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An Integral Lead Reactor (ILR) concept is proposed for the 4th generation reactor to be used in the future. The ILR
is loaded with metallic fuel and cooled by lead. It was evaluated in the 300-1500 MWe power range with the Japanese
Fast Set 2 cross sections library. This set was tested against several fast benchmarks and the criticality uncertainty was
found to be 0.51 %Ak. The reactor is started with U-Zr and changes to the U-TRU-Zr-RE fuel in a stepwise way. In the
equilibrium cycle, the burnup reactivity is less than 3.5 for a core of the order of 300 MWe, pin diameter of 10.4 mm
and a pin-pitch to diameter ratio of 1.308. The lead void reactivity is negative for reactor power less than 750 MWe.
There is a need to improve the nuclear data for the major actinides.
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I. Introduction

The nuclear reactors to be used in the future, after 2030,
are being conceived in the developed countries. In order to be
commercialized, the main desirable characteristics for these
reactors are: (a) efficient utilization of natural resources; (b)
safety based on inherent processes and passive systems; (c)
adequate waste management as self-confinemet and transmu-
tation of the hazardous fission products; (d) proliferation resis-
tance; (e) economic competitiveness with other sources; and
(f) public acceptation. A nuclear system concept that satisfies
all these requirements may be classified as of 4'* generation.

The American Integral Fast Reactor (IFR)! concept satis-
fies several of the requirements mentioned above. Metallic
fuel and a dry recycling process performed by the pyropro-
cess? have been chosen as the key characteristics.

Nowadays, the coolant of the fast reactor is sodium. How-
ever, operational experience®® with fast reactors has shown
that sodium is the weakest point due to its exothermic reac-
tion with water and air humidity.

In the middle 80’s, the Russian Kurchatov Institute pro-
posed the Lead-Cooled Reactor - LCR concept.” In the 90’s
renewed interest on hybrid systems, cooled by lead, has been
brought about with the advent of Accelerator Driven Sys-
tems® for electric energy generation.

Currently, lead is an alternative for sodium as a coolant of
fast reactor because it improves the safety and the costs of this
system.”) Moreover, its high boiling point (1740 °C) allows
one to idealize applications of LCR in others areas such as
heat source for industrial applications, although much effort
in R&D will be necessary in this case.

Therefore, the combination of the IFR and LCR best char-
acteristics can result in a new concept, hereby named as Inte-
gral Lead Reactor (ILR), that is suitable for the 4t" generation
reactor. The ILR is a self-sustainable energy generation cen-
ter with all fuel cycle facilities integrated to the reactor site.
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It uses metallic or nitrate fuel, pool type or top-entry primary
circuit, pyroprocess for recycling and lead as coolant. An ILR
attractive characteristic is that it may be a cleaner concept,
since the pyroprocess recovers the transuranics (TRU) with
high efficiency? and the fast core burns them. Moreover, the
integration of fuel cycle facilities to the reactor site results in
a high proliferation resistance concept.

The utilization of metallic fuel and lead has been a subject
of interest of the world nuclear community. In 1995, Sekimoto
and Zaki” studied small reactors - 150MW¢, long life core for
utilization in remote areas. In the same line, Greenspan et
al.® - 1998, proposed a 50 MWe reactor loaded with U-Zr to
be used in developing countries.

This work evaluates some ILR core characteristics such as:
burnup and lead void reactivities, Doppler effect and fast flu-
ence, as function of fuel pin diameter - 6.35/8.12/10.4 mm,
pin/diameter (p/d) ratio - 1.308/1.412/1.495, and core power
- 300/900/1500 MWe. The ILR is started with U-Zr fuel and
changes, in a stepwise way, to the U-TRU-Zr fuel.

II. Calculational System - Nuclear Data and Codes

The cross section library used was the Japanese Fast Set 2 -
JES-2% in 70 groups. This study required additional material
cross sections, therefore this set had to be completed with data
for lead from JENDL-3.1!19 | as well as some structural nu-
clides and part of minor actinides, both from ENDF/B-VL. '
The added data were generated by the NJOY'? system.

