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Abstract

Porous absorber structures intended for open volumetric receivers of central tower power plants are receiving significant attention
in current research. Due to the geometric complexity, volume-averaged continuum models are a common tool for the simulation
of volumetric absorbers. Widely established for the investigation of ceramic foams, existing continuum models are less suitable
for the simulation of honeycomb absorbers. 3D-shaped honeycomb absorber designs, i.e. absorbers with varying cross-sections,
can pose additional challenges in the form of internal front-like surfaces, which are oriented perpendicular to the main channel
axis. Due to the importance of the internal front-like surfaces w.r.t. absorption of solar radiation and convective heat transfer, a
new partitioned 1D LTNE continuum model is proposed. The key innovation is the division of the absorber geometries into distinct
sections forming a set of coupled LTNE models.

The new 1D continuum model has been successfully validated against a 3D CFD model. For nine compared simulation cases, the
calculated thermal absorber efficiencies differ on average 0.81 percentage points between the two models. Simulations have been
conducted for the state-of-the-art HiTRec absorber and two new absorber geometries. The StepRec absorber, a monolithic channel
design with characteristic step-pins created via ceramic 3D screen printing out of SiSiC, reaches a thermal efficiency of up to 89.5 %
for an air outlet temperature of 700 °C. A volumetric effect is predicted by for the new Emitec absorber, a channel geometry made
of thin metal sheets, depending on the incident irradiation with efficiencies of up to 85.8 % at 700 °C.
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1. Introduction can lead to improved thermal efficiencies. Multi-layer configu-
rations of ceramic foams have been investigated by Roldén et al.
(2014), Chen et al. (2015), and Zaversky et al. (2018). Avila-
Marin et al. (2014, 2018) conducted experiments on metal wire
mesh absorbers with varying porosities, whereas Pabst et al.
(2017) studied absorbers made of thin, stacked metal sheets.
The honeycomb absorber! designs by Alberti et al. (2016) and
Capuano et al. (2017) were made possible through additive
manufacturing techniques. Alberti’s hierarchical absorber was
manufactured with the selective laser melting method, while
electron beam melting was used to create an upscaled (3:1) ver-
sion of the pin design by Capuano. Gomez-Garcia et al. (2015)
proposed an absorber made of stacked layers of monolith chan-
nels, whereas Cagnoli et al. (2016) created an absorber geome-
try inspired by a compound parabolic concentrator. Many new
3D-shaped honeycomb absorber offer the potential of high ther-
mal efficiencies, but cannot be readily modeled with standard
continuum models due to internal front-like surfaces. Such
surface areas are oriented perpendicular to the main channel
axis and get reduced to points in one dimension by the volume-
averaging approach. In this publication, a new partitioned 1D
LTNE continuum model is introduced to addresses this chal-

As an alternative to the predominant molten salt or steam re-
ceivers, open volumetric receivers (OVR) for central receiver
power plants using air as the heat transfer fluid have been the
focus of extensive research. Improving the porous absorber
structures of the OVR, crucial to the receiver efficiency and
thus the yield of the power plant, has been one of the main
goals. At the German Aerospace Center (DLR), research of
the open volumetric receiver technology started in the mid nin-
ties with an investigation of different ceramic absorber mate-
rials (Hoffschmidt et al., 2001). The pursuing research lead
to the creation of the modular HiTRec ("High Temperature
Receiver”) technology with its ceramic honeycomb absorbers
(Hoffschmidt et al., 2003). The upscaling of the technology
(Hoffschmidt et al., 2001; Téllez et al., 2004) eventually re-
sulted in the construction of the Solar Tower Juelich (Koll et al.,
2009). The review by Avila-Marin (2011) presents more exten-
sive information on the development of the HiTRec technol-
ogy and other types of open volumetric receivers. More recent
research on porous absorbers for volumetric receivers focuses
on 3D-shaped absorbers. The geometry and consequently the
properties of these absorber vary along the flow direction which

'Within the context of this publication, honeycomb absorber refers to ab-
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sorber structures characterized by parallel channels (opposed to e.g. porous
foams).
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Nomenclature
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P density (%) T temperature (K) r radiative
T Stefan-Boltzmann  constant ti tilt angle (deg) ref reference
(%) U velocity () refl reflection
o porosity (-) v volume (m?) s solid
¥ viewfactor (-) z absober depth (m) sec section
Roman Symbols Z relative absober depth (-) sol solar
A area (m?) Subscripts tar target
Ayo  specific surface area (E—i) 1D 1D continuum model th thermal
C coefficient (-) 3D 3D reference model trans  transmission
Cp specific heat capacity (k];—JK abs absorber/absorbed u unit cell index
d linear pressure coeflicient (#) ap aperture uc unit cell
E mesh elements subset (-) blk bulk up upstream
f quadratic pressure coefficient  Cr cross-section vf viewfactor
(+) df Darcy-Forchheimer vol volumetric
G irradiance (%) down downstream w wall

lenge and to allow for precise and fast simulations of new 3D-
shaped absorbers. The new model is validated against the sim-
ulation results of a three-dimensional CFD model.

2. Volumetric Absorbers

The HiTRec absorber technology is used as the reference vol-
umetric absorber for the conducted numerical simulations. The
monolithic honeycomb absorber is made up of square channels
with a channel width of 2mm and a wall strength of 0.8 mm

(Hoffschmidt, 1997). The absorber matrix is manufactured by
means of extrusion out of silicon carbide with a subsequent in-
filtration of additional silicon. The resulting siliconized silicon
carbide (SiSiC) exhibits beneficial material properties for a vol-
umetric absorber such as an surface absorptivity of 80 %, a high
heat conductivity, and a high durability.

Two new absorber designs will be compared to the HiTRec ab-
sorber. The first new absorber called StepRec is based on a de-
sign originally proposed by Capuano et al. (2017). The small-
est repeating element, also called the unit cell, for this design



Figure 1: Unit cell models for the three absorber geometries. Left column shows a front view of 5 by 5 unit cells, right column a side and front view of a single unit

cell, absorbers from top to bottom: HiTRec, StepRec, Emitec

consists of thin sloped pins at the irradiated absorber front fol-
lowed by a square channel and a final shifted square channel.
At the time, the 350 cpsi absorber proposed by Capuano could
only be manufactured on a 3:1 scale (39 cpsi) out of an titanium
aluminum alloy using electron beam melting (Capuano et al.,
2017). The new StepRec absorber is instead fabricated by the
company Exentis Technology GmbH using ceramic 3D screen
printing. This technology allows for 87.5 cpsi absorbers (2:1
scale) to be build out of silicon carbide similar to the HiTRec
absorber material. Likewise, the StepRec modules are also in-
filtrated with additional silicon. As a result, the HiTRec mate-
rial properties are used for the simulations of the StepRec ab-
sorbers as similar properties are expected. One limitation of the
3D screen printing technology is that each change of the ge-
ometry in the printing direction requires a new screen. In par-
ticular, the continuously sloped pins of the design by Capuano
would require constant screen changes making the geometry

impracticable and economically infeasible. The pins are there-
fore replaced with three steps of increasing width as shown in
figure 1, giving the design its name. The curved section at the
pin foundation is also removed.

