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Abstract: Preheating of the absorber tubes of a central receiver is a crucial operation11

in the start-up of current solar power tower plants (SPT) working with molten salt as12

a heat transfer fluid. In the preheating, a subset of the heliostat field is aimed at the13

receiver to produce an incident heat flux capable of heating the tube walls before they14

are filled with the molten salt. Incident radiation should be kept above a minimum as15

an insufficient level of preheating may lead to the crystallization of the incoming flow16

of molten salt, interrupting the receiver operation. However, too much incident heat17

flux in the preheating causes severe thermal gradients in the walls of the tubes, leading18

to extremely high thermal-stresses and the eventual fatigue damage of the receiver.19

The present work numerically characterizes the temporal evolution of the temperature20

and thermal-stresses in the absorber tubes made of Haynes 230 alloy. This is done21

for two examples of SPT plants, i.e. Gemasolar and Dunhuang, with the aim of22

detecting when and where the largest temperature gradients and mechanical stresses23

appear during the tube preheating and evaluate their impact on the fatigue damage24

of the receiver tubes. The results show that during the first seconds of preheating,25

the front side to the tube is rapidly heated but the temperature at rear side of the26

tube is barely modified, causing a great non-uniformity of temperatures. This effect is27

enhanced when the tube diameter is increased because the heat requires more time to28

reach the rear side of the tubes. The peak values of the temperature gradient and the29

von Mises stress are reached during the first minutes of the preheating. Besides, under30

windy conditions, the preheating procedure proposed by Vant-Hull may be insufficient31

to preheat the receiver. Furthermore, in all the cases analyzed, the estimated fatigue32

damage of the tube is much less than the 5% upper limit to avoid significant creep-33

fatigue interaction. This indicates the Vant-Hull algorithm does not compromise the34

structural integrity of the studied receiver tubes.35

Nomenclature36

Latin symbols

aabs absorption coefficient (m−1)

B pitch between consecutive tubes (m)

cp material specific heat (J/kg ·K))

de outer tube diameter (m)

di inner tube diameter (m)

Df fatigue damage



Dr receiver diameter (m)

e specific energy (Jkg−1)

FS Minimum separation between front surface and tubes (m)

Ftt view factor between tubes

Ftc view factor between tube and sky

h convective heat transfer coefficient (Wm−2K−1)

h average convective heat transfer coefficient (Wm−2K−1)

Hr receiver height (m)

I radiation intensity

j cycles number index

k material thermal conductivity (Wm−1K−1)

LS lateral separation of the domain (m)

n refractive index

Na,j allowable cycles number

Ns,j security allowable cycles number

Np number of panels in the receiver

Nt number of tubes in the panel

Nw,j weighting cycle factor

q
′′

heat flux (Wm−2)

r radial coordinate (m)

~r vector of positions (m)

Rfoul fouling resistance (W−1m2K1)

RS Minimum separation between reradiating wall and tubes(m)

RWL reradiating wall length (m)

~s vector of directions

t time (s)

T temperature (K)

T bulk temperature (K)

Ttc minimum tube temperature (K)

To temperature effective of surroundings (K)

TR Vant-Hull threshold temperature (K)

th tube thickness (m)

v velocity (ms−1)

Wp panel width (m)
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Greek symbols

αs visible absortivity

∆tsz time-step size (s)

∆εs security equivalent strain range

∆σVM maximum equivalent von Mises stress range (MPa)

ε emissivity

µ material viscosity (Pa s)

Ω
′

solid angle (rad)

Φ phase function

ρ material density (kgm−3)

σ von Mises equivalent stress (MPa)

σs scattering coefficient (m−1)

σSB Stefan-Boltzmann constant (Wm−2K−4)

θ circumferential coordinate (o)

Subscripts

amb ambient

a, s absorbed from surroundings

a, t adjacent tubes

conv convection

eval evaluation

gr ground

max maximum

min minimum

r receiver

rad radiation

rw refractory wall

SK Siebers & Kraabel

sky sky

t tube

V H Vant-Hull

VM von Mises

w wall
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wind wind

Abbreviations

DO discrete ordinates

CFD computational fluid dynamics

CSP concentrating solar power

FEM finite element model

HTF heat transfer fluid

GPS generalized plane strain

SPT solar power tower

1. Introduction37

Renewable energies are increasingly promoted worldwide to generate electricity due to the growing concern38

about Global Warming and Climate Change and the exhaustion of fossil resources. Solar energy is acknowl-39

edged as one of the most promising, clean, and abundant renewable energies. Specifically, Concentrating Solar40

Plants (CSP) are the most efficient and cost-competitive solar technology regarding the storage of energy for41

the electricity production with solar energy [4]. Although CSP plants have experienced significant growth in the42

last years worldwide, they are still involved in a maturing process where significant challenges must be overcome43

to reduce the cost and to assure a suitable level of reliability.44

45

CSP technologies are based on the conversion of solar radiation into thermal energy, which is produced through46

mirrors that reflect the solar radiation onto an absorber element, heating the heat transfer fluid (HTF) which47

flows inside. The thermal energy of the HTF is transformed into electricity in the power block of the plant.48

According to [3] the Solar Power Tower (SPT) plants operating with molten nitrate salts as HTF, are becoming49

the dominant CSP technology since they reach a unique balance between high thermal efficiency and hours of50

operation aided with the direct storage of the HTF. Despite its advantages, improvement of SPT technology51

must continue to produce energy in an efficient and cost-competitive way, guaranteeing a safe operation during52

the useful life of the plant. One of the most critical components of SPT plants is the receiver which typically53

is composed of absorber tubes that are subjected to the concentrated solar flux reflected by the heliostat field.54

This concentrated flux has a non-uniform distribution and leads to high-temperature gradients in the tube55

walls. These temperature gradients produce a high thermal stress of the absorber tube as explained in [23].56

HTF corrosion combined with the high thermal stresses causes the cracking of the receiver tubes.57
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58

The receiver represents the 20% of the total capital investment cost of SPT plant [3], which, combined with59

its demanding operating conditions, justifies the need of developing accurate thermo-mechanical models to pre-60

dict the receiver behavior under different conditions. Several thermo-mechanical models have been reported61

in the literature. In [20] an analytical model for a SPT absorber tube under concentrated solar radiation was62

developed to study the influence of the tube length, the incident energy, the HTF flow velocity in the tubes63

on the heat transfer and the thermal efficiency of the receiver. A numerical model of an absorber tube was64

developed in [38] for a receiver tube operating with molten salt. The tube was heated at one half of the outer65

surface and insulated at the other half. The heat transfer characteristics were studied in this work and the66

importance of the inner surface temperature was stood out to prevent the decomposition of molten salt. In [32]67

a thermo-mechanical and hydrodynamic analysis was carried out to characterize the behavior of a SPT receiver68

considering one representative tube per panel. Besides, the temperature distribution and the film temperature69

were shown to be key parameters in the design of SPT receivers revealing the need for a compromise design70

between pressure drop and maximum film temperature. This model was updated in [31], where all the receiver71

tubes were considered, instead of one representative tube per panel, yielding a temperature prediction that72

was more accurate. Besides, the novelty in [31] was the coupling between the thermal characterization of the73

receiver and the aiming strategy of the heliostats field to avoid the overheating of the receiver tubes. In [30],74

two numerical models, developed under the assumptions of homogeneous heat flux and wall temperature, were75

developed for a receiver with a representative tube per panel. The temperature distribution of the receiver76

obtained with these models was compared with steady CFD numerical simulations to check the validity of the77

assumptions. A FEM and CFD models were developed in [17] for a single receiver tube, heated in the front78

half part of the outer tube surface while the other half was insulated. In this work models were developed79

for transient and steady conditions to characterize the dynamic behavior of the absorber tube under a sudden80

change in the heat flux. A good agreement between FEM models with fluids lines and detailed CFD models was81

reached in [17] for the molten salt cases. Besides, the effect of changing the molten salt by liquid sodium was82

studied, showing that an overestimation of the Nusselt number leads to lower temperatures in tube wall of the83

model. In [35] a heliostats field aiming strategy was obtained to maximize the thermal output of the receiver,84

preventing the tube damage due to molten salt corrosion and thermal stress.85

86

Despite the numerous works about SPT receivers under realistic operating conditions, only a few have studied87

the start-up process of these receivers. The receiver is drained every night after completing its daily operation.88

In the morning, the start-up process of the receiver consists of the preheating and then the filling of the receiver89

tubes with the HTF. As was commented before, the typical HTF of SPT plants is molten nitrate salt, whose90

chemical composition is 60% of sodium nitrate (NaNO3) and 40% of potassium nitrate (KNO3). This nitrate91

5



salt solidifies at about 221 oC and starts to crystallize at 238 oC, [39]. The molten salt is commonly stored at92

