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Abstract

The present final report shows results of the research and development activity performed for
the SolAir-2 and SolAir-Pilot project during year 2012. The partners working activities are
focused on:

— Receiver development:
— cavity receiver modeling and simulations;
— multi-shields insulation modeling, simulation and testing.

— Energy storage system:
— experimental void fraction measurement;
— proposal of the test campaign for the new storage prototype.

Chapter 1 illustrates the new design of the receiver. The effect of geometrical variations on
its performance is evaluated by means of simplified models.

Chapter 2 reports the CFD simulations results performed to assess the behavior and the
performance of the new cavity receiver. Various models are simulated evaluating the effect
of changing some important geometrical characteristics such as internal absorber tube
diameter and cavity dimensions.

Chapter 3 proposes a theoretical model for the cavity performances. The effects of the main
geometrical parameters are investigated to improve the receiver design in terms of efficiency
and costs.

Chapter 4 reports the analysis performed on the radiation shields thermal insulation of the
receiver prototype, identified as BRCPHC-7. The simulations considered a radiation shields
insulation geometry composed by metallic shields separated by air and calcium silicate
spacers. The main objectives of this study are to define how shield quantity, shape and
distance influence overall performance. Effects of spacers to heat transfer, and effects of
different shapes of them, are also investigated.

Chapter 5 reports the results of the test campaign which aims at measuring the performance
of a multi-shields thermal insulation prototype.

Chapter 6 reports about the CFD simulations performed to assess the behavior of the
receiver thermal insulation. Various thermal insulation designs are analyzed and, based upon
the simulations results, different improvements are also proposed.

Chapter 7 provides the mathematical model description, based on the electrical analogy,
exploited to evaluate the receiver performance in terms of available power and receiver
efficiency. The geometry is also optimized to guarantee a uniform distribution of the mass
flow rate for each cavity.

Chapter 8 reports about the new version of the proposal of the test campaign aimed at
evaluating the performance of the new receiver prototype. Moreover, the experimental test
performed to measure the void fraction of a vibrated bed, simulating the aging of the storage
system, is reported and detailed.

7112



THIS PAGE INTENTIONALLY LEFT BLANK

8/112



Chapter 1

Air-receiver preliminary analysis

Contents
0 O 1 o 4 o Yo [0 Yo 1 o1 o 11
1.2. Receiver modelling: electrical analogy.......ccoooeiviiiiiiiiiiiie e 12
L 3. RESUITS o 13
1.3.1. Effect of the runback pipe and feed pipe diameters variation ..............ccccceviiiiiieennnnns 13
1.3.2. Effects of diameter variation along the runback pipe .......cceeeiiiiiiiii e 15
S O V| VA= 1 =1 Y2 1 T 16
1.4.1. CompUutatioNal MOUEL.......oo it e e e e e e e eeaeae s 16
1.4.2. CaVity MOUEI FESUILS ...t e e et e e e e e e e e eeaeae s 18
1.5. Receiver model: whole system with heat transfer ...........cccccoviiiiiiiiiieen e, 20
G T o T o3 ¥ =3 1o 1 22
R (- =T =T oY o 22

9/112



List of Figures

Figure 1: simplified sketch of the reCeiVer. ........oooiiiii e 11
Figure 2: receiver electrical analogy.........ccooo oo 12
Figure 3: pressure drop for different feed and runback pipes diameters..............cccceeeiiennnnne 13
Figure 4: cavity mass flow rates for constant Df = 250 mm. ............ccccvviiiii e, 14
Figure 5: effect of the feed pipe diameter on the cavity mass flow rate. .............ccccvvvvennnn. 14
Figure 6: receiver pressure drop for a runback pipe with variable diameter............c............. 15
Figure 7: cavity mass flow rate in case of variable runback pipe diameter. ................ccccce... 15
Figure 8: cavity SCheMEALICS. ... ... 16
Figure 9: heat transfer sub-model for the spiral pipe. ... 17
Figure 10: heat transfer sub-model for the cavity Window. .............cccovvviiiiiic e, 17
Figure 11: outlet temperature as a function of the cavity pipe Diameter. ............ccccccuvnnnnn. 18
Figure 12: heat losses as a function of the cavity mass flow rate. ............cccooooeeiiiviiiiiennnn. 19
Figure 13: cavity pressure drop at different cavity tube diameters..............ccooeeeeeeiieeeeeeeeeenn 19
Figure 14: receiver tEMPErature FaNGES. .....cccoeeeeeeeeeeeeeee e 20
Figure 15: pressure drop as a fucntion of the total mass flow rate...............cooeeeieeeeeeeeeeeen 21
Figure 16: maximum and minimum cavity mass flow rates.............cccccvvvviiii v, 21

10/112



1.1. Introduction

This chapter provides an overview on the activities, related to the receiver performance
analysis. The receiver design has been modified from the last version shown in [1]. A
simplified sketch of the new design is given in Figure 1.

Insulation : /
material \ /

\ /
P Cavities

Solar / lll f \\ Solar
radiation \ \ radiation

Feed pipe

FIGURE 1: SIMPLIFIED SKETCH OF THE RECEIVER.

The receiver includes an air inflow pipe called “feed pipe”, a series of cavities formed by a
coil of steel pipe, and a hot air pipe called the “runback pipe”. Each cavity inlet is connected
to the feed pipe whereas cavity outlets are connected to the runback pipe. Air flows from the
feed pipe to the cavities. Each cavity is irradiated by the solar radiation focused by the main
mirror and by a secondary optics (not shown in Figure 1). As flowing into the coiled tube, air
heats up to high temperature and is collected by the runback pipe. There are more than
4’000 cavities along the two sides of the receiver and each one is designed to heat air up at
the desired temperature (650C). All the parts of t he receiver are insulated. The runback pipe
is insulated by thermal shields (not shown in Figure 1) while for the other parts a solid
insulation material will be considered. The receiver performances were evaluated looking at
total mass flow rate, system pressure drop and temperature of the fluid at the outlet section
of the runback pipe.
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1.2.

Receiver modelling: electrical analogy

Due to the size and the complexity of the system, the receiver performances are analysed by
means of a non-dimensional model based on the electrical analogy. The feed and the
runback pipes and all the cavities tubes are considered as part of an electrical circuit. The
mass flow rates are the currents of the circuit, the pressure drops are the potential difference
and an equivalent resistance relates pressure drop and mass flow rates.

AP = AV;

[ =gy

AV=R:-1 - AP= Rﬂowrhﬂow

A schematic of the electrical analogy is shown by Figure 2 where different equivalent

resistances are:

— R = cavity resistance;

— Ry =resistance given by the feed pipe between two adjacent cavities;
— Ry =resistance given by the runback pipe between two adjacent cavities.
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FIGURE 2: RECEIVER ELECTRICAL ANALOGY.

Rn

For a flow in a straight tube the pressure drop can be computed, as a first approximation, by

the following relations [2]:

2
Mfiow _ f££ Mriow
T[D_Z D2 D2
) L) |
Lp Msiow |[Pa]
R ===
flOW fDZ D2 2 kg/S
P71~

2‘ Mgrrow = Rflowmflow [Pa]

Wherein f is the friction coefficient, L and D the tube length and diameter respectively and p
is the fluid density. Notice that the flow resistance is a function of the mass flow rates, so the
circuit cannot be solved directly but considering an iterative method. The number of cavities,
for a receiver of length L. can be computed as

Neapity = number of cavities = 2

L
¢ = 4200
dopt
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Where do is the optical cavity step (i.e., the distance between the axes of two adjacent
cavities). The factor 2 is due to the fact that there are two rows of cavities besides the air
feed pipe. To solve the circuit for evaluating the system pressure drop and the distribution of
the mass flow rates inside the cavities, mean properties of the fluid have been considered.

1.3. Results

The main results given by the electrical analogy model are the receiver pressure drop, which
is important to evaluate the pumping power, and the cavity mass flow rates distribution along
the receiver length. A uniform mass flow rate for the cavities is a very important condition
since it means that, provided a uniform cavity irradiation, each cavity can heat air up at the
desired temperature. If the mass flow rate for a cavity is larger than the optimal one, the exit
fluid temperature for that cavity will be lower than the desired one. On the contrary if the
mass flow rate is lower than the optimal one, the cavity is not able to dissipate all the power
coming from the solar radiation and its walls temperature could overcome the limit of the tube
material.

1.3.1. Effect of the runback pipe and feed pipe diameters variation

The diameters of the runback pipe and of the feed pipe have a strong effect on the receiver
pressure drop and on the distribution of the mass flow rates inside the cavities. Three
possible diameters have been considered for the feed pipe (Ds = 200 mm, 225 mm, 250 mm)
and the runback pipe (Dy, = 350 mm, 400 mm, 450 mm).

Total pressure drop at different feed pipe diameters
1654 -« - s e PRRTIRERS PP presenen B SLEREEE T :
: § : : : : [+ DE200mm]:
‘]60 ........ ........ ......... ...... + ....... ........ * Df=225mm
: : : : ' : | + DE250mm [*

150k ........ ........ ......... ........ _______ ........ ........ .........

140k ........ ........ ....... ....... ........ ........ .........

Pressure drop [mbar]

135k ........ L — ........ ST ........ ......... :
1300 fonns ........ Bpsmmna) ........ e ......... ........ ........ St :

120k ........ ........ . ....... _*_ ........ ........ foanensin .........

: : ; : : : : : L%
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FIGURE 3: PRESSURE DROP FOR DIFFERENT FEED AND RUNBACK PIPES DIAMETERS.

Figure 3 presents the pressure drop for the receiver plotted against the runback pipe
diameter. Results are parameterized with feed pipe diameter. These results show the
expected pressure drop behaviour: the larger the feed and runback pipes diameters the
lower the receiver pressure drop. For the analysis of the mass flow rates distribution, the
effect of the feed pipe and of the run back pipe has been considered separately in the
following. Figure 4 shows the mass flow rate per cavity along the receiver length. The results
are for a feed pipe diameter of 250 mm and are parameterized with three different runback
pipe diameters.
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FIGURE 4: CAVITY MASS FLOW RATES FOR CONSTANT DF = 250 mm.

400 5

Figure 4 highlights that the mass flow rates distribution becomes more uniform when the
runback pipe is larger, however there is a moderate variation between the three diameters
considered. The “weird behaviour” on the initial part of the curves (inlet of the receiver) is due
to the fact that there is no head pipe in the electrical circuit (see Figure 2) and the flow inlet
also corresponds to the position of the first cavity. In that point there is a sudden variation of
the mass flow rate. However this imperfection will be eliminated in the future development of
the model.

The effect of the feed pipe diameter can be seen in Figure 5 which reports the cavity mass
flow rate along the receiver for a constant runback diameter of 450 mm. The curves are
parameterized as function of the feed pipe diameter. Figure 5 shows that the difference
among the cavities mass flow rates is smaller when the feed and runback pipe diameters are
large enough to reduce the pressure losses. This results show that increasing the diameter
of both runback and feed tubes, their behaviour tends to be that of pressure tanks, granting
in this way almost uniform feeding and exhaust conditions for the cavities along the receiver.

—— DE=200 mm | ;
: —— D225 mm |
BOO b oo D250 mm |-

Cavity mass flow rate [mgfs]

i L L
350[! 50 100 150 200 250
Receiver length [mm]
FIGURE 5: EFFECT OF THE FEED PIPE DIAMETER ON THE CAVITY MASS FLOW RATE.
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1.3.2. Effects of diameter variation along the runback pipe

To reduce thermal losses and the volume of insulation material for the runback pipe, a
possible variation of its diameter along the receiver length was considered. The runback pipe
was assumed to be divided in a certain number of segments (Dy-steps = 2, 5, 10) of equal
length while three diameters have been considered for the outlet section. The diameter of the
different pipe segments was computed assuming an equal pressure drop for all of them. This
approach was a first assumption to model the pressure drop along the runback pipe with a
more sophisticated design. Considering the three diameters for the outlet section and the
number of divisions, the pressure drop of the system has been computed as well as the
mass flow rate through each cavity. Figure 6 shows the receiver pressure drop when varying
the runback pipe diameter. The results are parameterized by the number of sections
diameter changes along the pipe.

