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A B S T R A C T

Solar Power Tower technology requires accurate models and tools to assist in design and operation stages. The
heliostat field aiming strategy seeks the maximization of the thermal output from the receiver, while preventing
its permanent damage because of thermal stress and corrosion in molten salt receivers. These two limitations are
translated into Allowable Flux Densities (AFD), which can be handled by the aiming strategy.

This paper explains the methodology to determine AFDs, and analyzes the influence of tube geometry and
material. AFD by corrosion is slightly lower in Haynes 230 than Inconel 625 and austenitic alloys. On the con-
trary, HA230 has better performance than In625 under thermal stress. Increment of tube wall thickness di-
minishes the AFD: slightly by corrosion, but significantly by thermal stress.

The generated AFD databases feed the aiming model, herein applied to Gemasolar case study. In the cylindrical
receiver, first northern panels are limited by thermal stress, while the last ones by corrosion. Under optimized
aiming, HA230 receiver tubes produce equivalent thermal output than In625.
1. Introduction

Deployment and consolidation of Solar Power Tower (SPT) technol-
ogy demand the development of accurate tools to assist in design and
operation phases. In the operation of central receivers working with
molten-salt as heat transfer fluid, corrosion and thermal stress are the
most critical issues, which may cause permanent damage.

Central molten-salt receivers consist of panels made up of tubes
connected in parallel. Material and size of the receiver tubes have a great
influence on the maximum incident flux of concentrated solar radiation
that they can withstand safely. Nickel-based alloys with around 15–20%
chromium content perform best in contact with high temperature
molten-salt [1]. This is why stainless steel of grade 321 (17.3% Cr), 347
(17.5%), Inconel 625 (21.8%) and Haynes 230 (22.4%) are commonly
utilized, mainly the last two, in the construction of molten-salt receivers.

The concept of Allowable Flux Density (AFD) was originally intro-
duced by Vant-Hull [2] as the maximum incident flux density to safely
operate the receiver. For Solar Two receiver, he presented two correla-
tions to relate thermal stress and corrosion with AFD, which are depen-
dent on salt temperature and velocity. Later studies further explored the
AFD limits due to thermal stress in molten-salt [3] and steam [4]
receivers.
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The authors developed an aiming strategy model [5] that is fed by a
database of precalculated AFDs. This model accommodates the aim
points of all the heliostats in the field, so that the incident flux on the
receiver matches (or not exceeds) the AFD limit at any point.

Other researchers working on aiming strategies have recently adop-
ted the AFD approach in their developments, as in Refs. [6,7].

The goal of this paper is to provide further insight on the determi-
nation of AFD for molten-salt receivers. The methodologies to translate
corrosion and thermal stress constraints into AFD are respectively
described in Sections 2 and 3. The results in these Sections show the
effect of tubematerial and geometry (diameter and thickness) on the AFD
by both corrosion and stress. For Gemasolar case study, Section 4 applies
the generated AFD databases to the aiming strategy model.

2. Corrosion limit

Nitrate molten-salt (60% NaNO3 and 40% KNO3) at high tempera-
tures becomes corrosive to metallic tubes. This Section explains the
methodology to determine the allowable flux densities by corrosion
(AFDcorr), providing also results for selected alloys and tube geometries.

Kruizenga et al. [8] studied the corrosion rates in four alloys of in-
terest immersed in molten-salt: iron-based 321SS and 347SS, and
nickel-based Inconel 625 (In625) and Haynes 230 (HA230). The metal
ed 20 November 2019
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Nomenclature

d Tube diameter [mm]
E Young's modulus [GPa]
F Flux density [W/m2 ]
fsp Spillage loss factor [�]
k Aiming factor [�]
_ms;t Mass flow rate of salt throughout a tube [kg/s]
q Heat flux density by conduction [W/m2 ]
Qrec Heat power intercepted by receiver [MW]
R2 Coefficient of correlation
T Temperature [ºC]
t Tube thickness [mm]
UTS Ultimate tensile strength [MPa]
x Horizontal coordinate along panel width [m]
z Vertical coordinate along flowpath [m]

Greek symbols
γ Coefficient of thermal expansion [mm/m⋅K]
κ Thermal conductivity [W/m⋅K]
ν Poisson's ratio [�]
σ Thermal stress [MPa]

