An Experimental and Numerical Study on the Heat
Transfer Driven Dynamics and Control of Transient

Variations ina Solar Reactor

A THESISSUBMITTED TO THE FACULTY OF THE
GRADUATE SCHOOL OF HE UNIVERSITY OF
MINNESOTA

BY
Mostafa M. Abuseada

IN PARTIAL FULFILLME NT OF THE REQUIREMEN'S FOR
THE DEGREE OF
MASTER OF SCIENCE

Prof. Nesrin OzalpThesisAdvisor

July 2019



Copyright© 2019 byMostafa M. Abuseada

All rights reserved



Acknowledgements

I would like to use this opportunity to express my gratitude to the following peaplese
contribution to this research work was much appreciated:
1 Prof. Nesrin Ozalgthesisadvisor, for her continuowguidance andreatsupport.
1 Prof. Richard Davighesis defense committee, for his assistance and helpful discussions.
1 Mr. Michael Swanson, facilities management enginéar his greatassistancen the
materialization of High Flux Gas Dynamics Laboratang setup
1 Mr. Samuel Lucas and Mr. Eric Ostaimdergraduate student®y their assistancen
designing and/or consicting the experimental setup.
1 Dr. Hamed Abedini Najafabadi and Mr. Cedric Ophoff, research team colleé&mubg|r
researcltollaboratiors, stimulating discussiongndor helpful feedbacks.
T University of Minnesota Duluth and Mechanical and IndusEiadineering Department
for their fellowship and funding.

1 Any others who contributed to this research work who were left unnamed.

Finally, | would also like to thank my familpr their continuous guidancencouragement, care

and support.



Abstract

One of the main challenges @oncentrating solar powé€CSP)applications is to provide better
control systems that are capable of absorbing fluctuatiohshne sunds dir ect nor
(DNI). In this work, éheat exchanger coupled variable apertueghmnisnis designed and tested
in a laboratory. To perform indoor testing, a newklWe. xenon archigh flux solar simulator
(HFSS)wasfully characterizedproviding maximum peak flux density and total power of 6.99
MWm2 and3.49kW at the focal planeCharacterization was performéttoughan indirect heat
flux mapping technique that used a single Lambertian target, as oppoted use oftwo in
literature. This saves cost and tiared eliminates misalignment errors tbhah lead to aetrease
in the peak flux density by around 6.886 more Additionally, a new methodguitablefor wider
flux distributionswas presentediemonstrating promising resuliien, the HFSS was numerically
modeledn-house using two approaches: Monte Carlo ray tracing (M@Rd)nverse ray tracing
methodsThe MCRT method provided resuitsth high accuracyshowing thathe »enon arc can
be properlynodeled using a composite shape of a hemisphere attached to a cylinder. For the inverse
ray tracing, i wasshownthat an intenity first-order interpolatiorunnecessary complicatése
problemand that zerothorder interpolatiosignificantlyreduceshe computational time and error
values Additionally, a new approach @liminatingintensity values that cannot be traced back
the reflector was proposgdhich provided promising resultSollowing that, the setup afcavity-
type solar reeiver wagpresente@gnd numerically modeled using thalidated MCRT modelJpon
experimentally validating thenodel, it was shown thatround 60% of thenput power was lost
through radiatiofirom the receivédy s ¢ a v i ledyo,theintrbductiom ofthe optimum aperture
size atwhichthereei ver 6s temperature would peak. It wa
on t he HF S slpneanipgtiattine rdcedver can tentinuously optimize at varying
sunds DNI | exineuintempemturestif heaeissary, miaciyht be possible to achieve
using a variable apertur€hen, the design of the variable aperture mechatudma coupled to the
receiverwas presentedhemechanism consisted of eight blades that moved in a translational type
of motion to approximate a circular variable apertwieere onlyfour of these blades were water
cooled by coupling them to a heat eanber It was experimentally demonstrated that with this
arrangement, an average of 54% of the intercepted energy can be capdaigdnally, it was
shown that intercepted radiation by the apertu
system. Hence, the behavior of obtaining peak temperatures by varying the aperture size was not
observed by using the aperture mechanism. Therefore, if it is desired to maxintexepkeature



inside a receiverathe than just regulate it, the aperture mecgsianshould be integrateahore
effectivelyintother e ¢ e i v e rFidadly, tdeevariabl aperture mechanism was used to regulate
the temperate within the solar receiver, which wasiccessfully implemented usingnaodel
predictive control (MPCand PIDcontrolers.Both controllers performed satisfactory, keeping the
average temperature overshoots and values witRifC of desired set points. However, the MPC
systemds response was slightly superi eandt han
values remained within a tighter toleranE@rthermore it was shown that the variable aperture

can mitigate the effect of severe passing clouds or decrease the heating up time by fully closing.
Additionally, experimental simulatios based on reau n 6 s ddbaNdmonstrated the aperture

me ¢ h a ni s mobapabilitiespnesmpensating flluctuating DNI levels and maintaining the
desired average temperature. To conclude, the variable aperture mechanism provided a simpler,
easier, more accurate,camore energy efficient method @mperatureontrol when compared to

other methods in literature.
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Chapter 1

Introductio n

1.1.Background Information

Current energyonversionmethods on &rth adversely affect the environment and lead to
global warming. In the United Statesly, anaverage of 426 million metric tons of carbon dioxide
(CO;) was emitted per month durinidpe year of2017. This emission waprimarily from
nonrenewable energy sources includdegroleum, coal, and natural gas, where these sowsres
78.8% of the primaryenergy conversion processdd]. If this issue is left unresolved, the
atmosphericconcentrationof CO, can causea significant impact on the climate and economy.
Therefore, there is an increasing interesnorporatingthe use ofclean and renewable energy
sourcesn energy conversion processasich as solar, hydmlectric, biefuels, wind, and geo
thermal sources of energihefocus onrenewable energy, especially solar enexgi particular
researclonfuel and commodity productiostarted tdncreasewithin the past decade

In addition b reducing emissions of greenhouse gases, another major pressing need is to meet
theexpanding global energy demaridhis is not only due to an increase in the population size, but
is also due to an increase in the energy usage per [Zpatthough solaenergy isvery promising
to meet considerable amount of this demand; ¥ery intermittem and diffuse. Approximately
75,000 Terawattsof solarpower from the sun reaches thea r tsurféce[3]. Therefore,it is
essential to develop new technologies to efficiently camncestorantermitted solar energy to
achieveself-sustainecenergy economyAn exampleof a successfutechnology to capture solar
energy isthe implementation of photovoltaic (PV) panels for thedimgeneration of electricity.
However, a | arge port i qgespecdlyattheéndustdalldvabguses e ner gy
direct use of thermal energbhis is in addition to thefficiencychallenges and high costs that can
increasealue to relatively londerm storage of electricity. Therefosdternative useof solar energy
via concentrating solar power (CSP) applications and technologfiespromising pathway for
industrial use of solar energy in processes in addition to power gengdation

A large portion of the solar energy sector cosu$tCSPplants where solar thermal energy
is used for power generatiohhese plants implement the use of reflecting mirfousvedflat) or
heliostatghat are coupled with sun tracking systémsrder to focus the solar radiation from the
sun onto a gint or line.Thus, the solar energy no longer diffuseThere ardour main types of

CSP technologiedinear Fresnelparabolictrough parabolicdish, and central receivesystems

1



Introduction

with the parabolic trough being the most commonly used technalodgige commercial level
Central receiversand parabolic dishes stand out with their capability to reach very high
temperatres ancaccommodate solar thermochemical production of fuels and commodities, which
would not be possible by other solar energy conversion systems that are limiledttizity
generationThree of the four main types of CSP technologies are illustratédyure 1-1. The
capability of central receiver systems in achieving relatively higher operating temperasues

in higher thermodynamics efficiencigd, and betteefficiencies at elevated temperatures, which
also allows for their implementation thermochemicaprocesses addition todirect electricity
generatiori5]. Therefore, the main focus of this research work revolves around the applications of
central receivers.

Receiver Receiver
Parabolic Trough Parabolic Dish Central Receiver

Figure 1-1: Schematic illustration of teemaintypes of GP technologieparabolic trough, parabolic dish, and
central receiver

CSP applicationsnamelypoint receivers (parabolic dish and central receien), befurther
subcategorized into two main systems: solar thermal and th@anochemica[6]. In a solar
thermal systema working fluid is used to absorb the concentrated direct normal irradiance (DNI)
from the sun for thermal utilization and/or storage. Therefore, theracaohemical processes
taking placeinside the receiveFlow rate of the working fluid aabe easily manipulated to obtain
a specific operatirigutlettemperature within a solar receiver. Howeveg solar thermochemical
system where chemical processtzke placethe manipulation of the feedstock flow rateuld
changehe flow dynamics ahresidence timavhich mightyield undesired effectsnthe chemical
conversiorand process dynamicSuch changeasightresult in low yields that would require more
complicated separation and recycling meth@&sHaving saidthat the focus of thishesisis to

offer an alternative appagh to flow rate manipulatidior solar thermochemical processes.
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CSP central receiver facilities can be either in the form of a solar plant, as depi€igdrin
1-1, or in the form of a solar furnace. A solar furnace consists of three main components, namely
being a collector system tracking the duineliostat(s), a Venetianlind shutter, and a static
parabolic reflector to focus the concentrated pawer t he r ef | evbaredhe teseivdr o c a |
is placed. The shutter is used as a mean of controlling the amount afasiddgionthat actually
passes to the parabolic reflector and thus the recdites type of facilities ismainly used for
technology and design testing in addition to material treatment applications. In all facilities, the
most common type of solaentral receivers is a cavitype receiver, which is a receiver with an
aperture tht aims for maximizing irradiation captured, while minimizingadiation lost within
its cavity [7]. Therefore,the compromisebetween the capturesblar energyand the radiation
emission losselgads toan optimum aperture sizand an optimum use of available incident flux

Producton of fuels(usually referred to as solar fuetByough solar energy has always been a
promising field of study, where the solar fuels form keagn storable and transportable energy
carriers[8,9]. These processes usually work by producing solar fuels adical commodities
that are traditionally obtained through the combustion of fossil fuels to provide the reujgied
temperatur@rocess heaExample fuel and commodity productions frameseprocesses include
the productionof hydrogen(H2), syngas, and/or carbdaOr 15], zinc (Zn) [16i 18], and other
products such as limg19]. Through the use of solar thermochemical processes, the carbon
footprint is greatly reduced, where the solar alternatives involve relatively mild temperatures that
have potential solar to fuel efficiencies exceeding $20h One of the application examples is the
production of Zn from zinc oxide (ZnO) to be used as an energy source or commodity, where the
Zn can be later oxidized to providesetricity or B whenever necessaf¥8]. This provides a way
of chemically storing the intercepted solar energy. Howewvest of the research interests being
targetedtowards more sustainable and efficient hy@émgroduction methods. Currently, steam
reformingof methane (Ckj to produce His used, however at the expense of bursimge ofthe
CHs to provide the sufficient thermal energy for #relothermigrocess, which in return produces
COu. A very promisingalternative is the solar thermal decomposition (cracking) of, @iHere
both hydrogen and carbon particles are produced without anye@i@sionsA review of solar
thermochemical processes for the production of hydrogen and syngas can be f@tpd in

One of the main challengasCSP applicationgs discussed {21], is to provide better control
systems that are capable of absorbohgnges and fluctuations in weather conditions. These

changes mainly include fluctuations in,inhe s
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addition to variations in theurroundingemperature and@ind speedwhich create difficulties in
the regulation of asalr r ecei ver 6 sin additop ® tha limitatian .on flovh riate
control for solar thermochemical applications is the dgviorce fordevelopingmore innovative
and practical control systems and methodolotjfiaswould better help in mitigating the effects of
weather conditions.

In order to tackleghe fluctuationoft he s uno6s D Nsysteinsshoaldonverctioent r o |
sub s DNI l evel i depiadediraRigure 1e2.eTad DNbpiots for aa &leal day in
addition to sunny and slightly cloudy days based on DNI data obtainedNREL [22] on
December 18 and 12, respectively, are shown ifigure 1-2. This shows the severity of the
unideal conditions under which solar receivers openadégjngit a challenge to accommodate for
such variations.

__1000
o~ —
£ I
~ e
2 800 G
=
o
& 600 (| / .
o !
(1] A N o
[ il a
= 400 F[¥ i t
© i i }
£ 8 ‘ {
fu H i
S 200 ff
- —— Ideal Day Sunny Day ------ Cloudy Day
o
c— 1 1 1 1 J
a 0

7:00 9:00 11:00 13:00 15:00 17:00

Time (hr)

Figure 1-2: Direct normal irradiance plots for an ideal day, sunny day, and cloudy day

Unlike solar thermal applications which ceetatively bettemaccommodate for an increase or
decreae in incident solar radiation solar thermochemicahpplications usually need to be
mairtainedata specific operating temperatyrer Gibbs Based on the nature of theocessthere
usuallyexists an optimum temperature at whilhbsystem antbr conversion efficiencies peatr
sometimes a compromise between two competing phenomena is Thadefore, illustrating the
need to closely monitor and regulate the operating temperature of a solar raxeindrits desired
temperatureln the upcoming sectioaf this thesis different solar thermochemical applications

will be reviewedo elaborge this technical issue
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The first applicatiorto be discusseis the twestep splitting thermochemical cycles for £0
and water (HO) through the use of ceria as a dense membeanstudied if23]. Through their
work of maximizingthe energy conversion efficiency, it was shown[28] that the energy
efficiency of the system increases with temperature up to a certain peak point, where it then starts
to decrease with temperature as a result of the increasing radiation losses. For example, in one of
the system configurations thetudiel, the observed efficiency a0 K was approximately 26%,
which then peaked to 43.8% &0D K, and then started to dease to approximately 37% dt(D
K. In another similar studyn [24] for a twostep redox cycle with heat recovery, animpim
operating temperature is also identified for the reduction of metal oxide based on two behaviors
that compete as the temperature increddesse two phenomena are the increasing radiation losses
from the receiver 6s c avas & ngsulaohithpertfebt soliddphase head s i n g
recoveryj24j.

One of the growing fields of applications in solar energy is syngas production thHedligh
reformingwith CQ,, since it has a syngas production theoretical ratio of bdle Syngas can be
used for several applications,chuas to produce electricitit can alsde used as a commodity in
industrial applicationsgonverted to liquid fuels, or upgraded to gaso|@@. The dry reforming
of CH, over SmCo@® perovskite catalyst was studied[i¥]. It was shown that the conversion
efficiency of CH and CQ; peak or start to level off at a temperature of 850after which further
increase in temperature causes no improvements in the reaction kinetics. Therefore, from an
efficient utilization of energy point of view, an increase in operating tempetayond this point
is not desirable. Finally, in alifferent study on CH. decarbonisation, a temperature of
approximaely 1000°C is observed at which thé production no longer increases with increasing
temperaturé25].

Another application example is the noatalytic cracking of ethanas studied if26]. It was
shown that the operating temperature can have a significant effect on the perfahtaasgstem.
As the temperature increases, the conversion efficiency and yield also increase while the selectivity
of ethylene decreases. Thus, the optimum operating temperature is chosen based on a tradeoff
between the yield and selectivity.

The final application to be discussed idveo-step solar thermochemical 100 kW pilot plant
that waspresented ifi27] for water splitting in a solar tower. The plant consists of adtamber
reactor that allows for the press to run in a quasontinuous mode, by alternating the

tempeatures of the two chamissind maintaininghem at800°C (for thewatersplitting step)and
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1200°C (for the regeneration stephhrough this alternation and at the higher temperature cycle,
the temperature of the redox material must not exceed i@5t avoid its degradatioor
deactivation Therefore, accurate control methods should be implemented to avoid the failure of
the system.

As discussed previously, the operation and performaresatr thermochemical receiver can
be highly affected by changes in its operating temperature due to the amthest ofn 6 s DNI | ev
and its intermittent behavior. These changes u
several complications in the operation of solar reactors, such as unnecessary shutdowns or
difficulties downstream of the reactor in therification and separation processes. In addition,
temperature regulation is also required to avoid the deterioratioeceivers due to excessive
thermal stresses and gradief8% Therefore, great focus should be dedicated towards creating
better and more relide control systems and methods.

1.2.ResearchScope

The main objective of this research work is to develop and experimentally test a control system
that is capable of regulating the operating temperature of a solar receiver. The control system should
be simple to control, easier to implement, and more energy efficient than current available control
systems found in literature. In addition, the control system should be able to witredtaivetly
long times of operation and high thermal stressesssitboth opration andninimal maintenance
Since the control system is targeted for solar thermochemical applications, the control system
should not solely depend on the manipulation of the feedstock flow rate or any similar control
approach that will significantlghange the flow characteristics. Having said that, the best approach
to regulate the operating temperature of a solar receiver will be through the direct control of the
incoming solar radiation. This method of control can be obtained using a variablerepert
mechanismwhere its performance will be evaluated throughttigsis

To be able tperform experimental testing in a laboratory scale sefeperallya high flux
solar simulator (HFSS) is usedh HFSS al |l ows mi micking the di
concentrated solar radiation that is normally obtained in CSP applications. Through the
manipulation of the current supplied to the HFSS, it can also be used to experimentally simulate
any variati ons Hemce, tllbveng ®ruthe Gesperibevtidsing of the proposed
control systemunder realife scenarios. In order to effeeély design the control system,
understand any @f h e s Yyehaviermdr sesponsesnd propose any design changesnerical

modelsare created, validated, and uskebughout this research work
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1.3.Thesis Outline

This research work is divided up into five main chapters. Each chapter covers a single main
idea that aids in obtaining the final objective. Through the work performed in different chapters,
some changes and recom@ndations are proposedtte current methodologies entailed in each.
Since every chapter revolves around significantly different fundamentals, an introduction section
is accompanied with each chapter to proutue necessary background information aridvant
literature surveyWith that being said, the thesis outline is as listed below.

1 Chapter 2. In this chapter, the description and experimental setup of the HFSS is
thoroughly presented. To be able to quantify the output power of the atteigentify its
radiative capability it has ben experimentally characterized using an indirect flux
mapping technique. With such a technique, all the relevant characteristics of the HFSS are
easily obtained, where such information can be used in the evaluation of taisheserk
and any futurenes.

1 Chapter 3: In this chapter, the only twanownmethods of numerically characterizing and
modelingaHFSS are presente@ne is a welestablished forard method, while the other
oneis an inverse method undergoing further researgirovementsn the field Both
methods are used toumerically modelthe HFSS where the two models have been
rigorously validated. The output of the models provides indiator d the HFSS6s
performance and input parameters for energy balance equations and efficiency calculations
throughout this research work.

1 Chapter 4: In this chapter, a cavitiype solar receiver system is thoroughly presented,
whichis specifically designed fahis research workl'he results fronChapter 3are used
to numerically model the system, where the mbdslbeenalidatedusingexperimentally
obtained results. With the use of the numerical model, several phenomena arsuebted,
asthe optimum aperture size, which leads to proposing a varipbétéuee mechanism.

1 Chapter 5: In this chapter, the design of a variable aperture mechanism is preandted
discussed in detail The aperture mechanidmas been coupled with a heat exchanger to
allow for its smooth operation under high thermal flux levels and to also recover some of
the solar power it blockas the aperture varies. The results frohapter 4are used to
numerically modethe variable aperture coupled system, where once again the model has

been validated using experimentally obtained results.
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1 Chapter 6: In this chapter, the variable aperture mechanism is used to control the average
temperature within the solar receiver. Using the validated numerical modeChiapter
5, two control methods are developed and optimized for the aperture control. Experimental
implementation and testing of the two control methadsperformed, where results are
shown for tracking and maintaining a required set point in addition to rejecting disturbances
due to variations in the sun6s DNI based
strategies that comprise the manipulati thefeedstockflow rate are also investigated.



Chapter 2t
Experimental Characterization of Solar Simulator

In Chapter 2HFSS configurations, utilizationand their methods of characterization will be
reviewed. Thenew HFSS setup at HFGL igresented along with the setup developed to
characterize the solar simulat@he charaterizationwas done bymplemening an indirect heat
flux mapping technique and a single Lambertian target, as opposed to the use of two Lambertian
targets in literatureA methodology section is included iltustrate and describe how raw data to
characerize the HFSS is captured and converted into meaningful results. A new promising
approach the merging methodis also presented for the characterization of HFSSs that have
relatively wide heat flux distributions at the focal plane. Finallgsults obtained from
characterizing the HFS&tup at HFGlare presented and discussed, wh€feapter2 then ends

with conclusions.

2.1.Introduction

2.1.1.High Flux SolarSimulators
Experimental testing of solar receiverseactors for thermal and thermochemical applications
requires a controllable source of high flux radiation mimicking the intensity of solar spectrum at
different wavelengths. High flux radiation simuleg comprise one or more lampeach equipped
with a truncated ellipsoidal reflector, to focus the rays to a common focal point where the radiation
flux is concentrated28,29] Xenon arc is the most commonly used lamp type in high flux
simulatorsfollowed by both metal halide andgan lampg30,31] Xenon and med halide lamps
exhibit radiation peaks in the waveléngange of 80L000 nm, while egon lampshavepeaks in
the 7001000 nm rangeThese peaks represent the most notable deviation of each lamp from the
sunods direct nor 28]l In additionsagan ampshave BW energy reraisaion
in the vigble light range, which is whyrgon lamps areonsidered to be the worst lamp type of the
aforementioned types in fBmicking the sunbs DN
HFSS are characterized based on the type of lamp and the electrical power input versus the

peak flux deliveredLiterature shows that the highest power consungimglesource solar

A large mrtion of this chaptecreated thgaper byM. Abuseada, C. OphoféndN. Ozalp titled fiCharacterization of
a new 10 kWe high flux solar simulator via indirect radiation mapping techmipguklished in ASME]. Sol. Energy
Eng. 141 (2019)-14.
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simulator is asingle agon lanp of 200 kW, which is capable of delivering lower to moderat

power densities of around\BWm2[30]. On the other hand, metal halide lamps deliver the lowest

power densities with less than 2 MWrat power consumptiaof less than 50 kW As for the

xenon lamps, there is a broad range ofg@orequirements and densities with the possibility of

reaching the highest peak fluxes of more than 15 MVI80]. An overview of several different
HFSS types is shown ifable2-1.

Table2-1: Comparison of high flux solar simulators, their performance metrics, and flux characterization methods

Institute Lamp Tvpe No. of Peak Flux Electric/Radiative Characterization
pIyp Lamps  (kwm?) Power (KWJkW) Technique

ETH[32] 15 kWe 10 11,000 150 / 50 CCD + Kendall

Xenon radiometer
Bucknell 25 kW
University i v 4 1140 10/3.5 Camera + calorimeter
[33] Metal Halide
KTH [34] 7 kWe Xenon 12 6360 84/20.3 Thermopile flux sensor
GIT [35] 6 kWe Xenon 7 6834 42 /6.1 CCD + calorimeter
ANU/EPFL 2.5 kW 18 21,700 45775 CCD + Vatell TG100e0
[36] Xenon flux transducer

2.5 kW CCD + GardorSchmidt
ClO[37] Xenon ! 194/lamp 17.51- Boelter heat flux sensor
KU Leuven 7 KWe Xenon 1 3158 7709 CMOS + Vatell TG100@
[38] flux transducer
Berkeley 20 kWe Model 10000
[39] Xenon 1 16,000 20/3 Thermogage
IMDEA 6 KW, Xenon 7 3600 42/ 14 CCD + Vatell TG100e0
[40] flux transducer
DLR[41]  7kWeXenon 149  >11000  1043/2800r -

2x220

Although most HFSSs use several lampadbieve radiation concentrations and temperatures

that are of most interest to researchers, there has been some work on smaller scale reactors using

singlelamp setups that provide up to 10 Kiput power. For example, a singemp setup can

be createdrbm an offthe-shelf cinema projector as described38] and[42], where a 7 kW

xenon arc lamp in a projector was tested, just sindlahat done i§43]. Singlelamp simulators

can be used with solar reactors to characterize several applications, such as the kinetics of metal

oxides reductiod4] and thermochemical watsplitting using ferritg45]. There are also single
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lamp simulators with considerably higher inpadwers. For example, a singlenonarc solar
simulatorat Berkeley laboraty was using a 20 or 30 k\Mamp[39].

