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Abstract

We realize the firsall-inflated and vertically oriented solar trougbncentratothattarges a low-
concentration, lowcost regimeFirst, wederive the maximum concentration for a circular mirror
cowled to a circular receiver based on thedollection conditionWe then develop the structural
framework for mechanically permissible vertical collectors using EBégnoulli beam theory and
present novel Monte Carlo ray tracing algorithm that aggtio mirrors that deflect due to wind
loading. The coupled structural and optical study, alevith experimentaflux mapping and a

new methodology involving lasers, informed the development of a final prototype meastiring 12
in diameter and 9 ft tathatachieves a flux concentration ofl3. The final orsun experiment
resulted in an outlet temperature of 40°C and an outlet power of approximately 10 W at an
efficiency of 2- 4%. Experimental results were then verified using a thermal simulasiowy

Simulink.



Extendedabstract

Technologies that aim to harvest sunlight are severely limited bylthermiture of solar radiation
reaching the Earthods surface. At ed byythegei v en
technologies is approximately 1 KW?, requiring large areas to be spanned in order to generate a
significant power output. Even so, these technologies can only be realized if they can be made to
achieve economies of scale with respect to existing power generation methods. To that end,
concerrated solar power technologies (CSP) aim to minimize the cost of collecting apbyture
intercepting solar radiation over large areas and delivering siwadler focal regiorPerhaps the

most mature CSP is the parabolic trough concentrator (Wh&h is a linesymmetric device

with a thermodynamic concentration limit of Z15ret despite numerous design improvements,
PTCs face three inherent challenges: (1) the associated construction cost is still too expensive
resulting in @ undesirablelevelized cost of energy (COE), (2) the horizontal configuration
underperforms in northern latitudes in the winter moném&l (3)the achievableoncentration

cannot compare to that sblar power towers (SPTd} is for these reasons that this work aims to
compktely redesign the solar trough concentrator such that it can be better placed within the

overall picture of CSP technology.

Recognizing that solar trough concentrators will never be able to achieve the same
operating temperatures and cycle efficiencetha solar power tower, we shift our focus todow
concentration, lowcostdesigns useful on a much smaller scaltesatisfy these requirementge
shift to a pneumatic design utilizing a mirror with a circular arc esession. The benefit of doing
so i that the mirror will automatically assume its required shape upon inflation, thus ridding the
need for complex systems that approximate the parabola. More imporgasigyificant portion
of the overall construction cost of existing PTCs is attribtibethe metal or concretgructural
support membersSignificant cossavings are realized by switching to a concentrator that is
erected vertically, relying on inflation pressure for structural supfortultaneously, the vertical
configuration resultsni better operating efficiencies in northern latitudes during the winter months

when the sun is lower in the sky.



In this work, we first start by deriving the concentration ratio formula for a solar collector
comprising a circular arc mirror coupled totubular absorber. Interestingly, the formula for
concentration is separated intoderegimes. Wehenstudy several exemplary designs from an
optical and thermal perspective with the use of transmission angle curves and flux distributions to
aid in the deelopment of an solar concentraggtimized in terms of concentration

We then providethe framework for structural stability in the vertical configuration.
Utilizing Euler-Bernoulli beam theorywe recognize range of acceptable aspeatios 5OAR O
10, that minimizes the effects of widdading from a structural and optical perspectie also
provide the construction procedure for key-sislsemblies such as the outer envelope (bag) and
the inflation therma) and trackingsubassembliesTwo method of stowing the collector using
tape springsand wincheswere also briefly explored. Construction was concluded by the
development of a novel concentric receiveretniade of butyl rubbewith solar selectivity equal
to 1.05. The final values for geometric and flux concentration were 2.73 and 2.13, respectively.

We alsopresent a novel Monte Carlo ray tracing algorithm for determining the intercept
factor as the collector deflects due to windding The simulation is run for six casésrst the
receiver is assumed to remain perfectly vertical, while the outetaeris subject to a headwind,
crosswind, and obliquewind respectively. In the latter half, the receiver is assumed to deflect the
same amount as the outer enveldpeescribing the operating conditions in this way provide a
conservative and liberal estate of the optical performance, respectivély4 m/s wind speeds,
the intercept factor reduces to approximately 0.65 from 0.78 in the case of a stationary receiver

and reduces negligibly in the case of a receiver that follows the deflection of themmuépe.

An in-depth thermal simulation using SimulinlasthenconductedThe simulation is set
up such thathe receiver tube is segmented into finite sections to study the evolution of the
temperature of the wall and of theat transfer flw. Theflow rate which produces the maximum
temperaturavas determined to be approximately 1 sgiraducing an outlet temperature equal to
42°C.However, the temperature at the outlet is severely limited bgaheective and radiative
losses which amount to a theal efficiency of 7%Furthermore, it is shown that mitigating the

thermal losses increases efficiency to approximately 25% and the outlet temperature to 110°C.

Experiments wexr then performed on the physical system to determine its optical and

thermal peformance. First, the surface of a Lambertian target was mapped using a laser to



determine the physical effect of inflation pressure and wrinkling. It was determinélaetiedfiects
of wrinkling are minimizedfor operating pressures equal to or greatantfh psi.We then
performed orsun experiments to determine the flux distribution acrosksah®ertian targeflhe

final flux map shows that the pe#lkx concentration ratigs equal to 2.33.

In the final experiment, the alhflated vertical collectowas deployed on the roof of the
Bergeron Centre for Engineering Excellence to conduetumntests in an effort to determine
thermal performance. The average inlet and outlet temperature were determined to be
approximately equal to 19.6°C and 40.0°C, retipely. The average power output and efficiency
was determined to be in the range of-Q12.6 W and 2.64.2%, respectivelyFinally, suggestions

for improving themal performancare provided.
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Chapter 1

Introduction

In 2020, the global energy demand was approximately 5584 J or 13.2 billion tanes of oil
equivalenf1]. Despite the growth rate beirg.5% from the previous year due to the pandemic,

the global energy deamd has been growing at an alarming rate of 1.9% per annum sinc.R009

and is set to rebourrtd6% in 2021 aloneeturning topre-pandemic levelR2]. This steady increase

in global energy demand invariably results in an increaseafemissions, reaching total of

31.5 Gt and resulting in an unprecedented atmospheric concentration of 412.5 parts per million in
2020[2], [3]. For many, renewable energy remains gbition to combatting the global energy

crisis, however, a fundamental lack of understandihtihe existing resourcesqvents them from

being utilized to their fullest exter@.onsiderthe solar resource whiemits thermal radiaticimat
enters the Eartho6és outer at 7. Spehaeerage iradiancan i r 1
striking the Eartho6s dghevaluaat the atnospledfl.pThioleavesnat el vy
738 W/nt that contributes almost exclusively to heating the surface of the Earth. Multiplying by
the Eart ho gives al totdl afc9etl0W ef &ssentially untapped energy. Further,
multiplying by the number ofezonds in a year results in approximatelyx3@* J, or more than

5300 times the global energy demathcing the solar resource in this perspective realizes a form

of renewable energy that can power the needs of humankind almost indefinitely

Despite the vast and untapped nature of the solar reserve, technical barriers exist that
prevent solar technology from being a major contributor to global energy prod@&tianenergy
is dilute, meaning that solar power is spread out rather evenlytiowesurface of the Earth.
Harnessing this power requires spanning large areas of land to produce a significant output. This
is exacerbated by the cost pef of collector area of conventional solar power technologies,
making these methods economically drsative. Therefore, in order to fully realize solar power
technologies as a real solution to an ey@wing problem, the dilute nature of sunlight must be

dealt with on a large scale.



1.1  Motivation

Concentrated solar power technologies (CSP) have éesing over the past few decades t
combat the issues previously stated. CSP sdtea category of technologies which utilize a
configuration of mirrors to focus sunliglointo a receivepositioned at their focal plandhe
benefit of doing sas thatthe dilute irradiance from the sun can be intercepted over large areas and
delivered taa singular focusthus generating a significant thermal or electrical ougpctnomies

of scale can only be achieved, however, if the cost gesfroollecting aperte is sufficiently
minimizedto achieve cost competitiveness with existing technolégcording to a review article

by TagleSalazar et al. the levelized cost of energy (LCOE)dssil fuels in 2019 was 0.066
USD/kWh[5]. Although fossil fuels generally provide a low LCOE, this value provides a figure

of-meritto achieve cost competitiveness.

CSP can be subdivided into line and point focus systdims.latter consists of those
designs fabricated from 3D extruded geometries such as the solar dish or solar tower. These solar
energy technologies require 3ixis tracking where both the mirror and the receiver track the sun
throughout the day. 3D axis trackdrave a much greater theoretical concentration ratio of 46000
however their complicated geometries and tracking scheme rendeveégeaxpensivd4]. Line
focus systems are developed based on 2D extruded geometries and include technologies such as
the linear Fresel collector(LFC) or the parabolic trough concentrat(®PTC). While these
technologies can achieve a theoretical concentration ratiolp®15%, theyare oneaxis trackers
and are therefore much simpler to devdWp The parabolic trough coratrator specifically has

seen many improvements over the gaamaking them more economically viable to produce.

A parabolic trough concentrator consists of three main components: a mirror, receiver, and

a supporting structuré conceptual design of a fdrolic trough concentrator is shownHRigure

1.1. Thefirst generation of parabolic trough concentrators, as the name sugdjéses] silvered

glass mirrors origid aluminized reflectors shaped inparabola$5], [6]. The receivers fixed to

the focus of the mirmg and internally carries a heat transfer fluid (HTF) such as watbeonal

oil that raissin temperature as it is exposed to concentrated sunlight. The hot iddmédimes
convertedinto electrical energyvith an efficiency 0f9-20% [6]. Alternatively, the receiver may

be directly replaced with photovoltaics to convert from thermal to eledtecergy directly. In

doing so, th@verall cell area is reduced due to concentratiotheir review paper, TagiBalazar



et. al stated that the average cost of the reflector surface is approximat8[y $20m for silvered
glass mirrors or less than $20 pef far aluminized reflecta [5]. While these values seem
attractive at firstpne thirdof the investment costesult from the steel and aluminum girders used
asstructural suppoifi7]. In 2019 the LCOE of concentrating solar power based orsRiilzing

a metal frame was approximately 0.259 USD/k\&h

Reflector (mirror) Absorber

Figure 1.1. Conceptual design of a parabolic trough concentrator.

It is for these reasons that the PTC was redesigned to realize a more economically favoured
designFirst, it was proposed that a significant reduction in cost can be madplacing the rigid
mirror with thin film reflective polymers. Thenirror is fastened at the edges to a transparent top
sheet and anodestmillibar overpressuras applied toproduce an inflated chamber where the
receiver is housed he mirror membranesiformed into a parabola using various techniques that
will be discussed in the next sectioAside from resulting in a cheaper overall design, the
transparent togheet also protects the mirror from external factbing. secondhnovation results
from fabricating the support structure out ofqpesst concrete frameA. study performed by Pitz
Paal et alhas approximated a reduction in LCOE of2&®% for these innovatiori8]. The exact
LCOE has yet to be determined. Nonetheless, however, even with a maximum reduction in LCOE,

PTGs are still not cost competitive with traditional methods of energy production.

Despite their cosPTCs are a mature technology and have been commercially proven over
the yearsBoth the nortksouth and eastest tracking schemes have been thoroughiglyzed
and their performance metrics are almost guaranteed in the geographical regions theyrhave bee

tested. However, deployment location has been largely absent from the discussion of PTCs over



their development. It is known that PTCs operate best when the sun is high in theesioya
redudion in losses associated with angular elevation. In the winter months in northern latitudes,
however, the sun appears lower in the sky, and therefore horizontally orienteavilB0fer a

significant reduction in performance.

Finally, even as PTCs are furthrdgveloped, they simply cannot compare withfthres
and temperatures achievedthird generatiorsolar power towers (SPTahichoperate at700°C
with a cycle efficiency of >50%6]. However, while SPTs targédrge scale power generation,
this leaves a technological gap for extremely-tmgt, lowconcentration technologies useful on

a smaller scale.

The overwhelming cost, imposed losses in northern latitudes, and insufficient
concentration compared to SPM®etivates a complete design overhaul of traditional PTGs
thesis aims to realize a new configuratioecdnomically viableolar collectorshattarget a low

concentration regime argn operate in northern latitudes without significant performance loss.

1.2 Literaturereview

This section will focus on discussing the recent advancements made with resfgesP to
technology The design, construction, and theoretical and experimental results will be detailed at
length for comparison and for justification of the objectives of thieeoit work.Specific emphasis

is placed orthe first andsecond generation solar collectors utilizing pneumatic polymer mirrors,

aslow-costconstruction motivates the design space for P[6Cs

The Solar Technology Laboratory at ETH Zurich was one of the first groups to realize

PTGCsbased on inflated thin film membranes and supported engsteconcrete structurds.the

paper provided by Bader et al., the advantages of this generation of solar collector were five folded:
(1) the concrete structurs more rigid than its metal coterpart, (2) vibrations due to wind are
largely eliminated, (3) the alignment of the mirean becontrolled ly applying a differential
pressure, (4) the transparent-gipeet used to enclose the pressurized chamber 4slestiing,

and (5) the mirror iprotected by external forc¢g|. In practice however, the mirror membrane
assumed a cylindrical shape upon inflation. To correct for the spherical abetvaditailor-made

secondary reflectors were included past the focus to redirect spilled radiation back towards the



receiver.The prototype developed measured 49.4 min length and 7.9 m in Avictlimprehensive
Monte Carloray tracing (MCRT)techniquewasapplied to underand the maximum theoretical
concentration ratio with and without surface errors within the mirror membFaaeoncentration
ratios were given as a distribution over the target plane, it m indicating the centre of the
target.In the ideal case wine the mirror is without error, the maximum concentration ratio
achievable occurs directly ateltentre of the targeind was given as 151 suit$, however this
value drops to approximately 21 suns with a surface error of 10 inadcorresponding optical
efficiency was found to decrease approxirhyat@early with increasing surface error. Thame
MCRT technique waspplied afterinducing surface errors within the secondary mirdtr.a
surface error of @nd10 mrad, the concentration ratios were given asab8¥3 suns, respectively

[7]. As the surface erroincreases, the optical efficiency of the secondary mirrors decreases
significantly less than the primary mirror. It was noted that the system is much more insensitive
to changes in the secondary mirror, due to the reduced optical path to thgAargétile the
concrete frame was designed to gstability to the system, it was also found that the collector
deforms under its own weight as it tracks the sun, significantly affecting the radius of the mirror.
The system was simulated with a maximum deformation of 3[finA strong variation of the
concentration ratio is observed along the lengjtlthe collectorwith the peak concentration
reducing from 151 to 51 sufig. The solar collector was then experimentally validated to analyze
the compounding effects. The measured peak solar concentration ratio was found to be
approximately 55 suns. Deviations from the maximum theoretical solarrdoaioen ratio were

due to: (1) a flat instead of ideally curved secondary mirror, (2) mirror reflectance equal to
approximately 92%, (3) attenuation of irradiance through the transpareshdéep equal to
approximately 919%, varying aaarding to differat skew angles, and (4) performance reduction
due to dust on the tegheef7].

The same research group then attemptecbteoect for the eors induced by a circular
mirror by approximating a parabola usiagnethod callethe arespline[9]. In this configuration,
secondary mirrors would not be necessary as the spilled radiation would be reduced by the better
focusing capabilities of the parabola this method, the mirror is formed from four separate
tangentially adjacent circular ardsach arc has an inner clamping point located near the centreline
of the concentrator such that tr@ume in between each segment can be individually pressurized

[9]. By applying amodestmilli bar vacuum under each membrane, each arc assumes a circular



shape that approximates a parabola as a Waplé theory, the maximum and root mean square
difference between the position and slope of thesapcl | ne and t he pawabol a
= 0.33mmm,0.dB map¥m, 1 .q9B mrma=d0,8 meaa, tespeptivelp]. Due to

the complex nature of the arcspline, a parameter study was then performed whereby parameters
were individually deviatedin theory)to view their effects on concentratiofihe first parameter

to be studied was the number of arcs that constitute the arcspline. It was fotiowlr trats suffice

in approximating the parabolaany subsequent arcs provide a marginal benafith four arcs

and a skew angle of Othe peak and average solar concentration ratio on a 0.1 m wide target was
given as 208.1 and 87.6 suns, respectii@lySince four arcs proved ideal, all further parameter
changes were made with respect to ansglime consisting of four segmergsbject to a skew

angle of30° such that the theoretical pealdaverage concentration equaled 160.9 and 74.8 suns,
respectively[9]. Then, each of the following parameters were varied to study their effects on
concentrationincreasing the@ressure of each individually controlled pressure chambers forming
the arcsplineby 1 Pa decreasing thevidth of each section forming the arcsplibg 1 mm
increasing the width of each section forming the arcspline by 2andsubjecting the mighoint

of the supportingjirderto a 3 mnmdisplacement due to seMeight. The parameter study revealed

that these effects decrease the peak concentrati8r/hyl7.3% and the average concentration

by 2.17 11.2%[9]. It is notedby Bader et althat itis possible to adjust the internal pressure of
each membrane to compensate feagdationin mirror width, howeverif the width deviates by

more than 1.63 mm, the optimum geometry cannot be rest[@gdt is also noted thathe
maximum dispacementbf each girderarieson the girdeunder consideration (upper, lower, or
central), however the magnitude is on the order of millimei@gsThe arespline was then
experimentally validated by performing an-sun experiment. In this experiment, the skew angle
equaled60° and the maximum peak solar concentration ratjaaled18.9 suns, or 39% of the
maximum valud9]. The research group then summarized by providing ltbevable deviations

from each parameter for practical use which are: +1 Pa difference in internal pressure, £1 mm in

membrane width without pressure correction, and less than 1 mm girder deflection.

To culminate the research on the-aptine concentratoran onrsun experiment was
performed using an array of helically coiled absorber t{ib@s Since the optical experiments,
additional pneumatic sleeves wencorporated at the clamping junction, thus enabling the path

length of each arc to be controlled using individual pressure céb@jolAir was used athe heat



transfer fluid in the 212 m long prototype for several reasons: (1) air has no temperature limit, (2)
it does not degrade and is ntxic, and (3) is freely available in the atmospHéf. It is noted,
however, that air has a lower thermal conductivity and volumetric heat capacity relative to typical
heat transfer fluids which warranted receivers with langait transfearea. In addition, truncated
trumpet secondaries were used to iaseethe overall concentratiofihe theoretical geometric
concentration ratios of the primary and secondary reflectors were given as 62.8 and 1.473,
respectively, resulting in a maximum geometric concentration ratio of [22]5Good et al.
provide great detail regarding the receiver design, modelling of flow regimes, and characterization
of theoretical thermal losses. This, however, will be foregone tosistie experimental results

The surface of the aigpline underwent shape scans to determine the angular deviation from the
theoretical shapdn the offsun experiment, the intercept factor that results from the shape scan
was given as 0.9(L0]. In the oRsun experiment, however, the intercept factor sigsificantly
reduced to 0.54, owing to elongation of mirror films do¢hermal expansion and defteon of

the concrete beams and receiver due to self w¢ight Optical and thermal losses were also
guantified in greatdetail, which prommd discussion of technical improvements for future
iterations.Nonetheless, for a yeartjirect normal irradianceDNI) of 2400 kWh/m, their model
predicts an annual thermal output of 500°C withroat mean squaréeviation of 6% for
experimental resultd 0]. For comparison, the pumping power consumed varied from 0.17 kW at
a mass flow rate of 0.51 kg/s to 5.9 kW at a mass flow rate of 2.0 kg/s. This actéamd.5

7.8% of the total thermal outppbwer of the system multiplied by 8 for thermal to electric

conversion.

