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Abstract

Concentrating solar power plays a vital role in the transformation of global en-

ergy landscape towards sustainable and environmentally sound energy supply.

Currently, tower systems with molten salt tubular receivers are most common

in commercial scale applications. Operational optimization of such systems

necessitates detailed knowledge of operating limits of receiver components ex-

posed to inhomogeneous solar flux densities of up to 1 MW/m2 and local salt

temperatures of in part more than 600 ◦C, fluctuating at various time scales.

Traditionally, the operating limits aforementioned are captured in a simplified

manner via the top-down concept of allowable flux density. To the authors’

view, there is considerable room for improvement over this approach as far

as optimization of inherent thermomechanical and damage modeling are con-

cerned. What is more, an alternative bottom-up concept, though implying more

stringent requirements on model and processing performance, promises notably

increased economic viability essentially due to reduced safety margins in op-

eration and condition-based maintenance strategies. In this paper, essential

approaches and assumptions of thermomechanical and damage modeling meth-
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ods in topical literature are comprehensively discussed and assessed in terms

of their potential for the approach outlined to be demonstrated at a pilot scale

test facility. As a result, it is concluded that modeling can be substantially im-

proved applying extended analytical methods from the literature. In addition,

depending on model complexity and available computational resources, a few

heuristic-numerical models are potentially applicable in favor of more detailed

thermomechanical modeling regarding i.a. actual receiver geometry and local

boundary conditions.

Keywords: molten salt solar tubular receiver, operational optimization,

allowable flux density, thermal stress, creep-fatigue damage, corrosion

1. Introduction

Nowadays, mitigation of climate change – essentially tantamount to a quick

and substantial reduction of global greenhouse gas emissions – is one of the most

fundamental challenges humankind faces. Increasing the share of renewable en-

ergy resources in energy consumption is a central element of respective solution5

strategies (e.g. IRENA (2019)). In this context, dispatchable electricity and

heat generation by concentrating solar power (CSP) technologies is considered

an effective and increasingly competitive option for regions with sufficiently high

solar energy potential (Lilliestam et al., 2020; Pitz-Paal, 2020).

Currently, tower systems with external tubular receiver configurations are10

most common in commercial scale applications (cf. Fig. 1), a major part

utilizing molten salts such as Solar Salt – an eutectic mixture of sodium and

potassium nitrate (Conroy et al., 2018c) – as heat transfer and storage medium

(Conroy et al., 2020; Fritsch et al., 2017; Qiu et al., 2019).

Optimization of such a system from a thermodynamic viewpoint requires15

detailed knowledge of operating limits regarding reliability and service life of re-

ceiver components exposed to inhomogeneous solar flux densities up to 1 MW/m2

and local salt temperatures of in part more than 600 ◦C, fluctuating at vari-

ous time scales due to immanently transient character of solar radiation, cloud
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Figure 1: Schematic of molten salt CSP tower system and respective design of tubular receiver
by the example of an external cylindrical configuration (cf. Pacheco (2002); Rodŕıguez-Sánchez
et al. (2014b)): The billboard-shaped panels consist of an array of absorber tubes joined by
top and bottom header and can be interconnected in various ways; here, the cold salt entering
the receiver at the inlet meanders through two parallel paths in serpentine flow
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passage, daily startup and shutdown, wind dependent convective losses etc.20

(González-Gómez et al., 2021; Vant-Hull, 2002).

Traditionally, the operating limits aforementioned are captured in a sim-

plified manner via the concept of allowable flux density (AFD), originally in-

troduced by Kistler (1987) following a methodology described in Babcock and

Wilcox Company (1984). Smith (1992) employs the analytical model in Kistler25

(1987) for the calculation of thermoelastic strain at the irradiated tube crown

in order to derive an implicit expression for the AFD as a function of salt bulk

temperature and velocity. Thereby, he assumes one-dimensional heat transfer

and approximates the resulting strain εeq at tube crown as the sum of strain

due to radial temperature difference at the crown and average circumferential –30

front-to-back – temperature difference (cf. Young and Budynas (2002))1. The

corresponding admissible strain ranges ∆εadm,f are derived using measurement-

based, extrapolated direct-normal insolation (DNI) cycles grouped by range

from Kistler (1987)2 and isothermal fatigue data taken from ASME (1980),

Code-Case (CC) N-47 applying linear damage rule for fatigue cycles. Vant-35

Hull (2002) presents an explicit polynomial fit of the AFD-formulation in Smith

(1992) taking into account corrosive nature of molten salt at elevated tempera-

tures by restriction of local film temperatures. The difference between compu-

tationally determined absorbed flux density and AFD – derived from measured

salt temperature increase between in- and outlet – enabled detection of local40

excess flux and subsequent adjustment of individual heliostat aimpoints during

operation of the pilot plant Solar Two.

To the authors’ view, there is considerable room for improvement over the

traditional (top-down) AFD-concept as described before concerning three major

aspects:45

1Here, Kistler (1987) additionally suggests both an empirical correlation for consideration
of further directional strain components in equivalent strain calculation and a correction factor
of 1.1 adopted from Narayanan et al. (1985) to account for plastic strain effects.

2In Kistler (1987), the insolation cycles are tabulated depending on minimum and maxi-
mum values, i.e. cycle range and mean value, the influence of latter being neglected in Smith
(1992).
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(i) Though practicable, the derivation of admissible strain ranges based upon

forecast insolation cycles on the one hand neglects transient/short-term

fluctuations attributed to cloud passages etc. (see above) – thus necessi-

tating additional adjustment of local flux distribution at off-nominal con-

ditions (Vant-Hull, 2002). On the other hand, a more flexible operation50

e.g. allowing for intentionally disproportionate service life consumption in

favor of thermodynamic efficiency in certain load situations is desirable

enabling the implementation of holistic system optimization by contempo-

rary control concepts. Therefore, in the context of operational optimiza-

tion, a bottom-up approach modeling the local receiver state depending55

on current thermomechanical boundary conditions and cumulating the ser-

vice life consumption over time3 seems beneficial4, basically also paving

the way to more situative and cost-effective, condition-based maintenance

strategies5.

(ii) The analytical model for the calculation of local thermoelastic strain as60

given in Smith (1992) is straightforward, real-time capable and thus di-

rectly applicable within the outlined bottom-up approach, however it in-

corporates numerous simplifications and requires careful revision for con-

sideration of actual local load states of a complete three-dimensional re-

ceiver geometry under diverse boundary conditions.65

(iii) ASME (1980), CC N-47, which was originally developed for design of nu-

clear reactors and applied to solar receivers for lack of alternatives, implies

3It should not go unmentioned that a bottom-up approach as described here was already
implemented in principle by Grossmann et al. (1989) relying on the findings of Babcock
and Wilcox Company (1984). The local receiver state over time was approximated with
measurement-based determination of local salt bulk temperature, flow and flux. Subsequently,
the fatigue cycles were counted using filtering and rainflow algorithm techniques from Downing
and Socie (1982).

4Notwithstanding the above, in other contexts, such as initial design and optimization of
receiver or heliostat field, the top-down AFD-concept obviously still has relevant application
possibilities.

5As an aside, it is noteworthy that condition-based monitoring, control and maintenance is
generally seen as an increasingly relevant research field even on energy system level i.a. owing
to partly outdated design methods inappropriate for modern, highly dynamic load states of
system components (BDEW, 2020).
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a considerable level of conservativity while simultaneously – in its modified

form used for AFD-calculation as given above – neglecting both effects of

(cyclic) plastic strain in fatigue damage and creep damage as well as creep-70

fatigue damage interaction (cf. Sec. 3 for more recent literature, where,

for the most part, creep damage and creep-fatigue damage interaction is

accounted for).

In this paper, essential approaches and assumptions of modeling methods in

topical literature – relevant to the subject outlined beforehand, however, to the75

authors’ knowledge so far mainly applied at design stage or in conceptual studies

– are presented in detail. For the sake of clarity, the results are categorized as

either dealing with (numerical, analytical) thermomechanical (Sec. 2) or damage

modeling (Sec. 3).

Subsequently, the paper concludes with a brief summary of approaches and80

an assessment of their applicability regarding consideration of service life con-

sumption in operational optimization as well as exploitation of identified poten-

tial for improvement (i)-(iii).

2. Thermomechanical modeling

2.1. Overview85

Calculation of local quasi-static stress σ (x, t) as given in Eq. (1) as well

as corresponding strain ε (x, t) is generally dependent on constitutive material

model, thereby i.a. temperature distribution T (x, t), body forces due to gravity

g and external constraints, i.e. mechanical boundary conditions at inner and

outer boundaries of solid domain. Temperature distribution T (x, t) as in Eq.90

(2), in turn, essentially depends on thermal boundary conditions at inner and

outer boundaries of solid domain (Eslami et al., 2013; Willner, 2003; Young and

Budynas, 2002).
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0 = ∇ · σ + ρg (1)

ρc
∂T

∂t
= ∇ · (K∇T ) (2)

The dependence on boundary conditions at solid domain boundaries is il-

lustrated in Fig. 2 for an arbitrarily discretized tube segment, omitting the95

influence of support structure (clips, bearings etc.) for simplicity.

First, within thermal modeling as depicted in the upper left of Fig. 2, at the

inner boundary the convective heat flux from solid to fluid q̇i,C has to be appro-

priately modeled on local level. At the outer boundary, both (natural, forced)

convective thermal losses to surroundings q̇o,C and radiative heat exchange q̇o,R
100

have to be taken into account6, the latter being composed of heat exchange due

to differing surface temperatures T o
1 , ..., T

o
m of involved components or rather

elements and heat exchange due to solar irradiation ġHS from heliostats.

Second, local stress and strain within the mechanical model (cf. bottom right

of Fig. 2) can be calculated based upon corresponding temperature distribution105

and additional influence factors. Besides constraints due to support structure,

these comprise volumetric effects due to gravity g and distributed forces at

domain boundaries ∇ · σ · ei, ∇ · σ · eo due to internal (fluid) and external

pressure.

2.2. Thermomechanical modeling methods applied in literature110

Based upon the brief overview given in the previous section, essential re-

sults of a review on topical literature detailing the respective methodology for

calculation of local stresses and strains are presented in Sec. 2.2.1 (regarding

numerical methods) and Sec. 2.2.2 (regarding analytical methods). An overview

of both numerical and analytical approaches is given in Appendix A, further115

6Conductive heat losses in particular due to support structure and insulation in direct
contact with tubes can be typically neglected (e.g. Conroy et al. (2020)).
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Figure 2: Schematic sketch of external thermal (upper left) and mechanical (bottom right)
boundary conditions for solid elements i, j of an arbitrarily discretized tube segment, inner
surface of element j in blue, outer surface of element i in red
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broken down by thermal (Tab. A.1 and Tab. A.3) and mechanical modeling

methods (Tab. A.2 and Tab. A.4).

