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Abstract With respect to a liquid-fueled molten salt
reactor (MSR), the temperature coefficient of reactivity
mainly includes the moderator temperature coefficient
(MTC) and the fuel salt temperature coefficient (FSTC).
The FSTC is typically divided into the Doppler coefficient
and the density coefficient. In order to compensate for the
potentially positive MTC, the FSTC should be sufficiently
negative, and this is mostly optimized in terms of the
geometry aspect in pioneering studies. However, the
properties of fuel salt also directly influence the FSTC.
Thus, the effects of different fuel salt compositions
including the ?**U enrichment, heavy metal proportion in
salt phase (HM proportion), and the 7Li enrichment on
FSTC are investigated from the viewpoint of the essential
six-factor formula. The analysis is based on an under-
moderated MSR. With respect to the Doppler coefficient,
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the temperature coefficient of the fast fission factors (o (¢))
is positive and those of the resonance escape probability
(or(p)), thermal reproduction factor (or(1)), thermal uti-
lization factor (ar(f)), and total non-leakage probability
(or(A)) are negative. With respect to the density coeffi-
cient, or(p) and ar(n) are positive, while the others are
negative. The results indicate that the effects of the 2»U
enrichment and HM on FSTC are mainly reflected in or(e)
and ar(p), which are the dominant factors when the neu-
tron spectrum is relatively hard. Furthermore, the ’Li
enrichment influences FSTC by ar(f) and ar(A), which are
the key factors in a relative soft spectrum. In order to
obtain a more negative FSTC for an under-moderated
MSR, the possible positive density coefficient, especially
its or(p), should be suppressed. Thus, a lower 2*°U
enrichment (albeit higher than a certain value, 5 wt% in
this article) along with a lower HM proportion and/or a
higher "Li enrichment are recommended. The analyses
provide an approach to achieve a more suitable fuel salt
composition with a sufficiently negative FSTC.

Keywords Molten salt reactor (MSR) - Fuel salt
temperature coefficient (FSTC) - Six-factor formula

1 Introduction

The molten salt reactor (MSR) [1, 2], being one of the
six types of nuclear fission reactors retained in the frame-
work of the Generation IV International Forum (GIF) [3],
has attracted increasing attention, and two categories have
been developed of it. In the first category known as the
liquid-fueled MSR (MSR-LF) [4, 5], nuclear fuel is
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dissolved in the molten salt to form a fuel salt mixture that
acts both as coolant and fuel. In the second category, i.e.,
the solid-fueled MSR (MSR-SF), molten salt acts only as
the primary coolant of a coated particle fueled reactor
typically termed as a Fluoride salt-cooled high-temperature
reactor (FHR) [6, 7]. When compared with FHR, MSR-LF
possesses unique characteristics such as online or batched
fuel processing that benefited from a liquid fuel salt and
higher fuel economy due to the absence of fuel assembly
preparation.

When compared with the traditional light water reactor
(LWR), MSR can provide an extremely high outlet tem-
perature based on the special characteristics of molten salt,
especially, high boiling point and high volumetric heat
capacity [8, 9]. Thus, the reactor core temperature alters
significantly between the normal operation (hot) state and
the shutdown (cold) state and subsequently leads to a large
variation in reactivity by means of several factors including
the Doppler broadening and neutron spectrum shifting.
Furthermore, the magnitude of the reactivity change
directly influences the reactivity control system. Therefore,
the temperature coefficient is a crucial factor for reactor
safety.

With respect to a graphite-moderated MSR with liquid
fuel, the temperature coefficient is primarily determined by
the moderator temperature coefficient (MTC) and fuel salt
temperature coefficient (FSTC) [10]. An increase in the
moderator temperature causes a shift in the Maxwellian
spectrum to higher neutron energies [11] and results in a
higher fast fission factor, i.e., a positive contribution to
MTC. Furthermore, competition between the microscopic
capture cross section of the fertile materials (for e.g., 2381y,
232Th, etc.) and the microscopic fission cross section of the
fissile nuclides (for e.g., 233y, 35U, and 239Pu) makes the
MTC either negative or positive based on the neutron
spectrum and the fissile-to-fertile ratio [12]. Over the past
few years, issues concerning positive MTC were reported
or discussed for several designs of graphite-moderated
MSRs such as molten salt breeder reactor
(MSBR) [11, 13, 14] and thorium molten salt reactor
(TMSR) [11, 15]. The positive MTC may lead to severe
transient behaviors, according to the transient analy-
sis [14]. Moreover, the fuel loading, operation temperature,
and burn-up also influence the MTC.