148 - - eene e S S R AEREIRRE preerees R RRAE LRt 3
. ; : +  Drb-steps=10 | :
(£ SEETEE Feeees SRR e E Drb-steps=5

f : § : Drb-steps=2
4L e ....... G T Gees +  Drb-steps=0

* #

1425 ........ ......... ........ ......... ......... ........ ........ .........
140k b ...... PR ........ e i R RPERRER SRS SR

138t ........ EEEE ........ R Fernsndann, ........ :-

Pressure drop [Pa)

136 }--- ........ ....... ................. Seviiinad ........ ........ by
134 k- ........ ....... ........ ........ ........ ........ f
; : : : ! : : : ; 4

12k ........ ........ 2 ........ .............. ........ . ........ ........ .-

130 i | ' i L i 1 1 i )
350 360 3V0 380 39 400 410 420 430 440 450
Runback pipe outlet diameter [mm]

FIGURE 6: RECEIVER PRESSURE DROP FOR A RUNBACK PIPE WITH VARIABLE DIAMETER.

The results show that sectioning the runback pipe diameter increases the receiver pressure
drop. It must be noted that the pressure drop can further rise because of the additional
losses due to the diameter variation that were not accounted by now. The analysis of the
mass flow rates distribution has been performed considering a runback pipe outlet diameter
of 450 mm and it is reported in Figure 7.

560 : i
Drb-steps=10
540 ¢ Drb-steps=5
——— Dirb-staps=2
520 1 - Drb-steps=0
® T
E 5001
E
y 480 r
E=]
@ 460+
E ¥ H :
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420
400 -
380 i 1 i i i
1] 50 100 150 200 250
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FIGURE 7: CAVITY MASS FLOW RATE IN CASE OF VARIABLE RUNBACK PIPE DIAMETER.
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The oscillation of the mass flow rates distribution when the number of divisions increase is
due the sudden variation of the runback pipe diameter. The distribution of the cavity mass
flow rates gets less uniform as the number of divisions increases. The pressure losses in the
runback pipe increase substantially and its performances move away from the condition of
constant pressure tank.

1.4. Cavity analysis

In the previous model the air flowing through a cavity was assumed to have an inlet
temperature of 120C and an outlet temperature of 6 50C. It has been shown that the mass
flow rates distribution is not uniform, therefore, for a constant value of the concentrated solar
power entering each cavity, the air outlet temperature cannot be assumed to be the same for
each cavity. Given the total input power for each cavity, the achievable outlet temperature of
the fluid, depends on the real mass flow rate and on the thermal losses. A simplified cavity
model has been implemented to take into account this effect and model the outlets
temperature distribution of the air and its effects on the system pressure drop and on the
mass flow rates distribution. This model has been used to compare different cavity tube
diameters and analyse their thermal losses. The model results will be also validated by
means of CFD simulations.

1.4.1. Computational model

The heat transfer process through the cavity was simulated with the aid of a simplified model.
A schematic of the cavity is given in Figure 8.

Cavity tube

Glass window
FIGURE 8: CAVITY SCHEMATICS.

The heat transfer model is divided in two sub-models to compute the heat flux to the fluid and
the heat losses through the glass window. For the time being cavity walls have been
assumed as adiabatic. The first sub-model considers the internal cavity temperature and the
input power coming from solar radiation to compute the increase in temperature of the air in
the spiral. The pressure drop can also be computed noticing that the heat transfer coefficient
and friction coefficient for a spiral pipe differs a lot from those of a straight pipe. Those
coefficients have been computed considering the relations given by Manlapaz and Churchill
in [3] and [4].
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FIGURE 9: HEAT TRANSFER SUB-MODEL FOR THE SPIRAL PIPE.

The second sub-model of the cavity model considers the heat fluxes through the glass
window. A schematic of the second part of the model is given in Figure 10.

Qcav

TglassIN

Qrad Qco nv

SRR Heat transfer glass window

FIGURE 10: HEAT TRANSFER SUB-MODEL FOR THE CAVITY WINDOW.

The combination of the two sub-models allows the computation of the main cavity
characteristics: e.g. fluid temperature at outlet of the cavity, glass window temperature, heat
losses through the glass (radiative and convective) and pressure drop through the cavity

pipe.
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1.4.2. Cavity model results

As a preliminary evaluation of the cavities an investigation on the pipe diameter effects is
performed. Three different pipe diameters were investigated. The inlet mass flow rate, not
being yet defined, was varied from 10 kg/s to 10°kg/s. For this analysis the interesting
output parameters are outlet fluid temperature, pressure drop across the cavity, heat losses
and glass window temperature. Simulations show that the heat transfer process, by
maintaining the same geometrical characteristics of the cavity, is minimally affected by an
increase in pipe diameter so the air outlet temperature doesn’t change (see Figure 11). This
is due to the fact that the cavity inner surface area viewing the glass window is not affected
by the pipe diameter variation.

1150

1100 ---

1050

1000

Qutlet temperature [K]

950

9800

850 : :
4 ] 6 7

mass flolw rate [kg/s] x10*

FIGURE 11: OUTLET TEMPERATURE AS A FUNCTION OF THE CAVITY PIPE DIAMETER.

In Figure 11, where the air temperature at the cavity outlet is plotted against the air mass
flow rate and parameterized with the pipe diameter, the curves are so close that it is nearly
impossible to distinguish them. It means that the heat transfer process is not affected by the
cavity pipe diameter. Figure 12 the heat losses as a function of the receiving cavity mass
flow rate.

Figure 13 reports air pressure drop through the cavity as a function of the mass flow rate and
of the pipe diameter (as a parameter). As expected the larger the pipe diameter the lower the
pressure drop.
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FIGURE 12: HEAT LOSSES AS A FUNCTION OF THE CAVITY MASS FLOW RATE.
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FIGURE 13: CAVITY PRESSURE DROP AT DIFFERENT CAVITY TUBE DIAMETERS.
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1.5. Receiver model: whole system with heat transfer

By combining the above described models it is possible to simulate the behaviour of an
entire receiver. This is important because due to the pressure drop the different cavities are
fed with different values of mass flow rate and, as a consequence, they have different
pressure drop and different exhaust air temperature. As an example for a receiver built with
identical cavities, those nearer to the feed pipe inlet have larger mass flow rates and lower
air outlet temperature with respect to those farther along the receiver. It is therefore
mandatory to couple the different models to obtain a prediction of the whole system
behaviour and be able to compute air flow temperatures in the runback pipe. Aiming at a
receiver outlet temperature of 650C, the model allows also monitoring the components
(pipes and glass windows) peak temperatures so to control critical situations and avoid
material failures. A comparison of several scenarios was conducted and, in the following, one
of those tests is presented as an example.

The simulation was performed for a wide range of total mass flow rates. Figure 14 gives an
overview of the receiver main temperatures as function of the mass flow rate. The red and
the blue lines represent the maximum and the minimum outlet temperatures of the cavities
for a given total mass flow rate. According to Figure 11, the maximum temperature is
reached in the last cavity (the farthest from the feed air inlet that is the one with the lowest
mass flow rate) and the minimum temperature is reached in the first cavity (the nearest to the
feed air inlet, that is the one with the highest mass flow rate). The black line corresponds to
the temperature at the outlet section of the runback pipe. This temperature is computed by
modelling the mass flow rates and the outlet temperatures of each cavity of the receiver.

1200 T T I

T max

e T p0iTY

—— T recslver outlet

1100 -

1000 - --

Temperature [K]
©
g2
T

800

I I I
15 2 25 3 3.5 4
Total mass flow rate [kg/s]

600 :

FIGURE 14: RECEIVER TEMPERATURE RANGES.

It is worth to note that, by setting the outlet temperature to the desired value of 650C (Figure
14, line magenta) and defining a maximal allowed temperature for the cavity, a range of duty
points can be found. For this particular case the maximum total mass flow rate to obtain an
outlet temperature of 650C (923.15 K) is about 2.6 kg/s. By assuming a maximum allowable
cavity outlet temperature of 1'100 K the functioning range is located between 2-2.6 kg/s.

Figure 15 reports the receiver pressure drop as a function of the total mass rate. For the
range of duty points identified above, the pressure drop goes from 3’800 to 5’000 Pa.
Instead, Figure 16 shows the maximum and minimum cavity mass flow rates for a given total
mass flow rate.
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FIGURE 16: MAXIMUM AND MINIMUM CAVITY MASS FLOW RATES.

The larger the total mass flow rates the wider the unbalance of the cavity mass flow rate
distribution. New geometrical configurations for the receiver are going to be analysed to
overcome this problem.
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1.6. Conclusions

A mathematical model based on the electrical analogy was developed to analyse the
receiver performances. The effects of the main geometrical parameters (feed and runback
pipes diameters, cavity pipe diameters) have been studied to improve the receiver design.
Concerning the feed and the runback pipes the main conclusion is that the larger they are
the better is for the receiver pressure drop and the cavity mass flow rates distribution. A
thermodynamic model for the cavity was used to compute the outlet air temperature for each
cavity and the air temperature at the outlet section of the receiver. The temperature
distribution along the receiver is very important for the system efficiency and for avoiding the
risk that some cavities overcome the material temperature limits. The results presented in
this Chapter must be considered as a preliminary approach aimed at highlighting the critical
characteristics of the receiver design. Those results need to be validated by more accurate
CFD simulations and by experimental tests. An accurate CFD analysis of the cavities
behaviour can be found in Chapter 2 of this report.
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2.1. Introduction

This chapter aims at providing a complete overview on the results achieved, by means of
computational fluid dynamic (CFD) simulations performed at SUPSI, related to the new cavity
receiver.

After a first introductive section, describing the working principle of this receiver, all the main
issues analyzed are reported and extensively described. The latter can be summarized as:

effect of the skew angle of the incoming solar energy on the receiver performance;

receiver set-back analysis;

effect of receiver height and diameter variation on the overall performance;

assessment of the receiver behaviour without the cover.

2.2. Receiver geometry and working principle

The geometry of the new cavity receiver is reported on lL.h.s. of Figure 1; it is basically a
hollow steel tube, wrapped in a spiral with a given diameter, forming the cavity wherein solar
energy is concentrated. As depicted on r.h.s. of Figure 1, solar energy is collected and
focused by the primary optics (mirror) towards the receiver where a secondary high-
efficiency concentrator allows to avoid potential dispersion of energy directing it into the
cavity through a glass window. This high density solar energy hits the inner surface of the
cavity leading to an increment of its internal energy. Thermal energy is then gathered by the
heat transfer fluid (air) which is fed into the receiver from the bottom, at low temperature. At
the end of the receiver, hot air is then collected into the run-back pipe.

run-back pipe
(hot air)

feeding pipe
(cold air)

primary optics
FIGURE 1: CHRYSALIS GEOMETRY (L.H.S.) AND WORKING PRINCIPLE OF THE NEW RECEIVER (R.H.S).
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2.3. CFD model and boundary conditions

The behaviour of the receiver, as well as the effect of some geometric parameters on its
overall performance, were assessed by means of 3D steady-state CFD simulations.
Radiation heat transfer was accounted for by the discrete ordinates (DO) model [1][2].

At the beginning, since the geometry of the external insulation was not yet designed, the
external surfaces of the receiver were considered adiabatic; the only exception was made for
the glass window wherein power losses, by means of convection and radiation towards the
external environment, were accounted for. Figure 2 depicts a schematic representation of the
receiver with the boundary conditions used for the computations.

air outlet section

adiabatic external walls

\

transparent solid window

™~

air inlet section

/

FIGURE 2: RECEIVER SCHEMATIC AND BOUNDARY CONDITIONS APPLIED.

The amount of energy entering the cavity was provided, in terms of flux [W/cm?] by Airlight
which performed a ray-tracing simulation of the whole receiver structure: ETFE layer, primary
and secondary optics and the glass window. Once known the input power and the inlet
temperature of the air, the mass flow rate was computed accordingly in order to achieve
923 K (650°C) of air outlet temperature.

As far as concerning the geometry of the cavity, simulations were performed to evaluate the
effect of parameters such as:

internal tube diameter;

glass thickness;

chrysalis pitch;

internal height.
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2.4. Preliminary CFD result

In this section the first simulation performed is reported. The input power was assumed to be
uniformly applied to all the internal surfaces of the cavity. Assuming no heat-flux through all
the opaque surfaces, the simulation results show that 89.6 % of the total input power is
gathered by the HTF; instead, 9.8 % represents the heat losses from the external surface of
the glass. The simulation was considered complete once the power unbalance, between the
input power and the sum of the power gathered by the HTF and the amount lost through the
glass, was lower than 1% of the input power. This is the reason why the algebraic sum of the
power gathered by the air and the power lost may not be exactly equal to the input power.

