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8 Abstract cycle it can, in principle, be obtained with a more or less mod
erated neutron spectrum. In a thermal neutron spectrum, poi

Q\l] A re-evaluation of the Molten Salt Breeder Reactor concapt lsoning due to the Fission Products (FP) being worse than in
revealed problems related to its safety and to the complekit a fast neutron spectrum, the rate at which fuel reprocessing
the reprocessing considered. A reflection is carried oumvangerformed can become a major issue. Because, in an MSR,
in view of finding innovative solutions leading to the Thariu the fuel is liquid, continuous extraction of the FPs is a fluiks
Molten Salt Reactor concept. Several main constraintssreity. Although MSRs can be operated as incinerators they will
tablished and serve as guides to parametric evaluatioreseTbe discussed in this paper only as electricity producintrati

I then give an understanding of the influence of important caygstems.

«—| parameters on the reactor’s operation. The aim of this papem 1964, the Molten Salt Reactor Experiment (MSRE) was
is to discuss this vast research domain and to single out jifiiated at the Oak Ridge National Laboratory (ORNL). Gen-
Molten Salt Reactor configurations that deserve furthelueva erating 8 MWth of power, the reactor was operated without

D tion. problems and with different fuel$®U then233U) over sev-

bl eral years. The expertise gained during this experiment led
()] in the 1970s, to the elaboration of a power reactor projéet, t
= Introduction Molten Salt Breeder Reactor (MSBR [5]). The studies demon-

strated that fuel regeneration is possible with the thoriueh
In order to reduce C@emissions in the coming decades, anfyc!e in an epithermal spectrum, provided very efficient,and
as a result, to mitigate global warming, it appears necgdsaraS & consequence, constraining, on-line chemical repsinges
stabilize or, better, to reduce the use of fossil fuels. Riempto Of the saltis achieved. Over the past few years, the MSBR has
(N 2 sustainable version of nuclear power may help replace cf@en reassessed in the light of new calculating mettipfl$s, 4
O sical energy production partially and thus satisfy an iasieg a5 to elaborate a new reactor concept that we call the Thorium
O world energy demand while conserving the climate and natuMplten Salt Reactor (TMSR).
O resources. The Generation IV International Forum for the de The MSBR suffered from several major drawbacks and was
' velopment of new nuclear energy systerfjs [1] has establiséggontinued. The goal being, at the time, to obtain as high
+— a set of goals as research directions for nuclear systems: a&hreeding ratio as possible, the on-line chemical repgings
"= hanced safety and reliability, reduced waste generatffe;-e unit considered had to process the entire salt volume within
tive use of uranium or thorium ores, resistance to prolifer0 days and this was very compldx [6]. Because of this com-
O tion, improved economic competitiveness. Molten Salt Redyexity, the project is often considered unfeasible. Initoid,
E tors (MSR) are one of the systems retained by Generation l&cent calculations have shown that the global feedback coe
@ MSRs are based on a liquid fuel, so that their technologyris fificient for this system is slightly positive. This contraigithe
“O damentally different from the solid fuel technologies emtty results that had been presented. The difference is prodakely
in use. Some of the advantages specific to MSRs (in terigghe fact that, at the time, the compositions were handied i
of safety/reliability, for example) originate directlydim this homogeneous way while they are handled heterogeneously to-
characteristic[[2]. Furthermore, this type of reactor istipa day. This critical issue makes the MSBR a potentially uristab
ularly well adapted to the thorium fuel cycle (FR%U) which System in some situations.
has the advantage of producing less minor actinides than th&he aim of this paper is to present solutions to these prob-
uranium-plutonium fuel cycle?®U-23%u) [3,[4]. Moreover, lems. In our search for better reactor configurations, wes hav
while breeding or regeneration in the U-Pu cycle can be dbentified several constraints that are discussed in thiepfns
tained only with a fast neutron spectrum, in the PR fuel of this work. We then discuss the impact of the various reac-



tor parameters on these constraints, i.e. chemical regsoae a consequence, of the power released by fissions. For this rea
channel size, fuel volume and the proportion of heavy nucksin, theff—#)tm'sll coefficient must be negative. The thermal ki-
(HN) in the salt. A synthesis of these studies is set forthe tnetics of the graphite, which is heated by gamma radiatiah an
last section. cooled by the salt, is much slower than that of the salt. Mgkin
This work is based on the coupling of a neutron transpaitowance for this delay between the heating of the salt had t
code (MCNP [|7]) with a materials evolution code. The formdyeating of the graphite, the coefficient for the salt alohat is
calculates the neutron flux and the reaction rates in all ¢fle cthe sumg—‘;)densner %)Doppler must also be negative. The de-
while the latter solves the Bateman equations for the eiwiutgree of safety can be further increased if the density caefiic
of the materials composition in the cells. These calcufetiois made negative. This implies that any local loss of density
take into account the input parameters (power releasdi}, ce.g. because of a bubble, decreases the reactivity of thensys
cality level, chemistry,...), by adjusting the neutron fluxthe  The uncertainties on these values are related to statistica
materials composition of the core on a regular basis. Oeuealrors that are well identified and can be reduced, but alsogo sy
lations are based on a precise description of the geomedty #imatic errors that are not quantified and are related, for ex
consider several hundreds of nuclei with their interactiand ample, to uncertainties in cross section evaluations. Ier t
radioactive decay; they allow fine interpretation of theutess reason, the feedback coefficients must be sufficiently negat
All the data discussed in this paper result from the evotutid to ensure unambiguous stability.
the reactor over 100 years.

