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Abstract

An international effort is being made to contribute to greener electricity production. Concentrated Solar
Power (CSP) has emerged as the favourite candidate due to the advantages associated with it such as
dispatchability, maturity and scalability. Particular interest is raised by Central Receiver Systems (CRSs)
due to their ability to work at higher temperatures and concentration factors than Parabolic Troughs.
Among the different CRS technologies, Volumetric Absorbers (VAs) working with air have received
renewed research interest. VAs consist of porous structures where air is heated directly by the porous
matrix. An optimised morphological configuration is essential to increasing the thermal efficiency and
minimizing thermal losses. The literature presents a large number of works dealing with VA issues and
potentialities, and most of them focus on numerical simulation in order to assess an optimal geometrical
design or to point out the best directions in terms of thermal behaviour.

This work presents a comprehensive literature review of the main simulation strategies adopted to
evaluate VA performance for use in solar towers. The main methodologies, detail simulation and the
homogeneous equivalent method, are presented and discussed. Furthermore, different model strategies
such as Computational Fluid Dynamics (CFD) and one-dimensional (1D) models are described in detail,
together with the importance of the equilibrium state between the fluid phase and the porous phase (local
thermal equilibrium and non-equilibrium). Then, the main methods to determine the radiative heat
transfer inside the porous phase are described. The study concludes with a discussion of the main trends
in the field, where the homogeneous equivalent method, together with the CFD model and local thermal
non-equilibrium, make up the most widely used strategies, in addition to silicon carbide material and
foam geometry.

Highlights

Detail simulation is the most accurate method but with very high computational costs
Homogeneous equivalent method is the most widely used simulation strategy

The main trends include local thermal non-equilibrium with silicon carbide foams
Radiative heat transfer prediction is essential to get realistic absorber evaluation
Complex detail simulation is responsible to check volumetric absorber feasibility
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Nomenclature

d Cell diameter (m)

d, Particle diameter (m)

E Emitted energy (W/m?)

F Body forces (m/s?)

G Irradiance (W/m?)

g Gravitational acceleration (m/s?)

H Irradiation energy (W/m?)

h, Volumetric heat transfer coefficient (W/(m?3 - K))

J Total radiative energy emitted (W/m?)

i Intensity (W/m?)

it Forward intensity (W/m?)

i~ Backward intensity (W/m?)

ip, Black body intensity (W/m?)

i Spectral intensity (W/m?)

Io Incident radiation (W/m?)

Io» Volumetric incident radiation at the inlet (W/m3)

I, Volumetric incident radiation (W/m3)

K, Inertial permeability coefficient (m?)

K, Viscous permeability coefficient (m)

k Thermal conductivity (W/(m - K))

P Pressure (Pa)

qr Radiative flux (W/m?)

q Heat flux (W/m3)

Srad Solar radiation source term (W/m?)

T Temperature (K)

t Time (s)

z Fluid direction normal to the absorber frontal surface (m)

Greek symbols

a Absorption coefficient (1/m)

B Extinction coefficient (1/m)

c Heat capacity (J/(kg-K))

k Thermal conductivity (W/(m - K))

Osp Stefan Boltzmann constant (W/(m? -K*%)

o Scattering coefficient (1/m)

P Density (kg/m3)
Velocity (m/s)

vp Darcy velocity (m/s)

u Viscosity (Pa-s)

t Stress tensor (kg/(m - s?))

T Viscous stress tensor (kg/(m - s2))
w Rate of internal heat generation (W/m?)

W Solid angle (rad)

A Spectral (nm)



Adimensional parameters

C Anisotropic phase coefficient of the media
Fi View factor between surface k and surface j
H Heat transfer coefficient parameter

i Photon direction

k Surface element

j Surface element

Kj Between surface k and j

N Conduction-radiation parameter

S Photon direction

Wi Quadrature weight of each ordinate

wy, Sum of the quadrature weight

€ Emissivity

o Absorptivity

p Reflectivity

5 Tensor

C Ratio of the solid to fluid conductivities
) Porosity

o] Scattering phase function

r Passive scalar constant

Q Scattering albedo

v Polar angle cosine of each ordinate

- Vector

() Volumetric average

Subscripts

b Black body

eff Effective

f Fluid

in Inlet

S Solid

r Radiative

Superscripts

f Fluid

S Solid




Acronyms

CFD Computational fluid dynamics
CRS Central receiver system

DOM Discrete ordinate method

DS Detail simulation

HEM Homogeneous equivalent method
HTC Heat transfer coefficient

HTF Heat transfer fluid

LTE Local thermal equilibrium
LTNE Local thermal non-equilibrium
MC Monte Carlo

PM Porous medium

PSA Plataforma solar de Almeria
PS Pore escale

RTE Radiative transfer equation
sDS Simplified detail simulation
SiC Silicon carbide

STE Solar thermal electricity

VA Volumetric absorber/absorbers
1D One dimensional

2D Two dimensional

3D Three dimensional




1. Introduction

Fossil fuels have a privileged position in the energy mix due to their high power density and easy
transportation and storage, but the gradual increase in energy consumption has caused a lot of greenhouse
emissions and contributed to global warming and energy crises. Such energy and environmental issues
have fostered the development of renewable energies and sustainable technologies. Among a wide variety
of renewable energies choices, solar energy is one of the resources that shows the potential to alleviate
energy issues. However, the small fraction of solar energy striking the earth’s surface necessitates the
development of technology to increase the power per unit of surface [1]. Solar Thermal Electricity (STE)
with optical concentration technologies are important candidates for becoming a major clean, renewable
energy resource.

Although the main STE design implemented worldwide uses parabolic-trough collector technology,
higher plant efficiencies and lower electricity production costs still require innovation to allow operation
at higher temperatures and higher solar fluxes, something Central Receiver System (CRS) already does
[2, 3]. In CRS, incident solar radiation is redirected by two-axis tracking mirrored collectors called
heliostats, in order to concentrate sunlight at a focal point on the absorber surface at the top of a tower
where the energy is transferred to a Heat Transfer Fluid (HTF) by radiative/convective mechanisms.

Of the various options for (CRS) design, the first generation of commercial plants are based on mature
technological developments, using cavity or external tube receivers with saturated or superheated steam
and molten salt schemes respectively [4-6]. In today’s context, Volumetric Absorber (VA) technology
working with air as the HTF is an option attracting renewed interest.

In theory, this technology can increase the HTF temperature, reduce thermal losses, and produce higher
efficiencies in both the receiver and the power cycle [7] because of the theoretical volumetric effect.
However, the majority of the VAs tested presented poorer performance than predicted [8]. Thus,
extensive numerical work is found in the literature which analyses and optimises the performance of the
VA with different degrees of detail.

In order to homogenise the available information about the numerical modelling of porous absorbers used
as solar receivers, this work presents a comprehensive review of the different simulation strategies.
Section 2 discusses the background of the VA; the main simulation techniques are briefly described in
section 3; while the two main simulation methods, detail simulation (DS — Section 4) and the
homogeneous equivalent method (HEM — Section 5), are exhaustively described, in addition to presenting
the main studies and governing equations used in each. Moreover, the radiative heat transfers in porous
VAs together with the main methods of calculating them are presented in section 6, while section 7
presents the final conclusions and outlook.



2. Volumetric absorber background

Early in the 1980s, the VA appeared as a promising option with a simpler design, higher maximum
allowable flux, smaller aperture size and lower thermal losses [9], than tubular receivers, where the VA is
responsible for transforming solar energy into heat.

2.1. Operating principles

The basic operating principles of a VA are [8]:

e A porous structure, made of metal or ceramic materials, is installed in the receiver where the
impinging solar radiation is absorbed volumetrically.

e The incident radiation heats up the solid phase. Simultaneously, the HTF cools down the solid matrix
and is heated up by convection. In this process, solar radiation is transformed into thermal energy.

Fig. 1 compares the solar absorption in tube receivers and porous absorbers. In a tubular receiver the
tube’s frontal surface is hotter than the HTF, while in a VA, the frontal temperature of the solid matrix is
lower than at the exit, and thus the thermal losses are lower in a VA.

Theoretically, the volumetric effect causes the temperature on the irradiated side of the absorber to be
lower than the outlet temperature, producing lower thermal losses than tubular receivers because the
frontal surface remains at a lower temperature than the outlet fluid. This theoretical concept was first
introduced by Fricker in 1983 [9].

Fricker performed some simple supporting calculations that demonstrated the volumetric effect for a wire
mesh absorber under homogeneous incident radiation, but despite numerous efforts, its benefits have not
been validated by experimentation [8, 10]. The three experimental works in the literature that have come
closest to producing the volumetric effect are: the classic work of Menigault et al. [11] with a two slab
selective absorber, where the first layer was made of glass-beads transparent to solar radiation but
absorbent in the infrared range, and the second layer was absorbent in both spectra, and the recent works
of Romero and co-workers [12, 13] demonstrating the volumetric effect over a novel hierarchically-
layered fractal-like volumetric absorber, but where the thermal efficiencies were comparable to the state
of the art, because the novel absorbers did not achieve high convective heat rates.
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Fig. 1. Performance scheme across a tubular (left) and a volumetric absorber (right) [14]



2.2.Conventional absorbers

Usually ceramic materials [15-17] are preferable since the air is able to reach the higher temperatures
related to high thermodynamic efficiencies. As a result, metallic materials have not received as much
interest, despite the fact that working at lower temperatures offers important thermal advantages [18-20].