290 oC at night. To prevent the freezing of the molten salt during the filling process of the receiver start-up,93

the absorber tubes must be heated until the tubes have enough temperature to fill them without the risk crys-94

tallization. Vant-Hull indicates in [37] that the minimum temperature of the tubes must be between 260 oC95

and 382 oC to fill them with nitrate salt. A minimum temperature of the tubes ranging between 340 oC and96

375 oC is recommended in [24]. When the minimum tube temperature is reached, the preheat ends, and the97

filling of the tube with HTF can start. For the present work, the minimum tube temperature has been set at98

340 oC. A cold-filling strategy for the receiver start-up, to reduce the nightly parasitic power consumption and99

increse the availability of the plant, was discussed by Pacheco [26]. This study concluded through experiments100

and analyses that the receiver tubes do not have to be above the salt freezing temperature before the salt flow101

is established, provided the flow has a sufficiently high velocity, but it was indicated that the best option might102

be partial preheating to reduce the risk of failure by thermal stresses in the tubes and in other elements such103

as in tubes-to-header junctions, flanges, valves and changes in piping cross sections.104

105

Concerning the preheat operation, it is the start-up phase in which the empty tubes of the receiver are uniformly106

heated (along the tube length) by the incident radiation reflected by the heliostats field of the plant. Vant-Hull107

proposed a preheat algorithm in [37] where a uniform incident heat flux (i.e. uniform irradiation map on the108

receiver) is provided as a function of the time spent in the preheat operation, t, and the minimum temperature109

of the tube, Ttc, which is at the rear side of the tube in a SPT receiver. In Figure 1 the Vant-Hull algorithm is110

shown in a map versus t and Ttc. Every 5 min during the preheating a new assignment of heliostats is made and111

kept active to prevent chaotic arrangements from developing with time. Specifically, the required heat flux on112

the receiver is calculated every 30 s by introducing the temperature of the rear side of the tube, Ttc, in Figure 1,113

for a given time instant, t. It can be observed in Figure 1 that the Vant-Hull threshold temperatures for which114

the heat flux is changed vary every 5 min from the beginning of the preheating. The values of the Vant-Hull115

threshold temperatures, which lead to controlled temperature ramps on the receiver tubes, are explicitly in-116

cluded in the horizontal axis of Figure 1. The only threshold temperature that varies within a 5 min interval117

is denoted with TR − 10oC, where TR is (TR (oC) = 5
9 ·
[(

100 +
(

800 ·
(

1− e
−t (min)

10

)))
− 32

]
) according118

to the Vant-Hull algorithm [37]. According to Vant-Hull [37], under ideal conditions the end of the preheating119

can be achieved in less than 15 min. However, the convection losses could prevent or delay the tube filling120

with molten salt since they tend to decrease the tube temperature. As mentioned in Vant-Hull, the preheating121

under extreme ambient conditions may require a wide range of incident heat flux, though an algorithm for that122

is not detailed in [37]. Thus, it would be interesting to know the impact of non-ideal conditions, such as the123

wind velocity, on the tube preheating. In addition, the Vant-Hull algorithm does not directly consider the tube124

geometry (i.e. tube diameter and thickness), material properties, thermal stress nor fatigue damage limits,125
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which are vital for the correct receiver management. Note that solar central receivers are exposed to high creep126

damage and, to not compromise the structural integrity, the total fatigue damage along the receiver lifetime127

should be limited to very low values, that is 5% [7]. Otherwise, the creep and fatigue damages are combined,128

and the receiver lifetime is dramatically reduced [18]. This fatigue damage is highly dependent on the material129

properties and the geometry (tube diameter, thickness).130

Figure 1: Incident heat flux in kW/m2 provided by the Vant-Hull preheat algorithm.

In view of the above comments, the start-up is a critical stage in the receiver operation from a thermo-mechanical131

point of view. Despite the relevance of the receiver start-up, the literature about this topic is scarce. In [16] a132

receiver startup process was numerically and experimentally studied. The tube, exposed at the ambient air, was133

partially heated by an induction coil, which simulates the absorbed heat flux of incident radiation coming from134

the heliostats field. The temperature distribution of the tube was numerically obtained through the resolution135

of the heat conduction equation using an inverse heat transfer formulation based on the conjugate gradient136

method. The temperature distribution was then used to calculate the thermal stresses under the quasi-static137

thermoelastic theory. Numerical results were compared with the experimental results, performed in a molten138

salt loop. However, free tube bending was considered for the stress analysis, which is not the typical configura-139

tion of central receivers where the tubes are guided by clips to keep the tube in a straight position. Free tube140

bending may appreciably underestimate the thermal stress during startup process. Besides, the fatigue damage141

was not considered in the analysis.142

143

The main goal of the present work is to characterize the thermal stress and the fatigue damage associated144

with the receiver preheating when the Vant-Hull algorithm is used under ambient conditions with and without145

wind. To this end, the temporal evolution of the thermo-mechanical distribution during the preheating of the146
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absorber tubes of the receiver and the resulting fatigue damage are obtained for two different SPT receivers,147

which are similar to those of Gemasolar and Dunhuang SPT plants. This is the first time such a complete148

analysis is presented in open literature and it can be relevant to further understand the preheating operation of149

current SPT plants. Specifically, two novel thermal models, based on different levels of simplification, are solved150

with CFD simulations to characterize the transient thermal behavior of the receiver tube during its preheating151

under no-wind and windy conditions, and with an incident heat flux determined with the Vant-Hull algorithm152

[37]. The temperature field obtained with the CFD simulations is used as a thermal load to determine the153

stress distribution of the receiver tube with FEM simulations. Besides, the quasi-static thermo-elastic model154

proposed in [21] is validated for transient problems and used to calculate the fatigue damage associated with155

the receiver preheating.156

157

This paper is organized as follows: in Section 2 the absorber tubes of the SPT receivers to be analyzed are158

described. In Section 3 the two CFD models proposed in this work for the thermal characterization of the159

receiver tube are presented. Section 4 describes the FEM model and the analytical methodology employed to160

mechanically characterize the receiver tube. This section also explains the method used to estimate the fatigue161

damage. Section 5 summarizes the conditions of the studied cases. In Section 6 the principal results of the162

temporal evolution of thermo-mechanical fields are shown and discussed. Finally, Section 7 contains the main163

conclusions arising from this work.164

2. System description165

In the present paper, a thermo-mechanical study of the absorber tubes during the receiver start-up has been166

carried out. The process analyzed is the preheating of the empty tubes by means of an incident heat flux of167

concentrated solar radiation, which is described by the Vant-Hull algorithm summarized in Figure 1. This study168

is done for two different receivers, which represent those of Gemasolar and Dunhuang SPT plants. These plants169

have an external tubular receiver, configured as a 360o cylinder. The receiver can be geometrically defined by170

two parameters: height, Hr, and diameter, Dr. Each receiver is composed of a number of absorber tubes, Nt,171

gathered into Np panels. Each absorber tube has an outer diameter de and a tube thickness th. The pitch be-172

tween consecutive tubes is B. The chosen material of the tube is Haynes 230 Alloy since it has excellent fatigue173

and creep properties at elevated temperatures. The absorber tubes are externally coated with Black Pyromark174

to increase their absorptivity to solar radiation [30]. The tubes of each panel are individually supported at175

the top, which permits unrestricted downward thermal expansion (i.e. the net axial force is null). Moreover,176

the absorber tube is guided periodically over its length by supported-elements, i.e. clips, which are welded to177

the rear side of each tube [15]. To reduce radiation heat losses, the rear side of the tubes, |θ| > 90o, faces a178

wall of insulating material built on the supporting structure of the tower. For this work, calcium silicate has179
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been selected as insulating material and it will assumed that this material is coated with high reflectivity White180

Pyromark, [39]. The values of the absorptivity and emissivity coefficients of the Pyromark materials have been181

obtained from Zavoico [39] and Slemp and Wade [34]. The heat transfer fluid (HTF) flowing inside the absorber182

tubes is molten solar salt, 60% wt NaNO3 and 40% wt KNO3.183

184

Table 1 summarizes the main parameters of the two receivers analyzed, i.e. Gemasolar and Dunhuang re-185

ceivers, as well as the ambient, sky, and ground conditions.186

Table 1: Parameters of the Gemasolar and Dunhuang receivers and the surroundings conditions.