1.2 Feasibility of the Chemical Reprocessing

1 nstraint
Constraints The term feasibility reflects the complexity associatedh® t

We identify five major constraints in this study: safety, whe chemical reproc%ssmé;. In;;_ed,l songe of tlhe Sepaéag pro-

ical reprocessing feasibility, fuel regeneration caggbima- ﬁesses are clonS| ere rt]oo imcultto be 'mg emdente : Sﬁ

terials life span, and initial inventory. Other constraiobuld 2Ve Several causes: the processes considered are notwell u
derstood or mastered, the flow of materials to be processed is

be considered, such as waste minimization, thermal-hyidsau Lo R X g
too large, the reprocessing implies direct coupling to gaetor

or proliferation resistance but we concentrate esseytialthe

above five major constraints. We seek to understand the fRf¢-- . . _
pact of the reactor’s defining parameters on these conttrain 1€ objective is to devise the simplest possible system that

In so doing, we can single out the best reactor configuratidh§ompatible with the other constraints. In particulawiit be
according to the weight assigned to each of the constraints.important to avoid excessive deterioration of the systees
regeneration capability.

1.1 Safety . .
1.3 Fuel Regeneration Capability
In the work we present here this constraint concerns esdlgnti

the evolution of the feedback coefficients that should beanedhe breeding ratio expresses the balance between theorreati
tive. The more kinetic aspects of the reactor’s safety ptagse of 233U through neutron capture &ii?Th and the destruction
are not considered here. Additionally, the ways in which ved 233U through fission or neutron capture. The breeding ratio
change the concept do not modify the other MSR safety prapa critical reactor can thus be written:
erties, such as fuel dumping and the fact that MSRs are free of
high pressure areas. BR— Fc2321h — ¢ 233pa
The feedback coefficient.%, are a measure of the varia- N Mt 233y + 233,
tion of the multiplication factor dk) with the temperature of
the core or of a portion of the cordT). The global feedback With rc andr¢ respectively the capture rate and the fission
coefficient can be broken up into several strongly uncatedlarate of the different isotopes.
partial coefficients, each of which characterizes the tiana A breeding ratio less than 1 implies tifd8U is consumed so
of a specific parameter: the effects due to the expansiortlwdt fissile matter must be fed into the core on a regular basis
the salt, and the purely thermal effects of the salt and of thhis inevitably increases both the volume and the frequency
graphite. This reads: of transfer of these dangerous materials. Similarly, adyree
ing ratio larger than 1 implies that the exc&$3U produced
be placed in storage and/or transported. Because, in @écas
%) _ %) %) %) the initial fissile matter inventory has to be produced byeoth
dT Jiga 9T Jgensty 9T /poppler AT / graphite means (e.g. in pressurized water reactors or fast neuteon re
actors) the highest possible breeding ratio does not nadlyss
In order for the reactor to be intrinsically safe, a tempanmt have to be sought.
increase must not induce an increase of the reactivity a&d, ain order to satisfy the regeneration constraint, we try to
1 The heating of the salt induces a widening of the resonangedaithe achieve a breeding ratio atleast equal to 1, knowing thaeany

Doppler effect and a change in the neutron spectrum modardtie to the salt. €€SS r_]eUtronS can always be put to use (improved safetg; tran
Both of these effects are considered together, under the“@oppler”. mutation capabilities, ... ).




1.4 Materials Life Span set at 4.3 with a dilatation coefficient of 1§°C [L]]. We as-

) ) . ) . sume that helium bubbling in the salt circuit is able to esttra
Th|s concerns in particular hOW the graphite reacts FO I‘ar""dthe gaseous fission products and the noble metals withinc30 se
tion exposure. Beyond a certain degree of damage, it becogigss The standard reprocessing we consider is the delayed r

the seat of swelling. Graphite’s life span is determined BYocessing of the total salt volume over a 6 month period with

theogi;ne i:ngakes to reach a fluence limit, that we will set tQona| storage of the Pa and complete extraction of the FPs
2.1 n/c z_it a temperature of 630C [E]. In our_calcula- and the TRansUranians (TRU) (FigLﬂe 1).
tion, we consider only the neutrons whose energy is largar th

50 keV, i.e. those that create real damage in the graphite.
The goal, with this constraint, is to obtain a life span th@t1 Influence of the Reprocessing
is not too short so as to avoid replacing the core graphite too
frequently. 2.1.1 How Slow Delayed Reprocessing Works

As previously stated, the MSBR reprocessing is considerad t
1.5 Initial Inventory complex to be feasible in the next few decades. The effective
) ) ness of this reprocessing rested mainly on the extraction an
The inventory, here, is the amount &% needed to start 8storage of the protactinium away from the neutron flux so as
1 GWe power reactor. The smaller the inventory, .the faster rlla avoid, insofar as possible, the productio?¥tJ by neutron
deployment of a fleet of such reactors can be achmﬂe@[g, ;Qlipture. The half-life of®3Pa is 27 days and its extraction has
Without excluding configurations with a large inventory, ity he markedly faster if it is to be efficient. That is why the

minimization will be sought. reprocessing of the total core volume in 10 days was contem-
) ) o plated.

