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ABSTRACT

An Open Volumetric Receiver (OVR) is a type of solar energy receiver that is able to heat atmospheric air
volumetrically via a porous absorber exposed to concentrated solar radiation, through which the air flows.
OVRs have the potential to attain higher operational efficiency than tubular or cavity type receivers, and
they have been extensively investigated for use in concentrating solar power (CSP) plants. In CSP
applications, the hot air leaving the OVR is typically passed through a heat recovery steam generator to
generate steam for the plant’s steam turbine, after which it is returned to the OVR. Here, it is injected back
into the atmosphere near the receiver inlet where some of the warm return air is re-entrained along with fresh
air entering it. The amount of air that is re-entrained into the OVR is quantified by the air return ratio, and
the higher this ratio, the lower the energy lost from the receiver. One of the factors limiting the operational
efficiency of OVRs is fairly poor ARR performance, in the region of 50 % for state-of-the-art OVR designs.

This research aims to evaluate the effectiveness of the addition of the vertical air flow baffles in improving
the air re-entrained performance of an OVR. The evaluation was carried out numerically using Ansys Fluent
Computational Fluid Dynamics (CFD) modelling software. Prior to the core investigation, cold and hot flow
validation studies were conducted with respect to a generalized porous absorber and an arrangement of
HiTRec-11 OVR modules. The corresponding CFD models were successfully validated against experimental
data and the methodology used to model the HiTRec-11 modules was used to model an arrangement of SolAir

OVR modules and modified arrangements incorporating air flow baffles of varying lengths.

OVR air re-entrainment performance was evaluated in terms of the module air outlet temperature. The
performance of the SolAir modules was evaluated when exposed to wind at varying magnitude and direction.
The results from this study were used as a baseline against which the performance predicted for the SolAir
modules modified with baffles (of different lengths) could be compared. A comparison of the results
indicates that there is a clear increase in mean module air outlet temperature, when air flow baffles are
incorporated with the lowest being 2.5 % and highest being 60.7 % increase in the temperature among the
wind conditions and baffle lengths investigated for the study. The increase in the temperature also implies
an improvement in air re-entrainment and thus OVR efficiency. The results also suggested the existence of
an optimal baffle length for the receiver modules, beyond which the air outlet temperature drops and the

OVR efficiency deteriorates.
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NOMENCLATURE

Roman Symbols

Specific surface area of a porous absorber

Area of an absorbing surface

Channel area of an extruded absorber
Area of an emitting surface

Area of a flat surface

Specific heat capacity

Constant (used in turbulence modelling)
Inertial resistance

Mean pore diameter of an absorber
Hydraulic diameter of an absorber pore
Black body emission flux

Total energy

Energy contained within control volume
Constant (used in turbulence modelling)
External body force

Acceleration due to gravity

Diffuse irradiation

Specific enthalpy

Convective heat transfer coefficient

Average convective heat transfer coefficient

Height of the solar tower

Enthalpy



Pstat

Pr

Qioss
ar
Qvol

Ax

Qcv
Qint
Qsolar

Re

Radiation propagation
Incident solar radiation
Volumetric heat source
Thermal conductivity
Viscous resistance coefficient
Inertial resistance coefficient
Length of the absorber

Air mass flow rate

Nusselt number

Pressure drop

Channel perimeter

Static pressure

Prandtl number

Total heat transfer rate

Loss of heat

Radiative flux

Heat generation per unit volume

Heat flux

Rate of heat transfer to air flowing through an absorber

Rate of heat transfer into a control volume

Magnitude of solar irradiation

Total heat imparted to the absorber through solar radiation

Reynolds number
User defined source term

User defined source term

Vi

[W/m?]
[W/m.K]
[m~2]

[m™]

[kg/s]

[Pa]



Sr Energy source term used for turbulence modelling
Sy Momentum source term
T Temperature
u Superficial velocity
u'(t)  Fluctuating component of flow
U Mean velocity component
% Velocity of air
14 Work transfer
W.,  Work transferred into or out of a control volume
Greek Symbols
a Absorptance coefficient
B Extinction coefficient
r Diffusion coefficient
€ Dissipation of turbulent kinetic energy
€ Emissivity
n Efficiency
K Absorption coefficient
u Dynamic viscosity
Ut Turbulent viscosity
Heff Effective viscosity
p Density
¢ Porosity
o Stefan-Boltzmann constant (5.67 x 10%)
O Scattering coefficient

vii



Topt

Lol

w

Q

Optical thickness

Stress tensor

Empirical coefficient

Rate of dissipation of turbulent kinetic energy

Scattering albedo

Subscripts and superscripts

amb
cv
e

eff

|
mix
rad
rec, in
rec, out
S

th

Ambient

Control Volume

Exit from the control volume
effective

fluid

ground

Inlet to the control volume

loss

Air mixing

Radiation

Inlet to the absorber module

Outlet to the absorber module

Solid (porous absorber)

thermal

Volumetric

Direction along the x-axis (horizontal)
Direction along the y-axis (vertical)
Direction along the z-axis (out of the page)
Forward propagation

Backward propagation
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Abbreviations

ARR

CFD

CRS

CSP

HRSG

HTF

IRENA

LTE

LTNE

STPP

OVR

TES

Air Return Ratio

Computational Fluid Dynamics
Central Receiver System
Concentrating Solar Power

Heat Recovery Steam Generator
Heat Transfer Fluid
International Renewable Energy Agency
Local Thermal Equilibrium
Local Thermal Non-Equilibrium
Solar Thermal Power Plant
Open Volumetric Receiver

Thermal Energy Storage



Table of Contents

DECLARATION 1 - PLAGIARISM ..ottt ettt st i
DECLARATION — SUPERVISOR ... .ottt ettt bbbt st nbe e ii
AB ST RACT et b bttt bt s bt b e bRt R e e R e e R e E e R e bRt b e e b ehe e et b e e nbeetee b iii
ACKNOWLEDMENTS L.ttt b et b e s ab et e et e et e e sbeesbe e st b e esbeenbeenbeen iv
NOMENCLATURE ... .ot bbb bbbt bbbt sbe b e e b sbees e e besbeennenee e v
LIST OF FIGURES ...ttt sttt b e bt st e st e be e ebe e beenbeeneeas xiii
LIST OF TABLES ...ttt et b e bbb bt b ekt he e bt e bt e e sbe et e et sbe e e XXi
1. INTRODUGCTION. ...ttt bbbt e bttt e sbe e sbeesseesabeabeenbeesbeesbeesrneas 1
1.1.  Concentrating SOlar POWET (CSP).......coeiiiiiiiiiiiires e 2
1.2, Central RECEIVET SYSTEIMS ....uiiuiiiiiiiiic et sttt sttt ae et e s be e esbeete e besbeeneesbe e e e sreenes 2
1.3, OpeNn VOIUMELIIC RECEIVETS ...ttt bbbttt 3
1.4, Problem SEALEIMENT ........coiiitiiiiiit bbbttt 5
1.5, AIMS ANA ODJECTIVES .....viueeiieiiiiiitesiete ettt bbbttt nben e 5
1.6, THESIS OULHNE ...ttt bbb 6

2. LITERATURE REVIEW. ...ttt sttt sttt nbe e st 7
N R o - Tol TN =T g ol oo [ | S PS 7
2.2.  Volumetric RECEIVEIS (OVR)......oiiiiieiiieiei ettt 8
2.2.1.  Open volumetric receiver with metal abSOIDErS. ...........coviiiiiiiiiieee s 9
2.2.2.  Pressurized volumetric receivers with metal absSorbers ..o 9
2.2.3.  Open volumetric receivers with ceramic abSOrDErS ..........cccviiireririieeee e 10
2.2.4.  Pressurized volumetric receivers with ceramic abSOrbers...........cococvvvvreineiinciiscinrees 16
2.2.5.  Challenges associated with OVR teChnology .........ccccoeiiiiiiiiiiiiieece e 18

2.3.  Numerical Mmodelling 0F OVRS .....c..ooiiii ittt sbesre s 20
2.3.1.  Analytical modelling 0f OVRS .......c.cooiiiiiiiii s 21
2.3.2.  Computational modelling 0f OVRS ........ccociiiiiiiiece et 22
2.3.3.  AIernative OVR ESIGNS ....ccviiiiiiieeeiee s see e se e se e ste e st e e see s ste e te et e sreesneeeneeereesree e 29

S o o To] 111 [ o USSR 33

e THEORY ettt ettt b e s bt she e s b et e a bt e R bt b e e ke e nbe et e e ebb e e nn e e beente e 34
KT8 I AN | g o (= (N[ N - o TSSOSO 34
3.2, HEAL CONUUCTION ...ttt nn e 35
KT T o 01V od 1 o] o ISP 36



I S = Uo [ =1 £ o] o WP 38

3.4.1.  Radiation attenUATION .........cccoveiiiiiiiisi e 39
3.4.2. OPLICAI tNICKNESS ..ottt 40
3.4.3. Radiation modelling: extruded absorber structures versus open ceramic foam.................. 41
3.5.  Conservation equations of the porous Medium ...........ccooeieiiriiiinineseeee e 43
3.6.  Pressure drop in the porous abSOMDET ..o 45
3.7.  Computational Fluid Dynamics MOAEIHING ........cccevviiiiiieiiiicie e 46
K N T €14 [0 o<1 <] - o I TSRS S USSP PP 48
3.7.2. Pressure-Velocity COUPIING SCREIME ..........oiv i 48
3.7.3.  Convection —Diffusion MOAEITING.........cccceiiiiiiiiii s 48
3.7.4.  Turbulence modelling and solution CONEIOIS..........c.ccvviieiiiicie i 49
CFD MODELLING OF AN OVR POROUS ABSORBER ........ccccviiiiii e 54
AL INEFOTUCTION ...ttt bbb bbbttt b ettt 54
4.2. Numerical modelling Of POrOUS MEGIA. .........cciiiriirieieieeee s 55
4.3, Cold FIOW VAIAALION .....ooiiiiiiiiieieee et 55
4.4, HOt FIOW VAIHALION ... 58
44.1. EXPErMENTAL SEE-UD ..ottt 58
4.42.  Generation of a baseline model for hot flow validation..............cccccoeoiiiiiiiiniiice 60
4.4.3.  Cell zones and boundary CONAITIONS .........cccoiiriiriiiiieesie s 72
4.4.4. Y o0 (T Y= (U o TSSO 78
445. IMIESI TSIGN . bbbttt 79
4.4.6.  Grid CONVEIGENCE SLUAY ...cuecviiiiiieiieitice ettt sttt st e et esbe s e be e et e sta e e e sreanes 79
447, ValidAtION STUAY .....ooviiiiieiieiiei ettt 85
T B 1 1o U1 o] o SRR 87
A6, CONCIUSTON ...ttt bbb bbbt eb et eb e 90
WIND EFFECTS STUDY ON SOLAIR-200 ABSORBER MODULES..........cccooviviiniiiiine 91
5.1, SOIAIr Material PrOPEITIES......cciiieiiiiecie ettt ettt sbe e e be e e b e s be e e e srestaesbesre s 92
5.2.  Porous medium characteristics of the SOIAIr MOAUIE..........ccooviiiiiiniieee e 93
5.3.  Limitations of the Local Thermal Equilibrium (LTE) model ...........ccocveiiriiiiiiiiee e 94
5.4.  Operating parameters for wind effects STUAY ..........coceriiiiiiiiiii e 96
5.5.  Cell zones and boundary CONAITIONS ...........ccoeiiiiiiiiiii e 98
5.6 Grid CONVEIGENCE STUAY .....ooueiiiiiiieiiiitiee ettt ettt sttt s te e be e e seeseeeneesaeereentesneeneenee e 102
5.7.  Results - Wind effects study on the SOLAIN FTECEIVET .........ccveviiiiiiiiisieeeeee s 105