The third absorber, the Emitec absorber, is a steel membrane ab-
sorber produced by the company Vitesco Technologies Emitec
GmbH. The design is a continuation of metallic absorbers pre-
viously studied by Pabst et al. (2017). The absorber matrix
is formed by alternating layers of curled and smooth layers
of a high temperature steel alloy. Each steel sheet has a wall
strength of only 65 um. Deviating from the previously studied
absorbers, the smooth layers of the new design are shortened by
10 mm such that the front region of the absorber only contains
curled steel sheets. This results in an increased porosity for
the first absorber section. The channels formed by the alternat-
ing metal layers are characterized by a smooth and a sine-wave
like side, where the orientation of the smooth side rotates be-



tween neighboring channels. Figure 1 shows one unit cell of
the absorber centered on a channel with the smooth side at the
bottom. The unit cell also contains two halves of upside-down
channels. The steel alloy of the Emitec absorber exhibits a very
high heat conductivity, but only a low surface absorptivity. Us-
ing a spectrometer, a surface absorptivity of 55 % was measured
for a standard solar-weighted light spectrum. The metal probe
was heated in an oven up to 800 °C before the measurement in
order to account for darkening of the steel due to oxidation.

3. Modeling

Due to the geometric complexity of volumetric absorbers,

fluid simulations of fully resolved absorber structures are gen-
erally too time-restrictive. As a result, numerical models for
the simulation of porous absorber structures mostly follow two
different approaches to bypass this restriction. Single chan-
nel (unit cell models) use conventional 3D fluid simulations,
however the simulated geometry is strongly reduced (sec. 3.6).
Contrary, continuum models do not explicitly resolve the ab-
sorber geometries, but instead rely on volume-averaged tem-
perature fields and effective parameters. These parameters in-
clude among others the porosity (void volume fraction of the
total absorber volume) or the specific surface area per total vol-
ume. The majority of the existing continuum models relies on
the Local Thermal Non-Equilibrium (LTNE) approach opposed
to the simpler Local Thermal Equilibrium concept(Avila-Marin
et al., 2019). LTNE modeling entails two temperature fields for
the fluid phase and the solid absorber with separate differen-
tial equations. The two phases are coupled via convective heat
transfer. For one-dimensional continuum models, the only co-
ordinate represents the main flow direction, which corresponds
to the main channel axis for honeycomb absorbers. LTNE mod-
els have also been applied in two and three dimensions, e.g.
in connection with non-homogeneous boundary conditions (cf.
Avila-Marin et al., 2019). Radiation modeling varies signifi-
cantly between existing continuum models. Common are radi-
ation models based on the radiative transfer equation (Modest,
2013). These range from the simple Rosseland’s approxima-
tion (e.g. Sano et al., 2012) and P1 model (e.g. Wu et al., 2011)
to the more complex and more time-intensive discrete ordinate
method (e.g. Pitz-Paal et al., 1997). Models based on raytrayc-
ing algorithms are also used, e.g. as a reference for simpler
radiation models (Kribus et al., 2014). An extensive overview
of all published continuum models is given in the review by
Avila-Marin et al. (2019).
The newly presented model is a 1D continuum model with lo-
cal thermal non-equlilibrium (LTNE). The central innovation
of the new model is the explicit division of the absorber geome-
tries into specific absorber sections. The model has been im-
plemented within the framework of the open-source software
OpenFOAM®)(2021). The 3D CFD model used for the valida-
tion of the new continuum model is introduced in section 3.6.

3.1. Absorber Sections and Interfaces

The StepRec absorber and the Emitec absorber present new
challenges for the continuum modeling in the form of internal

front-like surfaces. These surfaces, like the absorber front, are
oriented perpendicular to the main flow direction and get re-
duced to single points in one dimension. Such discontinuities
within the simulated absorber volume cannot be accurately de-
picted with standard 1D LTNE models. However, the inter-
nal front-like surfaces, which include the step front surfaces
for the StepRec geometry and the front area of the retracted
smooth steel layers for the Emitec absorber, play an important
role for the absorption of the solar radiation and the convective
heat transfer between the two phases. The new model solves
the problem of the internal front-like surfaces through the divi-
sion of the absorber geometries into distinct absorber sections
and interfaces. Figure 2 shows the five absorber sections of the
StepRec geometry. The absorber is separated at each transition
between the steps, the transition from the third step to the base
channel, and the transition between the base channel and the
shifted channel. Each of the sections is modeled as an individ-
ual volume with temperature fields for the solid and the fluid
phase. The volumetric equations (sec. 3.2) are solved for each
section separately. The sections are connected through bound-
ary conditions for the absorber interfaces (eq. 20 - 23). Each ab-
sorber interface represents the plane between two neighboring
sections containing the internal front-like surfaces. Addition-
ally, local, dimension-less coordinate systems Z; are defined for
each section. These coordinate systems are oriented along the
main flow direction and are connected to the global coordinate
system z through the section lengths L;:
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As the continuum model is intended to be used as part of a
design process for new absorber geometries, the relative lo-
cal coordinate systems will allow the section lengths to be ad-
justed as part of the optimization process without changes to
the numerical grid. In figure 3, the surface areas of the differ-
ent interfaces for the StepRec geometry are highlighted. Not
visible is the downstream surface area of interface number 3,
which is the only two-sided interface with an upstream and a
downstream facing surface area for the studied volumetric ab-
sorbers. Opposite to the five sections of the StepRec geometry,
the Emitec absorber consists of only two sections and one inter-
face. The first 10 mm of the absorber, from which the smooth
metal sheets were retracted, comprise the initial section, while
the other 30 mm represent the second section. The front area of
the retracted layers make up the surface of the only interface.
The HiTRec absorber has only one section and no interface.
The sections lengths, porosity values, and specific surface ar-
eas are listed in table 1 for each section of the three absorber
geometries.

3.2. Governing Equations

For the fluid temperature T,; and the solid temperature 7 j,
differential equations 2 and 3 are defined similar to existing
continuum models (e.g. Kribus et al., 2014). However, the
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Figure 2: Absorber sections and local coordinate systems for the StepRec geometry
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Figure 3: Interface surface areas for the StepRec geometry. Not visible is the
downstream facing surface area of interface no. 3.

Table 1: Key geometric parameters for the three absorber geometries

Section  Length  Porosity Specific Surface

Absorber Ty imm] @[] Area Ay, [m2/m]
HiTRec 0 40 51.0% 1020
0 6.5 94.5 % 366.7
1 6.5 86.5% 733.3
StepRec 2 6.5 78.4 % 1100
3 35 70.3 % 1230
4 17 70.3 % 1230
Emitec 0 10 94.9 % 1581
1 30 91.3% 2333

equations are solved for each absorber section within the re-
spective local coordinate systems. The two phases are con-
nected through convective heat transfer represented by the vol-
umetric heat transfer coeflicients £,,;;. The local coeflicients
are updated throughout the simulations from Nusselt correla-
tions for each section (app. A.2). Heat conduction within both
phases is considered, while the solid temperature equation also
includes the radiation source term ‘Zq_” This source term is cal-
culated by the radiation models described in section 3.3. The
porosity of the absorber sections is denoted by ®@; (cf. table 1).

