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A B S T R A C T

One of the most promising technologies for solar thermal power are solar power towers (SPTs), in which direct
solar radiation is redirected by heliostats to a receiver located on top of a tower. The technology used by SPT
allows obtaining high thermal efficiencies as well as a high number of hours of operation thanks to thermal
storage. However, the high thermal gradients to which the receiver is subjected, in addition to the corrosion of the
molten solar salt, can cause the rupture of the receiver and this limits the maximum irradiation the receiver can
withstand. To overcome this problem there are different strategies, such as the use of working fluids that are less
corrosive than molten salts or the development of new designs of the receiver to avoid overheating of the pipes.

In this work we analyze the thermal and structural behavior of a new design of SPT receiver in which bayonet
tubes are used instead of simple tubes. A bayonet tube consists of a tube inside another one. In the bayonet tube
the working fluid first circulates through the inner tube and then through the annular section between the tubes.
An eccentric bayonet tube, created by displacing the inner tube with regards the outer tube, reduces the over-
heating of the fluid and the outer tube wall as will be shown later. Besides, this work also assesses the effect of
using either molten salt or liquid sodium as a working fluid on the thermal and structural behavior of the absorber
tube. Since the extreme thermal conditions of central receivers preclude a detailed experimental analysis, the
analyses of the present work are performed through multi-physics (CFD – FEM) simulations of the working fluid
flow in the annular section and the stresses in the outer wall of the bayonet tube, which are the most critical
elements of the receiver. In particular, to perform the hydrodynamic and thermal analysis of the fluid section and
the outer wall of the tube, the RANS equations of the fluid together with the turbulent RSM model and the head
diffusion equation of the wall were solved using ANSYS Fluent v18 CFD code. Boundary conditions of temperature
and non-uniform irradiation were selected to represent typical operative conditions of receivers. Subsequently,
using the temperature profiles obtained from the CFD simulations for each working fluid, ANSYS Workbench v18
was employed to obtain the thermal and mechanical stresses in the outer tube as a function of its different
constraints, including the attachment of the tube.

The results obtained with the CFD – FEM simulations show that, regardless of the working fluid, the eccen-
tricity of the bayonet tube decreases local peaks of temperature in the flow and temperature gradients in the outer
tube wall, which leads to a reduction of the wall stresses of the SPT receiver. Furthermore, thanks to its high
conductivity, liquid sodium is able to yield lower temperature gradients and stresses in the wall, independently of
the kind of tube, compared to molten salt.
Introduction

The production of electricity using solar energy is experiencing an
unprecedented increase due to the growing social awareness of the
environment and the rising cost of fossil fuels. Among current applica-
tions of solar energy to produce electricity, Solar Power Tower plants
(SPTs) stand out, comprising 71:43% of the total concentrating solar
�Alvarez).
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power (CSP) projects under development [1], because they have a higher
thermal efficiency, around 78% [2], and can work during more hours
thanks to thermal storage. In Fig. 1 (a) a scheme of SPT with a heliostast
field, a thermal storage system and receiver can be observed. However,
SPTs are far from their full potential as a result of the operation problems
of these plants. One of the main problems resides in the rupture of the
receiver tubes. As show in Ref. [3], the high temperature gradients lead
to high thermal stresses in the tube. Both the temperature gradients and
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Nomenclature

U Overall heat transfer coefficient of working fluid at bayonet
inner tube

T Average working fluid temperature of bayonet inner tube
σθ Circumferential normal stress component
σr Radial normal stress component
σVM Von Mises stress
σz Axial normal stress component
τxy XY shear stress component
τxz XZ shear stress component
τyz YZ shear stress component
θ Angular position referred to the axis of the outer tube
θ
0

