JAERI-M
-90-131

CORE DESIGN STUDY FOR HYBRID TYPE TRANSURANIUM
NUCLIDES INCINERATION PLANT PART . CONCEPT

August 1990

Hiroshi TAKADA, Thuo KANNO, Takakazu TAKIZUKA
Mitsuo AKABORI, Takahiko NISHIDA and Yoshihike KANEKO

B * B F H B ® M
Japan Atomic Energy Research Institute



FERT A5 ANGE RS 4 'l'-“L”wZahHét?i*nt‘
BTG REE (T310-11 3

H A TG -7 6 22 a1 915 2R
B, Dosid oI ART LI e e s 7 —
HIEFRR) TSI L AEGW L B 20 -7

FETT.
i 5L T FAT D A

E

JAERIM v i F— Mg, AR 1)

AFO M,
WA AT, BELILAE
(57319 11 ke WO R B BN O 2R -F D

nET,

JAERI-M reports are issued irregularly
Inquiries about availability of the reports should be addressed to Information Division

Department of Technical Information, Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, Ibaraki-ken 319-11, Japan

© Japen Atomic Energy RE‘SHICA Inst lLU[L 1990
it AT B 7h 5 77 R A
il FRe B oE o F A

B h




JAERI-M 90-131

Core Design Study for Hybrid Type Transuranium
Nuclides Incineration Plant

Part 1. Concept

Biroshi TAKADA, Ikuo KANNO, Takakazu TAKIZUKA
Mitsuo AKABCORI, Takahiko NISHIDA and Yoshihiko KANEKOC

Department of Reactor Engineering
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

{Received July 13, 1990)

It is foreseen that much efforts are required to get social under-
standing that the nuclear energy is clean from the view point of
preservation of natural environment. The efforts should be directed to
two targets. One is the development of safer nuclear reactors
compared with the existing ones. The other is the establishment of the
radio-active waste management technology. In the spent fuel of the
nuclear power reactor, are included the transuranium nuclides (TRU) such
as Np, Am and Cm. They must be kept far away from the human living area
for very long time, because some TRU have very long lives exceeding 10"
vears. But, it is not an easy task. The application of the intense
proton accelerator is one of the possible solutions, because the TRU
nuclides can be transmuted to stable or short life ones through the
proton induced spallation and the fission reactions by resultant
neutrons. The subcritical fast reactor driven by an Intense proton
accelerator with energy of 1.5 GeV and current of 10 mA class has the
potential to incinerate the amount of TRU nuclides, which are produced
iﬁ 10 units of the 1000 MWe light water power reactor. The suberitical
fast reactor is leaded with the TRU metal fuel and cooled by liqudid
sodium. The incineration plant can be built satisfactorily safe,
because its power output can be promptly shut down by merely switching

off the proton beam. In order to realize such an incineration plant, are
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required the development of a large scale accelerator, which has not ever
been experienced and also that of wide range technologies related to the
subcritical reactor.

Tt this context, was made a core design study for transuranium
nuclides incineration plant driven by the intense proton linear accelerator.
The reference core comprising the bundle pin type metal fuels of Am-Cm-Pu-
Y and Np-Pu-Zr and the tungsten target, both of which are cooled by liquid
sodium, is annually able to incinerate the transuranium nuclides produced
in 7.6 units of the 1000 MWe LWR power stations. Under the condition
that the fuel elements can withstand the burnup of 100000 MWD/ton the
reference core can transmute 36 percents of the initially loaded *®"Np to
shorter life nuclides during the operation period. The reactivity swing

remalns within 5.3 %Ak/k and then the core can be kept subcritical.

