
previous measurements of a range of detailed reaction rates in SGHW lattices at ambient temperature have been extended to
cover coolant temperatures up to 2740C. The measurements have been made in a single-channel, hot pressurized loop in the;
zero energy reactor JUNO, and have included the study of U0 2 fuel and of PuO2/UO2 fuel containing 8 kg/Te of'plutonium
with 24% Pu-240. In each case, the heated channel has been surrounded by 36 channels of similar cold fuel. The measurements
have shown that the small discrepancies observed between measured cluster mean reaction rates and the METHUSELAH 11
and WIMS predictions are not significantly increased by the rise in temperature. The total reactivity effects of these discrepancies
on the temperature defects arc less than 0 5% for both methods of calculation and lic within the experimental uncertainties. The
use of transport theory and the better spectrum models available in WIMS lead to improved predictions of cluster distributions
of spectrum sensitive reaction rates in the hot condition.
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INTRODUCTION
-PtHE study of a wide range of uniform and multi-zone
l steam generating heavy water cores has been described

in previous papers.'- 2 This work forms part of a series of
reactor physics investigations in support of the 100 MW(e)
prototype SGHW reactor which was brought into opera-
tion at AEE Winfrith during 1967 and is described in detail
elsewhere.3. '

2. During the preliminary planning of the experimental
programme, the five-group diffusion theory code METHU-
SELAH5 was used for a parametric survey of SGHW lat-
tices in the region of interest. Calculations were carried out
for a range of fuel and coolant temperatures, and it was
shown that interactions between the effects of temperature
and the associated density changes are small in SGHW
lattices. The programme was therefore planned to investi-
gate temperature and density effects in separate experi-
inents. In the work described in Parts I and 2 of the series,.
the effect of coolant density variations in uniform and multi-
Zone cores was measured in some detail using D20/H20
mixtures or polystyrenejH 2 O mixtures to obtain a reduced
effective coolant density. This work has shown that the
METHUSELAH-.AIMAZO method of calculation incor-
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porated in the PATRIARCH 7 group of design codes can
predict average core void coefficients with good accuracy.

3. Under ideal conditions, temperature effects. are
determined by studying the physical behaviour of a critical
system at a range of temperatures covering the operating
conditions for the power reactor design. However, the
plant required for such experiments is extremely expensive,
particularly in the case of liquid coolants where pressures
In excess of 1000 p.s.i. are required to suppress boiling.
In addition, the engineering complexity required to ensure
the safe and reliable operation of such plant makes it
difficult to provide the rapid access to the fuel which is
necessary for a large-scale experimental programme. The.
compromise adopted for the SGHIW study at Winfrith
was to measure temperature effects up to 280'C in a single-
channel hot loop installed in the zero energy reactor JUNO,
and to complement the information obtained in this way
by a few whole core measurements in DIMPLE over a
restricted range of temperature.

4. The design of the JUNO hot loop is described in the
Paper. The validity of extrapolating from measurements in
a single channel has been investigated by comparing the
results of single and multi-channel calculations. Since the
main purpose of this series of experiments was to validate
current design methods, average cell constants were ob-
tained from the METHUSELAH 11 code9 but advantage
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was taken of the refinements available in the WIMS code,
particularly in the representation of the thermal spectrum,
to provide alternative cell constants and to carry out-multi-
group investigations of important perturbing effects. The
programme of experiments also included a systematic study
of perturbations with the emphasis on cross-channel inter-
action effects and the small but significant differences be-
tween the hot loop and a standard fuel channel.

5. At each temperature, detailed reaction rates have
been determined in representative fuel pins in the hot loop
cluster, and these are used to comment on the theoretical
predictions of individual phenomena, e.g. fast fission, reso-
nance capture, etc. Finally, the effect of the reaction rate.
discrepancies on the computed reactivity changes are cal-
culated.

DESCRIPTION OF EXPERIMENTAL EQUIPMENT
Single.clhannel hot loop in JUNO
For the study of temperature effects, the core in the zero
energy reactor JUNO consisted of 37 fuel channels arranged
on a square pitch of 10-25 in., as shown in Fig. 1. The hot
loop occupied the central position and was surrounded by
36 unheated channels containing identical or similar fuel
clusters, chosen from the range of uniform cluster lattices
described in an earlier paper in this series.' Because of the
effects of thermal and near-thermal resonances, the prob-
clm of computing temperature effects is more severe in

cores containing a substantial fraction of plutonium, and
this aspect was therefore emphasized in planning the experi-
mental programme. The range of fuels studied in JUNO is
shown in Table 1. In each case, all 37 fuel channels con-
tained 74 or 75 pins with a nominal fuel pellet diameter of
0 4 in. With the exception of the hot loop channel, alumin-
ium pressure and calandria tubes 5-25 in. i.d. and 7-25 in. o.d.
respectively were used to give a moderator to fuel volume
ratio of 6-7 and a coolant to fuel volume ratio of 0-9. These
volume ratios correspond closely to the corresponding
ratios for the SGHWR prototype, namely 6-8 and 1-1
respectively.

7. The JUNO hot loop consisted of. a single Zircaloy
pressure tube placed in the centre of the JUNO core con-
nected'to an external process unit adjacent to the reactor.
This unit circulated hot water through the central pressure
tube, inlet wateijpassing betWeei'th6 75 pins to the bottom
of the pressure tube. and then. returning to the outlet at
the toprvia two channels made of 0 004 in. thick stainless
steel and situated at either end of a cluster diameter (Fig. 4).
A maximuim coolanr temperature of 2740C was attained.
Boiling'was suppressed by raising the system pressure by
means of an external supply of nitrogen. The in-corc sec-
tion of the loop contained a single fuel cluster which was
similar but not identical to the surrounding clusters, for
reasons discussed below.

8. Access was provided to the fuel in seventeen of the
75 fuel pins. The top of the pressure tube was closed by a
breech block (Fig. 2) which could be removed when the
system pressure was equal to the atmospheric pressure, so
providing access to the tops of the 17 fuel pins. Since the
fuel stops 6 ft below the reactor top, these tubes were
approximately 14 ft long, the fuel being contained in the
lower 8 ft 6 in. Inside the tubes, the fuel pellets were en-
capsulated in 0-008 in. aluminium capsules about 2-4 in.
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Table I

Hot loop Remainder of core

U-235, * U-235,
Number % Total Pill, % Total Pu,

1 1-35 1 ~ -35~'2 0-40 0-80 (l0j/. Pu-240) 0 40 0-80 (Io/. Pu240)
3 0-40 0-80 (24/s Pu-240) 0:40. 0-80 (ioy. Pu-240)'

In the case of item 3. sufitecnt fuel contntng 24'. Pu-240 ves avathbk to
conutruct a single channel only. a.

long. Removal of the fuel capsules from these tubes was
achieved by lowering.a small bore tube down the fuel
pencil until the lower end was in contact with the capsule;
a vacuum was then applied and the capsule lifted from the
core. Foil irradiations were carried out by loading foils
into fuel capsules between fuel pellets.

