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Concentrated solar power plants are commonly recognized as one of the most attractive options within carbon-
free power generation technologies because of their high efficiency and feasible hybridization and/or storage
implementation. In this work, a complete heat transfer analysis for an air volumetric receiver coupled to
a parabolic dish focused on distributed generation (in the range of kWe) is carried out. It includes most
relevant heat losses. Dish collector optical efficiency is computed by means of a ray-tracing software while
the thermal performance of the solar receiver is modeled under steady-state conditions using a comprehensive
set of equations with a clear physical origin and meaning. Detailed information on the temperatures and
heat transfers along the different inner and outer receiver zones are computed with a built from scratch in-
house code programmed in Mathematica®. The model considers the main losses from convection, conduction
and radiation and through the surrounding insulator. The resulting thermal efficiency mainly depends on the
incoming solar irradiance at the glass window, the receiver geometry and the type of materials considered,
as well as on the ambient temperature. Explicit numerical results are given at two locations under different
meteorological conditions. Optical efficiencies reach values of about 84%. For irradiance values around 800-
900 W/m?, at the receiver outlet, air can reach temperatures of about 1200K and receiver thermal efficiency
is over 80%. It is expected that this model (precise but not too expensive from the computational viewpoint)
could help to identify the main efficiency bottlenecks, paving the way for optimization when designing this
type of concentrated solar plants through further coupling with a power block, as Brayton or other cycles.

1. Introduction

Key elements in any concentrated solar power (CSP) system are the
solar collector and the solar receiver. The solar collector is an optical
subsystem designed to collect and concentrate in an efficient way the
direct solar irradiance towards the solar receiver. It is characterized
by an optical efficiency that measures the fraction of solar power that
effectively reaches the solar receiver window. Nowadays, most research
works make use of ray tracing Monte Carlo software to compute its
optical efficiency [1]. Monte Carlo methods applied to solar ray tracing
are based upon the generation of a huge number of photons over the
aperture area of the solar collector [2]. The pathway of the photons is
built through reflection laws and it is computed if they strike on the
receiver aperture. From this, estimations of the optical efficiency of the
collector with a good precision and also of the distribution of incident
energy flux onto the absorbing surface [3] can be calculated.

* Corresponding author.

The solar receiver can be considered as a special type of heat
exchanger with the aim of converting the input direct solar irradiance
into heat. The receiver thermal efficiency is essential to obtain high effi-
ciency in the overall CSP plant and so, to increase commercial interest.
Many experimental or simulation studies have been conducted in order
to propose optimized designs to account for the high complexity of the
heat transfer processes in the solar receiver, as it can be seen in the
comprehensive review by Sedighi et al. [4].

An interesting application of CSP systems is the possibility of pro-
ducing distributed electricity at the scale of kW,, close to the con-
sumption place. Solar dishes, for instance, are capable to perform
this task easier than other systems because of their modularity [1].
A collecting parabolic dish reflects the input solar radiation into a
solar receiver located at parabola focus, where it is transferred to a
fluid running a thermodynamic cycle as power block [5]. Particularly,
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Nomenclature

Symbols & Units

A Area ( m?)

< Isobaric specific heat capacity (J/kgK)

o Friction factor —

g Acceleration of gravity (m/s?)

h Convective heat transfer coefficient (W/m?2 K)

h Specific enthalpy (J/kg)

I, Solar radiation power (W)

kgir Air thermal conductivity (W/mK)

k Average thermal conductivity (W/mK)

m Mass flow (kg/s)

Nu Nusselt number —

P Power (W)

Pr Prandlt number -

0 Thermal power (W)

Ra Rayleigh number -

Re Reynolds number —

Ry, Thermal resistance (m? K/W)

U Global conduction, convection and radiation heat
transfer coefficient (W/m?K)

u Air superficial velocity (module) (m/s)

Greek symbols

B Coefficient of volumetric expansion (K1)
Hopt Optical efficiency -

Mthrev Thermal efficiency —

u Dynamic viscosity (Pa s)

P Fluid density (kg/m?)

Acronyms

CFD Computational Fluid Dynamics

CSp Concentrated Solar Power

DNI Direct Normal Irradiance

HTF Heat Transfer Fluid

LMTD Logarithmic Mean Temperature Difference
MCRT Monte-Carlo Ray Tracer

PDC Parabolic Dish Collector

Brayton cycles are being investigated due to their promising features
as high efficiency, versatility, compactness, and possibility to integrate
hybridization or storage schemes [6]. Requirements for solar receivers
designed to operate together with Brayton cycles include the necessity
to operate at high temperatures (over about 800 °C) and relatively high
pressures (up to 20 bar) [7].

Feasible hybridization arrangements and control strategies for dish-
Brayton systems have been reported by Wang et al. [8], while Mo-
hammadi and Mehrpooya [9] analyzed the possible integration with
energy storage using compressed air technology. Detailed and novel
results along this storage research line have been reported very recently
presenting improved technology used in the efficient utilization of
renewable energy to get carbon neutrality. So, simulation analyses were
carried out in terms of solid-liquid interface evolution, melting front
formation, temperature and flow field, and energy storage capacity in
a latent heat filled with four different system providing a data bench
for validating the numerical models by Zhao et al. [10]. Also, a flip
mechanism was used to reduce the proportion of high-temperature
phase change material in the melting process within the work by
Fangfei et al. [11].

Energy Conversion and Management 293 (2023) 117436

Pressurized volumetric receivers can be compact and reach large
efficiency (78% to 80%) at large temperatures and pressures, adequate
for Brayton cycles [7]. Moreover, can operate with gases different from
air, as helium, argon, nitrogen or CO,. Their design continue being
a challenge nowadays in order to set the basis for new evolutions of
CSP systems, increasingly interesting from an economic perspective [6].
These receivers are usually closed with a quartz glass window that can
reach temperatures about 1200 °C and it is cooled by the thermal fluid
itself or through an extra cooling system [12]. Behind the glass, there
is a cavity containing a porous media, the absorber, that is directly
impinged by solar radiation. The gas flows through its pores getting a
high temperature. Foam can be metallic or ceramic [13]. The first are
more economic and can reach temperatures about 1450 °C, for instance
with Nickel compounds. Other advantages of metal foams include high
porosity and specific surface area, as well as, high mechanical strength.

Outer walls of the receivers are usually thermally isolated from the
ambient to minimize heat losses. Aluminum silicate is a usual material
with a low thermal conductivity (around 0.06 W/(m.K)) [14]. Bellos
et al. [15] have reviewed the most recent technologies and advances
on cavity receiver designs for solar dish concentrators. The influence of
different geometries and materials for cavity receivers specially focused
for solar dish applications has been analyzed by Kasaeian et al. [16].

Studies and analysis of receivers for solar dish utilization include
experiments and simulations at different levels. Zhu et al. [12,14]
performed both studies for an own design. The experimental study
was conducted at Hangzhou, China, and consisted of a compressor,
a dish and a receiver with a Ni foam absorber [12]. Variations with
time of different parameters as energy and exergy efficiencies, heat
losses, temperatures and pressures were performed at real solar condi-
tions in a period with approximately constant direct normal irradiance
(DNI). Subsequently, a simplified stationary model for heat transfer in
receiver zones was presented. A good agreement was obtained between
experimental and calculated receiver efficiency (with values about
82%) [14].

At a different level of refinement, Wang et al. [17] developed a
computational fluid dynamics (CFD) model that was validated against
experimental measures. A SiC (silicon carbide) absorber was utilized
and different porous parameters were analyzed. Maximum temper-
atures of the outlet air slightly exceeded 1000 K. Solar to thermal
efficiencies over 63% were obtained, including optical efficiency and
thermal losses. A recent analysis of the thermal and mechanical perfor-
mance of the same kind of absorber (silicon carbide) was reported and
calculations through CFD simulations for the temperature distribution
along the absorber axis, pressure drops, the failure index, and of the
incident solar heat flux were presented by Sharma and Talukdar [18].
By means of CFD and ray tracing methods heat losses of tubular cavity
receiver for solar dishes including wind effects have been calculated by
Craig et al. [19].

Recent international projects such as OMSoP [20] have proved the
feasibility of solar dishes coupled to Brayton cycles at an experimental
level by completing a prototype plant but also, have shown the ne-
cessity of developing computational models [21] for simulating plant
operation at different realistic conditions in order to improve system
efficiency, both at design and off-design operation. Particularly, solar
collector and solar receiver performance are to be improved in order
to advance in the profitability of this technology. In this context, the
furthest aim of this work is to accurately predict the thermal efficiency
of the system made up of a parabolic dish collector (PDC) and a
solar volumetric receiver placed at its focus. A ray-tracing software,
Tonatiuh [3], will be employed for an accurate simulation of the
PDC optical efficiency and the results processed in a Mathematica®
code [22] aiming to their integration into the receiver model equations.

