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Abstract. A big challenge consists in maximizing the thermal efficiency of volumetric solar
receivers that are used to collect solar energy and heat-up a heat transfer fluid in renewable
energy systems. Parametric studies provide an undisputed aid in early design stages and fast
computational models are important to rapidly test novel configurations. In this paper, a com-
prehensive analysis to assess the accuracy and the computational load of 1D and 3D models
compared to relevant literature data is presented. A 1D finite volume model and a 1D explicit
model based upon the thermal resistance network are built by solving the solid and fluid energy
balances and results are compared to accurate 3D CFD simulations of a solar receiver con-
sisting of a silicon-carbide absorbing structure. The calculated air and solid temperatures are
compared to literature findings on a receiver test geometry for different heat transfer fluid ve-
locities. Results show that fast 1D models provide very accurate results with a maximum error
of 2%-5% with respect to the reference in a computational time of few seconds, two order of
magnitude lower than the one needed by accurate 3D CFD simulations.

Keywords: Solar Receivers, 1D Models, Fast Solution, Parametric Studies, Heat Transfer

1. Introduction

The nowadays energy crisis and the necessity of reducing the global energy dependence on
fossil fuels is pushing scientific research toward the improvement and optimization of renewa-
ble energy sources [1]. In this context, concentrated solar technology has attracted huge inter-
est as it can be directly used to convert solar radiation into thermal energy and fulfill local power
demand [2] or provide the energy required to carry out high-level processes such as the pro-
duction of synthetic and sustainable fuels [3]. Solar receivers, which convert concentrated solar
power into thermal power, are specifically designed to absorb and transfer energy to a heat
transfer fluid (HTF) at various operating temperatures and for a variety of systems [4]. They
can be divided onto three categories, namely surface, porous and particle receivers [5]. Once
operated at high-temperature levels, e.g., > 600-700 °C, the thermal energy lost due to radia-
tion becomes the dominating factor affecting the receiver efficiency. Because of that, volumet-
ric (porous) receivers offer a great advantage, with respect to surface receivers, thanks to their
ability of volumetrically absorbing the incoming concentrated solar radiation. This, combined
with the HTF suction from front surface directly exposed to concentrated solar radiation, allows
to reduce the absorber temperature at the front, hence minimizing the heat loss due to thermal
radiation. Absorbing media are usually constituted by silicon carbide (SiC) [6] or alumina-based
(Al2O3) [7] random and ordinate structures that volumetrically collect the incoming energy and
the radiation re-emitted by the hot structure itself. The design of volumetric solar receivers is
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still today a florid research field, and a proper geometry and thermal optimization is considered
of paramount importance for increasing the efficiency of modern concentrated solar plants.
Experiments constitute a precise and reliable way to characterize their performance, but such
apparatus are usually very complex and extremely expensive [2]. To overcome this, a variety
of models of different complexity have been proposed, ranging from analytical ones [8] to full
3D, real-scale, CFD simulations [9,10]. Since the set-up of detailed numerical simulations is
often time-consuming, more agile and simpler models are generally preferred for performing
parametric studies at early stages of the design. The present paper focuses on the develop-
ment of two fast 1D models for a reference test case based upon: (i) the formalism of finite
volumes and (ii) the thermal resistance network. Furthermore, the results of these agile models
are compared to those of a full 3D CFD model at first and then with those of a relevant refer-
ence case taken from literature [11].

2. Geometry and Validation Case

The geometry of the test case model studied in this work consists of the cylindrical receiver
shown by Fig. 1 [11]. The receiver has a diameter and a length of 50 mm while inlet and outlet
regions of 80 mm and 130 mm length, respectively, are added to allow for flow development.

. inlet region porous zone outlet region
X-axis
? =3 >
Uy — | Remmemimme A —_—
n _> _’
. / Pout
Qin 80 50 130

Figure 1. Schematic of the test case receiver geometry, adapted from the work of Wu et al. [11].

The boundary conditions are defined according to the reference case [11] for validation
purposes. Two HTF velocities of 1.73 m/s and 2.16 m/s with a fixed inflow temperature of 27
°C are assumed while atmospheric pressure is set to the outlet. The concentrated solar radia-
tion is 600 kW m2 while a porosity of 80 % and an average pores diameter of 1.5 mm are
considered for the isotropic and homogeneous ceramic foam constituting the porous zone. The
pore-based Reynolds number gives a laminar flow condition with Reg 4, < 200.1.

