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ABSTRACT

The demand for clean and environmentally benign energy resources has been a
great concern in the last two decad@e. alleviate the associated environmental
problems, reduction of the use of fossil fuels by developing moreetfestive
renewable energyethnologies becomes more and msignificant Among various
types of renewable energy sources, solar energy and bioenergy take a great proportion.
This dissertatioriocuseson the heat transfend flowin solar energy and bioenergy
systems specifically for Thermal Energy Storage (TESystens in Concentrated
Solar Power (CSP)plans and openchannel algal cultureacewaysfor biofuel
production

The first part of this dissertation ke discussiomboutmathematical modeling,
numerical simulation anexperimental investigation of sol@ES system First of all,
in order to accuratelgnd efficientlysimulate theconjugateheat transfer between
Heat Transfer Fluid (HTF) and filler material in four different sdlidd TES
configurations,formulas of an &ective heat transfer ceezient weretheoretically
developedand presentetdy extending the validity oEumped Capacitance Method
(LCM) to large Biot numberas well asverificationgvalidationsto this simplified
model Secontly, to provde design guidelines foFES system in CSP planising
Phase Change aerials(PCM), a generastorage tankolume sizing strateggnd an
energy storage startup strategy were propesaty the enthalppased 1D transient
model. Thenexperimentainvestigationswvere conducted to explore a novel thermal

storage materialThe hermalstorageperformances weralsocompared between this
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novel storage material and concratea temperature range frof00C to 500€C . It
is recommended to apply this novel thermal storage material to replace caicrete
high operating temperatures in sensible heat TES systems.

The second part of this dissertatiomainly focuseson the numerical and
experimental study adin openchannelalgee culture racewayor biofuel production
According tothe proposed flow field design of ARHBIV algal raceway, experiments
and numerical simulation have been conductedirtderstand thenhancement of
flow mixing in the flow fieldof ARID-HV racewayby cuttingslots on top of the dam
near the dead zones. A new method was proposed to quantitatively evaluate the flow
mixing by using the statistics of temporal and spatial distribution of the massless fluid
particles (centered in each cell at the inleface) in the raceway collecting the data
of pathlines of fluid particles from CFD results. It is hoped that this method can be
appliedto assist thealgal raceway flow fielddesignas well as other engineering
applications.

The third part introducethe details about the construction work afhigh
temperature molten salt test loop. Because of the limited operating temperature of
conventional synthetic oils, in order to obtain higher energy conversion efficiency,
higher operating temperature abvays dsirablein a CSP plant which leads to the
requirement of new generation of HTF. Currentlyhaide salt eutectic mixture
(NaClKCI-ZnClp) as a potential HTF for future CSP applicatitias been proposed
by amulti-institute research tegred by Universiy of Arizona The therm@hysical

properties of the halide eutectic salt a been measured. However, this new
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developed halide eutectic salt has not been tested in a circulatingaicepigh
operating temperaturéor the measurement dfeat transfercoefficient It is a
significant effort to build such a test systerdue to extremely highoperating
temperatureAs a consequence the third part of this dissertation, detalsout the
design ofthelab-scale test system and all the equipment itemishilntroduced.
The investigations included in this dissertatiftum the heat transfesnd flowin

solar energy and bioenergy systeans of particular interest to the renewable energy
engineering commuty. It is expected that theroposed methods can providseful

informationfor engineerand researchers.
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PART-I: MATHEMATICAL MODELING , NUMERICAL SIMULATION AND
EXPERIMENTAL INVESTIGATIONS OF SOLAR THERMAL ENERGY

STORAGE SYSTEM

CHAPTER 1 Introduction to the Development ofConcentrating Solar Power

and Solar Thermal Energy Storage

1.1Background ofConcentrating Solar PowéESP)

According to AWor | dissHed oy Igtgrnatonat Bnergyk 2 0
Agency (IEA), global energy demand will increase by one third from 2011 to 2035,
and energyrelated CQ emission willbe increasedoy 20%, to 37.2 Gigan if fossil
fuels arestill used as usuall]. To alleviate the assoded environmental problems,
reduction of the use of fossil fuels by developing more -efisttive renewable
energy technologies becomes more and nsigaificant Among various types of
renewable energy sources, solar energy is promising due to itelsggy potential
and clean naturg].

The energy from the sun to the earth induhis 4.3x10'! GJ, which is more
than the total energsonsumed globally in 2001 (4.18' GJ) [B]. However, the solar
energy received by the planet is not evatistributed §]; major desert regions in the
world have the highest potential for solar energy because of high Direct Normal
Irradiance (DNI) b]. The solar energy received by the worldwide desert regions

within 6 hoursis approximatelymore than the eneygconsumed by humankind in a
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year B]. To put it another way, electricity produced by covering 1% of the area of the
Sahara desert with solar thermal plants is enough for the world annual power
consumption T]. Figure 1 shows the solar energy received by desert regions in the
Middle East and North Africa (MENA), Spain, Australia,UBowvestern of the United
States andlongoliawith highest DNI $1800 kWh/ni/y) compared to other areas in

the world. Besides extensive exposure to sunlight, the desert regions also have mostly
sunny weather with quite low rain precipitation, low population density and large land

availability, which enable large scale solar enengyjgetsin these aredds].
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Figure 1 Solar annual direct normal irradiation (DNI) across the world

(unit: KWh/m2/y) Source:SolarGIS © 2015 GeoModel Solgd])

Currently, photovoltaic (PV) andconcentrating solar powerCEP power

generatiorare the two main techrmgjies for solar energy harvest CSP system may
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use a solar power tower, parabolic troughs, or linear Fresnel reflectors to concentrate
sunlight and produce intense heat which is carried away by a heat trandf@de)
to send to the power block for power generati@f)].[ PV directly converts solar
energy to electricity using solar cell&l]. The energy conversion efficiency of a
commercial grade PV is relatively low compared to CSP systems, although the cost of
PV panelss getting reduced due to the advancement ofstilar cell manufacturing
technologies Fur t her mor e, PV s bighly Idépsndest foh iancbier n c y
temperature, the efficiency decreases as ambient temperature increases. The biggest
disadvantage of RWased power production is the inability of power dispatch due to
the challenge of electrical energy storad@@d].[ By contras, thermal energy storage
(TES) system can biategratedwith CSP systems to deliver dispatchable power on
demands regardless the time of the day or weather conditions. Incorporation of TES
with CSP significantly adds value the system compared to R¥gardingthe grid
services.It is important to note that a CSP system is very suitable for large scale
applications (>100MW) because it generates electrical power using conventional
thermal power plant technologief.|

Spain is currently the largest producer of CSP electricity with 48 plants totaling
and installed capacity of )4 MWe The USA hasl9 CSP plants in operation
totaling 1640MWe (Accessd in July 2015) [L3]. Algeria, Iran, Egypt, and Morocco
have commercial CSP integrated with natural gas combined cycles (integrated solar
combined cyclég ISCC). Other countries with good solar resources like United Arab

Emirates, Australia, China, Indiaah, Israel, Italy, Jordan, Mexico, and South Africa
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also have CSP programs and commercial or demonstration projects at different stages
of construction and/or operatiod,13,14]. Most recently, a number of different types

of CSP plants are under construction which will make a totally of more than 2.42 GW
in the USA [L3]. The IEA se$ a target of 1089 GW global installed CSP capacity by
2050, which provides 4770 TWh annually with an average capacity factor of 50%

(4380 hours per year), or 11.3% of the estimated global electricity prod{hon

1.2 Brief review of TES systens

With the recent development @fSPtechnologiesTES s the key to make CSP
be competitive 16,17]. TES systemcan smooth out the shoeterm transients and
extend the daily operation of CSP plants during the late afternoon and evening hours
[10,18]; in other words, TES is highly dispatchable with electricity deraaAdES
system also has several advantages, such as lower capitaamodtggh rounrip
efficiency, compared to mechanical or chemical energy storage technologies. The TES
prototype system incorporated into the Solar Two project in Daggett, California, has a

reported roundrip efficiency greater than 97%4.9-21].

1.2.1Development of TES system

TES systerm have been developed through three generations. The first
generation of TES is the direct HTF storage system wvitttage tanks, as shown in
Figure2 (a), one for hot fluid and the other for cold flu20]. In this casethe HTF

itself is directly used as the energy storage medium. The second generation of direct
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HTF storage system haslg one tank, as shown igure2 (b) [22]. A stratification
of fluid, which maintains hot fluid on top of cold fluid, is important to such a single

tank TES system £3-26).

Hot fluid
Qy N—@ Qr
— =y
Solar[ﬂ g) Solar [ﬂ

Cold fluid

Hot fluid

Cold fluid

(a) (b)

Hot fluid

Qr
=y <
Solar

Cold fluid

(c) (d)

Figure 2 Three generation of TES systems

(&) The first generation twtank TES withHTF only, (b) The second genedran
onetank TES with HTF onjy(c) The third generation orank TES with HTF and a
loosely packedbed solid materiaj (d) The third generatiomnetank TES with HTF

and an embedded heat storage material.

However, due tdhe high cost of HTF (typically liquid salts @yntheticoils),
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direct storage of HTF is not economical. From the cost redupton of view using
cheaper solid material abe primary thermal storage medium and HTF as the
heatcarrying fluid that releases/extracts heat to/from the primary thermal storage
material can be attractiv@T]. The third generation of TES/stem uses two different
media, a HTF and a primary thermatorage material28] (either sold or liquid)
with only a single storage tank. Depending on the contact and heat transfer interaction
between the HTF and the primary energy storage matieeihird generation of TES
systemhas two types. Tl first type, as shown iRigure2 (c), includes loosely packed
solid materials (such as rocks, pebbles of metals, capsules of phase change materials
(PCM)), as a porous bed held in a containment system, through which the HTF flows
and transports energy to or from the solid material; while the second type of
two-medium heat strage system, as shownhigure2 (d), is the embedded structure
systemwhich is applied to enhance the heat transfer between HTF and storage
medium

Currently, thetwo-tank storage systenis the most commercially mature
technology and has been wideyppliedin industry. Tke thermocline TES system
attracts a lot of attention in recent years. In a thermocline system, a thermal gradient is
created and is ideally stabilized and preserved by buoyancy effects, as a result a
stratification of fluid can be maintained in the storage system so that the hot fluid
remains at the top while the cold fluid remains at the bott@8l. [An ideal
thermocline model is shown iRigure 3. It has an imaginary vertically movable

perfect thermal insulation baffle that prewetite mixing of hot and cold fluidSince
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HTFs are very usually expensive, a porous media packed bed thermocline thermal
storage systens beneficial toaid in maintaining the gradient and reducatural

convection within the HTF3Q.

Hot fluid

Floating

Qr thermal Qr
—> insulation —
Solar baffle
Cold fluid

Figure 3 Schematics of an ideal sensible heat storage thermocline system

1.2.2 Thermal storage matersal

The materials used farES are classified into three main categories according to
their different storage mechanisms: sensible heat storage, latent hegie stmh
chemical heat storage (with their storage capacity in ascending order). Sensible heat
storage is the most developed technology and there are a large nhumbercosiow
materials availabl§31-33], but it has the lowest storage capacity which significantly
increases the system size. Latent heat storage has much thghmal storage
capacity, but poor heat transfer usually accompanies if heat transfer enhanisement

not employed Chemical storagéas the highest storage capacity, but the following
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problems restrict its application: complicated reactors needed for specific chemical
reactions, weak lonterm durability (reversibility) and chemical stability current

CSP indusies thermaichemicalenergy storage has not yet been used due to both
technical and economic challenges. To date, synthetic oil and molten salts are the
most widely used sensible heat storage materials in commercializedpla®R
Latentheat thermal storage using PCMs @BP plants are still undectave research

and developmerB4].

Solid materialssuchas concrete, sand, rock, brick, soil, graphite, silicon carbide,
taconite, cast iron, and even waste metal chips, have been considered or applied for
thermal energy stoge purposes2P]. Depending on the formation and granular size
of these solid materials, some of them can be used to form a packed bed storage
sysem as illustrated irigure 2 (c) and others may only be suitable for use in a
storage system as shown kigure 2 (d). The main properties of some of these

sensible heat materials are giverfablel.

Tablel Properties of solid material suitable for thermal energy storage

] Working temperature Density Specific heat Energy Density Thermal conductivity

Medium (°C) (kg/m3) (KJ/kg K) (KJ/m3K) (W/m K)
Sandrock minerals 200-300 1700 1.30 2210 1.0
Castiron 200400 7200 0.56 4032 37.0
Reinforced concrete 200400 2200 0.85 1870 15
Silica fire bricks 200-700 1820 1.00 1820 15
Cast steel 200-700 7800 0.60 4680 40.0
Magnesia fire bricks 200-1200 3000 1.15 3450 5.0

Studies conducted to compare laterdati&romPCMs) and sensible heat thermal
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storage have shown that a significant reduction in storage volume can be achieved
using PCMs 35,36]. As a result a CSP plant usia¢atent heat storage system (LHSS)
is promising for large scale solar thermal energy applicatidi®S using PCMs is ia
isothermalprocess that can provide significantly larger storage capacity compared to
sensible heat storagsystem (SHSS) of the same temperature range. Isothermal
processs an important characteristic because the variatiddTéf temperaturdrom
theinlet and exitof solar fieldare constrained by the equipmémntsolar fieldand the
thermal power Rankineycles B7]. As the storage capacity of a LB$ governed
largely by the latent heat which is typically several times bigger than the sensible heat,
it is possible to have smaller, more efficient and lower T&S systens. However, a
major technology barrier limiting the use®EM is its very low thermal conductivity
(usually less than 1.0 WHK). Consequently, heat transfer enhancement technologies
are necessary in LHS

Methods of improving the heat transfer performance between BRMHTF
include the increase of the thermal conduction inside PCM by addinty tiggnmal
conductive particlesr metal fins to overcome the weaknessntfinsic low thermal
conductivity of PCMs 36]. There are a lot of studies usifigned tubes of various
configurations B8-46]. Other approaches seen in the literature include: bubble
agitation f7], carbon fiber brushes fancreasing the thermal conductivity of PCM
[48], insertion of a metal matrixto the PCM B,49-51], dispersing higltonductivity
particles into PCM %2], micro/macro encapsulation of the PC}b3,54] or

shellandtube packagingdb,56].
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The product of density and latent heat of PCM is the energy storage capacity

the phase transition process. Some detailed data of the surveyed PCMs are given in

Table2 throughTable4. Table2 shows that LICILIOH (wt% 37-67) has the highest

energy density during thghase transition among these seven different types of PCMs.

In Table3, the melting temperatures of the PCMs range from 220 € to 400 €, which

perfedly matches the operating temperature rang®Rankine cycle. It is obvious

that NaNQ@, NaOH, KNQ@, NaCHKCI (wt% 58:42) and KOH are all good candidates

for LHSS. Table 4 demonstrates some PCMs potentially for high temperature

applications, as needed for higher thermal efficiency in a CSP sy&émAs

observed irfTfable4, NaFMgF. (wt% 75:25) witha melting temperature at 650 € is

a good candidate for high tempena thermal storage application due to its high

energy density in phase transition

Table2 Phase change materials with melting temperahe®veen 100 € and 280 €

c q Melting point | Latent heat Density Energy densityin phase | Thermal conductivity
ompoun
©) (KJI/kg) (kg/mP) transition (KJ/m?3) (W/mK)
MgCI6H 20 117 168.6 1450 (liquid, 120C) | 244470 (liquid,12C°C) | 0.570 (liquid, 12C°C)
[5862 ' 1569 (solid, 20C) 264533 (solid, 20C) 0.694 (solid, 90C)
NaNQs-KNOs (wt% 50:50)
220 100.7 1920 193344 0.56
[5859
KCI-ZnClz (wt% 68.1:31.9)
235 198 2480 491040 0.8
[58-60]
LiCI-LiOH, (wt% 37:67)
262 485 1550 751750 1.10
[61,62]

Table3 Phase change materials with melting temperature between 280 € and 400 €

) ] Latent heat Density Energy density in phase| Thermal conductivity
Compound Melting point (€) -
(KJ/kg) (kg/mP) transition (KJ/m?3) (W/mK)
ZnClz [5859] 280 75 2907 218025 0.5
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NaNGs [58,59] 308 199 2257 449143 0.5
NaOH [5859] 318 165 2100 346500 0.92
KNOs3[58,59 336 116 2110 244760 0.5
NaCHKCI (w% 58:42)

360 119 2084.4 248044 0.48

[5859
KOH [58,59] 380 149.7 2044 305987 0.5

Mg-CaZn (W% 55:28:17)

400 146 2260 329960 N/A

[59,60]

Table4 Phase change materials with melting temperature above 400 €

. ) Latent heat Density | Energy density in phase| Thermal conductivity
Compound Melting point (€) N
(KJ/kg) (kg/mP) transition (KJ/m3) (W/mK)
MgCl,.NaCl (w% 38.5:61.5)
435 351 2480 870480 N/A
[63-65]
N&a,COs-Li,CO; (W% 56:44)
496 370 2320 858400 2.09
[63-65]
NaFMgFz (W% 75:25)
650 860 2820 2425200 1.15
[65,66]
MgClz [59] 714 452 2140 967280 N/A
LiF-Cak (W% 80.5:19.5) 1.70 (liquid)
767 816 2390 1950240 .
[65,67] 3.8 (solid)
NaCl [65] 800 492 2160 1062720 5.0
NeaCOs [65] 854 275.7 2533 698348 20
K2CGQs [65] 897 235.8 2290 539982 2.0

1.23 Sensible heat storage system (SHSS)

A SHSSachieves thermal storage by raising the temperature of a sensible heat
material (such as concrete, sand, rock, brick, soil, graphite, silicon carbide, taconite,
cast iron,or even waste metal chips), therefore there is no phase change process over
the tenperature range of storage proce®d.[All of the currentcommercializedCSP
plants installed TES systenase using sensible heatorage materialBesides the
stateof-art technology of the indirect twiank TES system, there are two types of

thermoclinestorage system which are still undergoing extensive reseaccistady
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theembedded structure system dhdpacked bed systern9).

The enbedded structure systeman improve the heat transfer betwedme
storage material anithe HTF. For high temperatur8HSS, concrete systems with an
integrated tubular heat exchangeere investigated by Laing et al70]. The HTF
passes through embedded pipes in the storage concrete to transfetheadriorete.
Single unit and modular charging/discharging concrébeage conceptsvere also
investigated T1,72]. Instead of using high conductivity materials, heat transfer can
also be improved by using a high conductivity heat exchanging mechanism. The use
of embedded heat pipes (HPs) or thermosyphons between a PCMeaHdF as a
means of enhancing the thermal energy transport between thdmdragxplored in
the literaturd43,73-75].

In a packed bed system, the bed consists of storage materials such as rocks, ores,
or pebles, a container and th€TF flowing through the voidé the bed, as shown in
Figure4 [76]. This system can maintain the thermocline when low thermal conductive
materials such as rocks are used. Most packed bed systems azetaikgbystems
that act as a thermocline. Using a solid storage medium single storageéank
significantly reduces the cost of this system relative to thetawk systems7[7]. The
Solar One central receiver pilot plant sise thermocline storage system with a
eutectic mixture of sodium nitrate and potassium nitrate as the HTF along with
guartzite and silica sand as the low cost filler matef&).[It was found that at
temperatures of 400€C, the cost of a thermocline heatgfe system is only 2/3 of the

cost of a twetank system, both using the same molten salts.
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Figure 4 Schematic of a packed bed sensible heat storage thermocline,dy&em

Most of the experiments performed in a packed bed focused on developing the
heat transfer correlations for different configurations and shapes of the particles that
can be used for the threal analysis of the systefvi9,80]. A high temperature thermal
storage system using a packed bédocks for aifbased central receiver CSP plants
was modeled andalidated byHachen et al. [79]. They validated their simulations
with experiments that were performed with magnesium silipatk as the storage
material at 800 K. According to their study, {e@mping power for a parfie size of
more than 10 mm was lesean 1% of the power produceWarekaret al. Bl]
describe the results of simulations and some experimerasurements of the heat

exchanger, and discuss the sagbeoptions.

1.24 Latent heat storage system (LHSS)

A LHSS is a nearly isothermal process that can provide significantly larger
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storage capacitwhen compared ta SHSSwith the same temperature ran&#nce

the storage capacity of a latent heat system is governed not just by the specific heat of
the material but also by the enthalpy of phase change, this can potentially enable a
smaller, more efficient lower cost alternative to SHSS.

Due to the low thermalonductivity of PCM,a large heat transfer surface area of
interaction between HTF and PCM necessary, andére are two approaches to
accomplish this requiremer3g]. One is the encapsulation of small amounts of PCM
in spherical or cylindrical capsule87], which can be arranged to form a packed bed.
HTF can flow through the packed bed for energy delivery and extratitioas been
reported thaPCM stored in capsules with a diameter of 10 mm offers a surface area
of more than 300 square meters per cubic m&g&B4]. Based on this motivation,
research to find suitable materials and processes to encapsulate high temperature
PCM mixtures is underwa}85,86]. The other approach is to embed the PCM in a
matrix made of another solid material with high heat conduction,t@mmp the
HTF running through the PCM matrix251]. The use of a matrix material (e.g.

graphite or metal mesh) helps enhance heat conduction in the PCM.

1.25 Combined system and cascade latent heat storage system (CLHSS

In a traditional aperheated steam Rankine cycle power block, it is desirable to
minimize the temperature difference between the storage medium and HTF in order to
reduce energy losse87. A threepart storge system demonstrated kigure 5 is

proposed by Laing et al8§], where a PCMvas deployed for twgphase evaporation
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in a CSP plant, while concretgas usedas sensible thermal storage material for
preheang water and superheating steaniaboratory test results of a PCM test
module with 140 kg NaN§) applying the sandwich concept for enhancement of heat

transfer, are presented, proving the expected capacity and power density.

" Receiver

Ambient air

Air-sand-

Solar radiation
heat exchanger

from heliostat field ‘

Hot storage Cold
f. storage
N ©
Tower o
Fluid bed cooler Tabing

Figure 5 Schematic of a threpart TES system combining sensible and latent storage

charging procesq 89|

Cascade latent heat storage systems (CLH8Sp@e possible TES alternative
which is marked by a minimum of necessary storage mat88phf shown irFigure
6 [90]. The use of a cascade of multiple PCMs ersstive optimal utilization of the
storage material. A theoretical analysis based on a simplified optimizatidelof a
CLHSS is presented by Aceves et @1][ For single charging and discharging

processes, it is shown that a CLHSS vyields exergetic advantages if operated in
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counterflow with respect to charging/discharging and if sufficient good heat transfer
can be ealized.Energy and exergy analysis of a thermal energy storage system
employing multiple PCMs was developed by Domanski and FEZhThey showed

that the exergy efficiency can be significantly improved using multiple PCMs

compared with a single PCM in a system.

HTF — Flow when charging

/ MgCl,/KCl/NaCl KOH KNO, KNOy/KC! NaNO; \

— 7/, =380°C v, =360°C 1, =335°C 7, =320°C 7, =306°C
\ Ah,, = 400 KJ/Kg Ah,, =134 KI/Kg| Ah,, =95 KI/Kg Ah, =74 KI/Kg Ah,, =172 Klfﬁ

Bottom of storage

Top of storage

HTF — Flow when discharging

Figure 6 Schematic of &LHSSwith 5 different PCM4 90

1.26 Heat Transfer Fluid (HTF)

HTF is an essential component of a CSP plant as it transfers heat concentrated by
the solarreceiver to stearturbine Presently, several different types of HTFs are used
in commercial CSP plants, including air, water/steaymtheticoils, organics and
molten salt§93,94]. Ideally the HTF is expected to not only transfer heat as a media
in the CSP system, but also ditgcttore heat in a thermal energy storage (TES) tank
without an additional heat exchangebDesirable characteristics for HTFs should
include low freezing point, good thermal stability at wide range of temperatures, low
viscosity, high specific heat capagitis well as acceptably low corrosion rate to metal

alloys of containers and pipes that hold the H9B,96]. Low cost of the HTF is
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another critical criterion for industrial applicatic®5/96].

1.3 Current status of TEfor CSP
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Figure 7 Various CSP technologies along with their installed rat[a$)

CSP technology dates back to 1970s, but most of the commercial CSP

installations were only made in this decade, particularly in Spain and the United

States 93,94]. Four weltkknown CSP technolags are including: parabolic trough

collectors (PTC), linear Fresnel reflectors (LFR), solar power tower (SPT), and

parabolic dish systems (PD%s shown irFigure7. Among these technologies, PTC

is the most common, which includes more than 95% of the global CSP installations.

CSP technology has made great progresses in U.S. during the last decade. There

were five CSP plants in the world just completed at the end of Z/J4National

Renewable Energy Laboratory (NREL) has a webpage introdatlitige CSP plants
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in operation around the world up to da@8][ Table5 lists the detailed information of

the CSP plants with TES systems in full commission operation since 2010 in U.S. and

Spain.

Table5 Summary of CSP plants in opeaat since 2010 in U.S. and SpajA7]

Capacity Commission Storage
Country Project Name CSP type HTF TES
(MW) Date Type
Solana Generating 6 h capacity Zank indirect storage
USA 250 PTC Therminol VR1 2013 SHSS
Station with moltensalts
Crescent Dunes 10 h capacity 2ank direct storage
USA 110 SPT Molten salts 2013 SHSS
Solar Energy with molten salts
Andasol Solar Dowtherm 7.5 h capacity 2ank indirect
Spain 150 PTC 2008i 2011 SHSS
Power Station A/Thermal oil storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain Arcosol 50 50 PTC 2011 SHSS
oxide storage with Solar Salt
7 h capacity Zank indirect storage
Spain Arenales 50 PTC Diphyl 2013 SHSS
with Solar Salt
Aste Solar Power 8 h capacity Zank indirect storage
Spain 100 PTC Dowtherm A 2012 SHSS
Station with Solar Salt
8 h capacity Zank indirect storage
Spain Astexol Il 50 PTC Thermal oil 2012 SHSS
with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain Casablanca 50 PTC 2013 SHSS
oxide storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain Extresol 150 PTC 20101 2012 SHSS
oxide storage with Solar Salt
Gemasolar 15 h capacity 2ank direct with
Spain 20 SPT Solar Salt 2011 SHSS
Thermosolar Plant Solar Salt
7.5 h capacity 2ank indirect
Spain La Africana 50 PTC Undefined 2012 SHSS
storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain La Dehesa 50 PTC 2011 SHSS
oxide storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain La Florida 50 PTC 2010 SHSS
oxide storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain Manchasol 100 PTC 2011 SHSS
oxide storage with Solar Salt
Biphenyl/Diphenyl 7.5 h capacity 2ank indirect
Spain Termesol 50 50 PTC 2011 SHSS
oxide storage with Solar Salt
9 h capacity 2ank indirect storage
Spain Termosol 100 PTC Thermal oil 2013 SHSS

with Solar Salt
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(Note: All information is from NRE&f Concentrated Solar Power Project Profiles.)

As indicated inTable 5, Solar Salt SHTES is utilized in most of CSP plants.
While LHTES using high teperature PCM is obviously not popular yet for
commercialized CSP plasfThe reason is that the more challenging high temperature
PCM encapsulation and heat transfer enhancement techniques are still undergoing
research and developmeri6]. However, as observed froMable 5, if PCM is
adopted as the storage media in conuiadéized CSP plants, the operating
temperatures will be the same from 293 € to 393 €. It is also worth noting that
PCM with higher melting temperature is always desirable in CSP plants with higher
operating temperature (>600 €) due to the requirementinmfreasing energy
conversion efficiency.

In the last decade, however, there are still quite amount of researches and
developments for high temperature $8 The German Aerospace Centre (DLR) did
intensive research favestigate sodium nitrate (NaNCasa PCM latentheat thermal
storage medium in the temperature range of 296 16 €. They used NaN@for
thermal storage in a direct steam CSP plant. Acting as a heat transfer fluid, the steam
generated in solar field has a pressure of around 100 baratbsds through a thermal
storage tank and gives out heat for storage. Laing et al. from DBRtdsteda
prototype storage tank with 140 kg of NaiN&s storage media ardater/steamas
HTF, and seversteel steam tubes were imbedded in the tank vailnminum fins

mounted on them, as shown kigure 8. This is the shelandtube type of packing
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configuration. They operated the thermal storage system7frc§cles (more than
4000 hours) from 296 € to 316 €, and proved no decomposition of the PCM and no

degradation of the finned aluminum steam tubes.

Aluminumfins
Steel steam tube

Figure 8 Schematic o test module witil fins attached on the steam tup@9

The storage module iRigure 8 was then scaled up to a unit having 14 tons of
NaNQ; [100. The PCM modules were combined with two concrete sensible thermal
storage modules in a direct steam generation facility in Spain wadeoperation
conditions, and the two concrete sensible thermal storage modedessed to store
the heat for preheating and superheating of the water/steam, as shbBignra®.