The temperature distribution into the cavity is depicted by Figure 3. Since the cold air is
pumped through the chrysalis from the bottom, the fluid temperature, as well as the
temperature into the cavity, increases until a maximum at the top of the cavity.

It is worth to remind that the incoming energy was uniformly distributed on the inner walls.
The real working conditions could be severely different from this initial assumption. The
presence of a radiation skew angle can already lead to a strong non-uniformity as shown in
the next section.
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FIGURE 3: CHRYSALIS TEMPERATURE DISTRIBUTION AT STEADY STATE CONDITION.
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2.5. Effect of the skew angle on the receiver performance

The skew angle indicates the inclination of incoming solar radiation with respect to the direct
normal irradiation (DNI) condition. The higher the skew angle the more the solar
concentration decreases due to end-losses (i.e. fraction of energy, reflected from the primary
optics, that falls beyond the receiver [3]) and longer travel paths of the rays from the point of
their reflection on the primary mirrors to the point of their absorption.
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FIGURE 4: SCHEMATIC OF SKEW ANGLE EFFEC: SKEW 0°, SKEW 18°, AND SKEW 40° RESPECTIVLY.

The real-scale receiver prototype, which will be built in Morocco, will not be perfectly
positioned towards north-south direction due to the ground conformation; therefore, the
assessment of the receiver performance, operating under the two reference skew angles of
18° and 40°, given by the misalignment, are of particular interest.

To analyze the effect of the skew angle on the receiver performance, CFD simulations were
performed applying the relative input power only to the internal surfaces which are actually
irradiated. The exact energy distribution into the cavity was obtained from the ray-tracing
simulations, performed by Airlight. Based upon the latter, the reference skew angles were
simulated with the following energy distribution:

— Skew 18°: the input power was uniformly distributed onto one half of the lateral surface
and a fraction, based upon the height of the cavity, to the top.

— Skew 40°: at this skew angle, with the given geometric dimensions of the cavity, the input
power is only absorbed by a quarter of the lateral surface. To reproduce an even more
realistic condition, the power distribution was modelled as linearly decreasing from the
maximum amount near the internal glass surface.

Furthermore, both the simulations were run twice varying the convective heat transfer
coefficient of the external glass surface between two reference values. Simulations results
showed that, for both the cases, the air outlet temperature was below the target value of
923 K. This means that, for the preliminary analytical computation of the mass flow rate
necessary as boundary condition of the CFD simulation, the power losses through the glass
were probably underestimated. The results obtained were anyway representative of the
cavity behavior with a skew angle and the tests, very expensive in terms of CPU time, were
not replied for different values of the air mass flow rate. Among the results of these tests, in
the case of skew 40°, the heat losses from the glass window account for about 27 % of the
total input power. Despite the amount of power removed by the air flow is still remarkable,
this is clearly a non convenient working condition since the hot region into the cavity is closer
to the glass surface than to the cavity top. This condition reduces the cavity efficiency of
more than 17% with respect to the case without skew.
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2.6. Receiver set-back analysis

A new design solution, referred to hereinafter as the set-back, was analyzed. The latter aims
at reducing the power losses through the window by moving away from the glass the lower
hot region of the cavity. If the set-back distance is lower than a threshold value, the energy
distribution into the cavity is not affected; the only difference is that part of the incoming
energy is absorbed by the bottom surface of the first spiral circle. Considering the
dimensions of the entire receiver and the space availability, two reference set-back distances
were proposed. Therefore, two new computational grids were built and then simulated under
the two reference skew angles conditions in order to evaluate how the set-back affects the
receiver performance.

The 3D CFD simulations results showed that the two set-back cases analyzed do not lead to
any relevant difference. It means that the height difference between the two reference set-
back values is actually too small to produce a sensible effect on the final result. In order to
prove this theory, a new simulation was performed implementing an unrealistic cavity set-
back of 0.5 m. In this case, since the external surfaces of the cavity were adiabatic, the
power lost through the glass surface was effectively lower than the reference cases. CFD
simulations led to the evidence that the two values selected for the set-back distance do not
sensibly affect the receiver behaviour; therefore, as final solution, the lower set-back
distance, between the two reference values, was selected. Besides some constructive
advantages, the main benefit provided by this solution is that the lower the set-back the lower
the energy losses due to a smaller surface area for heat transfer.

Additional CFD simulations were performed to model the cavity behaviour when increasing
the internal diameter of the absorber tube and reducing the internal cavity diameter. The
main effect of increasing the absorber tube diameter, keeping the same air mass flow rate, is
to reduce the pressure drop through the cavity. No relevant radiation-to-thermal efficiency
variations were found. On the contrary, a reduction of the spiral pitch leads to a small
increase of the cavity receiver efficiency.
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2.7. Effect of the cavity height variation

In this paragraph the effect of varying the cavity height is analyzed. The absorber tube
diameter was increased to further reduce the pressure drop through the cavity.

From the first cases analyzed, it is visible that increasing the height of the cavity leads to
increase its radiation-to-thermal efficiency for the skew 18° working condition. In the case of
skew 40°, since the solar energy is absorbed by the same number of spiral rings, increasing
the cavity height seems to be not convenient. This will be better seen in Figure 5 and Figure
6 where temperature contours for the cavities are shown.
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FIGURE 5: CONTOURS OF TEMPERATURE INTO THE CAVITY IN THE CASE OF SKEW 18° WORKING
CONDITION (L.H.S.: INTERNAL SURFACES; R.H.S.: CUTTING PLANES); COMPARISON OF CAVITIES
WITH DIFFERENT HEIGHTS. TEMPERATURE VALUES ARE IN K.

L.h.s. of Figure 5 shows the temperature distribution of the internal surface of the absorber
tube for the skew 18° working condition. The incoming solar radiation impacts onto half of the
internal surfaces, as well as onto the top, for both the reference heights. In this case,
increasing the height of the cavity leads to improve its performance since the surface area,
useful for heat transfer, increases while the incoming solar radiation remains the same.

R.h.s. of Figure 5 shows, instead, two perpendicular cutting planes which allow to visualize
the stratification of the internal temperature of the cavity. It is worth to remind that, for all the
simulations, the convective heat transfer contribution into the internal air volume of the cavity
was not accounted for.
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FIGURE 6: CONTOURS OF TEMPERATURE INTO THE CAVITY IN THE CASE OF SKEW 40° WORKING
CONDITION (L.H.S.: INTERNAL SURFACES; R.H.S.: CUTTING PLANES); COMPARISON OF CAVITIES
WITH DIFFERENT HEIGHTS. TEMPERATURE VALUES ARE IN K.

Figure 6 depicts the cavity working at skew 40° condition. With this high skew angle,
incoming solar energy impacts directly onto a quarter of the internal surface. The radiation-
to-thermal efficiency is lower than the previous case because, as clearly visible in the |.h.s. of
Figure 6, with this high skew angle, incoming solar energy impacts directly onto a quarter
only of the internal surface creating a hot spot close to the external glass window and no
more on the top. In this case, increasing the height of the cavity does not lead to
improvements since all the upper spiral rings are not reached by the incoming power. Based
upon these results, the most efficient cavity height would be in between the two values
analyzed.

The same tests were performed on the model of the cavity with a reduced pitch. For these
cases, increasing the cavity height leads to slightly improve its performance for both the
skew angle conditions. A graphical presentation of these results is reported in Figure 7 and
Figure 8 showing the temperature contours.
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FIGURE 7: CONTOURS OF TEMPERATURE INTO THE CAVITY IN THE CASE OF SKEW 18° WORKING
CONDITION (L.H.S.: INTERNAL SURFACES; R.H.S.: CUTTING PLANES); COMPARISON OF CAVITIES
WITH DIFFERENT HEIGHTS. TEMPERATURE VALUES ARE IN K.

Regarding the skew 18° working condition, no appreciable differences can be observed with
respect to the previous cases of cavity with larger internal diameter. In these cases also, the
incoming power is uniformly distributed onto half of the internal surface and onto the top.
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FIGURE 8: CONTOURS OF TEMPERATURE INTO THE CAVITY IN THE CASE OF SKEW 40° WORKING
CONDITION (L.H.S.: INTERNAL SURFACES; R.H.S.: CUTTING PLANES); COMPARISON OF CAVITIES
WITH DIFFERENT HEIGHTS. TEMPERATURE VALUES ARE IN K.

As depicted by Figure 8, the hot spot due to the incoming energy, onto the lower quarter of
internal surface, is closer to the glass window. This because, reducing the internal diameter,
the height reached by the incoming energy, especially at high skew angle, reduces
accordingly. With the given dimensions, the last absorbed tube winding is not affected by the
incoming solar radiation already for the smaller height. It means that, an excess of increase
in cavity height may leads to a strong reduction of the HTF outlet temperature.
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2.8. Analysis of the cavity without top coils

In all the simulations performed so far, the cavities were modelled with windings at the top
which aims at harvesting the largest part of incoming energy. At the same time, this concept
makes more difficult the manufacturing of the chrysalis itself and therefore, it was decided to
remove the windings of the cover replacing them with a metal plate. This last version of the
cavity was already introduced in I.h.s. of Figure 1. To assess the impact of the new design on
the cavity performance, a new series of CFD analysis were performed. The tests were
basically the same already extensively reported in paragraph 2.7 with the difference that the
cavity has no winding onto its top.

The comparison between the actual CFD simulations results with the previous (paragraph
2.7), allowed to observe that substituting the top windings with a metal plate does not make a
sensible difference for the skew 18° working condition; as far as concerning skew 40° a small
improvement can be observed since, in the previous cases, the last windings were not hit by
the incoming solar energy and therefore, removing them is useful because the fluid leaves
the absorber tube earlier and at higher temperature. It is worth to note that, the pressure drop
through the absorber tube is lower since the tube itself is shorter; therefore, the pumping
power reduces accordingly. Figure 9 and Figure 10 depict the temperature distribution into
the cavity for the two reference skew angles and for the two cavity heights.

963.54 955.70
. 935.02 . 927 57
906 50 899.44
§77.98 87131
849.47 84319
82095 81508
79243 786.93
76391 758.80
73539 73068
706,87 702 56
s
62131 64630
c95 79 61817
s6a 07 590.04
535 75 561.91
507 23 533.79
450.19 47783
42167 449.40
393.15 42128
393.15

FIGURE 9: TEMPERATURE DISTRIBUTION INTO THE CAVITY IN THE CASE OF SKEW 18° WORKING
CONDITION FOR THE LOWER (L.H.S.) AND THE HIGHER (R.H.S.) CAVITY HEIGHT RESPECTIVELY;
TEMPERATURE VALUES ARE IN K.
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FIGURE 10: TEMPERATURE DISTRIBUTION INTO THE CAVITY IN THE CASE OF SKEW 40° WORKING
CONDITION FOR THE LOWER (L.H.S.) AND THE HIGHER (R.H.S.) CAVITY HEIGHT RESPECTIVELY;
TEMPERATURE VALUES ARE IN K.
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As far as concerning the cavity with smaller internal diameter, the trend of the CFD
simulations results is essentially the same. For the skew 18° working condition and the cavity
with smaller height, the efficiency is slightly lower since the useful area for the heat transfer is
lower. The radiation-to-thermal efficiency is not different any more if the higher cavity is
considered. In this case, the incoming solar energy absorbed from the top is very small and
thus it does not lead to an appreciable effect when the top windings are removed. As far as
concerning skew 40° working condition, a small improvement can be observed removing the
windings at the top. The temperature distribution into the cavity for the reference working
conditions and different heights are shown Figure 11and Figure 12.
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FIGURE 11: TEMPERATURE DISTRIBUTION INTO THE CAVITY IN THE CASE OF SKEW 18° WORKING
CONDITION FOR THE LOWER (L.H.S.) AND THE HIGHER (R.H.S.) CAVITY HEIGHT RESPECTIVELY;
TEMPERATURE VALUES ARE IN K.
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FIGURE 12: TEMPERATURE DISTRIBUTION INTO THE CAVITY IN THE CASE OF SKEW 40° WORKING
CONDITION FOR THE LOWER (L.H.S.) AND THE HIGHER (R.H.S.) CAVITY HEIGHT RESPECTIVELY;
TEMPERATURE VALUES ARE IN K.
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2.9. Conclusions

A detailed 3D steady-state CFD simulations campaign was performed with the aim of
evaluating the thermo-fluid dynamics behaviour of the new receiving cavity when subjected
to the variation of various main parameters such as:

internal diameter of the absorber tube;
— chrysalis pitch;

— internal height;

— glass thickness;

— skew angle of incoming solar energy;

receiver set-back.