There are many multamp simulator designs oging in the 4660 kW, range, which is an
optimal size for laboratorgcale reactorf36,43 45]. For example, an array of sevearnon arc
lamps is used in bofd0] and[46], and very similar HFSSs rated approximately 4Q id&fe also
developed at Georgilastitute of Technology (GIT})35], University of Florida[47], Swinburne
University[31], and Instituto Madrilefi®e Estudios Avanzados (IMDEA40], whereas 18 lamps
are used irf36] and ten 15 W, are used at the Swiss Federal Institute of Technology Zurich
(DLR) recently created ft heynhghwhich@mssists afrl4fe s t
xenon arc lamp§1]. The system is capable of producing 280 kW or two 220 kW for processes
using two simultaneouslyeated chambers in three separate radiation chambers.

In some solar thermal applications, it may be of interest to create a uniform flux as opposed to
a highly focused flux. For example, flat plate solaltextors, such as Ppanels should be tested
under uniform flux resembling the natural solar irradiance because a concentrating unit is not
necessarily used for flat plate collectors. As an example, a recent design used a virtual imaging
approach to create very uniform radiation flu{48], where four halogen lamps were used along
with an internally reflective container to translate the point sourcaglaf fifom the lamps into a
uniform flux. It was evaluated by a tadimensional (2D) array of thermocouples placed on the
surface of the prototype solar collector. However, it should be noted that there are several
differences between solar simulators usadsblar thermahpplicationsandsolar simulatorsised
for photovoltaic researctsolar simulators useid photovoltaic researctio notmi mi ¢ t he s
concentrated radiatiospectrum Furthermore because the performance of a PV panel is affected
bythesunés angle relative to the nor mal angl e
solar source and the panel throughout the day, PV solar simulators must be able to simulate these
effects[49]. Theseassisto accurately characterize the exigelcperformance of different cells for
different parts of the world and for different types of installation, such as trackingrawkmng,
and rooftop installationg0]. The American Society of Testing and Materials (ASTM) as well as
the International Electrotechnical Commission (IEC) classify solar simulators according to three

criteria: spectral match, spatial nomiformity of irradiance, and temporal stabiljgg].
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2.1.2.ExperimentalCharacterization of HFSS

With the use of any HFSS, it is vital to accurately map and characterize the radiative flux from
the simulator at the focal plank.does not onlyprovide an indicator of the performance of the
HFSS, but it also provides the input parameters for the energy balance equations and basis for
efficiency calculation$51]. Therefore, an accurate flux mapping system is required. The current
methods to flux mapping can be categorized into two main types: direct and indirect methods.
Direct methods implement the use of a heat flux sensor to directly measure and map the flux
distribution at the focal plane, such as the direct use of a thermogia$ or a thermopile flux
sensor irf34]. Although direct methods astightly more accurate than indirect methods, they are
much more time consuming and less efficient. Hence, the preferred flux mapping methods in
literature are the indirect ones due to their ability to quickly measure the flux distribution at an
acceptableaccuracy, which allows for efficiently aligning and optimizing HFSSs. Indirect flux
mapping techniques incorporate the use of a grayscale camera, Lambertian (diffusely reflecting)
target, and heat flux gauge (HFG) for the calibration of the grayscalesyaf33,353 37]. Most
previous flux characterizations use two Lambertian tarde¢sHFG is embedded in one target,
while the second is used for image captuf#)52) A new flux mapping system described53]
also implements the use of two targets, where a smaller Lambertian target would move in front of
the HFG to allow for capturing grayscale values at that locatiomever, the use of two targets
might give rise to an additional error, which can be of a significant value depending on the amount
of misalignment occurring when using two targets. Therefore, the use of a single target will
eliminate this error, and hence deem the characterization to be dfet agguracy.

In this chapter, heat flux characterization of a new 1Q &gWglesource HFSS is performed
usinganindirect radiation mapping methodlhe CMOS camera is first calibrated using a HFG,
where the correlation obtained is presented and usalijtoand optimize the HFSS$he power
of the source is varied by changing the current supplied to the simulator to determine the heat flux
mays at several power levels whi ch can be used to mi mi.& the
sensitivity analysids performed to inspect the impact of number of captured images on the
accuracy and consistency of the experimental
transient response upon startup, terapmstability, and radial neaniformity, a new method is

proposed to identify flux distributions on larger areas within the focal plane.
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2.2.Methodology

The first step in characterizing a solar simulator is to have a method that can accurately measure
the radianheat flux output. A HFGan be usetb measure the flux distribution directly using a
direct mapping technique or will allow the correlation of grayscale values from a camera to
characterize the simulator using an indirect mapping method. HFGs provide a votfageroine
scale of millivdts which needs to be calibrated to obtain flux density values in KV@alibration
of a HFG can be either perforthi-house as explained [[B0] and[54], or the calibration provided
by the manufacturer can be used. An important consideration is the relative size of the HFG sensor
to the spot size of the measured flux density distribution. fnstidy the active gge area has a
diameter of 1.016 mpwhich is an order of magnitude smaller than the observed spot size and can
therefore be considered suitable for perimentameasurement campaign.

For an indirect mapping method, the heat fliexsityvalues obtained usirgHFG should be
correlated to grayscale values obtained from a Charged Coupled Device (@@iejaor
Complementary Metal Oxide Semiconductor (CM©&neraA Lambertian target is placedthe
plane of interest to capture tHax densitydistribution usinghe grayscale valuesf the camera
An accurate positioningf the target is required to get the most precise focal point anddusity
distribution. Whenthe camerds placed coaxially with the target as [i86], the images can be
captured and processeith no additional posprocessingHowever, most experiental setupdo
not allowcoaxial image capturindue todirect exposure tthelight beam Hence, the camera is
oftenplaced with an angle to the target, beb s e r v e,iwbichrequineg posprocessingia a
geometric transformation to get the wstdited image of the target as showirigure2-1. This is
performed through rectifying and scaling the image using a projective transformation method
where images in raw format are recommended and the image should not be satorategh tis
spatial transformation method, straight lines guoddrilaterals keep thajeometries. The method
of transforming from poind who to pointd ofto is definedthrough Eqns(2-1) to (2-3), and
visualized inFigure2-1, where the transformation matrixeis alsodefined.

6 e 6 e O

0 (2-1)
6 e 6 dee 6

. 0 e 0 we 0
0w (2-2)
O e 0 wee O

6 0 o}
ne o 0 0 (2-3)
o} 0 0
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Figure 2-1: Rectification of the transformegtayscale capture@magefor indirect characterization

The transformation matrighown in Egn(2-3) hasnine coefficients that need to be solved to
successfully complete the projective transformation. Althaughas nine coefficients, it only has
8 degrees of freedom singe is an arbitrary scale coefficient and it can be set to one. Hence, there
are only eight coefficients to soler using four sets of points. The coefficientsjitdepends on
the exat position of the camera, and therefore it can significantly differ from one experimental
setup to the other. Transformation matgiken in Eqn. (2-4) is being used throughout the
characteriation of the HFSS in this chapter

T wwp TMIPpoYPER T TP T
e TBIC QUK YT p OBITIT WP T (2-4)
TLW pTT p

To determine the optimum number of images to be caphyréte camera, a statistical measure
based on the root mean square error (RMSE) is implemented. The parameters tested are the total
power on a 10 x 10 chtarget and maximum deviation at any point from the allegedly real value
based on a total of 300 captd images.

Concentrated solar radiation especially from a single reflector is very uniform and symmetric
in its distribution. To be able to mimic the behavior of concentrated solar radiation, it is crucial to
define an index that expresses the levedyoshmetry in the distribution obtained from tkelar
simulator. Therefore, a radial nomiformity (RNU) index has been implemented here, wich
very similar to the spatial uniformity index, but is taken across annular areas centered at the focal
point. This expresses the percentage deviation of the obtaineddosityfrom a symmetrical

circular distribution. The RNU is defined as showrEign. (2-5), wherer andn are the
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maximum and minimum values of heat fldgnsityat a gi ven ti me and r adi
center.

n i i
n b [ i

The temporal instabilitis a characteristic for classification of solar simulasd itquantifies

YO Y pTT (2-5)

the relative change of irradiance over time for a specified time period. According to ASTM E927
and IEC 60904, solar simulators can bdassified into three classes based on their temporal
instability valuesclass A for values up to 2%, class B for 5%, and class C for[%8%6] The
temporal instability is calculated analogously to the RNShasvn in Eqn(2-6), wherer) and
N are the maximum and minimum values of heat flersityat a given position throughout a
time period.
B%0) 2 : 2 : pTT TT (2-6)
While most of the previoudlux characterization studies implemented the use of two

Lambertian targets, where the HFG would be embedded in one while the second target would serve
for image capturingd2,52], the presenstudydemonstratesharacterization of the solar simulator
using one target. This eliminates misalignment errors that would otherwise occur when
interchanging targets. The single target usetthe present workovers a square area of 885
cn? and comprises a hole at the cemtehousehe heaflux gauge as illustratein Figure2-1. As
a result, the continuoueflectivearea on the target only allows to map the heatdemsityon a
maximum target size of 16¥616.6 cm.

Extension 6the current work led to a new method to increase the focal area size on which the
flux density can be measured, referred to asmbgging methodThe target was displaced 3 cm
from its center in both vertical and horizontal directions within the foleadepas illustrated in
Figure2-2. This yields flux maps for five different target positionenter upper right upper left
lower left,andlower right The flux data otained was merged through p@sbcessing into one
larger data matrix. Flux density values of overlapping areas were averaged while values inside the
heat gauge areshown as dashed circleskigure2-2, were omitted using logical operations. The
maximum dimensions of the final flux map are determined by the displacements of the target. In

this study, the dimensions were set to 35 x 35 cm
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Figure 2-2: Configuration of the Lambertian targand individual flux mapfor the merging methofr indirect

characterization

2.3.Experimental Setupand Components
The experimental setup consists damp howse with an installed 10 k¥wenon arca heat
flux gauge, 35 x 35 chi.ambertian target, CMOS camera with optical filters, XYZ slider assembly

with a motion controller, and a data acquisition system. The setup is depiapiia2-3 (a),

whereasa photoof the experimental setup is showrHigure2-3 (b).
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N @Xe;u_)nv]» 1
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Camera
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Heat Fqu@

(a)
Figure 2-3: (a) Schematic illustration of the overall experimental setungl (b) photo of the experimental setup
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2.3.1.High Flux Solar Simulator

Thesolar simulators manufacturedby Strong LightingLa Vista, NE)andis shown inFigure
2-4. It consists of an ellipsoidal reflector with truncatk@meters of 4 cmand 39 cm in addition
to two focal points at 7.6m and 82.5 cnfrom the vertex The simulator comes equipped with
intake blowers and an exhaust fan to ventilatd titemp h o u s and weveanthetbelbfromo r
overheatingA powerswitch is used to control the powsuppliedto the lamp by controlling the
currentsuppliedwithin the range of 8@ 200A. Since the nominal current for the 10 k¥¢non
bulb provided by Superior Quartz (Bethlehem, PA200 A, the preferred range ofntmlling the
bulb is within 160to 200 A or as low as 80% of the nominal current to avoid instabilities within
the arc ando preserve the condition of the bylr]. However, the supply current cha adjusted
as low as 50% given thatdbesnot continuously rumtlow current values. Thereferthe current
supplied to the &non bulbfor its experimental characterizatisvaried from 120to 200 A with

increments of 5 A.

. Intake blowers

. Exhaust blower

. Power supply controls/display
. Bulb arc viewing port

. On/Off switch

. 10 kW, Xenon bulb

. Ellipsoidal reflector

. Bulb supporting yolk

. Arc stabilizing magnet

W 00 N O B B W N

Figure 2-4: Overview of the high flux solar simulator and its components

2.3.2.Heat Flux Mappindgsetup
The HFG usedn experimentss provided by Vatell(Christiansburg, VA)model number

TG10000, which canmeasurelux densities that arep to approximately & MWm2 without
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damaging the sensor or losing its calibratibime gaigehas a sensor caatwith colloidal graphite
that hasan emissivity of 0.82The output/oltageof the HFG lies within the range ofté 15 mVv
with an accuracy of + 3%. The gauge was calibrated by the company, where it had a linear
relationship with a sensor scale factor for absorbed radiant heat flux of 492.54kWror the
aforementioned voltage output range. Exceeding this range will producelameanoutput and
therefore the calibration will no longer be valitt should be noted théte calibratiordone by the
manufacturemay lead to overestimating the flaensityvaluesby up to 30% of the réavalues
due to a mismatch between the radiation spectrum used for calibration and that used in solar
applicationg52]. In [52], the use of a third order polynomialating the output voltage to heat
flux densitywas recommendeavhereasotherresearcherhave used linear relationships through
in-house calibrations, or verified the use of the calibration provided by Ja6e4,58,59] A
comparison of the calibtion provided by Vatell andf that performed irhouse by CIEMAT
shows that both values agree with an error of 3.6%, which lies within the uncertainties of both
calibration coefficients making the sensor scale factor provided by Vatell accurate endagh to
reliable[54].

A 35 x 35 cnt watercooled Lambertian target provided by Haueter Engineering GmbH
(Rombach, Switzerlandyas used to diffusely reflethe incident flux from the simulator any
plane of interest. The target has an aluminum body coated with aluntiiredrant side, &.54 an
opening inthe center tchousethe heat gauge, two water inlets at the top, and two water outlets at
the bottom as shown iRigure 2-5. In order to control the position of the target accurately to
determine the focal point artd precisely measure the fldensitydistribution, the assembly was
mounted ord an XYZ slider configuration provided by Newmark Syste(Rancho Santa
Margarita, CA) The XYZ slider is driven through a motion controller with a very high resolution
of 0.08 micronghat is capable afip to a maximum linear travel of2m, 0.3 m and 0.5 m for the
X, Y, and z axe With suchahighresolution, the movement of the target assersbleryaccurate
and itenables high repeatability of measuremgyrantingprecise testing of some parameters such
as the inverse ray tracing of the iatve flux from the bulbwhich will be covered ilChapter 3
To ensure consistency of measurements, the temperature of the inlet water, outlet water, and across
thetaget 6 s body was flaheimbcouple grobas o theginlet ang autlets in
addition to four bokon thermocouples mounted at the back of the targein arrangement shown

in Figure2-5.
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Figure 2-5: Configuration of the Lambertian targetith K-type thermocouples to monitor its cooling

Once the Lambertian target is placed at the theoretical faiat, i.e. 82.5 cm from the
reflector vertex, the next step is to calibrate the CMOS camera. The camera used in present study
is model BlueCOUGAR X104fg provided by Matrix Visig®@ppenweiler, Germanyyhich has
resolution of 1936 x216 pixels and pixedize of 5.86 um x 5.86 um. The camera is equipped with
a lens that has two neutral density filters of absorptive 1% transmission and absorptive 0.01%
transmission in order to protectthea mer aés sensors from daamdge due
also esure the image is not saturat@tie choice oequippedeutral density filters was based on
obtainingthe most stable grayscale measurements while ensuring that the image is not saturated,
where combinations of filters of absorptive 6.25%, 1%, and 0.04f6rmission were evaluated.
Use of neutral density filtersignificantly reduest he possi bil ity oaonwhit e
due to damages resulting in an increased leakage of current, which could cause major distortions
to the captured grayscale inesj60].

Once the camera is set, th&-G is used to measure the heat flux at the focal point and at
uniaxial distances across tfacal planealongthe positive and negative horizontal and vertical
directions. The CMOS camera is then used to capture the raw grayscale images of the heat flux

densitydistribution on the target, where the gaind exposure timef the camera needs t@ b
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adjusted This in turn affects the amplification of the anatoedigital conversion of signals to
ensure that the peak grayscale valuapigroximately75% of the fullscale value of 255. This is
done toachievemaximum accuracy for the measurementdavdvoiding the saturation of captured
images. Once images are captured, they are processbthingrayscale values with respect to
positionacross the focal planGrayscale values can then be correlated to heatléinsityvalues,

using a linear fibased on the least squares method. A linear fit is chosen for the correlation of the
grayscale values based on the experimental results ohtaire=d response of the CMOS camera
with respect to light intensity, surface properties of the Lambertiant targ#inally the previous

work of otherresearcherin the field[36,40,42] where it is clear thdahere isa linear relationship
between the grayscale and heat tli@asityvalues.

A data acquisition systemsng LabVIEW and hardware from National Instruments (NI) was
implemented tdavereaktime datamonitor and collection. The system consisted of cRIO 2030
connect up to four modules in addition to®814 temperature input modwidich canconnectup
to 16 sensorandhas a minimum voltage increment of 9.3 pV. The temperature input module has
resolution of 24 bitsand voltage measurement range of + 78.125Ts makest much superior
for heat flux measurements than the analog input modufi 2l whit has resolution of 16 bits
and voltage measurement range of + 1ifially, the data acquisition system was used to achieve
two main purposesto monitor temperatures within the Lambertian target to ensure uniform
cooling andto measure heat flusensty values using the HF&orall experimentatuns, the solar
simulator was operated fab to 30 minutes at stamp before acquiring measurements daehe
transient nature of theeron arc and solar simulators. As showii5i2], and shown later in the
results section of thichapter solar simulators exhibit a well e f i n e -term fidmponad
behavior 0, whdensiydistribugon from ¢heé lanfplinareases upon ignition as time
progresses. I[52], the initialirradianceobtained right after ignition was around 750 kW&/which
increasedo around 925 kWrwithin an hour approximate)yxhibitinga nonlinear behavior that
levels offin aboutl5 minutes.Moreover, the tranent behavior of the lamp if86] was also
determined to reach a steady state, where intensity variations were less tlze5%0 minutes
of data collection

The bulbwasoptically aligned in ordeto identify the highest peak flugensity power, and
uniformity by adjusting its position in three axddsing the correlation between grayscale and
irradiancevalues already established, it waimightforwardo observe and quantify the effect of

any changs madaluringalignment This isanadvantage of indiredteat flux mapping methad
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over direct heat flux mapping methgdghere it would take muclohger to completely quantify

sucheffects and properly align the bulb.

2.4.Results and Discussion

2.4.1.Calibrationof Grayscale Values

The HFG was used to measure the heatdknsitydistribution at the focal plane starting from
the origin at zero and reachitma maximum radius @5 mm. This was performed for the positive
and negative horizontal and vertical axes along the focal plane, where thev&tf@ved in a
uniaxial manner to get the distribution along both axes. Starting from the origin, thevei$G
moved up to 15 mm with arements of 0.5 mm, then from-B® mm with increments of 1 mm,
and finallyfrom 3065 mm with increments & mm. This ensurd that the heat flux dateollected
covers the entire range of the distributemitted bythe bulb. The CMOS camera was then used
to capture raw grayscale images that were then processed and correlated to heat flux values at the
same location.

The correlation of the measured heat flux density and corresponding grayscale \sfloesnis
in Figure 2-6. The calibration equation was determined tajbe o @ ¢ ©'Y ¢ ¢kWm?, not
taking into account the calibration standar dos
interval, where) is the flux density in kWm and"O™¥% the grayscale value. This correlation was
obtained after optimizing the alignment of the bulb towards higher peak flux densities. Correlations
prior to the alignment of the bulb would result in the CMOS camerairgaith saturation point,
i.e. the increasing heat flux values would result in pixels reaching their saturation level yielding a
full white color. The final correlation as shown inFigure 2-6, should be valid forvalues
approximately up to 8 WVm2, and thereforethe peak fluxdensityobtained and stated later in this
sectionis about88% of the saturation point. Upon completion of the calibration, measurements
taken usinghie HFG were plotted with those measured using the CMOS camera at different radial
positions which can be seein Figure 2-7. The average percentage error of thésification was
found to be 2.9% with a standard deviation of 3.28here the deviation between both plots
decreaseds the fluxdensityvaluesincreased i nce t he effect of the c¢cami
became muchower. This shows a strong agreemiebetween the values obtained using both

methods.
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Figure 2-6: Correlation of measured heat flux density and corresponding grayscale values with error bars presenting
uncertainty of each measurement
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Figure 2-7: Verification of the grayscale calibratioof the CMOS camera for indirect characterization

2.4.2.0ptical Alignment of bulb

Optical alignment of the bulb was done in several sgigding the optimizationfoman initial
peak fluxdensityof approximately 30 MWm2. One of these steps inclubladjusting the optical
position of the bulkalong the focal axis. Asymmetry was not studied here and therefore radial
displacement of the bulb was not considered. The focal positioning was athysteding a focal
threaded knob that moves the bulb closer to or further away from the reftedsc Each full

rotation (360°) of this knob provides a focal displacement of approximately 1.6 mm (sixteenth of
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an inch).The zero reference (0 mm) is the position of the bulb after initial placement inside the
simulator and based on the manual alignmenigdel i nes of the sol ar si
Focal positionof the bulbwasadjusted in increments of 45° or 90°. Alignment of the bulb can be
optimized with respect to maximum power or maximum flux at the focal plane. In this study
maximum achievabldux value is aimedor, to providean optimum flux distribution forthe
applicationsundergone in this resear¢he. solar cavity receiver). Once an optimaadjustment
waschosen, the optical alignment of the bulb proeedd a different step by adjusg another
parameterFigure 2-8 shows one of the intermediate steps for adjusting the focal position of the
bulb. The trends in this plot are comparable with the obsenamaden [61], especially the trend

for total power agrees very well withoseobservationsAlthough it has not been shown in this
study, it is assumed that displacement of the bulb in the opposite direction would yield the same
bell shape as if61]. Theoptimum adjustment was determinedie a focal displacement of 1.8

mm based on the highest obtained peakdiemsity The peak fluxdensityincreased from a value

of approximately 85 MWm? to 4.20 MWm. Upon the final optimization, the peak fldensity

increased t®.99MWm2 while the total power increased to 3.K9/.
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Figure 2-8: Variation of the measured peak flux density and total power for different focal alignments of the bulb

2.4.3.Heat Flux Distribution
The heat flux distributiof the solar simulator was first performed for the maxm supply
current of 200 A. Atwo-dimensional color map onX0 x 10 cn¥ targetis shown inFigure 2-9,
which represents the heat flux distribution on the area of interest to this research project that extends

to a radial distance of approximately 5 cm from the cefitiee flux distributioncan closely be
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described by a Lorentziatistribution having a pedkux densityof 6.99+ 0.22 MWm2 (95%)and

a total power on a 1010 cn? target of 349+ 0.11 RV. Thus, the solar simulator has an electrical
to-radiative power efficiency of 36 based on the intercepted power on & 10 cn? target. The
half width ddines the radial distance from the center of the flux distribution at whidiréutance
drops to half itpeakvalue and was determined to ®25mm. The half power defines the radial
distance at which half of the power is contained and was detertoited 8 mm. Variation of the
localflux density, average flux densigndthe cumulative power with respect to the radial distance
is shown inFigure 2-10. The averag@radianceon a circular target with a radius of 5 cm was

determined as £2kWm2, which results in maximum blackbody stagnation temperatuseooid
1650 K.