Main focus is devoted to a complete modeling of the volumetric
receiver for accurate efficiency estimations. The model developed in
this work includes novel features not considered and/or barely touched
in previous works, at least to the best of the author’s knowledge:
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(i) a volumetric (instead of superficial) heat transfer coefficient for
the porous media is taken into account; (ii) an additional convective
heat exchange at the inner receiver wall is considered; (iii) different
temperatures inside and outside the glass window; (iv) losses across the
receiver insulator; (v) more accurate expressions for thermal radiation
exchanges, and finally (vi) a more complete set of view factors than in
previous works have been included explicitly in the modeling through
appropriate energy balance equations.

The used methodology combines a parabolic dish optical modeling
using Tonatiuh software joined to numerical computations of each of
the involved heat transfer (including associated losses) and tempera-
tures at five well delimited different zones of the receiver. The resulting
comprehensive set of equations involves a relatively large number of
parameters, but all of them are controllable and, more important,
with a clear physical origin and meaning, allowing for the analysis of
possible bottlenecks. Explicit numerical results for the fluid and surface
temperatures in each zone together with results for the optical and
thermal receiver efficiencies for different locations and meteorological
conditions can be obtained. Thus, the proposed overall model could
be used as an alternative/complementary method to CFD analysis that
requires an extensive computational effort and additionally the key
physical factors affecting global system efficiency are not always easy
to extract.

The paper is structured as follows. Next section shows the parabolic
dish optical modeling using Tonatiuh software and the detailed analysis
of heat transfer processes at the solar volumetric receiver incorporating
five well delimited different zones. Submodels are validated in Sec-
tion 3 and all numerical parameters required to reproduce the results
are also compiled in this section and in the corresponding appendices.
Section 4 presents explicit numerical results for the fluid and surface
temperatures in each zone together with results for the optical and
thermal receiver efficiencies for different locations and meteorological
conditions. Finally, some conclusions are summarized in Section 5.
Appendices contain detailed information for receiver model numerical
calculus and additional Tonatiuh validation details.

2. Model and simulations

The basic elements of Tonatiuh software, together with the solar
receiver model, are exposed in the following subsections.

2.1. Energy efficiency equation

As it is shown in Eq. (1), the receiver thermal efficiency, #,, ,.,, is
the ratio between the heat absorbed by the receiver and the total heat
flux impinging at the receiver aperture area:

0, (h,—h) S

”th,rcv - I_b - ”apt Ad DNI

where Q, stands for the heat flux absorbed by the fluid at the re-
ceiver. It can be calculated in terms of the fluid mass flow through
the receiver, r, and the difference between the outlet and inlet fluid-
specific enthalpies, h, and h;, respectively. I, is the solar radiation
power impinging at the solar receiver window. This parameter can
be expressed as the product of the parabolic dish optical efficiency,
Hopr» dish aperture area, A,, and direct solar irradiance (DNI) [14,23].
This equation shows how the submodels for the optical behavior of the
dish itself and the thermal performance of the receiver are coupled.
Henreo directly depends on the optical efficiency, 7,,, apart from the
dish aperture area and DNI, which are input parameters. Also r is an
input parameter related to the operation strategy. It can be constant or
time dependent, in the last case to avoid overheating of the receiver or
to regulate power output. In our study it will be considered constant
(see below). In the next subsections, separate submodels for the dish
(to obtain Nopt) and the receiver (to obtain essentially (%, — h,)) will be
presented and afterwards integrated through Eq. (1).
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Table 1
Tonatiuh main parameters for simulating a PDC and its receiver.

Tonatiuh optical parameters

Sunlight properties

DNI Direct Normal Irradiance

Sun shape Buie or Pillow

CSR Circumsolar ratio for Buie Sun shape distribution
Number of rays Number of random photons/rays employed

(photons) for Monte-Carlo ray tracing

Collector

Pa Optical mirror reflectivity for parabolic dish

oy Slope error (including ’macro’ and ’micro’ errors)
Ay Dish aperture area

D Dish aperture diameter

v Aperture angle

fa Dish focus length

Receiver

D, Receiver (glass window) aperture diameter

2.2. Parabolic dish optical modeling: Tonatiuh software

Tonatiuh is an open-source Monte-Carlo Ray Tracer (MCRT) soft-
ware [3,24] for the optical simulation of solar concentrating systems. In
this work, a PDC and a target surface (receiver) placed at its focus will
be simulated. The receiver will be a flat circle, representing the glass
window aperture where the photons arrive after being reflected at the
PDC surface. In Table 1, the main necessary variables for simulating
a concentrating solar system of the type considered are specified. The
numerical parameters (dish geometry and materials, Sun parameters,
etc.) will differ for validation and for off-design simulations and will
be made explicit in subsequent sections.

2.3. Solar volumetric receiver modeling: Heat transfer equations

The solar receiver model presented hereby considers an axially
cylindrical pressurized volumetric receiver with a geometrical design
as shown in Fig. 1. For validation and numerical applications the
design by Zhu et al. [14] will be considered, but the models developed
in this paper could be applied to other designs and dimensions in a
straightforward manner. Symmetry axis goes through window center
and it is normal to the window surface. This kind of receivers are
specially interesting for high temperature applications because aperture
quartz glasses can reach temperatures quite above 1000°C and receiver
thermal efficiency at such conditions can be very high. Usually the heat
transfer fluid (HTF) is pressurized air and receiver core is a metal or
ceramic foam that will be considered as a uniform medium with a given
porosity (zone 4 in Fig. 1).

All the temperatures and heat exchanges involved are included and
shown in Fig. 1(a). Fig. 1(b) displays the main geometric parameters
considered. The HTF enters the receiver at 7; temperature and crosses
different zones until it arrives at the outlet, at temperature 7,. Next, a
brief description of all zones involved in heat transfers is given.

» Zone 1: It can be split in two parts: phase i — 1, and phase 4 — o.
The colder air (at temperature T}) receives heat (Q;) from the air
which is crossing the receiver outlet, since the latter has a higher
temperature (7,). Thus, the air arrives at Zone 2 at temperature
T. Due to this heat exchange, the temperature at the receiver exit,
T,, is slightly lower than the air temperature just after crossing the
absorber foam (7). The heat transfer can be modeled as a heat
exchanger with mixed convection and conduction processes.
Zone 2: There is a heat transfer (Q,) through the inner cylinder
wall (at temperature T,,) to the air, which rises its temperature
from T, to T,. O, comes from the thermal and visible radiation
emitted by the absorber foam and the glass window to the inner
cylinder wall.
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Fig. 1. (a) Scheme of the receiver used for this work [14]. Heat Transfer Fluid (HTF) temperatures (T}, Ty, T», T3, Tsz, Ty and T,) are depicted in black. Surfaces temperatures

related to glass (inner and outer surfaces), internal wall, absorber foam, front external insulator, and back external insulator (7, T,

T,, Ty, Ty, and Tp,, respectively) in blue

gi> 1go>

and ambient temperature (7,,) is depicted in green. Thermal power exchanges (O}, Q,, 03, O3, Q4, O;;, O;, and I,) are depicted in red. (b) Geometrical parameters used in the

heat transfer model of the receiver. (c) 3D image of the receiver.
Source: Taken from Zhu et al. [14].

+ Zone 3: The air receives a heat flux O; by means of convection
with the inner glass surface (at temperature Tgyi). Thus, the air
achieves temperature T;. Besides, the heat balance at the glass
window has to be considered. It will be further explained in detail
in the following paragraphs.

Zone 3B: The air exchanges a heat flux, O, through convection
with the inner wall surface (at temperature T,,). Hence, the air
arrives at the absorber foam at temperature T;5. Q55 influences
the energy balance at Zone 2.

Zone 4: Here, the fluid crosses the absorber foam (at temperature
T;), receiving thus a heat flux Q,. In this stage, the air rises
its temperature up to 7,. The heat transfer corresponds to a
convection with the pores inside the absorber foam.

The previous brief explanation serves as an introduction for simulat-
ing the receiver. The equations are exposed in the following paragraphs
but first, some considerations should be pointed out:

+ A steady-state model is considered. Hence, mass balance equa-

tions (riy; = -+ = m, = m) will be indirectly included within heat

balance equations. Additionally, temperatures across the receiver

zones will be uniform in each of them.

Absorber foam (T;) temperature is considered uniform along the

whole material.

The wall of the inner cylinder is considered a gray body un-

der thermal-balance conditions. Then, its absorptivity (a,) and

emittance (¢,,) are equivalent. Note that «,, and ¢,, will be con-

sidered as constant values along the wavelength range. This inner

cylinder wall also possesses a uniform temperature 7,,.

» The glass thermal radiation transmittance is considered negligi-
ble.

