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a b s t r a c t

A composite solar receiver tube containing thermally conductive and high-temperature protective layers
is proposed to improve its thermal and structural performances. Two combinations of materials, which
are Inconel 718/nickel and 316 stainless steel/GRCop-84, are selected based on the similarity in their
coefficients of thermal expansion. The solar-to-thermal energy conversion in conjunction with the fluid
flow and heat transfer of supercritical carbon dioxide inside the solar tubes is analyzed by computational
fluid dynamics. The thermal stress due to different solar tube designs is solved by finite element analysis
based on the derived temperature field and pressure distribution. The results show that both maximum
thermal stress and maximum temperature in solar tubes could be reduced by the composite design. The
maximum thermal stress decreases by 4.1 MPa and 24.0 MPa respectively in Inconel 718/nickel and 316
stainless steel/GRCop-84 composite solar tubes. The performance improvement becomes more signifi-
cant as the thickness of tube wall and intensity of solar radiation increase. Due to the surface temper-
ature reduction, the entire thermal efficiency of solar tubes could increase by up to 1.3% and the creep
issue of high-temperature protective materials can be alleviated.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Concentrated solar power (CSP) systems are moving towards
the third generation (Gen3) with a key feature of elevated working
temperature over 700 �C. The design goal is to achieve a high solar-
to-electric energy conversion efficiency while maintaining the safe
operation of the system for 30 years [1,2]. Stringent requirements
are therefore put forward for the material selection of solar tubes,
in which both thermal and mechanical properties need to be
concurrently taken into account. In the CSP system, the wall
thickness of its receiver tube generally should be thin in order to
minimize the temperature gradient and associated thermal stress.
However, compared with existing CSP systems, the tube wall
thickness of Gen3 systems could not be reduced further due to the
corrosion and internal pressure of the heat transfer fluid, especially
when supercritical carbon dioxide (sCO2) is applied. Particularly,
the stainless steel currently used in existing CSP systems and the
nickel-based superalloy as the potential candidate for Gen3
r Ltd. This is an open access article
systems usually suffer from low thermal conductivity, which leads
to prohibitively high temperature and high stress on the solar
receiver tube.

Due to the measurement challenges of solar receiver tubes at
high temperatures, theoretical approaches or numerical methods
are commonly used to investigate the stress induced by tempera-
ture gradient and pressure. Conroy et al. [3] reviewed the thermal
and mechanical modelling on tubular solar receivers for the solar
tower systems. The recent progresses for the thermal modelling in
the tube-level and receiver-level were presented. The numerical
methods for the thermal and pressure induced stress calculations
and the mechanical reliability estimation were shown. Theoreti-
cally, thermoelastic stress equations [3] can be used by assuming
that the temperature gradient in the radial direction of the solar
tube is the most critical component. Neises et al. [4] evaluated a
solar receiver tube under 25 MPa sCO2 operating pressure. The
pressure induced stress was calculated based on the thick-walled
tube model and the thermal stress was determined by consid-
ering only the radial temperature difference. It was found that the
largest tangential and longitudinal total stresses locate at the inner
surface of the tube. Nithyanandam and Pitchumani [5] investigated
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the thermal and mechanical performances of an sCO2 solar tube
receiver with high internal pressure and high outlet temperature,
and the requirement of lifetime over 10000 cycles and 100000 h
was also evaluated. Based on the heat transfer analysis and theo-
retical stress calculation, the influence of the tube radius, tube
length, mass flow rate, and tube wall thickness on the creep and
fatigue failures were determined. Ortega et al. [6] conducted static
thermal-structural analysis by importing the non-uniform tem-
perature distribution on the solar tube as the boundary condition in
the finite element analysis. The stress and strain distributions of the
tube were calculated while fatigue and creep damages were eval-
uated based on the cumulative damage approach. Montoya et al. [7]
specifically considered the influence of mechanical boundary con-
ditions on the solar tube stress. The solar panel in the Gemasolar
solar plant was selected to study the effect of clips which limits the
deflection of the tube. The clips in the solar panel could prevent the
solar tube from the evident bending, but they introduced extra
equivalent stress which tripled its original value without clips.
Logie et al. [8] investigated thermal stress in a solar receiver tube
using molten salt or liquid sodium as the heat transfer fluid,
respectively. Compared with molten salt, the liquid sodium was
preferred because its higher thermal conductivity leads to the
reduction of overall tube temperature and thermal stress. The in-
fluence of thermal conductivity of tube materials was also analyzed
and the higher thermal conductivity tended to decrease the peak
thermal stress. Wang et al. [9] developed a thermal-fluid-
mechanical numerical model for the sCO2 tubular receiver panel
under non-uniform solar flux distribution. The flow arrangement
was designed to match the solar flux distribution, which is bene-
ficial of reducing the thermal radiative loss and the thermal stress
level. A matching factor between the solar flux distribution and the
flow allocation was therefore proposed for indicating the receiver
thermo-mechanical performances. Thermal and mechanical per-
formance evaluationswere also conducted byWang et al. [10,11] for
the solar tube in the parabolic trough system considering the non-
uniform solar flux distribution and buoyancy effects. Chen et al.
[12] investigated the fatigue-creep damage of the SCO2 solar tube in
the solar tower system by applying the conjugate heat transfer and
the theoretical stress models. Based on the linear damage accu-
mulation theory, the influences of sCO2 flow rate, tube wall thick-
ness, and the tube radius on the thermal performance and fatigue-
creep damage of the solar tube were studied. Thermal performance
and thermal stress analyses were also done by Chen et al. [13] for
the cavity receiver in the parabolic dish collector. The up-flow and
down-flow schemes for the cavity receiver were considered and
geometrical parameters as well as operating parameters were also
investigated.