1 6500
4 6000
4 5500

4 5000

4 4500

4000

3500

3000

Y Position (mm)

2500

(;W/Mm3) xnid yeeH

2000

1500

1000

500

50 40 -30 20 -10 0 10 20 30 40 50
X Position (mm)

Figure 2-9: Two-dimensional view of the measured flux map on a 10 x 10 cm2 target area, and at a HFSS input current
of 200 A, where centered concentric circles are shown having radii of 0.25, 0.5, 0.75, 1, 2, and 4 cm
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Figure 2-10: Local flux density, average flux density, and cumulative power as a function of radial distance from the
target center at a HFSS input current of 200 A

2.4.4.Time Response of High Flux Solar Simulator

Tempord measurements were made to assess the output time response of the solar simulator.
From the data, conclusions can be drawn on the wgriime that would be required to reach
steady operating conditions. The time response is quantified through obsest/dimflux density
and total power on a 10 x 10 ¢marget area. Flux density is measured at two different locations
one being the center of the distribution while the otimer beingat 5 mm below this center point.
For these measurements, the resatéstaken from the correlated images obtained by the CMOS
cameraThus, hiseliminatesthe temporal behavior of the heat gauge sensor. All three parameters
are normalized with respect to their steady values 60 minutes after startup. The measurements are
shown inFigure2-11 and depict comparable results reported jB2]. The critical time period is
during the first five minutes after startup where all three values reach approximately 95% of their
final values. More steady behavior is obged after 10 minutesvhere the normalized values
fluctuate between 9898% of their steadsgtate valus From this, it can be concluded that a warm

up time of 10° 15 minutes is sufficient to reach steady operating conditions.
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Figure 2-11: Startup time response of the HF&Sn input current of 200 showing three parameters normalized
with respect to their values 60 minutes after startup with error bars presenting standard deviation of each data point

2.4.5.Adjustment of Current and Power

The current supplied to theemon arc bulb was varied in the range 8010200 A with
increments of 5 Ato characterize the solar simulator at different power levels. Through the control
of current supplied, the powercaived on a target or test object of interest can be varied as desired,
which should enable mimicking the sunb6s DNI
on a 10x 10 cn# target with respect to the supplied current are shoviigare2-12 (). Linear
regressions were then performed for each variable with their respective equatid¥svahaks
shown to provide a method of modeling these two parameters and adjusting the current supplied
as necessary. In additidrgure2-12 (b) shows the relationship between the piak densityand
power, where lanost aperfectly linear relationship exists between these two values bassdRdn
value. This, in addition to analyzing the obtained flux distributions at different cyresnsdiown
in Figure2-13as a function of radial positipdemonstratethat varying the current supplied to the
bulb does not affect the overall heat flux distribution. It rather influences the distribution in a linear

and uniform manner.
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Figure 2-13: Two-dimensional plot of thieat flux distributions obtaineak supply current values ranging from 120

200 A with increments of 10 A

2.4.6.Effect of the Number of Images Captured

The number of images captured by the CMOS can affect the results of the experimental

determination ofheat flux distribution. To determine a mmum threshold for the number of

images to be captured, a sensitivity analysis was perfdognedmparing the RMSE values of the

total power peak flux,and maximum deviation at any point with respect to the number of images

captured. This sensitivity alyais was performed fotwo different currents of 120 and 200 A to

determine whether the threshold for the captumehes is affected by instabilities in the arc due

to lower current value®oth of the analyses performed ateown inFigure2-14, where the peak

flux results were omitted to better visualize the results since theg iaular trend ashatshown
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by the maximum deviatiorAs can be seeim Figure2-14, the RMSE values for th&vo different
parameters exhibén inversely proportional behavjarhich levels off as the humbef images
increase. Based on thatt can be concluded that the threshold for the number of images captured
is around th&0images markor a currenvalueof 200 A and 25 for a current of 12Q ¥where the
reduction in the RMSE becomes insignificeimdreafter This threshold marks slightly lower than

the values of images captured in literature, where the number of images captured is astund 30
imageq36,42] However,as expectedyvhenthe number of captured images increatee RMSE
values becomeslightly lower. Therefore, 100 images were capturand processed for
characterizing the heat fluxdribution sincetime constraint was not a factor to overcome the
additional capturing and processing time, which takes approximately three extra minutes.
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Figure 2-14: Sensitivity analysis on the number of captured images based on RMSE values at (@2D®MA120 A
with error bars presenting standard deviation

As the current supplied to the bulb decreases fromA2@0120 A, the ena arc is expected

to become morenstable especially below the 80% level of the nominal current of the@jlb
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In efforts to numerically examine any effects dutheexpected instabilities within the arc at lower

supply current values, the RMSE values are compared fdwthdifferent current values. The

RMSE \alues at a single captured image for total power and maximum deviation ‘@&rand.

1.35% for 200 A as compared to 0.13 and 0.50% for 12Ba&ed on the RMSE valuesthé two

different current values, no direct effect was noticee @ the instabilitie of the >enon ar@mn the
parameters investigated, but rather it was not
at lower current values. This observation also seems to agree with the results shigwrely12

(a), where the standard deviation of the values seen were significantly lower at lower current values.

This @uld potentially mean that theemon arc shows no instabilities at current values as low as

60% of its nominal value.

2.4.7.Determination of the Temporal Instability

The temporal instability of the heat flux obtained at the focal plane was then calculated using
Eqn.(2-6) throughouta time span o minutes. Temporal instability values were averaged out with
respect to radial di stance from the targetos
temporal irstability and radial position. This relationship is plotted and shovfigare 2-15. It
can also be noticed that the temporal instability in addition to the measunemsenrtainty would
certainly deemthe HFSS to be considered as running at steady operating conditions after 10
minutes based on the results showFkigure2-11. The temporkinstability seemed to increase at
distances further away from the center within the heat flux distribution obt&megthe temporal
instability values were all below 2% for circular areas with radii UpOtoim, the solar simulator

can be classifieds class A for photovoltaic tesgjras identified by ASTM and IEC
2 .
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Figure 2-15; Averaged temporal instabilityf the HFSSor given radial positiongt an input current of 200 A
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2.4.8.Determination of the Radidon-Uniformity

The RNU was calculated in a similar manner to the temporal instability Esjng2-5) to

represent the relationship between the-unifiormity and radial distance from the center. This is

shown inFigure2-16, where it can be seen that the RNU increases with an increasing radial distance
butii

up to approximatel§ mm s

i nce

t he

fl ux

density

di

stri

Therefore, any slight misalignment in the HFSS will show amplified RNU vahgshe radial

distance continues to increase, measurement uncertainties and the resothgoraaiera have a

much more significant effedn fluctuating the resulfswvhich in return causean increasing trend

in RNU. Based onthe values obtained across the total area of 10 x 19target, the radial

uniformity of the flux distribution is safiactory within the firsdOmmapproximately, where RNU

values lie within 10%butbecomes significantly less uniforfurtheraway from the center.
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Figure 2-16: Radial noruniformity of the HFSSs a function of radial positioand at an input current of 200 A

The RNU can be attributed to manufacturing imperfections within critical components, mainly

the ellipsoidal reflector. These imperfections are usually to be expected in most solar ssmulator

However, for this simulator, the adjustment mechanism of theabsdplayed a significant role in

the increased

RNU.

The

mechani

s m

for

t he

for a precise motion of the bulb since it was manuallyedoby handand held in place by two

bul

thumb screwsln addition, the mechanism did not allow motion in explicitly one axis, which made

the optimization of the simulator, and herice observation cé more radial uniform distribution

much harder.
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2.4.9.Uncertainty of the Measurements

There are several experimental sources of errontbegexamined to ensurthatthe datas
reliable and any conclusions stated based on the experimental results are valid. The first source of
error can be attributed toglequipment used in measuring the heat flux values directly in order to
correlate the grayscale to heat fllensityvalues The HFG has an accuracy of + 3%, which creates
a maximum uncertainty of 210 kWm? for the peak fluxdensity Another source of eor is the
resolution of the CMOS camera, which has a grayscale range up to 255. Based on this grayscale
range andhe flux correlatiorfactor, the uncertainty from the CMOS camera i6#8 kWn?. In
addition, the data acquisition system used has antaimtg of + 4.7 uV, which corresponds to an
uncertainty of + 2.315 kWrh These uncertainty values were used to calculate a single weighted
uncertainty value for the linear regression of the grayscale values that was usequfing
experimental resudt Using theaforementionedincertainty valuedn addition to any uncertainty
that arises due to the process unsteaditiessjncertainty of all measurements can be calculated
using the method defined by the American National Standard Institute (f&8%I)n accordance

to this the uncertainty in the determined peak flux B220kWm2 with 95% confidence.

2.4.10.Image Merging Process

The resultingull flux map obtained by merging five overlapping flux measurements through
the merging methods shown inFigure 2-17 (a), while a contour mamn a 10 x 10 chtargetis
shown inFigure2-17(b). The pealflux densityof the obtaineddistribution was found to b@ 95
MWm2. This differs byapproximately 0.8 from the heat fluxiensityobtained with the regular
mapping method. Similarly, the total power incident on a 10 x Goea was determined 353
kW which corresponds to a deviation 85%. Per this method the CMOS camera was-re
positioned in order to fit the whole Lamberti@ngetareainside the image frame rather than just a
quarter Figure 2-1). The observeddeviation between the two methods due to additional
uncertaintieshat occur whe considering a larger target sjzeheretheresolution of the grayscale
imagess significantly affectedThe resolution was computed by quantifying the amount of pixels
representing the observed area inimthe untransformed image. The resolution walsulated
as8 px/mn¥ for the captured images of theerging methodFor the regular mapping method, the
resolution was calculated a$é Bx/mn¥. This clearly indicates superior accuracy of the regular
methodand explains the slightly higher deviationtbe total flux between both methottowever,

this is to be expected wheardirectly charaterizing a larger target area.
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It can be seen iRigure2-17 (a) thatthe flux density was quantified up to a radius of 10 cm.
Beyond this radius, processing of the grayscale images did not yield ardefisityvalues. The
reason for this is that thealibration of the grayscale values and the corresponding heat flux as
depicted inFigure2-6 is constrained by thel@it grayscale integer value. In other words, the range
of obtainable fluxdensityvalues up to approximateBOOOkWm? correlates to the range of 256
grayscale values. As aforementioned for the calibration, the applied correlation should account for
saturation once higher flux values would be observed. Taisl#ads to unclear distinction of the
grayscale values close to 0 (black) in the tail of the flux distribution where values fluctuate between
0 and 1.
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Figure 2-17: (a) Threedimensional flux distributionma 30 x 30 cAtarget area obtained through merging of five flux
maps, and at a HFSS input current of 200 A.Tiwo-dimensional view of the measured flux map on a 10 x 20 cm
target area obtained using the merging method, and at a HFSS input current of 200 A, where centered concentric

circles are shown having radii of 0.25, 0.5, 0.75, 1, 2, and 4 cm

Figure2-18 depicts the flux densifyboth local and averagandthe cumulative power of the
merged flux map. Theumulative power at a radius of 5 cm equals t® BW which differs by
approximately0.24 kW from the values obtained with the réguheat flux mapping method
(Figure2-10). The total cumulative powdor the obtained values within tmadius of 10 cm was
found to be 40kW. Based on these resultscanbeimplied that the portion ofignificantincident
radiative power at the focal plane falls withime circular area with 10 cm radjuand thus
encompasses an area larger than the area of ir@ppsvximately 5 cm in radiudn addition the
meging methodseems to be a promising approach for the characterization of wider flux

distributions, e.g. parabolic concentrators.
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Figure 2-18: Local flux density, average flux density, and cumulative pawerfunction of radial distance from the
target center at a HFSS input current of 200 A obtained using the merging method

2.5.Conclusiors
In this chapter an indirect heat flux mapping ofreew 10 kW: HFSS for solar therai and

thermochemicalapplications ispresented. The methodhplemented for the characterization
comprises the calibration of a CMOS camera with heat gaugebi@izmed which classifies the
method as an indirect onéompared to most other methottis methodises only one Lambertian
target This removes misalignment errors, which would otherwise occur when interchanging the
targetsor covering the HFG with a smaller Lambertian target to obtain the grayscale values at that
location. Furthermore, this methaauld alsosave an additional coahd time The heat flux maps
obtainedat maximum poweprovideda peak fluxdensityof 6.99 MWm? with a total power of
3.49kW incident on a 1& 10 cnf? target. Variation of the power supply current showed to have
no effect on the overall heat flux distribution other than a linear and uniform increase or decrease
of the flux. The results of a sensitivity analysis on the number of images captured by @& CM
camera concluded that the threshold for stable and repeatable d8@GimagesThenew method

namely themerging methodpresented would enable acquiringident flux data on larger target
sizes. Although the resolution of the raw grayscale imadpsined througtihis methodwas
significantly lower than theriginal method, the resulting peak fldensitydeviated just by).6%

while the total power on the same target size ok 10 cn# differed by6.5%. The method was

predicted to be favorable farider flux distributions in the fiel of concentrated solar power.

33



Chapter 3?3
Numerical Characterization of Solar Simulator

In Chapter 3the numericalcharacterization of solar simulators is presenféddough the
experimental mapping technique presented earli€hapter 2 or any of the other techniques
implemented by other researchers as sediterature, important ditional information is lost.

There are twonethodghat can be used to restore kst directional informatiora forward method

based ornthe Monte Carlo Ray Tracingwhich is the most commonlgracticed approacin
literature,and an inverse ray tracing method. Both of these methods are described and presented
herein details. Theexpaimental setup developed at HFGL is reviewed arperimental data
relevant to this chaptés presented. The results obtained from both methods are then presented and

compared, wher€hapter 3hen ends with conclusions.

3.1.Introduction

HFSSsprovide indoorexperimental testing afolar thermateactos andreceives for power,
fuel, and commodity productiorlFSSsarea stable and controllable source of high flux radrat
allowing for reproducible laboratory results and experimental testing under varying conditions. In
the last decade, several HFSSs have been ddsaukbuilt, most of which useeron arc lamps
as their radiative sourd@0], as covered previously i@hapter 2With the use of any HFSS, it is
vital to accurately map and characterize the radiative flux from the simulator at the focamilane
any other plane of interesthis is not just to derminethe performance of the HFSS, but to also
identify the input parameters for the energy balance equations and basis for efficiency calculations
[51]. Through an accurate numerical model, receiver designs can be optimized in advance to ensure
thatthe highest optical efficiency is achievatherefore, an accurate numerical iEwerization
method of the HFSS is requiréat rigorous research results

Through the flux characterization of a HFSS, all directional information of the flux distribution
at the focal plane is lasin the case of an indirect mapping metlasdthat premnted earlier in

Chapter 2this isdue to the diffuse reflectiarharacteristiof the Lambertian target. Therefore, the

2 A small portion of this chaptecontributed to paper byl. Abuseada, N. Ozal@ndC. Ophoff titledi Nu me r i c al and
experi ment al investigation of heat fpubdishedfndnt. J. HeatMasssol ar r
Transfer. 128§2019) 25135

SA portion of this chapter was accepted for publication by the ASME as M. Abuddada, Oz al p, titled Al
distribution fromasingkoul b sol ar simul ator identification through i
of the ASME 18 International Conference of Energy Sustainability, Paper No: ES28a0.
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obtained fluxmaps at the focal plane or angher plane of referena@an provide no estimation of
the flux distribution on an arbitrary surfacecblas a solar reactor. Henaemethod to restore the
lost directional information should be developed.

The most common approaches in literature to niogaky characterize HFSSeither usaay
tracing inrhouse developed codes basedtlmmMonte Carlo Ray Tracing (MCRT) method, as
previously performed by the authiar{64], orcommercial softwarsuch as TraceP{[65], VEGAS
[66], or CUtrace[67]. Theseare used to simulate the intensity distribution based on the HFSS
geometries and obtained flux mapgspite their wide usage and popularibhgseapproachesely
on ideal geometriegndfail to predict intensity distributions due to niateal conditions such as
surface imperfectiong herefore an experimental approach is necessary tomeshe directional
information as first described i68]. The methodology implements the use of flux maps at
different optical planes to achieve the intensity distribution atdabal fplaneBy having the heat
flux distribution known and the intensity unknowhistcreates an inverse radiation problem.

In this chapter, the numerical characterization of the HE®®sented and performed using
the two aforementioned methods: thdlvestablished forward MCRENd the inverse ray tracing
methods. The intensity distribution of the HAS8etermined at the focal plane. Tieperformed
through the use of 13 experimentally obtained heat flux maps at the focal plane and optical planes
further away from the HFSS. The forward MCRT metliinplemented first by developing an
in-house MCRT code to providereéference solutioto the inverse ray tracing methodology under
investigationbecause it is a wellefined problemA volumetric isotopic shapéds proposed to
accurately model the 10 kWenon arc of the HFSS for use in this study and further ones. Then,
the challenging inverse probldmattemptedollowing the methodology described[#8] and[69]
with few modifications and proposed changgsveral different solution strategiaseexamined
to determine the most accurate methodvalaate the solution method, trehouse MCRT code
is used to modehie xenon arc and provide heat fluxaps at different optical planesnilarto that
obtained experimentallyo provide a basis for the duation of performanceof the different
strategiesBy comparing th@btainedsolutions to the reference solution from MERT code, the
method of choicés determined based arlative percentage error values atietnused to solve
the inverse problem using the 13 experimentally obtained heat flux maps through the indirect flux

mapping technique.
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3.1.1.Forward Monte Carlo Ray Teang

The Monte CarldMC) method is a classification for a broad and diverse group of methods
that rely on appropriate statistical sampling techniques to solve mathematical problems of interest.
Its use in radiation heat transfieas beercommon where themethod has been used in various
problems such as nanoscale radiation, lsa@e tomography, and surface radiation with or
without participating medifZ0]. Due to the reason that only few analytical, clefed solutions
exist in radiation problems and that radiation heat transfer occurs through discrete energy bundles
(photong that travel along straight paths, the MC method becomes of great importance and is well
suited for thermal radiation problems. Therefore, the MC method applied to thermal radiation
involves tracing energy bundl&®m their emission to their absorptionipts, taking into account
any intermediate interactions with surfaces or participating nigtliaHence, the method is named
MCRT.

Since the MCRT method relies heavily on statistical representations and approaches, random
numbers and probability density functions play an important tole. best case enario, true
random numbers can be obtained by acquiring noise through some sensor connected to the
computer or by having stored externaligetermined set of real random numbéid]. However,
throughout a MCRT simulation, random numbiershe order of millions need to be generated or
drawn quickly.This makes using a set of true random numbers being very impractical, which leads
to the need of generating random numbers by the computer itself. These randomly generated
numbers are referred aspseudorandom numbemndare predetermined values that seem to be
random (meets all random numbers criteria), but are not truly random. Their use in the MCRT
method is a valid and common alternatigiwen that care is taken in evaluating the randomness of
these numbers based thre humber generator of choif#3]. Throughout the scope of thisesis
researchpseudorandom gerator functions developed by MATLAB have been used.

The MCRT method functions by dividing a radiation source or surface into a large number of
rays (energy bundles) that have equal powers, where rays are emerged in a stochastic manner
through the use asndom numbers. Each single ray is then traced from its point of emission to its
final point, where reflections and interactions with intermediate surfaces of an enclosure are
accounted for, and the loss of the ray from the system of interest is a jpgs€inte the final
destination of the ray has been determined, its history is terminated and a new ray is emerged and
traced Hence, the MCRT method provides the distribution of rays from the emitting surface to all

surfaces within an enclosure, and sag¢orporateshe use of a soalled distributior(or exchange)
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factor,O . This factor represents the ratio of absorbed radiation by suf#acehat emitted by

surface’Qdue to direct radiation and all possible reflectipfiy. A general review of the MC
method and its implementation in radiativeat transfer can be found[ifd], while a more recent
review of the methodbés advancement [#nFdrtherel evan

information and details ardiscussed later in tidethodologysection.

3.1.2.Inverse Ray Tracing

A common engineering problem in heat transfer is that the result is given, whether it is a desired
or anexperimentally measured one, and the set of conditions that achieves this result needs to be
obtained. These kind of problems are classified as inverse problems. Despite their significance and
importanceinverse problems and their resudte not coverd extensively in literature as compared
to forward or direct problem{§6]. The need for an inverse solution strategy here and/or in many
engineering applications in heat transfer is due to the fact that experimental observations of heat
flux or temperature cannot lobtained at the desiieohysical location. fie quantities of interest at
the desired location need to be found using experimental measurements obtained at an accessible
location insteaddowever, radiative inverse problems are usually complicated sincesthiés are
affected by all radiant sources in a given system. Therefore, special approaches and optimization
techniques should be implemented to obtain useful redoiterse design problems, solution
approachesand optimizéion techniques are reviewad[76i 78].

Unlike forward radiation problems that are wptised and have unique solutions, inverse
problems are usually ifposed79]. For an ilkconditioned inverse problem, multiple solutions can
be obtained, where many are either physically unrealistic or significantly oscillate in space and/or
time. Hence theyusually suffer from three main issues: musions may exactly match the data
(solution existence), exact solutions may not be unique (solution uniqueness), and solution
proceses arainstable to small perturbations or noise (instabil89]. These issues are much more
prominent as the numbesf solution unknowns becomes largezlative to the number of
measuremas known, which represesthe number of equations that describe the given problem.
Therefore, there is a need to apply additional solution constraints and criteria tpabvidle both
stable andunique solutios for inverseproblans once discretizeddence, changing the Al
conditioned system of equations (SoEs) or operations tecaetlitioned, and creating a parameter
estimation problem.

The process of changing andlbnditioned to a weltonditioned SoEs generally performed
through the use oégularization techniques, irrelevant to the solution method of cf¢8¢eThere
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are two main solution methods for inverse probletitect and iterative methods. Direct methods

include the singular value decomposition (SVD), where regularization techniques can be
implemented for the solution processuch as the truncated SVD (TSVD) and Tikhonov
regularization of zeroth or higherorder | t er ati ve met hods i nclude Ke
descent method, and the conjugate gradient least squares (CGLS),métaas regularization

techniques include Tikhonov regularization and a constraint on the number of iterations attempted

by the solver Iterative methods are preferred over direct ones for large problems, due to their ability

to perform better with sparse matrices and not generate auxiliary matrices that are more dense than

the original mapping operator in the S4BS].

3.2.Experimental Setupand Procedure

The HFSS consists of a lamp house that stginolds a 10 kWxenon arc, and is equipped
with intake and exhaust fans to properly ventilate titerior of the lamp house. Themon arc is
placed at the first focal point of an ellipsoidal reflector with its two focal poinen(f,) at 7.5
and ® cm from the vertex of the ellipgbiThe truncated reflector hsrting and ending diameters
of 9.1and 39 cm that represét andQ . The HFSS is also equipped with a power supply that
enables the control of its output power by varyingdingent supply within the range of 200 A.

