Energy 293 (2024) 130612

Contents lists available at ScienceDirect

ENERBI

Energy

FI. SEVIER

journal homepage: www.elsevier.com/locate/energy

t.)

Check for

Thermal-hydraulic-structural analysis and optimization of supercritical COp |
solar tower receiver

Yanjuan Wang®, Yi Li?, Zheng Zhu®, Zhewen Chen ", Jinliang Xu*®

2 The Beijing Key Laboratory of Multiphase Flow and Heat Transfer, North China Electric Power University, Beijing, 102206, China
b State Key Laboratory of Heavy Oil Processing, China University of Petroleum-Beijing, Beijing, 102249, China

ARTICLE INFO ABSTRACT

Keywords:

Eccentric tube

High non-uniform heat flux
Multiphysics coupling
Supercritical CO, tubular receiver
Solar power tower

The supercritical CO receiver in solar tower power plants withstands high temperature and large thermal stress
caused by highly non-uniform solar radiation. The application of eccentric tube in solar power tower plants was
innovatively proposed to solve this problem. A three-dimensional thermal-fluid-mechanical coupling model of
complex eccentric tube structure with high non-uniform heat (NUH) flux was constructed. The results showed
that the eccentric receiver was appropriate for non-uniform and half-perimeter uniform heat fluxes. The eccentric
tube exhibited a considerable improvement in tube-wall refrigeration, reflected in the maximum temperature
and stresses. The highly NUH flux distribution in the receiver proved to be the main factor causing plastic
deformation. Moreover, the distribution of the temperature, stress, and generalized thermal deviation factor
(GTDF) with eccentric distance were also determined—they all decreased with an increase in the eccentric
distance. Consequently, the key operating parameters for the eccentric receiver performance were investigated.
The maximum temperature of the eccentric receiver was greatly reduced by 46.6-109.1 K and the GTDF was
effectively reduced by approximately 13.9-51.4% under all the simulated working conditions—indicating the
eccentric receiver to be a superior candidate to the current cavity tubular receiver of solar power tower plants.

1. Introduction

Considering the intensification of pollutant emissions, the exhaus-
tion of fossil fuels, and climate change, it has become essential to
develop cleaner and more efficient power conversion systems. Concen-
trated solar power technology stands out amongst a variety of renewable
energy resources, owing to its safety, high efficiency, and negligible
greenhouse emissions [1]. Solar power towers are considered to be su-
perior candidates for producing clean energy from concentrated solar
power [2]. Compared to parabolic collectors and linear Fresnel re-
flectors, solar power towers can provide higher operating temperatures,
and their design concept is highly flexible—that is, various heliostats,
heat transfer fluids, and receivers can be chosen, affording access to
improved efficiency and lower thermal energy storage costs [3,4].

Merchan et al. [5] summarized the state-of-the-art technology of
solar tower receivers and their challenges. For example, to ensure high
cycle efficiency, the temperature of the solar receiver can exceed 1000
K. Moreover, the solar receiver withstands high thermal gradients
caused by highly non-uniform solar radiation concentrated by the

heliostat field. These can lead to high thermal stress and the rupturing of
the receiver tube, limiting the lifespan of the plant [6].

Consequently, much effort has been devoted to the design and
optimization of receivers, as they are vital components linking the
power cycle and heliostat field [7,8]. In practice, tubular receivers with
molten salts as heat transfer fluids are the most frequently used receiver
concepts [9]. Du et al. [10] studied the thermal stress and fracture of a
molten salt receiver, their results showing that the minimum solar flux
was merely 0.19 MW/m? lower than the average solar flux when fatigue
damage appeared on the receiver tube, the damage being likely to occur
under the current operating conditions, seriously affecting the safety of
solar power tower plants. Consequently, higher working temperatures
are being pursued to boost the cycle efficiency and reduce the cost of
molten salt receivers [11]. However, molten salts decompose at tem-
peratures greater than 600 °C [12]. Accordingly, the performance of
supercritical CO3 (sCO3) tubular receivers has been widely investigated
as they can withstand a higher heat flux [13], which translates to a more
compact receiver with lower flow resistance but potentially higher cost
[14].
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The key technical problems of high-temperature sCO, tubular
receiver include the materials, geometric designs, and methods that
boost heat flux absorptance, reduce heat loss, and provide better reli-
ability at higher temperatures [14]. Several methods have been inves-
tigated for this purpose. One option is to enhance tube-wall
refrigeration, which can reduce the thermal stress in the receiver. A high
non-uniform heat flux (NUH) increases the stress and deformation of the
sCO; receiver panel. Wang et al. [15] optimized the matching between
the solar flux and flow arrangements of an sCO; receiver panel to
improve the thermomechanical performance, with the ideal flow allo-
cation exhibiting the smallest thermal loss and stress being determined
using a matching factor of one.