In order to compensate for the possible positive contri-
bution of MTC, a sufficiently negative FSTC is required in
the design of an MSR from the aspect of reactor self-reg-
ulation. Typically, two divided separate effects are adopted
(Doppler coefficient and density coefficient) [16, 17] to
analyze their respective contribution to FSTC. The Doppler
coefficient characterizes the broadening of the low-lying
absorption resonances (the capture and/or fission) of the
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stronger absorbers (>*2Th, 28U, and 2*°Pu) (http://www.
nndc.bnl.gov/exfor/endf00.jsp). Increases in the fuel salt
temperature cause a widening resonance and subsequently
lead to a decrease in the resonance escape probability, and
thus the Doppler coefficient is typically negative. The
density coefficient is a combination of the graphite—salt
volume ratio, absorption of heavy metal, and core leakage.
When the fuel salt temperature increases, the fuel salt
density tends to be smaller since a small fraction of salt is
expelled from the reactor core, causing a decrease in the
fuel concentration and the neutron spectrum to simultane-
ously become softer. It can result in an increase in
absorption cross section of fuel nuclide. Furthermore, the
above phenomena may result in an increase in the fast
fission of fuel nuclide. Thus, the density coefficient might
be either positive or negative. Based on the above con-
cerns, the FSTC is a superimposed effect in the safe
operation of a MSR and therefore should be carefully
analyzed. Most studies on FSTC have focused on the
geometry optimization [15, 18, 19], especially in the gra-
phite—salt volume ratio for graphite assembly with different
shapes.

Given the significant influences of fuel salt composition
on FSTC for MSR-LF, it is extremely important to evaluate
the effects of fuel salt composition on FSTC. Additionally,
most pioneering studies employed the four-factor formula
in the physical design of a reactor to understand the trends
of the temperature coefficient without considering neutron
leakage [20-22]. As mentioned above, the reduced fuel salt
density can cause an increase in the neutron leakage from
the core. Therefore, a six-factor formula is more suitable to
understand FSTC on a core level as opposed to the four-
factor formula on an assembly level. Thus, the six-factor
formula is introduced to perform a quantitative analysis on
FSTC.

This paper is organized as follows. Section 2 describes
the reactor parameters and numerical simulation to calcu-
late FSTC. Section 3 presents the theoretical explanation of
FSTC via the six-factor formula and discusses the fuel salt
composition effects on FSTC including the fissile enrich-
ment, heavy metal proportion, and the ’Li enrichment.
Finally, conclusions are given in Sect. 4.

2 Analyses methodology
2.1 Simulation model specification

The reactor model of MSR used in the study has a
simplified cylindrical geometry (Fig. 1) and is composed of

an active zone and a surrounding reflector. The active zone
was filled with graphite—salt lattices with a salt volume
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Fig. 1 (Color online) The schematic diagram of the reactor core of
MSR

fraction (the volume of fuel salt over that of graphite) of
approximately 12% corresponding to an under-moderated
core. Both the diameter and the height of the reactor core
are equal to 300 cm, while the thicknesses of radial and
axial reflector are 50 and 20 cm, respectively. The geom-
etry values selected in the study were only based on con-
sidering the neutron economy (the effective multiplication
factor (kefr). The density of the graphite for moderator and
reflector was set as 1.86 g/cm?.

