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ARTICLE

Studies on the molten salt reactor: code development and neutronics analysis of MSRE-type design

Kun Zhuang, Liangzhi Cao, Youqi Zheng∗1 and Hongchun Wu

Nuclear Engineering Computational Lab., School of Nuclear Science and Technology, Xi’an Jiaotong University, ShannXi 710049,
P.R. China

(Received 21 May 2014; accepted final version for publication 8 July 2014)

The molten salt reactor is characterized by its use of the fluid-fuel, which serves both as a fuel and as a
coolant simultaneously. The position of delayed neutron precursors continuously changes both in the core
and in the external loop due to the fuel circulation, and the fission products are extracted by an online fuel
reprocessing unit, which all lead to the modeling methods for the conventional reactors using solid fuel
not applicable. This study establishes suitable calculation models for the neutronics analysis of the molten
salt reactor and develops a new code namedMOREL based on the three-dimensional diffusion steady and
transient calculations. Some numerical tests are chosen to verify the code and the numerical results indicate
that MOREL can be used for the analysis of the molten salt reactor. After verification, it is applied to
analyze the characteristics of a typical molten salt reactor, including the steady characteristics, the influence
of fuel circulation on the kinetic behaviors. Besides, the influence of online fuel reprocessing simulation is
also examined. The results show that inherent safety is the character of the molten salt reactor from the
aspect of reactivity feedback and the fuel circulation has great influence on the kinetic characteristics of
molten salt reactor.

Keywords: molten salt; reactivity loss; reactor kinetics; safety analysis; MSR

1. Introduction

The molten salt reactor (MSR), one of the six candi-
dates for theGeneration IV reactor types, was first devel-
oped in the Oak Ridge National Laboratory (ORNL)
in the late 1940s and has been studied in the past
60 years with intermittent attention [1]. The remarkable
advantages in terms of safety, economics and nuclear
proliferation resistance encouraged many researchers to
put renewed efforts in the study of such reactor recently
[2].

The MSR concept was initially proposed by ORNL
in the projects of aircraft reactor experiment, which was
constructed in 1954 and become the first MSR in the
world. Afterwards, the molten salt reactor experiment
(MSRE) was constructed to research vessel complex-
ity and limited graphite lifetime. The favorable expe-
rience gained from the MSRE test reactor led to the
concept design of a reference breeder design with a ther-
mal spectrum and thorium fuel cycle, the 1000 MWe
molten salt breeder reactor [1]. In Japan, the concept
of a small molten salt reactor (SMSR) was proposed
to utilize the thorium and plutonium from light water
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reactors [3]. In Russia, the concept of the molten salt
advanced reactor transmuter (MOSART) was proposed
to reduce long-lived waste toxicity and produce elec-
tricity simultaneously [4]. In the close cooperation with
MOSART project, the MSR technology has been eval-
uated in the frame of EU Program MOST [5]. Several
national or international MSR concepts were conceived
and new research programs were launched. The perfor-
mances and design parameters of MSR concepts have
been extensively revisited in Europe in the EURATOM
6th and 7th Framework Programs (assessment of liq-
uid salts for innovative applications [ALISIA] and eval-
uation and viability of liquid fuel fast reactor system
[EVOL] projects) [6]. These studies led to the design of
fast spectrum concepts: fast neutron spectrum molten
salt reactors (MSFR), which have a good breeding capa-
bility when using the thorium fuel cycle but high power
densities would be required to avoid excessive fissile in-
ventories [7]. From 2011, the Shanghai Institute of Ap-
plied Physics started the “Thorium Molten Salt Reac-
tor Nuclear Energy System” project in China and aimed
to develop the TMSR to realize the effective utilization

C© 2014 Atomic Energy Society of Japan. All rights reserved.
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of thorium and hydrogen production by nuclear energy
within 20–30 years [8].

The MSR has many characteristics such as using
fluid-fuel, online fuel reprocessing, etc. The fuels like
UF4 or ThF4 are dissolved in the fluoride salt which
serves as fuel and coolant simultaneously. The fission
products are released into the molten salt and flow with
the salt through the core and primary loops, and then
extracted by an online fuel reprocessing unit. In the pro-
cess, the delayed neutron precursors (DNPs) are carried
to change the positions and some of them decay in the
external loops. It makes the behavior of delayed neu-
trons significantly different from the ones in traditional
reactor using solid fuels. To investigate the flow effect
of fluid-fuels, new methods should be proposed for the
MSRs.