Regarding the pressure, it has been considered a global pressure
drop of 0.2bar across the receiver [23]. The following equations de-
scribe the volumetric solar receiver model.
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2.3.1. Zone 1
The heat exchange in this stage is modeled as sort of heat exchanger.
Then, the energy balance can be written as [25]:

O, =me, (T, =T+ Q0 =mée,(T)Ty ~T,) (2

where ¢,(T) stands for the average isobaric thermal capacity between
temperatures 7; and 7}, or between T, and T,. ¢,(T) is calculated
through REFPROP coupled with Mathematica® [22,26] (see
Appendix A). Q;, stands for the thermal losses through the insu-
lator (Zone L1, see Fig. 1), which will be detailed below. Besides,
as a counter-flow heat exchanger, the heat transfer should meet the
following relation [25]:

(T, -T) - (T, - TY)

(T,~T,)

log &7 70)

Ql =UA 3
where U, represents a global (conduction and convection) heat transfer
coefficient and A, stands for the effective Zone 1 area. The global heat
transfer coefficient, which is the inverse of the total thermal resistance,
can be calculated from [25]:

— p-1 _ -1
Ul - Rrh_taml - (Rth.conu.l + Rth.cond + Rth.conul)

-1
U1=[hi+_e‘” +hL] (4
i ky(T,) 4o

The solid medium thermal conductivity, EW(T[O), is an average ther-
mal conductivity for the inner wall that is made of stainless steel alloys.
It is estimated by the mean value between k,(T}) and k,(T,,), where
T, = (T; +Ty)/2 and T, = (T, +T,)/2. The reference values were taken
from [25]. The convection heat transfer coefficients, for phase i-1, h;,
and phase 4-o, h,,, depend on the average temperature and can be
calculated through specific correlations [25] as exposed in Appendix B.
Finally, e, stands for the inner cylinder wall thickness.

2.3.2. Zone 2

The heat transfer in this zone, Q,, is modeled as a convective-like
heat exchanger, where the air and the inner wall cylinder are involved.
The energy balance can be written as:

0, = e, (TXT, = T)) + Oy )

where O, represents the thermal losses through the insulator (Zone
L2, see Fig. 1) and T, and T, are the air temperatures at Zone 1 and
Zone 2, respectively. At the same time, Q, should satisfy:

T, -T)-(T, - T))

0, = hy,A, og T (6)
(Ty=T)
where h,,, is the convective coefficient at the inner cylinder outer

surface wall, that depends on temperature as shown in Eq. (B.1). 4,,
stands for the inner cylinder wall area, but it only comprises the wall
area in between the absorbing foam and the glass window. Temperature
T,, is the inner wall temperature.

The heat flux, Q,, emitted by the wall comes from the absorbing
foam and from the glass window. The absorbing foam releases thermal
and reflected back visible radiation due to the direct sun beam radiation
(I,) impinging on it. It also receives visible radiation from the glass
window. At the same time, the wall losses energy due to the convection
with the air crossing Zone 3B, and thermal radiation to the glass win-
dow. Then, the following heat balance equation can be considered [27]:

Visible radiation from foam Visible radiation from glass window

. -
Q2 = T4 Ib Fgf Py Ffw +Tg Ib Fgw(l ~Puw Fu:f ~Puw ng)

4 4 4 4
o(T;—T T -T.
T, =T, B o(T, -T,) B 0 @)
I-¢, 1 l-¢, l-¢, 1 1—¢, 3B
Ajes Ay Fry A€, Ay €y Ay Fy A€,
. . S/

Convection with air

Thermal radiation from foam Thermal radiation to the glass
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where ¢,, ¢, and ¢, are the wall, porous foam and glass window
emissivities, respectively. Note that the wall is considered a gray body
in thermal equilibrium. Thus, the wall absorptivity (i.e. the share of
energy that the wall will absorb and transfer to the air) is the same as
the wall emissivity (a,, = ¢,,). The share of visible radiation reflected by
the foam and by the wall are represented as p, and p,,, respectively,
while 7z, is the glass window transmissivity. A, is the cross-sectional
foam area, and o is the Stefan-Boltzmann constant. The term F fw is
the view factor between the foam and the wall. It represents the ratio
between the amount of thermal radiation leaving the foam that hits
the wall [28]. Similarly, Fy, is the wall-to-glass view factor, and Fyr
is the glass-to-foam view factor. The calculus of the view factors is
clearly explained in Appendix C. The convective coefficient at the inner
cylinder internal surface wall is denoted as h,,(T). Finally, T, and
T, are the absorbing foam and the inner glass surface temperatures,
respectively. Q55 is the convection heat exchange between the inner
wall and the fluid, which will be defined later.

2.3.3. Zone 3

Here, the air flows over the internal surface of the glass window.
This prevents window breakage since the air flux lowers its tempera-
ture. On one hand, there is a convection heat transfer between the air
and the inner window surface, which can also be modeled as a heat
exchanger. Thus, the following equations can be used:

0;= me,(TX(T3 — Ty) 8

. Ty —T3)— (T, = T,)

Oy =hya & ¥ (Tg_T_j) 2 ©)
log 7 7,5

where h,; is the convective coefficient at the glass inner surface, A, is
the cross sectional glass area, 7, is the glass window temperature and
T; and 7T, are the Zone 3 and Zone 2 air temperatures, respectively.
Besides, some other heat transfers occurs at the glass window. It
receives visible radiation directly from the Sun (7,) as well as from the
absorber foam (~ Fy, p/ 7, I). The window also receives thermal radia-
tion from the wall and the foam. However, it also suffers convection and
radiation losses with the ambient. The convection heat transfer with the
air can be also considered a ‘loss’ at the glass window inner surface. All
these phenomena can be summarized in the following expression:

Thermal radiation from foam

Visible radiation

4 _ o4
O'(Tf Tg)

r Y

g - Iy + 7, Iy (Foppr Frg+ Fopyy Fupe pr) + I 1 =
+ +—%

Arer  ApFrg Az

o(Ty —T;) _
+ — = 05 + hg A (T, —T,) +
1-¢y 1 + € ——
Ayew  AwFug  Agey  Convection with air  Convection with ambient

Thermal radiation from wall
’ 4 4
+ SgAgO'(Tg =-T))

Radiation with ambient

10

where «, is the glass absorptance at visible wave. e; is the glass emis-
sivity at long wave and F;, is the foam-to-glass view factor. Finally,
h,, stands for the convective coefficient at the outer glass surface.

2.3.4. Zone 3B

Aiming to model the receiver as realistically as possible, it has been
considered a convection heat exchange between the internal wall, on
the inner side, with the fluid. This heat transfer is not considered
in [14]. The energy balance equations describing this phenomenon will
be related to the energy balance at Zone 2 (Q;5 in Eq. (7)):

Q35 = e, (T)(T35 — T3) an



J. Garcia Ferrero et al.

. (T, —Ts) — (T, — T3p)
O = hu = 0 Tt (12)
8 I, Tip)

where h,,; is the convective coefficient at the wall inner surface, A, is
the internal wall area, T, is the wall temperature and T;5 and 7 are
the Zone 3B and Zone 3 air temperatures, respectively.

2.3.5. Zone 4

In this stage, the absorbing foam exchanges heat with the air cross-
ing through it. This occurs through convection, so the energy balance
equations are:

04 = me,(TX(T, — Ty) (13)

. Ty —T3) - Ty - Ty)

Oy=Vy- huf%f_rj)4 as
(Ty=Ty)

where V; is the absorber foam vacuum volume V, = AL ,¢. The pa-
rameters ¢ and L, are the foam porosity and foam width, respectively.
Zhuet al. [12,14] only provides the pore diameter, d,, and the Pores
Per Inch, (PPI). Thus, the expression from Fu et al. [29] was used for
obtaining the absorbing foam porosity: ¢ = (z/4)(PPC dp)z, where PPC
refers to 'Pores Per Centimeter’. It can be calculated by means of PPL

The volumetric convective coefficient, h,, is obtained by follow-
ing Barretoet al. [30], Wuet al. [31] and Fuet al. [29] works (see
Appendix B). Similarly to previous equations, T, stands for the air
temperature at the foam outlet. Besides, an energy balance for the
absorber foam system must be established. The foam absorbs the visible
radiation coming from the glass window, but it also suffers some losses:
visible radiation reflected, convection heat transfer with the air, and
thermal radiation emitted to the wall and glass. So, the following
equation can be written:

Visible from glass to foam Visible from wall to foam

T dy Foy(=py)
a(T}* -TH

+ T, Iy Fop Fuppw =

o(T} —T}) 15)

=04+
4 I-ep + 1 1—¢,, l-¢f 1 + =
Af s Af Ffo Ay € Af €r A[ ng A

g €g

Thermal radiation to the wall Thermal radiation to the glass

2.3.6. Heat losses at the insulator: Zone L1

This zone refers to the cylindrical insulator from the inlet pipes until
the absorber foam plane. It also considers the plane surface surrounding
the inlet and outlet pipes, as depicted in Fig. 1. The heat transfer across
the insulator surfaces will be modeled as a heat exchanger (LMTD
expression will be considered). So, the heat transferred from the air to
the insulator (convection and conduction) must be the same as the heat
flux from the outer insulator surface to the surroundings (convection
and radiation).
(T =T = (1= Ty)
T -Tyy)
(T;=Tp1)