Others have attempted to develop new receiver concepts or optimize
geometric designs to boost the receiver reliability [16-18]. For example,
when the center of the inner and outer walls of the tube are not con-
centric—that is, an eccentric tube—the resulting circumferential un-
evenness of the tube thickness can optimize the heat transfer with the
NUH flux in the angular direction, showing potential to further reduce
the temperature gradients of the receiver tube while maintaining the
flow resistance [19]. Consequently, the eccentric tube offers an extra
degree of freedom compared to a simple tube, which can be used to
optimize the solar receiver, making the use of eccentric tubes in solar
power tower receivers worth considering. Pérez-alvarez et al. [20]
proposed an eccentric bayonet tube with molten salt as the heat transfer
fluid, which used the asymmetry of the flow channel to enhance heat
transfer in the angular direction where the heat flux was high. This could
increase the convective heat transfer, although the flow resistance was
significantly higher than that in simple tubes. Wang et al. [21] analyzed
the performance of an eccentric tube receiver in parabolic trough col-
lectors. They found that the thermal stress decreased with eccentricity,
but the mechanical stress increased. They ignored the increase in me-
chanical stress, which may become dominant owing to the low heat flux
in the parabolic trough collectors. Consequently, the damage decreased
with increasing wall thickness, whereas it first increased before
decreasing under a high heat flux because of the combined effect of the
thermal and mechanical stresses [22]. Because the solar flux is much
higher in solar power tower plants, it is essential to investigate the
application of eccentric tubes in solar power tower plants.

While solar power tower receiver has been widely explored in the
literature, limited studies discussed the application of eccentric tube in
solar power tower plants with highly heat flux and few models to
manage the complex geometry with detailed structural analysis. To our
knowledge, this study represents the inaugural attempt to discuss the
application of eccentric tube in solar power tower plants with highly
heat flux. The primary contributions are encapsulated as follows:

(1) The application of eccentric tube in solar power tower plants with
highly heat flux was firstly discussed. The thermomechanical
behaviors of the eccentric and conventional tubular receivers
were compared, to examine the potential advantages and disad-
vantages of using an eccentric receiver in a solar power tower
receiver.

(2) A detailed three-dimensional thermal-fluid-mechanical coupling
model of a complex geometry was developed. The influence of
eccentricity on the comprehensive performance of an eccentric
solar power tower receiver was studied.

(3) The influence of key working parameters—such as heat flux
distribution, mass flux, and inlet temperature—on the compre-
hensive performance of the eccentric receiver, were investigated.
The conditions were representative of the common working
conditions of a receiver, where solar irradiation is highly non-
uniform.
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2. Methods: Numerical model
2.1. Physical model

A cavity tubular receiver typically comprises an aperture, several
auxiliary surfaces, and receiver panels consisting of vertical tubes that
absorb the heat flux from heliostats [23]. Considering the similarity of
the heat flux on each tube, a single 1-m tube was selected as the physical
model to simplify the calculation. Accordingly [15], a basic tube (Fig. 1)
and an eccentric tube (Fig. 2) with an outer and inner diameter of 35 and
20 mm, respectively, were considered as the physical models. The real
operating conditions—that is, a mass sCO; flow rate of 0.4 kg/s, working
pressure of 20 MPa, inlet temperature of 773.15 K, and a
Gaussian-shaped NUH flux of maximum value 412.1 kW/m?—were
selected for calculation.

An eccentric tube can be achieved when the centers of the outer and
inner tubes of the basic receiver tube are not concentric. The distance
between the center of the inner and outer tube can be defined as the
eccentric distance (e.) (Fig. 2). This modification distributes the
circumferential tube thickness to match the circumferential high NUH
flux. A thinner wall can be coupled with a higher heat flux. With an
increase in e, the wall facing the solar irradiation becomes thinner. To
ensure tube safety, the largest e, can be considered [24], taking into
account the influences of the working pressure, temperature, and metal
properties.

As the solar flux is unevenly distributed on the tubular receiver’s
outer wall, the receiver tube is semi-circumferentially heated and can be
divided into front (absorbing solar flux) and back (adiabatic) sides
(Fig. 1(c)). The outer front side is loaded with a Gaussian-shaped NUH
flux [4], calculated as follows:
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where gmax denotes the maximum heat flux, y being 0.9. Fig. 3 shows a
typical Gaussian-shaped NUH flux, which is non-uniform in both the x-
and z-directions.