2.2.1. Numerical methods

Fork et al. (2012) examines thermal stress and creep-fatigue damage for an

internal tubular receiver system made of alloy 617 considering both thermal and120

pressure induced loads based upon previous work. For the mechanical model,

temperature dependent material properties and effects of plastic strain/stress

relaxation due to secondary creep are taken into account. Secondary (equilib-

rium) creep rates are modeled based on Norton power law and Arrhenius rate,

both explicitly and as an alternative, relying on stress relaxation data7. Due to125

performance reasons, however, the nonlinear numerical model is restricted to a

representative, two-dimensional (2D) tube segment discretized with one element

in axial and 20 elements in radial direction.

Yang et al. (2012) studies the characteristics of steady-state conjugate heat

transfer (CHT) for HITEC salt flow in a single receiver tube (alloy 625) under130

circumferentially inhomogeneous heating both numerically and experimentally.

For the three-dimensional (3D) computational fluid dynamics (CFD) analysis,

Reynolds averaged Navier-Stokes (RANS) equations with k-ε turbulence model

considering temperature dependence of properties ρ, µ are applied. A com-

parison of numerically and experimentally determined mean Nusselt numbers135

NNu shows good agreement with deviations of ±7.5 % for NRe ∈
{

104, 4 · 104
}

.

Although only weak dependences of circumferential angle on local NNu are dis-

cerned, Sieder-Tate correlation is considered not suitable for calculation of aver-

age heat transfer because of locally large temperature differences between tube

wall and salt due to inhomogeneous heating8.140

7It should be noted that at temperatures up to 1300 K of air used as heat transfer fluid
(HTF), conditions and significance of creep damage as discussed in Fork et al. (2012) are
different from those in molten salt-based systems.

8Compare Ying et al. (2020), where an analog approach is chosen to examine molten
salt-based nanofluid as HTF under both circumferentially and axially non-uniform heating.
Simulation results for pure HITEC salt show maximum deviations of ±12.5 % for Gaussian-
cosine type flux boundary condition regarding mean Nusselt numbers NNu, calculated with
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In a similar analysis carried out by Chang et al. (2014), Dittus-Boelter cor-

relation is considered appropriate for calculation of average heat transfer under

circumferentially inhomogeneous heating, however, using water as HTF and as-

suming constant properties as well as incompressible flow. Additionally, for local

wall temperature distribution, a CFD-based regression formula is presented.145

Flores et al. (2014) studies steady-state-CHT and linear-thermoelastic stress

for HITEC salt flow in a circular pipe subjected to inhomogeneous heating in

circumferential direction. In contrast to Yang et al. (2012) et al., assuming fully

developed flow and constant material properties for simplicity, CHT is analyzed

using a 2D formulation for the Reynolds averaged cross-plane temperature fluc-150

tuations and a spectral solution method based upon analytical expressions for

Reynolds averaged axial velocity v̂z(r), turbulent eddy viscosity µT (r) and con-

ductivity KT (r) from Cess (1958).

In favor of reduced model complexity and consequently computational effort

for modeling on panel or receiver level, Rodŕıguez-Sánchez et al. (2014b) presents155

two novel modeling approaches and corresponding numerical solution schemes

for steady-state CHT of external receiver absorber tubes (alloy 800H) with Solar

Salt as HTF. In both approaches, the tube shell is discretized in axial and

circumferential direction, correspondingly, temperature is assumed to vary in

axial and circumferential direction. In the homogeneous temperature model,160

homogeneous temperature is assumed within a discrete cell of the tube shell,

whereas in the homogeneous heat flux model, homogeneous heat flux absorbed

by a discrete cell is assumed. Calculation of radiation exchange q̇o,R
i at outer

surface of element i is modeled between outer tube surfaces, backside (refractory

wall) and surroundings via net radiation method (cf. Bergmann et al. (2011)),165

including solar irradation q̇o,R
i (ġHS,1, ..., ġHS,m) from heliostats at design point.

Herein, radiative properties are taken from Slemp and Wade (1962); Zavoico

(2001)9. As the absorber tubes are axially discretized into segments of length

the numerical model and, alternatively, with Gnielinski correlation.
9As a side remark, application of net radiation method as given in Rodŕıguez-Sánchez et al.

(2014b) provides εi = ai, i.e. consideration of solar irradiation within q̇o,Ri in Rodŕıguez-
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∆z being on the one hand sufficiently small for justifiying the assumption of

homogeneous surface temperatures, on the other hand, however, large enough170

for neglection of radiation exchange between axially displaced elements, 2D view

factors are determined with Crossed-Strings method as given in Modest (2003).

Equivalent temperature of the surroundings is calculated according to Berger

et al. (1984). Additionally, both natural and forced convective thermal losses

to the surroundings q̇o,C
i are captured using a correlation for the external heat175

transfer coefficient from Siebers and Kraabel (1984). Conduction inside the tube

walls is only considered in radial direction, taking into account temperature

dependence for thermal conductivity of tubes K. The fluid enthalpy flow is

modeled with a one-dimensional (1D) approach with temperature dependent

properties ρ, µ, cp and K according to Zavoico (2001). In an additional 3D180

CFD model of representative panel tubes used for validation purposes, the fluid

flow inside the tubes is modeled applying RANS-equations and k-ε turbulence

model in conjunction with enhanced wall treatment; radiative heat exchange is

modeled choosing the Discrete Ordinate model. Comparisons of external tube

wall temperature profiles in axial and circumferential direction for various angles185

and heights, respectively, reveal maximum local differences of 2.5 % between

homogeneous temperature and CFD model. Similarly, for various mass flows

rates and wind velocities evaluated, outlet salt and maximum external tube wall

temperatures deviate by a maximum of 7.5 % and 2.5 %, respectively. Maximum

difference for circumferentially averaged, absorbed heat flux is specified as less190

than 6 %.

In Rodŕıguez-Sánchez et al. (2018), the approach from Rodŕıguez-Sánchez

et al. (2014b) is extended focusing on improved modeling of radiative heat ex-

change on individual tube level and thus better approximation of (maximum)

Sánchez et al. (2014b) formally prohibits usage of emissivity in infrared spectrum and absorp-
tivity in visible spectrum herein. As an alternative, the iterative matrix method presented in
Laporte-Azcué et al. (2020b) is applicable instead. Simplifying, the influence of solar irradi-
ation can also be neglected in terms of radiation exchange in favor of using absorptivity in
visible spectrum by directly introducing absorbed solar irradiation ġabsHS,i = ai ġHS,i in local

thermal balance, as others suggest (see below, also compare Fig. 2).
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tube wall temperature, generally adopting temperature dependent properties195

for tube material (alloy 625) and Gnielinski correlation for NNu from Gnielinski

(2013).

Zhang et al. (2015) proposes and experimentally validates a transient ther-

mal model for an internal tubular receiver with molten salt as HTF. Tem-

perature dependent material properties are applied throughout. Similar to200

Rodŕıguez-Sánchez et al. (2014b), conduction inside the tubes axially divided

into annular segments is only considered in radial direction, fluid pressure loss

and enthalpy flow is described with a 1D model using Colebrook-White equa-

tion from Colebrook (1939) for f and Gnielinski correlation from Gnielinski

(1976) for NNu. Radiative heat exchange q̇o,R
i between outer tube, inner cavity205

and aperture surfaces is taken into account via net radiation method with uni-

form radiative properties, admitting temperature dependence of ε for the tube

surfaces. View factors are determined with Monte-Carlo method. Convective

thermal losses q̇o,C
i are captured combining correlations for natural heat transfer

coefficient from Siebers and Kraabel (1984) and forced heat transfer coefficient210

for a vertical plate (cf. Li et al. (2010)). The comparison of outlet tempera-

tures between numerical model and experimental setup for various mass flow

rates, inlet temperatures and input power (heat) showed deviations of less than

3 % under steady-state conditions, whereas somewhat higher deviations occur

in transient regime, indicating i.a. sensitivity of the numerical model to flow215

rate variations.

Du et al. (2016) examines fatigue fracture of an irradiated tube segment

made of 316H stainless steel due to thermally induced mechanical loads. For the

3D thermal model basically analogous to Rodŕıguez-Sánchez et al. (2014b); Yang

et al. (2012), an axially varying incident solar flux obeying normal distribution220

and temperature dependent properties for solar salt according to Dunn et al.

(2012) are assumed.

Doupis et al. (2016) investigates transient operation modes and structural

integrity of a Solar Salt tubular receiver system. For the latter, a 3D transient

thermal model limited to the outlet header region is developed. Local salt225
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bulk temperatures are prescribed based upon previous work, corresponding heat

transfer coefficients are modeled with Dittus-Boelter equation multiplied with

segmentally averaged enhanced turbulence factors extracted from a 3D-CHT

parametric study. Within the mechanical model, both thermal and internal

pressure loads are considered.230

Ortega et al. (2016a) explores candidate materials and tube sizes for a tubu-

lar receiver with pressurized sCO2. Based upon a preliminary design configu-

ration with alloy 625 as tube material and results from Ortega et al. (2016b), a

linear-elastic 3D mechanical model of a representative tube section considering

both thermal and pressure loads is set up and, subsequently, a creep-fatigue235

damage analysis is performed.

In a parameter study, Marugán-Cruz et al. (2016) compares local heat fluxes,

temperatures and linear-thermoelastic stresses for a 2D tube segment exposed

to sinusoidal heat flux at the irradiated half shell for two different modeling

approaches. The detailed thermal model is chosen in accordance with Flores240

et al. (2014) whereas in a simplified 1D model, inside the tube only conduction in

radial direction is accounted for. Furthermore, the fluid enthalpy flow is modeled

using an explicit formulation for f in line with Petukhov (1970) and Gnielinski

correlation taken from Gnielinski (1976). For the various cases studied, the

deviations in local heat flux at the inner tube wall obtained with the 1D model245

increase with decreasing Biot number NBi as defined in Marugán-Cruz et al.

(2016). For an accurate film temperature prediction with an error of less than

5 % compared to the 2D approach, NBi & 0.3 is derived as a rule of thumb.

Nithyanandam and Pitchumani (2016) investigates the performance of exter-

nal tubular receiver systems with sCO2 as HTF analyzing creep-fatigue damage250

for various operating points and designs. In the thermal 2D model, tempera-

ture dependence of respective properties for fluid and tube material (alloy 230)

is considered. Conduction inside the tube walls is – different from Rodŕıguez-

Sánchez et al. (2014b) et al. – accounted for in radial and axial direction.

Simplifying, however, axisymmetric temperature distribution both in solid and255
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fluid domain is assumed10, resolving the latter in radial and axial direction ap-

plying RANS-equations and k-ε turbulence model. Radiative heat exchange

q̇o,R
i between outer tube wall and surroundings is modeled with ε = 0.88, while

solar absorptivity a is equated to 0.95 according to Ho et al. (2013); regarding

convective losses q̇o,C
i , a baseline heat transfer coefficient of 10 W/m2 K taken260

from Ho and Iverson (2014) is assumed.