011 =AUy, (16)

log

where Q;, denotes the heat flux that is lost through the Zone L1.
A;p, stands for the internal insulator area, including the cylindrical
and circular surfaces. U;, is a global heat transfer coefficient, which
accounts for the cylindrical and plane zones. Thus, A;;; U;, can be
written as:

AU = AiptepUepin + Airt siaUsian i a7
where [25]:
Aipley =271 Ly 18)

19

-1
Lo n log(ro/r,-)]

Ueyrr1 = =
Cy it ki(Ty 1)
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Airtfra = =12 =3r) (20)

e

-1
2 ] @n

Upia.1 = =
Har hptin ki(Ty ;1)

Within expressions (19) and (21), h L1, TEPTEsents an average con-
vection coefficient for the inner insulator cylindrical and circular sur-
faces, both of them approximated for ’convection over a flat plate’
(see Appendix B). The radius r; denotes the inner insulator cylinder
radius while r, accounts for the external insulator radius. Note that
ri=rs+e,+e andr, =r; +e, (see Fig. 1(b)). %,-(TUVL]) stands for the
insulator average conduction coefficient between temperatures 7T;,T;
and Ty,. r,; and r, , are the inlet and outlet pipes radius. The effective
flat area, A;;, 7/, does not include the three inlet pipes nor the outlet
pipe (see Eq. (20)). Finally, e, is the insulator thickness. The last
heat exchange occurs at the outer insulator surface, where convection
and radiation with the surroundings has been considered. Thus, these
phenomena can be described through the following expression [27]:

Or1 = Ay (Bepy +hypy) Ty = T,) (22)
where A, represents the insulator outer surface area in Zone L1,
including cylindrical and flat ones:

Aol = Aol,cyl + Aol,flut = 2”"0 Ll + 71'(1'3 - r?) - 3r§,i) (23)

,0

In this equation, h,;, is the convection coefficient between the
outer insulator surface temperature (7;;) and ambient temperature
(T,), while h, ;, stands for the radiation coefficient under the same
conditions. This radiation coefficient can be written as follows [27]:

hopi =ep1 0Ty +T)T7 +T0) 29

where ¢;, is the outer insulator surface emissivity.

2.3.7. Heat losses at the insulator: Zone L2

This zone refers to the cylindrical insulator from the absorber foam
plane until the glass window plane. It also takes into account the plane
surface surrounding the glass window, as depicted in Fig. 1. Similarly
to Zone L1, the heat transfer across the insulator surfaces will be
considered as heat exchangers.

(T2 - TLZ) - (Tl - TLZ)
1 (L-Tp)
(T1-Tpp)

012 =AUy, (25)

where Q;, denotes the heat flux lost through the insulator front side.
A; ;o U, is a global heat transfer coefficient, which accounts for the
cylindrical and plane zones. Thus, A;;, U;, can be written as:

A2 U= A ey Ueyrio + Aira 10 Usiarr2 (26)
where:
Airpey =271 Ly 27
tog(r,/r) |~
1 r; log(r,/r;
Ueyrro = [h_ + '—#] 28)
L2 k(T 1)
A _ 22
iL2.flar = 7 (7 = ry) 29
-1
1 e
Ustar2 = [h— A ] (30)
L2 k(T 12)

The coefficients are analogous to those explained for Egs. (19) and
(21). The only difference is that, here, the temperatures involved are
T,,T, and Ty, (the outer insulator surface temperature in Zone L2) as
depicted in Fig. 1. r, stands for the receiver glass window radius.
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Again, the heat released from the outer insulator surface to the
surroundings, can be described by:

O =4, [hc,LZ + hr,Lz] T -1y 31

where A,, represents the insulator outer surface area within Zone L2,
including cylindrical and flat ones:

AoZ =A02,cy1+A02,flat =2”ro L2+ﬂ(r§—r§) (32)

and h,;, is the convection coefficient between the outer insulator
surface temperature (T;,) and ambient temperature (7,), while &, ;,
stands for the radiation coefficient under the same conditions, which
has been established as [27]:

hypa=€pp0 (T +T )T}, +T,) (33)

where ¢;, is the outer insulator surface emissivity.

2.3.8. Receiver thermal energy efficiency

All previous equations allow for calculating the receiver efficiency,
Hinrevs Dy means of Eq. (1). However, the efficiency can also be ex-
pressed as a function of heat losses as follows:

Oy +0p1 +0pp + 0,1,
Ninrev = 1- £ I, £ 34)

where Q‘g stands for the conductive and convective losses from the glass
to the ambient and the term p, I, accounts for the solar energy reflected
back by the glass window.

3. Validation

In this section, the validation of the Tonatiuh optical model and
solar receiver numerical model are presented.

3.1. Tonatiuh software

Two steps are needed for obtaining the parabolic dish optical effi-
ciency, 1,,, through Tonatiuh software: Monte-carlo ray tracing within
the Tonatiuh environment and post-processing of the output files.
Tonatiuh itself has already been validated in other works [24,32]. Thus,
the validation will be focused on the Mathematica® post-processing
program, which was modified from the Ref. [33].

Two setups were analyzed for carrying out the validation. On one
hand, Barreto and Canhoto’s model [2] was chosen because of the
completeness of the information provided for performing Tonatiuh
simulations. On the other hand, the solar receiver model exposed in
Section 2 was designed for Zhu’s dish prototype [12], so validation was
also done against their results.

Barreto and Canhoto’s work [2] presents a comparison of the optical
efficiencies of several dishes with different concentration factors (CF).
They provide a detailed description of the parameters selected. Those
are exposed in Table 2. During this analysis, the influence of the
number of rays in the predicted efficiencies was checked. It was shown
that from 1 million rays, the efficiency does not significantly vary.
Thus, the simulations carried out with 25 million rays are considered
as precise enough (see Appendix D).

The optical efficiency considers not only a flat disk at the receiver,
but also a surrounding cylinder. This is due to the fact that a Stirling
engine is linked to the PDC that Barreto and Canhoto simulate. There-
fore, the thermal receiver is directly one of the pistons compounding
the power block. The receiver is then composed of a flat surface disk
placed at the basis of a cylinder and the cylinder itself. The expression
for the overall optical efficiency in this case is [2]:

P cir + P, cyl
Hopt P (35)
where P, is the incident power at the circular basis disk, P,,, is the
power impinging at the cylinder surface and P,;, is the incident solar
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Table 2
Tonatiuh optical parameters for the validation with Barreto and
Canhoto’s work [2].

Parameter Value

DNI (W/m?) 800

Sun shape Buie distribution

CSR 2%

Number of rays 25-10°

Collector

Py O 0.95

o, (mrad) 0

CF 100 200 250 400
Aup(cmz) 0.507 1.005 1.255 2.003
D (cm) 0.803 1.131 1.263 1.597
v () 32.01 44.00 48.59 59.39
fa (cm) 70

Receiver (Cylinder & Disk flat basis)

rey (cm) 1.8

H,,0c (cm) 3.41

r., (cm) 1.8

power at the aperture area of the PDC. While P,;; depends on the
DNI and the aperture area, P,;, and P,,, are calculated by numerically
integrating the incident radiation flux arriving at each surface [2].
The results obtained after performing the simulations are exposed and
compared in Table 3.

The relative difference for the overall optical efficiency, 7,,, does
not overcome 0.05% at any configuration. There exists a systematic
difference at the power arriving at the circular flat basis, P,;., and at the
cylindrical surface, P, . However, for all the cases, those differences do
not overpass 4.4% in relative terms.

As previously mentioned, a validation process is also performed for
Zhu’s PDC prototype [12]. The PDC modeled here, takes a particular
geometry (from Zhu’s work, see Fig. 3) for numerical computations.
In Table 4, the parameters used for the simulation with Tonatiuh are
shown.

The Tonatiuh flat disk placed at the focus can represent either the
receiver’s window (for volumetric receivers) or the cross sectional area
of a cavity (for cavity receivers). Besides the flat disk, other geometries
can be configured for receivers simulations. In this case, the receiver
glass window will be approached as a flat disk.

The overall solar efficiency for the set-up analyzed here is the ratio
between the total power impinging at the receiver flat disk (glass
window), P,.,, and the amount of radiation flux collected by the PDC,

Hope = 22 (36)

The relative difference obtained for the optical efficiency is less than
0.15% (see Table 5). The optical efficiency value provided by Zhu’s
work comes from experimental data measurements. Thus, it seems
coherent to obtain a higher relative difference in the optical efficiency
when compared with Barreto and Canhoto. Therefore, validation results
are satisfactory.

3.2. Solar receiver

In this subsection, the validation for the solar receiver model is
presented. Here, the optical efficiency is considered the same as the
one provided by Zhu et al. (nap, = 0.8645 [12], see Table 5). In Table 6,
the values of all parameters required to numerical computations are
enclosed. A compressor pressurizes the air at a pressure around 5 times
the atmospheric pressure [14] before entering the receiver.

