled by pressurized boiling light water. Each cluster
is housed in a zirconium pressure tube, surrounded by
a thermally insulating gas gap and an aluminium
calandria tube. Unpressurized heavy water moderator
fills the spaces between the calandria tubes. Moderator
displacement tubes, which may be empty or flooded
with D2 0, provide an adjustment of the degree of
undermoderation which controls the void coefficient.
A typical lattice cell is shown in Fig. 1. Tn addition
to these boiling channels, the prototype will include a
few special channels for investigating nuclear super-
heat. These are of generally similar design to the boil-
ing channels except that the fuel is canned in stainless
steel and this material is also used to line the pressure
tubes.

BRIEF REVIEW OF THE REACTOR PHYSICS
PROBLEMS OF THE SGHW REACTOR

From the reactor physics point of view, special
problems arise in the SGHW since about 30 per cent
of the moderation occurs in the light water coolant.
Calculation schemes must be capable of representing
the two moderators, at different physical tempera-
tures, one of which is in intimate contact with the fuel.

Preliminary experiments on one typical SGHW
lattice in the DIMPLE reactor 11, 2] had shown
the need to develop new methods of calculation for
such lattices and had indicated the need for a more
comprehensive series of tests of the influence of lattice
geometry on various parameters such as power peaking
in the fuel bundle, but with particular emphasis on the
void coefficient of reactivity arising from changes in
the steam content of the coolant. This void coeflicient
influences the dynamic behaviour of the plant, and a
value near zero is required. It is the net result of
physical effects having different algebraic signs; the
main positive contribution comes from the gain in
reactivity from loss of absorbing coolant, whereas the

* United Kingdom Atomic Energy Authority, AEE,
Winfrith.

main compensating negative components arise from
an increase in 2MU resonance absorption and increased
leakage with reduction in coolant density. The varia-
tion of void coefficient with lattice geometry is a second
differential effect, requiring high precision in experi-
mentation and elaboration in methods of lattice
calculation.

The detailed experimental investigation of the neu-
tron balance in typical SGHW lattices, and the
theoretical methods used to account for these measure-
ments are the main topics of this paper.

After a period of operation of SGIW at power the
core will contain a mixture of fuel elements with dif-
ferent fissile and fertile isotopic compositions. Suitable
methods for the synthesis of the over-all reactor
behaviour from the individual lattice properties are
therefore required, backed by check experiments. This
phase of the work is at present in progress.

THE THEORETICAL METHODS TESTED
BY EXPERIMENT

Two distinct theoretical models have been developed
for SGHW reactor calculations. For survey and initial
design purposes, a five neutron group scheme has been
used, which together with burn-up calculations has
been organized into the METHUSELAH code. This
scheme necessarily involved some intuitive features,
and because of the sensitivity of, say, the void coeffi-
cient of reactivity to the details of the physical model,
METHUSELAH was backed by the most exact calcu-
lations feasible at the time, with particular attention
being given to checking the intuitive features of
METHUSELAH. This elaborate scheme of calcula-
tion is known as THULE, and had as its objective
exploration of the validity of METHUSELAH in
selected situations only; therefore no particular effort
was put into reducing the machine time used by
THULE.

The METHUSELAH code
The METHUSELAH code is based on the four

neutron group diffusion theory scheme of calculation
of the Bettis laboratory of Westinghouse, the data for
which is condensed from multi-group MUFT-SOFO-
CATE calculations. A detailed description of the
physics underlying METHUSELAH has been pre-
sented elsewhere [3]. The main developments required
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to apply the four-group scheme to lattices of the
SGHW type were to revise the treatment of resonance
escape in clustered fuel geometry, using a simple
extension of the Bell [4] approximation, and the
replacement of the single thermal neutron group (con-
densed from SOFOCATE) by two overlapping groups
covering the same energy range. The relative intensities
of these two groups vary within a lattice cell and so
represent spatial variations in the thermal neutron
spectrum. The cell geometry is represented approxi-
mately by concentric rings. The leakage is calculated
by volume and flux weighting of the diffusion coeffi-
cients of the individual regions of the cell, with a
correction for the air gap.

METHUSELAH will also perform burn-up calcu-
lations following the isotopic changes in each ring of
fuel pins separately. Fuel management problems are
being studied by both one and two dimensional space
dependent burn-up programmes based on METHU-
SELAH, which has a two neutron group output
option from the cell calculations. Particular emphasis
has been placed on a two-dimensional representation
of the reactor in which each lattice cell is represented
by its individual parameters and followed through
burn-up and fuel shuffling procedures.

The THULE code
The features of METHUSELAH whose validity is

not obvious are:
(a) The use of diffusion theory, particularly at

fast fission energies;
(b) The extension of the Bell approximation for

resonance escape calculations in rod cluster
geometry;

(c) The treatment of thermal events with two
overlapping thermal groups;

(d) The treatment of neutron leakage.
The THULE programme [5] was built round the

existing multi-group Garlson transport theory code,
Winfrith DSN [6], written for cylindrical geometry.
The top two groups coincided in cncrgy with those of
METHUSELAH, but the third group covering the
resolved 228U resonances was cut off at 4 eV (com-
pared with the METHUSELAH value of 0-625 eV).
In the TH U LE scheme 240Pu resonance absorption was
therefore dealt with in the thermal group. Thermal
events were represented by an existing structure of
42 interacting but non over-lapping thermal groups
below 4 eV.

In the original version ofrTRULE, resonance events
were taken from the Monte Carlo code MOCUP [7]
which can deal explicitly with SGHW geometry.
Uncertainties are associated with the statistical varia-
tions in MOCUP. An alternative non-statistical
method, of acceptable accuracy, based on collision
theory and the equivalence theorem, has been de-
veloped and is now incorporated in THULE.

The many thermal group structure of THULE can
accept any model or neutron thermalization. In the
calculations reported here oxygen and all heavieratoms

are represented as free gases. For the hydrogen of the
coolant, the Effective Width Model I [8] has been
used with an allowance for anisotropy. With a value of
3.7 for the parameter q, which specifies the width of the
approximate phonon spectrum distribution selected,
the observed room-temperature total cross section and
diffusion coefficient are closely reproduced. The
corresponding mean energy, of the scattering molecule
(denoted K) is 6.6 kT, which agrees well [9] with the
value deduced from the scattering law measurements
[10]. Later measurements on asymptotic spectra in
H20 systems suggest K = 4.6 kT. A revised Effective
Width Model, having an additional vibrational peak,
is therefore being examined to see whether the addi-
tional parameter makes it possible to reduce the mean
energy without affecting the total cross section. For
D20, the present calculations use a free gas model with
no anisotropycorrection for scattering from deuterium.
The correct diffusion coefficient is given, but the mean
energy is too low. Improvement of this model is in
hand, but is difficult since the calculation of total
cross section must allow for the highly coherent nature
of the scattering in D20.

Leakage is represented in THULE by the most up-
to-date methods of Benoist [1H, 12].

THE EXPERIMENTAL PROGRAMME
The programme of experiments was designed to test

these methods of calculation with particular emphasis
on the dependence of void coefficient on the D20/UO2
volume ratio, on the H,2O/UO2 volume ratio and on
the fucl enrichment. These parameters had been iden-
tified by a METHUSELAH survey as those having
most influence on the void coefficient. The variation of
channel flux peaking with coolant density, and to a
lesser extent with enrichment and channel size, was
also identified for particular study. To provide a
detailed check of the predictions of fast, resonance
and thermal neutron events, it was necessary to make
measurements of the following reaction rates:

(a) The lattice cell distribution of the activation of
bare manganese and of the fission rate of 235U.

(h) The lattice cell variation of the ratio of 211Pu to
235U fission, and of 1'7 Lu to Mn activation to check the
variation of thermal spectrum.

(c) The relative conversion ratio, viz.
(2 3 1'U capturcF'5 U fission)rue.

( l8U captureP/ 5U fissioin)tlermal 1j8.0i01

to check resonance capture in 238U.
(e/) The fast ratio, viz.

2:1U fission/F5 U fission
to check fast neutron predictions.

Measurements or the material buckling of the lat-
tices provided an integral check on the reactivity
deduced from these reaction rate measurements (see
below under buckling measurements) and checked
that the leakage was predicted adequately.

For 235U enriched cores, the void coefficient of
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Table 1. SGHW lattice Investigated In experimental physics programme

pencils Number Aluminium
Lttice ritch Clad. Clad- or ruel Pressurc lubea calandria tube Vol. Vol.
serial (inches) Enrich- ding dinga peacils/ coolant mod.

no. ment od thickness cluster Id od id od UO. UO.
% (inches) (inches) (inches) (inches) (inches) (inches)

SGHW prototype. 10.25f - 0.627 0.026 36 5.14 5.53 6.99 7.25 1.1 6.8

SGHW prototype. 10.25' - 0.627 0.026 36 5.14 5.53 6.99 7.25 1.1 5.3
SGI .. . . . 9.5 ' 1.14 0.378 0.036 90 5.25 5.50 6.24 6.625 1.8 6.9
SG2 .. . . . 9.5' 0.91 0.578 0.036 37 5.25 5.50 6.24 6.625 1.7 6.3
SG3 . .  . . 9.5' 0.91 0.578 0.036 37 4.52 4.776 6.24 6.625 0.9 6.3
SG4 . . 9.5' 0.91 0.578 0.036 37 4.52 4.776 5.520 5.900 0.9 7.3
SG51 . . . . 9.5'. 0.91 0.578 0.036 37 4.52 4.776 5.520 5.900 0.9 6.3
SG64 . . . . 9.5' 0.91 0.578 0.036 37 4.52 4.776 5.520 5.900 0.9 6.3
SGII . . . . 9.5f 1.78 0.378 0.036 90 5.25 5.496 6.240 6.690 1.8 8.8

0.91 0.592 0.020 outer 20 5.25 5A96 6.240 6.690 1.2 6.6
SG12 . . . . 9.5f 1.78 0.592 0.020 Inner 23
SGI3 .... . . 9.5- 1.35 0.451 0.020 71 5.25 5.496 6.240 6.690 1.2 6.3
SG14' . . 9.5- 1.35 0.451 0.020 71 5.25 5.496 6.240 6.690 1.2 6.1

aThe prototype will use Zircaloy; aluminium was used in the
experiments.

b Without moderator displacement tubes.
e With moderator displacement tubes.
d Lattices SG3. 4 and 6 representthrec different methods ormaking

the void coefficient more negative by reducing the vol. mod/vol.

reactivity arises from changes in the density of the
coolant rather than from changes in its physical tern-
peraturc. rt was therefore decided to conduct the
experiments in relatively simple unpressurized assem-
blies operating generally at room temperature, with a
few check measurements with coolant at 90'C. To
conduct such cold experiments it was necessary to
change the effective coolant density in the channels.
A variety of different coolants was therefore used in
each lattice tested. These were selected from (i) air,
(ii) light water, (iii) an H2 0/D20 mixture with the
same value of NOs as H20 of density 0.4 g cm- 3 and
(iv) a polystyrene-bead-H 20 mixture producing a den-
sity of 0.6 g cm-3 with no more than 0.04 g cm-a of
polystyrene [13].