Furthermore, many studies were focused on the improvement
of mechanical performance of solar receivers. Other than regular
concentric cylinder solar receivers, an eccentric tube was proposed
for alleviating thermal stress [14]. The influences of eccentricity and
oriented angle on the thermal stress distribution of the eccentric
solar receiver were investigated. Optimized eccentricity and ori-
ented angle of 90� were recommended according to the parametric
studies. Moreover, since the radial temperature gradient is the key
factor to determine the thermal stress in solar receivers, many ef-
forts have been made to reduce the radial temperature difference
by introducing thermally conductive materials. Thermal stress an-
alyses of solar receiver tubes using different materials were con-
ducted by Wang et al. [15]. The temperature and thermal stress
distributionswere compared for the solar receiver tubesmade from
stainless steel, aluminum, copper, and silicon carbide, respectively.
It was found that the temperature gradient and effective stress
could be significantly reduced by introducing materials with high
thermal conductivity. However, the corrosion, high-temperature
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creep and fatigue of the materials were not considered. Flores
and Almanza [16] experimentally tested the stress induced
deflection of the copper-steel bimetallic absorber. A mechanically
bonded copper-steel bimetallic tube was prepared through high
pressure. Compared with the steel based absorber, the deflection in
the bimetallic absorber was decreased to 10 mm from over 50 mm
due to the decrease of thermal stress. This double-layer structure
was also adopted in the study by Khanna et al. [17]. The heat
transfer performance and the mitigation of thermal stress by
bimetallic solar tube receivers were analytically investigated. The
results showed that the structure with the high thermal conduc-
tivity material in the outer layer could effectively minimize the
circumferential temperature non-uniformity while dramatically
reducing the thermal stress. Moreover, Montoya et al. [18] inves-
tigated the influence of longitudinal clips on the thermal stress and
deflection of the solar tube based on the analytical methodology.
The distance of longitudinal supports and the aiming strategy could
be optimized for reducing the maximum equivalent elastic stress
and deflection of the solar tube.

However, existing multiplayer solar tube designs have mainly
focused on double-layer structures, in which the protection of the
thermally conductive material layer has not been considered for
both oxygen in atmosphere and heat transfer fluid. Furthermore,
most of the related studies applied simple theoretical stress models
to calculate the thermal and pressure induced stresses. In this work,
a new triple-layer composite solar tube consisting of two high-
temperature protective layers on the two sides and a thermally
conductive layer in the middle is demonstrated. The wholistic nu-
merical models incorporating fluid flow, heat transfer, structural
analysis with temperature-dependent thermochemical and ther-
mophysical properties are developed. Hence, the solar energy
conversion and stress issue of the triple-layer composite solar tube
can be fully analyzed by computational fluid dynamics and finite
element method. From the numerical simulations, the influences of
material selection, tubewall thickness, and solar radiation intensity
on the thermal and structural performances of the triple-layer
composite solar tubes are thoroughly studied. Finally, the poten-
tial manufacturing methods of the triple-layer composite solar
tubes for real CSP applications are discussed.

2. Numerical model

2.1. Physical model of composite solar tubes

A composite solar receiver tube consisting of two protective
layers and an intermediate thermally conductive layer is designed
in Fig. 1. Two combinations of materials are selected in the study.
One combination uses Inconel 718 as the protective layer and pure
nickel as the thermally conductive layer, while the other selects 316
stainless steel and copper alloy GRCop-84 as the protective and the
thermally conductive materials, respectively. The total length L of
the tube is set to be 0.5 m, which is sufficient to reveal the stress
distribution inside the solar tube. Two sets of inner diameter din
(6 mm and 7 mm) and wall thickness t (3 mm and 4 mm) are
selected to investigate the influence of wall thickness on heat
transfer and mechanical performances. The non-uniform solar flux
is irradiated on the surface of the tube, and an idealized distribution
shown by Equation (1) is used [19]. The Gaussian distribution is
adopted along the tube axial direction, while a sinusoidal distri-
bution is applied in the circumferential direction. In Equation (1),
qmax is the maximum solar flux, 4 represents the angle with respect
to y-z plane, and m and s depict the expectation and the standard
deviation of the Gaussian distribution, respectively. The high-
pressure sCO2 is used as the heat transfer fluid and the flow di-
rection is along the z-axis.