In Fig. 4, a comparison between the values obtained in this work
and Zhu et al. [14] results is depicted. It shows a good agreement,
especially in the medium zone of the temperature interval. The smallest
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(b)

D2

Fig. 2. Scheme of PDC used for this work: (a) Barreto et al. configuration, (b) Replication of Barreto’s model on Tonatiuh.

Source: Adapted from Barreto et al. [2].

I
Parabolic dish

Fig. 3. Scheme of PDC used for this work: (a) Zhu et al. real prototype and (b) replication of Zhu’s prototype on Tonatiuh.

Source: Adapted from Zhuet al. [12].

Table 3

Validation of Tonatiuh simulations against the results from Barreto and Canhoto [2]. The column at the right represents the

relative differences in percentage.

CF Py (W) P, (W) P, (W) Nopr (%) N, relative difference (%)
100 Ref. [2] 398.97 185.74 191.59 94.60 0.03
This work 399.18 177.90 199.82 94.62 ’
200 Ref. [2] 797.32 186.27 567.99 94.60 0.05
This work 797.89 178.27 576.20 94.56 '
250 Ref. [2] 997.32 186.42 756.05 94.50 0.01
This work 997.82 178.39 764.83 94.49 '
400 Ref. [2] 1596.13 186.73 1286.50 92.30 0.03
This work 1595.55 178.57 1294.54 92.33 ’

relative difference (0.05%) is found at 861.8K. The greater relative
differences are found at the lowest temperature (1.06% at 523.9K) and
at the highest temperature (0.83% at 953.3 K). The relative difference is
below 1.5% for all the cases. Thus, it can be considered that the model
presented here has been validated.

4. Results: Cases of study

The model presented here can be used to predict the thermal
receiver efficiency, the fluid temperatures across the receiver zones,
and the receiver surfaces temperatures. All of them can be computed
for specific locations with different meteorological conditions. For each
pair of DNI and ambient temperature (7,) values, the system of equa-
tions is solved under steady-state conditions with constant mass flow
assumed to operate at on-design conditions. Additional assumptions are

steady conditions for each point in hourly evolution curves, a constant
inlet pressure of the working fluid, a global pressure decay along the
whole receiver, and an effective temperature for the absorber (position
independent).

The optical parameters for the dish are taken in all cases as in
Table 4 (except DNI that will be a time-dependent parameter) and the
parameters for the glass window, inner cylinder wall, foam, receiver
geometry, and view factors as in Table 6.

4.1. Fluid and surfaces temperatures at the receiver

The location selected is Ouarzazate (Morocco) and the days ana-
lyzed are one day in summer (June 24th, 2021) and one day in winter
(December 22nd, 2021), on purpose selected because of its poor solar
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Fig. 4. Solar receiver thermal efficiency as a function of mean receiver temperature, 7,,: Comparison between Zhu’s model (purple) and this work (orange).

Table 4
Tonatiuh optical parameters for the validation against
Zhu’s work [12].

Parameter Value
DNI (W/m?) 600
Sun shape Buie distribution

CSR 2%
Sun position 0° (azimuth)
90° (elevation)

Number of rays 25-10°
Collector

pg ) 0.87
o, (mrad) 0.5
CF 1750
A,y (m?) 44

D (m) 3.74
v () 45

fq (M) 6.7

Receiver (Glass window flat disk)

ry (m) 0.125

Table 5

Validation of Tonatiuh post-processing program with the results provided by Zhu [12].

Py (kW) P, (kW) Nopr (%) N, Telative difference (%)
Ref. [14] - - 86.45 0.12
This work 23.72 20.48 86.35 :

conditions. Ouarzazate (30.92° N latitude) already has CSP technolo-
gies installed (NOOR I and NOOR II [34]), so it is considered a suitable
location for CSP installations because of its large solar resources. An-
nual direct normal irradiation is over 2500 kWh/m?. Mean minimum
temperature is around 282K (9 °C) and maximum around 294K (21
°C, approximately) [35]. Meteorological data were taken from MERRA
(Modern-Era Retrospective Analysis) for the ambient temperature and
from Copernicus Europe’s eyes on earth for the DNI data. Both of them
were provided by Solar Radiation Data (SoDa) Service [36,37].

In Fig. 5(a), fluid temperatures throughout the receiver are repre-
sented during the summer day. The inlet temperature, 7;, and tem-
perature 7, are always about 200K above ambient temperature, T,
because the compressor pressurizes the air going to the receiver. Tem-
peratures T,,7T; and T;p achieve a maximum of about 700-715 K. T,
and 7, achieve temperatures above 1200K. While 7; and T; seem to
follow ambient temperature behavior, temperatures T,, T3, T35, T, and
T, behave like DNI curve (see Fig. 7(a) below).

In Fig. 5(b) the same temperatures are depicted for the winter day
with poor solar conditions. Temperature profiles are different from the
summer day because of the lower DNI and ambient temperature. How-
ever, the relations between the temperatures are similar, i.e., 7; and

1
T, keep following ambient temperature behavior, while temperatures

T,,T;,T;5.T, and T, have a shape similar to DNI curve. For those DNI
values higher than 35 W/m?, the inlet temperature, T;, and temperature
T, are also about 200 K above ambient temperature, T,. T; and 7} barely
reach 490 K. However, the rest of the temperatures (75, T3, Tz, Ty and
T,) are clearly and directly influenced by DNI levels. Here, T,,T; and
Tsp do not overpass 519K, and T, and 7, achieve maximum values of
664K and 662K, respectively.

In Figs. 5(c) and (d), fluid temperatures are represented for a
specific time within the day. Noontime (12:00 PM) was selected for
June 24th (Fig. 5(c)). At this point, the DNI achieves its maximum
value (950 W/m?, see Fig. 7(a) below). In Fig. 5(c) it is depicted how
the air rises its temperature from 528.7 K (7T}, temperature at the outlet
of the compressor) up to 1196.42K (T,, the temperature after crossing
the porous foam). The outlet temperature (7)) is approximately 12.3K
below T, due to the heat exchange between the receiver outlet and
inlet (Zone 1). Here, there is a temperature increase of about 654 K.
In December (Fig. 5(d)), the temperature profile in winter is almost
flat, since the temperatures across the different receiver’s zones do not
strongly change. In particular, the fluid temperature difference between
T, (662.02K) and T; (493.88K) is only 168 K, approximately.

Finally, in Figs. 5(e) and (f), receiver surfaces temperatures were
depicted for the same time (noon and 14:30 PM, respectively). The
highest temperature among the surfaces is achieved at the porous foam,
T;, (1245.2K, in June, Fig. 5(e)). There is a difference of 378 K between
the inner and outer glass surfaces (7,; and T, ,, respectively). This
temperature difference is proportional to the heat losses across the
glass window (Qg). The insulator surface temperatures for Zone L1
(T;,=376.66K) and Zone L2 (T;,=354.45 K), are about 70K above
ambient temperature. The wall surface temperature (7,,=1089.04K)
is close to the inner glass window surface temperature, but it never
overcomes it. Although the temperatures are about 200-500 K lower
in December (Fig. 5(f)), the surface temperature profile is the same.

4.2. Heat transfers in the receiver

In Fig. 6 the considered heat transfers within the model are depicted
for the same two days, as a function of daytime (Figs. 6(a) and (b)) and
for two fixed hours (Figs. 6(c) and (d)). It is clear that the heat absorbed
inside the porous foam, Q, (red), is the highest heat flux contribution
to the fluid for raising its temperature, followed by Q, (yellow). At the
same time, the heat losses through the glass window, Q'g (magenta),
account for one of the main losses within the receiver. Finally, the
most important losses are p, I, i.e., the share of visible radiation that
is reflected back at the time of hitting the glass window.

4.3. Optical and thermal efficiencies for different locations and conditions

The optical (gray) and thermal receiver (green) efficiencies are
depicted in Fig. 7 at specific locations under different meteorological
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Table 6
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Solar receiver parameters for the validation with Zhu’s [14] work.