By combining all the CFD simulations results shown above, it was possible to obtain a first
optimization of the chrysalis receiver design which will be tested onto the real scale
prototype.
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3.1. Introduction: problem description
A mathematical model of the cavity has been implemented at ETHZ. The model validation by
means of CFD simulations and experimental tests will lead to a more flexible mean to
analyze geometry variations of the system.

The main geometric parameters taken into account are:

— the outer tube diameter dpe;
— the cavity diameter d...i;, measured from one tube centre to the opposite tube centre;
— the number of loops Njegp.

Pout
Tout

Adiabatic
walls \ 71100-,0
CIIHTF
Myrr Qrerad
?;jin q solar,abs
" ; . Window
chnd,wm /
- v .

qconv Asolar,refl

Qsolar,inc
FIGURE 1: DIMENSIONS AND HEAT TRANSFERS OF A HELICAL COILED TUBE CAVITY.

The thermal performance of such a cavity may be defined as the ratio of the heat transferred
to the heat transfer fluid (HTF) to the solar power incident on the cavity:

éIHTF
Mth = =
CIsolar,inc
The performance in terms of pressure drop is best characterized by the specific pumping
power demand, which is defined here as the share of pumping power demand in total
expected electric power output:

e _ Wpump
pump Nth—elQHTF
In the above formula ny.e denotes the thermal-to-electric efficiency of the power block, which

may be assumed around 35%.
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The overall receiver performance of a coiled tube cavity may then be expressed as:

_ qurr — Wpump/nth—el _ 1
Nrec = . - nth( - Epump)
CIsolar,inc

which takes into account the pumping power requirement weighted by the thermal-to-electric
conversion efficiency. Furthermore, as solar power plants inevitably deal with transients
(daily start-up/shut-down, clouds), a fourth important quantity is the thermal inertia and hence
the material use of a solar receiver, which should be minimized to reduce parasitic losses.
The total amount of steel used for the helical pipes in a 212 m long receiver may be
calculated by

2 Lrec

2
— 2
Mgteel = Psteel * d * nloop\/(ndcavity) + dtube : T[(dtube - ttube) * trube

cavity + dtube
where ps.e is the density of steel, L. the receiver length and t,,,. the thickness of the pipe
wall.

Consequently the objective is to find a set of geometric parameters (diwpe, Joavitys Nioop) that
yield maximum receiver efficiency at minimum material cost.

Preliminary to this analysis the effect of the window on the heat losses is studied by
comparison of windowless and windowed cavities and the receiver performance is assessed
with two different secondary concentrators, a linear and a point-focusing design achieving
total geometric solar concentration ratios of 100 and 300 suns respectively.

3.2. Preliminary studies

3.2.1. Effect of window on heat losses

Heat losses due to natural convection are estimated using the modified Clausing and
modified Stine models by Leibfried and Ortjohann [1] for windowless cavities and the
correlation by Fujii and Imura [2] for free convection at the window. The optical properties of
the anti-reflection coated window are provided by the supplier and losses due to reflection
and absorption by the window are taken into account.

3.2.2. Influence of solar concentration on performance

The optical efficiencies of the linear trumpet and the point-focusing crossed design are
determined using Monte Carlo ray-tracing. In addition the thermal efficiencies of two similar
cavities but with different opening areas corresponding to the concentration ratios are
calculated using a simplified one-dimensional model. Finally the products of optical and
thermal efficiencies of the two configurations are compared to each other.
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3.3. Heat transfer model of coiled tube cavity

The main objective of this model is to calculate the air outlet temperature and the pressure
drop of the coiled pipe as a function of the geometric parameters and the operating variables
(air inlet temperature, mass flow rate, solar radiation conditions), which enables the
characterization of thermal efficiency and pumping power requirement for such a cavity. In
addition the different heat loss mechanisms are quantified, facilitating the identification of
improvement opportunities. Furthermore the model shall be used to predict the temperature
distribution on the cavity and window surfaces to verify that material constraints are met.

3.3.1. Radiation

The incident and reflected solar energy at the window, the fraction of energy absorbed in the
glass, and the distribution of the transmitted solar energy on the cavity walls are determined
by Monte Carlo ray-tracing simulations of the complete optical system including ETFE top
foil, primary mirror and secondary optics. These quantities are independent of the actual
cavity temperature and hence may be determined a priori for any given design and solar
irradiation level and integrated into the heat transfer model as source terms. The simulations
are carried out with VEGAS [3], an intensely validated in-house code developed at the
Professorship of Renewable Energy carriers (PRE) at ETH.

The radiative exchange between the cavity surfaces, the window segments and the
environment due to thermal emission is modelled by means of the gray-band approximated
radiosity method for semi-transparent windows using two spectral bands. The first band
reaches up to 2’700 nm and covers in approximation the solar spectrum, to which the glass
is transparent. In the second spectral band at higher wavelengths the window may be treated
as completely opaque and emission from the outer window surface to the environment is
included separately. The view factors between surface segments are partially calculated
analytically and partly determined by Monte Carlo ray-tracing.

3.3.2. Convection

Internal flows in helically coiled pipes have been studied extensively due to their wide use in
industry. In particular coiled tubes are interesting for heating and cooling applications
because centrifugal forces cause a secondary flow of the form of a vortex pair, which leads
to an enhanced convection heat transfer coefficient without causing excessive pressure drop
as it occurs e.g. in turbulent flows. In order to keep the pumping power demand at a low level
it is desirable to design the coil cavity in such a way that the flow in the helical tube stays
laminar under all operating conditions. Accordingly the Fanning friction coefficient and the
Nusselt number may be calculated by means of correlations from literature for fully
developed laminar flow in helically coiled tubes. Here the correlations by Manlapaz and
Churchill (1980, 1981) are utilized.
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3.3.3. Conduction

Heat conduction is taken into account only from the inner window surface facing the cavity to
the outer window surface seeing the environment, because there is a significant temperature
gradient across the insulating glass. As the model is also used to detect hot spots,
conduction is not included inside the cavity because of its smoothing effect on temperature
peaks. However, as the helical tube walls are thin and the thermal conductivity of steel is
rather low, heat conduction is expected to be relatively unimportant compared to the radiative
exchange inside the cavity. It is further noted that the model deals with the helical tube cavity
only, i.e. the outer cavity walls are assumed as adiabatic and conduction heat losses through
the insulation are not considered by the model.

3.4. Results and conclusions

3.4.1. Effect of window

The heat losses predicted by the modified Clausing and Stine models [1] of an open
cylindrical cavity are compared to the losses occurring at the window of a similar but closed
cavity in Figure 2. The comparison is shown for the full range of daily cavity inclination angles
(90°: downward facing, 0°: horizontal), which are a result of the one-axis tracking motion. In
both cases the wall temperature is set to 650°C and the cavity opening area amounts to 15
cm?, corresponding to a geometric concentration of 300 suns. Taking into account the solar
radiation losses due to reflection at the window (8% of maximum solar power incident on the
window), the closed cavity still performs better over the day. This applies even more if less
concentrating, linear secondary optics are used, which requires larger cavity openings.

140 L L 0 : :
—modified Clausing
. ——modified Stine
120k ——convection at flate plate
— with reflection losses at window
100+
3 80+
o
()]
3
o 60r
40
20+
[ L [ L L=V / [
-%0 0 20 40 60 80 100 120

cavity inclination [deg]

FIGURE 2: COMPARISON OF NATURAL CONVECTION LOSSES
OF OPEN AND WINDOWED CAVITIES.

42/112



3.4.2. Influence of concentration

It is found that in spite of the increased thermal efficiencies achieved with 3-D secondary
concentration the total performance of the system is comparable to that obtained with the line
focus secondary concentrator, which is due to the inferior optical efficiency of point-focusing
secondary optics with respect to the linear trumpet. As a consequence, considering the
complexity added to the system by using 3-D crossed designs, only designs using the 2-D
trumpet secondary stage are analyzed in the following.

3.4.3. Performance map of various coiled tube cavity designs

In order to find appropriate cavity dimensions a large number of simulations is performed for
varying tube diameters, cavity diameters, numbers of loops and skew angles. Here the first
three parameters define the geometry of the coiled tube cavity and the simulated values are
summarized in Table 1.

TABLE 1: GEOMETRIC PARAMETERS USED IN SIMULATIONS.

Parameter Values
Acavity 80, 88, 100 120 mm
Nioop 5, 10, 15, 20 loops

The fourth variable represents different sun positions. The annual efficiency of a specific
design is then obtained by an average of the efficiencies at certain skew angles weighted by
the yearly direct normal irradiance (DNI) collected by the optical system at the corresponding
angles. In the results presented below, the yearly DNI collected by a north-south oriented
one-axis tracking system in Ait Baha (Morocco) is used as weighting function. The air inlet
and outlet temperatures are kept constant over all runs at 120°C and 650°C respectively and
the mass flow rate is adapted accordingly.

Figure 3 shows the thermal performance as a function of specific pumping power demand of
the 4% = 64 different designs, coloured with respect to the cavity diameter. Obviously the
desirable region is in the upper left corner, whereas designs in the lower right corner indicate
a bad choice of parameters. It is observed that the smaller the cavity diameter becomes, the
closer the desired region is approached, indicating that this parameter should be chosen as
small as possible with respect to manufacturing.

The thermal performance and the pumping power in percentage of expected electric power
output of these designs are consolidated in the receiver performance in Figure 4 and plotted
as a function of the amount of steel needed for the number of helical tubes in a 212 meter
long receiver.

It is seen that there seems to be an optimum in terms of receiver performance between 10
and 15 cooling loops. For lower numbers of loops the efficiency drops whereas for higher
numbers the material use increases without any gain in performance. Furthermore the graph
shows that the influence of the tube diameter on the receiver efficiency is strongly dependent
on the choice of the other two parameters.
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41. Introduction: objectives and problem description

This chapter reports the analysis performed on the radiation shields thermal insulation of the
receiver, identified as BRCPHC-7. Based on the previous results reported in [1] new
simulations have been performed considering new design solutions for the radiation shields
structure.

The simulations considered a radiation shields insulation geometry composed by metallic
shields separated by air and calcium silicate spacers. The system thermal insulation will be
mainly guaranteed by octagonal metallic radiation shields.

The main objectives of this work are:

— defining the optimal separation distance between the shields;
— defining the optimal shields quantity;

— evaluating the conduction contribution, due to the calcium silicate spacer contacts, on the
total receiver heat losses;

— verifying the external wall emissivity influence on the thermal insulation efficiency;

— evaluating the low pressure effectiveness with respect of the multilayer insulation
geometry;

— defining an equivalent thermal conductivity for a virtual homogeneous material capable of
reproducing the thermal behaviour of the studied complex multilayer geometry;

4.2. Two dimensional CFD analysis

Heat transfer in the insulation system was studied via two dimensional steady state CFD
analyses performed using the commercial Fluent 13 code from ANSYS.

This report is structured in four test cases:

Case 1: radiation shields distance optimization.
Case 2: radiation shields number optimization.
Case 3: external emissivity effect.

Case 4: spacer conductive influence.

4.3. Receiver and thermal insulation concept

The receiver thermal insulation structure is based on metallic octagonal shaped radiation
shields, see Figure 1. The receiver materials are, from the innermost, 3 shields made of
copper coated stainless steel and the next ones made of copper coated aluminium.

In this study the shields were placed at different distances from each other and their number
was changed. In the system prototype the distance between shields was guaranteed by
means of calcium silicate spacers.

Solar radiation on the system outer wall was not taken into account.
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FIGURE 1: OCTAGONAL SHAPED INSULATION GEOMETRY.

4.3.1. Case 1: Radiation shields distance optimisation

A first set of simulations was run to study the influence of the distance between the shields.
Therefore, in a thermal insulation system with 10 shields the spacer height was changed
from 12 to 15, 20, 30, 40 and 50 mm. All the simulations were run both, with a standard
operating pressure (101°325 Pa) and with a low pressure condition (100 Pa) between the
shields. This last choice was taken to monitor the convective heat exchange contribution.

The spacer width is 20 mm and the distance from the air duct and the first shield is, at the
closest point, 3 mm. Finally, the air duct internal wall temperature has been fixed at 1’173 K.

