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Graphite reﬂector submerged in molten salt in TMSR has important inﬂuences on the evaluation of structural
stability of the reﬂector and the safety of the reactor because of the collision and ﬂuid–solid interaction. In this
paper, an approach is proposed for simulating the non-linear responses of the reﬂector under seismic excitation.
And then, with this approach, a ﬁnite element model of the reﬂector in TMSR is built to investigate its dynamic
characteristics and the seismic time history responses. From the results of the seismic time history analysis, the
displacements of the control rod channel, which are required for the evaluation the safety of the reactor, are
obtained as the boundary condition for the control rod drop test. At the same time, the impact forces between the
components are provided that is required for the stress evaluation of graphite components.

1. Introduction
The graphite reﬂector submerged in the molten salt plays an important role in the Thorium-based Molten Salt Reactor (Jiang et al.,
2012) (TMSR) as neutron moderator and bearing load structure. The
reﬂector consists of a large number of bricks, keys and pins with a
narrow gap space between the adjacent components. Therefore, the
collisions between the components caused by earthquake are important
inﬂuencing factors on structural safety of the core. The collisions of
multi-body structure and ﬂuid–solid interaction are two aspects to represent in seismic analysis in TMSR. For the collisions of multi-body
structure, there are many studies on the numerical analysis and experiments. Iyoku et al. (2004) developed a 2D code SONATINA-2V to
calculate bottom structure and tested the displacement of components
in high temperature engineering test reactor (HTTR); Hongkun et al.
(2012) proposed an eﬃcient 3D approach by using ABAQUS software
for simulating the complicated responses of the reﬂector in high temperature gas-cooled reactors (HTR) under earthquake loads; Shi et al.
(xxxx) tested the static intensity of the dowel, Jin et al. (xxxx) and Jin
et al. (2014) calculated and tested the collision of graphite bricks to
obtained the equivalent stiﬀness and damping coeﬃcient; furthermore,
Sun et al. (xxxx) tested double layer of HTR-PM graphite structure
under earthquake loads, the results show the double-layer model kept
its basic structural, and damping of the double-layer model was obtained; Duncan et al. (xxxx) also developed a ﬁnite element model by
using LS-DYNA software that represents the seismic response of each
graphite brick in advanced gas-cooled reactor (AGR); Kim and Lee
⁎

(2002) analyzed the reﬂector with super element by using MSC software in Korean next generation reactor (KNGR). At present, many
studies focus on the collision with rigid body-spring model in gas
coolant, however, the researches on the graphite reﬂector with regard
to ﬂuid–solid interaction are less reported.
In the aspect of ﬂuid–solid interaction analysis, a simple approach
using additional mass is often used because a long computing time
caused by highly nonlinear multi-ﬁeld is needed in time history analysis. Koo and Lee (2004) developed a numerical application for applying the additional mass matrix for a 7-ducts core system to investigate the ﬂuid eﬀects, the ﬂuid coupling terms can signiﬁcantly
aﬀect the impact responses of the ducts. Valentin et al. (2014) studied
the additional mass of a disk submerged in water experimentally and
numerically using structural–acoustic simulations, the eﬀect of the radial gap is signiﬁcant and should be considered when calculating natural frequencies of submerged and conﬁned structures. Zhao et al.
(1996) analyzed the nonlinear impact and frictional motion responses
including ﬂuid–structure coupling eﬀects of spent fuel storage with ﬁnite element model, the ﬂuid–structure-interaction eﬀects can be taken
into account using the additional mass based on potential theory.
In this paper, a new simulation method based on rigid body-spring
model and additional mass is brought forward to perform the seismic
analysis of the reﬂector in molten salt. Firstly, a rigid body-spring
model with additional mass of the reﬂector in TMSR is built by using
ANSYS software, and the additional mass is calculated with a three
bricks model. Then, the seismic dynamic response of the reﬂector is
analyzed using the new method under earthquake loads. Finally, the
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(a) Sectional view of the reflector

(b) Sectional view of the core tank

Fig. 1. Reﬂector structure in TMSR.

Fig. 2. Structural and rigid body of brick.