Differences between hot loop and surrounding channels
One of the main objectives of the design of the hot loop
channel was to make it as similar to the remaining 36 stan-
dard channels as possible (Fig. 3). However, because of the
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operating conditions in the loop, certain differences were
inevitable, and these are listed and discussed below.
(a) Pressure tube is of Zircaloy and Is of diameter 514 In.,
compared with 5*25 in. in standard channels
This choice of pressure tube diameter resulted from the
decision to use an actual SGHWR pressure tube, which
Was available to the project. The difference in diameter is
small and can be taken into account in the calculations.
The thickness (0-125 in.) of the aluminium pressure tubes
had been previously chosen to match the thermal neutron
absorption of the 0-20 in. thick Zircaloy pressure tubes of
the reactor. Since the proportion of neutrons captured by
the pressure tube is in any case only =2%/,, the error in
calculating any small mis-match will be small.
(b) Fuel cladding and cluster grids are of stainless steel,
instead of aluminium as In the standard clusters
In addition, two channels of 0-004 in. stainless steel are

7

provided to guide the returning hot water to the top of the
pressure tubes (Fig. 4). Provision of a return pipe for the
flow out through the bottom of the reactor tank was not
possible, since it was required that it should be possible
to install and remove the loop from the reactor top, so as
to avoid excessive delays in the reactor programme. Alu-
minium would not stand the conditions of the hot loop,
so a choice had to be made between constructing the cluster
from stainless steel or Zircaloy-2. The main reasons behind
the choice of stainless steel were the existence of a proved
conventional technology which presented no difficulties in
the construction of a cluster suitable for the hot loop, and-
the high cost of Zircaloy-2 tubing which would have sub-
stantially increased the cost of the experimental programme.'
The thermal neutron absorption by the additional stainless
steel is calculated to reduce k-infinity by 010, compared
with the value for a similar cluster built from aluminium
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Table 2: Experimental cluster components

Hot water
Type of Cluster Fuel can Clustcr grids channels

Standard channel 0-020 in. 0-062 in. None
Al Al

Experimental channel 0-010 in. 0-062 in. None
A Al Al

Experimental channel 0-010 in. 0-062 in. None
1 Al stainless

steel
Experimental channel 0-010 in. 0-062 in. None

C stainless stainless
steel steel

Hot loop channel 0 010 in. 0-062 in, 0 004 In.
stainless stainless stainless

steel steel steel

components. This difference is clearly significant, and three
additional clusters (Table 2) were therefore provided so
that the calculations of the effects Of each added stainless
steel component could be checked in a separate experiment.
These experimental clusters were simply constructed so as
to be satisfactory for use in the cold condition only.
(c) Outer diameters of the 17 fuel pins accessible from the
reactor top were increased by 0 004 in. compared with the
remainder of the core
This represents a change Of only 04% in the coolant to
fuel volume ratio. Since fuel capsules had to be removed
from the cores by means Of a vacuum system, the extra
clearance was essential to avoid the possibility of time-
consuming jamming of fuel capsules in the tubes.
(d) Puel supplied fo'r use in ihe loop was enclosed in alu-
minium capsules of a different design from those used in the
outer regions 6f the core
In the case of U0 2 fuel, the capsules in the hot loop were
made from 0 008' in. aluminium compared with 0-001 in.
aluminium roil in the remainder of the core. For Pu0 2 fuel
a sealed capsule was required and 0-008 in. and 0 004 in.
thick aluminium was used in ihe loop and outer core chan-
nels xespectivcly; The amounts of aluminium concerned are
small arid have beei takeri into account'in the calculations
by.adjusting the average.almount of capsule material associ-
ated with e'aahfuel pin.

IEXPERiMENTAL MEASUREMENTS
The JUNO hot loop measurements involved heating the
central pressure .tube of Zircaloy-2 to the operating tempera-
ture of the SGHWR (about 280'C) by means of circulating
hot pressurized water through the pressure tube. Stable
temperature conditions were easily obtainable in the loop,
and loss of heat to the surrounding bulk moderator pro-
duced trivial increases of moderator temperature. The sys-
tem provided well defined and easily controlled conditions,
making. it possible to make accurate measurements of the
changes in detailed reaction rates associated with heating
the.loop. For each of the three fuels listed in Table 1, a
full set of reaction rates was measured at ambient tempera-
ture and at the maximum temperature, some. additional
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measurements being made at intervening temperatures. The
following reaction rate ratios were determined:
(i) U-238/U-235 fast fission ratio (FR)
(ii) U-238 capture/U-23S fission relative to the same ratio
in a thermal column. (RCR or relative conversion ratio)
(iii) Pu-239/U-235 relative to thermal column value (Pu/U)
(iv) Lutecium/manganese relative to thermal column. value
(Lu/Mn)

(v) Maximum/average U-235 fission rate in cluster.
In cases (i) to (iv) measurements were made in sufficient
representative fuel pins to determine both the distribution
of reaction rates across the cluster and the cluster average
value. Additional evidence on temperature effects was ob-
tained by repeating these measurements with the light water
coolant in the loop replaced by a D2 0/H 20 mixture with
the same slowing down power as H2O at a reduced density
of about 0-6 g/cm3 .

* 11. The techniques used for measuring reaction rates at
temperature were the same as those described previouslyO
for measurements at ambient temperature. Following an
irradiation for the combined measurement of FR and RCR
it was necessary to start counting within about 90 min to
obtain adequate statistics from the depleted foil which is
used in the double enrichment method' to differentiate
U-238 and U-235 fission events. It was found in practice
that the loop channel cooled from about 2750C to 400C
in 30 min, so that the nitrogen overpressure could be re-
moved, thus making it possible to unbolt the breech-block
mechanism shown in Fig. 2 and so gain access to the fuel
capsules.

12. As in previous RCR measurements, about one third
of the determinations were 'repeated by the alternative
method involving chemical separation-of fission products12

to check the possible existence'of systematic errors in the
standard measurement of U-238 capture by the y-X-ray
coincidence method.

