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h i g h l i g h t s
 We use FVM and FEM to investigate FCI structural safety considering heat transfer and FSI effects.
 Higher convective heat transfer coefﬁcient is beneﬁcial for the FCI structural safety without much affect to bulk ﬂow temperature.
 Smaller FCI thermal conductivity can better prevent heat leakage into helium, yet will increase FCI temperature gradient and thermal stress.
 Three-dimensional simulation on conjugate heat transfer in a ﬂuid-structure coupled ﬁeld was carried out.
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In this work, three-dimensional simulation on conjugate heat transfer in a ﬂuid-structure coupled ﬁeld
was carried out. The structure considered is from the dual-coolant lithium-lead (DCLL) blanket, which is
the key technology of International Thermo-nuclear Experimental Reactor (ITER). The model was
developed based on ﬁnite element-ﬁnite volume method and was employed to investigate mechanical
behaviours of Flow Channel Insert (FCI) and heat transfer in the blanket under nuclear reaction. Temperature distribution, thermal deformation and thermal stresses were calculated in this work, and the
effects of thermal conductivity, convection heat transfer coefﬁcient and ﬂow velocity were analyzed.
Results show that temperature gradients and thermal stresses of FCI decrease when FCI has better heat
conductivity. Higher convection heat transfer coefﬁcient will result in lower temperature, thermal deformations and stresses in FCI. Analysis in this work could be a theoretical basis of blanket optimization.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Nuclear fusion would be a very promising energy source in the
future. Many scholars in US, EU, Russia, China, etc have been
working together in International Thermal-nuclear Experimental
Reactor (ITER) project. In the dual-coolant lithium-lead (DCLL)
blanket module concept, ﬂow channel insert (FCI) acts as electrical
and thermal insulator between the hot PbLi ﬂuid and the loadbearing structural steel wall [1e3]. FCI is usually made of silicon
carbide composites. S. Smolentsev et al., developed code for analysis of magneto-hydrodynamics (MHD) pressure drop in a liquid
metal blanket [4,5]. Numerical simulations of MHD ﬂow and heat
transfer in poloidal metal channel of DCLL blanket with a SiC
composites ﬂow channel insert were carried out in UCLA [6,7]. In
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China, Z. Xu et al., studied the inﬂuence of MHD effects in blanket
with the FCI. The experimental results implied that the FCI with
pressure equalization slot (PES) or pressure equalization holes
(PEH) greatly affected the velocity distribution of bulk ﬂow in
blanket [8,9]. W. Wang and Y. Wu analyzed MHD effects and
thermal stresses of DFLL with numerical method [10,11]. Results
indicated that magnetic ﬁeld would make the velocity proﬁle of
liquid metal much more complicated, and led to different temperature distribution.
Despite much work about MHD and heat transfer analysis, less
has been discussed about structural safety of FCI considering its
material property under multi-physics ﬁelds. In this paper, numerical simulation on thermal ﬂuid-structure coupled ﬁeld was
carried out. Thermal deformation and stress states in FCI were
obtained by using the CFD and FEM code. The relationship between
the maximum displacement and stress in FCI and physical characteristics of FCI were analyzed. The inﬂuences of FCI material
characteristics and ﬂuid ﬂowing on heat transfer and temperature
ﬁeld were investigated.
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2. Mathematical model
This work studied temperature and thermal stress ﬁeld of ﬂow
channel insert (FCI) in multi-physics coupled ﬁeld using U.S. DEMO
DCLL design as a prototype. The sketch of a typical blanket channel
with FCI is shown in Fig. 1. FCI seats inside the blanket channel,
forming a thin gap in the channel. Both the gap and space inside
FCI are ﬁlled with ﬂowing Pbe17Li driven by the same pressure
head. In what follows, we refer to ﬂow inside FCI as “bulk ﬂow” and
that in the space between the FCI and ferritic wall as “gap ﬂow”.
Flow and heat transfer process in the blanket is shown in Fig. 2. The
average entrance speed is 0.06 m/s, and inlet temperature is 733 K.
Helium temperature outside ferritic wall is 673 K. Along the ﬂow
direction, heat from core area of blanket is transferred through FCI
and ferritic wall to outside helium. FCI immersed in metal ﬂuid is
affected by high temperature ﬂuid which would lead to thermal
stress. In this model, x, y and z coordinate direction are set to be
radial, toroidal and poloidal directions, respectively. The dimension and parameters of reference blanket are summarized in
Table 1. To be noted, parameters in different designs are varied and
still under optimization, in this case, parameters in a typical model
are applied [6,7].
3. Governing equations and solution method
PbLi metal ﬂuid in bulk ﬂow and gap ﬂow is considered as
incompressible ﬂuid and is governed by NeS Equation (1), continuity Equation (2), and energy Equation (3).
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thermal conductivity, speciﬁc heat capacity and ﬂuid density.
FCI and ferritic wall meet heat conduction Equation (4).
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Fig. 2. Sketch of ﬂow and heat transfer in DCLL.