Angular position referred to the axis of the internal tube
ξ Eccentricity
De Outer diameter of outside tube
de Outer diameter of internal tube
Di Inner diameter of outside tube

e Distance between the centers of the outside and internal
tubes

ktube Thermal conductivity of tube walls
L Length of the tube
Pri Prandtl number evaluated at the inlet conditions
q00 Local heat flux
q00max Maximum value of heat flux
q00rerad Reradiant component of heat flux
R Radial position referred to the axis of the outside tube
R00
f working fluid fouling resistance

R
0

Radial position refer to axis of inner tube
Rei Reynolds number evaluated at the inlet conditions
TE Outer surface temperature of the outside tube
Tinlet Temperature of working fluid at tube inlet
Ti Temperature of working fluid at annular inlet
To Temperature of working fluid at outlet
vi working fluid velocity at the inlet conditions
z Axial position, height

Fig. 1. (a) Basic configuration of a Solar Power Tower plant with the solar receiver (in black color) on top of a tower and with storage of high temperature (red) and
low temperature (blue) working fluids (b) Example of a panel with bayonet tubes, (c) Schematic representation of a bayonet tube.
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the thermal stresses are the principal causes of the substantial reduction
of the useful-life [4]. There are different options to solve these problems,
such as the substitution of the working fluid for a less corrosive one to
avoid the corrosion of the working fluid, or the design of new receivers
that reduce the overheating of the tube walls. There are previous works
in the specialized literature about this topic. For example, in Ref. [5] a
transient CFD comparison is made between molten salts and liquid
metals. In Ref. [6], the distribution of temperatures and the heat flux are
obtained in tubular sodium receptors. In Ref. [2] there is an analysis with
simplified models of a solar receiver working with a molten salt as a
working fluid. In this work two different types of solar receivers are
studied: a conventional receiver consisting of simple tubes and a new
concept of receiver, proposed in Ref. [7], consisting of bayonet tubes,
Fig. 1(b). As schematized in Fig. 1(c), the bayonet tube is composed of
one tube inside another. The working fluid flows first through the cir-
cular section of the inner tube and then back through the annular section
formed between the inner and outer tubes. The heat absorbed by the
outer tube, coming from the solar irradiation concentrated by the he-
liostats field, increases the temperature of the fluid flow in the annular
section. A fraction of this heat is exchanged through the inner tube wall
to the flow in the circular section, which is cooler, thus avoiding
2

excessive overheating of the fluid in the annular section. When the axis of
the inner tube is displaced from the center of the outer tube opposite to
the angular direction where the solar radiation is maximum, θ ¼ 0o, an
asymmetry is created. This asymmetry affects the flow characteristics and
can be used to increase the heat transfer coefficient in the angular di-
rection of θ ¼ 0o, Fig. 1(c). This configuration, which is called eccentric
bayonet tube, opens the possibility of decreasing the surface temperature
while reducing the pressure drop compared to simple tubes. The
geometrical eccentricity can be defined as follows:

ξ¼ e
Di � de

(1)

Where e is the distance between the centers of the inner and outer
tubes, de is the outer diameter of the inner tube and Di is the inner
diameter of the outer tube. The effect of the eccentricity has been pre-
viously studied throught numerical simulation for molten salt [8] and for
liquid sodium and sCO2 in Ref. [9]. In Ref. [10] an analytical model was
developed to characterize the heat transfer in eccentric annular tube for a
turbulent flow. However, in order to optimize the design of these re-
ceivers, it is necessary to study their structural behavior. The aim of the
present work is to characterize, for a conventional tube receiver and a



R. P�erez-�Alvarez et al. Results in Engineering 5 (2020) 100073
bayonet tube receiver, the effects of the working fluid (molten salt or
liquid sodium) and the type of mechanical attachment of the tubes on the
thermal stresses of the tubes.