Efforts on the investigations of transient behavior
and fuel cycle performance of the MSR had been car-
ried out bymany researchers based on different hypothe-
ses and simplifications. Lapenta et al. analyzed the neu-
tronics of MSR using the point kinetic model [9], while
Dulla et al. adopted the quasi-static method in two-
dimensional (2D) cylindrical geometry to simulate some
transient processes like pump coast down and over-
cooled inlet temperature [10,11]. Kophazi et al. modi-
fied the MCNP4C (A Monte Carlo N-Particle Trans-
port Code, Version 4C) code to calculate the loss of
DNPs considering the transport of DNPs [12]. Wang
et al. focused on the simulation of fluid dynamic and
the optimization of MOSART design in the steady-state
condition by using the extension models based on the
SIMMER-III code which employed 2D R–Z geometry
[13]. Yamamoto et al. performed the steady-state and
transient analyses on the SMSR by coupling the neu-
tron diffusion equation with the heat transfer equation
in fuel salt and graphite [14,15]. Křepel et al. devel-
oped the DYN1D-MSR and DYN3D-MSR codes for
the safety analysis on graphite-moderated channel-type
MSR, in which the one-dimensional (1D) flow model
was adopted in the three-dimensional (3D) code [16,17].
The DYN1D-MSR and DYN3D-MSR codes adopted
nodal expandmethod in the hexagonal geometry. Zhang
et al. performed the safety analysis onMOSART by em-
ploying simplified heat transfer and neutronic models
[18,19]. Lecarpentier develop a safety code employing
1D thermal-hydraulic and 3D neutron diffusion equa-
tion to study theAMSTER system [20]. In respect of fuel
cycle and online fuel reprocessing simulation, ORNL
developed ROD code, based on multi-group and 1D
or synthetic 2D diffusion theory, to perform a fuel cy-
cle analysis, including costs either at equilibrium, for
continuous processing, or time-dependent for batch or
continuous processing [21]. Manuele Aufiero extended
SERPENT-2Monte Carlo code to studyMSR fuel bur-
nup (BU) [22]. S. Delpech coupled theMCNP andREM
(a home-madematerials evolution code) depletion codes
to study the breeding and transmutation performance of
MSFR system [23]. Despite the Monte Carlo transport
code has advantages in modeling complex geometry and

performing the whole core heterogeneous calculation, it
is too costly to simulate the fuel cycle and be applied in
optimizing the design of the core.

It should be noted that most previous studies were
carried on by using various hypotheses or simplified
models. In order to provide a deeper insight into the
steady-state and transient characteristics of an MSR,
this study focuses on the suitable calculationmodels and
developed a new code named MOREL, which is a com-
prehensive but special code for the neutronics calcula-
tion of MSR. MOREL is based on the 3D diffusion
calculation and the triangular prism nodes, which can
be applied for different geometry. It can be easily used
for different MSR designs and different aspects includ-
ing the steady-state evaluation, the depletion analysis or
neutron kinetics simulation, etc.

The calculation models are introduced in Section 2.
The verification of the code is presented in Section 3 and
the application of the code forMSR analysis is shown in
Section 4. Finally, some conclusions are summarized.

2. Methods and code development

A new code, named MOREL, for the neutronics
studies on MSR is newly developed, consisting of the
functions for steady and transient analysis and the po-
tential for fuel cycle performance evaluation. The calcu-
lation scheme of MOREL is divided into two steps: the
generation of few-group constants and kinetics param-
eters, and then the 3D in-core neutron diffusion calcu-
lation, depletion calculation or space-dependent kinetic
calculation. The few-group constants and kinetics pa-
rameters are generated by the lattice code HELIOS in
2D assembly calculation and the 3D in-core neutron dif-
fusion calculation is performed by the code TABFEN,
which is based on the analytic basis functions expan-
sion nodal method for arbitrary triangular-z node and
suitable for different geometries used in current MSR
designs. In the kinetics calculation, also the 3D model
considering the axial flow effects of DNPs is established,
using the method of characteristics to solve the DNP
equations in the primary loop considering part of DNP
decay on the external loop and reenter the core. In the
depletion calculation, all nuclides considered in the bur-
nup chains are tracked to simulate the online fuel repro-
cessing process and prepared for the fuel cycle analysis.
The transmutation trajectory analysis method (TTA) is
employed in this calculation.

2.1. Few group constants and kinetics parameters
The few-group constants of assemblies include the

homogenized microscopic cross sections of nuclides in
the burnup chains, homogenized macroscopic absorp-
tion cross section of the residual nuclides in the fuel
assembly and homogenized macroscopic cross sections
of other material. The anisotropic scattering is consid-
ered using transport correction method. The interpola-
tion tables for the few-group constants are established by
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Figure 1. The homogenized process of circular fuel channels.

2D assembly calculations considering assembly parame-
ters such as fuel temperature (TF), graphite temperature
(TG) and burnup, which are used in the nuclides deple-
tion and online fuel reprocessing simulation.

The decay constants and fractions of DNPs for fam-
ily i are defined as follows:

β̄i =
∑

m βm (i )
∑

g Nmνσ f,m (g)φ (g)∑
g v� f (g)φ (g)

(1)

λ̄i =
∑

m λm (i )βm (i )
∑

g Nmνσ f,m (g)φ (g)

β̄
∑

g v� f (g)φ (g)
(2)

In which the subscriptm stands for the nuclide type and
Nm is the nuclear density of m nuclide.

