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Abstract. This paper presents a numerical methodology with homogenized equations, together with the main assumptions
and boundary conditions to analyze the thermal performance of open volumetric receiver with dense wire meshes and
graded porosity. Main numerical results of double and triple porosity absorbers are presented, together with a comparison
of the numerical results with experimental data showing a good agreement. The analysis of the results concluded that
double porosity absorbers gets the best performance when the rear meshes has a high specific surface area and, triple
porosity absorbers are not able to improve on the best case of double porosity absorbers. However, the graded concept has
demonstrated to have the potential to improve the performance of single porosity absorbers.

INTRODUCTION

Central Receiver Systems (CRS) using Open Volumetric Receiver (OVR) technology is receiving a renovated
interest because of its potential to increase the solar to electrical efficiency in solar power tower plants [1] and the
associated advantages of the air receiver (such as availability of the fluid, no trace heating necessary, non-toxic, and
3-5 h of thermal storage) [2-5]. This technology has the potential to increase the Heat Transfer Fluid (HTF)
temperature, reduce the thermal losses and, use high efficiency thermodynamic cycles. Since high efficiencies in the
thermodynamic cycles are related to high HTF working temperatures, the most investigated option previously studied
is the ceramic materials [6-8]. Several studies have been done to predict the thermal behavior of ceramic porous media.
Pitz-Paal et al. [9] analyzed the thermal performance and flow instability of a OVR with a three-dimensional irradiance
distribution. Wu et al. [10] analyzed in a macroscopic CFD model several geometric and operating parameters using
a local thermal non-equilibrium (LTNE) model coupled to the P;-approximation. Fend et al. [11] modeled both a
single-channel and a cup of a honeycomb absorber, showing that the finer geometry performed better. Kribus et al.
[12] investigated in a uni-dimensional (1-D) model the performance of OVR as function of geometrical and material
properties giving emphasis on the implementation of the radiative heat transfer. Recently, Zaversky et al. [8] presented
two 1-D models with different characteristics using both LTNE validated against experimental data and performing
parametric optimization over geometrical foam parameters. Large experimental and numerical work has been
performed over the OVR performance, mainly focused on ceramic materials.

On the other hand, metallic materials have not received such interest, despite their advantages: the opportunity to
easily work with different configurations, lightweight structures, lower working temperatures than ceramic materials,
etc. [13-14]. Recently, Livshits et al. [15] proposed volumetric structures made of dense metallic plain-weave wire
mesh screens as an interesting candidate to reach absorber efficiencies exceeding 90% and, Avila-Marin et al. [13-16]
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numerically studied the convective HTC for six commercially available mesh types and different stack patterns, and
the correlations were validated against experimental and numerical results.

This paper presents a numerical study of OVR made with graded dense metallic screens, coupling heat transfer
and fluid flow with homogenized equations, assuming local thermal non-equilibrium and adopting P; model as the
radiative transfer model. Finally, the numerical model is validated against experimental data.

SOLAR ABSORBER DESCRIPTION

The solar absorber studied in this work consists of a cylindrical pipe that contains different dense wire mesh
stacked. The absorbers that are going to be numerically analyzed are those experimentally studied in Avila-Marin [14,
17, 18] who has exhaustively studied gradual porosity absorbers.

For the CFD simulations, 6 commercial square plain-weave wire mesh screens with a diameter of 50 mm are used.
Table 1 presents the main properties for the 6 screens adopted in this work [13, 14], where d is the wire diameter, M
is the mesh count or mesh number, @ is the porosity, a,, is the specific surface area and is the extinction coefficient
(calculated by means of geometrical optics [19]). The thickness of each absorber analyzed in this paper was selected
experimentally according to a thickness that ensures the total extinction of the incident flux profile in the whole
absorber volume. The number of screens used for the graded absorbers is presented in [14].