3. Models description

3.1 1D FVM Model

The 1D finite volume (FVM) model is based upon the solution of energy balances for both the
fluid and solid phases. The equations are solved through a 1D, cell-centered finite volume
method employing the stencil depicted in Fig. 2.
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Figure 2. Representation of the stencil used in the FVM discretization (I.h.s.) and scheme of fluid
and solid energy fluxes for a generic “P” cell (r.h.s.). The schematic assumes that the HTF flows from
left to right, with incident radiation entering from the left, and solid temperature reducing along the x-

axis.
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Fig. 2 also shows all the relevant heat fluxes taking place for a generic cell “P” and, for
each computational element, two equations accounting for the solid temperature, T, ¢, and fluid
temperature, T, f, are solved. The energy balance for the solid phase can be written as:

Qin + Qs,cond,in+Qs,rad,in - Qs,cond,out_Qs,rad,out_Qloss,conv_Qloss,rad
o (1)
=h-Ag- (Ts,P - Tf,P)

while the energy balance for the fluid phase has the form:

Qf,in - Qf,out =h-Ag- (TS,P - Tf,P) =m:- Cp- (Tf,w - Tf,e) (2)

where Q, is the incident solar radiation, Qg cona in @Nd Qs conaout @re the conductive powers,
Qs radin ANd Qs rqq0us are the radiative powers, while Qo cony @Nd Qposs.raa are the thermal
losses toward the ambient due to external convection and radiation, respectively. m [kg s] is
the mass-flow rate, ¢, [J kg™ K] is the fluid specific heat at constant-pressure.

If the terms composing the left-hand side of Eq. 1 are made explicit, then the relation
reads:

. Tew — T Tep—T.

Qun + e+ Ay (S0 ) 4 20 ATy = Tdp) — ke Ay (25 ) =20

'As (Ts‘%P - Ts‘%E) - hext 'Aext (Ts,P - Ta) — &0 Aext (Ts‘%P - T;) (3)
=h-As- (TS,P - Tf,P)

where k [W m™ K] is the thermal conductivity, 4, = A(1 — ¢) [m?] is simplified to the cross-
section area participating to conductive heat transfer, Ax [m] is the grid size, ¢ [-] is the emis-
sivity, o [W m? K*] is the Stefan-Boltzmann constant, A, [m?] is the solid area participating to
convective and radiative heat transfer, h,,, [W m? K] is the convective heat transfer coeffi-
cient between the receiver external walls and the ambient and 4., [m? is the external surface.
The fluid temperature on the r.h.s. of Eq. 2 is discretized with a first-order upwind scheme and
the upwind cell center value is used to approximate the temperature of the fluid at the face:

h-As (Tsp—Trp) =m-cp (Trw — Tri) (4)

The coefficient h, which regulates the convective heat transfer between the fluid and the
solid phases is calculated exploiting the relation for the Nusselt number presented in [12,13]:

- d2 . as ( )
and:
Nu = (32.054¢%38 — 109.94¢ 138 + 166.65¢ 38 + 86.98¢338)ReJ*38 - (6)

where kg [W m™' K] is the fluid thermal conductivity, d [m] is the pores diameter, Re [-] is the
Reynolds number and ag is the specific surface [13]:

1
as = 20.346 (1 —¢) €2 . (7)
P

Ambient temperature is applied to the first cell while, due to the fine grid and the negligible
temperature variation expected in the last portion of the receiver, the temperature of the east
face of the last element is set equal to its center cell value:

Tiw=Tg and Ty =T, (8)
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where subscripts 1, n and a indicate the first and the last computational cell and the ambient
conditions, respectively. The incident solar radiation entering the porous media is modelled as
an exponential decay through the Beer-Lambert law [14]:

Qin(x) = qoAe~F* (9)

with B [m™'] representing the extinction coefficient of the medium that is function of the pores
diameter, d, and porosity, ¢, [11]:

3-¢)
F=—a— (10)

Eq. 9 describes the solar radiation at a given position as function of the radiation intensity
at the receiver front face, g, [W m], and its frontal area, A [m?]. Eq. 10 shows that the extinction
coefficient decreases with both porosity and pores diameter, meaning that a coarse structures
with large pores allow for a better penetration of the incident radiation.