Fig. 3. Layout of spring to simulate collisions between bricks.

beams. The lumped mass locates on the center of gravity of the brick,
the rigid beams outline the proﬁle of brick, as shown in Fig. 2.
The spring system in rigid body-spring model contains spring,
damping and gap to present collision between bricks. There are two
diﬀerent forms of collision, one is the direct collision between bricks,
the other one is the pin or key transfers the collision force between
bricks.
Fig. 3 shows the layout of vertical and horizontal spring systems to
simulate direct collisions between bricks. Obviously, the purpose of the
vertical spring systems are to transfer the gravitational force and vertical impact force from the above or below bricks, and the horizontal
spring systems are used to transfer the horizontal impact force from the
sideward bricks.
Fig. 4 shows the simpliﬁed model of key which is a linker located
between two adjacent bricks in the same layer. The spring system of key
is similar as the horizontal spring system.
Fig. 5 shows the simpliﬁed model of pin which is another linker that
keeps the bricks aligned within a column by restricting the horizontal

results of seismic analysis are represented such as the dynamic characteristics and the seismic time history response.
2. Rigid body-spring model
The reﬂector is divided into bottom reﬂector, side reﬂector, top
reﬂector and ﬁlled reﬂector, as shown in Fig. 1(a). Bricks are the major
components that make up the basic structure of reﬂector. Pins and keys
are used for limiting the displacement of bricks. The control rod
channel oﬀers the space for the control rod going up and down. The
structure has 13 layers and each layer has 16 bricks. Fig. 1(b) shows the
sectional view of core tank which is the support of the reﬂector. The
solepiece of the core tank is used for supporting the reﬂector, the metal
key and the core tank are used for limiting the displacement of the
reﬂector and ensuring the structural integrity.
Referring to seismic analysis of reﬂector in HTGR Hongkun et al.
(2012); the reﬂector in TMSR can also be revealed by rigid body-spring
model. The rigid body of the brick is built by lumped mass and rigid
283
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a) Key in structural model

b) Key in rigid body-spring model

Fig. 4. Simpliﬁed model of key.

a) Pin in structural model

b) Pin in rigid body-spring model

Fig. 5. Simpliﬁed model of pin.

Fig. 6. Calculation model of key spring.

CONTA178. In additional, all the spring systems could only take eﬀect
when they are been compressed.
The coeﬃcients of spring systems were selected by comparing the
collision process between elastic body model and rigid body-spring
model. While there are four diﬀerent kinds of spring systems, such as

relative movement. The spring system of pin is diﬀerent from the vertical (or horizontal) spring system because of the cylindrical gap between the pin and the socket, as shown in Fig. 5(a). It is convenience to
simulate the pin with cylindrical gap by element CONTA178 in ANSYS,
and all the other spring systems is also simulated by element
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Fig. 7. Comparision of simpliﬁed model and elastic model.

(m + ma) x¨ + kx = 0

Table 1
Spring constant and damping coeﬃcients.
Spring systems

Spring constant (108 N/m)

Damping (104 Ns/m)

key
pin
horizontal spring
vertical spring

5.1
1.4
16.0
6.2

3.7
0.9
30.0
35.0

(1)

where m represents the mass of brick; k represents spring constant; ma
represents the additional mass; x represents the displacement of the
brick from the equilibrium position.
From the Eq. (1), the free vibration frequency f is derived as:

f=

1
2π

k
m + ma

(2)

So the additional mass is computed from Eq. (2) as:

key, pin, horizontal and vertical spring, here, taking the spring systems
of key as an example to explain the process to calculate the spring
constant and damping coeﬃcient.
The graphite material mainly used in TMSR is NG-CT-10, the mechanical properties are Young’s modulus E = 9.60 × 109, Poisson ratio
v = 0.15, and density p = 1880 kg/m3. The friction between components is taken into account, and the friction coeﬃcient is 0.2.
Furthermore, the energy loss in the collision is not visible, and physical
factor of energy loss cannot get expressed clearly in the numerical
model, so material damping parameter in the paper are assigned by
average value of some kinds of graphite. Rayleigh damping model is
adopted in the end, the alpha damping coeﬃcient is 0.05 and the beta
damping coeﬃcient is 1.25 × 10−5.
The structure in the collision numerical simulation of the meshed
elastic body model (left) and the rigid body-spring model (right) are
shown in Fig. 6. In the model, the below surfaces of lower brick is ﬁxed.
During the 4 ms of time history analysis, the upper brick moved to left
side with an initial speed 0.5 m/s ﬁrstly, and then the upper brick resisted by the key and lower brick and bounced back. Finally, the reaction force of lower brick and the upper brick energy of upper brick
can be obtained. Adjust the spring constant and damping coeﬃcient of
the key spring system, until the reaction force–time curve and the energy-time curve of the two models are in good agreement. By comparing numerous coeﬃcients, the spring constant and damping coeﬃcient were 5.1 × 108 N/m and 3.7 × 104 Ns/m respectively. The
reaction force–time curve and the energy-time curve of the two models
are nearly the same and the two models could be treated identical
despite the curves of elastic model lags slightly behind those in rigid
body-spring model during collision, as shown in Fig. 7.
As mentioned above, the coeﬃcients of the other spring systems can
be calculated in the same way. All the coeﬃcients are shown in Table 1.

ma =

k
−m
(2πf )2

(3)

In order to compute the additional mass with Eq. (3), ﬁrstly, the free
vibration frequency (f) of the mass and spring system should be calculated by a FE model which contains molten salt and a spring contacting the brick. It is worth noting that the additional mass characterizes the ﬂuid force on the brick, and spring constant (k) and mass
of brick (m) have little inﬂuence on it. Then, the additional mass of the
brick can be computed by substituting the f, k, and m into Eq. (3).
Fig. 8 shows the numerical model of additional mass. The structure
of the brick includes many characteristic such as keyways, sockets and
control rod channel, etc. However, these characteristics are neglected in
the FE model by the fact that they have little inﬂuence on the additional
mass, as shown in Fig. 8(a).
The model of one brick in molten salt is shown in Fig. 8(b). Two
sections of the model are also shown in this ﬁgure because the brick is
immerged by molten salt and we cannot see the conﬁguration inside the
model. In Section 1, two pieces of molten salt above and below the brick
are dug out to constitute the passageway A which have a big inﬂuence
on the ﬂuid force and the additional mass. In Section 2, the passageway
B is formed by brick and core tank.
According to the formula of Fritz (1971), the molten salt channel
and mobile boundary around brick have great inﬂuences on additional
mass, so a model with three bricks is built based on the one brick
model. The three bricks model is used to calculate the additional mass
of brick B, as shown in Fig. 8(c). With the other two adjacent bricks (A
and C), the actual channels of the molten salt, the mobile boundary and
gaps around brick B is performed. To calculate the additional mass with
Eq. (3), one end of spring is connected to the center of the brick and the
other end is ﬁxed. The element of brick, molten salt and spring is
SOLID185, FLUID30 and COMBIN14, respectively. The surfaces of
bricks which contact with the ﬂuid are deﬁned as FSI interface in the
solution process.
The molten salt ﬂows in TMSR is Flibe, the viscosity is 0.008559 Ns/
m, and the density is 2780 kg/m3. The spring constant is 100 N/m.
It is remarkable that the additional masses of brick B in X and Y are
diﬀerent. When the additional mass in X direction is calculated, the
spring is set in X direction. The mass of the brick is set to zero. Through
modal analysis, the free vibration frequency (f) of the brick and spring
system was 0.081 Hz, and the additional mass was 368 kg calculated by

3. Seismic analysis of the reﬂector in TMSR
3.1. Calculation of additional mass
Before analyzing dynamic response of the reﬂector, the additional
mass of the brick was calculated. The vibrating phenomenon of brick in
molten salt, which is assumed to be inviscid and incompressible, was
described by mass and spring system. When ignoring the damping eﬀect
of molten salt, the motion of the brick is shown in Eq. (1),
285
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(a) The model of brick

(b) One brick model

(c) Three bricks model
Fig. 8. Additional mass calculate model.