Tabor and Zeimer emphasized the importance of developing an inexpensive solar
concentrator by not only using a rtvacking primary, bualso showed that a circular profile with
triangular receiver outperforms the parabola for large enough acceptancd Btjgkesrthermore,

Tabor and Zeimer showed that the triangular receiver outperforms a circular receiver as it captures
the same radiation but minimizes the surface |reg Much of the paper provided by Tabor and
Zeimerinvolved the derivation of the triangular receiver, but this will be foregone in favour of the
experimental results. It was shown that for a triangular receiver with an acceptance angle of 15 to
20°, a circular reflector outperforms the parabola as thabpta loses symmetry as the ray tilts
away from the optical axid1]. The same phenomenon was ofsedrwith a circular receiver at

lower acceptance angles. The circular trough concentrator was then constructed with a length of



12 m and a diameter of 1.5 [hl]. The receiver was fabricated such that it took the form of an
isosceles triangle with a side length of about 13 cm and was coated with copper oxide to achieve
an emittance of 0.15 and an absonptof 0.911]. Tabor and Zeimer achieved a concentration
ratio of approximately 3 and an operatml50°C[11]. The design cost of the solar collector was
approximately $20 per fij11].

Most recently,De Los Santo$arcia et al. attempted to developlightweight solar
concentratomat a fraction ofthe cost of existing systenf$2]. Inflation was achieved by using
Mylar as the reflectig surfaceformed into a cylinderand sealing the enclosure with a
polycarbonate film on top with transmittance of 882& Los Sante&arcia et al. also utilized a
unique receiver design based on a finned heat pipe mounted within an evacuajéd]tutiee
outer tube was coated with an AIN coating to achieve solar selectivity and was thermally connected
to the finned heat pipe carrying acetgid€]. Once significantoperating temperatures were
achieved, the acetone would boil and evaporate into a bulb inserted into a manifold, where the heat
is extracted by flowing watdd.2]. The receiver was slightlylted such that the acetone would
flow back into the heat pipe after condenditj. Utilizing a heat pipe also provided the additional
benefit of minimizing warrup and cooldown losses as ithbeat capacities are lower than
traditional liquid filled pipe$12]. The dimensions of the system measured 1.6 m in length and 1.2
m in width, limited by commercial off the shelf componefig]. Interestingly, the design
proposed by De Los Sant@arcia et al. had theceiver placed outside the pneumatic chamber.
Nonetheless, the geometric concentration ratio was stated%s[13]. Tracking was achieved
by using two lightdependent resistors (LDRs) attached to the concentrator separated by some
distance[12]. The tracking motor would activate until the difference in resistance between the
diodes were within an acceptable value, indicating thatoncentrator was focusdd?2]. In
practice, the optical efficiency with losses was approximately 0.57 while the thermal efficiency
was between 0.25 and 0.32]. The maximum temperature achieved in this expemirwvas 80°C
limited by the fluid circulation systefd2]. Nonetheless, De Los Sani@sarcia exemplified a low

cost alternative of solar concentrator costing $58.50 p¢t 2

In addition to the literature detailed thus far, significant strides have been made to push the
limits of the PTC in terms of concentration ratiothe paper by Cooper et al. it is shown that it is

possilke to surpass the maximum theoretical concentration ratio of Rl corporating tracking



secondarie§l3]. The motivation behind their research was to replace the expensive cell area of
photovoltaics with the less expensive cartcator ared13]. In this way, CSP technology can be
used to leverage cheap reflector materials to focus sunlight onto smaller, and cheaper,
photovoltaicsThe secalled high concentration photovoltaic (HCPV) collector was based on the
arcspline collector previously developet ETH Zurich. In this design,he primary mirror
consists of two wings each assuming the shape of eaxffparaboldl3]. Each wing measured

5 m in width resulting in an overall collecting aperture of 1[18}. The secondary ceentrating

stage placed at the focal plane of each wing had a width of 0.07 m, resulting in a primary
concentration ratio of AL [13]. The secondary concentrators which assume thgpesbfan
asymmetrically truncated transforme&rossed with a truncated hyperbolic (trumpet) can
individually track on an axis perpendicular to the primfdBj. The geometric concentran ratio

for the secondaryequaled8.5< [13]. The total concentration of the systethen equaled
approximately605x [13]. The system was simulated usiigGaS as the MCRT software and
predicted an optical efficiency of 78% for the colledtb8]. A solarto-electrical efficiency of

25% is predicted yeaound[13]. Cooper et al. later showed in a separate paper that it is also
possible to achievéhe same concentration ratios of parabolic reflectors usingpabolic
profiles[14].

1.3. The concpt of the vertical collector

As was stated in the motivation there exists an untapped area in theffrageveen cost and
performance, particularly for lower temperature applications. As a result, the concept of an all
inflated vertically oriented solar trough concentrator (shoaimematically inFigure 1.2) is
proposed to make the switch between kight longlifetime systems to loveost shorpayback
systemsFigure 1.2 a) shows the basic construction of a vertically oriented solar concentrator
which features a transparent tsipeet and mirror bound together to form an eatarelope. An
internal pressure erects theterenvelopeand causes the cressction to assume a circular shape.
Solar radiation enters through the transparenst@et where it reflects off the mirror and heads
towards the receiver as showrFigure 1.2 b). The solar radiation is then absorbed by the receiver
and convectghermal energy to the heat transfer fluid flowing through it. Finally, the heat transfer

fluid then flows towards the exit of the receiver where it is processed as useful heat.
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a) b) Solar radiation
Transparent
top-sheet il AR i
< §;;7
Mirror
HTF T
Receiver
y4 X

Figure 1.2. a) The main construction anaiceptial design of an inflated vertically oriente
solar concentrator; anll) the fundamental operating principal of the satancentrator
showing incident radiation reflecting off the mirror and being intercepted by the receiver
it transfers heat to thaternal HTE

14. Overarchinggoals

This next generation of solar collectawill be realized upon the investigation of several key
innovationsFirst, thesolar collector must be alhflated. While the idea of pneumatic membranes

is not particularly novel by itself, no solar concentrator has been constructed without framing
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spaming its length. Thedesign however, must rely on inflatiopressurealone for structural
integrity. This innovation then leads into the need for vertical orientaBarce thedesignwill

rely on inflation for structural support, it is more convenient to orient the collector vertically to
minimize the effects of deflection due to self weight. Additionally, the target location fde $ign

is northern latitudeswvhere the vertical @ntation outperforms the horizontal orientation in the
winter monthsAn additional layer of novelty is introduced as tesignmust utilize an inflated
receiver tube as well. To date, all solar collectors utilize a rigid receiveca#ted with a sota
selective material. Thedesign however, will see an immense decrease in cost by utilizing a fully
inflated receiver tube made from flexible membranes. Since the collector area is-imdatel

and fully flexible, robotic deployment will be explored autonomouslystow and deploythe
designas needed. Alsoesulting from inflaion, the designmust be lightweight. Most existing
PTCs must be constructed on site due to their immense weight and size, specifically those with
concrete frames which are castectly at the location of deploymef#], [9], [10]. Others are

made with size consideration in mind to allow for them to be transported using road j@hicles
Thedesign however, is to b&abricatedsuch that it can be compacted and transported to the area
of deployment cleanly and easililuch like existing PTCs, theéesignmust be capable of
achieving simple tracking to leverage small acceptance angles with large concentration ratios.
Finally, thedesignmust be developed such that it is resistant to wind. If all these innovations are
explored and leveraged togetheristiollector will see a drastic decrease in cost per oh

collecting aperture whilenablingrapid deployment.

15. Projectobjectives

The overarching goals can be further elaborated to provide several objectives that determine the

success of thproject. The project objectives are succinctly described in the list below.

(1) Develop conceptual designs for a thermal prototype

(2) Develop a coupled structurapticatthermal model for determining the performance of
the design

(3) Construct a lalscaleprototype to demonstrate the structural and optical integrity of the

design
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(4) Select, measure, and optimize polymeric materials for use in the design
(5)Construct asnunoou tpdroootrotfiyopne and measure the a
(6) Validatemodels visa-vis theexperimental results, and use the validated model to optimize

the design

16. Cost consideration

Since the cost per fof collecting aperture is a primary driver of CSP technoldgg, useful to
establish a baseline for cost comparison of the collector to be developed in this wockober
2021, the National Research Energy Laboratory (NREhglated the baseline cost for parabolic
trough concentratorsising two stateof-the-art designs, namely theltimate Troughand the
SunbearrMT [15]. The final cost estimate is exhaustive and is given as the installed cosfin $/m
and includes not only the material costs, but also the equipment needed for installattemmwah
transporation cost$15]. Furthermore, NREL provides potential deviations in the installstbgo
way of materialproduction volumg15]. Nevertheless, it was found that the installed cost for the
Ultimate Troughandthe SunbearfMT were$152/m? and 20/m?, respectively[15]. It was also
found that the supporting structucompriseda significant portiorof the installed cost in both
cases amounting t$32.4/m? (for the cantilever beams) in the Ultimate Trough and $33.2/m

(space frame and support arms inclusive) in the Sunibgarnfis].

In February of 202, NREL usedheir System Advisor ModgISAM) to update the cost
estimate for heliostat designs, thus providing the most recent baseline for all CSP teciigdlogy
Their work compares a commercial design, the Stellio developed primarly by Schlaich
Bergermann und Partner (sbp), and an advanced/developing design, the Siewinged by
Solar Dynamics of the United Stafd$]. Once again, the cost estimate for both designs included
the material, manufacturing, assembly, and transportation [d@§tsThe total installed cost for
the Stellio and the SunRing were given as $12&nu $96/m, respectively{16]. Therefore in
order forthe current work to be successful, the total cost must less than $1pB#ferably by an

order of magnitude.
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1.7. Thesisoutline

The project defined by the overarching goals and objectives primarily dealsnedkelling,
simulation, and design. As a result, this thesis will go through the design process -ohfatadl
vertically oriented solar collector beginning from theory and culminating in the thermal results.
As this design is the first of its kind, manf the procedures and results presenting here can be

easily extended to other applications.

Chapter 2 discusses the background and theory necessary to understand the work that
follows. Severalfundamental terms are described that will be used throughout the text, followed
by the derivation for maximum concentration for a trough concentrator comprising a circular

mirror coupled to a circular absorber.

Chapter 3is devoted tahe structural degn and material science behind the vertically
oriented solar trough concentrator. The chapter begins by discussiaglaptation of Euler
Bernoulli beam theory to thin film inflated beams and how this may be extended to the application
of solar concentrats subject to windbading. Then, a detailed process of the construction of
several key components is provided includimg outerenvelope (bag)sealing methods, framing,
and the inflation sulassembly. The material of choice for the receiver is thecudsed followed

by a discussion of its construction. Finally, a discussion on furling and tracking is provided.

Chapter 4 discusses the optical modelling of the system. While MGarte ray tracing
methodsare ubiquitously used in the design of CSP eyst analytical results are limited to
geometries readily defined by closed form equations. The vertical trough concentrator, however,
is subject to windoading and will deflect accordingly. This chapter discusses a-gnasjtical
method of applying Mawe Carlo ray tracing techniques to a vertical collector experiencing
deflection due to windoading, followed by the results of the simulation applied to the prototype

developed in the CooperLab.

Chapter 5 aims to develop a thermal model of the proposed collector in operation. An
equivalent thermal circuit is provided to elucidate the thermal resistancdseanéiowsof the
system, followed by a comprehensive thermal simulation developed iniSmthe Simulink

model provides a set of results corresponding to outlet temperature, thermal efficiency, convection
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coefficients, evolution of the temperature profile throughout the receiver, wall temperature along
the receiver, and the losses that oagithin the system.

Chapter @rovides the experimental results that culminate the project. Chapter 6 is divided
into two sectiong optical and thermaln the optical section, eombination of onand offsun
methodsare usedo quantify the optical p@srmance of the prototype equipped with a Lambertian
target.First, the surface of the reflector is exposed to a laser in several locations and imaged. The
images are then superimposed to provide detslsto the effect of wrinkling on optical
performanceandto determine theorrect operating pressutigat minimizes these effectsr on
sun experiments. The results of ansam experiment are then provided in the form of a flux map,
which shows the distribution of concentration ratio across the targete lthermal section, the
collector isequipped with a thermal receiver and thermocouples for measuring temperature. The

results of the culminating esun experiment are given over aéur period.

Chapter 7 provides recommendasdar future improvements. We return to the thermal
simulation to elucidate the effects of mitigating thermal losses. Additionally, pathways to reducing

leakage within the system and improvements to furling are discussed.
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Chapter 2

Theory and background

In this chapter, the background and theory for understanding this work is presargedve
develop a simple analytical formula for the achievable geometric concentration ratio as a function
of the rim angle and acceptance angle of the concentrattiieFuve probe the optical and thermal
performance of several exemplary designs to understand all facets of opénatiommg so we

develop a baseline for designing optimal concentrators that will be used in later Chapters.

2.1. Fundamenta of nonimagng optics

Nonimaging optics is a branch of optics that consideesthermodynamic transformation of
electromagnetic radiation between a source and a t&gletr concentrators are optical devices
that utilize this phenomenon by intercepting radiatiorr targie areas and subsequently delivering

it to a receiver smaller in size to maxa® output temperatureThe fundamental process of
concentration is governed ko quantities, thegeometric concentration ratiand the flux
concentration ratfo Thegeometric concentration ratio is defined as the ratio of the area at the inlet

to the area at the outlet

C,=AlA (2.1)

The flux concentration ratio is defined as the ratio of the irradiance at the inlet aperture to that at

the outlet

Cflux = E| / Eo (22)

The geometric concentration ratio and the flux concentration ratio are reldted by

! Material in this section has been submitted for review in Solar Eriemgineeringunder Timpano and Cooper
fiNonimagingbehavior of circular trough concentrators with tubular receivers
2 Often the word ratio is omitted for brevity
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_Qo; 2, %cg h=C, (2.3)

flux

m|Jm
O

wheredopt is the optical efficiency defined as the ratio of outlet power to inlet pofweording

to Eq.(2.1), thegeometric concentration ratio can be made arbitrarily large by either increasing
the area of the inlet aperture or decreasing the @fréhe outlet aperture. The flux concentration,
however, is bound by thermodynamic laws. That is, incred&jpast a certain limiting value will

cause a corresponding decrease in the value of the optical effiarelBqy(2.3). Typically, solar
concentrators are designed such that the optical efficiency is equal to exactly 1. This condition has
been referceld ¢ ot iacnd.f ul |

2.2.  Concentrationimits

Historically, two limits of concentratiomre providedfor CSP technologies. The first limit is
referred to as the thermodynamic limit and is derived based on the conservatiendok.The
exact derivation of the thermodynamic limiill be foregore, however, as it can be found in prior
works[4]. Nevertheless, for a 2Daugh geometrgubject to a source that produces a cone of rays

subtending a half angle df, the thermodynamic limit is

1

C —
sing,

020 max = (2.4)
Eq. (2.4) gives no consideration to the physical geometry efgfstem and therefore provides the
absolute upper limit of concentration. If the source is the sun which produces a cone of rays
subtending a half angle of 0.266°, the thermodynamic limit is equal to approximatglWwhie

the thermodynamic limit allowssuto better understand tfiendamentals of concentration, the

more important quantésarethe specific limis. The specific limis reference the exact geometry

of the system and provides the value of concentration that can be achieved in practice. The specific
limits have been derived for several existing geometries such as the parabola with both a flat and
tubular absorber and wible provided in a later section. However, there exists a major gap in
literature as the formula for maximum concentration for a circular mirror coupled to a tubular
receiverhas not yet been derived. The next section aims to fill this gap by deriving ximauma

concentration for this case.
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2.3. Derivation ofthe maximum achievable concentration ratio
2.3.1. Geometry and definitions

Consider aranslationallysymmetricline-symmetric (trough) concentrator comprising a mirror

with a circular arc crossection coupled to a tubular absorber with a circular esesgon as
showninFigure21l.For a given width of the mirror, t he
meaning that all rays striking the mirror within an acceptance cond aire reflected towards

and intercepted by the receivlr.order to maximize the concentration ratio, we seek the smallest
possible receiver which satisfies full collection for a given acceptance arfggeresulting
concentration ratioepresents thiull collection concentration limifl4] for the particular ase of

acircular trough mirror with tubular receiver.

O N

o3

¥ rir

3

Receiver,
. Rim
Circular
mirror

Figure 2.1. Crosssection of a solar trough concentrator with a circular micoapled to a
circular receiver showing the main geometrical parameters.

The circular arc mirror with centi@ at (0, 0) can be parameterized by

3 Sections 2.2.5 (inclusive) correspond to material submitted for review in Solar Energy Engineering under Timpano
and C dNonmmaging Behvior of circular trough concentrators with tubular receivers
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eP. g e Rsinw
“ep UE pgi (29)
&P, (& Rsinw

whereyi s t he parametric angl e me azandspahningfyosi t i ve
T ¥rim t0 ¥rim. An Onraxis ray parallel taand incident on any poifton the mirror will be reflected
such that it makes an angleloE 2y wi t h t he opti cal axis as it ap
a n g liie=02v¥im represents the maximum angle that a reflectedximray makes with respect

to the optical axis, and igseful for comparison with other focusing concentrator typés.
concentration rati€y is then defined as

2Rsinw,,  Rsin(%/ )

2pr P

(2.6)

,=2
where A is the inlet aperture area (projected widtld), is the receiver aperture area
(circumference)R is the radius of the mirror, ands the radius of the receiver. In general, rays

will be incident from within an acceptance conedi+ The fHedge rayso are d
rays incident at an angté =, wihfthose from+ dreferred to as thkeft edge rays, and those

f r o dnasithe right edge ray$herefore, a generic ray incident on the mirror at any atigle
measured counterclockwis®m the optical axis produces a reflected ray with direction vector

defined as
(2.7)

A generic reflected ray may then be parameterized as

e Rsinw- tsin( 2w- ¥

)
r=g" 7 N é= (2.8)
g, H:P & Rcosw +cog 2w -y

eN Y

wheret is the parametric pathlength traveled by the ray after reflection. The caustic formed by the

rays incident at a given anglas the solution to the following equati¢b3]

“‘rx “‘rz R H :O (2.9)
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Inputting Eq.(2.8) into Eq.(2.9) and solving fott yields
t=1Rcoyw - g (2.10)
Substituting Eq(2.10) into Eq.(2.8) gives the equation of the caustics as

1 R(3sinw- sir( 3w- 2}

c=
& R(- 3cosw +co§ v -2)7)

(2.11)

Now consider a circular absorber centred at some point along the optical axis and parameterized

by

Q= gc _r S'_mr/ oy 2.12)
E%receiver
To size the receiver for maximum concentration, we need to determine the valaedof

Creceiverz that produces the smallest possible receiver that captures all refladiation from
within N dfor a givenyim. Interestingly, as observed for the case of the circular mirror with flat
receiver[19], depending on the choice of rim and acceptance angle, there exists multiple regimes
with different conditions for constraining the minimum receiver size. The three diff€ent
regimes are shown lsematically inFigure 2.2. In the first regime, which we denote the rim ray
regime, the receiver may be sized using the edge raystesfl&dom the rim alone. In the second
regime, which we denote the caustic regime, the receiver is sized based on the right edge ray
reflected from the right rim and the left edge ray caustic. In the third regime, we allow for two
reflections from the mior, which enables an increase in aperture width while keeping the receiver
size fixed. The achievable concentration ratio within these three regimes is detailed in the

following sections.
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Figure 2.2. Three regimes producing different conditions for determining the minir
receiver sizea) rim ray regime where the receiver is sized based on the edge rays re:

from the rim alonep) caustic regime where the receiver is sized based on the lefrag
caustic and the right edge ray from the rim; aptivo-reflection regime.

2.3.2 Rim ray regime

As seen irFigure 2.2 a), for very small rim angles, the receiver may simply be sized based on a
condition of tangency to the left and right edge rays reflected from the rim. Any rays reflected at
an interor point fr| < ¥m will be intercepted by a receiver thusly sized. Interestingly, for a

parabolic trough with circular receiver, the receiver is sized using exactly the same rim ray

condition [14]. Therefore, the concentration in this regime is identioathiat achieved by a
parabolic trough with circular receivg4]

c _sin(2,)

g.rim ray regime psin ”; (213)
However, for the circular trough, this rim ray regime persists only for extremely small rim angles,
specifically for¥im < di. The resulting designs therefore only make sense for verydaage are
even sti too incompact and achieve too Id@y to be of practical use. Nevertheless, we include

this regime within our formulation for completeness, and to highlight that, like the case of the flat

receiver[19], a circular trough can match tl® of the parabolic trough under very specific
conditions.
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2.33. Causticregime

As the rim angle is increased, the condition of tangency to the edge rays from the rim no longer
guarantees fultollection, as rays reflected at interior points on the mirror begin to miss a receiver
thusly sized. This defines a new, far more important regime where rays reflected from interior
points on the mirror must be considered when sizing the receiver. Tunaégoall interior points

when sizing the receiver, it is logical to make use of the caustic of the edge rays, since this
represents the envelepf rays reflected anywhere from the concentrt8i, [19]. As shown in

Figure 2.2 b), within this caustic regiméhe minimum receiver size is specified by two conditions

1) tangency of the receiver to the right edge ray coming fremand 2) tangency of the receiver

to the left edge ray caustithese two conditions may then be used to determine the value of
Creceiverz andr, after whichCy may be determined from E(.6).