Numerical simulation

In order to obtain the structural stresses of the studied receivers, it is
firstly necessary to characterize their thermal and hydrodynamic be-
haviors. In particular, a series of fluid dynamics simulations (CFD) are
performed in this work to obtain the distributions of pressure and tem-
perature created by each working fluid on the tube walls. Subsequently,
these distributions are introduced as boundary conditions in the struc-
tural simulation of the tubes. The next sections present the main char-
acteristics of these CFD and structural simulations.
CFD numerical simulation

For the simple tube, the complete geometry, i.e. fluid and solid do-
mains, has been analyzed, Fig. 2 (a). On the CFD simulation of the bay-
onet tube, only the fluid in the annular zone and the outer tube have been
analyzed, Fig. 2 (b), (c) because they are exposed to a high heat flux and
they are the most complex and determinant elements for the character-
ization of a bayonet tube receiver. To create the geometry and the mesh
of the fluid and solid fields, the commercial code ANSYS Workbench v18
has been used in this work.

The dimensions of the tubes are 2.11 cm for the outer diameter of the
inner tube (de) and 4.46 cm for the outer diameter of the outer tube (De).
The tube thickness is 1.2 mm. The both the circular section of the simple
tube and the annular section of the bayonet tube are analyzed for a length
of 10 m, similar to the dimensions used in Ref. [11]. A fundamental
aspect to keep in mind is that the mesh for the fluid domain must be thin
enough to capture adequately the elevated thermal gradient in the vi-
cinity the outer walls. To verify the independence of the results with the
CFD mesh a grid sensitivity study was performed. In this analysis local
temperature at θ ¼ 0o and bulk temperature evaluated on a height of z ¼
5m were studied for 4 meshes with different cells concentration in the
radial direction. The number of cells for these meshes were: 3:56126�
105, 7:12252� 105, 1:360957� 106 and 3:56475� 106. The variation
of bulk temperature and local temperature at θ ¼ 0o between the largest
mesh (3:56475� 106 cells) and the mesh with 1:360957� 106 cells
Fig. 2. Cross section of the mesh used for the CFD simulations and definition of nom
bayonet tube (ξ ¼ 0:25).

3

were 0:37% and 3:54% respectively. The compromise solution between
precision and computational cost was obtained with the mesh of
1;360;957, which was selected to calculate the results of this work. The
CFD simulations of the velocity and temperature of the working fluids in
the annular section of the bayonet tube (in concentric and eccentric
configurations) and in the circular section of the single tube, were carried
out with the commercial code ANSYS Fluent v18, [12]. The RANS
equations of mass, momentum and energy were solved in three di-
mensions. In addition, the seven equations of the Reynolds Stress Model
(RSM) were chosen to properly capture the anisotropy of the turbulence
existing in the annular section [13]. All the equations were solved in a
stationary state and second order of precision in the convective terms.
The properties used in the simulation for the molten solar salt (60%
NaNO3 - 40% KNO3), the liquid sodium and the tube material, Incoloy
800H alloy, are temperature dependent and have been taken from Refs.
[14–16] respectively. The boundary conditions used in the simulations
were obtained from Ref. [7] for the fourth-north panel, which is one of
the panels subjected to the most extreme conditions in a receiver [17]. At
the outlet of the tube, for the simple and the bayonet tubes, the
pressure-outlet condition was imposed. Walls were considered as
non-slip surfaces. According to a simplified model, not shown here for
simplicity, the temperature of the working fluid on the inner tube of the
bayonet tube does not present a high variation. Thus, as a first approxi-
mation to the problem, it was not necessary to simulate the flow in the
circular section of the inner tube. Instead of the flow in the inner tube of
the bayonet tube, an average flow temperature in the inner tube has been
used, T, together with a global heat transfer coefficient, U, to couple the
flow in the annular section of the tube with the flow in the inner tube.
This global coefficient of heat transfer, calculated at average temperature
conditions, includes the convection resistance of the flow in the circular
section of the inner tube, computed with the convective coefficient from
the Dittus-Boelter correlation [18], the conduction resistance of inner
tube (Incoloy 800H alloy with ktube ¼ 16:3W=mK) and fouling resistance
of working fluid (R}