Outside the structure, convective heat transfer between steel wall
and helium is assumed, the third boundary condition is satisﬁed
here.
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where, h means the convective heat transfer coefﬁcient. Tfe and The
express the temperature of steel wall and helium as a coolant.
Following conjugated heat transfer conditions (6) and (7) should
be satisﬁed on the ﬂuid-structure interaction surfaces, i.e., interface
between bulk ﬂow and FCI, FCI and gap ﬂow, gap ﬂow and ferritic
wall.

Ts ¼ Tf

(6)

qs ¼ qf

(7)

(4)

The inlet end of ﬂuid is set with a constant velocity and temperature. Pressure boundary condition is applied for outlet end.

Here, T, q indicate temperature and heat ﬂow. And the subscripts
s, f signify solid and ﬂuid, respectively.
Geometric equation for small deformation in FCI is

εij ¼


1
u þ uj;i þ aDTdij
2 i;j

ði; j ¼ x; y; zÞ

(8)

Table 1
Typical blanket channel parameter and boundary conditions.

Fig. 1. Geometry of DCLL blanket [6].

Poloidal length
FCI channel inner sizes
FCI thickness
Gap width
Ferritic wall thickness
Pbe17Li mean ﬂow velocity
Helium temperature
Inlet Pbe17Li temperature
Heat transfer coefﬁcient in helium

2m
0.3 m * 0.2 m (toroidal * radial)
0.005 m
0.002 m
0.005 m
0.06 m/s
400  C
460  C
4000 W/m2 K
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Table 2
Material properties.
Pbe17Li density
Pbe17Li dynamic viscosity coefﬁcient
Pbe17Li thermal conductivity
Pbe17Li speciﬁc heat capacity
Steel wall thermal conductivity
SiC thermal conductivity
SiC elastic modulus
SiC Poisson's ratio
FCI thermal expansion coefﬁcient
Heat transfer coefﬁcient in helium
Helium temperature
SiC bending strength
SiC tensile strength
SiC compressive strength

Table 3
Temperature calculated by different grids.
9151
0.001
16
187
30
2
2  1011
0.2
3.3  106
4000
673
3.46  108
3.26  108
4.05  108

kg/m3
Pa s
W/m K
J/(kg K)
W/m K
W/m K
Pa
1
K1
W/m2 K
K
Pa
Pa
Pa

where, εij represents strain tensor, ui represents displacement
vector and a is thermal expansion coefﬁcient of SiC. DT denotes the
variation of temperature in FCI. d function meets


dij ¼

1
0
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(9)

FCI is made of silicon carbide composites. As described by Y.
Katoh [12], SiC is the candidate material for FCI, because of its good
electrical and heat insulating characteristic. And its constitutive
relation meet generalized Hooke law in elastic state. Constitutive
equation for linear material is

sij ¼ 2Gεij þ lQdij

(10)

where, sij is deﬁned as stress tensor. G is shear modulus and
l ¼ Ev=ð1 þ vÞð1  2vÞ is Lame constant. Q ¼ εii is volumetric strain
(Table 2).
Sequential method, which is widely used to simulate the ﬂuidstructure interaction, was employed to investigate temperature
distribution and thermal deformation of FCI in a thermal-ﬂuidstructure coupling ﬁeld. Fig. 3 indicates the calculating process of
steady ﬂuid-structure interaction (FSI). Initially, conjugate heat
transfer in both ﬂuid and structure were analyzed. Then the surface
temperature of FCI was transmitted to structure as boundary conditions. Finally, ﬁnite element analysis code was employed to solve
deformations and stresses in FCI. The code based on Openfoam was
applied to solve the ﬂuid part and Ansys code was used to solve the
solid part. A consistent and conservative scheme was used in the
MHD calculation, and validation has been carried out in previous
work [13].