Parameter Value (unit)

DNI 600 W/m? Solar heat flux impinging at the glass window
o 5.67 108 W/(m? K*) Stefan-Boltzmann constant

] 0.04 kg/s Mass flow rate

Nopt 0.8645 Dish optical efficiency

A, 44 m? Dish aperture area

Glass window

Py 0.136 Reflectivity at visible wave

7 0.851 Transmissivity at visible wave

a, 0.013 Absorptivity at visible wave

a; 1 Absorptivity at long wave (perfect)

Iy 0.125 m Radius

L, 0.015 m Glass thickness

Inner cylinder wall

P 0.2 Reflectivity at visible wave

€, 0.8 Emissivity (gray body at thermal equilibrium)
A, 0.1788 m? Total area share of wall placed between porous matrix and
e, 0.001 m Wall thickness

Foam porous matrix

r 0.05 Reflectivity at visible wave

€ 0.95 Emissivity (gray body at thermal equilibrium)
ry 0.182 m Radius

L, 0.065 m Foam width

) 0.792 (=) Porosity

PPI/PPC 75/29.53 Pores Per Inch/ Pores Per Centimeter

d, 3.40-10* m Pore diameter

d, 1.86:107° m Average pore cell diameter

1 6.58-10™* m Strut length

d, 3.68-10"* m Strut diameter

Geometrical parameters

L, 0.195 m Receiver length for the phase i — 1 (to the right of the foam)
L, 0.1079 m Receiver length for the phase 1 — 2 (to the left of the foam)
e 0.014 m Radius difference between inner wall and insulator cylinders
r; 0.136 m Internal insulator radius

e, 0.003 m Insulator thickness

r, 0.2 m External insulator radius

Inlet and outlet pipes

T 0.01 m Inlet pipe radius

Fpo 0.042 m Outlet pipe radius

View factors

Fy, 0.2956 Foam porous matrix to glass window

Fry 0.7044 Foam porous matrix to inner wall

F,r 0.6267 Glass window to foam porous matrix

Fy, 0.3733 Glass window to inner wall

Fop 0.4110 Inner wall to foam porous matrix

F, 0.1027 Inner wall to glass window

conditions. Besides Ouarzazate (Morocco), Salamanca (Spain) was also
selected for performing the simulations. Salamanca (40.96°N latitude)
is located on a plateau at about 800 m above sea level. It has a dry
continental climate. Summers are dry and hot and winters cold with not
much rain. The annual insolation is about 1834 kWhm~2 y~!. During
winter months, the daily average temperatures could be around 278K
(from December to March). The annual mean temperature in Salamanca
is 285K (12° C) [38]. The mass flow rate remains constant in these
simulations. Apart form satellite data, in situ DNI and ambient temper-
ature data recorded at the University of Salamanca were considered
(Fig. 7(c), (f) and (i)). One additional objective of the work is to
compare possible differences between satellite DNI data and in situ
measures even at a relatively good location, although always subject
to local meteorological conditions or surroundings shadows. The equip-
ment for measures includes two pyranometers Kipp and Zonen SMP10,
Class A and a shadow ring CM121 B/C [39] and a meteorological
station Lufft WS10 [40].

For both locations, three representative days of the different seasons
were selected: one day in summer (June 24", 2021), one day in spring
(March 24™, 2021) and one day in winter (December 22", 2021). The
variation of DNI (orange) and ambient temperature (7, cyan) are also
attached. The optical efficiency, #,,, values obtained with Tonatiuh
software follow a step function shape for all the locations and seasons.
Optical efficiency is computed for DNI values over 2 W/m?. Values are
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in the range from 86.27% to 86.57% among the locations and days
considered. This means a relative difference of 0.35% among locations
and seasons.

The receiver thermal efficiency, #,, ., is about 6% below the optical
one, 7,,, for the hours in which DNI values have no oscillations
(specially June and March). Under these conditions, #,, ., looks like
a plateau. Values of the receiver thermal efficiency, #,,,.,, achieved
in June (Fig. 7(a), (b) and (c)) are 80.32% at Ouarzazate, 80.52%
at Salamanca and 80.61% for the in situ data recorded at Salamanca.
Ambient temperatures are lower in March, but the good levels of DNI
yield to similar values for 7, ., (Fig. 7(d), (e) and (f)). The maximum
Hinrev Values are: 80.56% at Ouarzazate, 80.61% for Salamanca, and
80.75% for the in situ data recorded at Salamanca.

In December, 7., sudden variations are due to the DNI abrupt
oscillations (Fig. 7(g), (h) and (i)). It is noticeable that, in Fig. 7(g),
there are a few peaks regarding the optical efficiency, 7,,. However,
the thermal efficiency, #,, .,, has only 3 peaks. This is caused by the
fact that Tonatiuh DNI threshold is 2 W/m?, while thermal receiver
model equations need at least 35 W/m? for the equations to con-
verge. Nevertheless, if DNI overcome the minimum for the equations
to converge, 7 .., achieves maximum values of 78.14% (Ouarzazate),
80.59% (Salamanca) and 80.60% (Salamanca in situ data).

In regards to all previous results, it must be noticed that, if DNI
does not overcome the minimum value of 35W/m? (necessary for the
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Fig. 5. Fluid temperatures during its flow through the receiver and material temperatures at Ouarzazate (Morocco): (a),(b) Fluid temperatures throughout the considered days
(note that scales are different); (c),(d) fluid temperatures and (e),(f) receiver surfaces temperatures at particular times. Time is expressed in UTC (Universal Time Coordinated).
The times selected for (c) and (d) charts are indicated with a gray dashed vertical line in (a) and (b) plots, respectively.

set of equations to converge), the system is switched off. Under those
circumstances, the compressor is not working, and all the temperatures
are equal to the ambient temperature. Once the minimum DNI is
overcome, the compressor is supposed to start working instantly, since
no transitory behavior was considered within this model. Another lim-
itation within the model is the calculus of the pressure drop. Although
an effective pressure drop was considered, a more realistic approach
could be carried out. There could be a significant pressure drop along
the receiver, especially inside the porous absorber. This feature was
considered by Hassan et al. [41] using an analytical equation for
calculating the pressure drop after crossing a porous material, which
takes into account the fluid density, superficial velocity, porosity and
Reynolds number.

5. Summary and conclusions

A physical model to study the thermal performance of a pressur-
ized solar receiver associated with a parabolic dish, small-scale, CSP
system was presented. The ray tracing software Tonatiuh [3] was used
for obtaining the parabolic dish optical efficiency. All the schemes,
hypotheses, and equations describing the receiver model and the calcu-
lation of its thermal efficiency were presented in detail. This model can
be applied to different receiver geometries and materials at stationary
conditions. Particularly, quartz glass on the window and a metallic
foam in the absorber were considered. All the main heat transfer effi-
ciencies were modeled and computed, allowing for a precise estimation
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of receiver thermal efficiency without paying excessive computational
effort. Improvements with respect to previous models include: volumet-
ric heat transfer coefficient for the receiver foam, distinct temperatures
inside and outside the glass window, heat losses through the insulator,
accurate expressions for thermal radiation exchanges, and a precise set
of view factors.

Both submodels, for calculating the optical efficiency of the col-
lector and thermal efficiency of the receiver, were validated against
previous results in the literature. Discrepancies in the case of the optical
efficiency are always below 0.12% and for the thermal efficiency of the
receiver below 1.5%, so models hypotheses appear to be robust.

Different cases of study were presented and analyzed, including two
locations with different meteorological conditions: Ouarzazate (Mo-
rocco) and Salamanca (Spain), and three seasons (spring, summer and
winter). Thus, the physical mechanisms influencing receiver efficiency
were estimated under real conditions in daily basis. This allows for
calculating, for any value of DNI and ambient temperature, the tem-
peratures of the heat transfer fluid and receiver surfaces at any stage.
Besides, it has been shown that this model is capable to quantify heat
transfer flows and losses to the ambient in each zone of the receiver.
The largest heat transfer is produced at the metallic foam and the main
losses are associated with the reflectivity of the external wall of the
glass.

From the presented results, it could be concluded that, under the
operation strategy followed in this work (mass flow remain constant),
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receiver thermal efficiency is strongly influenced by DNI daily curves.
The inlet temperature and also the enthalpy at the inlet directly depend

on the ambient temperature curve. However, they have little or almost
negligible influence over 7, ., results.
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All results obtained for the considered cases of study were ob-
tained assuming a constant mass flow of air, quasi-steady conditions
for each point in hourly evolution curves, a constant inlet pressure
of the working fluid, a global pressure decay along the whole re-
ceiver, and an effective temperature for the absorber (position inde-
pendent). These thermodynamic-based models allow a comprehensive
description of each involved subsystem with a non too much com-
plex set of equations from which some physical parameters with a
clear interpretation emerge. These features could allow the implemen-
tation of sensitivity analysis, and optimization techniques. Anyway,
these methodological limitations could be avoided with different (com-
putationally expensive) approaches, as computational fluid dynamics
simulations that, nevertheless, would make less straightforward the cal-
culation of the integrated optical/receiver efficiency and its evolution
with real meteorological and solar conditions.

As future development, the solar receiver model is planned to be
coupled with thermodynamic models for the power unit associated,
as Brayton or other cycles, in order to produce distributed electric
power. Thus, it would be possible to analyze the behavior of the whole
CSP plant and to suggest improvements for design or operation with
enough precision and without applying techniques requiring a huge
computational effort.
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Appendix A. Polynomial expressions for specific heats, thermal
conductivity and viscosity.

