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ABSTRACT

Full Name : MuhammadFaizan

Thesis Title  : Numerical investigation of hydrodynamic and thermaiformance ¢

silicon carbide as a solar volumetric receiver

Major Field  : Mechanical Engineering

Date of Degree: DecembeR021

A porous volumetrigeceiverin the solar thermal system is a promising utility for energy
harvesting applications. The hydrodynamic behavior and thermal performance of porous
structures in theeceiverremain critical for efficient operation. Hence, in the present study,
the assessment of SiC foam in a volumegteivers carried out for a concentrated solar
energy harvesting system. In the numerical study, a 3D model of actual SiC foam is
incorporaed and the discrete ordinates (DO) radiation model, which is fully coupled with
conduction and convection heat transfer, is adopted. -é&im&nsional computel
tomography scafCT-scan) of porous SiC foam is imported for CFD modeling. The foam

is located ina square channel having an optical transparent top wall, which allows solar
radiation to enter the channel. The porous SiC adsogsponses are examined for two
working fluids including air and water. The overall thermal performance of the solar
harvesing system is evaluated by considering tnerall heat transfer coefficignt
normalized Nusselt number and thermaleefivenessbased on the outlet and the

maximum temperatures. Aperformance parameters are computed using temperature
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dependent propees for different Reynolds numbers, solar concentrations, and porosities.
Assessment of hydrodynamic and thermal behavigoobus SiC foam is conducted for
bothflow conditions laminar as well as turbuleRtirther extension of assessment involves
channed s ¢ o nf wlgah ara humerically analyzed using duell approach with

LTNE model Novel cone frustum (converging) shape of volumetric receiver is introduced

to achieve the begterforming design of the volumetric receiver. Various configurations

of cone frustum aranalyzedand comparison has been made between these configurations
by varying designds parameters such as cone
to outlet diameter, and length of receiviéiis observed that employingopus SiC foam
considerably improves the thermal performance of the solar harvesting system as compared
to the channel configuration without porous SiC foam. A significant improvement is
observed in the Nusselt number while demonstrating the convectimapparent heating

mode in the porous system, provided that the pressure loss of the channel with SiC foam is
not substantially highMoreover, a significant thermal enhancement is observed while
comparison with the previous volumetric receiver of theesgolume and inlet conditions.

It is worth mentioning thatonsiderable high eximprovement isachievedfor proposed
configurations as compared to the previous studied dediga having the almost same

pressure
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CHAPTER 1

INTRODUCTION

1.1. Background

Energy ancenvironment are the major obsessions of the contemporary world and delicate
the balance for human life. Energy production and management are the backbone of
modern economy and contributes major part in development antbewed for the world.

Above 50% of energy production depends upon fossil fuels which are significantly
polluting the environment. Secondly, resources of fossil fuels are reducing day by day due
to everincreasing demand of energy. In recent decaoleyectionaknergy starts relying

more on different sources of clean and green energy to alleviate the primary cause of
environmental pollutiorjli 3]. In order to build an unfailing network of clean energy to
satisfy the future demands as well as the criteria offieeadly, the renewable energy
sources have become more robust to serve this purpose. Among all renewable energy
sources (wind, geothermal, soktc.), solar harvesting system proven itself more reliable
available energy source to meet the energy demands of current and inconjh&lera
Especially for tropical regions and middle east, solar harvesting system is more feasible
ard applicable as an alternative energy source. Moreover, it is also capable to become a
primary source of energy by enhanciagd tuningthe thermal performance of system

without imposing carbotased pollutioron environmenf6,7].



Solar harvesting systems have bdetidedinto two primarycategories: solar photovoltaic
cells and solar thermaéceivers Solarreceiversystens whichwork on pincipal of the
Concentraté Solar Power (CSP) was erived using idea of ancient Greeaehere
Archimedesused bronze shieldss a defensive tacfito concentrate the sunragsito
attackingarmyto fire invadingships This mythwassuccessfullyproven by L. Sakkas in
1973, whert0 shipscaught on fire while concentratedrsays were propagated through
bronzed coated mirranto these ships from 200 [B]. The first documenbn CSP was
appearediuring 18&0s, in which CSP techniqués usal to heat watethrough parabolic
troughs This plant was estdishedby A. Mouchoutto produce steam and becafirst
solarbased steam engirf@]. In 1912 this solarbasedsteam enginewereintroducedto
commercialmarketand first official working model was installed indsidi, Egyptfor
pumping of ®00 gallons of water per minufter farming.Then, the CSP applications were
extended to numerous areas witlomising outcomedn 1968, G. Francia used C$&#
solar power plant bysing field of solar collectors; in 198RS department of energy
introduced operating CSPlagnt which was able to produce 10 MW electricity;1@86,
world largest CSP facilityvasestablishedn California USA.As of June2010, 34 CSP
plants having capacity @&80.45 MW energywere available worldwid¢10,11] As of
2019, generatioof CSP increasedp to approximately 34%with surplus 24% annual
growth Based on these facts, by 2080s expected that considerable portion ehergy
will be producing by CSP. Howevanaja percentage of energy watill bedepended on
fossil fuels.In order to achieve majgrortion of energygenerationdependingon CSP

plants (clean angustainale), the technologgtill requires tonsof enhancemerjii2,13]



1. 2. Importance

The motives are to lower the level of GHG emissions and to depend on more secure
resourcesModern societies require clean and reliable energy systems wdmechspond

to the energy demand and population grolaghmitigating the environmental risks e.g.,
global warming and climate changet,15] Thus, massive attention was recently devoted

to renewable (mostly solar and wind) research anceldpment. One of the crucial
renewable technology is concentrated solar power (G8#]) in which te energy
conversion efficiency reaches 29%]. Since high temperature can be achieved through
CSP technique, thus, it emerged as an acceptable candidate for largernsrgle
production (solar tower)and other heat application$he efficiency of solar tower
techndogy is associated with the performance of its central element known asel#ne
receiver.Solar receivers have been using in solar thermal concentrating techniques are of
mainly two types: linear receivers and volumetric receivarBnear receivers,sface of
receiver absorbs concentrated heat then transfer to working fluid which follows linear path,
mostly consists of tubular structure. Thermal conductivity of surface is main factor to
receiver performance, if linear receivers possess low thermducowity which result in

high temperature at outer surfaces. Thighhleadto high loss of emission from outer
surfaces. The volumetric receiver overcomes this drawback faced while using linear
receiver[18]. However, volumetric receivers alesigned in such a way that solar radiation

is captured amuchas possible. Their special configuration of design is also subjected to
penetrate solar radiation into the receivers which act like a thermal cavity for trapping heat
inside them and transfdreat directly to working fluids. Here, unlike linear receivers,

temperature of volumetric receivers remains higher than working fluids. Furthermore, the
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porous structure of volumetric receivassuesthat absorbing heat inside cavities and

transferringto working fluid must be simultaneoudiQ].

First successful preommercial trial of volumetric receiver utility in tower plant having
capacity of 1.5 MWe was installed in Julich, Germany and its operation started in June
2006[20]. Earlier, testing field of concentrating solar site was originated around 1980s, in
which 250 acres site with seriekroirror for concentrating solar was assessed mainly to
generate power of 3 MW and other purposes such as hot fluid from this testing field used
for chemical process and desalinatj@t]. Later, application of concentration solar plant
was expanded for melting salt. However, recently, various other modifications have been
incorporated inCSPto achieve optimize performance including utility of ceramic foams,

oxide and noroxide ceramic receivers.

Numerous studies have been conducted on developing the CSP technology to make it
economically competitive. These were mainly accomplished basedt@asing the solar
receiver temperature which directly improves the conversion effici@@cg4]. However,
challenges are still associated with the solar volumetric receivers including optics for high
concentratia, stability of the material, and porous material structure dd&ijn Three

types of structures, which are wire mesh, honeycomb, and metallic foam, have been
extensively utilized in designing efficient solaolumetric receiverqd24,26,27] The
limitation of the maxmum outlet air temperature achieved with volumetric receivers made

of metalreinforcedthe use of ceramibased volumetric receivej28i 30].



1. 3. Current Interest

Porous volumetric receivers for solar energy harvesting have been studied expélyimenta
and numerically to optimize the design and depdmpdeameter§31]. For exampleV. R.
Patil et al[16] experimentally investigated the performance of different reticulated porous

ceramic receivesfor thermal processing above 1000 Air outlet temperature and thermal

efficiency were considered for thermal performance by varying parameters such as receiver
materials, average pore size, air mass flow, r@te solar concentration ratio. Thermal
efficiencies were achieved in the range of 0.259 having air outlet temperatures varying

from 1160 to 458C. Furthermore, results also indicated that larger pores improved the heat

transfer while variable pordgiof ceramic receiver decreased temperature gradients which
potentially contributed to the design optimization. In another study, Z. Wu E234l.
numericallyanalyzed the influence of pore siae temperature fields and flugressure
dropinside the solar recedv. Findings illustrated that the mean pore size of the ceramic
receiver is strongly related to the thermal performa@cd&arreto et al[17,18] optimized

the thermal performance of solar volumetric recebgrusing cylindricalshaped porous
opencell ceramic foam for concentrated solar power application. Findings revealed that
higher values othe fluid velocity atthe inlet enhanced the thermal efficiency, but it
decreased the mean fluid temperature at the exit. Howeitrincreasingporosity and

pores size, the pressudeops decreasedAdditionally, the solar concentration and the
Reynold number are strongly related to the solar volumetric receiver performance. In
general, increasing solar concentration and Reynold number directlycedhtire heat

gain by the solar receiver; hence, the main challenge is to aeth&yeratio between heat

gain and heat suppliedhe further investigation focused on the placement of the solar
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receiver by adjusting height and anffl8]. S. Du et al[20] studied the reflectance losses

of the porous volumetric solar receiver by considering severahyaers includinghe
wavelength of solar irradiation, angle of incident, porosity, and pore size. The reflectance
losses were increased when wavelength and incident aagfeund to be above 420 nm

and 30°, respectively. They found that higher porosity and larger pore size reduce the

reflectance losses.

1. 4. Scope of Study

The dove literature addresses the importancehefdesign and structure & solar
volumetric receiver fohydrodynamic and thermal performaseehich can be improved

by optimizing the parameters such as porosity, pore size, solar concenRatymolds
numberand design ofeceivers Several resarckes show the geometry investigation of
reflector dishes whit are utilized for concentrating radiation for directing towards
receiver Similarly, pore size and porosity are also investigatedldatchannekize is not
developed according foore size and porosity which aso research gapikewise, hck

of attention has been observamvards the design of receiversspecially related to length

of receiver.The current study aims the investigation of influence of irgnd design
parametes on global Nusselt number, overall haaansfersco-efficient, radiation heat

flux, maximum tempetare, effective size of receiveand optimaaccording to these
parameters. Input parameters are studied widely, however, design parameteos are
analyzed for volumetric receiveiComparison between differerdonfigurations of
receivero6s channel i s aTlos ot hiencbleusdte do fi na utthhiosr Gsst
the study bringsovel augmented volumetric receiver configurations with detail debate of

thermal performance pameters.



The present numerical study usesual porousSiC foans as a volumetric receiver and
their structures are scanned using the mgxan facility and the structural features of the
foams are importedthto computational fluid dynamic (CFD) cod€FD codeis used to
solve the governing equations includicantinuity, momentum agtion E  Rturbulence
models (realizable and standgrenergy equatioriscrete Ordinate radiation equation,
Local Thermal NorEquilibrium Model and their volumaveragedequations. CFD
analysis is carried out using ANSY &iEnt Purpose to solve these governing equations is
to find the emperature distribution in fluid and solid phases of the pores structure and
pressure distribution in the working fluid along the channti@tolar volumetric receiver.
DiscreteOrdinate(DO) radiationmodelis employed ta@oupletheconvection, conductign
and radiation and alsoincludes the influence of scattering, diffusion, emissivity and

absorption of radiatian

This workcomprises 6 chapters. Chaptdiritroduction)serves as preface to this research
work. Chapter ZALiterature Survey contains the literature survey relevant to the topic
undertakenDetail modeling sategyfor CFD codeis describedin Chapter 3(Porous
AssessmentChapter4 contains the supportive theory atie formulationof governing
equations(Numerical Analysis Results of thenumerical assessmeate discussedn
Chapter JResults and discussioim) tabulr and graphical forms. Chapte{®onclusion
and Recommendationgpncludes the work and includes recommendationduture

work.



CHAPTER 2

LITERATURE SURVEY

Electricity generation from lowarbon energy resourcéenewable energyiy globally
replacing the generation from fossil fuebalar energy is extensively availableteform

of renewable energyowever harvesting solar energy techniques are still costlytiaayl
involveless efficient proceses With the needd minimize thelevelized cost of solar power
systems asompared with other electricityenerating units, the solar energy harvesting
researchremains significant. In general, solar harvesting is accomplished by different
means such as photovoltaic cells and sodgeivers[37i 39]. Solarreceivercould be
categorized into three classes; (1) Partieleeivers(entrained particles, fallingurtain),

(2) Surfaceeceivergexternal cavity, stills, tabular, convective plates), an&/(3)imetric
receivergceramic foams, metallic and wire meshes, honeycomb structure, ducts, packed
beds)[40,41] The efficiency ofvolumetric receiers which is mainly CSP, is associated
with the performance of its central element known agptiteusfoam act as volumetric
receiver. This receiver consists of a porous material heated by concentrated solar radiation

[42].

In general volumetricreceiversare dsignedtowardsachievwng the minimal heat losses of
solar radiationwhen operatirg at high temperatuse The improvement in volumetric
receiverperformancehrough reshaping the absorbing elements is in prof26g43] To
achieve sustainable development of the operatiaeadiversthe optimized featuresof
the device basing omaterials and structusebecome essentialhe permeable porous
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structure ofreceiversthat act as voluetric receiversbecomes preferabl® harvest the
incoming concentrated solar radiati@ince nost ofthe heat is transferred fromeceivers
utilizing convection, it implies that properties of heat transfer fluid mptgr Mainly, the

heat transfer fluids are air or water because they are highly available and environment
friendly, but other fluigd such as carbon dioxide could also be takethafeat transfer

fluid due to its high heat pacity. The highest temperatuan bereached inside the
receiversbecause of thgolumetric effectand, thus, the thermdalydrodynamic behavior

of thereceiverat high temperature becomes one of the main conderasldition, it has

been noted thdhetemperature dheexposed surface of volumetrieceiverss lower than

theinside temperature oéceiverghat leads to lower radiation los4é5)].