Subscripts
c tube crown
corr corrosion
E East flowpath
f film
i inner
lim limit
o outer
s salt
strs thermal stress
w wall
W West flowpath

Acronyms
321SS Stainless Steel grade 321
347SS Stainless Steel grade 347
AFD Allowable Flux Density [W/m2 ]
HA230 Haynes 230 alloy
In625 Inconel alloy 625
SPT Solar Power Tower
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loss rates in μm/year at 400, 500, 600 and 680 �C salt temperatures (Ts)
are reported in Fig. 1; solid curves represent the power fitting on the
experimental data (R2 ¼ 1).

As can be seen in Fig. 1, corrosion triggers at around 600 �C. To limit
corrosion damage, maximum salt temperature for each alloy is found out
on the basis of a common criterion. Acceptable maximum metal loss rate
is established in 50 μm/year; which implies a maximum loss of 0.5 mm in
tube thickness for 10 years. As a result, the limiting temperatures are
628 �C for In625, 620 �C for HA230, 626 �C for 321SS and 632 �C for
347SS (Fig. 1). The maximum salt temperature within irradiated receiver
tubes takes place in contact with the inner tube surface, therefore those
values are labeled as the limiting film temperatures by corrosion, Tf ;lim.

These limiting film temperatures are reached at specific incident flux
densities that can be computed a priori. Given a tube geometry, the
resulting allowable flux density by corrosion ultimately depends on
molten-salt bulk temperature and mass flow rate; i.e. AFDcorrðTs; _ms;tÞ.
Fig. 2 represents the flowchart to generate databases of AFDcorr. This
iterative procedure finds the flux density provoking a film temperature
Fig. 1. Metal loss rates for selected metals, according to Ref. [8

2

equal to Tf ;lim at each cross-section of a virtual tube, whose inlet and
outlet temperatures are 290 and 565 �C, as usual in nitrate molten salt
receivers. The outermost loop sweeps a sequence of _ms;t , herein from 0.8
to 4.8 kg/s in increments of 0.4 kg/s.

The core of the calculation relies on the heat transfer model validated
for molten-salt receivers [9]. This model discretizes a single representa-
tive tube per panel, and considers temperature variations in both axial
and circumferential directions. In this model, the net radiation method
deals with the heat flux absorbed by each tube cell, and the crossed-string
method calculates the view factors [10]. Nitrate molten-salt properties
are taken from Zavoico [11].

The resulting AFDcorr datasets are now presented for different metal
alloys (In625, HA230, 321SS and 347SS) and tube geometries. As
reference geometry is taken 25 mm in outer diameter (do), and 1.5 mm in
wall thickness (t). Cases for thicker wall tube and greater cross-section
are also summarized in Table 1.

Figs. 3–5 show for different alloys and tube geometries the allowable
flux density by corrosion as a function of salt temperature (abscissa) and
]. Limiting film temperatures based on loss of 50 μm/year.



Fig. 2. Flowchart for the generation of the database of allowable flux densities
by corrosion.
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mass flow rate per tube (color lines). The behavior of AFDcorr is regular: it
decreases with mass flow rate, whilst it decreases when molten-salt
temperature increases. Besides, the decrement of AFDcorr is more pro-
nounced at higher mass flow rates. This behavior is in agreement with the
correlation equation proposed by Vant-Hull in Ref. [2].

Fig. 3 represents AFDcorr for nickel-based alloys and reference tube
geometry. Since the limiting film temperature of In625 is higher than
that of HA230 (628 vs 620 �C), AFDcorr is greater in In625 given the same
Ts and _ms;t .

Tube geometry has also influence on the AFDcorr limits. For the wider
In625 tube (outer diameter: 35 mm) in Fig. 4 (left), the AFDcorr

dramatically decreases respect to reference 25 mm tube (Fig. 3 (left)),
taking the same _ms;t . This is simply explained by the decrease of fluid
velocity because of cross-section increment. Thicker 2 mm wall tube,
keeping the 22 mm inner diameter for proper _ms;t comparison (Fig. 4
(right) vs. Fig. 3 (left)), slightly brings down the AFDcorr. The rise of tube
thermal resistance with wall thickness explains this fact.