THEORETICAL METHODS
Introduction
The PATRIARCH7 scheme of 'design codes for SGHW
reactor systems uses the five-group diffusion' theory code
METHUSELAW5 for producing average cell constants for
input to the two-dimensional-XY, two-group diffusion code
AIMAZ,6 which calculates core power 'distributions and
reactivity. The JUNO core arrangement has been described
in § 6 (Fig. I) and consists of a central heated channel sur-
rounded by similar cold'channels. Measurements of de-
tailed reaction rates are made in the hot loop at a range
of coolant temperatures, and it is the primary purpose of
the experiment to use these measurements to comment on
the accuracy of METHUSELAH-AIMAZ predictions of
temperature effects.

14. WIMS0 calculations have also been carried out for
each of the hot loop measurements and the results are
compared with the METHU§ELAH predictions and the
measured values. The version of WIMS used for this work
was WIMS 1, which uses a capture to fission ratio (a25)
for U-235 of 0 5 above 0 5 eV and incorporates the reduc-
tion of 0 2 barns in the U-238 absorption resonance cross

I
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Table 3: Calculated interchannel efcts 11 JUNO loop (- S EIUSELA Sc)

Coolant in U-235 fine
Region hot loop cell FR RCR Pu/U Lu/Mn structure

Outer fuel pin H20 23'C +0-8
HO 274'C +0 7
DO/H20 23°C + 12
D:O/HO 274'C + 11

Cluster average 1120 23'C -2-2 -0 4 0.0 +0w1
H2O 274'C -3 3 -0-7 -0 1 +0 5
DO/H2O 23°C -1-7 -01 +04
Djo/l11O 274-C -3-1 -0-1 0.0 0.0

section as proposed by Askew.I3 The cell spectrum is calcu-
lated in 69 groups which are condensed to 18 groups, for
the transport solution using the Winfrith DSN code"4. with
Sn=4. A Nelkin thermal neutron scattering model is used
which predicts a diffusion lcngth in pure water of 2-74 cni,
which is in good agreement with experiment. For, heavy
water a Iloneck model is used in the bulk moderator, but.in
the coolant recourse has to be made to the 'effective width'
model as the former is only tabulated at room temperature.
Experience at room temperature suggests that these two
D2 0 models should yield very similar results. Non-standard
features of the hot loop cell have been taken into account
in the same way as in the METHUSELAH calculations.

15. If the channel pitch were sufficiently large it would
be possible to treat the hot loop results in isolation ignoring
interchannel effects. However, preliminary calculations car-
ried out for the JUNO lattice pitch of 10-25 in. showed that
interchannel effects, although small, could not be entirely
ignored. While the METHUSELAH-AIMAZ method of
calculation has been shown to predict complex SGHW core
power distributions with good accuracy,4 ,it may not neces-
sarily predict single-channel -perturbations with the ac-
curacy required for comparison with experiment, and it
was therefore decided to investigate this aspect of the prob-
lem using the more flexible JANUS codes."5 This critical
investigation is described in § 16 et seq. and it is concluded
that single-channel measurements are adequate to confirm
the absence of significant discrepancies in the calculated
temperature dependence of detailed reaction rates.

Channel interaction effects
A theoretical investigation of channel interaction effects in
the hot loop was carried out by means of the JANUS 5
program. This computes fine structure and reaction rates in
adjoining cells in an infinite chessboard array, leakage from
cell A being transmitted to cell B and vice versa. Five
neutron groups are used and ring smearing of the fuel pins
C~n be used in place of the cell smearing method adopted in
AIMAZ. The JANUS 2 code11 treats the same problem
with two neutron groups only. In both the JANUS codes,
as in AIMAZ, cell average or boundary fluxes can be used
to convert the METHUSELAH reaction rates into the
cross sections required as input to the subsequent calcula-

tion.4

17. In the present calculation, one cell of the chessboard
array was the hot loop cell with 1-35Y. U0 2 fuel and H20

Table 4: Validity of reprejrenlation of water outlet duct ..

U-235
FR RCR Pu1U :max/av..Calculation method

WIMS (Extra steel in
outer ring)

WIMS (Extra steel
uniform)

0-1465 .2-143 Ai-361 1-415"

or D2O/H20 coolant; the other cell was typical Of the
slightly different surrounding driver region cells with the
same U02 fuel and with cold H2 0 coolant throughout.
Since the hot loop in JUNO is surrounded on four sides
by driver region cells, the JANUS chessboard representa-
tion simulates the real situation well, only diagonal inter-
channel effects being underestimated. The calculations should
therefore be quite adequate to show whether interaction
effects are important.

18. The results of the JANUS 5 chessboard calculation
are compared with a five-group METHUSELAH cell cal-
culation in Table 3. Ring smearing is used in both calcula-
tions. These results show that the detailed reaction rates
in the hot loop arc affected to a small extent by the presence
of dissimilar adjoining cells. The changes in these dis-
crepancics as the loop is heated up to 270DC are of the
same order or smaller than the uncertainties in the corre-
sponding measurements (Tables 5-9). It is therefore con-
cluded that the measurements of temperature effects on
reaction rate determinations in the JUNO loop can be
compared directly with METHUSELAH cell calculations
which neglect interchannel effects. It is thus possible to
avoid the very significant increase in computer time which
would be involved in carrying out an AIMAZ whole core
calculation for each hot loop experiment. The disadvantage
of this approach is that the METHUSELAH predictions
of individual reaction rates at a given temperature may be
in error by amounts similar to those shown in Table 3,
and are therefore not directly comparable with the measured
values. However, this situation is acceptable since abundant
evidence on the accuracy of METHUSELAH predictions
of reaction rates in regular cluster lattices has been pub-
lished previously.'

19. In the case of thermal fine structure, some additional
experimental and theoretical evidence is available to con-
firm that interaction effects are relatively small. In a uniform
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Table 5: U-2381 U-235 fission ratio

Coolant Fuel Experiment METHUSELAH a METH WIMS 4 WIMS

Light water at 230C 1.35% U02  0-0565+0 0008 0-0546 - 3 -3% 0 0479 -15:2%.
Light water at 274°C 1-35% U02 0 0565±+00009 0-0576 +I-9Y. 0 0509 - 9 9$y

+5-2±1-9 +5-3*1-9

Mixture at 23°C 1-35% U02  0-0566±0-0005 0 0563 -0-5% 0 0496 12 4
Mixture at 274°C 1.35Y% U02  0-0580±0-0007 0 0590 +1-7°/O 0-0523 . 9B/o

. +2-2±1-5 +2-6+ 1-5

Light water at 23°C 0-8%. PuOU0 2 (10% Pu-240) 0 2365 ±0'0016 0 2302 -2 7% 0 2032 -14 1 %
Light water at 274CC 0-8% PUO02 UO2 (10%. Pu.240) 0-2631 ±0-0014 0-2753 +4-6% 0-2420 - 8.0%

+7-3±0-9 . +61±09

Mixture at 23°C 0-8% PUO 2IUO2 (105' Pu-240) 0-2435±0-0017 0-2447 +0 5% 0 2120 - 12 9k
Mixture at 274°C 0.8% PUO2/UO2 (10 . Pu-240) 0-2636± 00014 0-2784 +5 6% 0-2440 - 7-4/.