Grid division

Point (0.085, 0, 2) Point (0.095, 0, 1.8) Point (0.099, 0, 1.8)

40  60  1000 721.393 K
50  70  1200 721.410 K

702.548 K
702.538 K

680.094 K
680.091 K

direction, y-direction and z-direction, respectively. The ﬂow channel insert, the gap ﬂow area and the steel wall are divided into 8
sections across the thickness direction. As shown in Table 3,
calculating results for temperature are very close in these two
cases, which implies that the discretion is reasonable.
4.2. Thermal deformation and stress of FCI in temperature ﬁeld
The temperature distribution on three different sections
z ¼ 0.2 m, z ¼ 1.0 m and z ¼ 1.8 m are shown in Fig. 5 (the convection heat coefﬁcient between steel wall and helium is 4000 W/
m2 K and thermal conductivity of FCI is 15 W/m K, respectively).
Because the heat of high temperature ﬂuid in bulk ﬂow is transferred through the FCI and steel wall to external helium continuously with the ﬂuid ﬂowing, the temperature gradually decreases
from the centre of bulk ﬂow to outer wall of FW. As the thermal
conductivity of SiC is worse than that of metal ﬂuid, the temperature gradient in FCI is greater than that in metal ﬂuid along either
radial or toroidal direction.
Fig. 5(a) indicates that the temperature in core region remains
almost the same, while the temperature near outside wall decreases along the ﬂow direction. Fig. 5(b) and (c) shows that the
temperatures decrease almost linearly through the thickness of FCI.
The temperature difference through the thickness of FCI is greater
in the inlet area, because the temperature difference between gap
ﬂow and Helium is greater and the effect of convection heat
transfer is stronger in this zone. Additionally, the temperature
gradient in FCI wall decreases gradually along the ﬂow direction.
Fig. 6 shows the deformation of FCI (the deformation has been
ampliﬁed to be clearly viewed). The effects of high entrance temperature of ﬂuid and restriction of FCI in the inlet end lead to the
maximum displacement (about 2.7416  105 m) at the corner of
FCI (as seen in Fig. 6(a)). Due to convection heat transfer effect,
temperature in FCI would be lower along the ﬂow direction, which
would result in decrease of thermal deformation of FCI. Fig. 6(b)
indicates that the deformation on edges is the greatest and deformation along the line of x ¼ 0 m and y ¼ 0.15 m is greater than that
along the line of x ¼ 0.1 m and y ¼ 0 m.

4. Results and discussion
4.1. Discrete validation
In order to verify the reliability of the simulating model, a large
amount of calculations based on different discrete were conducted.
The comparison of two sets of grid models is listed in Table 3. The
sectional view of computational meshes is shown in Fig. 4.
Wherein, one group has 40 sections along the x-direction, 60 sections along the y-direction and 1000 sections along z-direction. For
another group, grid sections are set as 50, 70 and 1200 along x-

Fig. 3. Work chart for simulating thermo-ﬂuid-structure coupled ﬁeld.

Fig. 4. Section and meshing of DCLL model.
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Fig. 5. The temperature distribution at different sections.

Fig. 6. Thermal displacement of FCI.

Fig. 7 demonstrates the von Mises stress distribution in ﬂow
channel insert. The maximum value (275.8 MPa) appears at outer
corner near the inlet end of FCI. That is resulted from coupling effects of thermal expansion and displacement restriction on
boundary. The Mises stresses in other parts of FCI remain almost
the same along the ﬂow direction.
Fig. 8 indicates the deformation and stress variations through
the thickness of FCI. The displacement remains almost the same
through the thickness of FCI, but has great change along ﬂowing
direction. The displacement near inlet end is almost 5.5 times of
that at outlet end, as seen in Fig. 8(a).
The curves in Fig. 8(b) show that the stresses on the inner wall
of FCI are greater than that on the outer wall because the

temperature of gap ﬂow decrease more rapidly than that of bulk
ﬂow for the effect of heat transfer to cold liquid helium. The
variation rates of stress near the inlet end are greater. And
coupled effects of boundary restriction and temperature ﬁeld
make Mises stresses near both ends of FCI greater than that in the
middle of FCI.
4.3. The effects of convection heat transfer
In the DCLL design, helium is an important coolant for the
ferritic wall. Heat transfer between ferritic wall and helium greatly
inﬂuences the thermal stresses and deformation of FCI. In this
work, three cases with different heat transfer coefﬁcients (2000 W/

Fig. 7. Thermal stress in FCI.
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Fig. 8. Deformation and stress through thickness of FCI.