2.1. Gas receivers

2.1.1. Volumetric gasreceivers

From 1980ssolar wlumetricgasreceivers have beamder investigationvhich usually
containporous structuresuch aseramics foamdsjoneycombswire meshesetc.and are

subjected tarradiate by concentratesblar radiation. Heat transfer fluids are allowed to

flow and heatedp tocriticalt e mper at ur e o f,foreeamele800elr0s060 enfa t e r
for metals and200-1 5 0 (4€]CConsequentlytheseheat transfefluids can beutilized

for various applicationmcluding as avorkingfluid for a Rankine steam cyaaddirectly

to gas turbing47], andpower source fostorage mediurf89]. Besidesheseapplications

of heat transfefluids, solarvolumetricgasreceiverscandirectly be used ito operloop
atmospheric receiver system for a Rankine cycle and closgdpressurized (windowed)

receiver system for a Brayton Cycle.1991,Chavez and Cha448] reporedthe design



of porous ceramic receivandits testingfor thermal performance which is installed in
Plataforma Solar de Almeria SpaiAir was used as heat transfer fluid, andhest
concentrated dar radiation flux and exit temperature of aere achievedto be 800
kw/m?, and 73€C. However, highest thermal efficiency 085% wasfound with exit
temperature of 5% and 546 decremenin the thermal diciencywas noted when exit
temperaturewas 730C. This drasticdrop in thermal efficiencyvas faced because of
unoptimizeddesign factorgspecially large thickness Bffromark paint and blocking some
of the poresFurthermoremaximum temperaturef air in receiverwas obtainedup to

1 3 5 Qvkidh was very higlas comparetb exit temperaturand contributed toeduction
of thermal efficiency du¢o large radiative heat lossgSonclusionhas beemmade that
optimizationcouldimprovethermalefficiencyup to 884 for exit temperatur650e CFor
controlling of radiative heat lossedwo researcher group$49,50] configured the
volumetric receiver in form oftwo slab selective received) silica honegomb (solar
transparent glass beadshich wasplaced afront and supposed tmontrolirradiationand
2) SiC patrticlesto utilize the radiation heat to elevatie exit temperatureFront slab
(transparentsilica honeycomb)was allowed topenetratethe solar radiation(mainly
infrared emisions)towards secamslab (SiC particles) to absattiese emissions. In such
a way, controlled absption of solar radiation was achievethich helped to decrease the
maximum temperaturdue to two different materialé&\s a results, volumetric effect was
more profound that leads to maximum temperature wittgaiver instead of fluid domain.
Thus, final testing of tke study revealed that windowed receiamhieved thermal
efficiency of almost 90% ith exit temperature of 7@ C Another group [51]

experimentally determinethat thermal efficiencyas beemnhancedby up to 10%while
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usingsquare glass channels covered with ceramic thin film recdikier. findings showed

incredible improved exit temperatwip to 10@e @s compared to pure ceramic receivers.

New refeeding concepts was proposed by Matal.[52] which incorporatesome part
of working fluid refeed againnto volumetric receiver to recover the waste h8atondly,
this volumetric receiver is combined withorking fluid of some power cycland re
feeding was also coupled with exhaust aipoiver cycle to capture the waste hddtis
configuration resulted in significant improvementtbérmal efficiency up to 70% and
recovered waste heap to 15%. Further extension of this studyolved optimization of
air refeeding and design parameters of volumetric receivex implementationof
numerical investigation. This optimizatiain, turns, augmented the thermal efficiency by

more 20% (total near 90%5H3,54]

Turbulencestreams ofworking fluid and noruniform heating due tdarregular path of
porousstrudure ofvolumetric receiversftencause the excess heatatgany placevithin
fluid and solid domia which also leads tthermal instability or failurg¢26,42]. For solid
body, thermal instabilitgignificantlyreduceghe durability of systemtfor fluids, thermal
instability causesdrastic changein temperature dependetitermophysicalproperties
(especiallydensity and viscositydf fluid, however, theseffects can be mitigatedy
optimizing porosity ofvolumetric receiversKarni et al.[55] proposed thelesign ofsolar
volumetric receiverhaving cerand pins (named asParcupine)that hadcapability to
achieveexit temperature ofluids up t0o1000e Gvhich was almost same as maximum

temperatur®f that receivers
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2.1.2. Small particle gasreceivers

Submicrorcarbonparticlesare dispersed ipressuredvorking fluids fnainlyair) enclosed

in cavities or tubes;this design ofeceiver known as small particle gas receivers. Then,
thesereceives are heated using concentrated solar radiamdrecoveredcheatwith help

of pressuized working fluids which istransferred tdBrayton cycles as aenergy input
[37,46] First model of tle small particle gas receivesasfirst establifedduring 1970s
[56,57] Main advantagesof this receiverthat uniform absorption of solar radiation
throughout the fluid body ankigh surface ameof solid particlescontributes to achieve
significantlyenhanced exit temperature. Mower this idea preventtermal instabilities
and ensures continues recovery of h&ait highersolarconcentration can damage the
particlesor altertheirthermophysical properties as wellagive chemicallyoxidization)
[58]. Findings of investigation on these reces/explored thathermal efficiency can be
achieved up to 90%y optimizing some input pamgeters (solar concentratiomassflow
ratg etc.) pressue of gas dispersion of particleptical properties andize of particles
[58,59] It is experimentally studgewhile air as a working fluid ir25 kwWh small particle
receiver attained the temperatureo f 7 O0BOtetids. wasachievedwith optimized
parameters (stable dispersamdsuitableconcentration ofmicro-particled andconceiving

appropriatevindow for thepressured receiv¢gO].

2.1.3. Tabular gas receives

The application of solar thermal receivers operating at high temperatures for the purpose
of air-Brayton cycles has been tried and tested over the past couple of years. The initial

models were designed in parabolic structure and relied on the use dbpipegase heat
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transfer. Inside the liquidhetal heat pipe, heat transfer coefficient is around 30,00 W/m

K as compared to only 300 WK with gaseg61,62] This helps to reduce tlsize of the
receiver and reduce pressure drop because of the high solar flux. However, the cost is an
issue with these types of receivers. Researchers have tested design parametes of 815
outlet temperature of air and S65inlet temperature of air, 0.Z4)/s mass flow rate of air,

2% pressure drop, with 85% thermal efficiej6@]. Some otherx@periments have been

done on different designs by DLR for a setgibrid microturbine system operating used

on power of 100 kW 1 MW [64i 66]. Design concepts introduced in these studies include
the use of absorbeMultitages owdebi gn fNPowsi ¢$ &
material with copper sandwiched in between in a hydrofagnpirocess to enhance the
circumferential heat distribution and heat transfer to the gas, segmented silica windows to
reduce convective and radiative heat losses, and hybridization. Simulations showed an
increase in the potential thermal efficiency of teeeiver from 68% to 81% when a
window was used compared to simulations with no window. Tests performed at the
Plataforma Solar de Almeria using the systensmaller improvement from 40% (no
window) to 43% (window) with receiver inlet and outlet temperatures afsa06d 80€C,
respectively, a turbine power of 70 kW, and a solar input of 2738A)V The difference

in the measured and the calculated values here occur due to loss of heat from the cavity
walls. These receivers operating at high temperature are subjected to thermomechanical
loads that are fluctuating in nature which reduce the fatigue life when added with the heat
losses due to radiation and convection. Since it has been showalith&O; is able to

give higher efficiencies close to 50%, its use as heat transfer fluid is recommended. Tubular

receivers have smaller tube diameter that can sustain higher pressures necessary for
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supercritical phase when they usdidCO; as the heat transfer fluiressure may reach
upto 15- 25 MPa at the inlet of the turbine. The biggest issue spitd-CO; is its storage

that needs to be kept separatelid-CO, is usedas receive[68].

2.1.4. Tubular liquid receivers

Various coffigurations have been proposed falotlar liquid central receiver systems since
the 1970s but first model wassuccessfullyimplementedin the 1980s andsecond
implementationbecame ready during©990snamedwith Solar Ong69] and Solar Two
[70], respectively In conventional tubular receiverarrays of thin-walled tubeshaving
good thermal @nductivity (stainless steel or alloyed) thaearrangedn such a wayo
shuttle theheat transferfluid (e.g., water/steam or molten salt) nmultiple passedy
exposing toincident concentratedokar radiation Then, heatedfluid is transportedor
storageinto the power block. Bothbavity-type (internal flow) and externa¢ceives can

be found with principle of tubular liquid receiverdMolten salts are also used as heat
transfer fluidswhile using iquid-based tubular receivershichhave common approaches
with current power tower receiverThese receivershave beencomprehensively
investigatedin facilities of Sandia National Laboratorigg1i 73], Themis [74] and
Plataforma Solar de AlmerigZ5]. Temperature®f the working fluid of the tubular
receives have beenobservedess than 604L till now. At highertemperaturaearto 650

T 750C, re-radiationimpactshouldbe arefully determinedn order to select an open or
an enclosed receiver design. Liquid sodifi@] andfluoridesalt[77] as workingfluids
have also beesuggestedhs an alternative to molten nitrate saltacmcomplishhigher
temperatures arttiermaleffi ciencies. Higher thermal conductivities associated with liquid

metals allows for higher incidenadiationflux values(in excesf 1.5 MW/n¥), as the
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thermal conductivitydecreaseshe frontto-back receiver tulfie $emperaturethat also
lesses theassociated thermal stres$é6]. Higher incidentradiationflux alsoenhanced
thethermal eficiency of the receiveias a smaller receiver can be constructed for the same
thermal power collecte&election of suitableibe size and wall thicknekslpstoimprove

the heattransfer whileconsideringpumping losses. The heat transfeeficient scales as
1/diameter, making small diameters attractive for convection. However, pumping losses
and material costscrease and required wall thicknesses decrease at a given pressure with
smaller diameters, resulting in an optimum diam§f8t. Tubular receiver designs are
usually comprised of several panels, which are in turn comprised of an @frtapes.
Tubes in the sam@anel havdl uid flows in the same direction and have approximately the
sameflux distribution. The use of numerous tubes effectiadis as a mechanism to
enhance heat transfer, much likens are used to increase surface akestimated
efficiencies for an external, tulaul receiver employing a variety of workirfguids
(including high temperaturgorking fluid such as LICI/KCl and Nal) showthevaluesup

to 89% appear achievalléd], with design point operation reachialgove 90%80]. Final
evaluation results of Solar T\ receiverreveal the similar valueswhich become a
standard for compariso@therfluids must also be considered (such adlinarides[81])

for obtainingreasonable workind§juid melting points and higher thermal conductivities
that can enhancahermal performancelrheworking fluid type is acrucial factor in the
receiver because ofoperating temperature thaesults inhigher thermalefficiency.
Incorporating a selective absorption technique that improvesottains thebsorptivity
while reducing emissivity can provide a sifjoant boost to @fciency and reduce losses

to achieve diciency target$82,83] Receiver design is highly dependent on the selected
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working fluid used to convey the absorbed thermal energy. Libas#d receivers have
high heattransfer rates and higbspecfic heat relative to gaseotieat transfer fluids
NumerousHeat transfer fluidshave been tested to date for use in receiver systems
including water/steani84], nitrate salt{69], and sodium{75]. Waterfsteam systems at
elevated temperatures haveen deployed at pilot facilities such as Solar One and PS10
and PS20 For gstems that operate with conventional steam cycles, the turbine inlet
conditions are commonlyi913 MPa[76]. Analysis on both externdype and cavitytype
receivers habeen conductef85] with cavity receivers generally expected to have a lower
radiation heat loss and higher convective heat loss thafottetternal receivers. Towers

for surroundfield systems are shorter than the tower required for a fietth design.
However, a largeland area is required for surrouinelds than fonorth-facingfields. The
impact of receiver area, thermlalsses (including emissive, convectivefl eetive and
conductive)number of receiver tubes in a panel, tube diameter and suefaperature

for a molten salt cavity receiver have been calcula#ld benchmarked model86].
Experimental demonstrations dfibular receiver panel performanteve also been
conducted withslightly lower thermal dfciencies obtained for externlpe receivers
[87]. As describedabove selective absorber coatings faigh-temperature central
receivers that increase the solar absorptance while minimizing thermal emittance can
increase the thermafficiency. Desired features for these solar selective absorber coatings
include stability ahigh temperaturem air, high durability(must withstand thousands of
thermal cycles), low cost, and easeapplication. Optical properties of commercial high

tempeature paint (Pyromark 2500have been characterized[88], and othercoating
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materials and deposition methods have also been evaligatede inhigh-temperature

central receiver applicatiori89,90]

2.1.5. Falling-film receivers

Gravity-drivenworking fluids (mainly liquids)motionis main phenomena involve the
falling film receiversFluid can be directljheatedthrough solaradiation indirectly via
heated walbr direct exposuréo solarradiationcoupledwith convection heat recovery o
heated wall Gravity-driven characteristic othese receiverseducesthe requirement of
pumpingpowerFurthermoredirect iradiation of working fluidsn falling-film receivers
exploits the absorption of the thermal emgrby direct exposurandlessens théhermal
resistanceg91]. In general, this approach is wéthown as a direct absorptidiquid
reeiver where the working fluidare heatedvithout anyinternal flow path or heat
recovery from any solid media. Howevere falling-film receivers are also coherentized
for external blackbody (wall) heat reovery receiversin addition, sometimes these
receives canbe combined with concept admall particlereceiver when gravitgriven

working fluidscontan suspended submicrgrarticles[92].

Like other types ofolar receiverghe falling-film receivers alsgossesssserval critical
factorswhich can be optimized for obtaininggh thermal efficiency includinghickness
of fluid falling-film, absorption qualitpf blackwall, optical andherm@hysicalproperties
of working fluids py dispersionof submicron particles Optical propertieof working
fluids highly affectthe emission lossesvhich canalso control by falling-film thickness
[93]. For enhancing agities to control emission losses molten salts shqwenhising

results while havingoxide dopantqg94i 96]. One investigationon cobalt oxideas a
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submicron particleg working fluidsof falling-film receivershowed theenhancement of
thermal efficiency byapproximately 5%but costeffectiveness of this systemight be

guestionedor enhancemen®7].

Recently, astudy investigatedispersedanoparticlesn working fluid to absorb radiation
and developedthe correlationfor determinng the influence of heat loss, particle
concentration in working flus] solarradiation flux and channeheight of receiveron

thermal performancfO8]. Film stability has beestudied in numerous direct absorption

receiverdesigns,but demonstrations have been with water under isothermal conditions

[991 102]. Analytical studies have been reported of feeat mass transfer in wavy liquid
films[103] and falling turbulentiims[104]. A correlation to predict the hefhtix required
to break a falling liquidfilm (thermocapillary breakdown) has alseen reportedL05].
For the direcexposure external DAR, a commarethod to improveluid control is to
increase the panel tilt ashiais a strong effect aontrolling fluid loss but results in taller
receiver suidces. Manifold designs arfidiid stability have beestudied to improvd uid
control but without implementation indemonstration plarjfiLl06]. Demonstrations of the
external DARconcept using a molten carbonate salt have been reported bywitibhn
thermal eficiencies on the order of 8090%and heat transferoeficients of about 3000
W/m? K [107]. However, larger heatansfer codfcients on the order of 6500 WK are
expectedfor Reynoldsnumbers of 3000. These early tests were condugpedo a
temperature ofpproximately 706C and aflux of 43 W/cnf. One major concern with
respect to external DARs ike irfluence of wind on the fallinim (making it unstable

andresulting in hotspots dtuid loss) andluid fouling from environmental exposuifeor
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an intenal DAR (which reduces wind impact on the falliinign), thesolarflux is incident

on a curtain of thé owing liquidfilm along the internal wall of the cavitj,08].