Xi



LS TR B £ 1ox 015 [o] o TR 111

5.9, CONCIUSION ..ttt bbb bbbt 112

6. WIND EFFECTS STUDY ON BAFFLED SOLAIR-200 RECEIVER DESIGN ..................... 114
6.1.  Simulation methodology of the wind effects StUAY..........cccvveiiiiiciiiii 115
6.2.  Results - Wind effects study on the baffled SolAir receiver models ...........ccoccvvoveieneiveninnnnnn. 116
6.2.1. Baffle 1ength: 70 MM ..o 117
6.2.2. Baffle 1ength: 50 MM ..o e e 124
6.2.3. Baffle 1ength: 30 MM ... 133
6.2.4. Performance comparison of the baffled SolAir models..........cccccovviiiieiiiiiciiee 143

8.3, DISCUSSION ...ttt bbbt b bt bbbttt et b bbb 145
B.4.  CONCIUSION ..ottt bbbt bbb bbbt et 146

7. CONCLUSION L.ttt sttt b et b e s be e e bb e e nbe e nbe e sbeesbeesneesnbeants 148
REFERENCES. ...ttt bttt b e bt bt e s b e e s ab e s bt e b e e be e e ke e sbe e ebeeeneeanreenbee e 150
APPENDIX ...ttt bR bbbt b e bt b e ebe e nbe e be e b e 156
B. AAPPENTIX A R R bbbttt b bt r e 156

o T A o] =T [0 DGl = RS SR 158

Co APPENTIX € oot b ettt bbb 160

xii



LIST OF FIGURES

Figure 1-1: Working principle of a typical CRS (Avila-Marin, 2011) .......c..cccecvvemrrireeeereeseessiesseseeneennes 3
Figure 1-2: Array of OVR modules (Agrafiotis et al., 2007)........ccceoviiiiiie i 3
Figure 1-3: Ideal variation of the air and absorber temperature through the thickness of the absorber

(Pitot de la Beaujardiere et al., 2016)........cccciveiiiiiiieieeeeie ettt s re st sre ettt e s re e sreeraenrenre s 4
Figure 2-1: Crescent dune solar tower (LHS) and Ivanpah solar tower (RHS) (Dieterich, 2018)................ 7
Figure 2-2: Cavity Receiver (LUDKOI et al., 2014) .......ccocoiiiiiiiiieee et 8
Figure 2-3: REFOS receiver (Buck et al., 2001).........ccciuiiiiiieiiiiiie ettt re e 10
Figure 2-4: Extruded absorbers (LHS) and Open Ceramic Foam (RHS) (Gomez-Garcia et al., 2016) ..... 11
Figure 2-5: HiTRec principle (AVila-Marin, 2011) .........ccoeueurumueireeeeeeeeeeeesesessessseses s sesssses s 12
Figure 2-6: HiTRec-I stainless steel construction (LHS) and absorber module, extruded absorber and cup
(RHS) (HOFFSChMIAL, 2001) ...ttt bbbttt b e nn e 12
Figure 2-7: HiTRec-1I sketch (Hoffschmidt et al., 2003) .........cccoieieiiiiiiirese e 13
Figure 2-8: 200 kW HiTRec-I1 set-up (Hoffschmidt, 2001)........ccccceiiiiiiiiiineneseeeee e 14
Figure 2-9: SolAir-200 Setup - Configuration 1 (Agrafiotis et al., 2007) .......c.ccocerereieiiniiniiineneneiees 15
Figure 2-10: SolAir-3000 Receiver (Agrafiotis et al., 2007) .......ccccoeieiiiiiirine e 15
Figure 2-11: Solar Tower Julich (Fend, 2010).........ccuuiiiiiriieieeeee e 16
Figure 2-12: Central receiver plant featuring OVR in Daegu, South Korea (Lee et al., 2015) .................. 16
Figure 2-13: PLVCR-500 Receiver Scheme (Avila-Marin, 2011) ........ccccoovuvveeeriseireseeseeeeseeesesesinen, 17
Figure 2-14: Schematic cross-section of DIAPR (Kribus et al., 2001)........ccccocviiiiieiiiiiieiecese e, 18
Figure 2-15: Multistage DIAPR consisting of preheaters and secondary concentrators (Avila-Marin, 2011)
.................................................................................................................................................................... 18
Figure 2-16: Mechanism of ARR INOVRS ...ttt s re s 19
Figure 2-17: Influence of inlet air temperature and air return ratio on the air mixing efficiency

(A. MarCOS €t Al., 2004) ........veeeeeeeeeeeee et e st s e es ettt s sttt en et n st 20
Figure 2-18: Absorber temperature profiles obtained through different radiation models (Mey et al., 2013)
.................................................................................................................................................................... 21
Figure 2-19: Temperature profile of solid and fluid phase in an absorber (Kribus et al., 2014) ................ 22

Figure 2-20: Quadratic pressure drop versus the air temperature for extruded absorbers (Becker et al.,

Figure 2-21: Quadratic pressure drop versus temperature for open ceramic foams (Becker et al., 2006)..23

Figure 2-22: Computational domain for hotspot simulation (Becker et al., 2006) ..........ccccoovvvririneniennns 24

Xiii



Figure 2-23:
Figure 2-24:
Figure 2-25:
Figure 2-26:
Figure 2-27:

al.,

Figure 2-29:
Figure 2-30:
Figure 2-31:
Figure 2-32:
Figure 2-33:
Figure 2-34:

Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 4-1:
Figure 4-2:
Figure 4-3:
Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7:
Figure 4-8:
Figure 4-9:
Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14

Rate of disappearance of hotspot depending on the material property (Becker et al., 2006). 24
Solution domain for absorber with constant porosity (Roldan et al., 2014) .......c..cccccveevenen. 25
The velocity distribution in the absorber modules (Roldan et al., 2016) .........c.cccccevvvenenenn, 26
Predicted temperature distribution for the solid and fluid phase (Wu et al., 2011a).............. 27
Absorber temperatures at the inlet surface (with frustum left, without frustum right) (Fend et
.................................................................................................................................................. 28
CFD model of OVR solar tower in Julich, with external air return ducts (Stadler et al., 2019)
.................................................................................................................................................. 29
Warm air temperature plot (LHS) and return air concentration (RHS) (Stadler et al., 2019) 29
Dual receiver concept — top view (LHS), front view (RHS) (Buck et al., 20064) ................. 30
Multi-component geometric model (Buck et al., 20062) ............ccocererereieiiniiiinincseeene 31

HiTRec-II single channel (LHS) and new channel geometry (RHS) (Capuano et al., 2017) 31

New absorber design (Capuano et al., 2017)

Graphs comparing the HiTRec absorber thermal efficiency (LHS) and outlet air temperature
(RHS) to those of the new geometry (original numerical and scaled up model) (Capuano et al., 2017) ... 33
Multiple reflections inside the channel of the absorber (EInoumeir et al., 2017) .................... 39
Heat transfer mechanism in @n OVR ... s 44
Pressure drop in OCF and extruded absorbers (Fend et al., 2004)..........ccccoeveviveiieieiecieeennn, 46
Typical point velocity measurement in turbulent flows (Malalasekera and Versteeg, 1995)..49
Pressure drop in an OCF (WU et al., 2010) ......cccioviiiiiieieceee e s 54
Experimental Pressure-Velocity characteristic curve (Wu et al., 2010) ........ccccoeevveviivenennenn, 56
Cell zones for cold fIOW ValIdAtION ..........coveieiiiciiee s 57
Static pressure contour plot at an inlet velocity of 2 m/S ... 57
Schematic diagram of the test rig (Hoffschmidt et al., 2003) ........cccoveviiiiiieiiieece e 59
Dimensions of the CFD model of the HiTRec-11 modules (Roldan et al., 2016) .................... 60
Mesh design and boundary conditions of CFD model (Roldan et al., 2016) ..........c.ccccevrunee 61
Dimensioning notation for 2D atmospheric domain (Patel et al., 2015)..........ccccovcvnirineiennne 62
Shape of @ HITREC-I MOUUIE .......ouiiiiiicic s 62
: 2-D model of the heat source equation for test 3 (Roldan et al., 2016) .........cccccevverrirnnnen. 64
: Pressure contour plot under test 3 CONAITIONS..........cceiiriiiiieiiie e 66
: Temperature contour plot under test 3 CONAITIONS..........coiveiriiiiiriiee e 66
: Velocity vector plot under test 3 CONITIONS...........cuiiriiriiieieiiie e 67
- Pressure Contour plot under test 3 conditions using constant volumetric heat source ......... 68
: Temperature plot under test 3 conditions using constant volumetric heat source.................. 68

Figure 4-15

Xiv



Figure 4-16: Velocity vector plot under test 3 conditions using constant volumetric heat source ............. 68
Figure 4-17: Velocity Vector in the 3™ MOTUIE ..........ccceueiiiieeceee e 69
Figure 4-18: HiTRec-11 Module (Full assembly) (2) .....c.cooviieiiiiiie e 70
Figure 4-19: HiTRec-11 Module (Full assembly) (D) ....cvooiiiiiiiee e 70
FIQUIE 4-20: POFOUS ZONE .....vveieeiicie sttt ite st este st testesteebestaeaesbeasaestesteesbesbeess e besaeebestaestesbeeseentesreeneenseans 70
FIQUIE 4-21: HOU AT ZONE ...tttk b bbbt b e bt b e nn e 70
FIgure 4-22: INSUIALION ZOMNE ......c.vouiiiiiiiieitiete ettt b ettt b e nn e 71
FIQUIE 4-23: CUP ZONEB ...ttt b bbbt bbb bt s et e bt b e bt b nnenn e 71
Figure 4-24: HiTRec-Il modules that were modelled for CFD simulations (Roldéan et al., 2016) ............. 71
Figure 4-25: 14 HiTRec-11 Modules CFD MOGEL ..o 72
Figure 4-26: Full computational model used for the validation Study ............ccccoceieriiiiiiie 72
Figure 4-27: Cell zones of the computational Model.............ccooeiiiiiiii s 75
Figure 4-28: Location of boundary CONGITION (8)........cvrvririrerieieieiei s 76
Figure 4-29: Location of boundary CONGItion () ........ccoviiriiiiiieieieeeie e 76
Figure 4-30: Location of boundary condition (C)........ccccueieiiieiiiiiic it 76
Figure 4-31: Location of boundary condition (d) ........ccceeiiieiiiiiic e 76
Figure 4-32: Location of boundary Condition (£)........cccceiiiiieiiiiiiic et 76
Figure 4-33: Selective Meshing FIOWCQArT............cccooiiiiii e e 79
Figure 4-34: Reference Cell Size 0F 6 MM .......coi oo e 80
Figure 4-35: Reference Cell Size 0F 3 MM .....ooiiiii e 80
Table 4-36: REfEreNCe CEIl SIZE OF 1,5 MM ..cciiieeee et ee e e e e e e e et e e ee e e e naeeeeaas 81
Figure 4-37: Graphical representation of the grid convergence Study ..........cccccvvvvvieiiiiiic i, 82
Figure 4-38: Graphical representation of the grid convergence study .........cccccevvvvveeviieeie s, 84
Figure 4-39: Static Temperature Contour Plot (under Test 3 CONAITIONS)..........ccoerverreiieininisisc e 86
Figure 4-40: Magnified image of the temperature CONtour PIOL..........ccoviiiiiiiiieieeee e 86
Figure 4-41: Velocity Vector Plot (a) (under Test 3 CONAITIONS) .......cveviiriirinierienieierieeeese e 87
Figure 4-42: Velocity Vector Plot (b) (under Test 3 CONAItIONS) .......coveviiriirinirieieieieeeceese e 87
Figure 5-1: Mechanism of ARR IN OVRS ......couoiiiiiiiii e 91
Figure 5-2: Basic dimensions 0f @ SOLAIr MOAUIE ...t 93
Figure 5-3: Energy balance of POrous MeiUM ........ccooiiiiiiiiiieieeeeses s 94
Figure 5-4: Scatter plot of the SolAir-200 experimental campaign data ...........coceeeveiviviinineneseseene 97
Figure 5-5: SOLAIr absorber MOGUIE ..o e 99
FIQUIE 5-6: POIOUS @DSOIDET ... .ottt er e e re e nee e 99
Lo IO R A @ 1T - 1 o PSS 99