Owing to the high temperature, pressure and NUH flux, Inconel 625
steel was selected [15,25]. The thermophysical properties of the samples
are shown in Fig. 4. The sCO5 properties with respect to temperature and
pressure were obtained using REFPROP [26].
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(a) Solar tower  (b) Tube row for the tubular receiver  (c) basic receiver tube.

Fig. 1. Schematic diagram of the receiver tube in a solar tower.
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(b) 3D structure

(a) Construction process of the novel structure

Fig. 2. Physical configuration of the eccentric tube.
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Fig. 4. Physical properties of Inconel 625 at atmospheric pressure.

2.2. Governing equations and boundary conditions

In this study, a three-dimensional steady-state receiver tube model
with coupled hydrodynamics, thermodynamics, and solid mechanics
was developed. The basic equations for thermodynamic analysis
comprise the mass, energy, and momentum conservation equations
[27-29]. The Re number of the sCO5 is much higher than 3.5 x 10°,
indicating turbulent flow, so the k—¢ turbulent model with the wall
function [30] can be adopted to describe the process of sCO5 flow and
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heat transfer in the receiver.

To determine the mechanical characteristics of the solar receiver,
both the temperature distribution (T) from the thermodynamic simula-
tion and the pressure load between the inner and outer walls can be
used. The equivalent stress is a combination of the thermal stress caused
by the temperature gradient and structural stress caused by the pressure
load. The thermal stress obeys the following equations [31]:
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The mechanical stress equations are as follows [32]:

2 2
pil; s
T . (1 — ﬁ) (6)
pir; 7
Gg.p:rzir.z (1+r—2) )
2
DPil;
Olp=5 3 (€)]

The equivalent stress is calculated using the von Mises theory [22]:
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The detailed boundary conditions are shown in Fig. 5.
Note that both convection and radiation were considered on the
receiver’s outer surface, depicted as follows:

Gconv = ho(To - Td) (10)
0.25

hy=0.557-10"° (%) an

Grad = €05-B (To - Tsky) (12)

where h, is the natural convective heat transfer coefficient [32], ¢ = 0.87
is the emissivity of the receiver tube [33], and ogp is the Stefan Boltz-
mann constant (5.67 x 10~ Wem 2 K™ *). T, (the ambient temperature)
and Ty (the effective sky temperature) are defined as 298.15 and
290.15 K, respectively [34].

The generalized thermal deviation factor (GTDF) [35] has been
shown to be an accurate and convenient criterion for evaluating whether
plastic or elastic deformation occurs on the tube wall under mechanical
and thermal stress loading. It can be defined as follows:

\/ (M+T — Tye)” + 3M2N?
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T
where Ty denotes the average temperature, and Ts denotes a feature
temperature of the yield strength o;. The GTDF is a nondimensional
parameter used to estimate the ratio of the equivalent stress to the yield
stress (os). It responds, to a certain extent, to the magnitude of the
equivalent stress. When the GTDF > 1, the equivalent stress is larger
than o—that is plastic deformation occurs. When the GTDF < 1, elastic
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Fig. 5. Detailed boundary conditions.

deformation occurs. Hence, in practical applications, a GTDF < 1 is
required in most regions of the tube to avoid stress failure.

2.3. Model validations

The sCO5 turbulence experimental data under high temperatures,
pressures, and heat fluxes are limited. Consequently, the experimental
results of Zhu et al. [36] were selected to validate the thermodynamic
model, its pressure and heat flux reaching 20.6 MPa and 200 kW/m?,
respectively. The detailed experimental conditions are shown in Fig. 6.
As shown in Fig. 6, the average fluid temperature agrees well with the
experimental results, with a maximum relative error of 2.8%. The
relative error of the inner receiver wall temperature is 1%, confirming
the accuracy of the thermodynamic model.

As it was challenging to measure the stress in the receiver tube with
the high heat flux, the mechanical model was verified using a theoretical
method [37]. The radial temperature and pressure difference between
the inner and outer wall were 93.15 K and 20 MPa, respectively. The
other parameters were the same as those under the standard conditions
(Fig. 6). In Fig. 7, the theoretical results of the thermal ( Egs. (3), (4) and
(5)) and mechanical stresses (Egs. (6), (7) and (8)) are consistent with
the numerical results, proving the feasibility of the proposed
multi-physical model.

3. Results and discussions
3.1. Effect of eccentric distance and heat flux distribution

A high NUH flux can be a challenging problem in sCO, receiver

600| 7,=393.15K ° Experimental, 7, ;
p=20.6 MPa — Simulation, 7, ;

: o
550| ¢=200 kW/m?

