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ARTICLE INFO ABSTRACT

Keywords: This work numerically evaluates the thermal and mechanical behaviors of eccentric bayonet tubes to be
Solar tower plant used in external central receivers of solar power tower plants. A bayonet tube is composed of two tubes,
Eccentric bayonet tubes one inside the other, creating circular and annular sections, through which the molten salt of the receiver

Non-uniform heating
Convection heat transfer
Thermal stresses
Numerical simulation

sequentially flows. Eccentricity in the annular section is achieved by displacing the axis of the interior tube
with regard to the exterior one. For comparative purposes, two examples of conventional tubes (single tubes
with circular cross-sections with diameters of 25 mm and 50 mm) are also investigated in this work to compare
their performances with those of bayonet tubes. The results obtained with the eccentric configurations show an
enhancement of the heat transfer to the molten salt and a reduction of the tube wall overheating compared with
the concentric bayonet tubes and the largest simple tube. For conditions representative of the normal operation
of a solar power tower, eccentric bayonet tubes could reduce the pressure drop by 30.8% and increase the
convective heat transfer achieved in a concentric configuration of the bayonet tube by 26.1%. Nevertheless,
this pressure drop was considerably higher than those obtained in the smallest and largest simple tubes,
which were 1.28 bar and 0.13 bar, respectively. To investigate whether the enhancement of the convection
heat transfer experienced by bayonet tubes compensates for their higher pressure drop or not, a Performance
Evaluation Criterion (PEC) was proposed and used to compare the global performance of bayonet tubes with
that of conventional tubes. The bayonet tubes with eccentricity 0.45 obtained the largest PEC, which was up
to 13% higher than reference conventional tubes. Enhancement of the tube wall refrigeration produced when
increasing the eccentricity is reflected in the maximum tube temperature and thermal stresses, which are found
to diminish by approximately 8.8% with the highest eccentricity. In addition, the largest eccentric bayonet tube
layout obtains the smallest peak temperatures compared to conventional tubes. The lower inertial moment of
the smallest conventional tube indicates that its thermal stress is 2.1% lower than the stress obtained in the
most eccentric layout analyzed in this work. Nevertheless, the time to rupture associated with creep damage of
the eccentric bayonet tube is 1.04 times higher than that obtained in the smallest simple tube, demonstrating
that bayonet tubes could be a potential alternative to the current tubes of external tubular receivers.

1. Introduction optimize the investment and operational cost of the receiver, they
concluded that a compromise between film temperature and pressure

The receiver tubes of solar power tower (SPT) plants are subjected drop is needed in the receiver design. Chen et al. [2] emphasized

to high thermal gradients generated by nonuniform solar radiation, the importance of considering creep damage in the design process of
which is concentrated by the heliostat field on the receiver surface. receiver tubes. Du et al. [3] calculated the thermal stress and fatigue
According to [1], these thermal gradients combined with molten salt fracture of a representative tube of an external tubular receiver. In
corrosion and solar flux transients lead to high thermal stresses, which addition, the authors provided the minimum heat flux when damage
could derive in severe creep and fatigue damages on the receiver, occurs and the critical crack length, computed through the Crack Tip

Opening Displacement (CTOD) method. In the literature, different op-
tions regarding how to increase the lifespans of the receiver tubes have
been considered. One of these options is the enhancement of the tube
wall refrigeration, which leads to a reduction in the thermal gradients
of the receiver. Thus, a receiver whose layout enhances convection

rupturing its absorber tubes and limiting the operation of the plant.
In the aforementioned work, the authors discussed the relevance of
film temperature since it is responsible for salt decomposition and
tube corrosion. They reported that the smallest tube diameters yielded
low film temperatures, but with the highest pressure drops. Thus, to
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Nomenclature

Latin symbols

¢ Material specific heat (J kg™' K=1)

d Diameter of the interior tube of bayonet
tube (m)

D Diameter of the exterior tube of bayonet
tube/Diameter of simple tube (m)

D, Hydraulic diameter of the annular cross-
section (m)

e Axes tubes separation (m)

f Friction factor

Heyp Bayonet cap height (m)

k Material thermal conductivity (W m~! K=1)

Kgim Aiming strategy

L Tube length (m)

y, Mass flow (kg sh

Nu Nusselt number

Pr Prandtl number

q Heat flux (W m™2)

r, Radial coordinate (m)

F, Normalized radial coordinate

7 vector of positions (m)

r Radii of the interior tube (m)

R Radii of the exterior tube (m)

Re Reynolds number

R;W, Fouling resistance ( K m> W)

T Temperature (K)

T Bulk temperature (K)

tr Time to rupture associated with creep
damage (m)

v Velocity (m s~!)
Axial coordinate (m)

Greek symbols

AS Cell size (m)

AP Pressure drop (Pa)

£ Eccentricity

" Material viscosity (Pa s)

p Material density (kg m™)

c Stress (MPa)

oy Circumferential stress (MPa)

o, Radial stress (MPa)

o, Axial stress (MPa)

/] Circumferential coordinate (°)

7,0 Shear stress (MPa)

Subscripts

abs Absorbed

an Annular

cap Cap

circ Circular

creep Creep damage

e Exterior surface

eff Effective stress

i Inner surface

heat transfer may imply a lengthening of the receiver lifespan and
could contribute to the maturation of SPT technology. Several authors
have tried to optimize the receiver geometry or develop new designs

IT Interior tube

max Maximum

or Exterior tube

salt Salt

VM von Mises

Abbreviations

DNI Direct Normal Irradiation
DNS Direct Numerical Simulation
CFD Computational Fluid Dynamics
HTF Heat Transfer Fluid

GPS Generalized Plane Strain

LES Large Eddy Simulations
RANS Reynolds Average Navier-Stokes
SPT Solar Power Tower

SST Shear-Stress Transport

to improve the receiver reliability [4-8], while other authors devoted
their investigation to alternative heat transfer fluids (HTF) [9-12]. The
above-cited works were developed for steady-state conditions, but the
transient states have been also considered in the literature, [13-16].
Rodriguez-Sanchez et al. [17] proposed an external receiver composed
of bayonet tubes instead of simple tubes of circular cross-section. A
bayonet tube comprises two tubes, one inside the other, creating a
circular section and an annular section. The bayonet tube can improve
the heat transfer of the molten salt due to the rise in the molten salt
velocity in the vicinity of the zone with the most thermal demand.
Furthermore, local overheating of the molten salt is avoided since a
fraction of the heat absorbed by the outer tube is exchanged between
the flow of molten salt in the annular section and the molten salt
flowing in the circular section. When the axes of the exterior and
interior tubes of the bayonet tube are not concentric, viz. an eccentric
bayonet tube, the resulting asymmetry of the flow can be used to
increase the convection heat transfer coefficient in the angular direction
where the solar irradiation is at the maximum level, which opens the
possibility of further reducing the temperature gradients of the bayonet
tubes while maintaining the pressure drop [18]. Therefore, bayonet
tubes offer extra degrees of freedom compared with simple tubes, a
fact that can be used to optimize the thermomechanical behavior of
the receiver. For this reason, it is worth considering the use of bayonet
tubes in SPT receiver applications. There are also some related works of
asymmetric ducts, but for parabolic trough collectors and not in bayo-
net configuration. Wang et al. [19] investigated the use of an eccentric
annular gap, instead of a circular one, between the absorber tube and
the glass envelope of a parabolic trough collector. The authors analyzed
through a numerical model the effect of the incident irradiation angle
and the eccentricity on the heat loss through the annulus with enclosed
air or vacuum. They concluded that asymmetric characteristics had a
significant influence on local heat transfer processes. In addition, Wang
et al. [20] studied the effect of inserting metal foams asymmetrically
plated in the receiver tube of a parabolic trough collector. They found
that the heat transfer was enhanced and, depending on the size and the
location of the metal foam in the tube, an optimum thermal or thermos-
hydraulic performance was obtained. Chang et al. [21] analyzed the
flow and convective heat transfer characteristics in the receiver tube
of parabolic trough collectors with a circular rod insert in the tube.
Their results showed that both the concentric and the eccentric rod
configurations were able to significantly enhance the heat transfer
performance for optimum rod parameters. However, hydrodynamic
and thermal characterizations of eccentric bayonet tubes when used as
absorber tubes in SPT plants have not been presented in the literature.
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The study of the fluid flow and heat transfer in bayonet tubes is
essential to understand and optimize them, especially the flow in the
annular cross-section, which is more complex than the flow in circular
sections. Concerning annular ducts, the literature about this topic can
be organized into the following two groups: experimental and analyt-
ical/numerical analyses of fluid flow and heat transfer in concentric
and eccentric annuli. Some exhaustive experimental characterization
of annular ducts has been carried out in recent decades. Wolffe [22]
investigated the flow of turbulent air through an annular passage
set in a pipe of a circular section in which a fixed cylindrical core
was set. In this work, the authors measured the air velocity and
obtained its velocity pattern. In addition, the velocity isolines were
obtained for concentric and eccentric configurations. An experimental
characterization of the friction factor was provided by Dodge [23] for
large diameter-ratio annular ducts. Kays and Leung [24] experimentally
characterized the heat transfer of a turbulent flow in a concentric
tube with a constant heat rate. They provided an asymptotic solution
based on velocity and eddy diffusivity profiles for a wide range of
Reynolds (Re), Prandtl (Pr), and radii ratios. Jonsson and Sparrow
[25] characterized the features of the turbulent flow field and pressure
drop for an eccentric annular duct. In an experiment, they varied
the tube eccentricity from a concentric configuration to the maximum
eccentricity where the walls of the exterior and interior tubes were
in contact. They noticed a reduction in the friction drop when the
eccentricity rose. In addition, they observed that the hydrodynamic
development lengths increase with eccentricity. Kacker [26] studied
the turbulent flow in a circular pipe that contained one or two rods.
They checked the validity of the universal law of the wall close to
the rod wall through mean velocity measurements. In addition, they
reported the existence of secondary flows, whose magnitudes were
approximately 1% of the mean velocity. Nouri et al. [27] measured the
flow velocity components and their shear stresses for Newtonian and
non-Newtonian fluids flowing inside concentric and eccentric annular
ducts. Choueiri and Tavoularis [28] experimentally analyzed how the
gap instability started in eccentric annular channels and how a vortex
street was generated. The authors analyzed three different flow con-
ditions, as follows: laminar, transition, and turbulent. This work was
completed in another work by Choueiri and Tavoularis [29] through
additional measurements to discuss the effects of the eccentricity,
Reynolds number, inlet conditions, and radius ratio on the annular
section instability and vortex streets. Serrano et al. [30] determined
the convection heat transfer coefficient for different turbulent air flow
rates in an eccentric annular duct and found that the magnitude of
the convective heat transfer coefficient in an eccentric annular section
depends on the angular position.