Condition 1

Referring toFigure 2.2 b), Condition 1maybe written mathematically as
y1=270" (2w, 4 (2.14)
Inputting this value oy into Eq. (2.12) yields the corresponding point on the receiver

¢ -rcod 2, +g

=é 2.1
Q é:receiverz - rSin( 2M/rim +Q) ( 5)
Now consider the equation of the right edge ray that reflects.ff
e Rsinw, - tsin( 2 +.
r -z nm ( Vrl(m Iq (2_16)

_g Rcosw, +cog 2y, 0

To fulfill tangency to the receiver, the intersection point of this ray with the receiver must occur at
the value ofy provided in Eq(2.14). Intersecting E(2.16) with Eq.(2.15) yields

nm

sin( 24, + ¢)

rnm

. Rsinw,, + rcog 2y, +.0 217
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t= Creceiverz - rSin( ri +Q) R cos W
COS( tim )

Equating Eq(2.17) and Eq.(2.18) to eliminatet yields the following equation fdCreceiverz

Z. (2.18)

Crecelverz (RSInW ‘H’CO< ZWm "g) Cfﬁ 2rim/ i)'qr 31(1 2rim Wi) +®' CGSrim(z.lg)

Condition 2

Now consider Condition 2, which requires that the slope of the caustic ba@thuaklope of the

receiver at their point of intersection. The slope of the caustic is found from

c,/
I"ncaustlc_ ECX/ Z = C_Ot(Z/V Q) taF( 2 Wi Q'go) (220)

and the slope of the receiver is found from

d
dz dd ¢ dy
dx dz ¢

(Creceiverz - 1oy )
tany (2.21)

r-nreceiver: d ]
@(r siny )

Equating Eq(2.20) and Eq.(2.21) yields theangley at the point of tangency

tan(2/:/* - g +90)_ tan y

yoms0 (23 4 (2.22)

In Eq.(2.22), ¥ has been replaced with to indicate the specifizalue of theparameterns that

fulfil Is the tangency condition. The coordinates of the receiver at this point are

rsm(90 (—2/1/ q)) ﬂe rcos(Z/v*- q)

2.23
eceiverz - rcos(90 +2’A/ q» L receNerz+l’Sin(21/|/* 'C]) ( )

Q=

@e{D ('D\ (04

We can now intersect E¢R.23) with the equation of the caustic, £8.11), to give the following

two equations
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rcos(ZW*- q) %R§3sin 'w -sinﬁ 3w Qr)z (2.24)

C

absorbeg

+rsin(2W* -q) }T—Rg 3e0s 'w ceé 3w 2)-q (2.25)

Egs. (2.19), (2.24), and(2.25) form a set of three equations with three unknowns”, and
Creceiverzy Which canbe solved to specify the receiver geometry which fulfills the full collection

condition.

A simplified formulation of Condition 2

Solving Eqs(2.19), (2.24), and(2.25) analytically, while possible, is tedious and yields an
expression which is too long to be of practical use. Therefore, we seek an alternate way of
expressing Condition 2 that will produce a set of simple, closed form equations identical in result
to that @ the caustic method. Since the caustic defines the curve to which each ray is tangent, if
we knew the angle” at which the caustic intersected and was tangent to the receiver, we could
forego the caustic equation, and directly use the simpler ray equ&ip (2.16)) to fulfill

Condition 2. Condition 2 is then rewritten as tangency to some ray at an intermediate’angle

e Rsinw - t*sin(2|2/ - ic)

r :g- Rcosw + cos(2 w c) (229
& i
Intersecting Eq(2.26) with Eq.(2.23) yields
rcos(ZW*- g) R sin ‘wt sirﬁ 2 Wi) (2.27)
Coconer T15IN(27 -g) =Reos 'wi eof 2 w ) (2.29)
Equating Eqs(2.27) and(2.28) to eliminatet” yields the following equation far
= Croconen sin(ZW* q) Rsin( ‘w i)4 (2.29)

Finally, we can eliminat€eceiver; Dy substituting Eq(2.19) into Eq.(2.29) to get
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sin(2w - q)sin( g + )esé 2,,w1) gsig T &
sin(ZW*- q) cs¢ 2 +.)g 1

r=R (2.30)

For any value of¢”, Eq.(2.30) yields the receiver size that is just large enough to intercept all
radiationfor a mirror segment spanning from to the rim. However, we want the aftest
possible receiver size that just satisfies full collection over the entire mirror. To find the size of the
receiver that satisfies this condition, we scan over all angles fromr ghttw find the value of”

that produces the largestA receiverwith thisr will therefore collect all radiation within the
acceptance cone reflected anywhere on the mirror. White tpeoducing this maximum could

be determined by settirtjdy” of Eq.(2.30) equal to zero and solving, the resulting expression is

too long to be of practical useortunately, a simple approximate solution exists.

Figure 2.3 shows the resulting value ®f as a function ofim for an acceptance angle of
1°. It is observed that the exact valueyofvaries approximately linearly withirim. This implies
that here may be an approximate solution¥othat does not require solving for the maximum.
Superimposed oRigure 2.3 is a straight line of theorm ¥* = Y4¥ im which showsgjoodagreement

with the exact solution.
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Figure 2.3. Comparison of the exact and approximate solutiorrfdor an acceptance ang|
d=1°.
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Using this convenient approximation, we may now repaceith ¥%¥nm in Eg. (2.30) to yield
the final equation for the receivadius in the caustic regime

r =

sin(Win - g)sin(_j + )€ 2, W t) gsits i W)-
R : (2.31)
Sln(M/rim - 47) CS(( 2 ot )q 1

With r now known, the concentration ratio may be readily determined usin@.By.

1 sinwg, (sin( w, - g +si{ 2, +))g

Cg,causticfeg‘me:/_jsin( wo- ysin( ) gsins L, w) sig 2, W

(2.32)

2.3.4. Two-reflection regime

From Figure 2.2, it is observed that as.im increases frona) to c), the receiver simultaneously
increases in size and shifts further down towards the vertex of the mirror to satisfy full callection
Further increasingim would cause the receiver to collide with the vertex of the njrabiwhich

point Eq. (2.31) would no longer produce a meaningful result. Fortunateyorethis collision
occurs, a fortuitous tweeflection condition occurs which removes the requirement of further

increasing and downshifting the receiver.

Figure 2.2 c) shows the critical angle.:it at which the twereflection condition begins.
The dashed line shows a ray striking the mirror at an anglevhich then refcts off the mirror
and heads toward the receiver to fulfill Condition 2. Keeping the receiver placement and sized
fixed, a ray striking the mirror at a slightly larger anglg«+qs, would miss the receiver, and
would continue towards the vertex of the mirror. However, this ray would then reflect off the
mirror a second time, at the vertex, and would continue toward the left side receiver where it would
be absorbed. Therefore, for a@glsomewhat larger thamn, the receiver position and size can be
fixed at that corresponding tocrit, with the rays being absorbed after two reflections. This two
reflection condition prevails up untitmax2rer, beyond which the twiceeflected righ edge ray
would leak through the gap between theeiver and the mirroithe shaded area corresponds to

the geometry that produces the second concentration reB@y@ndy max 2rer, €ither the condition

4 This collision occurs at a rim angle ofm = 60.4° for an acceptance angledof 1°.
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of full collection will be violated by the leakedys, or the receiver size would need to be increased
until eventually the receiver reached the vertex of the mirror. We return to this p&attion
2.5

Geometrically the critical angle is defined as the point on the rim where the right edge ray
after reflecting once off the mirronvould intercept the back vertex of the mir@, R).
Mathematically,¥im may be determined by intersecting the reflected ray equdiipn2.16),
wi t h t he Ry wehich, after son@ lengthy manipulation, yields the surprisingly simple

result
Wi =3P 54, (233

which allows¥ it to be determined for any. Figure 2.4 shows a plot ofrcrit, determined from

Eq. (2.33), and¥ max.2rer, determined numericallys a function offi. This plot may be utilized to

establish the limits of each concemitva regime.
3 I I

¥ max,2ref

~
2
3
%
O ¥ crit
g
®)

50 | | | |
0 2 4 6 8 10

Acceptance angle [°]

Figure 2.4. Critical and maximury as a function of thacceptance angté.

With ¥ it now determined from E¢2.33), it may besubbed irplace of¥im in Eq.(2.31)

to find rerit
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sinl:p- 3a)si(’ p4a) ostip_ta)- sitip )

e =R
sin(3p- 3g)csq3 p § g+ 1

crit

(2.34)

For¥cit< <¥max.2ref, the receiver size (and position) may be fixed according t(2E34), with

the assurance that rays are intercepted by the receiver after exactly two reflections off the mirror.
Plugging Eq.(2.34) and into Eq.(2.6), the resulting geometric concentration ratio in the-two
reflection regime becomes

Cg 2-ref regime:l . S'anm (Sln(% i).+ Slr(% p_%ql)) (235)
’ P sm(%p- 3 Qsm(é + ib‘ sw(%p 4 i)@“’(% P 511?)

2.3.5. Final Cygformula

We may combine Eq$2.13), (2.32), and(2.35) together into a finaCq formula which covers
both the oneeflection and twereflection regimes

1 ES”:V rim / - ¢2 g
T p sin @
1 . » o
1 SINLS/ im sin(3 Jim ™ i 1SI ri T q .
CQ :‘: " 1 g (2 )(1 ( )7 1 r( "’/ )) 2(7 nm ¢ cﬁt (236)
1'0 Sln(§ Jim - |)75m(§ nml + ) QSIF(Z tim ~J i) SII'@' rim +ib d
: 1 sin(3/ ;) (sin(ip- 5 @+ sin(z 4 ) io<oe
'[ ), Sln(%p 5 )S|n(% D -|4 @ S|r( 1 ps | bsn(z ) crit rim max,2-ref

where/ gt =% P -5 | andlimaxarer may be read frorfigure 2.4. In writing Eq.(2.36), ¥ has been

recastusingl = 2¥ to affordcomparisorto other concentrators, e.g. the parabelzre the polar
anglel is more relevanteq. (2.36) gives the achievable full collection geomett@ncentration
for a circular trough coupled to a circular receiver for any rim angle ug¥t@ax2ref and any
acceptance angldzigure 2.5 shows tle resulting Cg as a function of the rim angle for an
acceptance angle @f, where the solid lines correspond to the rignaad caustic regime, and the

dashed lines correspond to the tmeflection regime.

It is observed that the highest concentration ratios occur for relatively small rim angles. For

an acceptance angle of 1°, a p€glof 7.688x is achieved for a rim angie36°. As the rim angle
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is increased, the required receiver size increases dramatically resulting in a drop to a local
minimum of 1.46x at a rim angle of 118.66°, which corresponds#0As the rim angle is further
increased, the receiver radius rensaconstant, with radiation incident on the mirror above
being directed to the receiver after two reflections off the mirror. While the receiver remains fixed,
the inlet aperture width scales witRsin(*4liim), resulting in a slight increase in geontet
concentration with increasing rim angle. The curve terminates at a rim angle of 140.66° which
corresponds to the end of the enadlection regime. For rim angles larger than this, some radiation
would begin to leak through the gap between the receiver and the mirror vertex
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Figure 2.5. Geometric concentration ratio vs. rim angle for a collector designed f
acceptance using the approximate solution. The solid and dashed lines shewflietion
and 2-reflection concentration regimes, respectively. Tieeeiverradius corresponds ta
mirror radius oR= 1 m.

Figure 2.6 shows the influence of a changing acceptance angle on geometric concentration
ratio for several rim anglest is observedhat although smaller rim angles produce the highest
geometric conceration ratio, these configurations are more sensitive to changes in acceptance
angle. Conversely, while large rim angle designs are lowCjn they are also insensitive to
imperfections in the mirror geometry such that any acceptance angle can be chbsemn wi
sacrificing much performance. This is confirmed by the shape of the transmission angle curves in
Section 2.4.3This finding is particularly useful since a promising application of the circular trough

is as lowcost seasonally or periodically adjusitaconcentratorgl1], [20].
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Figure 2.6. Dependence of geometric concentration ratio on acceptance angle for di
values oflirim.

2.3.6. Towards a catalogue @ig formulas

With Eq. (2.36) being defined only in terms of the rim angle and acceptance angle, it becomes
possible to compare thg, to that attained by other existing concentrator geometries found in
literature. Such aatalogue ofCy formulas would be of use to the optical designer for quickly
comparing the performance of different reflector/receiver geometries, as well as performing initial
sizing of the main collector components. Towards this Jadlle 2.1 provides a summary of the

Cy formula for several important lircus concentrator geometrie®/hile the list is not
exhaustive, it does provide the limits for the most commonly employed symmetric iRrtggeng

[21] concentrators. In addition to tHemit formula, we provide the numerical value for the
maximum full collection geometric concentration for each concentrator type (which occur a

different rim angles) for an acceptance angle of 1°.
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Table 2.1. Catalogue of full collection geometric concentration limits for differen

concentratdreceivergeometries

Cgmaxfor 1° Reference

Concentrator type Limit formula
acceptance
C_ircular mirr_or with Eq.(2.36) 7 68 This work
circularreceiver
¢ asin(l/ ) .
Circular mirror with c :$33in(;/’ i) SN fim 2,9 12,50 This
flat receivef? g I sin/ . COS/;im 1 work®
f sing cos g
Parabolic trough with . ,
sin/ cog j+ |
flat receiverpositioned C, = / .ns( / ')7 1 27.65 [21]
at the paraxial focds sing
Parabolic trough with L ; [14], [21]
sin/ cos ,
flat receiverin the o = SV €05/ 4 27.14
. . sing cos g [23]
optimal positiof
Parabolic trough with C = sin/ 18.24 21]
circularreceiver ¢ psin g

aThe subtrahend (1) accounts for shading on a esided absorber
The first and second equation apply over the caustic antasimegime, respectively. The

correctregime is the one yielding the smal@yfor any givend: and(iim.

5 Material in this section has been submitted for review in Solar Energy Timdpano and CoopdiConcentration
ratio for a circular trough with flat receivier
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Figure 2.7 shows a graphical comparison of the achievaljef the circular trough/circular
receiver configuration vig-vis the other common geometriesTiable 2.1. Figure 2.7 a) shows

the resit for di = 1° where the parabolic trough with flat receiver unsurprisingly achieves the
highest concentrations. The circular trough with circular receiver achieves a maxgyam
7.688x% which is respectable compared to the 18.2x achieved by the patraloglicwith circular
receiver given the relative simplicity of the circular profile. For an acceptance angle of 10°, shown
in Figure 2.7 b), the circular trough with circular receiver fares even better, matchin@ 4o

the parabolic trough for small acceptance angles, and with a maximum of 1.595x, just 8% shy
the maximum of 1.833x achieved by the parabola. The rim ray regime can be observed in both
Figure 2.7 a) andb) as the portion of theirc/circ curve which overlaps the parab/circ curve at
small rim angles.

030 T | | T | = 3 T T
Uﬂ a) parab/flat Uﬂ b)
2 25F . 2 251 .
& g circ/flat =
g 20t parab/flay - harab/circ . 8 parab/flat  parapicire
= parax =
E b e)
g u _ = B
8 e circ/fla 5 L5 / f)
= L :
o 10 / Y a) . o 1 \ circ/circ|
g |/ b) =
“‘é’ Sh Vi circ/circ . 4| g 0.5 parab/ta ]
z | i c)d) z parax
g | | | | | 2 | | | | |
O 0 O 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
‘ o : o
Rim angle, gbrim [°] Rim angle, qbrim [°]

Figure 2.7. Comparison of geometric concentration limits for several concentrator geom
with an acceptance angle af 1° andb) 10°. The curves are labelled as followsct/circ i
circular trough with circular reoeer, circ/flat i circular trough with flat receiveparab/flat
paraxi parabolic trough with flat receiveenteredat the paraxial focuparab/flafi parabolic
trough with flat receiver placed at the optimal location, pacb/flati parabolic trougtwith
circular receiver.
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24. Detailed performance analysis
24.1. Geometryof exemplary designs

To further probe the optical performance of the circular trough, we perform a detailed performance
analysis on six exemplary desigiRggure 2.8 shows a schematic of all exemplary designs, labeled

a) throughf). The markers superimposed kigure 2.7 identify the position of each emwgplary

design within theCq vs. U space. Designs a) through d) correspond to a 1° acceptance angle, while
Designs e) and f) correspond to a 10° acceptance angle. Design a) corresponds to the maximum in
the Cy curve and achieveSy = 7.68x atlim = 36°. Design c) corresponds to the local minimum

in the Cy curve atlcit = 118.66° and achieveSy = 1.457%. Design b) represents a practical
compromise between concentration and compactness and adBjeves677 at a rim angle of

60°. Design d) is &avo-reflection design afimax,2ref = 70.33°and achieves a slight improvement

in concentration@q = 1.595«) vis-&vis Design c).

JNJ@@

Figure 2.8. Schematics of six exemplary circular trough designs. Desgrkrough d)

correspond to an acceptance angle of 1° with rim angles 2¥m of 36°, 60°, 118.66°,
140.66°respectively Designse) andf) correspond to an acceptance angle of 10° with
angles equal to 68° and 126.0d&%spectively The corresponding concentration ratios

designsa) throughf) areCy = 7.68%, 5.67'k, 1.45%, 1.59%, 1.47&, 1.24X, respectively.
Designsd) andf) correspond to the twieflection criterion.
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For Designse)andf),thexc e pt ance angle of 10At wascskichgge
solar collector thatenables 8 hours of collection while requiring only periodic (seasonal)
adjustmen{11], [20]. Design e) is located at the maximum of @yecurve as seen iRigure 2.7
b) and achieve€y = 1.478x at a rim angle 68°.Design f) is located at themax,2ref and achieves
Cy = 1.242 at a rim angle 0fL26.04° One additional design, corresporglito a maximum
possible rim angle of 180°, is shown by the dashed linEigare 2.8. This extended design
achieves a 6.2% improvemen®Gg(1.694x) visavis Design d), but at the expense of some spilled

radiation sincer max,2ref IS surpassed. This design is elaborated up&eation 2.5

24.2. Monte Carlo ray tracing procedure

The Monte Carlo ray tracing (MCRT) approach is ubiquitoeshployedn optical studies due to
its ability to incorporate detailed phenomeiacluding sunshape and slope errorto the
performance analysisFor this reason, MCRT simulatidhsvere performed to verify the
concentration ratio derivations and furthstudy the optical performance of the circular
mirror/circular receiver configuration First, the MCRT technique was applied tdtain
transmission angle curvely uniformly illuminating the inlet aperture wittollimated radiation

at varying incidence @tes.To obtain a full transmissiasnglecurve, the rays were deviated from
the optical axis by an incidence andleanging from 0 to 90° in 0.1° increments. The result of the
simulation is the intercept factor defined as the radiant power incidene eadbiver divided by

the radiant power incident on the inlet aperture

g: Qreceiver/ Qi (237)

For all transmission angle cures, the mirror was assumed to have perfect specular refjestance (

1) and 10rays were used per simulation.

The flux distribution over the surface of the receiwehich is ofinterestfor verifying the

uniformity of illumination and mitigating hotspots, is also readily obtained by MR each

6 The Monte Carlo ray tracing codsedwas developed by the PREC research group of Bteifafeld at ETH Zurich
"The term fAtransmissi on angle curveodo has been used his
factor as a function of the incidence angle



34

exemplary desigrwe therefore determined the flux distribution for teasesin the first case, the

mirror wasassumedo be perfectlyspecular, and the source was chosen to fill the acceptance cone
of the concentratér In the second case, wensider a realistic case which includesth slope

error and terrestrial sunshape. For the sunshape, we use the model of Buid2df with a
circumsolar ratio (CSR) of 5%. For the slope error we assign a random error to the local surface
normal following a bivariate Gaussian with standard deviation of 2.9 mrad. Together with the sun
(assuming the sun is roughlylal mrad Gaussig25]), this results in approximately 95% of the

reflected ray cone fitting inside the acceptance &nte all flux distributions 19rayswereused.