Such a test facility demonstrated the sandwich concept for enhancement of heat
transfer as a possibility to achieve high dischargegp@wven at elevated temperature
in spite of the low hdaconductivity of PCMs. After 172 cyclda the temperature

range from 25 € to 400 € no degradation of PCMs was detected.
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Capital letters designate inlet / outlet of
A Preheating unit, feed water

© ) B Evaporation / condensation unit, liquid water
=1 € Evaporation / condensation unit, steam
Steany D Superheating unit, live steam
drum
W from solar
field

to solar

s

R R R e R e R )

3T @®
sensible heat storage unit: latent heat storage unit: sensible heat storage unit: to power
from . h : . : .
preheating / cooling of evaporation / condensation superheating / cooling of steam V¥ block
g;‘”éir condensate

Figure 9 Overview of a thre@art thermal energy storage system for Direct Steam

Generation (DSG) combining sensible and latent heat stofag€|

Adinberg et al. 10]] tested a reflux heat transfer storage (RHTS) system with
PCM, as shown ifrigure10. The concept of reflux heat transfer storagbased on
the reflux evaporatiowondensation occurring in the intermediate HTF. In their
experiments, the discharge and charge heat exchangers were placed externally of the
PCM at the top and the bottom of the storage unit, and the charge heat exchager w
also immersed in the liquid intermediate HTF. They used sodium chloride as the PCM
and sodium metal as the intermediate heat transfer medium for a storage temperature
of 800 €. A metal alloy ZrSn (vt% 70-30) and the eutectic mixture of biphenyl and
diphenyl oxide were experimentally investigated as the ROW system for
producing hightemperature superheated steam in the temperature range &f 350
400€C [ 107. Although the proposed PCM is much more expensive than any of the

molten salts, RHTS applications can probably be rewarding as the end result of a
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significantly improved thermal storage performance based on outstanding chemical

stability, superior thermal conductivity and high heat transfer.

Water

' Steam
Discharge Heat >
Exchanger d ~  HTF Drops
L~ PCM

Thermal Storage

Compartment r—  Channels

Charge Heat > HTF Vapor

Exchanger

B BHEHE: 21 HTF Pool
T

T I T TN N
LD )0 0 0 Y

Solar Steam

Steam Outlet

Figure 10 Schematic diagram of the refitneat transfer storage concept0]].

Thermal storage systems employing multiple PCMs with different melting
temperatures is another attractive heat transfer enhancement technology. In this type
of system, a few modules comiaig different PCMswith different melting
temperatures are connected to each other in series. The multiple PCMs in
shellandtube units should be in the flow direction that the melting temperature
decreases in the charging process and increases in ttlgardiag process as

illustrated inFigure11[102.

PCM 1 PCM 2 PCM 3 PCM 4 PCM 5
Tm1 Tm2 Tm3 Tma Tms
IALITLEATIITILTIITESTETETITITEI TSI I I TSI TIIIE T I T I TS
HTF flow during charging HTF flow guring discharging
— - pebidl e
7 77 TTITII 772 77 4 AT I I I
PCM 1 PCM 2 PCM 3 PCM 4 PCM 5

Tm1=Tpa >Tm3 *Tm4 =Tms
Tm - Melting point

Figure 11 Sequence of multiple PCMs in shell and tube latent heat storag¢ L0t
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Michels and PitZPaal L03 designed and tested a vertical staititube heat
storage system filled with three high temperature PIGWKO3; (PCM-1), eutectic
KNO3/KCl (PCM-2) and NaN@ (PCM-3). Figure 12 shows the schematic of the
experimental setup and a picture of multpleM thermal storage unit. The
experimental results showed that around 92% of the PCM in the mutGié
storage unit \as completely molten at the end of charging and around 67% was
completely solidified at the end of discharging. In the single storage unit containing
NaNGQ; as the PCM, almost 100% of the PCM was completely molten at the end of
charging but only 2% was conepely solidified at end of discharging. They found
that multiplePCM storage unit can offer a higher utilization of the possible phase

change, and a more uniform HTF outlet temperature and higher exergy efficiency.

? ché?é?ng ‘Q I_|
QP P
<> ;:ooling- é ”}&E’,U'e !
ﬁlé-ater VE > }e - 5 I\Cljl

module
Z 1 & ¥ = L
¢ P
T
discharging

...... | L] L

Figure 12 Sthematicof experimental sap of multiple PCM storage systefi03
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Due to the complexity of LHTES system, parametric study to LHTES system
has to be conducted first in order to further improve the thermal storage efficiency of
latent heat storage systemin&@ 2005, only one research paper reporting the
parametric study for high temperature LHTES system. Guo and Zhadd] [
conductedparametric study to assess how the performance of the storage can be
affected by the geometry, thermal and boundary conditiavisich leads to
correlations for the time of complete discharge. The computational results illustrated
how the heat transfer and discharge time are affected by the changes in geometry of
the aluminum foil, tube radius, boundary conditions and thermal ctimidy of the
PCM. It is hoped that more thorough investigations including the thermoproperties of
PCM and the operating parameters of thermal storage system can be discussed.

The Department of Energy of U.S. SunShot program has funded a number of
projecs to develop high temperature P&sed.HTES system for CSP plants. It is
expected that a cosffective design of PCNbased LHTES system will be applied in
commercialized CSP plant in the future, after thorough parametric studies and solid
systematic optimizations are conducted, as well a® mifective pilotscale latent het

thermal storage systems are tested in the future.
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CHAPTER 2 Extending the Validity of Lumped Capacitance Method for Large

Biot Number in Thermal Storage Application

2.1 Introduction

Van Lew et al. 0] and Li et al. L05 have developed ebust and efficientD
transient model simulating the heat transfer and energy storage/extraction in a packed
bed TES system. The model is robust anée@ent in carrying out thousands of
calculations for sizing the thermal storage tanks with various scales of thermal energy
requirement. The model treats the heat conduction in the thermal storage material by
using aLumped Capacitance &thod (LCM), which is not valid when the Biot
number is large Bi =hL/k, which is a ratio ofconduction thermal resistance and
convection thermal resistance of a solid bodty)his study, we extenthe validity of
the LCM to any large Biot numbgeand analyticallyderive formulas for &ective heat
transfer coeecient. Consequently, th&D transent modekan be generally applied to
obtain accurate thermal energy storagkulations

Earlier in 1970s, Bradshaw10g and Jeffreson107] conducted a pioneering
work to extend the use &fCM to the circumstance that the internal thermal resistance
of a ®lid sphere is significant compared to the external convective thermal resistance.
Essentially, they based their analysis on the argument that the slow internal heat
conduction of the solid can be viewed as a thermal resistance preventing a rapid
transferof the internal energy from the core of a solid to reach the surface and being

carried away by a passing fluid, or vice versa. Therefore, the presence of internal
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thermal resistance in the solid reduces the heat transferiltégsmbirom a solid to a
fluid-the greater the internal temperature gradient, the less quickly the heat addition or
removal can be achieved by the passing fluid. This lag in energy storage/extraction
performance leads them to introduce a correction to the heat transfer coefficient and
use it in theLCM to analyze the heat storage/extraction in solid spherical particles.

In TES systems, there are different types of packed bedk different
geometries, for exampfaates, cylindrical rods immersed in fluid, or a solid core with
circular channels inside fathe HTF. Bradshaw 106 successfully derived a formula
for the effective heat transfer coefficient for spherical particlesfiaid flow. In this
study, following the methodology developed by Bradshaw etha.formulas of the
effective heat transfer coefficient (Biot number three different solidluid
packedbed geometriewill be presented. Comparison to analyticegults will verify
their usefulness. Hausen in 19780§ also proposeda similar concept of using
corrected heat transfer coefficientsar.CM. The equationgor corrections to the
heat transfer coefficient were also summarized in the book by SchmidVidnubtt
[109 which are reexamined in this work. Other works on this issue include those
done by Razelos and LazaridisL[], Hughes et al.J11], and Mumma and Marvin
[117. The concluding equations these references will be compatecdcevaluatethe

results fom the current study.

2.2 A basic thermal storage model and its general application

Figure 13 shows an example of a thermocline thermal storage tank, in which
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HTF flows through a packed bed of solid particles (or filler materials). During the
heat charge proceskpt HTF flows down inthe tank,gives thermal energy to the

solid material and flows out at a lower temperature. During the heat discharge process
cold HTF flows up in the tankextracts thermal energy from the solid particles and

flows out at a higher temperature.

$4111

H

teett

Figure 13 Schematic of a thermocline thermal storage tank and a control volume for

mathematical analysis

For mathematical analysis of the energy balance, we consider a differential
control volume of lengthdz of the tank. The fluid is assumed to be flowing at a
uniform velocity and carries heat/enthalpy in and out. For convenience of analysis, the
fluid inlet location to a storage tank is always set toz®0. This means that for the
heat chege process, the coordinate is at the top of the tank is zero; while for heat
discharge process the coordinateis at the bottom of the tank is zero.

For the energy balance analysis in the control voluehe, the following

assumptions are made:
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a) There is a uniform radial distribution of the fluid flow and filler material through
the storage tank.

b) Between the filler material(spherical particles of size of several millimeters to
several centimeters) there is only point contact and therefore heat conduction
between solid particles is negligible.

c) lItis the convection mechanism, not conduction, that dominates the heat transfer
in the HTF, and therefore, the heat conduction in the axial direction in the fluid
is negligible.

d) TheLCM is applicable to thleat conduction within the filler material

e) There is no heat loss from the storage tank to the surroundings. This applies to
boththe charge and discharge processes.

Assumption 4 can be satisfied by using adequate flow distribution designs in a
thermal storage tanKL13. Assumption €) is typically satisfied for convection flow

of most fluid except liquid metalgsssumption g) is valid when the Biot number is

small. However, if assumptioml)(is invalid, a correction will be introduced, which is

the major issue that this study will address.

For a cylindrical thermal storage tank, the energy balance of the fluid in the

elementary valme of dz is of the form:

P +U [ NS
ot p rC eR

(T ) (1)

where h is the heat transfer coefficient between solid filler material and Ha Fs

the equivalent porosity €=V, /V,, ). The temperatureT,,, denotes a lumped
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temperature of the solid particleEhe parameters is the total surface area of

filler

solid particles per unit lengtl2®]. Therefore, S, has the same unit as the length.

filler

For spherical particless,,.. is obtained through the following steps:

a) The volume of filler material in a unit lengtPZ of tank is given as

2,0RDZ(1 - &' One sphee of rock has a volume oY= 4pr3/3, where 1 is

the diameter of packed solid filler material, and therefore in the lengtofn

the tank, the number of rocks BRZDZ(]. - &/ \here-
b) The total surface area of rocks is themetermined to be
pRDZ1 - § 4 r,f)/ Vhere» Which becomes30R’Dz(1 - &/ 1 after V,ohere 1S

substituted irthe expression of total surface area of rocks

c) Finally, the heat transfereat of rocks per unit height of tank is

Stier = w (2)

For the same control volumegz, the energy balance analysis is applied to the
solid particles. The internal energy change in the solid materidigsto the heat
transfer from the solid material to the HTF. The equation is then written as

V1Y — hS;er
Ht rrCr (l - & 33

(TLM Tf ) (3)

During the heat charge process, the hot HTF enters from theztop)(of the
tank and thanlet boundary condition is the hot HTF temperature; during the heat
discharge process, the cold HTF enters from the bottm(( of the tank and the
inlet boundary condition is the cold HTF temperature.

It is important to not¢éhatthe thermal storage system showrkigure13 can be

47



generally described as a system with a heat transfer fluid flowing through a porous
medium. Therefore, the physical relationship between the HTF and the porous
thermal storage materiad Figure13 can be viewed as a general phenomenon, which
mayinclude three other scenarios.

As shown inFigure 14, case (a) has a fluid flowing in flat channels separated by
walls of hermal storage materialBigure 14 (b) shows the case that a fluid flowing
througha bundle of cylindrical rods of the thermal storage solid materialFanae
14 (c) is the case that a fluid flowing in pipes that are imbedded in thermal storage
material, whichis also called as sheadndtube storage unifThe equivalent porosity
of the thermal storage material in the three casé&sgure14 can be easily calculated

by counting the fluid volume compat¢o the tothvolume of the storage system.

(&) (b) (©)
Figure 14 Three typical soliefluid scenarios of heat transfer

solid thermal storage materialz==== HTF)

Following the same procedures of the above heat transfer analysis for energy

balance, it is convenient that the governing equations, Eq. (1) and (3) are applicable
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for all the three scenarios iRigure 14 with their respectively porosity and heat
transfer surface areg, . being applied.

Van Lew et al.have developed very efficient numerical approacB€sl05 to
solve the governingquations, Egs. (1) and (3), which wereginally derived by
Schumann 114 and further discussed by Shitzer and Ld@t5. Although the
modeling and the approaches of the solution have been proved to be very convenient
and efficient, a serious concern abdlg accuracy of the method could be raised
when the assumption of lumped heat capacitance heat conduction in a solid filler
material is not satisfied. This is particularly true if the internal thermal resistance of
the solid particles ifrigure13is large. In order to still apply the same basic approach
of energy storage analysis as discussed in above and keep the methodology of the
LCM being used, a correction to the lumped heat capacitance method has been
proposed for spherical particles by Bradshaw dtlflg and Jeffresofil07]. In their
work, they introduced an effective heat transfer coefficiagt to replaceh in Egs.
(1) and (3).

Similarly for the other three thermal storage systems showvaigire 14, when
the internal thermal resistancesalid thermalstarage material is significanit, is also
convenient that an effective heat transfer coefficient be introduced to replace the
actual heat transfer coefficierit so that the.CM is still applicable in Egs. (1) and
(3). The objective of the following analyses is to find the effective heat transfer

coefficient for all the thermal engy storage cases givenkigurel4.
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2.3 Mathematical formulation and the concept of effective heat transfer coefficient
For a thermal storage in a solid material of general geometry, the 1D transient
heat transfer governing equations in the fladd the solid are given here in

dimensional form,

Wt E
revateut Tnsey, 1) @
¢ Mt p o=
rGV = hS(L D) Q

where V, is the volume of the fluid in an elementary control volume of lenDh
of the thermal storage tank$ is the surface area of the solid material in the same
control volume of lengthDz. Eq.(4) simulates the heat transfer in the fluid, which
has a heat source due to the convection heat transfer betweerethmdiiérials and
fluid. Eq. (5) simulates the heat transfer in the filler material, which has a heat sink
term, which is negative binas the exact value as the heat source term in Eg. (4). Note
that lumped capacitance assumption for the thermal storage material is assumed to be
valid in Egs. (4) and (5). The validity of the lumped capacitance assumption is
determined by the Biot numberBi=hL /k, typically less than 0.1, where
L. =V,./S.

When the lumped capacitance assumption is not valid, the heat conduction

within the solid material has to be included in the formulation, which yields

équ i 6 M,
rCV, et +U— &k Hrgs 6)
£ fg&?m 7 _(:)lerl nu

rc Moy @)
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The following analysis is to approximate the internal heat conduction effect in
the thermal storage material, given on the rigdid sides in Eq. (7), in the form of
Newt onds cooling relationship. -iSqgmated f i c al
right-hand side of Eq. (7) being expressed as
kDT av =h S(T, -1 (8)
v
If we substitute Eq. (8) into Egs. (6) and (The lumpeecapacitancgype of

formulations can be obtaingdxcept the heat transfer coefficientreplaced byan

effective heat transfer coefficiett,, . In fact, the effective heat transfer coefficient
h.; Wwill be a corrected valubasedon the intrinsic heat transfer coefficient. It is
necessary to point out that the effective heat transfer coeffitigntwill strongly
dependon the geometry of the solid filler materials. The following analysis takes the
spherical filler material as an example to elucidate the methodology. Following the
samemethod, we will present similar solutions ftre other three geometries of
thermal sbrage materials as shownkigure14.

For the purpose of extracting the effective heat transfer coefficient as explained
in the above discussion, i$ isufficient to consider a simple caséere the fluid
temperature does not vary with timehere are two reasorts consider the fluid
equation at steady staféirst, the heat transfer coefficient will not be changed as the
charging/discharging timperiod progressesherefore the heat transfenly causes
fluid temperature to change in z directioBecond, according to the operating

parametersand thermophysical properties of HTF and filler materials for a typical

CSP plant with 60 MWe electricityutput, it is easy to find thapT, / t is almost
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one order of magnitude smaller thah(qu/ |a), as a result it is reasonable to ignore
the transient term and calculate the effective heat transfer coefficient at stetady st
This simplification allows us to focus on the heat transfer between the fluid and filler
materials. Therefore, the energy balance equations tr@M for the fluid and
thermal storage material are:

HT,

rCVU=L=hs(T -7) 9)
pz
M, _ -
rCVir= h$(T ) (10)
Ht
The initial conditions are
t=0,T, = © (11)
The boundary conditions are
z=0,T, =TI(1) (12)

where TI (t) is the fluid inlet temperatur®Ve further assume that the solid material

attains theinal equilibrium temperature M (independent ofz), at the end of the

charging process, in time . The fluid temperature az= L is TO(t). Define the
finite Laplace transform as follows:
L(zp) T (z)e"d (13)
L (zp) =jT(z)e"d (14)
Applying thesefinite Laplace transform to Egs. (9) and (10) and eliminating
L, (z p), we obtain

de+ bp |_r +Me'pf

dz  ptg p+tg

o (15)
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p=—"3 (16)
r.C, o

_hs
9=r2 (17)

The transformed boundary condition is,

z=0,f(p)= T (e " it (18)

The solution to Eq. (15) subject to the boundary condition as in Eq. (18) is,

o Sy M, o0 855
e e#(r) —+eP !
e p u

Li(zp) = (19)

M
Y
It is interesting to examine the following foula for weighted average time,

which was introduced by Bradshaidg,

d
t t ~ -pt
At g(t)dt O'gar t e dt —r(;g(t)e dt
t:m :ﬁmL im dp

rjg(t)dt p- 0 O[ﬁt)ép‘dt P 0 O’Qﬁem dt

(20)

The weighted average time caherefore be calculated by the following

equation,

(21)

where G(p) is the finite Laplace transform of functiog(t).

We will now form a function,D L (p) =,{0,p) :(L p), which is the
difference of the finite Laplace transform for fluid temperature at inlet and outlet.
Substitute the functiorD L, (p) as G(p) into Eq.(21), the weighted average time

formulafor the lumped capacitance case is obtained as:

hS 2Uur, G e M

53



This is the functional form for the weighted average time. In the following
sections 2.3.1- 2.3.4), we consider the four cases of different solid bstdyctures.
The heat transfer within the solid body is modeled by the heat diffusion equation in
the appropriate cordinate system. Followinthe method oBradshaw et alf106],

we obtain analytical formulas for the weighted average time. By comparing these

formulasto Eq. (22), we can extract the effective heat transfer coeffictgnt

2.3.1 Solid sphere in fluid flow
We assume here the solid thermal storage materials are spheres as shown in the

schematic diagram iRigurel5.

\ 4

Figure 15 Model of a solid sphere in a fluid flow

solid thermal storage material=="== HTF)

When the Biot number for the sphere is large, the lumped capacitance
assumption is no longer valid, which means that the temperature insider the sphere

cannot be assumed uniform. Therefore, the governing equations are,
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T auT, o6
rCV,U—-= 'K$&u_ 0 (23)
374 G B o=
M, _, 1 Héa. [
rc B B2 B (24)
Wt i W& i

The initial and boundary conditions for, remain the same as in Eqgs. (11)

and (12). The initial and boundary conditions for are,

T.(r,0)=0 (25)
-0 M _g (26)

pr
(=R k% HT 1) (27)

Taking the inite Laplace transform, we hav

de auL 0
r.CVvU—+ =0 28
ff Ve dz e&‘_or:R ( )
rC(Me*+pl) k= Haelt (29)
rrire M
r=0, i, =0 (30)
r
R xME ]
r=R, ¥ W, L) (31)
r
The transformed temperature of the sphere can be solved as
L (r.p) =A(r,p) B(r.p) £z D (32)
e e ¥ k- h@?
smher PS, ﬂgep’Mk, MRSE R R+3
6 \|Vik (1- e)ue pR p u
__€"M g H
A= S 5 (33)
ék. coshéR u
€ VK(l e) g \Vik(- ey WAk, h osmh S &
g R ErRRY g \Vik (- o)
é v
e u
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[ pS
snhg v,k (1 e) h

B(r.p)=

&[S s PS o
& \Vik (- ) S WO g 5 a Y
re +ae —ztSosinh R ug
é R ¢ R R= e Vkr( )Uu
g 0
€ u
Equation (28) can then be solved far, (r, p),
(R D) gew g (B(Rp)-Dh§
AR, p r+CsV;U r+C¢VU
L (Z, p):—ag fefVe 16+ f(Q)e TV 35
f B(R p)- 1o 5 (35)
g -

We now follow the same procedure as in the lumped capacitance case by

defining DL, (p)=L, (0, p)- L, (L, p). The weighted average time is obtained for

the solid sphere which has internal resistance:
<>:rrCr _._R[C; jan +r'<:L f(O)
hS 5kS 2U, Ce M
_rC . LIGL £
h,S = 2Ur,Ge M

(36)

In Eq. (36) wecombinethe two termsrhf—é:r and R G and introduce an

5k
effective heat transfer coefficieri, . This makes the structure of Eq. (36) similar to
the equation from lumped capacitance case as given by Eq. (22). Therefore, for the

sphere solid thermal storage material the relationship okffeetive heat transfer

coefficient h, and the actual heat transfer coefficientis obtained:

_ 1
heff- s 1 R (37)

I T
h 5k
When h,,__ is used to replacé in the LCM, we expect the solution will
approach the precise analytical solution closely. The results for the effective heat

transfercoefficient of a sphere matthe solution published by Jeffrespi07).
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2.3.2Solid plates in fluid flow

We now turn to the caseherethe solid thermal storage materials are large
plates with fluid flowing in between them. The schemafichis case is shown in

Figurel6. The same procedure of analyasn Section2.3.1will be applied.

_>
Figure 16 Model of a large plate in fluid flow

mm solid thermal storage materiak=== HTF)

The governing equations are,

rcvu—_K$a“T ; (38)
=
rio M=k b (39)

The initial and boundary conditions for, remain the same as in Egs. (11) and

(12). The initial and boundary conditions fd; are,
T.(x0)=0 (40)
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_ . HT,
X=%,— J (41)
X

x:xu?k“—& HT T) (42)

Taking the finite Laplace Transform, the governing equations become,

ML aul o
rfoVfU = K $aeu IT (0] (43)
uz g P‘ X?)(1
Y _pl‘ der
rCgMe” +pl(x g gk - (44)
The corresponding boundacgnditions transform to,
dL
X=%X,—- £ 45
% iy (45)
dL
X= Xl”)-K er I:( r L f-) (46)

We first solve for the transformed temperature of the solid thermal storage

material.
L,(r.p) =A(r.p) B(r,p) Lz P (47)
where
" e‘p’hMcosl‘ge\E( %) g
Alx p)= = p'V' - : 6@ + (48)
pé heosheg| > (x -%) & pﬂCksinh\Ee( X %
é A + oo

Qo

hcosi‘ai/g(x— %)

B(x, p)= ”
- hcos /P - fpr Gk sin aei
h "gi/;(xl Xz) Gk h«f 3()5 %)

where a =k / rG

- O: O

(49)

O

- O: O

Equation (43) can then be solved far, (x, p),
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(Bx p)hs,

4 (Bx.P-DhS
K0)e MY (50)

L (Z p) :M% riCiViU 1
B0 p- 1

1-O:0: Ot

As in the previous analyses to find theighted average time,

<t>:rrCr +rTCf(X2- )d') jan _IL[QL f(O)
hs 3k S 2U,. Ce M

(51)

_rG ¢ (GL f(0)

h«S = 2Ur,Ge M

The effective heat transfer coefficient is then found to be,
1
= - 52
heff— pl 1 N (X2 _ Xl) ( )
h 3k

2.3.3 Solid cylinder in fluid flow

_>
Figure 17 Model of a long cylindrical rod surrounded by fluid flow

solid thermal storage materia==3 HTF)

We now consider the filler materials as cylinder and the fluid flows through it
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longitudinally. Figure 17 shows the schematic diagram of solid cylinder case

coupled heat transfer equations are,

T, auT, &
rfoVfU_f: 'KS%U_ 0 (53)
IJZ (; p r=R
M, _  1pa [
rC—t=k=-—g—— (54)
Mt r uéé ry
The initial and boundary conditions are,
t=0,T, = © (55)
t>0, z=0,T, =TI(Y) (56)
r :o,”‘—Tr 0 (57)
r
T
=Rk LE HT T (58)

Taking the finite Laplace Transform, the governing equations become,

ML aul o
ffoVfU—:Ksae& 0 (59)
374 ¢ no=
e da dL
r C eMe ™ + r, _kd s 60
C 8 pL( IO)Eerrgerdr (60)
The correspondingoundary conditions transform to,
r :0,$ =0 (61)
dr
dL
=R k== K L) (62)
r
The solutions are found to be,
L, (r,p) =A(r,p) B(r,p) ((z P (63)

with

60



e“”l% P gM
Arp)= EM °c;6 a9 2 (64)
pr.G %
pgmg al 3 8KJK(1 é
i a 0
05% a( 1 y 9 (65)

hlga gk\/@ ég%_

where |, and |, are modified Bessel functions.

(Rp-Hh3,

AR p %Brfcvfu 1
B(R P- 12

(&R D) bs,

Li(zp) = K0)e M7 (66)

1-O:0: Ot

As in the previous analysesfind the weighted average time,

“hs aks "3 ce
_rC , LIGL 1O
WS | 2Ur,Ge M

(67)

From this equation, we found that the effective heat transfer coefficient for a

cylindrical solid is

heff cs L (68)

1, R
h' ak

2.3.4 Fluid flow inside ahellandtubestorage unit

We consider now thehellandtube thermal storage unit, afkidgure 18 shows

the schematic diagram.
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Figure 18 Model of ashellandtube storage unit

solid thermal storagenaterial, heat transfer fluijl

The coupled heat transfer equations for the fluid and the solid tube are,

uT auT, o
riCv;u - = K$6€u 0 (69)
IJZ G p‘ r=a
M 1pa i
r.C =k ——Aa— (70)
L K" Ugé ry

uT,

t>0: z=0,T, =TI(t); r=b,~—~ 0; r=a, k% H{T T) 1)

Taking the finite Laplace Transforrihe governingquations become,

rCVU e

it

—ksz“'* g (72)

r=a

da dL,
rdrg, dr

I~

CgMe” +pl(rp g (73)
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The corresponding boundary conditions transform to,
r=b,—t 0 (74)

dL,
dr

W, L) (75)

r=a, kK
The general solution folL . (r, p) is,
a 0 e ™
L, (r.p) :Cllo%\/E BEK, 1 P - (76)
cva 2 a =2
where a=k./ rG , the coefficientsC, and C, are based on the boundary

conditions, the solutions are

e”MghAr,p)- Brp -drp g, hA(rp

PgB(r, p)+C(r. p) @ B(r,p)+C(r, p

_, @ fp 6 dp O [pé bp
A(r,p)—ll? 5 EO I’\% 'H@I’ _?(lb\gé (78)
15 [P S, ofP *aﬁ 8-
B(r,p)—llé@ ; églKo a%a : X % (79)
=gl gh\%0 o, BonTs e
(; - - =

The above solutions have modified Bedaahction K . In order to have explicit

L. (r,p) = j Az, p) (77)

expression of the effective heat transfer coefficient as shown in previous sections for
engineering applications, expansifithe Besselfunctiors is necessary. However, the
zero order BesseK function has singularity ar =0 and cannot be expanded.
Therefore, small variable expansion is applied to replace zero order and first order
Bessel K and | functions, while the third order term is kept. The expansions are as

follows,
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+ (81)

—
UO% Qo
ST
|-QEPRPO
=
lw-(j EB‘QJO
SBE
I- o:of”
-
)

o 3,
a C
a P o' F Eé\EC
| k. |2 a g Ny 82
1%\5% 2 16 (82)
a 0 G
Uy > D6- Lngs gp o) péz D, O—2Ln r\g 4
Koég\/; BD N e ' E "0 128 T, B3
a 8 8
s 55 1 D, +2Lnas 5 0 g D, 4Ln r F; -
Klg\/;% 5 2 r\ga  ——" rf (84)
g - M -
a

where D,,D,,D;, D, are constants.
Substitute the expansions in E¢81) to (84) to Egs. (77) (80), the A(r, p),

B(r, p), and C(r, p) will be expressed in their new format as given Byr, p),

B(r, p), and C(r, p), respectively,

(b2p+8a) (p2b4Q 46 paD 64 4 45 6 p 8JaL M))a
4096a°b\/p/ a (85)
2b2p(b2p+8av)(p2r4[g 324 p’D, 4 &) Zr'p S}aLr( r\/_))

4096a°0b,/ p/ a

prd

—
__ﬁ
©

~
11

('D)CD_\l_CD N (D~ D~ (D~ (D D/

&b' p’kD, + bhg ¥ B2 ka [ 32bhm i D 128bha D

~ ) p(b2p+8a) 86
B(r,p)—\/; 20484 é+128<a +802kp(b2p 8% L%t{/i 82b|(' fp 891 Ln é >

(42

(a’p+8a)(@hp Bha 4ak @( BpD 16b pap 647 4bp b ps) al(nﬂ))a(w)
409&*b\/p/ a

C(r.p)=

Replace A(r, p), B(r,p), and C(r,p) by A(r,p), B(r,p), and C(r, p),

respectively
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Iime_ptMghA(aF)_ da9-¢apg(a2-b2)erM (88)
& reB(ap+ap g 2ha

jim— A2 P i Aap (89)

p-oB(ap)+C(aF)_p-0 da@+¢ a)3

Finally the solution is expressed as

M) B AedE, mAe)
BRI T (R GO

which is further expressed as

L, (r.p) =X(r.p) ¥(r.p) ((z 9 (91)
_e”"MghA(r p- B(rp -drp

X e () C(r 1) g e

v(r.p)= E_B(rhS(:Cp()r p) ®3)

In the following analysis we will find the solution far , (z). The transformed

boundary conditions are sstituted into Eq.(72),

ML

rC;V;U “Z=h$$lr(al9 -f(? (94)
When the solution ofL, (r, p) is substitutednto Eq.(94), L ; can be solveds
8 (Y(ap-1)hs & (Yapq s
X a z O z
L. (Z, p) _ (a, p) g 11CiU 1 0@ 1GUY f(O) (95)
v(ap-12 .
Again according to the definition foD L (p)
8 (v(ap-)hsL § & (Yapyhst
— _ X.(_a’ p) e riCiViU o) £C U 96
DL (p) =k0p) (LB p)_lgg e éf(0)+1é°ge (96)

Finally, as in the previous analyses to find wesghted average time,

(p) ﬁbz- az)rrq LMS
2ar c UV,

imD L, (97)
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& 4 3 5 5
%(bz- az)égfcfa%MU -2I§M£hLi 2-4<;U§6 8 :
i T
I 1607 o0 1S &u KV/L$ : (98)
Ilm—gDLf( p) gF cre ¢ i
> odp i ib
i r.c,ahU(8M a¢8 fh0) -3F M) 4alf MUh qu‘% G
T+ €< 7
; 16220101 31u KV/L$ :
i c &re S \
_Img®0E o S L EL 1O (99)
Ig_rr})D L (p) h 22 8(b° - a°) 2Uur,C, M

-2 a’(4b*- &) +'[4Ln(b/ 9 3
In this equation, we know that the effective convective heat traosédficient

can be obtained when we lump the first two terms of the-hght side of Eq95).