The 2D infinite assembly calculations using HE-
LIOS are executed based on the multi-group cross sec-
tions from ENDF/B-VI [24]. In HELIOS, the sub-group
method is used to perform the resonance calculation and
the transport method involved is the current-coupling
collision probability method. The few-group cross sec-
tions are generated based on different models; for in-
stance, the single assembly model is used for the calcula-
tion of traditional fuels while different cell or super-cell
models are used for the complex structures. For exam-
ple, Figure 1 illustrates one of the homogenization mod-
els. It is used for a kind ofMSR using circular fuel chan-
nels around the active core. All the nuclides in this model
will be mixed based on the volume weight and then the
mixed assembly will be homogenized as the traditional
fuel assembly.

2.2. 3D core calculation method
In order to be applied to the complex geometry in

different MSR designs, the 3D neutron diffusion calcu-
lation based on arbitrary triangle-z node is adopted. The
MOREL code employs the 3D neutron diffusion solver
TABFEN. It is a home-developed nodal diffusion code
based on the analytic basis functions expansion method
using triangle-z node [25]. The triangle nodes are gener-
ated by ANSYS-14.0. The few group constants are in-
terpolated according to the current core parameters, i.e.
TF, TG and BU.

2.3. Neutron kinetic calculation method
The 3D neutron diffusion equation and 1D balance

equation of DNP considering fuel circulation are es-
tablished in this research. Due to those precursors flow
along with the fuel circulation, both in the reactor core
and in the external loop, part ofDNPdecay on the exter-
nal loop and reenter the core, which makes the kinetics
of MSR different from that of conventional reactors us-
ing solid fuel. As is shown in the previous research, the
fuel circulation brings little effects on the neutron flux
forMSR [26]. Therefore, those effects are represented by
an additional convective term only in the balance equa-
tion of DNP and considered both in the core and the
loop.

The space-depended neutron kinetics equation con-
sists of G groups of neutron diffusion equation and I
families of DNP balance equations, which can be de-
rived based on the conservation law in a control volume.
They are described as follows:

1
vg

∂ϕg(r, t)
∂t

= ∇ · Dg(r, t)∇ϕg(r, t) − �tg(r, t)ϕg(r, t)

+
G∑

g′=1

�g′g(r, t)ϕg′(r, t) + (1 − β)χpg

×
G∑

g′=1

v� fg′(r, t)ϕg′(r, t)

+
I∑

i=1

χdgiλiCi (r, t)

g = 1, 2, . . . ,G, i = 1, 2, . . . , I (3)

∂Ci (r, t)
∂t

=
G∑

g′=1

βn
i v� fg′(r, t)ϕg′(r, t) − λiCi (r, t)

−∇ [UCi (r, t)] , i = 1, 2, . . . , I (4)

Standard notations are used and U is the vector of
fuel velocity. Only the axial fuel flow is considered in the
present research.

The implicit finite difference method is applied to
discrete the time-derivative term in Equation (3) and the
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TABFEN code is employed in every discrete time step
as

− ∇2�(r, tn) + �(r, tn)�(r, tn) = Seff (r, tn) (5)

where �(r, tn) = [ϕ1(r, tn), ϕ2(r, tn), . . . , ϕG(r, tn)]T; the
elements in matrix �(r, tn) can be represented as follow-
ing:

�gg′ =
(
δgg′�̄

g
t − �g′−g

s − χ̄ gv�
g′
f

)/
Dg (6)

In which �̄
g
t (r, tn) = �tg(r, tn) + 1/vgtn and χ̄g = (1 −

β)χpg

The element in vector Seff (r, tn) is represented as

Seffg (r, tn) =
{

I∑
i=1

χdgiλiCi (r, tn) + ϕg(r, tn−1)
vgtn

}/
Dg

(7)
Standard notations are used. The item containing
Ci (r, tn) in Seffg (r, tn) couples the neutron equations and
the DNP balance equations.�(r, tn) in Equation (5) can
be got by TABFEN solver. The solution of the diffusion
equation (5) depends on the eigenvalues λm and corre-
sponding eigenvetors um of the matrix �(r, tn). For sim-
plicity, we present out derivation here only for the case
in which the eigenvalues are real. In fact, the eigenvalues
are real for two-group problem and this kinetic method
can be applied to multi-group. The solution �(r, tn) of
Equation (5) consists of a general solution and a partic-
ular solution [27]:

ϕm (r, tn) =
3∑
l=1

Aml SN (kmel r)tn

+
3∑
l=1

BmlCS (kmel r)tn + s (r )tn (8)

SN =
{
sin h λm > 0
sin λm > 0

CS =
{
cos h λm > 0
cos λm > 0

(9)

where km = √|λm| and s (r ) is the particular solution of
the inhomogeneous equation (5).