The calculational system employs the code EXPANDA,
which calculates effective cross sections for each case. Then,
it performs criticality calculations and collapses the cross sec-
tions in a small number of groups to be used by CITATION'¥)
for the core evaluation. The ORIGEN 2.1' is used in a cycle-
by-cycle approach to the equilibrium cycle (EC), using the re-
cycle characteristics of the pyroprocess.

The JFS-2 library and the EXPANDA were evaluated using
plutonium and uranium benchmarks. As can be seen in Ta-
ble 1, the benchmarksG results were better for the plutonium
cases. The average criticality uncertainty in these plutonium-
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uranium systems was 0.43-0.63 %Ak and the total uncertainty
due to the JFS-2 was 0.51 %Ak.

Table 1 Criticality benchmark results obtained with the EXPANDA
code and JFS-2 library

Pu-benchmark rale.  U-benchmark k7.
VERA-11A 0.9899 VERA-1B 1.0024
ZEBRA-3 0.9982 ZPR-3-6F 1.0139
SNEAK-7A 1.0036 ZPR-3-12 1.0067
SNEAK-7B 1.0027 ZPR-3-11 1.0061
ZPR-3-48 1.0033 ZEBRA-2 0.9930
ZPR-3-56B 0.9939 ZPR-6-6A 0.9985
ZPPR-2 1.0045
ZPR-6-7 1.0020
Aver. kcale. 1.0002 1.0014
Aver. | k—1. | 0.0043 0.0063
All cases | k — 1. | 0.0051

*Corrected for heterogeneities, transport and dimension effects

The neutronic evaluation of fast cores requires a few neu-
tron energy groups.”'® The 9 energy groups used in this work
were defined after the benchmarkGs calculations of Table 1
with several structures. Figure 1 shows the average differ-
ence between the 70 groups and the several condensed-groups
calculations. After 9 groups the difference is constant.
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Fig. 1 Average difference between the benchmark criticality calcu-
lations with 70 and fewer condensed group structures

III. ILR Evaluation

1. Core Models

The core models were chosen based on the American and
Russian experiences.'®!” The core power range analysed was
300/900/1500 MWe. The lower limit is suitable for primary
circuit fabrication in factory. The upper limit was selected
based on the Super-Phenix 2 project.

A homogeneous core layout was adopted for the ILR. The
fuel assembly is of hexagonal type with 271 pins spaced by
grid. The core height is 100 cm. The structural material is
the HT-9 stainless steel. The lead fusion temperature (327 °C)
requires a high inlet temperature, 420 °C. The outlet temper-
ature is 540 °C.

The number of assemblies for the active core was defined
using a conservative linear power of 200 W/cm. The equiv-
alent cylindrical (RZ) model radius and the volume fractions
can be seen in Table 2. The axial dimensions are shwon Fig-
ure 2. The active core was split in two radial regions, inner

and outer cores, for power flattening. The control assemblies
were considered completely withdrawn.

Table 2 ILR RZ core model characterisitcs

Power (MWe) 300 900 1500
Inner core radius (cm) 93-168  159-288 204-370
Outer Core radius (cm)  107-195 173-315  218-395
Blanket radius (cm) 136-247 202-367 246-446
Shield radius (cm) 150-273 216-392 270-471
Vol. fraction (%), p/d = 1.308 1.417 1.495
Fuel 32.6 28.1 25.3
Structure 20.4 18.2 16.8
Coolant 47.0 53.7 57.9
’— 20 cm
i 20 cm
i 20 cm
50 cm
O 8 7 |
Control Core Blanket Lead B4C HT-9