+5 1i0-9 +5-5±0-9

Light water at 23°C 0 8% PU0 2/U0 2 (24°, Pu-240) 0 2015±00009 0-2058 +2-1% 0-1835 - 8 9%
Light water at 274'C 0-8% Pu02/U02 (245- Pu-240) 0-2459±0-0032 0-2456 -0 1/ 0-2180 - 11-7%

-2-2±1-4 -2-4±1-4

Mixture at 23°C 0-8%/ PUO 2IUO2 (24% Pu-240) 0-2097±0-0012 0-2186 +4-2% 0-1906 - 9 1%
Mixture at 274°C 0-8/. PuO 2 IUO 2 (24% Pu-240) 0-2396±0 0014 0-2491 +4-0%/ 0-2194 - 8-4%

-0-2±0-8 +0-7+0-8

core fuelled with 0-8%/ PuO21UO2 (Table 1) the maximum/
average U-235 fission rate in the central channel was found
to increase by only 2%. when the density of the coolant
in all the surrounding similar channels was increased from
about 0-6 to 1-0 g/cm3. For the JUNO hot loop containing
fuel 3 of Table 1, 7-group PIJ-WIMS cell calculations of
thermal fine structure have been carried out with both light
water and mixture coolants. Geometrical representation of
the individual fuel pins is explicit in'suh' a calculation but
the effects of neighbouring dissimilar channels ignored. The
results of these calculations agiee with the measured maxi-
mum/average U-235 fission rates to better than IV. in both
cases, thus confirming the trend previously observed in
regular cluster lattices,' where channel interaction effects
are not present. It is therefore concluded that in general,
channel interaction effects on reactionlrates -measured in
the hot loop are sufficiently small to be rieglectcd when com-
paring measured temperature effects with theoretical predic-
tions.

REACTlON RATE MEASUREMENTS IN THE JUNO
IHOT LOOP
Introduction

The operating conditions in the hot loop channel made it
necessary for the fuel cluster to be non-standard in various
ways, as-discussed in § 9 and illustrated in Figs 3 and 4. In
the METHUSELAH and WIMS calculations for compari-
son with the measured reaction rates these special features
were taken into account. The thermal absorption cross
sections of samples of the materials used to fabricate all
non-standard components were measured in the GLEEP
reactor at Harwell. The methods of representing the new
features of the cluster in the calculations are obvious with
the following exceptions.
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Stainless steel cluster grids
Since reaction rate measurements were made in a plane at
least 10 cm from the nearest grid, the presence of the grids
was ignored in computing reaction rates.

Larger diameter of accessible fuel cans
The increase in the diameter of these 17 fuel cans led to a
reduction of 0-4%. in channel coolant volume and was taken
into account by using a correct cluster average value for all
the fuel can diameters.

Hot water outlet ducts
These ducts of 0-004 in. stainless steel are located at oppo-
site ends of a cluster diameter. The steel forming these.
channels was taken into account by increasing the thickness
of the steel canning on the outer row-of fucl pins. To check'
the validity of the procedure 18-group WIMS calculations
using the WDSN option were carried out; first with the
additional steel arranged as described above arid then with
the steel uniformly distributed'among all the' fuel cans.
The effects on the calculated reaction rate ratios in the most
sensitive outer row of fuel pins are shown in Table 4 to be
quite negligible.

21. At ambient temperature and at the maximum loop
temperature of 274°C, reaction rate ratios have been meas-
ured with H:20 in all channels and then with the hot loop
coolant changed to a D2O/H 2 O mixture simulating H2O at
an effective coolant density of about 0-6 g/cm 3. The results
of these measurements are compared with METHUSELAH
and WIMS predictions in the following sections. In each
case, the observed discrepancies between the measured and
predicted temperature effects are related to the associated
changes in k-infinity by the method described in reference 16.

I.
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Table 6: Relative conversion ratio

Coolant Fucl Experiment METHUSELAH a METH WIMS 4 WIMS

light waterat 23C 1:35% U0 2-004+0004 1970 -1-7°/ 1-942 -311%
Light water at 274CC 1 -35% U02  2-153±0i004 2-138 -0 75% 2-098 -2-6%

+10±0-3 +0-5±03.
Mixture at 23C 1-35% UO2  2-138±0004 2-157 +0o9 2-100 -I-S/
Mixture at 2740C 1-35% UO 2-261±0-004 2-292 +1P4/ 2-221 -1-8/

+0-5±0-3 00±03
Light water at 230C 0-8% PuO2IUO 2 (10%. Pu-240) 2-301 ±0-020 2-237 -2-8% 2-238 -2-7
Light water at 274*C 0 8%. Pu0 2IUO2 (10Ye Pu-240) 2-619±0-024 2-609 -0 4% 2 595 -0 9/

+2-4±1-3 +1-8±1-3
Mixture at 230C 0-8y0 PuO2/UO2 (10% Pu-240) 2-541 ±0-022 2-511 - 1-2% 2-462 -3-1%
Mixture at 274'C 08% PuO2/UO2 (10% Pu-240) 2-717±0-024 2-807 +3-3%. 2-746 +P1-°

+4-5±1*2 +2-0±1-2

Light water at 23'C 0.8% PuO2IUO2 (24% Pd-240) 2-158 0019 2-117 -1.9% 2-149 -04
Light water at 274°C 0-8%0 PuO2/UO2 (24°/ Pu-240) 2-484±0-022 2-451 -1-3y. 2-479 -0 2/c

+0-6±1-3 +0-2±1l3
Mixture at 23*C 0.8%/ PUO2/UO 2 (24% Pu-240) 2-359±0021 2-359 o0o/r 2-352 -0-3%.
Mixture at 274°C 0-8y/ PuO12 UO 2 (24% Pu-240) 2-S79±0023 2-630 +2-0% 2-621 +1-6%