_ 1
" = 1, 18°(4b- a°) wab'(4Lib 4-3) (100)
h k 4(b*- a2)2

Introducing the following definitions, set =b/a, Bi,c =(h/k)(IF -&)/(24

or further Bi . = (ha/K)( )/(2 af) Eqg. (100) isfurther reduced to a more

compact form:
Bic
h*(4Ln(A-3) 4 7 &
2(h?- 1)°

Bieff =

(101)
1+ Bi, .

Finally as a conclusion, the effective heat transfer coefficients of all the four
discussed structures of the solid bodies are summariZedia6.

It is easy to understand that whelm=b/a approaches 1.0, the tube becasrae
half of the plate (seEigurel6 andFigure18). Therefore, when/ approaches to 1.0,
the expression of Bt by Eq. (101) for a tube should be able to convert into that for a

plate. This is examined by checking the factor term forc Bhat is on the
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denominator of Eq. (101). Giveh approachingdl.0, the factor term converges to a

value of 1/3, which is exactly the value as for a plate as givdiabie 6. Thisis a

useful check othe mathematical method and our analysis applied in this wk.

did a similar examination to the equation given in the book by Schmidt and Willmott

[109 for a shelkandtubeunit, which they called as hollow cylinder. Théarmula of

the effective heat transfer coefficiehds some mistakeand it does not showhe

samefeaturewhen s approaches 1.@vhich therefore remaito be questionable.

Table6 Effective heat transfer coefficients for different sdlidd scenarios

o ) Lumped
Characteristic Effective heat transfer ) . .
o Effective Bi number capacitance
length Coefficienthest Bi.c number
LC
1 .
Bi h R
Sphere 3 LR 38,5 k3
3 h 5K LC/ T
1 .
Bi h
Plate DX=x,- X 1, (%- %) —— ——Dx
Wt 1+Bi./3 K,
R R Bl hR
Cylinder 2 h + K 1+Bi./2 k. 2
b*- &
2a
(b: outer f) 11 a3(4b2- a2)1+eb“(4Ln[b/a]. 3) . Bi, - ﬂbz— :
Sheltandtube EJ'E 4(b2 ) az)z 1+ Bic AriaLn( 0; 3l :4 L k 2a
(a: inner ) 2(/7 ) 1)
h=bla
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Nevertheless, the current obtained corrections for the cases of spheres, plates,
and cylinders are identical to the equations referenced by Schmidt and WillG@tt [

which were originally derived by HausehOg using a differenapproach.

2.4 Energy storage solutions frohCM, correctedLCM, and precise analytical
method

In this section we will examine the results of energy storage prediction by
introducing the effective heat transfer coefficient inlt@®l. Therefore, results of the
energy storage in the solid materials obtained fromlL{BM, the corrected.CM
(with h, and Bi, used) and the analytical method will be compared.

For the convenience of conducting the comparison, we introduce the following

three definitions for the general transient heat conduction of a solid body of any shape

in a fluid flow:
T - -I-n * K t
W TG s 0o

Lc —T, lest K
The general solution for the lumped capacitance transient heat conduction can be

readily looked up from standard heat transfer textb§bk§,

- Bi ot

G =€ (104)

The energy stored in the filler materials isCV/ (T,, - T), and it can also be

reduced into a@imersionless form as follows:
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()= QLM 105
Qu(t) V(T-T) 1 Gu (105)

When the heat transfer coefficietit in the definition of Bi . is replaced by
the effective heat transfer coefficiemi_, , we can obtain the corrected dimensionless
temperatureg,,, , as well as the diensionless heatQ),, . The analytical solutions
for the transient heat conduction of solid bodies in a fluid can be found in textbooks
[117,118]. For all the discussed solid bodies in this study, the equations for
dimensionlessemperatures and heat storage are ligtebhble 7. The definitions of

the general Bi used in analytical solutions for different cases are alsomgivaie?.

Table7 Dimensionless temperature and energy in a solid body from analytic solution

Solid body Solution
qu(r* t ) é §4(Sm£§ )- S;?( S;j( _n()) ﬁn[gﬁrmr)e B¢, 1- b, @ot(b,,) =Bi,c
m=1 m g ’om
Sphere

(1)1 o § BB hcol" gp(sn(u): oot )
m-1 & 2b,, - sm(z Q) u b?

@ (b2+B|)S|n(5)
q(x t) ?Ilb2+B| Bi f

cosg (1% ) g b,Gan(5,)=Bi.

Plates & (_2 2) o (_) 2
* - €2(p2 +Bi?) &sin(B,) ©
Q, (t ) ma_‘leb2+B| Bi(?% b §
o € 255 Jl(ZEm) g .- - 4B
qcy 1(r t ) glg\] (2[) )(BI + _é) 25m ‘mEIO(Zr Q)e
Cylinder 26,0,(24R) 81 302
oy L8 . 252 49,(25,) 09, .
Gl S R A e g E o 8
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Tube

&p? b:G(R)

g _
— — — H R(r
2 G- (BF B pg. PR

¢
R(1)= 380 A%( ") -3("n) ("

Gy (r )=8 €™

m=1

6(B.)=( B (" B~ W

where the eigenvaluesEm are determined from the following equation:

[ 5031(5) + Biic Io( 5y IV £,f1) =[ 5 Yo( byy) + Bi Yo 5,1 3u( Byf1)

Figure 19 Comparison of results from analytic meth@@M, and corrected.CM

(with Bietf used) for spheres of different Biot numbers
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Figure19 shows the dimensionless heat absorbed/released in a solid body versus
time determined from theCM, corrected.CM, and analytical method for a sphere.
At a small Biot number, 0.1, the curvesthe dimensionless energy storage from all
three methods agree very well, which verifies that ltid/ is valid at small Biot
numbers. At a Biot number of 1.0, the correct€eM agrees with the analytical
solution very well, while the curve from th&CM has a significant discrepancy with
the analytical solution. When the Biot number is 10.0 or 100, the discrepancy between
the corrected CM and the analytical method increases slightly, batiisacceptable.

However, the LCNMpredicts a very different erggr storage and is thusacceptable.
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Figure 20 Compaison of results from analytimethod LCM, and corrected.CM

(with Beff used) for plate geometry of different Biot numbers
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Figure 21 Comgparison ofresults from analytienethod LCM, andLCM (with Bies

used) for cylindrical geometry of different Biot numbers

Figure20 shows the dimensionless heat absorbed/released in a solid body versus
time as determined by the LCM, corrected LCM, and analytical method for a plate in
a fluid flow. The results show simil&atures: at a small Biot number, 0.1, the curves
of the dimensionless energy storage from all three methods agree very well. At a Biot
number of 1.0, the corrected LCM agrees with the analytical solution very well, while
the curve from the LCM has a sifjoant discrepancy. When the Biot number
increases to 10.0 and 100, the discrepancy between the results from the corrected

LCM and the analytical method increases slightly but is less significant compared to
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the results from the case of the sphere. Shgjlthe results from the LCM are greatly
different from those of both the corrected LCM and the analyticahodetand are
thus unacceptable.

The dimensionless heat absorbed/released in a solid body versus time as
determined by thé.CM, correctedLCM, and precise analytical method shown in
Figure21 are for a cylinder in a fluid flow. The results are very similar regarding the
comparison among the three methods. Again, the discrepancies between the results
from the correcteddlCM and the analytical method are generally small and acceptable.
However, he results from thd.CM are greatly different from those of both the
correctedLCM and the analytical method when the Biot number is larger than 1.0,

and therefore should not be used in the thermal energy storage analysis.
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Non-dimensional heat (Eq. (105))
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Figure 22 Comparison of results from analytic metha@M, and corrected.CM

(with Biert used) for cylindrical geometry of different Biot numbers

For a tubular rod in a fluid flow, the results are showkigure22 (a) - (d) for

four diameter ratios defined ag=b/a. Even though the ratio, g, varies, the

discrepancy of the results from the corredt&M and the analytical method is very

small under all the investigated Biot numbers; 01D0. Again, the results from the

LCM are very different from those of both the correct€eM and the analytical

method when the Biot number is larger than 1.0. With the increase of the ratio, g, this

difference becomes more significant. This is rational as when the ratio, g, increases,

the ube becomes thicker and thus t&M will cause more inaccuracy.

From Figure 19 throughFigure 22, it is necessary to point out that in the very
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beginning stage, when t* is very small, Q* is also very small. Therefore, the
difference of the Q* results due to the correctg€tlM and analytical solutions
appreciable compared to the absolute value of\th a slight incease of time, this
differencequickly becomes insignificant, which is less than 5% of Q* for all the cases
even if Bi is as large as 100. In fact, for thermal energy storage applgatienvery

initial stage of time is not of interest. The energy charge and discharge processes
usually need a sufficiently long time. Therefore, it is believed that the correCtdd

provides sufficient accuracy for energy storage applications.

2.5Conclusions

a) This work discusses a very typical and general issue of using an effective heat
transfer coefficient in th&CM to precisely predict the energy storage in solid
thermal energy storage material. The work is of great significance to the
simplification and effectiveness of the analysis of the heat transfer and energy
storage in packebed thermal energy storage systems.

b) The effective heat transfer coefficients were derived in the current analysis for
spherical patrticles, structured solid thermalraje materials of a flat plate, a
cylinder that heat transfer fluid flowing longitudinally around it, and a tube where
heat transfer fluid flows inside. Using the effective heat transfer coefficients to
replace the actual heat transfer coefficient inltE&1, the energy storage in the
solid material was calculated. It has been verified that the results from the

correctedLCM for the energy storage in solid filler materials of different shapes
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is very close to what was obtained from the analytical solutibnis
recommended thdahe equations of the effective heat transfer coefficieatsde

used in the analysis of energy storage in the future.

It is necessary to note that there are certain restrictions in the current method.
First of all, in the genericreergy balance analysis, as described in Egs. (1) and (3),
the axial heat conduction in the heat transfer fluid and solid material is ignored.
This means that the analyzed plate, cylinder, and tube in the current analysis only
have 1D heat conduction, perpdicular to the fluid flow direction. The heat
conduction in the direction of fluid flow is neglected. Under most circumstances,
this treatment is sufficiently accurate. However, if the heat transfer fluids are
metallic liquids and if the solid thermal sage materials are highly conductive
metals, which are not common for thermal storage application, the discrepancy
may be significant and specific analysis or experiment is expected to address the

issue for a future study.
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CHAPTER 3 Verification and Validation of a Model of Thermal Storage
Incorporated with an Extended Lumped Capacitance Method for Various

Solid-fluid Structural Combinations

3.1 Introduction

As discussed in Chapterd? Partl, in practical applications, where the emal
thermal resistance becomes significahbne still wants to take the advantage of the
1D model represented and the corresponding numerical method of solution, a
correction to theLCM is necessaryXu et al. L119 extended thed.CM for solids
objects of flat plate, infinite long cylinders, and staildtube for Biot numbers up to
100 with sufficient accuracy, based on the pioneering work conducted by Bradshaw et
al. [10§ and Jeffreson107] for spherical solid materialn practical application, a
large sized solignaterial structure can make the Biot number for the heat conduction
in the solid material typicallype above 0.1. Therefore, one has to introduce the
effective heat transfer coefficiertt ., so that the Schumann equatiaa be still
used to obtain accurate solutions to the problem.

Before recommending this modeling of incorporating the effective heat transfer
coefficient h, into the 1D transient model (described by Schumann equations) for
general andccurate analysis of the four types of thermal energy storage scenarios, a
validation either by experimental data or data from a comprehensive numerical
analysis has to be conductet2(121]. For thermal storage with solid spherical

pebbles, the 1D transientodeling introduced with effective heat transfer coefficient
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h, , has been compared to and validated by Valmiki efl2] with experimental

data. Inthis chapter comprehensive CHbased analysis to the heat transfer and
energy storage of theacked flat plates, packed cylinder and shalittubestructural
combinations will be conducteiitst, and thenthe numerical results will be used to
verify the 1D transienmodeling in which the effective heat transfer coefficien

is applied. Finally, due to the fact that shafidtube storage unit is the most
popularly applied because of its heat transfer enhancementdel validation for
shellandtube storage unit will be performed, according to the experiments conducted
by Rathodand Banerjeel23. Oncethis simplified 1D model is validated, it will be

used later for many otheplar thermal storagapplications.

3.2 The 1D transient ma¢matical modeling for general thermal storage systems

All four solidfluid configurations are generally viewed as systems with HTF
flowing through a porous media (with equivalent porosity introduced for the latter
three cases in the figurePetails aboutthis 1D transient modetan befound in
Section 2.2n Chapter 2 of Pait

In cases where the solid material is not in the forrpadkedspheressuch as
those shown ifrigure14 (a) - (c), anequivalent porosity with the same expresssn
introduced With the equivalent porosity used, the same governing equatioas({ftq
and (2)) can be used provided that theatile heat transfer coefficienk,. , as given
in Table6, is also used to replace the original heat transfer coeffidieim Eqgs. (1)
and (2).
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The parameters is the total surface area of solid particles per wemgth

filler

For spherical particles,S is shown as S;, =30R2(1 - &/r For other

filler

solid-fluid structural combinations, one can find out the expressios.Qf based on

the same definition and procedure mentioned above. In general, the heat transfer and
energy balance in the sofftliid structural combinations iRigure14 (a) - (c) can all

be analyzed by only considering one typical volume which includes a typical solid
and fluid region as indicated on thehigide of each of the figurd-or the case of

plates, the length in the direction normal to the papé&iigarel14 (a) is chosen to be a

unit length of L =1.0m. As a result, théow channel will have a ratio ol./D, > 20,

where D, is the width of flow channelTable8 gives the obtaineds,,. for all the

iller

other three cases Figurel14.

Table8 Total heat transfer surface area of solid per unit height of a typical volume as

shown inFigure 14 (a) - (c)

Total heat transfer surface areg(m| Height (m) Siier (M)
PackedPlate 2(1*H) H 2
Packed glinder 2prH H 2pr
Sheltandtube 2paH H 2pa

3.3 Incorporating extendddCM in the model
In this section,dimensionlessgoverning equationwill be introducedin a
standard format. The extende@€M will also be incorporated. The solutions of the

temperature distribution of thermal storage tank for different $hiid structural
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combinations will be provided in the section after next.

3.3.1 Dimensionless governing equations introduced with cedebkeat transfer
coefficient
For the general situation, the heat transfer coefficient h in Schumann equations

(Egs. (1) and (2)) must be replaced by the corrected heat transfer coeffigjent

Considering the following dimensionlegariables:

g =(T, T)/(%, %) (106.)
g=(Tw /(% 1) (106b)
Z=7H (106.c)

t =t/(H/U) (106.d)

The modifieddimensionless Schumann equation for HTF is obtained as:

Hg: g 1
—+— =—(q - 10
g l‘,( g) (o7
t, U rC e (109
H heffoiIIer

Furthermore, the modified dimensionless Schumann equation for filler material

is in the formof

( ) (109

H. = riCo e (110
RTrc( ¢

To solve the dimensionlessequations presented above, the method of

characteristics is applied. For details of the numerical solution to the Schumann
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eqguations, one can refer to Van Lew et 3] and Karaki et al.]24].

3.3.2Initial and boundary conditions

According to the assumption of no heat loss from the thermal sttaageit is
reasonable that the equilibrium temperature between HTF and solid filler material at
the end obnecharge or discharge will necessarily be the ind@idition of the next
discharge or change process in the thermal storage cycle. This connelisshiege
and charge processes so that results of a number of periodic charge and discharge can
be obtaied.

For the initial condition of fluid and filler material in armparge or discharge,
t'=0; g = g, which is the equilibrium state aftesetting down from the last
processFor the inlet condition,zZ =0 and g, =1 for a charging processtherwise

g, =0 for a discharging proces§he g, at the inlet boundary can be directly

calculated using Eq109) from the knowrinlet fluid temperature.

3.3.3 Operation conditions for current simulations

A pair of heat transfer fluid and thermal storage material has been chosen for the
1D model as well as the CFD study for the purpose of comparison and validation.
The high temperature of fluid charged in is 390 € (663.15 and the low
temperature of fluid flowing into the tank during a discharge is 310 € (588)15
The heat transfer fluid is Hitec molten s§lt25], having properties of kinetic
viscosity /7, =1.173 10°?/ s, heat capacityCp, =1549.12 J/kg*K, densityr,
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=1794.07 kg/m3, and thermal conductivity, = 0.57 W/m*K. The thermal storage
material is another molten salt with properties of =1680kg /n?

C. =1560J / kg(X), andk, =0.61W /(mOK). The required time period for energy
charge and discharge 4 hours, respectivelfhe tiree casesf solidfluid structural
combinations, as shown Figure14 (a) - (c), were calculated in the study using the
method of charactestics based on the 1D model.

For the bundld solid rods or shelandtube units inFigure 14 (a) - (c), a
hexagon prism control volume was defifgdthe meshing software (ANSYS ICEM
CFD) to enclose the computational domain, as showFigure 23 (a). The outer
boundary surface is thermally insulat&@r conveniencén defining the dimensions
of solid and liquid area as well as the computational dorf@irthe comparison
between 1D model and CFD studyconcentric cylinder was defined to replace the

hexagon prism with the same cross sectional area, as sh&iguie23 (b).

NL— N
(@ (b)

Figure 23 (a) hexagonal control voluméb) equivalent circular control volume
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A comprehensive 3D simulation using the commercial software package ANSYS

Fluent6.® proved that the computational results of energy storage for the control

volume inFigure23 (a) agree with that from the equivalent control volum€&igure

23 (b). The resultand comparison will be presented in the next section.

As shown inFigure 23, the equivalent diameter for the control area should

satisfy the relationsp

Ahexagon: Aeq P Rze\

(111)

Table9 Dimensions of the fluid channels and solid thermal storage structure

] Equivalent outer ] Fluid Channel * Solid plate*
Equivalent Diameter S
Porosity @ | diameter D, (mm) | d (mm) ' 2%, (mm) 2(%, - %) (mm)
Plate 0.33 No No 2.0 4.56 9.25
Cylinders 0.33 435 35.6 0.1118 No No
Tube 0.33 43.5 25.0 0.0785 No No
*See definition ofx, X, in Fig.11(a)
Table10 Parameters in the simulation of 1D transient model
Intrinsic heat Effective heat
L NU number transfer coefficient | transfer coefficient
Hydraulic diameter tant heat f ¢ H
(constantheat ) 1w/ nf i) hy (W/ i OK) ' CR
Plate (D, =4x) 8.24 304.7 220.9 0.0039 | 0.5223
Cylinder(D, =D,, d) 5.18 351.8 98.6 0.0087 | 0.5223
Tube (D, =d) 4.36 93.6 64.2 0.0366 | 0.5223
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The equivalent diameters of the control area by the solid rod and by the fluid
tube are given imable 9, which essentially define the dimensions of flow channels
and solid thermal storage materials. The height of the tank is 10 m. The related
intrinsic heat transfer coefficient of laminar floand the corrected heat transfer
coefficient in the 1D model simulations are listedable10.

The laminar flow Nisselt numbers listed ifable 10 are based on heat transfer
cases with constant wall heat fl{ik26 for fully developed flow.Fully thermal and
hydraulic development caeasily be satisfied due to the very long channels. The
assumption of a constant wall heat flux heat transfer is because the temperature
difference between the solid materials and the fluid along height of a storage tank is
similar to that of a cautercurrent flow hat exchangehot fluid charges into the tank
from top where there is a high temperature, and during a discharge cold fluid flows
into the tank from bottom of a tank where there is a low temperature. A detailed
description to this variation of temperatusfluid and solid during energy charge
and discharge is seen in reference by Li ef2all. The Biot numbers of all cases of
heat conduction in solid materiafsthis analysis are above 1.0.

The charging and discharging cyclic operations start with a charge to a cold tank.
After several cyclic runs, the temperature distribution in a tank aftdischarge
becomes independent of the initial temperature distribution. This state is called a

cyclic steady statayhichis areal situation irCSP plants.

3.4 SmulationResultsfrom the 1D model
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The simulation results using the 1D transient modeloiporated with the

correctedLCM are presented in this section. The velocity of HTF flowing into the

tank for the following cases 1¥,

=1.36° 10°m/ s.

inlet

The average fluid temperatures at height locations along the tank after a charging

are shown irFigure 24 for the number of cycles of charging/dischaggas indicated

by the legend. The results become the same with no more changes in charge/discharge

cycles after a certain number of cycles for all the cases. For the case of channels

formed by flat plates, it needs 11 cycles to get the cyclic steady it number for

the cylinder case and tube case are 10 and 7 respectively. Because the 1D transient

model is rather convenient, it can simulate many cycles of charge/discharge in a

relatively short computational time. This is the advantage of the HiSi¢r& model

over a CFD analysis, which would take a significant amount of computation time for

the analysis of cyclic charge and discharges.

680
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T/K

620
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580
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 3rd charging
+ 6th charging
= 9th charging

4 11th charging
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(a) Flat plate case
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Figure 24 The temperature diTF at locations from bottom to top in a tank after heat

Nevertheless, the above results from the 1D transient modeling will be compared
with the results from a comprehensive CFD analysis in order toveitlfy the model.
More resultsfrom the 1D transient modeling with different velocities of HTF flow

will also be compared to CFD results. Details of the CFD work are presented in the

following sections.
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charging processes
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3.5CFD analysis and comparison of results from 1D transient modeling

A Comprehensive CFD study was employed to analyze the energy storage
process andverify the 1D simplified transient model. The commercial software
ANSYS Fluen® 6.3 was chosen for this analysis, @dSYS ICEM CFDwas used

to generate the computational domand gird system.

3.5.1 Computational specifications

The flow and heat transfer in the thermal storage tank are incompressible, and
transient with constant properties. The fluid flow Reynolds numaersusually in
laminar regionlin the current three configurations of selidid in storage tanks, the

velocity of HTF all equalV, ., =1.362 10° m/ s according to the desired mass flow

nlet

rate. Correspondingly, the Reynolds numbers a&e;

Plate

=10.¢, Re, = 28., and

Re

cylinder = 92
The continuity, momentum, and energy equations in differential form for laminar

and incompressible flow are:

PO o (112)

W, oog L 23,
iV OB = -p 2w 113
. (Voes =-p (113
E+(\7 C"))ﬂ) k2T (114

Because of the thermocline effect (hot fluid on top of cold fluid) in thermal

storage tanks, typically there is no natural convection to consider. The computational
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domains and boundary conditionstlé three cases are described in the following:
a) For the solid plates and the 2D channels, as showigure 14 (), half of the

flow channel and half of the plate were included in the computational domain.

At the symmetric line of the flow channed, 1 — mand— Tt Atthe
symmetric line of the solid plat&y mTho 1, — T Atthe sdid walls
of U mandU O, 6 w6 1, and — m. Fully development

conditions at the outflow boundary are used, as the flow channels are
sufficiently long. This givesd m — T,— T

b) For the solid rod with fluid flowing alonthe length, as shown iigure14 (b),
the rod and the equivalent circular area around the rod are included in the
computational domain. The boundary conditions include: at the centerline of the
rod, 6 mho Tmh— 1 At the outer boundary in r directiod,  T1th
— 1, — 7. At the solid walls of z mandz O 6 1 é 1 and
— Tt At the outflow boundary, fully devepment boundary conditions are:
O W — T, — T

c) For the tubes surrounded by solid areas, as showigure 14 (c), a tube and
the equivalent circular solid area around the tube are included in the
computational domainAt the centerline of the tubgy TmTh— WM — T1U
At the outer boundary in r directioy, 1, 6 Th— 71U At the solid
wallsofz mandd 'O 6 t1hoé mh— 1 At the outflow boundary,

fully devebped boundary conditions aré: 1, — T1h— TU

d) The fluid and solid interfaces inside the computational domain have conjugated
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heat transfer, which can be typically treated in thénsoe package of ANSYS

Fluen®.

3.5.2 Computationgbrocedures

To check the simplification of the hexagonal control volume into a circular
control volume as shown irigure23, a 3D comprehensive CFD dysis for the heat
transfer and thermal storage was conducted. For this analysis, the thermal storage tank
is assumed to have been fully charged to the high temperature of 663ab8 the
cold HTF with constant temperature 583 K5lows into the tank wh a constant
velocity of V., =1.36® 10°m/ s to extract the heat for 4 hours. The average
temperature of HTF at 1.0 m downstream of the inlet has been chosen for comparison
between using the two computational domains. As showigiare 25 the results of
temperature versus time in the simulated period match very well between the two
cases. This gives firm suppsithat the hexagnal domain can be simplified to an
equivalent circular domain with sufficient accuracy and therefore, the CFD analysis

can use 2D coordinat¢o study the flow and energy storage.
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Figure 25 Comparison of the average HTF temperature at 1.0 m downstream from the

inlet for hexagonaprismcontrol volume and its equivaleodncentriccontrol volume

3.5.3 Grid and time step independent study

A grid-independent study was conducted to choose angmaber that ensured
high accuracy of computational results at a reasonable computational heaflow
and heat transfer fields in 2D with cell numbers of 10000, 20000, 40000, 60000 and
80000 were computed, respectivelor this study, we also assumee tlnitial
condition that the thermal storage tank is fully charged to the high temperature of
663.15K, and the cold HTF with constant temperature 5&X1flows into the tank

with a constant velocity o/, =1.36 10° m/ s to extract the heat for 4 hours. The

nlet
temperature of HTF at 1.0 m downstream of the inlet was examined for the transient
process. It was found that the relative difference of the temperature at this location

and any time instance during 4 hours has a tanano more than 10% when

increasing the cell number from 10000 to 20000. The variation went down to 2.5%
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from 20000 to 40000, and 0.86% from 40000 to 60@0@ 0.33% from 60000 to
80000.Consequently, 60000 cells were adopted for the computational aeimaall
the formal computations of the study.

The time step for the transient flow field computation was set as 2 seconds,
based on the timstep independence analysis. Time steps of 0.5s, 1s, 2s, 4s and 5s
were tested in the computations. It was fouhdt tthe relative difference of the
temperature of HTF at the location of 1m from the inlet had a variation of 0.16%
when increasing the time step from 0.5s to 1s. The variation was 0.83% from 1s to 2s,
and 1.95% from 2sot4s, and 3.67% from 4s to 8Sonsequently, a time step of 2s
was chosen for the computation of the transient process. At each time step of

computation, convergence is checked to meet a convergence criterion.