In addition to experimental works, there are a large number of
analytical and numerical analyses in the literature devoted to annular
ducts. Deissler and Taylor [31] characterized the heat transfer and
the turbulent flow for an eccentric annular section through an an-
alytical model, which assumed that the velocity profile of the fluid
inside circular tubes could be applied for the annular passage along
the normal direction to the bounding walls. Usui and Tsuruta [32]
obtained the velocity distribution and the friction factor through a
model based on the Kirchhoff transformation to analyze the turbulent
flow for an eccentric passage. The authors compared their results with
experimental measurements available in the literature and discussed
the accuracy of their model, which was not able to accurately predict
the secondary motion of the flow. They found that the shear stress
for turbulent eccentric annular flow was similar to that obtained for
a laminar flow. Other authors approached this problem through direct
numerical simulations (DNSs). Ninokata et al. [33] solved the turbulent
flow of an eccentric annulus channel with a DNS algorithm and used
the finite difference method to analyze the local laminarization of
the flow near the narrow gap region. Nikitin [34] solved the Navier—
Stokes equations in curvilinear orthogonal coordinates through the use
of a numerical algorithm. This method was used to obtain the mean
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velocity, secondary motion, and turbulence intensity of a turbulent
flow in an eccentric annular duct for Re = 4000. In addition, two
different flow regimens were reported. Nikitin et al. [35] analyzed the
turbulent heat transfer of an eccentric annular tube through a DNS. The
authors provided the temperature, velocity, and Reynolds stress tensor
and applied their turbulence modeling for flows with partial turbulent
regimes. Merzari and Ninokata [36] discussed the anisotropy in the
flow associated with different Reynolds numbers and eccentricities of
the annular section through a numerical methodology based on large
eddy simulations (LESs) with a fractional step algorithm and boundary
fitted coordinates. They analyzed and discussed the behavior of the
secondary flow for different Reynolds numbers and eccentricities.

In light of the above literature review, the option of substituting
conventional tubes (i.e: circular cross-section tubes) with bayonet tubes
in external tubular receivers of SPT plants has not been analyzed in
detail. Although these works thoroughly characterized the turbulent
flow in annular ducts, none of them analyzed the situation in which
the walls of eccentric annular ducts were under nonuniform heating
conditions and attempted to determine how this affects the temperature
and stress distribution of the tube walls. This information would be
relevant to assess the application of bayonet tubes to SPT receivers.
Therefore, this work aims to investigate the effect of eccentricity on
the thermomechanical performance of bayonet tubes. The nature of
the bayonet tube behavior will be described via detailed numerical
simulations to characterize variables such as velocity, temperature, con-
vective heat transfer, pressure drop, and equivalent von Mises stress. In
addition, to discuss the advantages and disadvantages of the potential
use of bayonet tubes in SPT receivers, this work presents a comparison
of the thermomechanical behavior of bayonet tubes and simple circular
cross-section tubes. The conditions analyzed here are representative of
the usual operation of an SPT receiver, where the tube heating is highly
nonuniform.

2. System description

The thermal and hydrodynamic characterizations of both bayonet
and simple tubes in this work were performed through a series of com-
putational fluid dynamics (CFD) simulations. Eccentric and concentric
layouts of bayonet tubes were studied to quantify the impact of eccen-
tricity on the bayonet tube’s performance. To provide a comparative
framework, the bayonet tube results were compared with those of sim-
ple tubes. In the bayonet tube configuration analyzed here, named the
inner bayonet configuration, the heat transfer fluid (HTF) to be heated is
first pumped through the interior tube and then flows in the opposite
direction through the annular section, which is the gap between the
exterior and interior tubes, as shown Fig. 1(a). The bayonet tube
performance under this configuration allows, for the same operating
conditions, a lower pressure drop and wall temperature to be achieved
compared to an outer bayonet configuration with an inverted flow
direction (viz. molten salt enters through the annular passage), [37].
On its outer surface, the receiver tube is exposed to a nonuniform heat
flux, ¢”, which depends on the axial (z) and circumferential positions
(0), as shown Fig. 1. As mentioned before, the concentrated solar
radiation absorbed by the exterior tube is then transferred to the flow
in the annular section. A fraction of this heat is transferred through
the interior tube walls to the flow inside this tube. As will be shown
later, thanks to this layout, the bayonet tube can allow a reduction
of the overheating that appears on the face where the solar radiation
is at the maximum level, § = 0°. The bayonet tube is geometrically
defined by the outer and inner diameters of the exterior tube, D, and
D;, respectively, and the outer and inner diameters of the interior tube,
d, and d;, respectively, the length of the tube, L, and the eccentricity,
&. In this work, for simplicity, the end capof the bayonet tube was
modeled as a flat cap, and its clearance height, H.,p, was arbitrarily
set equal to the annular hydraulic diameter (H.,p = D), = D; — d,) so
that the flow has enough room to turn without excessively increasing
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Fig. 1. Schematic representation of a bayonet tube with the description of the main geometric parameters and boundary conditions: (a) Section with an inner flow path configuration
and flat end-cap, (b) Cross-section of the concentric (top) and eccentric (bottom) configurations.

its velocity modulus when passing from the circular tube to the annular
gap.. Eccentricity is defined as a function of the hydraulic diameter and
the axis tube separation (¢ = e¢/D,,), where e is the distance between
the axes of the exterior and interior tubes, as illustrated in Fig. 1(b). If
& = 0, the bayonet tube is not eccentric but concentric. For simple tubes,
i.e., circular cross-section tubes, only the following three variables are
needed to define them geometrically: the length (L) and the outer and
inner tube diameters (D, and D;, respectively).

In this work, the receiver of a Gemasolar SPT with both bayonet
and simple tubes was analyzed. The Gemasolar receiver is configured
as an external tubular receiver formed by panels of tubes, which create
a 360° cylinder. The actual Gemasolar receiver, which has a height of
10.5 m and a diameter of 8.5 m, is formed by 18 panels, and each
panel is composed of 56 simple tubes. Each of these tubes has an outer
diameter of 25 mm and a tube thickness of 1.2 mm. The receiver has two
flow paths with north-east-south and north-west-south orientations,
which is a typical configuration according to [38]. The outer surface
of each absorber tube is coated with a black Pyromark to increase the
absorptivity of the solar radiation. For simplicity, it will be assumed
that the tubes have an effective length for heat absorption equal to
the receiver height, L = 10.5 m. In the Gemasolar receiver adapted
to bayonet tubes, as described previously, the outer diameter of the
exterior tube is set to 50 mm. The tube thickness is set to 1.4 mm for
both the interior and the exterior tubes. The dimensions of the interior
tube are set to d, = 34.75 mm and d; = 31.95 mm to achieve the
same cross-section in the annular gap between tubes (A4,,) as in the
circular cross-section of the interior tube (4,,.). In addition to the
bayonet tube, for the sake of comparison, the following two types of
simple tubes were considered in this work: (i) the simple tube of the
actual Gemasolar receiver (with an outer diameter of 25 mm and tube
thickness of 1.2 mm), and (ii) a simple tube similar in size to the outer
tube of the bayonet tube (with an outer diameter of 50 mm and a
tube thickness of 1.4 mm, respectively). The tubes of each panel are
made of Haynes 230, whose properties were modeled as temperature-
dependent apart from its density, whose variation with temperature is
comparatively much smaller than in the other properties [39,40]. The
HTF flowing inside the absorber tubes is nitrate molten salt commonly
known as solar salt, i.e., 60% wt NaNO; and 40% wt KNO;, whose
properties were obtained from [41]. The properties of the tube material

and the HTF are summarized in Table 1. The values of the absorptivity
and emissivity coefficients of the Pyromark materials were obtained
from Zavoico [41] and Slemp and Wade [42], respectively. The tubes
of each panel are individually supported at one extreme, which permits
unrestricted upward/downward thermal expansion. According to Fal-
cone [43], the receiver tubes are periodically guided over their length
by clips that are welded to the rear side of the tube. This mechanical
attachment was similar for both the bayonet and the simple receiver
tubes. The heliostat field considered in this work was similar to that of
the Gemasolar SPT plant [44]. The solar noon of the spring equinox
was selected as the representative day for the analysis since it can
represent the average collective performance over the day and over
the year [45]. The map of incident radiation concentrated over the
receiver surface was provided by SPTFlux software [46] for a direct
normal irradiation (DNI) of 900 W/m? and an aiming strategy defined
kim = 3. For a given panel, all tubes were considered to have a similar
spatial distribution of incident radiation on their surface because there
are only slight differences between the incident radiation on a tube
and that on their neighboring tubes. Therefore, as the simulation of
an entire receiver panel would have a high computational cost, only a
single representative tube in a panel needs to be studied. Specifically,
the first north panel was selected in this work as the studied panel
since it is subjected to the highest radiation flux and the lowest inlet
temperature of the nitrate salt.