The preferred morphological configurations for ceramics are honeycombs and foams made of silicon
carbide (SiC). However, despite the large number of scientific studies on the topic, it is not clear yet if
ceramics are the best choice in terms of absorber efficiency. Recently, Livshits et al. [21] proposed a VA
made of metallic wire mesh as candidate to reach efficiencies higher than 90%.

Avila-Marin [8] presented an exhaustively review of VAs, among which two VAs were considered the
baselines for ceramic and metallic absorbers [22]. Concerning the metallic materials, the TSA absorber
was tested at the Plataforma Solar de Almeria (PSA). It was made of alloy 601 coiled knit-wire packs.
The technical reports highlighted the ability of the VA to achieve 85% thermal efficiency at an air outlet
temperature of 700°C, a concentrated solar flux of 300 kW/m?, and a recirculation ratio of 60%. The main
results of the tests were [23-25]: 1) the operation and control was able to keep the air outlet temperature
constant under different working conditions; 2) the modular design could facilitate a scale-up; and 3) the
VA was able to match air flow distribution with respect to the incident solar flux. As regards ceramic
materials, the SOLAIR absorber was tested at the PSA. The absorber was built of recrystallized SiC with
a porosity of 49.5%. The main results showed that the thermal efficiency varied from 70-75% for an air
outlet temperature of 750°C with an incident solar flux in the 370-520 kW/m? range, and an air return
ratio of 50 % [26]. The project success resulted in the construction of a CRS plant with the SOLAIR VA
concept in Julich, Germany that was coupled to a regenerative system and a turbine [27-30].



2.3. Operation modes

CRS with VA technology offers three options for commercial implementation:

Atmospheric system: this choice is the simplest one. It consists of heating the air as it flows through
the absorber, and then the hot air is used to heat a second working fluid in a steam generator. Once
the steam is produced it is expanded in a Rankine cycle. This system offers the possibility of
recirculating the exhausted air to make use of its remaining enthalpy.

Pressurized system: this option presents a greater challenge than the previous one; however, it offers
important benefits as it is used with gas turbines. The most promising design uses solar energy to
preheat the air before it enters the gas turbine’s combustion chamber, despite it could be used with
solar energy in a solo-solar scheme [31].

Atmospheric-Pressurized system: in the CAPTure project [32], a prototype is being developed
where atmospheric air is used to drive a hot air turbine. In that prototype, the high temperature and
heat flux part (atmospheric solar receiver) are decoupled from the high pressure part (compressed air
stream of the Brayton cycle) via an air-air regenerative heat exchanger (Fig. 2). The regenerative
heat exchanger works in alternating modes: non-pressurized heating period, and pressurized cooling
period.
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Fig. 2. CAPTure air-air regenerative heat exchanger concept [32-34]



2.4. Technology opportunities and concerns

VAs offer important operational opportunities:

= The volumetric absorption of solar radiation [35] allows higher incident flux profiles. Thus, in terms
of engineering analysis, the required surface is smaller than that needed in tube receivers.

=  The morphological configuration of VAs generally has a large specific surface area and porosity,
providing greater contact between the solid and the fluid phases [36].

= CRSusing VAs can be brought on line very quickly due to the absorbers’ low thermal inertia [37],
which reduces the start-up period, and re-start time after transients.

= The HTF is free, reducing plant capital cost, chemically stable at very high temperatures, and does
not freeze [38].

= The technology offers thermal energy storage with sensible heat storage tanks [39], and with low-
cost materials [40, 41].

Nonetheless, air technology has not had the opportunity to demonstrate its feasibility at the commercial
level since some significant challenges need to be addressed. The major concerns are:

=  The envisaged volumetric effect has not been fully demonstrated experimentally [10], and if
demonstrated, its theoretical benefits have not been observed [13]. To some extent, the feasibility of
air technology depends on this effect, without which the receiver’s thermal efficiency is poor [8].

= The low HTF thermo-physical properties create the need for very high mass flow rates and very
large pipes. This means that a blower with very high power demand is required, thus creating
parasitic losses [42].

= VA designs with a linear relation between pressure drop and velocity are candidates for flow
instabilities that impede good performance [43, 44].

These issues have received attention in several disciplines, and some of them are inherent in the
technology. Nevertheless, a great deal of work is required in order to solve other practical problems, and
many of the open questions could be resolved with appropriate numerical strategies that can accurately
approximate reality. The intent of this study is to summarise and homogenise the main modelling
strategies for VAs, as well as reviewing the most recent and important studies in the literature.



3. Simulation techniques

The complex behaviour of VAs complicates its simulation, which can vary in level of detail and usually
requires modelling assumptions to simplify the problem. Moreover, when a VA is simulated numerically,
it is done in two main phases, the fluid phase and the solid/porous phase. In principle, the simulation
methods can be classified into two categories (Fig. 3):

1) The Detail Simulation method (DS) is also known as Pore Scale (PS) method. The main difficulties
of this simulation are the reconstruction of the real geometry, the generation of the mesh needed to
solve equations, and the resources required to solve the governing equations. This approach offers an
accurate method at the expense of very high computational costs.

2) The Homogeneous Equivalent Method (HEM) is also known as the Porous Medium (PM) method or
the volume-average method. This method considers the volume of the receiver with homogenised
properties which have been either experimentally determined or have been derived from a numerical
DS. The homogenised properties consist of adding semi-empirical terms to the governing equations
to consider the effects of the porous media on the fluid flow and heat transfer processes. The main
difficulty of this method is the selection of appropriate semi-empirical terms, as its proper selection is
crucial to obtaining a successful and accurate model.

After the simulation method is selected, one can differentiate between two types of models (Fig. 3):

1) One-Dimensional models (1D): The 1D approach only takes into consideration the changes in the
axial direction normal to the frontal surface. Its main advantages are its low computational resource
requirements, and the low numerical demand.

2) Computational Fluid Dynamics models (CFD): The CFD approach requires specific software to solve
governing equations that analyse the changes in axial direction together with other dimensions
(2D/3D).

The DS method is linked to the CFD model as it is a 3D simulation that should be performed with
software specifically designed to solve microscopic equations. In contrast, the HEM method can use
either a 1D or CFD model. The CFD model is adopted when several effects are to be analysed, such as
the influence of a Gaussian distribution, a windowed receiver or coupled effects, while the 1D model is
usually implemented when optimisation simulations are required.

Once the simulation method (DS or HEM) and the simulation model (1D or CFD) have been selected, the
equilibrium state between the two phases of the VA has to be adopted (Fig. 3). Depending on the
equilibrium selected, only one phase (fluid) or two phases (fluid and solid) are simulated. There are two
equilibrium states available [45]:

1) Local Thermal Equilibrium (LTE), which means that the fluid and the solid temperatures are the
same [46], neglecting the effect of the heat transfer coefficient (HTC) and the large temperature
gradient on the frontal surface of a VA.

2) Local Thermal Non-Equilibrium (LTNE), which provides information on the fluid phase and the
porous matrix [47]. The energy equations of the fluid phase and the porous phase are coupled by the
convective HTC.

The equilibrium selected is quite important; while the LTE approach only solves one energy equation for
both phases (as temperature is considered the same for both phases), the LTNE approach solves at least
two coupled energy equations, one per phase. Moreover, for the high temperature applications required in
solar receivers, the radiative heat transfer has to be calculated, and coupled to the solid energy equation.
Thus, the LTNE approach gives more accurate results at the cost of only slightly higher computational
costs, which has made it the most widely used approach.

With regard to the LTE approach, it produces the volumetric effect by definition which is not only
unrealistic, but wholly incorrect [10]. For example, for an absorber operating under incident fluxes of 800
kW/m? with exit air temperature of 1000 °C the predicted efficiency for an ideal LTE absorber is over
95%. Clearly such a simplified model is too optimistic, and more detailed analysis is needed [48].

In summary, both methods, DS and HEM, are acceptable and widely used in the literature. The main
differences between them lie in the type of differential equations which need to be solved, and the
computational resources needed. While the DS solves microscopic equations in the real geometry and has



very high computational resource requirements, HEM solves macroscopic equations with semi-empirical
terms in a volume-averaged geometry needing relatively few computational resources.
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Fig. 3. Simulation techniques that apply to the analysis of volumetric absorber performance




4. Detail simulation

DS is the most accurate approach for analyzing the behaviour of a VA. The application of DS has to be
performed with CFD software, as 3D geometry is required. Moreover, it has prohibitive computational
costs, and there are just few works in the literature following this approach. For that reason, all the
available studies only consider a representative volume section to simplify the computational domain.

The DS approach is mainly used for two different applications. The following sub-section present the
main studies on each type.