The heatransfer medium enters the receiver at the top oétiséosure and travels radially
down an inclined absorber sidewallhe receiveds inner absorber walls are heated by
incident radiation entering through the face daperture at the bottom of tleaclosure.
The liquid HTFfilm established on the absorber wallsasnitransparent to the radiation,
allowing the walls to heat ufsolar salt is transparent in the solar spectf@®y109]with
absorption bands in the midfrared region[110]). As the liquidworking fluid travels
down the absorber walls, convection heats the faflimigl. While the liquid is somewhat
protected by its location inGavity, it is exposed to the environmerdgahditions and wind.
DARs have the potential to achieve higher receiver outlet temperatures than conventional
saltin-tube receiver§lll] and is oneof the primary reasons for its consideration. Initial
studies of dacedown cavity receiver indicate that for a design poteving 250 MW
with an inlet temperature of 385 and an outlet temperature of 20the rd ection losses
are 1.4%and thethermal radiation losses are 3.9%8]. Despite,the openaperture,
convection losses are estimated to be about 0.8% (follopMit2]) without wind due to
the facedown concept, wheréhe hot air is expected to stagnate inside the cavity. In
practice, theconvection losses may approach the radiation losses in magpi@jddhe
highest ré ection losses occur when the absorber wagisroach a vertical orientation.
However increasing inclinatioralso inceases absorber wall height and overall receiver
surface area for additional losses. These competing effects drivealtiserber wall
inclination to an optimum angle. Design poetticiencies have been projected to be as

high as 94.5% for an internal, direct exposure, falliinign receiver. Additional
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corfigurations of the internal DAR approach include rotating or inclatessbrbemwalls to
increase dfciency[108]. The inclined walls carignificantly reduce tiéection losses but
only slightly increasé¢hermal radiation losses. Rotation mitigates excessive temperature
variation in thefluid and increasefIm stability. The variation othe angular velocity
allows different operating strategies. Thandard strategy intends to apply angular
velocities below therelocity for which the liquidilm would start toflow upward orthe
inclined plane. For noerotating absorber wall, overheating thie working fluid can be
avoided by masBiow control whereby highdtow rates are supplied in areas of highest
flux. Concerns for a DARInternal or external) mainly stem from the exposure of #ite s

to the environment as the workifigiid can be prone to contaminatidiim instability and
wind effects. Despite these concerns, prgection is that the annual power production
using a DAR can bap to 14% greater than that of a comparable tubsiviel{113]. To
avoid the weaknesse$ directabsorption techniques and tgosure of the receivaeat
transferfluid to the environment, indireekposure interndilm receiver designs have been
proposed whereithe liquidfilm is on an internal surface of anlimed cavity wall. In this
approach, the wall is illuminated (heated)dmycentratel ux and thdilm in contact with

the backside of thisvall is the mechanism of heat transfer from the irradiated surface.
Numerous potential advantages of the intefflad receiver asompared to sain-tube

and DAR receivers have beewntlined[114]. Since the receivefluid is not used as a
volumetric absorber, ndopants are required. Projections of a 6% system cost reduction
versussaltin-tube approaches have been made due to its simpliamyanmufacturing and
assembly[115]. This cost reduction is largeljue to the receiver weight reduction by

replacing a tube bundle with thinplate and a smaller pump requirement (from reduced
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pressurdosses). The materiakduction is also expected to reduce statioes. Initial
examinatiorof this design concept yieldedfigiency values near 60% at incident powers
from 240 kW to 577 kW, diciencies greater than 80% are anticipated through

straightforward design improweents[116].
2. 2. Developing challenges

Overall enhancement of efficiency is not only illustrated with thermal efficiency, but it also
required suitable desigandstructureto obtainthe pressure drop in acceptable limitke

structure of solar receivers highly attributed to their hydrodynamic and thermal
performance Many researchexr have studied the hydrodynamipehaviorsof solar
volumetricreceiversin order to distinguish trs® phenomena which are responsible for
pressure losses and affect the heat transfer by convétiigh The porous media of SiC
receiverproduce some undesirable flow instabilities that decreases the thermal efficiency
and may also cause of structural damages. Consequently, many studies have been done by
both approaches experimental and numeridaickv aim to identify the conditions and

causes that initiate and promote this phenom@@in

S. MeyCloutier et al[21] performedan experimental investigation to achieve the best
thermalto-electric power ratio by usingpevarious structure of solar volumetneceiver

The hermal performance dhe honeycomb structure was compared vitie opericell

foam structure athesolar volumetriceceiver Bestreceiverefficiency was achieved while
using lower porosity witla small pore size ahe opencell foam structureX. Chen et al.

[22] numerically determined the influence of pore parameters and geometrical dimension

designs on the thermal performancehaporous solar volumetric receivarhe results of
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this study concluded that single porous layer structure exitdal a high-temperature
gradient and low porosity decreased the temperature gradient, and trends of temperature

gradient remainethe same for mean pore size.

The reason behind constructing solar receivers from porous structures is because of
minimizing erergy losses due to solar reflection and thermal emission. These losses are
circumvented by introducing a porous structure to trap the radiation into the pores and
enhance the convection phenomértze reflection losses were studied experimentally and
numeically incorporating the porous SiC volumetrieceivers[120,121] Monte Carlo

Ray Tracing method was applied to determinettital reflection. It was shown that the
variation of porosity and pore size spectral behavior had a considerable effect on the
magnitude of the reflection. Moreoveugmentation in thermal performance of volumetric
receivers for harvesting solar energy W leading to improved design and its
configurationis essentially required. Several studies have been carried out toestinadyz
performance of solar energy harvesting and conversion devices witketbievolumetric
receivers Gu et al[122] investigated the thermal performance of the refrigeration system
operating on solar absorption. They indicateatthe performance dhesolar absorption
refrigeration system increased while usiting large wet ratioof the surface. Overall
enhancement of efficiencywas not only illustrated with thermal efficiency, but it also

requiredfor asuitable design to obtain the pressure drop in acceptable limits.

On the other hand, the thermal efficiencies of smdaeiverstend to reduce at elevated
temperatures because of the emission of thermal radiation from material to surroundings.
Hence, the synergic behavior of thermal and mechanical efficiencies of theeselaer

is an essentialwhen optimizingdevice designOne study performed experiment to
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optimize the porous solaeceiverby considering the solar absorption, porosity, pore
diameter, and material of the poraeseiver(SiC and ZrB). The optimized values of pore
diameter and porosity revealed that convedtimat exchange between a sotreiverand

fluid flow should remain highef123]. The solarreceivermaterial can be optimized
according to durability, solar absorption, and radiation emissivity. Agiafedtal.[30]
employed the monolithic honeycomb porous SiC @9i€) volumetricreceiverdor solar
energy harvesting. The comparison was made before and after the long duration of
operation of the device faassessing the durability of the thermomechanical properties.
The longterm exposure of MFSIC to solar concentration produced hardness and exhibited
more compressive strength. Hence, the proper selection of pore size and porosity led to
improve the sustaability of the mechanical properties. The influence of geometric
parameters on heat transfer fluids remains critical particularly for multi cavity tubular
arrangement of solaeceivers[30]. In this caseapproximately 3 times higher thermal
efficiency was achieved while using water (75.81%) as a heat transfer fluid as compared
to air (21.1%); however, water resulted in a slightly higher pressure drop than air.
Andreozzi et al.[124] incorporated the twequation radiation model for numerical
investigation of porous SiC foam. The findings revealed that cell size exhibited a

significant influence omecaver efficiency.

Furthermore, the porous structure of volumetric receivers ensures that absorbing heat
inside cavities and transferring to working fluid must be simultaneous. For example, A.
Carotenutoet al. [125] numerically optimized the design of a midavity volumetric

receiver with ceramic material properties by concerning the outlet air temperature. The first
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successful preommercial trial of volumetric receiver utility in tower plant having capacity

of 1.5 MWe was installed in Julich, Germany and itsrafpien started in June 20080].

However, recety, various other modifications have been incorporated in concentration
solar plants to achieve optimal performance including the utility of ceramic foams, oxide
and noroxide ceramic receivers. T. Feadal.[24] experimentally determineddhporous
material, design of receiver, and operating conditions had significant effect on the thermal
performance of volumetric receivers. In addition, the thermal conductivity of porous

material and solar radiation distribution cannot be neglected iffarp@nce optimization.

Z. D. Chenget al. [126] numerically investigated the performance of aspueized
volumetric receiver and solved using Monte Carlo-Rage (MCRT). Further complexity

of this investigation includes radiatimonvectionconduction coupled heat transfer
mechanisms. Similarly, X. Lwat al.[127] involved various absorbirgmitting-scattering
functions in their stugl about pressurized volumetric receiver combined with natural
convection. They modeled the skented room with the radiant floor heating unit for their
investigation. L. Chandrat al.[128] investigated the various geometry configurations to
get the best results of recirculating performance of heat transfer fluid and avoid the flow
instabilities. Many flow paths have been investigated in this study includinglazirc

channel, square channel, triangular channel and hexagonal channel.

The design of volumetric receiver and its channel configurations are the most critical factor
for obtaining effective heat transfer. Volumetric receivers are available in severasshap
the most common shape is cylindrical or tabular shape to avoid the pumping] p29jer
Various researchers worked on the design of reflector dish that is installed for concentrating

radiation which directs toward the receiver. Their motive was to optimize reflector dishes
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that could lead to high concentrating radiation which resultsgh receiver temperature.

J. A. Harriestand T G. Lerjz30] designed parabolic dis with different rim angles to direct
radiation onto the receiver cavity. The shapes of receiver cavity were of five different
configurations includig cylindrical, elliptical, conical, heteroconical, and spherical. Their
observations concluded that rim angle had more effect on performance of CSP while shapes
of receiver cavity showed almost same results. Likewise, CeZal[131] proposed and
optimized solar cavity receiver having helical pipe shape. They compared the performance
of helicatshaped solar receiver with the cylindrishlaped receiver and the helishlaped

solar receiver was foanmore efficient.

Itiswelkk nown t hat the channel 6s design/ confi gt
management and pressure drop. Geometry configuration for CSP should also be explored
widely to avoid flow instability and heat lofti32]. The geometric configurations in result

of different pore sizes and porosity, optical properties (absorptivity, diffusiaseph

scattering functions, etc.), thermophysical properties (thermal conductivity and
emissivity), and volumetric receiver materials (steel, ceramics etc.), are studied
extensively. However, in these configurations, the flow path is not developed inwsagh a

that the maximum amount/part of solar radiation must be recovered through convection. S.

Lim et al.[133] numerically optimized the design of tubular porous receivers for heat
transfer application. In which, optimization parameters include design factors such as

length and diameter of tube, porosity, argbahermal conductivity of porous medium.

Many aspects of the thermalopertiesof solar volumetriageceiversare mentioned in the
literature such as incident radiation propagation within rdeeivers the temperature
distribution throughout solid as well as in fluid. These distributions have been calculated
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by coupled simulation of convecthmnductiveradiative heat transfer model, but the
measurement of real achievable thermal efficiency is passitth the help of experimental

strategy.

2. 3. Manufacturing challenges

Production of Sichoneycomlstructure isnostly involves recrygallizationand infiltration
which results in recrystallize®iC (reSiC)[134] and infiltrated SIC (SISIC) [135],
respectively However, for manufacturing @&iC opencell foam (OCF) receivers, most
commorty usedmethod isthe polymer foam replicain process[62]. Thesemethods
utilize different amounts of additive agemsludingbinders, organic polymers, lubricants,
plasticizers, dispersing agents and solvents, wpassess significanbhfluenceon their
radiativepropertiesand thermaperformanceHowever,behaviorof theseagentsis still

not exporedin detailafter and before being exposed to high concentrated radiation

2. 4. Suitable materials

The properties of material fareceiversmust have high resistive towards oxidation
environment, show stability even at reketly high temperature and also capable of high
absorptance of solar spectrifrequency)oand alongvith low emittance of infrareday.

The purpose tovercome the heat losses by infrared emission, the temperatapeivers
maintains at that possiblevel where effectiveness become unchanged. Consequently,
wherereceiversare not completely transfer absorbed heat by convection then high thermal
conductivity is criticadly importart as convectivecoefficientto conduct heat into the
structure. Similarly,receiverswith high convective heat transfeoefficient and low

thermal conductivity can be source of temperature gradiermeéaiverto maintain the
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maximum temperature inside the structure. Moreover, high temperature can also be barrier
for oxidationof metal oxide ceramics such as alumina@3) and silica (SiQ). However,

pale color of metal ceramics reduces the ability of absorptivity along with low thermal
conductivity also limits the thermal diffusion. Nevertheless, SiC ceramics have remarkable
ability of radiative and thermal properties, this is the reason for extensive use of SiC

receiveran OCF employed as volumetnieceivers

The setting of maximum operating temperature for volumeddeiversaare mainly defined

by their melting point and resistance to corrosion, further oxidation of materials
correspondingly to operating temperature is also considered as main factor. Several studies
have been performed about oxidation activities includingvectxidation, passive
oxidation and activo-passive transition on silicon carbide (SiC). The reactions belong to

these oxidation processes are described beldallawing reaction balance.

Active oxidation:
3E®@ |/ C 3EC #/C

Passive oxidation:

3E #H g/ C 3E O #I/C

3E®@ ¢ C 3E O # C
Active oxidationshows active oxidation of SiC that producing silicon oxide (SiO) and
carbon monoxide (CO) both in gaseous phase which consequently escaped in atmosphere
and cause deficiency in weigHHowever, in passive oxidation, silicon dioxid&/E

appeared as a thin layer in solid phasesgeiverghat prevent the active oxidation because

of its high stability at high temperature. Agrafiotis ef{a0] assessed the weight loss due
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to oxidation and change mechanical ad physicabroperties of a set of reSiC and SiSiC
receiversin the presence of solar radiation. They indicated the mechanical properties of

reSiC increased while it is expose to solar heating, but icalsse®f oxidation.