The fuel salt composition included the carrier salt and
heavy metals. FLiBe salt (2LiF-BeF;) was selected as
carrier salt by considering its excellent neutron economy
and chemical and physical properties. As mentioned above,
the proportion of heavy metals (HM proportion) in the fuel
salt had a direct and significant impact on neutron spectrum
and subsequently on neutronic characteristics such as
breeding capability and temperature coefficient of reac-
tivity. The reduction in the HM proportion may have
entailed an increase in the melting point of the fuel
salt [23]. Furthermore, a higher melting point indicated
that a higher operation temperature was required and led to
a challenge with respect to the heat and irradiation resis-
tance of the structural materials. Conversely, a higher
proportion of carrier salt may cause higher neutron capture.
Therefore, the minimum HM proportion was set as
2 mole%. Moreover, the upper limit of the HM proportion
was set as 12 mole% by considering the solubility of heavy
metals in fluoride salt and the feasibility to control oxygen.
The mean operating temperature of the reactor was 880 K.
Additionally, the 235U enrichment was under 20%, given
the non-proliferation, while the 7Li enrichments of 99.95
and 99.995% were analyzed for comparison purposes.

2.2 Calculation of temperature coefficient

The analysis of the temperature coefficient (in this case,
FSTC) was based on the six-factor formula as follows:

ketr = epnf A = epnfPenLPTNL, (1)

where ¢ denotes the fast fission factor, p denotes the res-
onance escape probability, n denotes the thermal repro-
duction factor, f denotes the thermal utilization factor, and
A denotes the total non-leakage probability that corre-
sponds to the product of the fast (Ppnp) and the thermal
(PrnL) non-leakage probability. Thus, five factors, i.e.,
&, p,n,f, and A, were adopted to calculate FSTC.

The FSTC (or) is a measure of the variation in kegr (Ak)
with the temperature of fuel salt (AT) as follows:

Mk =k
AT T -Ty

or (2)
The change in the fuel salt temperature can lead to a
variation in neutron spectrum, and subsequently an alter-
ation of kegr. Thus, each factor in the six-factor formula is
related to the temperature and is used to clarify the FSTC.
Therefore, the FSTC was separated into five components
(oer(e),ar(p), or(n), 01 (f), and ar(A)) by taking the
derivative of Eq. (1) with respect to temperature as
follows:

ar = Crop(e) + Crobp(p) + Caap(n) + Caorp(f) + Csop(A)
= or(e) + ar(p) + ar(n) + ox(f) + ar(4),

(3)
where C; =pnfA,C, =enfA,C3 = epfA,Cq = epnA,
Cs = ¢pnf. Each factor with the superscript of left-hand
diagonal (o;(¢), o (p), o4 (n), op(f), o (A)) was estimated
successively for two temperatures as follows:
_AF_F>—F,

!
F) =20 _
wF) =37 =77,

(4)
where F denote &, p,n,f, or A.
2.3 Calculation tool

The MCNP5 code was adopted to perform all the neu-
tronic calculations including the criticality and reactivity
coefficients. Specifically, the concept of a universe was
used to model the hierarchical geometry for MSR. The
tally multiplier card, FMn, was employed to calculate the
cross sections and subsequently to calculate the factors in
the six-factor formula. In order to perform accurate cal-
culations with the uranium-based fuels, an ACE (A Com-
pact ENDF) format cross section library with continuous
energy was chosen based on the ENDF/B-VII library. In
order to improve the accuracy of the results, each criticality
calculation was scheduled to skip 50 cycles and run a total
of 200 cycles with nominally one million neutrons per
cycle. The typical computing time of a criticality
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calculation was approximately 7 h with 16-point parallel
computing.

3 Results and discussion

In order to understand the effects of fuel salt composi-
tion on FSTC, the interpretations of FSTC were initially
discussed qualitatively via the six-factor formula
(Sect. 3.1). Subsequently, the effects of the 2*U enrich-
ment (Sect. 3.2), HM proportion (Sect. 3.3), and Li
enrichment (Sect. 3.4) on FSTC were investigated with
quantitative parameters obtained from the simulation.