3.5.4 Comparison of CFD results and the results from 1D modeling

The temperaturef the HTF at the exit of a discharge is an important indication
of energy storage efficiency. Thereforee HTF temperature at thexit during the 4
hours discharging periduas beemonitored for comparison between the CFD results
and the 1D modelingesults. The results are for the cases after a sufficient number of
cyclic charging and discharging, thus achieving cyclic steady state. In any 4 hour
charge process, the flelw hot HTF has a constant temperature of 66X1and in
any discharge the flown cold HTF has a constant temperature 58X19he inlet

flow velocity of the fluid is always set ag ., =1.36® 10° m/ <.

nlet
As shown inFigure 26, the fluid temperatures in the 4 hour discharge process
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between the results of CFD and 1D transient model agree very well. The maximum
difference between them is 0.06% for the plate casé%®ifor the cylinder case, and
0.01% for the tube case. This comparison clearly shows that the 1D transient model,
which predicted fluid temperature at the exit of the discharge process during the time
period, is sufficiently accurate. Engineers can ussg théthod for the analysis of

thermal energy storage systems without using comprehensive CFD computations.
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Figure 26 Comparisons of results from CFD and 1D model for the tiar&tion of

exit temperature of HTF

To further compare the results from the 1D transient modeling with the results
from CFD computationFigure 27 shows the distribution of temperature of HTF at
locations in the storage tank along the flow direction after 4.0 hours of heat discharge.
The heat discharge results are from a typical proattes many cyclic charges and
discharges so that cyclic steady state has achieved. It is understandable that after
discharge, the temperature of fluid at the lower part of the tank is low. The
temperature distribution from the 1D transient model andeimpérature distribution
from the CFD computation agree very well, which furtherifiesthe accuracy of the

1D transient modeling.
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Figure 27 Comparisons of results from CFD ah® model for the temperature

distribution of HTF
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More numerical computations and 1D simulations were conducted for higher

as well as3v

inlet *

flow velocities of 2V,

inlet

Comparison between CFD and 1D
modeling for theaemperature of HTF at the exit of the tank during a typical discharge
process for cyclic slady state is given iRigure 28. The 1D modeling results egp

with the CFD results very well.
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Figure 28 Comparison of exit temperature of HTF from CFD and 1D modeling

during a discharge under cyclic steady state condition

Comparing the results fromigure 26 and Figure 28, it can be seen that the

discharged fluid temperature decreases faster earlier at higher fluid velocities.

This is because the greater fluid velocity results in a greater amount of heat being

removed from the solid thermal storage material.

Comparing the discharged HTF temperatures from cases of plate, cylinder, and

tube in Figure 26 and Figure 28, it is seen thathe plate case retains higher

temperatures for a longer time before degradation. This phenomenon can be explained

by

the plate casebs

r el

ati

v el

y

9 andTablel0; therefore, the plate casarcstore more energy in a tank.

h iTgblee r

3.6 Experimental validation of the 1D simplified model for staildtube storage unit

Due to the fact that shedindtube storage unit is probably the most popularly

appliedone,andit is alsoa matured technologgf heat transfer enhancemenith
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much lower cost than other technigu@smodel validation for shelindtube storage
unit by applying the effective heat transfer coefficient (as showrabie 6) in the
simplified 1D modelwill be performed in this section

According to the experiments conducted by Ratlod Banerjee 123, they
investigated the thermal performance of a saetttube LHSS with paraffin wax as
the PCM, and the temperature distribution of the PCM with charging/discharging time
was established for different nsaow rates and fluid inlet temperatures of the HTF.

The schematic diagram of ihexperimerdl setup is shown irFFigure29.

Figure 29 Schematiof the experimental agb forshellandtube LHS$S[123
(point Linner tube, point Duter tube with insulation, point-BTF pipe, point
4-hotwater bath, point &£old-water bath, point Gotameter, point “irculation

pump, points 8 and-fhanually operated valves, point-bOtlet vent, point Xnlet
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hopper, point 12emperature scanner with PC).

The testunit consistéd of two concentric tubes 1 m in length. The inner tuias
made of brassvith an inner diameter of 0.033 m and an outanditer of 0.035 m.
The outer tubevas made of stainless steel, having an inner diameter of 0.128 m and
outer diameter of 0.133 m. The outer tutes thermally well insulated with cerawool.
Waterwas used as the HTF and ciratéd throughout the inner tukamd the flow rate
was controlled as 0.0833 kg/khe space between the inner and outer twassfilled
with paraffin wax as the PCM

The hot water from a constant temperature lodéitB0 € exchangd its energy
with the PCM duringthe charging process. The PCielted, thereby storing the
energy as heat during the charging process. During the discharging process, the cold
water from constant cold bathith a constant temperature 80 € was circulated
through the tube. The PCM sdfidd and releasithe stored energy to the cold water
as heat. The chargimgocess lasted 8 hours, while the discharging process was about
12 hours, and it waegulated using manually operated valvEse thermoproperties

of paraffin wax and hot watere listed in the followingrable11.

Tablel1 Thermal properties of hot water and paraffin wax

HTF - hot water (evaluated at 50 TLP7]

ri =984.96kg /mi C, =4180J /kg @

k, =0.64W /m & n, =5.86 310" n? /s
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Paraffin wax 12§
r, =819.5kg /i C. , =1850J /kg &
k =0.30W /m & C., =2384J /kg @&
L =180KJ T...=55°C

Temperature distribution in the PCMvas measured using 36 -tgpe
thermocouple# the annular space between the shell and the tube. Three temperature
probeswereinstalled at 120 of the angular interval in the same radial plane. Such a
set of nine probewas installed at four different axial planes (A, B, C, and D) at equal

axial dstances, as shown kigure30.

ttt S

HTFin

Figure 30 Location of different thermocouples positions inside test [42

Using their experimental conditions, parameters and properties, the important

dimensionless parameters used in the simplified 1D navdelstimated as:
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Her=0.1782, ¢, =77.023, g, 1. =1.0, G .,=0.5, D =D 001

Figure 31 below shows the temperature variation of paraffin wax near to the
HTF pipe at z = 0.8 m (axial plane of A, as showikigure30) as a function of time
during a heat charging process. The results from 1D model and experimental data are
in a good agreement, which demonstrates the validity of applying the effective heat
transfer coefficientdr sheltandtube storage unifAs a result, it is recommended that
the proposed effective heat transfer coefficients can be widely applied to many solar

thermal storage applications.
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Figure 31 Comparison of temperaturariation of PCM near to HTF pipe during

charging between the experimental data and the numerical results of 1D model

3.7 Conclusons

This study presented anderified a general 1D transient model for thermal
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energy storage systems in three typical sfilidl structural combinations. In the 1D

model, an effective heat transfer coefficient due to the use of an exte@Gdédfor

Biot number up to 100) was introduced to account for the internal heat conduction

resi stance in solid ther meaelificaionwas bagesl oomat er i
the results from a comprehensive CFD analysis. Results of local temperature
distribution of the fluid in the thermal storage system at the end of an energy
discharging procss, and the temperature variation at the exit of a 4 hour discharging
process due to the 1D transient modeling and #@ €mulation agreed very well.

In order to validate thsimplified 1D model fora shellandtube storage unit
when the effective heat transfer coefficient is applied, a comparison between the
experimental data fronRathodand Banerjeavas perfomed. The results from 1D
model and experimental data are in a good agreement, which deremghra
validity of applying the effective heat transfer coefficient for shalittube storage
unit.

In conclusion, it is evident that the 1D transient model with the corrected heat
transfer coefficient is robust and highly accurate for analysis of thiettansfer and
energy storage behavior for the three studied typical -8aldl structural
combinationsBecause the 1D transient model significantly simplifies analysis, and
especially the computational time, it is expected to be one of the most cartvamad
accurate tools available for industrial engineers to analyze the behavior of thermal
energy storage systems of various flaalid configurations.

Finally it is worth noting that typicallfhe Schumann equations (1D transient
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model) for thermal engy storage ignore the axial heat conduction in both solid and
fluid, which is sufficiently accurate for regular diurahterial thermal storage systems.

However, if the solid and the liquid are highly conductive metals and liquid metals
respectively, whichs rarely the case, the validity of the model has to be further

examined.
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CHAPTER 4 General Volume Sizing Strategy for Thermal Energy Storage

SystemUsing Phase Change Material for Concentrated Solar Power Plant

4.1 Introduction

Since theLHSS or combinedLHSS/SHSScan offer a larger thermal storage
capacity and a significant reduction of storage tank volume compared tsehef
sensible heat alon&%, 36], a CSP plant using PCM is a promising technology for
large scke application of solar energgndit has been getting momgtention during
the past few year$§).

In the current work, encapsulated PCM would be used as filler material in
contact with HTF. A dualtmedia or a soligpacked thermal storage systeis
considered in the present work, and it is believed to significantly reduce the cost of
HTF, compared to the twiank direct storage syster®g. It will, however, more or
less sacrifice the energy storage efficiency due to the heat transfer between the HTF
and solid filler material §7]. During the heat charge process, hot HTF flows
downward through the storage tank from the top and gives thermal energy to the
storage material, while during a discharge process, cold HTF flows into the tank from
the bottom, and flows out with a high temperatéinom the top after obtaining heat.

The process is shown Figure32.
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Figure 32 Schematic of thermal energy storage tank with encapsulated PCM

Buoyancy force ensures stable thermal stratification of hot and cold fluids within
thes ngl e storage tank whi c dathesmodie storage h e
tank [129 13Q. Li et al. [131 has performed numerical simulations to verify the
existence of cyclic periodic steady state. As a result, irsthdyall computations are
processed by the repeated charge/discharge cyahek,the numerical results are
compared undeasyclic periodic steady state

Although several articles on the thermocline tank packed with sensible filler
material have been publishe2l7[77,105132134), relatively fewexperimentalvorks
on thethermal storagperformance oéncapsulatetiHSS are found in the literature.
Nevertheless, there are still some papers talking about numerical modeling of
encapsulatedlHSS. A model by Felix Regin and Solanl&3] considered a simple
charge process of a tank with PCM filler for a parametric study of material properties.

Following that, a modebevelopedby Wu et al. 821 applied an implicit finite
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difference method to solve tlgoverningequationsfor the encapsulated PCM TES
systemas ageneral scenario. Results from that model, however, featured numerous
oddities and oscillations in temperature distribution profiles. To overcome the lower
thermal conductivity of PCM material, Nithyanandam and Pitchuma&b,136]
introduced heat transfer augmentation using thermosyphons or heat pipe. Different
configurations wee investigated using CFD, and optimal orientation and design
parameters were obtained. Archibold et &B7 focused their attention on the fluid
flow and heat transfer of the PCM within the spherical encapsulate. Recirculating
vortexes were found in thegper region and therefore more intense melting occurs in
this region. On the other hand, Wshak and Jild3§ used a modified enthalpy
method to investigate the melting times for rectangular, cylindrical, and cylindrical
shell storage configurations, arldey found that melting time was the lowest for
cylindrical shell storage. They also investigated the effects of inlet temperature of the
heat transfer fluid Neverthelessaccording to the most recent literature sunay,
comprehensive and accurate model for LHSS subjected to constraints dictated by
CSPplant has yet to beeveloped

An accurate and efficient model of thermocline operation to encapsulated PCM
has been proposed by Tumilowicz et dl39140, called an enthlpy-based 1D
transient modelThis follows the work of Van Lew et al.30] with a much needed
expansion of the analysis to includeencapsulated PCM filler. This enthalpgsed
version of S ¢ hli4hean acéusately dpsciabe the heat fransfer and

energy storage/epdction between HTF and the packeed solid filler material and

106



allow tracking of interfaces throughout the thermocline processes, a change especially
necessary in the latent region where the temperature of the PCM filler remains
constant.

For a CSP planto be costtompetitive with other sources of energy generation
onthegridwi t hout subsidy, the U.S. Depart ment
for a storagecapital cost less than $15/ kWfor a minmum discharge period of 6
hours[141]. To adievethis target a CSP plant incorporated withT&S system is
expected to be operated wahhighstorage efficiency under optimized conditions. In
this chapter a minimum discharge period of 6 hours will be considesd a
rudimentary cost analysis will be included at the end of this paper to show the
advantage of a LHSS compared to a SHSS. It is important to note that the main focus
of this paper is not to provide cost analyBs a TES system but astorage tank
volume sizing strategy The methodology of cost analysis and reduction in
conjunction to energy storage system analysis is yet to be developed.

The HTF temperature at the exit of storage tank (herein identified as output HTF
temperature) cannot be maintairaabve the cutoff temperature during the entire time
period of discharge. Below that temperature, HTF will be returned to the concentrated
solar field to be reheated, and in a typical CSP plant the cutoff temperatureas set
360 €. As a result, an actuatorage tank height which can provide HTF beyond the
cutoff temperature, is of significance in improving energy storage efficiency and total
extracted energy. Ithis chaptera general storage tank volume sizing strategy for

LHSSis proposed according the enthalpybased 1D transient modél.case studys
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presented to demonstrate how to apply this strategy to obtain an actual storage tank
volume, with which LHSS can supply HTF to the turbine above the -cutoff
temperature during the entire 6 hours ofcharge. Finally, by applying the same
volume sizing strategy sensible heat storage system (SHSS) using granite rocks as
storage materiak analyzed, and the storage tank height of SKS®mpared with

LHSS to show that the volume can be reduced sagmifly by adopting PCMThe
general volume sizing strategy is believed to be of particular interest in the solar
engineering community. It provides sizing or design guidelines for concentrated solar

thermal storage engineering.

4.2 Mathematical Methodolyy of Enthalpybased 1D Transient Model and A

Generalized Approach to Determine the Storage Volume

4.2.1Governing equations

The enthalpybased 1D transient model for the heat transfer between HTF and
encapsulated filler material was configuredTymilowicz et al. 14(Q following the
work of Van Lew et al.30]. An enthalpybased version of the Schumann equatiens
used to allow tracking of interactions throughout the thermocline proceasdgsmnge
especially necessary in the latent region where PCM filler temperature remained
constant.The addition of enthalpy to consideration required an equation of state to
close the gap in unknowns for solution. For proper application of this equation in the

governing thermocline interactions, PCM filler phase states had to be trackeg. closel
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More importantly, to maintain accuracy as these PCM filler phase states changes
throughout the space, a careful tracking of PCM filler phase state interfaces had to be
implemented as well. This allowed proper application of the equations to all possible
orientations and conditions of the PCM filler phase state interfaces in therinaim
grid.

The governing equations to describe the heat transfewebet HTF and

encapsulated PC§14(Q are as follows:

W, W S

Ve T emt ) (19
ai . hsS

e AU 9

where T; denotes the fluid temperaturd, denotes the filler material temperature,
h is the enthalpy of solid filler materialll; is the effective heat transfer
coefficient between solid filler material and HTF,; and C; are the density and
specific heat of HTF, respectively;, is the specific heat of filler materialR is
the radius of the storage tank, akd is the velociy of HTF based on inlet mass
flow rate and the flow area of e(&*). For the detailed descriptions of all other
parameters, please refer to Sectioni2.Chapter 2 of Pait

Based on the Colburn factor relatiodlf], the heat transfer coefficient
characterizing the convective interactibetween the encapsulated thermal storage
material(porous media) andTF can be found from reference&4:

h=0.191n R G Pr?* (e /R) (117)

where Re= 2 @&/(1 &) ¢ (R4, Pr, =n, (C,/k , m isthe mass flow rate.
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The expressions of Eq.X%) and (16 still retain a fillertemperature term, for

which an equation of state is applied to relate it with the enthalpy of filler material:

6F T — —
T hr h_o +Tr hr < h_melt
1 Cr s -
| _
I I
Tr :,|\Tr_melt hr_melt ¢ hr ¢h_melt H: (118)
|
I
T (R
T hr (h_melt +L) +T _ _
’f Cr_l rmel hr_melt +L <hr

where T is the melting temperature of PCM, is the latent heat of fusion, and

r_melt

ﬁ,_men is the enthalpy of PCM at the melting temperature when PCM starts to melt.
Introduce the following dimensionless variabley, :(Tf T )/('I'H 1),

q":(-rr :I|_-)/(-I|-'| -{)’hr:(ﬁ _ﬁ_ref )/Q_s(-lr-_melt :[)72*=Z/H’ t* :t/(H/U)l

then the dimensionless governing equations and the equation of state are obtained,

which are
MG Mg 1
—t+t— =—g ¢ (119)
Vi p ! r( )
dh, _ H _ 120
dt* tr rLZmeIt (qr g) ( )
r.C. e r.C. e
where ¢, :EJ and H=——F——.
heff SfiIIer rrCr_s (1_ &

Consequently, the equations of state in dimensionless form are assfollow
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where Stf = Q_S(T_men 'I[)/ L.

4.2.2Numerical approach

The new set of equations was dimensionfessgeneral application. With the
resulting equations being of hyperbolic type, the method of characteristics was
applied for a numerical solutipras describedh detail by Tumilowicz et al.139.

The process gave fluid temperature and PCM filler enthalpy according to the
discretized grid in time and ape. With the equations following a similar form of
those Van Lew obtained, we expected the method to produce a direct solution that is
both highly accurate and efficient.

In brief, however, the key steps of solution to the governing equations are given
here. First, using an equal step size in both time and sjice= £, a numerical
grid featuring both diagonal characteristics tof=Zz and vertical characteristics of
Z = constant was chosen, as showrFigure 33. Steps in time progress foy = 1,

2, ... N, while steps in space progress for=1, 2, ... M.
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Figure 33 Numerical discretizatiogrid for the method of characteristidd. 39

It is clear inFigure 33 that the two characteristics intersect as they progress in
time and space. The hyperbolic nature of the governing equations passes information
from node to node in a walike fashion. We chose two neighboring spatial nodes at

time j= 1, ¢, and g,,, which will serve as the starting points for information

propagation through their corresponding characteristics. After the passing of one time
step to j= 2, the meeting point of the two characteristigs,, will have received
information from the two starting nodes. To represent this mathematically, we apply
numerical integration to the equations. Along the diagonal characteristic11). (
becomes:

_u* équ,Z + g,l f g + f l,lq

q.,- 4, (122)
t, 2 2 2
Repeating th@rocess for Eq.1Q0), we obtain:
- 3 + +
o, S e B (10 (123)
' ' [r ereIt (; 2 2

Equation of statell) is used to transform the unknown filler temperature value
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at node (2) to enthalpy based on local phase state. This leaves the system of two

equations (22) and (23) to solve for the two unknownsyfm and h,,- With these
values obtained, we step once in space to the new pair of neighboring godesd
g, and use them identically to obtain values at node (3,2). This is repeated until all
values have been found gt= 2. We then fully repeat the spatial sweepjat 2 to
obtain all new values af = 3. Thus, with a boundary condition provided at the inlet
I =1, along with an initial condition in the storage tank at tifre 1, solutions can
be swept through space, stepped in time, and repeated, until the entire grid is fully
defined. Application of the trapezoidal rule for numerical integration implies accuracy
of the order O(Dt*z) [143.

For the tracking binterfaces and their travel throughout the tispace domain,
linear interpolation is applied along the interface for values at its intersectiohei

diagonal characteristic.

4.2.3 Validation of the modeling

Comparison of numerical results to expegntal results by Nallusamy et &85
was made to demonstrate the validity of the numerical scheme of 1D riroded
experimental work, theysed encapsulated spherical capsules of paraffin with melting
temperature at 60 € athe PCM and water as the heat transfer fluid. The inlet fluid
temperature was maintained at 70 € and the mass flow rate was fixed at 2 L/min.

Using their experimental conditions and properties, the governing parameters were
estimated as: H.,=1.00¢ , ¢ =1.026¢, ¢ ,.,=1.0, g . =0.736¢ ,
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D' =D 0:001. Figure 34 and Figure 35 show the comparisons of the fluid

temperature and the PCM temperatuseadunction of time located at the middle of
the tank, respectively. The agreement of the results of simulation and experiment is
acceptablelt is worth noting that the disagreement during the phase transition process
is mainly due to the existence ofpurities in their experiment, but the PCM melting
process is assumed to be isothermal in 1D model. However, the proposed 1D model
has the capability of considering the Asothermal process by applying a varying

melting temperature instead of a constant.
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Figure 34 Comparison of fluid temperature located at the middle of the tank
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Figure 35 Comparison of PCM temperature located at the middle of the tank

The current model does not consider any heat flasa the tank due to the

assumption of perfect thermal insulation. This may cause more or less discrepancy

between the simulation and test results. Studies about the influence of heat loss to the

temperatures in the thermal storage tanks have been kpbyteModi and

Pé&ez-Segarral44]. The heat loss at the tank surface needs a certain length of time to

penetrate and influence the temperature of the center of the tank. Nevertheless, the

currently proposed 1D model has the capacity to incorporate theoksdiy adding a

heat loss term on the right hand side of E#18), without sacrificing the

computational efficiency.

4.2.4A generalized approach to determine theimumstorage tank volume
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Before the actual storage tank volume is determinedramum storage tank
volume needs to be calculated, which will be used as a basis for the general volume
sizing. We should also know all the required properties of HTF and PCM, the
operational parameters (such as inlet fluid flow rate and temperature), andgba cho
radius (R) of the storage tank. The only remaining unknown parameter is the height of
the storage tankdereatfter, finding the height of the storage tank is viewed as sizing
the tank volume, as it can be calculated easily using the height and rathieganik.

Here theminimum storage tank height is calculated assuming a discharge process
starts for a storage tank that is initially fully charged with a referenced enthalpy of
PCM at TH. Under this situation, theinimum height of the tank shoulgatisfy the
requirement of the temperature of HTF during a desired discharging time period.
Details of this approach will be discussed in the following sections.

The way to define the dimensionless time in the dimensionless governing
equations (Eq.1(19) and (120)) is to set the reference time scaletgs = H/u , which
is a casalependent definition. To define a general characteristic time scale, the

reference time scale should be carefully chodRaviewing the dimensionless

governing equigons shows that the dimensionless paraméteis the onlyparameter
which includes the storage tank height H €U (C, &pH @, S, ). if a new

set of variables is applied to the dimensionless equations fot B).and (20):

NlN"’

-t
t=—, 2= (124)

r

which allows ¢, to be absorbed into the time and spatial variables. The
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dimensionless governing equations Df9) and (20) in this new domain, wbh will

be used for profiles invariant of tank dimensions, will become:

ug, Uy

- 125
fp 1) (2
dh, _ Hee )
@ g “

with spatial and time domain as follow:

0 ¢ t~ qffinal ! O ¢ 2 ¢2final (127)
- Sr Sr . r.C . Cim
Wheret:thEﬁ— _—.t*_’ 7= Zhe}nf - _—.é1 tC:f—fAr’ =__f .
rfo Aank tC Cf m % heff Sr heff Sr

Using this new set of dimensionless equatiorZb)kand (1), along with the
assumption of a fully charged tank initially, a single discharge run with the model can
be conducted to determine th@&nimum storage tank height based on the desired
cutoff HTF temperature, below which HTF will return to the concentratdar field
to be reheated. With respect to the modified characteristic time constarthe code
can run as long as necessary to obtain temperature profiles at the real times desired.
The spatial domain, however, is no longeetl at a dimensionless value of 1.0, and
can run as long as desired, where a run with a longer spatial domain will be able to
represent a taller tank. The modified characteristic space congtamigain governs
the real storage tarfieight corresponding to the dimensionless value.

Application of this modification to the code follows simply. If the parameter
is set equal to 1.0 rather than calculated based on thermoproperties of HTF and filler

material, themodel works with the new set of governing equations as B2§) énd
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(126). It must be recognized that the dimensionless time and space are now of the new
convention and domain. Having chosen a cross sectional area and mass flow rate, and
calculating thedlependent terms as necessary, the dimensionless time corresponding to

the desired output time is found simply as:

£ — tdesired (128)

desired ~ *
tC

Having obtained the O6sizingd temperatur

tot he profile at the calcul ated desired
convention allows us to selectively cut off the output fluid temperature profile at our
desired limit at this instance in time. In this sense, the dimensionless spatiahtvalue
which the profile intersects the minimum allowed output fluid temperatuyreg,.
defines theaninimumtank height, according to:

A=z =, & (129)
Therefore theninimumstorage tank volume is:

V=H R (130

After introducing the general volume sizing strategy for LHSS, nfiiimum

tank heightl—E or minimum storage tank voluma/ will be used as the basis for

further considerations and comparisons.

4.2.5 Energy storage efficiency
If an energycarrying fluid medium in a thermal storage system can be

withdrawn at itsoriginal temperature, the system has the highest efficiency, or has
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zero exergy loss based on the second law of thermodynabTcsSuch a thermal
energystorage system may be idealized by using two separated storage tanks, or by
using a single storage tank with an ideal thermal insulation baffle (movable along the
height of the tank) in between the hot fluid and cold fluid. The ideal thermocline heat
delivery efficiency may be considered as 1.0 since it has no exergy loss.

However, for a thermal storage tank with encapsulated filler material, based on
the work of Li et al. 105, the energy delivered in the required time period at a
required mass flow rate is always less than that of the ideal energy delivery in an ideal
thermocline tank. If the required heat discharging perid@ ischarging €rergy storage

efficiency can be defined as:

!

_ r(jef,dischargingng (Z: H, t) '-Il-_ gt
(TH - TL) Qf,discharging

where the numerator represents the energy discharged from the actual tank, and the

(131)

denominator represents the energy discharge from an ideal thermocline tank.

Thedimensionless required time period of energy discharge is defined as:

t. _
P — ref,discharging 132

Substitute the dimensionless energy discharge pdfigdinto Eq. (131), the

energy storage efficiency istéemined by:

d

qf(z*:l,t*)df
Pd

DYy

h=

(133)

4.3 General Volume Sizing Strategy for Latent Heat Storage System (LHSS)
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To satisfy the requirement of cutoff temperature, an actual storage tank volume
needs to be determined with respectthe operational parameters and thermal
properties of HTF and PCM, including: the electrical power, the therrfialegicy,
the extended period of operation of charge/discharge, the required high temperature of
heat transfefluid from the storage tank,d@how temperature dtuid returned from
the power plant, the properties of HTF and PCM, the nominal radiluibeofmaterial
if applicable, as well as the void fraction in a storage tank.

On the basis ofinimum storage tank volumé/ , as discussed previously in
Section4.2, for a CSP plant using a particular PCM as storage mat&tiafpr H
with a prefixed storage tank radius R) can easily be substituted into the code for
solving he governing equations, and the computation cade be run till the
presumed number of charge/discharge cycles. However, if the output HTF
temperature change versus 6 hours discharge can be examnoyetic steady staté
will not satisfy thecutoff temperature The reasorwhy the minimum tank height
cannot meet the cutoff temperature requirement is that before the cyclic steady state is
reached, more energy is being extracted from LHSS than the energy being stored.
Nevertheless, the situation ofinimum tank volume sizing differs from the cyclic
operations since only one discharge has been processed immediately after a fully
charged state. Thus more energy will be extracted than at a cyclic steady state, and the
minimum storage tank height usually will not meet the gimalcutoff temperature.

For some special cases, however, if PCM has a large latent heat of fusion or the

melting temperature is exactly equal to the cutoff temperature, its output HTF
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temperature will be l@ove the cutoff temperature during the entire discharge time
period, as illustrated in Refl45.

In order to obtain a better thermal performance by satisfying the criterion of
cutoff HTF temperature, there are three options one can choose if all othetroraer
conditions are known: (a) enlarging thenimum storage tank volume; (b) increasing
the mass flow rate of HTF; or (c) extending the charge time period. Among these
three options, enlarging thminimum storage tank volume is the primary choice,
however, if the storage system still cannot supply HTF above the cutoff temperature
after enlarging theninimum volume during the entire time period of discharge, the
second choice of extending the charge time pecdad be consideredvhich is
actually a reamnable and easy approach in some areas with abundant solar resources.
The last choice is to increase the mass flow rate of HTF, with the consequence of
enhancing heat transfer between HTF and encapsulated PCM. This approach seems
reasonable, however to dm, an auxiliary solar field is required for extraTH to
absorb and store the he@ihe match between primary system and auxiliary system is
tremendously difficult, even apart from investment of the auxiliary system from the
techneeconomic viewpoint.

To this point, a generalized strategy of volume sizing for LHSS has been
completely outlined, a flow chart of this sizing strategy has been plottédune 36,
and the computation procedures from the flow chart are app&@ convenience of
designand analysis, a description of the computation stepsguare 36 is provided

below.
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Figure 36 Flow chart of general volume sizing strategy for LHSS

Step 1: Decide thminimumstorage tank volume for a specific PCM

This is the initial step in the standard computation procedures as shown in the
flow chart, and theminimum storage tank volumé/ (or minimum storage tank
height H with a prefixed storage tank diameter D) for a particular PCM will be
determined by the properties of the HTF and PCM as well as operational parameters,

according to the method introduced in Sectddh

Step 2: Assume an increase of 10% inrtheimumstorage tank volume

Once V or HFE is determined from Step 1, after substituting it into the code,
the output HTF temperature change with 6 hours discharge time can easily be

computed. If HTF temperature cannm maintained above the cutoff temperature
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during discharge at the cyclic steady state, improvements to the storage system are
neccesarykEnlarging thaninimum storage tank volume by assuming, for example, an
increase of 10%, would be a reasonable s@gpwint. After substituting the increased
tank volume into the code, then the model can be run it until the presumed number of
charge/discharge cycles are completed to determine if the output HTF temperature is
satisfactory with the cutoff temperature.tiile answer is yes, then the calculation is
done by obtaining the actual storage tank volume. Usually, however, the desired
performance will not be determined after only increasingntiremum storage tank
volume once. As shown in the flow chart, after themimum tank volume has been
increased, there are two more options that can be coudioteobtain better
performance.