XV



Lo ULt T LTSI LA o] o USSP 99
LT[V RS Tl o [ A AN o - USSP 99
Figure 5-10: 3 x 6 configuration of SOLAIr MOAUIES............coveiiiiiic e 100
Figure 5-11: CFD model used for the wind analysis ...........cccoooviiiiiiieciiie e 100
Figure 5-12: Front view of the SolAir model, with boundary conditions...........c.cccccveveiiiiciiin e, 101
Figure 5-13: Side view of the SolAir model with boundary conditions ..............ccocecvvviiiiiiiiiiiice, 101
Figure 5-14: Centre row Of the SOLAIF MOTEL ..........cooviiiiiieee 103
Figure 5-15: General cross-sectional view of an example model Mesh.............ccoceveveiiiiininicneee 103
Figure 5-16: Magnified cross-sectional view of an example absorber module mesh...........cc.ccoceiennen. 104
Figure 5-17: Graphical illustration of the grid convergence study of the SolAir receiver model............. 105
Figure 5-18: Outlet temperature of the absorber modules for various wind speeds at an incidence angle of
90 etttk ettt ettt t At R et oA et oAt s oA e L oA e R e Re e R e At R e s R e b eRe s E et eRe b eRe R eRe et eR e et e e ere e e re e ererenens 106
Figure 5-19: Outlet temperature of the absorber modules for various wind speeds at an incidence angle of
30 RSOSSN 106
Figure 5-20: Outlet temperature of the absorber modules for various wind speeds at an incidence angle of
K0 OO 107
Figure 5-21: Outlet temperature of the absorber modules for various wind speeds at an incidence angle of
0 ettt ettt et et Rt R £ R R e AR e Rt R e R e AR oA e R oAt R e R £ R e e e R e R e R e R e R e R e R e R e Rt R e Rt et e Rt R et e Ee e e Rt tenene s 107
Figure 5-22: Outlet air temperature of the SolAir receiver in the wind analysis...........cccccoeeviniicinenn. 108
Figure 5-23: Flow domain temperature contour plot for a wind speed of 15 m/s flowing at an incidence

T a0 {130 0 DSOS PSP 108
Figure 5-24: Flow domain temperature contour plot for a wind speed of 15 m/s flowing at an incidence
ANGIE OF 00 ...ttt r e Ee et e nteete e beebeere e teereerenreenrenreares 109
Figure 5-25: Flow domain temperature contour plot for a wind speed of 15 m/s flowing at an incidence
ANGIE OF B0 ...ttt bbb R b bbbt h e bt bbb n e 109
Figure 5-26: Flow domain temperature contour plot for a wind speed of 15 m/s flowing at an incidence
ANGIE OF Q07 ...t bbb e R b bbbt b et bbb b b n e 109
Figure 5-27: Flow domain velocity vector plot for a wind speed of 15 m/s flowing at an angle of 0° ....110
Figure 5-28: Flow domain velocity vector plot for a wind speed of 15 m/s flowing at an angle of 30° ..110
Figure 5-29: Flow domain velocity vector plot for a wind speed of 15 m/s flowing at an angle of 60° ..110
Figure 5-30: Flow domain velocity vector plot for a wind speed of 15 m/s flowing at an angle of 90° .. 111
Figure 6-1: Potential obstruction of solar radiation caused by baffle .............ccccoeviiiiniiiiine, 114
Figure 6-2: Baffled SolAir receiver model computational domain ...........ccccoovviiii i 115
Figure 6-3: Baffled SolAir simulation WOrKFIOW............cccceiiieiiinicic e 116

XVi



Figure 6-4: 3-D model of the baffled SolAir model with baffle length of 70 mm.........c..cccoeviiveenn. 117

Figure 6-5: Cross-sectional view of the meshed model of the SolAir receiver with 70 mm vertical baffles

.................................................................................................................................................................. 117
Figure 6-6: Outlet temperature of the absorber modules for wind direction perpendicular to the modules

.................................................................................................................................................................. 118
Figure 6-7: Outlet temperature of the absorber modules for wind direction 60° to the modules ............. 118
Figure 6-8: Outlet temperature of the absorber modules for wind direction 30° to the modules ............. 119

Figure 6-9: Outlet temperature of the absorber modules when wind flows parallel to the absorber surface

.................................................................................................................................................................. 119
Figure 6-10: Temperature contour plot for wind speed at 15 m/s flowing parallel to the absorber surface,
for the 70 mm baffled SOLAIF MOUEL..........cue i e 120
Figure 6-11: Velocity vector plot for wind at 15 m/s flowing parallel to absorber surface, for the 70 mm
DAFFled SOIAIT MOTEL.... ..o et be et e te e e eesteeeenreenen 120
Figure 6-12: Temperature contour plot for wind speed at 15 m/s incident at angle of 30°, for of the 70 mm
DAFFlEd SOIAIT MOUEL.......c.iieeee bttt sttt e ens 121
Figure 6-13: Velocity vector plot for 15 m/s incident at an angle of 30°, for the 70 mm baffled SolAir
110 L] TSSOSO 121
Figure 6-14: Temperature contour plot for wind speed at 15 m/s incident at angle of 60°, for of the 70 mm
DAFFlEd SOIAIT MOUEL.......c.iieee bbbttt e 122
Figure 6-15: Velocity vector plot for 15 m/s incident at an angle of 60°, for the 70 mm baffled SolAir
10T L= SRS 122
Figure 6-16: Temperature contour plot for wind speed at 15 m/s incident at angle of 90°, for of the 70 mm
DAFFlEd SOIAIT MOUEL.......c.oeeee ettt sttt e neens 123
Figure 6-17: Velocity vector plot for 15 m/s incident at an angle of 90°, for the 70 mm baffled SolAir
400 [ S PSS 123
Figure 6-18: Outlet air temperature of the 70 mm Baffled SolAir receiver as a function of the angle of
incidence for wind speeds of 15 M/S and 25 M/S .......cooiiiiiiiiiee s 124
Figure 6-19: 3-D model of the SolAir model with a baffle length of 50 MM ... 124
Figure 6-20: Meshed model of the SolAir receiver with 50 mm vertical baffles ...........c.ccocviininennn. 125
Figure 6-21: Outlet temperature of the absorber modules for wind direction perpendicular to the modules
.................................................................................................................................................................. 125
Figure 6-22: Outlet temperature of the absorber modules for wind direction 60° to the modules ........... 126
Figure 6-23: Outlet temperature of the absorber modules for wind direction 30° to the modules ........... 126

XVii



Figure 6-24: Outlet temperature of the absorber modules when wind flows parallel to the absorber surface

.................................................................................................................................................................. 127
Figure 6-25: Temperature contour plot for wind speed at 15 m/s flowing parallel to the absorber surface,
for the 50 mm baffled SOLAIN MOGEL ...t e 127
Figure 6-26: Velocity vector plot for a wind speed of 15 m/s for wind flowing parallel to the absorber
surface, for the 50 mm baffled SOLAIr MOUE .........ooeeeiii e 128
Figure 6-27: Temperature contour plot for wind speed at 15 m/s incident at angle of 30°, for the 50 mm
DAFFled SOIAIT MOAEL...... .o et re et e be e e e ste e e neeenes 128
Figure 6-28: Velocity vector plot for a wind speed of 15 m/s at an angle of 30°, for the first three absorber
modules from the left of the 50 mm baffled SOIAIr MOdel...........ccooeiiiiii e 129
Figure 6-29: Velocity vector plot for a wind speed of 15 m/s at an angle of 30°, for the first three absorber
modules from the right of the 50 mm baffled SolAir Model............ccoooiiiiii e 129
Figure 6-30: Temperature contour plot for wind speed at 15 m/s incident at angle of 60°, of the 50 mm
DAFFled SOIAIT MOTEL...... .o ettt et sreeaeste e e e sreenen 130
Figure 6-31: Velocity vector plot for a wind speed of 15 m/s at an angle of 60°, for the first two absorber
modules from the left of the 50 mm baffled SOILAIr MOdel..........cccooeiiiiiiii e 130
Figure 6-32: Velocity vector plot for a wind speed of 15 m/s at an angle of 60°, for the first four absorber
modules from the right of the 50 mm baffled SOLAIr MOdEL...........ccovveiiiiiiiicie e 130
Figure 6-33: Temperature contour plot for wind speed at 15 m/s incident at angle of 90°, for the 50 mm
DAFFlEd SOIAIT MOUEL.......c.oieecee ettt be sttt ne e 131
Figure 6-34: Velocity vector plot for a wind speed of 15 m/s at an angle of 90°, for the 50 mm baffled
310 ] N L 1 o L= SRR 131
Figure 6-35: Velocity vector plot for a wind speed of 15 m/s at an angle of 90°, for the first three absorber
modules from the left of the 50 mm baffled SOLAIr MOUEl..........cooovviveiiiice e 132
Figure 6-36: Velocity vector plot for a wind speed of 15 m/s at an angle of 90°, for the first three absorber
modules from the right of the 50 mm baffled SolAir Model............cccooiiiiiiiie 132
Figure 6-37: Outlet air temperature of the 50 mm baffled SolAir receiver as a function of the incidence
angle for wind speeds of 15 M/S aNd 25 M/S .......cviiiiiiiiii e 133
Figure 6-38: 3-D model of the SolAir model with baffle length of 30 MM ..., 133
Figure 6-39: Meshed model of the SolAir receiver with 30 mm vertical baffles ..o, 134
Figure 6-40: Outlet temperature of the absorber modules for wind direction perpendicular to the modules
.................................................................................................................................................................. 134
Figure 6-41: Outlet temperature of the absorber modules for wind direction 60° to the modules ........... 135
Figure 6-42: Outlet temperature of the absorber modules for wind direction 30° to the modules ........... 135

xviii



Figure 6-43: Outlet temperature of the absorber modules when wind flows parallel to the absorber surface