Fig. 2 ILR two-dimensional (RZ) cylindrical model

2. Calculational Methodology

The ILR is started with U-Zr and changed, cycle-by-cycle,
to U-TRU-Zr-RE (Rare Earth); the fuel smear density is 75 %.
The pyroprocess recovers the actinides with a small contami-
nation? of RE elements. In this study the RE was simulated
by the 13Nd. The ILR target average burnup is 100 MWd/kg
and the core reloading was performed in three batches. In this
work the burnup reactivity (Ak p,,) is considered as the sum
of two components:

AkBu = AkTmmsm + AkSwell’ (1)

where, Akgweir, is the reactivity due to axial fuel swelling
and AkTrqnsm is the reactivity change resulting from the fuel
composition change during the burnup. The U-Zr fuel swells
at a higher rate than the U-Pu-Zr fuel.'® The EC evaluation
consideres that the U-TRU-Zr-RE swells at the same rate as
U-Pu-Zr. The axial swelling was simulated by uniformly in-
creasing the active height in the beginning of cycle (BOC) and
keeping it constant during the burnup calculations.

The calculational strategy is based on interactive calcula-
tions among the EXPANDA, CITATION and ORIGEN codes.
First, two enrichments, E;, and E,,;, were adjusted to flat the
power distribution, using the criterion that the reactor must be
critical at the end-of-cycle. Then, the core was burned us-
ing cross sections obtained at the BOC and the nuclide chains -
shown in Fig. 3.

For each reactor, ORIGEN performs the approach to the
equilibrium cycle starting from the first cycle. The average
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fuel composition calculated for the EXPANDA-CITATION
equilibrium analyses is shown in Table 3.

Legend
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Fig. 3 Burnup chain
Table 3 ILR equilibrium fuel composition
Nuclide (w/o) Nuclide (w/0o) Nuclide (w/0)
BINpu i 1A9 v BP0} 11952 A% Omitin 001
WAPRGS 240" A AT 920 it 4O 0123
230 Py u1e ST 120 4B A W00 F2HACmo i 0.06
240py 3005 2Am 065 2%5Cm 001
2lpy 332 **2Cm 001

The parameters of interest at the beginning and end-of-
cycle were calculated with the nuclide densities obtained in
the enrichment adjustment and the burnup calculations. All
reactivities were calculated as the difference between the
kesy’s of the perturbed and the reference cases.

3. Results and Discussion

A main requirement desirable for the ILR is to have
Akpy < Bess to mitigate the TOP accident, which is based
on the unadvertised withdrawn of the most reactive control
assembly. The TOP reactivity is given by:

Akpy

number of control assembly

@

prop =

If the core conversion ratio (CR) is close to unit, Ak g,
and prop can be made as close to zero as possible. The CR
is directly proportional to the fertile/fissile (FF) ratio in the
core or to the fuel enrichment. A large 238U concentration
favors the 23°Pu production and, consequently, CR increases.
Therefore, a large core has a higher CR than a small one.

The evaluated ILR parameters as a function of the reactor
size, pin diameter and the p/d ratio, are show in Table 4 for
selected cases. The Doppler coefficient (DC) was calculated
as Tdk/dT. The peak fluence calculations considered neutrons
with energy > 0.1 MeV.

Table 4 shows that Akpg, decreases with an increase in
power and pin diameter, and with a decrease in the p/d ratio.
These changes increase the FF ratio and CR. For a given pin
diameter and p/d ratio, a reactor power increase lowers the ra-
dial neutron leakage and the enrichment which, by its turn,
increases the FF ratio and CR. On the other hand, an increase
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in the p/d ratio increases the lead volume fraction and its cap-
ture and increases the axial neutron leakage, requiring higher
enrichment. Consequently, FF is smaller and CR lower.