Substep 1: Increase the mass flow rate of HTF

The consequence of increasing the mass flow rate of HTF is the enhancement of
heat transfe between HTF and encapsulated PCM; therefore the output HTF
temperature at the exit of storage tank will be increased to fulfill the cutoff
temperature requirement. Nevertheless, as discussed previously, it is difficult to build
the auxiliary system to pallel with the primary system, not only from technical point
of view, but also from techreconomic viewpoint. As a result, Sgtep 1 will not be
followed in the current work, but in order to introduce a general strategy for
completeness, Stdtep 1 haveen plotted in Fig31l and marked with dash lines. The
trial-anderror method can be used to find an appropriate mass flow rate of HTF to

reach the required cutoff temperature finally, and it needs to follow the primary loop,
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as marked by a dash arrow tire left hand side ifrigure 36. If purely increasing
mass flow rate cannot achieve the cutoff temperature, then Step 2 must be replicated
by increasing another 10% of th@nimum storage tank volume. Then following the
same logic introduced here, the actual storage tank volume aras@able mass
flow rate of HTF to fulfill the cutoftemperature can be determined.

Substep2: Extend charging time period

Compared to Subtep 1, extending the charging time is a much more reasonable
approach to accomplish the task. According to theetarget by the DOE SunShot
Initiative [141], 6 hours discharge time is the minimum requirement, thus applying a 6
hour charge time to the systemaynnot satisfy the cutoff temperature during the
discharge due to the fact that insufficient energy has been stored. However, if it can be
extended to 7 hours or more, (for example, in some areas with abundant solar
resources, 8 hours charge time is conghyepossible) it will be easier to reach the
target. As a result, enlargimginimumstorage tank volume by 10% cbasubstituted
as well as the extended charge time into the computation code to check if the output
HTF temperature can be retained beyond the cutoff temperature during discharge at
cyclic steady state. The calculation can be stopped if the answer is s/isgthe
minimum storage tank volume needs to be enlarged by another 10%, then the rest of
the computation steps are followitige prior logic. Similarly, a triahnd-error method
is needed with priority in Subtep 2, as marked by an arrow on the riggnid side in
the flow chart. In this study, Stsiep 2 will be adopted to find the actual the storage

tank volume and eeasonable charge time period.
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Step 3: Finish the computation once the HTF temperature during discharge satisfies

the cutoff temperater

The above three steps and two stdps of generalized volume sizing strategy

will provide a guideline for engineers when designing a CSP plant incorporated with

an energy storage system using PCM. In the present studygt&uld will not be

consideredsince a constant mass flow rate will be provided. Only-&ap 2 will be

used through the primary loop and the backward loop to Step 2, as mentioned

previously. In the following section, one example of CSP plant with 60MW electrical

power output will besized exactly following this general volume sizing strategy, and

an actual storage tank volume and proper charge time will finally be offered.

4 .4 Results and Discussion

4.4.1Descriptions of the example
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Figure 37 Systenschematic of a 60 MW parabolic trough CSP plah46
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A parabolic trough CSP plant with 60 MW electrical power output at the thermal
efficiency of 35% is taken as an example, as showkigure 37, basedon the
systematic design biencinto et al. 146. The HTF used in the solar field is
Therminol VR1. The power plant requires high and low fluid temperatures of 390 €
and 310 C, respectively. Two different types of PCMs are used as filler materials.
Depeanding on the packing scheme, the void fractitim a packed bed with spheres of
a fixed diamegr ranges from 0.26 to 0.47647]. In this study a void fraction of 0.3
was chosen for all the calculatiorihe diameter of the encapsulated PCM is 4 cm,
andthe radius of the storage tank is set as 5 m. The required minimum time period of
energy discharge is 6 hours, based on the U.S. Departmdhthod r gy 6 s Sun S't
Initiative [141]. The thermal storage system is assumed to be operated within 100
days or 100 charge/discharge cycles without maintenance. The minimum cutoff
temperature is set to be 360 € in a discharge process, below which HTF cannot be
effectively used for power generation. This cutoff temperature is based on the
conclusion fromModi and P&ezSegarra 144 that 30 € below the high temperature
is acceptable. All the operating conditions and the properties of HTF and filler
material are listed ifable 12 and Table 13. |l t6s i mportant to not
kinds of PCMs is not to compare their thermal performance, but to demonstrate how
the generalstrategy is applied to different cases with different storage materials.
However, as a result, it gives two choices to engineers who need to design the thermal
storage system. A detailed comparison of thermal performance of using different

PCMs and parantec study will be presented in a separate paper in the future.
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Table12 Operational parameters of a 60 MW CSP plant

P,.=60MW & Total electrical output | X =35% & Thermal efficiency
R=5m 8 Radius of storage tank | T . =360°C & Cutoff temperature

T, =390°C d High temperature T, =310°C d Low temperature

N, =100 & Number of cycles Dhyischarge B 8 Time period of discharge
e=0.3 d Void fraction d =0.04m & Diameter of filler material

Table13 Properties of HTF andiller materials

HTF (Therminol VR1) [14§:

r. =761kg/m

C, =2454J/(kg K]

k, =0.086 W/(m K]

n, =2.33310" 1 /:

PCM-1 (KOH, potassium hydroxidep):

r.= 2044 kg/rﬁ Cr_s :1470‘]/(kg K:
k =0.5W/(m K) C., =1340J/(kg K
L =149.7KJ T .=380°C

melt

PCM-2 (58% NaCl, 42% KCI)J49:

r, =2084.4kg/m

C. ,=1180J/(kg K

k =0.48 W/(m K)

C. , =1000 Ji(kg K

L=119KJ

T, =360°C

melt

Based on the properties provided above and E34) pelow, one can calculate a
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necessary total mass flow rate for thermal storage as follows:

P .
;Ie =Myt Cf (T—I _-[) (134)

The required total mass flow rate for a 60 MW electrical supply is calculated as
Mo =873.21 kg/s, which can then be divided into four-sttbams, and the mass
flow rate m in each sukstream is thus equal to 218.3 kg/s. The reason for dividing
the total HTF stream into four is to make sure the Reynolds number will be in the
proper range so that the intrinsic heat transfer coeffigantbe determinedn the
following calalations, only one subtream will be studied, since the results for one
substream will be identical to the other three stileams.

Next, the first step in the general strategy as illustrated in the flow chart of
volume sizing Figure 36) will be followed to find theminimumthermal storage tank

volume for each PCM imablel3.

4.4.2A minimumstorage tank volume

The radius for the storage tank is set as 5 m in this analysis. On the basis of the
provided thermal properties of HTF and PCMJable12 andTable13, a tank height
H is the only unknown parameter to determine nimimum storage tank volume
V, whereV =H GR. According to the definition of dimensionless temperature, a
cutoff temperature of 360 € means its dimensionless value is equal to 0.625.
Following the generalized apm@ch introduced in Sectioh3, theminimum storage

tank height can easily be determined, and the computational results are shown in
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Figure38 as follows.
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Figure 38 Tank sizing for each PCM at dimensionless melting temperature of 0.625
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The dimensionless height of storage tank can be determined when the
dimensionless HTF temperature reaches 0.625, as sdégure 38. Based on the
modfied characteristic space constants calculated from E2j),(the dimensional
tank height for each PCM can be calculated easily usingl26), @nd the results are

shown inTable14.

Table 14 Minimum storage tankeightfor each PCM when the cutoff temperature is

360°C.
PCMs ZC Dimensional height ofinimumtank
PCM-1 (KOH) 0.81m 259 m
PCM-2 (58% LiCl, 42% KCI) 0.83m 32.8m

The next calculation uses the heightn@himum storage tank imable 14. All
other operational parameters are exactly the same Babla 12 and Table 13. The
charge time period initially is set to be equal to discharge time period (6 hours). The
modeling computation for the thermal performance of theag®rsystem can be
obtained for the two different PCMs. In the next section, the results forP@N be
examined to obtain an actual storage tank volume, following the general volume

sizing strategy.

4.4.3Volume sizing for thermal storage system ust@ivi-1

As a first step, the temperature of outflow HTF versus discharge time at cyclic
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periodic steady state has been plottedrigure 39, in which thered, dashed line

represents the cutoff temperature.
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Figure 39 Temperatures of outflow HTF in 6 h discharge based on the height of the

minimumstorage tank for PCM

It can be observed clearly frorigure 39 that the storage system using PQM
can only supply HTF above 360 € for approximate 3.5 hours, which is much less
than the required 6 hours. Therefore, based on the general volume sizing strategy, the
volume of theminimum storage tank is increased by%0n Step 2. Then, the
Substep 2 is carried on by extending the charging time from 6 hours to 8 hours, and a
comparison is made with the case of onlyfiaimumtank volume in respect to the

output HTF temperatures. The results are shoviguare40.
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Figure 40 Output HTF temperature in 6 h discharge by varying charge time from 6 h

to 8 h with 10% increase of the height frammimumstorage tank for PCM

Figure 40 shows the comparison of output HTF temperatures within 6 hours
discharge by varying charging time from 6 hours to 8 hours and a 10% increase of
height from theminimumstorage tank. One caasly see from this figure that even if
the charging time is extended to 8 hours, the 10% increase of the tank height from the
minimum tank height still would not fully meet the cutoff temperature of above 360
°Cin 6 hours. | t i sewithl1l@%incredasé af the tdnk Volomer s 6 cC
can make the discharged fluid temperatur e
charge with 10% increase of volume can discharge HTF for about 3.9 hours with the
temperature above 36C, while the longest timperiod of 4.1 hours is offered by 8
hours charge. Even though these results &

A

minimumt ank vol ume, itdos stil |l far from t he
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temperatures above 36C. As a result, th next step is to go back to Step 2 by
increasing another 10% or more of the trail storage tank volume. Following that, the

charging time is now chosen as 8 hours. The comparison is shéwgune41.
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Figure 41 Output HTF temperature in 6 h discharge with enlarged volume from the

minimumstorage tank volume and 8 h charging time for RCM

Figure4ldemonstrates the output HTF temper
based on enlarged volume from th@nimum storage tank volume and a fixed
charging time of 8 hours for PG It is seen clearly from this figure that before the
volume having an 80% increase, the output HTF temperature at the end of 6 hours of
discharge is far away from the cutoff temperature of 360 €. In the next step, 81%
increase of the tank volume and 8 hoursod ¢

of discharged fluid temperature could completely satisfy the requirement of above
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360 € during the entire discharging time period of 6 hours. For this result, the
storage tak volume is 3683.5 mnwhich may need multiple tanks in a total height of
46.9 m, if the radius of each tank is fixed at 5 m. Based on 1I39), (the energy

storage effiancy for such a LHSS is 88.19%.
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Figure 42 Output HTFtemperature in 6 h discharge with enlarged volume of storage

tank and 6 h charge for PCil

For the same thermal storage requirement and PCM material, if the solar
radiation collection time cannot be longer than 6 hours, the only option to meet the
requirenent is to further enlargéhe minimum storage tank volumeFigure 42
portraits the comparison of outoput HTF t ¢
various storage tank volumes at a fixed 6 hours of charge. One can observe from this

plot that only when @0% increase of the volume is employed, the output HTF
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temperature at the end of 6 hoursé discha

computation, a 94.5% increase of tménimum storage tank volume was found to
meet the requirement that the diaded fluid temperature is above 360 € during
entire discharge time period of 6 hours. For this result, the tank volume is 3954.2 m
and the total height of multiple tanks is 50.4 m if the storage tank radius is fixed at 5
m. According to Eqg.X32), theenergy storage effioey for such a LHSS is 87.61%.
This efficiency is close to that of the last case which has estogyge efficiency of
88.19%.This means that with larger volume of the storage tank, one can use shorter
charge time of 6 hours to aelve the same goal.

The above two cases show that the general volume sizing strategy offers
designers multiple options to decide an appropriate storage tank volume and operation
scheme to maintain the HTF temperature above the cutoff temperature during a

required 6 hours of discharge.

4.4.4\olume sizing for thermal storage system using PCM

This is another example to demonstrate the application of the general volume
sizing strategy for the same thermal storage requirement using2P?Esllowing
Step 1 in the flow chart of volume sizing, th@nimum storage tank height for
PCM-2 is obtained, which i82.8 m, as shown inrable 14. The minimum storage
tank volume is2576.1m?3, for a fixed radius of storage tank of 5 m. This data of
volume will be substituted to the modeling computation to check if the output HTF

temperature can be maintained higher above the cutoff temperature e B6€yclic
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steady operation. The result is showrFigure43, in which the red dashed line is the

cutoff temperature.
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Figure 43 Output HTF temperature in 6 h discharge with themimumstorage tank

height and 6 h charge for PG

Figure 43 clearly shows that the output HTF temperature can be maintained
above thecutoff temperature for about 4.5 hours during 6 hours dischargesing
the minimum storage tank volume for PGl Following the general volume sizing
strategywith the same 6 hours heat chargitigge minimum storage tank volume can
be increased in Step @ntil the output HTF temperature is above the cutoff

temperature at the end of 6 hours discharge results aren®@wn inFigure44.
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Figure 44 Output HTF temperature in 6 h discharge with enlarged volume of storage

tank and 6 h charge for PCig

Figure 44 demonstrates the comparison of output HTF temperature during 6
hours discharge with various tank volumes at a fixed 6 hours of chiargeasy to
observe fronfFigure44 that a 33% increase of the minimum storage tank volume can
meet the required cutoff temperature during the entire 6 hours discliranghis
result,with a fixed tank adius of 5 m, the actual storage tank height is 43.7 m, and the
tank volume is 8322 nt. According to Eq. (132), the energy storage efficiency for
PCM-2 based LHS$ 73.27%.

However, ifthe minimum storage tank volume is kept, then it is interesting to
find the required charging time period which can satisfy the cutoff temperature at the

end of charge. The computational results are shown in the folldvigoge45.
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Figure 45 Output HTF temperature in 6 h discharge with various charging time

periods and the minimum storage tank volume for PCM

By varying the charging time periods while fixing the minimum tank volume, it
can be found that after 8 houhgat chargeto the storage tank, the output HTF
temperature can be maintained above the cutoff temperature during the entire 6 hours
of dischargeas shown irFigure45. Similarly, the energy storage efficiency for such
a LHSS is76.124.

The above two examplés Section 4.4.3 and 4.4demonstrated the procedures
starting from finding aninimum storage tankolume and followed by triadnderror
search of the final result to satisfy tbetoff temperature for the discharged fluid in a
required period of time. The two PCMs demonstrated differences of systematic

performance, which offers choices for enginderselect.
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4.4.5Comparison of storage tank volume WBHSS

It is expected that LHSS can offer a significant reduction of storage tank volume
compared t&SHSS therefore a CSP plant using PCM is a promising technology for
large scale application of solanergy. In this section, one example will be briefly
introduced to illustrate the advantage of a LHSS which may have a significantly
reduced storage tank volume compared to a SHSS.

If granite rocks, as sed and studied in Referencisf, are adopted as the
storage material for the same CSP system introduced isttldy the same method
and procedures utilized in the present paper can be follbavéidd a storage tank
volume by simply replacing the therppooperties of PCM with that of granite rocks.
Therminol VR1 is still used as HTF. The modified length characterigticfor such
sensible heat storage system is 0.38 m. Following the same niretitvatdiced in this
studyto calculate theninimum storage tank volume for SHSS, the obtained result of
H is 198.1 at a given tank radius of 5 m. Correspondingly, the overall dimensional
height of minimum storage tank is 75.3 m, and timnimum tank volumeis 5914.1
m3. Using theminimum storage tank volume, it is found that the output HTF
temperature at the end of 6 hours of discharge is slightly lower than the cutoff
temperature. With a 4.5% increase of the volume fromntiremum storage tank
volume, thestorage tank height of multiple tanks for SHSS was found to be 80.1 m
that can satisfy the need. Similarly, the energy storage efficiency is calculated based
on Eqg. 32, which gives a value of 97.3%. The storage tank height for SHSS and

LHSS are listedn Table15 for comparison.
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Table 15 Comparison of actual storage tank height between SHSS and LHSS with a

fixed tank radiu®f 5 m

Storage system Storage material Actual storage tank height Energy storage efficiency
SHSS Granite Rocks 80.1m 97.3%
PCM-1, 8h charge 46.9m 88.19%
PCM-1, 6h charge 50.4 m 87.61%
LHSS
PCM-2, 6h charge 43.7m 73.2™%
PCM-2, 8h charge 32.8m 76.12%

The important point to observe frofable15is that the storage tank volume has
been reduced for at least 35%, and at mo€i%®6 by adopting PCM compared to
granite rocks. This is a significant reduction of the volume of storage tank, which may
reduce the cost significantly. The latent heat of PCM is the major contributor to this
phenomenon. One can easily observe ffagure 37 throughFigure40 that the HTF
temperature ahe exit can be maintained at near the melting point of PCM for a very
long time during a discharge process. With respect to the definition of energy storage
efficiency by Eq. 132), it is a ratio of energy discharged from a storage tank versus
that froman ideal thermocline tank. Therefore, the energy storage efficiency only
provides the comparison of energy discharge process, which reflects the energy
availability for customer. Obviously, high storage efficiency is always preferable,
because higher staya efficiency means more energy being extracted from the storage
system, and more importantly, meets the demand that the temperature is above a
cutoff temperature. Fromable 15, SHSS can offer higher energy storage efficiency,

but also with larger tank volume, which may have significant higher cost. Although, a
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LHSS has relatively low energy storage efficiency, sterage tank volume can be
reduced significantly, and importantly the dischardadifcan still have temperature
above the cutoff temperature. Factors, such as cyclic exergetic efficiency, have not
been considered in this study, which will be discussed parametric study in the
near future.

As seen froniTable 15, the storage tank heights in this study are all very large
considering a tank diameter D@® m, which needs to include mulgganks with serial
connection The tank radius was randomly pickédit it is important to note that the
main focus of this paper is to demonstrate a general volume sizing strategy. With the
modeling and strategy, itsivery convenient to make changes for design and

optimization of storage tank dimensions.

4.4.6Cost analysis of thermocline storage systems

Pacheco et al.1R9 presented probably the first cost analysis of a packed bed
thermocline system. However, their cost analysis considered few system components
and was for a low temperatutieermal storage stem. EPRI 150 reported a much
more thorough and detailed cost analysis for a packed bed thermocline system and a
two-tank TES system, considering both direct and indirect contact configurations. In
this section, audimentarycost analysis for SHSS and LB$% provided based on the
storage tank heights listed Table 15. The media cost for four different systems are
computed and reported Fable16, and it is easy to observe that LHSS with RE€M

with 8h chargehas the lowest media cost, while SHSS with granite rocks holds the
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highest cost.

Table16 TES media cost for three different materials

Media Thermocline storagmaterials
SHSS LHSS LHSS LHSS LHSS
Granite rocks6h charge] PCM-1, 8h charge| PCM-1, 6h charge | PCM-2, 6h charge | PCM-2, 8h charge
HTF inventory (ri) 1887.3 1105 1187.5 1132.6 850.1
HTF unit cost ($/f) $20,000 $20,000 $20,000 $20,000 $20,000
HTF cost $37,746,000 $22,100,000 $23,750,000 $22,652,000 $17,002,000
Solid media inventory (8) | 4403.7 2578.5 2770.9 2299.6 1726
Solid media unit cost ($fn | $35 $204.4 $204.4 $313 $313
Solid media cost $154,129 $527,045 $566,372 $719,775 $540,238
Total mediacost ($) $151,600,516 $90,508,180 $97,265,488 $93,487,100 $70,168,952

A parabolic bugh CSP plant with 60 M&power output at thermal efficiency of

35% is chosen for study in this work. According to several different distributors

introduced byStrasseand Selvam151] and usinghe media costs reported Tiable

16, the capacity cost for each systemastimated and given ifablel7.

Table17 Cost analysis of SHSS and LHSS

Cost contributor

Thermocline storage system (60 MWe, 35% thermal efficiency)

SHSS LHSS LHSS LHSS LHSS

Granite rocks, 6h charge| PCM-1, 8h charge PCM-1, 6h charge | PCM-2, 6h charge | PCM-2, 8h charge
Energy storage media | $151,600,516 $90,508,180 $97,265,488 $93,487,100 $70,168,952
Storage tank $8,000,00 $4,000,00 $5,000,00 $4,000,00 $3,000,00
Foundation $3,000,000 $3,000,000 $3,000,000 $3,000,000 $3,000,000
Platform and steel $2,898,600 $1,449,300 $1,449,300 $1,449,300 $1,449,300
Insulation $2,062,800 $1,062,800 $1,062,800 $1,062,800 $1,062,800
Pumps and PCE $6,673,660 $6,673,660 $6,673,660 $6,673,660 $6,673,660
Piping and valves $2,177,830 $2,177,830 $2,177,830 $2,177,830 $2,177,830
Electrical $550,742 $550,742 $550,742 $550,742 $550,742
Instrument/controls $322,118 $322,118 $322,118 $322,118 $322,118
Construction costs $11,695,260 $4,847,630 $5,847,630 $3,847,630 $3,247,630
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Constr. management | $1,500,000 $1,500,000 $1,500,000 $1,500,000 $1,500,000

Installed cost

$182,481,526 $112,092,260 $119,849,568 $114,071,180 $90,153,032

Capacity cost ($/kWh) | $177 $109 $115 $110 $87

It can be seen frorfiable 17 that most of the components for the four different
storage systems are the same; while the primary cost difference is on the energy
storage media. The remaining costs, construction, and e are also assumed
the same. Dividing the oO6installed cost?d
expressed in kWh vyields the storage capacity cost of each system. As a consequence,
it is seen that LHSS of PCM with 8h charge has the lowest eajity cost of
$87/kWh, which is aboub1% less than that 0BHSS using granite rock withh6
charge. While the capacity costs of LHSS of RCMith 8 hcharge LHSS of PCM1
with 6h chargeand LHSS of PCM2 with 6h chargeare at the same level of
$110/kWh.Comparing the thermocline capacity costs, it is found that LHSS has at
least 35%, at mo&t1% reduction of capacity cosbmpared t&GHSS.

It is important to note tit the capacity costs ifable 17 are much higher than
the @pacity costs listed in Refl%$]]. This is because the cost of HTF using
Therminol VR1 is much higher than that of Solar Salts. Also, the tank radius and
structural design in this study were chosen with randomness, as the main focus of this
paper is to show a general volume sizing pdoce and methodology. Therefore,
there isinsufficient evidence yet to believe that the thermocline storage systems in

this study cannot provide any benefit comparcethe system designs in Ret5].
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In order to further analyze the levelized cost of electricity (LCE), according to the

LCE calculator on NREL websitd$Z, a rudimentary LCE cost analysis is provided

in Table18 for the five TES systems listed Table17. In this cost analysis, a fixed

discountrate of 3%/year for system lifetimes of 25 years is assumed. The capacity

factor is assumed to be 60%, and the cost of operation and maintenance is also

assumed to be a constant of $40/kWeThen based on the current electricity retail

price and cost eatation rate in Southwest region of US, the LCE for each system can

be calculated, as shownTable18.

Table18 Levelized Cost of Electricity for a 60MWe CSP plant for SHTES and LHTES

Cost contributor

Thermocline storage system (60 MWe, 35% thermal efficiency)

SHSS
Granite rocks, 6h charge

LHSS
PCM-1, 8h charge

LHSS
PCM-1, 6h charge

LHSS
PCM-2, 6h charge

LHSS
PCM-2, 8h charge

Periods (Years)

25

25

25

25

25

Discount Rate

3%

3%

3%

3%

3%

Capital Cost ($/kW) $3041.4 $1868.2 $1997.5 $1901.2 $1502.5
Fixed O&M cost, $/kWeyr $40 $40 $40 $40 $40
Variable O&M Cost ($/kWh)| 0.002 0.002 0.002 0.002 0.002
Capacity factor 43.6% 43.6% 43.6% 43.6% 43.6%
Electricity Price (cents/kWh] 12 12 12 12 12

Cost Escalatin Rate 2.3% 2.3% 2.3% 2.3% 2.3%
LCE, ¢kWh 13.8 12.0 12.2 12.1 115

As shown inTable18, theLCE for SHSSis at most 2.3¢kWh, at least 1.6¢kWh

higher thanthe LCE of LHTES but all ofthe LCE for LHSSare higher than the

targeted 6¢kWhaccording toDOES SunShot program. Onaeain, it indicates the

necessity of optimizing the thermal storage system before they are employed in

practical applications.
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4.5 Conclusions

This paper proposed a general volume sizing strategy for LHSSs based on the
analysis of energy charge/dischargging an enthalppased 1D transient model,
which was previously developed in Ret3F. The computations for tank sizing start
with finding abasic tank volumenginimum volume) and followed by examining the
discharged HTF temperatures in steady cyclic operations to satisfy the requirement of
above a cutoff temperature in the desired period of heat discharge. Increase of tank
volume (on the basef the minimum volume) and increase of charging time can be
combined to eventually meet the goal of required energy discharge.

The strategy was explicitly demonstrat
energy discharge for a 60 MWe solar thermal powemtplwith 35% thermal
efficiency. In the design examples, two different kinds of PCM were considered, and
the general sizing strategy was applied to find the storage tank volume for each PCM
to satisfy the requirement that the temperature of dischargedirilé hours is above
a cutoff temperature. The radius of the storage tanks in the examples were chosen as 5
m. It was found for the LHSS using PGMthat 8 hours heat charge is needed to
provide 6 hours of required energy discharge using multiple stteiage with a total
height of 46.9 m, or otherwise, 6 hours heat charge to multiple storage tanks in a total
height of 50.4 m can provide 6 hours of required energy discharge. For the LHSS
using PCM2 6 hours of heat charge to multiple tanks with a totajhteof 43.7 m

will be able to satisfy the need of discharged fluid temperatures being above the cutoff
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point, and PCM2 with with the minimum storage tank height needs about 8 hours
charge in order to meet the requirement of cutoff temperature duringnthie 6

hours of dischargerhen an example of SHSS using granite rocks as storage material
was compared with LHSS. A significant reduction of storage tank voluna&jéyhas

been discoveredrinally, a simple estimated cost analysis has been providedirgho

that LHSS of PCM2 with 8 hourscharge has the lowest capacity cost 87/&Wh,

which is about 5% less than that of SHSS using granite rock witho@rscharge.
Comparing the thermocline capacity costs, it is found that LHSS has at least 35%, at

most51% reduction of capacity cost than SHSS.
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CHAPTER 5 Energy Storage Startup Strategies for CSP Plants Incorporated

with a Dual-Media Thermal Storage System

5.1 Introduction

When considering the startup operation of a CSP plant with thermal storage,
either through a LHSS or a SHSS, one may exercise two strafegigee thermal
storage 153. The first strategy is to start the thermal storage operation on the first
day withdai'y charge and discharge with an i ni
starté from hereafter). I n this case, the
day. The second strategy is that a thermal storage tank is fully charged to high
temperatue before power generation. this second casea first few days may be
used to charge thEES system with no power output; after that, the power generation
using stored thermal energy starts with a discharge process, followed by charge and
dischargecycle dai | y. The second strategyisis re;
studyis to understand which operating strategy for a CSP plant with anthdih
storage system can provide more energy output in the same given number of days.

Two examples of garabolic trough CSP plant with 60 MW electrical power
output were subjected to investigation. The LHSS considers encapsulated PCM as
filler material, while granite rocks were chosen as storage filler material in the SHSS.
A general volume sizing strateg@y thermocline storage system proposed by Xu et al.
[145154] will be applied to size the storage tank wole for both the SHSS and

LHSS. About 100daysof energycharge/discharge are considerétle net extracted
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energy, the energy storage efficignand the influences on the operations of the CSP
plant due to the application of the two startup strategies are to be explored and
compared. It is assumed that during the 100 days conditions oflgunligout TES
system maintenancegllected heafrom the solar field is the samelowever, even if
these conditions vary from day to day, they are applied equally to the two strategies.
Therefore, the conclusions on the startuptegies should still be validk is expected

that this studyof energy storge startup strateggan be beneficial foindustrial

engineers to plan and operate a CSP plant with ardedia storage system.