2. 5. Solar absorptance

Effect of high concentrated solar radiatmmporous ST receiverarerarelyexploredthat

how the absorptance propedf/porousSiC receiverbehaves witlime of operation and

high temperaturdzexcess heat loadingsin harm the materials used in fahtion of porous

SiC receiversMany researchers set the valueatifsorptance for porous SiC receiver
constanfor complete obtained range of temperature distributions in their numerical studies
andthe values obolarabsorpanceare also not relateth sdar radiationcharacteristics.

Wu et al.experimentally determingtieaverage value of solar absorptafmeporous SiC

OCF receiveby conduction series of cyclic test using solar spectrum

2. 6. Solar radiation propagation

Due to technical complexities and limitations of solar radiation propagation for volumetric
receiversystems, it is not widely discussed in research. Solar radiation propagation can be
achieved theoretically by two approaches: the probabilistic methodoteMCarlo (MC)
[1,136] and the Beet.ambert law[41]. Monte Carlo $ less accurate analytic model for
calculation of orientation and eradication of solar radiation alongetteverlength, it is
usually applied on calculation of radiation transfer within homogeneous media. And the
BeerLambert law is generally used asgmomenological expression for determining the

solar radiation propagation receiverslt is described b¥eq. (1).
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]
)T Aobro (1)
Where) @ represerg the norabsorbed local flux) is the incident flux ang is the
eradication coefficient. the eradication lengthi§ given by the Beetambert law which

is expressed as&  pAT. This model does not include the incoming light effects and its

propagatio, that accounted its drawback.

The fundamentadifficulties of OCF structureproduceghe qualitiesof MC methods to
elaborate the solar radiation propagation challenge. Homogeneous media that
compromising two continuous phase the porous medium (solid) and heat transfer fluid, is
considered to overcome the extra computational resources for teeséves.
Concentrated solar propagation and radiation emitted within structures is taken as source
of radiation term in energy equation of solid. The radiation term has been assessed by
several models including the Roseland diffusion equation,dhmdtlel andhe twoflux
approximation[137,138] The Roseland diffusion equation is mainly used for short
distance when radiation travel in optically thick media andlsb known as simplest
radiation model. The 4 models is applied for calculation of diffuse and collimate
contribution intensities that further describe the solar radiation propagation. THietwo
approximation is specifically used when isotropic agstion is made for both positive and
negative directions of ordimensional radiation propagation. The #fliax approximation

is also applied to measure intensity of radiation by using radiation transfer equation.
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2.7. Pressure losses.

Many researchers have sted the hydrodynamic behavior of solar volumeteiceiverdo
distinguish those phenomena which are responsible for pressuredtsigesffectingthe
convectiorheat transfetdowever, improper location ofi¢ porous media thevolumetric
receiversygemcouldproduce some undesirable flow instabilities that decrease the thermal
efficiency and may also cause structural dam§fz3]. Veearagavan et d08] develogd

the analytic modei design the solar volumetrieceivers Furthermore, they shea that

the analytic modetan predict optimum thermal efficiency and geometigragmeters
especiallythelength ofreceiversAlvarez et al[140] demonstrated the agreement begw
numerical and experimental findings for plate shape setmiversThey also introduced

the numerical model to determine the thermal performance using heating curves and the
numerical model couplethe onedimensional convective equation for fluidtivia twe
dimensional heat equation for collect@/ang et al[141] experimentally determined the
thermal performance of SiC foam located in a solar volumegcieiver The experimental

study was performed through varying porosity and pore diameter of the foam. The use of
SiC foam resulted in extremely high temperature® fme t han 1000e C) dur
experiment without any material damage while demonstrating high thermal stability. In
this case, a higkemperature gradient was observed for the foam with high porosity
because of low flow velocity that led to low interphasewvection. However, a smaller

pore diameter while keeping porosity constant was found to be favorable for high thermal
efficiency. Likewise, Barreto et gdl142] numerically studied the thermal performance of
SiC foams as solar radiaticeceiverhaving various porosities and pores sizes. They

showed theeffect of pore size on thermal performance was more important than the
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porosity; however, both had the same influence on the pressure drop. In addition, high

porosity and large pore size were found to be favorable for the pressure drop.

The impact of viscos and inertia forces within flow domain of the channel structure having

solar volumetricreceiverbecome significant reason for pressure drop and it also has
intrinsically relation with heat transfer rate. When viscous effect has profound impact, then
thepressure | osses can be correctly describ
become significant as viscous effect, addition term thaskeasl For c hhei mer 6s |
hel pful to describaw[MB8laeadpFecicha@gddmeDascy @

shown in followingEgs. (2) and @) respectively.

(2

(@}

L
+

_|'~E<J<

& Md (8)

- |E<Jc
+ |

In aboveEqgs (5) and (6), K is representing the permeability of structure and F is used for

its inertiacoefficient As above equations are indicated that K has inverse effect to pressure
loss. Therefore, high permeability will be favorable for low frictiom., receiver
architecture in solidluid interface reduces the pressure loss. A high inedgfficient

indicates direct relation to pressure drop which is promoted by internal mixing of heat
transfer fluid and result in enhancement of heat transfer and inggyeafspressure loss.
When the pressure | os s elq 2pinestial dffiectscare scareed by
which results in limitations towards achieving maximum amount of heatfdrairs
receiversFend et al. showed the results that viscous effects restrict the convection of heat

in MH architectures because these effects are much dominate than inertial effect. It is
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concluded in this study that pressure losses showed remarkatdy behavior in MH

while usingEq. (2).

Wu et al.[145] performed experiments for examination of pressure losses ineSébvers

that is function of pore diameter and porodiy. (3) satisfy the results of pressure losses

in SiCreceiversin addition, the study showed that reduction in poraaiigpore diameter
whichincreased both viscous and inertial effect to the pressure losses. It can also be noted
from their results that effect of inertia is more pronounced than viscous. They concluded
in their study that for improved heat transfer in $&Ceivers reduction in pore diameter

and porosity is required but these geometry parameters lead to pressure losses.
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CHAPTER 3

POROUS VOLUMETRIC RECEIVER ASSESSMENT

This section elaborates the process andnigcies of developing a 3D model of SiC
samples for the CFD package. This import includes various following steps which are

briefly described.

3.1. CT Scan Imaging

CT-scan Skyscan 1172 Micr€CT, imaging facility providel images with a pixel size of

0.68 umresdution) was performed on various structures (having different porosity and

pore size)of porous SiC foam. After several triagset of 3D models imuilding the

images with optimum parameters was achieved. Images are converted into 3D facet objects
withil Sky s camo CsToft ware which i thevipwain3b obgettl v u s
from images. INCTscan computation, linear algebraic equations of radon transform are
subjectedto solve the filtered baefrojection or Fourier slice theorem to obtain

tomographic images.

3. 2. Model Refining

After constructing a 3DporousSiC foam structure, it further requires processiog
eliminating the errors, which appear while converting thecstre into a volume body

(CAD model). Initially, each model consists of approximately 16 million facets (triangular
surfaces which define model structure). Ansys Spaceclaim was used to reduce the facets
by 3D wrapping function without loss of any detaéss number of facets consumes less
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computational resources for converting the 3D object into CAD volume. The wrapping
function also makes the model watertight bodies and reduced approximately 90% of facets
(~1.6 million). After this arrangement, the mod#lucture is imported into the Geomagic
Wrap package to further cleaning against some errors such asteedécting facets,
overlapping facets, small tunnels, highly creased edges, and floating facets. The cleaning
of models highly depends on the typkerrors present in the model. The second main
purpose of Geomagic Wrap software is to reduce the triangular facets by the suoklcing

that convertshe number of facets intasingle patch or more than one patch according to
model complexitylt is highly unfavorable to use the high number of facets (~1.6 million)
because it consumes tremendous computational resources and time of solution processing.
Surfacing tools created patches along with the facets and connecp#tesesto 3D

surface objectsHowever, the model still had a huge number of surfaces resembling the
pores more than that of the uniformly distributed pores model. Because of the actual nature
of the pores in th&iC foam, some surfaces hadoticeably small area (~1x£0n that is

10,000 times smaller than the larger ones) and edge which could increase the number of
mesh elements significantly. Hence, it becomes almost possible to adopt the geometric
feature of the 3D porous structure to solve governing equatiotiei@FD package.

Therefore, the Gambit package is useturther reducing the number fe#fces and edges.

Fig. 3.1 represents the graphical illustration of various stéjsiibding and refining of the

SiC foam, which involves geometry extraction from Spaceclaim after wrapping function
that eliminates small faulty facets tunndétgg. 3.1(a). Fig. 3.1(b) shows the model after

the cleaning process which includes removing and regenerating the intersected facets,

spikes, ceased angles, sharp anglasd small edges, then it is subjected for patching as
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shown inFig. 3.1(c). After patchinga deviation test is performed ttheck the deviation
of the cleaned model fronthe original facet model. It can be observed thaery small
deviation can be found as appeared in re#&ig 3.1(d). Then, resolving the deviation
issues, the resuling model is shown inFig. 3.1(e). Fnally, CAD geometry with
considerably less number of fade®btained as shown iRig. 3.1(f). Further merging of

faces is achieved in Gambit and gridsflow analysis is also created.
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Fig. 3.1: Geometry cleaning processes include a) uncleaned sample having faulty facets,
b) after cleaning in Geomagic Wrap package, c) exact patches define by coloring, d)
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deviation analysis and its contour ranges dark biGar(m) to red (5 mm), €) sample after
eliminating deviationssues and f) the final CAD model of porous SiC foam.

3. 3. Computational domain

The final structure of the 3D domain, which is extracted from Gambit is adopted for the
simulations. Porous SiC foam is considered as a solid bodytewitperaturalependent
properties of SiC and fluid domain is modeled over the solid body by using tloseshc

body option of CAD software with 5mm clearance (0.02% of length) on each side as shown
in Fig. 3.2. Air having temperaturdependent properties is considered aseking fluid

and the flow in the channel is assumed to be steady. Porous SiC foam is employed in the
enclosed fluid domain of the channel having porosity and average pore diameter of (0.62,
0.695, 0.77, 0.845) and 3mm, respectivdDetail of porous SiC dam samples are
tabulated inTable3.1. Concentrated solar radiatiapplied to the computational domain
from thetop surface which is taken agransparent surface and irradiates the porous SiC
foam. Porous SiC foam and watisthechannel are assumed to be gray where the diffusion
coefficient is set to 1. Some fractiofi the radiationis reflected from SiC foam can also
diffuse throughouthe fluid domain. The sensible heat from solar radiation is transferred
by thermal condction within SiC foam. Concurrently, inlet airflow extracts heat from SiC
foam by convection. Hence, energy balance involveypdsof heat transfer including
radiation coming from the concentrated solar. Although these heat transfer modes are
interde@ndent and governed by the heat equatinwst ofthe previous studies neglected

part of them for simplicity or computational limitation. However, this study includes the
conduction, convectigrand radiation effects usinfe discrete ordinate (DPradiaton

model.
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Table3.1: Detail of porous SiC foam samples used for analysis.

Sample Porosity Pore Diameter PPIs
1 0.62 2.98 15
2 0.695 3.08 15
3 0.77 2.9 20
4 0.845 3.10 20

Fig. 3.2: a) Graphical illustration o& squarecrosssectionalchannel having porous SiC
foam, b)green arrowshows inlet of air flows normal to the wall and c) concentrated
radiation applied on thp highlighted face.

Furthermore, in order to optimize the design of solar harvesting system for hydrodynamic
and thermal performance, fluid domain therfltotv analysis has been conducted

numerically by using a cylindrical cone frusttghaped flow domain. Flow and solar
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radiation are allowed to pass through converging flow path having SiC porous as solar
volumetric receiver. A schematic illustration of the flow chelrand porous SiC foam is
shown inFig. 3.3. Fully developed mas#ow profile (which was computed according to

inlet diameterA for every configuration) is given talet boundary condition. All walls

are assumed to be gray and diffused. Radiation is allowed to pass through the inlet surface
and subjected to scattered throughout the porous zone and heat the fluid domain. The
sensible heat followed conduction heat $fan in porous SiC, convection heat recovery

for fluid and radiation is considered as a heat source.

Radiation Fluid

entrance direction chamber Volumetric Receiver

(Porous media)

Outlet port
; (hot fluid)
Inlet port
(cold fluid)

Fig. 3.3: Schematic of physical problem. Blue (cold) arrows show inlet direction of fluid
while red arrowslsow the outlet direction of fluid.
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3.3.1. Computational domain for the Constructal approach

This investigation is conducted to optimize the fluid domain using the Constructal law. For
this purpose, 50 different configurations are adopted for obtaining pressure and
temperature distribution (as tabulated Table 5.3). Three main parameters were
considered for geometry description of porous zone while following the volume constraint.
Length (), ratio @ of inlet diameter & ) to outlet diamete(A )andconeangl e ( d)
were varied to model these configurations
taken with any ofength () or ratio Q as input for every configuration, consequently,

other dimensions were calculated based on these two paramdisrstudy shows the
enhancement of thermal performance of solar harvesting system as compared to previous
work [23], therefore, volume is taken as constraint of geometry for all the configurations

¢ «fp p 1 | ) which is used in previous stud23] with radius (25 mm) and

length (50mm) of the cylinder. Inlet diameter of the fluid chamber is designed same as the
inlet diameer of porous zone with length of 10 mkig. 3.4 represents the schematic for

variable parameters of the computational domain.
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Fig. 3.4: Dimensional illustration of volumetric receiver
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CHAPTER 4

NUMERICAL STRATEGY

The final CAD model of porous SiC foam is placed in a sgeheped channel to create

flow boundaries as shown kig. 3.2. Porous SiC foam is considered as a solid body in the
domain and the volume around the porous SiC foam is modeled as the fluid domain. The
top wall is taken as optically transparent to allow radiation to enter intchdranel and
irradiate the porous SiC foam. Portion of solar radiation is reflected through porous SiC
foam and scattered throughout the fluid domain. The sensible heat is thermally conducted
through the solar volumetrieceiverand simultaneously the hetansfer fluid (air or

water) regains heat by convection.

4.1. Mathematical modeling

The thermal performance of solar volumetriceiversis carried out numerically using
three parametersfor laminar flow conditionsincluding the Reynold numbers solar
concentration and porositin additionturbulent flow conditions are also examined using
two heat transfer fluid (air and watefor turbulentReynolds numbe¢varies 3000 to
4000) theE Rrrealizable turbulent moda utilized to compute the pressure, temperature,
and velocity distribution within the channel. The temperature distribution is obtained
through implementing the energy equation and DO radiation model while using the

temperaturaependent properties. Alhdiation properties such as absorption, scattering,
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emission, and diffusion are also considered in the simulation of both domains (solid and

fluid). Emissivity and scattering function are selected to be 0.9 and isotropic, respectively.

