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a b s t r a c t

In this work, several novel tube shapes of solar tubular receivers that differ from the classical circular
shape are analysed aiming to reduce the stresses of the receiver tubes, without penalizing its thermal
efficiency. The analysis is performed using analytical thermal and mechanical models of the literature
adapted for their use with non-circular tube shapes, verifying the assumptions made with FEM simu-
lations due to the lack of experimental data available.

Among the geometries studied, the results show that oval cross-section tubes improve the thermal
efficiency of the receiver at the expense of increasing the stresses considerably. Ovoidal tubes show
worse thermal and mechanical behaviour when the frontal part becomes peakier. Semicircle tubes
reduce the stress by 10.9%, while keeping constant or even slightly improving the thermal performance.
The last ones, increase the lifetime of the receiver and reduces the receiver costs if the manufacturing of
the new geometries does no overpass 3.5 times the present price of production of the circular tubes.
Therefore, the use of asymmetric cross-section tubes with low rear-front surface ratios, and smooth front
surfaces can be considered a good alternative for substituting traditional circular cross-section tubes in
central receivers.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

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

42% of the solar power tower (SPT) issues are related to the
receiver system [1], where maintenance and operation represent
an important percentage of the SPT costs. The main failure mech-
anism in the solar receiver tubes is the appearance of cracks due to
thermal stresses, cyclic fatigue, and creep. The important role of the
tube temperature in the correct plant operation makes it essential
to improve their performance and solve the issues that cause the
receiver early failure.

Numerous authors tried to optimize the receiver design to
improve their reliability. Among the designs proposed, here are
outlined those that try to maximize the absorbed heat flux by
modifying the structure of the receiver, opposite to the cylindrical
D, Computational fluid dy-
operating days.; FEM, Finite
eat transfer fluid.; SPT, Solar

íguez-S�anchez).

ier Ltd. This is an open access artic
one: pyramidal receivers [2], star-shaped or with fins [3]; those that
proposed new tube material and heat transfer fluids (HTFs) to
reduce the corrosion and increase the operation temperature [4,5];
and those with the goal of homogenising the receiver tube wall
temperature [6] or increasing the receiver thermal efficiency and
reliability [7,8]. The latter follows two different paths: on the one
hand, the modification of the receiver configuration by varying the
tube diameter within a panel [9], by installing valves that allow the
modification of the fluid velocity along the receiver [10], or by
proposing different flow paths configurations [11]; on the other
hand, the modification of the tube geometry using corrugated
tubes [12], or eccentric bayonet tubes [13]. However, most of those
studies have been carried out from a thermal point of viewwithout
considering the influence of the new designs on the stress distri-
bution or on the receiver lifetime.

As the experimental data related to central receivers is limited in
the literature, the development of models is vital for understanding
the behaviour of these systems. Therefore, accurate modelling of
such systems is a key factor in the evolution of the technology and
during their operation lifetime. In this regard, more detailed sim-
ulations can be employed, like FEM or CFD, but also simplified
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

A Area (m2)
C Cost ($)
Cp Specific heat at constant pressure (J/kgK)
D Receiver diameter (m)
Diff Difference (%)
d Tube diameter (m)
E Young modulus (Pa)
Err Error (%)
F View factors
f Correction factor
Gr Grashof number
H Receiver and tube length (m)
h Convective coefficient (W/m2K)
k Thermal conductivity (W/mK)
N Number of elements
n Number of circumferential divisions in the tubes
nþ 1 Receiver frame
p Perimeter (m)
Pr Prandtl number
Q Heat power absorbed by the tubes (W)
q Heat flux (W/m2)
Re Reynolds number
T Temperature (K)
t Time (h)
th Thickness (m)
V Volume (m3)
DΖ Length of each axial division (m)
0 Surroundings
Greek symbols
a Absorptivity of the solar radiation in the visible

spectrum

d Kronecker delta
ε Emisivity
l Linear dilatation coefficient (K�1)
r Density (kg/m3)
s Stress (Pa)
sB Stefan-Boltzmann constant (W/m2K4)
n Poisson coefficient
Subscripts
a Allowable
amb Ambient
bp Black Pyromark
c Creep. Crown
cp Clips
eq Von Mises equivalent stress
f Fatigue
fc Forced convection
hd Headers
hel Heliostats
i Inner
in Inlet.
m Mean
max Maximum
nc Natural convection
nz Nozzle
o Outer
p Panels
R Rupture
rep Replacement
rp Repaint
t Tubes
th Thermal
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models can be very helpful. The advantages of the simplified
models mainly consist in that they are easy to implement, and their
calculation speed up, which makes CFD and FEM simulations un-
feasible for the calculation of the whole receiver. However, they
must be validated or verified. Validated against experimental data if
available and verified against more detailed models like in the
present work.