+2-0±1-3 +1-9±1 3

U-238/U-235 fission ratio

*The comparison of the mean fuel values of the U-238/U-235
fission ratios is shown in Table 5. The quoted experimental
error represents the random component only.. In addition
there may be a systematic error of up to ± 3% arising from
the normalization of the measurement.?0 METHUSELAH
overestimates FR by an average of 135 ±227%, while
WIMS underestimates it by about 101 ±2-4% as observed
in previous SGHW comparisons.' The evidence in Table
3 suggests that the theoretical values would be reduced by
2-3% if channel interaction effects were taken into account.
On the variations of these discrepancies with temperature
there is good agreement between the two methods of cal-
culation. In the UO, and first Pu0 2/U0 2 fuels, the predic-
ted values show a larger rise with temperature than is ob-
served, the average discrepancy being 5%. If we assume
that this discrepancy is due to an error in the U-238 fission
cross section, then it is equivalent to about 0 2% in reac-
tivity; if we assume instead that the discrepancy is due
entirely to an error in the removal cross section then the
effect on reactivity is effectively zero. The predicted tempera-
ture effect for the third fuel containing 24% Pu-240 is in
better agreement with experiment.

Relative conversion ratio (RCR)
The comparison of the mean fuel values of RCR is shown
in Table 6. In addition to the random error quoted, a total
Systematic error of up to ±0-9% may be present.10 WIMS
underestimates RCR by an average of - 1-2± 1-6%, thus
providing further evidence that the reduction of 0-2 barns
in the U-238 absorption cross section in the range 9-118
KeV to 4 eV is slightly too large. In every case both WIMS
and METHUSELAH overestimate the increase of RCR
with temperature. Taking the means of all the cases,

METHUSELAh overestimates the change by 1P8± 1-5y.,
while WIMS overestimates it by I-I ±0-8%; thus WIMS
shows a small improvement over METHUSELAH.-

24. For all cases an overestimate of 1/ in RCR is
equivalent to an error of about -0-3% in reactivity if the
U-238 resonance integral is responsible. Thus the dis-
crepancies are on an average worth 0-5% for METHU-
SELAH and 0-3% for WIMS, for the reactivity change on
heating.

Pu-239/U-235 fission ratio
The comparison of the mean fuel values of normalized
Pu-239/U-235 fission ratios is shown in Table 7. Additional
systematic errors of ± 1%V may be present in the measured
values.10 In the U02 fuelled cluster, both WIMS and
METHUSELAH predict the normalized Pu/U ratio to
within 2-5% and the effects of temperature to within about
1% or better.

26. In the clusters containing plutonium the dis-
crepancies are larger, particularly with the METHUSELAH
calculation, which overestimates the Pu/U ratio in these
eight cases by an average of 3-3±2-7%. When considered
in isolation, the measurement in 10% Pu-240 with hot
mixture coolant appears anomalous since it is overestimated

-by 7-0° by METHUSELAH and by 4-4% by WIMS.
However, the corresponding comparisons for the plutonium
of higher 240 content show very similar trends with dis-
crepancies of 6-1% and 3-5%/ respectively, thus suggesting
that a real effect is present. The WIMS predictions of
Pu/U ratios in these clusters are more accurate than the
METHUSELAH values, as would be expected from the
more.detailed thermal spectrum representation available in
WIMS. The predictions of temperature cffects are similar
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Table 7: Pt-239/U-235fission ratio

Coolant Fuel . Experimcnt METHUSELAH a METH WIMS A WIMS
Light water at 230C 1-35% UO 1-276+0 004 1-246 24° 1-265 -0o9Y.
Light water at 2740C 1 35% U0 2  1-543±0005 1-522 1-3/% 1-544 +0-1°/

+[PI±0-5 + O±0+5
Mixturc at 230C 1.35% U03  1-303±0008 1-329 +2-0Y. 1-312 +1-6%Mixture at 274°C 1-35% U02 1-506±0006 1-531 +I-6% 1-536 ;+20%

-0-4±0-7* +0-4±07
Light water at 230C 0 8% PuO2/UO2 (10Y. Pu-240) 1-217±0-015 1P209 -07% 1-198 - 16%
Light water at 2740C 08% PuO 2 IUO2 (10 .Pu-240) 1-399±0015 1-421 +1-6% 1-400 +03%

+2-3±1-6 +1P9±1-6
Mixture at 230C 0*8% PuO2 U0 2 (100/ Pu-240) 1-212+0 015 1-255 +3-6 1-210 -0-2%Mixture at 2740C 0-8% PuO/UO (105 Pu-240) 1-301±0015 1-392 +7-0 1-358 +4-4%

+34±+1-7 +4 2±+-7
Light water at 23C 0.80/ PuOj/UO2(24% Pu-240) 1-194±0007 1-199 +042. [-196 +0-2%
Light water at 2740C 0-85 PLIO2/UO2 (24% Pu-240) 1 390±0007 1-422 +23/ 1-401 + I'IV

+19±0i8 +0-9±0-8
Mixtureat230C 080/PuO-IUO (24 Pu-240) 1-177±0005 1-250 +6-2 1-210 +2-8%/
Mixture at 2740C 0oB° PuO2/UO2 (24/ Pu-240) 1-319+0019 1-400 +6-1 1-365 +35%

-01±1-5 +0-7±1-S

in the two codes, both overestimating the spectrum harden-
ing effect on the Pu/U ratio by an average of 1'9%. Such a
discrepancy is worth about 0 3% in reactivity.

27. Discrepancies between METHUSELAH predictions
and the mcasurcd changes in Pu/U ratio with effective coolant
density have been discussed Ka previous paper in this series.1

It is interesting to note that thisdiscrepancy persists through-
out this range of measurements, METHUSELAH consis-
tently bvcrestimating thelch'ange from light water to mixture
coolant'by an average of.4-4± 1-0%. WIMS also overesti-
mates this effect, but by only- 2-5 ± 0 8%.