The HFSS was characterized using an indirect heat flux mapping technique that incorporated
the use of a HFG, water cooled Lambertian target, CMOS grayscale camera with optical filters,
threeaxis (XYZ) slider asembly with a d#icated motion controlleand cRIO system for data
acquisition. The 35 x 35 cthambertian target was used to diffusely reflect radiation incident from
the HFSS at the focal plane and any other glahiterest. It also had a center opening to allow
for mounting the HFG, for direct measurements, while protecting the setup and structure from the
HFSSds hi gh ThelXWislideravdsiusetl to mount the Lambertian target and control
its positionwithin the three axes with a maximum linear displacement of @dimdirectly obtain
the flux distribution at any plane of intereshe CMOS grayscale camera was used to capture raw
images of the Lambertian target and correlate the captured graysdaés o heat flux
measurements. The experimental setup used and its main components are dfigwre Bi1,
while further information on the HFS& the experimental deip and equipmenare covered

previouslyin Chapter 2
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(a)

A

1. Ellipsoidal Reflector
2. 10 kW _Xenon Arc
@ 3. Heat Flux Gauge
4. Water Cooled Lambertian Target
10 kW HFSS 5. XYZ Slider Assembly
< 6. High Flux Solar Simulator
| | 7. CMOS Grayscale Camera

Figure 3-1: Experimental setup and components (a) schematidriitisn, and (b) photo

To begin with indirectly characterizing the HFSS, the HFG was mounted at the center of the
Lambertian target and used to directly map the range of flux density values at the focal plane
through the use of the XYZ slidevhile notingdown their respective positions. The CMOS camera
then captured grayscale images of the Lambertian target that was moved within the focal plane to
get a continuous diffuse surface area of 16.6 x 16?6 the grayscale values were then correlated
to flux density values, which showed a linear relationship, as stiowdhapter 2 Once the
calibration was complete, the CMOS camera was used to optically align the bulb for its optimum
position. Then, the heat flux distribution was obtained at the focal plane as webtedplanes
in the positive Airection (away from the HFSS) appsitions of 64.8 cm with increments of 0.4
cm. The experimentally measured flux maps obtained on a 10 x?Ifibction of the target and at
the maximum supply current value at the fodahp as well as at z = 1.6 cm are showRigure
3-2. As can be seen, both flux maps show a symmetrical distribution around the center, which
shows thatthe bulbwasp®p | y positioned at the reflectords
and total power values on the target at the focal plane was determined to be approximately 7000
kWm2 and 3.49 kW, which dropped to approximately 5300 k¥#\émd 3.40 kW at z = 1.6m. In
addition, Figure 3-3 shows the flux density distribution with respect to radial position from the
center at seven differenptical planes that span the rangeegperimentaimeasurements. Further
information on the characteristics of the HFSS and its heat flux distribution at the focal plane can
be found inChapter 2

39



Numerical Characterization of Solar Simulator

(a) (b)

6500
6000
5500

6500
6000
5500

—_ 5000 L . T
E ) = 5000 D
£ 4500 & £ 4500 2.
= 4000 — 4000 1
c (=4 c | =
il 3500 X o 3500 >
= = = pag
(7] = 7] =
o 3000 3. 3000
o 2500 5 o 2500 3
> 2000 > - 2000

1500
1000
500

1500
1000
500

50 40 -30 -20 -10 0O 10 20 30 40 50 50 40 30 20 10 O 10 20 30 40 50
X Position (mm) X Position (mm)

Figure 3-2: Experimentally measurdueat flux distribution on a 10 x 10 énarget area and a HFSS supply current of
200 A (a) at the focal planand (b) at z = 1.6 cm. Centered concentric circles are shown having radii of 0.25, 0.5,
0.75, 1, 2, and 4 cm.
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Figure 3-3: Heat flux distribution with respect to radial position at different optical planes

3.3.Methodology

As previously mentioned, the HFSS can be numerically characterized using two techniques.
The first technique is based on the forvard MCRT method and its implementation for the HFSS
systemwhere an irhouse code based on this method has beeglapedby the authoand used
The inrhouse code has been previously tested on a.H&ES at KU LeuvenBelgium,in [64],
where the developed code showed a great agreement with the obtained experimentalresults.
desired outcome of this metthes to obtain the shape of thenon araghat matches well with the

experimental observations, abiding to any relevant physical laws and manufacturer specifications.
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Once the shape of the arc is found, it can then be used in implementing the MCRT method i
determining the heat flux on any arbitrary shage discussed later i@hapter 4 The second
technique is to solve the ray tracing inverse problem as defined gvkening equations of the
system. The outcome of this method is to determine the intensity distribution of the HFSS at the
focal planeand restore the lost direction information from the experimental result. The obtained
solutioncan then be easily useddeterminethe flux distribution on any shape of interest.

Through the MCRT irhouse codeheat flux maps at several optical planes can be generated,
where the code keeps track of the diretiohall rays. This allows for caltating the intensity
distribution at the focal plane to be used as a reference soltierwards the obtained flux maps
can be used by the inverse ray tracing method for validation ohvkese methodologyOnce
validated, the algorithm can then bsed on the experimental results to obtained the intensity
distribution, which can also be used as a verification of both solufitresmethodology of both

methods is discussed in furthetalts in the upcoming sectioms the thesis

3.3.1.Forward Monte Carl&ay Tracing

The MCRT method utilizes stochastic sampling to obtain and model independent variables
based on statistical models that are derived from relevant physical laws. Therefore, the method
depends heavily on probability density functiof®DFs) and the implementation of random
numbers. These functions are used to stochastically detepnuperties of an emerged ray, such
as points, directims, and wavelengths of emission, reemissamd/or reflection, in addition to
results of events in participagmmedia or when a surface intersection occursaafAeementioned
the MCRT method uses the PDFs to stochastically emerge a ray from a surface or volumetric
radiation source, tracking the history of the ray as it interactspaitticipating media and stan
surfaces. The final resutif the method can either be the distribution fa&oror the resulting
power distribution, depending on whether surface and other relevant properties are assumed to be
constant or are functions of temperature.

Since the rathodology of the MCRT method can significantly differ depending on the
assumptions and treatments considered, it is vital to begin the methodology section by first
describing the assuptions of the modelThen, only the relevant equations and formulatisitis
be covered based on the assumptions followae. general relations of the MCRT method for
radiative heat transfer presented in this section were obtained#oii, 73] Further discussion
on the methodology of the MCRT method is dam&hapter 4 where the MCRT model has a
largerscope of action.
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Assumptions.The objective of the MCRT model throughout the scope of this research is to
determine the power distribution from the primary radiative source (HFSS) and any surfaces within
the system (to be considereddhapter 4. Therefore, any information about the phase of the light
wave is not considered, where only the energy of the vwgatracked.Since the MCRT method
dependsost ochastic appr oac h #arkov chanyvehére new eventsare f ol |
completely independent of all prior onddhe reflection property of the ellipsoidal reflector is
independent of temperature and radiation wavelength, and so can be considesegr&yIseirface
with a constant reflestity. The surrounding air is treated as a #patticipating medium since it is
clean and free of any dust particles. Finally, the setup and surrounding surfaces are treated as non
participating, so their readiation effects (if any) are neglected. Basedthe objective of the
MCRT model andhe si gni fi cance of neglected paramet el
valid for the scope of this research.

Fundamentals of MCRT. The variablesgoverning the action of a ray, such as direction of
emission, arendependent of each other. For example, in a spherical coordinate system, the zenith
and azimuth angles defining the direction of the ray are independent. TheadRDE,n, can be
formulated fora randomvariable [, based on a frequency functioi that describes the
distribution of thevariableobtained from certain properties. The PBkust a hormalized version
of "Oas shown in Eqr(3-1).

nr 7’?'9 . (3-1)
. O A
Based on Eqr(3-1), a cumulative PDR), canthen be constructda integrating) up to a certain
limit. The cumulative PDEhen representhe probability that would occur within the range of
integration. Sinc®d H pandrmt O  p, the cumulative PDF can be equated to a random

numberp , as shown in Eqr(3-2).
0 nr A p (3-2)

Through Egn. (3-2), variables governing the motion of the ray can be determined, as will be
presented later in the upcoming sectiohthe thesis
Surface Descriptionsand Ray Tracing. The surfaces consideredtive current MCRT model
are the ellipsoidal reflector and the target placed at the focal, plaireh is where the global origin
of the coordinate system is takéndetailed schematif the systenis shown inFigure3-4, where

the Cartesian coordinate systenthie primary coordinate system used
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Symmetric around Centerline
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Figure 3-4: Schematiof MCRT system for characterizing the HFSS

As shown inFigure3-4, both the ellipsoidal reflector and the target are placed centered around
the zaxis. Hence, both surfaces can be assumed to be symmetric. Negerttiee model of the
system cannot be treated to be #mensionglas the threelimensional characteristic would be
required for the full MCRT method coupling the heat transfer model as illustrated |&teapner
4, With that being said, |l et 6s proceed by
nomenclature defined iRigure3-4. The surface of the reflector is described as in E8).

LELENE N N TR, @

where the geometric constarits ™Q ™Q7¢, 6 06 Q0 6 06, ando 0

6 p Q o

Next is the square target placed at the focal plane to intercept radiation from the HFSS and
identify the obtained heat flux. The square target has the dimension of 20 cm, and its surface is
described as in Eqi(3-4).

G m A0 o ™ATA™® o ™ (3-4)

Having the surfaces of interest defined, several characteristics can then be presented, which
allow for tracking the rays in the MCRT modBlespite the fact that the geometric configuration
of the shapes in the current MCRT model are relatively simple, a systematic way of describing
surfaces is much more powerful. Hence, description of surfacaatéastics in vector form is the

most logical approaci.he f i rst characteristic that would
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assume that any surface can described through its geometric representation in Cartesian
coordinates aa function asshown in EqQn(3-5).
Y oYofufn  m (3-5)
The unit normal vectoi , of surface'is then calculated usiriggn. (3-6).
R e
¥ ey Y1y

o To T o
Once the unit normal vector is defined, two additional unit tangential vectors describing the surface

(3-6)

at any point need to be defined. A good approach to choosing the tangential vectors is by having
them perpendicular to daotherand to the normal vectadigllowing the righthanded coordinate
system Thereforethe two tangential vectord;land"Hare calculated using Eqf3-7).
"Hd n ATAH T "H (37

Having the normal and two tangential vectors defined, a unit vector representing the direction of a
ray, being emitted or reflected, can be determined through the geometric directional angles. The
direction unit vectorjl, is calculated usingqgn.(3-8).

1T AT-© OBERATWH OEIOBEH 6 Ho Ho6 Q (3-8)
Then, the vector representing the p&hof the ray can be determined based on the direction unit
vector and the starting positidi,'Eas shown in Eqr{3-9) anddemonstrated ifigure3-5.

"E E'E i1 00 {6 K 00 6 H 00 i6 Q (3-9)
wherei is an arbitrarylength parametethat is greater than zerand represert the distance
traveled, which is to be calculated in order to find the exact path of the ray. With this, all the
necessary formulations for tracing a ray has been covered and GRI Mlgorithm can be
introduced.

Point of emission

~ //"*.
U (unit vector) S~ AD
nit Vec o/ ppr
[N
P

Cylindrical Source

Figure 3-5: Schematic of a ray tracing for the MCRT model
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The MCRT algorithmmplemented to model the HFSS is illustrated in the form of a flowchart
as showrin Figure 3-6. Explanation of the model is discussed in details, where the algorithm is

divided intosevensections following théabeling indicated ifrigure 3-6.

a) Nrays
Ni=0andN;=0

v

/

g) Terminate and
compute heat
flux distribution

map

b)

Determine emission
location of ray

— }
Yes

v No

c) Determine emission
direction of ray

Y

d)

T

Terminate ray
Ni=N;+1

|

Ray intersects
reflector and is
reflected?

No—»

f) Determine target's
Yes intersection point
Njj=Njj+1 No
e) Determine *
intersection point of Yes

ray with reflector and
reflection direction

Ray intersects
»< with target at plane
of reference?

Figure 3-6: Flowchart illustrating the MCRT algorithm used to numerically characterize the HFSS

Initializing the Simulation - MCRT (a). The first stepf the MCRT is to equally divide the
emitting source into a large number of rays, , and to initialize the counters, and0 , by
equating them to zero. The aforementioned counters represent the current count of rays emitted by
tBt § Qatdlsl el ement i@nthexdney f oc al

directions The total number of rays to be used elegs on the computational time and accuracy

the source and that intersectech e

required. A value of at least 10,000 multiplied by the number of surfaces in the analysis is generally
recommende(i71]. However, a convergence analysis should always be performed to ensure that
the results converge to an acceptable accuracy. The value ofwill be presented later ithe

Results and Discussi@ection, with the corresponding convergence plot.
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In addition to initializing the counters, sgat properties also need to be defined, including
dimersions, electrical power of theeron arc, electrical conversion efficiency of the HFSS, and
surface properties such as reflectivity and imperfections. The electrical power of the bulb is 10 kW
for aninput current of 200 Awhile its electrical efficiency was assumed to be 0.5, based on
efficiency values normally used in literatuie similar setupg52,68,69] The reflectivity of the
reflector and its surface imperfectiorereassumed in a similar manner, while ensuring that the
assumed values providessults that are ian acceptable agreement with the obtained experimental
resuts. The assumed values for these properties will be covered in the upcoming sections.

Determining Emission Location of Rayi MCRT (b). Determining the location of emission
of a ray depends on the as®drshape of theexon arcThe arc has been previoushodeled in
|l iterature as a cylindrical volume, B8lch is m
However, it was illustrated that the arc cannot be accurately defined and modeled by a single
emitting shape, whether it is a sphere or a cylinder. A concentric multilayer model of the arc that
incorporates both of the previously stated geometries is leamdbcapturing the complex
characteristics of the af82]. Therefore, based on the results show[8#}, a combination of a
hemisphere and a cylinder with different dimensions attached to each other was previously used by
the author if64] to model a 7 KWHFSS. The esults obtained using this arrangement matched
very well with the obtained experimental daaawas thoroughly validated ii64]. Therefore, the
same arrangement was extended and used to model the currens HBK®B/ with the dimensions
of the two shapes in addition to the powestdbuted among them beinlifferent.

In this study, theenon ac is assumed to be a hemisphere thegiigeed at the first focal point
andattached to a cylinder. The initial di mensi o
specifications for the dimension of the arc and its luminance intensity distribution. Then, the final
dimensions were tunedhile keeping the arc length relatiyethe same to properly fit the
experimental heat flux distribution obtainadross the focal plane as well as other optical planes
captured In addition,the power distribution across the two shapes was the major parameter to be
modified in order to provie the best agreement with the experimental distribution and peak flux
as well as the total power values. After tuning, the bulb is modeled as an isotropic volumetric source
which consists of a hemisphere of 1 mm radius that is attached to a cylindenvinlradius and
10 mm in length with a power ratbetween the two shapes of 0.23:0r&8pectively.

Since the gnon arc is assumed to be an isotropic volumetric shapeaythveould have an

equal chance of being emitted from a location across the voltonsidering the cylindrical shape
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of the arc first, the location of emission is best determined in cylindrical coordinates. This location
is governed througkgns.(3-10) i (3-12).
- DY UA AdA%R

P — — . : (3-10)
. - YA AdA%e | !

- DY Bl A Ad o,

——— (3-11
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P — — (312
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Wherei is zero (but shown for completeness and future refereince),s the outer radius of
the cylinder,andt  andd  represent the length of the cylindBqns.(3-10) i (3-12) canthen
be rearranged to determine the location of emission in the three dimensional coordinate system
(i Fsé1x , where the corresponding position in Cartesian coordinates can then be obtained.
Now considering the spherical shape of the arc, the location of emission is best determined in

spherical coordinates. This locati®s governed through Bg.(3-13) 1 (3-15).

LY A OEHAA% i
P — . (3-13
. m w -2Yi A OBEAA% !

L. . - YOBEA AMe p AT
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(3-19

Wherel is eliminated for clarity and s the outer radius of the sphekens.(3-13) i (3-15)
can then be used in a similar manner as presented for Bei®.i (3-12).

Determining Emission Direction of Rayi MCRT (c). The direcion of emission from a gray
isotropicvolume is best determined in spherical coordinates. This is perfasimgithe previously
obtained relationships presentedtigns.(3-14) and(3-15), for the zenith and azimuth angles. Once
the angles of emission are obtained,dinection unit vector in Cartesian coordinates can be easily
found and the path of the ray is determined using E89) along with the emission locatio
determined in step (bWhen evaluating--it is important to ensure that its value lies within the
luminance intensity distribution provided by the manufacturer. For this, the rejection method was

applied to—to remain within the minimum and maximualues identified by the manufacturer,
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which correspond to values of 48nd 160. Any —values thado not lie within this range are
rejected.

Determining Intersection with and Reflection from Reflectori MCRT (d). The previously
determined path of thewy will be used alonwith the equation of the ellipsoidal surface (or any
surface of interest) to obtain analytical expression of the length parameter Eqn.(3-9). This
is done by substituting Eq(B-9) into the equation of the surface, E8+3), to obtainEqn (3-16).

00 (6 00 o 00 io 6

- - - p T (3-16)
6 6 6

Expanding Eqn(3-16) and collecting thé terms togethegivesEqn (3-17), which is a quadratic
equation to be solveid orderto determine the distance parameter
i 676 o716 070 i 60O T6 cl0O6T6 cHDOTE 66T
6O T8 GO TS OG0TSO OIS 6T p (347

If a real positive value df can be determined, then the ray ingats the ellipsoid’he determined
i value will be substituted back in Eqi3-9) to obtain the exact location of intersection with the
ellipsoid. If the zcoordinate ofhe intersection loden lieswithin 6 andod , then the ray intersects
the reflector. If neither of the solutionsiorereal positivevalues or the-zoordinate does not lie
within the truncated rangéhen the ray does nottersect with the reflector and is deemesi,lo
where its history is terminated and the caynter is incremented by one.

If the ray intersects the ellips@itteflector, it can either be reflected or absorfeddetermine

if reflection occurs, a random number, , is generated and compared te tieflectivity of the

surface, . The value of for the ellipsoidal reflector is assumed to be 0.9 ', the ray is

deemed to be reflected, and the analysis proceeds to step (e). Otherwise, the ray is lost, its history
is terminated, and the rapunter is incremented by one.

Determining Reflection Drection from Reflector i MCRT (e). Determining the reflection
direction from a reflector is different than determining the direction of emission of a ray or that
reflected diffusely, as will be covered@hapter 4For the ellipsoidal reflector, the law of reflection
is implemented. The reflected directidh, of an ideal surface is shown in E¢8-18).

T hrocl (3-18)

Since the law of reflection assumes that surfaces are ideal, the law must be modified to
accurately represent real surfaces. This is performed through the introduction of a specular error in
the form of a deviating zenith angle; [52]. This angle is illustrated iRigure3-7, where the real
(modified) surface normal, , is calculatedased orEqn. (3-8). Since a deviating zenith angle is
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introduced, an azimuth angbge , needs to accompany it to fully define the real normal as shown
in Egn (3-19).

T Ail-01 OE+AI% H OEL OBd "H (3-19)
where valusof — haveaGaussiamistribution with a mean value of zero and a standard deviation
of 5 mrad, whilevalues of% havea uniform distribution calculateasing Eqn(3-15). Once the
real normal is obtained using EqB-19), the direction of the ray can be calculated by substituting

the real normal back in Eq(B8-18).

Figure 3-7: lllustrative diagram of specular error in real reflective surfaces

Determining Intersection with Target i MCRT (f). Determining the intersection with the
target at the focal plane is pemnfned in a similar manner as that described earlier for the ellipsoidal
reflector. However, since the target has a much simpler geometrydisical plane), the length
parameter can be easily determined by equating ttemponent oEqn (3-9) with the zposition
of the target (z = 0). Using the exact location of intersection is obtained and it is then determined
if the ray intersects the range of the target, and at which disdtetlement it intersects. Sinte
target is reallyjust an imaginary surface, it is assumed to be a blackbody. Therefore, if the ray
intersects the target, it is always absorbed, the countenrsd0 are incremented by one, and the
history of he ray is terminated.

Looping and Terminating the Algorithm i MCRT (g). Once the history of a ray has been
terminated and it has been deemed as absorbed or lost, the algorithm moves to the next ray. The
algorithm shown irFigure3-6 will terminate once the number of emitted rays reaches the desired
number of rays to be emitted. Another approach is to terminate the algorithm once the maximum
percentage change (tolerancedches a desired value. Both of these approaches are satisfactory
when care is taken to evaluate the convergence of the power distribution along the target. Once the
algorithm has been terminated, the heat flux distribution is obtained by multiglyirigy the

power of each ray0  , and then dividindy the area of eactliscreteelement of the target.
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It should finally be noted that the MCRT-lrouse code is capable of computing the intensity
distribution at the focal plane. This is achieved bging track of—and%.asaray intersects a
specific element on the target. The values-ahd%.can be recorded in their raw form,divided
up into further discrete elements in both angular directions and recorded through the use of
counters. Since the number of rays emitted is in the order of millions, the second approach is

followed for lower memory usage.

3.3.2.Inverse Ray Tracing

Inverse Problem Formulation. By having the heat flux distribution obtained at different
optical planes, the flux maps can be used in an attempt to restore the lost directional information.
The method investigated here follows the method that was first desicr{lB8fifor a general three
dimensional case. A schematic illustration of an inogmay from the HFSS that psess through
the focal plane ai andother parallel planes in thedirection is shown ifrigure3-8. Once a ray
originates from the HFS&hd passes through and beyond thelfpleae, it travels through dihat
can be safely assumed to be a-participating medium. Therefore, the intensitp,remains
constant in a straight path along any direction. With the intensity at the focabplagé, which
is constant along straight path in a giverand%, the intensity at any plane can fr®jected and
traced back t80. Following the coordinate notation illustratedrigure 3-8, the intensity can be
written as shown in kg (3-20).

OGfufthifb OGO 06 A TMDAND & O BAO ARtk (320
1,(Xy» Yor Zp» 0 P)
From HFSS <
X

z

Figure 3-8: Schematic illustration of ray from HFSS passing through optical planes
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The flux densityr) , at any position anglane can then be obtained by integrating the radiative

intensity over the hemisphere, as shown in.E821).
¥

A oo "Oshuhih—+eo A T -@ EIA—A%0 (3-21)

By substituting the expression obtainedeg. (3-20) into Eon. (3-21), the fluxdensity expressed

in terms of Oonly can be written as Bg(3-22).
7

q o 06 aATEDAND §OBAO AR AT-@ER A% (322

Egn. (3-22) then needs to be solved by discretizing the system at hand. A square target at any
given plane of sidéength of 0 will be discretized intad and( elements withYo and Yo
increrments in the x and y planar directions (within a plane). The intensity and flux density will then
be a function of these planar coordinates in addition to the optical position, which is discretized
into elements witY&increment in the z direction¢eoss captured planes). The intensity at any
position is then further discretized info and( elements withY—and Y%o.increments in the
zenithand azimuth directions. The radiative flux density at any location can then be represented as
in Eqn. (3-23). Theintensity can also be discretized in a similar manner in ter@®t a , and
¢, representing the position coordinates #redzenith ad azimuth angles.

nodvha Apr N oo Ya O oVa (3-23

Since the planar coordinates will now be regarded as discrete [fiff€acing back the
intensity in a given direction to the plane of reference (focal plane) will provide continuous
coordinateso andw as defined in Eg (3-20). Therefore, an interpolation scheme will be required
to obtain a value foiQ}; i i . The interpolation scheme can be of zemtther (rounding to the
nearest position) or of firgirderas previously used i©68] and[69], where the intensity value at
the focal plane will be linearly interpolated from its four neighboring discrete points. In the case of
a zerothorder interpolation, By (3-22) will be discretized as shown in &g} (3-24) and(3-25),
where Hnd Hepresent the nearest pointiat

f

N ki Quivn AT-00EL Y—Y% (3-24)
and
HOT OT-A— and HOI OT-A— (3-25)
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However, in the case of a linear interpolation, the four neighboring intensity values will be linearly
distributed according to two weighing factass, andw , in the x and y directions. This is shown
in Eagns. (3-26)-(3-28), wherew, @ @, andwy, 0 Wy, -

h 0o Quiwen P © © Qawi s

N ik O p ® CQurmwnk AT-00E+ Y% (3-26)
h P @ p ® Qs
and
H A&l T - and H &l T4o— (3-27)
and
w y—HJ and w 5 (3-28)

Depending on the interpolation scheme of chdig, (3-24) or (3-26) can be represented as
alinear SoEs of the forile  "A€ , where'Erepresentdte measured/known collection of radiative
flux densities at the discrete planar positicAsepresents the linear operator that map® "E
and¢ represents the intensity at the focal plane. TlHiis,a column vector of size 0 0 0 ,
€ isacolumnvectorofsize 0 0 0O 0 ,while’Aisofsized 0.