Flesch et al. (2017) presents a dynamic thermal model approach for irradi-

ated molten salt receiver tubes studying transient operation during cloud pas-

sage and corresponding incident solar flux maps determined by ray-tracing. The

tube walls are divided into front and back shell and additionally discretized in265

axial direction. At the outer shell surfaces, both radiative heat exchange and

convective heat losses are considered. The fluid domain is captured with a mod-

ular 1D approach principally equivalent to Zhang et al. (2015), moreover being

basically capable of simulating two-phase flow conditions. A 3D CFD model for

validation purposes is set up in accordance with Du et al. (2016) et al., showing270

good agreement of salt bulk temperature distribution in a steady-state refer-

ence case. Circumferential variation of tube wall temperatures obtained with

the CFD model, however, cannot be precisely reproduced owing to coarse dis-

cretization of the tube into front and back shell. In an additional, dynamic load

case with varying mass flow rate and incident flux, again, fluid temperatures275

agree well with experimental data.

In Fritsch et al. (2017) – besides examination of heat transfer characteris-

tics of liquid metals in the context of tubular solar receivers – a 3D transient

thermal model for an absorber tube (316H stainless steel) of an external re-

ceiver with Solar Salt as HTF is presented. The 3D solid domain discretized280

with one element in radial direction is coupled with a 1D enthalpy flow model

considering temperature dependent properties of solar salt from Zavoico (2001).

NNu is modeled using Gnielinski correlation together with an explicit form for f

10See below, Sec. 2.2.2 and herein, especially Marugán-Cruz et al. (2016) regarding validity
of this assumption.
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according to Verein Deutscher Ingenieure, VDI-Gesellschaft Verfahrenstechnik

und Chemieingenieurwesen (2010). For validation of the single tube model which285

in principle is also employed in the framework of the modular Advanced Solar

Tubular ReceIver Design (ASTRID©) tool (Frantz et al., 2017), a detailed 3D

CFD model solving RANS equations inside the fluid domain is applied. Herein,

Reynolds stresses are modeled using k-ω-SST approach together with Reynolds

analogy for corresponding turbulent heat transfer. Buoyancy is accounted for290

using Boussinesq approximation. Both in a steady-state load case and a tran-

sient case with variable flux, the single tube model reproduces the results of

the detailed CFD model sufficiently well, with maximum deviations in tube

wall front temperature at the inlet attributed to developing flow going along

with lower wall temperatures in the CFD model. On panel level, in favor of295

reduced computational effort, besides the application of the single tube model,

which enables accounting for radiative heat exchange between outer tube sur-

faces, backwall insulation and surroundings, a simplified quasi-1D model where

the irradiated tubes walls are treated as projected surfaces, therefore only con-

sidering radiative heat exchange of planar tube surfaces with surroundings, is300

analyzed. In light of significant deviations in particular regarding radiation

losses and restrictions with respect to modeling of incident flux, however, the

simplified approach is not recommended for further investigation. Thus, the

more detailed model is applied within a receiver simulation of Solar Two in-

vestigating various wind speeds at a representative incident flux distribution.305

Herein, radiative properties are taken from Pacheco (2002). Additionally, con-

vective thermal losses are taken into account, using heat transfer coefficients

from a CFD study (compare Uhlig et al. (2016); Zanino et al. (2014)).

In a study focusing on thermohydraulic performance of various HTFs for

application in tubular receiver systems, Conroy et al. (2018c) in principle follows310

the approach of Rodŕıguez-Sánchez et al. (2014b). Conduction is only accounted

for in radial direction inside the walls of an alloy 800H tube discretized in axial

and circumferential elements. As before, for 1D enthalpy flow and pressure

loss, correlations for f and NNu are taken from Petukhov (1970) and Gnielinski
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(1976). Calculation of radiation exchange q̇o,R
i is taken into account between315

outer tube wall and surroundings with temperature dependent ε, absorptivity

a is introduced as function of irradiance incident angle (Ho et al., 2013). As

in Rodŕıguez-Sánchez et al. (2014b), view factors are determined with Crossed-

Strings method. Convective thermal losses to surroundings q̇o,C
i are modeled

with correlations for natural, forced and total heat transfer coefficient (see above320

and Siebers and Kraabel (1984)).

In Conroy et al. (2018a,b), the approach is extended to a linear-elastic me-

chanical and creep-fatigue damage analysis for investigations on a variety of

aiming strategy and receiver panel configurations as well as tube materials,

with liquid sodium as HTF. Here, within the thermal model, heat transfer at325

the inner tube walls is modeled with an analytical correlation from Gärtner et al.

(1974) applicable for azimuthally inhomogeneous heat flux boundary conditions

that can be represented by a Fourier series expression.

In Logie et al. (2018), a numerical-analytical solution method to steady-

state CHT and linear-elastic stress for non-axisymmetrically heated tubes is330

applied in a comparative study of Solar Salt and liquid sodium as HTF. The

temperature profile inside the tube made of stainless steel 316 is derived from 2D

Laplace equation in cylindrical coordinates assuming axial symmetry and using

Gauss-Seidel iterative method. At the outer boundary of the tube domain, both

radiative heat exchange between tube segment and surroundings with ε = 0.87335

(Ho et al., 2013) and convective thermal losses with a reference heat transfer

coefficient of 30 W/m2 K accounting for considerable wind are considered (cf.

Siebers and Kraabel (1984)). For determination of absorbed solar irradiation, a

is approximated with 0.97. Fluid enthalpy flow is modeled similar to Rodŕıguez-

Sánchez et al. (2014b) et al. with Dittus-Boelter equation (cf. Bergmann et al.340

(2011)) for NNu of Solar Salt.

Subsequently, in Montoya et al. (2018) a 3D linear-thermoelastic analysis of

a Gemasolar-like alloy 800H receiver panel with Solar Salt is performed employ-

ing both a numerical and a simplified analytical approach. Thermally induced

loads are obtained based upon Rodŕıguez-Sánchez et al. (2014b), temperature345
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dependent E, ν and α are adopted for the numerical model. In order to save

computational resources, except for a small section where the maximum tem-

perature is located, the wall of the representative tube modeled is discretized

with 2D shell elements. A comparison of thermal stress components from the

numerical model with those obtained with the analytical approach adopted from350

Logie et al. (2018) (see below, Sec. 2.2.2) reveals only moderate deviations along

the outer tube wall perimeter, evaluated at the point of maximum temperature.

Relying on the ASTRID© tool (see above) for simulation of temperature

profiles within absorber tubes, Uhlig et al. (2018) carries out a 3D linear-elastic

mechanical analysis for a representative panel of the Solar Two receiver, in-355

cluding header and connection tubes. In addition to thermally induced stress,

gravity and pressure effects are taken into account. Sub modeling technique is

applied for detailed resolving of regions with maximum stress. The tempera-

ture field inside the header and connection tube walls is approximated applying

a forced convection boundary condition at the inside with representative heat360

transfer coefficient and fluid temperature (compare Doupis et al. (2016); Frantz

et al. (2020)). Besides solar operation, a separate analysis using a transient ther-

mal, solid model for simulation of local load states during filling is performed.

In a scenario analysis on thermal performance of tubular solar receivers, Xu

et al. (2018) develops a 3D transient model for the absorber tube wall based365

upon geometry and material data from Sánchez-González et al. (2017). Both

radiative heat exchange between outer tube wall and surroundings with ε = 0.87

as well as convective thermal losses are considered. Absorptivity a is given by

0.93 (Zavoico, 2001). For modeling of convective thermal losses, correlations for

natural, forced and total heat transfer coefficient are applied as given in Siebers370

and Kraabel (1984). Fluid enthalpy flow is modeled similar to Fritsch et al.

(2017), with salt properties as given in Benoit et al. (2016) and correlations for

f and NNu taken from Petukhov (1970), Bergmann et al. (2011), respectively.

Barua et al. (2019) evaluates various ratcheting and creep-fatigue design

approaches of ASME Boiler and Pressure Vessel Code, Section III, Division 5375

(ASME BPVC-III-5) (ASME, 2017) for a reference gen3 tubular receiver with an
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eutectic mixture of MgCl2-KCl as HTF. For the underlying thermal-structural

analysis, two representative tubes made of alloy 740H are selected, considering

temperature dependent material properties throughout. Within the steady-

state thermal model, salt bulk temperature is assumed to increase linearly in380

flow direction, with predefined inlet and outlet temperatures and appropriate

heat transfer coefficients. Both radiation exchange between tubes and surround-

ings and convective thermal losses are considered at determined design point.

For the nonlinear/inelastic mechanical model, plastic strain effects are captured

assuming J2-plasticity in conjunction with Voce hardening model, creep is taken385

into account via a power law approach by analogy with Fork et al. (2012)11.

Qiu et al. (2019) studies flow friction and heat transfer characteristics of tur-

bulent pipe flow for various molten salts both numerically and experimentally.

Within the 3D CFD absorber tube model, temperature dependent salt prop-

erties are considered. RANS equations in the fluid domain are applied using390

k-ε-model and Reynolds analogy. In the near-wall region, velocity and tem-

perature gradients are modeled with logarithmic wall functions. Simulations of

average wall friction and heat transfer characteristics under representative, uni-

form and non-uniform incident flux at various fluid temperatures and Reynolds

numbers NRe revealed no significant differences, suggesting general applicability395

of correlations for uniform boundary conditions. For average wall friction, Filo-

nenko correlation is proposed with maximum deviations of ±2 % compared to

numerical results with uniform incident flux. Regarding average heat transfer,

Sieder-Tate and Gnielinski correlation are found to be appropriate, with maxi-

mum deviations of about ±15 %. As an alternative, a modified correlation for400

mean Nusselt number NNu is given resulting in less than ±5 % relative error for

the data points simulated12.

11Compare also Frantz et al. (2020), where, in the context of a creep-fatigue evaluation for a
prototypic molten salt high temperature receiver at design stage, following ASME BPVC-III-5
as well, a nonlinear Chaboche model is combined with a Norton-Bailey power law approach
for the absorber tubes made of austenitic alloy DMV 310N.

12 Summarizing key findings collected in this section with respect to 1D fluid models exten-
sively used in literature, it can be concluded that application of common friction factor and
Nusselt number correlations for molten salt receiver tubes with inhomogeneous incident solar
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Recently, in Rao et al. (2021), an AFD-study is performed for an internal,

coiled tube receiver with sCO2 studying the influence of various flux distri-

butions and HTF parameters at tube inlet. The 3D solid domain is coupled405

with a steady-state 1D enthalpy flow model, whereby heat transfer is modeled

with Gnielinski correlation from Gnielinski (1976) and an explicit form of f

multiplied by a correction factor for spiral tubes. Both radiation exchange be-

tween outer tube, inner cavity (insulation) and aperture surfaces and convective

thermal losses are considered. Resulting temperature profiles provide bound-410

ary conditions for the subsequent calculation of resulting linear-thermoelastic

stresses and strains, assuming constant properties of alloy 230 selected as tube

material.

