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ABSTRACT

Harnessing solar energy in an efficient and effective way is crucial to fulfilling the ever
increasing energy demands in a sustainable manner. Concentrated Solar Power (CSP)
technology enables the collection of solar energy using mirror concentrators, which focus it
over a small area of receivers, leading to efficient capture and utilization of solar energy.
Among the various receiver types, Volumetric Solar Receivers (VSRS) are particularly well-
suited for high-temperature applications. The porous structure of the VSRs helps in deeper
absorption of solar energy in the receiver volume, thereby reducing the re-radiation losses at
elevated temperatures. The heat transfer fluid gets heated while flowing thorough the pores of
the receiver, thus converting solar energy into thermal energy. This thermal energy can be
subsequently used for applications like electricity production and various industrial
applications. However, VSRs face challenges such as lower outputs, thermal hotspots and
material failure due to high flux exposures, non-uniform temperatures and thermal gradients
and working cycles. Therefore, it is necessary to thoroughly investigate the receiver's
performance and explore ways to enhance performance without compromising the mechanical
safety of the receiver.

The present research is focussed on investigating the Thermal-Hydraulic-Mechanical
(THM) performance of a VSR subjected to steady and transient concentrated solar fluxes. Key
performance indicators such as air outlet temperature, pressure drop across the VSR and Failure
Index are used to evaluate the thermal, hydraulic and mechanical performance, respectively. A
coupled thermo-mechanical model is developed to determine the THM performance of VSR.
Additionally, parametric studies have been conducted to understand the effect of various
parameters, including porosity and pore size of the porous structure, inlet velocity, absorber
length, and the degree of non-uniformity in the incident solar flux on the VSR performance. It
is observed that higher porosities and pore sizes show better mechanical safety and promise
safer operation. The near-wall region at the inlet is found to be most critical for absorber safety.

The optimization of these design parameters such as porosity, pore size, inlet velocity,
and receiver length is also conducted using Genetic Algorithm (GA) to determine the optimum
parameter values. To minimize the optimization time and facilitate quick design changes, a
surrogate model is first developed using Deep Neural Networks (DNN). The dataset for the
model is obtained through actual numerical simulations, and a systematic study is performed

to identify the most suitable model architecture and training algorithm suitable for accurately



predicting the THM performance parameters. Based on it, the trained DNN model with 5
hidden layers and 20 neurons per layer is selected to predict the THM performance of the VSR.
The actual simulations are replaced by the DNN model predictions during the optimization
process, significantly reducing the optimization time and computational resources. A multi-
objective optimization problem is formulated with the objective of maximizing air outlet
temperature and minimizing pressure drop. The problem is constrained by the constraint of a
maximum Failure Index less than the material failure limit to ensure the optimized design
parameters maintain receiver safety while enhancing the VSR performance. A comparative
study is done to assess the effectiveness of the DNN-GA integrated approach in reducing the
optimization time. The DNN-GA integrated approach is found to be 524 times faster than the
conventional direct approach. Further studies are conducted to optimize the structural
parameters (porosity and pore size) for various inlet velocities and absorber lengths.
Simultaneous optimization of design parameters is also conducted to evaluate the performance
enhancement in the receiver. The results are presented as Pareto optimal solutions, and the
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is implemented to
select design parameters from these Pareto optimal solutions as per the requirements of the
designer. The results indicate that the optimum values for porosity, pore size, and absorber
length are in the range of 0.9-0.93, 2-4 mm, and 0.01-0.06 m, respectively, when all variables
are optimized simultaneously. Furthermore, the optimal input velocity is observed to be close
to the lower bound of 0.4 m/s while the corresponding maximum failure index varies from
0.346 to 0.836, indicating mechanically safe configurations.

The effectiveness of functionally graded porous structure in enhancing the THM
performance of a VSR is also analyzed in the present work. The numerical model is extended
to implement linear spatial variation of porosity and pore size in radial and axial directions,
resulting in radial and axial graded structures. Additionally, a combination of radial and axial
variation is used to create bidirectional variations. Numerical simulations are performed to
determine the THM performance of these graded configurations and compared with best-
performing uniform configuration. The top performing configurations from each category
(axial, radial and bidirectional) are further compared across a range of inlet velocities and
absorber lengths to determine the overall best configuration. It is observed that a-PI-SC, r-PC-
Sl and r-PD+a-SI are the best performing configurations of each category, i.e., axial, radial
and bidirectional, in the porosity range of 0.9 - 0.95 and pore size range of 2 - 4 mm. Overall,

r-PD+a-SI configuration outperforms among all the graded structures with the second highest



PEC and highest FI Ratios. It shows an increase of 8.96 % in T, and a decrease of 22.7 % and

4% in FI and AP, respectively.