The METHUSELAH survey of possible lattices
was used to select the lattices shown in Table I for
detailed examination. Design parameters for the proto-
type SGHW are given for comparison. Reactivity
considerations showed that it was impracticable to
study this range of lattices in the zero energy critical
reactor DIMPLE, nor did the limited time scale of this
stage of the project allow the use of only one test
assembly. Two sub-critical assemblies, known as
SGHW I and 11, were therefore constructed having
features summarized elsewhere [14, 15].

Measurements on lattices SGI to SG6 of Table I
were conducted subcritically, the buckling and some
of the manganese cell distribution measurements
being performed in SGHW I, and the remaining
detailed cell measurements in the higher flux SGHW 11
assembly. Lattices SGII to SG14 of Table I were
studied in DIMPLE. The availability of a critical
assembly was used to extend the scope of the measure-
ments to include:

(a) A direct check of the effect of moderator

U02 ratio. Single moderator displacement tubes (as in SG6) were
ultimately chosen for the SGtIW prototype design.

' Lattice SG14 is identical with S;13, except for the addition of
displacer tubes in the bulk moderator.

X Square lattice.
'Triangular lattice.

displacement tubes on the void coefficient, by compar-
ing the critical sizes of the radially bare reactor with and
without H20 coolant, both with the displacement
tubes voided and flooded with D2 0.

(b) A study of a few simulated superheat channels
distributed in the central region, and then at the edge
of the core, to observe the effects on local power
peaking and on thermal spectrum.

Brief review of the experimental techniques used and
their accuracy

Attention has been drawn already to the need for
high precision in experimentation for void coefficient
determination. -The void coefficient of reactivity, Ky,
is defined as Sk/MVr where Yr is the void fraction. At
the operating condition of the prototype this reduces
to:

K, = 0.72/k. d(k)/dp

where p is the coolant density.* Stability studies had
shown that the K\v for a large SGHW power reactor
should lie within the approximate range +0.02.
Experiments were therefore designed to determine the
void coefficient of the lattice tested to better than

.40.01. The void coefficient was determined in two
separate ways. The more accurate and informative
way was to make use of the detailed reaction rate
(R.R.) measurements, listed in the previous section,
in the same lattice with different coolant densities to
yield values of kint for the lattice. The variation of this
value of kint, referred to as kmnt (R.R.) with coolant
density then gave the void coefficient. As a check,
buckling measurements were made at different coolant

* Kv may be defined in terms of either kinr or kcer. In ana-
lysing the critical and sub-critical experiments, we have preferred
to work in terms of kinr.

If
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densities; together with a calculation of the leakage,
these measurements yield values of kinds referred to as
kint (L), and thus provide an independent estimate of
void coefficient.

The technique and accuracy of the determination of
kin, (reaction rate) [16]

It is important to note that in testing the theoretical
models by experiment, the quantity to be observed is
calculated for direct comparison. For example, ob-
served lattice cell distributions with manganese are not
corrected for resonance absorption to give '/v activa-
tion rates; instead the theory is used to predict the
total manganese activation. This technique then en-
sures that a consistent theoretical model and nuclear
data are used at all stages of comparison.

The quantity kint (R.R.) is derived by correcting the
THULE calculations so that observable reaction rates
agree with the measured values. Thus the lattice cell
flux distributions with manganese and 235U are used
to correct for errors in the calculated pressure and
calandria tube thermal absorption rates, while the
relative conversion ratio and fast ratio are used to
correct errors in resonance capture and fast fission
in 238U.

It will be recalled that a target was set to measure
K, to better than 4-0.01. The principal observable
quantities contributing to experimental uncertainty in
K,, using the kint (R.R.) concept, are the fluxes in the
pressure and calandria tubes relative to that in the
fuel, the relative conversion ratio and the fast ratio.
Making some allowance for uncertainties in prediction
which were not checked by these experiments, a
contribution of ±0.005 in K, was allowed from
the observable quantities. If equal contributions to
the error in K, are assigned to these quantities, then the
allowable error in K, arising from a pair of measure-
ments of each or these quantities at different coolant
densities is about 40.0025. For values of the two
densities or 0.4 and 1.0 g cm-" an crror in K, of
±0.0025, at a density of 0.4 g cm-:, will arise from a
2 per cent error in the pressure and calandria tube flux
relative to the UO2 flux, or a 0.5 per cent error in the
relative conversion ratio, or a 1.5 per cent error in
the fast ratio. Acceptable accuracies in individual
observable quantities are thus set; these are mainly
limits on random errors, because systematic errors
generally change only the absolute value ofrkinr(R.R.)
and not its dependence on coolant density. The repeat-
ability of the results of the measurements showed that
these accuracies were achieved and brief comments on
the experimental techniques adopted are now presented.

Lattice cell distributions [17]
The accuracy demanded of the lattice cell distribu-

tion in determining K, is clearly greater than the
5 per cent accuracy required for channel power peak-
ing studies. Effort was concentrated upon the pressure
and calandria tube flux levels relative to the U0 2
fluxes although full distributions including moderator

and coolant values were observed. Manganese foils'
were generally used, either sandwiched between fuel
pellets or as sector foils in the coolant or as discs sus-
pcnded in the moderator. Attention was paid to the
azimuthal variation in flux at the pressure tube wall
due to the discrete spacing of the outer row of fuel
pins.

Relative conversion ratio [18]
In these measurements, made in each representative

fuel pin in the cluster, 231U capture is characterized by
239Np activity, and z35U fission is determined from
fission product activity as a by-product of the fast
ratio measurement (see paragraph'below). The 23"Np
production was monitored in every measuring position
using a technique developed by Tunnicliffe [19].
Coincident counts were observed between y- and
X-rays at 104 keV from 0.005 in thick UO2 discs,
ground to dimensional accuracies of ±0.001 in, after
irradiation between pellets of oxide ofsimilaraccuracy.
At every fifth position an additional chemical check'
was used by irradiating a 0.200 in thick pellet and then
separating and P-counting the 23!'Np [20]. The results
from chemical separation were repeatable to I per
cent to 2 per cent, and agreed with the results of coin-
cidence counting. Automatic counting equipment was
designed for this experiment and over I 000 measure-
ments made with it during this 18 month programme.
Random errors or 0.5 per cent were achieved with
systematic errors of about 1.5 per cent.

Fast ratio [21]
Two foils of different but known enrichments sand-

wiched between fuel pellets were used, and the fission
product y-activity counted at a bias level set to reject
bremsstrfihlung from '2'U decay. A significant sys-.
tematic error may arise in calibrating y-activity in
terms of fission rate in 2"'U and '2U. Two methods
have been used. In one, a back-to-back fission cham-
ber, carrying foils of the same two enrichments, is
irradiated; the fission rate is observed during a care-
fully controlled exposure, and the fission product
y-activity of the foils is then measured. In the second
calibration, the yields of the fission product 1'"La
from 238U and 2'3U are assumed, and the intensity of
the '"0La peak adopted as a measure of the fission rate.
An 8 per cent difference was found between the two
techniques which is being investigated further.

Technique and accuracy of the buckling measurements
Both the large exponential assembly, SGiHW [, ard

DIMPLE were used, and radial and axial components
of the buckling determined from BF3 or fission
chamber scans. Typical accuracies were J-0.002 m-2 in
axial and ±0.003 m-2 in radial bucklings measured in
SGHW [ [22], for a lattice with a material buckling
in the range - I to +5 min2. Such errors are small com-
pared with uncertainties in the prediction or migration
area, which may amount to 5 per cent in each direction.
Thus the absolute error in kint (L) may amount to
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about I per cent. [t is reasonable to suppose that a
large part of this error is systematic and that the
uncertainty in the change in kinf between two coolant
densities is much smaller, say about 0.4 per cent,
corresponding to an uncertainty in Kv of 0.005.

Thermal spectrum sensitive reaction rates [23]
The 239Pu to 231U fission ratio was determined from

{- in diameter fission chambers inserted into the D1O
moderator of the lattice-and from foils of Pu/Al and
U/Al sandwiched between the fuel pellets. The "6Lu
to Mn ratio was found by irradiating composite discs
between the pellets and then y-counting the discs.
These measurements were included to check the ability
of the theoretical methods to predict the variation of
thermal spectrum across the cell.

COMPARISONS OF THEORY AND EXPERIMENT
For each lattice tested, the variation with coolant

density of each quantity observed was compared with
METHUSELAH andTHULE predictions. In addition,
the values of kint (R.R.) and kinr (L) were compared
with the METHUSELAH and THULE estimates.
Owing to shortage of space only a selection of the
experimental results is presented. A complete dis-
cussion is given elsewhere 124].

Analysis of the SG 13 cores
Figure 2 shows the variation of the ratio (mean Mn

reaction rate in pressure tube)f(mean Mn reaction in
UO2) with the coolant density p. It will be seen that
THULE reproduces satisfactorily the trend of this
quantity with p. METHUSELAH over-estimates the
variation, giving too little fine structure in the air core
and too much in the H20 core. This effect will cause
METHUSELAH to over-estimate KX in this case.

Figure 3 shows the variation of the relative conver-
sion ratio with p. THULE is in very good agreement
with experiment (the THULE calculation is based on
the new method of determining resonance integrals
described above). METHUSELAH is not as accurate
as THULE.