The absorbed solaadiation acts as a heating source in the fluid and porous foam. Hence,
the hydrodynamic and thermal performance are governed by mass, momentum, and energy
conversation equation with DO radiation mod#ie study is organized in such a way that

it targetsmainly pressure and temperature distribution to evalin#aeormalizedylobal

Nusselt number, thermal efficiencies (based on the outlet and maximum temperatures), and
total pressure dropSince the system incorporates the turbulent flow conditions, the

following set of governing equations was computed for desired parameters.

4.1.1. Continuity equation

Tt (4)

herem and5 refer to density of fluid and velocity correspondingly tbe cartesian

coordinates§ ), respectively.

4.1.2. Momentum equation

hmsS 5

™ T T m5E5S
T T T !

— 0

3| 3
3| 3
Q_l)h
3| 3

wheret andy denote dynamic viscosity @ifiid and unit tensor in cartesian coordinates,

respectively————— shows the turbulent part gdfe momentum equation and known as
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additional Reynold stresses, whichoistainedby using E R/RTM). For laminar flow,

Reynold stresses becomerg consequently, no turbulence transport equation involve.

q . 133 (6)
1 ME [ =

h M55
o )

B T
= )

E (7)

wheref is eddy viscosity or turbulent viscosity. corresponds to velocity obtained from
Etransport equation & R/RTM. # serves as a limiter for high Reynolds numbers and
is formulated in Eq.8). In anotherE R turbulent model# is constant and it also

distinguishE rR/RTM.

p
#  —Fs ©)

o ==
R
here! is model constant and equal to 4.D4is also model constant and related to strain

rate[146].

Above additionaturbulentterms are solved using two transport equation, turbulent kinetic
energy E and dissipation rate), The basic approach to understanding mathematics of
E RRTM involves combining the Boussinesq relationship and the eddy viscpsity (
To model realizable terms i RRTM, these quantities must be positive. Furthermore,
it also satisfies some specific constraints on the Reynolds stresses, especially ridated to

physics of the turbulent flow. An additional advantage of the implementatida of
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RRTM is thatit predicts more accurately when the flow path is involved in adverse
pressure gradients, separation, and recircul§t®]. Modeling flow system of the porous
medium, this advantageous feature f RRTM supports significantly to capture
turbulence along the flow path through the porous chdadé&l. Mathematical modeling

of E R/RTM is describd below:

MR 9

h L TR #S#R #R#' 10
'FSI/('FBMRME‘_ME (10)

where0 refers to the production of turbulent kinetic energy due to the mean velocity
gradient { m5 5 —). Likewise," represents the production of turbuléitetic

energy because of buoyanfoyce. Additionally, A andA referto the turbulent Prant

number forEandr, respectively. Whilg# ,# ,# and# are constants.

4.1.3. Volume-averaged governing equations

Due to complexity of computational domain for analysis of different channel configuration,
the porous medium is modeled using a exedl zone approach to compute LTNE model.

The following assumptions are made to govern the volaveeaged mass conservatio
momentum conservation and energy equations including: -$)imeelocity at walls, 2)

flow is assumed to be steady and turbulent, border effects were ignored because of a large
domain, 3) buoyancy effects, hydrodynamic dispersion, and thermal expamrsm®also

neglected, 4) diffusion coefficient and refractive index are taken 1 for all wall, and 5)
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isotropic scattering phase functidrd. 5.23). In addition, the namerical implementation

is predicted using superficial volura@eraged continuity and Navistokes equations.
Since Reynolds number (calculated based on inlet hydraulic diameter) lies within the range
of turbulence, thus the behavior of flow is turbuleftherefore, velocity and pressure
distribution were obtained using the r/Standardurbulence modefE R'STM). The
temperature distribution was computed via energy equation and LTNE model while
radiation heat source was dealt with DO radiation model. dRedsehind the
implementation of DO radiation model is that it is able to include the solution of absorption,
scattering, emission, and diffusion for both domains (fluid and solid). Having the above

assumptions, volume averaged transport equations areiealoalf follow;

n Jwmb T (11

55 .
nom— nwdO n1 Ot n5 nb 5] n5 n
. ? (12)
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Here, dOused for representation of volurageraged quantity. Similarhg represents
volumeaveraged velocityhich is also known as superficial velociBdenotes pressure.
Turbulence is incorporated by Reynolds stres€e$ J in momentum conservation.
Volume fraction (fluidto-solid) is introduced by local porosityyj. It is worth noting, this

local porosityis important to describe flow through porous medium. That is reason, for
fluid chamber porosity become 1 which represents no solid 2alemotes the source term

in momentum conversation which in results of pressure drop that incorporates the

momentum sik parameters; permeability coefficient)(@and inertial resistancé&l.
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Where, Reynold stresses are dedth usingE RrR/STM. 5 is in theresult ofvolume
averagede-transport equation dE rRISTM. Similarly, # works as a limiter for high
Reynolds numbershich is defined irEqg. (8). The turbulent terms=(andr) for duakcell
approachare computed using additional transport equations which are mentioned below.
The mathematics of these transport equatiiovolves the Boussinesq relationship and the

eddy viscosity{( ).

[
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The production term can be calculated using the following equation.
0 wm &b 5 Q5 (17)
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4.1.4. Energy equation for theliquid domain

54
B T8 °

=
9

(18)

whereN  defines radiation source term. and4 refer to thermal conductivity and
temperature of the fluid. The additional heat flux t€rnd 4 ) corresponds to turbeiht

part and being modeled using Reynol dsos

turbulent momentum as:

4.1.5. Energy equationfor volume-averaged energy equation

Basic two approaches were commonly utilized for handling heat transfer in porous medium
while having volumeaveraged equations. The first approach is local thermal equilibrium
(LTE) model that treats fluid and solid as a single cell, thus the temperature distribution for
both fluid and solid is found to be same. The second approach is loaalatheonr
equilibrium (LTNE) model that considers the dgall approach and solves temperature
distribution according to volume fraction (porosity) and effective thermal conductivity.
LTNE gives temperature distribution for both fluid and solid phases img tiseir heat
transfer own heat transferds equations.

eqguation can be written as below.

nOMAB40 nOwE MO 54 E 40 0O (19

ndp wE w0 E ¥0 10 1N (20)
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where,4 and4 denote fluid and solid temperature, respectively5 4 belongs to the
turbulent part and is being incorporated u:
equation and turbulent momentum as describdein(14). A radiation source termt (O

N ) is included in the solid energy equation as a heat source and divergence of the
radiative flux.E corresponds to volumetric convection term and establishes théngpup

between solid and fluid phases.

5 4 oo (21)

>~.|'—"

4.1.6. Energy equationfor solid domain

n N E h M Tt (22
™ T8
here4 andE aretemperature and thermal conductivity of sphespectively
4.1.7. Radiation heat source
n N AT A (23
' ) 96 Am (24)

here' is integrad of radiation intensity)).
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4.1.8. Porous zone modeling fodual-cell approach

Porous zone modeling in ANSYS Fluent is highly dependent on effective conductivity,

pressure drop relation (momentum sink), and optical properties. Due to less specific

knowledge about the precise effective conductivity and also faliication of the porous

zone, it is commonly assumed isotropic media. Therefore, the effective conductivity of

porous zone is usually modeled using correlations containing the thermal conductivity of

fluid and solid. The Schuetlicksman [148] relation for effedve conductivity is
considered a more accurate formula and al so pi

[149]. Correlations for effective conductivity of porous media are described as below.

E s g P WE (26)
E Ef E g (27

Furthermore, based on the above effectivity conductivity correlations, the relation for the

volumetric heat transfer coefficient is obtained as follow.

E oce®m® pnéwy® podpuy?’
2 /8 u® (28)

5 -
Y@ ® E A

In the abovanentioned momentum equation, the source t&)ris (defined using relations

resulting from pressure drop of porous medium based on experimentdR8atahis
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source term involves two parameters arepg@emeability coefficienty) and the inertial
resistance’Q. Many researchers have developed correlatibpsessure drop depending
on characteristics length and the porosity of porous media. Permeability coeffig¢iant(

inertial resistance'Q are described as below based on porosity.

A
y (29
PO TG Y

™ p owp 8

@ A

(30

Where,A is average cell diameter of porous medium.
Optimal properties of porous media are mainly related to absorption coeffic}eand

scattering coefficientA( ) and their correlation is defined as below.

PB® p W

w A

(31

(32

Wherep refers to absorptivity.
4.1.9. DO radiation modeling

Unlike other radiation models in Ansys Fluent, DO radiation model has an advantage while
considering radiation parameters such as scattering terms, spatial discretization and angular

discretization of the radiation beam, participation of fluid medium ohaten, and
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different optical properties (sertiansparent, negray, and opaque walls). Furthermore,

DO radiation model also provides good accuracy of solution for unstructured meshes. DO
radiation model allows to solve the finite number of discrete solgles with the help of
radiation transfer equation. Each solid angle corresponds to vector dir€#Emegrding

to the global Cartesian system. Control of further division of this angular discretization is

available in DO radiation modg150].

Radiation transfer equation for DO model is described as

n))OO O A ) d — ) 96 5 6 Anm (33

herel refers to wavelengtiipandA define spectral absorption coefficient and scattering

coefficient,¢ is refractive index an§ refers to isotropic phase function.

The total intensity &8 in each direction vectd®alongwith position®is solved through

Eq. 7) and this summation corresponds to the complete wavelength band.

~ ~ -

) 66 ) 8N (34)

The scattering phase function is generally described as following: (known asamesot

phase function)

B &®» DPAI[O (35)
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Ld

— PDATfOOHFIA A0 p (36)

Since interface boundary is present at the interaction of fluid and solid, Thu&3kq.
indicates the tranfer of radiation heatdr interface boundaries between fluid and solid

regions.

pral
¢

E n4y Jdp E n4; Jdo (37

where, pis aunit vector which is normal to the interface and directs the incident radiation

to fluid from the solid andl ; is occurred due to reflection andnadiation.Hence,
radiation heat flux aheinterfaceN can be expresed as below
Ry NN (39)
N p XN NA4 (39
N ) 90 Am (40)

Herein, X and A representthe emissivity of solid and theStefanBoltzmann constant

respectively4 j Is temperature of solid at interface wall.
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4.1.10Performing parameters

4.1.110verall heat transfer coefficient

In generalthedefinition of overall heat transfer impliise effectivenessf fluid film over
the solid wall to driveout the heat flux. Ithe currentase the areaweighted integral is
applied on SiC foam surface and correspondingly masghted integral is appliedn
interacted air film to calculate temperatures,aadordingly, theéotal surface heat flux on

awall is directly calculated. Henctheoverall heat transfer coefficient is expresasd
E —— (41)

here,E is the overall heat transfer coefficierit, and! denote heat flux and areawéll

surface, respectively.
4.1.12Global Nusselt number

Estimation of the ratio between convection and conduction heat transfer for the entire
system is known as Global Nusselt Numbusselt number shows that how much
convection heat transfer is effective or dominant over conduction heat transfer.

Mathematically expression for Global Nusselt number is defined as;

o6 ——— (42)

Here,$ isthehydraulic diameter4 and4 are mean surface and fluid temperature for

theentire system.
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4.1.130ther expressions and temperaturelependent properties

Following relations are implemented for ggeocessing and processingsiinulation. Eq.
(43) is applied for the calculation of maisw rate based on the Reynolds number which
is given at inlet conditiorf151]. Eqs. 44 - 47) are used for temperatudependent

thermophysicaproperties of the fluid while the solid properties are taken {tiB8].

2 A % (43
m agipd® Ty 1 Ao ® (44)

mMinnnunmnegtou P
4 p pat

(49

A prmoadyh 3 ppuk 3 wok 3 pRooAl 4 (46)

E o uwly wdophy A tdpmh X VA A (47
where Re] ,! andt are Reynolds number, maisw rate, area of inlet, andscosity
of fluid (considered at 25¢eC).

4. 2. Solution methodology

The governing equations are computed considering fluid flow coupling with energy
equation and DO radiation formulation. Thesip condition is assumed for all walls in
the channel. For pressavee | oci ty coupling, SIMPLEC algor

Basedd spati al d i Convergericaritenatfar pressure, smonaeptyl, i e d .
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turbulent kinetic energy, turbulent dissipation ratgergy and radiation areecondorder,
quick, third order, third orderquick, and firstorder upwind, respectiwel Controls for
underrelaxation factors of pressure, density, body forces, momerntubylent kinetic
energy, turbulent dissipation rate, turbulent viscostyergy anddiscrete ordinates are

limited t0 0.25,0.8, 08, 0.6,0.75, 0.75, 0.9.8 and 0.9respectively.

The drection of incident radiatioron thetop planeis with abeam angley() of 541/180

rad. Division and pixels of angular discretization @nd. ) are assumethesame for all
the case these simulations and. represents zenith and azimuth angles, and their

values for pixilation and division ataken3x3 and 3x3respectivelyWe chose the number

of pixilation and divisioras recommended in previous studiEs0].

4.2.1. Mesh independent tests

Several mesh sizes (very coarse, coarse, medium, and fine) are generated for grid
distribution for the solution domain to test the mesh independency. The grid parameters
(cell size and growth rate) are applied to enslaéthefinal mesh is undaheaceptable

value of skewness and aspect ratio is possiblytkegame throughout the domak. r
realizable turbulent model is utilized for mesh independence test at DNI = 25F kRé&m

= 3000 anhMeshgs are génherated in such a way that theyeasednear the wall
where field variables have greater influence. Tetrahedesh with Tgrid scheme is
applied in the numerical investigation. Detail of meshes respective to their results is
tabulated irFig. 4.2 and graphical representation of meshes is showigit. 1. It can be
observed that at gher mesh density, the variation in results becomes negligible or it can

be said that the solution is independent of mesh size/number. Therefore, the medium mesh
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(with 12 million number of element) igsed for the analysis to circumvent the high
computatimal power. The convergence of the solution is monitored by residuals which
were set to 18 for momentum, turbulence, amontinuityand to 1@ for the energy and
radiation equation. Extra 3000 iterations were confirmed after achieving the convergence

criteria.
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Very Corse Mesh Coarse Mesh

Medium Mesh Fine Mesh

Fig. 4.1: Graphical illustration of different meshes used for mesh independence test.
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Fig. 4.2: Detail of meshes used for grid independence test. Neellsf for very coarse,
coarse, medium and fine meshes are approximately 7.5, 9, 11, and 14 million.

