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Abstract
As an alternative heavy liquid metal coolant to lead and lead-bismuth eutectic, another lead-alloy, Pb-17Mg eutectic (LME), has been evaluated from the reactor physics point of view. In comparison with other lead or lead-alloy metals, the LME has a few more favorable thermo-physical characteristics such as a relatively low melting point, a good thermal conductivity, a high specific heat. A comparative neutronic study has been performed between the pure lead and LME coolant for a TRU transmuter. A 900 MWth reactor is considered to investigate the neutronic performance of the LME coolant. The core is comprised of ductless hexagonal fuel assemblies and the fuel is a metallic alloy of U-TRU-Zr. TRU materials are assumed to come from PWR spent fuels. Fuel recycling is performed based on a simple proliferation-resistant pyroprocessing. For the two reactors, core properties are evaluated for an equilibrium cycle in terms of safety-related parameters and TRU transmutation performance. In addition, an asymptotic safety analysis has been done for the lead-cooled and LME-cooled cores by using the BOR (Balance of Reactivity) method.
Introduction

One of the practical, promising approaches to the spent nuclear fuel (SNF) problem is the transmutation of long-lived radioactive nuclides such as transuranics (TRUs) and long-lived fission products in nuclear reactors, in which the TRUs are consumed as nuclear fuel. It is well perceived that fast neutron reactors are required for an efficient and balanced TRU transmutation.

Due to the emphasis on the waste transmutation, design efforts for liquid metal reactors have been shifted from maximizing its breeding performance to its improved inherent safety. Therefore, stringent thermal-hydraulic requirements for a tight lattice and compact core in the conventional sodium-cooled reactor can be substantially relaxed. Consequently, heavy lead-alloy coolants such as lead-bismuth eutectic (LBE) and pure lead have been studied as an alternative coolant. The advantages of lead-alloy coolants are in that coolant boiling is virtually not a concern and they are chemically benign, and the coolant void coefficient is significantly improved over the conventional sodium coolant[1-4]

LBE has been extensively studied due to its low melting temperature and Russian experience with nuclear submarine. It is well known that the LBE coolant is subject to several challenging technical problems such as material corrosion and Po-210 production, and the rarity of bismuth. Consequently, the pure lead coolant is being paid some attention as an alternative coolant. The lead, however, has also a crucial drawback, i.e., a relatively high melting temperature ((327 (C) although the corrosion problem is a little mitigated and the Po-210 issue might be adequately addressed. In a lead-cooled reactor, it is generally recognized that a very reliable guard heating system is required to prevent local freezing of the coolant[1-4].

In this paper, another lead-alloy, Pb-17Mg eutectic (LME, 97.7w/o Pb - 2.3w/o Mg), has been evaluated from the viewpoint of reactor physics of a TRU-loaded core. LME has a melting temperature of about 249 (C. It is expected that the coolant freezing issue would be significantly relaxed in an LME-cooled reactor. In addition, the LME coolant has several more advantages over the lead and LBE coolant from the thermo-physical properties. Previously, Alexeev et al.[5]  introduced the LME coolant as a new reactor coolant and LME was compared with sodium from the neutronic point of view in Ref 6. The previous works showed that it has a high potential as a lead-alloy coolant. In this work, a comparative neutronic analysis is performed for lead and LME coolant for a TRU-loaded core.

All the neutronic analysis has been done with the REBUS-3[7]/DIF3D[8] code system and the KAFAX-E66[9] cross section data are used. KAFAX-E66 is a 150-group library generated with the ENDF/B-VI data.

Properties of the LME Coolant

Table I compares the major thermo-physical properties of LME with those of lead and LBE[1]. On top of the high boiling temperature and low vapor pressure of the lead-based coolant, LME has a significantly lower melting temperature than lead, mitigating the concern about the coolant freezing. The low melting temperature allows to use a steam cycle at pressures of 7 to 11 MPa, typical of the conventional power conversion system. In a lead cooled-reactor, the coolant inlet temperature might be decreased, due to excessive cooling, down to the freezing temperature of lead during the unprotected LOF (Loss of Flow) accident if the natural circulation is not high enough.
It is worthwhile to note that thermal conductivity of LME is 1.5 times higher than those of lead and LBE, and LME has a 15% higher specific heat than lead and LBE, the Prandtl number of LME is much lower than those of the other coolants. These properties make LME very attractive from the viewpoint of heat removal capability. The pumping power can be lower for LME in comparison with lead and LBE. Due to the high conductivity and lower density, there might be some possibility that the conventional electro-magnetic pump could be used for LME.