3. Thermal characterization
3.1. Governing equations

The continuity, momentum, and energy equations were solved to
describe the flow of molten salt using the Reynolds Average Navier—
Stokes (RANS) equations, expressed in the steady-state formulation
and without viscous dissipation heating [47]. The shear-stress transport
(SST) k — w model [48] was chosen to obtain the turbulent parameters
and the closure of the momentum and energy RANS equations of the
flows since this turbulence model combines the robust and accurate
formulation of the k — w model in the near-wall region with the
free-stream independence of the k — ¢ model in the far field [47].
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Table 1
Material properties.
Zone Material Density Specific heat Thermal conductivity Viscosity
p (kg/m?) C, (J/kg K) k (W/m K) p (Pas)
Tube Haynes 230 8970.0 308.8 4+ 0.247 - T(K) 2.937+0.02-T(K) -
HTF Nitrate salt 2263.7 - 0.636 - T(K) 1396 4+ 0.172 - T(K) 0.391 +0.00019 - T(K) 0.0755148 — 0.0002776 - T(K)

+3.489 1077 - T(K)?
—1.474-107'° - T(K)?

(a)

(b) (c)

Fig. 2. Example of the cross-sections of the CFD numerical mesh selected in this work: (a) Concentric bayonet tube (¢ = 0.00), (b) Eccentric bayonet tube (¢ = 0.45), (c) Simple

tube with the smallest diameter.
3.2. Numerical solution

The commercial software ANSYS Fluent 2021R2 was used to solve
the steady-state governing equations mentioned previously [47]. In
the software, the equations are discretized with a pressure-based finite
volume method [49] and are solved using the SIMPLE algorithm [50].
A second-order upwind method was used to discretize the convective
and diffusive terms [51]. Solution iterations were stopped when the
residuals of the equations reached a value below 10~. Moreover, the
molten salt temperature at the tube’s outlet was monitored to confirm
the stabilization of the solution.

3.3. Computational mesh

The numerical model was solved using a structured 3D computa-
tional mesh with hexahedral cells in a 3D domain. The mesh included
both the fluid in the tubes and the tube walls. The cell size was
progressively reduced toward the tube walls to better reproduce and
capture the molten salt boundary layer. An example of the cross-
sections of the computational meshes generated for the bayonet tube
in concentric and eccentric configurations is included in Figs. 2(a)
and 2(b), respectively, while the mesh for a simple tube is shown in
Fig. 2(c). The minimum cell size was set to guarantee that the k — @
turbulent model requirements, i.e., y* ~ 1 recommended by ANSYS
were met [47]. Regarding the conditions of the SPT receivers, these
requirements led to a cell size ranging from 5 pm < AS <~ 15 pm at the
contact surface between the molten salt and the tube walls. The mesh
density inside the interior tube was not a determining factor since the
velocity and temperature gradients were comparatively smaller in this
region.

For each geometry employed in this work, a sensitivity analysis
was performed to guarantee the independence of the results with the
mesh. As an example, the results of the sensitivity analysis shown
in this section were obtained for the smallest simple tube, i.e., the
tube with an outer diameter of 25 mm and a thickness of 1.2 mm,

and for the concentric (¢ = 0.00) and eccentric (¢ = 0.45) bayonet
tubes. For each sensitivity analysis, four meshes were developed. For
t h e concentric and eccentric bayonet tubes, these meshes had 0.75 -
10°, 1.25 - 10°, 3.25 - 10° and 5.75 - 10° cells. The minimum cell size
close to the tube walls was similar for all the meshes to guarantee
the requirements of y+ in the turbulent model. The maximum tube
temperature and the bulk molten salt temperature at the tube outlet
were selected to perform the sensitivity analysis due to the sensitivity
of these variables to the mesh changes. The discrepancy in the results
between the densest mesh, composed of 5.75 - 10° cells, and the mesh
with 3.25-10° cells reached 1.18% and 0.16% for the maximum and bulk
temperatures, respectively. Analogous results were obtained for the
sensitivity analysis of the eccentric bayonet tube. Regarding the simple
tube, four meshes with different numbers of cells (0.76 - 104, 0.14 - 105,
0.98 - 10°, and 2.12 - 10°) were studied. These meshes have a smaller
number of nodes than the bayonet tube model because the simple tube
geometry is less complex. In the simple tube model, the variation in
the results between the meshes with 2.12 - 10° cells and with 0.98 - 10°
cells was 1.64% and 0.78% for the maximum and bulk temperatures,
respectively. Therefore, meshes with 3.25 - 10° cells (bayonet tube) and
0.98 - 10° (simple tube) were selected for the rest of the analysis as
a compromise between accuracy and computational cost. The meshes
of the concentric and eccentric bayonet tubes comprised 80 elements
in the circumferential direction, 10 elements in the tube thickness
concentrated around the inner and outer surfaces of the tube, and 20
elements in the annular and circular narrows (Figs. 2(a) and 2(b)). The
minimum orthogonal quality of the meshes was 0.652. The mesh of
the simple tubes had 80 elements in the tube perimeter, 8 elements
along the tube thickness, and 22 elements in the radial direction in the
fluid domain. The minimum orthogonal quality of this mesh was 0.178
(Fig. 2(c)).

3.4. Boundary conditions and validation

As illustrated in Fig. 1, the heat flux absorbed by the tube is not
uniform but depends on the angular and axial positions 6 and z,
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Fig. 3. Distribution of the net heat flux absorbed by the exterior surfaces of the tubes: (a) profile along the tube length at § = 0°, (b) circumferential profile.

respectively. Due to the configurations of the external tubular receivers,
the absorbed heat is at the maximum level on the tube side oriented
to the field of heliostats, & = 0°, while on the rear side of the tube,
|6] > 90°, only a residual heat flux is transferred from the reradiating
surface and the surrounding tubes. To obtain computational resources
in the 3D simulation, this residual heat flux can be neglected compared
with the heat flux at the front side. Therefore, an adiabatic condition
was imposed on the rear side.

Following a similar approach to several works in the literature,
the circumferential distribution of the heat flux was modeled with a
cosine function (see Eq. (1) and Fig. 3). This equation was applied
as a boundary condition at the outer surface of the tube through a
user-defined function (UDF).

Ay - €05O) - f(2) if |6 <£90°
gl (0.2) = o
0 if 6] >90°

SPTFlux software was employed to estimate the peak value of the
incident heat flux and its axial variation along the tube length, ¢/
and f,, respectively. A representative value of the peak heat flux for
a heliostat field similar to the Gemasolar SPT plant for the conditions
studied in this work (i.e., spring equinox and an aiming strategy of a
heliostat field equal to k = 3) was considered in this work (q;;ax =
979.55 kW/m?). The axial heat flux variation was modeled through a
fourth-grade Fourier series (f,(z) = ag+ Y; a;cos(i - z- w) + b;sin(i - z - w))
that depends on the axial position z, whose coefficient values are
summarized in Table 2.

As mentioned above, the goal of this work is to unveil the main
advantages or disadvantages of using bayonet tubes as absorber tubes
in an external tubular receiver. Thus, to perform a fair comparison
of bayonet and simple tubes, the same temperature increment of the
molten salt inside the absorber tube was set for all the tubes analyzed
in this work (4T = T,,, — T;, = 37.6 °C). The mass flow rate and
temperature were specified to characterize the behavior of the molten

Table 2
Coefficients of fourth grade Fourier series used to
describe the axial variation of the net heat flux.