Figure 6-44: Temperature contour plot for wind speed at 15 m/s flowing parallel to the absorber surface,
for the 30 mm baffled SOLAIN MOGEL.........ooiiiii e 136
Figure 6-45: Velocity vector plot for a wind speed of 15 m/s for wind flowing parallel to the absorber
surface, for the 30 mm baffled SOLAIr MOGEI ........oooveeiii e 137
Figure 6-46: Temperature contour plot for wind speed at 15 m/s incident at angle of 30°, for the 30 mm
DAFFled SOIAIT MOAEL...... .o et re et e be e e e ste e e neeenes 137
Figure 6-47: Velocity vector plot for a wind speed of 15 m/s at an angle of 30°, for the first three absorber
modules from the left of the 30 mm baffled SOLAIr MOUEl..........ccooiiiieiie e 138
Figure 6-48: Velocity vector plot for a wind speed of 15 m/s at an angle of 30°, for the first three absorber
modules from the right of the 30 mm baffled SolAir Model...........cccooviiiiiiii e 138
Figure 6-49: Temperature contour plot for wind speed at 15 m/s incident at angle of 60°, of the 30 mm
DAFFled SOIAIT MOTEL...... .o ettt et sreeaeste e e e sreenen 139
Figure 6-50: Velocity vector plot for a wind speed of 15 m/s at an angle of 60°, for the first three absorber
modules from the left of the 30 mm baffled SOILAIr MOdel..........cccooviiiiiii e 139
Figure 6-51: Velocity vector plot for a wind speed of 15 m/s at an angle of 60°, for the first three absorber
modules from the right of the 30 mm baffled SOIAIr Model...........cccooveiiiiiii 140
Figure 6-52: Temperature contour plot for wind speed at 15 m/s incident at angle of 90°, for the 30 mm
DAFFlEd SOIAIT MOUEL.......c.oieecee ettt be sttt ne e 140
Figure 6-53: Velocity vector plot for a wind speed of 15 m/s at an incident angle of 90°, for the 30 mm
DAFFlEd SOIAIT MOUEL.........oiecee ettt sttt e e 141
Figure 6-54: Velocity vector plot for a wind speed of 15 m/s at an angle of 90°, for the first two absorber
modules from the left of the 30 mm baffled SOLAIr MOUEL..........coovviveiiiiie e 141
Figure 6-55: Velocity vector plot for a wind speed of 15 m/s at an angle of 90°, for the first two absorber
modules from the right of the 30 mm baffled SolAir Model............ccoooiiiiiii e 142
Figure 6-56: Outlet air temperature of the 30 mm Baffled SolAir receiver for wind speeds of 15 m/s and

of LD /S ettt e e e e e e ——teeeeeea e ———teeeeeta e ————tteeeaeaae i ———eteeetaaaa——————.as 143

XiX



Figure 6-60: Increase in the outlet air temperature of the baffled SolAir models at wind speed of 25 m/s

XX



LIST OF TABLES

Table 2-1: Thermal efficiencies of the different SolAir-200 receiver configurations (Téllez, 2003)......... 15
Table 4-1: Percentage deviation between experimental and numerical pressure drop ........c.ccoeevvvevveriennnnn 57
Table 4-2: Experimental data from SOLAIr 200 RECEIVEN ........ccviieiiiiiee s 59
Table 4-3: Experimental measurement of outlet air teMPeratureS..........ccooveeeieveeiieneeiee e se e e 60
Table 4-4: Heat source equations fOr the eSS .......oiiiiiiie e e 63
Table 4-5: Results from Roldan et al. (2016) used to validate against the experimental data..................... 64
Table 4-6: Solar power incident on ach MOAUIE...........ccoii i 65
Table 4-7: VerifiCation RESUITS ........ccvoiiiiiie ettt et saeste e e e seeeneennenne s 66
Table 4-8: Air outlet temperature for constant volumetric heat SOUICE .........cccccvvverieriviiieve s 67
Table 4-9: The various zones 0f the CFD MOUEL .........ccooiiiiiiiicie e 73
Table 4-10: Material Properties Of the SOlA ZONES...........ccoiiiiiiiieiee s 74
Table 4-11: Summarized boundary CONAITIONS .........cc.ciiiiiiiriie s 78
Table 4-12: Grid CONVEIGENCE STUAY ......cviiiiiiieriiieieiei sttt enes 81
Table 4-13: Percentage deviation of temperatures between consecutive MeshesS.........c.cccovvvvererveivenennnns 82
Table 4-14: Sensitivity of the air outlet temperatures to spatial discretization schemes ...........cccccecevenee. 83
Table 4-15: Stage 1 grid convergence study using power 1aw SChemMe............ccocvvirereieiniinis s 83
Table 4-16: Percentage deviation of temperature between consecutive Meshes .........cccccvveveeveieciesiennnan 84
Table 4-17: SOIULION CONLIOIS. ... .cuiiiieieiceeee ettt e b et st eenes 85
Table 4-18: Numerical results of temperature values obtained from the validation study ..............c.......... 85

Table 4-19: Percentage deviation of the numerical results from the experimental measurement of outlet

AT TBIMIPEIALUIES ... ve vt ettt te ettt e st et e st e et e et e s be e e e besteesbesbeesbesbeebeesbesbeess e besae et e sbeesbesbeebeesbesbeeseentesaeeneenrens 86
Table 5-1: Atmospheric boundary conditions for the SolAir model..........cccoceviiiiiicicic e, 102
Table 5-2: Fluent settings for the wind effects study of standard SolAir receiver...........ccoceeeviiverienenn, 102
Table 5-3: Grid convergence study conducted on the SolAir receiver model ..o, 104

Table 5-4: Percentage deviation in the module air outlet temperatures between the consecutive cell sizes

.................................................................................................................................................................. 105
Table A-1: SolAir-200 receiver test rig experimental data...........c.cooereieiirininenee e 158
Table A-2: Outlet air temperatures obtained from wind study of standard SolAir model........................ 160
Table A-3: Wind study carried out on SolAir model with 70 mm vertical baffle ..............ccocoevvivennnn, 161
Table A-4: Wind study carried out on SolAir model with 50 mm vertical baffle ..............cccccoeviveennnn, 161
Table A-5: Wind study carried out on SolAir model with 30 mm vertical baffle ..............ccccoevvireenenn, 162

XXi



1. INTRODUCTION

Accelerated global warming is a reality of the 21% century, with the four warmest years recorded in history
being the last four, according to the World Meteorological Organisation (WMQO) (WMO, 2019). It is
believed that the dramatic rise in greenhouse gases emissions, predominantly carbon dioxide, is responsible
for this warming effect. The increase can mainly be associated with human activities such as the burning
of fossil fuels (coal, gas and petroleum) for electricity and transportation needs, as well as the energy-

intensive steel and cement manufacturing industry.

The consequences of climate change are indicated to include the frequent occurrence of deadly heat waves
and bushfires, the rise in the ocean temperatures and acidity levels, leading, for example, to accelerated
bleaching of the coral reefs (Moses, 2017), unseasonal rainfall and the increased occurrence of devastating

floods and storms.

As per the IRENA report for 2019, 75% of carbon emission can be reduced by exploiting sources of
renewable energy to generate power that will electrify the spatial heating needs of civilian homes and
apartments using electric heat pumps and transitioning to electric vehicles in the transportation sector
(IRENA, 2019). Therefore, a transition to renewable energy technologies would be an effective approach

to curbing greenhouse gas emissions and the impact of climate change.

In recent years, the cost of electricity generation from wind (onshore and offshore), solar (Photo-voltaic
and concentrating solar power), bioenergy, hydropower and geothermal have fallen within the price range
of fossil fuel. It is predicted by IRENA that by the year 2020, the onshore wind and PV generation will
compete head-to-head with fossil fuels (IRENA, 2018).

A common drawback of renewable energy technologies, especially solar and wind technology is its reliance
on the weather pattern and hence its volatility in power generation. However concentrating solar power
(CSP), a sub-category of solar power along with photo-voltaic (PV) technology has a significant advantage
of being dispatchable i.e. it can incorporate thermal storage, allowing power generation based on consumer

demand during the evening hours when there is less or no solar radiation.



1.1. Concentrating Solar Power (CSP)

In CSP technology, reflective optical surfaces are used to concentrate the energy from the sun onto a
receiver carrying a heat transfer fluid (HTF) which is heated by solar radiation and is in turn used to
generate steam that powers a steam turbine. CSP technologies are sub-categorized based on the solar
radiation focussing techniques viz. line focussing technology which includes parabolic trough and linear
fresnel concentrators, and point focusing technology which includes the central receiver system and
parabolic dish configurations.

Molten salt thermal storage is typically used in CSP plants. It can double as the heat transfer fluid and
storage medium since the thermophysical properties of molten salt is also favourable for storage
purposes. It has low vapour pressure, allowing it to be stored at atmospheric pressure, has high density
allowing it to retain more energy per volume as compared to oil-based HTFs, high heat transfer
coefficient and can be stored at high temperatures of around 556 °C until it is needed for power
generation (Al-juboori, 2018).

The incorporation of thermal storage into CSP plants has provided it with a distinct advantage of being
dispatchable, over PV and wind technologies which uses the more expensive lithium-ion battery
storage. Such an advantage has allowed CSP projects to procure higher tariff rates during hours of high
power demand when there is less or no solar radiations. For example, under the renewable energy
independent power producer procurement programme (REIPPPP), a competitive single stage bidding
process for renewable energy in South Africa, the tariff rates for producing electricity during peak hours
between 16h00 and 21h30 is 270 % higher than standard rates for off-peak hours (Relancio et al., 2017).
Another advantage of a CSP technology is that it can be integrated to enhance the efficiency of power

plants such as the natural gas-fired combined cycle (NGCC) power plant (Price, 2010).

1.2. Central Receiver Systems

The central receiver system (CRS), a sub-category of CSP, consists of a field of heliostats, having
tracking in two axes that reflects solar radiation onto a receiver placed at the top of a centrally-located
tower. The receiver imparts the heat energy from the incident solar radiation to the HTF, which may
comprise air, nitrate salt or steam, for example. In plants featuring Rankine cycle power blocks, the
HTF is then passed through a heat exchanger/ steam generator where the water (which is the working
fluid) is converted to steam which, in turn, is used to drive a steam turbine. The working principle of a

typical central receiver system is illustrated in Fig. 1-1 (Avila-Marin, 2011).
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Figure 1-1: Working principle of a typical CRS (Avila-Marin, 2011)

1.3. Open Volumetric Receivers

The configuration of the receiver in a CRS can affect the thermal efficiency of the plant. The three main
categories of receiver configuration include tubular receivers, cavity receivers and open volumetric
receivers (OVR). An OVR consists of a vast array of absorber modules stacked next to each other, as
in Fig. 1-2 (Agrafiotis et al., 2007). The air at atmospheric pressure is drawn through a porous absorber
(embedded into the absorber module) which is heated by the solar radiation, and the heat is transferred
to the air by volumetric convection and radiation. The hot air is then transmitted to the power block of
the plant where it is used to generate steam in the heat recovery steam generator (HRSG). Packed bed

thermal storage is typically used when the HTF is a gas, such as air in OVRs (Anderson et al., 2015).