Table I. Material properties of lead-alloy coolants

	Properties (atmospheric pressure)
	Pb
	LBE
	LME

	Melting temperature, (C
	327.4
	123.4
	248.7

	Boiling temperature, (C
	1745
	1670
	1610

	Fusion heat, kJ/kg
	23
	25
	26

	Vaporization heat, kJ/kg
	860
	820
	920

	Density at 500 (C, kg/m3
	10470
	10050
	9560

	Volumetric expansion coefficient, 1/(K
	1.12E-4
	1.34E-4
	1.22E-4

	Heat conduction at 500 (C, W/mK
	15.4
	14.4
	22

	Specific heat at 500 (C, kJ/kgK
	0.147
	0.146
	0.168

	Kinematic viscosity at 500 (C, m2/s
	17.6E-8
	12.8E-8
	15.3E-8

	Prandtl number, Pr
	0.0178
	0.0131
	0.011

	Saturated vapor pressure, bar
	5.1E-6
	8.7E-5
	2.0E-5

	Surface tension coefficient, N/m
	0.44
	0.42
	0.35


A preliminary experimental study on LME has shown that the material compatibility of LME and other properties are quite similar to lead and LBE[1,5]. However, related studies are rather limited and a lot more researches are required in the material compatibility aspect to confirm the possibility to use LME in practical reactor conditions.

It is well known that generation of Po-210 is a bothering problem even in the pure lead coolant. Similarly, this would also hold for the LME coolant. Continuous removal of Bi from the coolant is a good way to minimize the Po-210 generation. In the case of LME, it might be possible to remove Bi in the form of a Bi-Mg compound. More efficiently, precipitating Bi in the form of a Ca-Mg-Bi compound can be used in the LME coolant, as well[10].
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Figure 1 compares the capture cross sections of natural Pb and Mg. It is clearly observed that the capture cross section of Mg is much smaller than that of Pb. This means that with the LME coolant the neutron economy can be improved relative to the lead coolant. Mg is much lighter than Pb and the neutron spectrum is expected to be a little softer in an LME-cooled reactor. This would enhance the Doppler effect. However, the softer spectrum will lead to an increased coolant void effect, too.

Reference Core Design

A 900 MWth lead-cooled reactor has been considered for the comparative neutronic study for the LME and lead coolants[11]. As shown in Fig. 2, the reactor core is divided into 3 zones and comprises 192 ductless hexagonal fuel assemblies. In the comparative analysis, the same core is used for both LME and lead coolants. In a lead-alloy reactor, the coolant volume fraction should be quite high to remove heat efficiently. This leads to a simple ductless fuel assembly design in this work. In the fuel assembly, there are 204 fuel rods and 13 tie rods (TRs). TRs are basically empty tubes and they are used to hold the grid spacers supporting fuel rods. Two types of control rods are designed, one (natural B4C) is placed in the core and the other one (50% B4C) in the reflector. The coolant is also used as the reflector material in the core. Although fuel assemblies are ductless, the reflector and shield assemblies have a duct for the coolant flow control. 

Fuel is the conventional metallic alloy of U-TRU-Zr with a lead bonding. The height of the active core is 124 cm and the pitch-to-diameter (P/D) ratio of fuel rods is 1.41. Taking into account the relatively high melting temperature of lead and LME, the coolant inlet temperature was set to 420 (C and the coolant outlet temperature was determined to be 540 (C for a high thermal efficiency. In the LME-cooled core, the average coolant speed is (1.54 m/sec, while it is (1.61 m/sec in the lead-cooled core. The slower coolant speed ((4.2 %) in the LME coolant is due to the higher specific heat of LME.
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Fig. 2. Configurations of reactor core and ductless fuel assembly

When a core is mainly loaded with a TRU fuel from PWRs, the core has a large burnup reactivity swing. Also, in a fast neutron spectrum core, the core design and performance are tightly constrained by the fast neutron fluence limit, which is typically 4.0x1023 n/cm2. In a TRU burner, the fuel enrichment needs to be adjusted region-wise for the power distribution control and this results in several types of fuel rods in the core. Basically, it is desirable that the number of fuel rod types should be minimized for a lower fuel fabrication cost and an easier quality control of the fuel.