It will be seen from Fig. 4 that both theoretical
methods reproduce the trend of the fast ratio with
coolant density reasonably well, though both show a
drop with coolant density persisting to high coolant
densities, which is not shown by the experiment.
THULE is in rather better agreement with the experi-
mentally determined absolute level than is METHU-
SELAH, which is rather too high. The discrepancy
between METHUSELAH and experiment cannot be
accounted for by the calibration uncertainties referred
to in the preceding section.

Figures 5 and 6 show the variation of the Lu/Mn
and Pu/U ratios with coolant density (the ratio is
normalized by irradiating the detectors in a thermal
spectrum). THULE reproduces the experimental trend
very well, and is in adequate agreement with the
measured absolute level: this suggests that the scatter-
ing laws used in THULE are quite satisfactory. The
general level of the METHUSELAH predictions is

too low, showing that the Wigner-Wilkins or free
proton model of thermalization is too soft a represen-
tation of H20 and D20. METHUSELAH gives the
trend with coolant density quite well unless the coolant
density is very low (when the two-thermal-group
model becomes unsatisfactory).

Figure 7 shows the variation with coolant density
of the four values of kinr defined above. The METHU-
SELAH kinr is I per cent to 2 per cent higher than the
reaction rate value, and its increase with diminishing
coolant density is too rapid. The general level of the
THULE prediction is more satisfactory but it, too,
shows the wrong variation with coolant density. The
values of Kv calculated by differencing the various
kcnt values bctwecn the mixture and water cores are:

Reaction rate. . . -0.003 ± 0.004
Leakage . . . . -0.003 i 0.005
THULE . . . +0.006
METHUSELAH . +0.011

The discrepancy between THULE and experiment
stems from the flatness or the fast ratio measurements
as the coolant density is increased, compared with the
fall in this ratio predicted by the theories. The existence
of this cffect is confirmed by the value of Kv deduced
from kinr (L).

Results from the SG3. 5 and 6 cores
Figures 8, 9 and 10 show the variation of the four

values of kinr with coolant density in the SG3, 5 and
6 cores. These cores, which are described in Table 1,
are designed primarily to test methods of calculating
the leakage. In them the moderator volume is reduced
by enlarging the gas gap (SG3) or by inserting large
displacer tubes (SG5) or small displacer tubes (SG6)
in the moderator. A number of trends are evident
from these figures:

(a) kint (R.R.) and kint (L) agree to within I per
cent at any given density, and the agreement on varia-
tion with p is considerably better than this, particularly
for p greater than 0.4 g cm-3. In conjunction with the
similar behaviour shown on Fig. 7, this is strong
confirmation of the estimates of accuracy given earlier
in this paper and gives some confidence in the leakage
model.

(b) The absolute level of the METHUSELAH kint
is too high, but the METHUSELAH Ky values are in
good agreement with experiment over the range of
coolant density between 0.4 g cm-3 and 1.0 g cm- 3 .

(c) The absolute values of the THULE kinr are in
good agreement with experiment, but the THU LE Kv
is about 0.010 low over the range of coolant density
0.4 g cm-3 to 1.0 g cm- 3 . This is in marked contrast
to the behaviour found in the SG13 cores, where
THIULE over-estimated Aev. The detailed reaction rate
measurements show that this effect arises from defi-
ciencies in the prediction of the variation of thermal
fine structure with coolant density. It is believed that
this difficulty is connected with the problem of smear-
ing the coolant and the relatively large fuel pins used
in these lattices. Since METHUSELAH and THULE
use the same smearing model, any change in the model
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to improve agreement with experiment will then tend
to spoil the good agreement between METHUSELAH'
and the void coefficients deduced from the experiments.'
The problem is being investigated further.

CONCLUSIONS
The experimental programme has provided data of

sufficient accuracy to test the neutron balance in both
METHUSELAH and THULE calculations, with the
result that both of these methods have been developed
to give an adequately accurate prediction of the initial
void coefficient of reactivity over a range of lattices.
The close agreement between the new theory of
resonance capture now used in THULE and the
detailed relative conversion ratio measurements is
particularly noteworthy. The METHUSELAH code
is rather less accurate than THULE in its predictions
of absolute reactivity and is significantly in error in its
prediction of spectrum at low coolant densities. Never-
theless it is quite adequate for the survey and initial
design purposes for which it was intended. Further
development of theory is required in the methods of
representing clusters of relatively large fuel rods with
light water coolant, whcrc hyperfine structure in the
thermal flux is not well represented by the present
ring-smearing technique. The absolute level of the fast
ratio is uncertain to about 10 per cent, and the predic-
tions of the variation in this quantity with coolant
density require further development. The good agree-
ment between kinr (L) and kint (R.R.) shows that the
methods of calculating leakage incorporated in
THULE are satisfactory.
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A(174 Royaume-Unl

Etudes physiques des r6acteurs g6n~rateurs
de vapeur mod&r~s i I'eau lourde
par C. G. Campbell et al.

Les problemes speciaux de physique des reacteurs
soulevds par l'utilisation d'un melange boulilant eau/
vapeur comme refrig6rant dans un rdacteur a tubes de
force moderd A I'eau lourde sont discutds avec reference
particulifre au r6acteur prototype SGHW maintenant
cn construction a Winfrith. Ce concept de rdacteur a
conduit au d6veloppement du code METHUSELAH
Acinq groupes neutroniques pour dvaluerle fonctionne-
ment du cceur dans des projets et pour les calculs de
physique au schema THULI2, qui utilise le meillcur
modele physique de cellule de reseau actuellement
disponible.

La phase du travail experimental decrite se rapporte

a I'6tude d6taillde du bilan neutronique dans une
gamme de reseaux A eau lourde du type A tubes de
force. Le travail a 6t6 concentr6 sur l'tude du coeffi-
cient cavitaire de r6activit6 et a cxig6 la simulation du
refroidissement A eau legere dans une gamme de
dcnsites dans des ensembles non prcssuris6s. On
d6crit les techniques exp5rimentales pour la caractbri-
sation des &v6nemcnts dans les r6gions d'energie des
neutrons rapides, de resonance et thermiques. La
haute precision demandde A ces techniques est fixde
par le fait que Ic coefficient cavitaire, qui est un effet
diff6rentiel, doit etre mesur6 avec une pr6cision accep-
table. Outre ces mesures d6taill6es de cellules derseaux,
une gamme de mesures du laplacien dans des r6seaux,
avec et sans eau l6grec de refroidissemcnt, a Wt6 utilisde
pour servir de verification du coefficient cavitaire de
reactivit6 et des effets de fuite sur le bilan neutronique.
On decrit l'utilisation de deux ensembles sous-critiques
et du rdacteur critique DIMPLE pour ces etudes.
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Une attention particuli~re a Wt appoitde A la corn-
paraison des r~sultats exp~rimentaux avec les pr~dic-
tions calculdes A I'aide de THULt et de METHU-
SELAH avec: cornmentaires sur la precision de ces
md~thodes de calcul dans des buts d'ttude ddtaill,~e et
d'evaluation d'un rt~acteur.

A/174 CoeAHHeH Hoe 1(oponeec-roo.

kHccileA0oBaH~e 43H3HKH TriumenoBO~HbUX
peaRTOPOB AnnH npO1H3BOAECTBa napa
R. r. Kemnl~enn et al.

B J.o~aijkeUI PaCCHOTPOJIII ClCIi0AHilabibit,11l0 iipJai-
IML (1)313110M pUaITOpoB, Bo3Hh131aonpie n Cnimit c
ICll03lb3o11alicm iainsnigeft 1apo-BoAJqfRh1o cxleci
Ii xal'LCTfJ O 2Nno1011CfTean~ II TlHHCJIO1011011OH pi'-
aicTOPC C Tpy6amli "OA~ AanJnoiniem; ocot~oo 131111-
m ainte YACflCHO) J11OTOT311IIO1MY poatcTOPY
,SGHW, CTPORIAtMYCH 13 YIU4)pIITc. B curaiut c
lpa3pa6oTmofi DTOrl X31H1gengrti peaiRTOpa 110oTpc6U-
Baflocb C03aTf. Cflei~llaiLIIYIO IlRTirpyflhonyio
izporpamniy - xoA METHUSELAH nAA Ctqemo1ii
11a1111lib! Ann ogemlzRi XoaiaKepHiCTnrc a)(THBll1oii
:3oin, neoftogo-ntux u npi11ooR.TH~ponaxnni, ii
cxebty THULE Anii pacileTOB rio 4uza31InC PeaKTo-
ponl, 13 HOTOPOil 11C311OM31b3WILU Miytilile CO11pOMCII-
tiiza (Ditait-jcCiwe wijojitn jqeex pemierIM.

Ho ornucltnaemoii CTI13HHH D1{CHO1C1h013 'IIa3iilliN
Ipa6or AeCTajibo11nO mlyeTCR 6aniatic 11001TpoI)OHn AJJr

Pii~a pCemeTOR 113 Tpyfl A1111B0roJ1H C TrII~teJlOrl BO-
JAoi. Pa6oTa cOCcApoqooena Ila Hay'icnmrl IJYCTOT-
iioro Xo3441u11ou~Ta pca11THBIJocTII; AAR~f CO TIPO-
BeccIrlnn no'rpc6onan0Cb )1!MHT1TpoDTb T01IIJIOUO-
CHrent, - oGLlqlHYlo Bojy Ri A~,analaoic lJUIOTIO-
CTeR1, np~eosuiemLx Awi' C60poK, pa6oTalIluAnX 603
1comI~nercaquilh AaaD1iiiHji. Onncaiia wxnCeplimell-
Talfb1Ilan MOTOA1Hxa AARf xapal(Teplimik 11BJTen1i~i 1
D11cprCT11qlCCXHX 06nlaCTnX 6E.1TTpYJXx, peouaoiwanwux
it TeniCJoB1.ix ~efiTpoH~OB. Bijicoltan TOqIloCTb. 110-

06XOAIwafl n1p1 npOkAelII-lH 11taNepoilrnl 11o rOTi11
hI0TOA11J, Off pCA~CAROTCH TpCGoBaI1ueM, WI1'6I1,

FDOPOnRIXT11JbL:M 344ORCToM, 6hi13 113mopen: C np1)1-
Le1.1J100ii TO0IIIOCTL)O0. B Aor11nircnno110 DTJM AeC-
TaJILIILIM 113MCPCIiIIIJM fixi0e31 pOLCmeRIc tJVIU llpO-
llepn11 IIyCTOTI1oro ]1OW"I11IARf01Ta peawRu~itu)cTit
It 11JI11R11311 YT0OqX~f iia 6anaizc HerITP01H01 GLUM:
itpoBeAcita copnxf ixaMopelitiil Jaarmacitata ni pe-
rlleTI~aX c o6b1'luoi iiogofi B la'IOCTBO TCIIJ1IOIXCI!-
iOJIR x 6e3 130AM. Onicairo TIIMfON1301111I1lO A!A15
.)TIX itamepenurli ABYx rtOAI{PHTJlI'1CCHHx c6opoii Ht
xpHT11m1fCHioro peal(Topa DIMPLE.