When the flux at tn−1 is known, the flux is assumed as
a form of exponential function with the corresponding
time in every node between tn−1 and tn:

ϕg (z, t) = e�(t−tI )ϕg (z, tI ) (10)

where ϕg (z, t) is Equation (8) which is integrated in the
X–Y direction in every node, tI is the beginning of the
calculated time step; here it is tn−1. � is the constant
about flux changing along with time and determined by
the nodal flux between two times steps.

The source item in the DNP balance equation is
marked as Q (z, t). Equation (4) has the same form for
different families of DNPs in each node with only axial
direction consideration. Consequently, the index i will
be neglected in the following equation:

∂C(z, t)
∂t

+ ∂

∂z
(uC(z, t)) = Q(z, t) − λC(z, t) (11)

The method of characteristics is used to solve Equa-
tion (11) through the core and external loop in every
time step [16].

As the velocity of fuel in each node is assumed to
be constant in every time step, Q (z, t) can be written as
Q (z) by transformation:

Q (z) = e
�
v
(z−ε)e�t0

G∑
g′=1

βiv� fg′(z, t)

×
⎧⎨
⎩

G∑
m=1

ug′m

{
3∑
l=1

Rml + Am4SN (kmz)+
Bm4CN (kmz)

}
+s (z)

⎫⎬
⎭
(12)

t0 = t0 − tI , ε = z0, t0 ≥ tI
t0 = 0, ε = z (tI ) , t0 ≤ tI (13)

where t0 is the node entering time, z0 is the height of node
bottom, ε is the position at initial time, Rml and s (z) are
values after the general solution and particular solution
being integrated along the X–Y direction, respectively.

The solution of Equation (11) can be obtained by us-
ing total differential form of C (z, t):

C(z) =
(∫ z

ε

Q(z′)
v

exp
(

λ

v
z′

)
dz′ + C(ε) exp

(
λ

v
ε

))

× exp
(

−λ

v
z
)

=
( ∫ z

ε

Q(z′)
v

exp
(

λ

v
(z′ − ε)

)
dz′

+C(ε)
)
exp

(
−λ

v
(z− ε)

)
(14)

where v is the velocity of fuel.
The fictitious fluid particle of present node will be

tracked on its upstream through one or more nodes dur-
ing one time step.

From Equations (12) and (14), the DNP outgoing
concentration can be written as

Cout

=

⎛
⎜⎜⎜⎜⎜⎝
e�t0

G∑
g′=1

βiv� fg′
G∑

m=1

ug′m
v

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

3∑
l=1

Rml N1e− λ
v (zi+1−ε)+

Am4NA,me− λ
v (zi+1−ε)

+BNB,me− λ
v (zi+1−ε)

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

+C(ε)e− λ
v (zi+1−ε)

⎞
⎟⎟⎟⎟⎟⎠
(15)
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where N1, NA,m and NB,m are the constants after the in-
tegration of Equation (12).

In the external loop, there only exists a decay for
DNP as follows:

Cout = C(ε) exp
(

−λ

v
(zi+1 − ε)

)
(16)

The reactor core is treated as multichannel model for
DNP transport along with fuel circulation. Because the
assembly is homogenized at the first step and then di-
vided into several triangle-z nodes in core calculation,
all the triangle-z node which belong to the same chan-
nel should keep fuel velocity and fuel density the same
in each layer. In these channels of active core, the same
mass flow rate is considered. Fuel mixing takes place in
the upper plenum. Thermal hydraulics is not considered
in this research, all the velocity and density of fuel used
in the Section 3.2 is referred from MSRE operation re-
ports.

2.4. The loss of effective delayed neutron fraction
Part of the DNPs decay outside the reactor core due

to the circulation of fuel. It reduces the effective delayed
neutron fraction (βeff ). Consequently, the effective de-
layed neutron fraction for family i is defined as Equation
(17) by introducing the ratio between total importance
of delayed emissions from family i and total importance
of all fission neutrons [28]:

β i
eff =

∑G
n=1

∫
V ϕ∗

n (r )χi,nλiCi (r ) dv∑G
n=1

∫
V ϕ∗ (r )χi,nλiCi (r ) dv + (1 − β)

∑G
n=1

∑G
g=1

∫
V ϕ∗

n (r )χn
(
υ� f

)
g ϕg (r ) dv

(17)

Standard notations are used, ϕ∗
g (r ) is the adjoint flux

without considering the reduction of delayed neutron
worth due to the change of position.

The loss of effective delayed neutron fraction βloss is
defined as

βloss =
∑
i

β
i,static
eff −

∑
i

β
i,fuel flow
eff (18)

where β
i,static
eff and β

i,fuel flow
eff are the effective delayed neu-

tron fraction of family i when the fuel velocity is ne-
glected and considered, respectively.