24.3. Transmission angle curves

Figure 2.9 shows the transmission angle curveBasign b) which features an acceptance angle
of 1° and a rim angle of 60%and highlights the notableehavior exhibited by the circular
trough/circular receiver configuratioMost importantly, we observiur distinctzones in the
transmission angle curng® long as max,2ref IS NOt surpassed snapshot ofne MCRT simulation

is superimposed ikigure 2.9 to highlight the details of each transmission z@mwae | spans from

0° to d;, in whichthe value ofinterceptfactor is 1 confirming the fulfillment offull collection.
Zone Il occursimmediately followingthe acceptance angle and terminates latal minimum
occurring at some multiple af. In Zone II, some spillage occurs resultingars 1. In Zone |l|,

all rays reflecting off the mirror miss the receivelowever,the nonzero intercept factor can be
understood by the fact that some rays strike¢leiver directly from the toas seen in the inlay

in Zone lll inFigure 2.9. As a result, the intercept factar this zone isimply equal to

_Dans (2.38)

7" A cosg

whereDrecevier = 2r is the projected width (diameter) of the receivgis the incidence angle, and

Aicodl is the projected width of the mirrohs the incidence angle increases, the projected width

8 For example the source for designs a) through d) was a Lambertawitbra half angle of 1° whose main direction

is centred on the optical axis.

9 Given 2.9 mrad for the slope error (acting on the normal) and 4.1 mrad for the sun, the total reflected ray error
standard deviation is approximatély sqrt((2-2.9 mrady+ (4.1 mradj) = 7.10 mradFor a bivariate Gaussian, 95%

of theenergylies within 245 standard deviations, which equates to Z48 mracd 1 A .
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of the mirror decreases while the projected width of the receiver stays the same causing an apparent
increase in the intercept factor.42one 1V, all rays are spied, and no radiation is directly incident

on the receivéf. It should be noted, however, that Zone IV is simply an artifact of the simulation
conditions. In reality, incoming solar radiation would not be limited to the inlet aperture defined

by the simiation and some rays would directly strike the receiver as in Zone Ill. Nevertheless,

Zone |V is stated for completeness.

o o
o o0
[ \

e
»
[

Intercept factor, ~y

0.2

0 1 T
0.1 10

Incidence angle, 6 [°]

Figure 2.9. Full transmission angle curve fBresign b) which had; = 1° and(i;im = 60°. The

curve is divided into four sepaeatransmissin zones Eachzoneis paired with a snapshot ¢

the MCRTto highlight the salient features of eaine
Figure 2.10 shows the resulting transmission angle curves for the 6 exemplary designs. With the
full transmission behavior examined in detail for Design Bigure 2.9, we focus on Zones | and
Il in Figure 2.10, which are the most important zones for normal collector opera®oan be
seen fronFigure 2.10, larger rim angle designs are more tolerant to larger incidence angles. For
example, for an acceptance angle of 1°@nd= 36° Design a), all rays are spilled at an incidence
angle approximately equal to 2° and all absorbed radiaiorierceptedlirectly by the receiver.

Conversely, for the same acceptance angle (ansd= 140.66 (Design d), the concentrator

10 1n reality some radiation would be incident on the receiver even in Zone IV. However, for the purposes of
determining the intercept factor, it is logical to illuminate only the inlet aperture of the concentrator rather than the
full ground plane. Thus, for large enough incidence angles, the receiver will be missed as seen in the inlay for Zone
IV in Figure 2.9.
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continues to reflect some radiation up until an incidence angBb.4t (the end ofZonell).
Additionally, the intercept fetor at the end afonell is larger for larger rim angles. For example,
the intercept factor at the end2dne Ilis 0.04 and 0.43, for cases a) and d) respectively.

1 1 T T ] I Za T T T C)—
0.8 F 0
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0.6 1
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) Grim = 118.66°
‘g 0 0 04 A 1 1 1
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Figure 2.10. Transmission angleurves for the siexemplary designs specifiedkigure 2.8

24.4. Flux distributions

Figure 2.11 shows a 3D view of the flux distribution for Design b) for the realistic case, and

Figure 2.12 shows a 2D representation of the flux distribution for the remaining designs. In both

figures the concentrated flux (irradiance) is normalized by the direct normal irradiance (DNI) to

yield the local flux concentration
Cflux = ('.local/DNI (239)

Among all the designs, a pe#lkx concentratiorof 30.2 sunsis observedor design a) for the

realistic caseSeveral interesting phenomena occur at larger rim angles. First, as expected, the

value of the peak flux decreases with increasing rim angle. Additionally, at larger rim angles, the
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receiver significantly shades a portiohthe mirror directly behind it. This evidenced by the
reduction in thelux concentration ay = 0° from a norzero value irDesign a) to a neaero
value inDesign b) anddentically tozeroin Designs c)The flux aty = 0° does not drop to zero
for the tworeflectionDesigns d) and f) because rays incident near the rim find their way to the
bottomof the receiveafter two reflections off the mirror c.Eigure 2.2 c). Simultaneously, the
region of highest concentration migrates away fgom0° with increasing rim angle. This results
from a shift in the position of the receiveward thevertex of the mirrarwhich causes the caustic
to graze the receiver on its top sitmique toDesign d) is the existence osaongsecond peak
which accurs at smaller values gt This is indicative of a secondary caustic forming from the
rays experiencing two reflections befateiking the receiverA very small second peak can be
observed in the ideal case (solid line) for Design f), which is aiso-aeflection design.

\®]
e

o &
Flux concentration, C i (suns)

(9]

X

Figure 2.11. 3D flux distribution corresponding to tBesign b) for theealistic case including
surface error and sunshape
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Figure 2.12. Flux distributions corresponding to the exemplary designs specified in Fig
Solid lines correspond to Case fderfectly specular mirrors with a source that fills tl
acceptance cone. Dashed lines correspond to Case 2: a realistic case with a distritaltgd
slope error of 2.9nradand a source following a terrestrial sunshape @WHR = 5%.

25. Practical design considerations

The designs presentduls farare of particular significance when comparing the construction costs

of various solar trough concentrators. While the parabola generally outperforms the circular
concentrator in terms of concentration, it often requires complex methods of producing the
geometry thus increasing the associated construction costs. The circular trough is a natural choice
for inflated designs as a membrane will naturally assume a circular cross section upon inflation
[11]. Therefore,even though a perfect circle underperforms a perfect parabola, in practice it is
likely much easier and less costly to approach a perfect thiateit is a parabola. For this reason,

it is likely that the most practical embodiments of the circular trough will utilize an inflated
polymer film constructionNeverthelesssome remarks should be made on how the mirror

construction could constrain th@m angle, and the resulting effect this would have on the
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achievableCy. The Cy formula in Eq.(236) assumes t hat t h diimtoil#mr or sp
Selection of an appropriate rim angle depends on a balance of concentration, compactness, and
material utilization. For an inflated polymer collector, perhaps the simplest approach is to construct
a cylinder where the top half (exactly one half of the circuenfee) comprises a transparent
polymer film, and the bottom half comprises a reflective film. This would result m.anof
identically 90° for the mirror, which in turn implies a rim angleligf = 180°. A concentrator
meeting this condition is showry lthe dashed line ikigure 2.8 d). This extended concentrator

has the same receiver size as Design d), but its inlet aperture area is increased by a factor
sin(180/2)/sin(140.66/2) c.f. Eq.(2.6) to yield an overall geometric concentration of 1.694x.
However, since this value @fim is abover max 2rer, the resulting concentrator will not achieve full
collection, as somrays will be spilled through the gap between the bottom of the receiver and the
vertex of the mirror. The question then arises: is it better to constrain the mirror to the maximum
Urim = Umax,2ref = 140.66 (for di = 1°) and maintain full collection, or to extend the mirrofit@

= 180? To probe this tradeoff, we simulated the extendgd= 180 concentrator, and found an
intercept factor 00.9585 Multiplying this intercept factor with the geometric concetivrayields

the average flux concentration, which amount%.&23 suns Therefore, even though some rays

are spilled, thaverage fluxconcentration increaseslbeit marginally, vs. the 1.595 suns achieved

by the full collection design, d). Additionalonsidering the potential convenience of having the
mirror spanning exactlgnehalf a circle it is likely that this extendelim = 187 design is a more
practical choice. Beyond this specific design, the above analysis shows hoyfdh@aula can be

a useful tool for establishing a baseline design which can then be elaborated upon by combining

practical considerations with more detailed MCRT simulations.

26. Theneed fortracking

In section 2.1t was shown that the concentration ratio of a solar collector is inversely proportional

to sine of the acceptance angle. Then, in order to maximize the concentration ratio, the acceptance
angle is to be made as small as possible, approaching the lthmitafigular size of the sun. These
operating conditions, however, are contingent on the position of the collector with respect to the
sun. Forexample, consider a general configuration of a vertically oriented solar collector as shown

in Figure 2.13. Fora given acceptance angtg, full collection occurs when the sun vecter|s
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coplanar with the axial plane. Since, to an earthly observer, the sun appear® tthraoghout
the sky, so to must the collector in order to preserve these conditions. Simply put, the collector
must be able to track the sun throughout the day.

Figure 2.13 also shows an important parametercalled the skew angle. The skew angle
is defined as the angle between the aperture nofinahd the sun vectog. While the collector
is able to rotate such that the aperture normal is coplanar with the axial plane, there are insufficient
degrees of freedom to achieve normal incidence for all[#dy3 herefore, the irradiance that will
actually be captured isdaced by a factor afos . Fortunately for a vertical collector, the skew
angle is easily quantified and is simply equal to the angle of elevation.

y

Axial plane

g\ e
S ———— e m—— -,

Z

Figure 2.13. Vertically oriented solar collector perfectly tracking the stidenotes the inle
aperture normal anBdenotes the sun vectdrhe global coordinate system is ¢, 2). The
axial plane is the plane formed with traxis and the inlet aperture normal
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2.7  Other important quantities

While the majority ofthis chapter was dedicated to understanding a few fundamental optical
guantities that form the theory behind solar trough concentrators, there are still several quantities
that have yet to be discusséthr the sake of clarifythe extra background willebprovided in
subsequent chapters as they are needed. In shwpter 3will presentthe structural theory
behind erecting a vertical trough concentrat@hapter 4will present some additional optical
guantities from a simulative approach, &ishpter 5will present thermal quantities as part of a

thermal simulation.
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Chapter 3

Design and material selection

In the previous chapters, it has been noted that one of the primary objectives of the vertical circular
concentrator is to drive down the cost perahaperture area. The minimization of coscurs
primarily in two parts: due to the simple construction of the circular geometry in comparison to
the traditional parabola and due to the major reduction of structural framing. In this chapter, the

design andnethodology of constructing a circular concentrator will be discussed.

3.1. Structuraldesignmodelling

The design of inflatable cantilevered beams is of great importance to space and aerospace
applicationg26]. The inflation pressure is used to placgynthetic fabric or thidilm beam into

a state of tension, thus enabling it to carry loatisvever, the inflatable beam is protzelocal

buckling (characterized by a wrinkle) and possimllapse if subject to significant external forces

[26]. Fortunately for the current work, a plethora of previous research has treduncted into
guantifying the mechanics offlatable cylindrical beamicluding the accurate prediction of the

wrinkling moment.

Summarized by Zhu et.athere are two approaches to modelling the inflated beam found
in literature: the beartype and thenembrane/shell typ26]. In the former, the inflatd beam is
assumed to behave according to Eernoulli beam theory, wherein the cresction remains
unchanged as it is deformethe twomethod that will be considered for the current research is
the wrinkling moment developed with respectompressive stresses as studied by Leonard et al.
[27] and Comeand Levy[28] and the wrinkling moment developed with respect to compressive

strains as studied by Main et[aB].
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3.1.1. Wrinkling andcollapsemoments

The methodtudiedby Leonarcet al.[27] and Comer and Lef28] and verified in the experiment

by Zhu[26] considers an inflated cylindrical beam subject to a lateral tipdsadhown irFigure

3.1. According to EuleBernoulli beam theory, thiengitudinal stresses in the fabric of the wall

will be a combination of the longitudinal stress produced by ter{si®m@ result of the inflation
pressurgand the bending stress produced by the,ladtreas theircumferential stress consists

only of the hoop s&ss.Then, according to Stein and Hedgepeth, there are three possible stress

regimes classified by the principal stresses in the fabric of the menjBdne

s$,=5, 9 Membrane is unloaded and wrinkle f
$,> 5, 9 Membrane is taut and wrinkle free (3.1
5,>0,5, 0 Membrane is wrinkled

i fhalvlety
I VVY

<

Figure 3.1. Stafe of stressvithin an inflated membrane undergoing a latéi@lload. a)
displays the stress cube at the fwsinkling point; andb) shows the stress distribution withi
the wall at the firstvrinkling point. F is the applied load)a is thebendingstress due tche
applied loaddy is the longitudinal stress produced by the inflation pressmdi}sis the hoop
stress.
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Essentially, an inflated member is represented mathematically byzenoprincpal stress in the
circumferential direction. Then, since an inflated member cannot support a compressive stress, a
wrinkle will form when the second principal stress is exactly zero, indicating that the longitudinal
and applied stresses are balanced irfabgc of the beamThe firstwrinkling point will always

occur on the side of the inflated bearhere theapplied load producesmaximumcompressive
stresgwhich will be the furthest away from the neutral axis as showkigare 3.1 b). Solving

for the principal stress yields the following equationtfer
S»=9% - » (3.2)

Setting EQ.(3.2) equal to 0 and solving yieldfe following expression fothe stressbased
wrinkling moment denoted by subscript STN for S{@ié], [30]

My st = FL @ (3.3)

As the applied load increas beyond this critical value, the wrinkle propagates in the axial
and circumferential directiorCollapse occurs when the wrinkle has progressed all the way to the
lowest extreme fibregwraps all the way around the beaay shown inFigure 3.2 [27]. The
collapse moment can then be determined from a simple force bakancellapse, the lowest
extreme fibres must balance the internal pressure of the system. If thengegtaisure force is
given bypA, then the lowest extreme fibres must resist a moment eqoaR[27]. The collapse

moment is then given as
Mcsm =P pR’ (3.4)

Main et al. argued that tiseressbased wrinkle criterion was insufficient, as the axial strain
became compressive prior to the axial stress due to the Poissof287ef29], [31]. The strain
based wrinkle criterion was thdormulatedas

ex,min :é( §_min - qg q)s

Qo

o
Py,
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Thus, the straibased wrinkling moment iund by solving the above equation and is denoted
by subscript M for Mairj29], [31]

My = FL !”’TRg(l 7)) (3.6)

Fa

Mc = pAR
pPA - - <> Ma
R
Fr < \

Lowest extreme fibres

Figure 3.2. Collapse moment as identified by a simple cantilever beam undergoing a
forceFaand corresponding appliedomentMa. The internal pressurepg\, the resultant force
at the lowest extreme fibreshs, and the collapse momeistMc.

Using a similar argument to find EB.4), the strairbased collapse moment is founs{26]

Mcw =pPR(1 -24,) (37
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Zhu et al. attempted to verify the streasd strairdbased wrinkle criterion using a fibre
reinforced polyethylene hose wigia = 0.14[26]. In their work, both the stresand strairbased

wrinkling moment were nodimensionalizedccording to the following equation

m=—-— (3.8

The nondimensional wrinkling moments were givenmags = 0.5andmwy” = 0.36 for the Stein

and Main methods respective]®6]. Zhu et al. concluded that the actual wrinkling moment
occurred somewhere in between the two and the digssed collapse moment served as an upper
bound for the actual collap§26]. The straifdbased collapse moment served to be inaccurate and

is only stated here for completeness.

For the works presented heomly the stres$ased wrinkle criterion is adhered #&s the
lack of equipment rendeg,x incalculable. In addition, theressbased wrinkle criterion is more
appropriate as it does not require extra material parameters which could exacerbate the difference
between the fibre reinforced polyethylene hose used in the works by Zhu etdahgeahin films

used for the concentrator.

3.1.2. Deflectionandstability of horizontal vsvertical solar concentrators

The studies mentioned previously sought out to determine the wrinkling and collapse moments of
inflated cylindrical beams tauantify their load carrying capacity in space and aerospace
applicatiors. While the equations can be extended to the present tasedo not fully describe

the permissible operating conditions for a solar concentatwrexample, the solar concentrato

may also deflect due to widdading Therefore, it becomes important to quantify the deflection
(and later, the optical inefficiencies due to deflection) as well as determine the geometrical

parameters which produce an optimal solar concentrator.

For the purposes of simplicity, wirkdading will be taken as a uniformly distributed load

over the length of the concentratérssuming EuleiBernoulli beam theory applies, the elastic
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curve equations by R.C. Hibbel@2] for a cantileveedbeam experiencing a distributed load can
be used to describe the slope andedibn of thevertical concentrato(subscriptV)

V’/{B
d, =2”Z‘E | (¢ 612 4x) (3.10)

wherey is the distributed load,is the length of the bearf, is the elastic modulus, ards the
area moment of inertid2] equal to the following

| = pR%t "% D't (3.11)

A similar derivation can be applied to a simply suppoitéidted beam (pinned at both ends)

subject to ainiform load, representative of a horizontal concentr@aboscriptH)

mS
G = 5ae (3.12)
wx? 3 2 U3
= (1® -2x* »°) (3.13)

The maximum deflection in the vertical configuratiartors at the tip of the beam and is
given by substituting = L, while the maximum deflection in the horizontal configuration occurs
at the centre of the beam and is given by substitxtindzL. The maximum deflections are then

calculated as

M/L4

= 3.14
d/,max 8E| ( )
5’
a, = 3.1
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From Eqgs(3.14) and (3.15), it can be seen th&dr equivalent geometrical parameters, the vertical
concentrator experiences 9.6 tintlkedeflectionof its horizontal counterpart. It is also important

to note that reinforcing members can be added between the fixed ends to the horizontal
configuration o further reduce the maximum deflection, whereas the vertical configuration must

be unchanged to keep within the initial objective of reducing cost.

It remains to be determined teet ofgeometrical parametets D, andt that produces a
concentrator thaoperates under the widest range of environmental condifflanthat endthe
dependence of deflection on aspect ratio (defindd @y was identified.The distributed load is
identified as the drag force per unit length

1

= CoD N2 (3.16)

Fo_y
L
whereCp is the coefficient of drag andandV arethe density and velocity of air, respectively.
Eq. (3.16) is thensubstituted into Eq3.14) and nondimensionalized to give
A} max _iCDrV2 * 1P, AR

wind 31
D 20 E Dt 2pE t/ID (317

Eq. (3.17) is split upinto three nordimensional groups. The first group (or coefficient) affords
comparison tdhe deflection experienced lmgherconcentrator configurations. That is, the fion
dimensionalized deflection equati@ general to altoncentratorconfigurations(horizontal or

vertical) with only the first group changing to scale the magnitude of ciéfle experiencedlhe

second groups theratioof wi nd pressur e t o rmakeeal oftheuontgrd6 s mo
envelopeand represents the relative stiffness of the colledtioe last group shows how deflection

scales with the geometrical paramsteFrom Eq. (3.17) it can be seen thathe non

dimensionalized deflection is highly sensitive to changes in aspect ratio, scaling to the power of 4.