Element Parameter Symbol
Plant

Gemasolar Dunhuang

Receiver

Height Hr (m) 10.5
Diameter Dr (m) 8.5 7.3

Number of panels Np 18
Panel width Wp (m) 1.4988 1.2872

Num. of tubes per panel Nt 56 28

Tube

Outer diameter de (mm) 25 44
Thickness th (mm) 1.2 1.35

Pitch B (mm) 2 1
Emissivity εt 0.87

Visible absorptivity αs 0.93
Fouling resistance Rfoul (K m2/W) 8.8 · 10−5

Tube sourrondings

Ambient
Temperature

Tamb (K) 300

Sky
Tsky (K) 286.3

Emissivity
εsky 0.85

Ground εgr 0.955
Refractory wall εrw 0.2

3. Thermal characterization187

3.1. Numerical models188

Two numerical models, with different levels of simplification, have been developed to describe the thermo-189

mechanical behavior of the absorber tubes during the receiver preheat: a Simplified Model (SM) and a more190

detailed model called here as Complex Model (CM). As the receiver preheating is similar in all the panels of191

the receiver, a cross-section of a generic tube of the receiver is studied. In the models, the tubes are empty (i.e.192

with air inside) and receive the incident heat flux of concentrated solar radiation according to the preheating193

algorithm of Figure 1.194

195

During the tubes preheating, it will be assumed that the receiver valves are closed, so that air inside the196

absorber tubes cannot move freely. Besides, free convection motion of the air in the tubes is neglected on197

account of its small Rayleigh number. For this reason, together with the difficulties in modelling free convection198

in a two-dimensional (2-D) simulation, air in the tubes will be considered to be stagnant. The tube walls are199
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opaque to radiation, while the air in the tubes is transparent. Radiation heat transfer in the volume occupied by200

the air inside the tube is considered, but air is modeled as a non-participating medium. Axial heat conduction201

at the extremes of the tube is neglected compared to radial and circumferential conduction. This leads to a202

2-D distribution of temperature since the incident heat flux does not vary in axial direction during preheating.203

Fouling inside the tubes, as a result of corrosion produced by the molten salt during the previous operation204

of the receiver, is also included in the numerical models, and its value is obtained from [39]. Nevertheless, for205

the boundary conditions analysed in this work, the temperature distribution is not very sensitive to the fouling206

resistance.207

208

In the Simplified Model, only the tube and the air inside are considered, which simplifies the solution of209

the model and makes it more attractive for optimization processes of the receiver operation. The Simplified210

Model is a 2-D cross section of the tube, which is geometrically defined by the outer and inner tube diameters,211

de and di respectively. As described in Section 3.5, a heat flux distribution, which considers the incident heat212

flux and heat losses, is imposed at the front side of the outer surface (|θ| ≤ 90o). The rear side of the tube213

(|θ| > 90o) is considered adiabatic. As the cross-section and conditions of the absorber tube are symmetric,214

only half of the tube cross-section will be studied as shown in Figure 2 (a).215

216

In the Complex Model, the absorber tube, the air inside the tube, the reradiating wall and the air surrounding217

the tube are studied in a 2-D cross section of the system. A schematic representation of the Complex Model is218

shown in Figure 2 (b). The domain of the Complex Model extends laterally to half the pitch between consec-219

utive tubes, LS. For the different cases studied in this work, the reradiating wall has a thickness RWL = 15220

cm. The value of RWL is sufficiently large to weakly affect the results. Initial simulations, not shown here for221

simplicity, revealed that only the first 5 cm of the reradiating wall are appreciably heated during the start-up.222

The separation between the reradiating wall and the rear side of the tube is RS = 5 cm. For the tube heat-223

ing, the Complex Model improves the traditional modelling of the cosine heat flux performed in the Simplified224

Model. In the Complex Model, an irradiation flux of the sun reflected by the heliostats is imposed at the225

front boundary of the domain (right side of the domain in Figure 2 (b), see details in Section 3.5). Thus, the226

heat flux distribution on the tube surface is obtained as a result of the model solution, which calculates the227

heat losses of the tube and the radiation exchange between adjacent tubes without assuming a cosine heat flux228

distribution. The separation between the tube and the front boundary of the domain, FS (not at full scale229

in Figure 2 (b)), is equal to the tube diameter. This separation is sufficient to get a negligible interference of230

this boundary on the tube temperature. The air outside the tube allows the radiation transmission but it is231

modelled as a non-participating medium at rest and with null thermal conductivity. This is so because the232

convective losses of the tube to the outside air are calculated with an empirical correlation and are incorporated233
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in the model through a sink of heat at the outer tube surface. This eliminates the need of solving the convective234

motion of the air in the domain outside the tube, which would have been not possible due to the difficulties in235

simulating in a 2-D domain the air convection due to thermal buoyancy and wind. In the cases without wind,236

only natural convection is taken into account to find the convective heat losses. In the cases with wind, the237

selected wind direction is North-South since this direction has the highest impact on the convective heat losses,238

as was explained by Siebers and Kraabel in [33]. A wind velocity of 9 m/s has been chosen in the present study239

because, according to [37], during the preheat operation under wind velocities of 9 m/s the entire range of flux240

densities of the Vant-Hull algorithm (i.e. 12 to 36 kW/m2) is required.241

(a)

(b)

Figure 2: Simulation domain and main dimensions of: (a) Simplified Model, (b) Complex Model.

3.2. Governing equations242

The governing equations to be solved in the models are the energy equation for the air and the heat diffusion243

equation for the tube wall, both in unsteady formulation. As the models described above do not consider the244

air movement, the continuity and momentum equations are not required and the energy equation for the air is245

just analogous to the diffusion equation for the tube wall:246

∂

∂t
(ρe) = ∇ · (k∇T ) (1)

Where ρ and k are, respectively, the density and thermal conductivity coefficient of the substance (air or tube247

material), e =
∫ T
Tref

c dT is the specific energy of the substance, with c being the specific heat, which is a248

function of temperature T .249

250

Additionally, radiation heat transfer is considered through the Discrete Ordinates (DO) model, [13, 29]. The251

DO radiation model, coupled with temperature of the tube wall surfaces, solves the following radiative transfer252

equation (RTE) for a finite number of discrete solid angles:253

∇ · (I(~r,~s)~s) + (aabs + σs)I(~r,~s) = aabsn
2σT

4

π
+
σs
4π

∫ 4π

0

I(~r,~s ′)Φ(~s · ~s ′) dΩ′ (2)
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Where aabs, n and σs are, respectively, the absorption coefficient, the refractive index and the scattering254

coefficient of the medium through which radiation is transmitted, I is the radiation intensity, which depends on255

position (~r) and direction (~s), σ is the Stefan-Boltzmann constant, T is the local temperature, Φ is the phase256

function and Ω′ is the solid angle. In Equation 2, each radiation intensity angle is associated with a vector257

direction ~s in the global Cartesian system ( x, y, z). The DO model solves as many transport equations as there258

are directions ~s, [19].259

3.3. Computational mesh260

Both models are solved in structured computational meshes with quads cells, as shown in Figure 3. These meshes261

have a high cell concentration around the tube walls to correctly capture the thermal gradients during the tube262

preheating. It was checked with preliminary CFD simulations that meshes with cell size in radial direction of263

about 50 µm at the tube surfaces were enough to capture these thermal gradients during the preheat of the264

receiver. Notice that no boundary layer appears in the air since it is stagnant.265

(a)

(b)

Figure 3: Computational mesh: (a) Simplified Model (b) Complex Model
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A sensitivity analysis was performed to evaluate the dependence of the results on the number of cells. Because266

of its smallest size, the receiver of Gemasolar was selected to perform the sensitivity analysis of the Simplified267

and Complex models. The case without wind was selected as it leads to the most severe heating and thermal268

gradients. The sensitivity analysis was based on a series of mesh refinements. In these refinements, the number269

of cells was increased while the size of the interface cells in the wall, which are in contact with the fluid zones,270

was kept invariable. The maximum temperature of the tube, Tmax, which is located at r = de/2 and θ = 0o,271

and the bulk temperature of the tube (spatial average), T tube, were compared for the different meshes at differ-272

ent time instants. These temperatures are normalized with their corresponding values obtained with the most273

refined mesh (Tmost refined). The results of the sensitivity analysis are presented in Figure 4 for the Simplified274

and the Complex models.275

276

In the sensitivity analysis of the Simplified Model, four meshes were developed. These meshes had of 4880,277

9825, 19250 and 38500 cells. The discrepancy of results between the most refined mesh, composed of 38500278

cells, and the mesh with 19250 cells reached 1.6% and 0.3% for the maximum and the bulk temperature, respec-279

tively. Equivalently, four meshes with a different number of cells (4520, 8560, 13350, and 26980) were studied280

for the case of the Complex Model. These meshes have a smaller number of nodes compared to the Simplified281

Model because the solution of the Complex Model is more demanding as it involves more equations. In the282

Complex Model, the variation of the results between the meshes with 26980 cells and with 13350 cells were283

1.84% and 1.08% for the maximum and the bulk temperatures, respectively. Therefore, the meshes with 19250284

cells (Simplified Model) and 13350 (Complex Model) were selected for the rest of results of the manuscript as a285

compromise between accuracy and computational cost. The mesh selected for the Simplified Model, shown in286