Fig. 1. Illustration of composite solar tubes. (a) Solar tube under a non-uniform solar flux, and (b) Cross-section of the composite tube.
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2.2. Fluid flow and heat transfer models of sCO2 in the solar tube

The fluid flow and heat transfer of sCO2 in the solar tube are
depicted by the Reynolds-averaged governing equations, which are
presented by Equations (2)e(4). Moreover, the heat conduction in
the solar tube is shown by Equation (5). In these equations, u, p, Tf
and Ts represent velocity, pressure, fluid temperature, and solid
temperature respectively. r, m, cp and lf stand for density, dynamic
viscosity, specific heat and thermal conductivity of sCO2, respec-
tively. ls represents the thermal conductivity of solid materials. �
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The turbulence kinetic energy k and its rate of dissipation ε are
derived from transport Equations (6) and (7). The turbulent vis-
cosity mt is computed with k and ε (mt ¼ cmrk

2/ε) where cm is a
constant. Gk and Gb are the generation of turbulence kinetic energy
due to the mean velocity gradients and buoyancy, respectively. C1ε,
C1ε, sk, and sε are constants that retain the default value in the
standard k-ε model [20].
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At the inlet of the solar tube, the sCO2 with constant mass flow
rate of 0.08 kg/m2 and constant inlet temperature of 773.15 K is
used. The nominal application conditions for sCO2 are summarized
in Ref. [21] and theworking pressure is in the range between 15 and
35 MPa. The absolute pressure of sCO2 is 20 MPa, which fits the
Brayton cycle known as the best-fit power cycle for increasing CSP
system thermo-electric conversion efficiency. At the outlet, the
pressure outlet boundary is used. The inner wall of the solar tube is
considered as a non-slip and coupled wall while the outer surface
of the solar tube is irradiated by solar flux. Energy losses on the
outer surface occur through both emission and convection. The
incident solar flux is shown by Equation (1) and its peak flux is set
to be 700 kW/m2. The selective coating with a solar absorptivity of
0.9 and an infrared emissivity of 0.4 is coated on the solar tube. The
convective loss is considered by assuming a constant convective
heat transfer coefficient of 15 W/(m2$K).

2.3. Static structural model

The stress in the solar tube due to temperature gradient and
inner pressure of sCO2 is analyzed by finite element analysis (FEA)
model in ANSYS Workbench. The static structural module is used
and the computational fluid dynamics (CFD) results such as the
temperature and pressure distributions on the solar tube are im-
ported as loads. The displacement of the solar tube in the circum-
ferential direction is fixed and it is assumed to be freely expanded
in the axial direction due to the designed strain relief structures in
solar tubes.

2.4. Material selection and material properties

sCO2 is selected as the heat transfer fluid in solar tubes because
of its potential to achieve high cycle efficiency and attractive ad-
vantages such as low critical temperature and high thermodynamic
efficiency. The density, specific heat, thermal conductivity, and
viscosity of the sCO2 are taken from the NIST (National Institute of
Standards and Technology) real gas models in ANSYS Fluent. This
model provides precise thermophysical properties of sCO2 in wide
pressure and temperature ranges.

As for the solar tube material, two combinations of solid ma-
terials are selected based on the similarity of coefficients of thermal
expansion and the applicability at high temperature. The first
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combination is Inconel 718 and pure nickel. Nickel-based superal-
loys offer excellent mechanical properties and high corrosion
resistance at high temperatures and therefore are considered as
promising materials for Gen3 CSP systems. Pure nickel has rela-
tively poor mechanical properties compared with Inconel 718 but
the thermal conductivity is higher. The other combination is 316
stainless steel together with copper alloy GRCop-84. 316 stainless
steel is widely used as one solar tube material in current CSP sys-
tems, while GRCop-84 is a thermally conductive copper alloy with
good mechanical properties at high temperatures. The
temperature-dependent thermophysical and mechanical proper-
ties of Inconel 718, nickel, 316 stainless steel, and GRCop-84 are
applied in this study. The correlations of thermal conductivity (ls)
of materials are derived from data in literature, as summarized in
Table 1.

Moreover, coefficients of thermal expansion (a) and Young's
modulus (E) are used in the static structural model. The data in
references are directly stored in engineering database in ANSYS
workbench for themechanical properties of Inconel 718 [22], nickel
[26,27], and 316 stainless steel [28,29]. As for GRCop-84, the coef-
ficient of thermal expansion and Young's modulus are estimated
from experimental results in Ref. [30].
3. Model validation

3.1. Heat transfer model validation

The numerical model for the heat transfer of sCO2 inside a cy-
lindrical tube is validated based on the experiment results in
Ref. [31]. According to the experiment setup, the inner diameter of
the tube is 6 mm and an average heat flux of 12 kW/m2 is placed
outside the tube to cool down sCO2. The inlet temperature is
assumed to be constant and uniform. The mass flow rate and inlet
Table 1
Thermal conductivity of solar tube materials.