The geometrical parameters that constitute a structurally optimized solar concentrator then
needed to be determined. To that end, we impose two constraints based on the previous discussion.
First, the constraint on moments states that the applied momehbmless than or equal to the

wrinkling moment provided by Stein to ensure that the-deftection relationship remains linear.
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Non-dimensionalizing with respect to p3® remove the dependence on physical parameters, this
condition can be written matimatically as

. M
m ¢ 2SN H5 (3.18)

It will be later shown irSection 4.1.6that the optical performance of the collector reduces with
deflection produced by winlbading. The exact reduction in optical performance is dependent on
the deflection of the receiver in relation to the owevelope. However, the receiver is in a
staically indeterminate state and therefore the exaceiverdeflection is unknown. For this
reason, wémpose a permissible deflection at the tip of the beam &EsinEB.17) to preemptively
mitigate these losse$his constraint states that the deflection at the tip must remain less than 25%

of the diameter, written mathematically as

%a: 0.25 (3.19)

In order to proceed with the above calculations, a material was first chosen to bp#tify
the thickness and the elastic modullisen, since the diameter appears in the denominator of the
last term of EQ(3.17), it was fixed abpproximately 12corresponding to commercially available
componentsWe then set Eq3.17) equal to 0.25 (as per the condition in E2j19)) and solve for
the velocity. For each aspect ratio chosen, the coefficient of drag was takeCdérayel and
Cimbala [33]. Finally, we choose a characteristic value of 1!pdio calculate the nen
dimensionalized moment equatidrigure 3.3 shows the results of this analyse&ssiming a
concentrator made of polyester with elastic modulus equal to 920 MPa, thickness of 0.002",

diameter of 11.27 and an internal pressure of 1 psi.

The results oFigure 3.3 suggest that the aspect ratio be as small as possible such that the
constraints aresatisfied for larger windoads However, lower aspeatatios yieldincompact
designsThus, we suggest that the aspect ratio be in the rang&®15 this range, the constraint
on moment is typically violated firsHHowever, this constraint can be loosenedraall wrinkles

may be permissible and becatise stres$ased wrinkle moment is still a conservative estimation

11 The value of 1 psi corresponds to an experimentally determined pressure from the laser expei@haptsiird
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That is, the loadleflection curve is still somewnhat linear past thrinkling momengpoint [26].
The specific aspect ratio throughout this teghanges across experiments, however, the final

thermal prototype uses an aspect ratio of 9.
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Figure 3.3. A plot of maximum wind speed versus aspect ratio. The data points corresp
known values of the drag coefficient by Cengel anahl§zila. The M or d beside each d¢
point determines which criterion fails fird¥] for moment andl for deflection. The asterisl
represents failure in the turbulent regime, where the values for the drag coefficient may
entirely correct (Cengel andr@bala give the drag coefficient only for the laminar regime).

3.2. Construction of avertically orientedsolar concentrator

Construction of an inflated trough concentrator begins with the polymer envelope comprising two
sections’ a mirror capable of reflecting incident radiation to a focus and a transparesttetep

used to enclose the membramespite its seemingly simpleature, severalvariantsof this
subassembly exist within literature. The arcspline concentrator produced by the research group at
ETH Zurich[9] and t he-b uildmluebd e c pljnareejust twa of amany potential
configurations. For the present work, we prefer the simplest approach of-mitralf half

transparent topsheet, omemimidcamplexdyaadcosed t o as

~

n
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3.2.1. Bagmaterials

The choice of mirror material results from three factors: high specular reflectance, high tensile
strength, and low cost. Fortunately, previous works have shown metallized polyester (or Mylar) to
be anideal candidate. Metallized polyester films have a high yield strength of arouB&l],

an extremely low cost peraf#], and exhibits a very high specular reflectance of around 0239

It is for these reasons that metallized polyester was fosedl configurations performed in this

work.

On the other hand, the transparentsbpet must exhibit several qualities including a high
solartransmittance, capable of resisting weathering, and must bedsiwto accommodate the
initial project objective$4]. In addition, a low coefficient of friction is preferable as it essentially
makes these membranes self cleaijglt is for these reasons that fluoropolyseuch as ETFE
(U= 0.92)and FEP(U= 0.%) are typically used. One such configuration of the vertical solar
collector was constructed using a HAIFFE halfmetallized polyester membrane. Howe\dug
to the mismatch ityield strengthbetween the two matials, the ETFE yielded in tension quite
quickly causing plastic deformation as seefrigure 3.4. Hence, FEP was not a suitable choice
eitheras theyield strengthis less than that of ETFEZ MPavs. 19 MPa, respectively4]). It was
for this reason that clear polyester was chosen. While clear polyester is not as trangsitting
0.879 as either fluoropolymer, the shape of the bag can beezhas the two materials are nearly

identical.
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Figure 3.4. A vertical concentrator witta bag made from metallized polyester and ET
experiencingplastic deformatiowlue to the mismatcim theyield strength

3.2.2. Bagconstruction

Due to the delicate nature of constructing the, Ispgcific stepsveretakento reducewrinkling
andsurface errorsThe process isoth outlined here anghown visually iPAppendix A.

1. Starting with the metallized polyesteneedge of the set is cut squar
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2. Clamp the fourcorners of the sheet to a rigid surface and pull taut. This was achieved by
clamping thesheeto two separate workbenches and separating the workbenches such that
any visible wrinkling and/or deformities disappeared.

3. Cutthesheetsquare and to lengtkt the opposite side

4. With thesheestill pulled tautscribeintermittent measuremera$the desired width across
the film. An extral" was allocated for both sides of the mirror material to provide an
overlapfor when tle sheet is taped.

5. Lay a largdlat surfaceof equal length to the desired lengtver topthe scribe marks and
clampboth edges down square to the film. This was done withNgule8. Cut the film
using the flat surface as a guide.

6. Scribe intermittent measurements of the desired overlap across theetahzed side of
the mirror (" for the present case).

7. Align a large flat surface or ruler across the scribe marks and clamp. &cribe a
lengthwise line using the surface or ruler as a guide.

8. Remove all clamps and intermittently tape downfiline across its length.

9. Delicately (so as toot induce any wrinkles) fold the opposite side over

10.Line up the free end of the sheet with the taped end so as to not induce any shape error.
Tape can be used to hold down the free end baotteedges are perfectly coincident.

11.Crease the seam.

12.Repeat ®tps 111 for thetransparent sheet. Stepd Gnay be skipped.

13.Clamp the folded metallized polyester sheet to the work surface and pull taut.

14.Bring the free ends of the two films together such that the mirror material is seated inside
the transparent sheetlign the free edge of the transparent sheet overtop the scribed line
across the length of the mirror.

15.Manually eliminate any leak pathways in the overlapping region.

16. Using two skilled persons, cut a length of tape equal to the length of thedwagabieces
of tape should not be used as this increases the chances of leaks forming.

17.With both persons holding one end of the tape, simultaneously place the tap over the seam.

It is critical that one person apply pressure to all sections of the tape oaséédn placed.
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3.2.3. Bagsealing

Throughout all prototypes, the sealing method at the bottom of the concentrator remained constant.
A 3" tall and 11.27in diameter duct flange was procured and used as the point of contact for the
bag. The diameter wahosen considering the aspect ratio analysis performed earlier, as well as
considering commercially available components. The bag is seated around the duct flange and
wrapped by a silicone gask&everal hose clamps are tightened around the silicone ¢a$tem

an airtight seal. The gasket also provides a buffer to protect the bag from being pukagured.

3.5 displaystheinterfacebetween the bottom seal and the diatdge

The top seal varied across the works presented here. The very first prototype, made entirely
of polyethylene and used strictly for mechanical validatiees impulse welded at the free end to
form a permanent airtight selgure 3.6 a). This, however, proved to khmhallenging to work
with if modifications were to be madEor example,n the optical and thermal prototypésvas
imperative thathe seal was capable of being removed if necessary. In the former, soscpai
lid and retaining ring were used to seal the top. The bag was pulled through the retaining ring and
the pail lid was inserted inside the bag itself. The lid was then screwed onto the retaining ring
where a seal was formed shown irFigure 3.6 b). While this method provetb be somewhat
effective, it did have its challenges. Because the pail lid and bag were matched in diameter, it was
difficult to fit the pail lid inside the bag withot¢aring the fabricAdditionally, placement of the
receiver within the bag is a crit parameter, and the pail lid provided no means of precisely
fixing the receiver verticallyit was for this reason that the final prototype utilized two-halinds
that provide a uniform clamping pressure across the top of theabagipown irFigure 3.6 ¢). In
practice, theend of theouter envelope was punctured intermittently to allow for a screw to pass
through. Then, counterbored holes were made into each of themadfs such that a screw could
clamp the two together, through the holes made in the fatltis method provided the cleanest

means of creating an airtight seal and allowed for the receiver to be positioned accordingly.
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Flange

Aluminum gear

Belt retentionring

Figure 3.5. a) Assembled concentrator base; dmadxploded view of concentrator bagéth
labels
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Figure 3.6. Various methods used to seal thedbphebag.a) Seal formed by using an impuls
welder;b) seal formed by a friction fit between a screw pail lid and retaining ring; arg)
seal formed bygandwiching the top of the film betweéwvo half rounds.

3.2. Concentratobasesubassemblies

The concentrator base & point of heavy machinery within the system. It must consist of
subassemblies that enable rotation of the concentrator, adpistonitoiinflation of the bag and
receiver, andnclude equipment for monitoring thermal performariEkis section will desdne

the mechanical subassemblies of the concentrator base and base frame. The inflation and thermal

setup will be described in ktersection.

The concentrator baserves two primary functions: enabling rotation of the concentrator

and providing accessays for inflation. Both of these functions are accomplished through the use
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of a custommadealuminum gear. A 3/8thick aluminum sheet wawaterjetcut into a gear
assuming interface with an XL series timing belt using the specification provided byNMlISU

The gear is then placed underneath the flange (separated by a silicone ring gasisttyfnade

belt retention ring was also waterjet cut to match the diameter of the flange and placed underneath
the gear to constrain the timing belt. Finally, amn@hum turntable was placed underneath the

belt retention ring to allow for rotation. The bolt holes of all components were matched to the
aluminum turntable and screwed togetfidre concentrator base subassembly is showkigare

3.5. The base connects to the inner race of the turntable to allow for rotation, while threaded rods
are screwed into the outer race and connected to the base frame. Several haleiieteirgo

the gear to allow for fittings to be used in inflation.

The concentrator base frame is much more simplistic. The base frame provides for enough
clearance from the ground to make rotwnthe inflation components which will be described
shortly. Additionally, the base frame features levelling feet to ensurththabncentrataremains
straight during tests. All pressure control components were tied intdbabe frame. The

concentrator baseamesubassembly is shown kigure 3.7.

3.3. Inflation

The mechanisms by which the concentrator inflates evolved over several prototypes. In the earliest
prototypes where the receiver had not yet been constructedaghlead been inflated through a
pressure regulated line connecting to alpto connect valve. In this section, the final inflation
design (with receiver) will be discussed as it is shows the complete picture of the inflation

mechanisms.

3.3.1. Inflation andpressuraegulation

For all experimentghe concentrator was inflated through a single line connected to the air supply
in the Bergeron Centre of Engineering Excellettewever, he delivery pressure from this line
was too high to be used directljhe pressure regulation system as showfigare 3.8 was used

to simultaneously drop the pressure of the air and divert it to several locations throughout the
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Tie-in points for
concentrator
base

Levelling
feet

]

Figure 3.7. Concentrator base frame with labels

system. Firstair is brought through ®ilkersonrelieving air regulator with butlin gauge rated
for 0-125 psito drop the pressute around 2680 psi The air leaves the regulator and enters into
a 1/4 PTCwye where the pathways for the receiver and central chamber ar©sglipath of the
wye leaddo a Control Air Type 800 subminiature precision regulator rated f6ip8ito provide

a leak presserfor thestagnanair in the bagThe outlet of the regulator leads into a"1P4C tee
with one end terminating in a pressure gauge to read the delivery prd$sisecond end leads
to a360° swivel PTC fitting connected to a ¥Ybok bulkhead fittingconnected through the wall
of the aluminum gear which ultimately inflatthe bag. A second bulkhead fitting is connected
through the wall of the gear and connects to an external pressure gauge reading the internal bag
pressureThe second pathway divergiirom the 1/4 PTC wye entergito a second 1/4PTC tee
with one end connecting tan adjustable knob rotameter rated for 10.82 scfm and the other
connected to a gauge for reading the receiver delivery pre3sweexit from the rotametenters

the receiver sulassembly where the flow rate can be adjusted.
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Figure 3.8. a) Front face of inflation sulassembly; antd) back face of inflation suassembly
with blue arrows representing flows and red arrows representing pressure reHuingauge
for reading the delivgrpressure of the receiver is not connected in this image.
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3.3.2. Receiverdesigni flow path

While the vertical solar concentrator I3y itself,a novel concept, thielly flexible and inflated
receiver furthejustifies the low-costdesign and opens the possibility of controlled deployment.
The vertical concentrator, however, complicates the inflation and thermal extraction processes. In
the horizontal configuration, the heat triandluid may enter from one side ahdextracted from

the other after it is heated. In the vertical configuration, thenastflow upwards However,

having a thermal extraction point at the top of the concentbatttrcomplicatesieployment and

adds wmnecessary weight to the sslipported structure. Therefore, a novel annular receiver is
proposed where ther must first flow upwards through the internal tube to bring it to the top, and
subsequently flows downwards through the outer top where iatedhand flows towards the exit.

This allows for both the inlet and outlet to be fixed within the base afadheentrator.

3.3.3. Receiverinflation sub-assembly

Since the dummy tube and receiver are concentric, so too must be the inlet and dbdet of
inflation subassembly.Unlike the main inflation system, however, the receiver inflation sub
assembly is complicated, and will be described directly thr@ufgtbelled schematic iRigure

3.9. Figure 3.10 displays a crossection of the subssembly and displays the flow paths and

thermocouple connection points.
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Figure 3.9. Isometric view ofthereceiver inflation suiassemblywith labelled components

The nonlabelled components are an assortment of @/Bing and 3/8 Yor-Lok fittings.
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Figure 3.10. Crosssectional view of the receiver inflation subasbgm The blue and rec
arrows represent the inlet and outlet flow respectively. The red dot that terminates the
flow represents flow out of the page. The orange arrows repitbsethiermocouples that ree
the inlet and outlet temperature. Tipeenarrows represent the thermocouples that reac
surface temperature of the receiver.
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The 3/4 boredthrough Swagelok fittingas shown inFigure 3.9 is the most important
component in the su@issemblyBy screwing this fitting into a pipeee, it effectively separates the
hot and cold fluid streams. The cold stream pa$sesgh the 3/4tubethrough the borethrough
connectionand the hot stream egihe pipe tee at a right angleéthout mixing.The boreethrough
3/8' to 1/8' Swagelok compressieiit adapter is equally as importafthis compression fitting
allows for a thermocouple to pass through and read the/onfié¢t temperature while
simultaneously preventing leaks though the use of a nut and ferrule! ®hilding that separates
the two fittings is to maximize the conduction resistance between the thermplectpand the
wall of the fitting. This is to ensure that the thermocouple is reading the temperature of the
oncoming flow and not the temperature of the fitting wiaigure 3.11 shows the thermocouple
subassembly and how it aims to maximize conduction resistartfeégure 3.12 shows thenlet

and outlethermocouples embedded within the inflation-aglsembly

A
v

;

;

Nut Ferrule

Figure 3.11 Thermocouple fed through a Swaglelboredthrough fitting with connectior
point separated frornmetip by distance. to maximize conductive resistance.
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Figure 3.12 Inlet and outlet thermocouples secured in a eilogsconfiguration with the hea
transfer fluid within the inflation subssembly.

3.4. Concentricreceivermaterial

The choice of material for the thermal receiver is critical in determining the performance of the
collector.Considerthe absorbing qualities of the receiver. Radiation from the sun is emitted at a
nominal temperature of 5780 T h e n, a c c oispthéement latv,ahe PWealkewav@lengt
being emitted is around 0.5 em. That is, the |
in the visible range. Conversely, the receiver will also thermally emit at its operating temperature.
Consider a receer that operates in the range of 50°100°C. The peak wavelength for emission
will be 8.97 em, anaéeés p ethetrecewenill greferehttallyemd rfadiatioa ,
from within the infrared spectrunin the ideal case, the receiver wid made of a material with

high absorption within the visible spectrum maximally absorb incident radiatiand a low
emission within the infrared spectruim mitigate radiative losse3his is also known as a high
absorption to emission ratio or high @olselectivity In the horizontal configuration, this is
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typically done by applying a solar selective coating over the surface of a rigid nig2pbEhese
coatings, however, do not adhere Melflexible polymers and therefore cannot be coated on the
surface of an inflated receiver. Therefore, several flexible polymers were analyzed for inherent
solar selectiity. To do so, thepectral hemispherictdansmittance anthe spectral hemisphesalc
reflectanceover the visible and infrared wavelengths waesasuredising the Shimadzu U¥600
spectrophotometélJV-vis) and thevertex 70FTIR by Bruker respectivelyThe total wavelength
spectrum measured 22028600 nm.Absorptance was calculatedingb=1 1.7 (. Solar
selectivity isthen obtainedby spectrally integrating the absorptance data over the wavelength
range. The formal integral for doing so is as follows

_famas 9

A Ey o/ ST 529
s d / Y
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whereEps is theblackbodyspectral emissive power at eithBgn (temperature of the sun) @e
(operating temperature of the polyméthwever, the spectrum measutgdhe UV-vis and FTIR
are finite, andherefore theexperimental values of total emittance and total absorptance will differ

from the true value. The experimental values of total tamie and absorptance are calculated

using
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The error induced by using Eq8.22) and(3.23) will be provided in the next sectiomable 3.1

provides the totaspectral absorptance and emittance along with the solar selectivity for several

thin film polymers

Table 31. Total spectral data and selectivity for various polymers.

Total _
Total emittance o
Polymer absorptance at Solar selectivity
at To =373 K
Tsun = 5780 K

Butyl rubbe® 0.9495 0.9052 1.0489
Kapton 0.9229 0.8783 1.0507
Black polyethylene 0.9439 0.8067 1.1700
EDPM rubber 0.8910 0.8630 1.0324
High temperature silicone 0.8949 0.9349 0.9572
BunaN foam 0.9687 0.9478 1.0220
Oil resistant bund\ foam 0.9410 0.8921 1.0549
Oil resistant, high strength

0.9399 0.8935 1.0520
bunaN foam
Viton 0.9267 0.8987 1.0311

fTheNIR wavelength range (2202000 nm) was not measured for all polymers except buty

rubber. Instead, this wavelength range was interpolated over.

®PMeasurements for butyl rubber were taken at a much higher resolution once it was chose

the receiver matel.

Unfortunately, all materials displayed a weak inherent solar seleciivitije butyl rubber

does not display a very large value of solar selectivity, it is still the best option for several reasons:

it has a comparatively largalue of solar setdivity out of all thin films tested, it comes readily

available in cylinders in the form of bicycle inner tubes, and it has a high melting point. The last
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point became quickly apparent as black polyethylene (the initial choice for receiver material)
quickly mdted in on sun test3.he final spectral data for butyl rubber is providedrigure 3.13

1 T T T T T 17T II T T T T TTT T
0.8 u
é 0.6 — 1
S
“ 04  Transmittance .
<
0.2 Absorptance
107! 10° 10’

Wavelength, A [pm]

Figure 3.13. Spectral hemispherical data for butyl rubber analyzed using a Shimad26Q0v
spectrophotometer for the visible wavelength range andiehsor 27 FTIRor the nearand
mid-infraredwavelength range

3.5. Error in total absorptance/emittance integration

While the calculatedalues of total emittance and absorptance are as accurate as they can be with
the current measurement techniques, there still exists an induced error byingeyerta subset

of the wavelength range. Interestingly, performing the integraticthis way is equivalent to
assuming that the spectral hemispherical absorptance and speatigphhericabmittance fron®

to &x andfrom & to D is equal to théotal (or averagegbsorptance and emittance. The derivation

that proveshisis shown inAppendixB. Nevertheless, an estimation of this error can be calculated
by comparing the denominator of the integrals in 8R0) and(3.22) and Eq.(3.21) and(3.23)

12, Fortunately, thenajority of theE, Listributionevaluatedat Tsunfalls within the region wean

measureas shown irFigure 3.14. Thus, integrating over a subset of the wavelength range yields

12 The exact error cannot be known as it would require knowledge of the valyaraf (. outside the measured
wavelength range.
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a total absorptance that is approxima@i% lower than when integratédm 0 tob. However,

the opposite is true for thetal emittance. Consider the total emittance at an operating temperature
equal to 100°C as shown igure 3.14. Since a significant portion of the wavelength range falls
outside that which can be measured, there will be a larger induced=ggtoe 3.15 provides the
approximatevalues of total emittance and their associated erfarsa range of operating

temperatures

Tsun= 5780 K

To=373 K

II\\IHl 1 | N NN 1 L1 III\E

2
E,, [W/(m’pm)]
5—!5

Blackbody spectral emissive power,

100 ™
10° 10
Wavelength, A [nm]
Figure 3.14. Distribution of the blackbody spectral emissive powersai= 5780K and at €
characteristic operating temperatlisge= 373K.
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Figure 3.15. Dependence othe approximatetotal emittanceof butyl rubberon operating
temperature and the associated erfoemintegratinge, Hver a subset of the entire waveleng
range.

