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Abstract. Solar power tower plants that are operated with molten salt offer the advantage that
the molten salt can be used as a heat transfer medium as well as storage medium. Conse-
quently, solar energy can be stored easily and efficiently in only one loop without transfor-
mation losses. Furthermore, by using large-scale storage facilities, almost a 24/7 base load
operation is possible. Since the molten salt begin to crystallize at temperature of 238 °C, the
absorber tube must be preheated before the plants’ operation can begin. During the preheating
a subset of heliostats will be aimed on the receiver surface to ensure a solar flux density that
leads to tube temperatures above the solar salt crystallization point. Since the absorber tubes
are empty during the preheating, there is a risk of high temperature gradients and transients
and thus high thermal stresses that may lead to fatigue damage. To prevent this, a preheating
strategy for a molten salt test receiver was developed and tested, taking into account ambient
conditions and time. The present work shows the results of the commissioning of the devel-
oped preheating strategy and discusses its potential for improvement.
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1. State of the Art

Solar tower power plants with molten salt as heat transfer and storage medium show great
potential as solution for the intermittent and fluctuation issues of other renewable energy
sources [1]. Base load operation is possible because the molten salt is stored in an insulated
tank and is available for power generation for several hours - even in the absence of solar
radiation. In order to reduce thermal losses, molten salt receivers are drained at least on a
daily basis during periods of low solar resource. Before solar operation is resumed, it must be
ensured that all pipes transporting the molten salt are at a temperature level that prevents the
molten salt from crystallising. The typical molten salt is molten nitrate salt (sodium nitrate
(NaNO03) 60 % wt. and potassium nitrate (KNO3) 40 % wt.). This salt solidifies at a temperature
about 221 °C and starts to freeze at 238 °C [2]. The target temperature of the solar preheating
is thus reaching more than 240 °C. Most of the plant’s pipes are heated electrically using min-
eral insulated resistance heaters. However, this approach cannot be used for the receiver
absorber, as they are irradiated with a high solar flux density during solar operation. They are
therefore preheated by the solar radiation reflected from the heliostat field. This process is
called solar preheating. The difficulty during solar preheating is that the receiver is only filled
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with air. Due to the low thermal conductivity of the air, high temperature gradients and transi-
ents and thus high thermal stresses can occur between the irradiated and the backside of the
tube, which can lead to structural damage [3]. This damage can be prevented by applying a
solar preheating strategy. Li et al [4] performed numerical and experimental analyses of a pre-
heating process for a lab-scale receiver in which the tubes of the receiver were heated with
xenon lamps, with the aim of producing a non-uniform heat flux distribution. They investigated
the preheating process at different heat fluxes and ambient temperatures and compared the
results with results from simulations. Pérez-Alvarez et al. [5] studied the non-neglectable influ-
ence of different mechanical attachment on the preheating temperature of a central receiver
tube. Zuo et al [6] showed the influence of high wind speeds during preheating and determined
the preheating duration and the maximum thermal stresses. Vant-Hull [7, 8] developed a pre-
heat algorithm that calculated the solar flux density to be applied as a function of the receiver
temperature, with a target receiver temperature of 260 °C. Although the algorithm takes into
account the receiver temperature, it does not take into account the occurring temperature gra-
dients and thus also not the occurring thermal stresses. However, subsequent structural me-
chanical simulations showed that the Vant-Hull algorithm does not compromise the structural
integrity of the studied receiver tubes [9]. Another preheat strategy was presented in Reisch et
al [10]. This strategy is the subject of this paper and was developed for the MAN Energy Solu-
tion test receiver at the DLR Multi Focus Tower in Julich (Germany). It considers the day of the
year, the time, the ambient conditions and a maximum allowable heating rate of 30 K/min. In
the following course of the paper, the theoretical background is briefly summarised and finally
the results of the commissioning are presented.

2. Theoretical Background

The preheat strategy was developed for the HPMS-II/SALSA molten salt receiver test facility
(FIG 1) that is located in the Multi Focus Tower in Julich Germany. It is a tubular molten salt
receiver, manufactured by MAN Energy Solutions, consisting of 16 absorber tubes welded to
the header via connecting tubes of the same diameter (TAB 1). The absorber tubes are made
of the austenitic steel DMV310 N, which is designed for the use in high temperature areas
applications and exposes good corrosion resistance [11]. Apart from the absorber tubes, the
receiver is covered with insulation. The engineering of the receiver allows a mass flow range
between 1.3 to 12.8 kg/s in serpentine flow and allows the operation at incident solar flux den-
sity up to 1000 kW/m?[12].