1 d (i 1 d dTy,;
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The continuum equation in one dimension (eq. 4) leads to a
constant massflow density % for the entire absorber volume.
For the conducted simulations, the unit cell cross-section of
each absorber (solid + void) is used as the reference area A
to allow for a better comparison of the continuum model to the
reference 3D model (sec. 3.6).
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Equation 5 represents the Darcy-Forchheimer equation describ-
ing the pressure gradient within a porous medium (Becker et al.,
2006). The Darcy velocity Uyy,; is connected to the physical
flow velocity U, ; through the porosity: Uyy,j = ®;Upy, ;. The
geometry-dependent Darcy-Forchheimer coefficients dyy,; and
far,j are determined numerically (app. A.3). By combining
equations 4 and 5, a second order differential equation for the
air pressure p; is created. The derivation of the pressure equa-
tion is based on Soulaine (2016), where the same approach was
applied to the linear Darcy equation.

1 d(l 0 dpj}
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Air properties are calculated using the local air temperature
and pressure. The property models are based on data from
Stephan et al. (2013). Using the local densities values, the lo-
cal flow velocities can be derived from the massflow density:
Uar,j = /ﬁ 4. For the SiSiC absorber material, experimen-
tal data from the German Aerospace Center is used for the heat
conductivity. Data for the heat conductivity of the Emitec steel
alloy was provided by the manufacturer.

3.3. Radiation Modeling

For the radiative transport, separate approaches are imple-
mented for the solar irradiation and the thermal radiation emit-
ted by the absorber surfaces. The volumetric, radiative source



term for the temperature equation of the solid phase (eq. 3) is
defined as the sum of the contributions by the solar irradiation
and the thermal radiation:

dq_r,j _ dq.r:ml,j 4 d('.Irith,j (7)
dz j dz j dz j
Solar Irradiation
The absorption of solar irradiation by the absorber surface is
calculated using the raytraycer FEMRay?. The raytraycing re-
sults in a three-dimensional flux distribution for the absorbed
solar radiation within the porous absorbers. From this distribu-
tion, a one-dimensional function Cyq;,01,j(Z;) is derived for each
section, such that the volumetrically absorbed solar power is
given by:
dq.r,sol,j Iap

g = T Cootoat (z)) ®)

The functions Cy,y01,; are defined relative to the total absorber
depth L, and the aperture normal irradiance /,,, where the
absorber aperture is the plane containing the absorber front sur-
face. Besides the absorber geometry, the distribution functions
also depend on the absorptivity a,,, of the absorber material
and the direction of the incident solar irradiation (cf. table 2).
However, the magnitude of the irradiance has no influence and
the same functions can therefore be used for multiple simula-
tions with varying flux levels. Equation 8 is evaluated once at
the start of each simulation and the solar irradiation only inter-
acts with the model for the thermal radiation through the tem-
perature equation of the solid phase.

Thermal Radiation

A surface-to-surface radiation model based on (effective)
viewfactors is used to model thermal radiation within the ab-
sorbers. The single viewfactor model used for this purpose must
encompass all N absorber sections, all Ny — 1 interfaces, and
the absorber inlet and outlet. Unfortunately, the numerical tool
which is used to calculate the viewfactors does not support peri-
odic geometries, which would be well suited to model absorber
geometries with partly open channels and radiative exchange
among neighboring channels. To bypass this restriction, the
viewfactors are determined for an array of N, connected unit
cells (e.g. a 3-by-3 pattern) for the StepRec and Emitec ge-
ometry. To limit the required array size, the radiation volume
is closed at the sides with N,,; mirror elements to replace the
open channel sides of the outermost unit cells.
For the radiation model, an additional discretization of each ab-
sorber section into segments is created along the main channel
axis. All surface areas of the absorber channel located within
one segment are combined, and are treated as a single surface
by the radiation model. Overall, N,,;.; of these artificial sur-
faces, called volume radiation elements, are created for the ab-
sorber sections. The discretization of each section is chosen

2FEMRay is the in-house name for an extension of the raytraycing software
MIRVAL. This extension, which was developed at the DLR, allows the use of
finite element meshes with MIRVAL (cf. Amsbeck et al., 2008; Schwarzbozl
et al., 2008).

based on the 3D surface mesh used for the viewfactor calcula-
tion (cf. app. A.5) and is in general not equal to the total number
of 1D elements used for the continuum model (cf. table 4). The
forwards and backwards facing interface surface areas are also
combined and treated as single surfaces, the interface radiation
elements, for each absorber interface. The absorber front is not
part of the radiation model as it has no radiative exchange with
the absorber inside (cf. eq. 14). Instead, the void area of the
absorber aperture, i.e. the plane containing the absorber front,
is combined to form the inlet radiation element for each unit
cell. Outlet radiation elements are created in a similar fashion
for the absorber exit. All radiation elements are assigned effec-
tive viewfactors ‘I’zf;f , the calculation of which is explained in
appendix A.5.

In total, the thermal radiation model consists of Ng,r =
Nue (Netyor + Nyee + 1) + Ny viewfactor elements. For each el-
ement k, the net radiative (surface) flux §,.x is defined as the
difference of the irradiance G and surface radiosity Ji:

Grx = Gi — Ji 9)

The surface radiosity is the sum of surface emission and re-
flected irradiance. In turn, the irradiance depends on the surface
radiosities of all other elements and the effective viewfactors
‘I’Z‘;f between the elements:

Ji = e T + (1 — &) Gy, (10)
N('I,vj_l
Gy = Z vl (11)
=0

For each of the N, volume radiation elements, the temper-
ature Ty is interpolated from the solid temperature T ; of the
corresponding 1D elements, while the emissivity & is set to
the material emissivity &,,. Similarly, the interface tempera-
tures Tz ; (eq. 20) and the material emissivity are used for the
Nje. — 1 interface radiation elements. The temperature distribu-
tion is assumed to be identical for all absorber unit cells of the
simulated pattern. The temperature profile is thus copied onto
the (volume & interface) elements representing the remaining
N, — 1 unit cells. The copied elements also receive the material
emissivity.

All N, inlet elements are modeled as black surfaces (g, = 1)
with a temperature of zero Kelvin. Incoming thermal radia-
tion from the surroundings is neglected. Additionally, radiation
exchange with the area behind the absorber is also neglected as-
suming this area’s temperature is close to the temperature level
at the absorber outlet. The N,. outlet elements and the N,,;,
mirror elements are set as perfect reflectors (g = 0) with ar-
tificial temperatures. These artificial temperatures are updated
throughout the simulation based on the irradiance to yield a lo-
cal net radiative flux of zero:

Gnut/mir,k

Tout/mir,k = (12)

Tsb

Equations 9 - 11 combine to form a system of linear equations,
which is solved as part of the continuum model. The irradi-
ance G‘;f /" and net radiative flux qu;f are interpolated for each



1D mesh element from the volume radiation elements. Finally,
the volumetric source term for equation 7 is defined as follows,
where A, ; is the specific surface area of absorber section j (cf.
table 1):

dg rth,j — e
ZZ—ZI;J = 8matAv01,j (O-SbTij (Zj) - ijf) (13)

3.4. Boundary Conditions

The model requires 2N, boundary conditions for each of the
three volumetric equations, one for the beginning and the end
of each section. The boundary conditions can be categorized as
boundary conditions for the absorber front, the absorber outlet,
and the Ny, — 1 interfaces.