Figure 3 (a), has 140 elements in the circumferential direction, 50 elements in the tube thickness concentrated287

around tube inner and outer surfaces, a minimum orthogonal quality of 0.719 and a maximum ortho skew288

of 0.281. Figure 3 (b) shows the mesh selected for the Complex Model, which has 180 elements in the tube289

perimeter, 25 elements located in the tube thickness, minimum orthogonal quality of 0.382 and a maximum290

ortho skew of 0.618.291
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(a) (b)

Figure 4: Normalized temperature of the tube obtained in the sensitivity analysis, developed for the receiver
tubes of Gemasolar under nominal conditions without wind for: (a) Simplified Model, (b) Complex Model.
(Dotted line: bulk temperature, T tube. Solid Line: maximum temperature, Tmax )

3.4. Material properties292

The thermal properties used for the substances in the models are listed in Table 2. For simplicity the properties293

of the air are modeled as non-temperature dependent. As commented before, the thermal conductivity of294

the air outside the tube in the Complex Model is artificially decreased to a nearly null value because the295

convective losses are computed at the tube surface with empirical correlations. The reradiating wall in the296

Complex Model is made of calcium silicate and the variation of its thermal properties with temperature is also297

neglected, excepting the thermal conductivity, which is taken from [1]. The tube is made of Haynes 230, which298

is a nickel-chromium-tungsten-molybdenum alloy that combines excellent high-temperature strength, long-term299

thermal stability and excellent low cycle fatigue properties at elevated temperature. Since the present study300

focuses on the tube behaviour, the properties of the Haynes 230 are considered temperature dependence with301

the exception of its density, whose variation with temperature is comparatively much smaller than the rest of302

properties, [14, 2]. The refractive index and scattering coefficient of the air are set to 1 and 0 m−1, respectively.303

The absorption coefficient is 0 m−1 for the tube material and the surrounding air, while for the fouling resistance304

and the air in the tubes is aabs = 0.01 m−1.305
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Table 2: Material properties

Zone Material
Density Specific heat Thermal conductivity Viscosity

ρ (kg/m3) cp (J/kg ·K) k (W/m ·K) µ (Pa · s)
Reradiating wall Calcium silicate 285.0 1030.0 −0.006435 + 0.00017 · T (K) -

Tube Haynes 230 8970.0 308.8 + 0.247 · T (K) 2.937 + 0.02 · T (K) -
Interior tube Air 1.225 1006.43 0.0242 1.7894 · 10−5

Surrounding air Air modified 1.225 1006.43 0 1.7894 · 10−5

3.5. Boundary and initial conditions306

In the Simplified Model, the inner surface of the tube is thermally coupled with the air in the tube through the307

fouling resistance. The emissivity of the inner surface and the value of the fouling resistance is shown in Table308

1. Symmetry conditions are imposed in the tube walls and the inner air at θ = 0o and θ = 180o. As mentioned309

in section 3.1, an adiabatic condition is defined at the rear side (|θ| > 90o) of the outer surface of the tube,310

while at the front side (|θ| ≤ 90o) a distribution of the net heat flux absorbed by the tube is imposed as follows:311

q
′′
(θ, t) = q

′′

solar(θ, t) + q
′′

conv(θ, t) + q
′′

rad(θ, t) + q
′′

a,t(θ, t) + q
′′

a,s(θ) (3)

In Equation 3, the net heat flux distribution absorbed by the tube at the front size is composed of the solar heat312

flux reflected by the heliostats field and absorbed by the tube in the visible spectrum (q
′′

solar), the convection313

(q
′′

conv) and radiation (q
′′

rad) losses, the radiation heat absorbed from adjacent tubes (q
′′

a,t) and the radiation314

heat absorbed from the surroundings (sky and ground) in the infrared spectrum (q
′′

a,s).315

316

The solar heat flux absorbed by the tube is modelled with a cosine distribution:317

q
′′

solar(θ, t) = αsq
′′

V H(t)cos(θ) (4)

Where q
′′

V H(t) is the radiation flux incident to the absorber tube, which is obtained from the Vant Hull algo-318

rithm, and αs is the solar radiation absorptivity (i.e. in the visible spectrum) of the black Pyromark coating.319

320

The convective loss, q
′′

conv, shown is based on a local heat transfer coefficient, h(θ), and the local tempera-321

ture difference between outer surface of the tube and the free stream temperature of the air, Tw − Tamb:322

q
′′

conv(θ, t) = −h(θ)(Tw(θ, t)− Tamb) = −h[cos(θ) + 1](Tw(θ, t)− Tamb) (5)

As shown in Equation 5, a new modelling of h(θ) is proposed, which uses a cosine function that is maximum at323

the front side of the tube (θ = 0o) and softly decreases with θ to approximate the expected reduction of convec-324

tion on the rear face of the tube. This angular distribution is multiplied by the average value of h(θ) over the325
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tube surface, h, which is a function of the wind velocity, vwind. In the Simple Model, Equation 5 is applied for326

|θ| < π/2 (since the rear side of the tube is considered adiabatic). Thus, h = hsk
2π
2+π , where hsk is the average327

convection coefficient in a cylindrical external receiver calculated according to Siebers and Kraabel [33], which328

is referred to the unit area of the whole tube. The average convection coefficient is calculated for two different329

wind conditions vwind = 0 m/s and 9 m/s and air properties evaluated at the local average temperature of330

air in the boundary layer, (Tw(t, θ) + Tamb)/2. A growth of the incident heat flux during preheating causes331

a rise of the wall temperature, heating the surrounding tube air and leading to an augment of the convective332

coefficient associated with the natural convection. For the forced convection, the heating of the air surrounding333

the tube increases its kinematic viscosity, reducing the turbulence of the forced free-stream flow and diminishing334

the heat losses. For example, in the SM model h changes from null values to about 7.5 W/m2K when only335

natural convection is considered (vwind = 0 m/s) and from 36 W/m2K to 29 W/m2K approximately when336

vwind = 9 m/s.337

338

The flux of emitted radiation in Equation 3, q
′′

rad, is calculated with the tube emissivity, εt, the Stefan-Boltzmann339

constant, σSB , and the local temperature at the outer surface of the tube, Tw:340

q
′′

rad(θ, t) = −εtσSBT 4
w(θ, t) (6)

The radiation flux from the neighbour tubes that is absorbed by a tube is calculated with341

q
′′

a,t(θ, t) = αtσT 4
n(θ, t)Ftt(θ) (7)

Where the absortivity of the tube surface is considered equal to the tube emissivity, αt = εt, under the assump-342

tion of grey diffuse surface, and T 4
n(θ, t) is the spatial average temperature of the neighbour tube seen by the343

analyzed tube at the angular point θ and time instant t. This average temperature, as a first approximation,344

is considered to be equal the local temperature of the tube due to the symmetry of the temperatures in the345

adjacent surfaces of two consecutive tubes, i.e. T 4
n(θ, t) ≈ T 4

w(θ, t). Also in Equation 7, Ftt is the vision factor346

from the tube at a point of angular position θ to the neighbour tube.347

348

In Equation 3, the flux of infrared radiation from the surroundings that is absorbed by the tube, q
′′

a,s, is349

calculated with350

q
′′

a,s(θ) = αtσT
4
oFtc(θ) (8)

Where the view factor between tube and sky is Ftc(θ) = 1−Ftt(θ) (neglecting the view factor from the tube to351

the reradiant surface for θ < 90o) and the effective temperature of the surroundings, To, is estimated according352
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to [10]:353

T 4
o =

εskyT
4
sky + εgrT

4
amb

εsky + εgr
(9)

Concerning the Complex Model, the boundary condition applied to the inner surface of the tube is similar to354

that of the Simplified Model described above. Besides, in the Complex Model additional boundary conditions355

are required to define the domain of the air outside the tube. In particular, in the outer boundary facing the356

front of absorber tube (right outer boundary in Figure 2 (b)) a uniform incident solar radiation concentrated357

by the heliostats, q
′′

V H , is imposed. The infrared radiation absorbed by the tubes from the surroundings is358

considered through the effective temperature at the surroundings, To. The reradiant wall in the Complex Model359

is adiabatic on its back surface (left outer boundary in Figure 2 (b)). The surface of the reradiant wall facing360

the tubes is thermally coupled with the surronding air. The emissivity of this surface, which is coated with361

White Piromark and considered grey-diffuse, is εrw. Periodic conditions are set for the lateral boundaries of362

the Complex Model to take into account the effects of the adjacent tubes. Finally, the outer surface of the363

tube in the Complex Model is also considered a grey diffuse surface as in the Simplified Model, but now the364

Complex Model is able to directly compute the radiation on the tube surface with the DO radiation model, so365

only the convection losses from the tube to the exterior air need to be modelled. This is done by imposing the366

convection dissipation of Equation 5 as a superficial heat sink on all the outer surface of the tube. This heat367

sink is implemented in the CFD software through a User-Defined Function (UDF). For the Complex Model, h368

in Equation 5 is equal to the average convection coefficient for the whole tube surface of a receiver, hsk, which369

is calculated according to [33].370

371

In both the Simplified and the Complex models the initial temperature of the tube and the air in the CFD372

simulations of preheating is the ambient temperature, Tamb = 27 oC.373

3.6. Numerical solution374

The commercial software ANSYS Fluent v19.2 [19], is used to solve the unsteady governing equation described375

above. All equations are discretized with a pressure-based finite volume method, and are solved using the SIM-376