Inverse Problem Solution Strategy.The linear SoEs formulated earlier is a discretpded
type of problem. The challenge here rises due to the nature of the problemm tiehproblem is
usually an underdetermined one, and the number of predictors is of equal or larger order of
magnitude than the number of measured samples; it would be impractical to capture optical planes
of a greater order of magnitude than that ofdsatigle combinations. For such problems, the SoEs
need to be regularized to provide a useful solution rather than overfitting the measured samples.
Regularization techniques include Tikhonov regularization, where the zendeh regularization
is commonlyimplemented to decrease the norméofto obtain a solution that has sufficient
complexity to adequately fit the measurements, and with the least noise amplifig@iiohhe
first or second order of Tikhonov regularization can also be implementedsia alsolution with
a bias towards a flat or smooth solution, respectively. Other solution methods impéetnéon
constraints such as naregative, equality, and inequality constraints. In the case of implementing
one of the aforementioned constrajmegularizing the SoEs mighot be of great importance, as
was studied ifi83].

The problem formulated in Bg. (3-26)-(3-28) was prevbusly studied and solved j69] for
three test cases amdcase based on experimental measergso bt ai ned from EPFL:

introduced inChapter 2while implementing a zerotbrder Tikhonov regularization and different
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unconstrained solvershe test cases wewith reference intensities of (a) uniform distribution, (b)
Gaussian distribution, and (c) uniform angular distributidne model performed satisfactory for
the test cases but unsatisfactory for the experimental one. This can be attributed to two main
reasons: the number of targets used for the test cases was much greater, and the gradient of the
intensity distribution for the experimental case was largeaddition, it was concluded that the
center fAblack spot o i n hetlturcatdd refleetor was nof resdlvedinr i b ut
the inverse solution of the experimental ci&$.

When regularizing a SoEs, a roughening ma#»and a regularization parameteare used.

The regularized SoEs is then formulated as in. E2;29).
| By ©

where the subscripydenotes the order of the Tikhonov regularization iuaénotes the specific

(3-29)

parameter that is to be regularizedfufi-%). In the case of implementing the zerotfaer
regularization, the roughening matrix will be referred t&asrhe roughening matrik is defined
as an identity matriXz ;| as a finite difference approximation of the fistier derivative, an&
as the second order derivative approximatioAbfn t he par amet er s directd.i
then be stated as a minimization problem as given by 8530), where £& represents the
Euclidean norm.
I Eler "B | By € (3-30)
In the case of using a nonnegative least squares (NNLS) ssldr as that defined by Lawson

and Hanson ifi84], Egn. (3-30) can then be restated asrE(B-31).

i ETar¢ B2 | B;E

(3-31)

When solving a discrete ifosed problem even under regularization and a nonnegative
inequality constraint, solutions may still arise that do not reflect the actual system at hand,
especially when having a relatively laiv value. Such solutions includetensity values at the
solution plane and solid angles that do not trace backto thereflecsru c h as t he fibl ac}
previously discussedn an attempt to eliminate these solutions and improve the accuracy of the
obtained solution, the ihouse code developed also traced back the points in the solution plane
depending on the discrete points and angles chusdetermine whether they can be traced back

to the ellipsoidal reflector. The reflector is defined as in.E8}3) previously introduced
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This inverse traag portion of the code then generates makiy that is sparse and contains
only ones at the locations correspondin@}@y, r that do not trace back to the reflector. Then by
implementing an equality constraint, the linear SoEs then become mordefieid, and Eqg
(3-31) can be restated as E¢3-32).

i Elare "BE | B &

(3-32)

Due to the complexity of coding constrained least squares solvers with respect to other
unconstrained o n\irefinctiondgimiasduBedl & sobvel Eqi(8t31) and(3-32).
The solution al geProiitnhtnd uasiegdosuppsri Apbrsetimatriceso The
algorithmis an iterative solver based on the interigitective Newton method described@5]. It
is important to note that the buiit function does not have a regularizing effect on its own as part
of its solution strategjB86]. However, in the case of minimizing constrained objective functions,
the solver implements the use of Lagrange multipliers in order to ensure that the local minima are
within the set constraints. In an attempt to very this, the dB¥@ method as described [i80]
and used irj69] to solve an unconstrained SoEs was used here to solve the current unconstrained
SoEs, where the results obtainegrezcomparable to that obtained udsgjin.

To obtain a solution for the intensity at the focal plamevédidating the methodology, the-
house developed MCRT code was used to modele  Hdis8ilRutios at differenbpticalplanes.
Thecode was wed to generate the heat flux distribution at the planes of interest, which represent
the planes that were experimentally captuhecddition, the code also kepack of the direction
of all the raysas previously mentionegvhich allows for calculatinghe intensity distribution at
any position on the focal plane to be used as a reference solution to that of the experimental data

and to provide a validation case for the solution methodology implemented.

3.4.Results and Discussion

3.4.1.Validationand ResultsForward Monte Carlo Ray Tracing

The first step of validating the model is to enstivat the number of rays emitted during the
MCRT simulation is of a satisfactory magnitude and provides an acceptable acthradyitial
step is of great importance in MCRT methods since convergence issues play a significRat role.
this, the relative changef the heat flux value of each element is monitai@eénsurethat the
maximum relative change in any of the flux &duis less than 1%. A maximum value of 1%

actually provides heat flux values at a relatively high accuracy and repeataiilidty discrete
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elements with high relative chargyare those far away from the center of the target. Therefore,
their heat fluxvalues are relatig low, leading to 1% tolerancder these elements being very
reasonableA tolerance value less than 1% leads to a significant increase in the required
computational time.

Throughout the entire simulation, the heat flux values wereireanisly calculatedand
updated after each iteration of the algoritt®mce the simulation ends, the normalized heat flux
values are calculated based on the final flux values obtained. Therefore, illustrating the progression
of the power distribution at ek position, which ultimately should converge smoothly to unity.
Figure3-9 shows the normalized heat flux values w.r.t. the number of rays efnidtedhe >enon
arc forthe (a) spherical and (b) cylindrical volumetric sources. The valie of used for the
entire source is 1x2Qays, which is the total number of rays for both sources combirtes.
aforementioned value might seem significantly large, bikvas required due to using a fine
mesh on the target placed at the focal plane to obtain an accurate represehthtdmeat flux
distribution and its high gradients. The discrete element size used was a squareelégnsite

lengths of 0.25 mm.
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Figure 3-9: Convergence of normalizéllix valuesont ar get 6 s c e nt e and tbyCQylimdridalesurcesp her i c al

Figure3-9 shows the successful convergence of the heat flux values for four different elements
on the target, having different radii of 0, 1.5, 3, and 5 @mfthe center of the target. Aan be
seen irFigure3-9, the elements closer to the center of the target (at 0 and taslerg converged
much faster than those further away. As discupsedously the closer elements havalues with
higher flux magnitudes, and soe the ones of most importaraed effect on the accuracy of the

simulation With that being said, a value k1 rays for( has been deemed accurate enough

for any MCRT simulation of theenon arc at a target with discrete square elemendsz&5 mm.
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The heat flux distribution obtained from the MCRimulationat the focal plane and input
current of 200 A is shown iRigure3-10 (a). In addition,the peaklux and total poweralueson
a 10 x 10 critargetacross the different experimentally obtained optical plan@shown ifFigure
3-10(b) and (c) As can be seen froRigure3-10, the model of theenon arc properly exhibits the
same behavior as that experimentally measured in terimsabffluxdistribution, power, density
and their ate of change across different optical positions. The major difference between the
modeled and experimental flux distributj@mown earlier ifrigure3-2 (a), is that tie modeled one
is completely symmetric as opposed to the presenstighitly unsymmetrical behaviors in the
experimental one, which is to be expectElis will be discussed further in the upcoming section
of the thesis

The modeled heat flux distributiat the focal plane can closely be described by a Lorentzian
distribution aswas previously mentioned @hapter 2The modeled distribution at an input current
of 200 Ahas a peak flux density of 6.985 MWnand a total power on a 10 x 10 Ttarget of
3.531 kW, as opposed to 6.99 MWnand 3.49 kW for the experimentally obtained flux
distribution. This leads tgpercentage errsrof 0.07 and 1.17%or both the peak fluxand total
power values. In addition, the half width of the modeled distribution is 6.25 mm and its half power
is 18.25 mm as opposed to the previously calculated experimental wdl6e25 and 18 mm.
Readers are referred @hapter Zor more details on the experimental heat flux disition and its
characteristics.

Based on the aforementioned discussion of the
in additionto the results shown lRigure3-10, t he sourceds proposed and
can le used to accurately model thenon arcand its heat flux distribution at d&rent optical
planes In addition, it will be used to obtain the intensity distribution as a reference solution to that
obtained experimentally using the inversetraging later in this section.

So far, the validation has been only performed for the maximum input power at the focal plane
as well as the 12 other planes that were obtained experimentally. In order to compare the xenon arc
model further, a twalimensional heat flux distribution alotige center of the target is plotted and
shown inFigure3-11. This is plotted for the maximum input current value of 200 A, an intermediate
value of 160 A, and the minimucharacterized value of 120 A. Since the heat flux distribution is
taken along the center of the tardéigure 3-11 also shows a comparison of the maximum heat

flux obtained from the model verses that experimentally measured.
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Figure 3-11: Two-dimensional heat flux distribution at focal plane and target center for 3 different current values

Comparing the experimental and modeled heat flux distobsiinFigure3-10 (a) andFigure
3-11, it can be noticed that the experimental distribution is not quite as symmetric as expected, or
as the modeled distribution. Te&perimentatontour is slightly distorted and deformed, whish i
a behavior often reported for the characterization of solar simulators in previous [@5di2s82]
There are several potential reasons for this slightly distorted shape, which include: the angled
position of the CMOS camera, minor alignment errors or shiegeriibns within the ellipsoidal
reflector and solar simulator, and asymmetries in the arc.

In evaluating the totalectricalpower available at theexon arc, and hence the power of each
ray emitted by the MCRT simulation, the relationship obtainedqusly inChapter Zor the peak

flux values w.r.t.the input current is used. The relationship of the peak flux values was used rather
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than the total power since itquides higher accuracies. This is due to the fact that it does
incorporate the portion of the target with relatively low flux values, whereptreentage
uncertainty in these measurements is significantly higher than that of the pealudius the

grayscale correlation and resolution of the CMOS canfdnia gives Eqn.(3-33) that is to be used
for determining the avtable electrical power at theeron arcD , in Wattswith an input current
of 200 A representing the rated power ok, for the bulb.

. T@odan ¢pPY
0 i (3-33
® U B P

FromFigure3-11, the maximum heat flux ranges fr@m®85to 3.315 MWm for the model,

while the total power intercepted at the focal plane ranges 3681 to 1.68&W for an input
current that ranges fron02 to 120 A In comparison with the experimentally obtained values,
these range from 6.99 to 3.31 MWmand from 3.49 to 1.49 kW, respectivelhe largest relative

error is at the lowest input current value of 120 A, where the total power on a 10 X tHigahis

off by approximately 12%. This can be attributed to the significantly higher percentage
uncertainties in the heat flux values, which are amplified when converted into power values.
Therefore, the MCRT model can now be claimed to be validated@nadate for useesulting in

the radiation source being waiimulated.

3.4.2.Validationand Resultsinverse Ray Tracing

For the validation casef the inverse ray tracing methal3 flux maps were obtained through
the MCRT code at the same optical planehase obtained experimentally. These maps were then
used for solving the linear Sokekentified earlier in théVlethodologysection and the solutiofor
the intensity athe focal plandound was compared to that obtained from the MCRT code.

It was noticed that attempting to solve the SoEs presentedrby3&2P) using 13 targets and
unconstrained least squareshimuse solvers with or without regularization did not provide useful
results using both interpolation schemes. The intensity distributiomebitaid ot match the
reference solutioand in most cases had negative intensity values. This was mastly the case with
using different kinds of roughening matrices and values of regularization parameters, where the
solution obtained had at least one riagavalue. The only condition for which negative values
were eliminated was by using relatively large valugs of, where the solution suffered from great
residual normsnd errorsRoughening matrices used were of zeroth, first, and/or second iorder,

order to impose some system charactegssach as symmetry or flatnesg (), smoothness

(E y), or reduced magnitudes for more stable solutighg (The problem solved for is presented
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in Eqn.(3-30), where the unconstrained solvers used included SVD and TSVD for direct methods,
and gradient decent and CGLS for iterative methods. The algorithms followed are as explained in
[80] and/or used if69]. Hence, this created the motivation for moving to constrained least squares
solvers, where they provided relatively better results.

Six different solution rathods, based on constrained inequality and/orligéggalvers were
investigatedInformation about the solvers and their performaaiee stated iMable 3-1, while
Figure3-12 shows theaveraged intensity values in #ddirections (although they are not uniform)
with respect to radial position on target placed at the focal plane for differealues. The
reference case represents the intensity obtained from the MCRT code, where a good solution is
expected to match it.

Cases %6 represent the solution obtainex flifferent solution methods using heat flux maps
obtained from the MCRT code. For case3, linear firstorder interpolation was used, where case
1 had no regularization applied and used a nonnegative solver, case 2 had regularization applied in
the@ w and%.to impose a bias towards a solution that is symmetric in nature (per expected from
the centered reflector) and used a nonnegative solver, and case 3 had the same regularization as
case 2 (with different parameter values) and used the equaditynaquality solvers stated by the
minimization problem in Eqg (3-32). Cases B were duplicated for cases64 but while using a
zerothorder interpoldabn scheme. The regularization parameters for each of the cases, when
applicable, were determined using the discrepancy or-thene criteria. If the parameter values
are of different magnitudes, the discrepancy criterion was favored over-¢hevéd. since it

provided better relativerror values and a distribution that better matched the reference case.

Table3-1: Summary of solution methods, details, and calculated relative error values for the irmyenseing method

Solver Interpolation Regularization 4, 404, Ek o Relative
No. Scheme (Parameter values are x30 4, 4. (MWm2?/sr) Error (%)
Ref - - 11x11x( )x8x8 32.9 -

1 First None 11x11x13x8x8 68.3 90.9

2 First | =3, ,] =60, =40 11x11x13x8x8 30.7 69.3

3 First | =1,/ ,] =60 =40 11x11x13x8x8 38.2 51.0

4 Zeroth None 11x11x13x8x8 40.9 82.6

5 Zeroth | =04, ., =15 11x11x13x8x8 32.0 52.2

6 Zeroth | =04, ., =15 11x11x13x8x8 334 30.4
Exp Zeroth | =151 ., =15 21x21x13x8x8 28.7 -
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Figure 3-12: Average intensity values along the x and y directions and in all azimuth angular directions with respect to
radius from the center of the target placed at the focal planetvith G p dor (a) reference case, (b) case 1, (c)
case 3, (d) case 4, (ease 5, and (f) case 6.

By comparing casel and 4, it can be noticed that there is a drop iralaive error value
when changing from a first to zeretinder interpolation schem&he solution further shows much
closer trends to that of the referenceec@he firstorder interpolation presented by risg(3-26)-
(3-28) seemed to cause an unnecessary complication to the SoEs and led to solutions that have

higher error values. Also, a zerathder methodology was noticed to require much less
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regularization, based on the regularizing parameter viaieee itdid not favor solutions that are
unsymmetrical (in accordance with the xiadly placed bulb and reflectpor have relatively high
intensity values as much as the fiostler interpolationFurthermore, a firsbrder interpolation
solver required approxiately five times more computational time in formulating and solving the
linear SoEsUsing a Dell XPS 15 with an Intel core-7T700 HQ CPU @ 2.80 GHz, 4 cores, 8
logical processors, and 8 GB of RAM, the computational times required to construct and solve
cases 16 were 71, 121, 25, 11, 19, and 5 seconds, respectively.

Moving from case 1 to 2, there was a significant drof@jn and thepercentagerror due to
regularizing the SoEs. However, this came at the expense of having a greater residuahichrm, w
is to be expected and fisece it is not desired to over fit the heat flux measurementsavidrage
error of case 2 is 698, which decreased even further to 3b.@fter implementing the equality
constraints based on &(3-32) as previously describe®,equated some of the intensity values
in the SoEs to zero, and hence eliminated the need to solve for some of the predictors and better
stabilized the solutiorThis is in addition to the lower computational time as previously mentioned.
For cases 4, it can be noticed that changing to zerottler interpolation further improved the
results.Moreover, by comparingigure 3-12 (e) and(f), it can be clearly seen how the equality
constraint based o helped in avoiding incorrect intensity solutions further away from the
center of the target. For instam the intensity at~ ¢® &ndi v cm significantly dropped as a
result, leading to a more accurate solutibimerefore, the solution method of choice is solver 6.

Once the solver of choice has been determined to be of an acceptable accuracy, il ¥eas use
solve for€ using the experimentally obtained heat flux maps. The intensity solution is shown in
Figure3-13, while the parameters used for its solvex defined inTable3-1. It should be noted
that a relatively higer| was used in the experimental case as a result of any noises within the
obtained experimental flux maps. Therefore, further stalgitie solution. Based dfigure3-13,
the obtained solution shows a similar trend t
exception of— ¢& JAny differences can be attributed to noises within the experimental

measurements in addition to differences between the moaleterkbal system.
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Figure 3-13: Solution of averaged intensity values with respect to radial position for the experimental case
3.5.Conclusions

In this chapter, the numerical characterization and modelingH#36 was presented using
two different approaches. The first approach was based on the MCRT method, which is a well
established and wetlefined forward analysis. Using an-tiouse developed MCRT code, the
xenon arc was successfully modeled for its haat distribution at different optical planes and
input powes to the HFSS. The seilts obtained from the modalesented great agreement with the
experimentabnes resulting in percentage errors of 0.07 and 1.17% for both the peak flux and total
powe values at the focal plane. Agas shown previously in this chapter, all the relative errors
between the experimental and modeled results remained within a very reasonable range, with the
only exceptionbeing the total poweat low currentvalues due to the sidficant increase of
percentage uncertainty within the experimental measurements. Based on the results presented in
this chapter, the proposed shape to use for modeling a 1&étin arc is a hemisphere with a
radius of Imm centered at the focal planeaitls attached to a cylinder of 1 mm in radius and 10
mm in length with a power ratio bedwn the two shapes of 0.23:0.Therefore, this model of the
xenon arc will be used in upcoming chaptersvork to simulate the effect of the HFSS on any
system ofnterest.

In addition, a second approach of experimentally determining the intensity distribution at the
focal plane or any other plane of intergstas presented. This was referred to as the inverse ray

tracing method, wherehé formulation of the inveesproblemwas presentedn details. This
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approaclhis not a welestablished one and it defines a highlypitised problem due to the nature
of the system and high gradients in the intensity itigiion from the HFSS. Two intensity
interpolation schemes we examined, where it was shown that a {ingter interpolation
unnecessary complicates the problem, rather than providing a more accurate estimationtgf intens
valueswith respect to the zerottrder interpolationThe percentage error reduced from990.to
82.8%6 when changing the interpolation scheme from a first to zemkdr. Based on the
demonstrated superiority of results of the zeimtther interpolation scheme and the significantly
reduced computational timéve times reduction)it is thus ecommended to use such scheme,
which can further allow for larger resolutionigherd ,0 ,0 , and0 values) for the solution at
the plane of interest. Once the intensity solution is obtained, thefitst interpolation can be
used to determe the heat flux distribution at any plane or shape of interest.

In addition, a new approachi constraining the formulated §s with an equality constraint
that works by eliminating some of the intensity values that cannot be traced backltipsiogal
reflector is proposed. This equality constraint reduces the number of predictors to be solved for and
eliminates the rise of unreasonable results. Therefore, it can be used as a technique to change the
ill-conditioned problem to a waetlonditioned one without depending heavily on Tikhonov
regularization methods. €hequality constrained linear 5® using the new promising approach
provided intensity values at thectl plane with a reduced percentageor based on the reference
intensity obtaied from the MCRT code. Theercentage error reduced from 69.3% to %ilif the
first-order interpolation scheme and from 52.2% to 36 fbr the zerotkorder, when implementing
the equality constrained solver. Hence, the new approach sedmesa promisingone for the
reconstruction of lost directional information for HFSIBss finally worth noting that this method
of eliminating the intensity values that cannot be traced back to the reflector does not necessarily
have to be done using an equality camistt A possible different approach is to eliminate these

intensity values and their effects from the SoEs to avoid the use of an equality constraint.
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Chapter 4*
Heat Transfer Analysis ofSolar Receiver

In Chapter 4the experimental setup at HFGL, which consists of a solar receiver in addition to
otherauxi | i ary components, will be introduced and
solar receiver, being the main component of the setup, is covered in details with further focus on
any design progress and modificasoRollowing that, the heatansfer model of the solar receiver
is presented. The ihouse developed code of the model couples the previously introduced optical
analysis performed through MCRfiethod Chapter 3 with a twodimensional heat transfer
analysis based on the finite volume metHexperimental characterization of the solar receiver was
performed, where its results are presented and used for the validationaftiecalmodel. Once
the model is validated, it can be used to simulate difféeshscenarigsuch as design afaions,
scaling up of the solar energy souraad/or control strategies tegulate the temperatuvdgthin

the solar receiver (ich will be thescope ofChapter §.

4.1.Introduction

As previously mentioned i€@hapter 1central receivers are gainiggeatattention due to their
good efficiencies at elevated temperatures, which allows for their implementation in pracesses
addition todirect electricity generatiormhese processes are referred to as solar thermochemical
processes, and they usually work by producing storablaer fuels and chemicals that are
traditionally obtained through the combustion of fossil fuels to provide réiggired high
temperature procedseat These processes include the productibrhydrogen,syngas and/or
carbon[10i 13], zinc [16,17], and other productsuch as limg19]. Through the use of solar
thermochemical processes, the carbon footprint is greatly redwbedethe solar alternativse
involve relatively mild temperatures that lapdential solar to fuel efficienciesxceeding 50%
[20]. A common type ofalar central receivers is a cavitype receiver, which iareceiverwith
an aperture that aims for maximizing irradiation captured, while minimizingdiation lost within
its cavity. Therefore, this type of receivers has an optimum aperture sizeethdts from a
compromise between the captured radiation energy from the solar source and the radiation emission

lost from the receivérs ¢ @hug, tie ypptimum aperture size depends on several factors, most

4 A portion of this chaptecontributed to publication by. Abuseada, N. OzalgndC. Ophoff t i t | ed A Numer i
and experimental investigation of heat tr amgfHeatMassn a sol e
Transfer. 128§2019)125-135
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importantyb ei ng t he ¢ a vaswas&mowntifig,mpdehgpavwendistehution from
the solar source

There are several notable solar reactor designs in literttateare designed for different
processes. The reactors can wdnotigh the direct irradiation arfteating of the reactantasis
mostly the caseayr through indirect heatings in[19,20] The optimum aperture size of the reactor
is predetermined through analyses and simulatioritkeexpected/nominal operating conditions,
and the aperture is then remained fixed for all operating conditWgitis.all designs, whesver
applicablethereat or 6 s cavi t y uartz wirsdewaak thedapeuwsel ppogde directq
heating of the r&ctants inside the reactopartz is usually the material of choice due taésirable
optical characteristice n  t he sol ar i rr adi anditsabitgto withstard en gt h
very high temperaturd87]. A comprehensiveeview of differentsolar reacta developed at PSI
can be found ifi19].