The main goal of this work is to analyse different tube geome-
tries (circular, oval, ovoid and semicircle) to be used in tubular SPT
receivers bymeans of coupled thermal andmechanical models. The
new tube designs proposed are asymmetrical, trying to homoge-
nise the wall temperature of the tubes to reduce the stresses
without penalizing the thermal efficiency of the receiver. In this
way the creep-fatigue damage of the receiver, which depend both
on the temperature and equivalent stress level [14], will be reduced
assuring the receiver lifetime and decreasing the maintenance cost
of the SPT.

2. Thermal and mechanical models

To analyse the proposed tube geometries for external solar re-
ceivers, several analytical models have been employed to carry out
the optical study of the solar field, as well as the thermal and
mechanical characterization of the receiver.

The solar flux distribution on the receiver surface is obtained
1 http://ise.uc3m.es/research/solar-energy/fluxspt/
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with the convolution projection stand-alone free software tool
FluxSPT1 [15], which was validated using experimental data of
“Plataforma Solar de Almería” and Th�emis and using Monte Carlo
ray tracingmethods obtaining good agreement [16,17]. As the input
data, this model needs the solar field layout, the location, the
ambient conditions, the tower height, and the receiver length (H),
diameter (D) and number of panels (Np). Then, the solar flux dis-
tribution feeds the analytical 2D thermal Coarse Grid Model (CGM),
developed in Ref. [18] and verified with detailed computational
fluid dynamics (CFD) simulations [19]. The CGM obtains the heat
exchanged and the temperature profile on a representative tube of
each receiver panel, considering that all the tubes of a panel work at
the same conditions. This model assumes circumferential varia-
tions of the heat flux distribution on the tube surface, considering
radiative heat exchange between the tubes, the receiver frame, and
the sky. For an axial section of tube, the heat power absorbed by the
HTF is calculated as follows,

Qt ¼
Xn
j¼1

qjpjDz�
Xn
j¼1

hopjDz
�
Tt;j � Tamb

�
(1)

where the first term of the equation corresponds to the heat
transferred to the tube after the radiative heat exchange, being q
the net heat flux for each n circumferential division of tube calcu-
lated with Eq. (2). Here, the value m ¼ 0 corresponds to the sur-
roundings, m ¼ nþ 1 represents the receiver frame and the rest of
values for m are the n circumferential cells in which an axial

http://ise.uc3m.es/research/solar-energy/fluxspt/
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division of tube is discretized, see Fig. 1. F corresponds to the 2D
view factors matrix among the m surfaces considered. Those
geometrical factors are calculated using the crossed-string method
[20]. The error committed using 2D view factors is acceptable when
the axial number of divisions in which the tube is discretized is
higher than once the tube diameter.

The different surfaces have been considered grey and diffuse,
allowing to calculate the radiative heat transfer by balancing the
outgoing radiation travelling directly from surface to surface. In the
first step of the calculation it is estimated and in following itera-
tions it is recalculated.

m¼ 0;…; nþ 1
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(2)

The second term of Eq. (1) corresponds to the heat losses of
external convection, considering both natural and forced convec-
tion as follows:

ho ¼


hfc

3:2 þ hnc
3:2� 1

3:2 (3)

hfc ¼
kair
D
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:0:3þ0:488Re0:5D
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H

�
Tt
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�
(5)
Fig. 1. Schematic of calculation.
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where the forced convection is based on the receiver diameter
considering cross flow around a cylinder in which the tubes
represent the roughness of the cylindrical heat exchanger. Once the
heat flux absorbed by the tubes is known, it is possible to recal-
culate the tube external wall temperature and the radiative heat
losses:

Tt ¼ THTF;in þ
Pn

j¼1qjpj
_mCp

zþ qt0
BB@1

hi

do
di
þ

do ln

�
do
di

�
2kt

1
CCA

�1 (6)

Here, hi is calculated using Gnielinski correlation for internal flow.
During the iterative process _m is modified after calculating a whole
flow path if the THTF at the exit of the receiver is different to a set
temperature (565 �C, detailed in Section 3).