Oco6oo Bniltmainlic Y~eneiro cpaBlnouilo zDHCtlepi-
MCIITallblhHMX 03y;1bTL3T0B C n~peACxa3aHHIDMII paC-
11CTOD no irporpamm~aht THULE i METHUSELAH,
nipe~c~axs~ei meToA~ io~tpaaym~euaionuAixcn 1)o111t-
6oiH B T0OPCTH1CCHC14X IIpeACKa3a1H1f11\ IIYTCM Olip0-
AeRCj1THfl aiiateinn 6eCnOlen'inoro KO3q4Jf!gHC1T31
p~aamn~owicimtIIR na OCHona~ifif AeTaJ11b11M~X 13mope-
11111 n'iertjx pemneTHR.

lpOIIO;tlT('JCI 1jL1TaJl11.VO( epamieJCiI i3HC.IICpil-

MWIITaU.1tll.lX l)C3yJIlTUTO1 11 OG
6 J1aCTH p01llCTOIR C

locacJlOisimn nlpejc1.a3namuniMII pactCTOB 110 irpo-
rpasmwaxt THULE i METHUSELAH; npinem OT-

IMe'IaTCH TWI1OCTh MTIIX MfTTOjO1 PaCXICT1I A.1ff

encaIi lT;|.I).ler ocTyllan 1 ocr;

A/174 Reino Unido

Estudios de fistca de reactores aplicados a los
de agua pesada, generadores de vapor
por C. G. Campbell et al.

Se discuten los problemas espcciales de fisica de
reactores quo se derivan del uso de una mezcla hir-
viente de agua y vapor para refrigerar un reactor con
tubos do presi6n moderado por agua pcsada. Sc hace
referencia particular al reactor prototipo SGHW quo
sc esta construycndo en Winfrith. Este tipo de reactor
ha llevado al desarrollo del c6digo METHUSELAH
para 5 grupos de neutrones con el fin de evaluar el
comportamiento del nicleo con fines de diseiio desde
el punto de vista del proyecto y al esquema THULE de
calculo de la fisica del reactor, esquema que utiliza el
mejor modelo fisico de la celda de red de que se dis-
pone en este momento.

La fasc dcl trabajo experimental aqul descrita se
refiere al estudio detallado del balance neutr6nico en
una serie de redes de las del tipo de tubo de presi6n y
agua pesada. El trabajo se ha concentrado en el
estudio del cooficientc do rcactividad do huecos y ha
hecho necesario simular el refrigerante de agua ligera
en un intervalo de densidades, en montajes no some-
tidos a presi6n. Se describen tecnicas experimentales
que sirven para distinguir los sucesos en las regiones do
neutrones rapidos, de resonancia y termicos. Si se pide
a estas tecnicas gran precisi6n es para que el coeficiente
de huecos, que es un efecto diferencial, se mida con
exactitud aceptable. Adem~s do cstas mcdidas detalla-
das acerca de la celda de red, se ha usado una serie
de medidas do laplacianas en redes con y sin agua
ligema como refrigeranto para comprobar el coeficiente
de reactividad do huecos y los efectos de las fugas sobre
el balance neutr6nico. Se describe el uso de dos con-
juntos subcrlticos y del conjunto critico DIMPLE para
estos estudios.

Se ha prestado atenci6ti particular a las compara-
ciones do los resultados experimentales con las
predicciones de THULE y METHUSELAH y se pre-
senta un metodo de inferir errores en las predicciones
te6ricas deducicndo un valor del factor do multiplica-
ci6n infinito a partir de las medidas detaliadas de la
celda de red.

Se dan comparaciones detalladas de los resultados
experimentales obtenidos de la serie de redes, con las
iiltimas predicciones de THULE y METHUSELAH
asi como comentarios acerca de la exactitud de estos
mdtodos de calculo con fines de diseilo detallado y
evaluaci6n de reactores.
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Lattice studies and critical experiments in D2 0
moderated systems

By J. L. Crandall,* W. L. Brooks,** l. Kaplan,*** F. L. Langford, Jr.,****
and L. C. Schmid*****

f

Heavy water reactors play an important role in the
United States atomic energy program. Five Savannah
River production reactors and nine other D2 0 reactors
are built or being built for operation at powers over
one megawatt [1]. Most of these installations are
research and test reactors using the high neutron
fluxes and large irradiation areas achievable with the
heavy water designs. However, also included is the
first US heavy water power reactor, the Carolinas-
Virginia Tube Reactor (CVTR) [2], which went critical
on 30 March 1963. The excellent neutron economy and
low fueling costs associated with the D20 power
reactors have generated many development programs
and design studies [3]. This paper reviews the US
work performed on the physics of these systems since
1958. The major programs considered are the plu-
tonium recycle studies at the Hanford Laboratories,
the natural and slightly enriched uranium lattice
studies at the Massachusetts Institute of Technology,
the conceptual power reactor design studies at the
Savannah River Laboratory and United Nuclear, and
the CVTR studies at the Westinghouse Atomic Power
Division.

LATTICE STUDIES
Buckling and reactivity measurements

Studies at Savannah River in the Process Develop-
ment Pile (PDP), an unreflected D20 critical 495 cm in
diam [41, have provided reference buckling data on
uniform lattices of natural uranium metal and oxide
fuel in D20 [5-101. These data, given in Table 1, are
believed free of systematic error and accurate to
better than ±7 pB.

The PDP has also been used for lattice substitution
measurements in which the effect of substituting I to
19 test fuel assemblies for the reference fuel assemblies
in a uniform critical loading is evaluated in terms of the
change in the critical moderator height. Two tech-
niques have been employed. In one, a single substitu-
tion measurement is made and the results analyzed by
two-group, two-region theory [I1]. In the other,

E. 1. du Pont de Nemours Company, Savannah River
Laboratory.

5* United Nuclear Corporation.
*' Massachusetts Institute of Technology.
* Westinghouse Electric Corporation.
***** General Electric Company, Hanford Laboratories.

successively larger substitutions are made and the
results analyzed by one- or two-group, three-region
perturbation theory (Persson method [12]) or two-
group, three-region diffusion theory 113] to eliminate
boundary effects. As shown by Table 2 [141, the two
methods give good results when the test lattice is
similar to the reference lattice. However, a more
comprehensive study [13] intercomparing the lattices
of Table I showed that the single substitution method
broke down when differences in resonance capture
between the regions were large.

For substitution measurements on irradiated fuel
the Hanford Laboratories built a special critical
facility, the PRCF 1151. It consists of a tank of D20
(or H20) 6 ft in diam and 9 ft high in an underground
cell adjacent to the PRTR storage basin. Although the
PRCF can be used for a variety of critical andexponen-
tial studies, immediate plans arc to compaic single
irradiated and unirradiated fuel assemblies in the
central lattice position shown in Fig. 1. In a typical
study, the rcactivities of three fuel assemblies com-
posed of 19 rods of 1.8 w/o Pu-Al 0.504 inches in
diam [16], which had been irradiated to 30, 56, and
87 MWd in the PRTR [17], were measured in the
PRCF as 67 per cent, 45 per cent and 25 per cent
respectively of the unirradiated element reactivity
worth of 14.4 mk [18, 19]. The reactivity values agree
within -4 per cent (-0.6 mk) at 0 MWd and + 12 per
cent (+0.4 mk) at 87 MWd with those calculated by
three-group diffusion theory [20]. The cross-section
changes for the calculations were computed by
MELEAGER 121].

The critical buckling measurements have been sup-
ported by exponential studies, particularly at MIT
[22] and Savannah River [3,9, 10]. Sample results from
MIT arc given in Table 3 [23-28]. A particular point
has been to verify the validity of the exponential tech-
niques. The MIT effort has concentrated on deter,
mining the criteria for equilibrium conditions [29],
while the Savannah River effort has involved extensive
comparisons or cxponentials and criticals [9, 30]. The
latter studies demonstrated that the radial buckling of
the exponential could vary with the lattice loading by
as mnuch as 60 B in a manner not adequatclyexplained
by theory. Studies at the Hanford Laboratories 131],
MIT [261, and Savannah River [3] also demonstrated
small nonseparabilities of the heterogeneous cell and

,.

I
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Table 1. Studies of one region D20 lattices in the PDP

127

_ )

Sg-- -
A. Clusters of 0.998' natural uranium rods, 0.032' Al clad, 1.5' C-C rod pitch (99.75 mol % D20,

22 °Q [5,6]

Rods Trlang. B2. AD
In latince 828 82s p28 mrod/# ruci i17

cluster pitch (UL) Mn Sub Cd Sub Cd Meas. ROC A 134]

1 . . 7.00 . . 0.053 0.024 0.181 1.815 1.312 648 646
8.08 . . 0.054 0.016 0.132 1.865 1.318 529 534
9.33 . . 0.050 0.012 0.114 1.916 1.315 408 420

11.22 . . 0.048 0.009 0.086 2.016 1.318 230 243
OD - 0.0087 0.075 - - - -

3 . . 7.00 . . 0.063 0.063 0.538 2.154 1.318 759 759
9.33 . - 0.031 0.336 2.302 1.306 711 712

12.12 . . - 0.023 0.212 2A97 1.315 505 S00
14.00 . 0.062 0.021 0.242 2.608 1.315 381 379

co . . 0.021 0.207 - - - -

7 . 9.33 . . - 0.072 0.662 2.689 1.308 602 555
12.12 . . 0.071 0.045 0.457 - 1.311 611 590
14.00 . . 0.067 0.039 0.401 3.229 1.306 516 490
18.52 . . 0.068 0.035 0.347 3.794 1.317 286 274
21.00 - 0.033 0.354 3.902 - 210 197

o - 0.033 0.368 - - - -

7'. . 18.52 . . 0.057 0.024 0.339 3.236 1.313 326 324

19. . 14.00 . . 0.100 0.091 0.949 4.294 1.311 341 156
18.52 . . 0.102 0.062 0.733 5.150 - . 302 194

OD - 0.062 0.712 - - - -

B. Cluslers of 0.500' natural uranium rods, 0.020' Al clad, 0.650' C-C rod pitch (99.59 mol %
D20, 22 'C) [7, 131

Rods Triang. Al Measured B2, 1ft Cain. M.2 DID,
in lattice housing Coolant h

2ns Kinctics Subst.
cluster pitch, in. dim. (in.) B, BS Bm2 ROC A cm2 ' Ep.