Computational domain

In order to evaluate natural convention flows and taking advantage of the geometrical
symmetry, for the 2D analysis, a sector of 180° of the complete geometry was used (see
Figure 2). The computational domain includes the solid regions, made of steel and
aluminium, and the regions occupied by air. The external borders of the computational
domain are the air duct internal wall and the outer shield.

Computational grid and modelling details

For the radiation shields distance optimization, the computational domains were meshed with
Map type Quad elements with a maximal skew of 0.267.

The model was set for a laminar buoyant flow; continuity, N-S, energy and radiation model
equations were solved. The radiation model used is The Discrete Ordinates Model [2][3].
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FIGURE 2: COMPUTATIONAL DOMAIN GEOMETRY — SHIELDS DISTANCE 15 mm.
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CFD simulations results

Figure 3 shows temperature contours for the high and low pressure cases. Both cases
present a stratified temperature distribution between radiation shields with a negligible effect
of convective heat transfer.
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FIGURE 3: STATIC TEMPERATURE DISTRIBUTION
FOR OPERATING PRESSURE OF 101°325 Pa (TOP) AND 100 Pa (BOTTOM) - SHIELDS DISTANCE = 12 mm.
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Figure 4 shows the velocity vectors for the high and low pressure cases. A similar convective
movement of the air between the shields in the two cases is reported though in the case with
an operating pressure of 101’325 Pa the velocities are higher. Nevertheless, with a distance
of 12 mm between the shields, the convective current speeds result to be in any case too low
to significantly affect the temperature distribution and therefore the heat losses.

7.12e-02
6.76e-02
6.40e-02
6.05e-02

569e-02
5.34e-02
498e-02
4.63e-02
427e-02
3.91e-02

356e-02
3.20e-02

| 28502
L 24902

2.13e-02
1.78e-02
1.42e-02
1.07e-02
7.12e-03
3.56e-03
1.51e-08

Velocity Vectors Colored By Velocity Magnitude {m/s)

ANSYS FLUENT 13.0 (2d, dp, pbns, lam}

7.10e-05
6.74e-05
6.3%e-05
6.03e-05

5.68e-05
532e-05
497e-05
461e-05
426e-05
3.90e-05

355e-05
3.18e-05

N 284e-05
L 248e05

2.13e-05
1.77e-05
1.42e-05
1.06e-05
7.10e-06
3.55e-06
1.50e-11

Velocity Vectors Colored By Velocity Magnitude {m/s)

ANSYS FLUENT 13.0 (2d, dp, pbns, lam}

FIGURE 4: VELOCITY VECTORS COLORED BY VELOCITY MAGNITUDE
FOR OPERATING PRESSURE OF 101’325 Pa (TOP) AND 100 Pa (BOTTOM)-SHIELDS DISTANCE: 12 mm.
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Figure 5 and Figure 6 show the insulating performances in the cases with a shields distance
of 50 mm. With this geometry a low pressure condition between the shields (bottom of the
figures) is required to prevent the convective currents development. On the top of the figures,
the shapes and the unfavourable effects of the convective cells are clearly represented.
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FIGURE 5: STATIC TEMPERATURE DISTRIBUTION
FOR OPERATING PRESSURE OF 101°325 Pa (TOP) AND 100 Pa (BOTTOM) - SHIELDS DISTANCE: 50 mm.
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FIGURE 6: VELOCITY VECTORS COLORED BY VELOCITY MAGNITUDE
FOR OPERATING PRESSURE OF 101°325 Pa (TOP) AND 100 Pa (BOTTOM) - SHIELDS DISTANCE: 50 mm.
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Although Figure 7 shows that the receiver external temperature keeps decreasing increasing
the distance between the shields, Figure 8 highlights there is an optimum value beyond
which a shield distance increment will worsen the thermal insulation performances. This last
aspect is related to the fact that the heat losses depend not only on the external wall
temperature but also, and significantly, on the external wall surface extension. The
equivalent thermal conductivity, as a function of the distance between shields, is reported in

Figure 9.
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4.3.2. Case 2: Radiation shields quantity optimization

A second set of simulations was run to study the influence of the shields number. The
external shield and the air duct dimensions were the same of Case 1 while the number of
shields was varied from 8 to 12, 15 and 20.

As in Case 1 the simulations were run with two different operating pressure conditions,
standard (101’325 Pa) and low (100 Pa). All the other dimensions were kept unchanged:
spacer width is 20 mm and distance from the air duct and the first shield, at the closest point,
is 3 mm.

Computational domain
The computational domain, reported in Figure 10, was defined applying the same
assumption of Case 1.

Computational grid and modelling details
The model equation were the same of Case 1.

450 mm
825 mm

FIGURE 10: COMPUTATIONAL DOMAIN GEOMETRY AND MAIN DIMENSIONS - 20 SHIELDS.
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CFD simulations results

Figure 11 shows temperature contours and Figure 12 shows velocity contours for the high
pressure and low pressure cases of the 8 shields configuration. With this geometry a low
pressure condition is required to prevent the convective currents development. The shape
and the unfavourable effects of the convective cells are clearly observable in the high
pressure case.
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FIGURE 11: STATIC TEMPERATURE DISTRIBUTION
FOR OPERATING PRESSURE OF 101’325 Pa (TOP) AND 100 Pa (BOTTOM) — NUMBER OF SHIELDS: 8.
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FIGURE 12: VELOCITY VECTORS COLORED BY VELOCITY MAGNITUDE
FOR OPERATING PRESSURE OF 101’325 Pa (TOP) AND 100 Pa (BOTTOM). NUMBER OF SHIELDS: 8.
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Figure 13 shows temperature contours for the 20 shields thermal insulation system. The low
pressure condition in this case results to be not necessary. In fact, the temperature
distributions are exactly the same for standard and low pressure condition.
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FIGURE 13: STATIC TEMPERATURE DISTRIBUTION
FOR OPERATING PRESSURE OF 101’325 Pa (TOP) AND 100 Pa (BOTTOM) — NUMBER OF SHIELDS: 20.
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Figure 14 and Figure 15 show that in Case 2 a reduction of the external shield outer wall
temperature corresponds to a continuous reduction of the system heat losses. This is due to
the fact that the receiver external diameter does not change.
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FIGURE 14: CASE 2 - OUTER WALL TEMPERATURE VERSUS NUMBER OF SHIELDS.
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It is also possible to notice, looking at Figures 14-16, that the low pressure condition does not
give any further advantage if the number of shields is greater than 12. This corresponds, as

in Case 1, to a distance between shields lower than 15 millimetres.

Increasing the number of shields, the benefit in terms of heat losses tends to be asymptotic.
Therefore, it will probably be not worth using more than 15-20 shields for the thermal
insulation system.
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FIGURE 16: CASE 2 — EQUIVALENT THERMAL CONDUCTIVITY VERSUS NUMBER OF SHIELDS.
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4.3.3. Case 3: External emissivity effect

Considering two hot cylinders located in the same surroundings, with the same external
temperature but with a different outer emissivity, it is reasonable to expect that the
component with the higher emissivity will lose by radiation a more important heat flux.
Looking at the previous geometries if the external shield loses more energy, its temperature
will decrease, but a lower temperature will essentially reduce, with the temperature to the
fourth power, the radiation losses.

This fact makes more difficult to intuitively predict the overall behaviour of the system when
changing its external emissivity.

In order to explore the external emissivity influence, the thermal insulation system made up
with 10 shields placed at a distance of 12 mm was taken. The external emissivity was then
increased from the value of 0.07 to 0.3 and 0.9.

Computational domain
The computational domain was the same used in Case 1 and Case 2.

Computational grid and modelling details
The meshes and the models were the same as in Case 1 and Case 2.

CFD simulations results

Figure 17 highlights that the higher the external emissivity the lower the receiver outer
temperature. The larger temperature difference between the air duct internal wall and the
external shield outer skin brings to a reduction of the theoretical equivalent thermal
conductivity value of the insulating geometry. However, the analysis shows that, despite the
outer wall temperature reduction, an enhancement of the external wall emissivity involves an
augmentation of the receiver overall heat losses.

1'650 500

1'600 475

1'550 // 450
-~

1'500 425

1'450 400

1'400 375

1'350 -\ 350
1'300 —— 325

—a
1'250 300

External shield outer temperature (K)

Heat losses per meter pipe lenght (W/m)

1200 == Heat losses L 275

Equivalent thermal conductivity 104-(W/(m-K))

== Equivalent conductivity

1'150 Outer temperature T 250

1'100 t 225
0.00 0.20 0.40 0.60 0.80 1.00

Receiver external emissivity

FIGURE 17: CASE 4 - EXTERNAL EMISSIVITY EFFECT
HEAT LOSSES, EQUIVALENT CONDUCTIVITY AND OUTER TEMPERATURE.
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4.3.4. Case 4: Spacer conductive influence

The heat losses by conduction along the spacers, is a phenomenon that cannot be avoided
in the current design. In order to quantitatively evaluate this phenomenon, the spacer width
was reduced from 20 to 5 mm and finally to 0 mm. For this study a design with 10 shields
placed at a distance of 15 mm was taken as reference case.

450 mm
825 mm

FIGURE 18: CASE 4 - SPACER CONDUCTIVE EFFECTS -THERMAL INSULATING SYSTEM MAIN
DIMENSIONS.

Computational domain
The computational domain, apart from the spacer width, is the same used in Case 7 and 2.

Meshes model and Boundary conditions

For the spacer conductive influence study, the meshes, the models and the boundary
conditions, were the same of the ones used in Case 1 and Case 2. The only change,
concerning the boundary condition, was introduced to simulate the 0 mm spacer width.
Actually, in this case an adiabatic surface was set on the contact between the spacers and
the shields. This change prevents thermal conduction phenomena between shields and
spacers.
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CFD simulations results

The analysis of the CFD simulations results obtained, in terms of heat losses, allowed to
evaluate the conduction effects contribution. Actually, a reduction of the spacer width from 20
to 5 mm leads to a reduction in losses of 7% and an ideal spacer width of 0 mm would bring
to a 19% reduction. Figure 19 shows the static temperature distribution in the case with
conduction phenomena, whereas the case where conduction through spacers is inhibited is
shown in Figure 20. In the latter figure a stepwise variation of temperature can be seen
between adjacent spacers.

=

1.17e+03

Contours of Static Temperature (k)

ANSYS FLUENT 13.0 {2d, dp, pbns, lam)

FIGURE 19: CASE 4 - STATIC TEMPERATURE DISTRIBUTION - SPACER WITH CONDUCTION
PHENOMENA.
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FIGURE 20: CASE 4 - STATIC TEMPERATURE DISTRIBUTION - SPACER WITHOUT CONDUCTION
PHENOMENA.
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4.4. Conclusions

In this chapter an analysis of a thermal insulation system based on radiation shields was
performed.

The study was mainly focused on:

— shields separation distance evaluation;

— shields quantity optimization;

— conductive contribution of the spacers on the overall heat flux losses;
— external emissivity influence;

— low pressure condition effectiveness;

— spacer shape influence.

The assumption that the low pressure condition among shields could be unnecessary for
some radiation shield geometries [1][4] was confirmed. The development of convective
currents, which could increase the overall heat loss, can be avoided, for the geometries and
temperatures analyzed in this work, considering distances between shields smaller than
15 mm.

In addition, the higher the shields number the best the thermal insulating efficacy. However,
for the concerned temperature range a maximum number of 15 - 20 shields is suggested.

The receiver outer wall emissivity has to be kept as low as possible to minimize the overall
heat losses.

The conductive heat transfer due to the shields spacers turn out to be relevant on the overall
heat transfer. The result suggested to minimize the contact surface of the spacers as well as
their quantity.
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4.5. Publications

All the main results coming from the analysis of the multi-shields thermal insulation system
were described into a scientific paper that was presented to the SolarPACES 2012
conference, in Marrakech, Morocco [5] and to the International CAE conference 2012, in
Verona, Italy [6].
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Multi-shields insulation — Prototype testing
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5.1. Introduction

To evaluate the thermal insulation behaviour of a prototype of multi-shields insulation system
suitable for CSP piping, a test campaign was performed the 21%' and 22" December 2011 at
the Airlight Energy Manufacturing SA site. This chapter illustrates the test set up, the test
procedure and the results.

5.2. Testplan

5.2.1. Test list

A single test was foreseen because the system inspection after the test was destructive. The
test aims at evaluating the capabilities of the new insulation system; moreover the test shall
provide information about the capability of aluminium shields to withstand the high
temperatures.

