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Abstract. Solar energy has been a major target for renewable energy investment in the past years due to its
extraordinary potential when compared to other energy sources, with the purpose of increasing the conversion
efficiencies and making it profitable, while exploring new ways of harnessing more solar radiation. This study is
focused on one of the most recent technologies regarding solar energy, the solar power tower, which is a prospective
solution to replace the common coal power plants. It is concerned with the reticulated porous ceramic (RPC) material
used to absorb the reflected radiation intensity at the top of the tower and transfer that energy to a working fluid. In
this work, a simple one-dimensional computational model, taking into account the heat transfer by conduction,
convection and radiation, is used to predict the performance of the RPC absorber. The influence of individual working
parameters, such as the thermal conductivity, the porosity of the absorber and the fluid mass flow rate is investigated
with the purpose of increasing the solar to thermal conversion efficiency at the volumetric receiver, and several case
studies are presented.

Keywords: Solar energy, Solar power tower, Volumetric solar absorber, Reticulated porous material, Heat transfer
model

1. INTRODUCTION

During the last decade, with tkhensciousne: of oil scarcity and inflated prices, many devel@paountries decide
to put in place renewable energy support polidisdeed, the number of countries with these politigded in the las
10 years, and emerging economies represent alrBéstdd theglobal effort. Solar power, which represented 53
the total investment in 2013, saw a record levehek installations desp, the 20% investment decrease on the
(REN21).Our sun, an average star, is a source of huge amofipower when comped to other natural resour,
like the wind or water streams, and even more isgive when compared with the total known reser¥dsssil fuels,
butit still represents no more than 3% of the totadrgg consumption worldwic (REN21).

The reasons fohe low share in the energetic mix are connectel svihumber of factors that substantially red
the effectivelyavailable energy at the pla surface, like the atmospheric conditions, as welloar inability to
efficiently convert the solar radiationto useful forms of energy. The later reason igi@lsly bound with the ste-of-
the-art of the various technologies used to transfastarsenergy, either in electrical or thermal powenjch have onl
begun to be truly developed very recel

Concentating solar power (CSP) is the name given to tlstmecent dlar energy absorption technolog, which
aim to bean alternative to fossil fuels (coal) as the source in common power planf&he concept is quite simpl
with the help of mirrored suates, sunlight is focused on thermal rece, also referred to as thermal absort where
a working fluid can reach high temperatures and the used to generate the steam for the produstietectric powe
at a turbine. There are currently 3 difint types of CSP technologies (trough, dish/engime @gower tower syster,
all with the same objective of generating eledlyiaising the concentratedlar irradiance as a heat source, ahis
work is concerned with the latteAs the name says, ttsolar thermal energy is concentrated at a towstead of
individual receivers coupled with the reflector$isitechnology allows for much higher temperatages field of fla
reflectors, often called heliostats, focus the iginilinto a thermal redver placed at the top of the central tower.
heat transfer fluid is then used to make steamghvproduces electricity by actuating a turk

Cellular ceramic materials have been studied feadesand have manheat transfer applicatio, including solar
absorbers. Fet al. (1998)studied theconvective heat transfén five different cellular ceramicand developed an
empirical correlation for the Nusselt numbWu et al. (2010) modelled the structure oparous materii at the pore
level, to studythe pressure drop in the flow. A correlation fog #pecific surface area was proposed as a funcfitive
porosity and pore diameter. Meyal. (2013)performed one dimensional studies to predict thgptrature profiles ar
radiative losses anefficiencies on silicon carbide (SiC) receiv Kribuset al. (2013, 2014 developed a simple model
to investigate the performance of the solar absoksimilar model is used in the present work, aaderal parametri
studies are reported to investigahe dependence of the efficiency of the solapdier on those paramet
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2. HEAT TRANSFER MODEL
2.1. System description

As stated above, the objective of this work isttadg the solar receivers used in power tower systemhich are
usually made of porous ceramic materials, likesilicarbides (SiC) or mullite. The radiation reféetby the heliostats
hits the porous receiver at the top of the toweatimg it to very high temperatures, and creatirigeat exchange
between the solid matrix and the working fluid tlspassing through the receiver. That hot fluithen used in regular
steam turbine systems as the source of heat. Enm#h energy may be stored during production peaksto ensure
the generation of electricity even without sunlight

One of the main limitations of these high tempamtsystems are the thermal losses. Being subjectdie heat
flux equivalent to several hundred suns it is eigedhat the receiver reaches unusually high teatpess, which is
excellent for the heat transfer rate, but causasiderable heat losses due to radiation at the funfiace.