The following assumptions have been considered to adapt the
CGM to the proposed new tube geometries analysed in this study:

- the view factors for radiative heat transfer calculations will
change in agreement with the new geometries,

- the external convective calculations remain constant, although
the relative roughness of the receiver changes depending on the
tube geometry and size,

- Gnielinski equation can still be used for the internal convection,
modifying the Reynolds number and the Darcy factor as a
function of the hydraulic diameter.

To calculate the stress on the receiver tubes, both the temper-
ature profile and the external mechanical supports of the tubes are
considered. Usually, receiver tubes are periodically guided with
supports, called clips, that allow them longitudinal enlargement
but limit the tube displacement in the cross-section plane to avoid
contact between adjacent tubes and excessive bending. As a first
approximation to study the feasibility of the new geometries pro-
posed, a simplified one-dimensional approach introduced by
Ref. [21] has been used to calculate the equivalent stress on the tube
crown (part of the tube exposed to the heliostat field, in which the
maximum stresses are located). This methodology is ideal to study
asymmetrical tube geometries in a simple way because it does not
require the effect of the tube size, the cross-sectional shape, or the
wall thickness.

seq;c ¼ lE
��

Tc;o þ Tc;i
2

� THTF �
1
p

�
Tm;c � THTF

��þ
�
Tc;o � Tc;i
2ð1� nÞ

�	
(7)

To obtain the complete stress profile of the receiver tubes and
the equivalent von Mises stress with moderately low computa-
tional cost, the 2D model developed in Ref. [22] has been used for
the reference circular cross-section tube geometry. This model is
fed with the temperature distribution on the receiver tubes, con-
siders temperature dependence of mechanical properties and uses
the generalized plane strain (GPS) approximation to regard the
external boundary conditions [23]. It allows to obtain the different
components of the stress in the entire tube, not only in the crown:

sEeq¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsr � sqÞ2 þ ðsq � szÞ2 þ ðsz � srÞ2

2
þ 3trq2

s
(8)

where sr and sq only depend on the temperature distribution. They
are calculated after the decomposition of the temperature profile
into a geometrical average (axisymmetric) and circumferentially
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varying (non-axisymmetric and non-uniform) parts.

Tq ¼ Tt � Tr ¼ Tt �ðTi � ToÞ
ln
�
do
2r

�

ln
�
do
di

�� To (9)

The last temperature can be expressed as a plane harmonic
Fourier series with radial dependent functions, allowing express
the stress components as follows:

sr ¼ r�
di
2
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þ
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trq ¼
r�

di
2

�2

þ
�
do
2

�2 ðB1sinq�D1cosqÞ
lE

2ð1� nÞ

0
BBB@1�

�
di
2

�2

r2

1
CCCA

�

0
BBB@1�

�
do
2

�2

r2

1
CCCA

(12)

Note that to avoid excessive complexity, the previous expres-
sions were obtained assuming properties independent of the
temperature, although to solve the problem the dependence of the
properties with the temperature is considered.

On the other hand, the axial stress sz depends on the temper-
ature distribution but also on the mechanical boundary conditions,
GPS in this case.

sz ¼ nðsr þ sqÞ� lET þ E
E0

ð
A

lET dA

ð
A

ðE=E0Þ dA
(13)

The stress calculation in the tube cross-section becomes
extremely laborious when applied to non-circular cross-section
tubes. Therefore, to study the proposed new tube geometries, a
538
simplification based on circular cross-section tubes whose diam-
eter is the corresponding hydraulic diameter of the geometry but
considering the real tube temperature adapted to the circular
shape, has been applied to the 2D methodology. To test the validity
of this simplification to the new tube geometries proposed in this
work, verifications have been carried out for a representative cross-
section of each new proposed configuration using a Finite Element
Model (FEM) implemented in the software Abaqus/Standard. This
FEM has been also used to quantify the error committed using the
1D simplified methodology in the characterization of the different
tube geometries.

The FEM analysis is carried out using a 2D GPS methodology for
the whole tube. The discretization has been made with 4-node
linear quadrilateral elements for GPS analysis (CPEG4T in Aba-
qus). Before carrying out the analysis of this work, FEM has been
validated using a case whose analytical solution is well-known: a
long circular cylinder heated axisymmetrically, with an uniform
temperature difference between internal and external radii of
20 �C, in generalized plane strain state (case 135 from Ref. [24].
Results from the analytical equations and the FEM model are
compared in Fig. 2 a, seeing that the results match in every stress
component. Besides, a the sensibility analysis is shown in Fig. 2 b, as
a compromise between computational cost and accuracy, the
model has been meshed with 40 elements along the thickness with
an aspect ratio of 1, for all the geometries studied. Internal and
external tube wall temperatures from the thermal model are im-
ported as boundary conditions for the FEM.