4.1.Simplified detail simulation

In the following section, a detailed literature review will be presented on the topic of DS in applications
other than the complete simulation of a VA, nicknamed simplified detail simulation (sDS). An example of
this is the numerical determination of the homogenised properties to be implemented as semi-empirical
terms in HEM (Section 5): a) inertial and viscous permeability coefficients, b) effective heat conductivity,
¢) the convective heat transfer coefficient. This type of simulation is accurate enough to determine
individual properties, and less time consuming than the overall simulation of a VA. Table 1 presents a
summary of the main sDS studies presented.

Zhao et al. [49] have developed an analytical model for metal foams with idealized cellular morphologies
to characterise the radiative transport in terms of radiative parameters: emissivity, reflectivity, and view
factors. Radiation was included in the conduction term by means of an effective radiative conductivity
(Section 6.3.1). What was proposed was a relatively simple analysis of the radiation heat transfer
analysing the net radiation exchange using view factors for the DS known as the Direct Exchange Area
Method (Section 6.2).

Petrasch et al. [50, 51] have used computer tomography methodology to get a real 3D representation of
unstructured foam (Fig. 4a). This technique is useful for inferring structural properties: porosity and
specific surface area. Then, a 3D DS was used to get the pressure drop coefficients for the fluid flow
equations, and to determine a correlation of the HTC for a Reynolds range between 0.2-t0-200. Finally,
both data were successfully compared with data in the literature and empirical correlations.

Wu et al. [52] have analysed the fluid flow characteristics through a ceramic foam. The adopted geometry
was an idealized periodical structure formed by tetrakaidecahedrons cells (Fig. 4b). The objective was to
determine correlations of the pressure drop as function of the main geometrical properties of the foam.
The derived correlation was valid for porosity ranging from 66%-t0-93%, and for a Reynolds number in
the range of 10-to-400. The correlation was compared with existing models and was more accurate for
ceramic foams than previous models.

Wu et al. [53] have studied the heat transfer coefficient between a ceramic foam (Fig. 4b) and air in a DS.
The sensitivity study focused on several foam parameters such as porosity, velocity, mean cell size and
strut temperature. After the simulations, a correlation for the HTC as a function of the Reynolds number
and porosity was obtained. The numerical results were checked with available data in the literature,
showing good agreement.

Zafari et al. [54] have performed a 3D DS of the heat transfer in metal foams with different porosities
(between 85-t0-95%). The real geometry was reconstructed with micro-tomography. During the
simulations, the solid temperature was set at 800 K, and different velocities were studied. The influence
of several parameters over the effective conductivity, pressure drop coefficients, and HTC were analysed.
The main conclusions were: 1) a large thermal gradient in the inlet region causes airflow acceleration up
to 1.7 times the inlet velocity; 2) the LTE is reached in a relatively short distance; 3) the pressure drop
coefficients, the effective conductivity and the HTC are heavily dependent on the porosity and
geometrical characteristics.



Zhao et al. [55] have constructed a Monte Carlo (MC) method to analyse the optical properties of a SiC
foam. A script written in Matlab was used to get the 3D geometry. It gave a correlation between the
extinction coefficient and porosity (75-t0-95%) and pore diameter (0.4-to-0.6mm). Based on this
correlation, the radiative thermal conductivity and radiative heat transfer can be easily computed.
Moreover, the numerical results were compared to data in the literature, where good agreement was
observed.

Avila-Marin et al. [56] have numerically studied the convective HTC for plain weave wire mesh screens
with inline and stagger (Fig. 4c) arrangement. The work focused on a mesh with 1 mm diameter and 0.2

mm-* mesh count, and correlations were derived for each arrangement type. The curve fitting was carried
out in a HEM, and the results were compared with experimental data, showing good agreement.

Avila-Marin et al. [57] have dealt with the lack of information in the literature about the HTC with dense
wire mesh arrangements. With the goal of finding new correlations for the HTC for stagger arrangement,
3D DS were performed, and the correlations produced were validated. The study focused on the analysis
of six types of meshes with stagger arrangement (Fig. 4c), porosities ranging from 47% to 70%, and wire
diameter between 1 mm to 0.13 mm. The main conclusions presented were: 1) meshes with different
porosities but similar specific surface area have comparable HTC; 2) meshes with similar porosities but
different specific surface area perform significantly differently; 3) convective heat transfer increases with
the specific surface area.
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Fig. 4. Detailed geometries presented in the literature: (a) Petrasch et al. [51]; (b) Wu et al. [52, 53]; (c)
Avila-Marin et al.[57]



Table 1. Main characteristics of simplified detail simulation approach

Reference Year Method Model / Dimension  Heat Source  Radiation Structure Material Summary
Constant hot L _— .
Zhaoetal. [49] 2008 sDS CFD/1D andcold ~ conductivity Foam FeCrAlY Determination of the radiative
term conductivity
temperatures
Constant Computer tomography together with
Petrasch et al. [50] 2008 sDS CFD /3D solid Neglected Foam SiC the pressure drop data and HTC
temperature correlations
Wu et al. [52] 2010 sDS CFD /3D n.a. Neglected Foam SiC Generalized paramet_ers t(.) calculate
the pressure drop in idealized foams
Constant . .
Wu et al. 2011 sDS CFD /3D solid Neglected Foam sic Correlation for the HTC as function of
the ¢ and Re for idealized foams
temperature
Constant Analysis of geometrical properties and
Zafari et al. [54] 2015 sDS CFD /3D solid Neglected Foam Aluminum y g prop
Nusselt correlation
temperature
Zhaoetal. [55] 2016 sDS CFD/3D na. Neglected Foam SiC Correlations fogfée dB based on the ¢
p
Constant

Avila-Marin et al.

Analysis of the HTC correlation for

2017 sDS CFD /3D solid Neglected Wire mesh 310 alloy L .
[56] inline vs. staggered stack wire screens
temperature
: : Constant . .
Avila-Marin et al. 2018 sDS CED /3D solid Neglected Wire mesh 310 alloy Numerical HTC correlations for

[57] temperature

staggered stack wire screens




4.2.Overall detail simulation

The porous absorbers used with the air technology are responsible for transforming the incident solar
radiation into heat, and, due to its morphological design, analysing the fluid flow and heat transfer in the
intricate structure is really complex. The comprehensive detail simulation, nicknamed DS, is the most
accurate methodology to predict absorber performance. Furthermore, the real fluid flow phenomena and
frontal thermal losses can be obtained. This section presents the works available in the literature while
Table 2 summarised them.

Michailidis et al. [58] have evaluated the behaviour of nickel foams. The material had a porosity of 92%,
and a mean pore size of 0.6 mm. In order to analyse the temperature distribution, CFD simulations were
performed over a real geometry obtained by tomography (Fig. 5a). The simulations were performed
considering constant heat flux for the walls, and neglecting the thermal radiation. The DS was verified
with experimental measurements, and the LTE was checked.

Fend et al. [59] have used two methodologies to predict the fluid flow and heat transfer inside a 3D
honeycomb absorber. First, the DS calculated the flow and heat transfer inside a single channel (Fig. 5b)
of the original structure. Moreover, the radiative heat transfer was computed with Beer’s law (Section
6.1). Secondly, the HEM approach with homogenised properties was computed. It was concluded that
both models can be used to predict solid and fluid temperatures profiles, and velocity distributions.

Capuano et al. [60] have presented a 3D CFD simulation for an innovative pin-shaped absorber (Fig. 5¢).
The simulation took into account heat transfer between fluid and porous phases, and the fluid flow
circulating through the structure. The radiation inside the absorber was solved by means of view factors
(Section 6.2). The numerical results were compared against experimental data, with a deviation of 3%,
and against the ceramic baseline absorber (Section 2), with an improvement in the thermal efficiency of
12%.

Cagnoli et al. [61] have implemented a DS to perform a parametric study of a honeycomb absorber, based
on half of a single-channel (Fig. 5d). First, an optical analysis was done with an MC technique to
determine the heat flux on the channel’s inner walls, which was then used as an input for the 3D DS. The
radiative heat transfer was solved with a surface—to-surface model (Section 6.2). The analysis considered
three parameters: receiver tilt-angle, channel aperture, and air inlet velocity. The conclusions pointed out
that: 1) the value of the tilt angle does not affect channel performance; 2) receiver efficiency increases
with the channel aperture; and 3) the combined receiver and power cycle efficiency presents a non-
monotonic trend with the inlet velocity.

Recently, Du et al. [62] have published the most comprehensive DS of the performance of a VA.
Phenomena including the heat conduction of the porous matrix, the heat convection between the solid and
the fluid, and the radiative heat transfer were considered simultaneously. Moreover, the incident solar
radiation on the absorber was taken into account by using MC. A tomography technique was used to
generate the geometry (Fig. 5e). The geometry involved had 83.5% porosity, 1.02 mm pore diameter and
1.35 mm-? specific surface area. The solar radiation was set to 600 kW/m?, and the main conclusions
stated were: 1) a DS was successfully built; 2) the fluid temperature inside the porous media exhibits non-
uniformity; 3) high conductivity ensures a uniform temperature distribution inside the porous skeleton; 4)
HTC varies within a small range along the flow direction; 5) thermal radiation loss is evident in the front
surface, and radiative heat transfer becomes dominant with the increase of the average temperature.