i a; b; w

0 0.5599 -

1 —-0.2676 0.1679

2 0.0404 —-0.0901 0.4742
3 0.0015 0.0188

4 —-0.001 —-0.0012

salt at the tube inlet. Both are imposed through a mass-flow inlet
condition. The fluid temperature at the tube inlet was set to 290 °C,
while its mass flow was determined to reach a bulk fluid temperature
of 565 °C at the receiver outlet. For the conditions studied in this work,
this mass flow is i = 5.683 kg/s for the bayonet tube and the largest
simple tube, while it is 2.842 kg/s for the smallest simple tube, i.e., D, =
25 mm. At the tube outlet, pressure-outlet conditions were selected.
At the wall surfaces in contact with the fluid, the nonslip condition
was imposed for the molten salt velocity. As a result of the corrosion
produced by the HTF during the receiver’s previous operation, fouling
inside the tubes needs to be considered. This fouling was included in
the models through fouling resistance at the tube surfaces in contact
with the molten salt, and its value (R;Wl = 8.8 - 107> Km?/W) was
obtained from [41]. Thus, these surfaces were thermally coupled with
the fluid inside the tube through fouling resistance. For simplicity, the
top and bottom cross-sections of the tube were considered adiabatic
surfaces. It should be noted that the models proposed in this work
were validated in two ways. One validation of the model was focused
on the flow in a conventional tube and the other on the flow in an
annular cross-section. In particular, the conventional tube model was
validated through a comparison between the thermal results obtained
in a numerical model and the results reported by Ying et al. [52]. In
that work, the authors investigated the influence of gaussian-cosine
heat flux on the thermal performance of the conventional circular tube
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of a solar receiver with a molten salt-based nanofluid as HTF. The
maximum temperature discrepancy between both models was 3.73%.
The validation of the bayonet tube model was done for the flow in the
annular cross-section with concentric configuration due to the lack of
experimental measurements for eccentric annular ducts applicable to
the Reynolds and Prandtl numbers of the molten salt flow here studied.
To perform a fair comparison, we have developed additional simula-
tions where the concentric bayonet tube was heated under axially- and
circumferentially-uniform heat flux. The results of this simulation were
compared with the general correlation of Gnielinski [53] and with the
concentric annular duct correlation of Monrad and Pelton [54]. The
comparison showed a good agreement between the CFD model and
these correlations. For example, when the mean Reynolds and Prandtl
numbers were Re,, = 25.67 - 10*> and Pr,, = 10.1, the maximum
discrepancies between the Nusselt number obtained with the different
correlations and the CFD model was below to 1.83%.

4. Mechanical characterization

For the mechanical characterization of the receiver tubes, the tem-
perature field obtained from the CFD simulations was used in com-
bination with the analytical methodology presented by Laporte-Azcué
et al. [55]. This methodology was developed to calculate the elastic
thermal stresses of circular tubes as a function of the nonaxisymmetrical
temperature distribution. The use of this methodology was validated for
steady and transient simulations in [55] and [13] respectively. To pre-
vent excessive bowing, the receiver tubes are guided periodically over
their length by mechanical attachments spaced at increments along the
entire heights of the tubes. Based on the literature, generalized plane
strain (GPS) conditions were considered in the elastic-stress analysis
since these conditions are a good approach when the tube displacement
is restricted by clips [56,57]. Note that GPS conditions allow the free
axial expansion of the tubes and prevent excessive bowing generated
by the temperature. The stress field of the bayonet tube under GPS
conditions is composed of the superposition of the axial (c,), radial
(0,), circumferential (c,) and shear (z, ) stress components. Then, the
absorber tube has a multiaxial stress state. As mentioned before, the
simple tube and the exterior tube of the bayonet tube each have a
mechanical attachment similar to that of conventional receiver tubes.
In a real scenario, the interior tube of a bayonet tube would have some
lateral support elements to mitigate its excessive bending. However,
there is not sufficient information about this topic in the literature.
Thus, a conservative analysis was considered in this work, where GPS
conditions were employed in the interior tube of the bayonet tube,
which leads to an upper limit on the thermal stress experienced by
this tube. The mechanical properties of the tube material, obtained
from [40], were modeled as temperature-dependent because, according
to Laporte-Azcué et al. [55], the thermal stress is underestimated when
the material properties are considered not to be temperature dependent

5. Results and discussion

Through the CFD simulations of the models and the analytical
methodology described in the previous sections, the impact of the
eccentricity on the thermomechanical behavior of a bayonet tube was
analyzed in this work. The results of this analysis are presented in the
following subsections.

5.1. Velocity distribution

The hydrodynamic characterization of turbulent flow inside simple
tubes has been thoroughly analyzed in the literature, [S8-61] but less
information can be found about bayonet tubes. Thus, this section is
mainly devoted to analyzing the hydrodynamic behavior of the fluid
inside the bayonet tube described in Section 2 for concentric and
eccentric configurations. A description of the hydrodynamic behavior
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of the molten salt inside the bayonet tube is provided via the contour
maps of axial velocity (v,), which are shown in Fig. 4. These contour
maps, which were evaluated at different heights, were obtained for the
concentric (Fig. 4(a)) and eccentric configurations of the bayonet tube
(Fig. 4(b) and (c)) and for simple tubes (Fig. 4(d) and(e)). Since the
flow in the annular section of the bayonet tube moves in the opposite
direction of that in the circular section, the absolute value of axial
velocity is represented in the figure. Overall, this figure illustrates
that the velocity profile of the molten salt in both the annular and
the circular passages barely changes with the axial coordinate, which
demonstrates that the flow is hydrodynamically developed in most
of the tube length and the variation of properties with temperature
weakly perturbs the flow development. As mentioned, for the simula-
tions carried out in this work, the cold molten salt enters the circular
section (z = 0 m in Fig. 1) at 290 °C. After circulating through
the interior tube, the molten salt returns through the annular section
between the interior and the exterior tubes and exists at z = 0 m.
The maximum velocity inside the internal tube is located at the tube
axis, independent of the eccentricity of the bayonet tube. The reduced
effect of the temperature dependence of the properties is observed in
Fig. 4, in which the maximum velocity region of the circular tube
increases slightly as molten salt is heated inside the tube. This effect
is further discussed in the subsequent figures. The same behavior as
discussed before for the interior tube of the bayonet tube is observed
in the simple tube, where the maximum axial velocity is located at
the tube axis and its magnitude is reduced gradually until reaching
the tube walls. The highest simple tube, i.e., D, = 50 mm achieves
the lowest molten salt velocities since its mass flow rate was set to
achieve a molten salt temperature increment of 37.6 °C. The smallest
simple tube experiences fluid velocities similar to those obtained in the
interior tube of the bayonet tube. The effect of the eccentricity in the
molten salt flow is noticeable at the annular cross-section. In Fig. 4, a
symmetric velocity distribution is observed in the concentric bayonet
tube layout, where the axial fluid velocity is at the maximum level in
the middle corona between the inner and outer tubes. This symmetric
distribution is slightly broken at the front side of the annular passage
at z = 1 m (i.e., close to the inlet and outlet of the tubes) because the
heating of the molten salt diminishes the frictional force between the
fluid and tube walls since the fluid density and viscosity are decreased.
This fact causes a local acceleration of the flow in the cited zone, as
can be observed in Fig. 4. For the eccentric layouts of the bayonet
tube, the symmetry observed in the concentric configuration is clearly
broken, generating a zone of maximum velocity at the front side of the
tube where the gap between the interior and exterior tubes is at the
maximum level (6§ = 0°). At the rear of the bayonet tube (|0| = 180°),
this gap is reduced as eccentricity grows, which diminishes the cross-
section locally. This fact produces a deceleration of the molten salt
around |0| = 180° (see Fig. 4). This situation is unfavorable since this
reduction in local velocity limits the convective heat transfer of the
molten salt in this region.

To quantify the impact of the eccentricity and fluid properties on the
axial velocity (v,), the evolution along the tube length of the maximum
velocity reached by the fluid at the circular and annular cross-sections
is represented in Fig. 5(a) and (b). The maximum velocities are located
at the center of the interior tube and at the widest region of the annular
section. In the figure, the entrance region of the turbulent flow inside
a circular cross-section duct can be observed, where the molten salt
velocity at the tube’s axis experiences constant growth until a peak is
achieved. After this point, the velocity decreases, and its value stabilizes
once the molten salt is fully hydrodynamically developed [62]. The
overlapping of the curves in Fig. 5(a) reveals that the eccentricity does
not sensibly affect the velocity distribution inside the interior tube as
expected. Once the fluid is hydrodynamically developed in the interior
tube (z/d; > 62.6), the velocity profile does not appreciably change
along the tube, although the velocity slightly increases (below 0.06%)
due to fluid heating. A similar behavior appears in the axial velocity



R. Pérez-Alvarez et al. Applied Thermal Engineering 223 (2023) 119988

V2| (m/s)

=9m

w
I
3
B

z=1m

(e) D, =25 mm

Fig. 4. Axial velocity contours obtained at different heights for (a) a concentric bayonet tube (¢ = 0.00), eccentric bayonet tubes with (b) & = 0.20, (¢) & = 0.40, and simple tubes
with (d) D, =50 mm and (e) D, =25 mm.

of the flow inside simple tubes (not shown here for simplicity) but fully developed region, the maximum velocities in the simple tubes for
with different magnitudes because, as mentioned above, the mass flow the highest (D, = 50 mm) and smallest (D, = 25 mm) tube diameters
rate in the simple tube was modified to obtain the same temperature are 2.19 and 4.78 m/s, respectively. The end cap of the bayonet tube
increment of the molten salt inside the tube in all cases. Thus, in the blocks the exit of the fluid at this section and connects the flow of the
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Fig. 5. Longitudinal evolution of the maximum axial molten salt velocity of several eccentricities reached at: (a) circular and (b) annular cross sections; (c) distribution of local
axial velocity along the transversal position evaluated at the mid length of the tube (z = L/2) for several eccentricities.

interior tube with the annular passage. Then, the fluid after the annular
duct inlet (z ~ 10.49 m) produces new thermal and hydrodynamic
development. The hydrodynamic entrance can be observed in Fig. 5(b)
as the zone where the axial velocity continually changes at the top of
the tube (z > 9.25 m). From the results presented in this figure, it can
be concluded that the hydrodynamic entrance length increases with
eccentricity, as reported by Jonsson and Sparrow [25]. Once the fluid is
hydrodynamically developed ((L—z)/D;, > 60.2), the maximum velocity
of the fluid in the annular section grows slightly due to the decrease
in its density. The maximum increment of velocity associated with
this effect is 5.1%, which is achieved at the concentric configuration
(& = 0.00) since it experiences the highest density variations due to its
temperatures being the highest. As will be demonstrated later, eccentric
layouts reach lower local temperatures at the front side of the tube
than the concentric configuration, leading to a softer acceleration of
the fluid since the molten salt density does not change substantially.
For lower eccentricities (¢ < 0.1), the axial velocity at the tube’s
outlet increases by approximately 9.1% compared with the concentric
configuration, while for larger eccentricities, this increase is as high
as 18.6%. Eccentricities ranging between 0.2 and 0.45 do not create a
significant variation in the maximum velocity at the tube’s outlet (viz.
variation below 2.8%).