3.1 Six-factor contributions to FSTC

As mentioned previously, the FSTC is expressed as the
sum of the five components via the six-factor formula
(Eq. 3). Therefore, further research on the contributions
(positive or negative) of the five components to FSTC is
crucial for understanding how the fuel salt compositions
affect FSTC for the variants of operation temperature. In
order to quantitatively describe the neutron spectrum of a
reactor, the energy of the average lethargy causing fission
(EALF) was introduced, and it exhibited a higher value for
a harder neutron spectrum and vice versa. Furthermore, the
FSTC is a combination of the effect of the Doppler coef-
ficient and density coefficient. Therefore, the contributions
of the five components to the two effects were discussed in
sequence as follows:

e The temperature coefficient or(e) is significantly
affected by the neutron spectrum. When the fuel salt
temperature increases, the Doppler broadening leads to
an increase in the resonance absorption and subse-
quently a decrease in the thermal neutron range, and
thus, the neutron spectrum becomes harder correspond-
ing to a higher EALF. Subsequently, the fast fission
increases, and thus a positive ar(e) is shown for the
Doppler coefficient. Conversely, the increases in fuel
salt temperature lead to a reduction in the fuel salt
density and a softer neutron spectrum corresponding to
a smaller EALF due to the growing graphite-to-heavy
metal ratio. This causes a decreased fast fission and
leads to a negative or(¢) for the density coefficient.

e The temperature coefficient ar(p) is also significantly
dependent on the neutron spectrum. As discussed in the
previous paragraph, for the Doppler coefficient, an
increase in fuel salt temperature indicates that the
neutron spectrum becomes harder and leads to a
reduction of the resonance escape probability, and
subsequently a negative ar(p) is shown. Conversely,
for the density coefficient, the sign of ar(p) is positive.

@ Springer

e The temperature coefficient (1) is mainly related to
the fission reaction and the capture reaction of heavy
metals. With respect to the uranium-based fuel, » is
expressed as follows:

V52Xt ihs + V8Zf h8
]/I _ t! tl (5)

Zahs + Zahg

where v denotes the average number of neutrons
released per fission, Xy denotes the macroscopic
thermal fission cross section, X,y denotes the macro-
scopic thermal absorption cross section, and the sub-
scripts 5 and 8 denote 233U and 233U, respectively. With
the increases in fuel salt temperature, the Doppler
broadening effect makes the neutron spectrum harder
and weakens the thermal fission cross section and the
absorption cross section. The variation in the thermal
fission cross section is typically faster than that of the
thermal absorption cross section mainly due to the
fertile nuclide (38U for the uranium-based fuel, see
Fig. 2). Thus, a reduction in # is introduced and a
negative ot (1) is displayed for the Doppler coefficient.
Conversely, the increases in fuel salt temperature
reduce the fuel salt density and increase the C/HM (the
atom ratio of graphite and heavy metals). Subsequently,
the Maxwell’s spectrum becomes wider and its peak
increases, and thus the neutron spectrum becomes
softer. In this case, the fission cross sections increase
faster than the absorption cross sections (Fig. 2).
Therefore, a higher # is introduced and a positive ar(n)
is exhibited for the density coefficient.

e The temperature coefficient or(f) depends on the effect
of the atomic density of fuel salt and graphite over that
of neutron spectrum. With respect to a graphite-
moderated MSR, f was calculated as follows:
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Fig. 2 (Color online) The cross sections of 23U and 233U
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f= ZHM 2a,th

ZHM‘FLiBe,C Zaﬂh

(6)

where the numerator denotes the thermal absorption of
heavy metals (HM), while the denominator denotes the
thermal absorption in total including the heavy metals,
FLiBe salt, and graphite (labeled C). When the fuel salt
temperature increases, the Doppler coefficient makes
the neutron spectrum harder and weakens the thermal
absorption for all elements, while the density coeffi-
cient leads to an opposite tendency. The relative change
in the thermal absorption of heavy metals is comparable
to that of FLiBe, and thus the variation in f is mainly
dependent on the relative variation in graphite and
heavy metals. The calculations show that the Doppler
coefficient causes the thermal absorption of heavy
metals to decrease faster than graphite while the density
coefficient causes the thermal absorption of graphite to
increase faster than heavy metals. Subsequently, a
reduction in f is introduced and displays a negative
or(f) either for the Doppler coefficient or the density
coefficient.