3.6. Concentriceceiverdesign

Finally, theconcentric receiver tube wasnstructed using two @\picycle inner tubes made of

butyl rubber.The dummy tube, measuring 3/4" in diameter, was placed inside the active receiver
tube 1.315" in diameteA 5/16" hole was punched through the top of the dummy tube to bleed air

into thereceiver after reaching the tophe receiver tube was also fit with two thermocouples used

to measure the surface temperature at its midspan. One thermocouple was fastened on the side of
the receiver closest to the mirror while the second was fastend¢deoside closest to the
transparent sheet. A thin butyl rubber ring was then placed over top the two thermocouples. Once
the receiver was mounted, it was stretched through the bag to a final lengiiT loé @flated

thermal receiver and surface thermaples are shown iRigure 3.16.

3.7. Final values of concentration

In addition to being thermally stable at higher temperatures, the bicycle inner tube was chosen as

its size aligned well with the target regime of loancentration. With a projected inlet aperture
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width equal to 11.27" and a receiver diameter equal td51,3the resulting geometric
concentration is equal to 2.73. However, because we extended the rim to comprise half-the outer
envelope for ease of construction and -@astsideration, the flux concentration will not be equal

to the geometric concentratidfor the present case, we will consider that the optical efficiency is
equal to the intercept factor. Simulating the system results in an intercept factor €d8P

Then, the final value of flux concentration is equal to 2.13.

Figure 3.16. Inflated thermal receiver made of butybher. Two thermocouples are fasten
at the midspan of the receiver to measure the surface temperature.
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3.8.  Final prototype

The final prototype developed in this work is summarized'able 32 for quick reference

throughout this textvith the main dimensions shovechenatically in Figure 3.17.

Table 32. Design parameters for the final prototype

Diameter,D [m (in.)] 0.286(11.27)
Height,H [m (ft.)] 2.74 (9)
Mirror rim angle Grim [°] 180
Outer envelope _ ) )
Projected widthWproj. [M (in.)] 0.286(11.27
Mirror material Metallized polyeste(BoPET)
Transparent togheet material Polyeste(BoPET)
Diameter,D [m (in.)] 0.0334 (1.315)
CircumferenceC [m (in.)] 0.105 (4.13)
Receiver Distance from origink [m (in.)] 0.098 (3.85)

Height,H [m (in.)] 2.74 (9)
Material Butyl rubber
Geometric concentratioicy 2.73

Optical performance Intercept factaro 0.7823
Flux concentrationCriux 2.13

3.9. Costconsideratiorof final prototype

To afford comparison to other CSP technology, a surface level cost pell tre determined for

the prototype at commercial scakr this analysis, only the polymers will be consatkas the
framing was developed for prototyping purposes and is subject to change. Furthermore, the prices
are taken directly from the manufacturer at the time of procurembatefore, the prices of the
metallized polyesterclear polyesterand butyl rubberare given as$4.19/n3, $4.5/n%, and
$18.24m?, respectively Therefore, the total cost for the collector is approximately $452.7/m
(accounting for both the receiver and the dummy tubleis estimate, however, will change once

the material cst is reduced at scale.
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Figure 3.17. Crosssectional schematic of the final prototype with dimensions.

3.10. Furling

While the vertically oriented solar concentrator was designed to operate under the widest range of
environmental conditions, it must not be exposed to particularly strong winds that could
permanently yield the materidk is for this reason that the comteator must becapable of

deployment andtowingat any given time.

The logistics ofstowingthe concentrator is simple; the valve controlling the flow to the
inlet is to be shut off. However, there is concern over what happens to the stagred For
example, as thimternal pressure is releasete mirror membrane may wrinkle reducing optical
performancedeesection6.1) or tear due tériction with nearbyobjectsrendemg the concentrator
functionally useless. Letting the bag fiedl was the cheen method during experimentation,
however, it cannot be concludedhetherthis is problematic as the bag was always staifeat

stowing

It is for thesereasosthat the idea of furling was introducdelrling is the concept whereby
the bag would rotup asthe pressure is releasedminimize risk.The idea of furling was tested

in early prototypes with a bag maeetirely of polyethylene film. Constasforce springs, or tape
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springs,were consideredsathe primary choice to accomplish furling. Manufactured in coils, a
tape spring is elastic along its lengthwise direction; upon being pulled, a restoring force acts to
retract the tape spring into its natural curvature. Tape springs are widely usee ime@agurers

Figure 3.18. Tape spring in its naturally coiled state.

andshelving pushers to keep product at the fromtsifelf as it is gradually removefls the name
suggests, the constant force spring experiences a constadeltextion relationship after pulled

1.25 times its diameteFigure 3.18 shows a tape spring in its naturally coiled state.

Utilizing the tape spring requires pexific concentrator configuration. The top seal of the
concentrator must be impulse weldedorm a permanent connectidextra fabric at the tofpast
the seal)s thenthen formed into a cylindeand fastened to the bag as showkigure 3.19 a).
This allows for a furling tube to be placed inside the pocket and will guide the bag as Tthells.
tape springs thenimplemented byirst fastening one end to thmse of theoncentrator (under
the hose clampround the flange in the present gaséhile the opposite end brought through
an incision in thefabric where it wraps around the furling tub&ccording to specification, the
furling tube was 120% larger than theatural diameter of the coil and a minimum of 1.5 wraps
was left on the spool at all timdgpon deflation, the tape spring retracts, coiling around the furling
tube and furling the bag along withlih. contrast, when the bag is inflatékde pressure foes the
tape spring to uncoil until it is fully elongated. A succesgfiurled and unfurled concentrator is

shown inFigure 3.19b) andc).
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Unfortunately, the tape springs faced major issues and a successful quit\wgseatable.
At full elongation, the tape springs tended to buckle as they retracted, in addition to sliding laterally
along the concentrator spias shown irFigure 3.20. Most importantly, the tape spring tended to
lift off the spine wherehe coil meets the furling tube, just before the incision. This produced
erratic resultsand the bag did not coil cleanly nor repeatedly across tests. It can be said, however,
that many of the problems faced hemnay be eliminated by physically fastening the tape spring
against the spine of the concentrator.

Furling tube

Pocket

Tape spring

Figure 3.19. a) Tape spring configuration where the furling tube (red) is embedded wit
cylindrical pocket and the tape spring (grey) is wrapped around the furling tube before
through an incision (blue dashed line) dralidling down the spine of the concentratby;
concentrator in the furled statendc) concentrator in the unfurled state.

Another approach for furling vgausing a pulley and winch. To utilize this method of
furling, the top seal of the concentrator must use the half round method. Two pulleys were fastened
onto the end of the hatbunds and fishing line roughly equal to the length of the concentrator was
wrapped around eaas shown inFigure 3.21. The fishing line was then coiled onto two winches
fastened into the rotatable baS®eme success was found with this methmowever, it too faced
challenges. It proved to be problematic if gpeed at which the winches were rotadidi not
match the deflation speed of the bag; coiling too fast resulted intenv&oning the bag while
coiling too slow causkthe line to sl off the pulley. Additionally, this method requirése
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concentrator to be manually stowed and deployddmately, this method of furling was not
thoroughly tested andas removed in later prototypes.

Figure 3.20. A buckled tape spring that has slid laterally causing the bag to furl it
uncontrolled direction. This tape spring was confined within a second pocket along the
of theconcentrator buvas not physically constrained due to loose tolerances.



Figure 3.21 Furling method by winch and pulley as shown on lgj@0centrator.
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3.11. Tracking

In order to achieve trackinthe collector was designed to fit on a turntable. The inner race of the
turntable would provide structural support by connecting to the collector base frame while the
outer race would enable tracking. TWwaterjet cut gear was initially going to interface with an XL
series timing belt connesd to a closed loop stepper motor. The motor was chosen such that the
step size was significantly smaller than the angular size of the sun allowing for perfecgtaickin

the solar disk. The implementation of the tracking mechanism, however, was foregone to prioritize
the thermal analysis. Instead, thacking was performed manually in the thermal experiments
with the use of @éishadow stickas shown irFigure 3.22. The shadow stick is an aluminum tube
positioned in the centre of the base of the collestich that it would project a shadovihen the
collector was rotated into view the sun When the shadow wasst directlyin the centre of the
receiver, the collector was considered to be appropriately tracking the sun. Because this method
was rudimentary in nature, the collector was designed todkargeacceptance angle of $fich

thata visual technique would provideaurateresults.
;, N |
:. 0 k Iv 4" " “

Figure 3.22 Aluminum tube (shadow stick) projecting a shadow onto the receiver indic
thecollector is tracked.
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Chapter 4

Optical modelling

In Chapter 3, the mechanics of an inflated beam made ofilimmembranes was discussed at
length. The functional relationship between the aspeabd wtd moment and deflection was
determined, thus providing a guideline for constructing structurally viable concentiidiese
conditions alone, however, are not sufficient in producing an optimal concentrator, as it lacks
sufficient optical and thermahalysis. In this chapter, the solar concentrator will be analyzed from

anoptical perspective using various simulation techniques.

4.1. QuastanalyticalMonteCarloray tracing

The fundamental functioaf the solar concentrator ke ability toreflect thermal radiation in a
deterministic manneParabolic surfaces have been known to focus incoming radiation to a perfect
line, while circular surfaces result in spilled radiat[@h While previous research has aimed to
guantify the effect of impeeictly matching the parabola, lengthwise curvature has not been
considered given the focus on structural stabititywever, the deflection experienced by vertical
concentrators can significantly impact the operating efficiency of these devices by skewing
reflected radiation. To date, no Monte Carlo ray tracing software is capable of producing an
analytical, or sermanalytical, solution for free form surfaces. To that end, it was necessary to
develop a quasanalytical Monte Carlo ray tracing algorithm (QECRT) in Matlab for the

purposes of reflecting surfaces thaflect according t&ulerBernoulli beam theory.
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4.1.1. Ray andsurfaceparameterization

The starting points of each ray are generated on an inlet aperture that spans from one corner of the
mirror to the opposite corner. The inlet apertsrdefinedat an offsespecifiedby the user. The

starting coordinates of each ray are then given by

x,=L(R -0.5) %'5 Rsinégé% E (4.1)
y, = offset (4.2
z = HR (4.3

wherelL is the length of the receiveq, is a random number from O to R,is the radius of the
outerenvelope Urim is the rim angle, anHl is the height of théag The second term in E@.1)

ensure that the rays are always being generated on the inlet aperture, since its centreline is not
alwayscoplanar with the-z plane inglobal coordinate system (GCS). Each ray is then assigned a
direction vector that is generated within a cone subtended by an anglé&f(@dresponding to

the angular size of the sumi).the GCS, the equation of thaey is described by

e, g €s
-~ _é un~e€
r= éye ‘+Désy (44)

& U &,

Since the inflated concentratateflects according to EuleBernoulli beam theory
according to the discussion providedSection 3.1the relevant assumptions and equations can be
applied to form the parameterization of the mirror surfd@ee of the critical assumptions
regarding EuleBernoulli beam theory is that the cresection remains unchanged after deflection
occurs Thus, the surface parameterization ofrthigror is the parameterization of a cylinder plus

the deflection at the infinitesimal cross section



80

& cosq+ cof ¢) (@
ézgrsinq sin( g) (@) (4.5)
z

D> D

where dy is the direction of the windnd (2 is taken from Eq(3.10), reiterated here for
convenience

2

WX 2
d(z) = f24EI(x2 61 4ix) (4.6)

Depending on the construction of the concentrator, the receiver may experience the same,
partial, or none of the deflection experienced byahterenvelope For this reasortq. (4.6) is
multiplied by a factor of which ranges from 0 to Typically, the value of will be set to 0 which
indicates that the receiver is not physically constrained withibalgethat is, théagis shielding
the receiver fronexperiencing any deflectiofigure 4.1 shows a general configuration with an

arbitrary rim angle for visual purposes.

z [m]

v [m] x [m]

Figure 4.1. General configuration of a solar collector wiithO experiencing a arbitraryforce.
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4.1.2 Intersectioncalculation

Eq.(4.5) is a multivariable parameterization; it uses the circumferential parachatet the heigh
parameterz. Therefore, the intersection calculation must be performed numeriEaigy, the
mirror and receiver are segmentedigtosssections of infinitesimal thickness. Then, applying
EulerBernoulli beam theory, each cross section is a circle (for the regavesector of a circle
(for the mirror) displaced by an amougiven by Eq.(4.6). Each crossection then has a centre
point given by

ed(2)coda,)
2d(z)sin(q,) (4.7)
|

O
I
D> D+ s D~

where thex- and zcomponents of Eq4.7) are modified by a factoof cos€ly) and sin¢)
corresponding to the directional impact of the wiad (4.7) can be subtracted from Eg.4) and

Eq. (4.5) to transfer all of the surfaces to aabcoordinate system (LCS)ving the following

equations
&% - d(Z)codq,) 8 &,
r =gy, -d,(2)sin(g,) ngsj (4.8)
S =
&r cosg
ézgr sing (4.9
g 0

Figure 4.2 shows the geometrical interpretation of thsultof transfering all components
to the LCSNow the ray effectively carries all the information regarding the displacement function
andthe height function whereas all of the cross sectiohmfinitesimal thicknessre located at
the origin of the GCS. However, since traedue ofzthat produces the intersection is not known a
priori, an infinite number of rays are generated whensfiexrring the initial ray to the LCS. The

true intersection will be found using atersection algorithm in Matlab.
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All function minimization calculations in Matlab utilize an objective function that is
minimized with respect to a single variable. The etijve function is formulated using the
geometrical constraint that for a ray to intersect the mirror or receiver, it must satisfy the following

equation
=X Yo (410

Therefore, for an intersection to exig;r andysurt must equal th&- andy-component®sf the ray;
that is Eg.(4.8) must intersect Eq4.10)

Xut =% d(2cog q) B, (4.12)
Yot = Yo @(2sin( q) Ps,, (4.12)
z
\ y
Infinitesimal

mirror segments

Infinite ray
possibilities
Zoc

N
~
~

Xioc

G - - - - - -

/

Figure 4.2. Mirror surface segmented into cressctions of infinitesimal thickness and plac
at the origin of the global coordinate system. Transferring the original ray (black arrows)
GCS to the locatoordinate system produces an infinite number of rays (grey dashed a
where the true ray is taken as the one that intersects the mirror.

Substituting Eqs(4.11) and(4.12) into Eq.(4.10) and rearranging
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Ozgxe -coqq,) 42 E—)sf (ys si{ 4 (¥ Ds,} 1§ (4.13

wherer is the radius of the mirror or receiver dependingadmch intersection is being calculated

during runtime.

Eq. (4.13) is the objective function that needs to be satisfied with respect to the ray
parameterD. There are three possible outcomes: 1) two solutions, one for each side of the
mirror/receiver; 2) oneddution where the ray is tangent to the receivenioror; or 3) no solutions
where the ray does not intersect the system. In the most general case, all solutions must be known

to fully constrain the system.

The objective function is very sensitive and can span many numerical magnitudes whereas
thesolvers required for this problem expect a tolerance on the ordérdbrless to be accurate.
In order to be computationally inexpensive first solve for the value dd which produces the
absolute minimum ofq. (4.13) using thefzero solver. This is because thealue of Dmin is
extremely close to those valuesibfvhich satisfy Eq(4.13) as the ray does not have to travel far

before intersecting a surfaceherefore, instead of searching the entire domain for those values of

2.5 :
= 2 Objective function i
s residuals
=]
w15 /|
2
=
2 1F _
I3}

E

5 051 -
B

g 0 —

403 Intersection point

0.5 | | |
-2 -1 0 1 2

Ray travel parameter, D

Figure 4.3. Objedive function residuals during the objective function minimization proc
for intersection with the mirror. The blue line represents the residuals, while the oran:
represents where the residuals equal 0, i.e. the point of intersection. The regdféaie
intersects the mirror twice, producing one +pdrysical and one physical (true) solution.
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D which satisfy Eq(4.13), we instead only search a small range of values arDundising the
fminbnd solver. Figure 4.3 showsthe objective function residuals fohe objective function

minimization process.

In the case of the receiver intersection, we simply take the smaligstegativevalue of
D thatsatisfies the objective functioRunning the intersection algorithm on the mirror, however,
may reveal a fictitious intersectiod/hile the rim angle of the mirror may only span from 0 to
180°, thefull equation of a circl€0 to 360°)is used to describne mirror within the objective
function. Therefore, after both values DBfarefound, we solve for their correspondirgandy-
coordinates and impose the constraint that the angle formed between the intersection point and the

+x-axis in the GCS3nust bewithin the rim angle of the mirror, that is
qmin ¢ q¢ mg( (414)

For computational purposes, sequential MCRT methods are empldyethtersection algorithm

is first run with respect to receiver; if the ray is absorbed by the receiver, the algorithm is
terminated. If the itersection algorithm yields no intersection with the receiver, it then runs with
respect to the mirror surface; if the ray is reflected by the mirror, the process loops and the receiver
algorithm is run once more. The process continually repeats unét dith ray is absorbed by the

receiver or it is lost to the surroundings.

4.13. Speculareflection

If the ray intersects with the mirror, it must be reflected in a deterministic manner and continue to
be traced until it is either terminated at the reeeior is lost to the surroundings. In order to
properly trace the reflected ray, the normal vector at the point of intersection must be known.
Considerfor the moment the twdimensional case where a ray reflects off a ciadagiven in

Figure 4.4 a). In this case the reflected ray must be directed towards the centre of the circle given

by

X, ,p = TC0Sg (4.15
Yoop = TSING (4.16)
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whered is given as

g=tan g™ (4.17)

Now consider a beasxperiencing a uniform load that deflects according to EBéznoulli beam

theory as given b¥igure 4.4 b). The slope is given as E.9), reiterated here with a different
variable forclarity

3
p=M (4.18)
6El
a) A b) 2 b
(Xint, Yint) A '
—Ln / I l
E ] b
: . S — > X
; sind 7 l
) /] ¥
' ; Imax
; > 7
; 'N
A 4
l,y L ;
I"
d= taﬁl(ymtlxint)

Figure 4.4. Two-dimensional analogues tfie slope vectora) shows a ray intersecting tr
two-dimensional mirror crossection andb) shows the slope of a beam experiencing a unifi
distributed load according to EwBernoulli beam theory.

The zdirection vector is then given by

Z 5 =rsinb (4.19

The twadimensional analogues can then be extended to three dimebgiamsidering the

general threedimensional mirror surface as showrfHigure 4.5.
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[m]

x[m] y[m]

Figure 4.5. Generalthreedimensional slope vector constructed from the-tiwoensional
analogues

The final unit slope vector is given as

(0 d

2 rcosg cos b
|
rsing cos b
|

|

(4.20)

>
I
(XD~ (D~ (D~ (D~ (D~ (D~ (D~ D~ (D
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The signs on the- andy-component othe slope vector are chosen such that the refleeted r
always points in the correct directidfinally, the formula for specular reflection can be applied

Fspec=S -2(n SXD (4.21)

wherer s is the reflected ray directiokis the unit direction vector of the incoming ray, avfe

is the normal vector at the point of intersection.

The result of the QMCRT is theintercept factorln the strictest sense, the intercept factor
is the ratio of the radiant power incident on the outlet aperture divided by the radianirmosest
on the inlet aperture. However, because theMZ2RT doesnot consider the thermal aspect of
each ray, the intercept factor is simply taken as the ratio of the number of rays incident on the
receiver divided by the number of rays incident on the inlet apefthegntercept factoprovides
a convenient means of understanding the optical losses, without having to thermally simulate the

system.