The profiles of axial molten salt velocities at § = 0° in the annular
section are presented in Fig. 5(c) for concentric and eccentric config-
urations of the bayonet tube. In the cited figure, the fluid velocity is
represented along the radial direction in the gap between the interior
and exterior tubes at & = 0°. Since the gap in this region grows with
the eccentricity, a normalized radial position (r = ’i(e—:;’)) has been
defined. The normalized radial position ranges between 0 and 1, where
7 = 0 is at the outer surface of the interior tube and 1 is at the inner
surface of the exterior tube. To characterize the impact of eccentricity
on the velocity profile, the different configurations of the bayonet
tube were evaluated at the same height (z = L/2). As mentioned,
the effect of the eccentricity is noticeable in the widest region of the
annular passage at 7 = 0.5, where the effect of the tube walls on the
molten salt is less noticeable. If the axial velocity profile was expressed
in dimensionless form, an overlap of the curves would be observed,
agreeing with the velocity profiles obtained experimentally by Nouri
et al. [27].

As discussed by Bradshaw [63], the Reynolds-stress gradients may
generate vertex flows. In particular, the anisotropy of the Reynolds

stress caused by the annular cross-section of the bayonet tube induces a
secondary motion, which is composed of a pair of vortices on each side
of the symmetry plane [64]. These vortices transfer the momentum of
the fluid from the broad front side of the section, where the momentum
is high, to the narrow gap located at the rear. The fluid momentum is
transferred through the midline of the gap, and then it returns through
the duct walls. This phenomenon was numerically obtained by Nikitin
et al. [35] and experimentally obtained by Nouri et al. [27].

5.2. Pressure drop

A beneficial effect of the eccentricity bayonet tube is the pres-
sure drop reduction as eccentricity rises. This phenomenon has been
reported and discussed in the literature through numerical and experi-
mental analyses [22,23,25,31,35]. This reduction in the pressure drop
is due to the decrease in the friction factor in the annular passage,
which can be calculated according to Eq. (2) as a function of the lon-
gitudinal pressure gradient (d P/dz), hydraulic diameter (D), molten
salt density (p) and fluid bulk velocity ().

_ dli/dzz)Dh -

3P4

The pressure drop of the bayonet tube is the result of the contributions
of the annular and circular passages and the end cap. To further
understand the contribution of each zone to the total pressure drop,
the pressure drop generated in each zone is summarized in Table 3
as a function of the eccentricity. The pressure drop in the inner tube,
AP, remains practically constant with eccentricity, at approximately
0.85 bar, which represents 26.6% of the total pressure drop of the
concentric bayonet tube. As mentioned before, the total pressure drop
is reduced with eccentricity. Thus, the contribution to the pressure
drop of the circular cross-section rises to 29.3% for the most eccentric
configuration studied in this work (¢ = 0.45) An increase in the pressure
drop at the end cap, 4P,,,, is observed as the eccentricity rises. For large
eccentricities, the pressure drop in the cap increases approximately two
times compared with the concentric configuration, rising from 0.15 bar
in the concentric configuration to 0.30 bar at £ = 0.45. The contribution
of the end cap to the total pressure drop 4P,,, ranges between 4.2%
and 10.4%. When the eccentricity rises, i.e., the interior tube is moved
to the rear side of the exterior tube, an augmentation of the local
velocity is observed, which would augment the pressure drop at the
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Table 3
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Pressure drop obtained in the simple tube and bayonet tube and the contribution of each component to the pressure

drop as a function of the eccentricity.

Type D, & Circular Annular Cap Total
(mm) AP, (bar) AP, (bar) AP,,, (bar) AP, (bar)
0.00 0.85 2.61 0.15 3.61
0.10 0.85 2.55 0.15 3.55
Bayonet 50 0.20 0.85 2.43 0.16 3.44
0.30 0.85 2.22 0.17 3.24
0.40 0.85 1.95 0.21 3.01
0.45 0.85 1.77 0.30 2.92
Simple 50 - 0.13 - - 0.13
25 - 1.28 - - 1.28

annular section (4P,,). Nevertheless, the diminution of f compensates
for this fact, resulting in a reduction in the pressure drop at the annular
passage as eccentricity grows. The concentric configuration achieves an
annular pressure drop of 2.6 bar, which is reduced by approximately
30.8% in the largest eccentric configuration (i.e., & = 0.45). Due to the
configuration of the bayonet tubes, the molten salt would traverse two
times more distance than in simple tubes. In addition, it is necessary to
add the pressure loss of the end cap. The pressure drops of the simple
tubes, used as a reference, have been computed, and their values are
included in Table 3. These pressure drops are approximately 0.13 bar
and 1.28 bar for the largest and smallest tube diameters, respectively.
Therefore, the minimum pressure drop of bayonet tubes is almost 2.28
and 22.46 times higher than that obtained in the smallest and highest
simple tubes, respectively (i.e., 25 and 50 mm)

5.3. Temperature distribution

The influence of eccentricity on the hydrodynamic behavior of the
bayonet tube, which was discussed in the previous section, is reflected
in the temperature of the molten salt and the tube, as observed in
the contour maps of Fig. 6. These contour maps, which are evaluated
at different heights, have been obtained for concentric (Fig. 6(a))
and eccentric configurations of bayonet tubes (Fig. 6(b) and (c)). For
comparative purposes, the contour maps of both simple tubes are
represented in Fig. 6(d) and (e). As noted, the configuration of the
external tubular receiver causes the absorbed heat flux to have a
nonuniform distribution, which leads to the thermal field. As shown in
Fig. 6, the temperature distribution of the exterior tube has the highest
temperature gradients since the incident heat flux hits directly over
its surface, while the interior tube temperature is more homogeneous
because the tube is mainly heated by the surrounding molten salt.
This fact attenuates the thermal gradients experienced by the interior
tube. Thus, the tubes of the bayonet tube, i.e., the interior and exterior
tubes, do not have the same behavior since they are not subjected to
the same conditions. The maximum difference between the molten salt
temperatures in annular and circular passages is located close to the
inlet/outlet of the duct since due to the bayonet tube layouts, the cold
molten salt arrives through the interior tube while the hot fluid exits the
tube through the annular passages at the same position. As the molten
salt is pushed toward the top of the bayonet tube, the temperature
difference between the fluid in the annular and circular passages is
progressively diminished, as illustrated in Fig. 6. For the simple tube,
Fig. 6(d) and (e), a more uniform temperature distribution is observed
in the molten salt, which is progressively heated as it flows inside the
tube. In the largest simple tube, the wall temperatures are considerably
higher than those obtained in the bayonet tubes or the smallest simple
tube.

As previously discussed, due to the eccentricity, the fluid velocity is
enhanced near the most thermally demanding zone, 6 = 0°, leading to
a reduction in the maximum exterior tube temperature. Independent of
the eccentric configuration, the maximum temperatures are located at
the outer tube surface, at a location near to where the heat flux peaks.
Despite the promising effect caused by the eccentricity at the front of
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the tube, another unfavorable effect is produced in the rear, where the
interior tube partially prevents heat transfer from the front to the rear
of the annular cross-section. The temperature distribution achieved in
the rear of the annular passage (|6| > 100°) is similar to those reached at
the circular passage. The backside temperature of the annular section
barely changes along the tube length, as will be demonstrated in the
next figures. This effect is accentuated as eccentricity enlarges. Thus,
the eccentric configuration contributes to reducing the maximum tube
temperature, although it impedes the greatest amount of heating in
the rear of the annular cross-section. According to [65], the thermal
stresses of the tube are related to the nonuniformity in the tube wall
temperature. Therefore, it is difficult to define which of the effects
is dominant over the thermal stresses. Therefore, mechanical analysis
is needed to unveil whether the eccentricity may reduce the thermal
stresses.

Through the axial evolution of the bulk temperature of molten salt
and the temperature distribution at the surface of both interior and
exterior tubes, it is possible to quantify the impact of the eccentricity
on the temperature field analyzed in Fig. 6. The bulk temperature of the
molten salt in Section A is computed, as shown in Eq. (3), by weighting
its local temperature with its local properties as the density (p,,;),
specific heat (C, ) and axial velocity (v;). This equation is applied
for the annular and circular cross-sections of the bayonet tube and for
the circular section of the simple tube.