Adiabatic walls

Fig. 5. Detailed geometries presented in the literature: (a) Michailidis et al. [58]; (b) Fend et al. [59]; (c)
Capuano et al. [60]; (d) Cagnoli et al. [61]; (e) Du et al. [62];



Table 2. Main characteristics of detail simulation approach

Reference Year Method Model / Dimension  Heat Source  Radiation Structure Material Summary
Michailidis et al. 2013 DS CED /3D Constant Neglected Foam Ni Mlcrostruct'ural analysis, 3I_D DS and
[58] heat flux experimental comparison
Fendetal. [59] 2013 DS CFD /3D Solar flux  EXponential o comb sic Detail and HEM comparison with
attenuation experiments. Divergence < 2%
Capuanoetal. [60] 2017 DS CFD/3D Solarflux ~ SurfaCeto o chaned Titanium- New micro-geometry with an
surface aluminium alloy efficiency improvement of 12%
. Surface to e . Influence of 3 parameters on the
Cagnoli et al. [61] 2017 DS CFD /3D Solar flux Surface Honeycomb Siliconized SiC design of honeycomb VA
MC coupled . Comprehensive 3D CFD simulation of
Du et al. [62] 2017 DS CFD /3D Solar flux to CED Foam SiC foams coupled to the MC technique




4.3.Governing equations

The followings sub-sections present the governing equations, in transient state, to be solved for a porous
material used as a solar receiver in the DS approach.

4.3.1. Fluid flow governing equations

Flow modelling in porous media is strongly affected by the internal morphology of the absorber, so its
study is very difficult. However, a few works used this approach, and the basic equations used are those
of Navier-Stokes [63].

Mass conservation equation:

orf =) —

L+ V(7)) =0 €Y
Momentum equation:

a(pr v5) — e\ o= >

F=g

_ - _ (3)

4.3.2. Energy governing equations

By definition, the DS only uses the LTNE approach. The major simplification is setting the solid
temperature as a constant for sDS.

4.3.2.1. Local thermal non-equilibrium

The LTNE approach solves the temperature profiles for both phases, solid and fluid. The basic equations
are [64]:

Fluid phase:
d(pfecr Ty) — .
7’},5 L v(ps e v Tp) = Va7 + oy 4)

Introducing the Fourier law of conduction and considering convective heat exchange between the solid
and fluid phase:

5)
wp=h, (Ts —Ty)



Solid phase:

d(ps cs Ts) —

o —Vq, + ws (6)

Similar to the fluid phase, introducing the Fourier law of conduction and considering convective heat
exchange between the solid and fluid phase and radiative heat transfer:

qs = —ks VT,
B @
ws = hv(Tf - Ts) - Ve,

The radiative heat transfer (Vq,)) can be solved with the different methods presented in section 6.

4.3.3. Boundary conditions

The boundary conditions are the constraints needed to solve the problem. Their correct selection is crucial
to get reliable results as the numerical results can vary significantly between different boundary
conditions, and the boundary conditions can vary significantly from one simulation strategy to another.
Moreover, it is highly recommended to verify the results with experimental data in order to check the
validity. Here, the most usual boundary conditions for DS are presented.

4.3.3.1. Inlet conditions

1) Fluid phase: The fluid velocity is set at an inlet velocity, and static temperature, normally 300 K.

2) Solid phase: The frontal solid surface is exposed to a combination of incident radiation minus the
thermal losses by convection and radiation to the environment:

(keff,s VTS) =l — ha (Ts - Tamb) —& Ogp (Ts4 - T;mb) (8)

3) Solar flux profile: The incoming concentrated solar incident flux (I,) is a crucial boundary, and
it is usually implemented in different ways. The main choices for DS are the following:

a) The simplest approach is to consider the incident solar flux as a constant at the absorber’s
aperture.

b) The most complex approach is to use a Monte Carlo method to calculate the radiation
distribution at the frontal surface.

4.3.3.2. Outlet conditions

1) Fluid phase: The temperature gradient at the fluid outlet surface and the static pressure (with a
reference pressure of 101325 Pa) are set to zero.

2) Solid phase: The temperature gradient at the solid outlet surface is set to zero.



5. Homogeneous equivalent method

HEM is a faster modelling strategy, however, the accuracy of its results are tightly linked to the
homogenised properties adopted. Most engineering applications are normally focused on macroscopic
phenomena instead of the analysis at the pore level. Indeed, when the macroscopic model is adopted,
there is no need to describe the entire complex geometry of the porous media.

HEM allows both model types (Fig. 3): 1D, and CFD, and the equations to be solved are the same in both
models. The VA is modelled as a homogeneous effective medium comprising two continuous phases,
solid and fluid. This is the usual strategy where the method averaged the governing equations into
elemental volume cells that are larger than the detail scale but smaller than the whole geometry [65].

5.1.1D model

In the following, the most important investigations are highlighted for HEM with 1D model (Fig. 3).
Table 3 presents a summary of the main works.

Pitz-Paal et al. [66] have performed an important experimental and numerical study of the thermal
performance and flow stability of four different VAs under a non-homogeneous irradiation profile. The
LTNE approach together with the Discrete Ordinate Method (DOM — Section 6.3.3) was adopted. Good
agreement was found between the numerical and experimental results for all the absorbers considered. As
a notable result, flow instability was found only in structures with a linear relation between pressure drop
and velocity.

Bai et al. [67] have investigated the fluid flow performance over a foam under uniform heat flux using the
LTE approach. It was concluded that fluid flow resistance decreases with decreasing air outlet
temperature, mainly due to the decrease in air viscosity. Thus, a non-homogeneous incident radiation at
the frontal surface will cause areas with higher flow resistance producing higher air flow in the cold area,
keeping the hot areas even less cooled, which is one of the main reasons for the flow instabilities.

Xu et al. [68] have developed a 1D model with the LTNE approach without considering thermal radiation
inside a foam. The study was a parametric one of porosity, particle diameter, and thickness. It was argued
that the bigger the particle diameter, the higher the solid temperature, and the greater the porosity or the
sample thickness, the lower the solid temperature and the higher the fluid temperature, which are
important fundamentals for the geometric optimisation of the absorber.

Sano et al. [69] have established analytical expressions for a foam to study its pressure and temperature
profiles. The 1D model used the LTNE approach together with the Rosseland conductivity approximation
(Section 6.3.1). After the analytical expressions were validated, the heat transfer and fluid flow were
analysed to avoid flow instabilities and hot spots. The work concluded that the pore diameter must be
larger than a critical value to ensure high VA efficiencies. The optimum pore diameter could be derived
from an analytical equation.

Mey et al. [70] have built a 1D model with the LTNE approach focusing in the study of three different
radiative models and the comparison against the results obtained with an MC algorithm for a foam. After
comparing the results, it was concluded that the two-flux approximation are an appropriate approximation
to solve the radiation inside a porous absorber.

Kribus et al. [10] have analysed the performance of a VA based on its geometrical and material
properties. A 1D model with the LTNE approach was used for foam. The work emphasized the radiative
heat transfer, and 4 different models were implemented. After the analysis, the discrete ordinate method
S4 (section 6.3.3.2) was selected for parametric studies due to its accuracy and fast computation. The
work confirmed the strong influence of porosity on thermal efficiency. Moreover, the optimisation of
foam geometry did not result in higher efficiencies. Based on the results, there are two choices for
improving the thermal efficiency: 1) a significant increase in the HTC, and 2) the implementation of
newer materials with spectral selectivity.

Wang et al. [71] have studied a foam with the LTNE approach, and with the Rosseland approximation
(Section 6.3.1). Three parameters were adopted: the conduction-radiation parameter (N), the ratio of the
solid to fluid conductivities (), and the HTC (H). The main conclusions were: 1) increasing N at a
constant H decreases the solid temperature at the inlet and increases the fluid temperature at the outlet; 2)
the transported radiative energy increases with N, while it decreases with an increase in C.

Li et al. [72] have investigated the dynamic behaviour of a VA with thermal energy storage. The analysis
of the foam was performed with the LTNE approach, and with the Rosseland approximation (section
6.3.1). The results were compared with experimental data, showing good agreement, with deviations in



the absorber model of less than 10%, and less than 7% in the thermal energy storage.

Wang et al. [73] have developed a 1D model with the LTNE approach, and Pi-approximation (Section
6.3.2) to perform two studies: an analysis of the porosity linear variation and a study of the pore diameter
linear variation. Moreover, three cases were considered: Increasing (1), Decreasing (D) , and Constant
(C). The work showed that porosity distribution type D performed better than type I, due to better
penetration of the incident irradiation into the foam. Finally, a D porosity layout combined with I pore
scheme was the best configuration for the energy transfer.

Wang et al. [74] have studied a windowed foam experimentally and numerically. The LTNE approach
and the P1-approximation (Section 6.3.2) were adopted. The windowed cavity was simulated considering
two infinite parallel planes. The work found the Karr and Dybbs HTC correlation [75] to be the one that
better matched the experimental results. The main conclusions obtained were: 1) window thermal losses
decreases when solid thermal conductivity increases; 2) the temperature profile of the VA phases
increases when the glass emissivity decreases; 3) the opposite effect was detected for solid phase
emissivity; and 4) the maximum deviations between the numerical results and the tests were below 10%
and 3% for the back wall temperature and the air outlet temperature, respectively.