PLE algorithm [27]. A Second-Order Upwind method is used to discretize the convective and diffusive terms,377

[9]. A First-Order Upwind method is used to discretize DO radiation model. Besides, a Second-Order Implicit378

time discretization is selected to accurately solve the governing equations as sharp variations of temperature379

are expected, [19].380

381

A series of CFD simulations were performed to evaluate the sensitivity of the results with the size of the382

time step. The receiver of Gemasolar operating with the largest net heating rates, i.e: without wind, was383

selected to perform the sensitivity analysis of the time step size for the Simplified and Complex models. This384
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analysis is based on a series of time step size refinements. In these refinements, the time step size is progressively385

reduced while the other parameters are kept constant. When the time step size was ∆tsz = 0.01 s, the maximum386

discrepancies with regards a simulation with a lower time step size (∆tsz = 0.001 s) were 0.74% and 1.13%387

for the Simplified and Complex models, respectively. Similarly to the mesh sensitivity analysis, a compromise388

between accuracy and computational cost led to the selection of the time step ∆tsz = 0.01 s.389

4. Mechanical characterization390

4.1. Elastic stress calculation391

4.1.1. Analytical stress estimation392

The stress analysis was carried out using the methodology presented by Laporte-Azcué et al. in [21], which is393

based on an analytical method that calculates the thermal stresses in the receiver tubes using a two-dimensional394

thermo-elastic model constructed under the assumption of a quasi-steady-state non-axisymmetrical temperature395

distribution. As the maximum elastic stress range obtained for all cases studied in this work are below of twice396

the yield strength of Haynes 230, according with [5], the cyclic stress regime of the receiver tubes corresponds397

to elastic shakedown for which, after small plastic deformations at the initial cycles, the cyclic stress-strain398

hysteresis is stabilized in purely elastic cycles. In the present work, the temperature distribution was obtained399

through the transient CFD simulations described in section 3. According to the results obtained in [21], gen-400

eralized plane strain (GPS) conditions can be considered as a good approximation to obtain the stress state401

when receiver tubes displacement are restricted by clips. Previous works have also used the GPS hypothesis to402

characterize the thermal stress in a tube under steady-state conditions [22]. For this reason, GPS conditions are403

imposed for the receiver tubes in this work. Such approach allows the free axial expansion of the tubes resulting404

in zero axial force (i.e. integral of the axial stress within a tube section) and keeping constant the total strain in405

the axial direction, which are conditions that approximate those of a receiver tube as commented previously. It406

is important to note that, despite the temperature gradients take place in radial and circumferential direction,407

the GPS model obtains not only the radial and circumferential components of the thermal stresses in the tube408

wall, but also the axial component. This methodology also takes into account the temperature dependence of409

the material properties, i.e. the modulus of elasticity and the thermal expansion. This practice is highly recom-410

mended since the stress can be underestimated if temperature-independent material properties are considered,411

[21].412

4.1.2. FEM model413

To verify the accuracy of the analytical stress estimation (Section 4.1.1) when the temperature distribution414

in the tubes comes from a transient CFD simulation, the analytical stress results will be compared with FEM415

simulations of the thermal-stress, which was carried out by a static analysis using the software Abaqus/Standard.416
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The FEM used in the present work consists of 4-node linear-type elements in 2-D. As in the analytical stress417

estimation, the temperature field was obtained through the transient CFD simulations (section 3) and imposed418

as a thermal load in the FEM simulations. Also, similarly to the analytical stress estimation, the FEM model419

considers GPS conditions. A sensitivity mesh analysis was performed changing the number of elements in the420

FEM simulations along the tube thickness from 8 to 16 while keeping the aspect ratio equal to 1 on the elements421

(square shape). Finally, 12 elements along the tube thickness were selected since they led to a von Mises stress422

field that differed less than 1% compared to that obtained with the largest number of elements.423

4.2. Fatigue estimation methodology424

The fatigue damage, Df , is calculated according with [14] as the sum of the ratio between the weighting cycle425

factor, Nw,j , and the security allowable cycles number, Ns,j :426

Df =

M∑
j=1

Nw,j
Ns,j

(10)

Where j is the cycle number index, M is the total number of cycles of maximum stress range during the ex-427

pected lifetime of the receiver. In the present work, for each start-up the cycles are obtained through a rainflow428

counting method, [6]. Many start-up operations with preheating occur during the useful life of a receiver. Con-429

sidering a daily receiver start-up during 30 years, M is 10950.430

431

The number of allowable cycles, Na,j , is calculated according Equation 11 as a function of the the fatigue432

properties of the material and the security equivalent strain range ∆εeq,j , which is the difference between the433

maximum and minimum equivalent strain (calculated according to the ASME III code [25]) weighted with a434

security coefficient within a given cycle j. According to [28] and [36] this coefficient is set as 2. Therefore the435

security equivalent strain range for the fatigue damage estimation is calculated as: ∆εs,j = 2 · ∆εeq,j . As is436

proposed in [28], the security allowable cycles is calculated as: Ns,j = Na,j/4.437

∆εs,j = 2

[
σ
′

f

E′

(
Na,j

4

)−c1
+ ε

′

f

(
Na,j

4

)−c2]
(11)

where E
′

is the dynamic elastic modulus, σ
′

f is the fatigue strength coefficient, ε
′

f is the fatigue ductility, c1438

and c2 are constants. The values of the fatigue parameters for nickel-alloy Haynes 230 are summarized in Table439

3. The properties of Table 3 are evaluated at Teval = 0.5 · Tmax,j + 0.5 · Tmin,j , where Tmax,j and Tmin,j are440

the maximum and minimum temperature of each cycle. For a given cycle, the fatigue properties are obtained441

through a linear interpolation with the data of Table 3.442
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Table 3: Fatigue parameters for Haynes 230, [14] and [8].

Temperature (oC) 24 204 427 538

σ
′

f/E
′

(%) 0.17 0.15 0.2 0.2

ε
′

f (%) 66.5 130 18 45

c1 (−) 0.014 0.011 0.01 0.0005
c2 (−) 0.54 0.60 0.45 0.60

5. Studied cases443

The thermal models described in Section 3.1 were solved with CFD simulations to characterize the temperature444

distribution of the absorber tube during the receiver preheating. These models were evaluated for two ambient445

conditions: without wind and with horizontal wind velocity, vwind. Table 4 summarizes the cases studied in446

this work. In some cases, the resulting tube temperature was not high enough to fill the receiver with molten447

salt without the risk of crystallization of this fluid (i.e: Simplified and Complex models with vwind = 9 m/s, as448

will be shown later). Thus, additional cases were analyzed to understand if it is possible to start-up the receiver449

under windy conditions. In these additional cases, the flux density of the Vant-Hull algorithm was incremented450

a 20% in all the stages of the algorithm. This is referred in Table 4 as modified Vant-Hull algorithm. As451

the highest von Mises stress was obtained in the Simplified Model without wind, the temperature from the452

Simplified Model was used to validate the methodology proposed in [21] for transient problems. The stress453

distribution obtained with the methodology proposed in [21] has been used to calculate the fatigue damage454

associated with the receiver’s preheating.455

Table 4: List of cases solved to analyze the fatigue damage and thermo-mechanical behavior during the receiver
preheating.