f ¼ 8:85 �10�5 m2K=W). The lateral surfaces at the
tube wall extremes have been defined as adiabatic surfaces. According to
the simplified model [7], the incident heat flux into the outer tube is
longitudinally constant but changes in angular direction. Thus, the flow
of the absorbed heat is maximum in the area of the receiver that is facing
to the field of heliostats (θ ¼ 0o), while the rear zone of the tube,
jθj � 90o, absorbs a uniform heat flux coming from the reradiating
enclature: (a) Simple tube, (b) Concentric bayonet tube (ξ ¼ 0:00), (c) Eccentric
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surface and the surrounding tubes. The complete distribution of the
absorbed heat flux has been described in the simulation by a cosine
function, which has been applied as a boundary condition at the outer
surface of both the simple tube and the outer tube of the bayonet tube:

q}ðθÞ¼

8>><
>>:

�
q}max � q}rerad

� � cosðθÞ þ q}rerad if jθj � 90o

q}rerad if jθj > 90o
(2)

where q}max ¼ 4:074 � 105W=m2 is the maximum irradiation heat flux per
unit area and q}rerad is the reradiating component, which has been set to
2:5% of q}max similar to the value used in Refs. [8,9,11]. This reradiating
component simulates the effect of the radiation that passes between the
panel tubes and was obtained in Ref. [17] through numerical
simulations.

In order to compare the simulations of single tube and bayonet tube
receivers operating with different working fluids, the same temperature
increase between the inlet and the outlet of the entire tube was imposed
as well as the same incident heat flux and total heat absorbed. These
conditions led to different mass flow rates for each CFD simulation.
Table 1 summarizes the boundary conditions used in the simulation for
the different working fluids and tubes analyzed.

Structural analysis

To characterize the mechanical behavior of bayonet and single tubes,
a set of Finite Element Model (FEM) simulations were performed using
the ANSYS Workbench v18 software. In the present work, the structural
analysis is carried out for the simple tube and for the outer tube of the
bayonet tube, which experience the largest thermal gradients and are
affected by the attachments (clips) to the main structure. The inner tube
of the bayonet tube does not suffer high thermal gradients compared to
the outer tube. Therefore, the inner tube has not been analyzed in this
work. As mentioned in the previous section, the material of the tubes is
Incoloy 800H alloy [15], whose mechanical properties used in the
structural analysis are temperature dependent.

A sensitivity analysis was performed into FEM mesh to verify the
independence of the results with the mesh. In this analysis 4 meshes were
studied having the following number of cells: 3:2125� 104, 7:5698�
104, 1:35459� 105 and 4:55124� 105. The difference of the Von Mises
stress at θ ¼ 0o evaluated on a height of z ¼ 5m between largest mesh
(4:55124� 105 cells) and the selected mesh (1:35459� 105 cells) is
4:37%. An example of cross section of compromise mesh used in the FEM
analysis is shown in Fig. 3 (a).

The boundary conditions of the structural simulation are two folded:
the mechanical constraints that are imposed to restrict the tube
displacement, and the fields of pressure and temperature obtained pre-
viously in the CFD simulation. It is assumed that the displacements of the
walls due to the pressure force and thermal expansion are relatively
small, so that the working fluid is weakly affected by these displace-
ments, which means that the temperature and pressure fields of a non-
deformed tube can be directly imposed on the studied tube.

Typically, the tubes are attached to the receiver frame by means of
clips, which are used to periodically guide the tubes along their length.
The clips are joined through a weld to the back surface of the tubes, that
Table 1
Boundary condition used in the CFD Simulation.