Keywords: Transuranium Nuclides, Proton Accelerator, Transmutation,
Spallation Reaction, Fission Reaction, Subcritical Fast

Reactor Incineration Plant, Metal Fuel
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1. INTRODUCTION

Much efforts are required to get the social understanding that nuclear
energy is clean from the view point of preservation of natural emvironment.
The sccial understanding is one of the premises for that the nuclear power
generation is continuously accepted for future like it was in the past.
It is indicated in Fig. 1 that share of the nuclear power in the whole
primary energy supply has to be much enlarged if we want to lower the
emission of CO, to an acceptable level while keeping the economic growth
rate to the level being attained at the present.(l) Figure 2 shows that
the emission of C0, can be reduced to the acceptable level which is by a
few tens percents smaller than the present one, if the use of the
nuclear power is extended as scheduled in Fig.- 1.

The efforts related to the social understanding should be directed
to the following two targets. One is the development of safer
nuclear reactor compared with the existing ones, for which the occurrence
probability of the large scale accidents followed by the considerable
level discharge of radioactive substances such as the case of the
Chernobyl reactor can be thought to be effectively zerﬁ. The other is
the establishment of the radico-active waste management technology.

In the spent fuel of the nuclear power reactor, are included the
transuranium nuclides (TRU) such as Np, Am and Cm. Therefore, they must
be kept away from the human living area for very long time, because
some TRU have long lives exceeding 10" years., The situation is explained
in Fig. 3, where the decay of toxicity of nuclear wastes with time 1is
predicted. The geological deposit is widely accepted in most advanced
countries. But, it is not an easy task. If the TRU nuclides are
transmuted to stable or short life ones, the technological burdens placed
on the geological deposit can be substantially mitigated.

The Japanese Atomic Energy Commission concluded in Autumn 1988 to
strengthen the research and development on partitioning and incineration
of nuclear wastes. The Science and Technology Agency formulated the
OMEGA project. The fuel cycle committee of OECD/NEA has decided to
initiate an international collaboration frame work for the subject.

. Incineration of nuclear wastes by use of accelerators is defined as
one of the important tasks in the OMEGA program; The Japan Atomic Energy
Research Institute (JAERI) has been engaged for several years in the
basic studies on incineration technology with use of the intense proton

linear accelerator. The intense proton accelerator program intends to
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provide a large scale proton linear accelerator named as "The Engineering
Test Accelerator". The principal purpose of the accelerator is to

develop the incineration technology of the nuclear wastes. The accelerator
is intended to be used also in the other industrial application and also

in applied science.

2. CONCEPT OF INCINERATION OF NUCLEAR WASTES

2.1 DNuclear Reaction

The following nuclear reactions are usable in principle for
incineration,

(1) Nuclear fission by neutrons
(2) Spallation by proton
(3 (n,y), (y,n) and photofission.

In JAERT, is considered the reaction of the nuclear fission by
neutron to be the most feasible one from the view points of higher
transmutation efficiency and more profitable energy balance. It is
noted that only the fast neutrons can cause the fission reactions against
237Np as indicated in Fig. 4, which are the major components of TRU from
light water reactor (LWR).

$pallation reaction is suitable for generation of the source
neutrons to start the fission chain reactions, because the energy required
to produce single neutron is relatively small. The high energy protons
constitute cascade in the targets made of the heavy metal, as illustrated
in Fig. 5. Several tens neutrons evaporate from an excited nucleus and
after that spallation products are left. Incineration of TRU nuclides can
be done with spallation reactions, but the energy balance is not so
profitable compared with the fission reactions. The development of the
computer code NMIC/JAERI has been done in order to describe the spallation
process.(z) Figures 6 and 7 show the calculated results for proton
energy dependence of the number of spallated 237Np nuclei and half life
distribution of the spallation products due to a single proton,

(3)

respectively. Dependence of the number of neutrons from the 23 7Np

target on proton energy is given in Fig. 8.
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profitable compared with the fission reactions. The development of the
computer code NMIC/JAERT has been done in order to describe the spallation
process.(z) Figures 6 and 7 show the calculated results for proton
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respectively. Dependence of the number of neutrons from the “37Np

target on proton energy is given in Fig. 8.
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2.2 Concept of Incineration Plant

Conceptual design studies have been performed on the plants aiming at
incineration of TRU nuclides. The amount of TRU produced in a 1000 MWe LWR
is about 26 kg per year as given in Table 1. A double layer fuel cycle

(4)

such as illustrated in Fig. 9 was proposed in JAERI. First layer is

usual energy production cycle. In addition to it the second layer is

allocated to incinerate the TRU nuclides by use of a special burmner
reactor or a subcritical reactor driven by an accelerator. The former
plant is such reactors as loaded with fuels containing the TRU nuclides.