For a solar reactor system, the development of dynamic models of the system and their
validation is necessary for several applications. First, the developed model can be used as a tool for
designing solar reactors and optimizing their operating condjts in[88]. It can also be used to
determine the optimum reactords agserevouslye f or
mentioned and illustrated [id]. Furthermore, the model can be used to assess the different forms
of heat transfer and hence the overatigasss efficiencyas in[12,89] Finally, the model can be
used to simulate the transient and steady state responses and simulations of the system. This can be
used for offline system identification and control applications to mainsgmmiconstant
temperatures within the solar reactor, which include model predictive controllers and offline tuning
of controllersas in[90i 92]. The use of an accurate validated model of the process can significantly
save great time and costs associated with turongrollers for solar reactors.

To be able to accurately model the solar reactor system, several analyses need to becoupled i
order to obtain a full representation of the p
the radiative heat transfer and input power from the HFSS, heat transfer analysis for the flow of
energy within the r eac tadluiddbdynamics bnalgsis & mdnitocthemp o n e 1
f e e d s bebavidr ansl its effect on the convection heat transfer. In the case of reacting flows,
additional equations arahalyses are implemented to further govern the process at hand.

For the optical analysisi t hi n t he s ol taaoftheeaadablesrapproachesaravi t vy,
theRadiosity Net Exchange (RNE) atite MCRT methodE/0,71,73] However, the MCRT is the

most commonly used method to simulate thermal radiation in solar applicdti@tsits capability
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of incorporating probabilistic density functions and other surface properties that the RNE method

cannotaccommodatdor [16,88,93] In addition, it has been previously shown that the MCRT

method is sperior to the RNE method and provides more accurate representation of the

temperature distribution, especially where two surfaces meet at perpendicular angles in a receiver

[94]. Therefore, the use of MCRT technique has been extended béyoscbpe of simulating the

HFSS inChapter3 o model the heat transfer dsavity.o radi
In this chapter, theomplete experimental setup at HFGL will be presented. This includes the

solar receiver, which is the main component of the setup, in addition to other auxiliary components

and connectionsuch as an exhaust cleaning mechanism and a heat exchangersighefithe

solar receiver will be presented in detaisile only brief details on its auxiliary components will

be presentefbr completenessince they areut ofthe scope of this research woRollowing that,

the heat transfer model of the solareiger will be presentedstarting with the optical analysis

performed using the MCRT methadd its extension work to model the radiation emisamwell

asr ef l ection within t henalyseisthdncoapledt® atedimensiangl. Th e

heat transfer analysis based on the finite volume method to effectively model the temperature

distribution within the receive he finite volume method was the approach of choice over other

approaches due to its capability of strictly abiding to all eoration lawg95]. These two analyses

are usually coupled together when alé@pth study of radiative heat transfer is neceq8aéiyFor

the validation of the mode&n experimental characterization of the solar receiver was performed,

presented, and used to validate the numerical m@Quale the model is Vlidated, it carthenbe

used to simulate different test scenarios, such as design changes, scaling up of thergglar en

source, andontrol strategies to maintain seaginstant temperatures within the solar receiver.

4.2.Experimental Setupand Procedure

4.2.1.Expaimental Setup

Solar Receiver.The cavitytype solar receiver designed consists of five main compoasnts
follows: a cylindrical body, back plate, front flange, and two additional plates at the frortvd he
additional plates hold theugrtz window, whib ultimately seals the solar receivé@ihe front
flangebs purpose i s t o aywpiledieradiaton (portipgnrofaadiationt i on s
from the HFSS not falling within the fixed per t ur e 6 s s iotmnnectiomaf ottlers a me
compon@a t s, such as the quartz front and back pl
variable aperture (covered @hapter %. The five components come togethefdom the cavity of

thereceiver, which is made of stainlessed 316 and casafelywithstand operating temperatures
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up to approximately 1008C. An overview of the receiver being mounted in front of the HFSS is

shown inFigure4-1, while the dimensions and matesiaf its components are ifable4-1.

Quartz Quartz Front Feedstock Window Flow Carbon Feeding
Window Plates  Flange Inlet ( Inlet Port

) N N v
Exit Port & Thermocouple Reactor’s <: Rods Reactor’s
Cleaning Mechanism Housings + Probes Support * piate Back Plate

Figure 4-1:lllustration of solar receiver and connections before insulation

Table4-1: Componats of solar receiver, their materials, and dimensions

Component Material Dimensions (cm)

Main Cylinder Stainless Steel 316 Qr =10.2,0 =1.52,0 =29.3
Back Plate Stainless Steel 316 Q =13.2,0 =1.52

Front Flange StainlessSteel 316 Qy =102)Q  =4270 =0.64
Quartz Plates Stainless Steel 316 Q  =889Q , =19.70 =1.27
Window Fused Quartz ‘Q =10.2,06 =0.74
Insulation CalciumMagnesiumSilicate Wool 0 12.2

Shell Cover Aluminum 6061 Qy =37.6,0 =0250 =423

The configuration of the solar receiver and dimensions of its components were partially based
on the findings iN97]t o i mprove the temperature uniformit
improve its optical efficiency. Solar power distributions at the focal plane of ebyagy/receivers
are highly concentrated with steep gradients due to the parabolic or ellipsoidal reflectors. This

creates fihotspotso wit hi nrereglors withasignifitagtly ragher t he r
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temperatures. The presence of hotspots inside a solar receiver can severely affect its performance
by reducing its overall performance and create a safety hazard due to thermal stresses and
deformationg98]. Therefore, the solar receiver has been designed to reduce the temperature non
uniformity and any hotspots formation within its cavity. Reducing the temperaturenionmity
within the receiver hasbeenp pr oached by: (1) decreasing its
the overall length of its cavity, and (3) reversing its fluid flow direction, so that the fluid flows in a
similar manner to a counter flow heat exchanger rather than a parallel floWheneverall design
of the receiver will be covered in the upcoming sectufitbe thesis

The solar receiver hasur tangentialinlet ports at the rear side for the entry of the main
feedstock flow into the receivewith diameters of 0.4&m. The tangntial inlet portsare
circumferentially distributed with equal angles of° 90 order to creata vortexlike flow and
enhanceconvectiveheat transfersimilar to that implemented if99] and studied if{100]. An
illustration is shown irFigure4-2, where the fluid flow is expected to follow a helical path as it
progresses from the rear inlet to the front ouflée exit port of the receiver (not visibleRigure
4-2) is located at the front side of the cavity and is equipped with an exhaust cleaning mechanism
for experiments involving carbon particles fl¢autside the scope of this research wowd)ichis
the reason for having the exit port being-céiter The receiver also has four additional inlet
tangential ports at the front sigéth diameters of 0.28m, which are directed towards thaaytz
window. The purpose of these additional ports is to dosin the window and maintain it in a
clean condition in experiments involving carbon particles fl&W the inlet ports are sealed

through welding the connection fittings to the main cylindrical component of the solar receiver.

Feedstock
Inlet
Concentrated
Solar
Energy

» Receiver’s
Outlet

Figure 4-2: Crosssectional view of the solar receiver illustrating the vortex flow
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Furthermore t h e srcydirder and backdlate are threaded to allow for the connection of
10 thermocouple probes around the cavity of theivecand two additional probes at the back
plate. The 10 thermocouple probes are located at the different locations within the cavity, which
will be referred to as the front, middle, and back positions corresponding to their locations relative
tothereceier 6s aperture. At the front, there are o
spacing of 90 due to the presence of the exhaust cleaning mechadisthe middle and back
positions, four thermocouple probes are equally distributed around thewdhkithe same relative
angular positionsral an angular spacing of 90° éslsurements from these thermocouples provide
a better estimate of the temperature distribution at each axial position in addition to providing a
measure ofemperaturaymmetry wihin the solar receiveAt the back plate, one thermocouple is
located at the center of the plate, while the other is located vertically above the first thermocouple.
This provides a better estimate of the power distribution from the HFSS at the bad& pletter
validate the numerical model. All thermocouple probes are shielded within stainle84 6tabks
in order to extend their connections further a
Moreover the receiver has two additional through holes at the midgieside of its cavity.
These holes serve as means to connect a pressurevgugeelief valven addition toa carbon
feeder for experiments that involve carbon particles injection. Thevreceid s cavi ty al so
threaded connections at the lower side to allow for the connectsomppbrt threaded rods as shown
previously inFigure4-1. The rods servesaa mean to connect the receiver to the main aluminum
structure using a flat plate and a set of nuts. In this arrangement, the solar receiver can be easily
alignedin the xdirection by moving the flat plate, in thedyrection by screwing or unscrewing
the support nuts (above and below the flat plate), and in-tlieeetion by moving the aluminum
extrude supports. Thus, allowing for an easy and accurate alignment of the solar receiver to coincide
with thepre-determined focal point throtagexperimental dracterizationA color coded model of
the solar receiver, its main components, and connecdiah®wn inFigure4-3.
In order to achieve high temperatures withingbkr receiver, it has to be properly insulated
with a relatively thick layer of insulating material. As showrFigure4-3, the receiver has an
external aluminum 6061hsll that is bolted to the front flange. The external shell serves as a mean
to house the insulating material, which is CalciMagnesiursSilicate wool (commercially known
as Superwool plus blanket) that was obtained from Morgan Thermal Ceramics. Thalestiel
is divided up into five parts: four sections around the cylindrical cavity of the receiver and a back

plate as shown iRigure4-4. The external shell was divided into parts to allow for the connections
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t hat extend beyond the shell és radial di stance
enclose the insulatinmaterial. The dimensions of the external shell are previously presented in
Table4-1. Based on its dimensions, the insulation thickness is determined to be apprgxid&el

cm around the cavity and 11.5 cm around the back plate. Starting from the insulation blanket, pieces

and parts had to be cut in the right sizes to fill in the void spaces between the receiver and external
shell. The process of applying the insulgtiayer to the solar receiver and its progress is shown in
Figure4-4. With that, the experimental setup of the solar receiver is complete.

Thermocouple Probes
Inlet Ports
Carbon Feeding
Pressure Gauge

I Exit Port
External Shell

I Rcactor Body

Figure 4-4:Progress of insulation layer around the solar receiver
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Auxiliaries and Setup. Other components aralxiliaries of the complete setup include: a
carbon feeder, edust cleaning mechanism, doupipe counter flow heat exchanger with
connections to a chiller, and a particle filtdl. components are supported through dmnainum
extrude structure as shawn Figure 4-5. The carbon feeder, exhaust cleaning mechanism, and
particle filter are required for carbguarticles injection experimentation. These auxiliaries are
outdde the scope of this research work, but are briefly mentioned for completeness. The carbon
feeder is a volumetric feeder model IM0-5-AA/2 from Acrison Inc, and the exhaust cleaning
mechanism involves a revolver of the exhaust tube and a scraperricaoleaeposited carbon
particles in the tube and ensure continuous and safe opefidi®doublepipe heat exchanger has
an outer diameter of approximately 5.1 cm, while an inner diameter of 2.5 cm. The heat exchanger
is connected to an adooled recirclating chiller (ThermoFlex 900 from Thermo Scientifin)a
counter flow arrangementith a cooling capacity up to 900 W. The heat exchanger ensures that
the outlet gas temperature is within an acceptable limit 8€50nder all operating conditions.

Exhaust Cleaning Carbon Feeder To Lo g Bttt

Mechanism

High

Flux

Solar
Simulator

Exhaust Thermocouple Probe Aluminum Extrude Structure  Particle Filter

Figure 4-5: Overview of experimental setup and components at HFGL

Data Acquisition and Instrumentation. A data acquisition and control system using
LabVIEW and hardware from NI was implemented to havetiea data collection and control.
The system consisted of cRIO 9030 that can connect up to four modules, where all four slots were
used. The first module, followingigure4-6, is NI 9375, which is a digital input/output module
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that has 16 channels for each. This module is used for motor control applications, such as
controlling a variable aperture, which will be the focu€bapter 5The second and third modules

are both NI 9214, which are temperature input modules that can allow connecting up to 16
thermocouples or sensors. The final module is NI 9215, which is a voifagemodule with four
channels to allow acquisition afiditionalmeasurements, such as those fromater flow meter.

The data acquisition station is showrFigure4-6 with all the instrumentation and sensors being
connected.

In addition, flow controllers are used to control the volumetric flow rates of both the feedstock
and window line. The flow controllers are rgdsmart series obtained from Voegtlin that can
contrd the flow rate within the range of-80 LPM with an accuracy of 1% full scale. The
connection to and from the flow controllers is established through a Modbus communication
directly to the dedicated PC of the setup. Furthermgpe K thermocouple probesere usedo
monitor the temperature distribution within the solar receiasr previously discussed and
illustrated inFigure4-3, in addition to an extréocation at tle exit pipe from the receiver (shown
in Figure4-5). These were obtained from Omega, model nurvi2KIN-1/8-U-6-B, and they are
l nconel 600 type K ther mesam t2dNPTemopnting thressthatwi t h
allow them to be easily connected to the selie thermocouple probes have a temperature range
up to 1250°C and tolerance of 2.2C or 0.75% whichever is greaterFinally, type Kbolt-on
thermocouples were also used to monitor the temperature distribution around the shell of the
reactor as shown irFigure4-7, to ensure that the insulation layer is performing satisfactory and

for additional validation of the numerical model.

NI Modules
(left to right)
i o NI 9375

NI 9214 (x2)

Compact

DIN Rail

Figure 4-6: Data acquisition and control station
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Compl et e Sol ar TReconplitewerkingsetupEthe sabar receiver is shown
in Figure 4-7. Flow connections were securely tightened and ensured to be leak free.
Communication with all sensors wastablished and the data acquisition file was created in
LabVIEW. The final step was to insulate the exhanstudingboth the cleaning mechanism and
outlet pipe in order to minimize heat losses from the exhdlost to the surroundingip to the
point where the temperature measurement of the exit flow is taken. The insulation layer created
around the exhaust is approximately 7 cm. Both the insulation layer and the variable aperture mount
(further discussed i€@hapter  are shown irFigure4-7.

Quartz Quartz Front Thermocouple Outer
Window  Plates Flange Probes + Connections Shell

HFSS  Variable Aperture ~ Reactor Exhaust Bolt-on
Mount Supports Insulation Thermocouples

Figure 4-7: Complete working setup of tlelar receiver

4.2.2.Experimental Procedure

The sol ar receiver is properly aligned at
reflector. Thec ent er of t h aartz gateedincides Witk thef focal potnt sq that the
solar power into the reber is maximized. To characterize the solar receiver, transient experiments
under different operating conditions were performed to determine the transient and steady state
responses of the temperature distribution within the receiver. As woelpleetedit would take
many hours for the temperatures within the receiver to stop increasing and ultimately reach a steady

state. Therefore, the steady state from now on will be accepted as the point in time where the
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temperature gradieriisverage value dropge approximately0.05°C/min. Therefore, remaining
consistent throughout all experiments for different operating astiding conditionsThe steady
state requirement is achieved approximately after 6.5 hours when starting the experiment from
room temperature.

Experiments on the solar receiver were pernto characterize its respornsedifferent
power levels (input current to the HFSS8)d feedstock flow rate3 hefeedstock fluid of choice
was rntrogen in order to minimize deterioration of the receiver through the oxidation of its surfaces
Experiments wergerformedat three different current values starting with the maximum safe
opemtingcurrent Per initial simulations and experimentation, this current value was determined to
be 160 A, since itvasthe input current at which a maximum temperature of approximately 1000
°C was observed. Based on that, the three current values o# eterie 160, 150, and 140 A since
it is not desired to operate the HFSS for prolonged pgobdtime at any lower current values. For
the feedstockods fl ow, experi ndhsS75vand 1@ LPMone at

4.3.Numerical Modeling Methodology
4.3.1.0ptical Analysis: MCRT method

The MCRT method has been previously covered in a great de@hapter 3covering its
fundamentals, ray tracing methodologydathe algorithm of the methow model the HFSS
Therefore, the information that will be presented here is only to complement those presented
previously In addition, two types of rays will be dieéd within the MCRT algorithm to distinguish
between the agces contributing to radiation heat transfer, as commonly performed in literature.
These are the primary rays, which represent the rays from the solar source (HFSS in this case), and
the secondary rays, which represent the rays that are emitted byghe vee r 6[$6,65,9%9N i t vy

Assumptions. Since the optical analigssnow involves a larger scope, it is best to start by
extending the assumptions that the analysis considers.dfittste surfaces surrounding the solar
receiver such as the aluminum structure, are treated apaditipating. Hence, their tadiation
effects (if any) are neglected. Also, all surfaces are assumed to be diffuse gray (surface properties
are independent of direction and wavelength), and have ocbrstgface properties that are
independent of temperatufeurthermore, tie feedstock fluid @w, being fitrogen,is treatedas a
non-participating medium (completely transparefihally, the gartz window is assumed to have
a refractive index of one, dinence, not affecting the direction of any incoming rays. While keeping

these assumptions in mind, the description of the optical analysis shall proceed.
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Surface Descriptions.The solar receiver consists of only two types of simple geomeitises
different componestcan be described ascylinderandbr a cylindrical flat plate. Therefore, the
surface @scriptions are relatively easy. The dimensions of each compaene previously
summarized inmable4-1. In the case of thmain cylinder of the receiverugrtz front and back
plates, and front flange, the surfaces be described as in E¢a-1).

® o i m El G a a (4-1)
whered andd  represent the starting and ending positibttsvever, h the case of theugrtz
window, quartz frontplate front flange, and back platthe surfacesan be described as in Egn.
(4-2).

i ® O i Al @& UbT OEOQET I (4-2)

wherei mtfor the back plate ang  Ttfor the quartz front plate.

MCRT Algorithm. The subscriptin0 can be dropped andortBeubst i t
primary rays, whilethe subscript&andnow correspond to surface indicesther tharx and y
coadinates as in Chapter 3 The general MCRT algorithm for quantifying the primary and
secondary rays is shwn inFigure4-8. The methodology for therimaryrays approaching the solar
receiver vas extensively covered Dhapter 3 Here, the first step would be to determine if and
where does intersection occur. For that, the surface equations will be used in a manner similar to
thatperformed inEqgn. (3-17) to obtain equations that represent the distance travelled byup ray
until the intersection point. For intersection to occiime determined value for the distance
parameteri , will needto be a positive real number. In the cases where multiple intersections are
determinedthe intersection with the lowesalue ofi is chosenThen, vhether a ray is absorbed
or reflected by the solar receiver will depend on the surface properties, lahe wetermined
probabilistically in a similar manner as@hapter 3In the case of an opaqueaface (all surfaces
exceptthe gartzwindow), p | ,where -asper Kirchoffds | aw for d
If the ray is absorbed, the counter corresponding to the surface is incrementedbpomd t he r ay
history is terminated, where the algorithm moves to the next ray. If the ray is reflected, the reflection
direction will have to be determined.

To determine the reflection direction from a
occurs in a diffusive manner, rather than a specular one as for the ellipsoidal reflector. For a diffuse
reflection, Eq. (4-3) is used to evaluate the direction of the ray.

% OET p Rg“p (4-3)
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Once the direction is obtained, the algorithm will proceed until the ray is determined to be absorbed
by a surface, or lost from the solar receiver. The power distribution of the primary rays will be
computed oncé rays have been emitted from tHESS. With this, the section of the primary

rays is complete, where the power at each surface element can then be easily obtained.

Nyays and Njj=0 Terminate and
itota and i=0 compute distribution
factors

i=i+1landN;=0 ?
/1 1 and N; /Q—‘ Yes

‘ No
Determine emission
location of ray

' o

) . Yes
Determine emission
| or reflection direction
of ray

Ray intersects Terminate ray

No—

a real surface? N;i=N;+1
/
No Yes
Determine Determine surface j
intersection point of of intersection point
ray with surface Nj=Nj+1

Ray is absorbed

by surface? Yes

Figure 4-8: Flowchart illustration of the general MCRT algorithraaed to mdel the solar receiver
For the secondary rays, a total numbéetof discrete surface elements are defined. For each
element, a total number of rays are emitted to obtain thewer distributiorfrom surfaceéQo

surfacesQThe location of emission is determined similarly to that describezhapter 3 by

modifying Eqns(3-10)-(3-12) to obtainEqns.(4-4) and(4-5) for a cylindrical or flat platesection
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respectively. Then, the direction of surface emission is deterrttineaghEqrs. (4-3) ard (3-8),
and the algorithm proceeds as nortoatmit all rays for all surfaces involved, while incrementing
the caresponding counters.

iMeb 1 kP ha a P q (4-4)

i Poekt P o i i Rkp Ry (4-5)

The last step would be to compute the distribution fa€or that represents thiatio of radiation
emitted bysurfaceQhatis absorbed bifHlue to direct radiation and all possible reflections, where
"Q Qs a possibility. The distribution famt simply become®® 0 70 and the optical

analysis is now concluded.

4.3.2.Heat Transfer Analysis

The heat transfer analysis of the solar receiver is performed using the finite volume method,
which couples the MCRT method and its results. Adtegn components under consideration are
centered around theaxis and have geometriemd propertieghat are symmetric (except the
exhaust and insulation layer). Therefore, the system can be treated adiménsional oné the
solid phasewithout sacrificing much of the accuracy of the model. This leads to the cylindrical
coordinate system being the coordinate system of choice for the heat transfer analysis. Before
proceeding any further, all assumptions of the model shall be covered.

First, the system will be assumed to be fmensional in the solid phase and -almensional
in the fluid phase. Based on this, the system will Iserdiized in the form of annulatements
throughout the solid phasmving dimensions oféandYi , and dsk-shaped elements throughout
the fluid phaseThis form of discretizatiomlong with the coordinate systeshchoiceareshown
in Figure4-9. In addition, it is assumedhat the fluid enters from the feedstock inlet ports to the
receiver right by the back plate, and then progresseadhout the cavity until theuqrtz window.
Finally, the room temperature surrounding the solar receiver is assumed to remain constant at 25
°C. The room temperature is maintained through an air conditioner (not blowing dnewotar
receiver) and is constantly monitored through a-bolthermaouple right next to the receieis
shell, whichneverexceed 32 °C within eight hours of operian. This makes the final assumption

valid enough to be considered.
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Figure 4-9:Mesh of the solar receiver system for the heat transfer analysis

For the solid phase, conservation of energy is used intardetermine the governing equation
for each volumetric element, which describes the transient heat transfer of the entire model. Each
group of elements has a different governing equation depending on its location within the receiver.
The el ecatonwillddstermire the direction and forned heat transfer that the element
undergoes. For example, the first layer within the cavity of the receiver will involve conduction,
convection, and radiation heat transfer. Also, the power from the HFSS wilebeeipited by this
layer, and so it should be accounted for. On the other lnatedor (middle) elements only have
conduction heat transfer, whikxterior putei) elements around the receiver have conduction,
convection, and minor radiation heat transiére governing equation for the general case is shown
in Egn.(4-6), where heat transfer due to conduction and convection is assumed to be entering the
cortrol volume

6o, 0 b 0 F 5 F g (46)

Each component shown Eqgn.(4-6) must be defined to accurately represent the heat transfer
occurring. The terrif "¥Q as represented a8Y Y TYo, where the superscripts represent the
temperature at a specific diste time period ando represents the time increment when solving
for the temperature distributionds transient
the harmonic mean for the thermal conductivity is implementiéabrahanthe arithmetiamean,
since it provides a better representation at an interface between two different njatdrisihen
solving for the systemdbs response and discret
domain, the fully implicitschemds implementediue to its higher accuracgs suggested i95].