These co_nstramts are not all eqqulent; a weighting facto The difficult part of the reprocessing is Fission Product ex-
can be as_S|gned_t0 each of them. This fac_tor depends oNiBBtion in the presence of thorium. The idea, with slow re-
technologies available and the goals that guide reactacesio ,essing, is to first extract the thorium, so as to avoiddei
As the performance of a system depends on how the constrgitigqicapped by its presence in the FP extraction process. Th
are weighted and on how difficult it is to satisfy them, it i nQ a4 could not be applied in the MSBR because of the large

po;siblg to specify the ‘.‘best" splution. The only possipili; thorium flow involved, reaching several tons per day whiis it
to identify a number of interesting trends. This yields etdaetomy a few hundreds of kilograms per day in the case of a six
understanding of the system and can lead to the definition f g, reprocessing time.

power reactor (stringent constraints) or of a demonsimatiat

. . In addition, with slow reprocessing, the nuclear core can be
(less stringent constraints).

disconnected from the processing unit, small amounts of the
salt being processed individually, instead of resortingdo-
tinuous on-line reprocessing, as in the MSBR. This is a sourc
2 ImpaCt of the Parameters on the Con- of simplification, it allows easier control of the procedureile
straints making the core less sensitive to possible problemsin fhe+e
cessing unit.
In this section, we examine how various reactor parametersi Figure |] gives a general view of what slow reprocess-
pact the five constraints discussed above. In order to be dbte could entail. Some of the stages shown in this general
to compare the systems studied, we found it useful to definechematic, such as protactinium storage, can be eliminated
standard system from which the different studies could stemwhile maintaining the primary assets of the reprocessiiige-L
Our standard system is a 1 GWe graphite moderated restse, the neptunium extracted in the course of the first fluori
tor. Its operating temperature is 630 and its thermodynamicnation, and the other TRansUranians can be either reijécte
efficiency is 40 %. The graphite matrix comprises a lattice tife core or managed separately. The advantage, in the first op
hexagonal elements with 15 cm sides. The total diameteseof tlon, is that an “incinerating” configuration is obtainedsafar
matrix is 3.20 m. Its height is also 3.20 m. The density of thés all the TRUs are keptin the core. With the second optien, th
nuclear grade graphite is set to 1.86. The salt runs thrdughproduction of americium, curium, and other heavier elesent
middle of each of the elements, in a channel whose radiusignificantly reduced.
8.5 cm. One third of the 20 #rof fuel salt circulates in external  The time allocated to cleaning the salt and reinjectingiit ca
circuits and, as a consequence, outside of the neutron fluxbéextended considerably. Indeed, if the time needed to+epr
thorium and graphite radial blanket surrounds the core $0 agess the core volume is equal to the time before reinjechiag t
improve the system’s regeneration capability. The progedf salt, there is as much salt outside the core as inside it. ,Thus
the blanket are such that it stops approximately 80 % of thie nap to 6 months can separate the extraction of the fuel salt and
trons, thus protecting external structures from irradiativhile its reinjection in the core, after removal of the FPs. The fis-
improving regeneration. We assume that4P#J produced in sile matter inventory is not increased, however, thank$iéo t
the blanket is extracted within a 6 month period. possibility of extracting the uranium during a prelimindhy-
The salt used is a binary salt, LiF - (HN)PFvhose (HN)lz orination stage. In the case of slow reprocessing, we assume
proportion is set at 22 % (eutectic point), corresponding tovery good extraction efficiencies (they are set to 1 in theteal
melting temperature of 565C. The salt density at 630C is lations) because plenty of time is available.
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Figure 1: Slow reprocessing overview

It is too early to say that such a reprocessing scheme solves
the feasibility issues; it is, however, possible to asdwt the | Reprocessing tim¢ Breeding ratio| dk/dT (pcm?C) |

simplification of the system improves its feasibility. Thegact Fast (10 days) 1.062 225
of this reprocessing on the other constraints, in partidhlase Slow (3 months) 1.024 237
of regeneration and the feedback coefficients has to besesses 55w (6 months) 1.000 236
Slow (1 year) 0.986 -2.39
2.1.2 Impact of the Reprocessing Time Slow (2 years) 0.961 -2.50
In Table[}, the breeding ratios obtained at equilibrium arery | Bubblingonly | 0.562 | -2.2 |

for various reprocessing options as applied to the reactor c
figuration described previously. The best breeding ratwbis
tained with the MSBR reprocessing and the worst with no
processing other than helium bubbling in the core, &t
recovery in the blanket.

In the table, the MSBR reprocessing is labeled “fast (10
days)” because of the rate at which the protactinium is to fg&s of about 0.02. To be precise, we should add that the degra
extracted. However, the extraction of the FPs is partiakinta dation of the breeding ratio is three times smaller in configu
the real reprocessing rate longer (equivalent to 50 dayséor rations with a fast neutron spectrum, where the proportfon o
FPs that capture the most). The option labeled “bubbling’onlyraphite in the core is reduced.
is set apart because it is dramatically different from theeot |t is important to note that the reprocessing option chosen
configurations, making any comparison with them tricky (1€as a moderate impact on the feedback coefficients, as shown
equilibrium state). in the table. This means that reprocessing time and safety ca

Varying the reprocessing time from 3 months to 2 years ifra first approximation, be considered to be independent.
duces about a 0.06 loss in the breeding ratio. For these four
configurations, the proportion of protactinium stored wle®f
the neutron flux is, respectively, 30 %, 20 %, 10 % and 5
However, the change in the breeding ratio is due mainly to tAe previously stated, the TRUs can either be fed back into the
change in the capture rate of the FPs and, to a lesser defireep@ or they can be managed separately (incinerated in sub-
the TRUs. On the contrary, with fast reprocessing, 80 % of thetical reactors, incinerated in fast neutron reactorglaced
protactinium is stored outside of the neutron flux and th#tés in storage). The choice has an impact on the regenerati@a cap
direct cause of the system’s good breeding ratio, way béffiere bilities, as shown in Tablﬂ 2. Indeed, even if some of the TRUs
FPs and the TRUs. Thus, unless it is extracted rapidly, tfee Hassion, they impair the neutron balance because of thelr hig
incidence on regeneration is minor. capture rates. In the auto-incinerating configuration,ntoest

We now know the leeway afforded by the reprocessing, sirmpturing TRUs reach equilibrium within about 30 years and
a doubling of the reprocessing time induces a breeding ratamtribute to the deterioration of the neutron balance.

Table 1: Breeding ratio and feedback coefficient for seweral
r&’ocessing options. The statistical error on the feedbaeKie
cientis less than 0.05 pch@.