5.2 Startup Operating Strategies for a Dm&ldia Storage System
5.2.1 Cyclic steady state operation and startup operatirajegies

Considering the real operations in a CSP plant, a cyclic steady state (daily charge
followed by discharge) can be achieved after a certain number of charge and
discharge cycles. At the cyclic steady state the energy discharged daily from the
starage system will be independent of mostial conditions inside the storage tank
[131]. However, the initial condition in the thermal storagektaan affect the energy
output from the CSP plant durinige days of the startup period. As described before,
we may choose two projections/strategies on operating the thermal storage and power
plant from the startup stage to a cyclic steady state. Té$testirategy is to start the
operation and power output on the first day based on daily charge and discharge with
an initially cold tank (referred to as cold start from hereafter); the second strategy is

that a thermal storage tank is fully charged befaye/gy generation using stored
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energy. After that, the CSP plant generates electricity using stored thermal energy,
starting with a discharge and then followed bgrge and discharge daily.

For the cold start, the filler material in the storage tank igalhyitat the low
temperatureT, , and the enthalpy of filler material is also keptiat associated with
T, . For energy charging, the hot HTF enters a cold thermocline tank from the top by
driving the cold HTF out, as shown Kigure 46 (a). One can imaginthat, if the
discharge starts immediately after the first charge for either SHSS or LHSS, there will
be much less energy discharged frora ftorage tank compared to that icyelic
steady state process. Therefore, the heat supplied to the power blocktviidve a
sufficiently high temperature to support
Uu. S. Department of Ed4]). ghe 8 dischamge @lhstop | ni t
when its temperature is lower than the minimum required temperature (cutoff
temperature). It is necessary to find the enatgyage and discharge for eatdys

operation until a cyclic steady state is reached.

HotHTF l

Cold HTF

|

(a) Cold start (b) Hot start

Figure 46 Two different HTF charge/discharge strategies
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The situationis different if we apply the hot start strategy to approach a cyclic
steady state. To operate a hot start process, the thermal storage tank is fully charged
using a certain number of days with no energy discharge. Once the storage tank is
fully charged, day operation of thermal charge and discharge for the power plant
starts until it reaches a cyclic steady state. For this period of operation, the power

production needs to be predicted so that a comparison with the cold start can be made.

At the fully chargd condition, the thermal storage tank has highperaturer, , and

the enthalpy of filler material is also kept &t associated withT,, . During thermal

discharge, the cold HTF will jgumped into the tank from the bottom to extract heat,

as shown irFigure 46 (b). Because of high temperature fluid and solid in the initial
conditions, when the cyclic energy discharge/charge operation starts, the stored
energy wil|l suppor t ofsdisdhdrge duriegnthel hpt stértuph o ur s
process. The total electrical energy generation during the startup process period can
vary between hot start and cold start approaches. Taking a 60 MWe parabolic trough

CSP plant as an example, the two strategies wilcdmpared with regard to their

energy outputs during the samemberof days allotted to their startup processes.

5.2.2 Energy storage efficiency
According to theconceptof round trip energy storage efficiencglefined in
Section 4.2.%f Chapter 4 in R&l, one can easily calculate the efficiency by using

Eg. (130) and Eq. (132Dther than the round trip energy efficiency, energy storage
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efficiency may be defined by accounting the energy inside the tank at the beginning
and end of energy charging angaharging. Based on the enthalpy distributions of
filler material at the end of charge/discharge in cyclic steady state, one can easily

define the energy storage efficiency as follows:

ﬁ[/?r (7.t =06.)-nz.t= Od)]steadgz*
1 * A 3
g[/’lr (Z U= Oc)] dz

steady

X, (135)

storage™

where P_ is the dimensionless form of required charging time period,
P =eronargng/ (H/Y).
It is important to point out that the storage efficiency defined in E2p) (i a
ratio of the energy extracted from the tank during discharging versus the stuesgy
in the tank after charging. It needs to be noted that the different definitions of the

energy efficiency will give different values that should be distinguished.

5.3 Results and Discussions
5.3.1 Basic parameters of studied examples

An example was used to demonstrate how the energy storage startup strategies
will affect the thermal performance of a thermocline storage system. Most of the
parameters were kept the same as the example illustrated in Sedtioof Chapterd
in Partl, but a few parameters have been changedording to more realistic
situations in a real CSP power plastich as the storage tank diameter and the range
of operating temperature, details about the operation parameters are |iEibteilo.

The thermosphysical properties oHTF and PCM are listed iffable 13, but the
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thermosphysical properties of sensible heat storage material (granite rocks) are

shown in the followingrable20.

Table19 Parameters of a 60 MW solar thermal power plant

P =60MW  Total electrical output | / =35% Power plant thermal efficiency
D=30m Diameter of storage tan| T, « =360°C  HTF cutoff temperature

T, =393°C High temperature T, =293°C Low temperature

Dloparge Bh Time period of charge | Dy paqe 6O Time period of discharge
e=0.33 Void fraction d, =0.04m Diameter of filler material

Table20 Properties of HTF and filler materials

Sensible heat filler material (granite rock$4{l]) properties

r.=2630kg /nt | C =775J/kg ® | k =2.79W /m &

It is worth noting that the flow rate of the HTF in this study is also set at a
constant, since the increase ikeepitgTaF pow
designated high temperature can causesmparasitic loses[155156. The total mass
flow rate of the HTF for the parabolic trough solar thermal power plant with an
electrical output of 60 MW is found to be 698.6 kg/s. The dimensionless parameters

for determining the effective heat transfer coefficient are listGalohe21.
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Table21 Dimensionless parameters and effective heat transfer coefficient

Bi Biot number for granite rock{ 0.7 Bi Biot number for encapsulated PCM 3.8
Pr,  Prandtl number 5.1 h intrinsic heat transfer coefficient (WAK) | 94.8
Re Reynolds number 332.8| h, effective heat transfer coefficient (W) | 53.9

The Reynolds number of the flow in the packed bed is 332.8, which is within the
applicablerange todetermine the heat transfer coefficientEq. (L17). The Biot
number for granite rocks is 0.7, and for encapsulated PCM is 3.8, both larger than 0.1
for LCM. Therefore, in order to consider the internal resistance of therfilgerial,
an effective heat transfer coefficient is necessary. As showialae 21, the effective

heat transfer coefficient is 43% less than the intrinsic heat transfer coefficient.

5.3.2 Storage tank volumes/heights for SHEELAHSS
The volume sizing analysis is to obtain a virtual total volume for the storage
system, which can be made of multiple physical tanks connected incgamadction
for heat charging and discharging. The maximum heaghistoragdank is limited by
the bearing capacity of the soil with the typical foundation at the location.
Based on the parameters and properties providédhle13, Table19 andTable
20, the minimumthermal storage tank volumes for SHSS and LHSS were decided
using the approach describedSection 4.4.2 of Chapter 2 in RdriThe tank height
and volume for SHSS aiémin= 27.7 m anVmir= 19570.1 &y while for LHSS they

are Hmin = 17.2 m anVmin = 12151.8 ni. Here the minimum thermal storage tank
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volumes are determined based on the assumption that the tank can supply the needed
thermal energy for the required six hours with HTF temperature above the cutoff
temperature if the tank is fully charged.

The minimum tank height of LHSS (17.2 m) is less than that of SHSS (27.7 m)
by 10.5 m, which shows a 38% reduction of storage tank volume/height. The most
important benefit of using PCM as the filler material is the reduction of the tank
volume/height and thaithe reduction of capital cost. Xu et dl5f] showed that
employing PCM can lower the capital cost by about 43% from that of a SHSS.

Accordingto the general volume sizing strategy in R&b4, it is found that a
14% increasdrom the minimum storage volumef SHSScan satisfy the reqred
energydischarge for 6 twith HTF above the cutoff temperature. This leads to a
storage tank height of 31.6 m for the SHS8nilarly, for the LHSS, a 25% increase
of the minimum storage tank volume is needed in real operation, which leads to a tank
height of 21.5 m and volume of 15220.43nThe analyses hereafter will use the
abovedetermined storage tank heights (for real operation) that can satisfy the energy
storage demand for daily cyclic operations.

The tank sizing for LHSS is affected by manyaraeters, such as latent heat of
fusion, melting temperature, specific heat capacities at solid and liquid phase, etc. In
order to explore the influences of these parameters, a general parametric study is
necessary. In this study the phase change matedabther operating parameters are
all fixed. About a 25% increase from the minimum storage tank volume is needed in

order to meet theequiredcutoff temperature
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5.3.3 Dally cycles needed to approach cyclic steady state operation

—Cycle 1
0.9r —Cycle 2 T
—Cycle 3
081 —Cycle 4 |
—Cycle 5
0.7¢ —Cycle 6 ]
0.6r
o™~ 0.5¢
0.4r
0.3r
0.2r
0.1r
0 ‘ .
4] 02 0.4 0.6 0.8 1
z
(a) SHSS
1
—Cycle 1
0.9r —Cycle 2 i
—Cycle 3
0.8f —Cycle 4 i
—Cycle 5
0.7r 8
—Cycle 6
0.6- —Cycle 7
QD&' 05’
0.4r
0.3r
0.2r
01r
00 0.2 0.4

A

(b) LHSS

Figure 47 Evolution process of dimensionless temperature distribution of filler

material at the end of discharges at different cycles with cold start operating strategy
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The first step is to find the period of days needed to reach the cyclic steady state.
Under a cyclic steady state, the temperature distribution inside the storage tank at the
end of one cycle should be the same as that of another cycle. This is alstetioa cr
to judge if cyclic steady state is reachédgure 47 shows the evolution of the
dimensionless temperature distribution of the filler material in the tank at the end of
discharge cycles for SHSS and LHSS with the cold start operating strategyeén
from Figure47 (a) and (b) that the cyclic steady state can be achieved after a few heat
charge/discharge cycles. The difference betweerpdesture distribution curves is

minimized significantly after the third cycle.

5.3.4 Comparisons of wstartup strategies for SHSBIith a tank diameter of 30 m)

First, it is necessary to verify that the tank volume of SHSS satisfies the need of
real opeation of a 60 MWe with HTF temperature above 36Din 6 hours of
discharge in a cydi steady state operatioRigure 48 shows the HTF temperature
variation in a discharge process for the10¢cle of operation. It is proven that the 6
hours of heat charge allows the heat discharge to have HTF temperatokes 360D

°C during 6 hours.
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Figure 48 HTF temperature in the discharge process at exit of SHSS storage tank

at cyclic steady state
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Figure 49 Temperature distributions of granite rocks along stortege at the

end of charge/discharge for the SHSS
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Figure 49 shows the temperature distribution of granite rocks at the end of
charge and discharge along the storage tank at a few cycles. Both the temperature
curves after charge and discharge indicate the change from the first cycle of a cold
start to cyclic steadytate. Again, it demonstrates that after about 3 cycles, the
charge/discharge cycles approach to a cyclic steady state.

As discussed previously, the requirement of discharged HTF being above a
cutoff temperature is important to the power block. At the ehé@ach discharge
process, there must be some energy left in the thermocline storage system which has a
HTF temperature lower than the cutoff temperature. Therefore, a high cutoff
temperature will result in lower energy storage efficiency. Also, becdube dmit
of cutoff temperature, it is understandable that duringritiel several storage cycles
from the cold start, the discharged fluid temperature cannot be kept above the cutoff
temperature for the entire @®ilrs This is a disadvantage of theld start; namely,
before reaching the cyclic steady state, the thermal storage cannot feed the demand of
heat for 6 hours while keeping the discharged HTF above a cutoff temperature.

Different fromthe cold start strategy, one can charge the thermalstanstem
with no discharge until the system is fully charged. During this process the thermal
storage system does nobpide heat for the power blocKhis may be viewed as a
disadvantage of this startup strategy. However, after the thermal storagdyis fu
charged, a hot start operation can provide sufficient heat foubperation until a

cyclic steady state is approached.
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Fig. 45 shows the extracted energy (with the HTF temperature above the cutoff
temperature) from the SHSS at each cycle untlicyteady state is approached. It is
seen that at cyclic steady state the extracted energy tends to have a constant value.
The most important observation abdugure 50 is the difference of the discharged
energy due to the cold start and hot start strategies. Because the hot start has a fully
charged thermal storage tank, it discharges a large amount of thermal energy in the
first few cycles. However, the energy dischemgnder the cold start strategy in the
initial few cycles is insufficient, which is opposite to that of a hot start strategy, as
seen inFigure50. The extracted energy of each charge/discharge cycle at the cyclic

steady state has the value @66 16°J.
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Figure 50 Comparison of extracted energy at different cycles for SHSS with cold start

and hot starstrategies
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When comparing the hot start with cold start strategies for SHSS regarding the
total extracted thermal energy (with HTF temperatures above the cutoff temperature),
it is important to remember that the operation of hot start requires the thetonzaje
systemto befully charged initially. During this period, there is no energy discharge
and thus no electrical energutput based on thermal storadgée following analysis
will determine the needed time to fully charge a storage tank.

At a fully charged status, the enthalpy of filler material at the bottom point of the
tank is given as:

hr_fully = Cf s (-II-I _-II-_) Iqli_ref (136)

where h,_ref is the reference enthalpy at the low temperaturd af
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Figure 51 Variation of dimensionless enthalpy of granite rocks at the exit of SHSS

versus the chargingme to determine how long it will reach the fully charged state
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Figure51 shows the variation of the dimensionless enthalpy of filler material at
the exit (bottom) of the thermal storage tank against the charging time. This figure
helps determine how long it willake to reach the fully charged status. The
dimensionless enthalpy at fully charged statudiiso.4831. Correspondingly, the
needed dimensionless time of chargel is4.83, which is equal to abou® hours of
continuous chargindf we assume that the storage system can only be charged for 6
hours per day, then it will need about 2 days to reach the fully charged state.
Therefore, for a hot start strategy, there is no electrical power output relying on the
stared thermal energy for two days at the beginning. This has to be counted in the
comparison of the electrical energy output between cold start and hot start strategies
for 100 days.

Counting the net extracted energy in 100 days, the result from cold start i

compared to that of hot start, which is listedable22.

Table 22 Comparison of net extcéed energy from SHSS witleldhot start during

100 cycles
. total .
Extracted energy during 100 cycIeQex Performance comparison
Cold Start 3.56% 10'J 2.0% more than hot start
Hot Start 3.49 10'J

As shown inTable 22, the cold start strategy can actually provide extracted
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energy by 2.0% more than the hot start during 100 days. Because thegtastrical

power output during the first two days, the hot start offers overall less energy. From
the above results and discussion, a CSP plant incorporated with SHSS is
recommended to use the cold start strategy, which can provide more energy output for
the power generation block. If the thermal efficiency of power plant is 35% and the
electricity retail price is assumed to be 15 cents/kWh for CSP, then such a SHSS CSP
plant applying cold start can make a 0.41 million dollars profit more than that of the
hot start, during one year 6s operation.

CSP plant with larger capacity is considered.

5.3.5 Comparisons of two HTF charge/discharge strategies for LHSS with a tank
diameter of 30 m

For a LHSS, a similar study is conducted to compare the two startup operation
strategies. First, it is observed that the thermal storage volume obtained in this study
can meet the requirement that at cyclic steady state (at 100 cycles), the discharged
HTF temperature is above the cutoff temperature for 6 hours. As shawigure52,
the HTF temperature can be maintained above the cutoff temperat®@0 ot

during the entire 6 hours heat discharge.

162



355 | | |
t/h

Figure 52 Variation of HTF temperature at exit of LHSS storage tank versus
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Figure 53 Temperature distributions @ncapsulated PCM along LHSS storage

tank at the end of charge/discharge at cyclic steady state
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The temperature distributions of PCM material at the end of charge and
discharge along the storage tank for several cycles of a cold start case are shown in
Figure 53. It is found that after several cycles from cold start, the temperature
distribution curves after each heat charge become very close, andafi@rseach
discharge.

At a cyclic steady state operation, the LHSS for the current 60 MWe CSP plant
has energy storage efficiency of around 72%, which is 16.9% lower than the
efficiency of SHSS. However, the size of LHSS is much smaller than the SHSS,
which significantly reduces the investment cost. Detailed comparison of cost analysis
between SHSS and LHSS can be found in Xu etl&4]

Similar to the SHSS, the discharged HTF temperature in the LHSS must also be
above a cutoff temperature. However, during the first several thermal storage cycles
of the cold start process, the discharged fluid temperature cannot stay above the cutoff
temperature inthe entire 6hoursof discharge. This is again the disadvantage of the
cold start strategy; that, before getting to the cyclic steady state, the thermal storage
cannot feed the demand of heat for 6 hours while keeping the discharged HTF above a
cutoff tenperature.

With all the properties and parameters provide&action 5.3.lit was easy to
obtain the energy that can be extracted out at each charging/discharging cycle, while
maintaining the HTF temperature above the cutoff temperature for cold stdrbtand

start strategies, as shownhkigure54. The two energy output curves merge together
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at the cyclic steady state, after a number of cycles, with a constant extracted energy of

2.53 16°J, which is less than the extracted energy in a SHSS by 29% at cyclic steady

state.
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Figure 54 Comparison oéxtracted energy at different cycles for LHSS with cold start

and hot start strategies

In order to compare the energy extraction in 100 days (with discharged HTF
temperature above the cutoff temperature) between two startup strategies, the needed
time forthe full charge of the storage tank of LHSS is calculated. Similar to SHSS,
the enthalpy of PCM at the bottom of the storage tank at fully charged stasis

meet the requirement that

hr_fully = h_melt L @U (-L -I;Telt) (137)
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where h,_men is the enthalpy of PCM when the melting starts,is the latent heat of

fusion, C,_| is the heat capacity of liquid PCM, and

melt

is the melting
temperature.

Figure 55 shows the change of dimensionless enthalpy of PCM at the exit
(bottom) of the storage tank in the heat charge process. It can be observed that when
the dimensionless enthalpy of the filler material ﬁ,s:2.9226, the dimensionless
charge time is about=12. 6 7, which corresponds to 18
applied to the system, then it will need about 3 daysachr the fully charged status.

In this period, the LHSS will not provide any heat for eieityy output.
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Figure 55 Variation of dimensionless enthalpy of PCM at the exit of LHSS versus

charge time for determination of how long it will reach the fully charged state

Finally, the total extracted energy for LHSS with cold start and hot start during
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100 days were obtained, and the results are present€abla 23. The cold start
strategy will be able to provide 2.9% more energy than that of hot start. Again, this is
because that the hot start strategy leaves the first three days of no power generation
using stored energy. A CPS with LHSS is, therefore, recommendepetate with

cold start strategy on energy storage. Since the cold start can gefévats'J

more heat than that of the hot start, if the thermal efficiency of 35% and the electricity
retail price of 15 cents/kWh are reasonably assumed for CSP, a LHSS CSP plant with
cold start strategy can make 0.41 million dollars more than that of the hot start

strategy during one year 6s operation.

Table 23 Comparison of net extracteghergy from LHSS with coluft start during

100cycles
. total .
Extracted energy during 100 cycIeQex Performance improvement
Cold Start 251 16'J 2.9% more than hot start
Hot Start 2.44 16']

5.3.6 HTF charging/discharging strategy for SHSS/LHSS with a smaller storage tank
diameter of 20 m

In order to verify the conclusions from the previous analysisdtcold start can
provide more energy output than a hot start for both SHSS and LHSS, another case
with a smaller storage tank diameter of 20 m will be discussed. While all material

properties fromTable 13, Table 19 and Table 20 are still applicable, parameters
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associated with the tank diameter will be different, which are listédbie24.

Table 24 Dimensionless parameters and effective heat transfer coefficient with the

diameter of storage tank of 20 m

Bi Biot number for granite rocky 1.2 Bi Biot number for encapsulated PCM 6.8
Pr; Prandtl number 5.1 | h the intrinsic heat transfer coefficient (W/ig) | 170.2
Re Reynolds number 748.7| h,, effective heat transfer coefficient (WAi) 136.8

The Reynolds number shownTable24is increased to 748.7 when the diameter
of storage tank is decreased to 20 m. This value is still in the range of 90 to 2000
applicable to Eq.1(17), which is used to find the intrinsic heaarnsfer coefficient.
The effective heat transfer coefficient is calculated to consider the internal thermal
resistance. Following the same volume sizing procedures, the actual storage tank
heights for both SHSS and LHSS with a fixed diameter of 20 m cdouvel, as

listed inTable25.

Table25 Storage tank sizes for SHSS and LHSS at the storage tank diameter of 20 m

StorageSystem| Minimum volume (rd) | Minimum height (m) | Actual volume () | Actual height (m)

SHSS 19385.0 61.7 16399.7 52.2

LHSS 12416.0 39.5 14154.2 451

For the same analysis as performed in Sectio@gl &and 535, the extracted

energy during the 100 dag$ operation was obtained as listedrable26.
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Table 26 Comparison of net extracted energy and storage efficiencydic steady

state with coldiot start during 100cyclesfor SHSS and LHS®ith storage tank

diameter of 20 m

otal . -
System| Strategy Extracted energy, e())(a Performance improvemer| Energy storage efficiency
0,
Cold Start 355 16'] 2.0% more than hot start
SHSS 89.0%
Hot Start 348 16'J
0,
Cold Start 243 10'] 2.9% more than hot start
LHSS 76.0%
Hot Start 236 16'J

It can be observed froffable 26 that the cold start strategy also provides more

energy output than the hot start for both SHSS and LHSS. Comparablé®?2 and

Table 26, the cold start strategy in a SHSS always provides 2.0% more energy than

that of hotstart. For the LHSS, cold start can provide 2.9% more energy output than

that of hot startbased on the comparison betwe€able 23 and Table 26. In

conclusion, it is recommended that a CSP plant use cold start as the strategy of HTF

charge/discharge at the startup process for daily cyclic operations.

5.4 Conclusions

which has a heat storage system. The effects and differences of applying cold start and

This paper addresses the startup heat charge/discharge strategies of a CSP plant

hot start during the startup process of the daily cyclic operatamns 60 MWe CSP
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with a dualmedia storage system were studied. The example uses a 60 MWe
parabolic trough CSP plant incorporated with storage systems, with both SHSS and
LHSS considered. About 100 days of heat charge/discharge cycles were considered
for the comparison of the startup strategies. Two cases of storage tank diameters of 30
m and 20 m were studied. The numerical results showed that during the entire 100
HTF charge/discharge cycles, sensible heat storage system applying a cold start
strategy carprovide 2.0% more energy output than that of hot start, while the latent
heat storage system adopting cold start can offer 2.9% more energy output than hot
start. In conclusion, the cold start strategy is recommended for the daily cyclic
operation in thetartup period. The results and discussion are believed to be beneficial
for industrial engineers to plan and operate a CSP plant with endhda storage

system.
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CHAPTER 6 Experimental Study of a Novel Thermal Storage System using

Sands with High-Conductive Fluids Occupying the Pores

6.1 Introduction

According to theSunShot programthe Department of Energy (DOH)as
established a goal of reducing the cost of solaregded electricity to $0.06/kky
andTESin CSP systems is the key element that will largely guarantee achievement of
the target of thermal storage costs below $15.00/k\Wha[141].

The materials used for thermal energy storage are classitiedhree main
categories according to the storagechanisms: sensible heat storage, latent heat
storage, and chemichkat storagel40,154]. The proper choice of storage material
and mechanism is of significance for solar thermal storagerehattion in the cost
of the storage material is one step in achieving the goal set by DLIE $ensible
heat storage is the most developed technology and Hrerea large number of
low-cost sensible heatmaterials available 32, 157], which has already been

commercialized in largecale applications all over the world during the past decades.
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Figure 56 (a) Storage module without thermal insulation; (b) Cut through high

temperature concrete with heat exchanger tuf2f

High temperature molten salt has been widely used as the sensible heat storage
material since 1980$or example Solar Salt, Hitec and Hit¥t [ 158. Recently, to
further reduce the cost of sensible heat storage materials compared to solely using
molten salts, sands and concrete have drawn a lot of attention, in hkcHowing
through pipes, which are imbedded into the storage material, can becal typi
configuration R0,131]. SandiaNational Lab built a duainedia sensible heat storage
testing system using quartz and silicon sands as storage materials, while the molten
salt was adopted as HTF directly flowing through the packed bed sys2§mllaing
et al. R8] established an experimental setup by using concrete siblgeineat storage
material, and HTF flowed through pipes which were imbedded into the concrete, as
shown inFigure 56. However, due to the insufficient heat transfer between concrete
and embedded pipes, heat transfer enhancement is necessary. Furthermore, concrete
will become fragile and easy to crack afeenumber of charge/discharge cycles at
high temperature if there is a mismatch of the thermal expansion coefficient between
the tube materials and the concretbq, it will result in large thermal contact

resistance, as showin Figure 57. Skinneret d. [16(0 conducted some concrete

172



thermal storage tests with the aforementioned interface materials between concrete
and the embedded tubes, it turned that the aforementioned intade materials
successfully reduced cracking to hairline levels. Even though the craci&imdpe
minimized,in long termshose cracks still will cause significantly negative effects to
the heat transfer between concrete antexided pipes. As i@sult it is desirable to

find proper measures to avoid these issues while still use thedswmaterial, such

as sands and rocks.

|l|||l|‘| 1! e l|||l||ll|l|||| lll,ll,’,’,.l-';m' ’.,:l.":
B v mumm

(@) (b)

Figure 57 Concrete prism cracking during charging (a) side view; (b) cross sextion

view[160

In this chaptersand was considered asow-cost thermal storage material in a
duatmedia storage system because of easy handling in construction, high durability,
and easy of fitting andurrounding the embedded pipés. contrast to concrete,
packed sands also have no concern on the mismatch of thermal expansion with

embedded pipes, as sands have a certain level of flowing ability. However, packed
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sand is a porous material with air fdlgpores and heat transfer in sand is therefore not
sufficiently high. In order to obtain better heat transfer between storage material and
embedded pipes, a high conductive fluid, XCELTHERMOO hot oil heat transfer

fluid [161], was used to fill the poresf packed sands, which then formed a new
thermal storage material with better heat transfer. Such a new sensible heat storage
material has increased heat storage capacity over-aanttsalso avoids the issue of
thermal contact resistance between pipesl dhermal storage material while
maintaining the advantage of using sand as adast thermal storage material.
Experimental results of thermal storage process with solely sands and sands saturated
with thermal conductive oil are to be presented fimt] thennumerical study was
conducted to compare the thermal storage performance of concrete anail sand
mixture [167). It is expected that such a new approach of sensible heat storage is of

significance to solar thermal storage technologies.

6.2 Detailsof Experimental Work
In this section, details about the sensible heat storage materials (sands and the
highly thermal conductive oil), the experimental setup, as well as the testing

conditions and proceduresill be presented.

6.2.1 Thermal storage matals
Four different types of sands with various grain sizes were adopted in this study.

Description of the sands is based on the classification of US industrial standards of
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sands 163. With respect to grain sigethe four types of sands are categorized in
silver sand, medium sand, filter sand, and coarse sand, as shéiguia58. The

basic properties of these sands are listéabie27.
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Figure 58 Four different types of sands used in the experiments based on US

industrial standard

Table27 Properties of various types of sands

Name | Grain sizelmm) | Bulk density(kg/m?) | Porosity
Silver 0.20-0.40 1493.2 0.39
Medium 0.300.80 1501.7 0.40
Filter 0.4250.85 1511.5 0.41
Coarse 0.61.7 1563.7 0.38

Commercially available (from Home Depot, Tucson, Arizona, US), all the sands
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were processed by cleaning and drying in order to obtainngasities. The content
of SiO, for all four types of sands was reached or exceeded 99%, therefore they all
can be considered as a pure substance of $l@ thermal and transport properties of

the thermal conductive oil filling in packed sands is alsailalle from Reference

[161].

6.2.2 Experimental setup

Figure 59 shows the duainedia thermal energy storage (TES) testing system,
which is consisted of three main components: (1) the heat exchanger, where the cold
air drawn into the system is heated bg #xhaust gas to recover heat during the test;
(2) the preheater, which can heat up the air to a temperature of 120 € before entering
into the thermal storage tank; (3) the wialulated TES tank or duatedia tank, in
which the sensible heat storage enatl was heated by embedded pipes when the hot
air flows through the pipes.

In an energy charge process, cold air first goes through a flow meter; after passing
through valves of TV1 and TV2, it enters the heat exchanger to be initially heated up
and thens further heated by a preheater before flowing into the thermal storage tank.
Then the hot air flows into the thermal storage tank from the top and delivers heat to
the thermal storage material. After the heat is released in the storage tank, the air
further gives exhaust heat to the cold fresh air in the heat exchanger and then
discharges to atmosphere through TV3. While in a heat discharge process, cold air

will first pass through TV1 and TV3, and then flows into the storage tank from
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bottom to obtain &at from the storage materials, as marked by the dashed line in

Figure59. The exhausted hot air will be discharged to the atmosphere through TV3.

Flow meter

ITI_

Inlet

XValve

Figure 59 Schematic of a duahedia thermal storage system

The TES tank has been constructed usingdavibon steel, with inner diameter of
203 mm and tank height of 600 mm. There are totally 19 staisteskairflow tubes
with inner diameter of 9.4 mm and outer diameter of 12.7 mm evenly installed inside
the TES tank in a hexagonal array. The distance between the center of eaish tube

equalto d=40.6 mm, as shown kigure60.