The fully implicit scheme assumes that temperature valuegjaate their final values throughout

the entire discrete time period.
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The most critical location with the most heat transfer occurring is the first layer within the
cavity walls. Therefore, the derivation analysis witly be shownfor the group of elements that
lie within the horizontal cylinder portion of the cavity. Starting fregn.(4-6), the different terms
of the equation fiothe discrete volumetric elememtathin thecylindrical cavity portion are shown
in Eqns.(4-7)-(4-11). The discrete elements are presente@bydtbased on their relative location
within the solar receiveFor clarity and to avoid confusion, the subsariindCior the MCRT
optical analysis will be substituted by and €. Indicesin the optical analysisepresent the
corresponding surfacdementather than its location. Hence, being different from the subs&@ipts

andQused in the heat transfer analysis

. ¢ i 05 ¢t g% . ¢Q Oy Ui Vi .
v hh ’T'Q 7, > Y h YF] ~ = <, h Yﬁ
P Qn Ya Q5 O Ya
. o (4-7)
ch Q”f'u ot..Yﬁ -
On Qs Vi
O m "QCIYE "% % (4-8)
. . . 0 .
o " 0 R0 G h - (4-9)
R N (4-10)
o 0:0 " (4-11)
In Egns.(4-7)-(4-11), 0  has been already definénl (3-33), — representshe conversion
efficiency of the HFSST 15,1 1 Yifg, andi i 5 Yi.With that being said,

the mass term in Eqr(4-6) becomesa ® " ¢“1 Yi Yo Just in a similar manner as
presentecearlier for the first horizontal layer within the cavity, several equations are obtained
representing the heat transfer into different volumetric elements at the boundary surfaces of the
receiver. At the outer boundary, the receiver system encounterdoksas in the form of
convection and radiation losses, where the ambient temperature is maintainedGatp2b
assumptions stated earlier.

For the fluid phase, the mass conservation states that mass entering is the same as that leaving
the control volume, which is equalda Therefore, based on conservation of energy for an element
in the fluid phase, energy due to fluid flowing invasll as that of convection heat transfeust
equal to that of the fluid flowing out. With that mentioreedl by applying the upwind schenttee

equation for the temperature at each location within the fluid phase is simplified and presented in
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Eqn.(4-12), whered  ¢“1 Ya. By now, all equations representing thatteansfer are obtained
andsolved numerically to provide the temperature within the recédrelooth the transient and
steady stawe

Y % ——="Y (4-12)

4.4.Results and Discussion

4.4.1.Validation:NumericalModel
Optical Analysis Validation. The first step in validating the numerical model is to start by

ensuring that the optical analysis once again converges successfully and provides results that are
repetitive, just similar to that performed@mapter 3The number of rays required for convergence
depends heavily on the size of the discretized elements; when the elements are largér in size,
decreases significantly. Throughout this chapter, der seceiver is discretized into a fine mesh
with 462 x 213 elements in the axial and radial directions. The successful convergence of the optical
analysis is demonstrated kigure4-10, where thga) normalized power values primary rays

and (b) normalized distributiofactorsof secondary rays are plotted w.r.t. the number of rays
emitted from the (a) HFS and (b) each surface element.
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Figure4-10: Convergence iICRT anal ysi s for di f f e foe(anornwmlzédgpowervaduesei ver 6s
of primary raysand (b)normalizeddistribution factor values of secondary rays

As shown, all values converge smoottdyunity, with the surface elaents with lower power
values (gartz plates) ifrigure4-10 (a) taking longer to converge. This behavior is per expectation
as previoushdiscussed irfChapter 3which resits in the convergence of thearytz plates being

less important than that of the cavity or back plate. In addifiure4-10 shows the significant
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decrease in the value 6f  when moving from the simulation of primary rays to that of the
secondary rays. The valueldf required for the primary rays %0 times more than that of the
secondary rays. This is can be attributed to the nature of the power distribution coming from the
HFSS, which have relatively higher gradients and loses a significant portion of power outside the
recei ver 6s Wihthaeheingsaid, falaes ef  x"1dhd 1 x 18for & have been
deemed accurate enough for primary and secondary rays simulations wifordmmentioned
discretization size.

HFSS Power Distribution. Once the successful convergence of the MGRilulation is
determined, the distribution of power inside the solar receiver can be inspeictedt 4-11
demonstrates thaputheat flux distribution along the surfacef the solar receiver due to primary
rays from the HFS&t an input current of 200.Ahe MCRT simulation shows that the region with
high flux inside the cavity is the back plate, as expected. This behavior is common iryqaeity
solar receivers, wherédnotspotsexist inside the cavity leading to nomiform temperature
distributiors. With the results simulated fRigure4-11, it can be expected that the back plate will
be the hotspot region. However, inspecting the entire flux distribution, the regiothevitighest
flux is the front giartz plate that is positioned at the focal plane, where the highest determined flux
is approximately 160 kW/tn This value correlatesevy well with the experimental heat flux
measured value at a radius of 4.45 crRigure2-10, where the experimental valuelié6 kwW/n¥.

The difference beteen the two values is due to additional input flux at the inner cylindrical portion
of the corner element.d3pite the fact that the frontuagrtz plate has the highest flux region, it is
not expected to havelativelyhigh temperatures, due to its pasitiwithin the system that subjects

it to great thermal losses. The lowest heat fegionis also shown ifrigure4-11.
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Figure 4-11: Primary rays' heat flux distribution on solar receiver
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Material Properties. With the initial validation of the MCRT simulation portion of the
numerical model, the heat transfer model will now be validated. As a startingtheiproperties
of all the materials of the receiverds setup n
from appropriate sources and then tweaked to better represent the response of the experimental
results and hence the actual modele Timaterial properties used in the numerical moghkther
assumed to be constant or as a function of temperature in Kateisummarized iffable 4-2.
Properties wer@assumed to remain constant, unless sufficient data is available to determine the
properties as a function of time and the changing properties have a significant impact on the
response of the model.

Table4-2: Material properties used in the numerical model. Temperatiris in Kelvin.

Material z (kg/md) 3_(I/kg.K) Optical Ref
. -1.784"Y +
Stainless Steel 8238 1.55€ Y+ 8.92 -=0.6 [101]
4.16€e"Y+ 3.62
Quartz 2203 700 1.3 t=0.95] =27m! [87]
. } (1.61€"Y 1 4.56€°
Insulation 1600 1050 . - [102]
“Y+ 2.65€) + 6
Aluminum 2770 875 237 -=0.8 [101]
Nitrogen 1.056 1042 2.75%? - [101]

In the properties summarized Trable 4-2, only three were ndified to closely resemble the
overall responsef the system. These were the stainléesese | 6 s emi ssi vity, insul
insuat i ondés conduct istainliesgt®el carhsgnifieamly sasy idepending orottie
surface condition, ahso it was chosen as a parameter to be tweaked. Its value can have major
effects on the overall temperature distribution inside the solar receiver. For instance, the highest
temperatureds value and | ocati on rmfare thefma nge wi
value of choice, being= 0.6, was the closest in resembling the temperature distribution inside the
receiver.

The two other tweaked par amerhiemamly asosedeetda he i n
the fact that the insulatiahell is not completely fiégd with Superwool Plus blanketffecting the
overall thermal conductivity, and that the insulating material was significantly compressed inside
the outer shell, af fecting the owvaduciVitywasdensi ty
modified by adding a constadt to the values provided by the manufacturer in order to obtain
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temperatures at the outer shell layer that are close enough to that monitored experimentally. In
addition, t he i ns ulied thy roultiglysng ttee derssity tpsovidedaby themo d i f
manufacturer by a constadt in order to obtain a transient response that closely resembles the
transient response of the system. Hence, compe
from that ealuated by the manufacturer. The final value® ondd were determine to be 0.3
W/m.K and 2.

Heat Transfer Analysis Validation. The heat transfer analysis discretizes the solar receiver
into a fine mesh of 462 x 213 elements that span the egtitens. Results from the numerical
model were obtained for the transient temperature response of the system up to 6.5 hours, which is
the point in time deemed as the steady sEitpire4-12 shows the transient response of both the
experimental and numerical results at five different locations and for four operating conditions. The
five locations represent the average temperature values across the front, middle, aadtioack s
of the receiver, in additioto the two positions at the back plate. The four operating conditions span
the range of experimental measurements, where the feedstock flow rate and input current values
were (a) 7.5 LPM and 160 A, (b) 7.5 LPM and 150(&) 10 LPM and 160 A, and 10 LPM and
140 A.

As can be seen iRigure 4-12, the numerical model accurately represents the temperature
distribution within the actual syam. It exhibits the same namiform distribution across the back
plate with the peak temperature being at its center. The average error value for the steady state
temperatures shown Figure4-12is 0.3% with a maximum relative error of 1.1%. However, the
transient temperature errors at the beginning of the experimental runs are significantly large
especially at the front and middle sections o
recorded is approximately 65%, which occurs at the front section of the cavity.

The large initial errors between the experimental and numerical results can be attributed to
three factors. The first one, which is believed to be the most dominant, is dadrsntient nature
of the HFSS, as illustrated and quantified earlidfigure2-11. The HFSS starts at approximately
75% of its steady state power and takes approximatelyinutes to reach the 95%ark. It then
reaches its optimal steady state within the first 20 minutes. This transient behavior has not been
incorporated in the numerical model, since further identification of the transient behavior was not
performedandi does not play a critical role in the
the discrepancies between the numerical and experimental results, the transient behavior seems to

be dominant in the directions and regions that intersect the front poftimasolar receiver. Hence,
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leading to significantly higher modeled temperatures at the front regions. The second factor is due
to the additional components attached to the front of the receiver that are not well modeled, such
as the exhaust cleaning amanism. These components can significantly affect the heat transfer
occurring at the front region, which again was not modeled for. The third and final factor is due to
the assumption of treating the fluid flow as ahmensional. This assumption couldvhabeen a
significant drive for the heat transfer from the backward sections of the receiver to the front ones,
leading to higher transient temperature predictions.
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Figure4-12Sol ar receiverdés temperature transient response of
locations and for different feedstock flow rate and input current operating conditions75b (aPM &160 A (b) 7.5
LPM & 150 A (c) 10 LPM& 160 A,and (d) 10 LPM& 140 A.

4.4.2 Numerical Results
Heat Transfer and Power LossesThe heat transfer modes significantly change as the
temperature within the solar receiver increases. To evaluate the accuracy of the model further and

inspect different modes of helatr ansf er, the systembés | osses wer
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losses evaluated by the model are split into three modes: radiation losses inside and outside of the
recei verldds) ,cawdrnwec(ti on | osses o0 uthessurnding f t he
(© ), and convection heat transfer to the feedstock flow (). These losses are evaluated

based on the Eqr(4-13), summabn of O ; for the outer elements subject t¥, and

oYY |, respectively, whereyY represents the temperature difference between the

feedstock inlet and outlet.

0 0 o (4-13)

The power input to the receiver, , is just the summation over " andthe power consumed
in bringing up the cavity to its temperatube, ,is just the difference betweén and the sum
of the threghermalloss modes, denoted @s . Figure4-13 shows the simulation results of the
(a) r esteadystate teidmerature contour naaqal (b)different modes of heat transtrough

the transient responsé the systenoperating under a feedstock flow rate and input current of 7.5
LPM and 160 A
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Figure 4-13: (a) Steady state temperature contour rream (b) Modes of heat transfer though the transient response of
the receiver to a feedstock flow rate of 7.5 LPM and input current of 160 A

From the results ifigure4-13(b), several observations can be made. First, the system reaches
an approximate steady state after 6.5 hours of operation as previouslyabyuime steady state

criterion since the value aj drops from 2740 to 26 W. In addition, the numerical model is

energy conservativasl approaches and never excedsfor any additional simulation time.

Furthermore, it can be clearly seen that aft@rexmately 2 hours afperationwhere the system

reaches an average temperature of approximately@p@adiation losses start ttominate the
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convection losses. At the approximate steady state, 60% of the input energy is lost through
radiation, 36% is lost through convectjoand only 4% is transferred to the feedstock flow.
Therefore, attempts to increase the overall temperature inside the solar receiver should focus on
redwctions of the radiation losses.

In addition, he steady state temperature contour map of the sokiveeés shown irFigure
4-13(a). It is clear from the contour map that there is a significant hotspot region around the back
plate. The temperature namiformity within the receiver is approximately 7 which represents
the relative difference between the highgst ) and lowes{ “Y) temperatures ith respect to
the highest onim °C. Higher temperature nesmiformities within the cavity lead to lower receiver
efficiencies since radiation losses are amplified at the hotspots, which results in higher overall
radiation losses.

Grid Independence TestThe effect of the chosen mesh sirethe results of the heat transfer
model was investigated by conducting simulations for three different mesh sife® (ag¢sh with
462 x 213 elementgb) medium mesh with 231 x 107 elements, anddajse mesh with 154 x 71
elementsin the axial ad radial directions, respectivelyhe steady state response of the system
was comparedmongst the three different mesh sizes to determine the appropriate mesh size to use
based on the compromise between accuracy and computationalFiguee 4-14 shows the
temperature distribution along the receiveros
flow rate of 7.5 LPM for the three aforementioned mesh sizes.
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Figure4-14Temper at ur e distribution along receiverés cylindric
7.5 LPM, using three different mesh sizes of 4813 elements (fine mesh), 23107 elemerst (medium mesh), and
154 71 elements (course mesh)
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Based on the temperature distribution results shovifigare4-14, it is clear that the course
mesh hadsignificantly different temperaturealuesthan that of the medium and fine meshes.
However, itwasstill able to demonstrate the same trend in the teryrerdistribution, but with
slightly lower temperature values by around Z5 The difference between the temperature
distribution of the medium and fine meshes is very insignificant. It can be seen that towards to front
region of the cavity that both mesizes provided identical results. They then start to diverge
slightly at the rear end. Nevertheless, the difference can still be treated as insignificant. However,
the fine mesh was the final chosen size for the heat transfer model, in an attemptreoroaptu
of the heat transfatynamicsfor different conditions in the upcoming sections an@hapter 5

Solar Receiver Characterization.In order to characterize tliesponse of the solar receiver,
its steady states were evalwuated by wvarying 1
feedstockédés flow rate. The averyagiethenevaated at ur e
at each operating conditioriy’ represents the average temperature value dbtivedifferent
thermocouple location8Y, Y, "Y, and average 6fY and”Y .The average temperature values
w.r.t. different operating flow rate and power level conditions are showigure4-15 (a) as a

contour map plotwhile the corresponding steady state radiation losses as a percentage of the power
input are shown ifrigure4-15 (b).

a b 3
) T(°C) )

200 200

190 1000 190

180 180

900

170 170
< <
= 160 = 160
) g0 O
3 150 S 150
5] 5]
140 700 & 140
o o

130 130

120 600 120

110 110

500
100 100
0 5 10 15 0 5 10 15
Flow Rate (LPM) Flow Rate (LPM)

Figure 4-15:Numerical steady state (a) average temperatures and (b) radiation losses, for different operating flow rate
and power level conditions

As can be seen iRigure4-15, the average temperatures range between approximately 500 to
1100 °C, where their corresponding radiation losses range between 40 to 70%. The portion of

radiation | osses is more dependent on the feed
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the solar receiver based on the gradients demonstrated by the cetataur With such
characterization of the receiver, the approximate average temperature and portion of radiation
losses can be determined at any point during the day, whef@Nl and thus power leveab
varying The data irFigure4-15 can represent the conditions where radiation losses are too high,
that it might be more effective to implement a variable aperture to help mitigate the radiation losses.
Therefore, even reaing higher average temperature values.

To further validate the numerical model for tfeying conditions andcesultsshownin Figure
4-15, the average temperature \v@uwere compared tbe experimentally obtained temperature
values. The experimental runs had four flow rate and three power level values ranging fiém 2.5
LPM and 1460160 A. Both the experimental and numerical average temperature values are
summarizedn Table 4-3. In addition,Table4-3 also summarizes thexperimentakemperature

nontuniformity andnumericalradiation losses for the different experimental operating conditions.

Table4-3: Experimental and numerical steady state average temperatxpsrimentatemperature nowniformity,
andnumericalradiation losses for different operating conditions

Flow Rate Power Level Exp.q4.] Model{+.| Temperature Nor

L %
(LPM) A) C) C) Uniformity (%) i +4%0)

2.5 140, 150, 160 771, 808, 860 766, 808, 858 39.1,37.4,37.7 57.2,59.3, 61.3
5 140, 150, 160 760, 795, 850 757, 799, 848 38.8,37.1,37.9 56.2, 58.3, 60.3
7.5 140, 150, 160 744, 788, 837 741, 789, 838 38.5,37.9,37.2 55.2,57.3,59.3
10 140, 150, 160 731, 767, 823 730, 778, 827 37.8,36.3,37.3 54.2,56.3, 58.3

Based on the results summarized able4-3, it can be clearly sedhat the model describes
the variation of”Y well. The averageerror in the average temperaturpredictions is
approximately 0.4%. The orémensional assumptionifthe fluid flow seems to be an acceptable
one in terms of the effect of the flow on the
provided values of acceptable accuracies and was representative of the systerepit ftlifferate
conditions Any significant difference between the experimental and numerical results can be
attributedto slight changes in the output power of the HFSS, such as a decrease in its output power
over time or slight differences in the input current values. In additi@an be seen imable4-3
that there is a small trend for decreasing the temperaturamfummity due to increases in both
the flow rate and power level conditiomiscreasing the flow rate helps in reducing the temperature

nonuniformity by transferring heat from the back side of the receiver to its front side, while

88



Heat Transfer Analysis of Solar Receiver

increasing the power level increases the temperature of the receiver, which increases the radiation
heat transfer from the back side to the front side. Therefore, obtaining a slightly lower temperature
nonuni formity within the receiverdéds cavity.

Optimum Aperture. A major parameter of design apdrformanceptimization ofthe solar
receiveris its fixedaperture. The size of aperture can have a significant effect on the temperature
di stribution inside the receiveros cavity in
There will be a point where the radiation losses from within the cavityydstarinating over the
amouns of solar radiation entering the system, depending on the poweniéezk blocking some
of the input energy saveslativelymore of the radiation losseBherecovered radiatioamission
within the cavitywill be referred® as0 , and it can be easily quantified througaluating the
sum overeqgn.(4-11).

In an attempt to determine the optimum aperture size of this solar récsiverd, alkits g n
dimensions were kept constant with the exception ofqth@ r t z pl at esdé i nner d
ealier asQ . This will solely test the effect of the aperture on the temperature inside the cavity
due to different aperture sizes, with no modi f
‘Q  was varied between its highestspible value ofQj to a value of 4 cmAn optimum
aperture size lower than 4 cm in diameter is not expected to exist when using theTHESS.
primary rays and secondary rays werevaluated using the optical analysis, which is then coupled
to theheat transfer analysis to-exaluate the temperature distribution at each diameter Vsdue.
the initial investigation ot h e a p effect, the muderical modelas used to simulate the
temperature distribution atflow rate of 7.5 LPM and power lelef 160 A. Figure4-16 shows
the maximum temperature, average temperature, and radiation power recovered valuesléor the
receiver at different aperture diameters.

Based on theesults shown ifrigure4-16, the average and maximum temperature values are
predicted to rach their peak vaks atcertain diameter sizeGiventhe conditions of the simulation
in Figure4-16, the optimum aperture sgeeredetermined to b8.2 and 7.&mfor the maximum
and average temperatur@hese optimum aperture sizes did not coincide, since the temperature
di stribution within the receiverodos cavity chan
proportional change acrofise cavity, as is shown later Figure4-17. In addition the obtained
optimum aperture sizes dot coincide with the aperture size for the peal of , with a value of
7.4cm, since the aperture blocks some power as a result of its reduced size, which in turn does not
compensate for the additialr adi at i on r ecover edatthatloweraperttirdre r ec
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size Although the increase in tlaerage temperature observeffigure4-16is only29°C, which

is not very significant, this effect can be much more significant in optimizing othéreedesigns.

To better observe the temperature distribution change within the cavity, the individual

t her mocoupl e

temperatures at the

f

vV e

di

are shown irFigure4-17 (a), while the temperature namiformity relationship is shown iRigure

4-17 (b).
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As shown inFigure4-17, the temperature distribution within the solar receiver changes as a

result of the different aperture sizes investigated. Therefore, the temperature profile at each
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individual thermocouple pasbn might have its own unigue aperture size at which it peaks. With
the data shown ikigure4-17(a), "Y, 'Y

,and”Y peak at an aperture size of 8.2 cm, wh¥le

peaks at 8 cm aritY peaks at 6.8 cm. Hence, depending on the objective of optimizing the aperture

size (obtain highest maximum or average temperature), the optimum size is expected to be
different. In addion, Figure4-17 (b) shows the variation in the temperature Jumiformity based

on having different aperture sizes. As a result of decreasing the aperture size froov XriXhe
nonuniformity dropged from40.8to 29.4%. However, it can be seen the at an aperture size of

around 6.6 cm, the decrease in the-ooiformity starts to be insignificant. The naniformity

values at the proposed optimum aperture sizes20@d 7.6 cm are 34.3 and 32.5%. Therefore,

optimizing the aperture size does not just provide higher temperature values, but it also significantly

i mproves

t he

temperatur e

di stri

buti

on

wi t hin

As previously mentionedhe optimum aerture size is>»@ected to vary with respect to the

characteristics of the power source, such as its distribution and ,patwaary given time. This

behavior is one of the reasons behind proposing a variable aperture, which will be introduced in

Chapter 5Therefore, in an attempt to quantify swbariation, the aperture sizeas varied w.r.t.

different power levels from the HFSS, to once again predict the optimutagpsizes at different

operating conditiongrigure 4-18 shows the variation of the average and maximum temperature

values within the solar receiver for different aperture sizes at a flow rate of 7.5 LPM and two power
levels of(a) 200, and(b) 120 A.
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As can be seen frofigure4-18, the optimum aperture size is a function of the power level

from

t he

HFSS,

wh i
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S
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120 A, the optimum aperture sizes were &&18.6 cm based on thmaxmum temperature, and

were 7.2and 8.0cm based on the average temperature. The same simulations were replicated for
180 and 140 A, which showed optimum aperture size®.@and 8.4, based on the maximum
temperature, and.4 and 7.&m, based on the average temperatAgecan be concluded, the
optimum aperture sizes for both the maximum and average temperatures decrease as the power
level from the HFSS increase$herefore, with a varying DNI, the solar receiver can be
continuousy optimizedat any given timgbased on predictiveodels by varying the aperture size

of the receiver accordingin orderto obtan maximum process efficiencies.

4.5.Conclusiors

I n this chapter, the experi ment alistingootthep at H
solar receiver and its auxiliary components were presented. The optical analysis previously
presented irChapter 3was extended to moddid radiation power distributiowithin the solar
receivebs compoResdlst s showed a high flux region a
which can leado hotspot regions developing at the rear side of the receiver. The results obtained
from the optical analysis, namely the primary and secondary rays, were then coupled to a heat
transfer model to simulate the solar receiver
input power levels and feedstock flow ratgpon tuning few ofthenod el 6 s mat er i al p
the average error value of the steady state temperatures within the receiver was 0.3%, with a
maximum relative error of 1.1%. However, numerical transient temperature values were
significantly higher than the experimentaloweh i ch was concluded to be du
power transient behavior previously characterize@€apter 2 It was thenconcluded that this
transient bkavior is ggnificantly dominant at the directions that intersect the front and lmidd
sections of the receiveroés cavity.