AFDcorr databases for reference tubes of austenitic alloys (Fig. 5)
follow the same pattern as for nickel alloys (Fig. 3). The values of
Table 1
Tube geometries.

Case di
[mm]

do
[mm]

t
[mm]

Reference 22 25 1.5
Thicker 22 26 2.0
Wider section 32 35 1.5
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film limit temperatures for each alloy justifies the following
decreasing sequence of AFDcorr (constant Ts and _ms;t):
347SS > In625 > 321SS > HA230.

3. Thermal stress limit

Receiver tubes exposed to incident concentrated solar radiation leads
to circumferential and radial temperature gradients in the tubes. The
resulting thermal stress (σ), which is maximum at the tube front, or
crown (denoted by subscript c), was estimated by Babcock&Wilcox [12]
via Eq. (1). This equation, recently adopted by other authors such as [13,
14], results from the superposition of thermal stresses due to: circum-
ferential gradient, as considered in the first term of Eq. (1); and radial
gradient, second term of the equation.

σc ¼ γE
�
ðTc � TwÞþ ΔTc

2ð1� νÞ
�

(1)

For a given tube section, the following three equations respectively
estimate: radial temperature difference at the crown (ΔTc), mean tem-
perature at the crown (Tc), and average tube temperature (Tw). The latter
expression, Eq. (4), results from the integration of the tube temperature
considering a cosine distribution from the crown at Tc to the back of the
tube at temperature equal to that of the salt (Ts). In Eqs. (2) and (3), Tw;c

stands for the outer tube temperature at the crown.

ΔTc ¼ Tw;c � Tf (2)

Tc ¼ Tw;c þ Tf

2
(3)

Tw ¼ Ts þ 1
π
ðTc �TsÞ (4)

The mechanical properties, referred to in Babcock & Wilcox's Eq. (1),
depend on the wall temperature of the tube (Tw). For the selected alloys,
those properties can be found in ASME's Boiler and Pressure Vessel Code
[15]. Fig. 6 (right) represents Young's modulus (E) and Fig. 7 (left) the
coefficient of thermal expansion (γ). Poisson's ratio (ν) is 0.31 for all four
selected alloys. As we are interested in finding out the thermal stress
limits, rather than generic stresses (σc in Eq. (1)), the ultimate tensile
strength (UTS) will be employed. UTS as a function of tube wall tem-
perature is shown in Fig. 6 (left).

On the other hand, from conduction heat transfer it is well known the
heat flux density in a tube subjected to a radial temperature difference. At
tube crown and on its outer surface, the conductive heat flux density
follows Eq. (5), where ΔTc is as defined in Eq. (2) and κ stands for the
thermal conductivity. Fig. 7 (right) shows κ as a function of wall tem-
perature for the selected alloys, as retrieved from ASME Code [15].

qc ¼ 2 � κ �ΔTc

do � lnðdo=diÞ (5)

In order to find out the thermal stress limit in terms of heat flux
density, Eqs. (1) and (5) must be combined, using UTS in the former one.
For the sake of convenience, film temperature Tf (considered equal to the
inner tube wall temperature) can be eliminated from Eq. (1), resulting
into Eq. (6). In this way, the stress correlation is only dependent on the
Tw;c (as mechanical properties) and salt bulk temperature.

UTS¼ γE
�
ΔTc

�
1

2ð1� νÞþ
1� π
2π

�
þðTw;c � TsÞ π � 1

π

�
(6)

In the combination of now Eqs. (5) and (6), the temperature differ-
ence at the crown (ΔTc) is eliminated yielding to Eq. (7). This expression
serves to the calculation in W/m2 of the limiting heat flux density by
conduction at the tube crown (qlim;strs), which is just a function of wall and
salt temperatures.



Fig. 3. Allowable flux densities by corrosion for tubes of In625 (left) and HA230 (right).

Fig. 4. Allowable flux densities by corrosion for In625 tube with another diameter (left) and thickness (right).