It is worth mentioning that the predictions shouldrmependenof the turbulence model

as well. Every turbulence model has some limitations for cegpi a@f problems. Thus,

we here considered two turbulence models frolV family (SST 4 equation and-W/
standard) and two turbulence models fromflamily (standard and realizablegxin order

to check the accuracy and independence of the solution fi@itartbulence models. Same
solution methodology and boundary conditions with temperatependence properties

are used for this test. However, the arrangement of meshes is generated in such a way that
there is satisfaction with the assignment of y+ valus.noteworthythat values of y+ for

wall adjacent cells are held to be well within the viscouslayér for kWand within the

log-law layer for ke.The final selection of the turbulence model is based on convergence

criteria. The realizable-k turbuence model satisfied the convergence in which residuals
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were less than 1%for energy and 18for continuity. On the other hand, the other compared

models did not satisfy the values of residuals.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5. 1. Validation

Validation of the usé modelprovides confidencen the accuracy of results. For this
purposea validation study is conducted witharlier published wor{153]. The physical
domain and boundary conditions are modified as presenfgdviouswork. We selected

this work since theame radiation model and material properties (temperature dependent
SiC and fluids propertiesyere consideredn addition it also ncludesboth experimental

and numerical studies. Same inputs are used for this validation process, including No. of
grid = 34,560,. and. = 3x3, DNI = 500 kW/m and masslow rate = 0.00617.
Dimensions othe channetlomainarespecified to b&.5mmfor wall thickness, 50 mm

for wall length with 10 mm extension of channel for air inlet. Same convergence scheme,
algorithm and pressurgelocity coupling are implemented which are secorder spatial
discretization, SIMPLE&lgorithm QUICK scheme for momem and energyit can be
observed that temperature variation along the channel length is in good agreement with
that presented if153]. Fig. 5.2 and5 are evidence for that agreement. Slight difference in
contours of temperature at the chanmal & mainly because of pgstocessing software

and its color scheme for contours formation. The trend of the temperature curve is exactly

matching, and the error is under tolerance (5%), as shofig.ib.2.
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Validation of the used model provides confidence in the accuracy of results. For this
purpose, a validation study is conducted with earlier published 68 The physical
domain and boundary conditions are modified as presented in previous work. We selected
this work since the same radiation model and material properties (temperaturéedépen
SiC and fluids properties) were considered. In addition, it also includes both experimental
and numerical studies. Same inputs are used for this validation process, including No. of
grid = 34,560, Nand N. = 3x3, DNI =500 kW/m2 and mas$lew rate =0.00617. In case

5 of early work, the channel dimensions are 0.5 mm wall thickness, 50 mm channel length,
and 10 mm extension of channel for airflow. Complete computational domain used for
validation is shown irFig. 5.1. DO radiation method is employed to model the radiation

for validation. Same governing equation is computed to solve the velocity, pressure and
temperature distribution. Same convergence scheme, hlgordnd pressureelocity
coupling are implemented which are secomnder spatial discretization, SIMPLEC
algorithm QUICK scheme for momentum and energy. It can be observed that temperature
variation along the channel length is in good agreement withptiesented irf153].
Figures5.2 and 5.3 are evidence for that agreement. Slight difference in contours of
temperature at the channel end is mainly because oppmstssing software and its color
scheme for contours formation. The trend of the temperatuxe ¢s exactly matching,

and the error is under tolerance (5%), as shoviigns.3.
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Fig. 5.1: Graphicalillustration of computational domain used for validation.
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Fig. 5.3: Temperature distribution in forof contours along the channel

5. 2. Laminar analysis of porous SiC foam

The ptal number of casder laminar flow conditioris 64 as tabulated ihable5.2.

Table5.1: Numerical variableDNI refersto direct normal irradiance

Sr. DNI Reynolds Porosity Sr. DNI Reynolds Porosity
[KW/m 2] Number [KW/m 2] Number (W
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This section of results and discussipresens the analysis of solar harvesting from the
volumetric receivefor laminar conditionsAfter completion of the grid independence tests
and validation study, allthese64 cases are computed as tabulate@iable 5.2. The
volumetric receiver in the channel is heated by direct incident radiation. Simultaneously
air as a working fluid is allowed to flow through the porous SiC foatratesporthe heat.

For temperature and pressure distribution, CFD is carried out using the ANSYS Fluent
commercial code. The thermal performance of porous SiC foam is evaluated through the
overall heat transfer coefficient and thermal effectiveness. The fluisididdemperatures

are obtained by using magighted and areaeighted integral in the pegrocessing step

of ANSYS Fluent. Thermal effectiveness based on masghted outlet temperature and
maximum temperature in the domain are also compared foasdsc Reynolds number,
solar concentrated radiation, and porosity are the variables considered for the assessment
of the thermal performances of the solar volumetric receiver. Fluid flow performance is

also evaluated by calculating pressure drop.

The velodty vector within the channel and the SiC foam is showkign 5.4. Porous SiC

foam creates complex flow structures and velocity magnitude increases locally where the
flow passages are narrowed and blocked by the neighboring structures in SiC foam. As
velocity magnitude increases, the forgmmhvection increases leading to enhanced
convection heat transfer. Moreover, the porous structure in the volumetric receivedtrapp
the fluid and promotes temperature rise and flow mixing. The flow mixing gives rise to
wake like flow structure in pore sites. Likewise, the whke structures can give rise to

vortices contributing to the heat transfer. However, the flow mixing antices lead to
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high-pressure drops across SiC foam. Nevertheless, the complex flow structure results in

heat transfer enhancement despite the pressure drop remains large.

Velocity [m/s]
01

Fig. 5.4: Vectors represent velocityagnitude according for Re = 50,= 0.77 and DNI =
200 kw/nt.

Figure 5.6 shows velocity contours inside the porous SiC fo@wontours is plotted at
midplane crossection as showin Fig. 5.5. Velocity attains large values in the region of

the throttle where the crosgction of the porous structure becomes narrow. Since, porous
structures areonnected with geometrically unstructured paths (channels), flow behavior
changes with the passage geometry of the upstream in the porous medium. In this case, as

the downstream pressure increases because of partial blockage of the porous path, the
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magniude of flow velocity reduces. Hence, roniform behavior of flow occurs inside

the foam because of the complex nature of the foam structures. In the region of the closed
flow passages in the structure, flow velocity becomes stagnant and the contributien t

local pressure change becomes significant. Moreover, in some regions, flow passages are
fully connected and the flow velocity remains high. This demonstrates that contribution of
forced convection to heat transfer enhances in the region where thetfo@ture is fully
connected. However, heat diffusion and natural convection dominates in the closed paths

of the foam structure where the flow velocity reduces significantly.

Radiation let

Fluid outlet port

Fluid inlet port Plane for contours

Fig. 5.5: Location (planejvherecontoursfor pressure and temperature have been plotted.
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Fig. 5.6: Velocity contours for a section of the flow chanr@tay areas represent solid
phase (porous SiC foam) and coloredion is fluid. Contours is plotted fajy= 0.62 and
DNI = 200 kw/n?
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Figure 5.7 shows temperature distribution insittee porous SiC foam. The contours of
temperature are takdéar an upper sectioaf the channelvherew = 0.62 and DNI = 200
kW/m?2. It should benoted especiallfor Re = 150 and 308hetemperaturef solid regions

is slightly higher than the working fluid. This is mainly due to coupled heat transfer
between thesolid and the fluid in the volumetric receiver. This can also occur in a well
performing receiver such that the incident radiation overcomes the convective contribution
i.e. energy received locally by the solid medium of porous foam is more than tigg ener
released to the fluid through interfacial convection. Therefibie temperature remains
high near the radiatioentering region. The volumetric heating effect is also observed
through the temperature difference of fluid and solid. In this case, the temperature of the
receiver in the toppoundary wherethe solar radiation is applied, becomnlewer than the
temperatee of fluid leaving the receiver. This suggests that a highly porous structure is
effective to produce a volumetric heating effect; however, pressure drop must be in an
acceptable range. In addition, high thermal conductivity fluids can perform betterafor

harvesting thermal energy from the volumetric receivers.
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Fig. 5.7: Temperature contours of small portion of channel at top side. Areas under solid
black lines are solid portion and outside area is fluid. Contours is plotigd &.62 and
DNI = 200 kw/n?
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5.2.1. Thermal Analysis

Total wall heat flux refers to the overall hdlatx occurring in SiC foam, which includes
convection, conduction, and radiation heat flukegure5.8 shows total wall heat flux in

the volumetric receiver for Reynolds numbef-g00), solar concentration (2@D0
kW/m?), and porosity (0.68.843). The influence of Reynolds number is almost negligible
on total wall heat flux because the volumetric effect is significantly profound. However,
solar concentration causes a graduallyrease total wall heat flux and the trend remains
similar for all porosities considered. Increment of total wall heat flux is directly dependent
upon the heat source (solar radiation). The effect ghBlds number is almoghe same

for all porosities ad solar concentrations. However, fgr= 0.845, increasing Reynolds
number increases the wall heat flux. In this case, the volume ratio of solid to fluid in the
foam changes, which appears to result in optimal coupling of heat transfer between the
solid ard fluid in the foam incorporated. In addition, high fluid velocity resultedujcr

0.845 isexpected to give rise to the low duration of fluid trapping phenomena inside the
foam. Hence, the convection heat transfer contribution to overall heat flux kenotable

in this case. Consequently, coupling of flow and porous structures plays a critical role in

the overall heat flux in the foam material.
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Fig. 5.8: Total heat flux at wall of porous SiC foam againsyf®ds number for a)y =
0.62, b)w = 0.695, cy=0.77 and d = 0.845

Figure5.9 showstheoverall heat transfer coefficient for each case givérainle5.2, with
differentReynolds numbers, solar concentrati@msl porosities. Increasing solar radiation
considerably causeslecrease itheoverall heat transfer coefficient. This behavior occurs

due to localized heating under the radiat®mce the radiation heat modeinsorporated

73



in the analysis, at high radiative fluxes temperature difference between the fluid and the
liquid becomes small his in turn lowers the overall heat transfer coefficient. As the flow
velocity atthe foam inlet increaseshe overall heat trasfer coefficient also increases.
Thus, the heated fluid, which is carried by the flova high Reynolds number gives rise

to theincreased temperature difference between the solid and fluid in the foam. For low
porosities {4 = 0.62 and).695), solar corentration decreases almost 33% (from 200 to
400 kW/nt) while higher porositiesuf = 0.77 and 0.845) possess approximately 11%
decrease in heat transfer coefficiénsim 200 to 400 kW/rh However, for the intensities

of 400 to 800 kW/rh and all porositiesthe decrement in heat transfer coefficient
comparatively becomes less because of the high heat flux created in the foam. Heat transfer
coefficient is augmented to the amount of fluid flowing residing in the foam with time. In
this case, the overall heattisfer coefficient remains less for the cases having large
porosities because of less residency time of the fluid recirculating inside the foam. In
addition, the influence of Reynolds number on heat transfer coefficient is the same for all

porosity and s@lr concentrations.
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Fig. 5.9: Overall heat transfer coefficient in channel having porous SiC foam against
Reynolds number for a)j = 0.62, b)wy = 0.695, cw = 0.77 and dy = 0.845

Since Nusselt number describes the amadidonvective heat over the conduction, the
comparison is nde to assess the heat transfer effectiveness for the cases with and without
porous foam in the channel. For this purpose, variation of normalized Nusselt number is
plotted against several Reynolds nunsif@®O0 -500) and solaconcentration (200 800

kw/m?) for different porosities as shown Fig. 5.10. Nusselt number is normalized by
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Nusselt number whethe channel has no porous foam. It is wontkentioring that the

Nusselt number (Ny), in whichfoamis absentis obtained by simulating the flow field in

the same channel geometry. Normalized Nusselt number attains values value greater than
a hundredold. This indicates that the enhancement of heat feanghile using porous

SiC foam, is significantly high. Moreover, increasing Reynolds number drastically
decreases normalized Nusselt number because of lowering the fluid resistance period inside
the foam. In addition, large inertial forces created undgr Reynolds number influence

flow mixing inside the foam. This creates a mixing behavior of fluid in swehay that the

heat removed from porous foam is not appeared to be significdrgéhannel. It should

be noted thathe Nusselt number attains csiderably small values at high Reynolds
numbers than that corresponding to the low Reynolds numbers flow in the channel. For
high solar concentrations, reduction in Nusselt number becomes less as Reynolds number
increases. This indicates that at high meptbads, increased solar concentration gives rise

to low heat transfer coefficients. Hence, heat extraction by the working fluid becomes low
even at low Reynolds numbers. The trend of normalized Nusselt number appears to be
similar as Reynolds number arlar concentration increase, which is true for all porosities

of the foam. In addition, it is worth noting that low porosity shakelarge value of
Nusselt number because of improved mixing of fluid within the foam voids. The highest
value of normalizedNusselt number is obtained the lowest value of Reynolds number

(50) forthesolar concentration of 200 kW#rand porosity of 0.62.

76



I

—
S
o
o

1200

800

600

400

200

Normalized Nusselt Number [Nu/Nu,

1400

1200

1000

800

600

400

200

Normalized Nusselt Number [Nu/Nu |

1000

Reynolds Number Reynolds Number
0 100 200 300 400 500 600 O 100 200 300 400 500 600
_I L I T T I T T l T I LI B | I LI I_ | LI I LI I T T I T T I LI T l T i 1400
S (@) y=062 { | (b)y=0.695 ]
F— 41 F 4 1200
L 1 re® 4 1000
L 3 1 I . 1
- S i B 4 800
i L 1 ® . _
- ® 1 e - 600
i 1 | K
- 1 Te. - 400
i Q- 1 | 1
_—z___ ._____’ . _: ‘_ ‘ —_200
_l - _-] _I-I: I_] | J_ } J_l T l_J?l-__l‘l - I_ [ - I ’J ]_l I_ ‘l’ I__ :I : T_:I I_ 0
_I T I T T I LI T l T l LI B | I T I_ B L I L T T I T T 'I LI T I T I_ 1400
i (c)\p-077 . i (d)w-0845 1
N - @ - pNI=200kwm® ] [ -] 1200
i DNI =400 kW/m® - @ i
N — —@p— - DNI=600 kW/m" —— - 1000
i ’\ ~ -@— - DNI=800kW/m’ ] i \ ]
——+ 1 F - 800
- B 1 r & 600
i I S B & ]
N ‘ 1 T ‘ - 400
V8- {1 F ‘ ‘ B 4 200
[ETR N INUTN N EN SIS SN TSN S S I EEEE i ETEETEr . B ' I L 0
0 100 200 300 400 500 600 O 100 200 300 400 500 600
Reynolds Number Reynolds Number
Fig. 5.10: Global normalized Nusselt numbéNu/Nuof porous SiC foam against

Reynolds number for a)j = 0.62, b)w = 0.695, cw = 0.77 and dy = 0.845

5.2.2. Thermal Effectiveness

To assess the thermal performance of the porous foam in terms of thermal effectiveness