Material Thermal conductivity (W/(m$K))

Inconel 718 [22] 0.0156 T þ 6.29
Nickel [23] 0.0212 T þ 50.58
316 stainless steel [24] 0.0157 T þ 9.28
GRCop-84 [25] � 1:33� 10�4,T2

s þ 0:179,Ts þ 243:8

Fig. 2. Comparison of heat transfer coefficients in the simulation with experiment
data.
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pressure are fixed to 400 kg/(m2$s) and 8 MPa, respectively. The
comparison of simulation results with experiment data in Ref. [31]
is presented in Fig. 2. It is seen that the variation trend of convective
heat transfer coefficients with the average fluid temperature is well
captured by the numerical model. The simulation results agreewell
with experiment data, which indicates the accuracy of the heat
transfer model.
3.2. Static structural model validation

The temperature distribution and pressure load influence the
FEA results, and a theoretical model is used to validate the static
structural model. In a cylindrical tube with radial temperature
gradient and uniform inner pressure, the thermal and pressure
stress components in the radial, tangential, and axial directions
could be described by Equations (8) - (13) [4]. Considering that the
displacement of the tube is free along the axial direction, the axial
component of pressure stress is assumed to be zero in the theo-
retical calculation.
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A simulation case is selected based on the study by Ortega et al.
[6]. The outer diameter and wall thickness of the tube are 12.7 mm
and 2.1082 mm, respectively. The radial temperature difference is
20 K and a pressure of 20 MPa is loaded on the inner wall of the
tube. The equivalent thermal stress, pressure stress, and total stress
calculated by FEA and theoretical equations are shown in Fig. 3. It is
noticed that the results from FEA and theoretical equations agree
well with each other, and FEA could be further applied to investi-
gate the solar tube with complex temperature and pressure
distributions.
4. Results and discussion

4.1. Verification of the design concept

As mentioned previously, two combinations of protective and
thermally conductive materials are selected based on the similarity
in coefficients of thermal expansion. The solar tubes with an inner
diameter of 6 mm and a wall thickness of 3 mm are firstly analyzed



Fig. 3. Comparison of FEA stress results with those from theoretical models.
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to prove the feasibility of our composite tube design. The tube wall
is divided identically into three layers with each layer's thickness of
1 mm. The material assignment in each layer of the solar tubes is
summarized in Table 2.

4.1.1. Inconel 718/Nickel design
The temperature distributions in different sections (100/175/

250/325/400 mm) of Tube A and Tube B are presented in Fig. 4.
Since the solar energy is irradiated from the positive X direction in
the Gaussian distribution, a relatively higher temperature is found
at the center of the solar tube in the positive X direction. Compared
with the solar tube made entirely from Inconel 718, the maximum
temperature of the composite tube decreases by 40.7 K and the
temperature field becomes more uniform by adding the thermally
conductive layer of nickel.

Based on the temperature distributions, the equivalent thermal
stress is determined by FEA for each tube as shown in Fig. 5. For the
solar tube with Inconel 718 only, the overall thermal stress in-
creases as the temperature gradient increases, and the maximum
thermal stress is located at the inner wall in the center part of the
tube. When nickel is added in the middle layer, it is found that the
thermal stress in the middle layer increases, but the maximum
thermal stress is alleviated. The maximum thermal stress is still
found at the inner wall in the center section of the tube, but it
decreases from 110.1 MPa to 102.1 MPa.

The high pressure of sCO2 also induces stress in the solar tube.
The equivalent total stress considering the effects of temperature
gradient and internal sCO2 pressure is shown in Fig. 6. The
maximum total stress is larger than the maximum thermal stress
because the two maximum stresses are both tensile stress and do
not compensate with each other. However, when considering the
pressure induced stress, the alleviation of total stress by inserting
the nickel in the middle layer of the solar tube is not significant, as
the maximum total stress only decreases by 4.1 MPa.
Table 2
Material assignment in composite solar tubes (t ¼ 3 mm).

Tube number Dimension Inner layer

A din ¼ 6 mm t ¼ 3 mm Inconel 718
B Inconel 718
C 316 stainles
D 316 stainles
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4.1.2. 316 stainless steel/GRCop-84 design
The selection of GRCop-84 with extremely high thermal con-

ductivity is to reveal the potential improvement of thermal stress
by the composite solar tube design. The temperature distributions
in different sections (100/175/250/325/400 mm) of Tube C and
Tube D are presented in Fig. 7. It is noticed that the high temper-
ature region in solar tube is removed in the composite solar tube.
GRCop-84 offers a ten times higher thermal conductivity than 316
stainless steel and the heat conduction in the entire tube is more
efficient. Themaximum temperature decreases from 970 K to 901 K
and temperature differences in the radial, circumferential and axial
directions are well flattened.