Figure 1-2: Array of OVR modules (Agrafiotis et al., 2007)

The warm air that exits the HRSG is ejected into the atmosphere through the gaps between absorber

modules and a portion of this warm air (now mixed with ambient air) is drawn back in through the



absorber modules. The mixing of warm and the ambient air, results in a drop in the overall enthalpy.
The ratio of the enthalpy of the warm air (with the lowered enthalpy) that is drawn back into the absorber
modules to that of the warm air that leaves the receiver system is known as the air return ratio (ARR).
The ARR along with the absorber material as well as its geometrical characteristics play a vital role in

the performance of OVRs.

The OVRs have the potential to achieve a higher thermal efficiency than the other configurations of
receivers due to the possibility of the volumetric effect, whereby the front irradiated section of the
absorber, is at a lower temperature than the air leaving the absorber under ideal conditions (Kribus et
al., 2014), as shown in Fig. 1-3 (Pitot de la Beaujardiere et al., 2016).
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Figure 1-3: Ideal variation of the air and absorber temperature through the thickness of the absorber
(Pitot de la Beaujardiere et al., 2016)

The unique benefit of using OVRs is that the effective area of heat transfer is much larger as it occurs
through the volume of the absorber, reducing the radiation losses (Hoffschmidt et al., 2003). The other
major advantage is the usage of air as the heat transfer fluid as it is readily available, non-toxic and does
not require heat tracing. The low heat capacity of air can lead to quicker plant start-up. Air is also
chemically stable at high temperatures (Pitot de la Beaujardiere et al., 2016). The first commercial
central receiver system that employed the OVR technology is the 1.5 MW, Solar Power Tower in Julich,

Germany that began operation in 2009 (Hennecke, et al., 2009).

Further details about the evolution of OVR technology, the various configurations as well as prominent

studies on OVRs conducted in literature are detailed in the Chapter 2.



1.4. Problem Statement

In spite of the advantageous characteristics of OVRs, the technology suffers from some major
drawbacks such as the poor heat transfer characteristics of air, causing the temperature of the porous
absorber to rise higher than that of the air, possibility of high radiation losses to the atmosphere from
the front surface at very high temperatures of the absorber (van de Merwe, 2016), low ARR which is
aggravated under windy conditions (Roldan et al., 2016) and finally, the failure to achieve the
volumetric effect in the practice.

The ARR recorded for the state-of-the-art OVR known as the SolAir receiver shown in Fig. 1-2 ranges
between 0.35 and 0.45 (Téllez, 2003). Furthermore, very limited research has been conducted in
literature to investigate ways to improve ARR in volumetric absorbers. Hence, the research work
undertaken aims to fill this gap and address the issue of low ARR by placing thin vertical air flow
baffles/plates (straight and contoured) in the gap between the SolAir modules through which the warm
air escapes into the atmosphere. This is done in an effort to redirect most of the warm air that leaves the
receiver system back into the absorber modules with as little mixing with ambient air as possible to
prevent any reduction in enthalpy. A computational model of an array of SolAir modules will be
developed, and using computational fluid dynamic (CFD) modelling, the behaviour of the air in the
vicinity of and within the absorber modules will be studied. The ultimate aim of the study is to establish

whether any improvements in the ARR of the SolAir modules can be achieved.

1.5. Aims and Objectives

The aim of this research is to investigate the sensitivity of the air return ratio (ARR) in an open
volumetric receiver such as the SolAir-200 modules to the presence of straight and contoured baffles in

between the modules.
The objectives of the study are to:

1. Formulate and validate a CFD modelling methodology that suitably captures the air flow
characteristics in the absorber region of an OVR receiver.

2. Develop arepresentative CFD model of a set of SolAir OVR absorber modules and employ the
model to predict the nominal ARR associated with the modules operating under varying
conditions.

3. Develop a representative CFD model of the SolAir OVR absorber modules with vertical
baffles/plates placed in between the modules and run the simulation under identical operating
conditions to that of the standard SolAir model CFD study to determine the ARR.
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4. Draw a comparison between the ARR calculated for the SolAir modules with and without the
baffles, and determine whether the inclusion of baffles improves the re-entrainment of the warm

air.

1.6. Thesis Outline

Chapter 2: This chapter provides a literature review detailing the development of OVR technology. It
includes a critical analysis of the associated experimental, analytical and CFD studies.

Chapter 3: This chapter presents the theory relating to the fluid mechanics and heat transfer
mechanisms associated with OVR operation, along with the applicable concepts concerning the CFD

modelling.

Chapter 4: This chapter details the development of a suitable CFD modelling methodology for
capturing the airflow and heat transfer phenomena associated with the operation of an OVR module,

based on cold and hot flow condition validation studies.

Chapter 5: This chapter details the CFD modelling on the array of state-of-the-art SolAir OVR modules
using the methodology established in Chapter 4 and quantitatively predicts the ARR under various

operating conditions.

Chapter 6: This chapter involves a study using a CFD model of the SolAir module array that is
modified to accommodate the presence of air flow baffles (straight and contoured) in between the
modules. Simulations are carried out to investigate their effect on ARR under the same operating

conditions as the nominal model described above.



2. LITERATURE REVIEW

2.1. Receiver Technology

The solar-thermal receiver is an essential component of the central receiver system, and is placed at the

top of a tower adjacent to a heliostat field. Three potential receiver types are:

1. External tubular receivers
2. Cavity receivers

3. Volumetric receivers

In an external tubular receiver, the redirected sunlight which is incident on its outer surface heats up
metal tubes and this heat is imparted directly to the working fluid (molten salts, water/steam) through
conduction. The 110 MW, Crescent Dunes Solar Energy Facility constructed by Solar Reserve uses a
tubular receiver and molten salt as the working fluid and achieves a receiver outlet temperature of 565
°C (Hoffschmidt, 2014). It also has a molten salt thermal energy storage system capable of 10 hours of

full load storage.

Tubular receivers can also be implemented using multiple ‘billboard’ receivers which consists of a flat
panel of parallel aligned tubes exposed to the heliostat field. Multiple such panels can be joined to form
rectangular or cylindrical shapes (Lubkoll et al., 2014) such as the 337 MW lvanpah Solar Electric
Generating System (Dieterich, 2018) which produces steam at 550 °C. Both of the mentioned tubular

receivers are shown in Fig. 2-1.

Figure 2-1: Crescent dune solar tower (LHS) and Ivanpah solar tower (RHS) (Dieterich, 2018)

The material properties of the tubular receivers place an upper limit to the solar flux that is allowed to
strike them before deformation sets in. Phenomena such as heat loss by natural convection to the
surrounding environment due to the high temperature of the receiver tubes and the inhomogeneous heat



flux distribution are obstacles that prevent the receiver system from attaining a high receiver efficiency.
Placing the tubular receiver inside a cavity will reduce the heat loss due to convection and radiation and
furthermore, coating the inner surfaces of the cavity with a reflective material will also reduce the
optical and infrared radiation losses from the tubes. The convection losses within the cavity receiver
can be further reduced by either increasing the receiver dimensions (which will also increase the cost)
while keeping the cavity size constant or using a fused silica window to cover the receiver aperture
(Uhlig et al., 2014).

The PS10 (10 MW,) and PS20 (20 MW,) central receiver plants in Spain, with solar salt as the heat
transfer fluid, are examples of Solar Thermal Power Plants (STPP) that use cavity receivers (Samanes

et al., 2015). Figure 2-2 represents a schematic diagram of a cavity receiver (Lubkoll et al., 2014).
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Figure 2-2: Cavity Receiver (Lubkoll et al., 2014)

2.2. Volumetric Receivers (OVR)

Volumetric Receiver technology is characterized by a porous absorber that is embedded into a volume
in the receiver. This porous structures acts as a convective heat exchanger that absorbs solar radiation
incident on the receiver (Goswami and Kreith, 2008) and transfers the captured thermal energy to the

air that is drawn through it.

As discussed in Chapter 1, the volumetric effect is a phenomena that is associated with the OVRs. To
improve the thermal efficiency of a receiver, a variety of absorber structures fabricated from metal wire

mesh, ceramic fibres, foams, and extruded structures have been tested.

The first pre-commercial STPP that employs the OVR technology is the 1.5 MW, Solar Tower Julich

test plant in Julich, Germany that began operation in 2009 (Hennecke et al., 2009). Effective convective



heat transfer of thermal energy from the absorber to the air should prevent it from overheating.
However, the poor heat transfer characteristics of air could prevent effective heat transfer and cause the
absorber temperatures to soar. A high temperature gradient between the absorber and the surrounding
ambient environment forms and leads to a high rate of convection and radiation losses from the

absorber.

Volumetric receivers can be broadly categorized on the basis of their operating mode (i.e. pressurized
volumetric receiver and open volumetric receiver) and the absorber material (metal and ceramic). The

development of absorbers in each of these categories is elaborated in the following section.

2.2.1. Open volumetric receiver with metal absorbers

According to the research conducted by Avila-Marin (2011), the first promising concept of an OVR
absorber came about in 1983, made out of thin wire mesh of AISI 310 stainless steel and was referred
to as the MK-1 receiver. The concept was tested and produced outlet air at 842 °C at an estimated
thermal efficiency ranging from 70 - 90 %. This success led to various other iterations of metal
absorbers that were tested in Plataforma Solar de Almeria (PSA) in Spain. These included absorbers
made out of coiled knit wires (in the Sulzer 2 receiver), metal foil (in the Catrec 1 receiver), and cup-
shaped coil knit wires (in the Phoebus-TSA receiver). A modular metal receiver configuration was
experimentally evaluated by the Betchel Corporation, where the absorber was composed of 54 mm deep
multi-layered mesh made out of knitted oxidized nichrome resistance wire (Avila-Marin, 2011). This

experiment yielded an average outlet air temperature of 710 °C.

A major drawback of using metallic absorbers is the limitation that is placed upon the average outlet air

temperature which is around 700 °C due to the thermal properties of the metal substrate.

2.2.2. Pressurized volumetric receivers with metal absorbers

Pressurized volumetric receivers have been developed for use in a combined cycle power plant
configuration where the air entering the gas turbine’s combustor is pre-heated using solar radiation to
decrease fuel usage and thus greenhouse gas emissions. These receivers are expected to produce outlet
air with temperatures ranging from 800 - 1200 °C, and at working pressures of 4 — 30 bar (Pozivil et
al., 2014).