19 . . 8.08 . . none D2O 339 263 602 607 270 -

9.33 none D20 352 234 586 587 316 -

9.33 4 x 0.054 D20 213 289 502 494 316 -
9.33 . . 4 x 0.054 Air 213 235 (448)b (457) - 1.06
9.33 . . 5 x 0.056 D20 214 255 469 462 316 -
9.33 . . 5 x 0.056 Air 176 146 (322) (302) 515 1.20

12.12 . . none D20 219 194 412 422 - -

12.12 . . 4 x 0.056 D20 218 145 363 364 - -
12.12 . . x 0.056 Air 215 163 (377) (383) - -
14.00 . . none D20 154 150 304 313 - -

31c. . 9.33 . none D20 208 330 538 541 258 -

9.33 . . 5 x0.056 D20 211 238 449 427 258 -
9.33 . . 5 x 0.056 Air 202 139 (341) (340) 360 1.09

11.10 . . none D2O 244 281 525 - 332 -
12.12 . none D2O 218 278 496 498 - -

12.12 .. Sx0.056 DaO 217 211 428 418 - -
12.12 . . x 0.056 Air 213 215 (428) (422) - -

14.00 . . none D20 223 161 384 389 - -

16.17 . . none D2O 88 194 282 282 - -

484. . 12.12 . . none D2O 215 265 480 466 291 -
12.12 . . 6 x 0.058 D20 217 199 416 383 291 -
12.12 . . 6 x 0.058 Air 207 185 (392) (363) 383 -

14.00 . . none DtO 153 276 429 412 - -

14.00 6 x 0.058 D20 152 222 374 348 - -

14.00 6 x 0.058 Air 148 256 (404) (379) -

a 2' C-C Rod Pitch.
b Bucklings in ( ) are anisotropic.

0.250' x 0.035' Al tubes In six corner rod positions.
d C-C rod spacing 0.656'.
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Table I. Studies of one region D,0 lattices In the PDP (continued)

C. Natural uranium metal tubes (99.59 mol % D20, 22 C) [81

Tube dimensions. in.
Calc

Uranium 6063 Al Triang. Coolant Measured B2, up Rm2' 2
lattice - BSQ Kinetic,

OD ID OD ID pitch (in.) 2 B82  Bm
2  

/A (CMA)

r 9.33 D2O 385 286 671 655 256
9.33 Air 375 195 (570) (529) 357

3.500 2.860 3.890 3.640 12.12 D20 217 341 (5528) (515) -

14.00 D20 171 269 440 420 -
14.00 Air 168 270 (438) (426) -

9.33 D20 375 178 553 531 -{ 9.33 Air 378 212 (590) (543) -
0.998 - 1.090 1.026 J12.12 D20 214 330 544 539 -
2.120 1.760 - - 12.12 Air 213 386 (599) (593) -
3.500 2.860 3.890 3.640 14.00 D10 166 282 448 437 -

14.00 Air 164 341 (505) (500) -

over-all flux distributions which slightly affected the
radial buckling but which could bc calculated by
finite heterogeneous theory [31].

The reactivity measurements placing minimum
requirements on the size of the lattice samples are the
null reactivity techniques originally developed in the
PCTR at Hanford [321. United Nuclear built a special
facility, the PLATR [33], to perform these measure-
ments on heavy water systems; Fig. 2 shows a
schematic view. As listed in Table 4 the PLATR has
been used to study almost 200 lattices of oxide rod
clusters and tubes [34, 35]. Agreement between
PLATR results and SRL buckling measurements
(transformed into ko numbers by the two-group criti-
cal equation) is evidenced by Fig. 3. A joint study of

SAFETY ROD
-(TYPICAL OF 3)I .TEST CELL THIMBLE

FUI TO COOILANTIII
Too ASIM.'s LOOP IT hIf

GRID PLATESU e A A 00 a .

null reactivity methods at the Hanford Laboratories
and MIT [36] has shown that mismatches in the epi-
thermal flux between the buffer and test regions in the
PCTR can lead to erroneous results under the usual
one- or two-group analyses. These errors can be cor-
rected by a threc-group analysis or by a new technique
that separately measures the thermal and epithermal
multiplication factors.

Another technique with minimal lattice sample
requirements is the pulsed-source die-away measure-
ments. This technique is under development.at MIT
[22], North Carolina State College [37], Savannah
River, and the University of Florida. Results from the
Florida program were presented at the IAEA Sympo-
sium on Exponential and Critical Experiments [381.

1.
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Figure 1. Plutonium recycle critical facility Figure 2. Artist's conception of PiLATR
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Table 2. Substitution' measurements oh U02 rod cluster lattices

9.33' Triangular lattice pitch, 99.58 mol % D20, 22.8 eC

6063 Al housing
Rods Rod dimrnensions (in.) Coolant Duckling. {ifl

In spacing
cluster GC (in.) OD Watl Perturbation Two-group Average

19 . . . 0.607 . . 3.080 0.030 11XO 206 207 207
0.607 . . 3.080 0.030 Organic 353 353 353
0.607 . . 3.080 0.030 Air 542 548 545
0.598 . . 2.679' 0.030 Organic 454 460 457
0.598 . . 2.6794 0.030 Air 560 560 560

31 . . . 0.598 . . 4.000 0.050 H 2 0 117 108 113
0.607 . . 4.000 0.050 Organic 289 296 293
0.607 . . 4.000 0.050 Air 491 490 491

37 . . . 0.607 . . 4.350 0.050 HRO 64 75 70
0.607 . 4.350 0.050 Organic 245 258 252
0.607 . . 4.350 0.050 Air 436 433 435
0.607 . 4.746 0.050 Organic 28 33 31
0.650 . . 4.746 0.050 Organic 105 116 111
0.650 . . 4.970 0.162 Organic -90 -70 -80
0.650 . 4.746 0.050 . D20 399 401 400
0.650 . 4.746 0.050 Air 364 365 365

Oxidc rods: 0.500' nat. UOS (10.4 61cmJ) clad in 6063 Al 0.547' OD x 0.020' wall.
Host lattice: 31 rod UO cluster, no housing. on 9.33' pitch (see Table 1).
Organic coolant was 73.5-/ diphenyl oxide 26.5%/ diphenyl.
' Outer dimension across the nats of an he~xgonag housing.

Table 3. Studies of D2 0 lattices in the MIT exponential
(99.75 mol % D20, 22 'Q [23-281

A. Single 1.010' natural uranium rods, 0.028' Al clad

Triangular C R mda
lattice 2 2 aC* - -- B.IA

pitch (in.) .

4.50 . . . . 0.0597 0.0479 0.507 1.017 1.72 848
5.00 . . . . 0.0596 0.0340 0.401 0.948 1.72 865
5.75 . . . . 0.0583 0.0268 0.301 0.859 1.80 815

o .... . 0.0559 0.0086 - - - -

B. Single 0.250' enriched uranium rods (1.03 % S5U), 0.028' Al clad

Triangular. * C moda
l lattice 28 82s p2s C* -- 2. J

pitch (in.) N fbel

1.25 . . . . 0.0259 0.0522 0.842 0.813 1.18 1157
1.75 . . . . 0.0232 0.0303 0.434 0.642 - -
2.50 . . . . 0.0181 0.0184 0.224 0.553 1.21 883

a Neutron density ratio bclow 0.4 cV. Cross sections calc. by THERMOS.

Reactivity calculations
Two main approaches have been used in the US

development of reactivity calculations for DO lattices.-
One approach, exemplified by the ROCLAND A
[34, 39, 40, 41], BSQ [421, NDC [43], and IDIOT [44]
codes, combines four-factor and diffusion parameter
calculations into a two-group treatment. The second
approach, exemplified in the Westinghouse CVTR
calculations [45-54], uses the standard light water
codes with suitable adjustments for the heavy water

lattices. Figure 4 compares the two approaches. In
general the CVTR codes offer better treatment of
neutron energy variations while the ROCLAND type
codes offer the better geometrical treatments. The
calculations and experiments are compared in Tables
1, 4 and 5 and in Fig. 3. The agreement is generally
excellent although enough normalization is implicit in
the calculations to require that any large extensions
to new types of lattices be again tested against
experiments.

I1



130 SESSION 3.2 PJ268 J. L. CRANDALL et al.

Table 4. Representative lattices studied in PLATR [34]

Elements Hexag. D 20 A,
Type of fuel per Housing Coolant lattice purity Comments

cluster tubes pitch (in.) (-) Meas. Calc.