2.5. Boundary conditions
Two boundary conditions are considered in the cal-

culations as:

• Inlet boundary: The vacuum boundary condition
is employed for neutron flux at the inlet, since the
neutron extrapolation distance is negligible com-
pared to the dimension of the whole core. The
DNPs which do not decay in the external loop and

return to the core are taken into account.

Ci,in = Ci,out exp (−λiτ ) (19)

• Outlet boundary: The vacuum boundary condi-
tion is also employed for neutron flux at the outlet
of the channel. The flow of DNP keeps constant
between core outlet and external loop inlet.

2.6. Nuclides depletion
Online fuel reprocessing makes the variation of fuel

composition complex, therefore more fine nuclides de-
pletion models need to be developed. In the depletion
calculation module of MOREL, every fuel assembly is
divided into several segments along axis direction, which
are also the nodes used in the core diffusion calculation,
and every segment will be regarded as an independent
burnup region, in which the depletion equation system
is solvedwith TTAalgorithmbased on the fine depletion
chains to obtain the mass change of individual actinides
during the fuel cycle [29].

The typical scheme of MSR online fuel reprocess-
ing is shown in Figure 2. For the purpose of removing
most of the fission products, an online reprocessing is
required. Thus, periodically, batches of salt have to be
removed and then sent back to the core to be consumed.
Homogeneous mixing of all nuclides is employed after
the batches of fuel reprocessing. The consumption ratio
of fissile nuclide represents the level of burnup, which is

Figure 2. The flow chart of fuel reprocessing process.



256 K. Zhuang et al.

Figure 3. TMSR geometry and core configure (left) and geometry of TMSR pin cell (right).

used for microscopic cross section interpolation at the
next diffusion calculation and micro-burnup calcula-
tion. As the few-group homogenized microscopic cross
sections of nuclides of the fine depletion chains are used
in the depletion calculation, the macroscopic cross sec-
tion of assembly can be obtained from the nuclides den-
sity which can be changed by the scheme of refueling and
then whole core depletion calculation will be performed.
The scheme of refuel is not designed in this research but
some nuclides density is directly changed to simulate on-
line reprocessing like Section 4.2.

To consider the flux amplitude variation in the cer-
tain burnup step, a sub-step method is performed. Each
burnup step is divided into some sub-steps, in which the
flux amplitude is supposed to be constant. At the begin-
ning of every sub-step calculation, the flux amplitude is
renormalized based on the total thermal power.

3. Code verification

In this section, the new code is verified with two
group constants. The TMSR core depletion problem
was chosen to verify the depletion module, in which
the reference results are calculated by a code package
named MCNT/ORIGEN2 which couples the Monte
Carlo transport code and the depletion code [30]. For
the neutron kinetic module verification, the data from
MSRE experiments are referred, which contains the
data of effective loss of DNP in steady state and two-
transient state including protected fuel pump startup
and coast down.

3.1. Verification of steady core calculation
The TMSR project was proposed by Shanghai Insti-

tute of Applied Physics (SINAP) in China considering

Table 1. Parameters of TMSR.

Parameter Value

Graphite mass in the core (t) 9.96
Graphite density (g/cm3) 1.86
Fuel composition LiF–BeF2–ZrF4–UF4

65%–29.2%–5%–0.8%
U235 enrichment 15.5%
Fuel mass in the core (t) 3.283
Fuel density (g/cm3) 2.31

the remarkable advantages of MSRs. The preliminary
design of TMSR is employed in this paper to verify the
MOREL code. The reference results are calculated by a
Monte Carlo transport code coupled with a depletion
code. The simplified reactor core configuration is shown
in Figure 3 (left) and the parameters are list in Table 1.

The TMSR is a 10 MWth thermal reactor moder-
ated by graphite. The fuel circulates through the core
filled with hexagonal graphite tube, which is shown in
Figure 3 (right). There is a circular passage between ar-
rays of hexagonal graphite tube and the graphite reflec-
tor. The inner and outer radius is 70 and 73 cm, respec-
tively. The radius of whole core is 93 cm. The upper and
lower plenums of 20-cm height are filled with fluid-fuel
to cover the top and bottom of fuel tubes.

In the calculation, the reactor core is discretized into
triangular prisms. It makes that some nodes overlap the
circular fuel passage inevitably. Special treatments in
the homogenization, as presented in the Section 2.1, are
adopted in generating the few-group constants in those
nodes based on the weight of nuclear density of fuel
and graphite. The cross sections in different operating



Journal of Nuclear Science and Technology, Volume 52, No. 2, February 2015 257

Figure 4. TMSR keff variation with burn-up.

conditions are prepared by HELIOS, which are made
into interpolating table of temperature and burnup.