2.2.2. Analytical methods

Irfan and Chapman (2009) summarizes a variety of analytical methods for415

calculation of linear-elastic stress in irradiated tubes due to directional temper-

ature gradients. Under an arbitrary axial temperature gradient, i.e. T = T (z),

the series solution to normal and shear stress components as given in Lee (1966),

leaving aside end effects and assuming traction-free outer and inner shell sur-

faces, is presented. As further mentioned, in Yang and Lee (1971), this solution420

is extended to radially and axially varying temperature T = T (r, z) express-

ible in the form T (r, z) =
∑N
n=0

(
r −

(
ri + ro

)
/2
)n

Tn(z). For temperature

distributions varying in radial and circumferential direction T = T (r, ϕ), super-

imposable expressions for resulting hoop stress assuming 2D thermoelasticity are

presented according to Goodier (1957); Young and Budynas (2002)13. For hoop425

flux seems generally reasonable. Nevertheless, their effects on locally resolved tube temper-
ature (gradients) throughout the solid domain and, in turn, on local thermal stresses should
be preferably individually checked. What is more, implicit neglection of effects of developing
flow on local fluid flow, heat transfer and thermal stresses has not been exhaustively studied
so far, so particular care should be taken when modeling complex, curved 3D tube geometries
(see e.g. Doupis et al. (2016); Rao et al. (2021); Uhlig et al. (2018)).

13For a complete representation of resulting stress components imposing simple plane strain
condition it is referred to e.g. Marugán-Cruz et al. (2016).

Logie et al. (2018) moreover elaborates on approximation of axial stress assuming zero
axial force, generalized plane strain or, alternatively, zero axial force with annulled bending
moment. In addition, Logie et al. (2018) exemplarily compares equivalent thermal stress at
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stress due to circumferentially varying part Tϕ(r, ϕ), coefficients of the Fourier

transform of T (r, ϕ) for axial symmetry at the inner and outer tube radius are

introduced neglecting higher harmonics and remaining linear terms14.

Flores et al. (2014) and accordingly Marugán-Cruz et al. (2016) apply the an-

alytical solution to stress components considering radially varying temperature430

T = T (r) according to Faupel and Fischer (1981) for simple plane strain. As

Marugán-Cruz et al. (2016) demonstrates, with B1 = D1 = 0 this corresponds

to the more general solution to T = T (r, ϕ) additionally presented herein (see

also above) for comparison purposes. Similar to the results derived from the

comparison of 1D and 2D thermal models in Sec. 2.2.1, errors in calculation435

of thermal stress due to neglection of circumferential temperature gradient in-

crease with decreasing Biot number NBi. For the error to be less than 5 %,

according to Marugán-Cruz et al. (2016), NBi & 10 is required.

In Neises et al. (2014), thermal stress inside an alloy 230 absorber tube with

sCO2 as HTF is approximated by analogy with Flores et al. (2014), assuming440

generalized plain strain condition. Additionally, for evaluation of creep-fatigue

damage, normal stresses due to internal pressure are superimposed as given in

Timoshenko and Goodier (1951) (compare Logie et al. (2018); Nithyanandam

and Pitchumani (2016) et al.).

Liao et al. (2014) extends the model from Smith (1992) taking into account445

finite tube wall thickness within the thermal model and performs a parameter

and sensitivity study on AFD for the Solar Two receiver. The heat transfer at

the inner tube wall (316 stainless steel) is modeled with the Gnielinski correla-

tion taken from Bergmann et al. (2011) and assuming f = const. = 0.054 (Kolb,

the tube crown with thermal stress derived applying the simplified analytical model as given
in Smith (1992), concluding that the simplified model significantly overpredicts equivalent
stress.

14As further outlined in Logie et al. (2018), higher harmonics, i.e. terms with n > 1, in the
generalized plane harmonic Fourier series for Tϕ(r, ϕ) =

∑∞
n=1

(
An rn +Bn r−n

)
cos(nϕ) +(

Cn rn +Dn r−n
)

sin(nϕ) can be neglected according to Boley and Weiner (1960); Timo-
shenko and Goodier (1951). Remaining (in Cartesian coordinates) linear terms A1 r cos(ϕ),
C1 r sin(ϕ) do not induce thermal stress as long as surface traction, body forces and any dis-
placement singularities are ignored, satisfying Laplacian equation (Boley and Weiner, 1960;
Irfan and Chapman, 2009)).
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2011).450

Rodŕıguez-Sánchez et al. (2015) simulates the annual operation of an ex-

ternal alloy 800H tubular receiver coupled with the Gemasolar field for dif-

ferent flow pattern configurations. The thermal simulations are based upon

previous work (Rodŕıguez-Sánchez et al., 2014a,b), thermal stress σeq at the

irradiated tube crown is approximated by analogy with Liao et al. (2014), ne-455

glecting the contribution of temperature difference in circumferential direction

(cf. Rodŕıguez-Sánchez et al. (2014a))15.

In a parameter study, Khanna et al. (2015) derives analytical expressions

for temperature distribution and deflection from focal line of a parabolic trough

absorber tube16. Taking into account temperature variation in radial and cir-460

cumferential direction, i.e. T = T (r, ϕ), 2D Laplacian conduction equation

is solved with temperature dependent K using the method of separation of

variables. Applying net radiation method with temperature dependent tube

emissivity, Neumann boundary condition at the outer boundary of the tube do-

main, which – besides radiation exchange between glass cover and outer tube465

– implicitly considers exchange between cover and surroundings and convec-

tive losses, is linearized17. Differential view factors between tube and glass

cover surfaces are derived analytically as function of relative angle ∆ϕ, axially

discretizing absorber tube and glass cover into segments of minimum length

∆z allowing for neglection of radiation exchange between axially displaced el-470

ements (see also Rodŕıguez-Sánchez et al. (2014b)). T (r, ϕ) is expressed simi-

larly as before (Irfan and Chapman (2009) et al.) as T = Tr(r) + Tϕ(r, ϕ) =

A0 +B0 ln(r)+
∑∞
n=1 (An r

n +Bn r
−n) cos(nϕ)+(Cn r

n +Dn r
−n) sin(nϕ),

15In Rodŕıguez-Sánchez et al. (2018), the contribution of thermal stress due to circumfer-
ential temperature gradients is approximated in accordance with Liao et al. (2014).

16Although in parabolic trough systems operational and boundary conditions (e.g. solar
flux distribution, mechanical constraints), materials etc. generally differ from those of tower
systems, the analytical approaches in Khanna et al. (2015) seemed worth mentioning here:
Besides the approach for the mechanical model in line with more recent work for vertical tubes
from Logie et al. (2018) et al., an analytical solution to 2D Laplacian conduction equation
including thermal losses at the outer domain boundaries is presented.

17Alternatively, an iterative solution to 2D conduction equation is proposed (cf. Logie et al.
(2018)).
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amounting to derivation of analytical expressions for coefficients A0, B0 and An,

Bn with Cn = Dn = 0 (assuming axial symmetry of T (r, ϕ)).475

Sánchez-González et al. (2017) implements the AFD-concept from Vant-Hull

(2002) in an aiming model pursueing to maximize solar flux yield within precom-

puted flux limits and illustrates its functionality by the example of a Gemasolar-

like receiver system model. The thermal simulations are – similar to Rodŕıguez-

Sánchez et al. (2015) – based upon previous work from Rodŕıguez-Sánchez et al.480

(2014b,a). Thermal stress σeq is approximated as in Rodŕıguez-Sánchez et al.

(2015), explicitly considering finite wall thickness (Irfan and Chapman, 2009;

Young and Budynas, 2002)18.

Following the methodology presented in Logie et al. (2018) for mechani-

cal modeling, additionally accounting for pressure difference between inner and485

outer tube surface, Conroy et al. (2018a,b) derive linear-elastic stress compo-

nents for creep-fatigue damage analysis based upon thermal modeling as de-

scribed above (Sec. 2.2.1). For calculation of axial stress, zero axial force with

annulled bending moment is postulated.

Laporte-Azcué et al. (2020a) expand the expressions for stress components490

of 2D thermoelasticity as given in Logie et al. (2018) et al. taking into account

temperature dependency of α within the stress terms due to Tr(r). What is

more, an analytical expression of total axial stress σz = σb
z + σνz superimposing

contributions due to bending and axial expansion (σb
z ) and triaxial stress state

(σνz ) is presented. Herein, besides α, temperature dependence of E is explicitly495

acknowledged. Using beam theory and hypothesis of free axial expansion, the

expression for σb
z is extended from Noda et al. (2003) to account for influence

of reaction forces due to axially distributed beam supports (such as clips).

Montoya et al. (2020) examines the influence of longitudinal clips and me-

chanical boundary conditions on thermally induced deflection and stress, based500

upon the thermal model from Rodŕıguez-Sánchez et al. (2014a) and expres-

18Later on, in an extended parameter study following the same methodology (Sánchez-
González et al., 2020), the contribution of temperature difference in circumferential direction
to thermal stress is acknowledged using an analytical expression as in Liao et al. (2014) instead.
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sions for stress components of 2D thermoelasticity as in Logie et al. (2018).

Axial stress is calculated similar to Laporte-Azcué et al. (2020a), using one-

dimensional beam theory for derivation of σb
z .

González-Gómez et al. (2021), based upon ASME Boiler and Pressure Ves-505

sel Code, Section III, Division 1, Subsection NH (ASME BPVC-III-1 NH) (cf.

ASME (2015)), presents a methodology for calculation of creep-fatigue damage

including plastic strain and stress relaxation effects (see below, Sec. 3.2). Ther-

mal calculations are performed using the model from Rodŕıguez-Sánchez et al.

(2014a), thermal stress components are derived as proposed in Laporte-Azcué510

et al. (2020a), assuming generalized plain strain for simplicity. For complete-

ness, pressure induced stress is also accounted for, applying the expressions as

specified in Logie et al. (2018) et al.

3. Damage modeling

3.1. Overview515

In the context of tubular receiver systems, the influence of operation modes

and optimization strategies on reliability and service life of components is typ-

ically considered with respect to creep-fatigue damage accumulating over time

as dominant failure mechanism.