Nat. U rods, 0.5' OD, 19. None D20 7.50 99.18 1.135 1.133 a, b, c. d
0.648', C-C spc. 19. . None D20 8.46 99.16 1.159 1.157 a, b. c d, ef

19 . . . . . None DiO 10.46 99.32 1.186 1.180 b, c., .f
19 . . None D20 13.22 99.26 1.148 1.155
31 . . . . . None DsO 8.46 98.82 1.096 1.094
31 . . . . . None D20 10.46 99.30 1.165 1.162 c, , e, g
31 ..... Nonc D:O 13.22 98.89 1.130 1.129
37 . . . None D20 10.46 99.49 1.144 1.143
37 . . . None D20 11.1 99.14 1.144 1.138 a, cafag, h
37 . .. . . None D20 13.22 99.05 1.138 1.136

Nat. UO2 tubes 2 .... . Yes DzO 7.50 99.38 1.058 1.060 c, i,j, k, I
2 .... . Yes D20 8.46 99.53 1.097 1.100 c. dI, e. J k, I
2 .... . Yes D20 10.46 99.70 1.150 1.152 e if e, IJ., J, m. m
2 .. Yes D20 13.22 99.45 1.130 1.144 c, I.J, k, I

Nat. UC rods, 0.5 OD, 7 .... . Yes Air 7.50 99.75 1.213 1.217 e, n
0.580, C-C spc. 7 .... . Yes Air- 8.46 99.75 1.218 1.224 e, if

19 .... . Yes Air 8A6 99.75 1.172 1.180 e, it
19 .... . Yes Air 10.46 99.75 1.210 1.209 e,f n
19 .... . Yes Air 13.22 99.75 1.205 1.212 e. it
321 ..... Yes Air 10.46 99.75 1.176 1.164 e, o
31 .... . Yes Air 13.22 99.75 1.199 * ,

O Also done with double cylindrical shroud tubes.
b Also done with single hexagonal shroud tubes.
C Also done with air coolant.
d Also done with U2O coolant.
* Also done with organic coolant.
f Variations in center-to-centcr spacing mcasurcd.
I Also done with single cylindrical shroud tube.
h Variations in D20 purity studied.

Detailed parameter measurements and calculations
Experience has shown that a variety of calculational

assumptions can fit the observed reactivity data.
Accordingly it has proven essential to provide measure-
ments and calculations or the detailed lattice para-
meters or their observable equivalents. The Westing-
house studies for the CVTR have been particularly
notable in this respect, comparing parameter measure-
ments made in the LRX critical [451 against many cal-
culational schemes in order to arrive at an optimized
model 1491.

Sin lC tube element also measured.
J Cylindrical shroud tube and central filler tube.
t Void cocfEcicnt measured for individual coolant channels.
ICalculated by a method similar to ROCLAND A.
m 3 and 4 lube elements also measured.
nCluster has single hexagonal shroud tube.
*Cluster has single cylindrical shroud tube.

In fast-fission measurements the observable quan-
tity is 28,, the ratio of U to 235U fissions. It has been
measured in the MIT [231, Savannah River [6, 59, 60,
61], and WAPD [45, 47] programs by comparing the
gamma activities of enriched and depleted foils ex-
posed in the fuel. The primary experimental problem
lies in determining P(l), the ratio of the 23RU and 2s5U
fissions to their respective fission product activilies.
Factors influencing P(t) were measured directly [23,
59, 60]. Also MIT [23, 62] developed an alternative
approach based on counting the 1.6-McV gamma ray
or UOLa several days after the experiment to determine
828 from the known yields of this isotope in the 238U
and 23SU fissions. The three-group formulation
developed by Fleishman and Soodak [40] has given
good results in calculating the fast fission effects, but
(as shown by Table 5) MUFT [52] gives poor results
probably because or the flat flux assumption. Over-all.
accuracy of the o measurements is in the ±3-5 per cent
range.

In the resonance energy region the obscrVabics arc
P2R, the ratio of epithermal to thermal captures in
1t8U and °25. the equivalent ratio for -'sU fissions. For
the heavy water programs, the preferred method of
measuring P28 has been based on cadmium ratio
determinations of the 103 keV activity from 23''Np
[6, 24, 45, 47]. However, Savannah River studics [9]
showed that the direct Cd measurements for p,,, could
contain large errors. An alternative is to delermine the

Figure 3. k 2,, vs lattice pitch ror bare clusters of natural UO, rods
in D,O
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Table 5. 19-rod CVTR fuel clusters In rectangular lattices in D20

Lattice spacing
C-C (inches) Tp 828 825 p2.s CDy B2  lit2

X Y Rod data Sub Cd (j&B) (Co")

6.5 .6.5 0.57 Meas. 0.050 0.055 0.72 0.752 - - -
6a5 6s5 0.60 Was. 0.045 0.0535 0.74 0.747 1.52 770 215

. 6. 06 (Calc. 0.016 0.0625 0.79 0.693 1.56 - -
6.5 6.5 0.65 Meas . 0.044 0.052 0.76 0.764 - - -
6.5 8.0 0.60 eas.- 0.0483 0.67 - 1.57 782 238

6(alcc. . . . . 0.013 0.0495 0.64 0.637 1.62 - 254

8.0 8.0 0 6 Meas. 0.045 0.0356 0.493 0.681 1.63 763 274
*Cale. 0.010 0.0396 0.504 0.595 1.69 - 280

Fuel: U02 pellets (10.2 g/cm2) 0.430' D x 0.860' L cnriched to 1.1 % 3U.
Clad: 6061 Al 0.500r OD, 0.032' wall.
Housing: 6061 Al 4.000' OD, 0.200' wall.
Moderator: 99.27-99.33 mol % D20, 20 'C.
Lattice: See Fig. 5.

subeadmium captures in 233U by reference to cadmium
ratios for a nearly 1/v absorber such as copper. Such
problems are minimal in the measurements of the 2 s5U
fission product activities to determine 8,,. An alterna-
tive to using cadmium ratio measurements at all is to
determine C*, the ratio of total "-9U captures to total
23U fissions. Sample experimental results for Pass 825,
and C* are given in Tables 1, 3 and 5.

Calculations of P28 require a detailed geometrical
treatment. In the ROCLAND code, collision proba-
bility techniques are used with a nine-group energy
formulation centered on the wide resonances of 238U
[41]. In the CVTR methods, auxiliary Monte Carlo
calculations are made with the REPLICA code [46]
to provide the self-shielding factor for MUFT. Both
approaches match the measurements within the rather

large experimental uncertainties, which average ±3-4
per cent excluding systematic errors due to cadmium.
However, the MUFT-REPLICA calculations contain
an implicit assumption that the slowing-down flux is flat
over the lattice cell, and they may be expected to break
down at very wide fuel pitches. Thus Table I shows
P28 values as high as 0.368 for isolated fuel assemblies,
whereas the flat flux assumption would require these
values-to tend towards zero.

All of the D2O lattice programs have included
thermal flux traverses. The observables are the res-
ponses of activating foils or other detectors, preferably
with a variety of spectral characteristics, at different
points in the lattice. It has been the conclusion of most
of the US lattice programs that the best way to use
this data is in comparisons with detailed multigroup

A) CVTR CALCULATIONS

I

B) ROCLAND A CALCULATIONS

Figure 4. Block diagrams of DaO lattice calculations

t
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calculations. The THERMOS code [50], originally de-
veloped at MIT, is especially useful for this purpose.
This code has provided excellent agreement with a
wide variety of D2O lattice traverses [3, 9, 25, 45, 47],
although there is some evidence of systematic discre-
pancies of about 2 per cent in the moderator-to-fuel
flux ratios. In the smaller lattice cells a two-dimen-
sional or a modified THERMOS [63] has been used
to avoid errors associated with cylindricizing the lattice
cell [25, 64]. The preferred scattering kernel for these
calculations is presently the Honeck modification of
the Nelkin kernel [51]. However, MIT studies [64]
comparing THERMOS calculations made with the
Nelkin-Honeck, Brown-St. John, and Wigner-Wilkins
kernels showed maximum variations of less than 3 per
cent in any of the observable quantities.

"7'Lutetium has been widely used as a thermal
spectrum indicator both in comparison with THER-
MOS calculations and for neutron temperature deter-
minations based on the Wcstcott formulism [65].
Detailed comparisons of the relative response of
""lutetium and a l/v detector in a purely Maxwellian
spectrum were made at Hanford Laboratories [66],
over a range of neutron temperatures and correction
techniques [671, they were developed for subtracting
the epithermal response of these foils in actual lattice
measurements. Typical neutron temperature deter-
minations in the CVTR criticals gave moderator

I

values near the physical lattice temperatures but fuel
values some 700 to 80° higher [47].

The thermal neutron distribution measurements arc
ordinarily combined with the appropriate cross sec-
tions and diffusion coefficients to provide values for
the thermal diffusion area. The diffusion parameter
most directly obtainable in the D2O lattice measure1
ments is the over-all migration area, M2. This has
been measured in the critical facilities at Savannah
River [7, 8, 9] and Westinghouse [45, 47] by com-
paring buckling and keft changes through the two-
group critical equation. In Tables I and 5 the actual
measurements were of water height changes versus
periods. Data have been obtained at Hanford Labora-
tories using this technique for irradiated lattices [20,
68, 69]. Calculational codes for evaluating the migra-
tion areas are the same as those discussed earlier for
the bucklings.

Special lattice studies
A particular problem is met in the diffusion measure-

ments and calculations whenever the lattices contain
voids, since in these cases the diffusion coefficients
will be different along and against the direction of the
voids. The simplest method of observing the effects
compares water height versus period measurements
with and without void in the lattice. These measure-
ments give the anisotropic migration area in the
direction in which the water height changes. At
Savannah River the Persson perturbation analysis [12]
was used to determine the changes in diffusion coeffi-
cients resulting from creating voids at various loca-
tions in the test fuel assemblies. Results from both
methods are shown in Table 1 [7, 13]. A study of
voided UO2 tubes by the Pcrsson method 110] has

Measured Power. Pm

CROSS SECTION OF A
FrUL CLUSTrN
(SEE TABLE 5)

Figure 5. Measured power distributions In CVTR critical
experiment compared with PDQ calculations
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given satisfactory agreement with Benoist [58] calcu-
lations for void fractions up to 10 per cent of the cell.

Most of the power reactor lattices are extremely
heterogeneous both in using large and widely spaced
fuel assemblies and in using many different types of
fuel assemblies and other lattice components. Studies
with the CVTR (Fig. 5) and the very heterogeneous
.HWCTR reactor [70] have shown that the PDQ code
can give good results for these lattices although some
normalization is involved in the way the PDQ grid is
chosen. Effort has also been put into the development
of heterogeneous codes as exemplified by HERESY I
[71] and 2 [72], and KERNMAT [73]. These codes
take input data from the lattice parameter codes
already discussed to determine neutron absorption
and production coefficients for each lattice component.
The neutron flux in the lattice is then calculated in
terms of four kernels which give the slowing down and
thermal diffusion distributions from the lattice com-
ponents considered as line sources and sinks.
HERESY I and KERNMAT are essentially three-
group methods allowing for resonance absorption at
a single energy; HERESY 2 permits a multigroup
resonance treatment. Tests at Savannah River have
shown good agreement between these codes and uni-
form lattice bucklings [10]. However, with actual
heterogeneous lattices difficulties are experienced in
defining the cells used to generate the input parameters.
Such calculations are improved [74] by an iteration
technique in which cell sizes determined from the
zero current boundaries in the lattice calculations are
fed back into the parameter calculations.