/A Psalt Cpml, Uz Tsalr dA

Ja Psar Gy, vz dA

The axial evolution of the bulk temperature of the molten salt
at both annular and circular passages is shown in Fig. 7 for several
eccentricities. For comparative purposes, the axial evolutions of the
molten salt bulk temperatures of the two simple tubes (D, = 50 mm and
25 mm) are represented as black solid lines in the cited figure. However,
the two curves overlap because both simple tubes have the same
heating rate conditions As described before, the cold molten salt flows
first through the interior tube, where its temperature progressively
increases due to the heat absorbed from the annular passage. The bulk
temperature at the interior tube of the bayonet tube is depicted as
dashed lines in the figure. Once the molten salt arrives at the top of
the tube, the end cap changes the flow direction, so the molten salt
flows back through the annular section (represented as solid lines),
where the heating rate is more accentuated than that of the interior
tube. For the concentric configuration, the molten salt temperature in
the interior tube grows by 4.4 °C, while this increase in temperature
is reduced to 2.6 °C for the largest eccentric configuration studied
in this work (¢ = 0.45). This reduction in the temperature increment
is provoked by the augmentation of the separation between both the
interior and exterior tubes. This causes more molten salt to locally flow
between tubes, absorbing the heat that would have been absorbed by
the interior tube with lower eccentricity. Based on these results and
due to the relatively low-temperature increase in the inner tube, the
numerical model of the bayonet tube could be simplified by analyzing
only the annular passage and substituting the flow of the molten
salt in the interior tube by an average temperature and an overall

T= 3)
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(e) D, = 25 mm

Fig. 6. Temperature contour maps obtained at different heights for the (a) concentric bayonet tube (¢ = 0.00), eccentric bayonet tubes (b) & = 0.20, (c) ¢ = 0.40, and simple tubes:

(d) D, =50 mm and (e) D, =25 mm.

heat transfer coefficient. This simplification was employed in other
works, such as [64,66,67], where only the molten salt flow in the
annular passage was analyzed. Nevertheless, for other fluids, such as
liquid metals, it would be necessary to examine the validity of this

simplification Although the temperature increment of the molten salt
inside the absorber tube is the same for all the cases analyzed in this
work, the local absorbed heat rate differs along the tube length due
to the different conditions experienced by the fluid inside the eccentric
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Fig. 7. Axial evolution of the molten salt bulk temperature for several eccentricities of bayonet tubes and for simple tubes. Solid lines: Bulk temperature in the annular passage.
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bayonet tube. In light of the results presented in the figure, the eccentric
configurations can achieve a higher temperature increase per meter
than concentric bayonet tubes, indicating that the thermal performance
of the bayonet tube is enhanced with eccentricity For the conditions
studied in this work, the simple tubes experience higher temperature
increments, since the molten salt temperature grows 37.6 °C in 10.5 m,
while inside the bayonet tube, the HTF needs to flow inside both the
circular and annular passages to achieve this increment.

The axial and circumferential temperature distributions of the ex-
terior and interior tubes are depicted in Figs. 8 and 9, respectively.
These figures illustrate the temperature distributions of the inner and
outer surfaces of both the interior and exterior tubes. First, the axial
temperature evolutions of exterior tubes are represented in Fig. 8(a)
and (b) for several eccentricities. The axial evolution of the exterior
tube temperature is directly related to the absorbed heat flux distri-
bution, which is higher near the mid-axial position and depends on
the aiming strategy of the heliostat field. The maximum temperature,
named the peak temperature here, is located on the outer surface of
the exterior tube at 6 = 0°. In Fig. 8(a), the axial evolution of the
outer tube surface is represented for both simple and exterior bayonet
tubes. For the concentric configuration of the bayonet tube, & = 0,
the peak temperature is achieved at z L/2, and it has a value
of 595.5 °C. This value is reduced above 132 °C when the position
is close to the extreme sides of the tube (i.e., z = 0 m and 10 m)
since, in these zones, the incident radiation is considerably diminished.
Independent of the eccentricity, the top of the tube (z = L) reaches
the lower peak temperature, i.e., below 400 °C, since the cooling of
the tube walls is enhanced due to the capability of molten salt to
store more heat when it has a lower temperature. The increase in the
molten salt velocity at the front of the annular cross-section generated
by eccentricity causes an improvement in the cooling of the exterior
tube walls at & = 0°, reducing their temperatures. Compared with the
concentric configuration of the bayonet tube, the smallest eccentricity
studied in this work, ¢ = 0.1, reduces the maximum tube temperature

~
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by approximately 2.4%, while for one of the largest eccentricities, & =
0.45, this reduction increases until 4.9%, which represents a decrease of
29.4 °C in the maximum tube temperature. In addition, the influence
of eccentricity is clearly observed at z = 0 m, where the eccentricity
decreased until 8.1%, which is the temperature reached at the same
point for a concentric configuration, passing from a peak temperature
of 463.2 °C for £ = 0 to a temperature of 425 °C for ¢ = 0.45. The
axial evolutions of the simple tube temperatures are similar to those
experienced by the bayonet tubes. The peak temperature is located at
the middle of the tube at 664.1 °C and 569.4 °C for the largest and
smallest tube diameters, respectively. This fact implies that an eccentric
bayonet tube could achieve a lower peak temperature than a simple
tube with half the diameter. Although these temperature reductions
might seem insignificant, they could lead to an essential difference in
the creep damage of receiver tubes. The simple tube with the largest
external diameter (i.e., D, = 50 mm) has a larger peak temperature
than the concentric or eccentric bayonet tubes. In Fig. 8(b), the axial
evolution of the inner tube surface is represented for both simple and
exterior bayonet tubes. This surface experiences lower temperatures
than those achieved at the exterior surface. Analogous to the exterior
tube surface, the highest temperature (522.7 °C) is obtained in the
middle of the tube for the concentric configuration, while for & = 0.45,
this temperature might be reduced to 490.5 °C. For the highest and
smallest simple tubes, the temperatures on these surfaces are 597.9 °C
and 506.4 °C, respectively. In Fig. 8(c) and (d), the circumferential
distributions of the temperatures of both the outer and inner surfaces
of the exterior tube are shown for several eccentricities. These curves
are evaluated at z = L/2 from the tube inlet, since the maximum
temperature is located at (or very close to) this position. As mentioned
above, due to the receiver configuration, one part of the tube faces
the heliostat field, while the other part faces the radiant wall. For this
reason, the maximum temperature of the exterior tube is located at the
front of the outer surface (6 = 0°), while the minimum temperature is
located in the rear (|| = 180°), as shown Fig. 8(c). The circumferential
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Fig. 8. Wall temperature distributions of the exterior tubes of concentric (¢ =0) and eccentric bayonet tubes (¢ > 0): Axial distribution of the maximum temperature achieved in
the tube of (a) the outer surface and (b) the inner surface. Circumferential distribution of the tube temperature of the (c) outer surface and (d) inner surface. Solid lines: outer tube

surface. Dashed lines: inner tube surface. Black lines with bullets: simple tube.

profile of the absorbed heat flux leads to the nonaxisymmetric temper-
ature distribution. The behavior described for the axial variation of the
maximum temperature is extrapolated to the whole front section of the
tube, |#| < 75°. The influence of eccentricity is noticed in the front
section for |0| < 50°, although its effect is more notable at § = 0°. As
can be observed in Fig. 8(d), the behavior of the inner tube surface is
similar to that described for the outer surface.

The largest temperature difference between the inner and outer
surfaces of the interior tube, whose temperatures are represented in
Fig. 9(a), is located, independent of the eccentricity, at z = 0 m (viz.,
tube inlet and outlet). This fact is due to the cold molten salt arriving
through the circular cross-section while the hot molten salt exits the
bayonet tube through the annular cross-section at this point. As the
axial position moves to the interior tube top, the temperature variation
between the inner and outer tube surfaces is reduced, achieving a
uniform temperature distribution at the tube’s top. Thus, the maximum
thermal gradient of the interior tube is located at the tube’s inlet/outlet
for & = 0.0, where the temperature difference between tube surfaces is
16.1 °C. The concentric configuration also achieves the highest temper-
ature on the exterior surface, 344.1 °C, while this value is reduced by
7.5% as eccentricity rises until 0.45. The curves of the circumferential
distribution of the interior tube temperature are shown in Fig. 9(b).
As mentioned before, the largest temperatures are obtained on the
outer surface of the tube in a concentric layout, whose temperature
varies from 325 °C at § = 0° to 293.9 °C at |#| = 180°. The more
eccentric layout analyzed in this work, ¢ = 0.45, reduced the maximum
temperature of the concentric case by approximately 5.8%, while at
the rear of the tube, this difference was below 2 °C. Independent of the
eccentricity, above |6| > 160°, the temperature curves of both surfaces
overlap.

5.4. Convection heat transfer

The convective coefficient of the molten salt in the outer tube of
the bayonet tube was obtained using Newton’s law of cooling and
the results of the CFD simulations. Namely, the Nusselt number was
calculated (see Eq. (4)) as a function of the bulk temperature of the
molten salt at the cross-section (T(z)), the film temperature of the HTF
at the inner surface of the tube (T(r = D;/2,0, z)), the absorbed heat
flux (q;’bs(r D, /2,0, z)), the characteristic length, which is equal to
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hydraulic diameter of the annular passage of bayonet tube (D,) and
it is equal to the inner diameter for simple tube, and the thermal
conductivity of molten salt (k,,;,) evaluated at T(z).