e The temperature coefficient ag(A) is closely related to

neutron diffusion. With respect to the Doppler coeffi-
cient, when the fuel salt temperature increases, the
widening neutron spectrum enhances the resonance
absorption. Hence, the slowing-down time of fast
neutrons increases and leads to a decrease in the fast
non-leakage probability (Ppnp). Furthermore, for the
Density coefficient, the reduction in the fuel salt density
weakens the collision probability between thermal
neutrons and heavy metals, and thus, the thermal
neutron diffusion length increases and decreases the
thermal non-leakage probability (Prnp). Therefore, the
total non-leakage probability (A) decreases and a
negative or(A) is shown for both the Doppler coeffi-
cient and the density coefficient.
Furthermore, the main contribution to A corresponds to
Prne, due to the significantly longer diffusion time
relative to the slowing-down time. An increase in the
softness of the neutron spectrum increases the signif-
icance of the variation in k¢ with a small change in A,
and thus a stronger or(A) is introduced. In an under-
moderated core of MSR, when the 23U enrichment
and/or HM changes, the neutron spectrum is still
relatively hard, and subsequently, the change in o (A)
is insignificant when compared with that of or(p) and
or(¢) and is not shown in Sects. 3.2 and 3.3. However,
the neutron spectrum tends to be softer with the
variation in ‘Li enrichment, and the contribution of
or(A) to FSTC should be increasingly focused and is
discussed in Sect. 3.4.

Table 1 Six-factor contribu-

tions to the Doppler and density Doppler Density
coefficient o (e) + _
ar(p) - +
oer (17) - +
o (f) - -
ar(4) = -

Based on the above discussions, Table 1 shows the sign
of the five components. Here, “+” and “—” denote a
positive and negative temperature coefficient, respectively.
With respect to the Doppler coefficient, the sign of ar(e) is
positive, while the other four are negative. With respect to
the density coefficient, the sign of ar(p) and or(y) are
positive, while the other three are negative.

3.2 Effect of 2*U enrichment on FSTC

With respect to the uranium-based fuel, the 2¥U
enrichment impacts the neutron spectrum and subsequently
the microcosmic and/or macroscopic cross section of heavy
metals. Figure 3 shows the trends of EALF with 2%U
enrichment for different HM proportions. As shown in the
figure, an increase in the HM proportion and/or an increase
in 23U enrichment increases the EALF corresponding to a
harder spectrum. Furthermore, the value of EALF is more
sensitive to the 2¥U enrichment for a higher HM propor-
tion due to its harder spectrum.

The variation in the FSTC with the 2>>U enrichment for
different HM proportion is shown in Fig. 4. The FSTC is
always negative for all *>U enrichments and HM propor-
tions. With respect to a fixed HM proportion, when the
235U enrichment increases, the magnitude of FSTC initially
increases and subsequently decreases, and the turning point
corresponds to a higher 22U enrichment for a lower HM
proportion. It should be noted that the difference in the

12] =HM=2  |j.7=09.95%

1 0] —o—HM=4
o | =t=HM=6
2 0.8 =w=HM=8
L 0.6

<

wo.4- ) X
0.0
0

5 10 15 20
U5 enrich. (wt%)

Fig. 3 (Color online) EALF as a function of 23U enrichment for
different HM proportions
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Fig. 4 (Color online) FSTC as a function of 23U enrichment for
different HM proportions

FSTC between any two HM proportions is almost inde-
pendent of the 233U enrichment after the turning point.

In order to further understand the above phenomena,
Fig. 5 shows the variations in FSTC and its two separate
effects with °U enrichment for HM = 4 mole% as an
example. First, the Doppler coefficient is always negative
for any U enrichment. When the 2**U enrichment
increases, the magnitude of the Doppler coefficient initially
increases and subsequently becomes almost saturated due
to the gradually hardening spectrum that is more favorable
to the resonances of 2¥U (main resonances located
between 6.7 eV and 20 keV while those of 2¥U are
between 4.8 eV and 2.2 keV). Second, when the 23U
enrichment increases, the density coefficient changes from
negative to positive. In an under-moderated core, a
decrease in fuel salt density allows for increased modera-
tion and thus softens the neutron spectrum that leads to a
higher fission rate. Subsequently, a positive density coef-
ficient is typically observed. Furthermore, a negative den-
sity coefficient at low enrichment possibly implies that the
core is near over-moderation. In this case, a decrease in the
fuel salt density can lead to increased parasitic absorptions