Aiming to reduce the computational time, in each heat transfer pro-
cess, a polynomial expression for the mean isobaric thermal capacity,
¢,, was obtained by averaging an interpolation polynomial between the
coldest temperature, T,, and the hottest one, T}

1

T
¢, = +bT +cT?>+dT> +eT*+ fT°) dT
c, Th—Tc/T (a c e f )

(A1)
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where the coefficients a, b, ¢, d, e and f for dry air are shown in
Table A.7.

Eq. (A.1) is employed within the energy balance equations in the
receiver’s model. The air thermal conductivity, k;,.(T,,) and air dynamic
viscosity, u(T,,), were calculated by means of Mathematica®software,
as well as it was done with ¢,(T). The coefficients for the polynomial
expression obtained for the air thermal conductivity in the range of 200
to 1500 K are shown in Table A.7, along with the coefficients for the
dynamic viscosity, u(T},).

Appendix B. Convection heat transfer coefficients (h)

This section explains how the heat transfer coefficients have been
calculated for each zone in the receiver and the main assumptions
considered. For all the cases, the receiver is considered at horizontal po-
sition. Except for the outer glass window surface, all the other receiver
zones will be considered under forced convection. The convection heat
transfer coefficients, A, can be calculated through the Nusselt number
expression as follows [25]:

h Nuy (Re, Pr) - ky (T,)
S h=
kair(Tm)/LC LC
where L stands for a characteristic length. Re and Pr are the Reynolds
and Prandtl numbers, respectively.

NuLC(Re, Pr)= (B.1)

B.1. Zone 1

As previously explained in Eq. (4), the heat transfer at this stage
is assumed to behave like a heat exchanger. There is not a defined
temperature at the cylinder inner wall but a constant heat flux Q, will
be considered.

The Nusselt number contemplated at the receiver entry (phase i — 1)
is the one obtained by Gnielinski Formula [14,25] (forced convection
and turbulent flow). For the laminar regime, it will be treated as two
parallel plates [25] because the difference between the inner and the
outer diameter is negligible compared to the tubes diameter. Thus, the
Nusselt number for the heat transfer at the entry region is:

3000 < Re < 5-10°

(/p/8)-(Re=1000)-Pr "
0.5 < Pr <2000

1+12.71/(fp/8)(Pr2/3-1)
Nu;y = Nup, (Re, Pr) =

754+ (Dp,/L)Re-Pr

for Re < 3000
(B.2)

where fp is the friction factor calculated by means of Petukhov equa-
tion, which according to [25] can be written as:

fp =(0.790 - log Re — 1.64)~2 (B.3)

For both regimes, the characteristic length L. is equal to the
hydraulic diameter, D, [25]. The relation between D, and the tube
diameters is: D, = (D, — D;,). Thus, the hydraulic diameter can also
be considered as two times the spacing of the plates (for the laminar
regime). L represents the plate length, which, in this case, is assumed
to be the Zone 1 length, L1. Therefore, the convection heat transfer
coefficient, A(T})) is:

Nup, (Re, Pr) - kg;(T;1)
D,

hy = h(T;y) = (B.4)

The Nusselt number considered at the receiver output (phase 4
— 0) was assumed to come from forced convection. If the flow is
turbulent at the phase i — 1, it will be turbulent at this phase too
and the Nusselt number will be the one employed for the annular
tube. Actually, Cengel [25] outlines that for a turbulent flow within
an annular geometry, Nusselt numbers for the inner and outer flows
are approximately the same (Nupy juner = NUpp gurer)- On the contrary,
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Table A.7
REFPROP-Mathematica® coefficients for dry air. Units in all coefficients are SI.
Dry air a b c d e f
¢, (J/ (kg K)) 1068.53 —0.5252 1.338-1073 -1.031-107¢ 3.208-1071° -2.908-1071
kg, (W/m K) —4.457 .10~ 1.089-10~* —8.1629:-107% 6.323-10°!! —2.734-10714 4.944.10718
u (Pa) 2.374-1078 7.740-1078 —6.885-10~!" 5.362:1074 —2.338:107"7 4.256-107%!

if the flow at the phase i -1 is laminar, the flow at this stage will be
also considered laminar, and the Nusselt number will be assumed as a
flow over a flat plate since the diameter is higher than the tube length
(D; > L1). Hence, the Nusselt number for turbulent and laminar flows
are:

3000 < Re < 5-10°

(fp/8)-(Re=1000)-Pr .
0.5 < Pr <2000

Nup, (Re, Pr) = TRV T R
Nu4o =
Re < 3000

Nuj (Re, Pr) = 0.664 - Re® - Pr'i/3  for
Pr>0.6

(B.5)

Thus, the convection heat transfer coefficient, a,, for a turbulent
flow would be:

Nup, (Re, Pr) - kg; (T;1)

h4a = h(T40) = Dh (B6)
while the expression for a laminar regime will be written as:
N Re, Pr) - k,; (T,
gy = h(Typ) = 1 BREPD Ko Ti) B.7)
L1
B.2. Zone 2

Here, it is important to note that a uniform wall temperature was
fixed for both faces, T,,. Hence, the heat exchange is assumed to occur
from an isothermal surface. It was not considered a net flux flowing
from phase 3 - 3B to phase 1 - 2, since AT = 0. Therefore, the heat
transfer coefficient will not be calculated as in Eq. (4), since it cannot
be considered as the sum of 3 parallel thermal resistances. The Nusselt
number considered here will be the one regarding the heat exchange
between two parallel plates. Hence, the convective heat transfer at this
Zone 2 is:

Nup, (Re, Pr) - kg, (Ty )

D, (B.8)

hwo = h(le) =

where Nu p,(Re, Pr) is the same Nusselt number correlation than the
one expressed in Eq. (B.2). It is necessary to replace L1 by longitude
L2, since the latter is the plate length for zone 2.

B.3. Zone 3

In this zone, there is a heat exchange between the fluid and the glass
window, which will be treated as a vertical flat plate. There are two
processes that can be described by means of the Nusselt correlations:
forced convection at the inner glass surface and natural convection at
the outer glass surface.

In the first one, the air flows over a flat circular plate. Thus, the
Nusselt correlations employed for describing the turbulent and laminar
flows are [25]:

5-10° < Re < 107
Pr>0.6

Re <5-10°
Pr> 0.6

NM,g(Re, Pr)=0.037 - RS . Prli/3 for
N“3—in =
Nu, (Re, Pr) = 0.664 - Re" - Pr'/3 for

(B.9)
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Hence, the convective heat transfer at the inner quartz glass surface is:

Nurg (Re, Pr) - kg;p(Ty;3)
hg[ = h(T3g,-) =

(B.10)

Te

where the characteristic length is the glass radius, r,, because of the
radial symmetry of the air flux when hitting the window.

At the outer glass surface, the Nusselt correlation considered is
natural convection over a flat vertical plate [25]:

B _ __ 0387RWO

Nus_gy = Nu\//Tg(Rtl, Pry= <0~825 + [1-+(0.492/ Pry9/16]3/77 > (B.11)

for Re < 3000 .
Pr>0.6

where the characteristic length here is the squared root of the glass
window area, VAg- The Rayleigh number (Ra) is defined in terms of
the Grashof number, Gr, and Prandtl number:

g8 (T, —T) (A, p

2778 @ VTE L py
(u/p?

where g is the acceleration of gravity, g is the coefficient of volume

expansion at mean temperature, f = 1/(0.5(T,, + T,)), and u and p are

the fluid dynamic viscosity and density, respectively.

Ra=Gr- Pr= (B.12)

B.4. Zone 3B

After hitting the glass window, the air goes towards the absorbing
foam through the inner wall surface. Since Zone 1 geometry can be
applied here, the Nusselt correlation is the same as the one employed
for phase 4-o [see Eq. (B.9)]:

Nuyiy = Nuy, (B.13)

Within zone 3B, it is necessary to substitute L1 with L2, because the
latter is the inner wall cylinder length.

B.5. Zone 4

Here, the fluid flows across the porous absorbing foam. This el-
ement is crucial within the receiver systems since it provides the
most significant heat flux to the air. The calculation of its convective
heat transfer coefficient differs from the previous ones since it will
be obtained for a volume instead of a surface. The volumetric heat
transfer coefficient, h,, for this work was computed by following Zhu
et al. [14], Barreto et al. [30], Wu et al. [31] and Viskanta et al. [29]
publications. According to Barreto et al. [30] and Wu et al. [31], the
Nusselt correlation for a porous medium like this metal foam, can be
expressed as:

Nu, = (32.504¢"38 —109.94¢ 8 + 166.65¢>8 — 86.98¢>*) ReJ4* (B.14)

For such a complex geometry like a porous medium, this Nusselt
correlation allows obtaining 4, in terms of the porosity, ¢, and the
Reynolds number based on the average pore cell diameter, d,:

_pdtud,

Re,
¢ 7

(B.15)
where the product ¢?v accounts for the module of the superficial
velocity, while u represents the mean velocity in the pores.