Zaversky et al. [76] have presented two models with the LTNE approach and two radiative heat transfer
techniques. The first used the Rosseland approximation (section 6.3.2), while the second used the discrete
ordinate method (section 6.3.3). Both strategies were successfully compared with experimental tests.
Then, a parametric optimisation was carried out over geometrical parameters: porosity, thickness, cell
diameter and density. The results show that: 1) absorber thermal efficiency is directly related to its
porosity; 2) maximum absorber efficiency is obtained for cell densities between 30-50 PPI; and 3) graded
porosity configuration does not improve on the performance of single porosity foams.



Table 3. Main characteristics of 1D homogeneous equivalent method

Reference Year Method DI_\/IodeI_/ Heat Source  Radiation Structure Material Summary
imension
Corrugated foil ~ XsCrAl,Os+Ce
. Honeycomb SiC Thermal analysis and flow stability
Pitz-Paal et al. [66] 1997 HEM 1D /1D LTNE DOM —Ss Wire mesh Alloy 601 study for four absorbers
Foam SiC (50-60%)
Bai et al. [67] 2010 HEM 1D /1D LTE - Foam SiC Study of the air flow resistance
Xu et al. [68] 2011 HEM 1D /1D LTNE Neglected Foam sic Parametric study of ¢, dy, vin and
absorber thickness
Sanoetal. [69] 2012 HEM 1D /1D LTNE Rosseland Foam Sic Analytical solutions for the optimal
pore diameter and absorber thickness
Rosseland
Mey et al. [70] 2014 HEM 1D /1D LTNE ?;v?‘;?ue)'( Foam sic Study of different radiative models
MC method
'Fr)\llv??‘?ue; Exhaustive analysis of radiative
Kribus et al. [10] 2014 HEM 1D /1D LTNE DOM - S, Foam SiC models and analysis of main foams
MC method challenges
Wangetal. [71] 2014  HEM 1D /1D LTNE Rosseland Foam Sic Parametric analysis for three
dimensionless parameters
Li et al. [72] 2016 HEM 1D/ 1D LTNE Rosseland Foam siC Dynamic simulation of volumetric
absorber and thermal energy storage
Wangetal. [73] 2017  HEM 1D /1D LTNE P, model Foam ; Study of porostty and pore diameter
inear variation
Wangetal. [74] 2017 HEM 1D/ 1D LTNE P, model Foam siC Thermal analysis of a windowed
absorber installed in a parabolic dish
Rosseland Two-model comparison against
Zaversky etal. [76] 2018 HEM 1D /1D LTNE DOM - Ss Foam SSiC experiments. Parametric study of

geometric parameters of foams




5.2.CFD model

This section presents a literature review of HEM with the CFD model according to the chronological
appearance of the studies, and Table 4 summarises the main works.

Wau et al. [77] have developed a macroscopic 2D CFD model for a foam. The model considered the
LTNE approach and the P1-approximation. The model carried out a sensitivity analysis over: inlet
velocity, porosity, mean cell size and solid conductivity. Finally, the results were compared with
experimental data. The work concluded that the best absorber thermal efficiency is achieved with a cell
size of 1-2 mm together with the highest possible porosity.

Wau et al. [78] have presented a 2D HEM with the LTNE approach to study the transient performance of
foams. The Pi-approximation is established, and the incident flux was derived from a Gaussian
distribution. The work concluded that under sudden changes, the VA’s reaction time varies between 30-
70 seconds and the pressure drop reacts smoothly.

Cheng et al. [79] have analysed a pressurized absorber with a CFD model under the LTE approach. The
incident flux distribution behind the quartz window was calculated with a Monte Carlo script, then, the
results were coupled to the CFD. The work focused on the analysis of geometric parameters of the
concentrator and the properties of the absorber. Among the more remarkable conclusions presented are
several curves that allow the optimal thickness of the absorber to be determined.

Wang et al. [80] have studied the performance of foams with CFD software, the LTNE approach, and the
Rosseland approximation (section 6.3.1). A Monte Carlo method was set to obtain the heat flux
distribution over the surface. The main conclusions were: 1) the heat flux distribution over the surface has
a strong influence on the temperature profiles; 2) the maximum solid temperature and the thickness of the
LTNE increases with the porosity; 3) the frontal temperature difference between the solid and fluid
increases with the mass flow; 4) the temperature of the solid decreases conversely to the emissivity; and
5) the maximum temperature of the solid increases with the particle diameter.

Wang et al. [81] have studied the coupled behaviour of a parabolic dish with a VA. A Monte Carlo
method was established to get the heat flux over the absorber surface, while a 2D CFD was adopted with
the LTNE approach, and the Rosseland approximation (section 6.3.1). The work was a parametric study
with the following variables: solar irradiance, inlet velocity, particle diameter, receiver dimensions, and
air properties. The main conclusions drawn were: 1) solid foam temperature increases with both solar
irradiance and particle diameter; 2) porous temperature decreases with increasing inlet velocity and
receiver radius; and 3) the properties of the air have a negligible effect.

Wang et al. [82] have carried out a study of two different radiative approximations (Rosseland and P;-
approximations) inside a foam. The VA was modelled using the LTNE approach. It was concluded that
the maximum temperature difference between both models is 5%, and the maximum temperature
difference is higher for the P1-approximation than for the Rosseland approximation.

Fugiang et al. [83] have analysed the heat flux gradient and the inlet fluid location (Fig. 6a) in a porous
absorber with a quartz window. The irradiation passing through the window and striking the absorber was
computed with a Monte Carlo method. The absorber was foam, and it was analysed numerically with
CFD software adopting the LTNE approach, and the Rosseland approximation (section 6.3.1). The study
pointed out that the peak flux over the VA decreases when introducing the quartz window, the fluid inlet
location changes the pressure and temperature distribution considerably, and the solid temperature
increases with the porosity.

Roldan et al. [84] have evaluated the performance of graded porosity. The simulation of a honeycomb
absorber was performed with 2D CFD software and with the LTE approach. The study was divided into:
1) constant porosity, 2) graded (increasing and decreasing) porosity in the radial direction, 3) graded
(increasing and decreasing) porosity according to the absorber’s depth. The incident heat flux followed a
Gaussian distribution, and the contribution of the solar radiation was included in the fluid energy equation
(section 5.3.2.2) with Beer’s law (section 6.1). The work concluded that decreasing porosity configuration
according to the absorber’s depth produced a thermal improvement compared to the other configurations.

Chen et al. [85] have investigated the effect of the geometrical properties of double-layer foams (Fig. 6b).
A CFD model with the LTNE approach, and the P;-approximation was adopted. The work concluded that
the thickness of the first layer critically affects the temperature field and pressure drop, and better
performance is obtained when the second layer porosity is thinner than the first.



Meng et al. [86] have designed a new VA using cup-shaped alumina foam with a quartz window (Fig.
6¢). The irradiation was provided by a parabolic dish, and a Monte Carlo method was adopted to obtain
the profile. A CFD model, with the LTNE approach, and the Rosseland approximation was applied to
solve the heat transfer. The main conclusions drawn were: 1) the cup-shaped design improves on the
performance of flat absorbers, decreasing the porous temperature; and 2) the alumina material achieves
lower thermal losses and higher air outlet temperatures than silicon carbide.

Chen et al. [87] have constructed a model with a VA and a parabolic dish (Fig. 6d), and analysed the
optical error of the parabolic dish, and used two approaches for the concentrated solar radiation: thermal
boundary condition and collimated incident radiation. The solar radiation transport was simulated with a
Monte Carlo method, and the VA performance was analysed with CFD software, the LTNE approach,
and the P1-approximation. The main conclusions were: 1) geometrical parameters affect the solar
distribution within the absorber, 2) the thermal boundary condition approach overestimates the frontal
porous temperature and underestimates the air outlet temperature, and 3) the collimated incident radiation
approach provides an acceptable temperature field.

Roldan et al. [88] have analysed the influence of the wind, and recirculated air for the HiTRec absorber
[89]. It was simulated in 2D CFD software under the LTE approach (Fig. 6e). The thermal radiation
contribution was added to the fluid energy equation following Beer’s law (section 6.1). It was concluded
that: 1) outlet air temperatures perform inversely to external wind velocity and the incidence angle; 2) the
outlet air temperature increases with the temperature of the recirculated air and decreases with the inlet
velocity of the recirculated air.

Chen et al. [90] have done the analysis of composite structures. The composite consisted of a porous
absorber where different geometric properties were adopted in a predetermined region at the inlet and
near the wall of the absorber (Fig. 6f). CFD software with the LTNE approach and the P;-approximation
was used. The work compared composite absorbers with conventional ones. The results indicated that a
composite configuration, with low porosity and small cell size in the inlet near-wall region, reduces the
usual temperature gradient in the porous phase.