( )

Fig. 10(a) shows the axial evolution of the Nusselt number of the
simple tubes (Nu,,,.) and the Nusselt number of the exterior tubes of
the annular passages (Nu,,) of the bayonet tubes. All these curves are
evaluated at § = 0° for several eccentricities. From a qualitative point of
view, the axial evolution of the convection coefficient at § = 0° of both
simple and bayonet tubes depends on the relation between the tempera-
ture distribution and the absorbed heat flux. In the first half of the tube
(0 < z < L/2), the heat transfer coefficient increases until it reaches
a maximum near the middle of the tube, while after this point and
extending to the top of the tube, the convection heat transfer slightly
decreases. This axial variation of the Nusselt number is mainly caused
by the axial distribution of the incident heat flux. Nevertheless, when
the incident heat flux is reduced (i.e., at the extreme sides of the tube),
other parameters that might affect the convection appear, such as the
increase in the fluid velocity or the heating of the tube. As the heat rates
are set to be equal (viz. heat flux distribution, employed to simulate
the solar radiation reflected by the heliostat field, and the dimensions
of the tube are identical for each simulation), the difference in the heat
transfer coefficient between cases is caused by the eccentricity. The
convection coefficient increases with eccentricity due to the rise in the
local molten salt velocity, leading to an increase in the flow turbulence
and improving the cooling of the tube walls of the annular section.
The eccentricity increases the heat transfer coefficient of the concentric
bayonet tube configuration to 26.1% (the value achieved at the largest
eccentricity studied in this work). Nevertheless, the Nusselt number
can camouflage the real nature of the heat transfer since it weighs the
local heat transfer coefficient with the characteristic length. This fact
justifies why the simple tubes have the largest Nusselt number despite
their tube temperatures being higher than those obtained in bayonet
tubes. If the heat transfer coefficient was graphically represented, it
could be observed that the bayonet tube achieves the largest values,
demonstrating a better tube wall cooling effect in bayonet tubes.

The circumferential distribution of the Nusselt number evaluated
at L/2 is shown in Fig. 10(b) for both simple and bayonet tubes. The

salt
q;’bs(r =D,;/2,0,z)
T(r=D,/2.6,2)—T(2)

Nu(d )—D"
u,z-k
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surface. Dashed lines: inner tube surface.

following three zones can be observed in the circumferential distribu-
tion of the Nusselt number: (i) positive and nearly constant values of
the Nusselt number, where the local film temperature is higher than
the bulk temperature (|6] < 75°), (ii) an asymptotic zone where the
local film temperature is close to the bulk temperature (75° < |0] <
110°) and (iii) a region where the local film temperature is lower
than the bulk temperature (|0|] > 110°). The discontinuity and the
negative values of the local convective coefficient are due to the use
of the traditional definition of the heat transfer coefficient, Eq. (4),
under a nonuniform temperature distribution. Those points where the
temperatures of the fluid and the inner tube surface are similar reflect
a discontinuity in the distribution of the local convection coefficient.
This discontinuity in the Nusselt number is a mathematical artifact
and does not represent a discontinuity in the convection heat transfer
inside the tubes. The angular position where the convective coefficient
asymptote is located depends on the circumferential shape of the heat
flux. The influence of the eccentricity is more notable at |§] < 50°
(i.e., the front side of the tube). As explained above, when the interior
tube is moved to the rear, the symmetric distribution of the molten salt
velocity is broken, generating a high-velocity zone near the zone with
the highest thermal demand. This fact is observed in the circumferential
distribution of the heat transfer coefficient, where it is enhanced as
the local velocity increases due to the eccentricity. In addition, the
Nusselt numbers provided through different experimental correlations
are included in Fig. 10(b) as a reference. These correlations are (i)
Dittus-Boelter [68], which is one of the most popular experimental
correlations devoted to characterizing the convection heat transfer of
turbulent flows inside ducts, (ii) Monrad and Pelton [54], which was
developed for turbulent flow in smooth concentric annular ducts, and
(iii) Serrano et al. [30], which provided a correlation to compute
the local convection heat transfer for a turbulent air flow inside an
eccentric annular duct (¢ = 0.44). Experimental Nusselt numbers,
represented as gray dotted lines in the figure, have been computed
from the temperature field and absorbed heat flux obtained from the
CFD simulation of the bayonet tube. Only good agreement between
the experimental correlation and results obtained through simulations
is observed at |#| < 75° due to the nonuniformity of the heating
conditions. The Dittus-Boelter and Monrad-Pelton correlations only
provide good agreement with the Nusselt number of the concentric
configuration, although the Reynolds and Prandtl numbers are similar
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for all bayonet layouts. The correlation provided by Serrano et al.
[30] captures the enhancement of the convection heat transfer at 8 =
0°, although it overestimates its value. This overestimation may be
because the correlation was developed from measurements with air
and then corrected for other fluids. This reveals the need to continue
working to develop experimental correlations devoted to characterizing
the convection heat transfer of eccentric annuli.

5.5. Thermal stress

Finally, thermal stresses were calculated using the methodology pro-
posed by Laporte-Azcué et al. [55]. As mentioned above, the thermal
stress is directly related to the nonuniform distribution of temperature
inside the tube walls [65,69]. This temperature distribution causes
the thermal expansion between the front and rear sides of the tube
to be different, which is translated into tube bowing. Due to thermal
expansion of the tube, partially restricted by clips, the following two
zones are differentiated as a function of the axial stress response of the
tube: compression (¢, < 0) and traction (o, > 0) zones. The minimum
value of axial stress is located on the outer surface at the front, while
the maximum axial stress is achieved in the rear of the tube. The
compression stress reached at the front of the tube is more than 6 times
higher than the other stress components. The equivalent von Mises
stress (o)) is used to consider all stress components in the mechanical
analysis. The von Mises stress inside the tube walls is shown in Fig. 11
for both the interior and exterior tubes of the bayonet tubes and for
simple tubes. Similar to previous contours, these contour maps have
been obtained for concentric (Fig. 11(a)) and eccentric configurations
of bayonet tubes (Fig. 11(b) and (c)) and for both the largest and
smallest simple tubes (Fig. 11(d) and (e)). These contours are evaluated
at different heights. From these contour maps, it can be asserted that
the exterior tube of the bayonet tube is the most demanding tube from a
mechanical point of view. In addition, the largest simple tube achieves
the largest thermal stresses, while the stress distribution of the smallest
simple tube is analogous to those obtained in eccentric bayonet tubes.
From a qualitative point of view, the von Mises stress achieved in the
tube walls can be organized into the following three regions: (i) the
zone with maximum stress (located at the front side), (ii) zone with
values close to 0 (located at |§| ~ 75°) and (iii) zone with a uniform
distribution of oy, at the rear. The effect of the eccentricity is also



R. Pérez-Alvares et al.

Applied Thermal Engineering 223 (2023) 119988

500 T T T 500 T T T T T
Simple tube layout
e —
400 - 4
400 |
= 8 300 |- :
N e DeSomm — £0.00 — 020 049 Monrad and Pe 5 |
E ~ D=25mm — &=0.10 —  &=0.30 — F045 ~ (e=0) (/‘ )
5 300 4 %
&

Nu (r

Nu (r

100 .
Bayonet tube layout T(6) = Tan
- RN
i B e (]
100 i Il 1 | I 1 1 1 1
0 2 4 6 8 10 —150 —100 —50 0 50 100 150
z (m) 80
(a) (b)

Fig. 10. Nusselt number obtained at the inner surface of the exterior tube for several eccentric configurations and at the inner surface of simple tubes. (a) Axial evolution at

0 =0°, (b) circumferential distribution evaluated at z = L/2 from the tube inlet.