&.1.3 Destination of the TRansUranians
0.



hexagons and the core consists in a single channel. In arder t

| Reprocessing | Breeding ratio| dk/dT (pcm/C) | allow a comparison of the results with those of the other genfi
TRUs extracted 1.000 236 urations, in this case, the hexagons are treated as salielsan
TRUSs reinjected 0987 312 with an equivalent area (channel radius: 13.6 cm.).

For the configurations in which the channel radius is equal
to or larger than 10 cm, it is essential that the graphite ef th
Table 2: Breeding ratio and feedback coefficient accordingdxial reflectors be replaced with less moderating mate(@ats
TRU management. The statistical error on the feedback eoefficonium carbide). Otherwise, the fissions occur masgivel
cients is less than 0.05 pcry. the vicinity of the reflectors instead of within the core.

As shown in Figurg]2, the radius of the channels has a strong

impact on most of the constraifts
In the same table, the influence of the TRUs on the feedbarcr:]l?

coefficients is also shown. This coefficient is slightly iroped

if the TRUs are kept in the core. This is because the TRU<

harden the spectrum, as will be discussed further in Septthn o

Note that, in a fast neutron spectrum configuration, the trnpa§

of TRU reinjection on both the breeding ratio and the feeﬁbac§
5
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coefficients is reduced.

TRU extraction, however, is advantageous in terms of was
production. When they are submitted to a neutron flux, TRU
form, progressively, significant amounts of very heavy ele-% 1.10
ments such as curium. The ratio of capture to fission crois, 105
sections is not favorable to incineration in this type ofctea 5 ;o
because of its epithermal neutron spectrum. If these elamelS | o
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7

oo \J«O/(Y

n
L LN LA R

i N I U N A

are removed from the reactor core, larger amounts of nept _ 25"“ 7/ R L U N R L R O
nium, formed constantly by captures 88U, are extracted, but éﬁ S N O
the production rate of the other actinides is reduced, asisho 2 - -
in Table[3. The goal, then, is to obtain TRUs that are mor €=, ;of [ o
. . . . . =) L | ‘ ]
manageable in view of incorporating them in the fuel of Fas2« g P _ 4]
Neutron Reactors. If such an outlet for TRUs is not available < o%L 00 VU UL U 0L L o s s s P
this option is of no interest. o T T T T T T 5
g2 S5SF =k
c2 4
2o 3t = :
TRUSs reinjected TRUs extracted ég i | :
(|nventor‘y) (|nvent0ry)|(outputﬂ0w) h O:?-\T\H\H\HH\H\i\\\i\\\\\\\\\\\\\\\\T
1 2 3 45 6 7 8 9 10 11 12 13
Np 105 kg 15kg 4.3kg/ TWh channel radius (cm)
Pu 265 kg 2.7kg 7709/ TWh
Am 7.2 kg 0.5¢ 0.14g/TWh
Cm 17.5 kg 01g 30 mg/TWh Figure 2: Influence of the channel radius on four of the five
constraints (configuration: variable radius, 28 salt, 630C,
22% (HN)R)

Table 3: TRU production and in core inventory at the end of

the time period covered by this study (100 years) for two TRU

destinations; reprocessing time is 6 months. The output fl .
calculation is based on 7 TWh per year energy produced. 221 Safety Constraint

The study of the feedback coefficients requires a fine arglysi
of the neutron spectra involved. These are shown in Figuoe 3 f
2.2 Influence of the Size of the Channels different channel sizes up to the single channel configomati
The cross section resonances of the materials presentéortbe
The size of the channels in which the salt circulates is adunggyve a strong impact on the neutronic behavior of the reactor
mental parameter of the reactor. Since the size of the h@sagphe main resonances are visible: fissiof5tJ at about 2 eV,
is kept constant in all of our studies, the size of the chane¥4y capture at 5 e\232Th capture near 22 eV, and diffusion
determines the moderation ratio. Changing the radius of §@19F near 25, 50 and 100 keV.
channels modifies the behavior of the core, placing it any&’he As shown in Figurd]2, the total feedback coefficient be-

between a very thermalized neutron spectrum and a relativedmes rather strongly negative as the spectrum hardens. Thi
fast spectrum. 2

T - The moderation ratio can seem to be a more universal parainetdike
The two extreme pOSSIbIIItIeS CorreSpond reSpeCtlver toth‘?e1 radius of the channels, it is also influenced by othemrpaters. An identi-

large number of very Small Ch_annels and_ asingle big. Sal_t'Ch@Q moderation ratio can yield very different results adauy to the density of
nel. In the latter configuration, there is no graphite in thigs materials involved or the size of the hexagons.




evolution is due to the conjoined variation of the three sué-How intensity and their importance is reduced. This exydai
coefficients, Doppler, density and graphite, as illusttate=ig- the worsening of the Doppler coefficient for large radii.
ure@. The density coefficient is related to the expansion of thie sal
which pushes a fraction of the fuel outside of the moderated
zone. The consequence is spectrum softening because the pro
portion of graphite to salt is larger, thus increasing thgidis
rate. The effect is small for small radii where thermaliaati
is already very efficient and where it is counterbalanced by
] captures in the graphite. For large radii, the thermal phrt o
i the spectrum contributes practically nothing in the neutral-
ance and the effects of neutron escape are felt more strongly