The Receiver for Solar Fossil Power Plant (REFOS), developed by DLR in 1996 shown in Fig. 2-3
(Buck et al., 2001), had a domed shaped window made out of quartz glass and used a heat resistant wire
screen absorber as well as secondary concentrators to increase the concentration ratio and capture area.
Other projects which dealt with this type of receiver include the SOLGATE project which commenced
in 2001, followed by SOLHYCO, SOLUGAS and SOLTREC; all with the main aim of achieving outlet
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air temperatures of above 1000 °C (Rio et al., 2015). One of the advantages of this type of volumetric
receiver is the attainment of higher temperatures with lower radiation losses. However, the secondary
concentrators and quartz window would require periodic maintenance and increases the overall cost of
installation (Wang et al., 2014).

secondary concentrator window air inlet

absorber air outlet

Figure 2-3: REFOS receiver (Buck et al., 2001)

2.2.3. Open volumetric receivers with ceramic absorbers

The limitations placed on air outlet temperature by metal absorbers led to investigations into ceramic
materials for OVR absorbers. The primary materials that have been considered are silicon carbide (SiC),
silicon infiltrated silicon carbide (SiSiC) and alumina (Al>Oz). This is mainly due to their high thermal
conductivity and low thermal expansion compared to metals, their higher resistance to solar flux and

higher thermal gradients, reducing the required receiver aperture and thermal losses.

Two types of ceramics structures have been evaluated for testing; namely, extruded structures consisting
of tessellated parallel channels in the flow direction, and Open Ceramic Foam (OCF), which has a
porous structure consisting of a large number of randomly packed open cells (Gomez-Garcia et al.,
2016). Figure 2-4 depicts the extruded and open ceramic foam absorbers structures commonly used in
the OVRs.
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Figure 2-4: Extruded absorbers (LHS) and Open Ceramic Foam (RHS) (Gomez-Garcia et al., 2016)

The development of ceramic foams began in 1987 with the Ceram Tech Receiver that managed to heat
air to between 700 - 790 °C at an incident solar flux of 660 kW/m?, followed by the Sandia Foam
Receiver in 1989 that heated air to 730 °C with a corresponding thermal efficiency of 54 % and Corec
Receiver in 1995 that heated air to 880 °C with a corresponding thermal efficiency of 79 %
(Hoffschmidt, 2001).

Although the developed ceramic receivers showed better resilience to high solar fluxes than the metallic
counterparts, they couldn’t easily be scaled up to be used in a central receiver system. Nearly all the
ceramic absorbers tested until 1995 showed structural failures, due to the high tensile stresses common

in large extruded ceramic structures (Hoffschmidt, 2001).

Inhomogeneous solar irradiation on these ceramic absorber surfaces can also lead to local regions where
temperatures become high enough to cause local structural deformation of the ceramic absorbers.
Therefore, an approach of splitting the receiver into a collection of modules, consisting of ceramic
absorbers, and regulating the air flow through each module with a flow control device was necessary,

separating the development of the absorber and the module in which it was housed.

The HiTRec receiver technology was conceived out of such a need to develop a modular design for
OVR, which will allow various types of absorbers to be tested on a single receiver system (Hoffschmidt,
2001). The HiTRec-I receiver, shown in Fig. 2-5 (Avila-Marin, 2011), consisted of modular hexagonal
ceramic cups, each holding silicon carbide extruded absorber, with each cups being housed in a stainless
steel structure. The space between the absorber modules is used as a channel for the injection of warm

air returning to the receiver from the power block back into the absorber modules.
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Figure 2-5: HiTRec principle (Avila-Marin, 2011)

A 200 kW HiTRec-I test rig was assembled at the Sulzer Test Bed set atop the Plataforma Solar de
Almeria (PSA) CRS tower to demonstrate the durability of the newly proposed volumetric receiver
design, having the potential to yield outlet air temperatures exceeding 1000 °C. The stainless steel
construction of the test rig and the individual modules of HiTRec-1 is shown in Fig. 2-6 (Hoffschmidt,
2001). A maximum receiver outlet temperature of 980 °C was achieved (the maximum outlet air
temperature was limited by the Sulzer Test bed), with a thermal efficiency of 75 — 80 % at 800 °C. A
major drawback of this receiver design was that the steel structure behind the absorber modules

deformed during the testing process due to uncontrolled mass flow of the return air. Although the

deformation did not affect the overall performance, it was not acceptable for larger receivers (Avila-
Marin, 2011).

Figure 2-6: HiTRec-I stainless steel construction (LHS) and absorber module, extruded absorber and cup (RHS)
(Hoffschmidt, 2001)
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To rectify the failures of HiTRec-I, HiTRec-Il, shown in Fig. 2-7 (Roldan et al., 2016), was designed
with an improved retainer for accurate positioning of the modules and easy module replacement, a
simplified absorber shape that was directly extruded into the final extruded structure, and employed a
double sheet membrane for the holding structure. The absorber was made out of recrystallized silicon
carbide (SiC) and the cups were manufactured from infiltrated siliconized silicon carbide (SiSiC). Solar
flux simulations were used to size the orifices at the outlet of the absorber modules, to control the mass

flow rate and maintain homogeneous receiver outlet air temperature.

The testing campaign yielded data from over 155 operating hours. The test included warm-up tests,
tests to measure the Air Return Ratio and tests to measure steady-state outlet temperatures. The test
campaign resulted in an overall receiver efficiency of (76 + 7) % at 700 °C and an ARR of 45 %. Due
to the formation of excess thermal gradient in one of the ceramic modules, cracks formed in two of the
module cups that were placed in the centre of the rig. The HiTRec-11 200 kW receiver, shown in Fig.
2-8 (Hoffschmidt, 2001), reached similar levels of efficiency at moderate air temperatures when
compared to HiTRec-I receiver, and the steel structure did not deform. The second iteration of the
HiTRec receiver concept therefore seemed promising (Hoffschmidt et al., 2003).

Incident solar flux

»

_ ' A __,Cooling air
: g Honeycomb Absorber
] Structure
= M T} """""""" Ceramic cups
1 _HN= w
A — =
L el “Metal sheets structure

(or double membrane)

Adjusted orifice for passive
airflow control

Hot air
Cooling air  Retainer pins

Figure 2-7: HiTRec-I1 sketch (Hoffschmidt et al., 2003)
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Figure 2-8: 200 kW HiTRec-11 set-up (Hoffschmidt, 2001)

Further development of the HiTRec receiver technology was carried out to make it suitable for assembly
on solar towers through the SOLAIR test campaign. This campaign was carried out in two stages, the
first being a 200 kW experimental run known as SolAir-200 followed by a 3 MW experimental run,
known as SolAir-3000.

For the SolAir campaign, certain modifications to the overall receiver and absorber design of the
HiTRec-11 were implemented. The outer shape of the absorber module was changed from hexagonal to
square (131 mm in length) for easier assembly of the absorber modules, and a double membrane
structure was adopted to hold the absorber module array. The ceramic orifices (for mass flow control)
were replaced with a passive control element, to prevent the formation of hotspots, by drawing more
cooling air through the absorber where necessary. Attempts to reduce the construction costs were made

by replacing the material of the double membrane from Incoloy 800 to stainless steel 1.4858.

The SolAir-200 test campaign consisted of 36 absorber modules stacked in a 6-by-6 configuration, as
shown in Fig. 2-9 (Agrafiotis et al., 2007). Tests on three different configurations of the absorber
modules were carried out in the 50-day test campaign. Only two of the three configurations achieved
mean outlet air temperatures of over 800 °C. Details of the configuration 1 and 2 and the corresponding
thermal efficiencies at 700 °C and 800 °C are tabulated in Table 2-1. The third configuration, which
consisted of a porous fibre plate placed on the left half part over configuration 2, did not achieve a mean
outlet air temperature of 800 °C (Téllez, 2003).
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Table 2-1: Thermal efficiencies of the different SolAir-200 receiver configurations (Téllez, 2003)

18 SiSiC cups

Set-up Thermal Efficiency | Thermal Efficiency
at 700 °C at 800 °C
Configuration 1 36 recrystallized SiC cups 81+6% 75 %
Configuration 2 | 18 recrystallized SiC cups and 83+6% 74 %

The SolAir-3000 receiver, depicted in Figure 2-10 (Agrafiotis et al., 2007) , a 3 kW, test rig, consisting

of 270 absorber modules, was designed to provide mean outlet air temperatures of 680 — 800 °C. The

cups of the absorber modules were made out of SiSiC and the absorbers were made from recrystallized

SiC. The test campaign began at the PSA facility in June 2003 and accumulated over 115 operating

hours. Nominal outlet air temperatures of 750 °C were achieved at efficiencies of 70 — 75 %.

Figure 2-9: SolAir-200 Setup -
Configuration 1 (Agrafiotis et al., 2007)

Figure 2-10: SolAir-3000 Receiver
(Agrafiotis et al., 2007)

In 2009, a 1.5 MW, pilot power plant was built in Julich, Germany that used the OVR technology. The

Solar Tower Julich consisted of 1080 HiTRec absorber modules used in the SolAir campaign and the

heliostat field consisted of 2000 heliostats, making up a total of 20000 m? of mirror area. Figure 2-11

illustrates the facility (Fend, 2010).
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Figure 2-11: Solar Tower Julich (Fend, 2010)

The most recent development of a solar tower that uses the open volumetric receiver technology was
the development of STPP built in Daegu, South Korea in 2011 with a power rating of 200 kW.. The

tower is 49 meters tall and the concentrator field consisting of around 450 heliostats, and is depicted in
Fig. 2-12 (Lee et al., 2015).

V. EEAADIL S OE

Figure 2-12: Central receiver plant featuring OVR in Daegu, South Korea (Lee et al., 2015)

2.2.4. Pressurized volumetric receivers with ceramic absorbers

The first scaled-down model for the demonstration of the pressurized volumetric receiver concept was
built by the German Aerospace Centre (DLR) and the Israeli Weizmann Institute of Science (WIS). In
1989, DLR developed a demonstration model called the Pressure Loaded VVolumetric Ceramic Receiver
(PLVCR-5) with a SisN. foam absorber, coated in pyromak paint. The PLVCR-5 heated air to 1050 °C
at working pressures of 4.2 bar and with a corresponding thermal efficiency of 71 %. Although the
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receiver was designed to work at 10 bar, sealing problems in the design prevented it from working at

that pressure.

The next version of the receiver, known as the PLVVCR-500 receiver, shown in Fig. 2-13 (Avila-Marin,
2011), which was meant to compensate for the shortcomings of the PLVCR-5, managed to only heat
up pressurized air to 960 °C, at 4.15 bar with a corresponding efficiency of 57.3 %. The sub-optimal

performance was again attributed to sealing issues in the receiver.
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Figure 2-13: PLVCR-500 Receiver Scheme (Avila-Marin, 2011)

WIS developed the Directly Irradiated Annular Pressurized Receiver (DIAPR) in 1992 shown in Fig.
2-14 (Kribus et al., 2001) which consisted of a porcupine volumetric absorber made out of Pythagoras
alumina-silica tubes, a frustum-like high-pressure window made out of fused-silica as well as secondary
concentrators. The DIAPR receiver showed robustness at high pressures of up to 30 bar after 250 hours
of testing, generating air at 1200 °C at a working pressure of 17-20 bar with working efficiencies of up
to 70 — 80 %. The fused-silica window did not show any significant damage due to local hot spot
formations, as in the case of PLVCR-500, due to settling of contaminants like dirt and ceramic

insulation on its surface (Kribus et al., 2001).
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Figure 2-14: Schematic cross-section of DIAPR (Kribus et al., 2001)

A multistage DIAPR model, shown in Fig. 2-15 (Avila-Marin, 2011) consisting of preheaters and
respective secondary concentrators around the centre was designed by WIS. The preheaters acted as
cavity receivers with Inconel 600 tubes, to heat the air from ambient temperatures and to convey it to

the porcupine absorber via a pipe. This design achieved a maximum outlet temperature of 1000 °C at

working pressures of 16 -19 bar.