Besides creep-fatigue, corrosive nature of molten salt at elevated tempera-520

tures is commonly taken into account within definition of operating limits. A

pragmatic and conservative approach commonly undertaken in literature is the

restriction of local film temperatures to an appropriate limit such as 600 ◦C

(Smith, 1992; Vant-Hull, 2002) in order to reduce both corrosion and salt de-

composition in the first place (Bradshaw and Goods, 2001).525

Fig. 3 illustrates principal steps required for top-down analysis of creep-

fatigue damage as widely applied in literature (see below, Sec. 3.2), basically fol-

lowing the methodology from ASME BPVC-III-5 (formerly described in ASME

BPVC-III-1 NH and ASME CC N-47):
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Looping through time intervals ∆ti
19 of appropriate length – depending on530

local change rates ∂/∂t of essential field variables T (x, t), σ (x, t), ε (x, t), lo-

cal reference temperature Tref (x,∆ti), equivalent stress σeq (x,∆ti) and strain

range ∆εeq (x,∆ti) are determined from the underlying thermomechanical model

(see above). In case of a linear-elastic mechanical modeling approach, which is

commonly applied in face of otherwise drastically increased model complexity535

(see Sec. 2.2.1 and, herein, in particular Barua et al. (2019); Fork et al. (2012)),

respective elastic values are typically modified to account for plastic strain ef-

fects20. Based upon failure curves derived from lab data, creep-rupture time tc

and number of cycles to fatigue failure Nf are determined as functions of x and

∆ti. In order to increase conservativity in light of neglected off-nominal con-540

ditions (Sec. 1) and other uncertainties, in addition to nominal, design failure

curves are applicable. Supplementarily, σeq, ∆εeq can be individually adjusted

with global or – to account for notch effects, for instance (Doupis et al., 2016;

González-Gómez et al., 2021) – locally differing safety factors SFc, SFf. In the

next step, creep and fatigue damage Dc (x, ti), Df (x, ti) are calculated from545

preceding values at time ti−1 applying linear damage rule. Herein, as an alter-

native to SFc, SFf, safety factors SF∗c , SF∗f can be directly imposed on damage

increments. Eventually, for i = n, accumulated damage Dc (x, tn), Df (x, tn)

is evaluated. If a parameter study is performed in order to determine design

parameters such as AFD, the process described is iterated until service life/local550

creep-fatigue interaction limit at any location x is achieved for t = tn. As be-

fore, both interaction model data and input variables Dc, Df can be manipulated

applying safety factors SF∗∗c , SF∗∗f or SFtotal.

19Though, in Fig. 3, accumulation of local damage at time tn is broken down to a sum-
mation over arbitrary time intervals ∆ti in favor of generality. In practice, extrapolation of
boundary conditions for operation – especially local solar irradiation – amounts to definition
of characteristic (design) load cycles, their particular duration and frequency of occurence
within desired service life tn − t0. This characterization of load cycles ranges from restric-
tion to a sequence of ’binary’ design cycles (e.g. Neises et al. (2014); Rao et al. (2021)) over
grouped forecast insolation cycles (Conroy et al., 2018a,b; Kistler, 1987) up to consideration
of short-term transients due to cloud passage etc. (Flesch et al., 2017; Fork et al., 2012).

20Regarding general limits for application of elastic analysis with respect to stress and strain,
the reader is referred to ASME BPVC-III-5 Appendix HBB-T-1430.
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Figure 3: Principal analysis steps for top-down creep-fatigue damage modeling approaches in
literature based upon field variables T (x, t), σ (x, t), ε (x, t), following ASME BPVC-III-5
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3.2. Damage modeling methods applied in literature

In this section, essential characteristics of damage modeling methods applied555

in literature are presented in detail. An overview of (creep-fatigue) damage

modeling methods is given in Appendix A, Tab. A.5.

Narayanan et al. (1985) evaluates creep-fatigue damage for components of

a molten salt tubular receiver at elevated temperatures applying linear damage

rule as in ASME (1980), CC N-47 (compare Smith (1992)), introducing modi-560

fications to reduce the level of conservativity inherent in CC N-47 based upon

Berman et al. (1979). First, as already briefly addressed above, usage of in-

elastic fatigue curves is proposed, multiplying the strain ranges ∆εel
eq obtained

from a linear-elastic mechanical analysis with a correction factor of 1.1. Second,

creep-rupture damage is evaluated depending on the magnitude of calculated565

equivalent stress σel
eq: For σel

eq > Sh
y + Sc

y, i.e. equivalent elastic stress is greater

than sum of yield stress at hot and cold leg of cycle – assuming primary mem-

brane/bending plus secondary stresses to be below twice yield stress Sh
y + Sc

y –

corresponding creep-rupture time is determined with Sh
y to account for plastic

yielding, assuming elastic shakedown regime (compare González-Gómez et al.570

(2021)). If Sh
y < σel

eq ≤ Sh
y + Sc

y, max
(
σel

eq − Sc
y, 0.8 S

h
y

)
is used instead, in-

corporating residual stresses as found previously (Berman and Rao, 1983) in

a conservative manner. Eventually, for σel
eq ≤ Sh

y , creep-rupture time is evalu-

ated based upon min
(
σel

eq, 0.8 S
h
y

)
. For damage evaluation, 11, 000 diurnal and

19, 000 cloudy cycles of the same severity during 30 years corresponding to 105
575

hours of operation are assumed.

As already mentioned in Sec. 2.2.1, Fork et al. (2012) includes both plastic

strain effects and secondary (equilibrium) creep in a 2D mechanical model for

creep-fatigue damage analysis. Therefore, two different methods for estimation

of service life consumption and accumulated damage are proposed: The first580

method is based upon ASME BPVC-III-1 NH for a nonlinear mechanical mod-

eling approach, taking into account interaction of creep and fatigue damage for

alloy 617. Equivalent strain ranges ∆εeq are calculated according to ASME
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BPVC-III-1 NH, T-1414 with elastic and inelastic strain proportions. Number

of cycles to fatigue failure Nf are determined using a combined Basquin and585

Coffin-Manson expression with both a nominal and a more conservative, de-

sign parametrization. Creep-rupture time tc is determined with a correlation

of Mendelson-Roberts-Manson (MRM) type using minimum values for 0.95-

percentile and equivalent von Mises stress σeq multiplied with safety factors

SFc ∈ {1.0, 1.5}. In the second method, fatigue and creep damage accumula-590

tion due to diurnal cycles and cloud transients is directly calculated with exper-

imental creep-fatigue interaction data based upon inelastic strain proportions,

introducing an overall safety factor SFtotal = 10.

For AFD evaluation in Neises et al. (2014), based upon the interim standard

of Berman et al. (1979), 104 fatigue cycles and 105 operating hours under creep595

load at design conditions are set for simplicity (cf. Conroy et al. (2019a,b); Rao

et al. (2021)). Inelastic strain ranges are obtained as in Narayanan et al. (1985),

equivalent – von Mises – strain is multiplied with a safety factor SFf = 2.0. In

addition, a lower limit for fatigue damage Df of 10 % is set21. Maximum prin-

ciple stress σel
1 together with a safety factor SFc = 1.5 is used for consideration600

of creep damage.

In Liao et al. (2014), the maximum admissible strain range ∆εadm,f is taken

from ASME BPVC-III-1 NH under the assumption of 36, 000 thermal cycles

during a 30-year life time as reported in Zavoico (2001).

Rodŕıguez-Sánchez et al. (2015) introduces – besides minimum flow rate –605

a maximum film temperature of 650 ◦C and a maximum admissible thermal

stress σadm in the amount of one third of the ultimate tensile strength (UTS)

according to ASME BPVC-III-1 NH as operational limits.

Doupis et al. (2016) follows the methodology outlined in DIN EN 12952-3/4

(DIN, 2011a,b) for a creep and fatigue damage analysis of the header model610

21Consequently, in Rao et al. (2021), fatigue damage values of less than 10 % are ignored.
In Ortega et al. (2016a), alternatively, fatigue damage is generally fixed at 10 %. With
Dtotal (Dc, Df) = const. = 1 as in Neises et al. (2014), creep damage determined with a
quadratic Larson-Miller expression is thus limited to 0.9.

27



examined (see above, Sec. 2.2.1). Therefore, maximum peak stress range is

evaluated both globally and in the area of welds applying stress enhancement

(notch) factors.

Nithyanandam and Pitchumani (2016) analyzes numbers of cycles to fatigue

failure Nf and creep-rupture times tc for various operating points and designs of615

sCO2 tubular receiver systems. Nf is derived from Basquin/Coffin-Manson-type

expression with equivalent – linear-elastic von Mises – strain εel
eq multiplied by

SFf = 2.0, tc is determined with MRM-type correlation for alloy 230 based upon

average creep data.

In Sánchez-González et al. (2017), film temperatures are limited to 630 ◦C620

for alloy 800H to contain corrosion22. Maximum admissible thermal stress σadm

is defined in accordance with Rodŕıguez-Sánchez et al. (2015).

Conroy et al. (2018a,b) rely on ASME BPVC-III-1 NH for damage accumu-

lation with linear damage rule and material dependent creep-fatigue interaction

curves. Similar to Smith (1992), DNI data extrapolated to 30 years of opera-625

tion is used for grouping of creep load and unique fatigue cycles. Equivalent

strain ranges ∆εeq are established from von Mises thermal strain modified by

correction factors accounting for plastic strain and creep effects. Equivalent

stress σeq is defined as von Mises load controlled stress, i.e. pressure induced

membrane/bending and thermally induced membrane stress.630

Similarly, for evaluation of creep-fatigue damage from design by elastic anal-

ysis in Barua et al. (2019), strain ranges from the linear-elastic mechanical

model are modified according to ASME BPVC-III-5 to account for plastic strain

and creep effects. Numbers of cycles to fatigue failure Nf are determined with

three different – nominal, CSP and nuclear – fatigue design curves, the latter635

(CSP, nuclear) implying safety factors of SFf ∈ {1.5, 2.0} on strain range or

SF∗f ∈ {10, 20} on Nf, whichever is more conservative. Stress relaxation curves

are derived from isochronous stress-strain curves at respective modified strain

22See also Sánchez-González et al. (2020) for derivation of film temperature limits for further
alloys based upon admissible metal loss rates.
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ranges ∆εeq, resulting creep-rupture times tc are determined both from design

and nominal stress-to-rupture curves based upon a Larson-Miller correlation for640

0.95-percentile. For design by inelastic analysis23 (compare Fork et al. (2012);

Frantz et al. (2020)), representative strain ranges ∆εeq and stress relaxation pro-

files are extracted from the inelastic mechanical model (see above, Sec. 2.2.1).

Analog to the elastic analysis, nominal, CSP and nuclear fatigue design curves

are taken for determination of Nf. Creep-rupture times tc are determined from645

nominal stress-to-rupture curves, calculating equivalent stress σeq with Hud-

dleston model and applying three different safety factors SFc ∈ {1.0, 1.1, 1.5}.

Creep-fatigue interaction is generally adopted from alloy 617 for want of more

specific data.

Based upon their findings in Conroy et al. (2018c) and Conroy et al. (2018a,b)650

for thermal and mechanical modeling, in Conroy et al. (2019a,b) a correspond-

ing 2D model of an arbitrary tube section is employed for AFD calculation

superimposing thermal and pressure induced stresses and calculating equiva-

lent von Mises stress σel
eq and strain εel

eq. Besides consideration of design stress

limits according to ASME BPVC-III-1 NH and maximum material/film tem-655

peratures (cf. Rodŕıguez-Sánchez et al. (2015); Sánchez-González et al. (2017,

2020)), within the creep-fatigue regime, at least 104 fatigue cycles and minimum

105 operating hours under creep load are stipulated for the various materials

investigated (compare Neises et al. (2014); Rao et al. (2021)).

