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Abstract
Partially evacuated spaces with small volume#loF (Heat Transfer FluidiPhase Change
Materials(PCMs), called thermal diodes, can minimise heat losses in ICSSWHSs. However, the
collection and retentioperformance ofhermal diode ICSSWHSs is material dependesivell
as influenced by environmental conditiofi® investigate thisondition three laboratory scale
thermal diode ICSSWH prototypes were experimentally evaluated with different component
materials and voluntgc capacity. The units were test@doors undeiconstant solar simulator
irradiance for6 hours to determineheatcollection followed byan 18-hour cooling period to
determineheatretention. In additionthe water temperature in storage was raisedesired
levels using a refrigerated/heating circulator @nototypesleft to cool overnight in stable
ambient air conditions. ICSSWH 1 with Z@itres of storage capacityhad absorber and
evaporatocomponent®f aluminium and stainless stegdspectively whilst ICSSWHs 2 and
3 hadvesselsnade fromstainless steel with 16and27.7 litres storage capacity, respectively.
The mean6-hour collection efficienges for ICSSWHs 1, 2 and 3 wew7.4%, 51.6% and
48.0%, respectivelyNormalised watetemperature profiles, retention efficiencies and thermal
loss coefficients suggest that the performance of ICSSWH 2 and ICSSWH 3, are preferable
compared to ICSSWH 1.

Keywords: ThermaldiodeICSSWHs, materials PCMs, collection retention simulation

1. Introduction

Solar water heating remaitisus far the most common w&y harnessingolar thermal heat
with nontconcentrating collectorse. conventional smaBcale solar water collectors of
unglazed, flat plate and evacuated tube configuratitengng a pivotal roleWith a global

total installed capacity @56 GWh, new installationsleclined by4.2%during the period 2016
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to 2017dueto market pressure from heat pumps and photovoltaic systems in large markets of
China and EuropE]. Such a decline is undesirabledan likely to have significant impact on

the achievement of global climate godistegrated Collector Storage Solara¥®r Heaters
(ICSSWHs) have the merit and potential to broaden the scope of camaitscalesolarhot
watersystems for single and multifamily dwellinggarticularly in warm climatel®,3]. Their
continual development and improvemexst simple, reliable and low cost configurations is

essentibto achiewe increasedhterest in the general solar heat market globally.

Pastreviews[4i 6] have documented the evolution addvelopmenof innovativel CSSWHs

They typically experience significant heat losdasng conditions opoor solar radiation and

their heat retaining capabiliuring the nightlepends on the effectiveness of existimgrmal
insulation measuredhis problem could be significantly minimised by configuring a system
capable of achieving efficient forward operation during thermal energy collection and
inhibiting heat loss through some kind of characteristic reverse operation during thénight.
synegetic combination o& thermal diode mechanisand suppressed convective currents in a
greenhouse effect created byransparent coven concentric cylindrical vesselshder the
trade name [f 8apranBiagcanfiyweatiah A thermal diode is a mechanical
technique that enables rapid solar heat collection with thermal insulation of the collected heat
in a storage tank that minimises heat loss during the night and overcast periods. A small volume
of PQM typically water, resides in the evacuated annulus of two concentric cylindrical vessels
and determineshe forward and backward operational behaviour of the thermal diode as
illustrated inFig. 1. In the forward modesadiant solar heat evaporates the PCM under partial
vacuum in theannulus, whichthen condenses on the outer surface of the storage
tanklevaporatothereby releasing its latent heat of vaporisation to the store before returning to
the sump[8]. In the reverse operation mode, the partial vacuum maintained in the annulus
minimises convective and radive losses to the surface of the outer vessel manner

identical tothe behaviour oh Thermos flask.



A WN B

© 00 N o O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

(@)

Outer transparent cover

Evacuated annulus
Inner storage vessel
Heated water in store

Absorber vessel

PCM liquid (water)

Fig. 1. Operating principle of the ICSSWH design cond&pt (a) forward operation during
thermal energy collectiofor a sunnyperiod (b) reverse operation duringvercast andhe
nighttime