Zhu’s work provides some information on the metal foam character-
istics: Pores per Inch (PPI) and pore diameter, d,. However, parameters
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Fig. B.8. Scheme for the estimation of the strut length, L, strut diameter, d, and
average cell diameter, d..
Source: Adapted from Wu et al. [31].

like porosity, ¢, and average pore cell diameter, d., were obtained by
using the relations described in the next paragraph. Note that the study
of this kind of porous media is not simple and, as Fu et al. [29] mention
within their work, ‘for a given PPI, the actual pore diameter varies greatly
among materials, even samples of the same material supplied by the same
manufacturer show differences in the actual pore diameter’. The porosity,
¢, was obtained by following the expression [29]:

49
r b4 2
dy= pp-=¢=7 (PPm-d,) (B.16)
PPI

where PPm are the number of pores per meter (PPm = 90254 myin "
From the porosity, the cell diameter (d,) can be calculated from Wu
et al. [31] expressions:

d, =2.828L, (B.17)
d 2 d 3
¢=1__9-‘\‘/2_5 (L—> +—3-\3/3_ (L—> ®.18)
842 N 8v/2 s

Besides, a geometric approximation was done in order to have another
relation between L, and d:

. (7[)_ d./2 . (7[)
sm{— )= —————8Smm| —
3/ 2d,+d, 3

where d; is the strut diameter and L, is the strut length. Aiming
to explain Eq. (B.19), a scheme of the cell geometry considered is
presented in Fig. B.8. Although the cell geometry follows a packed
tetrakaidecahedra structure [31], the cross section considered here is a
regular hexagon. Thus, the relation among d,, /; and d, can be obtained
by using a simple trigonometric relation.

2.828L,

Appendix C. View factors F;;

The view factors exposed in Table 5 were calculated from the glass
window and porous foam aperture areas, A, and A, respectively. The
effective inner wall area, A, was also considered. These parameters
are clearly described within Zhu et al. [14] work. Thus, the ’glass
to foam’ view factor, F,,, is obtained by following Cengel [25] and
Kalogirou [27] expressions for coaxial parallel disks:

re ry
Ry =—; Ry = —; a=1L,+001 (C.1)

a a

1+R2
X=1+ 5 (C.2)
1
2

1 R2>
F,=-|X- X2—4<— (C.3)
gf 2 R]

where « is the distance between the glass window and porous foam
disks and L, is the receiver length for phase 1-2 (to the left of the
foam) (See Table 6). It has been considered a 1 cm separation between
the glass window plane and the inner wall cylinder plane (see Fig. 1(b)
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Fig. D.9. Optical efficiency, 7,,, obtained in Tonatiuh software as a function of the
number of rays. It corresponds to the PDC with CF = 100 (see Table 3).

for better understanding). Once F, ; is obtained, the *foam to glass’ view
factor, F,, is calculated by means of the reciprocity relation for view
factors:

A
g
—= Fy;

ol (C.4)

ApFrg=AgFyp > Frg =
The ’glass to wall’ view factor, F,,,, can be obtained by means of the
summation rule. The conservation of energy through the summation
rule establishes that the sum of the view factors from surface i’ of an
enclosure to all surfaces of the enclosure, including to itself, must equal
unity [25]. Assuming that the glass window does not reflect any ra-
diation onto it itself (i.e., F,, = 0), the summation rule here can be
described as:

Fop+Fyp=1— Fpy=1-F, (C.5)

Following the same relation, the ’foam to wall’, F,,, view factor can
be calculated:

Frg+ Fro=1- Fp=1-Fy, (C.6)

The ’wall to glass’ (ng) and 'wall to foam’ (F,, f) view factors can be
obtained once the effective wall area, A,,, is known. The inner wall is
a cylinder which has on the left an aperture equal to the glass window
surface, and on the right is placed the porous foam. Thus, 4, is the

sum of an outer ring surface and a cylindrical surface:
Ay =0 —r)+2nr, Ly c.7

The reciprocity rule allows to obtain the 'wall to glass’ (F,,) and
'wall to foam’ (F,, f) view factors:

A
&
Fug = 55 Fo (C.8)
A
A
Fag = 5 Fru (€.9)

Since part of the inner wall surface is normal to the surface itself, there
exists a non-zero 'wall to wall’ view factor, F,,. Although F,, does
not appear within the receiver model set of equations, it can be also
calculated through the summation rule:

F,,=1-F

ww wf _ng (C]-O)

Appendix D. Optical efficiency validation details.

This appendix serves as an extension of the Tonatiuh validation
process exposed in Section 3. Apart from the comparison of the optical
efficiency itself, Hopts (see Table 3) with the results by Barreto and
Canhoto [2], a comparison between the radiation flux over the receiver
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Fig. D.10. Radiation flux over the receiver cylindrical surface placed at the focus of the PDC with CF = 250 (See Table 3): (a) This work, (b) Barreto and Canhoto’s [2] work.
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Fig. D.11. Radiation flux in the cylindrical surface of the receiver for different concentration factors: (a) This work and (b) Barreto and Canhoto’s [2] work.

cylindrical surface was also performed. The number of rays selected
for the validation process (25 million) is also justified in the following
subsection.

D.1. Influence of the ray number

Barreto and Canhoto [2] used 250 million rays for simulating the
optical subsystem of the PDC in Tonatiuh software. Due to computa-
tional time reasons, the validation of the Mathematica®, code employed
for post-processing the results in this work, could not be done with such
a large number of rays. Thus, in Fig. D.9, the optical efficiency, 7,,,
obtained in Tonatiuh is depicted as a function of the number of rays.
Those simulations were done for the concentration system with a CF
= 100. As it is seen in Table 3, the optical efficiency for that dish is
94.60%.

According to Fig. D.9, it seems that from 1 million ray number, 7,
tends to be stable and it changes from 94.58% for 1 million rays, up
to 94.65% for 250 million rays. Thus, as mentioned in Section 3, the
validation process was carried out with a 25 million ray number aiming
to lower the computational time.

D.2. Radiation flux in the receiver cylindrical surface
The distribution of the energy flux along the receiver’s cylindrical

surface (see Fig. 2) is shown in Fig. D.10. The concentration factor
selected is CF = 250. The axial distance in this work (Fig. D.10(a))

is represented with reference to the bottom cylinder basis (facing the
PDC collector). Thus, an axial distance equal to O cm represents the
bottom basis and an axial distance of 3.51 cm represents the cylinder
top basis. On the contrary, Barreto and Canhoto (Fig. D.10(b)) [2]
take the middle of the cylinder as a reference for the axial distance.
The maximum energy flux (400-420 kW/m?) is registered over the ring
placed at 2.5 cm from the basis (or at 0.7 cm from the middle, according
to Barreto and Canhoto’s work [2]). For the parabolic dish of CF =
250, the solar radiation does not hit the top of the cylinder, so the
energy flux at 3.51 cm from the bottom (or at 1.76 cm for Barreto and
Canhoto’s work) is zero.

The plane projection is depicted in Fig. D.11 for analyzing and
comparing the other concentration factors. The difference in the axial
distance scale between Fig. D.11(a) and (b) was already explained
for Fig. D.10. In this work (Fig. D.11(a)), as well as in Barreto and
Canhoto’s work (Fig. D.11(b)), it is clear that the higher the CF is, the
further axial distance for the maximum energy flux is achieved. Besides,
the energy flux also raises with higher concentration factors. For a CF
= 100, the maximum energy flux (120kW/m?) is obtained at 1 cm
from the bottom basis (—0.7cm for Barreto and Canhoto’s reference).
For the maximum CF analyzed (CF = 400), the maximum energy flux
(above 720 kW,/m?) is obtained at 3 cm from the bottom basis (1.2 cm
for Barreto and Canhoto’s).

Finally, in Fig. D.12, the integrated radiation flux as a function
of the axial distance is shown for the different concentration factors.
Both radiation flux and axial distance are turned into dimensionless
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Fig. D.12. Dimensionless integrated radiation flux in the cylindrical receiver surface
as a function of the dimensionless axial distance for CF = 100 (blue), CF = 200 (black),
CF = 250 (green) and CF = 400 (red): Solid lines with filled markers, this work and
empty markers, Barreto and Canhoto’s [2] work.

variables. The vertical axis represents the integral of the flux for each
axial distance with respect to the total amount of energy received at
the cylindrical receiver surface. Similarly to Fig. D.11, it is seen that for
lower values of CF, the maximum of the energy flux is attained at lower
axial distances. As Barreto and Canhoto establish, the most uniform
energy distribution is obtained for CF = 250 (green line and markers
in Fig. D.12). For CF = 100 (blue lines in Fig. D.12), the energy flux
is concentrated in the first bottom-to-middle cylindrical surface, while
for the higher concentration factor (CF = 400, red plots in Fig. D.12),
the maximum energy flux is located at the top of the cylinder.

Thus, from all the results shown, it can be considered that the
developed Mathematica® software for the post-processing of the results
obtained with Tonatiuh has been further validated.
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