5.2.2. Temperatures stabilization criterion

For the test the temperatures selected and monitored shall reach the stabilization, this
means that the time variation of the temperature values shall be less than 0.1°C/min.

5.3. Test model

The test aims at analyzing a system formed by a pipe, representing the internal tube of the
CSP receiver, surrounded by the multi-shields insulation. The diameter of the internal tube is
200 mm and the length is 1 m. Figure 1 shows a sketch of the system while in Figure 2 the
overall dimensions are given.

Shields
Shield N. 1
Internal tube
Resistance N
¢ Shield N.
MONOLUX '
800

FIGURE 1: LAYOUT OF THE SYSTEM.
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FIGURE 2: OVERALL DIMENSIONS OF THE SYSTEM.

The insulation is composed by 13 shields placed around the internal tube and separated by
beams made of MONOLUX® 800. Figure 3 shows the system during the assembly phase at
Airlight Energy laboratory. At the tips of tube two insulation panels are placed in order to
maintain the hot air inside the tube and to avoid heat flux through them. During the test air is
stagnating inside the tube, hence, no flow is allowed.

FIGURE 3: SYSTEM DURING ASSEMBLY PHASE AT AIRLIGHT LABORATORY.
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5.4. Test sensors and acquisition systems

5.4.1. Thermal sensors

The thermal sensors are four thermocouples type K (Chromel — Alumel) with an operative
range from —200°C to 1°200°C. The positions of the thermocouples on the system are
described in Figure 4 and Figure 5.

TC1

TC?2

FIGURE 4: INTERNAL TUBE VIEW OF THE SYSTEM WITH THE POSITION OF THERMOCOUPLES.

TC 4
TC3

FIGURE 5: TEST ARTICLE VIEW WITH THE POSITION OF EXTERNAL THERMOCOUPLES.
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5.4.2. Thermal data acquisition system

The thermal data acquisition system was able to show the temperatures with an accuracy of
1°C. Because the test aims at verifying the behaviour of the system in thermal equilibrium,
the acquisition of temperatures could be done manually.

5.4.3. Power system

The power system was able to show the data about the electric power provided to the
resistor. The electric power was provided by a relay which has a duty cycle of 2 seconds. As
far as concerning the electrical feeding line, the voltage and current were monitored and the
data were retrieved manually. The feeding line was an AC current line with frequency of
50 Hz.

5.5. Test description

After the initial setup, the test started with the supply of electric power to the resistor. The
power was supplied gradually in order to avoid any damage to the system. The aim of test
was to reach the temperature on TC 1 of 570°C and verify the stabilization criterion for, at
least, 10 minutes. Figure 6 shows the temperatures of four thermocouples, the missing data
are reconstructed. After the test, the shields were opened in order to perform a visual
inspection. Figure 7 shows the shield N. 13, the closest to the internal tube. Even if the shield
is made of aluminium, it could withstand the temperature reached with small mechanical
degradation. The others shields didn’t show any optical or mechanical degradation.
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FIGURE 6: TEMPERATURE VALUES DURING THE TEST.
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- -
FIGURE 7: PICTURE ABOUT THE LAST SHIELD (N. 13) AFTER TEST.

5.6. Test data analysis

The test data were evaluated in order to verify the thermal conductivity along the radial
direction. The value of the input power is 173.5 W obtained by the multiplication of current
intensity by the voltage; the evaluation takes into account the duty cycle and the sinusoidal
shape of the AC current. The formula to calculate the heat flux for a circular section is:

.:K-Z-n-L‘
ln(g—i)

In the equation the parameters are: R; is the internal radius, R, is the radius, K is the
effective thermal conductivity, L is the length of the tube and AT the difference of
temperatures between the internal tube and the external shield. K can now be written as:

~ ln(g—i)Q
" 2-m-L-AT

5.7. Conclusions
Radiation shields experimental test main conclusions are:

— effective thermal conductivity value comparable to Microtherm®;

— heat capacity of the insulation lower than Microtherm® (conclusion obtained considering
the energy absorbed by the system to reach steady state);

— faster transient at start up with respect to Microtherm®;

Because the temperature reached inside the tube (570°C) is less than the real receiver
operative foreseen temperature (650°C) a problem should be expected if aluminium is used
for the inner shields. In order to avoid the problem and to maintain a high level of reliability, a
hybrid insulation system will be evaluated with a mix of multi-shields, in the external part of
insulation and Microtherm® in the hottest inner part. Further tests and analysis are foreseen
to estimate a good compromise between both systems and to harmonize the multi-shields
system with the other components of the collector.
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6.1. Introduction

This chapter gives an overview of the results achieved, by means of 2D steady-state CFD
simulations performed at SUPSI, related to the thermal insulation of the new cavity receiver.

6.2. Receiver thermal insulation

Thermal insulation of the receiver is an important issue that has to be properly tackled in
order to reduce as much as possible thermal losses towards the external environment. The
use of air as HTF offers various advantages; however, air receivers need a larger heat
transfer area and flow cross-section to overcome the poor thermal properties of air in
comparison with the commonly used HTFs. For this reason, a larger volume of insulating
material is required.

Thanks to both the experimental proof of concept, aforementioned in paragraph 5, and the
foreseen advantages in terms of heat capacity, thermal shields were selected as main
thermal insulation system. Figure 1 depicts a schematic representation of the receiver
section with all the insulating materials involved.

Run-back pipe

Secondary optics —— | ‘ Cooling system

[ ——

Feeding pipes

FIGURE 1: SCHEMATIC OF THE RECEIVER THERMAL INSULATION.
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In this figure two distinct feeding pipes can be seen; “hot” air from all the cavities is then
collected into a run-back pipe. Secondary optics is exploited to drive the incoming solar
radiation into the chrysalis receiver. The external surfaces of this high-efficiency optics are
coated with a thin aluminium film maximising the reflectivity behaviour. In order to maintain
the favourable optics characteristics, the coating cannot withstand temperatures higher than
120°C; therefore, a water-based cooling system is provided to maintain the aluminium
structure, of the secondary optics, into a safety temperature range. Two main heat fluxes
have to be removed by the secondary optics cooling circuit: the heat flux from the cavities
receivers and the fraction of incoming radiation absorbed by the material itself.

Table 1 provides a description of the materials, numbered into Figure 1, selected for the
receiver. The data listed above are those implemented into the CFD simulations.

TABLE 1: LIST OF MATERIALS CONSTITUTING THE RECEIVER.

Density Specific heat Thermal conductivity
No. Material 5
[kg/m’] [J/(kg-K)] [W/(m-K)]
1 Polyurethane foam 140 840 0.045
2 Aluminium thermal shields 2’719 871 202.4
3 Microtherm® OP 250 Plece-w!se linear Plece-w_lse linear
function [1] function [1]
4 Microtherm® SG 320 Plece-w!se linear Plece-w!se linear
function [1] function [1]
58 Aluminium 2’719 871 202.4
6 Rockwool 120 840 0.045
7 Stainless steel 8’030 502.5 16.27
9 Aluminium coating 2’719 871 202.4
10 Glass 2200 Piece-wise linear Piece-wise linear

function [2]

function [2]
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6.3. CFD modelling and simulations

The thermal insulation effectiveness was studied by means of 2D steady-state CFD
simulations supposing the larger heat transfer contribution occurring in the radial direction of
the receiver cross-section and only a small fraction in the longitudinal.

The computation domain was built exploiting the symmetric characteristic of the receiver;
hence, only half of the cross section was discretized with a grid of almost 310°000
quadrilateral cells. The internal heat transfer mechanisms, accounted for by the CFD
simulation, are: conduction and radiation (the latter modeled via DO model). Due to the
geometric limitations of this simplified model, convective heat transfer was not considered.
This assumption is justified by the fact that convective heat transfer is negligible into both the
internal part of the cavity and into the thermal shields because, as reported in [3], the
distance between shields was kept small enough to prevent the onset of intense convective
motions.

Radiation/convection
heat loss

FIGURE 2: COMPUTATIONAL DOMAIN.

The boundary conditions applied to the model, as well as the modelling approximations
assumed, are reported hereafter.

— A fixed temperature boundary condition was assigned to the external walls of the cavity.
The latter were divided into four smaller segments describing in a more realistic way the
effect of temperature variation into the cavity. The temperature value for the relative cavity
segments was gathered from the results of the 3D CFD simulations previously reported in
chapter 2.

— Constant fixed temperature conditions were assigned to the run-back and to the feeding
pipes: 923.15 K and 393.15 K respectively.

— The cooling circuit was modeled as an equivalent convective heat-sink wherein the free-
stream temperature and the convective heat transfer coefficient (HTC) were properly set.

— Due to the small thickness in comparison to the overall length, thermal shields were
modeled as no-thickness foils.

— Heat losses towards the external environment, by means of both convection and radiation,
were accounted for.
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With the aforementioned assumptions, a first preliminary CFD simulation was performed.
Figure 3 shows the results in terms of temperature distribution.
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FIGURE 3: TEMPERATURE DISTRIBUTION OF THE RECEIVER CROSS SECTION.
TEMPERATURE VALUES ARE IN K.

According to the CFD simulation results obtained, 53.8% of the overall heat losses is the
power removed by the water cooling circuit; the remaining 46.2% is given by the heat losses
towards external environment. However, it is worth to note that, beyond the power removed
by the cooling circuit, the other major fraction of heat losses is due to the radiative/convective
heat transfer from the external glass surface of the cavities.

As far as concerning the thermal shields, all of them are below the threshold temperature
value, given by the limit of the material, of 820 K. The highest temperature, of about 730.2 K,
is observable in correspondence of the first, and most internal, shield.

Secondary optics shows an average temperature of about 480 K, well above the fixed limit.
The reasons are manifold: (1) thermal contact between glass external surface and secondary
optics structure; (2) the presence of thin steel plates which, due to the relatively high steel
thermal conductivity, establish a favourable way for heat transfer from the hottest internal
regions towards the colder external surfaces; (3) the presence of other thin steel plates in
direct thermal contact with the secondary optics and the internal region of the cavity.

The same geometry was analyzed afterwards considering the contribution of a 1’000 W/m?
direct solar radiation onto the upper receiver surface faces directly the sun. The solar
contribution was implemented into the solver by means of a purpose-built user defined
function. Temperature distribution result is reported in Figure 4. The only appreciable
difference with respect to the previous case is a temperature increment, of about 30 K, of the
external surface directly irradiated by the sun. Despite the higher surface temperature, the
net heat flux out of the surface is lower than the previous case due to the incoming solar
power contribution. The heat flux from all the remaining surfaces is almost unchanged.
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FIGURE 4: TEMPERATURE DISTRIBUTION OF THE RECEIVER CROSS SECTION WITH SOLAR
CONTRIBUTION. TEMPERATURE VALUES ARE IN K.

Further simulations allowed to confirm the possibility of reducing both the overall heat losses
and the secondary optics temperature acting mainly upon:

— the separation of the thermal contact between secondary optics and external glass
surface;

— the removal of the steel plates which directly link the secondary optics and the internal
region of the cavity.

The combination of these modifications allowed to reduce the overall heat losses with
respect to the previous case (87.7% heat losses towards external environment and 12.3%
power removed by the cooling cycle). The average temperature of the secondary optics was
also reduced down to 357 K.

Figure 5 shows the temperature distribution for this last case. It has therefore to be intended
as ideal case because the thermal contact between glass external surface and secondary
optics was replaced with an adiabatic condition and the steel plates, linking internal cavity
with secondary optics, were replaced with the same neighbour insulating material.
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FIGURE 5: TEMPERATURE DISTRIBUTION OF THE RECEIVER CROSS SECTION.
TEMPERATURE VALUES ARE IN K.
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6.4. Receiver thermal insulation — Second version

Based upon the information derived by the first set of CFD simulations performed, a new
version of the receiver thermal insulation was proposed. The main improvements were:

— increased number of radiation shields and reduced pitch in between;

— reduced number, as well as cross-section area, of the steel plates surrounding the cavities
receivers;

— separation of the secondary optics from the external glass surface;
— increased cross-section area of the secondary optics cooling system;
— different arrangement of insulating materials;

— employment of a cheaper and stiffer aluminum-extruded framework for the secondary
optics.

Figure 6 shows a schematic of the improved receiver thermal insulation.

FIGURE 6: SCHEMATIC OF THE IMPROVED RECEIVER THERMAL INSULATION.