Figure 2-15: Multistage DIAPR consisting of preheaters and secondary concentrators (Avila-Marin, 2011)

2.2.5. Challenges associated with OVR technology

In general, thermal efficiency of open volumetric receivers is mediocre; mainly due to low return air
re-entrainment and radiation losses that occur at the front surface of the porous absorber. The ARR can

be defined as the proportion of the warm return airflow emitted into the open atmosphere (through the
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gaps between the modules) that is re-entrained back into the absorber modules. The main objective is
to utilize the waste heat in the range of 150 °C from the exhaust stream coming from the Heat Transfer
Fluid (HTF) circuit.

Factors which affect the ARR in an OVR include the effects of the receiver perimeter geometry, the
lateral wind conditions and the air injection angle. The basic ARR mechanism of a modular OVR such

as the SolAir receiver is illustrated in Fig. 2-16.

Lateral wind
Warm air
diffusing into
the atmosphere
Warm air partly being <

re-entrained back into Ambient air sucked

/ the absorber \ into the recerver
v L v v

Warm air
coming

from the
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|
| |

Hot air leaving the
receiver module

Figure 2-16: Mechanism of ARR in OVRs

Thermal losses occur when the warm air returning from the HTF circuit is only partially re-entrained
by the receiver. The warm air therefore mixes with the ambient air leading to a degradation in the
thermal energy of the air re-entering the receiver (A. Marcos et al., 2004). The mixing efficiency can
be defined by equation (2.1).

_ Hpec.out — Hrec.in (2.1)

Nmix =

HRec.out - Hmix

Here, Hg.c 0u: 1S the enthalpy of the air at the outlet of the absorber, Hg,. i, is the enthalpy of the air at

the inlet of the absorber, and H,,;, is the air mixing enthalpy. Details regarding the calculation of the
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H,,;, is provided in Marcos et al. (2004). The general relationship between the air mixing efficiency

and the air return ratio for different inlet air temperatures is given in Fig. 2-17.
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Figure 2-17: Influence of inlet air temperature and air return ratio on the air mixing efficiency (A.

Marcos et al., 2004)

The graph indicates that at higher inlet air temperatures at the absorber, a high air mixing efficiency
requires a high ARR. Therefore, a significant improvement in ARR will yield a significant improvement
in the competitiveness of an OVR CSP plant.

Receiver airflow instabilities can also occur in OVR porous absorber structures due to uneven
temperature distribution in the absorber caused by the non-homogeneous distribution of solar radiation
incident on the receiver surface. The uneven flux distribution causes some regions of the absorber to be
at a higher temperature than the others. Since the viscosity of the air increases with temperature, this
phenomenon causes the air to be drawn in the cooler region than the warmer regions and reduces the
heat carried away by the air from the hotter regions of the porous absorber (Bai, 2010). Local
overheating can exacerbate thermo-mechanical stresses leading to structural failure, or can result in

melting (Gomez-Garcia et al., 2016).

2.3. Numerical modelling of OVRs

Experimental evaluation of OVR performance is an expensive, time-consuming, and an inflexible
procedure, which has motivated researchers to evaluate them computationally using CFD and FEA
software. One and two-dimensional analytical models of the porous absorber have also been developed
by Mey et al. (2013), Kribus et al. (2013) and Kribus et al. (2014) to study the impact of absorber cell
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size, porosity, thermal conductivity, and incident solar radiation. on the temperature profiles of the air
and solid material. The following subsections summarize the significant findings of researches related

to thermal and radiation modelling of OVRs — both analytically and computationally.

2.3.1. Analytical modelling of OVRs

The effect of absorber properties such as porosity and pore size, optical properties such as reflectance
and emittance and thermal properties such as thermal conductivity and convective heat transfer
coefficient on the efficiency of an OVR were studied by Kribus et al. (2013). A one-dimensional
analytical model was developed where separate energy equations were defined for the porous absorber
and the air flowing through it; that is, the absorber was modelled under local thermal non-equilibrium
(LTNE) conditions. The temperature profiles of the solid (absorber) and the fluid (air) were generated
for varying parameters of porosity, pore size and absorber thermal conductivity. The study revealed that
parameters such as high porosity and smaller pore size are favourable as they can improve the thermal
efficiency, and that choosing a material with lower thermal conductivity can significantly reduce the
emission losses.

Mey et al. (2013) researched the accuracy of three radiation modelling approaches in volumetric
absorbers, viz. the two-flux approximation, the P1 method and the Rosseland conductivity method, by
comparing the final temperature profiles of the air and the porous absorber to that obtained through the
much accurate Monte-Carlo Ray Tracing (MCRT) method. The results showed that the solid
temperature profile obtained through the two-flux method fared the best as compared to the other
radiation models. The absorber (solid) temperature profile obtained using the mentioned radiation
models is compared to the one obtained using the MCRT method as shown in Fig. 2-18 (Mey et al.,
2013).
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Figure 2-18: Absorber temperature profiles obtained through different radiation models (Mey et al., 2013)
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Kribus et al. (2014) carried out a similar analytical study where temperature profiles of the solid phase
obtained through the two-flux approximation, the P1 method and the Discrete Ordinate Method (DOM)
radiation models were compared to Monte Carlo (MC) ray-tracing results, with the Discrete Ordinate
method faring the best. The research also went on to suggest that a high convective heat transfer
coefficient and a lower thermal conductivity, beyond the capability of ceramic foams, will achieve
higher thermal efficiency in volumetric absorbers. A comparison between the air and absorber
temperature profiles obtained using DOM and MC ray-tracing method is illustrated in Fig. 2-19 (Kribus
etal., 2014).
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Figure 2-19: Temperature profile of solid and fluid phase in an absorber (Kribus et al., 2014)

Historically, the absorbers used in volumetric receivers were mostly limited to commercially available
porous structures, limiting any control over the choice of the material properties. A common suggestion
among the mentioned analytical studies is that the optimization of geometrical characteristics such as
porosity and pore size, promote radiation penetration into the absorber. Such an optimization process
will also establish a large thermal gradient across the absorber, improving it’s the thermal efficiency.
Hence, further R&D must be carried out in the field of new fabrication methods, such as additive

manufacturing, which allows a certain level over control of critical properties of the absorber.

2.3.2. Computational modelling of OVRs
Becker et al. (2006) studied the possibility of unstable flow in ceramic foam absorbers under the
influence of different values of solar flux using theoretical analysis as well as numerical modelling in

Ansys Fluent. The structure of a porous absorber determines the nature of the pressure drop across it,

which can be predicted using the Darcy-Forcheimmer equation given by equation (2.2).
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Ap p (2.2)

T+ )
Here, Ap is the pressure drop across the absorber, [ is the absorber thickness, u is the dynamic viscosity
of the air, p is the air density, k, is the inertial coefficient, k, is the viscous coefficient and u is the
superficial air velocity. For an extruded porous absorber, it was theoretically determined that the
pressure drop takes a linear form (k, = o0) and there is a risk of air flow instability due to the possibility
of multiple temperature values at constant pressure and solar irradiance, as shown in Fig. 2-20 (Becker
etal., 2006). However, for an OCF porous absorber, the pressure drop is quadratic in nature (low inertial

coefficient) and there is less risk of flow instability, as illustrated in Fig. 2-21 (Becker et al., 2006).
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Figure 2-20: Quadratic pressure drop versus the air temperature for extruded absorbers (Becker et al., 2006)
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Figure 2-21: Quadratic pressure drop versus temperature for open ceramic foams (Becker et al., 2006)

The formation and the disappearance of hotspots in porous absorbers investigated through local thermal

non-equilibrium (LTNE) CFD simulations consisted of three blocks representing the boundary
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conditions to the inlet flow into the absorber (blue block), the porous medium (green block) and the
outflow of hot air (red block) as shown in Fig. 2-22 (Becker et al., 2006). In transient simulations, a
region of high radiation flux density was applied to the model to create the hotspot. Thereafter, heating
was interrupted and the rate at which the hotspot reduced in size and intensity was studied (Fig. 2-23)
for variations in the absorber’s effective heat conductivity and inertial co-efficient. The numerical and
the theoretical results indicate that a higher thermal conductivity and quadratic pressure drop and low
inertial co-efficient will reduce the risk of instability, and thus the formation of hotspots within the
absorber.

Figure 2-23: Rate of disappearance of hotspot depending on the material property (Becker et al., 2006)
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The effect of constant and varying porosity in the radial and axial directions on the outlet air temperature
and velocity field was investigated in Roldan et al. (2014) using the CFD code Ansys Fluent. The study
was carried out on an axisymmetric half-model of a solar receiver that employed a user-defined function
to model a volumetric heat source in the absorber region. The turbulence model chosen for the analysis
was the RNG k — ¢ turbulence model. Figure 2-24 represents one of the computational domains used

in the study.
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Figure 2-24: Solution domain for absorber with constant porosity (Roldan et al., 2014)

The thermal efficiency of the receiver was calculated for each of the configurations and in the constant
porosity case, the highest porosity was found to have achieved the highest thermal efficiency, re-
enforcing the findings of Kribus et al. (2013). From the simulation results, it was inferred that a
decreasing porosity with depth and in the radial direction yielded higher outlet air temperatures.

Another detailed CFD analysis was carried out on four HiTRec-1l absorber modules by Roldan et al.
(2016). The simulations employed a Local Thermal Equilibrium (LTE) condition and were carried out
in Ansys Fluent. The set-up of the model was similar to that of the axisymmetric solar receiver model
set-up in Roldéan et al. (2014).