Figure 4 displays the comparisons between the
MOREL code and Monte Carlo code. It indicates that
the depletion module in MOREL is capable of predict-
ing the evolution of depletion. However, some differ-
ences still exist between two codes and the maximum
error is 0.004 at 150 days of full power operation. The
differences come from: (1) the burnup region division
used in the Monte Carlo calculation that is slightly
rougher than that used in MOREL; (2) the inherent dif-
ferences between the Monte Carlo calculation and dif-
fusion calculation; and (3) the different nuclear data
library used in the calculations.

3.2. Verification of dynamic calculation
The data from MSRE were employed to verify the

code. The MSRE was an 8MWth reactor in which the
molten fluoride salt at 922 K circulates through a core

of graphite bars. Its operation with U-235 (93% enrich-
ment) fuel salt began in June 1965 and U-233 was then
added to the carrier salt. A calculation model is estab-
lished based on the reports from ORNL. The data mea-
sured during the MSRE experiment are cited to verify
the kinetic module especially the delayed neutron model
in the MOREL code [31].

As shown inFigure 5, the calculationmodel is simpli-
fied with geometrical characteristics (radiusR= 71.2 cm
and height H = 200.7 cm), which is filled with the
graphite lattice structure. The upper and lower plenums
of 17.15-cm height with only fuel are placed at the top
and bottom of reactor [32]. The fuel velocity in the core
is different from that in the plenum. The hydraulic pa-
rameters used in the calculation are referred directly
from the literatures as following [31]:

• The fuel velocity in the graphite lattice is 19.7 cm/s.
• The fuel velocity in the upper and lower plenum is
5.1 cm/s.

• The time of the fuel salt circulate the primary loop
outside is 10 s.

The compositions of fuels are input according to the
report from ORNL and MOST project. The tempera-
ture is set to be 915 K. In order to narrow down the
discrepancy between the calculated results and the ex-
periment data, two different delayed neutron data-sets
are used. Besides the data produced by HELIOS with
ENDF/B-VI, the data offered by ORNL are also in-
volved.

3.2.1. The loss of DNP in steady state

The first case is preformed to calculate the loss
of delayed neutron in the steady operation due to
fuel circulation. The loss of delayed neutron is repre-
sented in terms of reactivity loss. The measured data

Figure 5. The approximated geometry of MSRE benchmark model.
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Table 2. Loss in the delayed neutron precursor fractions (pcm) due to the fuel circulation for U-235 fuel compared to the reference
[31,32].

Total 1 2 3 4 5 6

MSRE 212
ORNL 222
BUTE 244
EDF 228.8 12.0 78.0 62.3 73.7 2.8 0.0
ENEA 259.2 14.0 90.5 71.1 80.4 3.2 0.1
FZK (a) 262.2 14.1 90.8 70.9 81.9 4.1 0.3
FZK (b) 212.2 12.6 77.5 52.8 62.4 5.6 0.9
FZR 253.2 13.8 89.2 68.4 77.8 3.9 0.1
POLITO 278.0 16.0 100.7 74.1 82.8 4.0 0.2
New results (ORNL data) 231.5 13.37 57.07 61.53 66.95 2.54 0.06
New results (ENDF/B-VI) 246.3 13.61 88.85 67.73 73.61 2.53 0.0004

in ORNL and calculated results from participants in
MOST project serve as the reference results [31,33].
The reactivity loss of MSRE fueled by both U-233 and
U-235 are all calculated. The comparisons are shown
in Tables 2 and 3. FZK participates with two codes,
SIMMER and SimADS: results are identified in the
following with (a) and (b), respectively. MSRE and
ORNL indicated in Tables 2 and 3 are the experimen-
tal values of MSRE and the results of calculations per-
formed at ORNL, respectively. The DNP data produced
by HELIOS with ENDF/B-VI and offered by ORNL
are indicated by (ENDF/B-VI) and (ORNL data),
respectively.

Tables 2 and 3 show the evaluated βloss of the six pre-
cursor families for the two types of fuel considered in the
benchmark. It can be seen that the results calculated in
this paper agree well with the results obtained by other
codes, and most of the numerical results are larger than
the experimental results. Some differences can be found
by comparing the results obtained by different codes.
Those differences may be caused by the different mod-
els used for evaluating the loss of importance of delayed
neutrons and by different simplifications of the core ge-
ometry.