Luteciurn/manganese activation ratio
The comparison oft mean fuel. values of the normalized
lutecium/manganese activation .ratio is shown in Table 8.
Additional systematic -errors of -±2y°/ may be present in
the measured values.10. In all cases METHUSELAH under-
estimates the Lu/Mn activation ratio. This effect has been
observed in previous SGHW lattices. Both METHUSELAH
and WIMS agree in :that, they predict almost the same
ratios for the two plutonium fuels, thus indicating that the
Lu/Mn activation ratio is insensitive to Pu-240 content.
This is confirmed by the experimental values, except for
the hot mixture case where there is 55% difference between
the results for the two plutonium fuels. The measured tem-
perature effects 'arc very consistently overestimated by
WVIMS by 4 5±0 8% with the single exception of the hot
mixture case. This evidence suggests that the experimental
value for the plutonium fuel containing 24%. of Pu-240 is
in error and should be lower by about 3%. Omitting this
point, METHUSELAH overestimates the heating effect
by only 0-4± 18%, which is negligible in terms of reac-
tivity.
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U-235 fission fine structure
The comparison of the ratio of U-235 fission rate in the
outer fuel ring to the mean cluster value is given in Table
9. METHUSELAH consistently overestimates the maxi-
mum/average U-235 fission rate in the cluster by a few per
cent, as has been observed in previous SGHW lattices.
The prediction of the temperature effect is very consistent,
the overestimate increasing in every case by an average
of 1 3 ± 0-5%. WIMS predicts fine structuremore accurately
than METHUSELAH in the cold conditions and the predic-
tion for hot coolants is even better, since the temperature
effect is underestimated in every case by an average of
1-2*0 7%.

Reaction rate distributions across hot loop
Each of the cluster average values of the experimental
reaction rate ratios quoted in -the preceding tables is in-
ferred from measurements in five representative fuel pins
(Fig. 4). It is not possible to include all these results in a.
paper of this kind, but one set of typical reaction rate distri-
butions is compared with METHUSELAH and WIMS
predictions in Figs 5-9. In making these comparisons, inter-
channel effects on the cluster distributions should be taken
into account, but it has been shown in § 16 et seq. that such
effects are small, and they have therefore been neglected
at this stage. In each case, the measurements were made
at 2740C with PuO2 /UO2 fuel containing 10% Pu-240 and
with light water coolant. The measurements of FR and
RCR are related to the U-235 fission distribution. In these
cases, the measured U-235 fission distribution has therefore
been used to eliminate this dependence in Figs 5 and 6.
The experimental and theoretical values are normalized to
unity for the cluster pin average value, except in Figs 7 and
8 in which normalized Pu/U and Lu/Mn values are plotted.



Table 8: LulMn activation ratio

Coolant Fuel Experiment METHUSELAH A METH WJMS A WIMS

Light watcr at 23°C 1-35%. U0 *1-80±0i020 1-]20 -5-1% 1-187 +0 6%
Light water at 274°C 1-35% U02  1-629±0i020 1-586 -2-65. 1P711 +5-05.

+2-5±2-1 +4-4±2-1

Mixture at 23°C 135. U02  1-164±0020 1-154 -09 1-204 +3-4°.
Mixture at 2749C 1-35% U02  1P482±0020 1-475 0-5 1-614 +8-9/.

+0 4±2-2 +5 5±2i2
Light watcr at 230C 0-8% PuO2/UO 2 (10% Pu-240) 1-140±0020 1-082 -5-1% 1 132 -0-7°/
Light water at 2744C 08%Y PuO2lUOa (10% Pu-240) 1-498±0010 1-453 -3-0% 1-569 +47%.

+2-1±2-2 +5 4±2-2
Mixture at 23°C 0-8% Pu02/UO2 (10% Pu-240) 1-103+0-020 1-089 -1-2% 1-123 +1P8%
Mixture at 274°C 08Y. PuO2IUO2 (10O Pu-240) 1-379±0020 1-327 -3-79° 1-453 +5-4%

-2-5±2-3 +3 6±2-3
Light water at 23°C 085'. PuO 2/UO2 (24°/ Pu-240) 1-126±0020- 1-083 -3-8% 1-138 +1I1%
Light water at 274°C 08% PuO 2 UO2 (242) Pu-240) 1-516±0020 1-480 -2-4% 1-589 +48%

+1-4±2-2 +3-7±2-2

Mixture at 23°C 0-8% PuO2UO2 (24% Pu-240). 1-120±0020* 1-097 -2-1% 1-134 +1-3°/
Mixture at 274°C 0-8% PuO2IUO2 (24/ Pu-240) - 1P457±0020 1-361 -6-6y. 1-480 +1 6%

-4-5±2-3 +0-3±2-3

Table 9: U-235 fission fine structure ratio of outerfuel ring !o cluster mean

Coolant Fuel Experiment METHUSELAH A METH WIMS A WIMS

Light water at 230C 1-35%5 U02  1'3232±0i0148 1-3730 +3-8% 1-3551 +2-4%/
Light water at 274°C 1-35% Ua 1-3253±0-0116 1-3792 +4-1%. 1-3287 +0-3°/.

+03±1-4 -2-1±1-4

Mixture at 23°C 135% U02  1*3381±00057 1-3684 +23% 1-3449 +0-5
Mixture at 274°C 1 35% U02  1P3272±0i0061 1-3779 +3-8% 1-3258 -O. /.

4-+15±0+6 -0 4±0+6

Light water at 230C 08. PuQ2 (10% Pu-240) 1-3751±0-0020 14399 +47% 1-4273 +3-8%
Light water at 274*C 0 8% PuO3 (10% Pu-240) 1-3952±0-0026 1-4813 +6-2% 1-4227 +2-0%

+1-5±0-3 -1P8±0-3
Mixture at 23°C 08-/ Pu 2 (10% Pu-240) 1-4018±0-0055 1-4507 +3-5% 1-4210 +1-O%
Mixturc at 274°C 0o8p Pu0 2 (10% Pu-240) 1-4120±0-0026 1-4801 +4-8% 1-4156 +0-3y.

+1-3±0i4 -07±04
Light water at 230C 08% Pu02 (24% Pu-240) 1-3621±00013 1-4289 +4-9% 1-4204 +4-3%
Light water at 274°C 0 8%. Pu02 (24% Pu-240) 1-3772±0-0021 1 4670 +6 5% 1-4156 +2-8%

+1-6±0-2 -1-5±0-2
Mixture at 23°C 0.85' PU0 2 (245' Pu-240) 1 3792±0i002t 1-4355 +4-1% 1-4133 +2-5%
Mixture at 274°C 085'. PuN2 (24°2 Pu-240) 1 3848±00021 1-4652 +5-8% 1-4078 +1-7;"

+P17±0-2 -1-5±0 2

.i

31. Both METHUSELAHand thc option of WIMS used
to generate the majority of results quoted in the Paper employ
a ring smearing technique to reduce each ring of fuel pins
and associated coolant to an annular paste. The codes differ
in their method of calculating hyperfine structure and also
in the selection of ring boundaries for subdividing the
COolant. It is not therefore surprising that they exhibit

quite different .error patterns in the prediction of ring-by-
ring reaction rate distributions.