The presence of necondensable gases in the thermal diode cavity (as indicatbe loavity
pressure at a low temperature) significantly imgptlie forward mode heat transfer rg@¢l0].
Evacuating the cavity to the lowdstal pressure possiblg saturation pressure of the working
fluid) eliminates norcondensable gases and in tuenables effeote forward mode heat
transfer In practice, theyas load and the vacuum pump capacity dgtermine the minimum
achievable cavity pressur&as load is likely to be dominated by water vapour and dissolved
noncondensable gases released fromréservoir, whichsupplies the water used to wet the
evaporatorSouliotis et a[11] experimentally investigated thieitial annularvacuumgauge
pressure in a horizontally operating IG88 with asymmetric Compound Parabolic
Concentrating(CPC) reflectorfor which the thermal diode achiewveéhe most optimal
behaviourlt wasfoundthat initialtotal vacuumpressures the range betweep x Ttp gnbar
andyx w 1tp Ynbar achieved optimal behaviour of the thermal diode in such syssemitar
research for nowoncentratinghorizontally operatinghermal diodelCSSWHSsof the type
investigated in the current study is rexistentbut deeperinitial total vacuum pressues
reachingw w 1t ¢ Tmbar may benecessaryBoreyko and ChefiLl0] showed that a low cavity
pressure could be achieved by applying a primary vacuum witQh present, addinthe
PCM through a syringe, then applying a secondary vacuum to remove any dissolved non
condensable gasel.can be hypothesised that a simpler but equally effective evacuation
technique might be to add water to the cavity and progressively chill it whilst éeactakes
place[12].
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The thermal performance assessmentesfically operating prototypes of tteSo | aCat c her
was performed b$myth et a[13,14]who found average 6 hooollection andL8 hourthermal

retention efficiencieseaching 36% and 60%&spectivelyVertical installations are preferred

for achieving thermal stratification in the storage tank, which is often a requirement for
cold/temperate climate conditions in northern regidtg. However, horizontally operating

units couldbe satisfactoryn regions with significant solar resourcé&sis articledevelops and
experimentallydemonstratethe performance characteristics of horizontally operating thermal

diode ICSSWHSs byonsidering differences in vessel material and volumetric capdaty.

report this research, the remaining sections present the follo@awiion 2introduces the

design conceptof the typical laboratory scalehoi z ont al | vy operating 0
investigates the question of selecting suitable materials for key compa@mehisffers an

estimation of prototype costSection 3 describes experimentdhcilities and attendant
instrumentation methodologiesSection4 provides physical modelstilised in processing
experimentaldata. Section 5 presents gxerimental resultsSection6 discussesmportant
considerations concerning the reportagerimental resulf@andSection? delivers the overall

conclusiomanddraws attention to unanswered questions

2. ICSSWH components andmaterial considerations

Component materials have a bearing on the performance characteristies mfoposed
horizontally operatinghermal diode ICSSWH prototypes. Potential health and environmental
hazards involved inprospective technologies are also important. Existing standard
requirements for components of solar thermal colledtt$ do not address ICSSWHSs. A
quick search using the wdiased database of tlmlar Rating &Certification Corporation

[17] reveals that fevDriginal Equipment ManufactureDEM) companies are filling technical
specifications and performance ratifgo r s i mp | e Integmtedn@olectar Stbrage
(ICS gl azedd tandthchrmchl spgdifieadon sheets suggest ttingit component
materials maintain typical material choigegraditional solar water heaters. This makes the
Research and Dewgment R&D) process of novelaboratory scaldorizontally operating
thermal dioddCSSWHsprototypesspeculative particularly when selecting materifar key
collector componentslherefore, in the fabrication phase, a consideration of materials is as
important in laboratory scalprototypes as its in commercially ready systems due to

performanceeconomic, health and environmental constraints.
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2.1. General thermal diode ICSSWHcomponents

This section describes the strueuconceptof the horizontally omrating thermal diode
ICSSWH by use of a hierarchical component layout appro&tiendescribing the technical
compodgion of anytechnology it is important to utilise an approachatienableghe tracking

of involved labour and materialesourcedor the effective management of the product life
cycle. One such approads a productoriented Work Breakdown Structu(®/BS) [18]. It
subdivides the baslwrizontally operatinghermal diode ICSSWIidoncepinto a hierarchy of
its physical elements as illustrated big. 2 andreveas all collectorcomponentgor effective

management of the R&D process.

7N
Basic thermal
diode ICSSWH
/J\ /J\ I /J\ /J\
End caps Insulation COVT;CSGSI;I;C Thermal diode
T
1 A | ' N
inlet/outlet Transparent I | P
piping & ports cover : Absorber : Water tank PCM liquid
I o’ : i
Ret _ e Capill
etaining . . apillary
Inner groove SCrews Black paint Adhesive matting
L~ |~
Middle groove Adhesive
L~ N\
Outer groove
IV N
Vacuum port

Fig. 2. Work breakdown structuref a horizontally operatinghermal diode ICSSWH unit