1 JHM=4 mole%
0 Li-7=99.95%
E 14 =0—FSTC ]
Q =0-Doppler
;"2' =& Density
331 1
S
-4 J
-5 J
0 5 10 15 20

U5 enrich. (wt%)

Fig. 5 (Color online) FSTC, Doppler and Density coefficient as a
function of U enrichment for HM = 4 mole%
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Fig. 6 (Color online) Variations in or(¢) and or(p) for FSTC with
235U enrichment

in the graphite that decrease the fission rate, thereby
introducing a negative coefficient. Thus, a combination of
the above two effects initially strengthens the FSTC and
subsequently weakens it when the 23U enrichment
increases.

Based on Eq. (4), the variations in the five components
for FSTC with the >»U enrichment are shown in Fig. 6.
The results indicate that the sign of ar(¢) is negative, and
its magnitude increases when the 2>U enrichment increa-
ses. Furthermore, the sign of or(p) changes from less
negative to more positive. Additionally, the signs of or(f)
and or(A) are negative and they both weaken with increase
in the >»U enrichment. Although their variations with
respect to the U enrichment are significantly less than
those of ar(e) and or(p), their magnitudes cannot be
neglected. Moreover, the magnitude of o () is almost zero
for all the 233U enrichment. Therefore, as a whole, the
magnitude of FSTC (black square in Fig. 5) initially
mainly increases due to or(¢) and subsequently mainly
decreases due to ar(p).

Furthermore, the values of ar(¢) and or(p) for FSTC are
separated into the Doppler and density contributions as

8{HM=4 mole% ' A
6] Li-7=99.95% oeﬁé‘@ ]
< 4l O ]
§
2 2] ]
g of |
S 2. ]
-4
-6 . . . :
0 5 10 15 20

U5 enrich. (wt%)

Fig. 7 (Color online) Variations in ar(¢) and or(p) for Doppler and
Density with 2>U enrichment
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shown in Fig. 7. Thus, when the 235U enrichment increases,
the absolute value of oy (¢) and ar(p) increases for both the
Doppler coefficient and the density coefficient due to the
hardening neutron spectrum. As interpreted in Sect. 3.1
(Table 1), the sign of ar(e) for the Doppler coefficient and
that of ar(p) for the density coefficient are positive, while
that of or () for the density coefficient and that of ar(p) for
the Doppler coefficient are negative. In conjunction with
Figs. 6 and 7, the magnitude and the sign of or(¢) and
ar(p) for FSTC that varies with the 233U enrichment is
primarily due to the density coefficient.

In summary, the effect of the 235U enrichment on FSTC
is mainly dependent on the density coefficient especially
for its ar(¢) and or(p). In order to obtain an sufficiently
negative FSTC, a lower 2**U enrichment is recommended
to suppress the positive ar(p) for the density coefficient.

3.3 Effect of HM proportion on FSTC

With respect to a liquid-fueled MSR, the proportion of
heavy metals (HM proportion) in the fuel salt phase dia-
gram is closely related with the neutron spectrum. A
change in the HM proportion, accordingly, shifts the neu-
tron spectrum, and subsequently, a high variation in the
microscopic cross sections of heavy metals is introduced
that alters the FSTC. In order to understand the effects of
the HM proportion on FSTC, the 2*U enrichment and the
Li enrichment are set as constants with values of 19.75
and 99.95%, respectively.