Absorber Front

The boundary conditions for the absorber front are applied to
the start of the first section (Zp = 0), which coincides with the
global origin (z = 0). The area in front of the absorber is not
part of the modeled volume, but the convective heat transfer in
this region is accounted for by the inlet boundary conditions.
For the solid absorber front surface, the energy balance given
by equation 14 links the convection with absorption of the solar
irradiation, radiation emitted by the front, and heat conduction
to the solid bulk absorber.

1 dT,p
Ly d7p

= hyr (T50(0) = Tro(0))

0= amarlap 8mata-st§ 0(0) + Ks7—

2=0 (14)

The convective heat transfer coeflicient Ay, is updated during
each solver iteration from a Nusselt number correlation (app.
A.2). The convective heat is absorbed by the air flow before it
enters the absorber leading to the boundary condition given by
equation 15. The temperature of the air reaching the absorber
T;, is a constant input, while the porosity of the absorber front
is assumed to be equal to the bulk porosity of the first absorber
section (®y). Heat conduction within the air flow is also ac-
counted for.

Aic,, (T10(0) = Tin) = (1 = @0) s, (T50(0) = Tr0(0))

1 dT (a5)
+(I)()KfL0 10

20 |z,-
The boundary condition for the pressure equation models the
pressure loss caused by the absorber inlet based on the Darcy-
Forchheimer equation (eq. 5). The coeflicients dgy,rr and fur, s,
are evaluated together with the Darcy-Forchheimer coefficients
for the Volume equation (app. A.3). The total absorber length
Laps = N L is used as the reference length and the refer-
ence pressure is set to pi, = 1 bar.

Jag pr 11 )Udfo(m (16)
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Absorber Outlet

The absorber exit is located at the end of the last section
(Zn,,.-1 = 1) and it is assumed that no energy is exchanged with
the area behind the absorber. Therefore, the gradients of both
temperature fields are set to zero at the outlet:

1 deN -1
— =0 an
Lyt dZng-1 |
1 dTyn.- _o (18)
Lyt 2Nt | o

The pressure gradient at the absorber exit is set according to the
Darcy-Forchheimer equation using the coefficients of the last
section. Similar to the pressure differential equation, this pres-
sure boundary condition was derived from a boundary condition
by Soulaine (2016).

1 dPNm—l
Ly,—1 dZn, 1

sec sec™

ZNm 1_1 (19)
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Interfaces

The boundary conditions for the Ny — 1 interfaces serve two
purposes. They connect the volumetric absorber sections in a
pair-wise manner, but also allow the internal front-like surfaces
to be modeled more precisely through the energy balance given
by equation 20. Each interface j is defined through the poros-
ity of the upstream section ®;, the porosity of the downstream
section @, and the porosity of the interface itself ®; ;. For
the given absorber geometries, only the fourth interface of the
StepRec geometry between the normal and the shifted channel
sections is two-sided. All other interfaces are one-sided and
have only an upstream facing front-like surface. For these in-
terfaces, the interface porosity is equal to the porosity of the
downstream section, and the interface boundary conditions sim-
plify accordingly. The interface energy balance connects heat
conduction in the solid phase with convective heat transfer at
the internal front-like surfaces, thermal radiation exchange, and
direct solar irradiation:

1 dT;
0==(1-@)k— —~
Lj de z=1
1 de j+1
+(1- Ky—— _’J
J+1) Lj+1 de+1 Z1=0
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The thermal irradiance of the interface G ; is calculated as part
of the viewfactor model, while the coefficient Cy,; 1, ; describes
a possible direct solar irradiation of the interface relative to



the power incident in the absorber aperture (eq. 26). The en-
ergy balance is solved for the solid interface temperature 7' j,
which is also applied as the boundary value for the correspond-
ing sections:

TA](l) = Ts,_j+1(0) = Ts,l,j (21)

The convective heat transfer coefficients for each interface are
determined together with the volumetric heat transfer coeffi-
cients (app. A.2). The interface fluid temperature Ty, ; is
defined as the fluid temperature in the interface cross-section,
where the convective heat flow across the forwards facing front-
like surface has been absorbed by the air flow, but the heat flow
across the downstream face has not yet been absorbed. As heat
conduction in the air flow is considered (eq. 2), the conductive
heat flow across interfaces has to be continuous. Combined, the
following three equations can be derived which are solved for
the temperatures Ty ;, T, j(1), and Ty, ;,1(0). The heat transfer
coeflicients are also repeatedly updated as they depend on the
fluid and solid interface temperatures.

1 dTy;

1 @, 1 dTpjn
KL & = Qjriky

Lj+l dzj-*-l

()
z;=1

dep (TfJ,j - Tf,j(l))

Zjs1=0

= (q)J - (I)I,j) hl,up,j (Ts,l,j - TfJJ)

4ep (Tf,j+1(0) - TI,fJ) = (‘DJ‘H - ‘DIJ) ht.down.j (T“”’f ~Ty ’j)

(22)

To link the pressure differential equations across the interfaces,
the pressure gradient on the upstream side is set based on the
Darcy-Forchheimer equation similar to the absorber exit bound-
ary condition (eq. 19). For the downstream side, a pressure
jump is prescribed analogous to the absorber front boundary
condition (eq. 16). The coefficients of the upstream section
are used to calculate the gradient, while the pressure jump is
described by interface-specific coefficients (app. A.3).

1 dp;

L; dz;

L (dagi+ 2525) U(1)
Pj1(0) = pi(1) = Laps (dagajpt + 22 2) U1 (0)

(23)

3.5. Performance Evaluation

The presented model allows for a detailed analysis of the
absorber performance as each of the different loss mecha-
nisms can be quantified separately. For the absorber front,
the absorbed solar radiation Qabs,fr and the reflection losses
Qloss,refl, fr are directly defined by the front porosity and ma-
terial absorptivity. Both are proportional to the total incoming
radiation Q:

Qahx,fr = AIap (1 = @o) @ 24
Qlosa‘,refl,fr = AIap (1 = D) (1 = pmar) (25)
Qup = Al (26)

The reflection losses from the bulk absorber Qloss’reflyblk, the
power absorbed within the absorber O, s.bik> and the transmis-
sion losses Qlom,tmm are calculated as part of the raytracing sim-
ulations. The emission losses for the absorber front Qloss,gm;, fr
and the bulk absorber Qloss,emi,blk are given through the front

temperature and the integral of the net radiative flux over the
absorber sections:

s e = Aenao o TH(0) @7)
Niec 1

Qloss,emi,blk =A Z LjAval,j Af()‘ qi};f(zl)dzj (28)
j=0

Comparing the loss mechanisms to the total incoming solar ir-
radiation leads to the absorber efficiency:

1 . .
N = - — (Qloss,refl,fr + Qloss,refl,blk
Oap (29)

+Qloss,trans + Qloss,emi,fr + Qloss,emi,blk)