The so-called volumetric effect, expected in thpeeous receiver systems, is defined as the existefidower
temperature at the front side of the absorber, shahthe emission of radiation to the environmisnteduced, and
occurs due to the higher heat transfer capacityhef working fluid at the front of the absorber. Hoer, this
volumetric effect has not been experimentally ol®dj as the convective heat transfer fails to cowsqte the high
influx of radiation, limiting the absorber efficiepto around 75% for high fluid temperature values.

Higher efficiencies up to 95% are predicted usimgal thermal equilibrium (LTE) models, which assuthat the
fluid and solid states have the same temperatuenyatpoint of the absorber, thus producing the walic effect.
Although these models predict much better restiiesy have not been confirmed by experimental resuit constitute
an over-simplification of the problem. Thereforeloaal thermal non-equilibrium (LTNE) model will besed in this
work to predict the heat transfer results in treeieer.

LTNE models provide a more detailed analysis of peblem, by solving coupled equations for conwexti
diffusive and radiative heat transfer, and are kmaavpredict realistic results. These results, haredo not yield a
volumetric effect, as the temperature of the salidorber is not artificially forced by the fluidéhtemperature.

2.1.1. Balance equations and discretization

Since the absorbers are made from relatively laxntial conductivity materials, the most significheat transfer is
due to the flow and radiation transport along thialadirection, perpendicular to the front surfaocéthe absorber. This
allows for a one-dimensional simplification of theoblem, as a small loss in the results precissooompensated by
the reduced computational time.

The volumetric absorbers, made of open-cell cerdoaens (reticulated porous ceramics, RPC), are taddas
homogeneous effective media combining two contisughiases (solid and fluid). By averaging the trartspquations
on a representative elementary volume, smaller tinamproblem scale, this approach constitutesrafiignt reduction
in modeling complexity without compromising the idétly of the results.

The porosity, as well as the mean pore diameter solid thermal conductivity, are assumed to be toris
throughout the length of the absorber. The heartal is applied separately to the solid and fllidses, consistent
with the LTNE model. The porosity determines thaikble conduction area and effective thermal caetidity of the
absorber. The balance equation for the solid pisas€tten as follows (Kribust al., 2014):

2
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wheregis the porosity, representing the volumetric fi@ctof “empty space” in the total volume of the aitieer, ks is
the solid thermal conductivityy, is the volumetric heat transfer coefficiefg,andT; represent the temperatures of solid
and fluid phases, respectively, and the last terthe divergence of the radiative heat flux, whgh balance between
the absorbed and emitted radiation by the solid@ha

Transport by conduction is not taken into accoonttlie fluid phase, since it is expected to bei@antly smaller
than the transport by advection. It is also assuthad the fluid is completely transparent to radiat The balance
equation for the fluid phase is given by (Kribaigl., 2014):

dT
me d_; = IFlv [TS(X) _Tf (X)] (2)

In Eq. (2), m represents the fluid mass flow rate per unit angdch is constant through each cross section of the
absorber due to the one-dimensional assumptionggindhe specific heat of the fluid. The pressurepdrothe porous
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medium along the axial direction is calculated bRparcy-Forcheimer type correlation taken from ekpental and
numerical studies of ceramic foams for solar rezeapplications (Wt al., 2010). The fluid considered in this work
is air, as it is the most common one in these agfdins, and the one that offers a wider datab&geoperties and
correlations for the required working conditions.

The volumetric heat transfer coefficient was estedausing the correlation of Fat al. (1998). A comparison of
several correlations reported by Kribesal. (2014) showed that this correlation gave the kiwdeviation (within
+20%) from experimental results, with reasonableapeetrical dependence and a wide range of appligablhe
selected correlation yields an average value of\theselt number across the entire absorber. Thimsnthat, although
the properties of the air and the flow velocity asdculated for each node in every iteration, amg volumetric heat
transfer coefficient is prescribed for the entites@ber using the averaged values. The convectda transfer
coefficient in the developed region was obtainedliwyding the volumetric value by the surface tdwoe ratio. This
ratio was determined using an empirical equatioretiged by Wet al. (2010) for the material under consideration.

Equations (1) and (2) have been discretized albagilbmain using finite differences and solved tteedy to find
the temperature values for both phases in each pbithe mesh. A uniform mesh along the absorbiektiess was
used. A central differencing scheme was used toretige the diffusion term for the solid phase, letdan upwind
differencing scheme was used to discretize thediveterm for the fluid phase.