Model Receiver
Wind velocity

vwind (m/s)
Vant-Hull algorithm Mechanical calculation Case

Simplified Model

Gemasolar
0 Standard FEM & Analytical A
9 Standard Analytical B
9 Modified No C

Dunhuang
0 Standard FEM & Analytical D
9 Standard Analytical E
9 Modified No F

Complex Model

Gemasolar
0 Standard Analytical G
9 Standard Analytical H
9 Modified No I

Dunhuang
0 Standard Analytical J
9 Standard Analytical K
9 Modified No L

6. Results and discussion456

In this section, the thermo-mechanical evolution and the fatigue damage associated with the tubes preheat are457

shown for the receivers of Gemasolar and Dunhuang solar plants. As was commented above, the receiver preheat458
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concludes when the minimum temperature of the tube is above 340 oC to avoid the freezing of the molten salt459

during the tube filling [24]. According to Vant-Hull [37], under ideal conditions, the receiver preheat is easy460

to achieve under 15 min. As this work studies the receivers under different ambient conditions, i.e. with and461

without wind, 20 min has been selected as the temporal range to study the receiver preheating.462

6.1. Temperature evolution463

The circumferential distribution of tube temperature obtained with the Simplified and Complex models is shown464

in Figure 5 for different time instants and for the two receivers studied in this work under ideal conditions (no465

wind) and a less ideal situation, i.e: wind velocity of vwind = 9 m/s in the North-South direction conditions.466

In all the cases, the absorber tube is at the surrounding temperature when the preheat begins, t = 0 s. Due467

to the receiver configuration, one part of the tube is facing the heliostats field while the other one is facing468

the reradiant wall. For this reason, as Figure 5 shows, the maximum temperature of the tube is located at469

the front side of the outer surface (r = re, θ = 0o), while the minimum temperature is located at the rear470

side (θ = 180o). Progressively the front side of the tube, |θ| ≤ 90o, is heated thanks to the incident heat flux471

reflected by the heliostats field, while the rear side (|θ| > 90o) is principally heated by heat transfer through the472

tube. This fact produces a non-uniform temperature distribution inside the tube, accentuated during the first473

moments of the preheat operation. This non-homogeneous distribution of the temperature generates that, from474

a mechanical point of view, the beginning of the preheating is one of the most critical periods. The progressive475

heating of the rear side of the tube causes that the non-uniform distribution of temperature is gradually reduced.476

477

With regards the tube of the Gemasolar receiver, Figure 5 (a) shows the circumferential distribution of the478

outer surface temperature of the tube for three time instants. They represent an early instant of the preheating479

(t = 10 s), the instant for maximum temperature difference (t = 80 s), and the instant at the end of the receiver480

preheating for the case without wind (t = 450 s) which is the earliest case to reach 340 oC at the tube back481

(θ = 180o). At t = 10 s, the difference between the maximum and minimum temperatures in the tube is 43.3 oC482

for the Simplified Model under ideal conditions (vwind = 0 m/s), while for the Complex Model it is 40.4oC.483

This difference is slightly reduced when the wind velocity is considered. At t = 80 s the highest temperature484

difference in the tube section is reached in both models, independently of the ambient conditions. The max-485

imum temperature is reached for the Simplified Model, which also has the maximum temperature difference486

(137.1 oC). In the Complex Model the maximum temperature difference is 130.1 oC. When wind is considered,487

these temperature differences are reduced by 13.3% and 11.6% respectively. In general, the Simplified Model488

is conducive of higher temperatures than the Complex Model on account of the adiabatic condition at the489

back facing surface of the tube in the Simplified Model. Finally, at t = 450 s the Simplified Model reaches490

enough temperature, above 340 oC, to end the preheating and allow the filling of the tube with molten salt491

without freezing threat. In both models, the non-uniformity of temperature is progressively reduced with time492
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for t > 80 s in all the studied cases. As some cases do not reach enough temperature to fill the tube with493

molten salt, i.e. Simplified and Complex models for wind velocities of vwind = 9 m/s, additional cases with494

vwind = 9 m/s have been simulated where the flux density of Vant-Hull algorithm has been increased by 20%495

in all the preheat stages. These cases denoted as modified Vant-Hull algorithm and are represented with dotted496

lines in Figure 5 (a). At the first instant of the preheating, the modified Vant-Hull algorithm produces a higher497

temperature than the standard Vant-Hull algorithm without wind, since the former has a higher specific flux.498

As time increases, the extra heat flux provided by the modified Vant-Hull algorithm does not compensate the499

convection losses due to wind, leading to an outer temperature of the tube that is smaller than that of the500

standard algorithm without wind but higher than the one of the standard algorithm with wind.501

502

The circumferential distribution of the outer surface temperature obtained for the Dunhuang receiver through503

the Simplified and the Complex models is shown in Figure 5 (b). As in the case of Gemasolar receiver, three504

different time instants have been studied: an earlier time instant (t = 10 s), the time instant for maximum505

temperature difference in a tube of Dunhuang receiver (t = 120 s), and the time instant at the end of the506

receiver preheating without wind (t = 550 s). From a qualitative point of view, the non-uniform temperature507

distribution observed in a tube of the Dunhuang receiver is similar to that in the Gemasolar receiver. However,508

as will be shown later, after a sufficient amount of time, both the maximum value and the circumferential509

variation of the tube temperature are higher for the Dunhuang receiver than for the Gemasolar receiver because510

of the larger thickness and diameter of the Dunhuang tubes.511
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(a) (b)

Figure 5: Circumferential temperature distribution at the outer tube surface for Simplified and Complex models
under different wind conditions evaluated at different time instants for the receiver of: (a) Gemasolar. Simulated
cases: A, B, C, G, H, & I ; (b) Dunhuang. Simulated cases: D, E,F, J, K, & L. (Solid line: standard Vant-Hull
algorithm, vwind = 0 m/s. Dashed line: standard Vant-Hull algorithm, vwind = 9 m/s. Dotted line: modified
Vant-Hull algorithm, vwind = 9 m/s.)

The thermo-mechanical behavior of the absorber tube during the receiver preheat can be known through the512

temporal evolution of the maximum and minimum tube temperatures, which define the range of the thermal513

load driving the thermal stresses in the tube. Figure 6 shows the temporal evolution of the maximum (θ = 0o)514

and minimum (θ = 180o) temperatures at the outer surface of the tube when applying the Vant-Hull algo-515

rithm of preheat. These temperature are obtained with the Simplified and Complex models under different516

wind conditions for the Gemasolar receiver, Figure 6 (a), and the Dunhuang receiver, Figure 6 (b). For each517

studied case, the heating process is interrupted when the minimum temperature in the tube reaches 340 oC. As518

commented before, this temperature is considered enough to fill the tube with molten salt and it is indicated519

with a horizontal dash line in the figure. The results of the figure reveal that the temporal evolution of the tube520

temperature has the same trend in both receivers, independently of the considered thermal model. At the front521

side, the tube temperature experiences a rapid heating in the early time instants, rising about 120 oC during522

the first 30 s. In contrast, the temperature at the rear side of the tube (θ = 180o) undergoes only an increment523

of about 30 oC in the same time period. As mentioned before, the Simplified Model leads to temperatures524

that are typically superior to those of the Complex Model for a given specific flux density. Over the time,525

the discrepancy between models accumulates and grows. This is so unless different incident flux densities are526

applied to each model at a given stage of the Vant-Hull algorithm on account of the different model results of527

temperature at θ = 180o. Besides, in view of Figure 6, both models show that there are temporal fluctuations of528
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the tube temperature, specially at θ = 0o. According to the Vant-Hull algorithm (Figure 1), these fluctuations529

of temperature are caused by sudden changes in the incident heat flux when Ttc and t vary.530

531

Focusing the analysis to the tube of the Gemasolar receiver, Figure 6 (a), the time evolution of tempera-532

tures obtained with the Simplified and Complex models is very similar in the cases without wind. In these533

cases the convective losses outside the tube are only due to natural convection. The maximum discrepancy534

between the models for the temperature at θ = 0o without wind is reached at the end of the preheating, where535

the maximum temperature is 378.3 oC for the Complex Model, while for the Simplified Model this maximum536

temperature is 380.1 oC, i.e. only a 0.48% higher. The total preheat time required before the tube filling is 690 s537

according to the Complex Model and 450 s (a 34.8% smaller) according to the Simplified Model. Therefore,538

the heat loss through the rear side of the tube, which is only considered at the Complex Model, in the absence539

of wind causes a slight decrease of the temperature at θ = 180o and a limited increase of the total preheat540

time. The duration of the preheating time is relatively similar to that reported in [37] for the Solar-Two SPT541

plant (i.e. 15 min) which has an absorber tube with an outer tube diameter of 21 mm and tube thickness of542

1.25 mm. In the cases with wind, the convective losses increase in comparison with the cases without wind.543

This implies a reduction in the net heat flux absorbed by the tube, leading to a decrease of the maximum544

temperature in the tubes. In particular, the temperature of the Gemasolar tube at θ = 0o in Figure 6 (a)545

for vwind = 9 m/s (standard Vant-Hull algorithm) decreases up to 15.6% in the Complex Model and down to546

15.4% in the Simplified Model compared to those without wind. In general, radiation heat losses at the outer547

surface of the tube during the preheating sequence are approximately 2 or 3 times higher than the convection548

losses when only natural convection is considered, i.e. vwind = 0 m/s. For example, at t = 80 s, according to549

the case without wind velocity and solved for the Complex Model, the total radiation losses are 15.41% of the550

incident radiation, the total convection losses are 6.95% and the rest is absorbed by the tube. However, when551

vwind = 9 m/s the total convection losses grow to 28.95% and radiation losses decay to 6.76% because, together552

with an increase of the convection coefficient, there is a reduction of the temperature at the outer surface of the553

tube that leads to a reduction of the emitted radiation from the surface. Therefore, as Figure 6 (a) shows, wind554

increases the total preheat time that is needed to reach the limit threshold temperature of 340 oC. Specifically,555

with the standard Vant-Hull algorithm and vwind = 9 m/s, the limit threshold temperature is not reached.556