Zhu et al. [91] have presented a new foam with a high heat transfer and a low pressure drop. The
geometry was formed of packed strut cross-shaped particles (Fig. 6g) with spectral properties. The
absorber was simulated with CFD software, the LTNE approach, and the discrete ordinate method
(Section 6.3.3). A parametric study was performed over the pore size, porosity, spectral emissivity and
Heywood factor (Fig. 6g). The main conclusions were: 1) the spectral selectivity and strut shape can
improve efficiency; 2) the extinction coefficient has an important influence on the thermal losses; 3)
efficiency increases with the porosity and the Heywood factor.

Du et al. [92] have coupled a genetic algorithm with the heat transfer mechanisms, to optimise the
parameters that guarantee the best performance. The VA model was done with CFD software, the LTNE
approach, and the Rosseland approximation (Section 6.3.1). Two types of optimisations were studied: 1) a
single-objective optimisation concluded that efficiency is enhanced for both large porosity and inlet
velocities, and in addition, pore size should increase with the thickness of the VA; 2) a multi-objective
optimisation yielded a Pareto front plot as a function of flow resistance and thermal efficiency to select
appropriate parameters.

Teng et al. [93] have simulated a new configuration, where the receiver was placed at the top of the tower
and parallel to the ground. In front of the absorber, several coated mirrors were joined in a circular-shape
reflector (Fig. 6h). The purpose of these mirrors was to reflect part of the radiation losses coming from
the absorber. The data were analysed in 2D CFD software with the LTNE approach and the P;-
approximation (section 6.3.2). The work concluded that 65% of the emitted radiation was reused in the
absorber achieving an air outlet temperature of 1352 K and 88.6% efficiency. The same absorber without
the mirror systems achieved an air outlet temperature of 1265 K and 81.3% efficiency.

Du et al. [94] have analysed a multi-aiming point strategy and air inlet parameters over the heat transfer
and stress characteristics of a pressurized absorber. The same numerical model applied by Cheng [79]
was implemented here. The main conclusions were: 1) the solar distribution over the aperture and
absorber are more uniform, and the peak flux can be reduced by an order of magnitude compared to the
single aiming point strategy; 2) increasing the air inlet temperature from 350-to-550 K results in an
increase in the absorber temperature, the window temperature and the window of 20%, 31% and 62%
respectively; 3) reducing the mass flow rate can produce local overheating.

Nimvari et al. [95] have simulated a new inlet velocity distribution in order to minimize the temperature
gradient in the absorber. A Fortran program was written with the LTNE approach and Pi-approximation.
The incident flux followed a Gaussian distribution. The study successfully examined the ability of the
non-uniform air velocity distribution at the inlet boundary to decrease the maximum solid temperature



and its gradient, causing the maximum temperature to move deeper into the solid phase.
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Fig. 6. Geometries used in the CFD software presented in the literature: (a) Fugiang et al. [83]; (b) Chen
et al. [85]; (c) Meng et al. [86]; (d) Chen et al. [87]; (e) Roldan et al. [88]; (f) Chen et al. [90]; (g) Zhu et
al. [91]; (h) Teng et a. [93];



Table 4. Main characteristics of CFD homogeneous equivalent method

Reference Year Method DI_\/IodeI_/ Heat Source  Radiation Structure Material Summary
imension
Wu et al. [77] 2011 HEM CFD /2D LTNE P1 model Foam SiC Parametric study of vin, ¢, d, and ks
Wu et al. [78] 2011  HEM  CFD/2D LTNE P, model Foam Sic Transient analysis of the VA under
heat flux changes
Analysis of geometric parameters of
Cheng et al. [79] 2013 HEM CFD/2D LTE DOM Foam - the concentrator and the properties of
the absorber
Wangetal.[80] 2013 ~ HEM  CFD/2D  LTNE Rosseland Foam sic Influence Oz)hiatdﬂ:;‘(’itg?rma' losses,
s & ) n
Wangetal. [81] 2013 HEM  CFD/2D LTNE Rosseland Foam SiC Parametric study over the solid
temperature
Rosseland . Study of the two commonly used
Wang et al. [82] 2014 HEM CFD /2D LTNE P, model Foam SiC approximations for the RTE
Present the influence of two possible
Fugiang et al. [83] 2014 HEM CFD /2D LTNE Rosseland Foam SiC fluid inlet configurations over a
windowed receiver
Roldanetal. [84] 20144  HEM  CFD/2D LTE Beerlaw  Honeycomb sic Thermal analysts of graded porosity
Chen et al. [85] 2015 HEM CFD /2D LTNE P, model Foam siC Thermal analysis of graded porosity
ceramic foams
Mengetal. [86] 2016 HEM CFD/3D LTNE Rosseland Foam AlLOs Propose a new windowed cup-shaped
alumina absorber
Chenetal. [87] 2016 HEM  CFD/2D LTNE P, model Foam Sic Evaluate two different approaches for
the incident radiation
Roldanetal. [88] 2016 ~ HEM  CFD/2D LTE Beerlaw  Honeycomb sic Influence of the external wind
conditions and recirculated air
Solve the behaviour of foams with
Chen et al. [90] 2017 HEM CFD/2D LTNE P model Foam SiC different geometrical properties in the
inlet near-wall region
Zhuetal.[91] ~ 2018 ~ HEM  CFD/2D LTNE DOM Foam sic Parametric study over a spectral
dependent SiC foam
Du et al. [92] 2018 HEM CFD /2D LTNE Rosseland Foam SiC Couple genetic algorithm with the



thermal analysis of foams to obtain
appropriate parameters

Simulation of a receiver together with

Teng et al. [93] 2018 HEM CFD/2D LTNE P1 model Foam SiC metal mirrors in order to reduce
thermal losses
Analysis of pressurized volumetric
Du et al. [94] 2018 HEM CFD/3D LTE DOM Foam SiC absorber with multi-point aiming
strategy
Nimvari etal. [95] 2018 HEM CFD/2D LTNE P, model Foam sic Analysis of the velocity distribution

over the solid temperature of the foam




5.3. Governing equations

The followings sub-sections present the governing equations, in transient state, to be solved for a porous
absorber with HEM.

5.3.1. Fluid flow governing equations

The fluid mass flow is constant through each cross section for 1D simulation, and through each volume-
averaged cell for CFD simulations, by means of the continuity equation. Concerning the momentum
equations, the flow through a porous media is modelled with Darcy’s law to describe slow or creeping
flows, and Forchheimer’s law for high velocity flows.

Mass conservation eguation:

a —
L+ V(e ;) =0 ©)

Momentum equation:

1 9(prvp) |, 1 # u p
3 %+®—2 V(psvp vp) = =V (P;)f +?f|72vD —K—: vp — K—’; lvp| vp (10)

5.3.2. Energy governing equations

There are two approaches for modelling the equilibrium state: LTE and LTNE. The LTE approach gives
the volumetric effect by definition, as it assumes the convection heat transfer between the solid and fluid
at the absorber walls to be infinite, which is unrealistic. As a result, this approach might be ruled out
when modelling volumetric absorbers. More realistic estimates can be produced with the LTNE approach
as it takes into consideration the HTC between the porous matrix and the fluid.

5.3.2.1. Local thermal non-equilibrium

In this approach, the two phases (solid and fluid) are spatially coincident and only interact with regard to
the HTC.

Fluid phase:

V((Pf ¢ Tp) vp) = V(keff,f V(Tf>f) + h, ((T) — (Tf)f) (11)

Solid phase:

0= V(kesrs V(T) + hy ((Tr)° —(To)*) — (Vq,) (12)

5.3.2.2. Local thermal equilibrium

This approach only solves the fluid energy equation (Eg. (13)), including a source term to compute the
contribution of the concentrated solar radiation (S;,4). That energy source term, S,.4, follows a simplified
approach to the solar flux, defining an exponential attenuation, as derived from Beer’s law [96] (Section
6.1).

Fluid phase:

V({pp ¢ T vp) = V(kers VATY) + Syaa (13)

Sraa = B Iy exp—,B’Z (14)



5.3.3. Boundary conditions

The boundary conditions needed for the HEM are similar to those for the DS. The main difference is
related to the implementation of the solar flux profile at the inlet which is easier in the HEM and the
effective properties needed for the governing equations. It is highly recommended to verify the numerical
results with experimental data in order to assure the accuracy of the results as the numerical modelling
can vary significantly between different boundary conditions.

5.3.3.1. Inlet conditions

1)
2)
3)

a)
b)
c)

Fluid phase: The fluid velocity is set at an inlet velocity, and static temperature, normally 300 K.
Solid phase: The temperature gradient at the solid outlet surface is set to zero.

Solar flux profile: The incoming concentrated solar incident flux could be implemented in three
different ways:

Constant incident solar flux profile [77]
Gaussian flux profile [90]
Real solar flux profiles [97]

5.3.3.2. Outlet conditions

1)

2)

Fluid: The temperature gradient at the fluid outlet surface and the static pressure (with a
reference pressure of 101325 Pa) are set to zero.

Solid: The temperature gradient at the solid outlet surface is set to zero.



6. Radiative heat transfer

The radiative heat transfer inside a porous receiver is an essential heat transfer mechanism, and its

solution is crucial for a good approximation to reality. There are three ways to compute it:

1) Analytical simplified method: The exponential decay of the radiation is produced by multiple
reflection-absorption processes. This simplified method can serve as an initial approach because of
its lower CPU demand, but its accuracy is somewhat limited.