2.1.2. Thermal boundary conditions
The boundary condition of the energy equation lier $olid phase, at the front surface of the absdis®), states

that the net radiative energy, i.e., the differebeaveen the absorbed and the emitted radiativeygnger unit of time,
is equal to heat transferred by conduction to isoeber and by convection to the fluid (Kritetgl., 2014):

+h, (TS(O)—“@%J ®3)

dT,
a Gin =aUTs4(O)_ks dXS

0

In Eq. (3), all the terms are related to the sphése, and so the solid fraction is omitted iroathem. T, is the fluid
temperature upstream of the absorlgris the incident solar radiatioa,is the Stefan-Boltzmann constant ani$ the
surface absorptance. The heat transfer coeffieiettte apertureh, was set to 1.6 times the convection coefficient in
the developed region, based on the analysis o&Vel (2011).

The boundary condition of the energy equation Far fluid phase, at the front surface of the absoke0), is
expressed as follows:

T (O)*'Tf,inj @

L

Similarly to the thermal balance equations (1) é2)d the boundary conditions (3) and (4) are ndejpendent, as
both include the solid and fluid phase temperatatake front surface. The last thermal conditiorbé defined is the
second boundary condition for the solid phase. ltiie=first one, it is a balance between the condndh the solid
absorber, convection to the working fluid and rédia(Kribus et al. 2014):

-k
S dx

(5)

Tt (L);Tf,ex]

=0Onetex *hp (TS(L)_
L

In this equationTy « is the temperature of the fluid downstream ofabsorber andnq e is the net radiative power for

the solid phase at the back surface of the absdifttbe back wall is a perfect reflector, there ao radiative losses at

that surface. The convective heat transfer coefficat the back surfach,, is obtained from the volumetric value and
the surface to volume ratio, and is used to caleulze heat transfer between the solid and fluaksph ak=L.

2.2. Radiation model
2.2.1. Discrete ordinates method

The absorber is assumed to be a homogeneous medtinreffective radiative properties, as far as atisle transfer
is concerned. The discrete ordinates method wasxtsel to solve the radiative transport problemhia Yolumetric

absorber, which was modeled as a plane slab ofr@geneous participating medium. The choice of théthod is
bound to its good accuracy and the relatively lmmputational requirements when compared to othéhads. The $
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approximation was employed in the present calauiati since it was found to give an accurate reptagen of the
spatial and angular distribution of the radiatintensity in the participating medium.

The discretization of the radiative transfer ecpratior a direction of propagation defined by dii@aetcosineé™
may be written as follows (Modest, 2003):

mdlm
¢ dx

M )
:—ﬁ|m+ﬁ(1—w)¢lb+%)ZWjI'(Djm (6)

j=1

wherem denotes a discrete directiohl being the total number of discrete directiols represents the radiation
intensity along themth direction,ly, is the blackbody radiation intensitg,denotes the extinction coefficiendjis the
scattering albedo, ardi, is the scattering phase function for the pairicéationsj andm.

The radiative balance equations, like the thernaddiuiice equations, are not independent, since Hitéesaog term
couples together all the radiation intensities dtirdiscrete directions. However, due to symmeggsons, only 4
different directions need to be calculated to regn¢ the 24 discrete directions of theg8adrature for one-dimensional
problems, namely two for positivedirections and two for negatiwedirections.

The dependence between the radiative transfer iequand the thermal balance equations is also @kpiere, as
the absorber temperature field is required to dateuthe blackbody radiation intensity term. Théuence of the
radiation on the thermal balance equations appeaits radiative source term of Eq. (1), which nieeyevaluated as
follows (Modest, 2003):

dag _ J j
=Bll-w) 4@, =Y w; | (7)

dx =t

2.2.2. Radiative boundary conditions

The incoming radiation intensity &t0 along the discrete directions was evaluated fiteemincident solar radiation
in such a way that the first and second momenthefadiation intensity are exactly satisfied by tliscrete ordinates
method. The first moment of the radiation intensityresponds to the incident heat flux. The dimewl distribution of
the solar radiation intensity was defined as unifovithin a cone of 45°, and zero outside that cone.

At the back boundary of the absorber, the incomattjation intensity is calculated by solving a sienproblem for
radiative transfer in an enclosure with a non-pgréiting medium and bounded by three diffuse arabap surfaces,
namely the solid absorber edge, the void spackeofbsorber, and the back wall. Details on the émpghtation of the
radiative boundary conditions may be found in Kebual. (2014).