.,
neutron flux (n/cm /n-source/dInE)

i The density coefficient can become negative when the effects
] of captures in the graphite (small radius, large proportibn
—— single channel § graphite) or of neutron escapes (large radius, fast nespec-
== | trum) dominate over the effects of thermalization.
r=pam The graphite coefficient comes from an energy shift of the
cd vl o ] thermal part of the neutron spectrum (around 0.2 eV), due to
B S (A (A A T 1 heating of the moderator. This shift increases the fissita ra

energy (V) because of a small low energy (0.3 eV) resonance in the fission

cross section of33U [. Its impact on the stability decreases
as the amount of graphite in the core decreases and as the influ
Figure 3: Neutron spectrum for several channel radii (canfigence of the thermal portion of the spectrum weakens.
ration: variable radius, 20 #rsalt, 630°C, 22% (HN)R)

2.2.2 Regeneration Constraint

The capacity to regenerate the fuel varies a great deal téth t
size of the channels. This can be explained on one hand by

]

5 V_J\ derfsity the number of neutrons available and, on the other hand ey th

T 5 N ] increased neutron losses in configurations with small chlann

= r_74\ ‘ | radii. The number of neutrons available represents the num-

5 o ] ™~ ber of leftover neutrons once both the chain reaction and the

% # / ] regeneration are ensured. This is defined by:

S -2 7\ [\ total] -

3 ! N N Na=V—2(1+0)

- N .

8 | Dopple | Wherea is the mean capture to the mean fission cross section
6 L s ratio of 233U. These available neutrons are distributed mainly
B ]

between sterile captures and supplementary capturesrintino
(breeding) N, reaches a minimum at about r = 8.5 cm because
of the variations of with the neutron spectrum. For small
radii, the strong dip in the breeding ratio is due to neutomsés
Figure 4: Total feedback coefficient and feedback coefficidfi the graphite because there is so much of it.

components versus channel radius (configuration: variable

dius, 20 ni salt, 630°C, 22% (HN)R) 2.2.3 Materials Life Span Constraint

R S TN RS TR LA
channel radius (cm)

The mean cross sections decrease dramatically with the hard

. . . . 3 . . _
The Dopplerscoefnuent is linked to th&U fission reso dening of the neutron spectrum. As increasing the inventory
nance and thé32Th capture resonance (and, to a lesser les

oes not compensate for this loss, the neutron flux has to be
gree, to theé?3*U capture resonance). These two elements h b

MEreased in order to keep the power constant.
opposite effects on the feedback coefficieft®U worsens it b P

; . - While this phenomenon is linear, this is not true of the core
whereag3°Th improves it. The thermal agitation of the salt nu- P

e Do . ._graphite’s life span, as shown in Figyie 2. A few items have to
clei induces a widening of these resonances so that thair mﬂe stressed' P glﬂ

ence is increased. The value of the Doppler coefficient dépen
on how intense the flux is at t_hese resonance val_ues. Wh_eg The graphite in the center undergoes a flux that is more
the spectrum hardens, the flux is more intense for high eeergi
and less so for low energies, the thorium resonances areefhvo
(main resonance located at 22 eV while thatBt) is at 2 eV).
The Doppler coefficient then becomes more negative. Beyond- The maximum fluence in the graphite decreases when
a certain degree of spectrum hardening, the large resomance the temperature increases and the temperature is not uni-
of both thorium and uranium lie in a zone where the flux has form. Since the graphite is heated by gamma radiation

intense than in the periphery. The life span we provide is
averaged over the entire core.



and cooled by the salt, the temperature is higher between

channels and lower on the channel surface. The tempe _ salt volume ()
ture difference increases as the channels are further. ap‘.xog 4o 15 20 25 30 35 40
This means that configurations with a smaller channel ri& § 150 i
dius should have a smaller maximum authorized fluencg = Sf ]
than those with a larger channel radius. T8 ..l P na 1
S:gq:) 2.5/ ]
Generally, the flux in the graphite is directly related to fioe s -3
in the salt so that increasing the flux in the salt reduces tt< 1.050F ' 1
graphite’s life span. It is thus considerably shorter wétger é 1.025F ——— .
channel radii than with smaller ones. 'S 1 000E ] 1
As can be noticed, the graphite life span curve does not e S 0.975% ]
tend all the way to the single channel configuration since, i @' o5, :
that configuration, there is no graphite inside the coredpkc xi 20%\ [
that of the blanket). This configuration then has an asséint g st E
it almost completely solves the issue of the graphite’sdjfan. %3 10E Tl 3 | E
EE 5¢ l )\O\z
2.2.4 In Core Inventory Constraint - g“ 2
>~ [T T T T T T T ]
For the reactor to be critical, the fissile matter inventaag o~ S£ 4f ]
be adjusted when the neutron spectrum hardens. Indeed, “é‘é 3r P— ]
mean?33U fission cross section and the me&RTh capture 5T 21 | 1
cross section decrease as the energy of the neutrons iesre: ¥ ~ N — N N T N
10 15 20 25 30 35 40

but the evolution is not identical for the two isotopes. Tvi d
ferent operating regimes can be singled out as shown in &igu.

B

— For small channel radii, the cross section decreases pfagure 5: Influence of the salt volume on four of the five con-
tically in the same way for the two isotopes and the inveflr@ints (configuration: r = 8.5 cm, variable salt volume) &3

tory required does not change much. 22% (HN)R)

salt volume ()