Although the modified Vant-Hull algorithm is able to increase the minimum tube temperature to 71.1 oC and557

60.5 oC for the Simplified and Complex models, respectively, this minimum temperature is still far from the558

limit threshold temperature. It is interesting to note that, despite the modified Vant-Hull algorithm augments559

by 20% the incident flux, the maximum temperature of the outer surface tube at θ = 0o is only increased by560

6.2% and 6.6% according to the Simplified and Complex models, respectively.561

562
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Considering the tube of the Dunhuang receiver, the temperature evolution of Figure 6 (b) indicates that the563

total preheat time is higher than that of the Gemasolar receiver. As the Dunhuang receiver has a larger diameter564

and thickness than the Gemasolar receiver, the total mass of the tube to be heated is higher. This fact implies565

an increment of the time necessary to reach the limit threshold temperature of 340 oC at θ = 180o. Besides, the566

larger thickness of the Dunhuang receiver also leads to an increase of the thermal resistance of the tube in the567

radial direction, which implies a higher temperature at the outer surface of the front side of the tube after when568

the tube temperature becomes more stabilized. All these effects can be checked in Figure 6 (b). For example,569

with no- wind, the total preheat time is 550 s (Simplified Model) and 670 s (Complex Model). The increment570

of the total mass of the tube causes that Dunhuang receiver tubes have more thermal inertia and need more571

time to react to the heat flux changes than Gemasolar receiver tubes. This fact justifies the slight difference in572

the total preheats time compared with the total preheat time obtained for the tube of the Gemasolar receiver.573

Furthermore, as happened in the Gemasolar receiver, wind decreases the maximum temperature of the tubes574

obtained at θ = 0o and decreases the total preheat time of the tube of the Dunhuang receiver. In particular,575

for the standard Vant-Hull algorithm and vwind = 9 m/s, the limit threshold temperature of 340 oC is not even576

reached in these conditions according to the Simplified and Complex models. In fact, in view of Figure 6 results,577

the effect of the wind on the temperatures of the tube of the Dunhuang receiver seems to be more severe than578

in the tube of the Gemasolar receiver. This might be due to the larger outer temperature of the tube of the579

Dunhuang receiver, which makes the convective losses to play a more important role compared to that of the580

Gemasolar receiver. For example, for the Complex Model at t = 120 s, the convective losses increase from581

7.44% to 31.14% of the total incident radiation when passing from no-wind conditions to vwind = 9 m/s. In582

turn, radiation losses decrease from 22.82% to 7.55% with the introduction of wind due to the reduction of the583

surface temperature. Thus, these results indicate that heat losses in the Dunhuang receiver tend to be higher584

than those of the Gemasolar receiver. A symptom of the larger convective losses in the Dunhuang receiver is585

observed in Figure 6 (b) where the outer temperature of the tube at θ = 180o obtained with the Simplified586

and Complex models nearly stabilizes at a temperature of 239.6 oC and 207.4 oC respectively, after 20 min of587

heating with the standard Vant-Hull algorithm and vwind = 9 m/s. Increasing the specific heat flux by 20% with588

the modified Vant-Hull algorithm makes an increment of the non-uniform distribution of temperature during589

the first minutes, while the outer surface temperature of the tube at θ = 180o is far from the limit threshold590

temperature of 340 oC.591
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(a) (b)

Figure 6: Temporal evolution of the maximum (θ = 0o) and minimum (θ = 180o) tube temperature for different
ambient conditions obtained with Simplified (SM) and Complex (CM) models for the receiver of: (a) Gemasolar.
Simulated cases: A, B, C, G, H, & I ; (b) Dunhuang. Simulated cases: D, E, F, J, K, & L. (Solid line: standard
Vant-Hull algorithm, vwind = 0 m/s. Dashed line: standard Vant-Hull algorithm, vwind = 9 m/s. Dotted line:
modified Vant-Hull algorithm, vwind = 9 m/s.)

The Gemasolar and the Dunhuang receivers were modelled in this work with equal boundary conditions, materi-592

als and governing equations. This implies that the differences found between both receivers concerning the tube593

temperature of Figures 5 and 6 must be based on the effect of geometrical parameters, i.e. the tube diameter594

and thickness. To discover the effects of these parameters on the transient evolution of the tube temperature595

and on the total preheat time, with implications in the fatigue damage to be analyzed later, Figure 7 shows596

the temporal evolution of the radial and circumferential components of the heat flux in the tube, which are597

q
′′

rad = k ∂T∂r and q
′′

θ = k 1
r
∂T
∂θ , respectively. For simplicity, only the results of the Simplified Model without wind598

are depicted but analogous results are obtained in the rest of cases.599

600

As can be observed in Figure 7, the heat flux in the tube is purely radial at θ = 0o and θ = 180o since601

these points are located in the symmetry axis. When passing from θ = 0o to θ = 45o and θ = 90o, the radial602

component of the heat flux decreases while the circumferential component rises. This occurs because a signifi-603

cant fraction of the heat absorbed in |θ| < 90o is transferred by conduction through the tube wall, contributing604

to q
′′

θ , while the incident heat flux decreases with |θ|. The radial heat flux at θ = 0o is given by the specific flux605

of the Vant-Hull algorithm minus the heat losses and the heat accumulation. At θ = 0o, the temporal evolution606

of the radial heat flux in the tube of the Gemasolar receiver is similar to that of the Dunhuang receiver, except-607

ing between 250 s to 320 s in the preheating sequence, in which the Vant-Hull algorithm transitorily leads to608
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different incident heat fluxes on the tubes of the Gemasolar and Dunhuang receivers on account of differences609

in the temperature at the rear side of their tubes. The temporal evolution of the circumferential heat flux, q
′′

θ ,610

in the tube of the Gemasolar receiver is also very similar to that of the Dunhuang receivers. In the tube of611

Gemasolar the maximum of q
′′

θ is reached earlier than in the tube of Dunhuang since the tube diameter (and612

hence the conduction path from θ = 0o to θ = 180o) is smaller in the former. All these results evidence that613

close to the θ = 0o (front of the tube) the tube thickness is the dominant geometrical parameter affecting the614

temperature because the heat flux within the tube is mainly radial. Thus, the larger the tube thickness, the615

higher the radial thermal resistance and the maximum temperature reached in the tube during its preheating.616

Exception of this are the initial seconds of the preheating in which the rise of temperature along the radial617

direction is only affecting significantly a fraction of the tube thickness in the front side of the tube. At angles618

close to θ = 180o (back of the tube) the tube diameter is influencing the rate at which the temperature rises619

during the preheating due to the fact that the heat principally reaches this part of the tube by conduction620

through the tube perimeter. Therefore, the larger the tube diameter, the longer times of preheat are required621

to reach the limit temperature threshold at θ = 180o.622

(a) (b)

Figure 7: Temporal evolution of heat obtained with the Simplified Model without wind velocity and evaluated
at r = (re + ri)/2 for different angular positions θ and (a) Gemasolar and (b) Dunhuang.

6.2. Thermal stresses623

As was commented in [21] and [22], the axial stress, σz, is the largest component of the thermal stress in a receiver624

tube. Thus the von Mises stress, σVM , mainly depends on σz. This was checked in the present work and the625

results (not shown here for the sake of brevity) showed that σz is also predominant during the tube preheating.626

According to Laporte-Azcué [21] and Logie [22], the axial thermal stress is mainly proportional to the maximum627
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temperature difference between the front side of the tube (θ = 0o) and the average temperature over the tube628

cross-section. The circumferential stress, σθ, is the second largest component, but its magnitude is one order629

of magnitude lower than σz. To consider the effect of all the stress components the von Mises stress has been630

selected in the present work to characterize the mechanical behavior of the receiver tubes during the preheating.631

632

Figure 8 (a) shows the temporal evolution of the von Mises stress in the tubes of Gemasolar and Dunhuang633

receivers during their preheating with the standard Vant-Hull algorithm. In the figure σVM is evaluated at the634

outer surface of each tube (r = re) for θ = 0o, which is the location where the thermal stress is more severe dur-635

ing the preheating. The results of the figure are obtained analytically (Section 4.1) using the temperature field636

calculated with the Simplified and Complex models for the tubes under ambient conditions with and without637

wind. Figure 8 (a) reveals that the peaks in the von Mises stress are reached at 80 s and 120 s in the tubes of the638

Gemasolar and Dunhuang receivers, respectively. The temporal location of the σVM peak is independent of the639

model used to calculate the tube temperature and is weakly influenced by the presence of wind. The Simplified640

Model yields a peak of σVM higher than the Complex Model. Usually, during the design of the receiver, a641

safety factor is considered in the mechanical calculations. In this sense, the use of the Simplified Model to642

predict σVM is advantageous since it is simpler and overestimates the thermal stresses leading to conservative643

results compared to the Complex Model. As expected, the magnitude of the σVM peak with wind velocity644

vwind = 9 m/s is smaller than without wind because the wind decreases the difference between the front and645

rear temperatures of the tube as shown in Figure 5. At the peak of σVM the maximum difference between the646

analytical results calculated with the Simplified and Complex models is 8.2% (Gemasolar) and 4.4% (Dunhuang).647