3. Geometries of study

The solar field layout and the receiver and tower dimensions
remain the same for all the receiver tube geometries studied. The
HTF used is solar salt, whose properties are detailed in Ref. [25]. The
inlet temperature of the HTF in the receiver is 290 �C and the outlet
set temperature is 565 �C. The solar flux distribution on the receiver
surface is also the same for all the cases analysed, which corre-
sponds to the solar noon of the spring equinox in Seville, Spain,
using a circular solar field like Gemasolar [26], composed by 6500
heliostats, each of them with a surface of 120 m2 and using a flat
aiming strategy.

The receiver is located at the top of a 120 m tower, and it has an
effective length (H) of 10.5 m and 8.5 m of diameter (D). It is
compound of 18 panels, divided in two symmetrical flow paths
with the inlet in the northern face and the outlet in the southern
one, see Fig. 3. The tubes are made of Inconel 625, a nickel based
alloy usually employed in solar receivers. By their outer surface,
tubes are coated with black Pyromark to improve the optical
behaviour of the tubes. Properties of both materials have been
obtained from Refs. [27,28], respectively. The reference circular
tubes have an external diameter (do) of 2.2 cm and a thickness (th)
of 1.65 mm.

Regarding the new tube geometries, from the examination of
the aforementioned models [18,22] it can be concluded that the
stresses could diminish if the tube crown temperature decreases or
if the mean tube temperature increases. This could be obtained by
flattening the tube surface in the front side of the tubes or reducing
the rear surface ratio with respect to the frontal one. Trying to fulfil
those considerations, the behaviour of oval and ovoid cross-section
tubes for the working conditions specified has been studied. All the
selected geometries are formed by circular arcs to allow the
calculation of the view factors and they have smooth transitions
from rear to front sides to avoid pressure stresses on the possible
corners.

The new tube geometries studied have the goal of having: i) the
same projected surface to keep the number of tubes in a panel and



Fig. 2. a) Stress components along the thickness for a tube axisymmetrically heated in GPS state. Solid lines denote analytical results from Ref. [24], and markers denote results from
2D FEM model. b)Sensitivity analysis of the FEM mesh for the different geometries analysed.

Fig. 3. Schematic of the receiver and detail of a diferential element of tube.
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the effective area of absorption, and ii) the same cross-section. In
cases in which both conditions could not be fulfilled, one of the
following actions have been executed: to slightly modify the pro-
jected area, increasing or reducing the tube separation to keep
constant the number of tubes in the receiver panels; or to double
both the projected and the cross-section areas with respect to the
reference receiver tubes, reducing the number of tubes per panel by
half. The mass flow rate in each configuration varies with respect to
the reference case depending on the receiver thermal efficiency to
reach the set outlet temperature.
4. Results

The calculation of thermal stresses in circular cylinders with a
non-uniform temperature distribution has been widely studied in
539
the literature and analytical solutions have been developed. In this
research, since some simplifications has been made in the analyt-
ical models to try to approximate the results for the non-circular
cross-sections tubes, the numerical simulations are used as a
benchmark for both 1D and 2D analytical models to check the
validity of their solutions. After that, a scan of the different geom-
etries proposed has been carried out to search the optimum
receiver tube design able to reduce the stresses without dimin-
ishing the thermal efficiency.
4.1. Mechanical models verification

All the models have been fed with the temperature profile ob-
tained with the 2D thermal model. The results obtained are sum-
marised in Table 1, where the results of the maximum equivalent
stress for the axial division with the greatest stress are presented
for the different geometries tested. The deviation between the
analytical models and the FEM simulations is also included in the
Table 1.

The 1D methodology results in a consistent underestimation of
the stress (~10%) at the tube crown for the different geometries
with respect to the FEM outcome. This difference is high enough to
overestimate the receiver lifetime, which could result in the
unpredicted premature receiver failure that could be disastrous for
the SPT operation and its economic viability. However, it could be
used for a first estimation when comparing different tube
geometries.

Table 1 is combined with Fig. 4 (circular), 5 (oval), 6 (ovoid) and
7 (semicircle) where the temperature and equivalent stress profiles
in the most problematic axial division obtained with the thermal
model and FEM, respectively, are presented. Besides the stress
relative deviation between the FEM and the 2D methodology is
shown. In the figures, the maximum value of each variable is also
included. The maximum temperature and stress is at the external
wall of tube crown, facing the heliostat field. The minimum tem-
perature is at the rear half of the tube, while the minimum stress is
at the sides of the tubes, slightly displaced to the tube crownwhere
the temperature gradient is minimum.