Tube Fluid Rei Pri In

T

Bayonet Molten Salt 1:821 � 104 10.2 5
Liquid Sodium 2:098 � 105 0.0057 5

Simple Molten Salt 2:637 � 104 10.5 5
Liquid Sodium 3:076 � 105 0.0058 5
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is, at θ ¼ 180o. In this work, the clip width has been defined as 2mm,
which is a representative value of this type of attachment. To analyze
how the clips influence the mechanical stresses of the tube, two extreme
configurations have been studied:

� First configuration, which is the most favorable situation because it
has relatively how thermal stresses has low thermal stresses, since it
does not have clips and the outer tube is encastred (i.e. zero relative
displacement and rotation) at the outlet side connected with the
outlet header, Fig. 3 (b). The other end of the tube is free to move
since the bayonet tube has both headers on the same side, see Fig. 1
(c). In the present work, analogously to the bayonet tube, the simple
tube without clips is encastred at the outlet but not at the inlet. In a
real attachment, the simple tube is more restricted. For this reason,
this simplification in the simple tube is intentionally done to place the
simple tube in the most favorable stress conditions when it is
compared with the bayonet tube.

� Second configuration, which is the most unfavorable situation since it
has an infinite number of clips placed one after the other on the back
surface of the tube, θ ¼ 180o, as shown in Fig. 3 (c). The clips allow a
displacement in the direction of the axis tube, while displacements in
other directions are null. In this second configuration the outlet side
of the tubes is also encastred as in the first configuration. The infinite
number of clips represents an extreme case in which the lateral
displacement at θ ¼ 180o is perfectly restricted. Although this ideal
restriction is not real, it can be used in this study to analyze the basic
contribution of lateral displacement restriction. It is envisioned that
in a real configuration, with a finite number of clips, the resulting
stresses would be contained between those obtained in the first and
second configurations analyzed in this work.

Results

Wall temperature

In Fig. 4 (a, b) the angular variation of the surface temperature has
been represented for the outer surface of the simple tube, the concentric
bayonet tube (ξ ¼ 0:00) and the eccentric bayonet tube (ξ ¼ 0:25). This
temperature is a critical variable, since it reflects how the working fluid is
internally cooling the tube. The general behavior is that this temperature
reaches a maximum in the side facing to heliostat field, θ ¼ 0o, for all the
cases studied, because in this direction the concentrated solar radiation is
also maximum, Eq. (2).

The highest value of the temperature, for the conditions studied in
this work, is reached at the exterior surface of a simple tube working with
molten salt. If the working fluid is molten salt the bayonet tube with
eccentricity leads to the smallest exterior temperature. However, if the
working fluid is liquid sodium, the simple tube leads an exterior surface
temperature that is smaller than the eccentric bayonet tube in all the
angular directions excepting close to θ ¼ 180o. This is because the high
conductivity of the liquid sodium favors the uniformization of tempera-
ture in a simple tube more than in a bayonet tube, as the bayonet tube has
the inner tube acting in this case as an obstacle to the direct conduction of
heat from the front to the rear part of the tube. In general, as shown in
Fig. 4 (a, b), eccentricity improves the cooling of the walls for bayonet
tubes, so that the temperature at θ ¼ 0o decreases in all cases because the
let Outlet Inner Wall

i [K] vi [m/s] To [K] U½W=m2K T½K�
68.1 1.536 604.9 3481 565.6
73.9 3.816 602.9 52649 568.59
63.1 1.149 605.1 – –

63.2 2.866 605.5 – –



Fig. 3. (a) Cross section of the mesh used for the structural simulations. Mechanical restrictions used in the structural analysis: (b) Encastred tube without clips, (c)
Encastred tube with an infinite array of clips.

Fig. 4. Circumferential profile of the Von Mises stress for the configuration of encastred tube with clips. The simulation results correspond to the outer surface of the
tube at z ¼ 5 m from the tube inlet for (a) molten salt and (b) liquid sodium.
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local velocity of the working fluid increases in a region near θ ¼ 0o when
the eccentricity increases. This effect decreases the temperature of the
outer wall for jθj < 90o because the fluid can absorb more heat from the
walls. For jθj > 90o the wall temperature increases with the eccentricity
due to the reduction of the axial velocity of the fluid in that region. This
reduction of the temperature difference between the average and the
front of the outer tube causes a decrease of the thermal stresses as shown
in Ref. [3]. Regarding the change of working fluid, a considerable
reduction in temperatures is observed when operating with liquid so-
dium, thanks to its high conductivity as mentioned before.