As the VSR experiences transient solar fluxes while operating, a transient thermo-
mechanical model is also developed to analyze the dynamic VSR performance. The variation
of THM performance indicators over time is investigated during different operational phases
of VSR, including start-up, shutdown, daily clear sky operation and cloud passing. The air
outlet temperature varied by nearly 370 K during clear-sky operation, potentially leading to
disruption for downstream operations. It highlights the necessity of dynamic control. The effect
of different startup and shut down durations on the THM performance is also investigated.
Smaller start-up and shut-down periods were observed to result in higher temperature and FI
variations and vice-versa. Additionally, the effect of cloud transmissivity and solid matrix
structure, such as porosity and pore size, on the solid temperature distribution and Failure Index
is analyzed. Clouds with zero transmissivity were observed to cause the worst temperature

gradients and the highest FI peaks.

The results of this work provide valuable insights for better designing VSRs and
selecting appropriate parameters to enhance performance, resulting in higher outputs, lower
pumping power and higher mechanical safety. While specific results can vary based on the
case, these observations serve as a valuable guide for general design choices. For uniform
configurations, porosities higher than 0.85 and pore sizes of 2 mm or larger provide suitable
trade-off for efficient and safer configurations. Simultaneous optimization further refines this
range to a porosity of 0.9-0.93 and pore sizes of 2-4 mm. In graded configurations with linear
gradations within a porosity range of 0.9-0.95 and pore size range of 2-4 mm, the bidirectional
(r-PD+a-Sl) configuration delivers the best results, followed by the axial (a-P1-SC) and radial

(r-PC-SI) configurations.

Keywords: Concentrated solar energy; Volumetric solar receiver; Porous media; Thermo-
Mechanical modelling; Deep Neural Networks; Multi-objective optimization; Genetic

Algorithm, Graded porous structure
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AR Feat SHoll A DI fehTS aRidh A TR HRA & A4 AR SHoll b1 HA 3R
TUTE Rl & SUANT BT Hedqul § | Fifed TR Sl (CSP) A1 GUUI Wigdh o1 START
PP AR 3ol & TGI8 P! G T 8, S 39 RAaR & TH BIc ¥ &F W digd Bl o,
ORI TR Sl BT HIE TR 3R SUTRT 8 7 | fafdd ffiak v |, afegrfe® Tier
R (VSR) foRi U & I qroHE SN o forg SUged ¢ 1 VSR i fesgquf I
feR afegd & IR ol & T8 A=yl & Hgg Hxdl 5, o $d avd e |R .
fafaor BT & 81 At 8 1 ST RIFIARUN 5d KR & sl o T8d 99d 74 81 91 3,
U TR AR Sl I a0 St § URafdd &R ol 5| 59 adig $oll b1 SuaiT aie d
forsTelt ST 3R faftrar Siienfiies Syl S Sruaei & forg favar St gevdi 3 | gTeiifep,
VSR & HH 3MT3Ye, YHd glewic 3R I Faay TaRIUIoR, TR-THM drqHH 3R yHd
UfSTe 3R HI I & HRU AWEA &1 [awad St FAfadl &1 JAT &1 gl g
i, iR & TR & It ave I offg 31 3R RTaR &t aifs JRem & qegidr
P o1 U= o1 9eM & dD! &1 udT T I B

aaH MY fRR SR & Tdhfad IR yarg & o VSR & yifd-gTegifer-
ABAH (THM) TR &t S IR Hfgd 8 | T UeH Ydbde o TaR 3T3edie daTadT,
VSR T Ga1d 31T 3R fawhad @i &1 SUANT HHS: Y, gRelad 3R AdbHHd
UGRM &1 Hedich] HR o forg fasam ST 81 VSR & THM U&= &1 Feild & & fag
T g yHi-Hob e d Aled fawmRid fasar Tar g1 59 sifafked, VSR UesiH W fgyuf
AT D YT 3R 8% MBHR, T o7, A=Y dals AR Ul IR Tag H IR-
THEUal &t {5 Ofed fafia A St & uua & guge & faw IRefifes sregaq smaford
fru 7T €1 g8 T T B T S ¥ oIk % MR Sk Tifdew JRan fiwm € iR
IRI&A TaTe BT e FRd & | ST W AR & U BT & SHIRNTD JRET P e Tad
HE@qUl Ui T B |