G=1000 kg/s

*  Experimental, T

Simulatilon, T;

450 500 550 600 650
ilkI-kg!

Fig. 6. Comparisons between simulation and experimental results. (Tube
length = 2 m, D = 14 mm, d = 10 mm, tube material is 1Cr18Ni9Ti, the tube is
uniformly heated by direct current heating via a copper braid wire. The outer
wall is adiabatic because it is wrapped with aluminum silicate heat-insulating
cotton. Inlet temperature = 393.15 K, mass flow = 1000 kg m2 s}, and
inlet pressure = 20.6 MPa).

design, and reducing its negative effects has been the subject of many
studies [38-42]. In this section, the effect of heat flux distribution on the
performance of both traditional and eccentric tubes is examined. Three
common heat flux distributions—that is, the real operating condition
(NUH), half-perimeter uniform heat flux, and uniform heat flux—were
chosen, and the total heat flux of each case is equal.

Fig. 8 shows the influence of e, and the heat flux distribution on the
temperature distribution. Because the heat flux is applied directly to the
outer surface of the receiver, Tpnax appears there. The temperature
variation is analogous to that of the corresponding heat flux distribution.
Tmax occurs when the maximum heat flux is located under non-uniform
heating, whereas Tpax appears at the outlet under uniform and half-
perimeter uniform heat fluxes. Ty under the NUH flux is 1165.5 K,
which is approximately 5.8% and 19.0% higher than that of the semi-
perimeter uniform and uniform heat flux cases, respectively. In Fig. 9,
Tmax decreases with an increase in e, for the non-uniform and half-
perimeter uniform cases, whereas it increases for the uniform case.
Compared with the conventional receiver it decreases by 78.6 K
(approximately 6.7%) and 64.9 K (approximately 5.8%), respectively,
for the non-uniform and half-perimeter uniform cases when e, is 3.2 mm.
Consequently, the eccentric receiver can effectively reduce Ty ,x for non-
uniform and half-perimeter uniform cases.

Figs. 10 and 11 show the influence of e, and the heat flux distribution
on the stress distribution. The thermal stress is approximately six times
greater than mechanical stress and is dominated under a high heat flux
under all simulated working conditions. Consequently, the variation in
the equivalent stress is analogous to that of the thermal stress. The
maximum equivalent stress occurs in the tube outer wall for the non-
uniform and half-perimeter uniform cases, whereas it is located in the
inner tube wall for the uniform case. The maximum equivalent stress is
383.9, 367.6, and 246.6 MPa, respectively, for the non-uniform, half-
perimeter uniform, and uniform cases, when e, is 0 mm. The maximum
thermal and equivalent stresses for the uneven heat flux distributions are
considerably higher than those for the uniform heat flux distribution.
Uneven heat flux distribution causes serious thermal stress, making it
essential to mitigate this effect.

The equivalent stress and thermal stress decrease with an increase in
e. for the non-uniform and half-perimeter uniform cases. Compared to
the conventional receiver, the equivalent stress is reduced by 58.69 and
72.37 MPa, respectively, for the non-uniform and half-perimeter uni-
form cases. Consequently, an eccentric tube can effectively reduce the
maximum temperature, thermal stress, and equivalent stress. Further-
more, the flow resistance remains almost the same as the flow channel
remains unchanged.

Fig. 12 shows the effects of e. and the heat flux distribution on the
GTDF. As is evident, no plastic deformation occurs for the uniform heat
flux case, whereas plastic deformation occurs for the non-uniform and
half-perimeter uniform cases, a high NUH flux distribution being the
main factor causing plastic deformation. The eccentric tube structure
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can effectively reduce the GTDF, the GTDF decreasing with an increase
in e under the non-uniform and half-perimeter uniform cases. The
maximum GTDF of the outer wall decreases from 4.32 to 2.79 to 2.32
(46.29%) and 1.67 (40.14%), respectively, for the non-uniform and half-
perimeter uniform cases, indicating that the eccentric tube structure can
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greatly reduce the risk of plastic deformation of the receiver under non-
uniform and half-perimeter uniform cases. This further proves the
applicability of the eccentric tube in solar power tower receivers.
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3.2. Effects of the mass flux, heat flux, and inlet temperature

Figs. 13-15 show the key working parameters—that is, the mass flux,
heat flux, and inlet temperature, on the performance of the eccentric
tube under the mass flux in the range of 0.2-0.6 kg/s, the average heat
flux (qave) of 200-400 kW/m? and the inlet temperature of
573.15-973.15 K.