648

In addition, FEM results are included for validation purposes in Figure 8. The FEM simulations presented in649

the figure were obtained with the temperature field calculated with the Simplified Model with vwind = 0 m/s,650

which is the case leading to the most severe thermal stress. As the Figure 8 (a) demonstrates, the von Mises651

stress obtained from the FEM and the analytical method are in very good agreement during the whole preheat-652

ing period. The maximum discrepancy between the analytical and FEM results is obtained at the peak of σVM ,653

reaching 1.73% and 1.14% in the tube the Gemasolar and Dunhuang, respectively. The results of Figure 8 (b)654

demonstrates that the FEM and the analytical calculation of σVM lead to similar circumferential profiles of the655

thermal stress. Therefore, it can be concluded that the analytical calculation of of σVM proposed in [21] can656

be used to estimate the transient stress on the receiver tubes under thermal transient conditions. The use of657

this analytical calculation, which is an uncoupled quasi-static approximation, is supported theoretically by [11]658

when the deformation by the thermal stress barely affects the temperature and the inertia terms in the equation659

of motion are negligible. Then, for the conditions studied in the present chapter, both the mechanical coupling660

and the inertia can be disregarded in the analysis of the thermal stress of the receiver tubes during preheating.661
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(a) (b)

Figure 8: von Mises stress in the tubes of Gemasolar and Dunhuang receivers during preheating with the
standard Vant-Hull algorithm: a) Temporal evolution at the tube front where the stress is more severe (Simulated
cases: A, B, D, E ,G ,H, J & K ); b) Instantaneous circumferential distribution when the stress reaches a peak
at the tube front (Simulated cases: A & D). Results are calculated analytically using the temperature obtained
with the Simplified and Complex models. FEM results are included for validation purposes. Solid line: vwind = 0
m/s. Dashed line: vwind = 9 m/s.

6.3. Fatigue damage662

The von Mises stress obtained in the previous subsection were used to perform a fatigue analysis of the receiver663

tubes. The results of this fatigue analysis are summarized in Table 5. The procedure described in Section 4.2 was664

employed to estimate the fatigue damage of the tube produced by all the preheating cycles within the estimated665

lifetime of a receiver. To be conservative in the calculation, each cycle obtained through a rainflow counting666

method [6], is considered for the fatigue damage calculation and the maximum stress range of Figure 8 (a) is667

computed for each cycle. The maximum stress range, ∆σVM in the figure takes place from t = 0 s to the time668

at which the peak of the von Mises stress occurs. The resulting estimation of the fatigue damage, Df , is shown669

in Table 5 for the tubes of the Gemasolar and Dunhuang receivers. The fatigue damage of the tube of the670

Dunhuang receiver is larger than that of the Gemasolar receiver owing to the larger stress range experienced by671

the former. In particular, the fatigue damage estimated with the Simplified Model without wind is 0.019% for672

the tube of the Gemasolar receiver and 2.2% for the tube of the Dunhuang receiver. When using the Complex673

Model these figures are slightly lower, i.e. Df equal to 0.024% (Gemasolar) and 1.213% (Dunhuang). As674

commented in previous sections, the maximum temperature in the tube increases with the tube thickness while675

the temperature at the back of the tube requires more time to rise when the tube diameter is augmented. These676

two effects elevates the von Misses stress and hence ∆σVM . In all the cases a wind velocity of vwind = 9 m/s677

reduces the fatigue damage an absolute percentage between 9.733 · 10−3% to 0.015% due to the decrease of the678
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maximum temperature at the front of the tube.679

Table 5: Fatigue damage along the receiver lifetime and maximum von Mises stress associated to the preheating
process. Simulated cases: A, B, D, E ,G ,H, J & K.

Model
∆σVM (r = re, θ = 0o) (MPa) Fatigue damage, Df (%)
Gemasolar Dunhuang Gemasolar Dunhuang

vwind (m/s) 0 9 0 9 0 9 0 9
Simplified Model 218.8 145.4 348.6 202.8 0.019 9.733 · 10−3 2.200 0.015
Complex Model 203.0 143.8 333.4 228.7 0.024 9.733 · 10−3 1.213 0.015

Therefore, the results of Table 5 reveals that the fatigue damage is almost negligible in the tubes of both680

the Gemasolar and Dunhuang receivers due to the extraordinary fatigue resistance of the Haynes 230 alloy681

considered in this work. Besides, in both cases the tubes are far enough of the 5% upper limit of fatigue682

damage to avoid significant creep-fatigue interaction [12]. Hence, the procedure proposed by Vant-Hull [37] can683

be considered safe for the preheating of the receiver tubes. However, careful attention should be paid when684

considering other materials with worse fatigue behavior or tubes with larger thickness and diameters than the685

ones analyzed here.686

7. Conclusions687

In this paper, the thermal stress and the fatigue damage associated with the receiver preheating were character-688

ized. During the receiver preheat the well known Vant-Hull algorithm was employed. This algorithm defines the689

flux density without taking direct consideration of the receiver geometry, ambient conditions, or fatigue damage.690

These variables are implicitly considered in the algorithm through its dependence on the temperature at the691

rear side of the tube. To understand the preheating operation of current SPT plants, the temporal evolution of692

temperatures and stresses in the tube during the preheating and the resulting fatigue damage were obtained for693

two different SPT receivers. Both receivers were similar to those of Gemasolar and Dunhuang SPT plants and694

the Haynes 230 alloy was selected as the material of the tubes. To characterize the transient thermal behavior695

of the receiver tube during its preheating, a Simplified and a Complex Model were proposed and solved with696

CFD simulations. No-wind and windy ambient conditions were considered to understand the influence of wind697

on the receiver preheat. The preheat was considered completed when the minimum temperature of the tube698

reached 340 oC, a threshold that was set of avoid the risk of crystallization of the molten salt during the tube699

filling. The temperature field obtained with CFD simulations was used as a thermal load to determine the700

stress distribution of the tube under Generalized Plane Strain (GPS) conditions. In particular, the transient701

stress distribution in the tubes was calculated through a quasi-static analytical method and validated with FEM702

simulations.703

704

The results of this work showed that the front side of the tube is rapidly heated at the beginning of the705
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preheating process. Both the Simplified and the Complex models revealed that the rate of heating of the tube706

front at this phase of the process is mildly sensitive to the tube thickness and diameter. However, the tempera-707

ture at the rear side of the tube increases at a much lower rate, specially when the diameter of the tube is larger.708

This is so because the rear side of the tube is principally heated by circumferential conduction from the front709

side of the tube. This explains why in the simulations the tube of the Dunhuang receiver required more time710

to complete the preheat operation compared to the Gemasolar receiver. Besides, the results indicated that the711

temperature at the front and the rear sides of the tube decreases appreciably with wind velocity vwind = 9 m/s,712

specially for the tubes of the Dunhuang receiver. This decrease of the rear side temperature occurred to such713

an extend in the Simplified and Complex models that the preheat process could not be achieved in the studied714

period of 20 min. An increase by 20% of the specific heat flux of the Vant-Hull algorithm was sufficient for the715

temperature at the rear side of the tube to reach or closely approach the threshold to complete the preheating.716

In general, the Simplified Model led to higher temperatures than the Complex Model because of the adiabatic717

assumption of the former model. Nevertheless, despite the fact the Simplified and Complex models were based718

on different levels of simplifications, all the above described effects were corroborated by both models. Both719

the analytically calculated thermal stress and the FEM results showed that the peak of von Mises stress, σVM ,720

is reached in the front side of the tube during the first 2 minutes of preheating with the Vant-Hull algorithm.721

The value of the peak of σVM is higher in the tubes of the Dunhuang receiver than the tubes of the Gemasolar722

receiver because of the temperature difference between the front and the rear side of the tube increases appre-723

ciably with the tube diameter. In both receivers the wind tends to decrease the thermal stresses, specially at724

the time instant when σVM reaches its peak. The Simplified Model yielded a ∼ 10% higher von Mises stress725

than the Complex Model, making the Simplified Model advantageous because of its simplicity and conservative726

results. Finally, the fatigue damage of the tubes of both receivers, which was estimated for 1.095 ·104 preheating727

cycles within the lifetime of the receiver, is much lower than the 5% upper limit of fatigue damage to avoid728

significant creep-fatigue interaction. Therefore, all these results seems to indicate that the preheating procedure729

proposed by Vant-Hull does not compromise the structural integrity of the studied receiver tubes when they are730

made of Haynes 230 alloy. However, this might not be the case for other materials with worse fatigue behaviour731

or for tubes with much larger dimensions.732
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