3.6. Reference 3D-Model

To validate the new continuum model, a three-dimensional
CFD model is employed. The simulated geometries are re-
stricted to representative parts of the absorber geometries (unit
cells”, cf. fig. 1) in order to limit the required computational
effort. This is a common approach (“detail simulation”, cf.
Avila-Marin et al., 2019) for the simulation of volumetric ab-
sorbers and exemplarly has been applied by Kopanidis et al.
(2010), Fend et al. (2013), and Cagnoli et al. (2016). It is
assumed that the result of the small geometry can be extrap-
olated to the overall absorber matrix. The CFD model com-
bines the simulation of the air flow through the absorber with
solving heat conduction within the absorber material. The air
flow is modeled based on the stationary, laminar, compressible
Navier-Stokes equations neglecting buoyancy forces. Similar
to the continuum model, the absorption of the solar irradia-
tion is determined via raytraycing, while the thermal radiation
is represented through a surface-to-surface viewfactor radiation
model. The same restrictions regarding the calculation of pe-
riodic viewfactors, which apply for the continuum model (cf.
sec. 3.3, app. A.5), also apply for the 3D model. The radia-
tive exchange within the 3D model is therefore similarly solved
for a 3-by-3 pattern of absorber unit cells with copied tempera-
ture distributions, while the flow field is only calculated for the
original unit cell. The different parts of the model are connected
through an energy balance which is solved for each mesh ele-
ment on the absorber surface. As for the continuum model, the
3D reference model is implemented within the software Open-
FOAM®(2021).

4. Results

Three sets of simulations have been carried out for the three
absorber geometries using the new continuum model and the
reference 3D-model. Each simulation case is defined through
the aperture (normal) irradiance I, a tilt angle #i, an opening
angle op, the inlet temperature 7},, and the target for the air out-
let temperature T;,,.. The values for these properties are given
in table 2 for each simulation case. For the studied geometries,
the absorber aperture is defined as the plane which contains the
absorber front. The raytraycing simulations calculating the ab-
sorption of the solar irradiation start at the absorber apertures,


broe_ro
Hinweis
Auf der rechten Seite fehlt die Porosität: (1 - Psi_0)


Table 2: Defining properties of the three simulation cases

Case Iy [X%] 1ildeg] opldeg] Tin[°Cl T [°Cl
A 1000 0.0 15 100 700
B 1000 30 15 100 700
C 485.0 30 15 100 700

i.e. the initial starting positions of the rays are generated uni-
formly distributed across the free channel cross-sections within
the apertures. The initial direction of the incoming radiation
is controlled through the tilt angle and the opening angle. The
tilt angle describes the vertical deviation of the average ray di-
rection from the main channel axis. A tilt angle of zero cor-
responds to an average direction parallel to the channel axis,
whereas a positive value means the irradiation has an initial
upwards direction. Based on the given opening angle, the di-
rection of each ray is randomly disturbed such that all simu-
lated directions form a cone around the average direction with
the radius defined by the opening angle. The used raytraycing
software also supports a third angle allowing for lateral rota-
tion, this option however was not activated for the simulations.
The irradiation direction of the simulation cases B and C are in-
tended to approximate the irradiation of a volumetric receiver at
the top of a tower system from a heliostat field. Simulation case
A is meant to model the irradiation distribution of a high-flux
solar simulation such as German Aerospace Center’s Synlight
(Wieghardt et al., 2018). The used aperture irradiances and air
temperature values are based on typical values for the receiver
of the Solar Tower Juelich, while the air inlet temperature of
100 °C has been chosen to account for an air return system (cf.
Stadler et al., 2019).

To achieve the target air outlet temperature, the massflow den-
sity % was iteratively adjusted during the simulations with the
new continuum model. The resulting densities are specified in
table 3. For the 3D reference model, the massflow densities
were held constant at the values calculated with the continuum
model.

Table 3: Massflow densities for three simulation cases

iey, fir kg
Case Massﬂow Density % [Xm%]
HiTRec StepRec Emitec
A 1.211 1.343 1.329
B 1.211 1.337 1.224
C 0.5790 0.6720 0.5910

4.1. Mesh Independence

The computational grids for the continuum model consist of
simple line elements discretizing the absorber depth along the
main channel axis. To show the mesh independence of the sim-
ulation results, three different grid levels ranging from 250 to
1000 elements were generated for each absorber geometry. The
mesh elements were distributed evenly between the different
absorber sections for each grid. Table 4 compares the thermal

efficiency for simulation case A for all three geometries and
mesh levels. The efficiencies change less than one tenth of a
percentage point clearly showing the mesh independence. For
the StepRec geometry, an increased number of mesh elements
was necessary to yield a stable simulation for the coarsest grid
level. The three-dimensional reference model requires compu-

Table 4: Results of the mesh independence study for the 1D continuum model

Mesh HiTRec StepRec Emitec
Level No.EL th. Eff.[-] No.EL th. Eff.[-] No.EL th. Eff. [-]
Coarse 250 782 % 375 86.7 % 250 85.8%
Medium 500 78.2% 500 86.7 % 500 85.8%
Fine 1000 78.2% 1000 86.7 % 1000 85.8%

tational grids for the solid volume of the absorber unit cell and
for the void volume including the inlet area. Numerical meshes
containing mostly hexahedron elements have been used. Ta-
ble 5 lists the results of a mesh independence study for the 3D
model, which was conducted in the same manner as for the con-
tinuum model. Three levels with increasing number of elements
were used, the total number of elements per level for both vol-
ume meshes is listed in the table. As for the continuum model,
the thermal efficiencies show no significant dependence on the
used mesh. While the coarse mesh levels are sufficient w.r.t cal-
culation of the thermal efficiency, the medium mesh levels were
used for all further simulations for both models as this improved
the resolution of the temperature distributions (cf. fig. 7).

Table 5: Results of the mesh independence study for the 3D reference model

Mesh HiTRec StepRec Emitec

Level No. El.  th. Eff. [[] No.EL th.Eff.[[] No.EL th. Eff. []
Coarse  0.21 mio 77.4 % 0.48 mio 85.4 % 0.60 mio 85.7%
Medium 1.2 mio 77.5% 2.4 mio 85.5% 3.1 mio 85.7 %

Fine 7.2 mio 77.5% 15 mio 85.4 % 16 mio 85.7 %

4.2. Irradiation Results

Figure 4 shows the results of the raytraycing simulations rel-
ative to the total incoming radiation. As the same raytraycing
software is used for the continuum model and the reference 3D
model, the irradiation results do not differ between both models
and only one result is shown per geometry. Simulation cases B
and C only vary with respect to the aperture irradiance /,,, but
not regarding the direction of the incoming radiation. The re-
sults relative to Qap are therefore identical for the two cases and
are shown together as the lower plot in figure 4. The StepRec
geometry absorbs marginally less than eighty-nine percent of
the incoming solar radiation for simulation case A, while the
Emitec and HiTRec absorbers collect only 87.4 % rsp. 85.2 %
of the incident power. A significant part of the irradiation is
transmitted through all three structures for case A, but none is
transmitted for the tilted irradiation of cases B and C. Instead,
the power reflected out of the bulk absorbers is increased for all
geometries for cases B and C, most significantly for the Emitec
absorber. The total absorbed power is also increased for all ge-
ometries compared to case A, the increase ranging from 0.7 %
for Emitec to 7.4 % for StepRec. Corresponding to the front
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Figure 4: Absorbed solar irradiation and optical losses relative to the total in-
coming radiation for the three simulation cases (legend numbers represent the
category order from bottom (1) to top (5))

porosities, the absorbed irradation is divided almost evenly be-
tween the absorber front and absorber bulk for the HiTRec ge-
ometry, whereas only small fractions of the light are absorbed
by the front of StepRec and Emitec.