4.14. Sensitivityanalysis

One of the main benefits of commercial ray tracing softavare that they can project arge
number of rays for statistical significance. The numerical intersection algorithm along with
Mat | abds iiscobmpatatianallyexgensivee requiring an abundance of metoaglve

the system of equations presented HEne. QaMCRT is typicaly run using 10000 rays, however,

it remains to be determined whether this sample size is sufficient to achieve statistical significance.
Using thegeometryof thefinal prototype the QaMCRT was run 5 times each using a sample size

of 100, 1000, and 10000 rays. The results are showigirre 4.6. While it is normally beneficial

to use a gaple size of 0 to 10° rays, the QaMCRT showsreasonableonvergence near 10000

rays, resulting in a standard deviation of 0.0024. Therefore, it can be concluded that this number

of rays results in statistical significanfoe the case where the collectxperiences no deflection
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Figure 46. QaMCRT sensitivity analysis performed on a concentrator with dimens
equivalent to that of thignal prototype developed

4.15. Accuracy analysis

While the QaMCRT is novel in its application, its validity can still be verified by comparing the
results of specific test cases to other Monte Carlo ray tracing packages. While other Monte Carlo
ray tracing packages cannot analytically solve for the intersectiaswfface that is curved along

its length, they can solve for the simple case of a perfectly straight cylindrical concentrator. Hence,
the QaMCRT can be verified by analyzing similar test cases using Veldgé&re 4.7 shows the
intercept factor for several test cases, the details of which will be providgzpandix CAs can

be seen fronfrigure 4.7, the QaMCRT performs almost identically to that of VeGaS, featuring

an average difference of 0.0028 and a standard deviation of 0.0105. Therefore, the techniques used
in the QaMCRT are verified.



89

=
oo
|
|

I
I~
|
(]
|

Intercept factor, v [0-1]
=
I
]
|

| |
0.2 | | | | |
0 2 4 6 8 10 12

Test case

Figure 4.7. Verifying the validity of the QaMCRT by comparing the results of several t
cases to that produced by VeGaS. TheMZRT was run using ¥rays while VeGaS wa
run using 18rays. The circle andquaremarkers represent thmesult from the QMCRT and
VeGas, respectively.

4.16. QaMCRT results

After verifying the sensitivity and accuracy of the-RIERT it was then used tdetermine the
intercept factor of a prototype solar collector under a variety of conditiorsthis study, the
independent pamaeter was chosen as wind speed and deflection for practicality with the
understanding that the drag force can be obtainedditirar of these values. The QECRT was

run using the geometry of tHegnal prototype developeih the CooperLalwith a sample size of

20,000 rayslIn total, sixtest cases were analyzed. The first and second cases are representative of
thesolar collectoexperiencing a head and crosswind, respectivelythiftecasds representative

of the solar collector experieing a wind direction that is 45° frorither theheadwind or
crosswind. Wind coming from this directisr e f er r ed t o Iathe fifsiothrele cages e wi n d
the receiver is assumed to remain perfectly straight within the bag, that is, it experiences no
deflection. In the remaining cases, the receiver is assumed to deflect the same amount as the
collector.In all cases, the solar collectsrassumed to perfectly track the sun. The results of the
QaMCRT are given irFigure 4.8.
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Figure 4.8. Results of the QMCRT applied to three test cases. The geometry of the solar collector used in the sinr
corresponds to that of the final prototype developed in the CooperLab. Obliquewind corresponds to a wind direction H&*
headwind and crosswind. In all tesses, the solar collector is assumegktdectlytrack the sunThe maximum deflection is givel
as the deflection at the tip of the collectior. 0 indicates the case where the receiver experiences no deflectibr dniddicates
the case where theceiver deflects the same amount as the collettoe. markers correspond to the conditions for which
simulation was run.
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It can be seen frofRigure 4.8, tha the results are subject to noise, especially in the latter

half of the graph (greater than 10 m/s). This is due to the number of rays used in the analysis. For
a vertical collector subject to no deflection, 10,000 rays is somewhat reasonable as the inlet
aperture over which the rays are generated coincides with the inlet aperture of the collector itself.
However, consider the case where the collector experiences a crosswind. The inlet aperture over
which rays are generated will be larger than the inlettape of the collector. Then, many of the

rays generated will be immediately lost before entering the system. This results in an immediate
decrease in the denominator of the intercept factor, reducing the sample size and generating noise.

In the cases whe the receiver experiences no deflection, the corresponding curves in
Figure 4.8 do not cover the full domain. This is due temial constraint of the receiver within
the bag. At the maximum deflection, thater bag contacts the receiVeany further deflection
would violate the verticality of the receiv@tevertheless, it can be seen that even small deflections
on the order of cdimetres can produce significasgillage At nearly 5 cm tip deflection, or wind
speeds of 4 m/s, the intercept factor reduces to approximately 0.65 in the case of a crosswind. At
higher wind speeds, thepillage increases even further significantly reohgc the optical
performance. Essentially, a significant deviation in the normal vector at the intersection point on
the mirrorcauses reflected rays to miss the recei@enversely, there is no notable reduction in
the intercept factor if the receiver thdts an amourdgqualto the outerenvelopef(=1). However,
both f = 0 andf = 1 are highly idealized scenarids. reality, the receiver is in a statically
indeterminate state and its exact curvature may not be readily calculated. Therefore, préscribing
= 0 andf = 1 gives a conservative and liberal estimate of the optical performance losses,

respectively.

It should also be noted that the solar collectors prescribed by the geometric argument
provided inChapter 3would not be deployed overlarge portion of the domain givenkigure
4.8. In fact, at an inflation pressure of 1.5 psi, the prototype used for the above analysis would
begin to wrinkle awind speeds of approximately 8 m/s and collapse at 16 m/s. Therefore, the
load-deflection curve becomes ndinear in the latter half ofFigure 4.8, and the defle@in
equations used may not be applicable. The region from 8 to 16 m/s then is only provided to
complete the optical study¥herefore, even the noise in this region is insignificant since it occurs

in an impractical range d¢figure 4.8.
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Chapter 5

Thermal modelling

Before performing a comprehensive-sim experiment, it is necessary to characterize the system
from a thermal perspective. In this chapter we first start by modelling the receiverstngehe
approach of an equivalent thermal circuit. The thermal circuit is then modelled in Simulink which
takes flow rate as the input and outputs the temperature of the heat transfer fluid, wall temperatures
of the receiver and dummy tube, local heansfer coefficients, anQgain andQioss The results of

the simulations are of great importance for two reasons. First, the results enable the direct
characterization of the flow rate which optimizes thermal performance and second, the results

provide theexpected thermal performance in advance of the finguonexperiment.

5.1. Energy flows andguivalent thermal circuit

A visual representation of the energy flows from the source to the receiver is sHeiguran5.1.

Once allof the thermal losses on the way to the receiver are accounted and we have a constitutive
value forQgain, We can then focus our attention on the receiver to study the transfext ob liee

HTF. The equivalent thermal circuit of the concentric receiver tube is shoviaigiire 5.2. Qin
represents the concentrated sunlight distributed unijoower the outer receiver wall. As the
receiver wall is heated, it may either contribut®gen or Qoss That is, the heat may either be lost

to the surroundings by natural convection or radiati@esd or may conduct through the outer
receiver wall to the inner receiver wadain). The HTF on the inside of the receiver (annulus) is
then heated by the inner receiver wall by convectlmut, will simultaneously lose heat by
convection to the outer wall of the dummy tube. Similarly, ti@mhy tube will conduct heat from

its outer to its inner wall and the HTF on the inside of the dummy tube will be heated through
convection. Since the flow paths of the receiver and dummy tube are linked at the top, the HTF on

the inside of the dummy tubeillveventually flow into the annular region of the receiver.
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Therefore, a line connects the nodeJ &finner and Tair, annuiusto represent that flow of energy by
the HTF. Finally, the fluid is extracted through the bottom of the annular region refcigerds

Y
Transmittance + absorptan Reflectancej = 0.9

losseqmirror)

Emission loss&s
Convective lossas

AbsorptancelJ= 0.9
anin

Transmittance + reflectance loss

o~ receiver
( )
‘,o \\A ] B
= == Transmittancel)= 0.85
Reflectance + absorptance losse
(top-sheet)

Cosine losses

Osource

Figure 5.1. Energy flows fom the source to the receiver.
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Figure 5.2. Receiver tube thermal circuit. The litabelled flow energy in represents the flu
as it flows from the dummy tube into the receiver tube and the line labelled flow out repr
the fluid extraction point.

5.2. Thermalmodel inSimulink

The approach taken to simulate the vertically oriented solar collector was to model the concentric
receiver tube alone. The effects of top sheet transparamoyr reflecance and cosine losses

were introduced as static design variabie the heat input which will be explained shartly
Simulating the system in this way reduces the overall complexity of the simulation while still

maintaining accuracy.
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Both the dummy tube whictbrings the air upwards and the receiver tube which
simultaneously heats the air and leads it towards the outlet were segmented into 6" long segments.
The benefit of doing so is that we can obtain a profile of the wall tempeeatdreemperature of
the airas it is heatethroughout the system. Each segment of the receiver tube was sdbgect
an irradiance equal to the following equation

Qniseg=16L 7 atyV,, DXl cos (5.1

The optical properties of the various films in the system are built directly int(5E. Uis the
transmittance of the tegheet equal t6.85 j is the reflectance of the mirror equald®, Uis the
absorptance of the receiver equaDi®, and is the intercept factor equal to 0.782Bie intercept
factor is not equal to 1 as the mirror was chosen to be exactlyadinef the outeenvelope for
both ease of construction and coensiderationLap and Wap are given as the total projected
lengthand width of the collectoiheDNI represents the direct normal irradiance which was input
as a nominal value &70 W/n?. The equation is then multiplied by a factoco&f corresponding

to the elevation angle ansldivided by 18 as there are 18 umifdy illuminated segments. The

total heat into a segment is then given as 11.31 W, or 203.6 W over the entire receiver.

While the thermal circuit is quite simple to understand, the Simulink model shown in
Figure 5.3is much more nuanced. In thest of this sectiorwe will discuss the parts of the model
that are not immediately apparent. First, the flow of heat from the outer receiver valHeat
transfer fluid in the annulus is computed inte
el ement (G)o. The characteristic thickness an
after butyl rubber) is equal to 2.5 mm and 0.09 W/méSpectively. Once the HTF is flowing
through the annular region it may also heat the wall of the dummy tube (which has the same
thickness and thermal conductivity as the receiver). However, the thermal conserving port (port H
on the receiver) cannot loirectly connected to the wall of the dummy tube. Doing so will cause
a portion ofQi to flow into the dummy tube, causing an erroneous heat gain. Instead, we employ
a clever technique whereby the HTF flows into a fictitious pipe ele(aéet flowing tirough and
being heated by the receivevjth hydraulic diameter equal to that of the annular region whose
purpose is to only give up heat to the dummy tube wall. This will induce a fictitious pressure drop
which can be set to 0. However, for the purpodethis simulation the pressure was ignored.

Finally, since the value of emittance for radiative losses is dependent on operating temperature, its
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value was changed iteratively to obtain accurate results. The final value of emittance used was
0.893 Obtainng an accurate value for the heat transfer coefficient for convective losses, however,
involves several assumptions regarding the flow regime over the receiver tube. For this reason, we
attempt to solve for the heat transfer coefficient assunmagexistace ofboth free and forced
convection.According toCengel and GhajdB4], the Nusselt number for free convection over a
vertical cylinder is identical to that of a vertical plate assuming the following is true

35L

L

wherelL is the length of the collector ai@f. is the Grashohumber equal to

_gb(T,-T)L
=90 L)E

Gr,
- n

(5.3)

In Eq.(5.3), g is the constant for gravitational acceleration in?nfiss the coefficient of volume
expansion in KTs is the surface temperature of the receiver inT&is the temperature of the
fluid sufficiently far from the surface ifC, L is the characteristic length of the geometry (in this
case the length of the collector), arid the kinematic viscosity of &fluid in n¥/s.For the present
analysiswe assume that air is an ideal gas suchfilatl/T whereT = 293 K, Ts = 323 K, Tp =
293 K,L =2.74 m, ana = 1.516<10°m?/s, where all values are obtained iterativédplving Eq.
(5.3) with these values gives a Grashof number equal tox804 and therefore E¢(5.2) is
satisfied Since Eq(5.2) is satisfied, we can thause the following equation for the Nusselt number

for free convection over a vertical pld8:]

3 i
~ 1/6 A
NU,. =1 0.825+ - 0.387Rq o (5.4)
| &+(0.492/P) " @ b
where Pr is the Prandtl number equal to 0.73 andsRhe Rayleigh number defined [&4]
Ra, = Gy Pr (5.5)

Solving Eq.(5.4) gives a Nusselt number equal to 456.43.
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In addition to free convection, we then check if forced convection is prominent within the
system. Unfortunately, correlations flmrced convection over vertical cylinders are scarce, and
are often given witim literature only for highly specific cases. Even amongst the correlations that
do exist, they often show contradictory res[8&]. Nevertheless, we assehat a flow is imluced
by a leak in the top of the bag (near the clamping pomipketo 10% of the inlet flow rate.
Assuming the flow rate is equal to 1 scfm, the flow rate induced in the bag in Sl units is given as
4.72¢10° m®/s. Dividing by the crossectional areaf the collectorsgives the average flow
velocity within the bag (ad thus, around the receive)V = 7.33<10“ n/s. The Reynolds number

is then calculatedsing

Re = \% (5.6)

which is equal td.32 Forthe present casge assume the correlation for forced convection over

a flat platesubject to a uniform heat fllaccording taCengel andshajar[34] given as

Nu =0.453Re™® Pf (5.7)

L,forced —

Eq. (5.7) gives the Nusselt number for laminar flow at the top of the recéiiegre heat transfer
is the greatst) and is equal td.69.Due to the significant difference between the Nusselt number
for free and forced convection, it can be seen that free convection dominates. Nevertkalass, w

calculate the combined Nusselt number ugd#g

Nu Nu" AU fre)lm (5.8)

combined — ( forced

wheren is equal to 3 for the vertical orientation. Therefore, the combined Nusselt number is equal

to 456.42Then, the heat transfer coefficient is calculated using

h - Nucombinec}( (59)
L
wherek is the thermal conductivity of air given as 0.025 W/mK. The final valueisfequal to
4.2 WIntK, however, this value was later increased to 7.5 #/rto capture some of the

complexities in the flow regime within the ouenvelope and to better mataatity.
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Figure 5.3. Simulink block diagram. The purple lines represent the flow path of the fluid, and the orange lines represent

flow path.
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5.3. Flow setup

It was hypothesized a priori, that theseuld be two competing effects that govern the outlet
temperature. The overall heat gained by the receiver can be characterized using the following

equation utilizing the specific heat capacity

Quain = MG, ( T - Tn) (5.10

Conversely Newt ondés | aw of cooling can be alosmed t o

the receiver using the following equation
Q=hADO (5.11

According to H. (5.10), for a specific Qgain, decreasing the velocity of the fluid must be
accompanied by a corresponding increas&,im  Tin. According to Eq(5.11), however, an
increase in the velocity of the fluid will cause a direct increase to the heat transfer coefficient and
thus more heawill be absorbed. Therefore addition to the simulation providing the expected
thermal performance, it will alssietermine the optimal design parameters when performing-an on

sun experiment.

54. Simulationresults

The results of the simulation are given in four separate [faare 5.4 displays the dependence

of temperatures and efficiency on flow ratiee averagdocal heat transfer coefficienand the
power output determined by E&.10). Three different heat transfer coefficients were provided as
recommended in Transport Phenomena by R. Byron Bird, Warren E. Stewart, and Edwin N.
Lightfoot [36]

Qyainjocal
- gain,local 5.12
hl (pDL) (T01 - Tbl) ( )
ha — anin,local (513)

(pDL) (T01' Tbl) '(Toz -{)2)
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anin,local
(T01 - Tbl) '( Toz -Ik-) 2)
In (T01 - Tbl) In (Toz -'IE) 2)

h, = (5.14

(pDL)

whereTo1 and Toz representhe wall temperature at the inlet and outlet, respectivelyTandnd

Tho represent the bulk fluid temperature at the inlet and outlet, respectively.is,h: is based
only on the temperature difference at the irtigis based on the arithetic mean of the temperature
difference from the inlet to the outlet, ahglis based on the logarithmic mean of the temperature
difference from the inlet to the outlg6]. According toByron Bird, Stewart, and Lightfoot, the
logarithmic heat transfer coefficient is most preferable as it is less dependent on asp¢8btatios

Furthermoretheefficiency isrigorouslydefined as

anin _me ( -|:)ut_ -Il-n)
Q, DNIcosg A

h=

(5.15)

Sinceenergyis conservedye canbreak dowrQgain in the first representation of efficienay Eq
(5.15) as

Qn = (%ain Qoss (516)
or alternatively
anin = Qn _Qoss (517)

Substituting Eq(5.17) into Eq.(5.15) we arrive at a simple definition of efficiendgfined as

p=1 Sosses (5.18)
Qs
Figure 5.5 displays an area plot of how mubkbat is being gained by the system and how much
heat is lostdueto convection and radiatiofrigure 5.6 andFigure 5.7 looks at the evolution of
temperatures throughout the systétigure 5.6 displays the temperature of the air as it evolves
througlout the systemandFigure 5.7 displays the wall temperature$the receiver and dummy
tube.

It is apparent fronfrigure 5.4 a) that there existsféfow rate whichproduces the maximum

operating temperature by balancihg opposig effects of Eq(5.10) and Eq(5.11). Fortunately,
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the optimal flow rate of around 1 scfm is on the lower end of the scale thus requiring less energy
to produce. Additionally, this flow rate is easily replicable on any analog syBtana flow rae

of 1 scfm it can be fronrigure 5.4 c¢) that the expected output power is approximately equal to
12.7 W, increasing with increasing flow rat€onversely the efficiencyis quite low, equieng
approximately 7%JFigure 5.5 explains this phenomenon as only a fractionQaf actually
contributes tdQgain. That is, since readiation is minimally supressed by the receiver, and since
nothing is being done to prevent convection currigata forming Qgainwill be significantly bwer
thanQin. At the operating temperature of about 44°C, 39% of the incident{de@.17 W)is

being reemitted by the receivemd a tirther 54%or 109 W)is convectingoff the surface of the
receiver At higher flow rates, these losses tend to elesg however the compromising effect of
increasing flow rate willresult in an overall decrease Tuw Tin according to Eq(5.10).
Recommendations for increasing outlet temperature and efficiency will be provided in a later

section.
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Figure 5.4. Results of thermal simulation showing the effect of changing flow rate)anrtlet fluid temperature, wall temperatur
and efficiency}b) average local heat transfer coefficiehishs, andhin (ha is representedisually by the dashed green linendc)

the power output in W.
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Figure 5.7. Evolution of the wall temperatuiross the concentric receiver.

All threelocal heat transfer coefficients Figure 5.4 b) are steadily increasing with flow
rate as expectedhat is, & greater flow rates the difference betweentdrmeperature of the wall
and the temperature oféalibulk fluid decreaseshus resulting in a greater heat transfer coefficient
due to thenverserelationship.In other words, as the velocity increases, so does the local heat

transfer coefficient.

Figure 5.6 displays very interesting results. First, the difference in temperature between
the inlet and outlet of the dummy tube is greater than the difference between the inlet and outlet of
thereceiver. This indicates that there is a significant transfer of heat from the air in the annulus to
the air in the dummy tube. This is of no detriment to the system, howevke, ais in the dummy
tube eventually flows back into the receiver. Intenggyi, but not unsurprisingly, the temperature
of the air in the second half of the receiver actually decreases by a few degrees. This is because
the hot air towards the bottom of the receiver is in thermal contact with the supply air through the
wall of the dummy tube. Because the supply air has not been sufficiently heated at this point, the
stark temperature difference draws a large amount of heat away from the heat in the receiver and
thus decreasing the overall temperature. Finally, the air at the oltle receiver experiences a
temperature drop. This can be attributed to the sudden expansion of the fluid as it leaves the system.

For example, considerdldensity of the fluido be approximately constaitendue to the inverse
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relationship of presure and temperatur@ drop in pressure to atmospheric must caase
corresponding decrease in temperatdiieerefore, the simulation indicates that the maximum
achievable outlet temperature is roughly 42°C resulting in a temperature difference of 22°C.