Upon the validation of the numerical model, the different modes of heat transfer within the
solar receiver were studied. It was shown that thgnita of the input power is lost through
radiation, wherdt comprised approximatel§0% of the lossesthat occurred at a power level of
160 A. The solar receiverf6s steady states were
levels within theange of 0 to 30 LM and 100 to 200 AThe simulated average temperatures range
between approximately 500 to 118D, where their corresponding radiation losses range between
40 to 70%.Thus, showing the significant contribution of the radiation lossethéooverall
temperature state of the receiver. This led to the discussion on the optimum aperture size, where it

was shown that the current receiver design can be further optimized by reducing its fixed aperture
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size. The aperture diameter was varied fdocm to the maximum sizd 10.2 crmwithout changing

the size of the cavity itself. Through this, the maximum and average temperatures were plotted with
respect to the different aperture sizes and for different condition, where the temperatures were seen
to peak at a certain aperture siger a feedstock flow rate of 7.5 LPM and power level of 160 A,

the optimum aperture size was 8.2 and 7.6 cm based on maximizinguximaum and average
temperatureslt was then finally shown that as the power level fittve HFSS is increasgor
decreased)the optimum aperture size becomes smdlberlarger) Therefore, leading to the
proposal of being able to continuously optimize the performance of thereo&ver at varying

s u n 6 sThiBrhidght be possible to aeve using a variable apertureechanismwhich will be
introduced inChapter 5
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Chapter 5
Variable Aperture Coupled Solar Receiver

In Chapter5, a variable aperture mechanism is introduced and its design is preSérged.
purpose of the variable aperture is to be coupled to the solar req@eeiously presented in
Chapter 4in order to control the amount of power entering thetgaori that leaving it through e
radiation lossesThe solar energy &m the sun cannot be controlled. Therefdahes variable
aperture provides a mean of controlling the temperature of the receipessibly maximizing it
through the behavior illustraddn Chapter 4 Further focus on control is the scopeGifapter 6
Since the vaable aperture controls the temperature by blocking a portion of the incoming energy,
it is designed with a heat exchanger in an attempt to recover that energy. In this chapter, the
response of the system is characterized experimentally and numerically the inhouse
devel oped numeri cal model . Experi ments were p
system \ith the variable aperture, whileeing aircooled (natural convection) or wate&ooled
through the heat exchang&€henumericaimodelisek ended by si mul ating the
effect on the primary and secondaagiationrays, where the model is once again validéteough
the experimental result8y having a validated numerical moddlfferent test scenariosan be
simulated sut as design alterations, scaling up of the solar energy source, and/or control strategies
to regulate théemperatre within the solar receiver.

5.1.Introduction

Variable aperture concepts are being developed and implemented in a great number of fields
for different purposed-ields of applicatiosinclude medicine, such as in radiotherp®3] and
radiosurgery104], optics, such am optical attenuationf105] and focusregulation[106] , and
others such agn irrigation[107]. For examplein[106], t he di aphragmbés apert
is changed to change the shape of two imihie liquids, which in turn results in tuning the focal
length of the lens.However, in radiotherapy applications, variable aperture is usually
implemente to be able to focus and shape the radiation beam, such as that of-€@ mgmanner,
to get highresolution imagesf small animals odelivercontrollable therapeutic doses.

A variable aperture mechanism consists of a number of blades, normally not less than four, that
move together in order to vary the opening of the mechanism in a desired nfdr@erotion of
the blades can either be achieved through the rotation or translation of the Inlgéegral, there

is no preference for a specific type of motion unless connections exist to or from the blades, such
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as water cooling connectisnin this case, translational motion is preferred since it is easier to
accommodat e f or Intatiddionto theirdypesob motioptheiblades can eithée
aligned to move over one anoth{ewrerlap) as in[106], or slide across one anothas in[108].
Mechanisms that have their blades overlap usually allow for more compact désigmaimber
and shape of the blades degs significantly on the desired shape of the varying aperture. In most
applicationsit is usuallymore desirabl¢o havea circular aperture over a polygonal shaped one
which ismoredifficult to achieve

Forcircular aperturg the edge of the bladeged to be curved in order to provide the curvature
required for a circular opening or at least to properly approximatd& beemost convenient curved
edge for blades would be an arc, which means that the mechanism will only allow for a perfect
circularopening at the radius of the aiiche aperturé¢henbecome less representative of a circle
away from that radiusurthermorecircular variable aperture mechanisms in literature tend to have
a closer approximation of a circular aperture as the numbeiadéd increases, d@swould be
expectedand studied in[105]. Therefore, designing circular variable apertures becomes a
challenging task since a perfect circle willlpte achieved with a relatively large number of
blades, which is not d&able As the number of blades increases, the mechanism becomes larger
in sizeand weightand more difficult to controhnd maintainHence, a compromise needs to be
done between thievel of circular approximation and the thickness or size requirements.

Theoretical studies and numerical investigations have shown that atyaeétgolar receiver
has an optimum aperture sizenditich ®lar irradiance is maximized white-radiationlossesrom
its cavityare minimizedAs previously mentioned i@hapter 4this optimum aperture depends on
many factors, most importantly being the operating temperatéi the reactor and power
di stribution input at the receiverods aperture
optimum aperture is expected to vary throughout the day. Therefore, a variable aperture coupled
solar receiver seems to bgromisng approach to continuously optimize the aperture. Sihe
aperture will need to be adjusted in a manner so that the addittmoaleredre-radiation losses
from the cavityby closing the aperture to a certain size isurplusof the incident power bicked.
This will allow for higher efficiencies and operating temperatures to be achieved within the solar
receiver. Previous variable aperture mechanisms coupled to solar reteiffierent forms and
control methodsan be found ifil09i 111].

In addition t o tappkcationaof nazrirbiding theaqperatirig Uempedatire

within a solar receiver by changing to its optimum aperture size, the variable aperture mechanism
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can be also used as a mean of controlling the temperature within a receiver. The type of application
wildepend on the chemical process involved and
receiver 6s temper at ur e -conktant opguating cond#ions, thewvarialllen at  r
aperture mechanism can be used to directly affect the postebdiion inside the receiver, and
hence its operating temperatuf@is method of control can be superior to other methods currently
being implemented, such as heliostats \enetianblind shutters contrdiL09]. Further work on
the subject of maintaining sefmonstant temperaturdsrough thevariableaperture control will be
the focus ofChapter 6

In this chapterthe design of a variable aperture mechanism for a solar receiver is presented.
The mechanism consists of eight blades that move in a translational type of motion to approximate
a circular variable aperture. The solar recei\v
also be presented. Since the mechanism will intercept disggmhiamount of power from the HFSS
when fully opened or varying its apertureds si
an attempt to transform the intercepted power into useful energy. Therefore, the mechanism has
four primary wateicooled blades and four secondary-aiolad blades. Once the experimental
setup and design has been presented, the response of the system is characterized experimentally.
Experiments were performed to characterize the
while being entirely aicoded and partially watecooled through the heat exchanger in the four
primary bladesFor the wateccooled experiments, the amount of enecgpturedby the heat
exchanger was quantified for different apertsizes The numerical model is then extended,
beyond the scope dfhapter4 by si mul ating the variable aper
secondaryradiation rays, where the extended model is once agaihdated through the
experimental results. Once the model has been validatedised to characterize the response of

the receiver to diffeent operating conditions amdopose some design alterations.

5.2.Experimental Setup
5.2.1.Design of Variable Aperture

The variableaperture mechanism was designed to have several characteristics of interest in its
application for cavitytype solar receivers. The overall designctionalrequirements to be met by
the variabé aperture are listed beloWhe mechanism needs to:

91 closelyresemble the iris of an eye by having a circular aperéureircular aperture is

preferred over a polygonal one, since the heat flux distribution incident on a solar receiver

96



Variable Aperture Coupled Solar Receiver

from a parabolic/ellipsoidal reflectds circular in nature and has significggnhigh
gradients. Therefore, a naircular aperture will severely affect the power distribution
inside the receiver, leading to a more fumiform temperature distribution across its
cavity. In addition, it will not be capable of resembling an optimyrertare size at
different operating conditions, since the variable aperture will be blocking relatively higher
solar power in some sections, while relatively lower in other sections as it changes its size.

1 have a simple translational motion of the blad@haut any change to their orientation
This would allow for easy connections to be established from and to the blades, such as
water connections, without amgngling or jamming issues.

1 accommodate for a heat exchanger. This would allow for recoverimgiamof the energy
intercepted by the variable aperture mechanism in an attempt to increase the overall process
efficiency of the solar reactor. The energy can be recowesbeéat stored in a working
fluid. In the case of the experimental work here ewatill be used as the working fluid.

1 be able to withstansignificantlyhigh thermal flux leveland thermal stresses, in addition
to having a relatively good thermal conductivitihe variable aperture mechanism will be
subjected to high thermal flux lels with high gradients and different operating conditions
throughout a day. Therefore, it needs to be able to withstand these conditiams for
prolonged period of operation. The mechani s
conductor to be able transmit energy efficiently to the working fluid in the heat
exchanger.

1 have a maximum aperture size similar to the fixed size of solar recéhismwould allow
for a more flexible operation of the receiver, where the aperture can be changed up to the
designed fixed aperture at the designed operating conditions.

1 be compact in size and thickne3#is would allow for easier integration with the solar
receiver system and lower disturbance to the heat flux distribution at the aperture size of
t he r efixed Bperture.6 s

With the overall desigfunctionalrequirementslefined earlier, the design of the variable aperture
mechanism shall now be presented. The fabricated and fully assembled mechanism at the maximum

aperture size is shown kigure5-1 for its front and rear views.
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Secondary (Air-Cooled) Mount/Support
Water In Blade Primary and Guiding Plate
and Out . (Water-Cooled) Guiding Gear
A Blade ——— (underneath)

Guiding »,,& _ L & o

Gear_ » @

Aperture

Front View Rear View
Figure 5-1: lllustration of the variable apertuten real view, for a maximummpening size of 8.75 cm in diameter

As can be seen Frigure5-1, the blades of the variable aperture mechanism have curved edges.
Unl i ke some ot her athaeecstamht édges)$hé blands prdsensed hete need to
be curved in order to better approximate a circular aperture. With that being said, the blades are
designed to provida perfectly circular aperturghen fully opened, by having their edges curved
with arcs of that dimensiofn addition,the variable aperture mechanism consists of eight blades
in total. This number was based on a compromise between the level of circular aperture
resemblance and the overall thickness of the mechanism. With eigtes biadtotal, the
mechanisis variable aperture can approxi mate a
i ncreasing the m eTbheh averall ghicknessof tthe i eatikeneeshanism is
approximatelyt.0cm.

As illustrated inFigure5-1, the eight blades are divided into two groups: primary and secondary
bladesThe primary and secondary blades alternate, creating a fully circular ap€hengrimary
blades ge coupled witha heat exchanger by designing channels that flow through them and cover
mostof their surface areas for a more efficient energy recovery system. The primary blades are
split into two parts, lower and upper plates, thatcéamped (boltedjogether to form the primary
blade and house the flow channels. Twe parts of the primary bladend its water cooling
channels are shown Figure5-2, where the suppt holes that connect the primary blade to the
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mechanisnmarealso shownAs for the secondary blades, they have much thinner diameters and do

not have water cooling chansel Ther ef or e, thexoatedoef@heedet
blades are not wr-cooled, since coupling them to a heat exchanger would significantly increase

the overall thickness of the mechanisgmaddition, he secondary bladesly cover up a relatively

small surface area of the overall mechanighnen fully opened, and are cptately shadowed at

smaller aperture sizeas shown irrigure5-3. Therefore, the energy intercepted by the secondary

blades is not very significant. Finally, both thinary and secondarfba des &6 edges ar e
like two-step stairs that allowhe blades to overlap at smaller diameters for a more compact design
(Figure 5-3). The toal thickness of the primary blade is approximately 1&b, while the

secondary blade is just 0.min thickness

M Clamping

Holes

Water In

Water Out

Water Cooling
Lines

Figure 5-2: Crosssectional view of the fabricated primary blade, showing the wateling channel

5.2.2.Motion of Variable Aperture
The motion of the variable aperture mechanis
manner. This helps in avoiding any tangling or jamming issues between the water connections of
the primary blades. Theanslational motion of the blades was achieved using mounting/guiding
plate in addition to a guiding geas shown inFigure 5-1. The thickness values of thesgo
commnents are 0.45 and 0.85 cm, respectivehe function of the mounting/guiding plate is to
attach the mechanism to the solar receiver, while constraining the blades in a single axial motion.
Moreover, it supports the bushings from the guiding gear, $ahbaear rotates in a constrained

circular motion as desiredt.finally connects and supports all the blades (primary and secondary),
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and keeps them within their desired levels and positibmstefore, the mounting/guiding plate is

not allowed to rota. On the other hanthe guiding geais the component that forces all the blades

to translate in a synchronized motion. By rotating the guiding gear, through a driving chain, the arc
paths within the gear, best shownFigure5-4, force the blades to follow the paths of the arcs,

while still adhering to the constrained path set by the mounting/guiding Hieee, obtaining a
translational motion that allows to conttolh e aper t ur eds &iguzed-3shdws t he me
the front and rear views of the fabricated variable aperture mechantbnee different opening

diameters of 6, 4and 2 cm. As can be seen, the variable aperture closely resembles a circular
aperture at its different sizes. However, this resemblance decreases with decreasing diameters, as
can be seen iRigure5-3.

Rear View

Figure 5-3: Front and rear views of fabricated variable apertureopening diameters of 6, 4, and 2 cm
To be able to control the wvariable aperture
rotation of the guiding gear to the motion of the blades need to be obiHedill in turn provide
a relationship for the number of motor steps or rotationiregytio obtain any desired aperture size.
The schematics of the guiding gear and mount/guiding plate of the variable aperture mechanism
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are shown irFigure5-4, where() represents the origityrepresents the center of the arc, and
represent a point with a fixedooordinateFromFigure5-4, the variation of the radius or diameter

of the variable aperture can be obtained analytically based on the equation of the paths that govern
its motion.

Guiding Gear Mount/Guiding Plate

Figure 5-4: Schematics of the guiding gear and the mount/guiding pldtesofariable aperture mechanism, whale
measurements are in cm

Only one of the arc paths shownFkigure5-4 will be considered, since the other paliasve
the sameact pattern. By considering the path within the guiding gear with its dimensions shown
in Figure5-4, t he analytical posi tion ofartinglwghtiel ade o s
equdion of a circlepresentedn Eqn.(5-1).
0 o W W Y (5-1)
where'Y =8.26 cmw=w =11.10 cm, and the initial values af andw are 3.99 and 3.16
cm, as shown irrigure5-4 and while taking the center tife aperture as the origim addition,w
is the vertical position of the arc pae&tih, wher
+5.21, withi being the radius of the apertuwith the initial values ofo andw, the initial polar
anglel that the path creates with theaxiswhen the aperture is fully open&d38.3. When the
guiding gear rotates, the valueswfandw change and are functionstb polar angles-as shown
in Eqn.(5-2), whereY =Vo% w o® @=5.09 cm.
® YAT S 0EQw YOE+ | (5-2)
Substitutingeqn. (5-2) into Eqn.(5-1) and solving foii gives Eqn(5-3).

i uvtw M@ ATIO OET] p® P VBT ET L] p (53
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wherg “ — p ¢8tF J Egn.(5-3) then provides the relationship between the radius of the
aperture when varying the angle of rotation of the guiding gead, tsyarting from théully opened
position As can be seen frigure5-4, the guiding gear will need to rotate clockwise to start closing

the aperture. Henceswill have negative values. Bynly considering the magnitude of angular

rotation, its r el adametercanhbe pottad agshotvnkiguredd-6. apert ur e

35
30 Analytical

T o5 L X CADModel

2

[ | Poly. (Analytical)

£2

c
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Figure5-5:Rel ati onship of wvariable aperture mechani smés openi

In order to obtain a simpler expression to be implemented in the control algorithm of the
variable aperture, the analytical relationship
bestfitted with a third order polynomial equation. The bspolynomial plot and equation are
shown inFigure5-5 and Eqn(5-4). This shows that there is no significant harm in treating the
relationship as a third ordpolynomial. Therefore, Eqii5-4) will be used from now on toontrol
the variable aperturevhere—andQare in degrees and cifor a quick verification of the analytical
solution, values of thengular rotatiorior different aperture sizes were also obtained from the CAD
model of the mechanism. These valuesealate well with the analytical solution provided by Eqgn.
(5-3), as shown irFigure5-5.

— T8I T BT MNWT AYXT (5-4)
5.2.3.Auxiliary Components

The auxiliary components of the variable aperture mechanism consist of a stepper motor,
gearbox, motor mount, bearing, and gear. The complete setup is shbigareb-6. The stepper
motor, SureStep DC integrated stepper motor and drive (model numbeviSRP-17038E), has
a NEMA 17 frame size, maximum holding torque of 0.48Nrotor inertia of 0.082 Kgnv,
adjustable steps per revolutioh200 to 25000 steps, and finally an external encoder. The stepper

motor has been adjusted for 200 steps per revolution. In addition, the stepper motor has been
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attached to a gear box, SureGear precision planetary gearbox (model number PSBEMN}Y, that

has a 50:1 gear ratio and allows for a nominal output torque ofa6TKe final component is the

motor gear, that has a gear ratio of 3:1 with respect to the guiding gear of the variable aperture
mechanism. With that being said, the stepper motor veddnto pgform 30,000 steps for a

complete rotation (369 of the guiding gear and approximately 2500 steps to move from a fully

opened aperture to a fully closed aperture of 2FKigure56al so shows the mot or ¢
line, which is required for a safe continuous operatwoundthe solar re ei ver 6 s el ev:

temperatures.

Figure 5-6: Auxiliary components fathe variable aperture mechanism

5.2.4.Air-Cooled Variable Apertur8etup

The aircooled variable aperture experimental setup is showigire5-7, demonstratinghe
different compnents and their assembly with respect to the solar rec&xperiments without
the use of the coupled heat exchanger were perfoatndifferent aperture sizés test the effect
of watercooling the variable aperturen the temperature distribution i the receiverNot
having the blades wateooled could potentially provide higher cavityregiationsavingshown
in Figure 5-7a) andradiationemission into theeceiverin addition to lower conduction losses

During the aircooledexperiments, all the cooling channelsrezgeompletelyfree of water.

5.2.5.WaterCooled Variable Aperture Setup

The aircooled variable aperture setup was not allowed to run for more thatafesain order
to avoid the deterioration of the mechanism due to prolonged exposure to high thermal fluxes.
Therefore, after characterizing -tobled vamiablea r rec
aperture, the rest of the experimental work was cotedl using a waterooled one. The
experimental setup of the watewoled variable aperture is showrHigure5-8. The primary blades
are connected together and to the water supply inlet and outlet lines, through the use of stainless
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steel flexible tubing, as shown Kigure5-8. The stainless steel tubing is capable of withstanding

the heat flux that it is exposed to at smaller aperture sizes.
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Figure 5-7: Air-cooled variable aperture experimental setajpafter an experimental rushowing cavity re
radiation, and (b) during an experimental run
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Figure 5-8: Watercooled variable aperture experimental setup

In order to be able to quantify the amounteakrgycaptured by the heat exaiger, type K
thermocouple probes are connected to the water supply inlet and outlet lines as shimurein
5-8. The water flow rate ialwayskept below 1.0 L/mir{usually around 0.4 L/mirtp be able to
measure a higher temperature difference, and hence decrease the uncertainty within the results due

to the thermocouple probes. The water flow rate is being measured and monitored using a model

S-111 flow meter proded by McMillan Company, which has a flow range fromD.Q L/min
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with an accuracy of 1%. Conneat®are established between tRé@ and the flow meter to allow

for continuougata acquisition.

5.3.Methodology and Procedure

The numerical model created earlin Chapter 4s modified in order to include the variable
aperture mechanism. The variable aperiarassumed to be circular at all sizes and hence can be
treatel asa surface given by Eqi6-5), for different apertureadii of i

O O i A & mWiEOIOER O MicOADBAA (5-5)
Egn.(55 can t hen be used in the optical analysis t
primary and secondary rays of the solar receiVérs is the only mode at which the variable
apertue is included in the model, since its temperature distribution is assumed to be insignificant
and hence noincluded in the heat transfer modé&herefore, any radiation intercepted by the
mechanism is assumed to be lost and the mechanism does not haagiatign emissions to the
receiver.

In characterizing the effect of the variable aperture mechanism, steady state temperature values
within the receiver are obtained in the same manner@kapter 4keeping the same steady state
criteria. The usefubowercaptured/recovered from the mechanism can be easily obtanoedh
Eqn.(5-6) for any moment in time during experiments.

0 GoaYY oo Y Y fom (5-6)
wherewrepresents the water flow rate in L/mii  and”Y represent the thermocouple recorded
temperatures, ang is assumed to be constant with a value of 4187H/kghe useful power
captured can provide a basis for efficiency calculatianist. the amount of power actually
intercepted by the variable apge mechanism. The power intercepted by the mechanism can be
easily obtained from t hed=p0.04naad can beedfigdbptheo pt i c al
experimental intercepted power at the focal plane using the reskiguire 2-9 andFigure 2-10.

Oncethe intercepted power w.r.t. different aperture sizes has been obtaiodgha@mial function
can be fitted to the data to provide a mean of evaluating the power intercepted at any given period
of time throughout an experiment. The relationship and fourth ordefibpstynomial equation

are shown irFigure5-9.
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Figure 5-9: Relationship of power intercepted by variable aperture mechanism to its diameter
5.4.Results and Discussion

5.4.1.Air-Cooledvs. WaterCooled Variable Aperture

The first part within the results section is to investigate the effect of water cooling the variable
aperture and whether it has any effect on the temperature distribution inside the solar receiver. For
this, the steady statemperature values across the receiver were obtained experimndotall
different aperture sizgganging from 2 to 8.75 cmyvhile the variable aperture mechanism is air
cooled and watetcooled. The rest of the experimental conditions were kept relatikiel same
throughout, including the duration of experiment and starting temperatunese the feedstock
flow rate and power level were maintained at 7.5 LPM and 16ChA experimental temperature
values at different positions within the receiver arewsh in Figure5-10w . r . t . the aper
diameter for the two cooling methods. For thecaioled experiments, the minimum aperture was
only set to 4 cm in diameter to avoid the deterioration of the mechanism due to high radiation flux
levelsat lower sizes.

Based on theessults shown ifrigure5-10, the steady state temperatures were not affected by
water cooling the variable aperture mechanism. The two sets of temperatures at diffstienspo
and while air cooling or water cooling the mechanism were nearly identical at smaller aperture
sizes and were slightly higher for the-a@roled experiments at larger aperture sizes. However, the
maximum difference between the two sets of tempezatwas approximately*€ or 0.45%. This
difference is insignificant and can be attributed to changes in the uncontrolled variables, such as

the decrease in xenon arcd6s output power over
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Figure 5-10: Steady state temperature distribution for-agoled and watecooled variable aperture at different
diameterdor a feedstock flow rate of 7.5 LPM and power level of 160 A

Furthermore the addition of the variable aperture mechanismtedea significant drop in
temperatures within the solar receiver, with its front side having the most significant decrease. The
steady state temperatures™dt , Y , Y, “Y, and"Y for the experiment without the aperture
mechanism and at a feedstock flow rate and power level of 7.5 LPM and E&fufed-12a) were
984, 954, 926, 835, and 618, while they were 956, 927, 898, 807, and B&7for experiments
with the mechanism having a maximum aperture diameter size of 8.7Ehisrshows a drop of
approximately 28C at all thermocouple positions, with the exception of the front thermocouple
that hal a drop of 61°C, which is more than double. This is due to the reason that adding the
variable aperture mechanism to the solar receiver intercepts the power from the HFSS that was
previously intercepted by the frontigrtz platea n d r e ¢ e i vienrTheseforfe,rmach lowes e ¢ t
powers are being absorbed by the front portion of the receiver, hence decreasing its temperature
value the most. This behavior in addition to the thickness of the variable apstiafeintercepts
slightly more powerresults n a decrease in temperature values across the rest of the retedver
behaviors Id to anincrease of temperature naniformity, where it increased from 37.28b
41.9%with the variable aperture fully opened at 8.75, and to 45.5% with the variabierapeity
closed at 2 cm. The general trend shows an increase in temperatungfoomity as the variable

aperture mechanism closes.
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