The pressure drop is computed according to the Darcy-Forchheimer equation

Vp=§<1+”fim|u|>u (11)

where K [m?] and f [-] are the permeability and the friction factor, respectively:

d2
K =
1039 — 10029

0.5138¢>73°
f= R T

The fluid density and velocity are computed through the ideal gas law of Eq. 14 and the
continuity constraint given by Eq. 15:

(12)

(13)

p
- . 14
pf RairTf ( )
_m 15

Temperature dependent physical properties of air are accounted for through polynomial
functions, valid in the 100-1’600 K range, given by Eq. 16, 17 and 18 [15]:

¢p = 1060 + 0.449T; + 1.14- 1073T¢ — 8- 1077TF + 1.93 - 107 1°Tf; (16)
p=113-107%+7.06-1078T; — 4.87 - 107" T7 + 2.66 - 107 *T¢ + 6.12- 107 8T (17)
ke = —3.94-107*+ 1.02- 107*T; — 4.86 - 1078T7 + 1.52- 10~ ' T#; (18)

The thermal conductivity of the absorber is kept constant at 120 W m™' K'. The radiative
contribution to the exchanged thermal power is linearized by decomposing the generic radia-
tive power term written for two adjacent cells i and i — 1 as reported in Eq. 19:

RN As(Ts‘%i - T;i—l) =é&r0 As(ng,i + Tsz,iTs,i—l + Tsz,i—lTs,i + Ts%i—l)(Ts,i - Ts,i—l) (19)

The latter can be arranged so that the exponential temperature terms are calculated ex-
plicitly with known values at the previous iteration (n — 1), giving the linearized form of Eq. 20:
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E0A; (Tsa,,i + Tsz,iTs,i—l + Tsz,i—lTs,i + Tssri—l)(Ts,i - Ts,i—l)
~ saAS(Tj;”‘l + Tj;”‘lTn-lsli_l + T+ TS — T,

s,i—1 8 s,i—1

(20)

Doing so, Eq. 3 and Eq. 4 can be solved iteratively in a fully coupled manner, obtaining a
matrix-inverted solution stabilized availing of under-relaxation factors. The physical conver-
gence is assessed examining the energy and mass balances with a maximum error that is
lower than 0.1% in both cases.

3.2 1D Thermal Resistance Model

The second 1D model developed is based on the thermal resistance network concept which
leads to the description of the physical phenomena involved, in the real system, through the
realization of an equivalent thermal circuit (Fig. 3).
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Figure 3. Schematic of the fluxes entering and leaving the thermal resistances used to describe
the case. The first (1), the last (n) and the generic cell (i) in the middle of the 1D model are depicted.

The resulting balance equation, written in terms of thermal power and applied to each
generic internal cell, reads:

Qin,i = Qcond,i,i—l + Qcond,i,i+1 + Qconv (21)

This equation can be further manipulated through the electric analogy:

Ts,i - Ts,i—l + Ts,i - Ts,i+1

Rcond—rad Rcond—rad

Qini = +ash (Ts; — Tr ;) (22)

Where the subscripts s and f indicate the solid and the fluid respectively, and ag [1/m] is the
specific surface area already defined in Eq. 7. h [W m? K] is the convective heat transfer
coefficient which, based upon the flow regime, can be calculated as [13]:

_ 0.016¢k;

— Pr033 Rel3s Req <75 (23)
sf “p
1.064 k
_ d—f Pr0-33 Rg059 Re; = 350 (24)
P

In case Re,; falls in between, a linear interpolation is applied to calculate the value of h
[13]. While, concerning the equivalent thermal resistances, R ,nq-rqqa represents the conduc-
tive-radiative thermal resistance:

Ax

Reond-raa = derfA(1—¢) (25)

With Ax [m] indicating the grid spacing (see Fig. 3) and A.¢f [W m™ K] is the effective thermal
conductivity of the porous medium accounting also for radiative heat transfer. Among various
Aesy correlations available [16-18], the authors selected the model provided by Gibson and
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Ashby [19]. R,,4, acting on the first node of the equivalent thermal resistance network (see
Fig. 3), accounts for the radiative losses of the receiver towards the environment [20]:

1
Aeo (Ts,i2 + Teznv) (Ts,i + Tenv)

Ryqq = (26)
Where A [m?] is the receiver frontal area, € [-] the emissivity, o [W m2 K*] the Stefan—Boltz-
mann constant, T, [K] and T,,, [K] the solid and the environment temperature. Besides the
absorber (solid) temperature, an additional energy balance equation was introduced with the
aim of calculating the fluid temperature in each cell through the enthalpy variation:

Qconv = mf (hiv1 —hy) (27)

Where ni; [kg/S] and h [kJ/kg] are the fluid mass flow rate and the fluid enthalpy respectively.
Once known the enthalpy, the fluid temperature was determined exploiting a polynomial func-
tion derived from tabulated (T, h) data for air assumed as ideal-gas [21], an iterative process
was then applied to obtain the final values of the fluid and the solid temperatures. As final step,
the pressure drop was calculated exploiting eq. 11.