2.2.3. Radiative properties

The scattering phase function for the porous medaitrased on an analytic expression taken from Heisland
Howell (1996), which was found to yield reliablesuits when compared to detailed analysis of cerdiméens
(Petrasch et al., 2007):

D

8 (.
i 251 (smé?ij -6, cosﬁij) (8)

The volumetric extinction coefficient of the effaet homogeneous medium depends on the porosityresach pore
diameter, and is calculated using an expressioadbas geometric optics analysis of porous ceraiftiendricks and
Howell, 1996):

whereC is a semi-empirical non-dimensional constant, na&e 4.8, which gives the best fit for a varietyntdterials,
according to the work of Kribust al. (2014). The volumetric absorption and scatterogfficients, a, and g,
respectively, can then be calculated by definiregahsorptivity of the materiad;

a, =ap, gy :(1—0’),8 (10)
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2.3. Absorber performance

The efficiency of the absorber is related to theoanmt of incident energy that is effectively transéel to the
working fluid. The temperature of the exiting fluglobtained from the energy balance at the erideobsorber:

- Tf (L) +T fex ] (11)

ey 11T, ()= 107
After solving the systems of discretized equatiaith the respective boundary conditions and obtajrihe desired

convergence, the efficiency of the volumetric reeeican be calculated as the thermal power peraweé transferred
to the fluid, divided by the incident flux:

m Tfex
n=—/|__"%cpy(T)dT (12)
Qin ‘Tt in

2.4. Convergence

The convergence criterion defined and used in theldped code prescribed a maximum error 6F (0001%) in
the thermal balance equations, in the radiativarma equations, and between two consecutive esatof the
radiative source term. This ensures that both soliifluid phase temperature distributions areyfatinverged, as well
as the radiative transport equations. The numbeagriof nodes was defined to be high enough so thedbés not
influence the results and yields temperature thistions with the required accuracy, but without essive
computational time. For all the studies presentedhis work, a uniform mesh with 100 grid nodes wesed to
discretize the governing equations. Regarding trevergence of the algorithm, besides the convemgerniterion, a
relaxation factor was implemented for the divergeotthe radiative heat flux.

3. RESULTS AND DISCUSSION

The main objective of this work was to better usthmd the influence of parametrical changes oretfigiency of
the absorber. The heat transfer model describedealvas used for this purpose, and a few parameterns analyzed
and their influence investigated.

Reference parameters were defined and used inirthéasions reported below, with exception of theticalar
parameter under investigation. The absorptancheaback wall of the receiver was set to zero, ngathat all the
radiation reaching the back wall is reflected bt the absorber, and so the only losses ocdhedront surface. The
thermal conductivity, porosity, pore diameter ahd@ptance are listed in Tab. 1. These valuesyaieal of ceramic
materials used in this type of applications (Si@nfis).

Figure 1 shows the temperature of the solid anidl filnases along the absorber. The solid phase tatmpe is
higher at the front surface, since the absorptiomdiation is more significant there, causing kigthermal losses due
to diffuse emission. This is confirmed by the irage of the radiative heat flux in the backwardaioms near the front
surface, as shown in Fig. 1. The efficiency of teierence case is 73.7%.

Table 1.Reference values for simulation parameters Table 2 — Data used for the variable thermal cotiditye

case study
Absorber mean pore diameter 0.003 m Absorber mean pore diameter 0.004 m
Absorber porosity 0.85 Absorber porosity 0.92
Absorber thickness 0.020 m Absorber thickness 0.020 m
Absorber thermal conductivity 50 Wkm™ Absorber thermal conductivity (first 100 WK
Absorber surface absorptance 0.85 Absorber thermal conductivity (second 5 W K™
Air inlet temperature 300 K Absorber surface 0.85
Air mass flow rate per unit area 0.55 kgra™” Air inlet temperature 300 K
Incident solar flux 600 kW ih Air mass flow rate per unit area 0.75ky s

Incident solar flux 800 kW ih
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Figure 1. Temperature distributions of solid anddfiphases (left) and radiative heat flux alongftvevard and
backward directions (right) using the referenceapsaters listed in Tab. 1

3.1. Incident solar radiative flux

The incident solar radiative flux represents thieaive available energy that may be transferreth&working
fluid. Increasing or decreasing this value can ¢l@eved by having more or fewer heliostats in ieédf concentrating
the solar radiation at the power tower receiver.

It was expected that higher incident heat fluxesuldiogenerate higher temperatures, and thereforerbkéat
transfer conditions and higher efficiencies, buttivas not entirely true. Higher solid phase tempges are in fact
obtained, but in the present situation, the ainas able to completely remove the excess of heatlting in lower
efficiencies. Figure 2 illustrates the previoudesteaent. The difference between the solid and ftaidperatures at the
back surface increases with the increase of thideént solar radiative flux, yielding a lower ratibthe converted to the
available energy.