Figure 60 Schematic of stainless steel tubes evenly installed inside the TES tank
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In order to monitor the temperature variation during the energy charging and
discharging processes,-tifpe thermocouples were installed in the test system. The
thermocouples have shield tubes that have outer diameter of 3 mm and length of 152
mm, which canbe put at accurate locations to measure the temperature variations.
Two thermocouples were placed on the top and bottamedfES tank to monitor the
inlet and outlet air temperatures, named asild Tou. To determine the temperature
distribution intheradial direction, six thermocouples were arranged at theheight
plane of TES tank (H=300 mm), named as T4a, T4b, T4c, T4d, T4e and T4. The
di stance of these thermocouplebds tips to
12.3 mm, 15.3 mm, 18.3 mrmand 21.3 mm, respectively, as showrFigure61 (a).

For the purpose of measuring the temperature distribution in longitudinal direction,
seven thermocouples including T4 from bottom T1 to top T7 were uniformly placed
alongside TES tank height, as shown Rkigure 61 (b). The distance of each

thermocoupl ebs edge to the center of TES

T4 (TI-I7} ) Tia

Tie

(a) (b)
Figure 61 Schematic of locations of thermocouples installed inside the TES tank
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6.2.3 Testing procedures and conditions

During the heat charging, the air entered the storage tank with a temperature of
55 €, the inlet air velocity to each tube was chosen as 3.8 m/s, and the charging time
period was set to be 2 hours. While in a heat discharge process, the inlet velocity of
cold ar flow was also chosen as 3.8 m/s lasting for 2 hours, but its temperature was
changing with the discharging time instead of a constant, due to the fact that the cold
air still passed through the heat exchanger before it entered the storage tank, while the
heat exchanger was not completely cooled down. As a result, in the numerical
simulation part of this study, the time dependent discharging temperature of cold air
was introduced by collecting the data from the thermocouple at the bottom of storage
tank.

Four different types of sands were adopted as the storage nsatasiahown in
Table27. Figure62 (a) and (b) show sands and sandsnixture filled in the storage
tank. Compared to the concrete thermal storage unit, sands have a certain level of
flowing ability and therefore, as a result th@smatch of the thermal expansion
between fluid tubes and the sands will not lead to severely insufficient heat transfer
due to the existence of a gap between them. Since the thermal conductivity, heat
capacity, and density of oil are much higher thantlaé,thermal storage performance
of the sand®il mixture is expected to be much better than the case of using only

sands with air filled the pores.
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(a) Sands only (b) Saralkmixture

Figure 62 TES tanlwith sands only and with eflaturated sands

6.3 Experimental results and discussions

In this part, experimental results of energy charging are to be presented. First, the
validity of temperature measurement at multiple locations was checked, and then the
thermal performances between different types of sands, and between sands and
oil-saturated sands were compared. It is expected that the sand saturated with highly

thermal conductive oil will show better thermal performances.

6.3.1 Comparison of thermatorage among different sands

First of all, experiments of thermal storage with four different syplesands were
explored. Figure 63 (a) - (d) showthe temperature variations at seven different
locations alongside the thermal storage tank, and the inlet and outlet temperatures of air
flow in a heat charge process.

| t 6s easy trigure63ihatehe tereperétureoofrairflow at outlet is much
lower than the inlet, which indicates that energy from the airflow is successfully stored

in the storage tank. The measured temperatures from thermocouples T1 to T7 clearly
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show that the sands were gradudleating upfrom inlet (top) to outlet (bottom). This
phenomenon of temperature stratification in the storage media including the heat
transfer fluid is alsoknown as thermocline, which is beneficial for preventing

convective mixing and maintaining highetrmal storage efficiency().
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Figure 63 Temperature variation versus charge time at different locations alongside

TES tank for four types of sands

In order to quantitatively compare the thermal storage perfaresafior these four

different sands, an energy charging efficiency was defined as the ratio of the actual
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energy transferred from the HTF to the storage material against the ideal energy
transfer from the HTF to the filler material. To calculate the ideatgy transfer, the

best case scenario is that the temperature of the HTF is fully reduced to the initial cold
average temperature of the storage material. Consequently, the expression of the

energy charging efficiency is defined as follows:

~ C -I-in _-l-out d
h:QTES:nnf p,f(f f ) t (138)

Quea {1, C,,, (T" -T2 )t

where Q. is the actual transferred energ®,., IS the ideal transferred energy,
m, is the mass flow rate of airg,, is the specific heat of airf;" and T/ are the
inlet and outlet temperature of HTF, respective‘fﬁ. is the initial cold average
temperature of the thermal storage material.

Using Eg. (138), the energy storage efficiency for each sand is list&dhiole 28,
and it shows that the filter sand has the lowest storage efficiendg thiei coarse
sand has the highest one. As showrTable 28, the coarse sand has wider range of
particle size and lower porosity, which leads to treddy large bulk thermal
conductivity, yet the filter sand with the lowest charge efficiency, has relatively larger
porosity and lower thermal conductivity. It is also easy to observe a strong correlation

from Table28 that sand with low porosity has high storage efficiency.

Table28 Energy charge efficiency for each type of sands

Name | Silver | Medium Filter Coarse

h 0.451 0.434 0.388 0.465
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6.3.2Comparison of energy charge efficiency between sands and-sénaigture

Since the coarse sand shows the highest energy charge efficiency, the same
amount of coarse sand will be further investigated by saturating the XCELTHERM®
600 ol (industrial heat transfer oil) in the thermal storage tank. The measured
temperatures variation with two hours heat charging at seven thermocouples alongside

the storage tank are shownHigure64.
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Figure 64 Temperature variation of the energy charge process using coarse@ands

mixture

Figure64 demonstrates that the temperature variation of air flow at the outlet was
increasingmoreslowly than the coarse sand alone (as shovigare63 (d)), yet the
inlet air flow temperature was kept the same in both cases. This is an indication that
more heat was stored in the samidmixture than the case of sand alone, but the
temperature rise at seven locations alongside the storage tank was less than the case of

sand alone, which implies that the-sdturated coarse sand has latherm@hysical
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properties, such bulk density, heat capacity, and thermal conductivity.

6.33 Comparison of thermal properties between coarse -sanchixture and coarse
sandoil mixture

In this section, some formulas will be provided to predict and compare the
therma@hysical properties of e#aturated coarse sand and coarse sand, and these
propeties can also be used later to compare with the concrete.

For t he prediction o f mi Xt ur eCossert her m;

equation 164 can be applied, which is shown as follows:

_ kelk +2Kk¢ - 27 (k; -k)]
- ks+2kf +f(kf 'ks)

kmix (139)

where 7 =1 - ¢, and e is the porosity;k,., k, , and k_are thermal conductivities of

the mixture, fluid, and generic solid sand particles, respaygtiv
The mixing rule equations can be utilized to calculate the densjty and the

heat capacityCp,, for the sanebil mixture, which are shown as follows:

rmix:e/f’-l-f,s‘ (140)
cp =¢ Cp, + 4Cn (141)
mix e (+ /S ,_
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Table29 Properties of air, sands, and sanrds mixture

Sand-air  k(/) k (s) e l-e k (mix)
Sand NameW/(m K) W/(m K) W/(m K)
silver 0.026 1.4 0.39 0.61 0.132
midum 0.026 1.4 0.4 0.6 0.128
filter 0.026 1.4 0.41 0.59 0.125
coarse 0.026 1.4 0.38 0.62 0.137
r () rs) e l-e r (mix)
kg/m®  kg/m® kg/m®
silver 1.067 2410 0.39 0.61 1470.514
midum 1.067 2410 0.4 0.6 1446.42]
filter 1.067 2410 0.41 0.59 1422.33]}
coarse 1.067 2410 0.38 0.62 1494.604
Cp() Cp(@s) e l-e Cp (mix)
kJ/(kg K) kJ/(kg K) kJ/(kg K)
silver 1.005 705 0.39 0.61 704.801%
midum 1.005 705 0.4 0.6 704.799
filter 1.005 705 0.41 0.59 704.783
coarse 1.005 705 0.38 0.62 704.804
Table30 Properties of oil, sands, and sardi mixture
Sand-oil k (/) k (s) e l-e k (mix)
Sand Name W/(m K) W/(m K) W/(m K)
silver 0.1347 1.4 0.39 0.61 0.482
midum 0.1347 14 0.4 0.6 0.472
filter 0.1347 14 0.41 0.59 0.462
coarse 0.1347 1.4 0.38 0.62 0.493
r (/) r () e l-e r (mix)
kg/m®  kg/m® kg/m®
silver 841 2410 0.39 0.61 1798.09(
midum 841 2410 0.4 0.6 1782.40(
filter 841 2410 0.41 0.59 1766.71(
coarse 841 2410 0.38 0.62 1813.78(
Cp(/) Cp6) e 1-e Cp (mix)
kJ/(kg K) kJ/(kg K) kJ/(kg K)
silver 2050 705 0.39 0.61 950.343
midum 2050 705 0.4 0.6 958.844
filter 2050 705 0.41 0.59 967.504
coarse 2050 705 0.38 0.62 941.984
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Table 29 and Table 30 present the properties of air, the generic material of oil
[16]], sands 165, and the mixture of sandsr as well as sandsl. From these two
tables, it cledy shows that the thermal conductivity, density, and heat capacity of
sandsoil are all larger han those of sanesr mixture, which verifies that fact that
more heat can be stored in the sarfdmixture. It is worth noting that the thermal
conductivity of sandsil mixture is almost three times over the saaid mixture,
which also verifies the t that the temperature rise at seven locations alongside the

storage tank was less than the case of-sammixture.

6.34 Comparison of radial temperature distribution over charging time between
coarse sands and sanrd# mixture

In this section, the readings from the thermocouples arranged at tHeeigid
of the storage tank to measure the radial temperature variation will be examined, as
shown inFigure 65. In the case of coarse sands alone, the temperature differences
from the six thermocouples are slightly larger than those of coarse-@anusture.
During the heat charging, the temperatimcrease in the radial direction from the
sandsoil case is less than the case of sands alone, which also implies that the

sandsoil mixture has a better thermal performance.
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Figure 65 Comparison of the temperature readings in radial direction at thehmight

of the tank from heat charge processes using coarse sands and coarseibkanixisire

According to all the experimentalomparisons between sands and sanilds
mixture, it has been shown that the oil saturated coarse sand has better energy storage
performances than the sands alone, as a result it is recommended to use-thle sand
mixture as the sensible storage materialaiTES system. However, due to the
temperature limits in the lab scale, more tests need to be conducted in a higher
temperature range. In the next section, numerical simulations will be performed by
using such coarse sad mixture as a storage medium anmuch higher operating

temperature range.

6.4 Comparisons of thermal storage performances betweerfls@hdhixture and

concrete under different temperature range
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6.4.1Numerical analysis using 1D enthalpgsed transient model

In order to extend the operatitgmperaturdrom low to high range, numerical
simulation will be helpful to reduce the experimental cost in a university lab scale.
The current study utilizedhe enthalpybased 1D transient model, as described in
Section 42.1 of Chapter 4 in Palt to compare the thermal performances between
sandfluid mixture and concrete under the sat@mperature range above 400 C.

It is important to note thathe comparison in this section is based on a
shellandtube storage unit, iere the HTF flows through the embedded tubes, while
exchanging the heat with the surrounded storage materials. Most of the applications
can be considered as hydraulically and thermally fully developed, where
(L/ZR)/(ReDC"Pr) 0.0, so the Nusselhumber can be either 3.66 (constant wall
temperature) or 4.36 (constant heat flikdwever,if the length of TES tanis short
it is recommended that the flow inside the tubes is neither hydraulically nor thermally
fully developed; in other words, it Bein the combined thermal and hydraulic entry
region, where(L/ZR)/(ReDC"Pr) 0.0 According to Sieder and Tate correlation
[116], the average Nusselt number characterizing the convective interaction between
the primary thermal storage filler material and HTF in the combined thermal and

hydraulic entry region can beund as follows:

&Re, Py 64 m 6
Nup =1.865—— 5 . (142
PTUTUR 9, 8

where Re, = 21YpR s, Pr, =n; ¢C,/k., m is the fluid dynamic viscosity at

the bulk fluid temperature, whiler; . is the fluid viscosity at the hestansfer
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boundary surface temperature. It is important to point out thatl&g) is only valid
for a Prandtl number varying from 0.6 to 5.

According to theexperimentalvalidation of the simplified 1D model for
shelland-tube storage unit, as described in Section 3.6 of Chapter 3 #h Hetheat
conduction inside the control volume of skatidtube storage unit is treated based on
LCM, if the internal thermal resistance is significaah effective heat transfer
coefficientcan be applied in the governing equatiavith enough accuracy, which

can be found as follows:

_ 1
_1+ih4@4'-”(/7'3 g h 1
h k 2(n?- 1)

(143)

M

where k. is the thermal conductivity of PCMy is the ratio of inner diameter and

outer diameter of sheindtube storage unith =D, /D,

out *
However, regarding the real engineering applications of -sineltube storage
unit, there are multiple tubes embeddedhie storage tank, as a result it is @asy to

theoretically define/» = D,,/D,,, . In order to definde ratio of inner diameter and outer

out
diameter of shelandtube storage unisandoil mixture experiment will be used as an

example in tis section.Since there are 19 stainless steel tubes uniformly distributed

inside the TES tankas shown irrigure57. According to the geometric configuration

of filler material and HTF, each stainless steel tube can be uniformly assigned a control

volume, as shown iRigure66 (a) and (b), whereR is the radius of TES tank; is the

radius of air flow tubes, andR, is the radius D the control volume,
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Rq= \/( R 419 rz)/19. As a consequence can be defingas: =R, /r.

N,

(a) (b)

(b)

Figure 66 Schematic of TES tank with uniformly distributed control volumes

According to the experimental results from Skinner et1d@(] during the heat
charging, signiycant <c¢cracking occurred i1
in the concrete prisms, which significantly reduced the heat transfer between the heat
exchanger tube and the concrete. The cracking igalheop stress induced by the
dissimilar thermal strain rates of concrete and stainless steel. Based on the
experimental discoveries from Reflg(, the gaps between the cracks were around
1mm. As a result, combining the control volume introduced indfudy, an overall
heat transfer coefficient can be calculated based on the simple 1D steady heat
conduction model116, and the heat transfer between the heat exchanger tube and

the concrete is considered as pure heat conduction in tlees ginown ifrigure67:
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where d is the averaged gap distance between cracks, kgndis the thermal

conductivity of air.
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Figure 67 1D steady state heat conduction model

Following the formulation of effective heat transfer coefficient for shetitube
storage unit119, the effective heat transfer coefficient can be defined as follows by

using the overall heat transfer coefficient:

_ 1
he“_1+1h4g4|_n(/)-3g+4%1 s
U k 2(n?- 1)

where k. is the thermal conductivity of PCMy is the ratio of inner diameter and

outer diameter of shetindtube storage unith =R, /r.

6.4.2 Comparison between concrete and sélodl mixture in the temperature of
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400€ -500€C

Since the maximum bulk fluid operating temperatur&GELTHERM® 600 oil
is 316 € [161]], in order to extend it to the high temperature range, different heat
transfer fluids can be used as the saturated fluid in the mixture, for example
Thermino® VP-1 oil [148 (< 400€ ) andsome liquid phase molten salts (> 40Q.
Skinner et al. 160 tested a concrete thermal energy storage module in the temperature
range of 40@C - 500€C . Solar Salt16€ at liquid phase (a binary molten salt, NaNO
- KNOs: 60%- 40% by weightywasuseds t he heat transfer puic
though stainless steel heat exchangers, imbedded in concretestest o charge the

TES system, and its thermphysical properties are listed Table31.

Table31 Thermophysical properties of Solar S4lt64

Densityat 450C (kg/nT) 1899
Specific heat capacitgt 450C (J/kg K) 1495
Thermal conductivityat 450C  (W/m K) 0.56

To this point, all the required numerical tools are ready to compare the
coarsesandfluid mixture and concrete in the temperature range betwéértC -
500€, and the same example described in R&6( will be used to dmonstrate the
comparisons A concrete prism with an imbedded plain tube heat exchanger was
constructed. Prisms were cast with a 10.16 cm by 10.16 cm cross section and a length

of 122 cm. Heat exchangers composedStdinless SteeB16 with nominal outer
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diameter of 2.67 cm were used (the thin wall thickness is ignored). The operating
temperature range is from 4€to 500 €. The chargingand dischargingime is set

to be4 hours It is assumed that the flow pattern inside the heat exchangdiesitre

the combined thermal and hydraulic entry regias.a resulReynolds numbeis set

to be 244, anthe mass flow rate can be calculate® 8872kg/s.

In order to compare the tireal performance between concrete thermal storage
and the sandluid mixture, HITEC will be applied as the fluid saturated in the coarse
sands, and the thermal properties are listed in the followalide 32. It is worth
noting that the thermophysical properties are assumed to be constant during the

operating temperature range from 4D0- 500€C.

Table 32 Thermaphysical properties of HITEC, coarse sand, slndl mixture and
concrete (Note: HITEC heat transfer salt is a eutectic mixture of watduble,

inorganic salts of NaN&@KNOs-NaNG, w% %53-40)

Materials HITEC Coarse sand Sandfluid mixture | Concrete
Densityat 450C (kg/nT) 1880 2410 2208.6 2750
Specific heat capacitgt 450C (J/kg K) 1561.7 705 982.1 916
Thermal conductivityat 450C (W/m K) 0.30 1.4 0.77 1.0

By inputting all the properties and operational parameter® ithe 1D
enthalpybased transient model, one can easily compare the thermal storage

performance between concrete and coeaesefluid mixture.
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Figure 68 Comparison of filler material temperature variation with time at the exit of

storage unit between concrete and séingd mixture during charging process
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Figure 69 Comparison of filler material temperature variation with time at the exit of

storage unit between concrete and sdélodd mixture during dislearging process

Figure 68 and Figure 69 are showing the comparisons of filler material
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temperature variation with charging and discharging time at the exit of storage tank
between concrete and safhgid mixture. It can be clearlpbserved fronfigure 68

that at the end of 4 hours charging, the temperature offsaddmixture is about

10 € higher than concrete at the exit aiosage unit; in other wordspore energy can

be stored if sanfluid mixture is used as the storage matef&jure69 demonstrates

the filler material 6s temper aturfiedoutar i at i
that the temperature of concrete at the end of discharge is higher thafiughnd

mixture, which indicates that more energy has been extracted out Heostdrage

unit. The comparisons ifrigure 68 and Figure 69 clearly illustratea factthat the

thermal storage performance of sdhdd mixture is better than concrete under the

same operatingonditions more energy can k&toredextracted from the storage unit.
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Figure 70 Comparison of temperature distribution of filler material at the end of

charging
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Figure 71 Comparison of concrete temperature distribution of filler material at the

end of discharging

In order to further verify the conclusion froRigure 68 and Figure 69, the filler
material sdé temperature distributions at
as shown irFigure 70 and Figure 71. It is clearthatthe temperature distribution of
sandfluid mixture is higher than concrete temaierre distribution at the end of
chargingwhilesandf | ui d mi xtureds temper atreteae di st
the enl of discharging.

The energy storage efficiency, as defined in Eq. (135), can also be calculated to
compare the thermal storagerformances.lt is found that concrete has a storage
efficiency of 79.05% during 4 hours charging and 4 hours discharging, while

sandfluid mixture has a much larger storage efficiency@df42% which showsan

196



increase of 13.5%As a consequence, theard-fluid mixture is a better thermal
storage material than concrete, wiilea thermal storage system is operating in a high
temperature range, sintlee sanefluid mixture has a certain level of flowing ability,
without any concern on the mismatch of thermapansion with embedded pipes,
while concrete will encounter significant cracking during energy charging/discharging

process in a high temperature range.

6.5 Conclusions

In this chaptera new approach of using sands, which is adost material and a
major component of concrete, for thermal energy stovea® proposedFor better
energy storage efficiency, the sands are saturated by a thermal conductive fluid.
Energy storage and discharge are accomplished by a heat transfer fluid in pipes that
run thraigh the sandpacked bed. The novel approach intended to overcome the
issues related to concrete thermal energy storage, such as heat transfer worsening
caused by the mismatch of thermal expansion of concrete and the heat transfer pipes.

A significant impovement of the energy charge efficiency of the sanilds
material over that of sandsr material has been found, which reached 18% higher.
This is believed due to the significant improvement of the thermal conductivity of the
sandsoil material over thadf sandsair material.

Using the property mixing rules for particles and fluid, it was found that the
thermal conductivity, heat capacity, and density of the said@se higher than that of

sandsair. While the increase of density and heat capacity mdsail over sandsair
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is within 100%, the thermal conductivityas 2 to 3 times of increase.

By applying the 1D enthalppased transient model, th#nermal storage
performancesbetween concrete andoarsesandfluid mixture HITEC) can be
compared, and iturns out that more energy can be stored/extracted if-fhaidd
mixture is used as storage material, and the energy storage efficiency dlugand
mixture is 91.42%, which is about 13.5% higher than concrete thermal storage. As a
consequencehe highthermal conductive fluid saturated coarse sand is recommended
as a novel thermal storage material for solar thermal storage applicateofCSP

plant
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PART-II: NUMERICAL AND EXPERIMENTAL STUDY OF A NOVEL

OPEN-CHANNEL ALGAE CULTURE RACEWAY

CHAPTER 1 Flow Field Design of a Novel Operthannel ARID raceway for

Algae-fuel Production

1.1 Introduction

Producing/extracting biofuel from algae offers an environmentally benign and
sustainable energy technolog¥6[-169. Algae consumes CO2 and thus recycles
CO2 from the atmosphere to form new fuel, which is widely viewed as one of the
most effective ways to reduce greenhouse gases in the global atmo&@bdrel].

The algae growth rate in open raceways is affected by water temperature,
nutrients, oxygen concentrati, algae setting and exposure to sunlight
[172179.These factors are associated with the fluid mixing in the flow fi@twbd
flow mixing always leads to higher growth rate because of uniform concentration
field of nutrients and more opportunities dfjae exposure to sunlighi76177).

While a better flow mixing idbeneficialto the growth of algae, it is also desirable to
minimize the energy consumption to drive the flow and mixirg]

A conventional algaggrowth raceway/pond, as shown kigure 72, uses a
paddlewheel to push/move water and strengthen flow mixing through disturbance by
the wheels179-184). It has the disadvantage of insufficient flow mixing for water in

areas far from the paddlewheekeriperature control in the cold season is also a
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serious issuwhich leads to low algal production.
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Figure 72 Conventional algafaceway pondSeambiotic, Ltd[184]

To overcome the temperatucentrol weaknesses of conventional raceways, a
novel ARID (Algae Racewaintegrated Design) raceway was proposed previously by
Waller et al. 189 as shown inFigure 73. The problem of freezing in this ARID
raceway is solvebly draining the water (upon the slope of the raceway bed) to a deep
cannel/reservoir at nighT.he water surfacexposureto cold air is thus dramatically
reduced, which reduces the heat loss. Experimental test showed that the temperature
variation of thewaterwasdramaticallyreducedn winter [185. Besides temperature
control, the flow field in the ARID raegay has yet to be well designéd order to

providesufficient flow mixingfor algal growth

200



hd
1]
-
2
g
El
g
o
E
E
-
o

ecirculation pumps

| | wm

13m

ix

Figure 73 Schematic of ARID flow field

In this chaptey a new ARID flow field, ARID High Velocity (ARIBHV)
raceway will be proposed[186].This flow field will be studied through flow
visualization and CFD analysis with validation of local point velocity measurements.
The ground bed of the new raceway has a low slope so that water, lifted by propeller
pump, can flow down in lateralfaid serpentie channelgelying on gravitational
force. The lateraliaid serpentine channels significantly increase the retention time
of water in the raceway and also the algae exposure time to sunlight. The flow rate of
water is controlled so that it can spill over an upper latdrahnel wall (or dam) and
mix with the mainflow in the next lower chann&Vhich thus creates better mixing. It
is obvious that the diffusion of nutrients for algae growth can be promoted through
good flow mixing. The uanddown motion of water in the fle field circulates algae

from bottom to top for its exposure to sunlight. This study will lead to an improved
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ability to design commercial algae farms for maximized algal production rates.
A small tablesized model of the ARIEHV raceway was constructed order to
make qualitative evaluations of the ARHV flow field and also some quantitative

velocity measurements to validate the CFD analysis.

1.2 Configuration of the novel raceway flow field

The new flow field has two beneficial characteristics:b@fter flow mixing with
tumbling (up and down) water flow, cycling the algae cells into the sunlight and
preventing settling; (2) a decreased slope per unit area (which decreases pump lift per
unit area) by utilizing gravity to drain water in the racewawg tvater reservoir.

Fromthe drainage efficiency point of view, the minimum allowable slope of the
ARID system is 1:100 (elevation change of 1.0 meter every 100.0 meters), as
schematically shown ifrigure 74 (a), in which the slope is along the crd&swy
direction, and the reservoir is at the low end of the raceway. The flow field in the
raceway has lateral serpentine channels, guided by oty baffles (or dams). The
flow rate and dimensions of the channatsl dams are controlled so that water can
spill over the dams and thus mix with the main serpentine flow in the channel
between two dams. This mixing of spilver flow with the main flow is expected to
give rise to ahelically forwarding flow, which carcycle the algae cells and dissolved
gases from bottom to top in flow channels. This expected flow pattern is illustrated in

Figure74 (b).
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Figure 74 Schematic of novel raceway flow field design

Water in the channels can be drained to the reservoir at night. It is then lifted into
the channels in the morning. During normal daytime operation, the water is only

recirculated in the raceway channels with minimum energy consumption in the pump

[189.
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1.3 Experimental setup
1.3.1 Tablesized raceway test mdde

A tablesized test model for the proposed raceway was constructed. The model
has inner dimensions of 1.4 m in the crless direction, 0.7 m in width in the main
flow direction, anda boundarywall with height of 0.12 m. Based on the shallow
water criterion for open channel flowsd7,188 the distance (W) between two dams
(forming one flow channel) and the depth (D) of water in the channel should have a
ratio of

W/ D25 (146)
where the water depth D is determined by the height of the dams in this design. The
tablesized model has 6 serpentine channels and 5 dams, with the ratio W/D greater
than 5. If we scale up this system to a large raceway still keeping thevshedker
criterion satisfied, the flow field is expected to be similar to that of the-tibdel
model[187,18§.

The tablesized raceway test system shownHigure 75 consists of a plastic
raceway with a water reservoir and a slope adjustment for the raceway. The water is
circulated by a pump. Two ball valves and a flow meter wetharnoop to facilitate
the flow control and measurement. The model was constructed from Plexiglas plates
with thickness of 12.25 mm. Water depth and dam spillover flow were controlled by

varying dam spacing and height as well as water flow rate.
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Figure 75 Schematic of the tablszed raceway test system setup

A point velocity meter (LGYI Velocity Meter, Haocheng Incwith accuracy of
0.01 cm/s was used to measure the local water flow velocity in channels. A CCD
camera recorakdye dispersion in the flow during flow visualization. The centrifugal
pump provided a maximum flow rate of 70 L/min, and the table base slope had a ratio
of 1:100 (elevation of 1.0 meter every 100.0 meters), which was the slope
recommended for outdoorrtge-scale raceways.

Two raceway designs were selected that meet the shallow water criterion. The

dimensions of the channels and dams are giv@ahie33.

Table33 Dimensions of two sets of tests

Test Set W/ D | W (mm) | D (mm) | G/W

Setl 6 220.63 | 36.77 | 0.8

Set2 5 220.63 | 44.10 | 0.8

Note: G is the gap between the dam end and the raceway sidewdigaezr4 (b))
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1.3.2 Flow visualization setup

The flow field visualization experiments quantified the mixing characteristics.
During the experiments, a steastate flow field was maintained. The ftuichannel
was selected for visualization as showrrigure76 (a). At selected locations, red dye
was injected using a very fine syringe halfway between the basbewdter surface.
There are fifteen locations in channel 4 marked (as seéigure 76 (b)) for dye
injection, visualization, and also flow velocity measurement.

The flow rate was 24 L/min in this test. The water flows into the channels
through a pipewith inner diameter of 25.4 mm, which gives an inlet velocity of 0.7

m/s. The outlet pipe for the emthannel has an inner diameter of 50.8 mm.

(a) Flow visualization setup

206



Testing Area (15 points)

(b) 15 test points in the 4th channel

Figure 76 Locations of visualization and velocity test in the tedied raceway

Red dye (food dye) was used to observe the flow.figh& dye injection lasted
for 10 seconds. Photos were takenl@tseconds after the dye injection started. All
photos were taken under the same visualization conditions so that the flow mixing
could be comparedmongdifferent flow rats and raceway structures. Nine locations
1, 2,3,7,8,9, 13, 14, and 15) wengcted with dye and the dissipation of dye was

visualized.