The equivalent thermal stress and total stress of the solar tube
with 316 stainless steel only and the composite solar tube with
GRCop-84 in the middle layer are shown in Fig. 8 and Fig. 9,
respectively. Compared with Tube A, the thermal stress and total
stress distributions in Tube C are nearly identical because of the
similarity of temperature distribution in solar tubes with single
materials. However, the stress distributions in the 316 stainless
steel/GRCop-84 composite tube (Tube D) are completely changed.
The stress in the middle of the solar tube is relatively small due to
the mild temperature gradient and relatively soft mechanical
properties of GRCop-84. The maximum thermal stress and total
stress are significantly decreased by 24.0 MPa and 30.7 MPa
respectively using the composite solar tube design. It is seen from
Section 2.4 that the mismatch of mechanical properties (coefficient
of thermal expansion and Young's modulus) between 316 stainless
steel and GRCop-84 are larger as compared with Tube B. However,
the higher thermal conductivity of GRCop-84 could balance the
extra stress induced by the property mismatch and dramatically
decrease the overall temperature and stress of the solar tube.

4.2. Influence of wall thickness

Due to the larger internal pressure caused by sCO2 and the
corrosion issue, it is helpful to increase the wall thickness for the
long-term operation of solar receivers. However, it is known that
the thermal stress depends on the wall thickness of solar tubes. A
larger wall thickness induces a larger temperature gradient and
severer thermal stress. In this case, the solar tubes with the inner
diameter of 7 mm and the wall thickness of 4 mm are investigated
to reveal the performance of the composite tube design with a
thickerwall thickness. The tubewall is also divided into three layers
with the protective layer thickness and thermally conductive layer
thickness set to be 1 mm and 2 mm, respectively. Table 3 shows
four solar tube studied in this work.

As illustrated in literature [3], the thermal stress in solar tubes
mainly depends on the radial temperature gradient in some cases.
Fig.10 shows the temperature difference between the outer and the
inner walls as a function of angular position in the center section of
solar tubes. The zero angular position is defined in the areawith the
largest solar flux.

It is observed that the composite tube design could efficiently
decrease the radial temperature gradient. Such an improvement
becomes more evident as the wall thickness of the solar tube gets
larger. For the Inconel 718/Nickel design, the largest radial
Middle layer Outer layer

Inconel 718 Inconel 718
Nickel Inconel 718

s steel 316 stainless steel 316 stainless steel
s steel GRCop-84 316 stainless steel



Fig. 4. Temperature distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with Inconel 718 only, and (b) Composite solar tube with Inconel 718/Nickel.

Fig. 5. Thermal stress distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with Inconel 718 only, and (b) Composite solar tube with Inconel 718/Nickel.

Fig. 6. Total stress distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with Inconel 718 only, and (b) Composite solar tube with Inconel 718/Nickel.
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Fig. 7. Temperature distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with 316 stainless steel only, and (b) Composite solar tube with 316 stainless
steel/GRCop-84.

Fig. 8. Thermal stress distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with 316 stainless steel only, and (b) Composite solar tube with 316 stainless
steel/GRCop-84.

Fig. 9. Total stress distribution of solar tubes (din ¼ 6 mm, t ¼ 3 mm). (a) Conventional solar tube with 316 stainless steel only, and (b) Composite solar tube with 316 stainless steel/
GRCop-84.
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Table 3
Material assignment in composite solar tubes (t ¼ 4 mm).

Number Dimension Inner layer Middle layer Outer layer

E din ¼ 7 mm t ¼ 4 mm Inconel 718 Inconel 718 Inconel 718
F Inconel 718 Nickel Inconel 718
G 316 stainless steel 316 stainless steel 316 stainless steel
H 316 stainless steel GRCop-84 316 stainless steel

Fig. 10. Temperature difference of the outer and the inner walls of solar tubes. (a) Inconel 718/Nickel design, and (b) 316 stainless steel/GRCop-84 design.

Fig. 11. Thermal stress distribution of solar tubes (din ¼ 7 mm, t ¼ 4). (a) Conventional solar tube with Inconel 718 only, and (b) Composite solar tube with Inconel 718/Nickel.
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temperature difference decreases by 23.7 K and 41.8 K respectively
when the tube wall thicknesses are 3 mm and 4 mm. Meanwhile,
due to the extremely high thermal conductivity of GRCop-84, the
radial temperature difference is almost unchanged for the com-
posite solar tube in the 316 stainless steel/GRCop-84 design when
the total thickness of the solar tube increases by 1 mm.

Based on the aforementioned analyses, the maximum thermal
stress and total stress are found at the center part of the solar tube,
which is considered as the most fragile location. Therefore, the
thermal stress distribution in the center section of Tube E and Tube
F is shown in Fig.11, while those of Tube G and Tube H are plotted in
Fig. 12. Firstly, the overall thermal stress distribution is similar to
that in the solar tubewith thewall thickness of 3mm. But the larger
wall thickness increases the thermal stress level in all the solar
tubes due to the larger temperature gradient. Secondly, the
improvement of thermal stress for the composite tube design be-
comes more evident in both the Inconel 718/Nickel and 316 stain-
less steel/GRCop-84 designs. Compared with the solar tube made
124
from Inconel 718 only, the composite solar tube with nickel in the
middle layer could decrease the maximum thermal stress from
154.7 MPa to 135.9 MPa. Moreover, by inserting GRCop-84 in the
middle layer, the maximum thermal stress drops from 167.6 MPa to
99.7 MPa.