In view of Fig. 4, the relative error is maximum at the sides of the
tube where the stress gradient is high due to the temperature
passes from its maximum to its minimum. Yet, this error is lower
than 5%. In zones with higher stress, this error decreases under 1%.
Then, the 2D methodology can be used to accurately predict the
stresses in circular cross-section tubes.



Table 1
Summary of the maximum equivalent stress results.

CASE FEM (MPa) 1D (MPa) 1D deviation from FEM (%) 2D (MPa) 2D deviation from FEM (%)

Circular 529.97 476.6 10.07 531.2 �0.23
Oval 524.19 477.1 8.98 517.54 1.26
Ovoid 573.39 506.7 11.63 572.98 0.07
Semicircle 477.52 424.4 11.12 456.12 4.48

Fig. 4. a) Temperature profile, b)FEM equivalent stress and, c) error committed between the FEM and the 2D methodology in the most problematic axial division of a circular cross-
section tube.
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For an arbitrary oval tube cross-section (Fig. 5), the maximum
temperature is almost the same, but the stress is slightly lower than
for the case of a circular cross-section tube, being the distribution of
the temperature and stresses quite like the reference case. The 2D
methodology overestimates the crown stress in only 0.1% with
respect to FEM, with a maximum error of 12.9% at the sides of the
tube where the transitions between circular sections are located
and the stress is minimum.

Regarding a random ovoidal cross-section receiver tube (Fig. 6),
the maximum temperature and stress increases with respect to the
reference tube geometry in more than 11 �C and 40 MPa, respec-
tively. The approximation used to solve the stresses of the different
tube geometries with the 2D methodology gives an error of less
than 0.1% in the tube crown with respect to FEM. However, the
difference increases up to 6.33% in the lateral sides of the ovoidal
tube, where the transitions between circular sections are located.
Nevertheless, at these spots, the stresses are low enough to assure
not permanent damage in the receiver tubes.

Finally, for the semicircle cross-section tubes (Fig. 7), in which
the cross-section area is twice the reference circular tube one, the
maximum temperature raises 15 �C, but the stress calculated with
FEM decreases more than 50 MPa with respect to the reference
circular cross-section, with similar distribution along the tube
walls. The 2D methodology using the hydraulic diameter increases
the error up to 14.8% at the transition spot between the different
circles that compose the entire figure, where the stresses are low,
Fig. 5. a) Temperature profile, b) FEM equivalent stress and, c) Error committed between th
section tube.
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but the error is lower than 5% in the tube crown.

4.2. Geometry optimisation

The procedure followed consists in scanning different cases for
each tube geometry using the low computational cost 1D model.
Once that the optimum case for each geometry is selected, the FEM
model is employed for validation purposes. Finally, the behaviour of
the optimum geometry, selected for substituting the reference
circular tubes, is studied for the whole receiver using the 2D
analytical model, to ensure that the geometry does not penalize
other axial sections of the receiver. For the optimum geometry, a
lifetime and cost analysis are carried out to check the feasibility of
using it instead of the circular reference tubes. It is worth noting
that among the different geometries tested, the thermal efficiency
of the receiver is affected by multiple factors such as the internal
convection coefficient, the heat transfer area, the distance between
tubes or the view factors.

4.2.1. Ovals
14 different frontal ovals with the peaky side facing the solar

field are studied, see Fig. 8. The main axis of the oval goes from
1:1do to 1:7do in increments of 1 mm while keeping constant the
cross-section, being do the outer diameter of the reference circular
tube equal to 2.2 cm. The peak of the oval increases as well as the
space between tubes to keep constant the number of tubes in the
e FEM and the 2D methodology in the most problematic axial division of an oval cross-



Fig. 6. a) Temperature profile, b) FEM equivalent stress and, c) error committed between the FEM and the 2D methodology in the most problematic axial division of an ovoidal
cross-section tube.