Most of the changes are focused in the cavities and secondary optics region. Figure 7 shows
a magnification of the latter region wherein more details are visible. Some steel plates are
still present because they are used either as support to keep in place the insulating materials
and to enclose the cavities preventing the leakage of incoming radiation. In this improved
design, due to constructive reasons, a new material was selected to build the insulating
structure above the secondary optics. Microtherm® (“A” in Figure 7), withstanding higher
temperatures, is still used to insulate the internal part of the cavity. It is enclosed by a
different calcium silicate material, “B” in Figure 7, which can be easily cut in any desired
shape.
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FIGURE 7: IMPROVED THERMAL INSULATION - DETAIL MAGNIFICATION.

6.5. CFD modelling and simulations

For this second geometry, as depicted in Figure 8, only a quarter of the whole receiver cross-
section was considered as computational domain; the grid size was about 476’000 elements.
Buoyancy-driven effects were not accounted for. The computational domain was therefore
limited to the most critical region of the receiver cross section.
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FIGURE 8: COMPUTATIONAL DOMAIN OF THE SECOND RECEIVER THERMAL INSULATION DESIGN.
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A symmetry boundary condition was used either for the zone in between the two feeding
pipes and for the thermal shields. For the latter, the strong assumption can be justified by the
fact that, as observed from the previous simulations, far enough from the cavity the heat flux
in the shields region is purely radial.

The computational domain was improved including the air region in front of the secondary
optics allowing to consider the effect of the mutual interaction of the reflecting surfaces for
radiative heat transfer.

Heat losses by means of convection and radiation were accounted for. The sky temperature
was assumed equal to the temperature of the ambient into the balloon due to the optical
behavior of the ETFE layer which is opaque in the IR spectrum region [4]. Considering the
external surface as a blackbody at the given temperature, by means of Wien’s displacement
law [5], it was verified that the radiation peak occurs in the far IR region.

Figure 9 shows the result, in terms of temperature distribution, of the first CFD simulation
performed. The computational domain enhancement allowed to observe the heat transfer
between external surface of the glass and the secondary optics. In this case, the average
temperature of the latter is about 350 K with a peak of 364 K in the region close to the
external glass surface.

For this new design an average temperature of 900 K, well beyond the limit of the material,
was observed for the most internal shields.

An optimization, that can be immediately proposed looking at these results, is the isolation of
the fluid region above the cavity in order to avoid convective motions which would
substantially increase the Microtherm® and shields temperature and therefore, the overall
loss.

Another important information obtainable analyzing the temperature distribution is that,
despite the reduction of the number and dimensions of structural steel plates, those
remaining still offer an important favourable way for heat transfer. Therefore, it would be
better to remove them completely or, at least, trying to limit their presence in the internal part
avoiding them passing through the insulating materials.
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FIGURE 9: TEMPERATURE DISTRIBUTION OF THE RECEIVER CROSS SECTION.
TEMPERATURE VALUES ARE IN K.
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The power removed by the cooling circuit is comparable with that of the previous test case.
This indicates that other improvements, such as wider separation between external glass
surface and secondary optics and better insulation towards the internal components, are still
required. A CFD test, in which the secondary optics surfaces were considered adiabatic in all
the regions in contact with steel plates and internal structure, was performed to evaluate the
possible reduction of power removed by the cooling circuit. An ideal 55% reduction was
envisaged showing the relevance of the heat flux coming from the structure itself.

6.6. Receiver thermal insulation — Third version

A further improvement, in the design of the receiver thermal insulation, was proposed. The
main variations with respect to the previous solutions are:

— complete removal of steel plates connected to the external part of the receiver;

— larger separation of the secondary optics from the external glass surface;

— reduced surface of the secondary optics face to face with the external glass surface;
— improved geometry of the secondary optics cooling circuit;

— different arrangement of insulating materials between cavity and secondary optics;
— isolation of the fluid region abode the cavity.

Figure 10 shows a schematic of the third version of the receiver thermal insulation. An
important modification in this third version is related to the design of the region between
cavity and secondary optics. The Microtherm® in zones “A” and “B” was substituted with an
external ceramic material (zones “A” in Figure 10) and a calcium silicate material (zones “B”
in Figure 10).

FIGURE 10: SCHEMATIC OF THE THIRD VERSION OF THERMAL INSULATION.
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6.7. CFD modelling and simulations

The third geometry was analyzed exploiting the symmetry of the receiver cross section: as
shown on the l.h.s. of Figure 11, only half of the cross section was considered as
computational domain. The domain was discretized with a mapped grid of almost 490’000
quadrilateral cells.

FIGURE 11: COMPUTATIONAL DOMAIN OF THE THIRD THERMAL INSULATION DESIGN; GLOBAL VIEW
(L.H.S.) AND DETAIL MAGNIFICATION (R.H.S.).

The knowledge acquired from all the previous CFD simulations was used to set the
parameters for all the computations performed with new geometry; therefore, all
aforementioned modelling approximations and boundary conditions are still valid.
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Figure 12 shows the temperature distribution of the thermal insulation for the half receiver
cross-section with a magnification of the cavity-secondary optics region.
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FIGURE 12: TEMPERATURE DISTRIBUTION OF THE THIRD THERMAL INSULATION DESIGN.
TEMPERATURE VALUES ARE IN K.

It is worth to note that, the removal of the steel plates connected to both the internal and
external regions avoided to prevent favourable ways for heat fluxes; moreover, the isolation
of the fluid zones above the cavity led to a noticeable temperature reduction, to a maximum
of 820 K, of the most internal shield. The improvements in the receiver thermal insulation
design allowed to reduce, in this case, the overall heat losses of about 8.5% with respect to
the original design.

A further simplification in the design of the region between cavity and secondary optics (“A”
and “B” elements in Figure 10) was proposed. Instead of having the block made by the two
different ceramic and calcium silicate materials, it was decided to use just one block of
ceramic material. Despite its unfavourable thermal properties with respect to calcium silicate,
the ceramic block can be easily machined. Hence, a new CFD simulation was performed to
evaluate the effect of this modification on the receiver thermal insulation behaviour.

Simulations results showed that, as expected, substituting the calcium silicate with ceramic
material led to an increment, of about 100 W/m, of the overall heat flux. The power removed
by the cooling circuit showed the largest increment: the ceramic material has a higher
thermal conductivity with respect to calcium silicate leading to a larger heat flux.

In order to reduce the undesirable effect abovementioned, it was proposed to decrease the
contact area, between ceramic material and the secondary optics aluminium framework. The
resulting empty space was filled with air; the small dimensions of the region allow to prevent
the onset of convective motion. Figure 13 shows the reduced contact area between ceramic
material and secondary optics.
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FIGURE 13: REDUCED CONTACT BETWEEN CERAMIC AND SECONDARY OPTICS FRAMEWORK.

Figure 14 shows the result of the CFD simulation, in terms of temperature distribution, of the
new receiver thermal insulation.

Simulations results allowed to observe the beneficial effect of the modification proposed: the
reduction of the contact area between ceramic and secondary optics leads to reduce the
overall heat losses of almost 120 W/m.
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FIGURE 14: TEMPERATURE DISTRIBUTION OF THE THIRD THERMAL INSULATION DESIGN.
TEMPERATURE VALUES ARE IN K.
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6.8. Conclusions

The receiver thermal insulation behaviour has been analyzed by means of 2D steady-state
CFD simulations. The analysis of the results obtained drove the various modifications in the
thermal insulation design aimed at reducing as much as possible the receiver heat losses. A
total of three different design versions have been studied achieving, at the end, a reduction
of the overall heat losses of 9%, or about 233 W/m, with respect to the first thermal insulation
design. The main modifications proposed, according to the CFD results obtained, are:

— the removal, or at least reduction, of the steel plates which provides a favorable way for
heat flux from the internal to the external region of the receiver;

— the separation between secondary optics and external glass surface to reduce the amount
of heat transfer, by means of conduction and radiation, between the two and, hence, the
maximum secondary optics temperature;

— the isolation of the fluid region above the cavities from that between Microtherm® and
internal shield to prevent the onset of convective motions.
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7.1. Introduction: objectives and problem description

This section presents a mathematical model, based on the electrical analogy, developed to
evaluate the performance of the new receiver design in terms of both available power and
receiver efficiency.

The geometry has been optimized to guarantee a uniform distribution of the mass flow rate
for each cavity.

Three different skew angles have been considered to assess the receiver performance at
various reference working conditions.

7.2. Receiver structure

The receiver is composed by 36 modules (5.88 m long each) for a total length of 212 m. A
schematic of the receiver is shown in Figure 1; whereas, its cross section can be seen on the
l.h.s of Figure 2. Each module is composed by:

1 primary feed pipe;

2 secondary feed pipes;

128 cavities (64 for each of the two sides);
1 runback pipe;

insulation, support, etc.

Air, flowing through the primary feed pipe, is distributed to each module through linking
pipes. The feed pipes of each module provide the air flow to the cavities. In the cavities air
heats up due to the concentrated solar radiation, and is then collected in the runback pipe.

Runback pipe __

\

Cavities

/ . Secondary feed pipe

3\ --' Primary feed pipe

FIGURE 1: SCHEMATIC OF THE RECEIVER.
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FIGURE 2: RECEIVER CROSS SECTION (L.H.S) — VIEW OF A SINGLE CAVITY (R.H.S).

Runback pipe
Runback pipe is thermally insulated by means of multiple concentric layers of:

Microtherm®;

radiation shields made of aluminium;
support tube;

polyurethane foam;

external support tube.

Radiative shields
Microtherm

Polyurethane foam
External support tube

Support tube

FIGURE 3: RUNBACK PIPE CROSS SECTION — DETAILS OF THE INSULATION.
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7.3. Numerical modelling

7.3.1. Introduction

Evaluating the thermal losses of the entire receiver is a quite demanding task. The system is
complex, composed by many parts and has very large physical dimensions. The fact that hot
and cold air move counter-flow makes impossible to apply the “CFD-piecewise” modelling
approach used for previous receivers [1]. Therefore an approach based on the electrical
analogy was chosen.

7.3.2. Electrical analogy

The electrical analogy, already applied in Chapter 1 of this report, was used to model the
whole receiver. The electrical circuit, representing the receiver, is shown in Figure 4. The
model outputs are mass flow rate and air temperature for each cavity, pressure drop and air
outlet temperature for the entire receiver.
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FIGURE 4: ELECTRICAL REPRESENTATION OF THE RECEIVER.

7.3.3. Cavity

The electrical analogy was also used to model the thermodynamic behaviour of the cavities.
The model, already presented in this report, is schematically illustrated by Figure 5. The
cavity model takes into account heat losses through the glass window and it is able to assess
air outlet temperature and the pressure drop for a single cavity. The model results were
validated comparing them with the CFD simulations, described in Chapter 2. A good
agreement, in terms of air outlet temperature, was observed with a maximum difference of
5%. As far as concerning the heat losses, due to the modelling approximations assumed for
the view-factors computation and for the internal cavity temperature, a lack of accuracy up to
30% was detected.
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7.4. Results

Receiver simulations were carried out for three different skew angles of the concentrated
incident radiation. The reference skew angles were 0°, 18° and 40° respectively.

7.4.1. Mass flow rate and flow baffles
A uniform distribution of the mass flow rate in the cavities has a twofold importance:

— a too low air mass flow rate in an irradiated cavity can bring the material temperature to
overcome its upper limits;
— atoo high mass flow rate can result in a too low air temperature at the cavity outlet.

Figure 6 shows that, for feed, linking, and runback pipes with constant diameters, and for
cavities with equal dimensions, the air mass flow rate of the first and the last cavity of the
receiver can be very different. For identical cavities, the higher is this difference, the higher
will be the difference between cavities air outlet temperature.
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FIGURE 6: MASS FLOW RATE WITH DIAPHRAGM (BLUE LINE) / WITHOUT DIAPHRAGM (RED LINE).