— For larger radii, beyond 7 cm, the mean fission cross sec-
tion of 233U decreases faster than the capture cross secfoflirect function of the specific power. FP capture rates do
of 232Th so that the inventory has to be increased signifiot play a significant role in this evolution. Unlike Pa, whos
cantly. inventory is determined mainly by its rapid radioactive agc
their concentration at equilibrium depends on the repings
time. The longer reprocessing time exactly compensates the
effect due to the smaller specific power.
The power per unit volume of salt (specific power) is a deter-The neutron flux in the core is directly related to the specific
mining parameter in a reactor’s behavior. In the referece c power and the graphite’s life span varies accordingly. Birly,
figuration, it amounts to about 250 W/érfor the salt in the the inventory in the core depends on the volume but the affect
core. This parameter can be modified in two ways: by changimgf directly proportional, because neutron escapes drxetiit.
the fuel volume at fixed power or by changing the total reactorOne last important aspect is the thermal hydraulic congtrai
power at fixed salt volume. These two options yield simildthe thermal power is evacuated by the fuel which thus has to
results and only the first one is discussed in this paper. circulate in the exchangers. A limit has to be set on the out
Since the flow of Heavy Nuclei is considered to be a key fasf core salt volume so as to allow reactor control: the dedaye
tor for the feasibility of the chemical reprocessing, thpree neutrons precursors migrate away from the neutron flux along
cessing time is adjusted so as to keep this flow constant frafith the salt. In our studies, the external salt volume isdif/3
one system to the other. Thus, doubling the salt volume &splthe total volume. Heat evacuation becomes more difficuhas t
that core reprocessing takes twice as long. The incidencespécific power increases. Small sized or high power reactors
the salt volume on the various constraints is rather simgde,are at a disadvantage in this respect.
shown in Figurd]5.
The size does not have a significant impact on the feedb cﬁ ..
coefficients because the neutron spectrum changes véey I%t Influence of the Salt Composition
vv_ith the siz_e. The slight evolution qf the coeﬁicie_nt is d_uel”te 241 Elimination of the Be
difference in neutron escapes, which are more likely in Emal
reactors. By definition, the salt plays a central role in MSRs. Serving
The evolution of the breeding ratio as the salt volume ias the solvent for the fuel, as the moderator and as the doolan
creases has two main causes: the difference in neutronesscaiphas to have many characteristics specific to the neut@asic
and the change in specific power, losses due to the Pa bewet] as the chemical, hydraulic, or thermal aspects. Lile th

2.3 Influence of the Salt Volume



MSRE, the MSBR was based on a fluoride salt, because ofié@nt advantage, that is not related to the constraintswileat
good neutronic properties (capture rate and moderating-cdpave identified in this paper. Tritium is produced, in a syste
bility) in a thermal spectrum. Lithium was chosen for the sanlike the MSBR, by the (n,nt) reaction oiLi and the (n,t) re-
reasons and beryllium because it brought the melting tempastion onLi, producing 2/3 and 1/3 respectively of the tritium
ature down to 490C. The salt composition was 71.7% LiF {E]. The lithium used is 99.995 % enriched withi; the 6Li is
16% Bek - 12.3% (HN)R 2. rapidly consumed, unless it is regenerated by am)(rgaction
Our first step in studying the influence of the salt composin °Be. With the elimination of beryllium, this reaction cannot
tion was to eliminate beryllium from the salt bringing it teet occur and, as a result, the production of tritium is reduced.
eutectic point 78% LiF - 22% (HNY= All the studies discussed
up to now were done with this composition. The reasons 9142  Evaluation of the LiF - (HN)F,4
eliminating beryllium are based mainly on problems with its ) _ -
chemistry, its toxicity, and its availability. The propiom of Temperature increase : The proportion of Heavy Nuclei in
heavy nuclei in the eutectic changes drastically and its-mdp€ binary salt can be adjusted. As it is reduced, the melting
ing point increases from 49T to 565°C 4. This temperature Pointincreases, reachlng 846 with pure LiF. Common struc-
increase remains moderate and it seems manageable wit{4ffe Materials cannot withstand such a temperature inereas
commonly used structure materials. Because the signifjcarfiOWever, new promising solutions based on carbon (carbon-
higher proportion of Heavy Nuclei has a strong impact on t rbon, c.arbon fiber, carbldes,:..) could help solve thiblem
in core inventory and on the breeding ratio, we have decidédl- If this technology can be implemented, then the HN pro-
to reduce the salt volume from 40°tiMSBR) to 20 n? (ref- Portion parameter can be modified.
erence configuration for these studies) so as to keep the same
amount of Heavy Nuclei in the reactor and, as a result, simila

neutronic behavior. | | 630°C | 1030C |
The elimination of the beryllium impacts all five constraint Feedback coeff. (pcriC) -2.36 | -1.00
The presence of a ternary component in the salt seems to com- Breeding ratio 1.000 | 1.026
plicate the reprocessing chemistry, the risk being that ehe- Neutron flux (x18*n/cné/s) | 13.7 9.6
ment be extracted instead of the target elements. Thusy usin Graphite life span (years)| 1.8 1.2
the LiF - (HN)F, salt could simplify fuel reprocessing and, as 233U inventory (kg) 1925 1630

a result, bring it closer to feasibility. The impact on thaert
constraints is shown in TabJ¢ 4. The spectrum is harder with
the binary salt because of the larger proportion of HN. Thigble 5: Constraints according to the mean temperatureeof th
translates directly into an improvement of the feedbackfcoefuel salt. The statistical error on the feedback coeffidasat
cient and a larger inventory. The change in the breeding iti €SS than 0.05 e (configuration: r = 8.5 cm, 20 frsalt,
due jointly to the increased proportion of HN (positive anji Variable temperature, 22% (HNjF

and to the increased specific power (negative action). Titex la .
also implies a neutron flux increase which, combined with theThe temperature increase due to the change of salt leads us to

faster neutron spectrum, leads to a significant deteraraif S€t the operating temperature at 1080for all the configura-
the graphite’s life span. tions. We will first study the influence of this temperaturkehi

on the standard configuration before studying the influerfice o
the HN proportion in the salt at 103C.