For a clear comparison between composite solar tubes in
different material combinations and conventional solar tubes, the
maximum solar tube temperature, maximum thermal stress, and
maximum total stress for Tube A to Tube H are summarized in
Table 4. Considering that the thermally conductive layer decreases
the solar tube surface temperature, the thermal efficiency could be
potentially improved due to the limited thermal emission loss.
From Table 4, it could be concluded that the maximum thermal
stress decreases significantly as the tube wall thickness and ther-
mal conductivity of the material in the middle layer increase. The
largest absolute and relative decreases in maximum thermal stress
are 77.7 MPa and 37.3% for the 316 stainless steel/GRCop-84 design
with the 4 mm tube wall thickness. On the other hand, a slight



Fig. 12. Thermal stress distribution of solar tubes (din ¼ 7 mm, t ¼ 4 mm). (a) Conventional solar tube with 316 stainless steel only, and (b) Composite solar tube with 316 stainless
steel/GRCop-84.

Table 4
Performance of the solar tubes.

Tube Dimension Tmax (K) ht (%) st,max (MPa) stotal,max (MPa)

A din ¼ 6 mm t ¼ 3 mm 985.4 75.6 110.1 146.6
B 944.7 76.0 102.1 142.6
C 970.0 75.8 113.9 155.0
D 901.0 76.2 89.9 124.3
E din ¼ 7 mm t ¼ 4 mm 1057.0 74.1 154.7 195.4
F 986.8 74.8 135.9 176.2
G 1038.1 74.4 167.6 208.1
H 932.7 75.1 99.7 130.4

Table 5
Performance of the solar tubes with qsolar, peak ¼ 800 kW/m2.
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increase in thermal efficiency could be seen for the composite solar
tube, which are 0.4% and 0.7% for the composite solar tubes with
3 mm and 4 mm wall thicknesses, respectively. The thermal
emission loss takes place in the entire outer surface of solar tubes
and mainly determined by the surface temperature. Even though
the maximum solar tube temperature is dramatically decreased,
the average temperature of the outer surface of solar tubes does not
decrease too much. It is because most of the solar radiation con-
centrates at the center of the solar tube at the positive X direction
and the backside of the solar tube is not irradiated. Moreover, the
coating on the solar tube surface is selected based on the recent
study [32]. The emissivity of this coating in the infrared spectrum is
only 0.4, which limits the thermal radiative loss of solar receivers.
When the other coating with higher emissivity is applied, the
thermal efficiency improvement by the composite tube design can
be enhanced. Pyromark 2500 [33] is widely adopted in the solar
thermal application for which the emissivity is around 0.88. When
Pyromark 2500 is applied and all other simulation settings remain
unchanged, the thermal efficiency improvements are 0.7% and 1.3%
for the composite solar tubes with 3 mm and 4 mm wall thick-
nesses, respectively. Therefore, the composite tube design could
not only decrease the thermal stress level of the solar tubes but also
slightly increase the efficiency of solar-to-thermal energy
conversion.
Tube Dimension Tmax (K) ht (%) st,max (MPa) stotal,max (MPa)

A din ¼ 6 mm t ¼ 3 mm 1014.6 77.1 126.1 162.4
B 968.9 77.4 115.2 155.7
C 998.4 77.1 130.8 172.6
D 920.1 77.5 99.2 133.9
E din ¼ 7 mm t ¼ 4 mm 1095.6 75.4 178.1 218.8
F 1017.5 76.1 152.9 193.1
G 1074.9 75.6 192.0 232.4
H 956.6 76.4 107.6 139.6
4.3. Influence of solar radiation intensity

In order to obtain an elevated outlet temperature of the heat
transfer fluid, a large concentration ratio of solar radiation is
needed. Therefore, the peak value of the solar radiation is enlarged
from 700 kW/m2 to 800 kW/m2 to investigate the effectiveness of
the composite tube design. The maximum temperature, maximum
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thermal stress, and maximum total stress are summarized in
Table 5.

Both the temperature and stress of all the solar tubes increase as
the peak flux of solar radiation increases. The 316 stainless steel/
GRCop-84 composite solar tube still outperforms and decreases
the maximum temperature and maximum thermal stress by 78.3 K
and 31.6 MPa respectively when the tube wall thickness is 3 mm.
Meanwhile, these values reach 118.3 K and 84.8 MPa as the wall
thickness becomes 4 mm. However, compared to the cases with a
lower peak solar flux, the relative decrease for thermal stress does
not change significantly. For example, as for the stainless steel/
GRCop-84 composite solar tube with the 3 mm tube wall thick-
ness, the relative decrease in thermal efficiency is 22.4% for the
higher solar flux while this value is 19.8% for the relatively lower
solar flux. On the other hand, the solar-to-thermal energy conver-
sion efficiency increases as the overall temperature of solar tubes
increases. It is because the thermal conductivity of sCO2 increases
in the temperature range of 700e1100 K at 20 MPa, which reduces
the thermal resistance between the solar tube and the heat transfer
fluid. However, the improvement of thermal efficiency due to the
composite tube design is limited which is almost the same as that
in the cases with the lower solar heat flux.
4.4. Long-term operation analyses

Based on the 30-year design requirement proposed by the Gen3
roadmap [1], the long-term operation performances such as fatigue
and creep of solar tubes worth investigation. Fatigue of solar tubes
represents the cycle weakening of the material caused by repeated
stress, which is due to diurnal and complex weather conditions.
Analytically, solar tubes should survive at least 10000 cycles in
approximately 30 years. For a certain type of materials, the SN



Table 7
Allowable stress for 10000h rupture lifetime of nickel.