3 feoe Aucsl SN fogdl, fox oMeR, $de o7 SR RIlaR &t dars &1
e Ht syan Rifiex 7 Ruiid B & forg SAfes TaiiRed (GA) 1IN axdb
3T STaT 8 | 3% e U9 & HH HRA 3R @R fEue aRkad-l &1 gfawr & fae, gad
U8 31U Rd Aeadd (DNN) HT SUINT Hb U TRAIC Arsd [AwRid fovar mar g | Aisd
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& fo Seie aRdfas ST RIgaRH & H1ed 9 U a1 ST €, 3R THM Ua’H
AUES! & el yfawah & T Suged Jed Iugad Aled arddmdl 3R Ui
TANREH & UgdM IR o [0l T HARd S {61 STl 51 39 YR W VSR &
THM WeRH &1 Hfawaroht = & fog 5 fdht uRdl SR ufd oRd 20 <R & Iy uliféa
DNN TATed &1 Ia4 a1 Sl 81 SEHa Uiehal & GRIM dRdfdd = &1 DNN
Aled YaigAM! gR1 UfcrRAfd fobar S 5, Forrd srgge Sy SIR Srge—Ia Samel
T BB HH 3T 81 TG 33T dIHM HI HfAHaH B 3R ga1d H fIRTae & HH
H D IR U TH Tg3eAT IR AN dOR &I T3 & VSR U= & §¢H &
GRM 3rpiad fEwmsd IRHier ReflaR FReM ST I HF AT H & g areh
fawmadr S & H1 siftman fAwaar qadie &I el I TR a19d il ¢l 3Had
TG P HH B § DNN-GA Tdhidhd PPV oI THTARITT BT 3fdher HR- & [ofE Th
JATTED 31T T ST 8 | DNN-GA Thidhd £ I0 URURS Uiel EPHhI0 &I o
o 524 THT I 9T T ¢ | FafE Seie ot SR SraRive dals & oIt WReTEH® ATICS!
(s ok fovs 3MPR) F 3G B F AT M F g M fh omd €1
ffier & veef= afg &1 geuies & & forg fEoie Arud st &1 ue w3 i fa
SIdT 8| UROME} &) URe) Syad YWY & U H U b ordr g, iR fSes= &t
THAIS & IR 37 el SFaH Y] 9 TS AUES] BT T8 B & oy
3SR FHTYM (TOPSIS) &1 THIAT §RT Il ohH & ddb-itds A ! STl 5 | Acito! ST
¢ o fogar, fo% omeR SR axive dars & iU Syad HH HHRT: 0.9-0.93, 2-4 o
3R 0.01-0.06 Hex &t T H €, 79 Tt TR TH 1Y 3Bierd 8Id & | TP AATal, IPAH
ZYC AT 0.4 We/Ade B Fad T & HUd @1 ST §, Sdfd Gafdd Hfdmad
I adT YIPIP 0.346 T 0.836 TP N 1T 5, SN AP FU Y YRI&T PIBIRRA B
CRUGI]

JAAF B H VSR & THM UG ®I S H HrIidd © U I diiepd [S5g0l AaH1
& gHTaRiadr &1 o fazawor forar mar g1 Yfeua iR sieftg ezt #f fygar oik o
TR & P WS FUFAT B A A & o Jedss Hisd o1 faR far S g,
oI URURaR=Y IfSad SR sieffa Tifferd TRa-mt gid 81 59 Sifaiad, ISad iR
31t fisrar & o &1 IuanT fgfewnares fafaedant s7m & o fesar srar g 1 59 9ofteg
HIBTRYE P THM TS & Reia 37 3R gaiay TeeF &7 are T Hi-s R
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& 1Y T R B foTd TR Rigae fod oiTd § | T Fatay SifReeeH FAuffed
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AP T SHTIRT: 22.7% 3R 4% 1 1T &=ifar B

9o VSR URETer & SR &iftres TR UaTe BT SIHd el g, TaRiel VSR Tax=
&1 fazAT0T B3 & oY wep &t ynf-Abfee Atsa off fawRid frar T 81 T &
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DI ST 81 BIC WIE-370 3R Ue-I13 3afd & URUMRGEY 3= dIdH 3R Fl @an
T T 3R 3uF faudidl s sifalkad, 3 amuEE AR iR fAwaar JEeie R
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J@dH Fl Aifedl & SR Sd 8 |

9 B & TRUMA VSR &Y 98k &7 9 f&uiis &3 3R UeR &f 9gM & foru
3fed ATIE ST &1 T HR & AT Jega™ id=i® UaH HRd &, o IRIMa® T 3=
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