The preheat strategy was developed based on optical and thermal simulations. From
the optical simulation, that were performed with the DLR raytracing program called SPRAY, a
relation between the number of focused heliostat and resulting solar flux density is deduced.
This relation respects the DNI and the heliostat field performance, that is integrated in the
scaling factor R,. Both of impact factors depend on the elevation 6 and azimuth angle y and
hence on the time of the day and the day of the year. Further information about the scaling
factor can be found in Reisch et al [10]. In order to achieve a conservative prediction, Clear
Sky DNI is assumed in all models. The Clear Sky DNI is calculated based on of the Hottel-
Correlation [13]. The results of the optical simulation can be summarized by the following for-
mula:

n _h DNljear sy, REF 1 GSF,GOALy,0 (1)
Helio, v,0 — MHelio,REF o
DNljearsikyy0  Rs Gsr,GOALREF

The number of necessary heliostats nyejio,y,0 -in Order to achieve a certain incident solar flux
density g, GOALY0 at the receiver at a certain elevation and an azimuth is calculated based on

reference conditions for which the relation between solar flux and number of necessary helio-
stats in known. The 21st of June at Solar Noon is chosen as a reference condition. At this time,
a DNl jear sky,rer Of 810 KW/m? requires nyejiorer = 11 heliostats to generate a flux density

qsF,coar,rer Of 3 KW/m?,
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Figure 1. Test Receiver [10].

In a second step, a transient thermal FEM simulation is performed to simulate the necessary
solar flux density incident on the receiver surface gsggoary,e in order to maintain a defined
heating rate of 30 K/min, specified by the absorber coating manufacturer. The resulting solar
flux density is on the one hand a function of the gradient between absorber and ambient tem-
perature and on the other hand a function of the ambient conditions such as wind. The calcu-
lated flux density represents the maximum allowable flux density on the receiver so that the
temperature ramp of 30 K/min is maintained. By connecting the results of both simulations, the
number of heliostats to be focused nyejio,y,0 Can be determined, as a function of the ambient
conditions, the receiver temperature and the time of the year, to maintain the temperature ramp
of 30 K/min until a target backwall temperature of 290 °C is reached.

3. Experimental Setup

The commissioning of the preheat strategy was part of the commissioning of the High Perfor-
mance Molten Salt Receiver System in the test facility in Julich, also called SALSA-Loop that
was developed by MAN Energy Solution and DLR. This loop provides the required infrastruc-
ture to enable tests at all operation conditions for different receiver prototypes, including solar
preheating [14]. The loop consists of salt storage tanks, the salt pump, inlet and outlet vessels,
and an automated control system. A steam generator is not a part of the loop, therefore an air
cooler is installed to dissipate the thermal energy absorbed by the receiver. More Information
about the loop can be found in Frantz et al [12, 14]. To enable the operation of the solar pre-
heating, the temperature of the receiver backside T 40 IS Measured by 48 Type K class 1
thermocouples that are uniformly distributed over the absorber height (FIG 2) and the width of
the receiver. The temperature on the frontside T, rrone is tracked by an infrared camera,
called ImagelR by InfraTec (temperature measuring accuracy with sun shield filter: £2 K up to
100°C, then £2 % range full-scale) (FIG 3). The hemispherical absorptance over the solar
spectrum of the absorber tubes were measured with the portable measuring device "SOC 410-
Solar" and amount of a = 0,96 and the hemispherical emissivity over the infrared spectrum
was determined by calibration and amount of ¢ = 0,8 [11]. The solar flux density ¢z is meas-
ured with gardon-type flux gauges (accuracy of 0,3 %) that are distributed over the height on
the left and right side of the receiver edge (FIG 4). Furthermore, the test facility tracks the

ambient temperature T,, and the wind speed v,,. The measured heating rate of the receiver
backside AT, qns = % is deduced by using the slope of a moving linear fit over a duration

of 60s.
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The heliostat field in Julich has a north field configuration and consist of 1996 heliostats. For
the solar preheating only a part of the solar field is needed. During commissioning (which
mostly took place in the morning while the sun was in the east), it became apparent that the
heliostats in the north or northwest in the background are the best choice, as they produce a
large image on the receiver surface.