In order to solve the above-mentioned problems, a new fuel assembly design has been introduced in this work. First, B-10 (in the form of B4C) is used as a burnable absorber (BA) to reduce the burnup reactivity swing. The BA is loaded into 13 TRs with top and bottom cutbacks as shown in Fig. 2. The objective of the cutbacks is twofold, one is to enhance the B-10 depletion rate and the other one is to minimize the peak fast fluence, thereby extending the lifetime of the fuel assembly. The peak fast neutron fluence limit is a limiting design parameter in a lead-alloy-cooled fast reactor. The BA loading with the top/bottom cutbacks flattens the axial power distribution and effectively reduces the peak neutron fluence, which usually appears in the core mid-plane. Table II shows the assembly design data. In the inner core (IC), a 70%-enriched B4C BA is loaded and the middle core (MC) has 50%-enriched B4C BA rods. However, no B4C BAs are applied in the outer core (OC). In this manner, only two fuel enrichments are required to achieve an acceptable radial power distibution, a lower one for both IC and MC and a higher one for OC. In a TRU burner, the need of a single TRU enrichment is rather weak in terms of the proliferation resistance since TRU is already treated as a separate material.

Table II. Ductless fuel assembly design

	Fuel material
	U-TRU-Zr metallic alloy

	Cladding, TR material
	HT9

	No. of fuel pins
	204

	No. of TRs
	13

	Pin diameter, cm
	0.88

	Cladding thickness, cm
	0.057

	P/D ratio
	1.41

	Fuel smear density, %TD
	75

	Diameter of TR, cm
	0.96

	Tube thickness of TR, cm
	0.13

	Active length, cm
	124

	Inter-assembly gap, cm
	0.32

	Assembly pitch, cm
	18.393


Core Characteristics

With the aforementioned core design, a one-year-cycle core has been designed to have 310 effective full power days (i.e., 85% capacity factor). As in the typical fast reactor, the scattered fuel reloading is utilized in the core. For the inner and middle zones, a 6-batch fuel management is used and a 7-batch one is applied to the outer zone for a high discharge burnup. In this study, the feed fuel material is obtained by removing 97% uranium and 90% RE from a PWR spent fuel with a burnup of 47 GWD/MTU and a 20-year cooling time. It was assumed that fission products except RE could be completely removed from the SNF. The composition of the feed fuel was calculated with the ORIGEN2 code for a UO2 fuel of an enrichment of 4.4 w/o U-235. It is worthwhile to note that, in one tone of SNF with a 47 GWD/MTU burnup, the mass fractions of uranium, TRU and RE are 93.8%, 1.32%, and 1.40%, respectively.

Table II shows the major core parameters of equilibrium cycles of the two cores. It should be noted that Table II also contains some information for cores without the B4C BA for a comparison purpose. In the no-BA cores, 3 fuel enrichments are adopted. As is expected, the TRU transmutation performance of the cores is basically same, although the fuel composition is slightly different due to the slightly softened neutron spectrum in the LME case. In the BA-loaded case, the total heavy metal inventory is a little larger in LME. However, the fuel inventory is smaller in the LME case if BA is not applied, due to the better neutron economy with the LME coolant. In both lead and LME, the burnup reactivity swing is reduced by a factor of 2 with the B4C BA, and it is smaller in the LME coolant since the core breeding ratio is a little better and an enhanced B-10 depletion rate. In the fuel composition, uranium weight fraction is 58(59.5% in the core, consequently the delayed neutron fraction is smaller than in the typical fast reactor cores. The TRU support ratio of the cores is about 1. A noticeable difference is observed in the fast neutron fluence: the peak fluence is substantially lower in LME due to a softened neutron spectrum. It is worthwhile to note that both cores without any BA violated the fluence limit. This attests to an advantage of the BA with top/bottom cutbacks. Compared with cores without BA, the fuel inventory is increased in the BA-loaded cores since the B-10 depletion rate is quite slow, i.e., residual reactivity poisoning is high. However, the fuel discharge burnup is still relatively high and it is compensated by the reduced reactivity swing, which is a big concern in a TRU incinerator.