the insertion of the control rods, and the impact forces between graphite components, such as pin and brick, key and brick, brick and brick,
are important to the safety of the reﬂector. The displacements and
impact forces are discussed as follow.
The response of the bricks in the layer of 13th (highest) and 1st
(lowest) in a column is shown in Fig. 11 respectively. It can be seen
from the results that the maximum displacements of the brick in 13th
layer is 2.4 mm (A) which is larger than the displacements in 1st layer
(B, 1.9 mm). In order to show the detail of the responses and obtain the
displacements of control rod channel, the displacements of each brick in
the control rod channel in X and Y direction from 9.5 s to 9.9 s with
0.1 s interval is discussed in Fig. 12. The reason for choosing this time
range is the maximum displacements of the channel would appear with
the stronger excitation in the duration.
Comparing the results in X and Y directions, the amplitude in Y
direction is larger because the excitation is larger in this direction as
shown in Fig. 10. From the displacement of control rod channel at each
time in Y direction as shown in Fig. 12(b), it can be seen that the

Eq. (3). Similarly, the free vibration frequency was 0.031 Hz and the
additional mass was 2638 kg in Y direction.
3.2. Seismic analysis
To investigate the seismic behavior of the reﬂector, the dynamic
analysis was carried out under earthquake loads. The rigid body-spring
model of the reﬂector is shown in Fig. 9. The excitations input to the
model were the responses of the core tank which were calculated from
the reactor structure seismic analysis. The maximum accelerations in
the three directions are 5.9 m/s2, 8.8 m/s2 and 1.4 m/s2 which occur at
7.8 s, 9.9 s and 5.7 s respectively, as shown in Fig. 10. After several test,
a time step of 0.00001 s was optimized in the nonlinear dynamic analyses for a good convergence.
3.3. Results and discussions
It is well known that the displacements of the bricks, which aﬀect
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Fig. 11. Displacements of two bricks.

parameters to evaluate the safety of the components. So the impact
forces of all the pins in the reﬂector should be detected in components
evaluation. However, the number of pin is so large that great eﬀort is
needed to ﬁnd the maximum value of all the pins in time history analysis. In order to simplify the process of ﬁnding maximum value, the
force variation tendency was discussed in one column by considering
the forces of pins are same in the same layer.
Fig. 13 shows the composition forces of the two pins are on the
upside of brick. Basic trends of the force value versus layer number
decrease with the layer number from 1 (lowest) to 12 (highest), the
maximum value occurs at the third layer. The relationship between
impact force and time is shown in Fig. 14. The impact forces are extracted from the two pins (A and B) on the brick of third layer which is
mentioned before. There are many peak forces during the earthquake,
and the maximum force is 17,039 N. The larger forces generally occur
during 4–11 s, it is because the larger accelerations occur during 5–12 s
as mentioned in Fig. 10.
The collision loads between other components, such as key and
brick, brick and brick, could also be extracted, and the analysis method
of them is the same as pin that has mentioned above. The stress of the
components can be evaluation with these loads under earthquake
condition.
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Fig. 9. Simpliﬁed model of reﬂector.
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In the paper, a rigid body-spring model of the reﬂector in TMSR was
built by using ANSYS software ﬁrstly. Then the model was advanced by
combining the model and the additional mass which can consider the
ﬂuid–solid interaction between the brick and molten salt. Finally, to
investigate the seismic behavior of reﬂector in TMSR, the reﬂector was
analyzed under earthquake load. To meet the safety requirement of the
reﬂector, main conclusions are as follow:

Fig. 10. Excitations of the model.

vibration shape of the reﬂector is similar as the ﬁrst mode of vibration
of cantilever beam. Furthermore, the maximum displacements of control rod channel, which is the diﬀerence between the maximum and
minimum displacements of all the bricks in the column, are 1.8 mm and
3.8 mm during the time range in X and Y direction respectively as
shown in Table 2. With these data, the process of control rod inserted
into the reﬂector can be calculated to evaluate the safety of the reﬂector.
Since the gap size between pin and socket is the smallest in all the
three types of gaps, the pins are the primary components to endure the
collision in preliminary analysis. In the characteristic parameters of
collision, the maximum value of impact forces is the most important

1) The maximum displacement of control rod channel is 3.8 mm, and
the displacement of the reﬂector is similar as the ﬁrst mode of vibration of cantilever beam.
2) The maximum impact force of pin is 17,039 N. The basic trends of
the force of pin value versus layer number decrease with the layer
number from 1 to 12, and the maximum value occurs at the third
layer.
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Fig. 12. Displacement of one control rod channel.
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