3.2.2. Fuel pump startup and coast-down

The other cases are performed to calculate the pro-
tected fuel pump startup and coast-down transients. The
constant power is maintained during these two transient
experiments. During the transient experiments, the cen-
tral rod was withdrawn to maintain criticality and the
experimental values used for the benchmark are the po-
sition of the control rod. Two groups of DNP data are
used in this simulation: the DNP data from ORNL and
the values by HELIOS calculation. The velocity of fuel
changes from zero to the nominal value of 10 s and de-
creases fromnominal value to zero during 22 s in the case
of fuel pump startup and coast-down transient, respec-
tively. The comparisons are shown in the Figures 6 and
7. In this benchmark simulation, the variation of flow
in fuel pump startup and coast down is referred from
the early research [34]. As shown in Figures 6 and 7, the
MOREL code system can be able to follow the physi-
cal behavior of the system in both cases. In the MSRE
experiments, there was a limitation on the control rods’
withdrawal speed, which is not considered in this calcu-
lation and may cause the overshooting of the reactivity.
The fluctuation is observed at about 13 s, which is due
to the re-entering of the undecayed precursors from the

Table 3. Loss in the delayed neutron precursor fractions (pcm) due to the fuel circulation for U-233 fuel compared to the reference
[31,32].

Total 1 2 3 4 5 6

MSRE 100.5
ORNL 100.5 12.4 43.9 28.2 15.6 0.4 0.1
BUTE 85
EDF 107.8 12.4 44.1 30.8 20.0 0.5 0.0
ENEA 122.4 14.4 51.4 34.7 21.5 0.5 0.0
FZK (a) 125.0 14.5 51.7 35.1 22.7 0.8 0.1
FZK (b) 105.4 13.6 45.1 26.7 18.4 1.2 0.3
FZR 121.0 14.3 50.6 33.6 21.2 1.4 0.0
POLITO 134.5 16.7 57.7 36.3 22.9 0.8 0.1
New results (ORNL data) 113.4 13.8 48.1 31.7 19.2 0.4789 0.00235
New results (ENDF/B-VI) 102.2 13.46 38.21 24.02 26.09 0.655 0.0389
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Figure 6. Reactivity compensation in the cases of fuel pump startup transients.

external loop, but some differences in the amplitude of
oscillations can be observed between calculations and
experimental results. This is probably due to the mode
of flow pattern and its effects on the smoothening of os-
cillations.

4. Applications in the neutronics analysis in TMSR

Based on the new MOREL code, some character-
istics are investigated for the preliminary core design
of TMSR by SINAP including the steady-state charac-
teristics, the influence of fuel circulation on the kinetic
of TMSR and fuel online reprocessing simulation. Two
groups are used in this analysis and the modeling of
TMSR core is shown in Section 3.1

4.1. Analysis of the steady-state characteristics
In this section, the reactivity feedback coefficient,

DNP distribution and reactivity loss considering fuel
circulation are analyzed for the stable fuel velocity.

4.1.1. Reactivity feedback coefficient

The temperature reactivity coefficient in this paper
is defined as dKeff

/
dT. While calculating the tempera-

ture coefficient of fuel or graphite, the temperature of
graphite or fuel keeps constant. Then, the temperature
of fuel or graphite is changed to obtain the slopes ofKeff

variation. The expansion of graphite is not considered in
calculation. For the fuel density coefficient, the graphite

Figure 7. Reactivity compensation in the cases of fuel pump coast-down transients.
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Figure 8. Reactivity coefficient of fuel salt temperature,
graphite temperature and fuel salt density.

temperature keeps constant. The density and tempera-
ture of fuel salt has the following relationship.

ρ = 2.263 × (1 − 2.12 × 10−4 × (T(◦C) − 650)) (20)

Figure 8 displays the reactivity coefficient of fuel salt
temperature, graphite temperature and fuel salt density.
We can find that those reactivity feedback coefficients
are all negative and the feedback of graphite tempera-
ture is obviously stronger than that of TF andDF. From
the aspect of reactivity feedback, the inherent safety is
one of the characters of TMSR.

4.1.2. Delayed neutron precursors distribution and
reactivity loss

In the DNP distribution and reactivity loss calcula-
tions, the fuel velocity in TMSR core is assumed to be
1 m/s with the length and diameter of external loop be-

Figure 10. Reactivity loss under different fuel velocities in
TMSR.

ing 4 m and 36 cm, respectively. The fuel velocity in ev-
ery graphite tube is assumed to be the same and themass
flow keeps constant in the whole loop.

Figure 9 illustrates the distribution of DNPs in six
families considering the fuel circulation in the external
loop. It indicates that the fuel salt flow has significant
influence on theDNPdistribution especially for the ones
with small decay constant, which decay in the reactor
core before flowing back to the core.

Figure 10 shows the reactivity loss of TMSR for dif-
ferent fuel velocity. The reactivity loss increases along
with the increase of fuel velocity but tends to be stable
beyond a certain fuel velocity, because theDNPs flowing
out of the core are equal to that of reentering the core.
It indicates that the fuel flow can be controlled to ad-
just the reactivity in TMSR, which is useful in accident
conditions.

Figure 9. Distribution of six families of delayed neutron precursor.
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Figure 11. Variation of relative power with step perturba-
tion.