4.3. Thermal Effiency Results

The simulation results for the continuum model and the ref-
erence 3D model are presented in figures 5 and 7. Figure 5
compares the calculated thermal efficiencies against the differ-
ent loss mechanisms. The reflection and transmission losses are
summarized as the optical losses Q',m,gp,. For each simulation
case and each geometry, the 1D and 3D results are shown next
to each other.

The identical absorber ordering with respect to the thermal ef-
ficiency is predicted by both models. The StepRec absorber
reaches the best thermal efficiency for all three simulation
cases, while the HiTRec absorber ranks last for all three cases.
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Figure 6: Pressure loss distribution over absorber depth for simulation case A
for the three absorbers. The local pressure loss is defined as Ap;(Z;) = pin —
Pi(Z))

The Emitec geometry matches the efficiency level of StepRec
for case A, but performs significantly worse than StepRec for
cases B and C, closer to the level of HiTRec. On average, the
continuum model results differ by 0.81 percentage points from
the reference 3D model. The best match is found for the Emitec
absorber for case A with a separation of less than one tenth of a
percentage point, the largest difference of 1.6 percentage points
occurs for case C for the StepRec geometry. The optical losses
are identical for both models because they are calculated using
the same raytraycing software. As a result, the efficiency differ-
ences directly correspond to differences in the calculated emis-
sion losses. For StepRec and Emitec, emission losses from the
absorber front are negligible, whereas the emission losses are
close to evenly split between front and bulk for HiTRec. The
thermal efficiency of the Emitec absorber drops significantly
from case A to case B with the changed irradiation direction,
while it remains on the same levels for the other two geome-
tries. With the decreasing flux density from 1 MW (case B) to
485kW (case C), only the efficiency of the StepRec absorber
increases with small reductions for HiTRec and Emitec.

The temperature profiles for the solid and the fluid phase are
plotted over the absorber depth in figure 7. Each subplot com-
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pares the results of the continuum model against the reference
3D model for one simulation case for one absorber. In case
of the 3D model, massflow-weighted average values are shown
for the fluid temperature and volume-weighted averages for the
solid temperature. Overall, the continuum model matches the
results of the reference model well. The agreement between
both models is particularly good for the zones of thermal equi-
librium at the end of the absorbers. The outlet temperatures
(T ¢n,.-1(1)) differ only by 5.8 K on average. Larger discrepan-
cies can be found within the absorber entry regions, most visible
for simulation case B. The continuum model predicts a 104 K
higher solid front temperature (7'5(0)) for the Emitec absorber
for case B, whereas the average difference for the remaining
simulations is only 21 K.

A significant volumetric effect is shown for the Emitec geom-
etry for simulation case A. The solid front temperature is cal-
culated to be more than 200 K below the air outlet tempera-
ture. The StepRec absorber also exhibits a volumetric effect of
around 40 K for case A, while no volumetric effect can be found
for any geometry for case B and for all cases for the HiTRec
absorber. Emitec and StepRec are both close to a volumetric
effect for case C, as the front temperature exceeds the air outlet
temperature less than ten degrees. The Emitec geometry shows
the largest zone of (approximate) thermal equilibrium between
the two phases for all three cases. The most important param-
eters for achieving the volumetric effect are a high convective
heat transfer and a deep penetration of the incoming solar ra-
diation. Due to its large specific surface area (cf. table 1), the
Emitec absorber has significantly higher volumetric convective
heat transfer coefficients compared to the other two designs (cf.
fig. A.1). The open design of StepRec absorber in turn allows
for the deepest penetration of the solar radiation (cf. fig. A.3 +
A.4). The HiTRec geometry absorbs a substantial amount the
incoming radiation at the absorber front because of its low front
porosity. Combined with insufficient convective heat transfer,
the HiTRec absorber fails to achieve the volumetric effect. The
inclination of the solar radiation for simulation cases B and C
(cf. table 2) leads to a lower penetration depth for all geometries
compared to case A. As a consequence, the strongest volumetric
effects can be found for case A. The lower aperture irradiance
of case C enables the new designs to almost reach the volumet-
ric effect despite the inclined irradiation direction in contrast to
case B.

As part of the new continuum model, the pressure within the
porous absorber structures is solved based on equation 6. Fig-
ure 6 compares the pressure distribution over the absorber depth
for simulation case A for the three absorber geometries. The
reference 3D model results are shown in addition to the 1D
model results. A good agreement between both models can be
observed. Compared to the 3D model, the continuum models
underestimates the total pressure loss by 8.0 Pa for HiTRec and
overestimates it by 1.7 Pa resp. 0.3 Pa for StepRec and Emitec.
For all three simulation cases, the average difference between
the two models is 2.4 Pa. Pressure jumps caused by changes in
the geometric absorber cross-sections (at the location of internal
front-like surfaces) are depicted accurately by the 1D model.



[3] sanyeraduwiay,

[31] emyeradway,

[31] emnyeraduway,

00T SLOT 0S8 §T9 00v 00€l SLOT 0S8 €29 00¥ 00€l SLOT 0S8  ST9  00%,
I I I I I I I ] ] <t

30

25
Absorber Depth z [mm]

10

400

35

20 25
Absorber Depth z [mm)]

15

10

400

[
[
[l
[
[
1
1
1
1
1
1
1
1
@ I
- 1
1
1
I
1
1
1
1
1
1
I
1
I
[}

1
1
1/

35

15
Absorber Depth z [mm]

’_Ts,lD_Tf,lD"‘ Ty3p---Trap ‘

Figure 7: Temperature distribution over absorber depth for both models for all simulation cases and geometries: Each column shows the results for one simulation
case, each row the results for one absorber geometry.



5. Discussion

The continuum model results show a reasonable agreement
with the reference 3D model. The largest differences in the cal-
culated temperature distributions occurred towards the absorber
fronts. Within the entry region of a volumetric absorber, the
flow is not fully hydraulically and thermally developed. Ad-
ditionally, the largest (air) temperature gradients are located
within this region. The volume-averaging approach of the con-
tinuum model can be therefore expected to affect the entry re-
gion more strongly than the zone of thermal equilibrium to-
wards the absorber exit. The integral results for the thermal
absorber efficiencies showed an average difference of 0.81 per-
centage points between the two models. For five out of nine
conducted simulations, the continuum models predicts a higher
efficiency and a lower efficiency is calculated for three simula-
tions with one exact match. Thus, no indication of a system-
atic deviation in the continuum model could be found. The
new continuum model can therefore be deemed as accurate
as the reference 3D model. Auxiliary simulations calculating
the different effective parameters are needed for the continuum
model. However, these simulations require significantly less
numerical effort compared to the flow simulation of the 3D ref-
erence model. As a result, the continuum model is faster than
the 3D model even for a single simulation case. For each ab-
sorber, their pressure loss coefficients, Nusselt correlations and
viewfactors could be reused for the three investigated simula-
tion cases. Only two different raytraycing simulations had to be
conducted per absorber geometry, further increasing the speed
advantage of the 1D model. As the new model is intended to be
used as part of an optimization process, which typically require
the evaluation of numerous geometry variants, the speed advan-
tage of the new model will therefore become necessary in order
to keep the calculation time of such a process within feasible
limits.