2) Direct exchange area method: This method accounts for the radiation exchange between the surfaces
of an enclosure. This approach is used for periodical structures with relatively simple geometries.

3) Radiative transfer equation (RTE): The RTE accounts for the absorbing, emitting, and scattering
processes of the medium. Several approaches exist for its solution (section 6.3).

6.1. Analytical simplified method

Beer’s law represents the exponential decay of the incident radiation [98]. It is usually used to get the
attenuation by absorption of the impinging radiation, as presented in Eq. (15):

I = I,expP? (15)

When it is implemented in the energy equation, a volumetric heat source has to be defined as follows
[84]:

Vg, = B 1, exp™F” (16)

This assumption requires very few computational resources and could be considered an acceptable
approach to describe the radiation penetration in the absorber; however, the level of detail about the
radiative process is weak, as it does not include radiative interactions due to the multiple light reflection,
scattering and absorption [99]. Nevertheless, the accuracy of the whole strategy could be increased if the
boundary condition were properly derived.

The boundary condition adopted for this radiative approach is that presented in Eq. (8), and it is accepted
for both modelling strategies (DS and HEM).



6.2. Direct exchange area method

The direct exchange area method [100] is also known as the surface-to-surface method [101]. This
approach arose because, in many applications, the radiation exchange occurs between the walls of an
enclosure that are well defined (Fig. 5¢-Fig. 5d). The main assumption of this method is that any
absorption, emission, or scattering of radiation can be ignored; therefore, only surface-to-surface radiation
needs to be considered.

This method can be applied according to four different levels of complexity. The most common and
accepted simplification is when the surfaces are assumed to be grey and diffusive [98]. This
simplification means that the radiative properties of the surfaces do not depend on wavelength, and emit
as well as reflect energy diffusely.

In general enclosures, the irradiation (H) on a surface element has contributions from all visible surfaces.
Thus, it is necessary to determine the amount of energy leaving a surface toward other visible surfaces.
The energy exchange between two surfaces depends in part on their size, separation distance, and
orientation. These parameters are accounted for by a geometric function called the view factor. The view
factor is a geometrical relation, and represents the fraction of energy leaving one surface which is
intercepted by a second surface.

The total radiative energy emitted (radiosity), J, leaving a surface element is the sum of the emitted and
reflected energy:

J=E+pH 17)

For a domain with a grey-diffusive surface, the radiative energy that is given off by a surface element k, is
computed according to the following relation [61, 101]:

Jk = & 05 T + pre X)=1JFy;j (18)
This method is useful for periodical structures with relative simple geometry (Fig. 5¢c-Fig. 5d), so the

direct exchange area method is the preferred option due to its high accuracy with an acceptable
computing demand.

The divergence of the total radiative heat transfer necessary to couple it with the solid energy equation is:
Vg, =¢e(x —€asp Ts4) (19)

Concerning the boundary condition, the same used in Eq. (8) applies for the direct exchange area method.



6.3. Radiative transfer equation

The RTE describes the radiative intensity field within an enclosure as a function of location, direction and
spectral variables. The net radiative heat transfer over a surface is the sum of the contributions of
radiative energy irradiating the surface from all possible directions and for all possible wavenumbers [98].
Thus, solving the RTE in a coupled heat transfer problem requires simplification in order to reduce the
computation time required.

The RTE in a semi-transparent medium that absorbs, emits and scatters radiation as a function of the

wavelength is [96]:

di , . .

f = a3 p(s) — (@ +0p) - ials) + :—2‘ f4n (s, w) - Py(wy, w) - dw; (20)
A B c

Eqg. (20) describes the intensity variation (i,) of a photon travellingthrough a radiatively participating
medium in direction s. The change is due to a gain in intensity by emission (A) and scattering (C) and the
losses by absorption and scattering (B) [102].

With the spectral intensity i, given as the solution of the RTE, the divergence of the spectral radiative
heat transfer can be calculated as follows [96]:

Vagra=ay-(4-m-iy —Gy) (21)

In Eq. (21), the spectral blackbody intensity i,y is given by Planck’s law and the spectral incident
radiation G,_is given by the following expression:

GA = f4—11,' il dw (22)

The divergence of the total radiative heat transfer necessary to couple
it with the solid energy equation is obtained by integration over the entire spectrum:

Vg, = J, V- dA (23)

Several approximations have been adopted in the literature to reduce its complexity. In the following, the
main approximations are presented.

6.3.1. Rosseland approximation

The Rosseland approximation is a simple expression for radiative heat transfer. It is used for optically
thick media, where the optical thickness is much greater than unity.

Despite the Rosseland approximation having low accuracy near boundaries as a result of the large
temperature difference between both volumetric absorber phases, it is usually adopted due to its
simplicity. The Rosseland approximation assumes radiation inside the medium behaves like thermal
diffusion. Thus, it is only affected by close neighbours. The radiation problem is reduced to a simple
conduction problem with conductivity strongly dependent on temperature. It is implemented by
modifying the conduction term in the solid energy equation.

vg. = -7 (

3

3
16"5!;”5 V1) = =7 (k,VTy) (24)

The boundary condition for the Rosseland approximation takes into account the radiative losses from the
volumetric frontal surface, without reflection and back-scattering, as radiation is total absorbed and then
behaves as conduction:

(kepss VTs) = Io =€ 055 (T3 = Tamp) (25)

Usually, convective losses from the porous inlet are negligible compared to thermal losses.



6.3.2. Piapproximation

This radiative model comes from the spherical harmonics method, also known as the moment method.
The great advantage of the spherical harmonics method is the conversion of the radiative transfer equation
into a relatively simple partial differential equation. The drawback is that the lowest-order is only
accurate with near-isotropic radiative intensity, and the accuracy improvement for the higher-order is
reduced [98].

The Py-approximation is the lowest-order of the spherical harmonics series with two terms: The first is the
total incident radiation: i° = G, and the second is the radiative heat transfer: i* = q,. [98]. This method
can be used with different scattering phase functions; however, isotropic scattering is usually adopted [87,
90, 103]. The boundary condition leads to:

Vg, =a- 4 -m-i, —G) (26)

71 .
(3-(a+o)—-C-0)

Combining previous equations leads to a single diffusion equation for the total incident radiation, G:
V(I -Ve)=a- 4-w-i,—G)=a- (4 055 TS — G) (28)

After solving for total incident radiation, G, the divergence of the radiative heat transfer is computed with
Eqg. (26), leading to the source term needed for the solid energy equation.

The Marshak boundary condition applies to the P, approximation, and it takes into account the thermal
losses coming from the absorber after partial interception of the incident solar flux:

- G
2L yg = g, - E@ (29)
3-8 2

6.3.3. Discrete ordinate method

The discrete ordinate method transforms the radiative transfer equation into a set of partial differential
equations. This method is based on a discrete representation of the directional variation of radiative
intensity. Thus, the total solid angle is discretized, and the radiative transfer equation is solved along the
optical path for each discretized solid angle [104]. The discrete ordinate method is suitable for working
with high participative media and has good directional accuracy.



6.3.3.1. Two-flux approximation

The two-flux approximation is a specific case of the discrete ordinate method based on the discretization
of the space into two hemispheres: forward (+) and backward (-). This method has low computational
resource requirements, and isotropic scattering is usually accepted in both hemispheres [10], leading to
the following two equations for the forward and backward intensities, i* and i~ [98]:

0
—~|7i+=—i++5-(i++i‘)+(1—!2)-¢~ib

(30)
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When a pseudo-surface is used as a boundary condition [10], the emission term is multiplied by the
porosity, to represent the fact that the internal emission in the bulk absorber propagates in the void space
only, not in the entire volume [105].

Once Eq. (30) are solved the net radiative heat transfer is q, = 7 - (it — i), and the net radiative heat

source per unit volume absorbed is given by the divergence of the radiative heat transfer (to be
implemented in the solid energy equation):

—Vq, =—al4 055 - T¢—2m- (it +i7)] (31)

The two differential equations describing the forward and backward intensities, itand i~, uses the
following boundary conditions [70]:

it =

Iy
T
(32)

i- = osBTs

6.3.3.2. S, approximation

The discrete ordinate method is solved for a set of different directions and the integrals over direction are
replaced by numerical quadratures. The choice of quadrature is arbitrary, although restrictions on the
directions and quadrature weights may arise from the desire to preserve symmetry. The most commonly
used Sn-approximations are Sy, S4, Se and Sg [98].

The second lower order formulation, Sa, is presented with 24 ordinates, and is widely used in the
literature [10, 76]. This formulation needs to solve four ordinates, two in the forward direction and two in
the backward (i” — i;°, where j=1, 2). The higher the formulation order, the better the representation of
the directional incident radiation within participative media. The following two equations for the forward
and backward intensities, i]-+ and iy, are derived:

24
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The same consideration for the emission term presented in the previous section applies in Eg. (33).
The radiative heat source to be implemented in the solid energy equation is:

2
-Vq, = Z wj ;- (Vi + Vi) (34)
j=1

For the S, approximation, the boundary conditions are highly dependent on the problem formulation.
Kribus and co-workers [10] and Zaversky and co-workers [76] present two different boundary conditions
for two different setups.