González-Gómez et al. (2021) presents a methodology for calculation of660

creep-fatigue damage, in principle following ASME BPVC-III-1 NH, however,

proposing alternative analytical methods for consideration of plastic strain and

stress relaxation effects. Equivalent (von Mises) elastic strain ranges ∆εel
eq

are manipulated depending on corresponding elastic thermal stress σel
eq,T: If

σel
eq,T < 2Sy (elastic or elastic shakedown regime), equivalent strain ranges ∆εeq665

23Regarding further design methods not elaborated on here for either covering failure modes
out of scope of this paper (primary load failure, ratcheting) or considered less significant
(creep-fatigue design by elastic perfectly-plastic analysis), the reader is referred to Barua
et al. (2019).
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are set equal to ∆εel
eq. Otherwise, assuming reverse plasticity regime, ∆εeq is ob-

tained with a two-fold approach: First, equivalent inelastic stress range ∆σeq is

obtained from elastic quantities using Neuber’s or Glinka-Molski approximation

(Glinka, 1985; Moftakhar et al., 1994)24 together with cyclic stress-strain curve

(Glinka, 1985) parametrized for stabilized hysteresis loop data. Second, inelas-670

tic strain ranges ∆εeq are calculated from ∆σeq according to Kalnins (2005)

and, herein, an approximation of equivalent plastic strain range from Mao et al.

(2016); Moftakhar et al. (1994). Nf is determined from ∆εeq with an implicit

Coffin-Manson expression. Similarly to the approach for derivation of ∆εeq,

equivalent stress σeq is set equal to σel
eq for σel

eq ≤ Sy. In elastic shakedown675

regime (Sy < σel
eq and σel

eq,T < 2Sy) σeq is calculated from elastic quantities us-

ing Neuber’s or Glinka-Molski approximation and monotonic stress-strain curve

as in Glinka (1985). For σel
eq,T ≥ 2Sy, the cyclic stress-strain curve is applied

instead. Stress relaxation σrelax
eq is accounted for with an analytical expres-

sion derived from a Norton-Bailey creep strain rate model assuming constant680

total strain and uniaxial stress state. Eventually, introducing a safety factor

SFc = 1.1 (cf. Barua et al. (2019)), creep-rupture times tc can be determined

with SFc · σeq,eff = SFc · max
(
σeq − σrelax

eq , σeq,p

)
from MRM-type stress-to-

rupture curves.

4. Conclusion and outlook: Real-time monitoring of service life con-685

sumption

Contemporary thermomechanical and damage modeling methods presented

in Sec. 2.2 and Sec. 3.2 provide a variety of approaches in order to exploit the

improvement potential in operational optimization of tubular receiver systems

regarding consideration of service life consumption based upon the traditional690

AFD-concept from Smith (1992); Vant-Hull (2002).

24As González-Gómez et al. (2021) states these methods – developed as approximate tech-
niques to estimate the redistribution of stress caused by plastic flow in a zone of stress concen-
tration – are valid when the plastic area is relatively small and surrounded by enough elastic
zone.
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First of all, the methods presented in Sec. 2.2.2 for analytical calculation

of local temperature T as well as stress σ and strain ε enable much more de-

tailed modeling of local load states and boundary conditions compared to Smith

(1992).695

The 1D thermal modeling approach given in Smith (1992) can be extended

beginning with consideration of finite wall thickness and a modified approach

for q̇i,C (Liao et al., 2014, et al.), up to implementation of an analytical method-

ology for solution to 2D Laplacian conduction equation additionally accounting

for local radiative heat exchange q̇o,R and convective losses q̇o,C at outer domain700

boundaries (Khanna et al., 2015). Then, regarding analytical modeling of stress

and strain, Irfan and Chapman (2009); Yang and Lee (1971) suggest a series

solution to thermally induced normal and shear stress components allowing for

radially and axially varying temperature distribution T = T (r, z). Instead, for

stress components resulting from radially and circumferentially varying temper-705

ature distribution T = T (r, ϕ), the analytical solution approach from Conroy

et al. (2018a,b); Logie et al. (2018) et al. is applicable, superimposing contri-

butions due to pressure (difference) at domain boundaries. Recently, pursuant

to Laporte-Azcué et al. (2020a); Montoya et al. (2020) this approach can be

extended once more presenting an analytical expression of total axial stress σz,710

acknowledging temperature dependence of E and α.

Second, for modeling of local damage in extension of Smith (1992), both

creep damage Dc and – depending on availability of material specific data –

creep-fatigue damage interaction can be taken into account based upon ASME

BPVC-III-5 widely applied in literature, though typically modified in favor of715

applicability, reduced level of conservativity or for want of appropriate data.

What is more, fatigue damage Df can be approximated more accurately as well,

considering plastic strain effects25.

25Nevertheless, at this point it should be noted that an accurate – i.e. absolute – prediction
of service life is still an highly ambitious undertaking both regarding accurate modeling of
material behaviour, corresponding levels of local stress as well as strain (cf. e.g. Fork et al.
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In case of linear-elastic modeling approach which is commonly preferred due

to considerably increased complexity of and massive computational resources720

required for inelastic models, equivalent stress σel
eq and strain range ∆εel

eq are

typically defined as von-Mises stress and strain. Following Neises et al. (2014),

modification of equivalent elastic strain range ∆εel
eq and derivation of stress σeq

from isochronous stress-strain curves with ∆εeq as in ASME BPVC-III-5 can

be simplified with a correction factor of 1.1 from Narayanan et al. (1985) for725

∆εel
eq and maximum principle stress σel

1 for σeq. Alternatively, a more elabo-

rate modification of ∆εel
eq depending on equivalent elastic thermal stress regime

is proposed in González-Gómez et al. (2021); equivalent stress σeq is similarly

derived from elastic stress quantities, accounting for stress relaxation. For de-

termination of creep-rupture time tc and number of cycles to fatigue failure730

Nf, depending on desired conservativity and/or availability of appropriate lab

data, both nominal and (CSP, nuclear) design curves are applicable with safety

factors SF between 1.0 and 2.0.

Regarding impact of corrosive nature of molten salt on local damage accu-

mulation, its containment via restriction of local film temperatures, as already735

proposed in Smith (1992), still seems to be the most common and pragmatic ap-

proach. In order to reduce inherent conservativeness, however, e.g. Rodŕıguez-

Sánchez et al. (2015); Sánchez-González et al. (2017) propose 650 ◦C, 630 ◦C,

respectively, as film temperature limit for alloy 800H (compare Bradshaw and

Goods (2001)) in contrast to the commonly stipulated 600 ◦C.740

In principle, in place of an analytical calculation of local temperature, stress

and strain, ’heuristic’ numerical models as described in Sec. 2.2.1 are applicable

for that purpose, allowing e.g. for more elaborate consideration of actual receiver

(2012)) and local damage accumulation. The latter is typically modeled extrinsically applying
parametrized failure curve models based upon lab data (see also Tab. A.5 in Appendix A)
generated under idealized conditions and is thus applicable to a specific solar receiver system
and its transient, multiaxial load states only with some reservations. Moreover, the application
of safety factors introduced for this reason results in a considerable variation in calculated
damage accumulation, depending on stipulated level of conservativity (Barua et al., 2019;
Fork et al., 2012).
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geometry, local boundary conditions and constitutive modeling.

The suitability of heuristic numerical models within the bottom-up ap-745

proach plead for in Sec. 1, however, – ultimately amounting to real-time,

condition-based operational and maintenance strategy optimization – is basi-

cally restricted by respective model complexity and available computational

resources26. Thus, solely relying on conventional modeling and reduction meth-

ods, a trade-off between accuracy of thermomechanical modeling on the one750

hand and temporal resolution on the other hand is inevitable.

As consequence, one objective to be demonstrated in upcoming functional

testing of a bottom-up approach for local damage accumulation and monitor-

ing of service life consumption at a pilot scale test facility (cf. Frantz et al.

(2020)) comprises the resolution of said opposition between modeling accuracy755

and temporal resolution via acceleration techniques based upon efficient model

parametrization and artificial intelligence (AI).

After all, besides the benefits already outlined in Sec. 1, real-time moni-

toring of local load states and service life consumption is expected to notably

reduce need for safety margins as far as consideration of off-nominal conditions760

is concerned, consequently increasing economic viability of molten salt tubular

receiver systems.
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Appendix A. Overview and essential characteristics of thermomechanical and damage modeling methods

Table A.1: Overview and essential characteristics of numerical approaches for thermal modeling methods in literature (cf. Sec. 2.2.1)

model domain field
equa-
tions

constitutive laws properties calculation of thermal
losses

references

turbulence
model

friction
factor f

Nusselt
number N i

Nu

convective radiative

3D vertical
tube

fluid 3D
steady-
state,
RANS,
Boussi-
nesq
approxi-
mation

k-ω-SST – – f(T ) – – (Fritsch et al., 2017)

3D
steady-
state,
incom-
pressible
RANS

k-ε – – const. – – (Chang et al., 2014)

1D (z)
steady-
state
(enthalpy
flow)

– (Petukhov,
1970)

(Gnielinski,
1976), cf.
Bergmann
et al. (2011)

f(T ) – – (Conroy et al.,
2018c; Xu et al.,
2018)
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3D vertical
tube(s)

fluid 3D
steady-
state,
RANS

k-ε – – (ρ, µ =)
f(T )

– – (Du et al., 2016;
Flesch et al., 2017;
Rodŕıguez-Sánchez
et al., 2014b; Qiu
et al., 2019; Yang
et al., 2012; Ying
et al., 2020)

1D (z)
steady-
state
enthalpy
flow

– (Verein
Deutscher
Ingenieure,
VDI-
Gesellschaft
Verfahren-
stechnik und
Chemieinge-
nieurwesen,
2010)

(Verein
Deutscher
Ingenieure,
VDI-
Gesellschaft
Verfahren-
stechnik und
Chemieinge-
nieurwesen,
2010)

f(T ) – – (Fritsch et al.,
2017), cf. Frantz
et al. (2017, 2020);
Uhlig et al. (2018)

–, pre-
defined,
linearly
increas-
ing bulk
tempera-
ture

– – n.a. f(T ) – – (Barua et al., 2019)

representative,
3D vertical
tube
half-shells

fluid 1D (z)
steady-
state
enthalpy
flow

– – n.a. f(T ) – – (Montoya et al.,
2018; Rodŕıguez-
Sánchez et al.,
2014b, 2015;
Sánchez-González
et al., 2017)

3D vertical
tubes

fluid 1D (z)
(two-
phase)
flow

– n.a. n.a. n.a. – – (Flesch et al., 2017)
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1D (z)
steady-
state
(enthalpy
flow)