Fig. 7. a) Temperature profile, b) FEM equivalent stress and, c) error committed between the FEM and the 2D methodology in the most problematic axial division of a semicircle
cross-section tube.
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receiver. Thus, the effective absorber area of the receiver decreases.
Fig. 9 shows the maximum tube wall temperature, the mean

tube temperature, the crown equivalent von Mises stress, and the
thermal efficiency for the reference circular tube (do case) and the
14 frontal oval tubes resulting from the main axis variation, at the
axial division with the highest stress. The maximum tube temper-
ature, located at the tube crown, increases from 569.2 �C in the
circular tube to 626.2 �C as the oval geometry becomes peakier.
After case 1:33do a discontinuity in the evolution of the different
variables is seen, attributed to the sharpened shape of the oval and
the higher gap between tubes, that produces a change in the
tangent position between two adjacent tubes. It modifies the view
factors configuration, increasing the incident solar flux in the rear
half of the receiver tubes.

The mean temperature in the tube perimeter remains almost
Fig. 8. Example of a frontal oval cross-section compared to the reference circular tube.
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constant until case 1:33do, in which the tubes are almost circular,
and suffers an important decrement for the following sharpened
cases. All this entails an increment of the thermal stresses from
476.6 MPa for the circular case to 641.5 MPa in the most sharpened
oval, with intermediate values in soft ovals. The stresses are highly
influenced by the crown temperature. Ovals also present an
increment of the receiver thermal efficiency, from 78.9% to 82.9%.
Therefore, oval tubes from thermal point of view improve the
performances, but behave worse regarding the stresses and
receiver lifetime when peaky ovals are employed.
4.2.2. Ovoids
To minimize the rear area of the tubes to increase the mean

temperature of the cross-section and, in this way, reduce the
stresses, ovoidal cross-section tubes are studied. They are formed
by two semiovals, one frontal and another tilted, to avoid pressure
stresses in the corners between the straight zone (rear) and the
frontal one, see Fig. 10. Both the projected and the cross-section
areas are kept constant with respect to the reference circular
tube. To achieve that having fixed the minor axis, equal to do, the
major axis varies from a circular configuration to one in which the
major axis is 2do in increments of 1 mm, with a total of 24 different
geometries analysed. In this scan, the frontal half area of the tubes
increases at the expense of the rear half area.

Fig. 11 shows the maximum wall temperature, the mean tube
temperature, the crown equivalent von Mises stress, and the
thermal efficiency for the 24 cases analysed, in which the first case
(do) corresponds to the reference circular cross-section tube. The
temperatures and the stresses suffer several trend changes: from
cases 1:04do to 1:13do, in which the asymmetry is small, the
maximum temperature and the stresses decrease slightly to then
increase from case 1:18do onwards, reaching a maximum stress of
538.7 MPa, increasing more than 60 MPa with respect to the
reference case. From the thermal point of view, these geometries
slightly improve the efficiency of the receiver, from 78.9% to 80.1%.

Finally, to keep the circular shape in the front part of the tubes
and to avoid increasing the peak as in previous case, ovoidal



Fig. 9. Oval cross-section tube results for the a) maximum tube wall, b) mean temperature of the tubes c) equivalent von Misses stress and d) thermal efficiency of the receiver for
the most problematic axial division.

Fig. 10. Ovoidal cross-section compared to the reference circular tube.
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configurations like semicircles shaped tubes have been studied. In
this configuration the ovoid is formed by a semicircle in the front
part and a tilted semioval in the rear one, doubling the reference
circular tube cross-section and the separation between tubes, see
Fig. 12. A scan in which the projected area is slightly reduced with
respect to two reference circular tubes is carried out, from 1:8do to
542
1:94do in steps of 1 mm, which implies an increment of the tubes
separation.

Fig. 13 shows the maximum wall temperature, the mean tube
temperature, the crown equivalent von Mises stress, and the
thermal efficiency for the 5 cases analysed, including the reference
circular tube (case do). In this occasion, the improvement of the
mechanical behaviour of the receiver is noticeable while the ther-
mal behaviour slightly improves. The stresses decrease from
476.6 MPa in the reference tube to 424.4 MPa for the case 1:8do. In
those cases, despite both the maximum and the mean tube tem-
perature increase, the thermal efficiency increases around a 0.4%
due to major internal convective coefficient of the HTF. Addition-
ally, the increment of the temperature is not high enough to in-
crease the corrosion problems in the receiver.
4.2.3. Optimisation comparison results
Table 2 summarizes the main results of this study, where the

optimum oval configuration is the best in thermal efficiency terms,
but is the worst referred to temperature and stress that would
reduce the receiver lifetime. Ovoid geometry slightly improves all
the aspects, but the improvements might not be enough to justify
its use; while semicircles configuration improves both the effi-
ciency and the stress, however this configuration penalizes the
temperature, although it is still under the limiting corrosion tem-
perature of the tube material in contact with molten salt. Thus, the
last one is the optimal tube geometry selected in this study.