Fig. 9. Inﬂuence of convection heat transfer on temperature ﬁeld and stress ﬁeld.

m2 K, 4000 W/m2 K and 6000 W/m2 K) were simulated to analyze
the inﬂuence of heat transfer on temperature and stresses of FCI.
The results, as shown in Fig. 9, indicate temperature distribution, deformation and Mises stress. Fig. 9(a) shows that temperatures in bulk ﬂow area are almost the same in three cases. This
indicates that convective heat transfer will not affect much in outlet
ﬂow temperature since FCI's effect as thermal insulator. Additionally, temperature of FCI itself will decrease since more heat will be
transferred by the helium. Despite trivial changes in temperature
gradient across FCI thickness (seen in Fig. 9(b)), the thermal
deformation and stress will still decrease due to a lower overall
temperature in FCI.

Fig. 10(a) and (b) indicates inﬂuences of convection heat transfer
coefﬁcients on the maximum thermal displacement and von Mises
stress of FCI. Both thermal displacement, stress and their gradients
reduce with higher heat transfer coefﬁcient. This indicates that a
higher convective heat transfer coefﬁcient is beneﬁcial for the FCI
structural safety without much affect to the bulk ﬂow temperature.
4.4. The effects of thermal conductivity of FCI
FCI can reduce heat leakage from bulk ﬂow into helium as well
as reduce MHD pressure drop. Different manufacturing process can
greatly affect physical properties of silicon carbide composite

Fig. 10. Inﬂuence of convective heat transfer on thermal deformation and von Mises stress.
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Fig. 11. Effects of thermal conductivity of FCI.

which FCI is made of. Its thermal conductivity can vary from 2 W/
m K to 20 W/m K. In order to investigate the effects of FCI thermal
conductivity on the blanket module, three cases (thermal conductivity as 2 W/m K, 8 W/m K, and 15 W/m K) were carried out.
Fig. 11(a) indicates that the peak temperature in bulk ﬂow will
remain almost the same with larger FCI thermal conductivities.
However, temperature in other parts of bulk ﬂow
(0.10 m < x < 0.07 m and 0.07 m < x < 0.10 m) will be lower
when FCI has a larger thermal conductivity. This indicates more
heat leakage from bulk ﬂow into helium in this case. Thus, average
outlet temperature of bulk ﬂow will be lower, and this will lead to
lower heat efﬁciency in the following Brayton cycle.
On the other hand, when FCI has a larger thermal conductivity,
temperature gradient across FCI thickness will decrease greatly
(seen in Fig. 11(b)). And this will directly affect thermal stresses in
FCI (shown in Fig. 11(d)). Interestingly, while thermal conductivity
is 2 W/m K, the stress across FCI thickness changes nonlinearly, this
is due to the coupling effect of heat transfer effects from both metal
ﬂow and helium convection. Fig. 11(c) shows that better heat
conductivity leads to larger displacement yet smaller displacement

gradient across the FCI thickness. And as can be seen in Fig. 11(e)
and (f), with better thermal conductivity, the maximum thermal
displacement increases while the thermal stress decrease. Thus, a
better thermal insulated FCI is beneﬁcial for enhancing outlet ﬂow
temperature and preventing heat leakage into helium, however, it
will increase FCI temperature gradient and thermal stress.
5. Conclusions
In this work, coupled thermal, hydrodynamic and elastic issues
in DCLL blanket were studied applying ﬁnite element-ﬁnite volume
method. The effects of ﬂow and heat transfer were taken into account. Temperature distributions in coupled heat transfer effects
were obtained. And structural safety of FCI was investigated in
detail. Results lead to following conclusions.
(1) Stress concentration appears at the two ends of FCI, this is
due to the coupling effect of thermal expansion and
displacement constraint. FCI corners near the high temperature inlet end are the most dangerous area. Thermal stresses
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should be prioritized in FCI structural safety since pressure
effect would lead to negligible stresses comparing with
thermal stress.
(2) Higher heat transfer coefﬁcient will reduce the overall FCI
temperature and its thermal stress. This is beneﬁcial for the
FCI structural safety without affecting the bulk ﬂow temperature much.
(3) Smaller FCI thermal conductivity is beneﬁcial for preventing
heat leakage into helium, enhancing outlet ﬂow temperature
as well as raising heat efﬁciency. However, it will greatly
increase FCI temperature gradient and thermal stress.
Structural safety of FCI shall be concerned in this case.
Conclusions above can provide supports for design and optimisation of the blanket module. Further researches on coupling
dynamics behaviour of FSI with heat transfer effect should be
expected.
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