Table II. Summary of core characteristics

	Parameter
	Value

	
	Lead
	LME

	Fuel composition (U/TRU/RE/Zr), w/o 
	58.4/18.8/0.4/22.4, IC

58.4/18.8/0.4/22.4, MC

59.5/19.5/0.5/20.5, OC
	57.6/19.6/0.5/22.3, IC

57.6/19.6/0.5/22.3, MC

58.7/20.3/0.5/20.5, OC

	Reactivity swing (310 EFPDs), pcm
	959

(2,241)*
	892

(2,160)*

	Delayed neutron fraction (BOC/EOC), (eff 
	0.00309/0.00309
	0.00308/0.00308

	Neutron generation time (BOC/EOC), (sec
	0.456/0.470
	0.474/0.488

	Core power density, W/cc
	119.3
	119.3

	3-D power peaking factor (BOC/EOC)
	1.40/1.39 

(1.61/1.58)*
	1.42/1.39 

(1.60/1.57)*

	Avg. linear power, W/cm
	185
	185

	Fuel discharge burnup, a/o
	10.6 (13.8)*
	10.6 (13.8)*

	Peak fast fluence (>0.1 MeV), n/cm2
	3.9x1023

(4.7x1023)*
	3.6x1023

(4.2x1023)*

	TRU/U consumption, kg/cycle
	92/196
	92/196

	Heavy metal inventory (BOC/EOC), kg
	16,566/16,278

(12,565/12,278)*
	16,573/16,286

(12,519/12,233)*

	BOC B-10 inventory, kg
	28.33
	28.31

	Breeding ratio
	0.787 (0.796)*
	0.790 (0.800)*


*without B4C BA

Table III shows major safety-related reactivity coefficients of the cores. The Doppler effect is a little enhanced in the LME coolant due to the softened neutron spectrum, and the fuel axial expansion results in similar negative reactivity in the two cores. In the evaluation of the fuel axial expansion coefficient, it was assumed that fuel is bonded to the clad. Generally, the Doppler effect becomes less negative in fast reactors. We have confirmed a similar behavior for both lead-cooed and LME-cooled cores. Core radial expansion provides the biggest negative feedback in the cores and the two cores have comparable radial expansion coefficients. 

Table III. Reactivity coefficients

	Parameter
	Value (BOC/EOC)

	
	Lead
	LME

	Doppler effect ((D), pcm/(K at 900 (K
	-0.18/-0.18
	-0.23/-0.23

	Fuel axial expansion ((H), pcm/(K
	-0.20/-0.20
	-0.22/-0.22

	Coolant density ((C), pcm/(K
	0.25/0.26 

(0.10/0.10)*
	0.54/0.55 

(0.37/0.38)*

	Core radial expansion ((R), pcm/(K
	-0.52/-0.53
	-0.56/-0.57


*without B4C BA

In Table III, it is clearly seen that the two cores have significantly different coolant density coefficient. The LME-cooled core has a much more positive, by a factor of 2, density coefficient than the lead-cooled core. This is because neutron spectrum is softer in the LME-cooled core. A similar comparison is observed in the BA-free cores. As is well known, the lead-cooled core without BA has quite a small coolant density coefficient. One can note that a B4C BA makes the coolant density coefficient worse in the cores, although it leads to a smaller reactivity swing. The amount of BA loading needs to determined by accounting for its detrimental impacts on the core characteristics.