32. Fast fission is obtained in METHIUSELAH by
normalization of the U-238 fission cross section to the.
results of Monte Carlo calculations. Since this cross sec-
tion adjustment is being used to compensate for the use of
diffusion theory, METHUSELAH would not be expected
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to predict the U-238 fission rate distribution with high
accuracy, and this is shown to be the case in Fig. S. The
platcau in the three intermediate rings is not reproduced
and the error varies from a 10Y/. overestimate at the central
pin to a 4% underestimrate of the outer ring. WIMS repro-
duces the shape of-the curve very well and is within 1
at all"points. In the case of relative conversion ratio, the
variationof. U-238 capture cross section across the cluster
is reasonably well predicted by METHUSELAH, but
again the VIMS prediction is better. Apart from the central
pin, where it has a 5%. underestimate, the latter code is
within 1%Y. of experiment in every ring.

33. The distribution of the spectral indicator reaction
rates is a complex phenomenon and no one case can be
regarded as typical. In room temperature lattices WIMS
gives a good prediction of the spatial change of spectrum"
but in the particular case illustrated here (Pu-239/U-235 and
Lu/Mn in Figs 7 and 8) neither code is completely success-
ful in the traditionally difficult task of predicting neutron
spectra near a temperature discontinuity. It has been shown
in § 29 that both METHUSELAH and WIMS predict the
maximum/average U-235 fission rate well, but this is not
a particularly sensitive test since the cluster average value
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is dominated by the outer rows of pins. Fig. 9 illustrates
this point well and shows that in the case treated the
METHUSELAH prediction of maximum/minimum ratio is
10%/ too large. WIMS gives much better agreement with
experiment, except for the centre pin value where the pre-
scription for definirig the ring boundaries' seems to have
led to an anomalous result.

EFFECTS OF THE REACTION RATE DISCREPANCIES
ON REACTIVITY
The techniques of using reaction rates to determine k-
infinity arc described in detail in reference 16. This scheme
has now been programmed as the LILLY computer code."1
In this scheme three energy groups arc used. Group 'f',
the fast group, extends from 10 MeV to 5-53 keV and thus
covers the range of the first two METHUSELAH groups.
Group 'r', the resonance group, extends from 5-53 keV
to 0-625 eV and is thus identical with the third METHLJ-
SELAH group. Group' t' is the thermal group which extends
from 0-625 eV to 0 eV. The spectrum indicator measure-
ment discrepancies, Pu-239/U-235 and Lu/Mn give a cor-
rection to the thermal component or reactivity; they are



Table 10: Corrections to reacilvity resulting from discrepancies between METHUSELAI and experimental reaction rates

i jk.1n1 % k-inf and iAT
Coolant Fuel Group r Group r Group I Total Reaction rate METHUSELAH

Light water at 23C 135/ U02  +013±006 -0-37±0-06 -0-22±0-05 -0-45±0-10 -10706t0o-0o0 1-0752
Light water at 274'C -35P. UO, -_009t 0 06 -014±0t06 -013 ±0F05 -0-36±0-10 10521± 0 0010 1-0557

-0-22±008 +0-23±008 +0-09± 0-07 +0-10±0214 -185 B 0 14% - 195%

Mixtureat23'C 135% UO -002t004 +0-26±0-06 -000±009 +0-28±0-11 1-0782±0-0011 10754
Mixture at 2741C 135Y.1U0 -008t 005 +039;t006 + 006e 006 40-37± 0 10 20600±0000 10563

-0 10i0-06 +013±008 +0-06t 011 +0-09±0 15 -1-82±0 15;% -1-91%

Light water at 23'C O-B/ 'uOdUO2u (202' Pu-240) +0 09t0 03 -0 57 t0 27 -Oc08±0-18 -0-56±0-33 16933 + 0-0033 2-O -9
Light %vater at 274C O-8. PuOIUO v (10/. Pu-240) -0-16 0-02 -0-2110-27 -0 26t0 17 -0 63t±0-32 l0890±-0-0032 1 (?53

-0-25±004 +0-36'0-38 -0-8± 025 -007±0-46 -0-43±0-46% -0-36%

Mixture at 23'C 0-8F PuO21 UO2 (10i' Pu-240) +007±0103 -0 61 t±027 -042± 18 -0 96±0-33 10812f± 0-0033 1-0908
Mixture at 274-C 0-82 PuO,/UOa (209 Pu-240) -0 06 ± 0 02 40-21:t0-27 -0-760-117 -061± 0-o32 120758 t 0-0032 1-0819

-0-13±0-04 +0-82±0-38 -034±0-25 +0-35±046 -0-54±0-46% -0E9%

Light water at 23-C 0-8Y. PuOxIUO. (24-' Pu-240) -0-09±0-02 -0-43±0-21 -0-18±t009 -- 0070±029 1-0197±0-0019 t 0267

Light Wvater at 274-C OS% PuO2UO. (24. Pu-240) +0-07±-05 -0 47t027 -- 35t008 -0-75±0-29 10204±00029 1-0279

C0-c6±0-05 -0-04±0-38 -0-17±0-12 -0-05t0-41 +0-07±0-412 +0-12%

Mixture at 23'C 0-BY PuOIUO (242' Pu-240) -0-05 0-02 -0-43±0-27 -0-83t0-06 - 1-31 ±0-28 1-0092±0-0028 I-6-220
Mixture at 274'C 0- 82 PuO.lUO; (242 Pu-240) -0 03 02 - +002± 0-27 -0-85±022 -0-86±0-35 1 C083±t0 0035 1-10(6

+0-02±0-03 +0-45±0-38 -0-02±0-23 +0-45±0-45 -0-122±0-45% -0-57.
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Table 11: Corrections to reactivity resulting front discrepancies betwbeen WIMS and experimental reacdlon rates

Ak-inr, . k-inrand k-r

Coolant FIlC Group t Group r Group t Total Reaction rate WIMS

Light water at 23C 1-35% UO +0-61±0-06 -0-83±006 +000±005 -0-22±0-10 1-06O0-0010 1-0622
Light water at 274-C 135% UO, +0-42±006 -073±006 +0-0110.05 -030O010 10436±i00010 10466

-0-19±0-08 +010±0 08 40-01±007 -0-08±0-14 -1-64±0 14% -1-56%

Mixture at 23C 1*35?. UO, +0-52±0-04 -0-57±006 +012±0-09 +0-070-12 1-0702±0-0011 1-0695
Mixture at 274-C 1-35/ UO +4044± 005 -066±0-6 +027±0-06 +005 0-I0 1-0535± 0-0010 1-0530