Regarding the axial distribution of the temperature at the exterior
surface of the tubes, an approximately linear evolution of the tempera-
ture with height (axial coordinate, z) is obtained, as exemplified in Fig. 5
(a, b) for θ ¼ 0o. In addition, this axial temperature profiles evidence a
zone of thermal development for both the molten salt and the liquid
sodium. The difference between the thermal development lengths of salt
and sodium are explained in Ref. [19], and it is the reason of the tem-
perature variation that appears when z < 1 m.

Wall stresses

The distribution of the stress components in a cross section of the
5

outer surface of the simple tube for the molten salt is shown in Fig. 6 (a,
b), at a distance of z ¼ 5 m from the inlet section. Only the outer surface
results are showed, because they have the highest stresses. This figure
helps to understand the impact of the thermal gradients of the tube wall,
the attachment clips, and the internal pressure of the fluid, on the ther-
mal stresses of the tubes. It can be seen that the most significant stress
component is σz, which is the normal stress in the direction of the axis of
the tube. The configuration without clips has three absolute maxima
localized at θ ¼ 	90o and θ ¼ 0o, where there are traction and
compression zones. When the clips are introduced, the magnitude of the
maxima located in θ ¼ 	90o is reduced, accentuating the stress compo-
nent at θ ¼ 0o. In the configuration without clips (see Fig. 6 (a)), the
largest Von Mises stresses are located at θ ¼ 	90o, due to traction
stresses created in this area as a consequence of thermal expansion of the
tube in the frontal region (θ ¼ 0o). Besides, as a result of the different
expansions of the rear and front sides of the tubes, the tubes are bent
when they do not have clips. In the configuration with an infinite number
of clips (Fig. 6 (b)), the tube can only move freely in axial direction, so
that the expansion of the material cannot bent the tube because clips
restrict the displacement. Therefore, in terms of normal stresses, the clips
counteract the bending tendency of the tube, but this leads to a higher
compressive stress in axial direction in the front of the tubes, which



Fig. 5. Axial distribution of temperature at θ ¼ 0o for the exterior surface of both the simple tube and the outer tube of the bayonet tube. Simulation results for: (a)
Molten salt and (b) Liquid sodium.

Fig. 6. Angular distribution of the axial (z), angular (θ), radial (r) and Von Mises (VM) stresses at the outer surface of the simple tube. Results are obtained with the
simulation at a distance of z ¼ 5 m from the inlet section of the simple tube for different attachment configurations: (a) without clips and (b) with clips.
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presents the highest temperatures, and a higher traction stress in the rear
side of the tubes.

The behavior of the thermal stresses described above occurs for both
the simple tube and the bayonet tube. To analyze all the stress compo-
nents in a single parameter, the equivalent Von Mises stress has been
obtained from the simulation results.

Fig. 7 (a, b) contains the circumferential variation of the Von Mises
stress at z ¼ 5 m from the tube inlet, when it is operated with either
molten salt or with liquid sodium in a configuration without clips. When
molten solar salt is the working fluid, Fig. 7 (a), the simple and the
bayonet tubes have a greater stress at θ ¼ 	90o. The bayonet tube
operating with solar salt and without clips can reduce the maximum
stress in the tube, which appears at θ ¼ 	90o, compared with the case of
a simple tube. In contrast, for liquid sodium, the maximum stress is
located at θ ¼ 0o. As shown in Fig. 7 (b) the values of the VonMises stress
in the simple and the concentric bayonet tubes are similar when the
working fluid is liquid sodium. However, regardless the working fluid is
molten salt or liquid sodium, the eccentric bayonet tube is able to reduce
the Von Mises stress compared to the simple tube.
6

Fig. 8 (a, b) shows the axial distribution of the maximum Von Mises
stress. There is a zone of maximum stress in the section where the tube is
encastred because the difference between the wall temperature at θ ¼ 0o

and the average wall temperature is maximum and it is the principal
cause of thermal stresses [3]. Moreover, any displacement of the material
is restricted in the section z ¼ 0m, but this is only an artificial singularity
created by this perfect restriction. For z > 0, the Von Mises stress de-
creases gradually with z. The fact that the stress is not uniform along the
length of the tube may be due to reduction of the temperature difference
along the wall of the tube, which is the principal contributor to the
thermal stresses. This explanation can be applied to the analysis with the
configuration with infinite clips.