The effective delayed neutron fraction fi must be
considered a variable in a D20 lattice. In part this is
because these lattices operate with a variety of fission-
able materials and in part because they have varying
escape probabilities for the high energy y's producing
delayed photoneutrons. Measurements of ,8 have
been made in the Savannah River [75] and Westing-
house programs [45, 47] by comparing the kinetic
response of the reactor to known changes in
reactivity. The Westinghouse results indicated a y
escape factor of 0.10 for the CVTR lattice. Escape
factors, of 0.46 and 0.99 were obtained [76] from
analogous experiments on the 19-rod UO2 and Pu-Al
fuel assemblies used in the PRCF and PRTR. The
closely related quantity fl/I, the ratio of the delayed
neutron fraction to the neutron lifetime, was measured
by transfer-function studies in the PRTR and by noise
analysis and step reactivity changes in the PRCF to
be 6.6 + 0.6 see-1 for the PRTR lattice [69, 77].

Most or the lattice measurements discussed have
concerned natural and slightly enriched uranium
systems. Limited work has also been done with other
systems. The Hanford program, designed to investi-
gate burn-up [78, 79] and plutonium recycle systems,
included zero power critical studies of these lattices in
the PRTR [69, 80, 81] plus the development of a
variety of burn-up codes such as RBU [82] and
MELEAGER [21]. Counterpart Westinghouse codes
are CANDLE [83] and TURBO [84]. Investigations

on thorium-235U fueled D2 0 reactors have been
reported from the Argonne National Laboratory [85,
86, 87]. Finally, Savannah River is irradiating thorium
and plutonium to produce some 120 kg of 23 3 U and
3 kg of 241Cm and has reported studies of byproduct
production of 232U in the 233U [88].

OPERATIONAL CHARACTERISTICS OF
DO REACTORS

Means for incorporating the lattice physics informa-
tion discussed above into the design of the fuel lattices
for actual D.O reactors are conveniently provided by
techniques such as Savannah River's FAD code [89].
This code automatically designs tubular fuel assemblies
by iterating BSQ physics calculations against engineer-
ing and economic calculations until an optimum is
achieved under the input parameters of the problem.

The next stage is to add control capabilities to the
lattice. The PRTR uses moderator level control with
automatic sensors to maintain the reactor power
within +0.25 MW at 70 MW output [90]. However,
most US designs of DO power reactors use multiple
control rods. (The PRTR has multiple shim rods.) The
purpose is to provide xenon override capabilities and to
allow for flux shaping in addition to criticality and
shutdown control. Flux shaping is particularly impor-
tant in the large D20 power reactors because these
reactors can develop large flux tilts which lead to
power losses and xenon oscillations [91]. (In a typical
experiment in the PDP a uniform displacement of the
lattice by 0.4 cm in the total 495 cm diam produced a
flux tilt of 7 per cent.). The methods discussed earlier
for reactivity evaluations of the uniform lattices have
proven adequate for determining control rod worths
[9,48, 61, 92]. Further, studies at Savannah River have
shown that even one-group diffusion theory gives
good results in computing the flux shaping produced
by the control rods if the measured lattice cell buck-
lings are used as input. In more advanced calculations
the four-group two-dimensional PDQ code 154] has
matched the complex flux distributions in the HWCTR
to within 3 per cent radially and 5 per cent axially [93].

Interesting physics parameters of the D20 lattices
are encountered in evaluating the operational coeffi-
cients. Such studies have been made both in the con-
ventional zero-power experiments and in the actual
operating D2 0 reactors such as the CVTR, the
HWCTR, and the PRTR. For example the measured
moderator temperature coefficients for the PRTR and
PRCF as determined from period measurements in
the zero-power, zero-irradiation startup lattices were
(-8.8 ± 0.3) x 10-3 Aklk( 0C)-' and (-24.6 1 0.5) x
1O-' dzkfk(QC)- 1. Most of the measurements have in-
volved either moderator heating or uniform lattice
heating. However, the fuel temperature coefficients for
the UO2and Pu-Al nineteen rod fuel assemblies [16] for
the PRTR have been measured in the PCTR as (-2.3
± 0.2) x 10-8(oQ-1 and (-0.7 ± 0.3) x 10-5(°C)-l
respectively [94]. In general both the ROCLAND and
CVTRcalculational techniques have proven adequate to
handle the temperature coefficient calculations [47, 95].
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Tables I and 2 show the bucklings of representative
D2 0 lattices with various fuel coolants. The effects
influencing the measured reactivity changes are quite
involved, but for lattices near the optimum moderator-
to-fuel ratio the reactivity of the lattices with different
coolants is in the order D20, gas, organic, H20. Thus
the effects of void creation by coolant boiling is
usually (but not always) negative for the D.0 coolants
and positive for the organic and H20 coolants. Simi-
larly the coefficient for an inleakage of H20 into the
D20 is negative in all but the most undermoderated
lattices, but the effects of a D2 0 leak into an organic
or H20 coolant would be expected to be positive.
These variations have been studied as important safety
coefficients in the D20 reactors. Thus for the PRTR
a value or -16 x 10-3 dk/k has been measured for
total Joss of coolant from the startup core [81]. The
effects of the introduction of light water into the
moderator have been measured in detail at Savannah
River [3, 6, 30].

Calculations of the void and coolant interchange
effects provide a severe test of the D2O lattice calcula-
tion schemes. The agreement with experiment has been
only fair (Table 1 [34, 47]). Streaming effects have been
handled by the methods of Bchrcns [96] and Benoist
[58]. As evidenced by the earlier anisotropy discus-
sions, these methods are probably reasonably ade-
quate, so the difficulty lies directly in the calculation
of the lattice parameters, in particular p and *q. The
problems of void location have been treated by two-
or three-group perturbation theory at Hanford [69,
971, Savannah River [98], and Westinghouse [45, 47]
with uniformly good results.

The final stage of the physics evaluations of the D2O
reactor lattices has been to determine the over-all
reactor stability. Transfer function measurements have
usually proved unsuccessful in the large D20 reactors
because variations in moderator circulation patterns
usually mask most other effects [99]. A more success-
ful approach has been to combine the measured
physics coefficients and other reactor parameters into
an analytical transfer function. A new IBM 704 code
LASS [100] has just been completed at Savannah
River for comprehensive linearized analyses of D2 0
reactor stability. The effects of xenon oscillations can
be incorporated into this analysis by use of a second
code OX [101].

True accident analysis of the D20 reactors requires
the use of non-linearized equations to follow serious
reactor excursions. An alternative is being explored in
the SPERT 11 [102] experiments which involve shut-
down studies of heavy water reactors of the CP-5
type [103]. Shtitdown mechanisms for initial asymp-
totic periods between 50 and .500 lis correlate with the
formation of steam voids.

CONCLUSIONS
Although much work remains to be done in detailed

reactor design and on determining the parameters for
irradiated lattices and lattices operating on fuel cycles
other than 25U/238U, the studies described in this

report are felt to provide a sufficient basis for the
conceptual physics design of the present generation of
D,0 power reactors in the US.
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Af268 Etats-UnIs d'Am~rIque A Savannah River et aux laboratoires de Westinghouse

Itudes de reseaux et experiences critiques ont fourni une base experimentale solide pour la phy-
sur des ensembles mod&r a l'eau lourde sique des rcacteurs conccrnant les rcseaux uranium -

eau lourde. Les efforts ont porte principalement sur
par J. L. Crandall et al. Ia mesurc des laplaciens de plus de 200 r6scaux dif-

ferents, representant une vaste gamme de types de
Au cours des cinq dernieres ann&s, les experiences reseaux et de formes du combustible. On a 6galement

critiques et exponentielles faites A Brookhaven, A mis au point des methodes d'activation pour mesurer
Hanford, au Massachusetts Institute of Technology, certains parametrcs: rapport du nombre de fissions

I
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neutrons rapides/neutrons lents, capture de neutrons

de rcsonance,taux de conversion, distribution spectrale

des neutrons. Toutefois, les mesures par activation ont

dte appliquees A un plus petit nombre de rcseaux que

les mesures de laplaciens. Les etudes les plus recentes

ont &t6 notamment consacrecs aux problemes poses par

les charges hdtfrogdnes et les eflets anisotropiques.

Les experiences critiques et exponentielles ont ete

completces par des ctudes de substitution, tant du type

classique quo du type h reactivit6 nulle appliqu6 A

Hanford et par United Nuclear. Les mesures de substi-

tution sont particulieremcnt utiles du fait qu'elles

fournissent des valcurs differentielles et qu'elles per-

mettcnt l'ctudc d'un rdseau pour lequel on ne dispose

quo de quelques echantillons de combustible. L'assem-

blage critique de recyclage du plutonium (PRCF) est

une nouveaute interessante parmi los appareils de

mesures do substitution qui permettent d'etudier le

combustible irradi6 A Hanford. La methode des neu-

trons pulses dans les reactcurs A eau lourde servait

d'abord essentiellement A l'6tude de l'eau lourde elle-

meme, mais on l'utilise maintenant aussi pour les

reseaux, en particulier dans les centres universitaires

(Massachusetts Institute of Technology, Universit6

d'Etat de Caroline du Nord et Universite de Floride).

Une installation exp6rimentale unique en son genre

est le reactcur SPERT HI, qui sert aux etudes d'arret

et d'tats transitoires dans tes reseaux A eau lourde.