As is evident, plastic deformation occurs in the solar power tower
receiver owing to the high NUH flux. The eccentric receiver effectively
reduces the maximum temperature and plastic deformation under all
simulated working conditions. In particular, when the NUH flux is high,
as shown in Fig. 14, the GTDF and Ty,,x increase rapidly with an increase
in the NUH flux for the traditional receiver. The eccentric receiver
greatly reduces the GTDF and Tpay, and the reduction in the GTDF and
Tmax increases with the NUH flux. When qaye is in the 200-400 kW/m?
range, the GTDF increases from 1.9 to 9.4 and Tyax increases from
1042.1 to 1278.5 K for a traditional tube. When e, is 3.2 mm, the GTDF
and Tpax decrease by 0.5-4.0 (approximately 26.3-42.5%) and
57.9-93.1 K (approximately 5.56-7.28%), respectively, compared with
a traditional tube under all the simulated working conditions. This is
beneficial for protecting the receiver and increasing its lifespan.

The maximum temperature of the eccentric receiver is greatly
reduced by 46.6-109.1 K and the GTDF is effectively reduced by
approximately 13.9-51.4% under all the simulated working conditions.
This indicates the superiority of the eccentric receiver over the con-
ventional receiver.

4. Conclusions

In this study, the application of an eccentric tube in solar power
tower plants was firstly discussed. The thermal, fluid and mechanical

Non-uniform Half-uniform Uniform

Non-uniform
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performance of the complex eccentric receiver structures with a highly
NUH flux were numerically investigated. The comprehensive perfor-
mance of the eccentric receiver behavior including the temperature,
stress, pressure drop, and the GTDF was obtained. The key working
parameters—that is, the heat flux distribution, eccentric distance, inlet
temperature and mass flux—were examined. The main conclusions
drawn can be summarized as follows:

1) No plastic deformation occurred in the uniform heat flux case,
whereas plastic deformation occurred in the non-uniform and half-
perimeter uniform cases under typical working conditions. The
maximum equivalent stress of the NUH flux case increased by 137.3
MPa compared with the uniform heat flux case in the conventional
receiver. The highly NUH flux distribution in the receiver was the
main factor causing plastic deformation.

2) The distributions of the temperature, stress, and GTDF with the
eccentric distance were obtained. They all decreased with an in-
crease in the eccentric distance. The eccentric receiver effectively
reduced the maximum temperature and plastic deformation under
all simulated working conditions.

3) The effects of the vital operating parameters on the performance of
the eccentric receiver were investigated. The maximum temperature
of the eccentric receiver was greatly reduced by 46.6-109.1 K and
the GTDF was effectively reduced by approximately 13.9-51.4%
under all the simulated working conditions the indicating the
applicability of the eccentric tube in solar power tower receiver.

The eccentric receiver can be a superior candidate to the current
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Fig. 15. Influence of Tj, on the outer wall GTDF and Ty at 2 = 0.5 m (Mass flow = 0.4 kg/s, @ave = 300 kW/m?, and working pressure = 20 MPa).

review & editing. Zheng Zhu: Investigation, Software, Writing — review
& editing. Zhewen Chen: Conceptualization, Project administration,
Resources, Supervision. Jinliang Xu: Funding acquisition, Resources,
Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

The data that has been used is confidential.

Acknowledgments

The authors appreciate the financial support provided by the Na-
tional Natural Science Foundation of China (52076075 and 52130608).

Nomenclature

Cp specific heat, J-.kg 1K~}
d tube inner diameter, mm
D tube outer diameter, mm
ec eccentric distance, mm
E elastic modulus, MPa

g gravity, m-s~2

h convective heat transfer coefficient, W.m 2K!
G mass flux, kg-s~!

GTDF generalized thermal deviation factor

i enthalpy, kJ-kg-1

l tube length, m

NUH non-uniform heat

P working pressure, MPa

AP pressure drop, kPa

q heat flux, KW-m 2
r tube radius, mm
T temperature, K

v velocity, m-s~!

Greek symbols

a thermal expansion coefficient, K1
A thermal conductivity, W-m 1.K
[ angle, °

€ surface emissivity

v poisson’s ratio

x standard deviation

Geq equivalent stress, MPa

op mechanical stress, MPa

O yield strength, MPa

0SB Stefan Boltzmann constant, Wm 2K*
ot thermal stress, MPa

Subscripts

a ambient
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ave average
conv convective heat transfer
eq equivalent

f fluid

i inner

in inlet

max maximum

o outer

out outlet

P pressure

rad radiation heat transfer

T, 0’

S-B
t
w

1 radial, tangential and axial direction
specific temperature
Stefan Boltzmann
thermal
tube wall
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