Fig. 9 and Fig. 10 show the Von Mises stress for the configuration of
an encastred tube with an infinite number of clips. This case leads to the
same general behavior as the case without clips. The circumferential
profile of the Von Mises stress is not uniform, Fig. 9 (a, b), but now the
values of the Von Mises stress are higher due to the restriction in the tube
bending as discussed previously. The Von Mises stress increases with
clips and it is between 2 and 3 times higher to that obtainedwithout clips,



Fig. 7. Circumferential profiles of Von Mises stress for the configuration of encastred tube without clips. The simulation results correspond to the outer surface of the
tube at z ¼ 5 m from the tube inlet for (a) molten salt and (b) liquid sodium.

Fig. 8. Axial profile of Von Mises stress at the outer surface of the tube and θ ¼ 90o. Simulation results for: (a) molten salt and (b) liquid sodium.
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regardless of the working fluid. In a real configuration, this increase in
stress is expected to be less acute because the clips are not perfectly rigid.
Again, the configuration of the bayonet tube is capable of reducing the
maximum stresses compared to a simple tube for the case of the molten
salt, while for liquid sodium the opposite situation occurs; that is, the
simple tube with liquid sodium is slightly more advantageous than the
eccentric bayonet tube. In addition, comparing Figs. 7 and 9, it can be
seen that the eccentricity reduces the Von Mises stresses at the front of
the tube, θ ¼ 0o for the configuration of a bayonet tube. Reduction of the
maximum temperature of the absorber tube and the maximum stresses
leads to an increase of the receiver life [4].

Conclusions

The results for the CFD and the structural simulations of this work
indicate that bayonet tubes, in both concentric and eccentric configura-
tions, are advantageous over conventional tubes when they are operated
with molten salt. Bayonet tubes can effectively reduce the temperature
gradients and thermal stresses in the outer tube, regardless of whether
the lateral movement of the tubes is restricted or not with clips. In
7

particular, as the eccentricity of the bayonet tube increases the local
velocity of the working fluid flow near the front surface of the outer wall,
jθj < 90o, the outer tube temperature in this region is also reduced.
Therefore, according to the simulations, this reduction on temperature in
the bayonet tube, leads to a decrease of the Von Mises thermal stress,
compared to that of simple tube, when the working fluid is molten salt.
For the tube without clips, the eccentricity helps to reduce the maximum
stress of Von Mises, which appears in the outer tube at θ ¼ 	90o. For the
configuration with clips, an increase in the eccentricity of the bayonet
tube allows a significant reduction of the Von Mises stress at the front of
the tube, θ ¼ 0o. When the working fluid is liquid sodium, due to its high
thermal conductivity, the difference of temperature between the front
and rear regions of the wall decreases due to a homogenization of the
fluid temperature in a given cross section. This temperature homogeni-
zation caused by liquid sodium leads to a reduction of the Von Mises
stress in both the simple tube and the outer tube of the bayonet tube.
With the exception of the tube with clips operated with liquid sodium,
the eccentric bayonet tube is able to reduce the thermal stress below that
of a simple tube.



Fig. 10. Axial profile of the Von Mises stress at the outer surface of the tube and θ ¼ 0o for (a) molten salt and (b) liquid sodium.

Fig. 9. Circumferential profile of the Von Mises stress for the configuration of encastred tube with clips. The simulation results correspond to the outer surface of the
tube at z ¼ 5 m from the tube inlet for (a) molten salt and (b) liquid sodium.
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