1.4 CFD analysis

CFD was employed to analyze and optimize the raceway design. The
optimization objective was to maximize mixing in the flow field. The commercial
software ANSYS Fluent@ 6.3 wasagen for this analysis. Design dimensions and
operation conditions of raceway Sketand Sef were simulated at various inlet

velocities, and the results were analyzed to optimize the flow field.
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1.4.1 Governing equations

The flow in the raceway was a huient, shallowwater, incompressible,
unsteady flow with constant properties. Therefore, the CFD analysis 38ed
NavierStokes equations for turbulent flow, and the standa®xd kt ur bul ence m
was appliedo considertthe large number of vortices in tflew field [17318919(.

The continuity and momentum equations are:

%+—;‘(fui) 0 (147
.Ei+“@NJ _1lw g+ pen 3 w, § s
TR T L TR

where g, is the body force due to gravityiseosity n is for kinetic viscosity, and
n, is theturbulence kinetic viscosityAccording to the eddy viscosigssumption, it

is expressed as

S
I

(149

SI=

The transport equations for turbulent kinetic energyand the specific

dissipation ratew are [L91]:

Eirk)+—H k =—|§ kaiﬁ - 15
AR L) G2 8% Y- ¥ (150
Bty =g etifon vis s

In these two equations;, represents the generation of turbulence kinetic
energy k due to mean velocity gradient$, represents the generation of

w. Turbulent properties G, and G,, represent the effective diffusivity & and w,
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respectively. Y, andY, represent the dissipation &f and w due to turbulence.
S, and S, are usedefined source termdn the current simulationS, and S, are

both zero. The expressiofts the above mentioned terms aare

a n

G, = &N f (152
¢ k
a

G, = gn ;nL (153
C w

_ — Y,
Gk = Uiy, —H|X—J (154)
a w o— W,
G,= -8 — guu+— (155)
¢ k =7y

— ayy .0 3
- ruiu i=r ' ﬂi 22 . ;‘;‘g kK r o+t (156)
i t 83 ij t
cH M = C X
Y,=b'ky (157)

The constants needed in the- W model are listed ifable34[197.

Table34Standardky t ur bul ence,[M®3ddel constants

a b b | s Sy

w

5/9 | 0.075/ 0.09| 2.0 | 2.0

The inlet water flow velocity was given according to the flow rate. Other
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boundary conditions include:

Non-slip velocity conditions at all solid wallsu, =0 (159
At the waterair free surface:M:O, p=p (equal to 1.0 atm) (160)
pz

At theexit of racewaya pressure outlet (1.0 atm) boundary condition (one of the
flow exit boundary condition treatment methods in ANSYS Fluent @) was used.

Depth of the computational domain wast as 10 cm, including water and air.
The depth of water was approximately 6 cm. The inlet velocity ranged from 0.1 m/s to
0.7 m/s. These velocities were chosen based datiestloy Richmond and Vonshak
[193. They observed that when the mean flow veloggs around 0.125 m/s, the
algae production rate could be 50% higher than in a static pond. Many researchers
have reported that the water flow mixing is associated with the velocity field
[176177]. To some degree, the mixing can be managed simply by adjusting the fluid

velocities in a raceway

1.4.2Numerical treatment for water/air free surface
To simulate the free surface of water flow, the VOF (Volume of Fluid) model
was applied in this simulation194,195. The VOF model was already built in

ANSYS Fluent@ to trace the free surface in¢cbeputational domain.

1.4.3 Computational procedures

Following the standard steps of using ANSYS Fluent@, the computational
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domain was generated using Gambit@. The VOF model was chosen in the
computation module. The time step for the transient flow fieltiputation was set as
0.001 second. Six cases, given in Table 3, were chosen for investigation. To better see
the helically forwarding vortices from the computed results of velocity field flow

trace will be presented.

1.4.4 Grid independent study

A grid-independent study was conducted to choose a grid number that ensured
high accuracy of computational results at a reasonable computational load. For
grid-independent verificatiorthe flow fields with cell numbers of 1.85 million, 3.71
million, and 7.41 miion were computedThe velocities at thealf depth of water at
point 8 were examined at a time of 5 seconds after the beginning of the transient
process for all the cases. It was found that the relative difference of the velocity at the
point has a vartéon of 10% when increasing the cell number from 1.85 million to
3.71 million. Increasing the cell number from 3.71 million to 7.41 million resulted in
a relative velocity difference of 0.33%. Consequently, 3.71 million cells were adopted

for the computatinal domain in all the formal computations.

1.5 Results and discuss®n
In this section, numerical simulation results, flow visualization, local point

velocity measurement, and flow field optimization are presented and discussed.
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1.5.1 Numerical results

The current CFD analysis studisx cases with different inlet flow velocities
and dam heights as defined Trable 35. The simulation resultconfirmed the
expectation that the flow field generatedelically forwarding vortex in the main

flow direction.

Table35 CFD study cases

Inlet velocity Case No. W/D=5 W/D=6 G/W=0.8
V=0.10m/s Case 1 X x
V=0.10m/s Case 2 x x
V=0.50m/s Case 3 X x
V=0.29m/s Case 4 x x
V=0.70m/s Case 5 X x
V=0.70m/s Case 6 X x

Figure 77 shows the velocity vectors at the niide plane of the width of the
raceway for three channel$?, 31" and %", which are formed bthe2", 39 4" and &
dams countedfrom the inlet. The 4" channel is also the channel where the flow

visualization and local point flow veliig measurement were conducted.
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(c) Case 3 (d) Case 4

(e) Case 5 (f) Case 6

Figure 77 Flow velocity vector at the middlane cross section

The computational domain includes waaed a thin layer of air. Therefore, there
is a clear interface for water and air in the graphs of the velocity vectors. On top of the
interface is airflow which may have very low velocities caused by the friction from
water flow.

There are two important d¢ures worth observing from the velocity fields shown
in Figure77. First, the crosflow, which is due to water spilling over the daroan be
clearly seenfrom Figure77. This meets expectati@and agrees with our observation
in the flow visualization experiments. In cases 1, 3, and 5, which\Wé&ve5 or high

dams compared to cases 2, 4, and 6, the interaction between the main stream and the
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spillover flow is relatively strong and occupies a large space in the channel. Second,
when the raceway inlet flow velocity is low, the spillover flow is tigky weak
compared to the main flow, which therefore does not create a strelnzally
forwarding vortex, as seen kigure77 (a) and (b). With the increase of the inlet flow
velocity to 0.7m/s, the interaction between the spillover flow and the main flow
becomes stronger, and there are stronger vortexes behiddrttse as seen igure
77 (e) and (f). Thevorticespromote the wyanddown type of motion that is believed
to be beneficial for algae growth. It pedically takes algae up to the surface for light
exposure. These simulation results qualitatively agree withfltive visualization
experimentsvhich are presented in the following sections.

To better show the flow mixing in the raceway, the particlé pjaes from inlet
to outlet were shown iRigure78 for the cases given ifable35. Figure78 (a) and (b)
have inlet velocity 0.1m/s. The path linesHigure78 (a) and (b) show the serpentine
main flow with almost no spillover flow. From the visualization results we also
observed that when the inlet velocity was about 0.1m/s the spillover flow did not
occur for case 1 and nearly occurred in case 2. To credlevepiflow, the inlet
velocity was increased to above 0.1 m/s for the other cases. When the inlet velocity
was 0.29m/s for case 4 and 0.5m/s for case 3, the path lines of particles show that the
spillover flow appeared. However, iRigure 78 (c) and (d) we still see that the
spillover flow was thin, and the interaction between spillover flow and main flow was
weak. Therefore, the flow mixing was nstfficiently enhanced. When the inlet

velocity was increased to 0.7m/s, the spillover flow interacted very well with the main
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flow; as a result, the flow mixing was much better. From the path lines we can clearly
see thehelically forwarding vortex and theutbling flow movement. However, in
Figure 78 (f), case 6, the spillover flow was too high and much of the water went
directly to the end of the raceway. This did not cause good flow mizgimdy,it also

tells us that the spillover flow and main flow should have similar intensities.
Interaction betweethe two flows is important to generate the tumblamgtup flow
motion. In cases 5 and 6, with higher velocities, the flow mixing between main flow
and spillover flow is clearly seen. It is also clear that the flow mixing in case 5, which
has a higher danis better than that in case 6. This means that W/D arois\ddod
enough to generate good flow mixiiigheinlet flow velocityis aboutd.7 m/s.

Because of the favorable flow mixing in cases 5 and 6, it is worth evaluating
these two cases in more dibt Figure 79 presents the velocity contours for cases 5
and 6, viewed from different directions and at different locations. Botts ¢deskthe
sameflow rate.Figure79 (a) shows the velocity contours at three cross sections along
the width of the raceway. The spillover flow in case 5 interacted with the lateral
mainstream much better than in case 6. The dams in case 6 are relatively low
compared to case 5, and therefadarge amount of spillover flow godgectlyto the
end of the raceway with less interaction with the lateral mainstream in flow channels.
This is observed irFigure 79 (b) - (c) where the towiew flow contours at three
depths- bottom, midplane, and top, of the shallow water are shown. Theh&ft
side figures are for case 5 and rifpaind side figures are for case 6. The main flow in

serpentinechannels in case 5 is seen clearly in the contours, however in case 6 the
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main flow is obviously weak. This al so
as strong as in case &large amount of the water did not flow through the serpentine

channels.

fa) Case 1 (b) Case 2

(c) Case 3 (d) Case 4

Figure 78 Particle Pathline from the inlet to outlet
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(d) Bottom plane (1.1 cm from bottom)

Figure 79 Velocity Contours at different locations (Case 5 on left and case 6 on right)

From the above observat®nt is reasonable to draw the conclusion that the
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strength of the main flow in serpentine channels and the spillover flow should be
comparable so as to have better interaction between the two streams and thus create
helically forwarding flow in the flow bannels.

In the following section, the CFD results will be verified qualitatively through
flow visualization and quantitatively by the measured flow velocities at several local

points in the flow field.

1.5.2 Flow visualization results

The photograbs shown inFigure 80 were from the visualization at 9 locations
as indicated irFigure 76 (b). The same ammt and flow rate of red dye was injected
in one location foone testPhotos were taken 10 seconds after the beginning of dye
injection. Because of the same amount of injected dye and the same time elapsed
when the photos were taken, the red area cacatedthe mixing intensity.

Pictures on lefhand side inFigure 80 had W/D=6, and the ones on the
right-hand side had W/D=5. The dye injection points were at the right end of the dyed

area.
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Figure 80 Flow visualization photos

There are two important aspects to obsdroen Figure 80. One is to compare
the dissipatiorareaof red coloramongdifferent locations in one partitar raceway.
The second is a comparison of the red color dissipation at the same location between
two raceways. It is also important to observe whether there is mixing between the

main flow and the spillover flow in the serpentine flow channels.
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From compason of the two raceways, it was found that the flow mixing at the
observed locations in the raceway with W/D=5 was generally better than that in
raceway with W/D=6. The dissipation areas of red color are mostly larger in the
raceway with W/D=5.

Locations 1, 7, and 13 were netdwe locatiors where spilloveiflow meets the
main flow. Comparing the leide photos for locations 1, 7, and 13 of the same
raceway with W/D=6, it can be seen that the flow mixing at point 7 was slightgr bet
than the othernto points.Because of the low dams in the raceway with W/D=6, the
main flow was relatively weakThe spillover flow dominated the flow and was not
significantly diverted into the main serpentine path. Comparing these photos with
W/D=5, the fbw mixing atall points in W/D5 was better. .

These two raceways have the same channel widths and lengths but different dam
heights. Therefore, the difference in flow mixing performance meant that the dam

height played a significant role in determining if the mixirgsvgood or not.

1.5.3. Local flow velocity measurement

While the above results allows us to qualitatively evaluate the flow mixing of the
raceways, a quantitative measurement of local water velocities was used to compare
to the numerical simulation ressilt

The local velocities at the middle line of the flow channel at the half height of the
water were measured. The locations 2, 5, 8, 11, and 14 can be referehigeotai6

(b). The measured flow velocity and the CFD simulated velocities at these points were
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listed in Table 36. A relatively small difference, less than 5%, was observed for the

points 2, 5, and 8. However at point 11 and point 14, the difference between
measurement and CFD velocities reached 14%2484. This isprobably caused by

the offset between the flow direction and thermal direction of rotation plare the

velocity meteras a resulthe velocity meter cannot accurately measure the velocity

due to the 1 ost of w a 11 eand6l¢l.Nekertheless, ithis e ner
agreement is still acceptablith these results, we can further confirmtttree CFD

results are reliable.

Table36 Comparisons between experiments and CFD

Points Location Test(m/s) CFD(m/s) Error

Point 2 Middle 1.44 1.50 4.00%
Point 5 Middle 1.51 1.50 0.67%
Point 8 Middle 1.43 1.50 4.67%
Point 11 Middle 1.29 1.50 14.0%
Point 14 Middle 1.58 2.00 21.0%

1.6 Conclusions

In this chaptey a novel flow field design of an opemannel raceway foalgal
growth was proposednamed as ARIEHV raceway which was then studied by
experimental visualization and CFD analysis. The basic mbobncept of
promoting the flow mixing in the raceway was successfully demonstrated on a

tablesized model. Someonclusions are drawn as follows:
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1)

2)

3)

The flow pathlines from CFD results clearly showed thelically forwarding
vortex and the interaction between the cifbda and the main flow. With the
ratio of W/D=5 and inlet velocity of 0.i/s, flow mixing was muclbetter than

the case with the ratio W/D of 6.

Flow visualization tests on a takd&zed raceway model also found that the height
of the dams significantly influences the flow mixing. The raceway model with the
ratio of W/D=5 was observed to be a bettavich for its good flow mixing under
the same flow rate. Qualitatively, the flow visualization results on the flow
mixing agreed with the observation from CFD results satisfactorily.

Velocities of the water flow were experimentally tested at some locatispaind

the CFD results agreed well with the experimental daktéch indicates that the

results and analysis of the raceway flow field from CFD simulations are reliable.
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CHAPTER 2 Evaluation of Flow Mixing in an ARID -HV Raceway Using

Statistics of Tempaal and Spatial Distribution of Fluid Particles

2.1 Introduction

Algae growth is influenced by many factors, including water temperature,
concentrations of nutrients, and CO2, as well as the exposure of algae cells to periods
of sunlight and darkneq475172173196197]. Light exposure is closely related to
the depth of water and fluid fl owl98.tr uct u
The average light/dark cycles experiend®d cells depend not only on the actual
depth of the reactor but also on the incident light intemsityalgae concentration

Algae photosynthesis in sunlight generates energy in the form of sugars and
produces intermediate products, which are used fdbocadioxide fixation and
synthesis of biomass. When algal cells are transferred from light (on surface) to dark
(deep at bottom), photosynthesis can only continue for a short period of time in the
dark. This implies that the dark reaction can be theliraiéng step in the overall
process. Algae cells continue to grow in the dark zones, until all the
energy/intermediate products stored during their stay in the light zone are used up.
After that, growth stops and endogenous respiration may take pladaglda a
decrease in biomass concentration in the algal culbee.and Pirt 199 found that
the growth rate of microalgae cells is reduced if algae cells remain in the dark zones
for too long.On the other hand, Merchuk et &0[] suggested that a short duration

in darkness is necessary for cells to recover from photoinhibition.
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The time period during which algal cells stay in darkness (at bottom zone) or in
sunlight (at top zone) is related to cell movement in liwe field. Ogoinna et al. 207]
conducted experiments to study the effects of cell movement on algal productivity for
two different kinds of algae, by randomly mixing the surface and the bottom of
photobioreactors. They drew several conclusions: (1) at low cell conoamtra
movement of cells between surface and bottom zones has no significant effect on
Chlorella pyrenoidosa 212 growth and productivity; (2) as the concentration
increased, cell movement results in increased productivity of a shallow reactor, with
incident | i ght intensities per uhattheswfade,u me
(3) in deep zones of a reactor where the light intensity per unit volume is less than
2000 ¢ mell mowednéns of cells does not improve algae growth rate; (4) for
Spirulinaplatensis M135, movement of cells always leads to increased productivity,
even at low concentrations.

The above conclusions from literature imply that the flow field should be
designed so that algae cells move with a certain frequency between thedigtark
zones in order to obtain higher algal growth rate. For better utilization of sunlight,
shallow algal raceways may be the right choice for increased productivity of algae
and increased concentration during the harvest phase. No matter what types of
raceway is used, good flow mixing is important because it leads to better diffusion of
nutrients and CO2 in water, and the frequent exposure of all algae cells to sunlight
[172176177,202.

As mentioned in Chapter af Partll, to overcome the temperatucentrol

224



weaknesses of conventional racewaialler et al. 185 developeda novel ARID
(Algae Raceway Integrated Design) raceway, as showhigare 81 (a). Besides
temperature controlXu et al.[186 proposed a new flow field design of ARID
raceway with moreiniform flow mixing, called ARID High Velocity (ARIDHV), as

shown inFigure81 (b).
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Figure 81 Comparison of flow fields between ARID raceway and AR\Draceway

The current study focuses on a shallaRID-HV design As seen irFigure81
(b), the entire algal farming area is essentially constructed as a single serpentine
channel, formed by multiple dams with slots near the sidewalls, one after another. The
ground of the entire raceway area has a general cross slope, so that water can flow

down from the top channel to the bottom channel by gravitational force. During cold
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weather, the water in raceway can be drained down into the canal to avoid freezing.
Observations of the flow field ofthe ARIBHY r acewayds initial
thatthef | ow has O6dead zonesd where the serpe
Figure 82, due to the 180%ending of the flow and the flow reattachment, a
recirculation zone (or o6édead zoned) is for
mixing in the recirculation zone can be rather weak. To enhance the flow mixing in
the dead zone, a concept of spillover flow was propokég186,203 to operate the
raceway. The concept requires that the water flow rate and the dimensions of dams
forming the channels are properly arranged so that the water flow in an upstream
channel ca spill over the dams and mix with the main serpentine flow in the
downstream channel. This mixing is expected to give riseheliaally forwarding

flow, which can cycle algal cells from bottom to top and vice versa.

l

! Maln flow

0'9#5’/0

---ll_7

Figure 82 Flow field of ARID-HV raceway and its dead zoagaswith insufficient

flow mixing
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Other new ideas of enhancing the flow mixing in the dead zones of -ARID
include arranging slots on top of the dam at the dead zone. These slots are expected to
allow asmall amount of water from the upper channel to directly flush into the dead
zones of the lower channel via gravdsiven acceleration to promote flow mixing.

While the abovementioned flow field design may solve the problem of dead
zones, one must havegaantitative measure to evaluate flow mixilBgcause good
flow mixing also plays a crucial role in many other industrial processes, such as
combustion in engines and chemical reaction in reactors, a number of studies have
been conducted to find a methtwl evaluate flow mixing for different applications.
Danckwerts 204 and Zwietering 209 defined the relative degree of mixing, using
the ratio of the variance of al/l the mol
points in a continuous flow systerhiu [20€ further developed this method and
extended it to a general steastpte flow system based on the recently developed
mean age theory2p7,208. Because entropy is a measure of the disorder level in the
system, it could be one parameter to representidle mixing level in a system.
Patmore and TounjR09 used this parameter to measure the mixing at the tropopause
by introducing a quantitative analysis based on entropy to provide climatology of
mixing, from HO:0Oz tracer correlations. Some researchers tie field of
micro-electromechanical system (MEMS) also used this entbaised measure to
evaluate flow mixing. Camesasca el al. 2[l0] studied the flow mixing in

microchannels using numerical simulation with various geometries and employing the
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conditional Shannon entropy to quantify the dynamics of mixibm et al. R11]
proposedhe criterion index of mixing to evaluate the flow mixing in a microchannel
through a CFD studyinakov et al. 12 also used the concept of mixing efficiency
to study the flow miing in a Fshaped microchannel using CFD.

After careful examinationthe methods mentioned above are believed not
suitable for the currémapplication for algal racewdyecause they cannot reveal the
nature of fluid particles being tumbled between surfaog bottom or staying in the
dark zones for a certain time peridal this study the statistics of temporal and spatial
distribution of the saalled massless fluid particles in the raceway is studied by
collecting thedata of pathlines of fluid particlefom CFD results[213]. In this
approach, the number of cycle counts that a fluid particle passes across a critical depth
Dc, as well as the time fraction that the particle stays above Dc during one flow path in
the raceway is counted in order to evaluh&eftow mixing performance.

To provide experimental evidence and validatfonthe CFD simulated flow
field as well as flow mixing evaluations for the proposed ARID raceways, a
tablesized raceway was constructed in the laboratory. The following sectiill

present details of experimental setup and CFD modeling.

2.2 Experimental Setup
2.2.1Tablesized raceway test model
By using the same tablsized test system in Chapter 1 of Rartthe local

velocities can be measured, and the flow visualization test can be conducted. Details
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about the test system can fmund in Section 1.3 in Chapter 1 of P4lt It is
important to note thahe value of W/D was kept as hee the studies in Chapter 1
proved that when this ratio was equal to 5 the talded ARIDHV system had a
better flow mixing compared to the flow field with W/D=63q

It is worth noting that th&eynolds number of the open channel fl@nin the
range of turbulencen this study When the W/D is sufficiently large (large than 5),
the hydraulic diameter of the flow chanmebnly a function of the water depth. Due
to the requirement of sufficient light intensity for algal cells at the bottom of raceways,
the water depths in thalilesized model and in a full size raceway have to be more or
less similar. Therefore, keeping the same Reynolds number for open channel
shallowwater flow is the criterion of scaling up the raegw from lab scale to full

size, instead of choosing thenamonly applied Froude number in hydrodynamics.

2.2.2 Different geometries of dams for the serpentine flow channels

As discussed previously, due to the 180°bending of the flow and the flow
reattachment , a recircul at ihe corner ofradlow( or 6
channel, where the dye injection could not spread out. This means that at these dead
zones, limited exchange of mass/momentum results in insufficient flow mixing.
Therefore, a modification is proposed here: to cut the slots on thé tlog dams near
the dead zones. Consequently, five dam structures, with four of them having different
sets of slot geometriesas shown in Figure 83, were designed for the tests.

Dimensions and locations of these slots on top of dams are listadlaB7.
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Table37 Dimensions and locations of the slots on dams

X1 X2 X3 ZS
5.3 mm 8.825 mm 17.65 mm 4.41 mm
3% of G 5% of G 10% of G 10% of D
Set 1 N [— L .

-
Set2 Oneslot )i X, D
==

Set 3 Two slots | | ixZ

Set 4 Three slots| 3X3

Set 5 Four slots

Figure 83 Schematic of five different setsgeometries of dams for the taisized

ARID-HV raceway

2.3 CFD methodologs numerical procedures, boundary conditions and initial
conditions

Numerical simulations were carried out to help analyze the flow field of the
tablesized ARID-HV raceway ando obtain detailed data about the phties of fluid
particles for the evaluiain of flow mixing performance.

All the numerical settings, such as the boundary conditions and computational
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procedures, were exactly the same as in Section 1.4, Chapt&atttf It is worth

noting that the initial conditions were of particular interest in this stlmayial
velocities for the computation of the initial period (10s) were assumed Hegdlow

field was found in steady state after 10 seconds. All floworeés and pressures at

10 seconds were recorded to serve as the initial flow field for the next 10 second
simulation, from which the patlines of massless particles can be obtained.
Regarding the setting of viscosity timis CFD study,algae cells usubi are very tiny,
theycan beconsidered as the same phase with water. Furthermore, algae cells usually
are not allowed to grow to a very high concentration, otherwise it will generate toxics
and Kill other algae cells; in other worddgae cellglo not tave significant effects to

the viscosity in raceway Consequently, a constant viscosity of water at room
temperaturavas applied in this study.

A grid-dependence study wasso performed, and it turned out that 3.71 million
cells can lead to appropriateraputational loads and accurate numerical results. Due
to the complexity of fhw field in the tablesized ARIDHV raceway,local grid
refinement wasecessary for theegions at the corner of each dam and connected side
wall of the raceway. One exampletb€ local grid refinement for the case of two slots

is shown inFigure84.

-

Figure 84 Local mesh refinement at near daegions
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2.4The proposed method for evaluation of flow mixing performance

For the flow mixing evaluation, the pathlines of massless fluid particles were
estimated from our CFD results. Pathlines are used to visualize the flow of massless
particles in theeomputational domain, and they are also the trajectories that individual
fluid particles follow, which can be thought of as "recording” the path of a fluid
element in the flow over a certain time period. In this study, particles were released
from the inlé of the raceway at the moment when water flows in. The initial
conditions of the flow field at this moment were based on the steady state results from
a preset simulation. As a result, from the simulated flow field results in the next 10
seconds, the pafines of massless particle can be obtained. Every cell/mesh at the
inlet surface had one patrticle, and the data of particles was used to calculate the
temporal and spatial distributions of fluid particles with respect to critical depth
which is the maimum depth that sunlight can penetrate. It is important to note that
for a largescale algal raceway, the critical water depth should be determined by the
penetration depth of incident light with respect to local conditions.

The concept of cycle count gfarticles was introduced in this worls
illustrated inFigure 85, the fluid particles, following théelically forwarding vortex,
will pass throughDc many times during one flow path from inlet to outlet of the
raceway. If a fluid particle passes througBc, then this is counted as one cycle count,
M,. The number of cycles for each flow path from CFD is accumulated for each

particle. Then, the distribution of the number of particle cycle counts is calculated,
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which is referred tas the spatial distribution of fluid particles.

Free water surface level

/\/\/\/\/p

fluid particle i

Figure 85 Schematic of thenechanism aofycle count

More cycle counténdicatemore intense flow mixing. However, the cycle count
distribution of fluid particles alone does not completely reflect the time lapse from
one cycle count to another. Therefore, the time fraction of a particle staying@pove
was calculated to evaluate thgensity of flow mixing. The time period that a fluid
particlei being aboveDc is defined asT* and that belowDc as T.%"". Therefore,
the time period that a fluid particiestays aboveDc against the totatime period
T+ T is expressed as:

T

i _-I-idown_'_-l;up (161)

The number of fluid particles that fall into a certain rangd’pfvas counted and

normalized by the total number of particles, which is referred to as the temporal
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distribution of fluid particles as shown kigure86.
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Figure 86 Schematic of the time fraction of a particle staying above DC

According to the conclusiorfsom Ref. [L99-201], photosynthesis continues for
a short period of time without light until atlif the stored energy and intermediate
products are consumed. After that, growth stops and endogenous respiration may take
place, leading to a decrease in cell concentrations. To consider this point, there is
threshold valueP"™*" for efficient light/dark mixing that optimizes algal growth.
The closer P is to the threshold value, the more effective the flow mixing is.

It is worth noting that the cycle count and the time fraction aliayeeed to be
both comidered to evaluate the flow mixing performance. Neither individually

reflects the true nature of flow mixing.

2.5Results and discussions
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This section presents the CFD results and flow mixing evaluation for the
constructed tabisized ARIDHYV testing systemSincethe CFD model has been
validated with local velocity measuremsmt Chapter 1 of Paif, in this chaptethe
CFD model will bedirectly applied to investigate the flow mixing evaluation.

First, some numerical results, such as datbs of fluid particles and velocity
contours at several different locations will be discusaad then flow mixingwill be
evaluated quantitativelyFinally, photographic results of flow visualization build

confidence in the proposed method of flow mixing evaluation.

2.5.1Results of americal simulations

The current CFD work analyzed five racewdsigns with a different numbef
slots on the top of the dams that improve the mass/momentum transfer at the dead
zones as illustrated FRigure83.

Figure 87 shows the pathlines from inlet to outlet of the tediieed ARIDHV
racewayfor the five types of slot geometries. The pathlines illustratehthieally
forwarding vortex in each channel, which had been verified previously in the
ARID-HV raceway of the original desigi7§. In the current modified design with
slots on dams, CFD results show more pathlines passing through the dead zones, and
this indicates that the flow field has better mgithan if no slots@re presentr-igure
88 presents the velocity contours at three cisEsgions along the width of the
tablesi zed raceway. | t éased muinteers of slotd) thet croser t h an

or spillover flow increases. This is another indication that the flow mixing improves
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due to the slots on top of the dams.

(d) Set 4 (e) Set 5

Figure87Particl esé6 pathlines from the inl
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(@) Set 1

2.50e-01
2.37e-01
2.25e-01
2.13e-01
2.00e-01
1.88e-01
1.75e-01
1.62e-01
1.50e-01
1.38e-01
1.25e-01
1.12e-01
1.00e-01
8.75e-02
7.50e-02
6.25e-02
5.00e-02
3.75e-02
2.50e-02
1.25e-02
0.00e+00

(d) Set4 (e) Set5

Figure 88 Velocity contours at three cross sections along the width of the raceway

(Units: cm/s)
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(@) Set 1 (b) Set 2 (c) Set 3

(d) Set 4 (e) Set5
Figure 89 Velocity contours at the middheeight plane in % plane (at z = 41.9 mm)

(Units: cm/s)
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