4. Results of Commissioning compared to the Simulation

The first tests of the commissioning were plausibility tests. The aim was to verify the results
from the optical simulation with the real heliostat field performance. The test took place on the
12" of May between 11:30 — 12:00 o’clock local time. During this time, the elevation changes
from 43° to 47 ° and the azimuth angle changes from -53° to -43, with a resulting DNI change
from 821 W/m? to 841 W/m?2. The number of heliostats on the receiver surface was increased
over time and the maximum solar flux density on the receiver surface was determined by the
flux gauges. Optical simulations with the raytracing program SPRAY are carried out to verify
the operating data with the simulations. For this purpose, the same boundary conditions (DNI,
time and aim points) as in the commissioning experiment are implemented in SPRAY. The
solar flux density on the receiver surface was calculated for every increase in number of heli-
ostats. The measured solar flux density data was then compared with the simulated solar flux
density data. The results are shown in figure 5.
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Figure 5. Comparison of measured and simulated solar flux-density as a function of the
number of focused heliostats.

The red graph shows the measured data, the blue one the simulated data. It can be seen that
both of the graphs indicate a linear relationship between the number of heliostat and the solar
flux density. However, the graphs show differences in the slope. The graph describing the
measured data has a steeper slope than the graph describing the simulated data. Thus, for a
given number of heliostats, a higher flux density is achieved under real conditions than as-
sumed in the simulation. This is due to the fact that new heliostats were implemented in the
Julich heliostat field, which expose better performance than the heliostats previously assumed
in the simulation. To re-implement this relationship in the calculation, the ratio of the slope of
the measured data slope,,cqsureq t0 that of the simulated data slopegimuiateq iS Calculated and
added to the formula as a factor:

_ DNIear Sky, REF 1 qSF,GOAL, y.0 S/Opesimulated (2)
Nyelio,y,0 ~Helio, REF’ DNI 5 )

clearsky,y,6 Rs dsrcoaLrer SIOP€measured

This correction enables the correct determination of the number of heliostats that must be
focused to reach a certain solar flux density.

The first commissioning tests with one aim point show that the more heliostats are fo-
cused, the more inhomogeneous the flux density distribution over the height of the receiver
becomes. As a consequence, high temperature gradients over the tube length are observed:
the target temperature is achieved in the receiver center, while the areas with lower irradiation
remained at temperatures below the crystallization point. As a consequence, it was decided
not to work with only one target point in the centre of the receiver, but with 9 target points
distributed over the height and width of the receiver. During operation, the operator decides
how many heliostats will be focused on which target point.

A further and critical observation was the occurrence of high circumferential tempera-
ture differences AT ;..=Taps front-Tabsback @00ve 100 K between the irradiated side and the non-
irradiated side during preheating with temperature transients of 20 K/min. As can be seen in
Reisch et al [10], the temperature differences are decisive for the thermal stresses occurring
in the tubes and for their lifetime. In order not to affect the lifetime of the HPMSII- absorber
tubes, the circumferential absorber tube temperature differences AT,;,. should be below 70 K
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[10]. Since the maximum temperature difference were exceeded during preheating at a tem-
perature transient of 20 K/min, not only the temperature transients but also the temperature
differences AT,;,.. are the limiting factors of the preheating.

5. Development of relationship between solar flux density and occur-
ring temperature differences

For the 15" of June, the preheating tests are repeated with the aim to develop a relationship
between the maximum allowable flux density incident on the receiver gsgmax @s a function of

occurring temperature differences AT,;,.. Two tests are conducted. The condition for the tests
can be found in Table 2.

Table 2. Boundary conditions during preheating tests.

Preheating at 20K/min | Preheating at 10 K/min
Local Time in Julich 11:50 to 12:35 13:34 to 14:35
Ambient temperature/ °C 24 26
Wind speed/ m/s 1.5-4.0 0.5-2.7
Target heating rate % 20 K/min 10 K/min

Figure 6 shows the temperature of the non-irradiated tube backside T, pacr at 42 measure-
ment points and the maximum measured solar flux density gsg max @s a function of time for the
preheating at 10 K/min. It can be seen that the preheating started at a tube temperature over
50 °C (which is a typical temperature achieved without focusing any heliostats), that the target
temperature of 290 °C was reached after approx. 30 min and that the quasi-steady state oc-
curred after approx. 45 min at an average temperature of 310 °C. For the test at 20 K/min the
target average temperature of 290 °C was reached after 20 minutes and the quasi-steady state
occurred after approx. 35 minutes at an average temperature of 320 °C.
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Figure 6. Receiver backwall temperature at 42 measurment points and solar flux density as
a function of time at a heating rate of 10 K/min.