(s ), the following dimensionless temperature is introduced:
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4  represents the masserage outlet temperature of the air, @dis the air inlet
temperatureThe variation of normalized temperature with Reynolds number is shown in
Fig. 5.11 for various solar concentrations and porosities. For the range of Reynolds
numbers R2 150,s demonstrates a slightly decreasing trend; however, at low Reynolds
numbers, the normalized temperature attains high values. Hence, the system, in terms of
temperature ratio, exhibits high performance at low Reynolds numbers due to the long
resdency time of the working fluid inside the ceramic foam. In addition, increasing foam
porosity gives rise to low normalized temperature on the thermal system, which is more
pronounced for higher solar concentrations. Consequently, low values of Reynolds
numbers and low porosities rema@vourableto obtaining the high mass average fluid
temperature. However, the opposite trend is observed for solar concentration, i.e.
increasing solar concentration enhances mass averaged fluid temperature. The maximum
massaverage fluid temperature at the foam outlet occurs for Re = 50, DNI = 800°’kW/m
andw = 0.62 and the minimurmassaverage fluid temperature at the foam outlet takes
place forRe = 500, DNI =200 kW/n? anduj = 0.845. The fluid outlet temperature is
assocated with heat transfer including convection, conduction, and radiation inside the
foam; hence, foam withy = 0.62 results in the highest outlet temperature, which is also
supported by Nusselt number variatidiig( 5.9). Similarly, forRe = 50 and DNI = 800
kW/m?, the porosity of foamy = 0.62 results in 42% more mass average fluid outlet

temperature than correspondinguae= 0.845.
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Fig. 5.11: Total thermal effectivenegs ) of channel having porous SiC foam against
Reynolds number for a)j = 0.62, b)w = 0.695, cw = 0.77 and dy = 0.845

The maximum temperature increase in the pore foam is assessed throughttespetio

(s ) introduced:
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Here,4  denotes the maximum fluid temperature achievetiérflow channel Figure

5.12 shows the maximum temperature ratio with the Reynolds number for various
concentrations and porosities. The influence of foam porosity and Reynolds number on the
maximum temperature ratio demoisés a similar trend; in which case, the change of the
maximum temperature remains considerably small. However, increasing solar
concentration enhances the maximum temperature in the working fluid. Hence, localized
heating under the high solar concentmtican result in a large value of the maximum
temperature. The nonuniform heating of the working fluid becomes unavoidable if the
concentration increases considerably even though the porosity of the foam and Reynolds

number of the flow are increased.
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Fig.5.12 Normalized maximum gain temperatyge) in channel having porous SiC foam
against Reynolds number for@)= 0.62, b)w = 0.695, cy = 0.77 and d = 0.845

5.2.3. Flow Analysis

The fluid power loss due togssure drop can be expressed in terms of fluid pumping power
required. Here the pressure drop occurs because of pores in therfdardrag and fluid
friction within the pores and the channel. In general, flow mixing in the pores structures

and irregulampaths connecting the pores main contributes to the pressure drop inside the
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foam. The major challenge towards employing a porous structure is always its pumping
power. Figure 5.13 depicts the pressure drop in the channel with Reynolds number for
various values of solar concentrations and porosities of foam. The pressure drop increases
sharply as the Reynolds number increases. This is attributed to the complex flow field
generatd inside the pores, which creates significant flow mixing in the pores' structures.
Solar concentration increase has no considerable effect on the pressure drop, provided that
this effect may become visible at a high Reynolds number. This behaviorhstatirio

the fluid temperature increase at high solar concentrations. Air viscosity increases with
increasing temperature, which causes attainment of the high rate of shear in the fluid.
Hence, pressure drop increases accordingly; however, this effettsgnificant and the
influence of solar concentration on the fluid pressure drop becomes small. In the case of
the influence of porosity on the pressure drop, increasing porosity lowers the pressure drop.
Hence, small voidsuf = 0.62) give rise to largpressure drop in the foam. It is worth
mentioning that the value of the thermal performance of the system remains almost similar
for both low and high porosities. However, the influence of porosity on the pressure drop

becomes significant, i.e. the pressdrop becomes almost double as the porosity reduces.
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a)w = 0.62, by =0.695, cw=0.77 and dyy = 0.845

5. 3. Turbulent analysis of porous SiC foam
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The ptal number of casder thisturbulent flow conditionss 54 as tabulated ifable5.2.
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Table5.2: Numericalvariables including DNI, Reynolds NumbamdPorosity ().

Sr. DNI Reynolds Porosity Fluid Sr. DNI Reynolds Porosity Fluid
[KW/m?] Number (w) [KW/m?]  Number (W)

1 250 3000 0.69 Air 28 250 3000 0.69 Water
2 500 3000 0.69 Air 29 500 3000 0.69 Water
3 750 3000 0.69 Air 30 750 3000 0.69 Water
4 250 3500 0.69 Air 31 250 3500 0.69 Water
5 500 3500 0.69 Air 32 500 3500 0.69 Water
6 750 3500 0.69 Air 33 750 3500 0.69 Water
7 250 4000 0.69 Air 34 250 4000 0.69 Water
8 500 4000 0.69 Air 35 500 4000 0.69 Water
9 750 4000 0.69 Air 36 750 4000 0.69 Water
10 250 3000 0.77 Air 37 250 3000 0.77 Water
11 500 3000 0.77 Air 38 500 3000 0.77 Water
12 750 3000 0.77 Air 39 750 3000 0.77 Water
13 250 3500 0.77 Air 40 250 3500 0.77 Water
14 500 3500 0.77 Air 41 500 3500 0.77 Water
15 750 3500 0.77 Air 42 750 3500 0.77 Water
16 250 4000 0.77 Air 43 250 4000 0.77 Water
17 500 4000 0.77 Air 44 500 4000 0.77 Water
18 750 4000 0.77 Air 45 750 4000 0.77 Water
19 250 3000 0.85 Air 46 250 3000 0.85 Water
20 500 3000 0.85 Air 47 500 3000 0.85 Water
21 750 3000 0.85 Air 48 750 3000 0.85 Water
22 250 3500 0.85 Air 49 250 3500 0.85 Water
23 500 3500 0.85 Air 50 500 3500 0.85 Water
24 750 3500 0.85 Air 51 750 3500 0.85 Water
25 250 4000 0.85 Air 52 250 4000 0.85 Water
26 500 4000 0.85 Air 53 500 4000 0.85 Water
27 750 4000 0.85 Air 54 750 4000 0.85 Water

This portionpresents the analysis of porous SiC volumeeaeiversfor turbulent flow

conditions Same computational domain is used as illustratdegn3.4. Moreover, &er
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confirming gid andturbulent model independence and completion of the validation study,

all 54 cases are numerically solved according to the defined calculation varidiallelén

5.2. For turbulent flow and radiation modelirt§, rRrealizable turbulent and DO radiation
modelsare considered in the numerical simulationg&ewise, nassweighted and area
weighted integral approaches are applied to calculate the field variables foafididslid

in postprocessing of ANSYS Fluent. Hydrodynamic behavior of fluids (air and water) and
pressure drop in the channel are evaluated. The assessment of thermal performance is
examined through global Nusselt number as well as thermal efficiedtiesnaximum
temperature increase in the fluid domain is also determined for two working fluids which
are air and water, Reynolds numbers with the range of-30D, solar concentration

(DNI = 2507 750 kW/nt), and porosities from 0.69 to 0.85.

5.3.1. Thermal Analysis

Figure 5.14 shows temperature contours inside the smaeiverat different Reynolds
numbers (3000, 3500, and 4000) for porosijty 0.77 and DNI of 250 kW/f The sold

domain of the channel has a higher temperature than the fluid domain. The reason is due
to the volumetric effect created through solar radiation absorption, i.e. the synergic effect
created by the heat transfer between the solid and fluid while exposiolgr concentrated
radiation. The absorption of solar radiation by SiC causes a temperature increase in the
porous structure. The heat transfer between the porous structure and the working fluid via
interfacial convection, conduction, and radiationdos\the SiC temperature. However, the
temperature drop due to heat transfer remains slightly lower while causing attainment of
high temperature in the SiC porous structure. Moreover, it caobberved that the

volumetric effect is profound when the h&ainsfer is subjected through the water. In this
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case, the temperature in the SiC porous structure attains lower values for water than the air
for given conditions. Moreover, plots of temperature distributiéing. 6.14) show less
difference among various Reynolds numbers which indicates theddbizersystem can
recover the effective amount of heat for all Reynolds numbers. Water, which has a higher
viscosity and higher heat capacity than air, results in ateigiperature rise. Hence, the
temperaturaifference between the fluid and SiC porous structure becomes small, which

prevents the channel material from high thermal stress and-isttes®d craking.
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Re = 3000

Re = 3500

Re =4000

Contour lines numbing | 2 3 4 5 6 7 8 9 10 11 12 13 14
Temperature [K] 300 302 304 306 308 310 312 314 316 318 320 322 324 326

Fig. 5.14: Temperature contours of a small portion of the channel taken from the upper
portion. Areas under solid black lines are solid portions and the outside area is fluid.
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Contours is plotted atj = 0.77 and DNI = 250 kW/f a), b) and ¢) show temperature
distribution for air while d), e) and f) for water.

Figure5.15 depicts the total heat flux at the surface of the SiC porous structure for which
conduction, convection, and radiation are contribuiée. variation of total heat flux with
Reynolds number ipresated inFig. 5.15 for porosities of 0.69, 0.77 and 0.85 and solar
concentrations of 250, 500, and 750 k\&//ifhe considered Reynolds number range was
3000 to 4000 foria (Fig. 5.15a) and waterKig. 5.15b). It can be observed that the heat

flux remains higher for air compared with water for given conditions. This is because of
the low density and viscosity of air, which results in high velocity for a given Reynolds
number. This in turn enhances the convection heat transfer from the porous structure
surfaces; hence, the rate of heat flux from the SiC porous surface increases. Moreover, the
effect of Reynolds number on the heat flux for the air is almost negligible, i.e. the force
convection at high velocities does not alter the considerable head fitkegh Reynolds
numbers, i.e. increasing the flow rate, due to increase of the Reynolds number, does not
alter notably the temperature distribution within the air as showmirb.15. In the case

of water, the total heat flux linearly decreases with increasing Reynolds number. Hence,
the rate of heat transfer from the SiC porous structure to the fluid increases fdetsgh

fluid. The findings reveal that the influence of Reynolds number is almost the same for all
solar concentrations and porosities. For both fluids. increasing solar concentration gives
rise to considerably increased total heat flux and the porosiop®ithe same trends for
increasing solar concentration. For water, the increasing solar concentration at higher
porosity reduces the enhancement of total heat flux. Hence, normalized Nusselt number
reduce as compared to those occurring for lower porssitles behavior is associated

with the coupling of flow propertiesand porosity of thestructure which allows less
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durationfor the fluid to be trappedn the pore siteand become fully turbulent ithese

regiors.
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The heat transfer rates from the solar harvesting process are assessed using the normalized
Nusselt number which represents the amouabnfective to conduction heat ratEgure

5.16 illustrates the variation of global normalized Nusselt number Rétiinolds number

for various solar concentration values and porosities. Global, here, refers to the overall
Nusselt number that is normalized through dividingtbycounterpart that contains ron
receiverchannel configuration. When the water is consideaeda heat transfer fluid,
increasing Reynolds number considerably decreases normalized Nusselt number. This
seems due to the lower flawsistancénside the solareceiverat high Reynolds numbers.
However, air exhibitsnconsistentrends for the normeled Nusselt number, which is
associated with the unpredictable nature of turbulence, particularly when the pore structure
promotes turbulence. At high Reynolds numbers, the mixing behavior of fluid becomes
less which leads to lower heat recovery fromgbeous structure. Similarly, higher solar
concentrations give rise to a decrease in the normalized Nusselt number for both fluids
(more profound in the case of water) which is true for all porosity. This occurs because of
the inertia forces, which becomerdinant due to the turbulent mixing of the fluid inside

the pores. Higher solar concentration creates high heating loads oecéierwhich

results in the large difference between fluid and solid temperatures. Trends of normalized
Nusselt number with treasing porosities appear to be decreasing for air, however, water
shows the opposite behavior for normalized Nusselt number. For the case of air, it should
be noted that lower porosity gives rise to normalized Nusselt number because of less
volume ratioof the flow path to solid, which increases the residence time of fluid as well

as trapping of fluid inside the poréghe highest value of normalized Nusselt number is
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achieved at low Reynolds number, low solar concentration, and low porosity in thé case o

air; however, water results in the highest normalized Nusselt number for high porosities.
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Fig. 5.16. Global normalized Nusselt numb@iu/Nuw,) of SiC receiveragainst porosity
and Reynolds number for ajr and b) water.

91



5.3.2. Thermal Effectiveness

For the numerical investigatias thethermal efficienciesy ands ) are defined based on

the normalized masseighted exit temperaturédeq. (48), and normalized maximum
temperatureEqg. (49), in the channelNormalized exit temperatuniedicatesthe rise of
temperaturehroughout the flow domaiwhich is relatedhe effectiveness othe thermal
system while normalized maximum temperatugeassociated witthe maximum rise of
temperature at any locatiavithin the flow domain. Figure5.17 depictsthe variation of
normalized exit temperatufellowing thevariableggiven inTable5.2. Likewise,Fig.5.18
showsthe variation of normalized maximum temperatunecase of airthe influence of
Reynolds number otihe normalized exit temperature is almost negligitdleall porosity

and solar concentratipiut the increasing trends observedor normalized maximum
temperature for porosityw( = 0.69 and 0.77) anthis shows thelecreasing trend for
porosity (4 = 0.85) Theeffect of solar concentration remaitiiee samefor all porosities

This can be attributed tthe optimal point of normalized maximum temperature against
these porosities for the air. However, increasing solar concentration gives rise to high
values of norralized exit and the normalized maximum temperatures for air. The
enhancement in normalized exit temperature is observed as solar concentration increases.
The variation of normalized exit temperature and normalized maximum temperature
follows the same fasbinfor all porosities while the trend changes with changing Reynolds
number and solar concentration, which is particularly true for air. In case of water,
increasing Reynolds number causes a decrease in normalized exit and normalized
maximum temperaturesThis effect is more prominent for normalized maximum

temperature. The fluid exit temperature is associated with the heat transfer through
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conduction, convection, and radiation inside the volumetdeiver thus, higher porosity

(wy = 0.85)shows slightlydifferent behavior than other porosity values, which can be
supported by the heat flux variati@ifig. 5.15-b) and Nusselt number variatioRig. 5.16-

b). Variation of both thermal efficiencies with increasing solar concentration remains the
same for all porosities. High radiation intensities enhancéhttmenal efficiencies of the

solar harvesting system patrticularly for water as a heat transfer fluid.
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Fig. 5.17: Total thermal efficiencys ) of channel having SiCeceiveragainst porosity
and Reynolds number for a) and b) water.
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Fig. 5.18 Normalized maximum gain temperatyge) in a channel having Si€ceiver
against porosity and Reynolds number foaiaand b) water.
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5.3.3. Flow analysis