TABLE 1. Commercial AISI 310 square plain-weave wire mesh characteristics

Mesh type A C D E F
d mm 1.00 0.50 0.16 0.63 0.13
Mesh M mm! 0.20 0.53 1.79 0.61 3.03
properties @ % 70.1 62.0 61.8 47.7 46.9
ay m! 1194 3044 9552 3322 16330
B m’! 760 1938 6081 2115 10396
MATHEMATICAL MODEL

The numerical model of the combined flow and heat transfer in the solar receiver is based on several assumptions:
(a) the fluid (air) is Newtonian and behaves like an ideal gas; (b) the fluid flow is at steady state and laminar, because
the maximum Reynolds number (based on the hydraulic diameter and superficial velocity), was lower than 200; (c)
the physical properties of the fluid phase are variable due to the large variation during the simulations; (d) the physical
properties of the dense wire mesh stack are temperature dependent; (e) the porous formed by dense wire mesh is
considered gray, absorbing, emitting and scattering is isotropic; (f) lateral walls of solar absorber are adiabatic. The
governing equations are presented:

Governing Equations

Momentum equation:
The flow in porous media can be described by the Brinkman-Forchheimer extended Darcy model [20]:

(v 7)) Vo =V P+ V)£ (vp)- T (V) (V)] (M

Where p. is the fluid dynamic viscosity, @ is the porosity, Pr is the fluid pressure, K, is the inertial permeability
coefficient, K, is the viscous permeability coefficient and v is the Darcy velocity.

Energy equations:
This model considers the local thermal non-equilibrium (LTNE) between the fluid and the solid phases, which

accounts a difference between the air and porous matrix temperatures. The two equations are linked by the convective
source term, using the effective property called the volumetric convective Heat Transfer Coefficient (HTC), h,,.
e  For the fluid phase:

030005-2

Zv:02:L} 4202 Jequiaoed ¥l



(pg o) (vp) V{ Ty = V(kegrr -V{ Tp))+hy ((T)=( Tg)) )
e  For the porous phase:
0= V-(kegrs 'V{ Ty)-q,)+hy (( Tp)-( T,)) 3)

Among the two equations, Ty and T represents the temperature of the fluid and the porous phases and, ke ¢ and
kesrs mean the effective thermal conductivity of the fluid and the porous phases respectively. h, is the volumetric
convective HTC. q, is the radiative heat flux source, p,c; mean the density and heat capacity of the fluid and the
symbols ( ) mean the volumetric average.

P,-approximation equations:

The Pj-approximation is used in this study because it is suitable for optically thick media and it is not time
consuming. The dense mesh screens was irradiated with a solar simulator which was assumed to be a collimated
incident radiation beam, so, the P;-model is used with the intensity splitting technique which uses collimated and
diffuse intensities [21]. The transport equation of the diffuse integrated intensity, G is:

-V (I VG,) = a-(4:0°T¢-G, )+o,-1p-eP? 4)
Where f is the extinction coefficient, a is the absorption coefficient, ¢ is the Stefan-Boltzmann constant and, z is
the porous absorber thickness. Once the diffuse irradiation, Gy, is solved, the divergence of the radiative flux is

computed:

Vg, =a (41i,-G.-Gy) (5)

Boundary Conditions
The following boundary conditions apply for the CFD simulations:
Concentrated solar incident flux:

The incoming concentrated solar incident flux is treated as parallel, constant and uniform with a value of 600
kW/m?.

Inlet conditions:

e  Fluid: The fluid velocity is set at 1 m/s and the static temperature is fixed to 300 K.
e Solid: The temperature gradient at the solid outlet surface is set to zero.

e Pl-approximations: The same boundary sets in previous works [2, 10] is applied.

Outlet conditions:

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

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

e Pl-approximations: The incident irradiation gradient at the outlet surface is set to zero.