Amore detailed analysis using FEM is carried out for the optimal
geometry, the results show that the stress decreases from



Fig. 11. Ovoidal cross-section tube results for the a) maximum tube wall, b) mean temperature of the tubes c) equivalent von Misses stress and d) thermal efficiency of the receiver
for the most problematic axial division.

Fig. 12. Semicircle cross-section compared to the reference circular tube.

M.R. Rodríguez-S�anchez, M. Laporte-Azcu�e, A. Montoya et al. Renewable Energy 186 (2022) 535e546
529.97 MPa in the circular reference tube to 477.52 MPa in the
semicircle cross-section, which matches the 52 MPa predicted by
the 1D model. Finally, a simulation of the whole receiver using the
2D mechanical model is depicted in Fig. 14, which shows the
equivalent stress in the tube crown of all the axial divisions of each
representative tube for the 9 panels that form a flow path of the
543
receiver. The improvement of the stress occur in all the panels of
the receiver, and not only in the most problematic axial section
analysed previously.

Note that the assumption considered to analyse the stress is
GPS, which is the most restrictive case for stress calculation. In real
applications, where a finite number of supports is regarded, the
displacements of the new tube geometries proposed could be even
lower due to a major inertia moment, which would result in lower
mechanical stresses.

4.3. Lifetime and cost analysis

Semicircle cross-section tubes are not only advantageous from a
mechanical point of view, in which the stress reduction could in-
crease the receiver useful life, but also this geometry reduces the
costs of the receiver because the number of tubes, and the supports
associated to them, are reduced by half. Supports are a critical point
of the receiver, typically related to its failure. In this section, a
lifetime and cost analysis for the reference receiver tube and the
semicircle whose diameter is 1:8do is carried out to highlight the
advantages that the new geometry can provide to SPT.

First, the damage model developed by Ref. [14] has been used to
estimate the lifetime of both receivers. The model is fed with the
elastic equivalent stresses (sEeq) calculated with the 2D mechanical
model. From these data the thermoplastic stresses (seqÞ and de-
formations (Dεeq), as well as the stress relaxation (srelax) are
calculated resulting in fatigue and creep damages (df and dc,
respectively), which are added linearly to obtain the total lifetime



Fig. 13. Semicircle cross-section tube results for the a) maximum tube wall, b) mean temperature of the tubes c) equivalent von Misses stress and d) thermal efficiency of the
receiver for the most problematic axial division.

Table 2
Temperature, equivalent stress (calculated with 1D model) and efficiency for the optimum tube geometry of each studied configuration.

Configuration Case Tt,max (�C) Diff (%) seq,max (MPa) Diff (%) hth (%) Diff (%)

Circular do 569.2 e 476.6 e 78.91 e

Oval 1:1do 583.2 �2.40 508.4 �6.67 79.99 ¡1.37
Ovoid 1:13do 568.3 0.15 473 0.75 79.18 ¡0.34
Semicircle 1:8do 586.3 �3.00 424.4 10.90 79.36 ¡0.57
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in equivalent operating days (EODs).

EODs¼ 1
dc þ df

(14)

dc ¼
XN
i¼1

Dti
tR;i

(15)

log 10ðtRÞ¼ b0 þ b1
1
T
þ b2log 10

�
screep

�þ b3log 10
�
screep

� 1
T

(16)

screep ¼
�
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� 
C0 (17)

sEeqε
E
eq¼
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E
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seq
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� E
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seq

E
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(20)

df ¼
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(21)
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2

¼DεEeq
2

¼
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E
N�c1
a þ ε

0
f N

�c2
a (22)

The damage has been calculated in a conservative way,
assuming that the receiver always works in the conditions of solar



Fig. 14. Tube crown stress along the whole receiver calculated with the 2D model. Fig. 15. Lifetime estimation of the panels of the receiver.

Table 3
Cost parameters.