3.3 3D CFD Model
The 3D CFD model of the receiver is simulated by resolving the Reynolds-Averaged Navier-

Stokes (RANS) equations with Fluent code from Ansys. The symmetric nature of the receiver
described in Ch. 2 is exploited and one fourth only of the geometry is modeled.

u;, inlet region porous zone
! i
T, =i l outlet region
g

Figure 4. Schematic of the 3D computational domain used for simulations. Velocity (uin) and
Temperature (Tiy) are set at the inlet while pressure (pou) is given as outlet boundary condition.

A fully structured mesh composed by high quality hexahedral elements is built with Ansys
Meshing. A maximum number of 234600 cells with a minimum orthogonal quality of 0.8 and a
maximum aspect ratio of 4 is obtained. The 3D momentum and pressure-corrected mass bal-
ances are calculated for computing the air flow motion ensuring the satisfaction of the continu-
ity constraint, while the energy equation is solved to model heat transfer. The fluid properties
are defined according to the polynomials of Eq. 16, 17 and 18 and the boundary conditions are
set as presented in Ch. 2. The presence of the absorber ceramic structure is considered
through the porous medium approach with local thermal non-equilibrium (LTNE). The convec-
tive heat transfer coefficient and the incident solar radiation described by Eq. 6 and the Beer-
Lambert law of Eq. 9 are implemented via user-defined functions (UDFs). Pressure velocity
coupling is obtained through the SIMPLE algorithm of Patankar and Spalding [22] while gradi-
ents are discretized availing of second-order upwind schemes [22]. The numerical conver-
gence is ensured by imposing residuals to 10 for energy and 10 for all the other equations.
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5. Results and Discussion

Fig. 5 shows the temperature distribution of the HTF and the absorber along the receiver axis
for a porosity of 0.8 and an average pores diameter of the structure of 1.5 mm. The temperature
at which the fluid and solid stabilizes strongly depends on the air velocity since a larger heat
transfer occur when this latter is augmented. The solid temperature variation with position is
much smaller when the gas velocity is lower due to a less effective cooling given by the HTF.
Results show that the proposed computational codes allow for a very accurate description of
the temperature distribution along the reactor position, for both the fluid and solid phases, at
any fluid velocity condition tested. It is interesting to notice that the highest difference is ob-
tained between the reference and the CFD model due to simplified radiation modelling used in
these latter simulations, that avails of an effective thermal conductivity of the porous medium
which accounts for the effect of both conductive and radiative heat transfer.
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Figure 5. Comparison between the temperature distribution along the receiver axis for a fluid inlet
velocity of 1.73 m/s (a) and 2.16 m/s (b). Black and red lines/marker indicate solid and fluid tempera-

tures, respectively. Results are obtained for a porosity ¢ = 0.8 and an average pores diameter d = 1.5
mm.

Table 1 shows that a maximum error of about 2.3% is obtained between the fluid temper-
ature data obtained from the 1D finite volume model and the reference for a simulation lasting
7.4 s of computational time. The maximum difference, simply estimated as reported by Eq. 28
where “num” refers to the numerical value while “ref” stands for the reference obtained from
[11], is computed at each grid position and slightly increases when considering the 1D electro-
thermal model and the full CFD case. The 1D simplified models very rapidly compute the tem-
perature distribution in a simulation time which is two orders of magnitude smaller than the
CFD one. All in all, simplified and fast 1D models are showed to be very effective for performing
accurate parametric studies, providing reliable results in very rapid set-up and computational
times and constituting a valid alternative to full CFD models in early stages of design or opti-
mization.

_ 1Oonum —ref 28
emax - Tef ( )

Table 1. Maximum error, and computation time, comparison associated to the models presented
and the reference case [11]. “e” stands for numerical difference while “ct” is the computational time
needed to run a serial simulation on a Intel® Core™i5-3470 CPU @ 3.20GHz.

Property 3D CFD 1D Electro-thermal 1D Finite Volume
©€max [%] 71 4.8 2.3
ct [s] ~556.8 ~6.3 ~7.4
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