-0-08±006 -0-09±0-O +0-15±0-11 -0-02±0-15 -1-67±0-15Y. -1-65%

Light water at 23C 0-B1 PuOaIUO(10-I0Y P-240) +0-52±0-03 -0-55±0-27 +0-22±0-18 +0-19i0-33 1 1043±00033 1-1024
Liht Water t274C O-e9y ruosluo2 (09. Pu.340) +031±0-02 -0-29±027 +005±0-17 +009±0-32 1t1062tO±32 1-1053

-0-19±0-04 +026±0-38 -0-17±0-25 -0-10±0-46 +0-19±046% +029-,

Mixture at 23-C 0-8r' PuOIUO,( laY Pu-240) +0-53 ± 003 -0-82± 0-27 +0;02±0-18 -0-27±0 33 1 0973± 00033 1-1000
Mixture at 274-C O's-/ PuO)UOa t0o9. Pu-240) + 0-42±; 0-02 -0I8 ±0-27 -0-42±0-17 -0 8±0-32 1-0953±0 0032 . I -C971

-0-.I I 004 +0-64±0t33 -0-44±025 +009±046 -0-20±046% -0-29%,

Licht water at 21C O-PuO2 U (24% Pu-240) +0-37±0-02 -0-t9 ±0-27 +0-02±0-09 +0-20±0-29 10286t00029 10266
Light water at 274-C O-SR2 PuO8UOz (249 Pu-240) +0-52±0-05 -0-2S ± 0-27 -0-1±0tO-O8 +0-13±0-29 10338 ± 0 0029 1-0325

+0-15 ±005 -0-09±0-38 -0-133±0-12 -0-07±0-41 +052±041%. +0-59%

Mixture at 23-C 0-BY PuOa/UO2 (24- Pu-240) + 0a44±0-02 -0-40±0-27 -0-37±0-06 -0-33±0-28 2102231 0-0028 1-0256
Mixture at 2741C O-S9p PuOitUOx (242 Pu-240) +045±0t02 -0-05±0-27 -0-4710-22 -007±F0-35 1-0155tO-035 1-0162

+0-01±0-03 +0-35±0-38 -0-10±0-23 +026± 0-45 -0-68±0-45% -0-94.
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also used to make a thermal correction to the RCR and
fast fission ratio results. The corrected RCR discrepancies
are then used to give a correction to the resonance com-
ponent of reactivity. The corrected fast fission ratio dis-
crepancies are likewise used to correct the fast component
of reactivity.

35. Table 10 shows the reactivity corrections obtained
from the reaction rate discrepancies between METHU-
SELAH and experiment. The random and systematic errors
arising in the measurement of these reaction rates have been
discussed in reference 10. The uncertainties which have been
attributed to ihe'corrections to k-infinity in Table 10 are,
calculated from the random errors for the relevant reaction

, rate measurements.- It is argued that in obtaining the differ-
ences between reaction rates at different temperatures,
systematic errors largely cancel. With one exception the
total correction to k-infinity is always less than 1%, and
for the 12 cases studied the average total correction is
-0-S5+0-48%/.- The temperature defect dkT is defined
hcre- by dkT=k-infinity (2740C)-k-infinity (230C). The
effects of- the reaction -rate discrepancies on dkT are very
small, being less than ,0-5y. in every case. There is a trend
for therc to 'be a, positive correction to the temperature

. . defect5-biut this is scarcely significant when the experimental
uncertainties are taken into account. The average of the
six measured-corrections is +0.1440./21%. This is shown
in h .different way by the measured and predicted values of
the temperature defect in the last two columns of Table 10.
In every case the METHUSELAH prediction agrees with
the value of JkT inferred from the measured reaction rates
to within the experimental uncertainties.

36. The corresponding comparisons with reaction rates
predicted by WIMS are given in Table 11. The inferred
total corrections to the WIMS k-infinity are even smaller
than for METHUSELAH, the maximum correction being
-0-33±0-28%' for the case of the PuO2/UO cluster with
high Pu-240 content at room temperature. The average of
the six measured corrections to the temperature defect is

0.4 L
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Fig 9 Cluster distribution of U-235 fissions In PuO2/UO2 fuel
ilth 1120 coolant at 274'C
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+o0-01014%, and as with METHUSELAH the meas-
ured and predicted values of TkT agree to within the experi-

-. * mental values.
37. A comparison of Tables 10 and 11 shows that the

values of akT predicted by WIMS and METHUSELAH are
in fair agreement, the mean discrepancy being 0-33 ±0-37X.
Individual values of k-infinity at a given temperature, how-
ever, show larger discrepancies up to a maximum of 1-4%.
For U02 fuel, k-infinity (WIMS) is systematically lower than
k-infinity (METHUSELAH) by an average of 0'8%/, while
for the PuO2 IUO2 fuel with low Pu-240 content the trend
is in the opposite direction, k-infinity (WIMS) being the
higher on average by I 0%/. Similar trends were observed
in the analysis of the uniform SGHW lattices in reference 1,
where it was concluded that the trend with plutonium content
could be attributed to the use of a low value (2091) of

for Pu-239 in the METHUSELAH II library. The library
now in use incorporates revised U;235 data which reduce
the discrepancy with-WIMS predictions of k-infinity for
U0, fuelled cores. -

38. It is interesting to'.note that f6r the fuel-containing
a high proportion of Pu-240. the METHUSELAH and
WIMS predictions of k-infinity are almost identical. This
clearly indicates thai differen6es in treating Pu-240 between
the two codes are compensating for the above-mentioned

d effects relating to U-235 and Pu-239.
S
- CONCLUSIONS*.

The single-channel hot l6op has been used in an SGHW
t core in JUNO to measure variations of detailed reaction

rates associated with an increase in coolant temperature
I f Irom 230C to 2740C. Three different fuels have been studied,

ranging from enriched U0 2 to a PuO2JUO2 mixture con-
5 taining 24Y/ Pu-240. The results have been compared with

theoretical calculations using the METHUSELAH and
WIMS computer codes.

40. The measurements have shown that the small dis-
crepancies observed between the measured and predicted
cluster reaction rates in the cold condition are not signifi-
cantly increased by the rise in temperature. The total rc-
activity effects of these discrepancies on the temperature
defects are less than 0 5% for both methods of calculation
and lie within the experimental uncertainties.

1 : 41. Temperature effects on cluster distributions of
detailed reaction rates have also been compared with

* theory. The use of transport theory and the improved
spectrum models available in WIMS lead to improved
Predictions for the hot condition.
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