Coefficients for the CFD Model

This study simulates the temperature distribution of the fluid and solid phases by solving the coupled volume-
averaged governing equations reducing computational time compared to pore-scale studies. Thus, it needs several
effective properties for an accurate solution of the model, as the ones presented in Table 2. The main coefficients have
been adopted from literature data [13, 14, 17].
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TABLE 2. Coeftficients needed for the homogenous equivalent model

Equation Variable Description Units
K, Viscous permeability coefficient m?
Momentum K, Inertial permeability coefficient m
9] Porosity -
hy, Local volumetric heat transfer coefficient W /(m>-K)
Energy Kefr Fluid effective conductivity W/(m-K)
Ketts Solid effective conductivity W/(mK)
a Absorption coefficient m’!
Radiative o Scattering coefficient m’!
B Extinction coefficient m’!
Numerical Method

Various absorbers with double and triple graded porosities made of dense wire mesh are studied using the
commercial CFD code, STAR-CCM+8.04.010® with user defined functions. The simulations were performed under
a constant incident flux of 600 kW/m? and a fluid inlet velocity of 7 m’/h. The physical model consists on a simple
cylindrical pipe with different thicknesses depending on the absorber analyzed [14]. The user functions are coupled
with STAR-CCM+ solver for enhancing the standard features [22]. The user defined functions are used to define
boundary conditions, material and fluid properties and source terms. For the LTNE model, the additional scalar
equation and source terms in the solid energy equations are solved through Passive Scalars and user-defined-functions.
The velocity and the pressure coupling are handled with SIMPLE algorithm. The momentum equation, the energy
equations and P;-approximation are discretized by adopting the second-order upwind model. The set of governing
equations is solved in a segregated way, which means that the discretized momentum, energy and passive scalar
equations are solved one by one during the iterations.

RESULTS AND DISCUSSION

This works continues with the experimental analysis already presented in Avila-Marin [14] with dense wire mesh.
For the experimental work, six commercial metallic plain-weave wire mesh screens were selected with different
geometric characteristics, but with the constraint of finding pairs with similar porosities (see Table 1). Within the
experimental work, with the aforementioned meshes, 26 volumetric absorbers -6 with single porosity, 12 with double
porosity and 8 with triple porosity- were analyzed.

The following section focus on the numerical analysis of double and triple porosity absorbers with mesh type A
as base. This means that the first porosity of the graded absorbers will be type A mesh. For the double porosity
absorbers, the base mesh is combined with those meshes that have lower volumetric porosity (see Table 1), so, the
base-mesh type A is used to construct four double porosity absorbers (AC, AD, AE, AF). And, the triple porosity
absorbers are based on the double porosity designs AC and AD, to which are added meshes of lower porosity according
to the following plan: high porosity/average porosity/low porosity. The thickness of the layers are presented in Avila-
Marin et al. [14].

Double Porosity with Base Mesh Type A
This section compares four absorbers with double porosity using mesh type A as base (or as first porosity). Figure
1 depicts the solid and fluid temperature profiles as function of the absorber relative position for the absorbers AC,

AD, AE and AF and, Table 3 present a summary of the main results. The analysis of the results shows that:

e  All the double porosity absorbers with base mesh A improve on the performance of the absorber with single
porosity with mesh type A.
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e The greatest improvement is produced by configuration AF, which produces the highest air outlet

temperatures.

e The remainders of the absorber combinations have decreasing efficiencies depending on the specific surface

(Table 1) area of the mesh located behind the base mesh A.

Once the first porosity is selected (mesh type A), the best choice is to have as the second porosity of the absorber
the one with the highest specific surface area possible, as happens with configuration AF. The reason is that the HTC

is increasing with the specific surface area of the second layer, causing a better HTC.

Furthermore, the configuration AF combines the most extreme meshes of this study (Table 1). On one hand, base
mesh type A with the lowest specific surface area and extinction coefficient, allowing the highest solar penetrability
toward the inside of the receiver, while the second porosity (located in the back part of the absorber), mesh type F,
present the opposite properties and, is the responsible of the improvement of the heat transfer between the mesh and
the air of the radiation transmitted by type A mesh. Moreover, for these combinations of absorbers (AC, AD, AE, AF),
the specific surface area of the mesh located at the back determine the overall performance of the configuration. The

higher the specific surface area of the mesh located at the back is the higher thermal efficiency of the absorber.
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FIGURE 1. Solid and fluid temperature profiles for the double porosity absorbers: AC-AD-AE-AF

Triple Porosity with Base Mesh Type A

This section compares four absorbers with triple porosity using mesh type A as base (or as first porosity). Figure
2 depicts the solid and fluid temperature profiles as function of the absorber relative position for the triple porosity
absorbers ACE, ACF, ADE, and ADF and, Table 3 present a summary of the main results. The analysis of the results
shows that:

All the triple porosity absorbers improved on the behavior of the single porosity absorber with mesh type A.
The triple porosity designs based on the AC configuration match or slightly improve on the AC base absorber,
while just one triple porosity design (ADF) based on the AD configuration improve the AD base absorber
slightly and the remaining (ADE) get a slightly poorer result.