Figure 5.20 showsvelocity distributionwithin the pores of SiGeceiverlocated in the
channel for various Reynolds numbersuyat 0.77 and DNI = 250 kW/A Theair results

in higher velocity magnitude as compared to water becaube lwiw viscosity, provided
thatboth fluids possesthe same distribution of high and lewelocity regions. Irregular
patternsn velocity distributiondemonstrate that th@rous medium promotes turbuten

which results irthe trapping of fluidswhile causing thevorticity generationsnside the
poresPartial blockage of the porous sites increases the downstream pressure, which results
in low-velocity regions. The rapidhange in the flow path within the porous structure
causes the development of the flow stagnation regions. This affects the local pressure
distribution within the porous sites. The higélocity regions contribute to the formation

of vorticities under thelear effect, which contributes to the local pressure variation in this
region.In addition, the flow passages in some regions are fully interlinked, which in turn
gives rise to the attainment of the higélocity magnitude in these regions. This adds to

the forced convection influence on the improvement of the heat transfer rates in the regions
where the porous structure is fully interlinked. Nevertheless, the contribution of heat
diffusion and natural convection to the heat transfer rates becomes signifittee closed

paths of the porous structure where the flow velocity decreases considerably.
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Re = 3000

Re = 3500

Re = 4000

Contour lines numbering 1 2 3 4 5 6 7/ 8 9 10 11 12
Velocity [m/s] 0 025 05 075 1 1125 13 195 2 225 28 275

Fig. 5.19: Velocity magnitude of small portion of channel takemyat 0.77 and DNI =
250 kw/nt. Areas under bladines (grey portion) shows solid portion (porous SiC foam).
a), b) and c) show velocity distribution for air while d), e) and f) for water.
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On the other hand, tHéuid pumping power is directlyelated to theoressure loss while
transporting fluidsvithin the channelHere thepressure loss #fteoutlet ismainly caused

by theporous structure dhereceiverdue to the pressudrag andhefluid friction within

the poresites.The hgh-pressure loss ithe porous structur@ccursdue tothe irregular
paths connecting the posites even thougthe irregular pathpromote thelow mixing

that is favorable for heat recovery through convection. Introducing the porous structures in
a flow system facethe challengs of high pumping powerequirementsThis isthe only
major lossin the system however,the thermal system shows incredibly high thermal
performance thathe pumping power deficitwhich enables the adaptation of the porous
structures at largscale systems. The pressure losses for aimeter are shown irFig.
5.20-a andFig.5.20-b, respectively. It cabe seen thahepressure loss for water is higher
than air due tohe high viscosity of watemwhich causethehigh rate of sheastrainin the

fluid. The nfluence of solar concentration trewater is negligible while air showsse
increment in pressure with increasing temperature. High solar concentration givesirise to
high-temperatureisein the channel which increases the shear rate of air significantly and
the pressure loss increases accortyingn case of water, #fluid posseses aninherently

high shear rateherefore,jt has lessffect on pressure loss. Low porosity refdmsaless

fluid volume ratio which resultsn more fluid trapping and increasthe drag.Thetrends

of pressure loss increase lineantith porosity, however, for air dhelowest porosity

= 0.69),it exhibits different behavior which supports the turbulence immaturity due to
porous structure for low viscous fluifls54]. Hence, careful selection of porosigmains
crucial for designinga solar harvesting systerthat incorporates porous volumetric

receivers
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Fig. 5.20: Pressure drop in channel having porous SiC foam againse&éiveragainst
porosity and Reynolds number fora) and b) water
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5. 4. Constructal designof porous SiC foam

After the assessment of porous SiC foam with sqaeressectionalchannel, numerical
analysigs further extendetbr evaluating the influence of channel desifor this purpose,

the volumeaveraged governing equations are solved by the numerical finite volume
method via ANSYS Fluent 2020 (R2). Volurageragedjoverningequations used dual

cell approactwith LTNE for the flow configurations.The validation study is conducted
herein line with early published workR3]. The physical domain is modeled as prescribed

in the previous work23]. Reason behind the selection of this early wotkesiseof same
numerical approaedquidl iobtmil umhmo dn@ll 6 nfomr por ous
conditionswhich arealso of the same interest. Furthermore, this study includes both
experimental and numerical work fanvestigating heat transfer thugh SiC foam
volumetric solar receiver. This validation study adopted same geoahgiarameters
which was acylindrical SiC porous media having 50 mm length and 50 mm diameter (as
shown inFig. 5.21) and80 mm extension of channel for airflow. The calculation detils

solar radiation were considered including adsorption and scattering phase function using
DO radiation model in ANSYS Fluent. Inleir velocity and radiation flux were 1.3 m/s

and 600kW/m?, respectively. Temperatudependent fluid and solid thermoplos
properties were selected for this numerical investigation. Porous zone followed same
momentum sink parameteng &4nd’Q, effective thermal conductivitys( ), porosity (0.8)

and emissivity (U0). I nt erfaci atks (dudsomtion t r ansf er
coefficient and scattering coefficiergtje calculated based &us28 - 32. As mentioned

in the early work, 84.5 kPa is applied at outlet pressifg25 gauge pressuizs3]). In

Fig. 5.22, it can be observed that temperature variatwaughoutthe channel is in good
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agreement with that presented [B8]. The trend of the temperature curve is exactly

matching, and the error is under tolerantg%.

0 mm

Fluid Chamber
. A
80 mm
|«
Fig.521: Schematic of validationds numeri cal
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Fig.5.22. Temperature variation along the flow direction for validation purposes.

101

c



Residuals of governing equations and riféss rate monitor at inlet and outlet, confirmed
the convergence of the solution. The solution was convetgediduals for continuity and
momentum below I®and for energy and DO equation was®1@hile masslow rate
monitor should show the difference of mdigsv rate at inlet and outlet below 18 After
satisfying the required convergence criteria, the solution is calculated for further 3000
iterations for confirming a stable solution. For achieving cag@mresults, the distance
based coupled scheme was used for presaloeity coupling. A gradient of spatial

di scretization GCelbBsas@ldéaswhi $euaprreesssur e,
kinetic energy, turbulent dissipation rate and energy werecohg@rder upwindscheme

The solution controls involved pseudo transient explreilaxation factors aré.0 for
pressuremomentum density, body forces, Discrete Ordinates, and turbulent viscosity
while 0.75 for energy, turbulent kinetic energy, andbulent dissipation rate. Since the
solution contains DO radiation model, 3x3 for divisions and 3x3 for pixels of angular
discretization. and. ) were considered for each octant of angular spacend.
denotezenith and azimuth angles, and their valvese takenfor every case/configuration.
These values are highly recommendeliténaturefor saving computational power as well

as in ANSYS FI[lb@lnt 6s wuser gui de
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Fig. 5.23. Numerical representation for boundary conditions of the volumetric exceiv

Table5.3: Description of geometry parameter for proposed configurations.

Config:ration Angl e Ratlo.f: Config;:ration Angl e Length (L)
- m
1 10 1.2 26 10 0.034
2 15 1.2 27 15 0.034
3 20 1.2 28 20 0.034
4 25 1.2 29 25 0.034
5 30 1.2 30 30 0.034
6 10 1.3 31 10 0.038
7 15 1.3 32 15 0.038
8 20 1.3 33 20 0.038
9 25 1.3 34 25 0.038
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10 30 1.3 35 30 0.038

11 10 14 36 10 0.042
12 15 1.4 37 15 0.042
13 20 1.4 38 20 0.042
14 25 14 39 25 0.042
15 30 14 40 30 0.042
16 10 15 41 10 0.046
17 15 15 42 15 0.046
18 20 15 43 20 0.046
19 25 15 44 25 0.046
20 30 15 45 30 0.046
21 10 1.6 46 10 0.050
22 15 1.6 a7 15 0.050
23 20 1.6 48 20 0.050
24 25 1.6 49 25 0.050
25 30 1.6 50 30 0.050

5.4.1. Thermal Analysis

To find the optinal design of the solar volumetric receivearious porous configurations

are investigated using the Constructal approach. These configurations are tabulated in
Table5.3. For all configurationsthe appliedconcentrated sotdlux is 600 kW/nf, inlet

flow temperaturas 300 K the massflow rateis 0.003221 kg/sanda porosity of 0.8is
considered fothe volumetric receiverThe thermal performance dfe solar volumetric

receiver is analyzed using temperature distribution, effective length, effective area, outlet
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temperature and maximum temperature of domain. Evolution of design is incorporated by
variation of thregparametersicluding ratio of inlefoutletdiametes, cone angle and length

of receiver. While using volume of receiver as a constraint, then either ratio and cone angle
can be varied, or length and cone angle can be vd&re of inlet and outlet diameters

(r) and receiver length (Lyvere varied as presented in Tabe3. Propagation of solar
radiation is same as flow inlet as showrFig. 3.3. Furthermore, the key interest of this
investigation is teenhance theheat transfer within the volumetrsolarreceiver through

increase temperature uniformigxit and maximum temperatwsre

Since this numerical method used the LTNE model for solving temperature distrjbution
the computational domain of porous zone resulted in temperature distribution of both
phases (fluid and solid). Figures5.24 - 5.28, the temperature distribution along the flow
path is depicted. These temperatplas are taken as average of corresponding nodes in
their crosssectional area along the flow path i.e., voldaveraged temperature as a
function of axial coordinateThe fluid phasetemperaturat the inlet (x=0) of the porous
mediais not equal t800 K Figures5.29 and5.30 are evidenin which the temperature
valuescloser to thehannelwalls arehigher tharthe centerline temperature and this is due

to no-slip boundary conditionThe variationof temperaturealistribution patternremains
similar for the solid phase of all configurations which is slightly increasing towthds
outlet ofchannel For fluid phase, the trend for temperature variation also appears the same
for all configuratiors which is exponentially ineasing at th@orous meih entranceand
thenthe changeof temperature becomasignificantuntil the exit Higher temperature of
solidphasecloser to the entranceassociateavith the applied radiation to th®&iC receiver

boundaryat x = Q Similarly, fluid is considered transparent and only subjected to recover
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heat from theSiC surface, mainly byconvection.This is wly the temperature of fluid
starts witharound 300K (as inlet temperaturethen increasesdue to convection heat
transfer. For solid phasiw increment in temperature along the fluid pethelatedto
lessheatrecovery through convection while conductsegems to be constatfiroughout

the solid domain.

For raticbased configurations (rk2, 1.3, 1.4, 1.5, 1.6) Figs. 5.24, 5.25and5.26, length

of receivergendto be shorter when cone angfe (vas subjected to increase. It is worth
mentioning that temperature is remarkably increased as cone angle iscréase
temperature curves of lower ratios at different camgles are considered to compare with
higher rati®, results indicate no major enhancement than the comparison between the cone
angles. However, higher ratio achieved thermal equilibrium location earlier than lower
ratio. The converging shape of receivisoasupports to increase the temperature along the
flow path. It can be observed thahenusing cylindricalshaped receivel(g. 5.22), the
fluid/solid equilibrium temperature/as not rising along the flow patBut in case of ratio

based configurationgpproximately 20 30K increment is noted because kbeal energy
absabed by the porous zone become larger due to volumetric effect. Another firming

these temperature curves tieathe thermaenhancementfrod = 10 ®d7%d = 15
however this enhancement is reduced at higher cone angled i.&5to 30. This seems

to occurbecausehe crosssectional area is drastically decreased towahdsneloutlet

which turns in higher velocity i.e., higher velocity leads to less residency and mixing of
fluid in porous zone. Highest temperature is achieved while usirigghest ratio (r = 1.6)

and highest cone angld ( 39).
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In case of lengtibasedconfigurations (as shown Figs. 5.26, 5.27 and5.28) temperature
variation as function of axial coordinate for shorter length= 0.034 m) possessed
profound increasing trend while the longer length has a constant temperature line for solid
phase throughout the length. In addition, larger cone angids shorter length
configurations show more enhancement for temperature apatechto smaller cone
angleswith longer length configurations. However, larger cone angitslonger channel
lengthrevealedbeter risein temperature for solid phase than same cone angles of shorter
lengths.Hence, increasing cone anglegh larger engths(convergingshape receiver)
considerably improved thermal performanédthough highest temperature is achieved
while using larger cone angles and longer lengths of receiver in {bagtd
configurations, but these configurations mostly lack the thermal equilibrium between fluid
and solid phase. Therefore, shorter lengthfigoirations for lengttbased configurations

aredemonstratedhore favorable.
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Fig. 5.24: Averaged temperature variation along the flow direction as @ifumof axial
coordinate for configurationsil10.
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Fig. 5.25. Averaged temperature variation along the flow direction as @ifumof axial
coordinate for configurations 1120.
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Fig. 5.26: Averaged temperature variai along the flow direction as a fttron of axial
coordinate for configurations 2130.
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Fig. 5.27. Averaged temperature variation along the flow direction as etifumof axial
coordinate for configuratior11 40.
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Fig. 5.28: Averaged temperature variation along the flow direction as etifumof axial
coordinate for configurations 4150.

Figures5.29 and5.30depict the temperature contours for configurati®ns, 8, 13, 18, 23,

28, 33, 38,43, 48 and 4%hich represat the mid-plane (parallel to flow direction).
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Patterns of temperature profiles for fluid and solid phases are almost similar for all
configurations. It is worth remarking that the solid phase exhibited higher temperature than
fluid which is contributed to Mametric effectwhere absorption of radiation heat flux
occurred It can bealsoseen that near inlet, raip boundary condition at walls has more
effecton the temperature profileemperature is very less close to wall) but the converging
shape also imeased the temperature which provides good mixing of fluid. Rased
configurations indicate a significant enhancement of thermal performance as compared to
lengthbased configurations. Furthermore, rat@sed configurationallow more leat
recovery ascompared to lengtbased configurations. Consequently, the pattern of
temperature profile for thermal equilibrium is shifted towards outlet as cone angle
increasesAlso, it can be observed that the solid temperature is increased along the flow
path, attibuted to the volumetric effect because the radiative contribution overcomes the
convective contribution. In the case of lengiised configurationd={g. 5.30) that lower
temperature regions are wider which is not favorable for theumfdrmity. Solid phases

of ratio-based configurations show continuous increment in temperature contours while

less enhancement is noted in the case of |elbased configuration
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Fig.5.29: (a), (b), (c), (d), (e) and (f) show temperature [K] contours for configuration 3, 8
,13, 18, 23 and 4, respectiveBubfigures names 1 and 2 show solid and fluid.
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Fig.5.30: (@), (b), (c), (d), (e) and (f) show temperature [K] contours for configuration 48,
43, 38, 33, 28 and 49, respectivebubfigurenames 1 and 2 show solid and fluid.
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