: : At this temperature, the thermodynamic efficiency is as-
LiF - BeR LiF . . Do

(40 n?) (20 n?) sumed to increase from 40 % to 60 % and this has an incidence

on the thermal power of the reactor: 1666 MWth instead of

Feedback C_OEﬁ' (pcr?ﬂ.?) -1.57 -2.36 2500 MWth are needed to produce 1000 MWe. Similarly, the

Breeding rit'o 1.009 1.000 salt density decreases form 4.3 to 3.89 because of the tamper

Neutron flux (x16%n/cnt/s) 8.6 13.7 ture related expansion effect. The impact on the consgraiht
GrgEShltg life span (years) 3.3 1.8 this temperature increase is detailed in Tdble 5.

U inventory (kg) 1650 1925 The change in salt density has a direct influence on the mod-

eration ratio, resulting in a better thermalization of theun
Jfon spectrum. This induces, for a channel radius of 8.5 cm,
a worsening of the feedback coefficient (a behavior simdar t
that shown in Figurﬂ 4). Similarly, this slight thermalipet
leads to a largef®3U fission cross section and, combined with
the lower salt density, a smaller necessary inventory. As fo
]I_he breeding ratio, it is improved because of the reduced spe
cific power, which has a direct incidence on parasitic casur
. 3 The f:omposition that we really used in our tests with thigtgpsalt El] (ma|n|y those of FPs and Pa) The lower Specific power has an
Is: 70% LIF - 17.5% Bek - 12.5% (HN)fa. . incidence also on the neutron flux and, thus, on the graghite’
In order to make comparisons easier and because the teomgediffer- . .
ence is not large, the studies with the 78% LiF - 22% (HNy&It were done at lifé span. However, at such a temperature, the fluence limit
the same temperature as in previous stucl]e [3, 4],1.e°630 that the graphite can withstand is reduced from 2 hicn? to

Table 4: Constraints according to the type of salt used to
solve the fuel. The statistical error on the feedback cdefiis
is less than 0.05 pcAtC (configuration: r = 8.5 cm, variable
salt volume, 630C, variable (HN)E proportion).

The elimination of beryllium has an additional and signi




1072 n/cn? [ﬂ] As a result, the graphite’s life span is reduced
in spite of the smaller neutron flux.

Influence of the proportion of Heavy Nuclei: Now that the
effect of the temperature change from 63D to 1030°C is
known, the impact of the proportion of Heavy Nuclei can be
explored. It is useful to keep the total amount of Heavy Niucle
constant, as we did when we changed the salt composition. As a
consequence, salts with a smaller proportion of HN will have
larger volume. This makes these new configurations potbntia
interesting from the point of view of thermal power extraati

The core reprocessing time is kept at 6 months since, in that
case, the flow of HN to be reprocessed is the same for all the
configurations. The salt of the thorium blanket is not modifie
The density and expansion coefficient of the fuel salt areialu
parameters, they are given in Tapld 6/[11].
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Figure 7: Breeding ratio versus channel radius for seversal p

Since the graphite’s life span is directly related to the-spgortions of (HN)R (configuration: variable radius, variable salt
cific power and since the inventory is kept constant, these cQolume, 1030°C, variable proportion of (HN)§.

straints are not very interesting in this part of our studye W
will thus concentrate our attention on the safety and themeg
eration constraints. Rather than presenting the impadtef t
proportion of HN for a reference configuration (r = 8.5 cmt sal
volume = 20 m) as was done previously, we will look at the
impact of the channel radii for different HN proportions.igh
view point will allow a better understanding of the phenoimen
at play. The results are shown in Figufks 6 fiind 7.

-

neutron flux (n/cm /n-source/dInE)

| [22% ] 10% [ 5% | 2% |

Table 6: System properties according to the percentage of
(HN)F4

i

/
’

10 ] 22% (!—iN)l*'\]
Salt volume (M) 20 | 36.8]67.2] 155 — 10% (HN)F,
Density 3.89| 2.85] 2.33] 1.98 e |
Expansion coeff. 4 0 P P I g e =2 Ry
(x1074/°C) 10 10 o 8 et SR TV 1) S [ [ [ M TV A [ S 114

energy (eV)

Figure 8: Neutron spectra for several proportions of (HN)F

(configuration: r = 8.5 cm, variable salt volume, 108 vari-
able proportion of (HN)E).

During the reprocessing outlined in Figtﬂe 1, the thorium is
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extracted in order to allow the extraction of the FPs from the
salt. This step is a key point in the reprocessing and it isemad
easier if the proportion of HN in the salt is small.

Moreover, when this proportion is decreased, the neutrons
are scattered for a longer time before they encounter agfissil
or fertile element (those that dominate neutron absorpj}ion
This leads directly to a more thermalized neutron spectasn,
shown on FigurES. Thus, the behavior of configurations with a
small proportion of HN is similar to that of configurationstwi
a 22% (HN)R proportion but with smaller channels.

This additional thermalization is the main cause of the evo-
lution of the feedback coefficients. And the visible diffece

Figure 6: Feedback coefficient versus channel radius f@raévfor the configurations with a single salt channel seems to be

proportions of (HN)E& (configuration: variable radius, variablejue mainly to the improvement of the Doppler sub-coefficient
salt volume, 1030C, variable proportion of (HN)J.

Likewise, the breeding ratio curves are similar from onéteal
the other but two effects are observed. The first effect steel



to the thermalization change and the second to a detedaraftinally, the high breeding ratio obtained thanks to the fast

of the breeding ratio when the HN proportion is decreased Theutron spectrum provides more leeway for the reprocessing

is due to an increased capture rate in the light elementseof bth particular, the time for full core reprocessing can be

salt on which the neutrons scatter for a longer time. significantly extended. The single salt channel configamati
discussed earlier can even do without any reprocessingéexc

. . for the bubbling process and uranium retrieval in the blénke

3 General Discussion and still regenerate its fuel during the first 20 years of apien.

The salt could conceivably be replaced, or entirely repssed

The various studies that have been carried out lead to abefig; this time has elapsed. If a 6 month reprocessing time is

understanding of the way an MSR works. The search for reggny it hecomes possible to do without a thorium blanketevhi
tor configurations, be it a demonstrator or a power generatgy regenerating the fuel. This would substantially slifyp
requires tha’F a certain n.umbgr of cons.train.ts be satisfied. o reactor design. Finally, we should note that, with a fast
do so, the different studies discussed in th_ls paper have tosBectrum, re-injecting the TranUranians in the core woed b
combined and the results extrapolated. Since the paranea esting, both in terms of regeneration (small neutossés)

are not rrr:utually independent, one has to be circumspedisin i}, i terms of waste production (good incineration cagtgil
approach.