3.2. Mass flow rate per unit area

The second parameter evaluated was the mass fteywvhich was expected to have a direct effecherefficiency
of the receiver, as more mass of working fluid hssim more capacity to remove heat from the salidorber. On the
other hand, a higher mass flow rate of air requitagch more energy to reach the same temperatwssiting
unsurprisingly in lower fluid exit temperaturesgiie 3 shows the increasing efficiency for incnegsialues of mass
flow rate. Values greater than 0.65 kg/Swrere not considered, since lower fluid exit tenapares would be obtained,
which is undesirable as far as the global efficjeoicthe solar power plant is concerned.

3.3. Porosity

The porosity has a large influence on the perfomeanf the absorber, since it affects many aspectheoheat
transfer, like the surface to volume ratio, theiretion coefficient of the medium, and even the amoof radiation
transmitted to the absorber at the front boundBing. first expectation was that by having less soladerial at the front
boundary, the absorber would reflect less radiatifleix to the ambient. It was further expectedttlwaver radiation
would be absorbed/emitted at the front surfaceyighog more available energy across the receivertlie same
incident solar flux. Both expectations were conédrby the predicted results, shown in Fig. 4, \tlih extra benefit of
the reduced front surface temperature for higheogity cases, resulting in lower thermal lossethéoenvironment.

3.4. Absorber thermal conductivity

The importance of the thermal conductivity for tthesign of volumetric ceramic receivers is essental it is
responsible for the transport of thermal energyctyduction across the solid absorber. Higher theomaductivities
mean lower temperature gradients and more unifemperature profiles from the front to the back ates, while
lower thermal conductivities allow for more abrwptiations, as illustrated in Fig. 5.

A lower front surface temperature, in addition e increase in the difference between the solidfand phase
temperatures throughout the second half of therbbsoreduces the thermal losses and improvesedhetransfer by
convection, thus increasing the overall efficiency.

As previously explained, and shown in the resudtsthe front surface there is a tendency for theptrature
gradient of the solid phase to be negative, andhfatrreason higher thermal conductivities helgeep the temperature
distribution lower and more uniform. On the secdvadf of the absorber, however, the temperatureignadnay be
positive, due to the reduced convection and thee&se in radiative heat flux caused by lower ptypbut the increase
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of temperature is limited by the high thermal cactility.

100

Hence, a study was performed using an absorbertwithmaterials in series, of equal length but défé thermal
conductivities. The thermal conductivity of the evél on the first half of the absorber was settrelatively high
value, to avoid high temperature gradients neafrtrg surface, while keeping the porosity as haghpossible (within
the validity range of the Nusselt correlation) tisat more radiative energy can be transmitted ecatbsorber. The fluid
mass flow rate was increased to help the absorpfidine extra influx of energy. The values usedhis last study are

shown in Tab. 2.

This study predicted an efficiency of 80.6% anddsea higher fluid mass flow rate at higher exmperature (1097
K), as shown in Fig. 6. The most important note sgte the volumetric effect predicted in this caag,the solid
temperature at the back of the absorber is 50 Kemnighan the front surface temperature, due tddwer thermal

conductivity of the second half of the absorber.
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4. CONCLUSIONS

The following conclusions may be drawn from thegpaetric analysis carried out:

i) Lower solar incident heat fluxes offer better casi@n efficiencies, but the lower available energgults in less
absorbed energy and lower temperature values s wel

ii) Better efficiencies often require higher mass flates or lower solid phase volumetric percentagseulting in
lower fluid exit temperatures.

iii) The larger the fluid to solid ratio, the higher tefficiency. This increase of efficiency is ofteoh&ved at the
expense of a lower fluid exit temperature, but stihigher fluidmass flow rate provides more capacity to absorb

energy by convection, and higher porosity increabesamount of fluid percentage at each cross @sgchoth
resulting in better solar to thermal energy coneers

iv) The thermal conductivity of the solid phase haargd influence on the performance. In the caseiddum thermal
conductivity, lower thermal conductivities causgher solid temperature at the front surface, irgirgathe thermal
losses, while higher thermal conductivities provaenore uniform temperature distribution, resultingsmaller
radiative losses and increasing the performanceéhdncase of an absorber constituted by two médendth a
higher thermal conductivity of the upstream matetiee efficiency is significantly improved.
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