Fig. 5. Allowable flux densities by corrosion for tubes of 321SS (left) and 347SS (right).
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4 � κ � UTS
γE þ ðTw;c � TsÞ 1�π

π

qlim;strs ¼

� �

do � lnðdo=diÞ �
�

1
1�ν þ 1�π

π

� (7)

Because of convection and radiation losses to the surroundings, the
limit of thermal stress in terms of incident flux density limit (Flim;strs) is
actually higher to the output from Eq. (7). Those losses are added to
qlim;strs by means of Siebers & Kraabel convection correlation [16] and
Stefan-Boltzmann radiation law at the crown; finally obtaining Flim;strs.

Figs. 8 and 9 represent the flux density limit by stress depending on
salt (in abscissa) and wall (color scale) temperatures. In general, it can be
said that Flim;strs increases with increasing Ts, but with decreasing Tw.

Given Inconel 625 tubes of 25 mm in outer diameter, Fig. 8 depicts
4

such stress limit whether the wall thickness is 1.5 mm (left) or 2.0 mm
(right). It is clear from the chart that, for the same Ts and Tw, the smaller
the tube thickness, the higher the flux limit by stress is. As lnðdo =diÞ is in
the denominator of Eq. (7), this explains why thinner wall tubes have
higher allowance by thermal stress. The effect of tube diameter on the
stress limit is almost negligible compared to that of the wall thickness.

Given a tube wall thickness of 1.5 mm, Fig. 9 shows the resulting
Flim;strs for Haynes 230 (left) and 321SS (right). Compared to In625,
HA230 has slightly higher limit, but 321SS limit is noticeable smaller
than both of them. 347SS has smaller UTS than 321SS, leading to lower
flux limits for 347SS as the rest of the mechanical properties are the same
for both austenitic alloys.

Strictly speaking, the Flim;strs obtained until this point is not equivalent
to the allowable flux density by thermal stress (AFDstrs). Such AFDstrs is



Fig. 6. Mechanical properties of tubes of selected materials: ultimate tensile strength (left) and Young's modulus (right).

Fig. 7. Thermal properties of tubes of selected materials: thermal expansion (left) and conductivity (right).

Fig. 8. Limits of flux density by thermal stress for In625 tube of thickness 1.5 (left) and 2.0 mm (right).

Fig. 9. Limits of flux density by thermal stress for tubes of HA230 (left) and 321SS (right).
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Fig. 10. Flowchart with inputs to the aiming strategy model.
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actually found in the intersection between Flim;strs and the actual incident
flux distribution F, as will be shown in next Section with the aid of
Fig. 13.

4. Heliostat field aiming strategy

The methodology to generate databases of allowable flux densities
has been described in the previous sections, providing examples for
different tube alloys and geometries. This way, corrosion (Section 2) and
thermal stress (Section 3) constraints have been translated into AFD,
which can be handled by optical models and, specifically, the heliostat
field aiming strategy.

The goal of the aiming strategy model is to point each and every
heliostat in the field in such a way that the receiver thermal output (i.e.
receiver interception) is maximized, while corrosion and thermal stress
constraints are met at the same time. This model, described in detail in
Ref. [5], consists of two sequential algorithms named Search and Fit. In
the end, the aiming model adjusts the real flux density profiles from the
heliostat field to the AFD limit gathered from the database.

Fig. 10 represents the flowchart of data in the aiming strategy, where
the database of AFD provides the necessary (and valuable) input to the
Fig. 11. Layout of Gemasolar heliostat field.
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model. Solar flux density on the receiver is calculated with FluxSPT
software tool [17,18].

To illustrate the output of the aiming strategy model using the
generated databases of AFD, it is taken Gemasolar SPT plant, located in
Fuentes de Andalucía, Spain, at 37.56� north latitude. The surrounding
heliostat field consists of 2650 square heliostats of 115.7 m2 reflective
surface [19]. Fig. 11 shows the layout of Gemasolar field, where rows are
colored for proper identification of heliostats in the aiming maps.

Gemasolar receiver, located atop of a 120 m high tower, comprises 18
panels arranged around a cylindrical shell of 8.5 m in diameter and
10.5 m in height. Even though AFD databases for several tube geometries
were generated previously, this Section considers credible tubes of
25 mm in outer diameter and 1.5 mm wall thickness. Therefore, each
panel comprises 57 tubes, assuming 1 mm of separation between tubes.
Serpentine flow pattern throughout the panels is considered, starting
from the north where total flow is divided in two flowpaths (east and
west, 9 panels each). Receiver geometry and flow pattern are displayed in
Fig. 12, along with the 43 aim levels herein considered.