The variations in FSTC and its two separate effects with
the HM proportion are shown in Fig. 8. When the HM
proportion increases, the Doppler coefficient strengthens
and always remains negative, while the density coefficient
varies from less negative (nearly zero) to more positive.
With respect to the aforementioned two effects, the FSTC
is mainly attributed to the effect of the density coefficient,

U-235=19.75%
21Li-7=99.95%

=0-FSTC
=0- Doppler
=& Density

L\o_\
L

Value (pcm/K)

]
(&)}

2 4 6 8 10 12
HM (mole%)

Fig. 8 (Color online) FSTC, Doppler, and Density coefficient as a
function of the HM proportion with 2*>U enrichment of 19.75% and
"Li enrichment of 99.95%

and its value is negative and weakens with increases in the
HM proportion.

Figure 9 shows the variations in or(¢) and or(p) for
FSTC, Doppler coefficient, and the density coefficient with
increases in HM proportion with a constant 2*>U enrich-
ment. As shown in the left figure, the signs of ar(e) and
ar(p) are opposite, and their magnitudes increase when the
HM proportion increases. The other three factors
(oer(n), ar(f), and ar(A)) for FSTC are not shown due to
their significantly lower sensitivity to the HM proportions.
Furthermore, as shown in the right figure, the signs of ar(¢)
and ar(p) for the two separate effects are consistent with
those in Table 1. In a manner similar to Fig. 7, the mag-
nitudes of or(e) and ar(p) for both the Doppler coefficient
and the density coefficient increase when the HM propor-
tion increases because the neutron spectrum becomes
harder. Given the above considerations, o (&) and ar(p) for
FSTC are mainly affected by the density coefficient.

In summary, recommendations include lowering HM
proportion to suppress the possible density coefficient and
to achieve an sufficiently negative FSTC. Additionally, it is
important to note that lowering the HM proportion is
conducive to oxygen control although it results in a higher
melting point for the fuel salt mixture.

3.4 Effect of "Li enrichment on FSTC

The carrier salt FLiBe exhibits good compatibility with
structure material, including nuclear grade graphite and
hastelloy. This is verified by the molten salt reactor
experiment (MSRE) [24]. Enriched ’Li is recommended
given its smaller thermal neutron absorption cross section
that is important in improving the neutron economy and
suppressing the undesired tritium production [25]. Fur-
thermore, the enrichment of 7Li is highly correlated with
neutronic properties such as the neutron spectrum, the
critical 2°U enrichment, and FSTC. The 2°U enrichment

U~235219.75% |
Li-7=99.95%

x\
0P o

o.,(€) (Doppler)]

8{U-235=19.75%
Li-7=99.95%

Y 1

a.(p) (Doppler) ]

Value (pcm/K)
b

2 4 6 81012
HM (mole%)

2 4 6 81012
HM (mole%)
Fig. 9 (Color online) Variations in or(¢) and or(p) with the HM

proportion for FSTC (left) and its two separate coefficients (right)
with fixed 23U enrichment
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Fig. 10 (Color online) Variation in EALF with the HM proportion
for two Li enrichments
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Fig. 11 (Color online) Variation in FSTC (left) and its two separate
effects (right) with the HM proportion for different ’Li enrichment

used in this section is less than 10 wt% to achieve criti-
cality for all the HM proportions.

The neutron spectra of two types of ’Li enrichment for
different HM proportion are quantified as EALF and shown
in Fig. 10. The results indicate that a higher "Li enrichment
exhibits a smaller EALF corresponding to a softer neutron
spectrum due to reduced thermal absorption from °Li.

Figure 11 shows the effects of ’Li enrichment on FSTC
(left) and its two separate effects (right) with the HM
proportion. As shown in the left figure, a higher ’Li
enrichment corresponds to a softer spectrum, and thus even
a small change in the "Li enrichment can cause a signifi-
cant variation in kg, and subsequently, a more negative
FSTC. Furthermore, an increase in the ’Li enrichment
makes the variation of FSTC between different HM pro-
portions increasingly significant. As shown in the right
figure, the results indicate that a higher ’Li enrichment
leads to a more negative Doppler coefficient for all HM
proportions and more negative and less positive density
coefficients for the lower HM proportions and higher HM
proportions, respectively. Furthermore, a decrease in the
HM proportion increases the proportion of FLiBe, and this
increases the difference between FSTC for the two ’Li
enrichments, which is mainly due to the density coefficient.