observed in the stress distribution. The reduction of stress is mainly
observed at the front, where the impact of eccentricity on the molten
salt and tube temperatures is more notable. The stress peaks at the same
point where the temperature and the incident heat flux are highest.
The maximum stress distribution of the exterior tube is approximately
9 times higher than those achieved in the interior tube. For both tubes
of the bayonet tubes, the outer surface is the most demanding zone. For
this reason, in the next figures, only these surfaces have been reported
and compared with the equivalent stress obtained in simple tubes.
The axial evolution of the maximum von Mises stress, which is
located at the front of the outer tube surface, is shown in Fig. 12(a)
for several eccentricities and for both simple tubes. In this figure, the
solid lines curves represent the von Mises stress on the outer surface
of the exterior tube, while the dotted lines represent the stress of the
outer surface of the interior tube. Through this figure, the effect of the
eccentricity on the mechanical performance of the bayonet tube can
be discussed. The axial shape of the incident heat flux is translated
to the temperature and stress axial distributions of the exterior tube.
For the purpose of this work, k,;, = 3, the sunlight concentration is at
the maximum value at the half length of the tube and is progressively
reduced at the extreme sides of the tube. As shown in the figure, when
the eccentricity grows, the equivalent stress is diminished since the
convection heat transfer is increased due to the HTF flowing faster
in the zone of the tube with the most thermal demand, enhancing
the cooling of the tube walls in this region. This fact reduces the
nonhomogeneous temperature distribution and the consequent thermal
stresses. For the interior tube of the bayonet tube, the nonhomogeneity
of the temperature distribution grows as the position is close to the
tube’s inlet and outlet (i.e., z = 0 m), leading to an enlargement of o}/,
as z decreases. This is due to the configuration of the bayonet tube,
which causes the largest variation in the interior tube temperature to
occur at this position. At this point, the stress of the exterior tube is
greater than 3.2 times the von Mises stress peak of the interior tube.
As mentioned previously, for each configuration of the bayonet tube,
the maximum stress is located in the exterior tube at the half-length
of the tube, z = L/2. The highest equivalent stress is reached for the
concentric configuration, 618.2 MPa, and it decreases by approximately
8.8% for the largest eccentricity case. For ¢ > 0.25, the peak of
equivalent stress barely changes, passing from 575.5 MPa at ¢ = 0.25
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to 563.7 MPa reached ¢ = 0.45. The lowest value of the maximum
equivalent stress is reached when ¢ = 0.4. However, the improvement
in the thermal stresses is lower than 0.1% compared with adjacent ec-
centricities (i.e., ¢ = 0.35 and & = 0.45). The maximum equivalent stress,
i.e., 736.3 MPa, is achieved at the simple tube with the same diameter
as the external bayonet tube due to the combination of the following
two factors: (i) the largest inertial moment associated with the tube
diameter and (ii) the highest temperature. This value is 1.2 times higher
than the peak stress achieved in a concentric bayonet tube. Despite
the smallest simple tube experiencing a higher temperature than the
eccentric bayonet tube, its inertial moment is lower than those obtained
in the latter. Thus, its maximum stress is approximately 2.1% lower
than the stress obtained in the most eccentric layout analyzed in this
work. Fig. 12(b) illustrates the circumferential distribution of the von
Mises stress evaluated on the outer tube surface for both the interior
and exterior tubes of the bayonet tube. As discussed, independent of the
bayonet tube layout, the maximum stresses are located at the front of
the tube (facing the heliostat field). Although the stress achieved at the
rear of the tube (|0] = 180°) is lower, it cannot be neglected. The effect
of the eccentricity is clearly observed on the tube surface, although its
influence is more notable at § = 0°. In the rear, the equivalent stress
is stabilized from || > 105° for all the bayonet tubes studied. The
concentric configuration achieves the highest stress, i.e., 293 MPa, while
it is diminished by 8.0% with the largest eccentricity. Eccentricities
above 0.2 lead to a similar stress distribution in the rear zone.
Although the peak stress of the smallest simple tube is lower than
those obtained in the eccentric bayonet tube, its interaction with tem-
perature may produce higher creep damage than that experienced by
the bayonet tube. The methodology proposed [by Gonzélez-Gémez
et al. [70] has been used to characterize the time to rupture associated
with creep damage (r;) obtained during the operation of both the
simple and the bayonet receiver tubes. The time to rupture, which
depends on the tube temperature T in Kelvin and the effective creep

stress a:}efe” in MPa is calculated from the following:

11337 creep
) — Tl(’gl()(aeff

creep
eff )
The coefficients of Eq. (5) were obtained by Eno et al. [71] for Haynes
230. As a first conservative approach, the effect of the stress relaxation
was not considered so that the effective creep stress is equal to the
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(a) e =0.00
(b) e =10.20

(e) D, =25 mm

Fig. 11. von Mises stress contour maps obtained at different heights for (a) a concentric bayonet tube (¢ = 0.00); eccentric bayonet tub es: (b) & = 0.20, (c) & = 0.40; and simple
tubes: (d) D, =50 mm and (e) D, =25 mm.

equivalent von Mises elastic stress (as;efe” = oy ). As the exterior tube stress of the tube and the temperature of that point, the time to rupture
of the bayonet tube experiences the largest temperatures and thermal can be estimated. Table 4 shows the time to rupture associated with
stresses, its time to rupture is lower than that of the interior tube. creep damage, compared with the smallest simple tube to quickly
Through the above equation and using the values of the maximum identify bayonet tube layouts that enhanced the receiver lifespan.
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Although the eccentric bayonet tube experiences a higher peak stress
than the smallest simple tube, 7 is approximately 4.4% higher than
the latter, demonstrating that bayonet tubes may be used as receiver
tubes in SPT applications. In light of the results presented in this
work, the bayonet tubes have great potential due to their capability to
increase the convection heat transfer in the most thermally demanded
zones. Nevertheless, their pressure drop is considerably higher than
that obtained in conventional circular cross-section tubes. To compare
both effects through a single parameter, the following overall thermal
performance evaluation criterion (PEC) is proposed:

E/ Ere f

PEC = ———
(AP/APref)l/3

(6)
Where AP is the total pressure drop of the HTF between the inlet and
outlet of the tube and 4 is the mean convection coefficient of heat
transfer between the HTF and the tube wall heated by the concentrated
sun radiation:

1 =L 0=
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In the above equation of PEC, the subindex ref denotes the reference
case used to compare the performance of the tube. In this work, the
reference case has been taken as the simple tube with either D, =
50 mm or D, = 25 mm, so that the influence of the reference tube
diameter is shown in the PEC results. Note that, to take into account
that the bayonet and the reference tubes have different configurations
in the flow path, Eq. (6) directly compares # and AP (the relevant
parameters in this case) instead of the friction factor and Nusselt
number commonly used in a PEC [72]. Table 4 shows the results
of the PEC. The bayonet tube with eccentricity & > 0.3 improves
the performance (PEC > 1) of conventional single tubes. This means
that the increase of the convection coefficient in a bayonet tube can
compensate for the increase in the pressure drop with regard simple
tubes.
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6. Conclusions

In this work, the thermomechanical performances of Haynes 230
bayonet tubes to be used as solar receivers were analyzed. A series
of 3D CFD simulations were performed to characterize the effect of
the eccentricity and the ratio of cross-sectional areas on the behavior
of bayonet tubes under steady-state conditions. The solar noon of the
spring equinox was selected as the representative day for the analysis.
The same molten salt heat rate was used to perform a fair comparison
between bayonet tube layouts. In the simulations of the present work,
the eccentricity was varied from a concentric position, ¢ = 0.0, until
the walls of the exterior and interior tubes were almost touching,
¢ = 045, to characterize their influence on the resulting thermal
stresses in the tube walls of the bayonet receiver. The results revealed
that the eccentricity created asymmetries in the flow characteristics
that effectively increased the molten salt heat transfer coefficient on
the outer tube where the annular section was wider; hence, in that
region, the temperature and thermal stress were reduced. Furthermore,
excessive overheating of the fluid was avoided since the heat absorbed
by the outer tube was distributed between the flow of molten salt in
the annular section and that in the circular section. As revealed by the
simulations conducted, this effect was accentuated by the eccentricity
between the centers of the inner and outer tubes of the bayonet tube.

Eccentric bayonet tube layouts caused the molten salt velocity to
grow at the widest region of the annular section in eccentric configu-
rations of the bayonet tube, producing the maximum flow velocities
in this region, while the flow was considerably decelerated in the
narrow region of the annular section. Eccentricity could reduce the
pressure of the concentric bayonet tube configuration (3.61 bar) by
30.8%. Nevertheless, this pressure decrease was considerably higher
than those obtained in the smallest and largest simple tubes, 1.28 bar
and 0.13 bar, respectively. This enhancement of the tube wall cooling
effect provoked by the eccentricity, which increased to 26.1% of the
convective heat transfer achieved in a concentric configuration, was
reflected in the maximum tube temperature, in which the peak tem-
perature obtained in the concentric bayonet tube was diminished by
approximately 4.9% with the highest eccentric configuration, which
represented a temperature reduction of approximately 29.4 °C. In addi-
tion, this bayonet tube layout achieved a lower peak temperature than
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Table 4
Maximum temperature and stress, pressure drop, time to rupture associated with creep damage and PEC for different receiver tubes layouts.
Type D, ¢ Thax Oy, tereep! Tereepp, =25 mm AP h PEC
(mm) cQ) (MPa) () (bar) (kW/m?K)
D, =50 mm D, =25 mm
0.00 593.5 618.2 0.14 3.61 10.57 0.65 0.68
0.10 579.0 591.2 0.37 3.55 14.94 0.92 0.97
Bayonet 50 0.20 570.5 575.7 0.66 3.44 15.84 0.98 1.04
4 0.30 565.9 567.2 0.92 3.24 16.05 1.02 1.07
0.40 564.1 563.7 1.04 3.01 16.44 1.07 1.12
0.45 564.1 563.6 1.04 2.92 16.28 1.07 1.13
Simple 50 - 664.1 736.3 3.23.1073 0.13 5.41 1.00 1.05
P 25 - 569.4 552.1 1.28 1.28 10.99 0.95 1.00
simple tubes. The concentric bayonet tube achieved the highest thermal References

stress, i.e., 618.2 MPa, and it was reduced up to 8.8% as eccentricity
increased. Although the smallest simple tube experienced a higher
temperature than the eccentric bayonet tube, its lower inertial moment
caused its maximum stress to be 2.1% lower than the stress obtained
in the most eccentric layout analyzed in this work. Nevertheless, the
time to rupture associated with creep damage of the eccentric bayonet
tube was 4.4% higher than that obtained in the smallest simple tube.
In addition, the tube’s performance was evaluated through a PEC
factor, which compared the mean convection heat transfer with the
total pressure drop of the bayonet and the conventional tubes. The
results indicate that the enhancement of convection achieved by the
bayonet tube can compensate for the resulting increase of the pressure
drop. The maximum PEC is obtained in the bayonet tube with high
eccentricity (¢ = 0.45) and it is 7% and 13% higher than that obtained
in a simple tube with D, = 50 mm and 25 mm, respectively. Based on
the results presented in this work, it can be asserted that the bayonet
tube could be a potential alternative to the current receiver tubes since
it offers additional degrees of freedom, leading to an optimum in the
thermomechanical behavior of the receiver.
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