Table4 ILR first and equilibrium cycle results

Power (MWe) 300 900 1500
Pin (mm) 635 635 104 104 104
P/D ratio 1.308 1.495 1.308 1.308 1.308

First Cycle

E,n  (wo) 168 188 142  13.1 13.1

Eoue (wo) 282 314 208 165 155

Akpe (%) -576 -6.07 -415 278 -2.52

Besy (1073 7.10 7.06 695 681 676

CR 041 036 055 065  0.68

Fluence(10%®) 126 1.12 148 162 174

DC (10°%) -247 225 -3.09 -358 -3.70

Equilibrium Cycle

E; (wlo) 166 187 141 134 134

Eout (Wo) 254 286 191 161 152

Akpy (%) -339 -426 -0.64 +1.12 +1.51

Bess (107%) 381 361 392 391 391

_CR 077 069 096 1.06 108

Fluence(102%)  1.51 134  1.82 207 239

DC (107%) 228 216 276 299 -3.07

An important difference between the first and equilibrium
cycles is the fuel change - 235U to TRU - which increases the
fuel 7. The averaged 7 in the ILR spectrum for 23°U is 2.32
and for TRU is 2.67. Consequently, the RC increaee and the
Akp, change to the positive direction, Table 4. In the EC,
the goal burnup reactivity is obtained in the range of 400-500
MWe cores with thick pin, Fig. 4. This range may be lower
if the recharge strategy is changed from 3 to 5 batches. The
Ak g, estimated for 3-5 batches recharge is shown in Fig. 4
for selected cases. For the 5 batches case, a 300 MWe reactor
presents a Akp,, of ~0.28 % < Beyy-

The ILR requirement of low burnup swing, of the order of
fBesf, needs an improvement on the nuclear data uncertainty
to enable a better prediction of core reactivity, Table 1. There-
fore, an effort must be made to improve the uncertainty of the
major actinides of the present evaluated data files.

The lead-voiding reactivity (LVR) was evaluated consider-
ing a loss of total flowing lead in the active core and adjacent
regions. Figure 5 shows the LVR at the end of the equilib-
rium cycle (EOC) which is the worst condition analised for
the selected cases. In the first cycle the LVR is more neg-
ative than the corresponding cases in the equilibrium cycle.
This behaviour is due to the changes in fuel composition, U
— TRUs, that increase the fuel  which raises the LVR. An
ILR with power less than ~ 750 MWe has a negative LVR in
the EC, see Fig. 5. Another result shown in this figure is that
the LVR at BOC and EOC are comparable, which reflects the
small fuel composition change at these times.

The peak fast fluence limit'” of 4.0x10%3(n/cm?) in the
cladding material is satisfied only in reactor with thin pin and
small power, 300 MWe, at the beginning of life. In this re-
spect, the ILR must be optmized. Some possibilities are:
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to lower the burnup; to shuffle the peak assemblies during
recharge; to adopt axial power flattening.

The Doppler effect is low as expected in fast reactors with
metallic fuel. The increase of the FF ratio is the best way to
increase this effect. Therefore, not only the increase in the fuel
pin diameter but also the reactor power increase contribute in
this sense.

_20r pin diameter = 10.4 mm
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Fig. 4 Equilibrium cycle burnup reactivity versus reactor power and
recharge batches number
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Fig. 5 End of equilibrium cycle, lead void reactivity versus reactor
power and p/d ratio for a pin diamenter of 10.4 mm

IV. Conclusion

An ILR concept that satifies many requirements of the 4"
generation reactor is proposed. A key characteristic is that
it may be a cleaner concept due the partition/transmutation
scheme adopted. The initial enriched uranium must be sub-
stituted quickly by the generated TRUs to mitigate the TOP
reactivity. In the equilibrium cycle, the TOP accident will be
not a concern for rector power of ~ 300 MWe, pin diameter of
10.4 mm and p/d ratio of 1.308 because Akp,, is < Bcss.The
ILR must be optimized in respect to fast fluence to satisfy
the present HT-9 limit of 4.0x 1023 (n/cm?). The Doppler ef-
fect is small, as expected in fast reactors loaded with metallic
fuel. The LVR is negative for reactor powers less than 750
MWe. The present nuclear data uncertainty must be improved,
mainly for major actinides.
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