The latter plant comprises the intensive proton accelerator and the

suberitical core surrounded with blanket. The target generating neutrons

is likely made of heavy metals, the function of which is sometimes
substituted by the TRU fuel assemblies themselves for simplification of
the plant. The core is loaded with the fuels containing the TRU nuclides
and is cooled by liquid metals. This hybrid type plant is not gimpler
than the special burner reactor in the sense that a big accelerator is
added as an extra burden.

The hybrid type plant, however, has the following superior proper-—
ties:

(1) The fission reactions in the plant can be promptly shut off only by
switching off the beam current of the accelerator.

(2) The plant is always operated in a far subcritical state. Therefore,
control and safety rods are not reqnired; the core structure becomes
simple.

(3) The burn-up of the TRU fuels is not constrainted from the condition
of keeping the criticality of the core.

(4) The core design is free from the safety related restrictions such as
the non-positive Na void coefficient and does not place any strict
requirement on the informations of the isotopic abundances in fuel
compositions. The very small values of delayed neutron fraction of

TRU fuels give rise nc problem.

3. CONCEPTUAL CORE DESIGN AND ANALYSIS OF CHARACTERLSTICS

At first, JAERT conceived an incineration plant to destruct the TRU
nuclides mainly through the spallation reactions, using a 1.5 GeV - 300 mA
class proton linear accelerator. The incineration rate was estimated

about 100 kg per year which is equal to the TRU production rate from the

_3_.
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four units of 1000 MWe LWR. The problem of the plant is that the scale of
the accelerator 1s probably large from the view point of cost-benefit
analysis.

At second, a different design study is made on a plant of the
hybrid type driven by a smaller size machine of 1.5 GeV - 10 mA class,
which seems to be realized by use of continuous wave mode. Core
configuration of the hybrid plant is shown in Fig. 10.(5) Core of the
plant is loaded with the bundle pin type metal fuels of Am-Cm-Pu-Y and
Np-Pu-Zr and cooled by liquid sodium. The fuel assembly in the core is
similar to that commonly employed in LMFBR design. The fuel pin cell
peometrically selected for the target is shown in Fig. 11. The reason for
adoption of the metal fuels is to make the neutron spectrum so hard that
the average neutron energy exceeds the fission threshold energy of 237Np,
0.6 MeV. Tungsten target is located so as to generate spallation neutrons
in the central region of the core. Generation of ~30 neutrons per proton
is expected in Fig. 8, which initiate the fission chains and are able to
transmute ~380 TRU nuclei in total. The effective multiplication factor
of the core kygp is around 0.92, The core and target design parameters
are shown in Table 2. Predicted performance of the hybrid plant is given
in Table 3. It is shown there that the TRU nuclides of about 200 kg can
be incinerated, the amount is equivalent to the annual product from about
7.6 units of 1000 MWe LWR.,

The power distributioms in the incineration core are shown in Fig.
12. The power peaking is mnot so strong as to give rise a severe problem
for the heat removal. The maximum fuel meat temperature can be kept
below 900°C that is the estimated melting point of the Np-Pu-Zr alloy.
The coolant temperature can be maintained far below the boiling point
of Sodium. The coolant velocity through the core was chosen below 8 m/s
to prevent the vibration of the fuel assembly. It is also estimated
that the core is not damaged in such an accidental case that the coolant
flow by the forced circulation is lost. The decay heat can be removed
from the core through the natural circulation.