– Colebrook
(1939)

(Gnielinski,
1976)

f(T ) – – (Zhang et al., 2015)

– (Petukhov,
1970)

(Gärtner
et al., 1974)

f(T ) – – (Conroy et al.,
2018a,b)

– – (Gnielinski,
2013)

f(T ) – – (Laporte-Azcué
et al., 2020a;
Rodŕıguez-Sánchez
et al., 2018)

3D outlet
header

fluid –, precal-
culated
bulk
tempera-
ture and
pressure

– – Dittus-
Boelter,
segmentally
averaged
enhanced
turbulence
factors

n.a. – – (Doupis et al., 2016)

3D header
and connec-
tion tubes

fluid –, precal-
culated
bulk
tempera-
ture

– – CFD-based n.a. – – (Uhlig et al., 2018),
cf. Frantz et al.
(2020)

3D coiled
tube receiver

fluid 1D
steady-
state
enthalpy
flow

– explicit ex-
pression

(Gnielinski,
1976), spiral
correction
factor

n.a. – – (Rao et al., 2021)

2D (r, z)
vertical tube
segment

fluid 2D (r, z)
steady-
state,
RANS

k-ε – – f(T ) – – (Nithyanandam and
Pitchumani, 2016)
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2D (r, ϕ)
horizontal
tube
segment

fluid 2D (r, ϕ)
steady-
state,
incom-
pressible
RANS,
fully de-
veloped
flow

(Cess,
1958)

– – const. – – (Flores et al., 2014;
Marugán-Cruz
et al., 2016)

1D (z)
steady-
state

– (Petukhov,
1970)

(Gnielinski,
1976)

const. – – (Marugán-Cruz
et al., 2016)

2D (r, ϕ)
horizon-
tal tube
half-shell
segment

fluid 1D (z)
steady-
state
enthalpy
flow

– – Dittus-
Boelter

f(T ) – – (Logie et al., 2018)

3D vertical
tube

solid 3D tran-
sient

– – – K = f(T ) natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method

(Xu et al., 2018)

3D
steady-
state

– – – const. – – (Chang et al., 2014;
Qiu et al., 2019;
Yang et al., 2012;
Ying et al., 2020)

– – – f(T ) n.a. n.a. (Flesch et al., 2017)

– – – f(T ) – – (Du et al., 2016)
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3D vertical
tube(s)

solid 3D tran-
sient

– – – const. n.a./CFD-
based

n.a. (Fritsch et al.,
2017), cf. Frantz
et al. (2017, 2020);
Uhlig et al. (2018)

3D
steady-
state

– – – f(T ) n.a. n.a. (Barua et al., 2019)

– – – K = f(T ) implicit, air
included in
computa-
tional do-
main

Discrete
Ordinate
model

(Rodŕıguez-Sánchez
et al., 2014b)

1D (r)
steady-
state

– – – n.a. natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method, 2D
view fac-
tors with
Crossed-
Strings
method

(Conroy et al.,
2018a,b,c)

representative,
3D vertical
tube
half-shells

solid 1D (r)
steady-
state

– – – f(T ) natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method, 2D
view fac-
tors with
Crossed-
Strings
method

(Montoya et al.,
2018)

1D (r)
steady-
state,
homo-
geneous
heat flux

– – – K = f(T ) natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method, 2D
view fac-
tors with
Crossed-
Strings
method

(Rodŕıguez-Sánchez
et al., 2014b)
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1D (r)
steady-
state,
homo-
geneous
tempera-
ture

– – – K = f(T ) natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method, 2D
view fac-
tors with
Crossed-
Strings
method

(Rodŕıguez-Sánchez
et al., 2014b, 2015)

3D vertical
tubes

solid 1D (r)
steady-
state

– – – f(T ) natural
and forced
(Siebers
and Kraa-
bel, 1984; Li
et al., 2010)

net radia-
tion method,
view fac-
tors with
Monte-Carlo
method

(Zhang et al., 2015)

1D (r)
steady-
state,
homo-
geneous
tempera-
ture

– – – f(T ) natural
and forced
(Siebers and
Kraabel,
1984)

net radiation
method, 2D
view fac-
tors with
Crossed-
Strings
method

(Laporte-Azcué
et al., 2020a;
Rodŕıguez-Sánchez
et al., 2018)

n.a./transient– – – n.a. n.a. n.a. (Flesch et al., 2017)

3D outlet
header

solid 3D tran-
sient

– – – n.a. – – (Doupis et al., 2016)

3D header
and connec-
tion tubes

solid 3D tran-
sient

– – – n.a. – – (Uhlig et al., 2018),
cf. Frantz et al.
(2020)

3D coiled
tube receiver

solid 3D
steady-
state

– – – const. n.a. Monte-Carlo
ray tracing
method

(Rao et al., 2021)
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(quasi-)1D,
projected
tubes

solid (quasi-
)1D
steady-
state

– – – const. n.a. n.a. (Fritsch et al., 2017)

2D (r, z)
vertical tube
segment

solid 2D (r, z)
steady-
state

– – – f(T ) 10 W/m2 K
from (Ho
and Iverson,
2014)

net radiation
method

(Nithyanandam and
Pitchumani, 2016)

2D (r, ϕ)
horizontal
tube seg-
ment

solid 2D (r, ϕ)
steady-
state

– – – const. – – (Flores et al., 2014;
Marugán-Cruz
et al., 2016)

2D (r, ϕ)
horizon-
tal tube
half-shell
segment

solid 2D (r, ϕ)
steady-
state

– – – const. 30 W/m2 K
from
(Siebers
and Kraabel,
1984)

net radiation
method

(Logie et al., 2018)

Table A.2: Overview and essential characteristics of numerical approaches for mechanical modeling methods in literature (cf. Sec. 2.2.1)

model domain field equa-
tions

constitutive laws properties mechanical
loads

references

stress tensor σ T p g

3D vertical
tube(s)

solid n.a. inelastic, J2-plasticity with Voce harden-
ing model, creep rate based on power law
approach

f(T ) • n.a. n.a. (Barua et al., 2019)
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n.a. linear-thermoelastic f(T ) • n.a. n.a. (Barua et al., 2019)

representative
3D vertical
tube

solid 3D quasi-static linear-thermoelastic n.a. • • – (Ortega et al.,
2016a)

3D tube
including
curved in-
/outlet re-
gions

solid 3D quasi-

static27
linear-thermoelastic f(T ) • – – (Montoya et al.,

2018)

3D outlet
header

solid n.a. n.a. n.a. • • – (Doupis et al., 2016)

3D panel
including
header and
connection
tubes

solid 3D quasi-static linear-thermoelastic n.a. • • • (Uhlig et al., 2018)

3D
billboard-
shaped re-
ceiver

solid n.a. inelastic, Chaboche model, creep rate based
on Norton-Bailey power law28

n.a. • • n.a. (Frantz et al., 2020)

3D coiled
tube receiver

solid 3D quasi-static linear-thermoelastic const. • • n.a. (Rao et al., 2021)

2D (r, z)
vertical tube
segment

solid n.a. inelastic, creep rate based on Norton power
law and Arrhenius rate

f(T ) • • n.a. (Fork et al., 2012)

27At section with maximum temperature, 2D (ϕ, z) quasi-static (shell elements) elsewhere.
28For absorber tube sections, elastic-perfectly plastic approach elsewhere.
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Table A.3: Overview and essential characteristics of analytical approaches for thermal modeling methods in literature (cf. Sec. 2.2.2)

model domain field
equa-
tions

constitutive laws properties calculation of thermal
losses

references

turbulence
model

friction
factor f

Nusselt
number N i

Nu

convective radiative

3D vertical
tube(s)

fluid 1D (z)
steady-
state
enthalpy
flow

– 0.054 from
(Kolb, 2011)

(Bergmann
et al., 2011)

f(T ) – – (Liao et al., 2014),
cf. (Kistler, 1987;
Smith, 1992; Vant-
Hull, 2002)

3D horizon-
tal tube(s)

fluid 1D (z)
steady-
state
enthalpy
flow

– n.a. n.a. n.a. – – (Khanna et al.,
2015)

3D vertical
tube(s)

solid 1D (r)
steady-
state

– – – f(T ) – – (Liao et al., 2014),
cf. (Kistler, 1987;
Smith, 1992; Vant-
Hull, 2002)

3D horizon-
tal tube(s)

solid 2D (r, ϕ)
steady-
state

– – – K = f(T ) n.a. net radiation
method, 2D
(differential)
view factors

(Khanna et al.,
2015)
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Table A.4: Overview and essential characteristics of analytical approaches for mechanical modeling methods in literature (cf. Sec. 2.2.2)

model domain field equa-
tions

constitutive laws properties mechanical
loads

references

stress tensor σ T p g

3D (vertical)
tube

solid 3D quasi-static,
T = T (r, z)

linear-thermoelastic const. • – – (Irfan and Chap-
man, 2009; Yang
and Lee, 1971)

3D quasi-static,
T = T (z)

linear-thermoelastic const. • – – (Irfan and Chap-
man, 2009; Lee,
1966)

2D (r, ϕ)
quasi-static,
T = T (r, ϕ)
(separate so-
lution to axial
stress σz)

linear-thermoelastic α = f(T )
within stress
terms due
to Tr(r),
E,α = f(T )
within cal-
culation of
axial stress
term σb

z

• (•) – (González-Gómez
et al., 2021;
Laporte-Azcué
et al., 2020a)
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2D (r, ϕ)
quasi-static,
T = T (r, ϕ)
(separate so-
lution to axial
stress σz)

linear-thermoelastic const. • (•) – (Conroy et al.,
2018a,b; Irfan and
Chapman, 2009;
Khanna et al., 2015;
Logie et al., 2018;
Marugán-Cruz
et al., 2016; Mon-
toya et al., 2018,
2020), cf. (Boley
and Weiner, 1960;
Goodier, 1957; Tim-
oshenko and Good-
ier, 1951)

2D (r, ϕ) quasi-
static, T = T (r)
(separate so-
lution to axial
stress σz)

linear-thermoelastic const. • (•) – (Flores et al.,
2014; Liao et al.,
2014; Marugán-
Cruz et al., 2016;
Neises et al., 2014;
Nithyanandam and
Pitchumani, 2016;
Rodŕıguez-Sánchez
et al., 2014a, 2015,
2018; Sánchez-
González et al.,
2017, 2020)29, cf.
(Faupel and Fis-
cher, 1981; Timo-
shenko and Good-
ier, 1951)

29In Liao et al. (2014); Rodŕıguez-Sánchez et al. (2014a, 2015, 2018); Sánchez-González et al. (2017, 2020), the analysis is restricted to the tube
crown, in Liao et al. (2014); Rodŕıguez-Sánchez et al. (2014a, 2015, 2018); Sánchez-González et al. (2020) in conjunction with the assumption of a
thin-walled tube.