Temperature (�C) 650 595 540

Allowable stress (MPa) 19.1 37.8 49.5

Table 8
Creep behavior of Inconel 718 in Tube A and Tube B.

Tube Maximum
temperature location

Maximum stress
location

Survived ratio (%)

T (K) stotal (MPa) T (K) stotal (MPa)

A 985.4 88.7 808.3 146.7 99.7
B 944.7 62.4 802.8 142.8 100

Table 9
Creep behavior of nickel in Tube B.

Tube Maximum
temperature location

Maximum stress
location

Survived ratio (%)

T (K) stotal (MPa) T (K) stotal (MPa)

B 913.5 32.7 809.9 56.0 94.7
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curve establishes the relationship between the stress amplitude
and the total number of cycles to failure at a certain temperature.
Meanwhile, the long-term exposure to stress under high temper-
aturemay cause creep issues to thematerial. Even though the stress
level is below the yield strength of the material, the permanent
deformation still occurs, leading to the failure of the material. The
relationship of the rupture stress and the time of the material at a
certain temperature can be depicted by equations such as the
Larson-Miller relation and the Orr-Sherby-Dorn relation. For solar
tubes, a minimum 100000 h operation time is needed. Moreover, in
order to consider the coupling effect of fatigue and creep, the
theory of cumulative damage is applied [3]. The weak positions of
solar tubes are normally located at regions with highest tempera-
ture or largest stress.

For the composite solar tubes in this work, the protective and
thermally conductive materials have different thermo-mechanical
properties and should be analyzed respectively. Take Tube A and
Tube B as examples. Considering that the fatigue strength of Inconel
718 is high, only the creep behavior is analyzed. The maximum
allowable stresses for a 10000h rupture lifetime of Inconel 718 [34]
and nickel [35] as a function of temperature are summarized in
Table 6 and Table 7. It is found that the allowable stress increases
dramatically as the temperature decreases, and nickel does not
perform as good as Inconel 718 in the investigated temperature
range.

In Tube A and Tube B, there are 1055630 nodes in each solar tube
and the node coordinates, temperature and stress are extracted for
creep behavior analysis. Two positions withmaximum temperature
or maximum stress in the area with Inconel 718 in Tube A and Tube
B are presented in Table 8. The survived ratio is defined by the
number of nodes surviving 100000h with respect to the total
number of nodes. Although Inconel 718 is a high-temperature alloy
with excellent mechanical strength, not all parts of pure Inconel
718 tube could be on service for 30 years under current simulation
condition. By inserting a thermally conductive nickel layer, both the
overall temperature and stress in the Inconel 718 layer decrease.
The creep issue of Inconel 718 in the composite solar tube no longer
exists.

On the other hand, the creep behavior of nickel in the composite
solar Tube B is investigated and summarized in Table 9. It is found
that 6.3% of the nickel material in the entire tube will potentially
rupture during the 30 years operation. Therefore, the long-term
thermo-mechanical properties at high temperature should be
considered in the selection of the thermally conductive material. It
should also be noted that the numerical model assumes a direct
bonding between Inconel 718 and nickel, which overestimates the
stress due to the mismatch of coefficients of thermal expansion at
the interface of these two materials.
5. Perspective of design

5.1. Composite tube fabrication methods

Solar receiver tubes for Gen3 CSP systems should endure
elevated temperature, high pressure, and severe stress under the
long-term operation. Special attention should be paid for the ma-
terial selection and fabricationmethods of the composite solar tube
to meet such requirements. Traditional manufacturing offers
Table 6
Allowable stress for 10000h rupture lifetime of Inconel 718.

Temperature (�C) 704 649 593 538 482

Allowable stress (MPa) 42.8 236.9 500.1 745.9 962.2
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various methods to fabricate composite tubes consisting of multi-
ple metal materials. Generally, these methods could be divided into
two types in terms of the bonding interface between materials,
which are mechanical bonding processes and metallurgical
bonding processes. The mechanical bonding processes such as cold
rolling [36] and expanded joints [37] use mechanical force to
combine different materials. The bonding of materials is not tight
and delamination may occur at high temperature or under large
axial force. The metallurgical bonding processes could achieve
element diffusion between materials which provides more reliable
interfaces. Typical methods involve hot rolling, co-extrusion, cen-
trifugal casting etc. However, each method has its limitation during
fabrication. For example, the centrifugal casting usually requires
the weight of metal in the internal layer is lighter than that of the
material at the external layer. The melting points of these materials
should be different. Therefore, considering the high-temperature
working environment of solar tubes, only the metallurgical
bonding processes are more promising.