The CFD model was validated against experimental data obtained from the 200 kW HiTRec-I1I tests.
The study mainly dealt with the effect of wind on receiver performance, and thermal efficiencies were
evaluated for variations in wind speed, wind incidence angles, return air velocity and return air
temperature. The study concluded that the HiTRec modules generated highest air outlet temperatures
at lower angles of wind incidence (highest incidence angle being perpendicular to the modules). As far
as the warm air from the HTF loop is concerned, higher temperatures and lower ejection velocity was
favourable for higher outlet temperatures. The effect of wind was found to be detrimental to the thermal
efficiency in all instances, increasing in severity with magnitude and incidence angle. Figure 2-25

illustrates the velocity distribution in the absorber modules that was obtained when the effects of wind
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were being simulated (Roldan et al., 2016). Palero et al. (2008) highlighted another side-effect of direct
wind interaction with the absorber modules, which is the non-uniform temperature distribution across

the absorber, possibly leading to the deterioration of its structural integrity.
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Figure 2-25: The velocity distribution in the absorber modules (Roldan et al., 2016)

Wau et al. (2011) proposed an LTNE-based numerical porous absorber model to study the sensitivity of
absorber performance to absorber porosity, pore size and thermal conductivity. The radiative heat
transfer was modelled using the P1 method and the steady-state temperature results obtained from the
simulations were validated against experimental data obtained at quasi-steady state conditions. Fluid
and solid phase temperature profiles were generated for a wide range of porosities, mean velocities and
pore sizes. Since the model simulated LTNE conditions, useful information concerning the distinct
temperature distribution within the fluid and solid phases could be derived. An example of such
distributions is provided in Fig. 2-26 (Wu et al., 2011a).
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Figure 2-26: Predicted temperature distribution for the solid and fluid phase (Wu et al., 2011a)

A very similar study was conducted by Wang et al. (2013) who developed a volumetric absorber model
in Ansys Fluent, with the MCRT method being applied to calculate the solar heat flux and Rosseland
approximation model being used to model radiation propagation. A common trend was observed
concerning the effect of pore size, mean inlet velocity and incident solar radiation on absorber and the
air temperature profiles. A lower porosity, lower mean air velocity and higher incident solar flux were

found to be favourable for generation of high outlet air temperatures.

Wang et al. (2013) carried out another LTNE study on a solar thermochemical reactor (featuring a
porous absorber) in Ansys Fluent, in which the main focus was to compare the air and absorber
temperature profiles generated using the Rosseland conductivity model and the P1 approximation
radiation models. Although changes in the absorber temperature profile were found to occur with
variations in operating conditions such as solar irradiance, pore cell size and the fluid inlet velocity, the
relative difference between the temperature profiles was fairly small, with a maximum difference of
4.97 %.

An LTNE model was proposed by Fend et al. (2013) to investigate potential improvements in receiver
thermal efficiency with slight geometric changes to the constituent absorber module. Two models, one
of an individual absorber channel and the other of the whole porous continuum of an absorber module,
were developed and validated against experimental data. The single-channel model was used to study
the effect of wall thickness and channel width on the outlet air temperature. The geometry of the porous

continuum was modified to account for a frustum shape in the geometry of the porous medium. The
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frustum shaped absorber exhibited a homogenous temperature distribution (Fig. 2-27) and attained a

higher thermal efficiency than the absorber without the frustum.
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Figure 2-27: Absorber temperatures at the inlet surface (with frustum left, without frustum right) (Fend et al.,
2013)

The studies mentioned above have dealt with 1-D analytical modelling for parametric studies and 2-D
CFD modelling of individual HiTRec modules and volumetric absorbers. Stadler et al. (2019) proposed
a new method of modelling that accounts for an interaction of a whole cluster of absorber modules
constituting an OVR, capturing the flow of air around it as well as the effect that the heat and mass
transfer within the modules has on the ARR of the receiver.

The CFD model used for the study, shown in Fig. 2-28 (Stadler et al., 2017a), represents the cluster of
receivers placed on top of the Solar Tower in Jilich, but with additional external air return ducts on
either side of and beneath the receiver. This unique approach does not model the geometric details of
the absorber modules themselves, as in Roldan et al. (2016). Instead, the absorbers were represented by
a cluster of numerical cells with a few cells in the middle of the cluster acting as outflow domain of the
warm air returning from the HTF circuit and the remaining cells providing for an inflow of the air drawn
from the atmosphere into the modules, i.e. the individual absorbers were represented by clustered
inflow/outflow boundary conditions. The area fraction of the cells that represent the inlet section
matches that of the original receiver. The input parameters of the model include the solar flux
distribution, the mass flow rate of air drawn into the modules, the mass flow rate of warm return air,
ambient air temperatures and pressure loss coefficients for the absorber. The velocity and the

temperature field of the whole receiver were then calculated as a function of the mentioned inputs.
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Figure 2-28: CFD model of OVR solar tower in Jilich, with external air return ducts (Stadler et al., 2019)

In the validation study of the model, the ARR obtained from the simulation for different mass flow rates
of the warm air showed reasonable agreement with the regression curve obtained from experimentally
measured data from the Solar Tower Jilich, with an average deviation of 0.6 % and a maximum
deviation of 0.5 %. Figure 2-29 (Stadler et al., 2017a) shows the temperature contour plot of the warm

return air from the HTF circuit and the return air concentration of the receiver CFD model.

Figure 2-29: Warm air temperature plot (LHS) and return air concentration (RHS) (Stadler et al., 2019)

2.3.3. Alternative OVR designs

A dual receiver concept consisting of a tubular evaporator section and an open volumetric receiver for
pre-heating and superheating of steam was proposed by Buck et al. (2006). The schematic diagram of
the dual receiver unit is illustrated in Fig. 2-30. The absorber tubes (a.k.a. tubular evaporators) are

evenly spaced out in front of the receiver and the volumetric receiver is situated behind the tubes. The
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radiative heat emitted by the volumetric absorber to the surrounding atmosphere is partly absorbed by
the tube evaporators, thereby reducing the radiative losses. The solar radiation incident on the receiver
tube evaporates the saturated water flowing through it into steam. The pre-heating of the feed water and
superheating of the steam is carried out in the generator/heat exchanger that is fed with hot air coming
from the open volumetric receiver.
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Figure 2-30: Dual receiver concept — top view (LHS), front view (RHS) (Buck et al., 2006a)

The annual performance data of the dual receiver concept was evaluated using the IPSE Pro software
and compared to the performance data of a reference plant similar to the original design of the PS10
OVR CSP. The dual receiver concept yielded a 27 % higher annual power output than the reference
plant despite having a smaller heliostat field and lower outlet air temperature from the volumetric
receiver. However, the complexity of the system brought about by two subsystems of the new receiver
concept calls for the implementation of more sophisticated control of the system during start-up and
operation (Buck et al., 2006b).

Marcos et al. (2004) investigated the possibility of improving the ARR of an OVR by proposing a
multitude of modifications on three main receivers, viz. a conceptual absorber module design, depicted
in Fig. 2-31 (A. Marcos et al., 2004) on which two geometrical additions (secondary concentrator and
cavity) were made, a HiTRec-Il absorber module and a SIREC (metal wire mesh) absorber module.
The simulation data obtained from Ansys Fluent for the conceptual design revealed that the direct
contact of the warm return air with the ambient air reduces the ARR significantly, and the cavity and

the secondary concentrator additions achieved the highest ARR.

For the HiTRec receiver, an air return mechanism that injects warm air (a) perpendicular to the receiver,
(b) parallel to the receiver using an outer injection ring (c) parallel and normal to the absorber as well

as (d) the usage of an absorber shield to prevent direct contact of the warm air with the incoming wind,
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were tested using Ansys Fluent. Details about the geometry of the absorber shield, or the way in which
it was assembled on the HiTRec-1I absorber modules were not clearly stated. The ARR for option (c)
was the highest followed by options (b) and (d). It was also discovered that chamfering the outer edges
of the SolAir-3000 absorber modules increased the ARR by 40 %. Lastly, the SIREC receiver consisting
of a circular wire mesh absorber was tested with two different ARR mechanisms which injected warm
air using (a) six individual injectors and (b) through a continuous injection ring. The receiver achieved

higher outlet temperature values and ARR using the continuous injection ring mechanism.
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Figure 2-31: Multi-component geometric model (Buck et al., 2006a)

A new type of absorber design was conceived by Capuano et al. (2017) which was shown to exhibit
ideal volumetric heating i.e. the air outlet temperature is higher than the absorber inlet temperature. A
comparison of the HiTRec absorber channel to the new channel is shown in Fig. 2-32.
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Figure 2-32: HiTRec-II single channel (LHS) and new channel geometry (RHS) (Capuano et al., 2017)

Since a volumetric effect was reported in the simulation results, attempts were made to manufacture the
absorber with the new channel geometry. The technique chosen for the fabrication procedure could not

manufacture the fine details of the geometry. Therefore, a 3:1 scaled-up version of the new geometry
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made out of titanium-aluminium alloy (Ti6Al4V) was manufactured, as shown in Fig. 2-33 (Capuano
etal., 2017).

- ——» Multichannel Section

Figure 2-33: New absorber design (Capuano et al., 2017)

The pin section of the absorber allows deeper penetration of the solar radiation and also reduces
radiative and optical losses due to the small specific surface area of the pins. A large proportion of the
thermal energy transferred in the pin section is through the process of conduction and radiation due to
the low specific surface area (which inhibits convection). During the experimental tests, the mass flow
rate of the air was varied at constant incident power and high outlet temperatures were achieved at low
mass flow rates, but at the expense of the thermal efficiency since the radiative losses increase (by four

orders of magnitude) with temperature.

Numerically predicted outlet air temperature, thermal efficiency and pressure drop across the absorber
were compared to numerical predictions for the HiTRec receiver as well as the experimental data of the
scaled-up version of it. The new absorber design clearly exhibited higher thermal efficiency as well as
higher outlet air temperatures than the HiTRec-I1 absorber modules as shown in Fig. 2-34 (Capuano et
al., 2017).
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Figure 2-34: Graphs comparing the HiTRec absorber thermal efficiency (LHS) and outlet air temperature (RHS)

to those of the new geometry (original numerical and scaled up model) (Capuano et al., 2017)

2.4. Conclusion

The present chapter provides an overview of Open Volumetric Receiver (OVR) technology,
categorizing the technology according to the operating mode and further sub-categorizing it based on
the type of material used for the absorber. The low thermal efficiency of the current state-of-the-art
HiTRec OVR technology can be attributed to the low Air Return Ratio (ARR), estimated to be 45 %,

along with a failure in achieving the volumetric effect.

The majority of the research carried out on OVR technology has aimed at either improving the thermal
efficiency directly by altering the absorber geometry (the complete absorber or the individual channels
of an extruded absorber) or by modifying the geometry of the absorber modules themselves. The
methodology of the research carried out can be broadly categorized into analytical modelling and CFD
modelling. A plethora of research was concerned with the analytical modelling of volumetric absorbers
under LTNE conditions, aimed at studying the effects of changes in thermophysical and geometric
properties on the thermal efficiency of the receiver. On the other hand, CFD modelling has dealt with
investigating the convective and radiative heat transfer associated with volumetric absorber structures

as well as with individual receivers and the receiver system as a whole.

Direct impact of wind on the ARR of the volumetric absorber modules have not been extensively
researched in literature. However, certain side-effects of direct wind impingement on these modules,
such as reduced mean air outlet temperatures (Roldan et al., 2016) as well as possibility of steep
temperature gradients on the absorber surface (Palero et al., 2008) highlight the significance of
preventing wind from striking the absorbers directly, reducing its performance. Therefore, the main
focus of the Master’s work will be on researching ways and means of reducing the impact of wind on

the ARR of open volumetric absorber modules.
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3. THEORY

One of the main goals of designing an OVR is to heat up the air flowing through it to the highest possible
temperatures. The efficiency of the an OVR module can be considered as the ratio of the heat energy
gained by the air flowing through it to the total solar energy incident on the porous absorber. The
presence of a large temperature difference between the porous absorber and the air flowing through it
results in higher convective heat trans