Receiver At [m2] Vt [m3] Vhd [m3] tnz&nz [h] tc [h] f

Circle 0.725 0.0011 0.002 3.5 2 1
Semicircle 1.1 0.0017 0.002 3.5 2 1
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noon of the spring equinox, during an average of 7 h per day and
300 days per year, besides it is assumed that the equivalent stress
never overpasses twice the elastic limit. Note that the lifetime
estimation it is only valid for comparison purposes, but a more
detailed analysis must be done for the final design of the receiver.
Fig. 14 shows the lifetime of each of the 9 panels of a flow path for
the reference circular tubes and the semicircle ones. The life of the
circular tubes of all the panels is always lower than for the semi-
circle tubes, with significant relevance in the last panel of the flow
path, in which the rupture time increases drastically due to its
logaritmic relationship with the stress. Thus, for the typical 25 year-
lifetime of an SPT plant and the information provided in Fig. 15 the
number of replacements that each panel of the receiver requires
can be obtained. Considering both flow paths of the receiver, a total
of 44 panels must be replaced for the circular-tube receiver,
opposite to the 30 substitutions that the semicircle-tube receiver
demands for such same horizon.

Regarding the cost analysis, it has been taken into account the
material price, 70 $/kg for Inconel 625 [29], which is involved in the
manufacturing of receiver tubes and headers. Thus, to calculate the
cost of the receiver material this price has been multiplied by the
tube and headers volume, the material mean density for the
working temperature range, 8440 kg/m3, the number of tubes on
each panel (64 for the reference circular tubes and 32 for the
semicircle tubes) and the number of panels in the receiver (18) plus
the number of panels substitutions required during the planned 25
years-lifetime of the plant. As the semicircular tube cannot be built
in a traditional way, different techniques likeaditive manufacturing
are required ans a correction factor has been included to the
semicircular tube material cost that represents the manufacturing
cost.

The cost of the initial application of Pyromark 2500 on the
receiver tubes and the expected reapplications has been considered
[30], being 287 $/m2 and including an additional factor of 1.06 for
the inflation from 2017 to 2020, and an annualized repaint cost of
11,050 $/year. On the other hand, each tube is connected to two
nozzles and is welded to two headers and six clips. The cost of
welding the tubes to clips and headers, the cost of the nozzles
installation in each header, and the time required to install each
conexion are available in Ref. [31], with the cost estimated to be of
65 $/man-hour, then using a 1.19 factor of inflation from the 2012 to
2021. The costs associated with having to shut down the plant to
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undertake the panels substitutions are omitted since, with the
forecast of their expected lifetime, they can be scheduled during
advance to take place in unfavourable operation conditions, such as
a series of winter days.

Calloy ¼
�
VtNtf þVhdNhdÞ

�
NpþNrep

�
rC625 (23)

Ccoating ¼
�
AtNt

�
Np þNrep

�þ CrpNyear
�
Cbp (24)

Cspecialties¼
�
NtNhd;nzthd;nz þNcptcp

��
NpþNrep

�
Cman (25)

Table 3 sumarizes the main parameters of the calculations:
As a result of all the above, a summary of the different aspects

considered in the present costs analysis is shown in Table 4. The
total cost of the circular-tube receiver is 7.9 M$, while the
semicircular-tube receiver price is 45% lower when the tube
manufacturing extra cost is not taken into account. Thus, the new
receiver proposed would be economically feasible as long as the
required manufacturing process does no overpass 3.5 times the
current price of circular tube manufacturing.

5. Conclusions

To reduce the receiver failure, a series of asymmetrical cross-
sections tubes have been analysed and compared with a refer-
ence circular cross-section tube by means of coupled thermal and
mechanical models. For the conditions of study frontal oval tubes
improve the thermal efficiency of the receiver up to 4%, but
penalize the lifetime due to a relative increment of 12% in the
equivalent stress. Ovoids penalize both the thermal andmechanical
behaviour when the frontal part becomes peakier, while the ther-
mal and mechanical variables remain almost constant when
considering just small asymmetries. Finally, semicircle cross-
sections tubes reduce the equivalent stress in the whole receiver,
with a maximum reduction of a 9.9% with respect to the reference



Table 4
Receiver costs.

Alloy Receiver Calloy [$] Ccoating [$] Cspecialties [$] Ctot [$]

625 Circle 2,756,673 1,168,813 3,990,022 7,915,509
Semicircle 1,693,760 1,544,254 807,957 4,046,242
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circular cross-section tubes, without compromising the thermal
efficiency of the receiver.

Among these geometries, semicircle cross-section tubes give
promising results. They reduce the stresses, increases the receiver
lifetime, and reduce the number of tubes in the receiver and
number of tube supports by half. This is economically favourable if
the price of manufacturing the new tubes does not overpass 3.5
times the current price of circular tubes manufacturing. Hence, the
use of semicircle cross-section tubes is strongly recommended in
SPT tubular receivers.
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