The aiming strategy model firstly runs the single aiming case (all
heliostat aim to the equatorial aim level), from which the preliminary
AFD limits by corrosion and thermal stress are set. Once _ms;t and Ts are
known, AFDcorr is unequivocally determined. And similarly, Flim;strs is
decided by Ts and Tw.

For summer solstice at 10 h solar time, Fig. 13 represents the profiles
of flux density (black solid line) and the AFD both by corrosion (orange)
and thermal stress (magenta) for Inconel 625 tubes. The ultimate AFD
limit is definitely the minimum between AFDcorr and AFDstrs along the
receiver; east and west flowpaths are respectively displayed in left and
right sides of the figure. Where F exceeds AFDcorr or AFDstrs, the corre-
sponding requirement (either corrosion or thermal stress) is not met. At
the bottom of Fig. 13, where the profiles of salt and film temperature are
outlined, it can be checked in the last panels that flux densities over the
AFDcorr limit incurs in film temperatures also above the 628 �C limit for
In625.

Similarly, F values over Flim;strs blue line (top of Fig. 13) implies
thermal stresses higher than the UTS of In625. As previously pointed out,
Fig. 12. Receiver geometry, flowpaths and aim levels.



Fig. 13. Profiles of flux density (top) and temperatures (bottom) for In625 tubes (do ¼ 25mm, t ¼ 1:5mm). Equatorial aiming at 10 h summer solstice noon.

Fig. 14. Optimized aiming at 10 h summer solstice noon. Profiles of flux density (top) and temperatures (bottom) for tubes of: (a) In625, (b) HA230, and (c) 321SS.
(do ¼ 25mm, t ¼ 1:5mm).
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Fig. 15. Flux and aiming map at 10 h summer solstice for tubes of: (a) In625, and (b) HA230. (do ¼ 25mm, t ¼ 1:5mm).
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the allowable flux density by thermal stress is indeed in the intersection
between F and Flim;strs, which is marked in the figure by the AFDstrs

magenta horizontal segments.
Starting from the equatorial aiming (as in Fig. 13), the aiming strategy

model computes the aiming of the heliostats in the field so that the
resulting flux density profile F is below –or matches– the AFD limit. Such
limit is actually updated from the AFD database during algorithms
calculation, accounting for the interaction between changing field aim-
ing and receiver thermal performance. The aiming algorithms grounds in
the control of a single parameter, named k aiming factor. Extensive de-
tails on this parameter can be found in Ref. [18].

The AFD databases, described and generated in this paper, feed the
aiming strategy model leading to results like the following. Again for
summer solstice at 10 h, Fig. 14 represents the final flux and temperature
profiles for In625 (a), HA230 (b), and 321SS (c). As required, flux profiles
do not surpass the AFD limits.

From Fig. 14 it is concluded that receiver tubes of HA230 result in less
thermal stress limitation than In625; roughly speaking, three panels and
a half vs. seven and a half are respectively affected (flat red limit). For
321SS, thermal stress constraint is more stringent yet; most of the panels
Table 2
Receiver thermal output and spillage factor along summer solstice for selected alloys

Solar time 12 11 1

DNI [W/m2] 930 930 9
Qrec [MW] In625 114.3 113.4 1

HA230 114.3 113.2 1
321SS 110.2 109.6 1
347SS 107.9 107.3 1

fsp [%] In625 81.0 81.0 8
HA230 80.9 80.8 8
321SS 78.7 78.9 7
347SS 77.3 77.4 7

8

are affected and the AFDstrs is very low, around 700 kW/m2. This is
consistent with the behavior shown from the Flim;strs databases presented
in Section 3.

While the first (northern) panels are restricted by thermal stress,
corrosion becomes limiting in the last (southern) panels; where salt
temperature is higher. It is in these panels where the necessity of proper
heliostat aiming is usually more relevant, as can be interpreted from the
fitting between the profiles of F and AFD.

Despite HA230 has better mechanical performance than In625, and
since the corrosion film temperature is smaller in the former alloy, the
final thermal output turns out almost the same in both cases. As can be
examined from table 2, the thermal power absorbed by molten-salt is
109.1 MW with In625, and 108.9 MW with HA230.