Bien que la plus grande partic des recherches aux

Etats-Unis aicnt ct6 concentrees jusqu'ici sur les

reseaux a uranium, quelques travaux en cours portent

sur les reseaux A plutonium et A thorium. On etudie les

reseaux plutoniferes pour obtenir des renseignements

sur les effets de la formation de plutonium dans les

rdacteurs A uranium naturel, sur les r6acteurs A

recyclagc du plutonium et sur l'irradiation du plu-

tonium on vue d'obtenir des transuraniens. Les reseaux

A thorium et eau lourde sont 6tudies A la fois pour les

reacteurs surgencrateurs a thorium et pour Ia produc-

tion d'uranium 233.
Avec cette abondance de donn~es exp6rimentales, la

plupart des programmes de calculatrices servent essen-

tiellement A fairedes interpolations. Plusieurs methodes

de calcul electronique ont et6 mises au point pour

l'tude detaillc de certains problemes do physique

des rcacteurs A cau lourde. On peut citer divers pro-

grammes do Monte-Carlo pour l'itude des processus

de ralentissement des neutrons et de capture par

rcsonance, le programme TH[ERMOS, htabli par

Honcck pour l'etude des offets du spectre des neutrons

thermiques, et lc programme HERESY, dlabord par

Klahr pour l'ctude d'effets heterogenes. On a obtenu

dgalement d bons r6sultats en adaptant aux r6acteurs

A eau lourde les methodes de calcul appliquecs pour

les rcacteurs A eau llg1re; c'cst notamment le cas des

programmes CANDLE et PDQ de Westinghouse.

Comme les donnecs conccrnant les r6seaux A eau

lourde se traduisent par la construction d'un nombre

toujours croissant de reacteurs, on a combin6 les

donnees de physique aux donn6es technologiques et

6conomiques pour les calculs des caract6ristiques

techniques et des co6ts; c'est le cas, par exemple, du

programme FAD de Savannah River. Les -aspects

operationnels des reseaux ont egalement une grande

importance pour levaluation des dispositifs de com-

mando, des possibilitEs d'aplatissement du flux et des

coefficients d'cxploitation du r6actcur. On a mis au

point des programme spcciaux, comme OX et LASS,

qui combinent toutes ces donnecs pour permettre des

etudcs de stabilite. La plupart des donnees cxperimen-

tales sur les coefficients d'exploitation proviennent des

experiences A puissance nulle; toutefois, on obtient

maintenant des renseignements importants grAce aux

dives r~acteurs A eau lourde qui sont en service aux

Etats-Unis, notamment les rcacteurs plutonigenes de

Savannah River, le rdacteur experimental des Caro-

lines et de la Virginie (CVTR), lo reacteur d'essais

technologiques A eau lourde (HWCTR), le reacteur

d'essai A recyclage du plutonium (PRTR) ct des

rdacteurs do recherches comme le CP-5 et le MITR.
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HIccneAOBaHefl pewueToK H KpHTHmLec-

Hmne OnblTbl B CHCTeMaX c T-HnenosoA-

HblM 3aMe/qi1HTeneM
AJ. KpaHpan et at.

]1plmTlIICCH110 It u3KCIllHOIkltanbblILlo 
OILLITLI,

JlpoleAeIIlbime 3a iiocejeAllie nH1Tb JICTs B 2xa6opa-

TopsInX n flpy1xcrl1el1C, XaubopAc, Macca'1ycVT-

Cl;OM TOXitonorioeeCwiaOM IItE'.TIITyTC, II Canamina-

PJiBtCiopeii naz opaTOPIIpn B D )a6opaT0p11JIX (JuP-

i12bi 413Csatsray3p aanontnxUlJn OC11WBY A-H 431311CIIt

peaRTopoo )la ypaIno 1 Iit TWiCOJ1A IOA0. B OrMIrTax

rvnanulmm o6paaoM xipcA'ycMaTpnIznnul 1aMCp0entn

nauaacliaiia. Irhio iccve~onainlo C1LlrC ;AyXcoT

peuteToiC pa3wit'ltoro rina it tbOpm TowJlinna. Pa3-

pa6oTallLE ZIKTflIltIIO1ll0SIC MOTOgLl nnst5 1153,0pC-

jum Tamix nX BDoi'iunui, w ax OT1nOu11ioo Ceolounll

Oene~lSS It ISa GLCTPLIX It TCIlUt)BLIX HiCiTpOlIaX, pe-

:uoltaucirtIw 3aXuaT MaIC;TP0 iO , XO34)(PtHIJ1Cn11A

nocnrpOitano)1CTna it clelOrp ueiiTpOnol). JiniitCII-

air iltMOepaInCit C 6011Gn. n 111 1 HOM'IOCTflOM pCIUCTOIR

110 cpantoenio c NOMiXI'OCcTnoM pCIL1OTO11, Ina RoTo-
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B ulocnACA1oo BpeMSi 11CCnojnyo0TCRi o'reporecuruo

aarpya'nt it afluninLo allr T011porin1

gammieSl, II0Jly`CIllIJlC IS pC3YZ2,TaT0' XKp)1T)10-

CHI(II It aRCI110 n1Clt11nlW .LIMl31 orUTo0 , 6105 111 ATOU0J-

11MlJIMI o~ 0611 LMN cTa~llapTil W h~l 1IIcenc1Aonaml(IRuir

*1 -IbMOpCXlUllHM1t Iipn1 IHyMBOnii pcaIXTrIIBOCTI, XKO-

Toplac riponozmnmnc, ttu XnuuqopxO ii B n3a6pa'o-

pIlHX 4)11pr1%U (lOllTTCA. nmojwlcap*. 11pM orpa-

IIWWIS1tIOM MonlII0TnBe o6pa3gou Tortonana Aa w DLI-

nora ",u(epelhsanxon itsl McUncMosBanHisg poene-
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A/268 Estados UnIdos de Amirica

Estudlo de redes y experimentos criticos en
sistemas moderados por D20
por.J. L. Crandall et at.

Durante los iltimos cinco afios las experiencias
criticas y exponenciales realizadas en los laboratorios
de Brookhaven, Hanford, Massachusetts Institute of
Technology, Savannah River, y Westinghouse, han
suministrado una firme base experimental a la fisica
de reactores de uranio - D20. Se ha prestado la mayor
atenci6n a las medidas de laplaciana, iabidndose
estudiado mns de200 redes difercntcs quc abarcan una
amplia gama de tipos de reticulado y formas de com-
bustible. Se han desarrollado tambicn t~cnicas de
activaci6n con el fin de medir magnitudes tales como
las razoncs de fisi6n raipida a termica, captura por
resonancia, razoncs de conversion y distribuciones
espectrales. Sin embargo, el conjunto de redes a las
que se les ha aplicado las Itcnicas de activacifn ha
sido menor quc aquel en que se han realizado medidas
de laplaciana. Los estudios mi;s recientes se rclieren
fundamentalmente a los problemas que plantean los
sistemas heterogeneos y los efectos de anisotropia.

A los datos de los cxperimentos criticos y exponen-
ciales deben aniadirse los estudios de sustituci6n reali-
zados tanto segin el metodo chisico, como segun la
variante de reactividad nula, tal como se ha practicado
en Hanford y United Nuclear. Las medidas de sustitu-
ci6n son particularmente utiles tanto para suministrar
resultados por difercncia, como en el caso de disponer
de una cantidad limitada de combustible a ensayar.
Una nueva e interesante contribucion a las instala-
ciones de sustituci6n es la instalaci6n Plutonium
Recycle Critical Facility (PRCF) que tiene por finali-
dad estudiar combustible irradiado en Hanford. Las
tecnicas de fuente pulsante en sistemas de D2O encon-
traron su principal aplicaci6n en el estudio del propio
D.O, pero ahora se estil aplicando tambien para
estudiar redes, principalmente en los programas del
MIT, y de las universidades del estado de Carolina del
Norte y de Florida. Una instalaci6n experimental
particularmente notable es el reactor SPERT 2, se
esta utilizando en estudios de transitorios y de parada
en redes de D2O.

Aufique hasta la fecha la mayoria de los trabajos
llevados a cabo en los Estados Unidos se han concre-
tado a sistemas dc uranio, actualmcnte se esuin
iniciando algunos trabajos relativos a sistemas de
plutonio y torio. Las redes de plutonio se estudian a
fin de obtener informaci6n sobre los efectos de acumu-
laci6n del plutonio en reactores de uranio natural,
sobre el ciclo del plutonio y sobre irradiaciones de
plutonio para producir elementos transur~inicos. Los
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sistemas de D20 - torio se estudian tanto con vistas a
los reactorcs reproductores de torio, como a la pro-
ducci6n de 233U.

En raz6n a la enorme informaci6n experimental de
que se dispone, la mayoria de los programas de cAlculo
son fundamentalmente formularios destinados a inter-
polar entre puntos experimentales. Otros metodos de
calculo se han disefiado con el fin de examinar detalla-
damentc aspectos especlficos de la fisica dc los reac-
tores de D20. Ejemplos son: los diversos programas de
Monte Carlo, que estudian el proceso de la moderacion
y la captura por resonancia, programa THERMOS,
desarrollado por Honeck para examinar el espectro
termico, y cl programa HERESY, desarrollado por
Klahr para examinar efectos de heterogeneidad. Se
han obtenido buenos resultados por la Westinghouse,
con los programas CANDLE y PDQ, adoptando los
metodos de cAlculo para el agua ligera ablos reactores
de DO. I

A medida que la informacion sobre redes de D20
se ha ido incorporando a los proycctos, los datos

fisicos se han combinado con los tecnicos y econ6micos
en los calculos de disenio y optimizaci6n de costos. Tal
es el caso del programa FAD de Savannah River.
Considerable ha sido tambien la importancia con-
cedida a los aspectos operacionales del disenio de
reactores en la evaluaci6n de los sistemas de control
de las posibles formas del flujo y de los coeficientes
operacionales del reactor. Algunos programas espe-
ciales, como OX y LASS, se han desarrollado con el
fin de combinar estos datos con vistas a los estudios de
estabilidad. La mayor parte de la informacion experi-
mental que cxistc sobre los coeficientes operacionales
provicnc de cxpcrimentos a potencia cero; no obstante,
actualmente se esta obteniendo mucha informaci6n
merced a los diferentes reactores de D20 que
funcionan en los Estados Unidos, como los reac-
tores de producci6n de Savannah River, el Carolinas
Virginia Test Reactor, cl Heavy Water Compon-
cnts Test Reactor y el Plutonium Recycle Test
Reactor y los reactores de investigaci6n CP-5 y
MITR.