) . ) If it proves possible, increasing the temperature to above
Let us try to explore the possible reactor configurations. Fysg ¢ has many positive repercussions on the constraints,
the sake of simplicity, the parameter concerning the sait-Co, naricular thanks to the increased thermodynamic effigie

position will not be considered in a first approach. The sgligyever, it induces better thermalization by the salt anisl th
then, is 78% LiF - 22% (HN)Fand the mean temperature i$,55 tg be taken into account.

GSO.OC' , ) _ This opens the way to salt compositions containing small
Since the safety aspect cannot be circumvented in the desjgi) ints of Heavy Nuclei. The way these reactors be-
process of a nuclear reactor, we consider that this COnsigai 56 is practically the same with such compositions as with
necessarily satisfied. Moreover, we consider only thoségon (HN)R. In particular, the neutron spectra have to be ei-
urations whose total feedback coefficient, not just thefealt- ther very thermalized or fast to ensure negative feedbaek co

back coeff|C|e_nt, Is negative. Ex_cept n the_case wh_ere.me Sicients. However, this corresponds to different reactorfigu-
of the reactor is reduced dramatically, leading to a sigafity | ations because of the increased thermalization due tatte s

increased neutron flux, the total feedback coefficient iatieg light nuclei. The capture rate of these light elements dteter

only for either very thermalized or fast neutron spectra.  a4e5 the breeding ratio and leaves less leeway than with com

The first option implies a small fissile matter inventory andrﬁ)sitions containing more HN. The fundamental importarfce o
weak neutron flux. When submitted to such a flux, the graphifs parameter lies elsewhere. Indeed, it is possible eithe
undergoes little damage and its life span is reasongbly. loQer the size constant, thus reducing the inventory butheot t
On the other hand, captures in the moderator deteriorate g ific nower, or to increase the size, thus decreasingthe s
breeding ratio significantly. If a reactor system does N@€tic hower but not the inventory. A compromise between these
to regenerate its fuel, then this very thermalized configoma 1, extremes can be found since decreasing the specific power
may be suitable. L facilitates the evacuation of the thermal power, a constthat

The faster neutron spectrum option introduces a real diffiz,st not be neglected.
culty concerning the graphite, whose life span is then on the

order of one year. There are several solutions to this pnoble

nclusion
— Decreasing the specific power of the reactor (by increacs:-O CIUSIO

ing its size and/or decreasing the total power generatgghile our studies were, at first, close to the MSBR configura-

leads directly to a decreased.flu,x intensity and, as a c@@p, they prompted us to diversify our investigations. We-a

sequence, extends the graphite’s life span. This, howeg?ied the impact on the behavior of the core of such parameter
8

increases in the same proportion the per GWe fissile mafighne reprocessing, the moderation ratio, the core sidehan
inventory, without providing a very satisfactory solution proportion of heavy nuclei in the salt.

— The absence of moderating graphite in the single salt chan@ur reSl_Jl_tS cor_n‘irm that there is a problem with th_e feed-
nel configuration solves this problem, the graphite in t ck coefficients in the MSBR. In a thermal spectrum, it would

periphery of the core being much less irradiated. HO\;@? possible to reach an acceptable concept only after ifhdept

ever, this option leads to the fastest neutron spectrum dﬁagstlgatlons taking into account the effect of the saigar

as a result, the largest fissile matter inventory (5to 6 m Ve feedback coefficie_n_t) and Of_ Fhe graphite (which makes t
ric tons of233U). The specific power can be increase@,lObal feedback coefficient positive) separately. For they-

though, in order to reduce the per GWe inventory. malized spectra, the glot_)al coefficients are neg_atlve thamk
the large neutron losses in the moderator but this leads@lso

— It may be possible to use a material whose structureaivery poor breeding ratio. Epithermal or fast neutron spect
much less sensitive to irradiation than graphite. Then ttieis seem more favorable since they combine good feedback
configuration space for channel radii lying between 6 acdefficients with satisfactory breeding ratio. Howeveyttead
13 cm would no longer be forbidden. to severe problems with the graphite’s ability to withstainel

10



irradiation. As a result, the solution that removes the matde [8]
ing block seems especially attractive.

Our studies have uncovered a wider range of possibilities
than anticipated. Thus, many options remain to be explore[:?.]
In particular, the evaluation of new materials, be it to abta
a moderator that has better irradiation resistance priegest
to allow high temperature operation is crucial for an evemeng o]
interesting development of the concept. How to extractiee-t
mal power from the core is another issue of major interesesin
it impacts the behavior of the core through the specific power
aspect. In order to ease heat recovery, the salt composdion[11]
also be modified so as to dissolve the fissile matter in a larger
salt volume. In general, it is possible to change the typalf s
the MSR concept being adaptable to such a change. [12]

As many parameters remain to be studied, other acceptable
solutions could be found. In particular, parameters sudheas
type of salt, the moderating material, the size of the lattic
hexagons, the definition of several different areas in ttre,co
could be studied more specifically. In view of the results al-
ready obtained, it is clear that many configurations remain t
be explored, requiring research on the salt and the matexial
well as on the neutronics and the geometry.
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