The highest circumferential temperature difference AT,;,. occurs at the area where the highest
flux density is applied [15]. Therefore, the maximum circumferential temperature difference



Reisch et al. | SolarPACES Conf Proc 1 (2022) "SolarPACES 2022, 28th International Conference on
Concentrating Solar Power and Chemical Energy Systems"

AT ircmax @nd the maximum solar flux density gsg max a@s a function of time are evaluated and
are shown in figure 7.
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Figure 7. Solar flux density and occurring temperature difference between irradiated and
non-irradiated tube side as a function of the time.

The solid lines show the occurring temperature difference AT,;,.. and the dotted lines show the
maximum solar flux density ¢sgmax- both as a function of time for two different heating rate. It
can be seen that during the preheating with a heating rate of 20 K/min, the maximum permis-
sible temperature difference AT,;,.. of 70 K are exceeded by large — with maximum temperature
differences AT,;,. of 100 K. During preheating with a temperature rate of 10 K/min, the maxi-
mum temperature difference AT,;,. were maintained. In order to develop a relationship be-
tween the flux density and the temperature differences AT,;.., the data of the temperature
differences were plotted as a function of the flux density (FIG. 8)
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Figure 8. Circumferential temperature difference between the irradiated and non-irradiated
tube side as a function of the solar flux density for preheating at 20 K/min and at 10 K/min.

In figure 8 the red dots show the data points for preheating at a heating rate of 10 K/min and
the green dots, the data points of preheating at 20 K/min. It can be seen that as the solar flux
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density increases, the temperature difference AT,;,. also increases. The vertical clustering of
data points at constant flux density is a result of the stepwise change in flux density. When the
solar flux density changes significantly in a short time, the temperature differences adjust to
the new flux density with a time delay (FIG 7). The result is that the temperature differences
change at constant flux density until they reach the steady-state value. It was observed that
the highest value of the vertical data accumulation describes the temperature difference that
occurs at steady state (marked by black trapezoids). The horizontal course of data point is the
consequence of the delay in temperature increase after increase of heat flux.

Figure 7 shows that during preheating at 20 K/min, the flux density increased to about
24 kW/m? and dropped to about 21 kW/m? in a short time. When the flux density dropped to
21 kW/m?, the steady state temperature had not yet been reached. This means that the tem-
perature differences of 100 K shown in Figure 8 are not due to the flux density of 21 kW/m?2,
but to the flux density of 24 kW/m? (FIG 8. last grey trapezoid). The stationary points of the
temperature differences for the different flux densities are shown as black trapezoids in Figure
8. A proportional relationship between temperature difference and flux density can be ob-
served, which is represented by a regression line. In order not to exceed the temperature dif-
ferences of 70 K, a maximum flux density of about 16 kW/m? may be aligned. This flux density
was sufficient to reach the target backwall temperature of 290 °C.

During operation, it was observed that the faster the flux density was changed, the
higher the occurring temperature transients. If the flux density was kept constant for a longer
period of time, the temperature transients decreased. Thus, it can be concluded that the tem-
perature transients do not depend on the flux density, but on the change in flux density. Based
on these observations, it can be concluded that for solar preheating, the temperature transients
of 30 K/min are the limiting factor for the solar flux density increase, but the maximum flux
density is limited by the maximum temperature difference AT,;,... The relationship between the
occurring temperature transients and the increase in flux density is still pending and should be
developed by using data from future preheating tests.

6. Summary and Outlook

With the results of the commissioning, it was possible to implement the optical real conditions
of the heliostat field in Julich into the preheating strategy. Furthermore, it turned out that by
preheating with a temperature transient of 20 K/min, the maximum allowable temperature dif-
ference between the irradiated and the non-irradiated side of 70 K is exceeded. This shows
that the limiting factor of preheating for test receiver is not only the temperature ramp AT, 415
but also the temperature difference AT,;... As a result, a maximum allowable flux density of
16 kW/m? was defined to maintain the maximum allowable temperature difference AT,;,.. From
the tests, it is to be expected that the preheating will take approximately 45 minutes. In the
next commissioning tests a relationship between the occurring temperature transients and the
increase in flux density should be developed and on the basis of these results the preheat
strategy should be improved. These results were obtained for the austenitic stainless steel
DMV 310 N and an absorber wall thickness of 2 mm. For receivers constructed out of nickel
base alloys or exposing lower wall thicknesses, the allowable AT,;,. is higher and the heating
rate can be increased.
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