The following figure shows two examples of the final output from the
aiming model for receivers made of Inconel 625 (Fig. 15a) and Haynes
230 (Fig. 15b). These figures represent both the resulting –optimal– flux
map (grayscale background) and the aiming map, where the circles mark
the aiming point of each heliostat in the field. The jet colormap for the
aim points assigns hot colors to the near heliostats and cold colors to the
far ones. Precise correspondence can be established with the Gemasolar
. (do ¼ 25mm, t ¼ 1:5mm).

0 9 8 7 6

20 910 860 770 600
09.1 102.8 90.7 72.5 43.3
08.9 102.4 90.5 72.2 43.2
05.7 100.2 89.0 71.5 43.3
03.4 98.1 87.5 71.0 43.4
0.9 80.6 80.2 79.7 79.1
0.7 80.3 80.0 79.4 78.9
8.9 79.0 79.0 78.8 79.1
7.4 77.6 77.9 78.3 79.2
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colored layout, previously shown in Fig. 11.
For the In625 receiver, Fig. 15a reveals that the central panels in the

east side of the receiver are targeted to its equator by the corresponding
heliostats. This result can be also deduced from the k ¼ 3 aiming factor
shown in Fig. 14a. In contrast, a wide spreading of the aim points is
required in the rest of the panels to maintain the structural integrity of
the receiver.

For the same instant of time, the aiming strategy for HA230 receiver is
lightly less demanding (Fig. 15b). Lower spread of the aiming points is
required, so that even panels 3 and 4 in the west flowpath allow for
equatorial aiming.

Table 2 summarizes the resulting receiver power output (Qrec)
throughout summer solstice for the four selected alloys. Nickel-based
alloys achieve better performance, in contrast to austenitic alloys; espe-
cially in the central hours of the day. HA230 and In625 yield similar
results. The slightly higher corrosion tolerance of In625 compensates the
better mechanical performance of HA230.

The same conclusion is yielded by having a look to the resulting
spillage loss factors (fsp) in the bottom part of Table 2. The spillage factor
accounts for the concentrated radiation from the heliostat field actually
intercepted by the receiver. As no spillage represents fsp ¼ 1, the higher
fsp is, the better the aiming performance is.

5. Conclusions

Corrosion and thermal stress limitations in molten-salt receivers have
been translated into Allowable Flux Densities (AFD), using the method-
ologies described in the present paper. The influence of tube material and
geometry have been examined.

On the basis of experimental data, molten-salt temperature limits for
corrosion have been determined for selected alloys, being 628 and 620 �C
respectively for In625 and HA230. A thermal model has been used to
determine the incident flux producing such limiting film temperature,
this way generating the database of AFDcorr that depends on salt mass
flow rate and bulk temperature. AFDcorr increases with growing _ms;t , but
decreases with growing Ts. The thickness increment of the tube wall
lowers slightly the AFDcorr.

An expression of Flim;strs, limiting flux density by thermal stress, has
been obtained by combining equations from heat transfer and Babcock&
Wilcox stress [12] in irradiated tubes. Flim;strs increases with growing Ts,
but decreases with growing Tw. Thicker wall tubes have a disastrous ef-
fect on Flim;strs. In the intersection between such flux limit, and actual
incident flux is found the AFDS.

Finally, the generated AFD databases have been used to feed the
aiming strategy model, applied to Gemasolar case study. The final goal of
the aiming strategy is to maximize the receiver output, while meeting
corrosion and thermal stress below the limit [5]. This AFD-based
approach saves extensive computation time to the aiming model, that
straightforwardly works in terms of flux density rather than film tem-
peratures or mechanical stresses.

The first panels of the cylindrical receiver are restricted by thermal
stress, whilst corrosion constricts the last ones. Receiver of nickel-based
alloy tubes perform better than that of austenitic ones. Even though
HA230 has better mechanical performance than In625, receiver thermal
output under the optimized aiming is almost the same for both alloys;
which is explained by the slightly higher tolerance to corrosion of In625.
Even though it is beyond the scope of the present study, creep-fatigue
behavior of both HA230 and In625 should be also researched.
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