4.1.3. Influence of fuel circulation on the kinetic
characteristics of TMSR

When the height positions of three control rods are
115 cm, the TMSR reaches criticality, which is assumed
to be the beginning of neutron kinetic simulation. The
same step perturbation at different fuel velocity is intro-
duced to investigate the influence of fuel circulation on
the kinetic characteristics of TMSR. The power density
of the whole core is normalized to be unit at the initial
time.

In the simulation, the step perturbation is introduced
by the control rod withdrawal of 5 cm at the initial time
and the whole transient process keeps 0.5 s. The fuel
velocity keeps constant before perturbation and during
the transient process. The variation of relative power is
shown in Figure 11.

It can be seen from Figure 11 that the relative power
increases along with time and then tend to be smooth
and steady. The higher the fuel velocity, the faster the
relative power increases. It is due to this reason that the
effective delayed neutron fractions decrease along with
the increasing fuel velocity, which is shown in Table 4.

The reactivity of 249.5 pcm is introduced due to the
control rods’ withdrawal. It can be seen that the intro-
duced reactivity is more close to the effective delayed
neutron fraction, the relative power of core increases
more sharply and that even prompt supercritical phe-
nomenon occurs when the introduced reactivity is larger
than 459 pcm (100 cm/s fuel velocity).

The simulation shows that, for TMSR, the decrease
of effective delayed neutron fraction for fuel circulation
makes the neutron kinetics significantly different from

Table 5. Fuel online reprocessing schemes.

Case Operation

Case1 Once cycle without any fuel reprocess
Case2 All the nuclides mix without any nuclide

injection and extraction
Case 3 Inject U235 300g and extract Xe135, Sm149 of

80% and then mix all the nuclides

that of the conventional reactor using solid fuels. There-
fore, the influence of fuel circulation is not ignored in
MSR transient process.

4.2. Fuel online reprocessing simulation
Fuel online reprocessing is one of the characteristics

of MSR. In this section, some fuel reprocessing schemes
are employed to find the characteristics of TMSR con-
sidering fuel reprocessing.We assumed all the nuclides in
the core are mixed after fuel reprocessing and the con-
sumption ratio of U-235 represents the level of burnup.
The reprocessing schemes are listed in Table 5. The daily
reprocessing volume is assumed to be 40 liters and the
whole simulation time is nine days. Three cases are cal-
culated and the results are shown in Figure 12.

Three cases of reprocessing schemes are simulated.
In case 1, there is no difference between TMSR and tra-
ditional solid fuel reactor in the burnup calculation. In
case 2, all the nuclides in the fuel are mixed. In case 3,
some nuclides are injected into the fuel and the density
of nuclides is kept the same everywhere in the core. As
shown in Figure 12, we can find that the Keff of case 2
decreases faster than other two cases and case 3 changes

Figure 12. keff variation with burnup in three cases.

Table 4. Changes of the effective delayed neutron fractions with different fuel velocities.

v = 0.0 cm/s v = 20.0 cm/s v = 50.0 cm/s v = 100.0 cm/s

Effective delayed neutron fractions 644 pcm 503 pcm 473 pcm 459 pcm
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more gently than case 1. It comes from that, after a pe-
riod of time, the larger amounts of fissile nuclide in the
regions with low power are redistributed into the high-
power area, so more fissile nuclides will be burnt in the
next period. When new fissile nuclides are added and
the fission products are extracted, the Keff of reactor de-
creases slowly, which should be determined by the design
goals to keep the reactor critical.

5. Conclusion

TheMSR is characterized using the fluid-fuel, which
serves as fuel and coolant simultaneously. The analytical
methods used for the conventional reactors with solid
fuel are not applicable for theMSRs. A new code named
MOREL including 3D neutron kinetics calculation and
nuclides depletion calculation is developed in this paper
for the analysis ofMSR. Several numerical comparisons
and the experiment data gained from MSRE are used
to verify MOREL. The results prove that the MOREL
code can be used for the analysis of MSR.

A typical molten salt reactor TMSR designed by
SINAP is analyzed in this paper, including its steady
characteristics, fuel online reprocessing and neutron ki-
netic characteristics. For TMSR, the reactivity coeffi-
cients of temperature and salt density are all negative,
which prove the inherent safety potential of MSR. The
fuel salt circulation has significant influence on theDNP
distribution especially for the ones with small decay con-
stant and the reactivity loss increases along with the in-
crease of fuel velocity.

The fuel flowmakes the neutron kinetics ofMSR sig-
nificantly different from that of conventional reactors.
For TMSR design, the power increases differently when
introducing the same positive reactivity at different fuel
velocities. It will be more severe when the fuel velocity
becomes larger, since more DNPs are washed away in
the high-speed flow.

The simulation of fuel online reprocessing is per-
formed. The depletion of nuclides after mixing all the
nuclides is faster than the one without any fuel repro-
cessing. Certain amount of fissile nuclides and fission
products need to be injected and extracted, respectively,
to keep TMSR critical.
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