The calculated performance of the plant indicated in Table 3 is that
at the initial stage of operation. The change of kgff with burn-up is
estimated as shown in Fig. 13 for the reference core, the value of which
increases at the begining from 0.92 up to 0.97 in 900 day's operation and
then decreases down to 0.90 in 2000 days. The inventory of the TRU

nuclides changes as illustrated in Fig. 14. Under the condition that the

fuel elements can withstand the burn-up of 630 days (~100000 MW/ton,
4.4_
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3.5x10%3 n/cm?), the reference core can transmute 36 percents of the

2374p to shorter life nuclides. In the case of the 2000

initially loaded
day's burnup, about 97 percents of the initially loaded 237Np nuclei have
been incinerated.there, although it is not clear at present whether

the fuel elements can resist against such a high burn up. It seems that
the window material can likely withstand the proton been bombardment, s
because the window area is expanded and the fraction of the proton's

energy deposit through it is small compared with those in the target

area. Design studies are extended to some versions of the above mentioned
reference core, Their core constitutions are indicated in Table 3.

The version-1 core has the tungsten target like the reference core, but

it is cooled by lead-bismuth. The version-2 and 3 cores utilize the TRU
fuel elements as the target generating neutrons and are cooled by sodium and
lead-bismuth respecﬁively. The performances of the verious versions have
also been investigated and summarized in Table 3, together with that of

the reference core. The performances of the version-2 and 3 with respect

to the number of the LWR units are poorer than those of the reference core.
This trend is, however, to be somewhat improved by optimizing the lattice

pitch of the fuel elements located in such area where most of the neutron

generations due to the proton beam bombardments occur.

4, SUMMARY

A core design study for the transuranium nuclides incineration plant
driven by the large scale proteon linear accelerator was performed. It was
assumed that the energy and beam current are 1.5 GeV and a few tens mA,
considering the present status of the accelerator technology. The
reference core comprising the bundle pin type metal fuels of Am-Cm-Pu-Y and
Np-Pu-Zr and the tungsten target, both of which are cooled by liquid
sodium, is annually able to incinerate the transuranium nuclides produced
in 7.6 units of the 1000 MWe LWR power stations when the beam current is
estimated 23 mA. Under the condition that the fuel elements can

withstand and burnup of 100000 MWD/ton (~3.5%x10%% n/cm?) the reference

core can transmute 36 percents of the initially loaded 237%p to shorter

life nuclides during the operation period. The reactivity swing

remains within 5.3 %Ak/k, and then the core can be kept subcritical.
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energy deposit through it is small compared with those in the target

area. Design studies are extended to some versions of the above mentioned
reference core. Their core constitutions are indicated in Table 3.

The version-1 core has the tungsten target like the reference core, but

it is cooled by lead-bismuth. The version-2 and 3 cores utilize the TRU
fuel elements as the target generating neutrons and are cooled by sodium and
lead-bismuth respectively. The performances of the verious versions have
also been investigated and summarized in Table 3, together with that of
the reference core. The performances of the versicm-2 and 3 with respect
to the number of the LWR units are poorer than those of the reference core.
This trend is, however, to be somewhat improved by optimizing the lattice
pitch of the fuel elements located in such area where most of the neutron

generations due to the proton beam bombardments occur.

4. SUMMARY

A core design study for the transuranium nuclides incineration plant
driven by the large scale proton linear accelerator was performed. Tt was
assumed that the energy and beam current are 1.5 GeV and a few tens mA,
considering the present status of the accelerator technology. The
reference core comprising the bundle pin type metal fuels of Am-Cm-Pu-Y and
Np-Pu~Zr and the tungsten target, both of which are cooled by liquid
sodium, is annually able to incinerate the transuranium nuclides produced
in 7.6 units of the 1000 MWe LWR power stations when the beam current is
estimated 23 mA. Under the condition that the fuel elements can

withstand and burnup of 100000 MWD/ton (~3.5%102% n/ecm®) the reference

237

core can transmute 36 percents of the initially loaded Np to shorter

1ife nuclides during the operation period. The reactivity swing

remains within 5.3 %ZAk/k, and then the core can be kept subcritical.
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