On the other hand, advanced manufacturing methods such as
3D printing present a flexible and precise way to fabricate com-
posite structures with different materials. Bimetallic structures of
Inconel 718 and GRCop-84 have been processed using laser engi-
neered net shaping (LENS) [38]. Thermal diffusivity of the bime-
tallic structures was measured to be 11.33 mm2/s, which is a 250%
increase as compared to pure Inconel 718. A 200 mm thick
compositional layer was detected at the interface of Inconel 718
and GRCop-84 by energy dispersive spectroscopy (EDS). Liu et al.
[39] achieved metallurgical diffusion for 316L stainless steel and
C18400 copper alloy through selective laser melting (SLM). Tensile
properties and microhardness of the bimetallic structure were
characterized. Through optical microscopy and focused ion beam
(FIB) imaging, a 700 mm compositional layer was found. Sing et al.
[40] combined AlSi10Mg and C18400 copper alloy by SLM. The
tensile property and microhardness of the composite structure
were measured. Diffusion of elements was found by FIB imaging
and the compositional layer thickness was estimated to be 200 mm.
Therefore, 3D printing is a potential solution to the fabrication of
composite solar tubes. The natural generated compositional layer is
beneficial in reducing extra stress due to the mismatch for prop-
erties of different materials. Moreover, the study by Ho et al. [41]
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adopted additively manufactured nickel-based superalloys for
designing fractal-like solar receivers which proves the capability of
3D printing in fabricating complex geometry in high-temperature
applications.

5.2. Future studies

Firstly, comparedwith the Inconel/nickel design, the application
of copper alloy present far better improvement in reducing the
stress level due to its large thermal conductivity. Considering the
elevated working temperature, nickel-based superalloy is a po-
tential candidate for replacing stainless steel. Therefore, the com-
bination of nickel-based superalloy and copper alloy should be
studied but the key challenge is the mismatch in coefficients of
thermal expansion of these two materials. Secondly, the thermo-
physical and thermomechanical properties such as thermal con-
ductivity and modulus of elasticity of composite structures should
be characterized by experimental tests. In the current numerical
models, materials in interfaces are directly bonded which allows
idealized heat transfer and rigid transition in stress. The influence
of the compositional layer on the material properties as well as
temperature and stress distributions should be investigated.
Thirdly, the composite solar tubes should be experimentally proved
to be stable for the long-term operation at elevated temperature
and high pressure. The metallurgical bonding between the ther-
mally conductive layer and the protective layer should be suffi-
ciently strong to prevent delamination. Particularly, the thermally
conductive materials usually have poor performance regarding
high-temperature creep property. Suitable heat treatment pro-
cesses should be employed in order to improve creep and fatigue
behaviors of the composite solar tubes.

6. Conclusions

The main conclusions are as follows:

C The thermally conductive layer reduces temperature
gradient and maximum stresses, and the improvement be-
comes evident as the thermal conductivity goes higher. The
maximum temperature decreases by 40.7 K and 69.0 K
respectively for the Inconel 718/nickel and 316 stainless
steel/GRCop-84 designs. The associated maximum thermal
stress decreases by 4.1 MPa and 24.0 MPa, respectively.

C The reduction in temperature and thermal stress become
obvious as the wall thickness of the solar tube and the in-
tensity of solar radiation increase. For the 316 stainless steel/
GRCop-84 design, the maximum thermal stress could
decrease relatively by 44.0% when the wall thickness and the
peak solar heat flux are 4 mm and 800 kW/m2, respectively.

C The thermal efficiencies of the solar tubes with 3 mm and
4mm thickness increase by 0.4% and 0.7% respectively due to
the lower surface temperature. The thermal efficiency could
be improved by up to 1.3% when the emissivity of the coating
increases from 0.4 to 0.88 for the solar tube with 4 mm
thickness.

C The creep issue of high-temperature alloys could be allevi-
ated due to the reduction in both temperature and stress
levels. However, the creep issue in the thermally conductive
layer should be solved as its creep behavior is usually poor.
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Nomenclature

cp specific heat (J kg�1∙K�1)
din inner diameter of solar tube (m)
E Young's modulus (Pa)
k turbulent kinetic energy (m2∙s�2)
L length of solar tube (m)
p pressure (Pa)
q solar heat flux (W m�2)
r radius of tube (m)
T temperature (K)
t wall thickness of solar tube (m)
u velocity (m s�1)
x coordinate (m)

Greek symbols
a coefficient of thermal expansion (K�1)
ε turbulent dissipation rate (m2∙s�3)
h thermal efficiency (%)
l thermal conductivity (W m�1∙K�1)
m dynamic viscosity (Pa$s)
n Poisson's ratio
r density (kg m�3)
s stress (Pa)

Subscripts
a axial direction
f fluid
i inner surface of tube
max maximum value
o outer surface of tube
r radial direction
s solid
t thermal
q tangential direction
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