@ Springer
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Fig. 12 (Color online) Variations in ar(f), op(A), or(p) and o (e)
with the HM proportion for different Li enrichment values

In order to further understand the effect of the "Li
enrichment on FSTC, Fig. 12 shows the variations in
ar(f), ar(A), or(p) and ar(e) along with the HM propor-
tion for the two ’Li enrichments. The results indicate that
for all the HM proportions, a higher "Li enrichment leads
to a more negative ar(f),ar(A4) and ar(p) especially for
the former two cases due to their more sensitive depen-
dence on the shift of neutron spectrum. In parallel, a lower
"Li enrichment leads to a more negative ot () benefited
from a harder spectrum. It should be noted that although
the variation in or(y) along with the HM proportion
exhibits a similar trend as oy (f) for two "Li enrichments,
its value is almost excessively low to be considered. In
summary, enhancements in 7Li enrichment are recom-
mended to gain a more negative FSTC.

4 Conclusion

A sufficiently negative fuel salt temperature coefficient
(FSTC) is crucial to compensate for a possible positive
moderator temperature coefficient (MTC) in a graphite-
moderated MSR with liquid fuel. Fuel salt compositions
strongly affect the FSTC in terms of the 2>U enrichment,
heavy metal proportion in the salt phase (HM), and the "Li
enrichment, and this is investigated using a six-factor for-
mula for an under-moderated core.

The FSTC is a combination of the Doppler coefficient
and the density coefficient, both of which are closely
related to the neutron spectrum. In order to further under-
stand the effects of FSTC, the temperature coefficients of
the five factors based on the six-factor formula was intro-
duced and includes or(e), ar(p), or(n), or(f), and or(A).
With respect to the Doppler coefficient, when the fuel salt
temperature increases, the neutron spectrum becomes
harder due to the enhancing resonance absorption and the
rising EALF. Thus, the temperature coefficient of ¢ (ar(¢))
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is positive, while the other four are negative. With respect
to the density coefficient, with increase in the fuel salt
temperature, the neutron spectrum becomes softer due to
the reducing fuel salt density and the declined EALF.
Therefore, the temperature coefficients of p (ar(p)) and 5
(oer(n7)) are positive while the other three are negative.

The FSTC is affected by the 2>3U enrichment and the
HM proportion via the neutron spectrum and is more sig-
nificantly influenced by the density coefficients. From the
viewpoint of the six-factor formula, the above effects are
reflected in ar(p) and ar(e) if the neutron spectrum is
relatively hard. With respect to a fixed HM proportion, the
FSTC is always negative and its magnitude initially
increases due to the increased negative Doppler coefficient
(mainly or(p)) and subsequently decreases due to the
weakening negative or the increases in positive density
coefficient (the synergistic effects of ar(p) and or(e))
when the 2°U enrichment increases. If the >*>U enrichment
exceeds a certain value, the FSTC strengthens with
increases in the HM proportion. Thus, recommendations
include lowering the HM proportion and/or lowering the
25U enrichment to obtain a more negative FSTC. More-
over, the effects of the 7Li enrichment on FSTC are
achieved by the neutron absorption and also mainly
determined by or(f) and ar(A) if the neutron spectrum is
relatively soft. The enhancement of the ’Li enrichment
results in a reduction in the critical >>>U enrichment and
leads to a more negative FSTC.

The analyses provide insight into the influence of the
fuel salt compositions on the FSTC from the aspect of the
six-factor formula for an under-moderated MSR. It may be
concluded that a reduction in the >*U enrichment and/or
the HM proportion and an improvement in the 7Li
enrichment are necessary to gain a more negative FSTC by
suppressing the possible positive density coefficient. The
density coefficient is extremely significant and its analysis
must always include a discussion on the moderation ratio
values of the reactor core. Hence, further studies are
required to confirm the applicability of the above results for
an over-moderated MSR. Furthermore, the effects of fuel
salt compositions with different values of burn-up, various
types of heavy metals, and/or different operation temper-
atures on FSTC should be evaluated on a core level. This
will make it possible to implement a more feasible fuel salt
composition for a sufficiently negative FSTC.
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