Among all the triple porosity designs, the absorbers that show the best results are the ADF and ADE
configurations, in that order.

The two pairs of triple porosity configurations, ACE-ACF and ADE-ADF have very similar performance both
between the members of the pairs and with their respective double porosity configurations of AC and AD.
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From the previous results, it can be concluded that:

e The last porosity of the triple porosity absorbers has only a slight benefit on the performance. This benefit is
higher when the second porosity has as high specific surface area as possible, as more heat is transferred
toward the third porosity.

e The configurations that perform better are those that have a porosity that decreases with the thickness of the
volumetric absorber. Moreover, its behavior is improved when the specific surface area has a value that
increases with the thickness, especially in the average porosity region.

e The efficiency of the absorber improves when the last mesh of each composition is of type F. Even so, the
improvement that is produced with respect to the AC and AD double porosity absorbers is very slight.

e Overall, none of the triple porosity absorbers are able to match or improve on the behavior of the best double
porosity absorber (AF). Only the triple configuration ADF (87.0%) get a slightly worse performance than AF
(87.1%), and its performance is in-between the double porosity absorber AD (86.7%) and AF (87.1%).
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FIGURE 2. Solid and fluid temperature profiles for the triple porosity absorbers: ACE-ACF-ADE-ADF

TABLE 3. Summary of the main results for the double and triple porosity absorbers with base mesh type A

Mesh A AC AD AE AF ACE ACF ADE ADF
(0] % 70 70/62 70/62 70/48 70/47 70/62/48 70/62/47 70/62/48 70/62/47
Teoww K 7010 7116 7215 7162 7233 713.3 715.5 719.6 722.5
N % 824 84.6 86.7 85.6 87.1 85.0 85.5 86.3 87.0
Model Validation

This section presents the validation of a dense wire pack mesh carried out at lab scale under a non-homogeneous
concentrated radiation [14]. The experimental tests were performed with similar incident radiation, with different mass
flow rates and each test was repeated at least three times. The mean results of the tests carried out are presented
together with the results of the numerical model adapted to the experimental working conditions.
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Table 4 presents the experimental results of the double porosity OVR made of metallic wire meshes together with
the numerical (N) results of the adapted model and the deviation (D) between both results for an air inlet velocity of
1 m/s.

The results show a good agreement in terms of fluid temperature between the experimental and numerical results
with a maximum deviation of nearly 1.2 %.

TABLE 4. Experimental (E) and numerical (N) air averaged outlet
temperature and deviation (D) results for double porosity OVR at 1 m/s

Configuration E, (K) N, (K) D, (%)
AC 597 595 -0.3
AD 602 599 -0.5
AE 598 597 -0.1
AF 606 599 -1.2
CONCLUSIONS

This work presents a numerical study of OVR made with dense metallic screens, coupling heat transfer and fluid
flow with homogenized equations, assuming local thermal non-equilibrium and adopting P; model as the radiative
transfer model.

The numerical analysis of graded porosity OVR shows that the concept has been demonstrated to have potential,
in absence of an optimization process, which can improve, or at least match, the efficiency of single porosity absorbers.

From the results it is concluded that:

e Double porosity configurations behave better when the rear meshes has as high specific surface area as
possible.

e Triple porosity configurations: 1) are not able to improve on the best double porosity configuration and, 2)
achieve its best behavior when the specific surface area has a value that increases with the thickness, especially
in the average porosity region.

Finally, the experimental results of four double porosity configurations are compared with the numerical results

by means of the mean temperature of the fluid at the absorber outlet. The comparison shows a maximum deviation of
1.2%, so the numerical model is considered validated.
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