To overcome this problem a proposed solution consists in adding a set of valves, one for
each receiver module, to control the mass flow rate distribution. The idea is to install the
valves on the pipes connecting the feed tube and the module (the so called “linking pipes”).
For the purpose of this analysis valves where schematically represented as baffles to reduce
the pipes cross section (see Figure 7). The dimension of the latter can be different for each
module. The diameters of the reduced cross sections were designed targeting a given total
mass flow rate for the receiver.
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FIGURE 7: FLOW RESTRICTORS.
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7.4.2. Performance at different skew angles

To evaluate the influence of the incoming solar radiation skew angle on the receiver
performance, three different tests were performed at 0°, 18° and 40° skew angles. The
receiver mass flow rate and inlet air temperature were kept constant. The total available
power can be calculated from the DNI as:

Ptot = DNI - Lreceiver : Wmirror : COS(Gskew)

The power entering each cavity is calculated as the total collected power multiplied by the
optical efficiency (which takes into account the mirror and the secondary concentrator
efficiencies as well as the incoming beam reflections onto the glass surface) and divided by
the total number of cavities.

Ptot * Noptics

P cavity = N
cavities

The power gathered by the fluid is given by:
Pfluid = Mgow—tot ° Cp (Tave) : (Tout - Tin)

The ratio between the power harvested by the HTF and the total radiation energy entering
the cavities represents the solar-to-thermal receiver efficiency:

Priuia

N receiver = P "N
cavity cavities

Multiplying the amount of power, gathered by the HTF, by the power-block efficiency
(assumed equal to 0.3) the electrical power available can be computed as:
Pelectrical — available = Pfluid ' 77power block

Since the HTF must be pumped in the circuit to keep the system running, the pumping power
can be evaluated using the pressure losses computed with the electrical analogy.

p o Mgilow tot * Ap
pumpIng = p(Tip)
Pumping power must be subtracted from electrical power available to obtain the useful
power:
Puseful = Pelectrical—available - Ppumping

It is now possible to calculate the solar-to-electric system efficiency:

Puseful

Nsystem =

Ptot

The results obtained show that a system efficiency up to 20% seems to be achievable for
skew 0° and skew 18° working conditions. For wider skew angles, the system efficiency
slightly decreases. The receiver efficiency, instead, seems to be insensitive to the skew
angle variation. This is due to the aforementioned modelling approximations (paragraph
7.3.3) for the heat losses computation wherein an average internal cavity temperature, and a
simplified view-factor correlation, were used to calculate the radiative heat transfer. These
assumptions lead to reduce the heat losses, in the case of large skew angles working
conditions, mitigating the effect of the presence of a hot region close to the glass surface.
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7.5. Conclusions

A zero-dimensional mathematical model developed, based upon the electrical analogy, has
been used to analyze the behavior of the entire receiver, i.e. the whole system including all
cavities, the feeding and runback pipes. With this model, the receiver performance was
evaluated for three working conditions corresponding to three different skew angles.
Receiver data examined were:

power harvested by the HTF flowing through the cavities;

temperature of the HTF at the outlet sections of both the cavities and the run-back pipe;
pressure drop through the receiver;

mass flow rate distribution within the cavities.

The predicted receiver performance shows that, depending upon the skew angle working
conditions, a system efficiency (solar-to-electric) up to 20% seems to be achievable. The
temperature of the HTF at the outlet section of the run-back pipe was found to be equal to
655.5°C, 626.4°C and 502.5°C for the skew 0°, 18° and 40° working conditions respectively.
The simulations performed showed that, to achieve a proper and uniform working condition
of all cavities along the receiver, a set of valves, or diaphragms, has to be implemented onto
the linking pipes, i.e. the ducts connecting the feeding pipe with the cavities. In fact, these
devices are necessary to balance the distribution of the air mass flow rate into the cavities
and make them perform uniformly in terms of outlet air temperature.

7.6. References

[11 “SolAir 2 — Innovative solar collectors for efficient and cost-effective solar thermal power
generation-2”, BFE annual report, 2010.
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8.1. Experimental void fraction measurement under cyclic load condition

In order to assess the effect of cyclic load conditions on the porosity distribution of the
packed bed, a new experimental test has been performed. The cylindrical iron tank, already
employed in [1], with 2 m inner diameter and 1.5 m height was used for the test. In this case
also, the void fraction was measured by filling the packed bed with a known volume of water
and measuring the water level in the packed bed. For this purpose, a steel tube with 40 mm
outer diameter and 1.5 m height was welded coaxially to the bottom of the tank. The steel
tube was drilled at the bottom in order to ensure equal water level as in the packed bed. As
depicted in Figure1, six external vibrators with a working moment of 7.96 kgcm each and
3’000 rpm were assembled on the outside of the tank with 60° angular intervals.

FIGURE1: PHOTOGRAPH OF THE TEST TANK USED FOR THE MEASUREMENTS.

The tank was then filled with non-homogeneous river pebbles with equivalent diameters of
about 30 mm. The pebbles were used in a previous experimental campaign in a packed bed
thermal energy storage prototype. The filling was carried out by a hydraulic shovel in order to
reproduce the same random packing conditions as in the storage prototype.

The vibrators were used to shake the packing for approximately 20 minutes simulating the
upwards/downwards movement of the packed bed subjected to several charging/discharging
cycles.

After the aging process, the packed bed settled for an average of a couple of centimetres to
more than 5 cm in the vibrators region (Figure 2). At that time, the void fraction of the packed
bed was measured filling it with water in seven steps, of 200 litters each, and measuring the
water level in the tube at the end of every step with a Bosch DLR130K Digital distance
measurer (accuracy of 1.5 mm). This led to observe that the average bulk void fraction
decreased from 0.342, of the randomly packed bed condition, to 0.332 of the vibrated bed.

FIGURE 2: TOP SURFACE OF THE PACKED BED AFTER THE VIBRATION PROCESS.
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The final comparison between the experimental results of the two tests performed shows that
the monotonic decrease, obtained during the first experimental test under randomly packed

condition (Figure 3), was replaced by an oscillatory behaviour of the void fraction (Figure 4).

The vibration eliminates the effect of the gravitational force and allows the pebbles to re-
arrange in the tank. However, the void fraction distribution is also strongly dependent on
vibration dimension, amplitude and frequency as well as the duration of the vibration.

The results from the axial void fraction variation are important for increasing the
understanding of the phenomenon and are useful for designing storage systems, since the
storage capacity of the packed bed is directly related to its packing density and the pressure
drop, experienced by the air passing through the rocks, is inversely proportional to their void

fraction [2].
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FIGURE 3: AXIAL VOID FRACTION DISTRIBUTION IN THE PACKED BED BEFORE VIBRATION.
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FIGURE 4: AXIAL VOID FRACTION DISTRIBUTION IN THE PACKED BED AFTER VIBRATION.
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8.2. New storage prototype: tests campaign proposal

In order to assess the performance of the new storage prototype, the previous test
procedure, already mentioned in [1], has been enriched with other tests. The final test
campaign was divided into two different groups containing basically the same tests with the
difference that they are expected to be performed under different operating pressures.

After a first preliminary phase of fibers evaporation, which will lead to the complete
evaporation of the fibers contained within the concrete walls resulting in a stable thermal
behaviour and a lower thermal conductivity of the concrete vessel, all the other tests may be
summarized as follows:

— Cyclic load: the aim of this test is to study the behaviour of the storage subjected to a
continuative cyclic load composed by 5 complete cycles. The inlet temperature and the
mass flow rate should be kept constant for the whole test. Each cycle consists of a
charging and a discharging phase as described below:

o Charging phase: During the charging phase air with constant mass flow rate and
high temperature is fed to the storage from top for a specific amount of time. At the
beginning of the first charging phase the storage should be at its dead state
(thermally depleted). The charging time will be defined once both the available mass
flow rate and the inlet temperature are known. The temperature evolution will be
monitored and recorded.

o Discharging phase: During the discharging phase, air with the same mass flow rate
as in the charging phase and ambient temperature is pumped into the storage from
bottom for the same amount of time as the charging phase. In this case also, the
temperature evolution will be monitored along the whole test.

— Idle time: this test is aimed to analyze the behaviour of the full-charged storage during an
arbitrary idle time. It allows to assess the degradation of the thermo-cline zone and the
thermal losses towards the environment.

— Fast discharging phase: this test is aimed to evaluate the performance of the storage in
the case of fast discharging phase, performed with a high mass flow rate. The information
obtained can be useful to assess the capability of the storage to deliver the most of the
stored power, as quickly as possible, simulating its sudden use (for instance during a peak
energy demand).

— Fast discharging phase with different mass flow rates: conceptually this test is the
same as the previous; the difference here is that the storage will be suddenly discharged
with different mass flow rates to investigate the limits of good heat transfer between solid
and fluid.

During the tests execution, information about temperature distribution, pressure drop and
mass flow rates, will be monitored and recorded by means of measuring instruments such
as: thermocouples, flow meters and pressure gauges.
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8.3. Construction progress of the new storage prototype in Biasca

Due to some unforeseen events, the construction of the new TES system prototype in Biasca
has been delayed. At the moment, the works proceed regularly and the construction
progress is represented in the following pictures.
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Figure 6 depicts the internal part of the storage system equipped with the insulating
materials:

— Dark grey bricks: FoamGlas®;

— Light grey bricks at the bottom: Microtherm®.

Other low density concrete blocks will be positioned afterwards to protect the insulating
materials from direct contact with pebbles.
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FIGURE 6: INTERNAL PART OF THE NEW STORAGE PROTOTYPE.
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8.4. Storage Design for Plant in Morocco

A purpose-built quasi-one-dimensional model [3], experimentally validated, was used to
design and predict the performance of the storage unit of the plant in Morocco. The solar
plant is connected to an organic Rankine cycle and has the goal of upgrading the process
heat of a cement factory, entering the plant at 280°C. Therefore, the inlet temperature of the
solar plant is 280°C. The cyclic parameters, obtained by doing 30 consecutive cycles are
presented in Figure 5. The total losses per cycle are below 4% of the incoming energy and
the overall efficiency increases to 91% as the storage approaches its steady behaviour. The
final outflow temperature represents the temperature of the air leaving the storage at the end
of the discharging phase, hence the lowest outlet temperature of each cycle. The internal
temperature profile in the packed bed at the end of the charging and end of the discharging
phase for the cycles #1, #10, #20 and #30 are shown in Figure 6. Figure 7 depicts two
technical drawings of the final storage design.
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FIGURE 7: CYCLIC PARAMETERS OF THE STORAGE UNIT IN MOROCCO.
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FIGURE 8: INTERNAL TEMPERATURE PROFILE IN THE PACKED BED AT THE END OF THE CHARGING
AND END OF THE DISCHARGING.

FIGURE 9: SCHEMATIC OF THE STORAGE UNIT IN MOROCCO.
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8.5. Publications

The detailed study of the behaviour of the real packed bed prototype, in terms of void fraction
distribution [4] and effective thermal conductivity [5], allowed to achieve a high accuracy level
in its CFD modelling.

Since the integration of a TES system into a CSP plant is a key factor to compete with PV to
produce electric energy at low price, it is very important to have the right tools to model its
performance in the most precise and affordable way. For this reason, a paper, containing all
the main results related to the thermal behaviour of the real prototype, was presented to the
SolarPACES 2012 conference, in Marrakech, Morocco and to the International CAE
conference 2012, in Verona, ltaly.

The details of the papers presented are:

Simone A. Zavattoni, Maurizio C. Barbato, Andrea Pedretti, Giw Zanganeh. Aldo Steinfeld,
“Effective thermal conductivity and axial porosity distribution of a rock-bed TES system: CFD
modeling and experimental validation”. SolarPACES 2012 Conference, Marrakech, Morocco.
Paper ID: 23336

Simone A. Zavattoni, Davide Montorfano, Antonio Gaetano, Gian Maria Di Stefano, Maurizio
C. Barbato, “CFD Modeling Suitable for Concentrated Solar Power Applications: Thermal
Insulation Based on Radiation Shields and Thermal Energy Storage Systems.”. International
CAE conference, Verona, Italy.

Besides the detailed 3D flow and temperature distribution in the packed bed, a dynamic
model has been developed to be used for scale-up design, optimization, and system
integration. The details of the modelling, validation and scale up are found at [3]:

Zanganeh G., Pedretti A., Zavattoni S., Barbato M., Steinfeld A., “Packed-bed thermal
storage for concentrated solar power — pilot-scale demonstration and industrial-scale
design”, Solar Energy, Vol. 86, pp. 3084-3098, 2012.

The model described in the paper is a quasi-one-dimensional heat transfer model with
separate solid and fluid phases and considers thermal losses from the lateral walls, the lid
and the bottom and axial dispersion in the packed bed. The fluid and solid thermo-physical
properties (which have been experimentally measured) are implemented temperature-
dependent in the model and the axial void fraction distribution is set according to the
experimental results previously presented.
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