Integral Safety Analysis

In order to analyze the safety characteristics of the cores, an integral safety analysis has been done with the BOR (Balance of Reactivity) method[12], in which reactor core is assumed to approach asymptotically to a new critical state after a limited transient. The BOR method is based on the following two equations,
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where P and F are normalized power and flow rate, respectively, and 
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Liquid metal reactors are usually considered inherently safe or self-controllable if the coolant temperature rise over the nominal value is bounded by the nominal value (
[image: image14.wmf]C

T

D

=120 (C) during four ATWS (Anticipated Transient Without Scram) scenarios: unprotected TOP (Transient of Over-Power), unprotected LOHS (Loss of Heat Sink), unprotected LOF (Loss of Flow), and unprotected CIT (Chilled Inlet Temperature). Within the framework of BOR, the self-controllability is satisfied if the following conditions are met,

A/B ( 1, 1 ( C(TC/B ( 2, and (ex/|B| ( 1,

where A, B, and C are all negative and (ex is the external reactivity.

Table IV summarizes the results for the four cores with or without BA. In the UTOP case, the externally inserted reactivity was calculated by assuming that 19 control rods are involved in the excess reactivity control and one of them is inadvertently withdrawn. The assumption is in compliance with the usual convention in the liquid metal safety analysis.

Table IV. Self-controllability during ATWS accidents at BOC

	Requirement
	Lead (BA)

(ex=0.20$
	Lead (no BA)

(ex=0.46$
	LME (BA)

(ex=0.18$
	LME (no BA)

(ex=0.44$

	A/B ( 1
	A/B=0.38
	A/B=0.34
	A/B=0.56
	A/B=0.4

	1 ( C(TC/B ( 2
	C(TC/B=1.11
	C(TC/B=1.2
	C(TC/B=0.91
	C(TC/B=1.07

	(ex/|B| ( 1
	(ex/|B|=0.88
	(ex/|B|=1.79
	(ex/|B|=0.91
	(ex/|B|=1.93


From Table IV, it is noted that the LME core with BA slightly violates the second conditions, while the lead-cooled reactor with BA satisfies the conditions well. This is due to the more positive coolant density coefficient in the LME coolant. However, it is expected that the coolant temperature rise over the nominal value would be marginal. On the other hand, cores without BA are very susceptible to the UTOP accidents due to the large reactivity swing although the other two requirements are satisfied. For these cores, the coolant temperature rise is expected to be excessively high in the UTOP scenario. The results indicate that the two BA-free cores should be substantially modified to meet the inherent safety requirements and the LME-cooled core with BA also needs some improvement in the core design to reduce the coolant density coefficient.

Conclusions

A comparative neutronic study has been performed for the lead and LME coolants in a 900 MWth TRU-loaded core. In comparison with lead, LME has some advantages in terms of thermo-physical characteristics: a lower melting temperature, a much better thermal conductivity, a higher specific heat. As a result, for an identical core design, the average coolant velocity is a little lower in the LME coolant. Also, the cladding surface temperature can be lower with the LME.

The TRU transmutation performances of the two coolants are basically very similar from the reactor physics point of view. We have found that burnup reactivity swing is a little smaller for LME, regardless of presence of a B4C burnable absorber, and the peak fast neutron fluence is substantially lower in the LME coolant due to a little softer neutron spectrum. It has been found that LME provides a better neutron economy, leading to a slightly higher breeding ratio, relative to lead.

Regarding the safety characteristics, the LME-cooled core has an improved Doppler feedback effect. The fuel axial expansion and core radial expansion effects are found to be comparable for the two coolants. However, the study revealed that an LME-cooled core has a much more positive coolant density coefficient than a lead-cooled core. This is attributed to the softened neutron spectrum in the LME coolant. Safety analysis with the BOR method indicates that the LME-cooled core hardly meets the inherent safety requirements for the core design considered in this work while the lead-cooled core satisfies all the necessary conditions well. 

Based on the analysis, we conclude that LME has a high potential as a reactor coolant, but some design measures needs to be employed to improve the inherent safety features of an LME-cooled fast reactor from the coolant density coefficient point of view. 
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Fig. 1. Capture cross sections of Pb and Mg (JEF-2.2)





Pb-nat





Mg-nat








[image: image16.bmp][image: image17.bmp][image: image18.bmp]_1156773824.unknown

_1156935244.unknown

_1161349667.unknown

_1161613438.unknown

_1156935255.unknown

_1156773875.unknown

_1156674340.unknown

_1156674463.unknown

_1156682893.unknown

_1156683069.unknown

_1156674491.unknown

_1156674403.unknown

_1156674294.unknown