Moreover, in Liao et al. (2014); Rodŕıguez-Sánchez et al. (2018); Sánchez-González et al. (2020), an approximate expression for consideration of
thermal strain/stress due to average circumferential – front-to-back – temperature difference from Young and Budynas (2002) is added.
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Table A.5: Overview and essential characteristics of top-down creep-fatigue damage modeling methods in literature following ASME BPVC-III-5 (cf.
Sec. 3.1-3.2 and, herein, Fig. 3)

tensor transformation modification of elastic
values

failure curve model safety fac-
tors

interaction
model

references

σ ε σel
eq ∆εeleq stress-to-

rupture
fatigue

n.a. n.a. σeq = Sh
y

for σel
eq >

Sh
y + Sc

y,

max
(
σel
eq − Sc

y,

0.8 Sh
y

)
for

Sh
y < σel

eq ≤
Sh
y + Sc

y,

min
(
σel
eq,

0.8 Sh
y

)
for

σel
eq ≤ Sh

y

∆εeq =

1.1 ∆εeleq

n.a. (ASME CC
N-47, Fig.
T-1420-1C)

n.a. n.a. (Narayanan et al.,
1985)

equivalent von
Mises stress

equivalent (to-
tal) strain range
from ASME
BPVC-III-1 NH,
T-1414

– – MRM-type
using mini-
mum values
for 0.95-
percentile

(nominal,
design)
Basquin
and Coffin-
Manson

SFc ∈
{1.0, 1.5}

• (Fork et al., 2012),
method 1 based
upon ASME BPVC-
III-1 NH

– n.a. – – experimental creep fatigue
interaction data based
upon inelastic strain pro-
portions

SFtotal = 10 – (Fork et al., 2012),
method 2 based
upon experimental
creep-fatigue data
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maximum prin-
ciple stress σel

1

equivalent von
Mises strain

– ∆εeq =

1.1 ∆εeleq

n.a. n.a. SFc = 1.5,
SFf = 2.0
with Df ≥
10 %

• (Neises et al., 2014)

– – – – – n.a. n.a. – (Liao et al., 2014)

n.a. n.a. – – quadratic
Larson-
Miller

– Df
!
=10 % • (Ortega et al.,

2016a)

– – – – – (σ < UTS/3 from ASME
BPVC III-1 NH)

– – (Rodŕıguez-
Sánchez et al., 2015;
Sánchez-González
et al., 2017)

n.a. equivalent von
Mises strain

– – MRM-type
based upon
average
creep data

Basquin/
Coffin-
Manson-type

SFf = 2.0 – (Nithyanandam and
Pitchumani, 2016)

equivalent von
Mises stress
from load con-
trolled stress

equivalent von
Mises strain

– n.a. n.a. n.a. n.a. • (Conroy et al.,
2018a,b)

– ASME BPVC-
III-5

– (σeq de-
rived from
isochronous
stress-strain
curves at
∆εeq)

ASME
BPVC-III-5

(nominal,
design)
Larson-
Miller
for 0.95-
percentile

(nominal,
CSP, nu-
clear)

SFf ∈
{1.5, 2.0}/
SF∗f ∈
{10, 20}

• (Barua et al., 2019),
creep-fatigue design
by elastic analysis
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Huddleston
model

ASME BPVC-
III-5

– – (nominal) (nominal,
CSP, nu-
clear)

SFc ∈
{1.0, 1.1, 1.5}

• (Barua et al., 2019),
creep-fatigue design
by inelastic analysis
(cf. Frantz et al.
(2020))

equivalent von
Mises stress

equivalent von
Mises strain

n.a. n.a. n.a. (σ < UTS/3 outside
creep-fatigue regime)

n.a. n.a. (Conroy et al.,
2019a,b)

equivalent von
Mises stress

equivalent von
Mises strain

σeq = σel
eq

for σel
eq ≤ Sy,

σeq with
Neuber’s
or Glinka-
Molski ap-
proximation
and mono-
tonic stress-
strain curve
for Sy <

σel
eq and

σel
eq,T < 2Sy,

σeq with
Neuber’s
or Glinka-
Molski ap-
proximation
and cyclic
stress-strain
curve for
σel
eq,T ≥ 2Sy;

analytical
stress relax-
ation model

∆εeq =

∆εeleq for

σel
eq,T < 2Sy,

otherwise
∆εeq from
∆σeq (deter-
mined with
Neuber’s
or Glinka-
Molski ap-
proximation
and cyclic
stress-strain
curve)

MRM-type (Basquin,
and) Coffin-
Manson

SFc = 1.1 • (González-Gómez
et al., 2021)

n.a. n.a. – – MRM-type n.a. n.a. • (Rao et al., 2021)
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Nomenclature

Roman symbols

a absorptivity [−]

A, B, C dimensionless coefficients [−]

D dimensionless coefficient, (accumulated) damage [−]

e unit (direction) vector [−]

E Young’s modulus
[
N m−2 = kg m−1 s−2

]
f Darcy friction factor, general function [−]

ġ solar irradiation
[
W m−2 = kg s−3

]
g gravity vector

[
m s−2

]
J2 second invariant of deviatoric stress

[
N2 m−4 = kg2 m−2 s−4

]
k turbulent kinetic energy

[
J kg−1 = m2 s−2

]
K solid thermal conductivity

[
W m−1 K−1 = kg m s−3 K−1

]
K Reynolds averaged fluid thermal conductivity

[
W m−1 K−1 = kg m s−3 K−1

]
n dimensionless number [−]

N dimensionless number, cycle number [−]

p pressure
[
N m−2 = kg m−1 s−2

]
q̇ heat flux

[
W m−2 = kg s−3

]
r radius, radial coordinate [m]

S material strength
[
N m−2 = kg m−1 s−2

]
SF safety factor [−]

t time [s]

T temperature [K]

v̂ Reynolds averaged fluid velocity
[
m s−1

]
x location vector [m]

z axial coordinate [m]

Greek symbols780

α coefficient of thermal expansion
[
K−1

]
ε emissivity [−]
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ε strain [−], turbulent eddy dissipation
[
J kg−1 s−1 = m2 s−3

]
ε strain tensor [−]

µ Reynolds averaged fluid dynamic viscosity
[
N s m−2 = kg m−1 s−1

]
ν Poisson’s ratio [−]

ρ Reynolds averaged fluid density
[
kg m−3

]
σ, σ stress (tensor)

[
N m−2 = kg m−1 s−2

]
ϕ circumferential coordinate [−]

ω turbulent eddy frequency
[
s−1
]

Superscripts

b bending

c cold

C convection

el elastic

h hot

i inner

o outer

relax relaxation

R radiation

T turbulence

ν triaxial stress state

∗, ∗∗ alternative

Subscripts

abs absorbed

adm admissible

Bi Biot

c creep

eq equivalent

eff effective

f fatigue
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HS heliostats

i (outer element, time) index

j inner element index

m maximum element index

n index

Nu Nusselt

p pressure

ref reference

Re Reynolds

total total, i.e. accounting for interaction of damage mechanisms

T thermal

y yield

1 maximum principal

Abbreviations

AFD allowable flux density

AI artificial intelligence

ASME BPVC-III-1 NH ASME Boiler and Pressure Vessel Code, Section III,

Division 1, Subsection NH

ASME BPVC-III-5 ASME Boiler and Pressure Vessel Code, Section III,

Division 5

ASTRID© Advanced Solar Tubular ReceIver Design

CC Code-Case

CFD computational fluid dynamics

CHT conjugate heat transfer

CSP concentrating solar power

DNI direct-normal insolation

HTF heat transfer fluid

MRM Mendelson-Roberts-Manson

RANS Reynolds averaged Navier-Stokes

UTS ultimate tensile strength
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1D one-dimensional

2D two-dimensional

3D three-dimensional
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transfer and thermal stresses in a circular tube with a non-uniform heat flux.

International Journal of Heat and Mass Transfer 96, 256 – 266. URL: http:

//www.sciencedirect.com/science/article/pii/S0017931015311613,1030

doi:https://doi.org/10.1016/j.ijheatmasstransfer.2016.01.035.

Modest, M.F., 2003. Chapter 5 – Radiative exchange between gray, diffuse sur-

faces, in: Modest, M.F. (Ed.), Radiative Heat Transfer. 2nd ed.. Academic

Press, Burlington, pp. 162–197. URL: https://www.sciencedirect.com/

62

http://www.sciencedirect.com/science/article/pii/S0960148113004606
http://www.sciencedirect.com/science/article/pii/S0960148113004606
http://www.sciencedirect.com/science/article/pii/S0960148113004606
http://dx.doi.org/https://doi.org/10.1016/j.renene.2013.08.044
http://dx.doi.org/https://doi.org/10.1016/j.renene.2013.08.044
http://dx.doi.org/https://doi.org/10.1016/j.renene.2013.08.044
https://doi.org/10.1080/15567249.2020.1773580
https://doi.org/10.1080/15567249.2020.1773580
https://doi.org/10.1080/15567249.2020.1773580
http://dx.doi.org/10.1080/15567249.2020.1773580
http://arxiv.org/abs/https://doi.org/10.1080/15567249.2020.1773580
http://www.sciencedirect.com/science/article/pii/S0038092X17310757
http://www.sciencedirect.com/science/article/pii/S0038092X17310757
http://www.sciencedirect.com/science/article/pii/S0038092X17310757
http://dx.doi.org/https://doi.org/10.1016/j.solener.2017.12.003
http://dx.doi.org/https://doi.org/10.1016/j.solener.2017.12.003
http://dx.doi.org/https://doi.org/10.1016/j.solener.2017.12.003
https://www.sciencedirect.com/science/article/pii/S1350630716303351
https://www.sciencedirect.com/science/article/pii/S1350630716303351
https://www.sciencedirect.com/science/article/pii/S1350630716303351
http://dx.doi.org/https://doi.org/10.1016/j.engfailanal.2016.05.030
http://www.sciencedirect.com/science/article/pii/S0017931015311613
http://www.sciencedirect.com/science/article/pii/S0017931015311613
http://www.sciencedirect.com/science/article/pii/S0017931015311613
http://dx.doi.org/https://doi.org/10.1016/j.ijheatmasstransfer.2016.01.035
https://www.sciencedirect.com/science/article/pii/B9780125031639500060
https://www.sciencedirect.com/science/article/pii/B9780125031639500060
https://www.sciencedirect.com/science/article/pii/B9780125031639500060


science/article/pii/B9780125031639500060, doi:https://doi.org/10.1035

1016/B978-012503163-9/50006-0.

Moftakhar, A., Buczynski, A., Glinka, G., 1994. Calculation of elasto-plastic

strains and stresses in notches under multiaxial loading. International Jour-

nal of Fracture 70, 357–373. URL: https://doi.org/10.1007/BF00032453,

doi:10.1007/BF00032453.1040
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Rodŕıguez-Sánchez, M., Soria-Verdugo, A., Almendros-Ibáñez, J.A., Acosta-
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