6.3.4. Monte Carlo method

The Monte Carlo method refers to any strategy for solving a mathematical issue with an appropriate
statistical technique. This method involves tracing the path of a significant number of photons from an
emission point to an absorption point. The main characteristic is that the most complex problems can be
solved relatively easily [98]. The main weakness is that a Monte Carlo simulation may be too
computationally expensive to be practical with realistic geometric features.

Among more recent methodological advances, the zero-variance concept and the sensitivity estimation
theoretical framework are the most commonly adopted techniques, as both can be at least partially
translated into simple systematic procedures in the solar context. Both rely on a full explicitation of the
strict relationship between a linear transport Monte Carlo algorithm and an integral transport formulation
[106].

The Monte Carlo method solves the integral radiative equation to implement its solution as a source term
in the solid energy equation.

It should be noted, that the Monte Carlo strategy should include the discretization of the incident and
scattering directions. Usually, the photon travelling through the medium is generated arbitrarily by means
of a probability density function which depends on the scattering coefficients. Moreover, the absorption
has to be accounted for through the photon path.

The Monte Carlo approach is the most accurate for calculating the radiative heat flux inside a VA’s
porous medium. When coupled with a CFD model it also yields the most accurate results at the pore
level.

The best modelling strategy is the following: the Monte Carlo technique is first used to determine the
solar distribution inside an absorber, which is then passed to a CFD model to solve the governing
microscopic equations. Such a procedure is extremely complicated and has very high computational
demands. For example, Du and co-workers [62] solved all the governing equations with CFD software,
updating the radiative heat flux every ten iterations to converge on a solution.



6.4.Summary

The methods available to solve the radiative heat transfer inside a VA have been presented. This section

deals with concerns about linking each simulation technique with an appropriate method as shown in Fig.

7

1) Detail simulation: This method is directly linked to the CFD model and 3D. The most suitable
radiation approach for this technique is linked to the morphological structure of the absorber. Two
classifications appear:

a) Periodical structure with relative simple geometry: The absorber rarely has a periodical structure
with relative simple geometry. However, there are a few cases, like the pin-shaped geometry
(Fig. 5¢) or the single channel of a honeycomb (Fig. 5d). For such cases, the direct exchange area
method is the preferred option due to its high accuracy and acceptable computing demand.
Nevertheless, some authors [59] have considered the analytical simplified method despite it fails
to capture the details of the radiative process inside the absorber.

b) Periodical or Non-Periodical structure with complex geometry: The absorber is normally a
complex structure with a multitude of interlocking shapes, following a random pattern (Fig. 4c,
Fig. 5a, Fig. 5e). These complex geometries account for the radiative heat transfer interaction
with an absorbing, emitting, and scattering medium. Thus, the radiative transfer equation
requires a solution that is normally the Monte Carlo approach.

2) Homogeneous equivalent model: This method considers the volume of the absorber as a porous
continuum, thus the direct exchange area method is avoided by definition. Then, the solution of the
radiative heat transfer is adopted from the remaining choices:

a) 1D: This technique, HEM+1D, is able to solve all the radiative transfer equation approximations
available in the literature. So, the adopted method is a tradeo-ff between accuracy and
computational resources.

b) CFD: This technique presents limitations for solving any radiative transfer equation
approximation (section 6.3) in a continuum model. The different approximations should be
implemented by means of User Defined Functions [101]. This limitation avoids the
implementation of the most accurate methods. Thus, most of the studies use the optically thick
media approach (Rosseland and P;-approximations). Nevertheless, there are complex strategies
which use the more accurate discrete ordinate method [107], which carries with it a great deal of
labour.

Fig. 7 shows the available choices for the radiative heat transfer once the simulation method and the
model are selected. The final decision is a trade-off between complexity and computational resources.

Overall, the Monte Carlo technique is the most adequate approach for the computation of the radiation
inside any type of absorber whatever the morphology, but if the time factor is a limitation, the direct
exchange area method is the best choice for DS, and the discrete ordinate method is recommended due to
its high accuracy for the HEM. Kribus and co-workers compared different radiation methods in [10].

However, whichever radiative heat transfer method is adopted, particular attention should be given to the
boundary condition as their correct selection greatly influences the results.
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Fig. 7. Radiative heat transfer methods which apply to the analysis of volumetric absorber performance



7. Outlook and conclusions

CSP technology with volumetric absorbers (VA) using air is attracting a great deal of attention, as it
presents important environmental and technical advantages despite its delayed commercial
implementation resulting from some significant challenges, such as the theoretical volumetric effect that
not having been shown to produce a significant advantage in the few experimental works that have
achieved it.

In order to answer some open questions regarding VA technology, and to find new morphological
configurations with high thermal and optical performance, an adequate modelling strategy is crucial to
correctly predicting it. In that sense, this work has presented the main simulation strategies for the VA,
together with a comprehensive literature review of the most important and most recent works.

The two main methodologies, detail simulation (DS) and the homogeneous equivalent method (HEM),
the main models, CFD and 1D, and the equilibrium states, LTE and LTNE, have been described together
with the main research literature. Concerning the radiative heat transfer inside the absorber, the main
approaches available are described: 1) Beer’s law, 2) Direct exchange surface area method, together with
3) four approaches to solving the radiative transfer equation in participative medium: a) Rosseland
approximation, b) P1 approximation, c) Discrete ordinate method, and d) Monte Carlo method.

DS solves microscopic equations without adding empirical terms producing the most accurate approach,
but it presents some limitations: the porous geometry is extremely complicated in most cases, and the
computational resources needed become prohibitively high. Thus, there are few works in the literature
about the overall analysis of VA performance. This paper presents thirteen studies using detail simulation
strategies. Among them, eight are simplified DSs (sDSs), which focus on the numerical determination of
effective properties, while five deal with the complete simulation (DS) of the absorber. The former
studies did not need to solve for the radiation inside the absorber, while later work used different
approaches. Usually, relatively simple geometries used the direct exchange surface area method because
it is simpler and has good accuracy; however, there are highly participative absorbers, such as
unstructured foams, where the Monte Carlo approach is the best and most accurate choice.

HEM is a less time-consuming method and simplifies the real geometry of a porous continuum, but its
accuracy is related to the quality of the effective properties adopted in the macroscopic equations and the
radiative method applied. This study presents twenty-nine works using the homogeneous equivalent
method, eleven adopting a 1D model, mainly focused on parametric and optimisation analysis, study of
fluid instabilities, and analysis of different radiative models, and eighteen works adopting a CFD model,
where several effects were analysed, such as composite or graded absorbers, Gaussian incident profiles,
windowed receivers, etc. Among them, twenty-six considered unstructured foams as the preferred
geometry, twenty-four works used the LTNE approach, and twenty-two adopted the optically thick
approach (Rosseland and P1 approximations) for the radiative heat transfer. Concerning morphological
configuration, the research is focused on the optimisation of foams as they seem to offer the best
performing configuration; concerning equilibrium state, the LTNE is highly recommended as it gives
more information than the unrealistic LTE approach which is inadequate for a real analysis of the
absorber; and finally concerning radiative heat transfer, the optically thick approach is mostly adopted
since it is quite easy and fast, but its accuracy is pretty limited especially near the boundaries. So, as
mentioned before, for highly participative medium, i.e. foams, the Monte Carlo approach is the preferable
choice, and the second possible choice is the discrete ordinate method which has been shown to perform
quite reliably when compared to the Monte Carlo approach.

Of the thirteen and twenty-nine DS and HEM studies, respectively, presented here, seven DS and twenty
HEM studies have been published within the last five years. Obviously, not all the VA modelling studies
have been presented in this review, but the most important and representative ones have. However, the
fact that nearly 65% of the studies have been published in the last five years provides a measure of the
increasing interest in VAs.

This review presents the following conclusions:

1. Itisassumed that the feasibility of the air technology lies in the volumetric effect, otherwise, the
receiver thermal efficiency is limited due to the higher thermal losses. This theoretical effect is
difficult to achieve in real conditions, and when it has been demonstrated experimentally (just in two
works [11, 13]), the improvement in the thermal performance has not been assured.

2. There are several assumptions that should be avoided when volumetric absorber performance is
analysed: a) the LTE approach which produces the volumetric effect by definition, could lead to the
erroneous assumption that the volumetric absorber would almost automatically have a volumetric
effect, b) Beer’s law is a quite limited approach for the analysis of radiative heat transfer inside a



porous absorber and should be omitted or used only as a preliminary analysis.

The most widely used numerical methodology for the evaluation of the absorber’s fluid and thermal
performance is the HEM using the CFD model together with the LTNE approach, and the optically
thick approach which is an acceptable initial approximation at the engineering level.

The most accurate strategy for the simulation of a porous absorber is the DS using the discrete
ordinate method or the Monte Carlo methods for the computation of the radiative heat transfer as
both options are the most accurate for predicting the real performance of the absorber under real
working conditions. This modelling strategy offers the opportunity to answer important open
questions, and give the chance to check if air technology could be implemented commercially.

The correct selection of the boundary conditions for both simulation strategies, and especially for the
radiative heat transfer mechanism, is crucial to assess reliable final results.
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