6. Conclusion and Outlook

A new local one-dimension thermal non-equilibrium model
for the simulation of volumetric absorbers has been developed.
The central new approach of the model is the division of the
absorber geometries into specific absorber sections and solv-
ing the overall problem as a set of coupled LTNE models. In
particular, this allows for a very detailed representation of in-
ternal front-like surfaces, surfaces which are perpendicular to
the main flow direction and reduce to a single point in one
dimension. Further important aspects of the model include
separate treatment of solar and thermal radiation, a viewfactor
based model for the thermal radiation, and the partial differen-
tial equation based on the Darcy-Forchheimer equation for the
pressure within the absorber.

The continuum model has been successfully applied to simu-
late two new absorber geometries, the StepRec absorber and
the Emitec absorber, and the reference HiTRec absorber. The
validation against the reference three-dimension CFD model
showed a very good agreement regarding the thermal ab-
sorber efficiencies and the temperature profiles across the ab-
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sorber depth. Based on the new continuum model, a de-
sign/optimization process for new 3D-shaped absorber struc-
tures is being developed. Experimental tests at the Solar Tower
Juelich and the Synlight are also planned for the two new
promising absorber designs StepRec and Emitec. These test
results will further be used to continue the validation of the new
continuum model.
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Appendix A. Correlations for Effective Parameters

The continuum model relies on various so called effective
parameters for the simulation of the volumetric absorbers which
have to be calculated before the simulations.

A.l. Geometric Parameters

The first group of effective parameters describes the absorber
geometries structurally, these parameters include the length L;,
the porosity @}, and the specific surface area A, ; of each ab-
sorber section. For the investigated absorber geometries, the
structure parameters have constant values per absorber section
and were calculated analytically as given in table 1.

A.2. Nusselt Numbers

A central component of the continuum model is the convec-
tive heat exchange between the fluid and solid phase. In the
volumetric differential equations 2 and 3, the exchange is de-
picted through a volumetric convective heat transfer coefficient
hyer,j- Additionally, convective heat transfer is also part of the
boundary conditions for the absorber front (eq. 14 - 15) and
the absorber interfaces (eq. 20 - 22). Each coefficient required
by these equations is updated throughout the simulations of the
continuum model based on Nusselt number correlations. These
Nusselt number correlations are derived numerically before the
main simulations. Three-dimensional, stationary, laminar and
compressible fluid simulations are carried out for the absorber
unit cells with added empty inlet areas. The absorber wall tem-
perature is set to a constant value for the whole geometry. For
each mesh element on the absorber surface, the local heat flow
is calculated using a local surface-normal temperature gradient
and the local heat conductivity. Integrating over and dividing
by the corresponding surface areas yields the average convec-
tive heat flux for each section (¢;) and for each interface (¢, ;).
For two-sided interfaces (e.g. fourth interface of the StepRec
absorber) ¢ ; is divided into the heat flux across the forward-
facing (qy,p,;) and backward-face (g 4own,j) surface areas. Ref-
erence temperatures 7.z, ; are defined for each section based on
a massflow-volume average over all mesh elements m of the
section volume V:

T _ ZmEVI- mmeTm (A 1)
ref,j Zmevj mm Vm s .

ZmeAij my, Tm

, A2
ZmeAcn,‘j mm ( )

Tref,l,j =

The interface reference temperature T,.r;; is set as the
massflow-average temperature for the (free) cross-sectional
area A,y ; at the interface location. Nusselt numbers for ab-
sorber sections and interfaces are calculated as follows, where
the air heat conductivity «y is evaluated using the corresponding
reference temperature:

g L
Nuj= —2 = (A3)

Ty = They,j k¢

é]’,up,j Labs

Ny, = ——l0l  Zabs Ad
Hhap.g TW - Tref,],j Ky ( )

. o
Nit ggun = o] Zebs (A5)

T, —Trprj Ky

By repeating the simulations for different massflow densities
and wall temperatures, Nusselt number correlations are derived
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with a least-squares fit based on the generic form given in equa-
tion A.6.

Tref "
Nu = CRE"I (T—) (A6)

w
During the simulations of the 1D model, Nusselt numbers are
calculated from the corresponding correlations and then con-
verted to the convective heat transfer coeflicients:

K
Moty = Avar - Nt (A7)
]
K
hl,up,j = _fNuI,up,j (AS)
Lahx
K
hl,down,j = ﬁNul,down,j (A9)
abs

Local temperatures and air properties are used for each eval-
uation resulting in localized heat transfer coefficients for each
mesh element. For the absorber front, Nusselt numbers Nu,
(correlations) and heat transfer coeflicients /. are determined
in the same manner as for the interfaces.

and Emitec absorbers results correspond to the varying specific
surface area values for each absorber section (cf. table 1). Due
to having the highest specific surface area, the Emitec absorber
also exhibits the highest convective heat transfer coefficient val-
ues. Related, the first two sections at the front of the StepRec
geometry display the lowest coefficients, but the later sections
outperform the HiTRec absorber.

A.3. Pressure Loss Coefficients

The pressure loss within the volumetric absorbers is mod-
eled based on the Darcy-Forchheimer equation (eq. 5).
For the continuum model, separate Darcy-Forchheimer coeffi-
cients for each absorber section (dyy , far,j), the absorber front
(day,fr far.rr)» and each interface (dyy ), fay.1,;) are used. The
coeflicients are calculated in a two-step process before the main
simulations with the 1D-model. For the first part, each section
of the respective absorber geometry is simulated individually.
These simulations are carried out as three-dimensional, station-
ary, laminar, and incompressible fluid simulations. The length
of the simulated absorber section is increased for these simu-
lations. The added length is used as an inlet area to ensure a
fully developed flow within the actual absorber section. The
pressure loss is then evaluated for the developed section and
the simulations are repeated for different massflow densities.
A least-squares fit yields the Darcy-Forchheimer coefficients.
The results for the absorber sections of the StepRec geometry
are exemplarily shown in figure A.2.
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Figure A.1: Volumetric convective heat transfer coefficient over absorber depth
for the three absorber geometries and the three simulation cases

In figure A.1 the resulting local values of volumetric con-
vective heat transfer coefficient h,,; ; (eq. A.7) are plotted over
the absorber depth for the three simulation cases of section 4.
Per simulation case, the three absorber geometries are com-
pared against each other. The discontinuities in the StepRec
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Figure A.2: Relative pressure loss over massflow density for the five absorber
sections of the StepRec absorber, massflow density values are defined based on
the total cross-section (solid + void)

During the second stage, the pressure loss coefficients for the



interfaces and the absorber front are determined based on the
results of the simulations which were conducted to calculate the
Nusselt number. For the compressible simulations of the whole
absorber unit cell, pressure loss values are evaluated from the
middle of each section to the middle of the next downstream
section. The interfaces 0 < j < Ny — 2 are then assigned the
pressure loss Ap; ; which is defined as the difference between
the corresponding pressure loss value and the pressure of the
two section halves:

Apr; = pi(0.5) - p;11(0.5)

A.10
—0.5(Ap; +Apji). (A.10)
With this procedure, the interfaces are assigned the additional
pressure loss which is caused by “connecting” two sections
compared to the fully-developed flow within the sections. The
pressure loss for each section Ap; is calculated using the Darcy-
Forchheimer coefficients which were derived in the first stage.
The air density and air viscosity are evaluated based on the ref-
erence temperature Ty, ; (€q. A.1):

Jarj @)

1 m
2 A

oA (A.11)

Apj = Lj (/lddf!j +
The absorber front is given the pressure difference between the
ambient pressure p;, and the pressure at the middle of the first
section, while the last interface (j = N, — 2) receives the pres-
sure difference from the middle of the second last section to the
absorber exit:

Apyr = pin = po(0.5) = 0.5Apo, (A.12)

Apin,.-2 = Pn,.-2(0.5) = py,.-1(1)

(A.13)
~0.5ApN,.» = APNp-1s

A least-squares fit yields the Darcy-Forchheimer coefficients
for the interfaces and the absorber front where the overall ab-
sorber length L, is used as the reference length (cf. eq. 16,
eq. 23).

A.4. Absorption Coefficients

The effective parameters for the absorption of the incom-
ing solar radiation consist of the relative, volumetric absorption
functions Cy,p01,; (€q. 8) and the interface absorption coeffi-
cients Cy, 7, (eq. 20). The absorption functions and coeffi-
cients are derived from raytracing simulations of the absorber
unit cells. The interface coefficients are derived by dividing the
integrated absorbed solar radiation of the corresponding sur-
face by the total incoming radiation. For each absorber section,
the calculated absorbed solar radiation of each mesh element
is mapped onto the element’s position along the main channel
axis. The resulting piece-wise constant distribution function is
normalized using the incident irradiance and the total absorber
length to yield the relative functions Cy, ;.

The relative, volumetric absorption functions Cjgyep; are
plotted over the absorber depth in figure A.3. The functions
are identical for simulation cases B and C as the only the aper-
ture irradiance, but not the irradiation direction differs between
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Figure A.3: Relative volumetric absorption functions over absorber depth for
the three absorber geometries and the three simulation cases
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Figure A.4: Accumulated, relative absorbed solar radiation over absorber depth
for the three absorber geometries and the three simulation cases

the two cases. The comparison of the three absorber geometries
shows that center of the absorption for HiTRec and Emitec is
located towards the absorber front, while StepRec allows for a
deeper penetration of the solar radiation. The discontinuities
between the Emitec and StepRec absorber sections can be re-
lated back to the specific surface area (cf. table 1), which is
implicitly included in the absorption functions. The inclined ir-



radiation of cases B and C compared to case A moves the cen-
ter of the absorption to the front for all absorbers. In order to
also visualize the effect of the interface absorption coefficients
Cgo1,1,j» the accumulated absorbed solar radiation Oups as a func-
tion of the absorber depth is shown in figure A.4 relative to the
incoming radiation Q,, (eq. 26). Each interface absorption co-
efficient corresponds to a jump in the absorbed solar radiation,
best visible for the StepRec geometry, while the initial values
are defined by the power absorbed at the absorber front (eq. 24).

A.5. Viewfactors

The model for the thermal radiation introduced in section 3.3
requires effective viewfactors between the volume, inlet and
outlet, interface, and mirror elements. First, viewfactors are
determined numerically for 3D surface meshes of the absorber
geometries, from which the effective viewfactors are derived.
The simple HiTRec geometry has no openings in the channel
walls, no thermal radiation is exchanged between neighboring
absorber channels. Thus, the viewfactors can be directly eval-
uated and the radiation model can be simplified accordingly
(Nye = 1, Nyir = 0). To calculated the viewfactors, the channel
walls of a 3D surface mesh are divided along the main channel
axis as show in figure A.5.

. Vol. Element No. 2 . Inlet
. Vol. Element No. 3 |:| Outlet
I:] Vol. Element No. 4

Figure A.5: Division of the absorber walls for the viewfactor calculation for the
HiTRec absorber. Highlighted are the wall segments of the second, third and
fourth volume element, and the inlet and the outlet element.

Each of the N,;,,; volume elements is assigned one segment
of each of the four channel walls for the HiTRec absorber. Sub-
sequently, the mesh elements of the 3D mesh are grouped into
sets E(k) that make up each element k of the volume, inlet, and
outlet elements. E.g. for each volume element, the created set
consists of the mesh elements of the corresponding four chan-
nel wall segments. The numerical tool, which is part of Open-
FOAM®(2021), calculates the viewfactors ¥, ,, between two
mesh elements n and m. The effective viewfactors ‘I’Z’;f needed
by the continuum model between radiation elements k and / are
then defined as:

1

\I_leff —

kI —

Ap ZA”

neE(k)

2, o
meE(l)

(A.14)

Radiation exchange between neighboring absorber channels is
possible for the StepRec and Emitec absorber due to partial
openings in the channel walls. As identical temperature profiles
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are assumed for the neighboring channels, the radiation model
would ideally use viewfactors for a perfectly periodic absorber
structure. However, this is not possible with the given view-
factor calculation tool. Instead, unit cell patterns as demon-
strated in figure A.6 are used. The openings in the outer chan-
nel walls of the outermost unit cells are replaced by perfectly
reflecting side elements. The viewfactors are then calculated
for the closed unit cell pattern. The absorber walls of each unit
cell (original + clones) are divided into volume elements in the
same manner as for the HiTRec absorber. Therefore, the calcu-
lation yields effective viewfactors between the volume elements
of each absorber channel, the inlet and outlet elements, and the
side elements.

During the evaluation of the radiation model (cf. sec. 3.3), the

[ Original Unit Cell

I Unit Cell Clone “Left”

I:] Unit Cell Clone “Top-Left”
. Other Unit Cell Clones
|:| Mirror Side Elements

Figure A.6: Unit pattern for viewfactor calculation for the StepRec absorber.
The “left” and top-left” unit cell clone are highlighted exemplarily. Not shown
are the inlet and outlet elements.

1D temperature profile of the solid phase is applied as the tem-
perature distribution of each unit cell. For the exemplary unit
cell pattern shown in figure A.6, it would be assumed that all
nine absorber channels have the same temperature distribution.
The radiative exchange for the whole unit cell pattern including
the side elements is then calculated, but only the net radiative
flux for the original unit cell is used to calculated the source
term for the temperature equation (eq. 13). The idea behind
this approach is that the interaction (i.e. viewfactors) between
the original unit cell and the artificial side elements, which are
necessary for the closure of the radiative energy balance, de-
crease by adding the unit cell clones. With an increasing size
of the used unit cell pattern, the solution of the radiation ex-
change is expected to converge towards the solution with peri-
odic viewfactors. However, the numerical effort scales quadrat-
ically with the number of mesh elements, which is proportional
to the number of unit cells. as a compromise, three-by-three
unit cell patterns have been used for the StepRec and Emitec
absorber geometries.
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