Figure 5.7 displays nearly the same shapd-agire 5.6 as the walls of the receiver and
the heat transfer fluid are in thermal contact. Interestingly, the temperature of the wall of the
dummy tube does not monotonically increase like the heat transfer fluid flowing through it. For
example, in the region of tlbummy tube spanning from= 75" toh = 105", the temperature of
the wall decreases from 43°C to 40°C, while the corresponding temperature of the HTF increases
from 37°C to 39°C. Additionally, the temperature of the HTF in the receiver and the recdiver wa
plateau arounth = 66" toh = 42" indicating that the two are in thermal equilibrium. Finally, the
outlet of the dummy tube and the inlet of the receiver tube are not at the same temperature as the
receiver tube is being irradiated while the dummy tslsibject only to convection.
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Chapter 6

Experimental results

Chapters 4 and 5 provided a unique perspective into the expected operating conditions of a
vertically oriented solar concentrator from an optical and thermal perspective. In this chapter we
construct several prototypesdioaracterize optical quantities that cannot be simulated, such as the
effects of wrinkling on concentration. We then perform arsom optical test to determine the
experimental flux distribution over a Lambertian target. Finally, we conclude with a diraula

onrsun thermal experiment to determine the exact thermal performance of the concentrator.

6.1. Laserexperimentoverview

Previous researchei@und a great deal of successgjirantifying the effect of surface imperfections

by implementingsurfaceerrorinto aMonte Carloray tracing simulatiorfor a parabolic trough
concentratof7]. The suface errors although microscopic in nature (on tbheder ofi = 0-10
mrad),were found to hava significant effect on the concentration ratio the target plan7].
Although these errors are inevitable due to the manufacturing processes that produces the mirror,
it was hypothesized that the vertical configuration would be subject to macroscopi@smat

in the form ofwrinkling arising from severe working of tHabric. It is for this reason thawve

attempted to characterize the effects of wrinklmgthe target plane.

While microscopic slope errors can be generated fairly simply by imposing a probability
density distribution within a simulatiofi7], macroscopic errors are much more difficult to
characterie. The sizes of a wrinkle may vary substantially in magnjtadd reflection off a
wrinkle may not be as simple as imposandeviation in theormal vector by a specified amount
It is for this reason thatudying the effects of wrinkling had to be daxperimerally as opposed
to simulative A physical experiment also allows for the inclusion of pressure in the study, in that

it can be determined whether increasing the bag pressure will smoothen out the mirror and reduce
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the effect of wrinkling.The davnside ofa physical experiment, as will be shown shortly, is that
the results are largely qualitative.

6.1.1. Laserexperimentmethodology

For the following experiment, a laser was fixed to a track that could move both vertically along
the length othe cacentratorand laterally across its width. Rulers were used in both dimensions
such that the position of the laser was repeatable between tests. The laser was used to target specific
points dong the surfacef the mirrorto simulate incoming radiatn, and its output was captured

on a Lambertian target positioned at the focal plane. The Lambertian targetagdr@sofa 98%

diffuse reflector film from WhiteOptics. Due to the structural framing, however, only one half of

the mirror calld be utilized.The Lambertian target is shownhkigure 6.1. The diffusely reflected

radiation was recorded with a Sony a6000 mirrorless camera. By moving the $asemount in

the vertical and horizontal directigrend imaging each time, a set of images with discrete laser
locations was produced. These images were then superimposed to produce a single map of discrete
laser points that qualitatively describes terformance of the mirrofhe experiment itself was

fixed atop an optical table supported by air columns to reduce the effect of vibrations from within

the building.Figure 6.2 shows the general sap for all laser tests.
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Figure 6.1. Lambertian target made af 98% diffuse reflector film from WhiteOptic
supported by aluminum framing. Due to the framitigg Lambertian targecan only map 1
side of the mirror.

The discrete images were superimposed using a masking technigue. Before each
experiment, a template was taken where the Lambertian target was not illuminated by the laser.
The stati¢ or templateimage was then impori@ into Matlab along with the images from the
experiment, where each picture was represented by a 3D ar8ayitafinsigned integer (ui)
values Thei andj components of each array correspond to the location, whereas the value within
each cell represemthe intensity of a specific colouihe first array spanning in the third
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Figure 6.2. Experimental setip for laser tests. THaser is mounted atop a track which slic

both vertically and horizontally téully define the system. A level is mounted to the cr

member where the laser is fixed to ensure that it stays level with respect to the frame.
dimension holds the data ofténest as it represents the intensity of red within each pichma
therefore holds the spatial data of the la$&is arrayfrom the templatés subtracted from the red
array of each i mage iAfvaludgswithis the array grthenitumedtéa r e d
unlessthey are equal to or greater than an intensity value corresponding to the colour of the laser.
At this point, we have an array which is 0 everywhere, except for the cluster which holds both the
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position data and the intensity tietlaserreferred to aamask The equivalenentries of the red

array in the static image are then turned off and substituted with the data corresponding to the mask
to superimpose the final results. It is for these reasons that the physical setstremain
undisturbed throughout the entirety of the tests, otherwise the position data of thenagiand

the imagestaken during the experimentill not be identical.Finally, the results had their
perspectives corrected to account for the fact thatdamera was not perpendicular to the
Lambertian target.

6.1.2. On-axis laserexperiment

The first set of laser experimentasperformed by keeping the laser perfectly straight to mimic
onaxis rays. The laser was moved in increments"ofeftically and 1" horizonté} across the
entirety of the surface of the mirrdre mirror was intentionally worked physiaso as tonduce

a significant amount of wrinklingcrossthe surfaceThe results of the eaxis experimentre

shown inFigure 6.3.

As can be seen frofigure 6.3, operating pressure has a significant effect on reducing
wrinkling. At 0.5 psi, the laseat the majority of pointtoses its point focus and scatters in a-non
deterministic manner. Thiategrity of the vertical and horizontal linés not maintained as the
wrinkles reflect the rays in random directions. The wrinkling towards the middle of the target is
particularly noticeableThe wrinkling towards the middle of the target is particyladticeable.
Either the laser splits into multiple foci on the target or scatters so significantly that it forms an
area of contiguous illuminatioAt 1 psi, the vertical and horizontal nature of the test is preserved
That is, the majority of points amdistributed along a perfect vertical and horizontal lifkee
reflected rays havalsoreduced to a discrete point corresponding to the incomingSamye
scattering may be observed towards the middle of the target, howesdess exaggerated than
in the 0.5 psi casé\t 1.5 psi, these effects are further reduced, athgibrly. The improvements
are noted particularly towards the middle where the wrinkling has proven to be more significant.
Following the experiment, areas of particularly bad wrirklivere intentionally targeted to isolate
their effects on the reflected rays and further exacerbate the results shown here. These results are

shown inFigure 6.4.
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Figure 6.3. Results otheon-axis laser testafter perspective correctioThe laser points wert
taken 5" apart vertically and 1" horizontally on a heavily worked mimity rim angled =
180° The internal bag pressure was takerap®.5 psi;b) 1 psi; andc) 1.5 psi.
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Figure 6.4. The effect of targeting regions of severe wrinkling.

6.1.3. Theeffect of beam spreadue toedge rays

To supplement the results thfe on-axis experiment, the effect beam spread due salge rays
was also identified. In addition to the vertical and horizontal sliding motion produced by the track,
the laseitself was mounted on a rotating base, thuswhg the laser to mimiedge raysFor this
experiment, the lasavas restricted to moving only horizontally across the radius of the mirror.
First, the laser was positioned such that afaxia ray would target a specific point on the mirror
and the targewas imaged. The laser was then translated a spkdifiance from its initigboint,

but rotated by an amount equaldnincidenceangleof 1° such that the laser would intercept the
same point on the mirrofhis would simulate the edge rays of a cone subtendad bgcceptance
angleand therefore enable usitovestigate beam spread on the targée laser was imaged in
three locations: clos® thevertex of the mirror, close to the rim of the mirrordaat a point in
between the two. These three locations correspodateral distance of"lapart on the track.
Figure 6.5 displays the nomendiare used for this experimenthile the resultsof the testare
given inFigure 6.6. The colour of the laser is changed in pogicessing to easily identify each
ray. The red laser corresponds to aragis ray while the green and bldasers represent rays that

form a positive and negative angle with the optical axis, respectively.
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Figure 6.5. Nomenclature for thedge raylaser experiment. The red laser corresponds tc
onaxis ray and the green and blue laser correspond to the rays which megitivee and

negative angle with the optical axis, respectively.

Figure 6.6. Effect of wrinkling onedge raysafter perspective correction. The red la:
represents the eaxis ray whereas the green and blue laser form the edge raysook
subtended by aacceptance angle of 1°. Each picture corresponds to a differentdeation
along the radius of the mirraa) close to the back vertex of the mirrbj;in between the bacl
vertex and the rim; and) close to the rim of the mirror. The images were taken at a

pressure equal to 1 psi.
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It can be seen frorRigure 6.6 b) that the effect obeam spreatbwards the middle dhe
mirror is almost norexistent. All threeays despite their incidence angle, converge to nearly the
same point on the target. However, lf@am spreats much more pronounced towards testex
and the rim of the mirrofTherefore, two competing effects determihe spread between an-on
axis and ede ray the distance from thenirror to the targetand the reflection anglélhese
competing effects can be seenFigure 6.7. Towards the rimthe ray travel distance from the
mirror to the target is quite large and therefibre effect of incidence angle is more pronounced
Towards the vertex of the mirror however, the reflection angle is quite smbthe steep normal
vector significantly sprads the reflected raySowards the middle however, these two effects are
minimized.In addition the overlapping rays in the centre of the mirror should not be attributed to
reflection off a smooth patch of mirraepeated testing at different locatialeng the length of

the mirror resulted in the same outcome.

The results of this experiment are thfekl. Firstly, it investigates the effect of wrinkling
in a completly controlled manner. While it would be entirely permissible to perform a
comprehensie onsun experiment to determine the concentration saibooss theéargetusing a
heavily wrinkled mirror at different pressurese forego the need to do so by determining the
correct operating pressure directly. Secondly, it decouples thgisraysfrom those incident on
an angleThat is, while a certain design may be specified to ageggtwithin a cone subtended
by the acceptance anglesing a laser separates these effects and allows us to study them
individually. Finally, a method of prodiieg discrete oraxis rays may be preferrable, as it allows
for us to specifically target a wrinkle and observe its effect rather than having rarentthe
results on a uniformljluminatedsurface. Therefore, while this experiment is rather qualitative in

nature, it provides an immense benefit in the overall optical study.
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Figure 6.7. The competing effects of ray travel distance and angle of reflection on the pc
intersectiona) andb) display the edge cases where the ray intercepts a point on the
close the rim andlose to thevertex The rimray is largely controlled by the travel distan
where the vertex ray is affected by the reflection anglshows theminimization of thetwo
competing effects as the ray intercepts a point in the centre of the mirror.
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6.2. Flux mapping

Once the correct operating pressafd psiwas determingdhe next step was to perform an-on
sun experiment to creata flux map over the Lambertian target. The solar concentrator was
deployed at ground level just south of the Bergeron Centre of Engineering Excélédicde
43.77°N, longitude 79.51°W, elevation 76.rmhe same Sony a6000 mirrorless camera used in
the laser experiment was used to image the surface of the Lambertian targkigmerad Zonen
CHP1 pyrheliometer was used to measureDhg throughout the experiment. Tlexperiment

was performed on October 19, 2021. Bxperimental setip is shown irFigure 6.8.
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Figure 6.8. Flux mapping test setp at ground level south of the Bergeron Centre
Engineering Excellence

A standard operating procedure was performed each time before the Lambertian target was

imaged. First, the target was directly illuminated by the sun and the surface was imaged. This

image later served asreferencefor which pixel intensity is converted to irradiance. Then, the
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concentrator was focused with respect to the sun. The base was rotated such that the target was
just shadowed to ensure that the inlet aperture was perpendizcdhe horizontal component of

the sun vector. A full shadow indicated that the collector was rotated too far. The surface of the
Lambertian target was then imagédgure 6.9 shows theLambertian target after it has been
illuminated by concentrat sunlight.

Figure 6.9. a) Lambertian target illuminated by concentrated sunlightgradcloseup of the
mid-region of the target. Photos were taken at 12:12:36 p.m. and 1:44:58 p.m., respectively.

A causticcan be seen towards the leading edge of the illuminated region indicating the
envelope of light for a coular mirror. The effect of wrinkling can be seen in both the caustic and
the region directly following it. Ifrigure 6.9 b), some spillage is noticeable towards thidspan
of the targethrough the presence offlare-up df the caustic. Further, the region following the
caustic is not uniformly illuminated, but rather features areas of both bright and dark spots. This
can be attributed to wrinkles changing thealogormal vector at the point of intersection on the
mirror. However, these wrinkles may not be contributing too severely to optical losses. So long as
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the reflected rays are confingédl a reasonably sized regioa suitably sized receiver will still
captue the reflected radiation. Therefore, imaging the target during this experiment further proves
that operating pressures of at least 1 psi are capable of significantly reducing the effect of wrinkles.

To create a flux map, both the reference image (imé&gee target directly illuminated by
sunlight) theimageof the focusedarget (mage of the target when the collectotrecking the
sun, and several optical quantitiase processed in Matlab. First, both images are converted into
grayscale such thatch pixel is represented by a gray value from 0 &rice we know the exact
value of irradiance from the pyrheliometer, we can calculate a scaling factor which correlates gray
value to pixel intensity using the following equation

scaling factor= Iradiance (6.2)

mean(gray value

To do so, we calibrate our scaling factor using the reference image since we kiexadealue
of irradiance over the inlet apertuie given as DNUgosd. Therefore, the scaling factor is

calculated using

DNIt cos ¢q
mean(gray value

scaling factor= (6.2
whereDNI is the pyheliometer reading equal to 960 \&/gis the transmittance of the polyester

equal t00.874,; is the reflectance of the metallized polyester roughly equal to 0.¢caics the
elevation angle at the time the images were taken equal t&§€ntially, multiplying the gray

value at any pixel by the scaling factor returns the irradiance atpthiat after it has been
attenuated by the transparent top sheet, mirror, and elevation angle. That is, if a pixel reads a gray
value equal to JIthe scaling factoreturns an irradiance equal to 377.57 \W/fhe scaling factor

is then multiplied by the gyavalue of each pixel in the image of the focused target to produce the

flux map shown irFigure 6.10.
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Figure 6.10. Flux map of the Lambertian riget normalized by the pyrheliometer irradian
reading of 960 W/rresulting inQwrg= 265.5 W. Theresult isthe concentration ratio, or sun:
The artifact at the top of the illuminated region results from a shadow cast on the targe
the pail lid.The image was taken at 2:31:02 p.m.
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Figure 6.10is split into 3 regionsthe region before the caustic, the caustic itself, and the
region proceeding the caustiche region before the caustic represents difjusallected radiation
and is of little importancéor the final designThe caustic itself experiences the greatest recorded
values of concentration equal to approximateBb1The flux map at the caustic further justifies
the insignificant effects of wmkling in this region. The region following the caustic experiences
values of concentration in the range of 1 to 1.2. The effect of wrinkling in this redgios msost
prominent. As explained previously, a perfect mirror surface would result in uniforcemoation
for a constant value of thecoordinate. Instead, certain hot spots can be seen indicating that
wrinkling does cause some deviation in the reflected ray. Once again, however, so long as these
rays are confined to this region, the effect of wrinkling is insignifidaigiure 6.11 displaysboth
the experimental and simulatéidx distributiors normalized to the reading of the pyrheliometer
across the surface of the targ€he simulated flux disbutionswere developed in VeGaS by

assunng various surface errors (in mrad) to validate the experimental results.
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Figure 6.11 Experimental and simulatedstribution of the concentration rat@crossthe

target planeThe simulation ses 18rays and all error values are given in milliradians.
According to Bader et al. typical values of mirror surface error are around 2.5%hrddhen,
aacording toFigure 6.11, the simulatedesults bound the experimental results at very léagd
perhaps unrealistic)alues of the surface error of around -HI® miad. Potential reasons for the

discrepancy between the simulated and experimental results include, but are not limited to:
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misplacement of the Lambertian target within the collee@iignment error within the fabrication
process of the outemvelope, tradng error, and/or the out&nvelope not inflating perfectly
vertical resuling in some curvature within the mirror. Neverthele$® tinal average value of
concentration can be extracted fréigure 6.11 by averagng over those values greater thn
The final value of concerdtion is equal to 3.(doubled to consider a twgided receiver).

6.2.1. Flux mappingvalidation

While flux mapping provides useful information with respect to optical analysis and receiver
design, the technique is not without error. Therefore, it becomes important to quantify this error
justify the results presented hefe. do so, we utilize a numeridategration technique to find the

total heatincident on the Lambertian target in the flux map and compare it to the heat entering
through the inlet aperture. The latt€pin) is found by attenuating the pyrheliometer irradiance
reading by the transmittae of the top sheet, reflectance of the mirror, and the cosine of the
elevation angle and multiplying the result by dvaf the inlet aperture since the experiment is

one sided. Simply puQi» is found using

Q, = Gt €£0s (&§LxW,) (6.3)

The flux map on the other hand is essentially a measure of the heat flux per pixel. Sohgsitted
dimensions of the target are known, the size of a pixel can be converted to physical space using

the following equation

pixelsize= ﬂ (6.4)
#of pixels
We can then multiply the irradiance value at each pixel by the pixel size and sum the result to find
the overall powemcident onthe targetDoing so yields &in and aQexp Of 99.77 W andL05.41

W, respectively, thus resulting in a difference of 5.4% and verifying the experiment.
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6.3. Outdoorthermaltests

To culminate the proof of concept of the-iallated vertically oriented solar collector, a thermal
prototype was deployed on theof of the Bergeron Centre of Engineering Excellefiagtude
43.77°N, longitude 79.51°W, elevation 92.7 om) April 22, 2022as shown irFigure 6.12. The
experiment used the same Kipp and Zonen CHP1 pyrheliometer to measure the DNI over the
course of the experimernThe solar collectarackedthe sunmanuallyover the course of 5 hours

The experiment was split into two phases. During the finasp the flow rate inside the receiver

was set to 1 scfm and later increased to 1.3 scfm during the second phasea$teed values of
thethermal experimerdreshown inFigure 6.13. Superimposed oRigure 6.13 are the inlet and

outlet temperaturegenerated by the simulation $ection 54. Theright y-axis is representative

of the portion of the DNI that contributes to heating the recgveerecos represents theosine

losses due to elevatioangle. The sharp vertical lines in théatarepreseting the projected
irradianceare a result of clouds passing in front of the sun. In the second phase of the experiment,
the conditiols of the sky vere particularly hazy with clouds passing in front of the snore
frequentlythan in the first phase of thexperimentA summary of the operatingonditionsare

given in Table 61. Recording began as soon as the temperatures reached steady state.
Furthermore Figure 6.14 shows the experimental and simulated power ougjmat efficiency

calculated using the definitions provided3action 5.3eiterated here for convenierge

Qout = me ( -I;ut - Tn) (65)

h= Qout = me (-I;Ut _ -';‘) (66)
Q, DNicosg A,

In the efficiency calculationgor the experimental resultQout is time averaged over a period of
20 minutes to compensate for the sudden drops in prdjectadiance. If this is foregone,
efficiency values of over 100% can be obserasdn artifact of the calculatioBssentially Qin
decreases due to clouds whideu: is held almost constant as the HTF does not have a sufficient

amount of time to cool dn.

131n Eq.(6.5) and Eq.(6.6) the nomenclature is slightly different fraitmat of Section5.3. Qqain has been replaced by
Qout butior all intents and purposes the two are equal.
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Figure 6.12 Thermal experiment seip on the roof othe Bergeron Centre of Engineerir
Excellencglatitude 43.77°N, longitude 79.51°W, elevation 92.7 m) on April 22, 2022.
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1 scfm < » 1.3 scfm

Rec. back surface
Tout (S|m)

HTF temp. at outlet

Cold junction temp.
Tin (Sim)

HTF temp. at inlet

Figure 6.13. Results of the final thermal experiment. The vertical line separates the two phases of the experiment where
rate was changed.he dashed lines represent gimulated values for thieradiance and inlet and outlet temperatures which
approximately 483.5 W/fn 20°C, and 42.5°C, respectiveljlhe projected irradiance is the irradiance entering the inlet ape
while the irradiance on the receiver will be largemdyCy (without considering losses in the tgpeet, mirror, or receiver).



































































