The concentric solar radiatiaabsorbing vessel and the water tésde dotted boxes in colqur
are crucial in defininghe performance, appearance, strength, durability affatdability of

the fabricated prototype¥hese requirements mustlancewith achieving a londasting and
efficient solar energgollecting device[19]. Sealant/adhesive materials and insulation are
prone to moisturettack leading to accelerated degradation of collector performziaje
Furthemore the life cycle performance of systems is increasingly becoming an important
aspect of the R&D process particularly the need to cut on the global derhametadlic
materials[21,22] As a result, alternative nanetallic materials such as polymers are under
investigation23,24] Materialsformingthe concentric absorber and hot water storage vessels

in the thermal diode ICSSWebuld be of significance to tleverallperformance of the device



© 00 N oo 0o b~ W N P

S =
w N B O

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30
31
32

2.2. Absorber and water storage vesseahaterial considerations

Fulfilling the horizontally operatinghermal diode ICSSWHbrototypesencompassethe
identification of materiak for thefabrication of the absorbend the water storage vessels.
Lenel and Mudd25] reviewed materialfor fabricatinglow temperature solar water heet
Besides achieving a significatitermal performancgecriteria must address issues relating to
the environmentn which thefabricatedcomponents ar function.During the day, the black
coated outer solar radiati@aceiving surface of the absorber vessel operates uokdeheat
trappedbeneattthe transparent coven addition, gportion of theinnerabsorbesurfaceis in
constant contact with theCM vapourmaterial, which wets the remaining surface when
thermal diodas in forward modeAt the same timehte PCMvapourconstantly condenses on
theouter surface of the water storage vesdelst the inner surface is in constant contact with
hot water The inner storage vessel should also withstand the pressure exerted by the water

mains supply.

Component materials should also withstand any adverse physical phenomena existing in the
atmospherioperating environmenilaterial surfaces of the absorber and storage tank vessels,
which interface with the annulusyust be resistant to tliestructivepull of vacuum pressure

They shouldalsobe corrosion resistanf low weight to volume ratio, affordable and easy to
fabricate.One fundamental engineering consideration in eliminating avoidable corsgibn

as galvaniccorrosionis to prevent any contact of different metallic materi&ginhart and
Jenkins[26] give detailedcorrosion controideasconcerning the desigaf water handling
materials However, proofof-concepts for laboratory testisgich as those investigated in the
current repormay not have sucstringentmeasurs sincethe operating life of prototypeis

not an extremely important consideratiédm exhaustive understanding of existing materials
must precede a thermally efficient and environmentally benign thermal diode ICSSWH
product Stainlessstee| aluminium and copper aperhapshe most prevalent materials for
engineering of solar energy systems. Therefore, wdeaiing with the design of low cost
laboratory scale prototypesneoftenfinds it necessary to decide betwebasethree Table

1 provides importanimaterial attributes along with advantages and disadvantages associated

with the three common materials.

Sheet metal materials provide flexibility and capability for fabricating a wide raragesaber
vessel anavater tank diameter3 o produce the cylindrical vessels, one cuts the sheet metal to

the required dimensional length, folds it and joins e ¢énd widthausing a suitablevelding
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technique The possible range of standard dimensions available in the market is extensive and
maximumvessel diameters in the range ~&55 mmper metal sheeatrepossible However,
one only needsheeimetalmateria sufficient for the prototypsize in mindCopper is superior
in terms of thermal conductivitipllowed by aluminium. However, this also impligbatthe
two materials can experience significant heat losses whadeeration Whilst stainlessteel
may showperformance differensgastudy byShariah et a]27] found that there is likely to
be no significant performance difference in choosing between aluminium and éopflet
plate absorber$tainless steel and copper could be advantageous due to ghedehsity and
specific heat, whicHirectly contributsto the systenthermal masalbeit with a system weight
penalty Changing ambient and operating temperatures introduce constraimtsterials and
practicalmechanical desigmecessitating adequate measurceaddresghermalexpansion.
Forexamplethevalues oflinear coefficients of thermal expansion showable 1 indicate
that a Imeter long vessel can experience an elongatidnmm under a temperature change
of 43°C, 59°C and 63°C if fabricated usingaluminium, copper andtainless stegl
respectively Volume coefficients of thermal expansion are three tigresiter tharinear
coefficients of thermal expansid@8]. Thermal expansiom@and contractionhave important
limitations in ICSSWH43], and could compromiseliability of vacuumpressure in thermal

diode configurations

Conclusive material selection decisions for market ready conedégmsonsidersecological
impactsand economic viability of the final productOn the one hand, assessmehtthe
ecological aspeaonsidersystemenvironmental and energy balances through a detailed

Cycle AssessmelLCA). This combinegsarbondioxide # / emissions as well as embed

energy (lirect and indirecenergyrequireanentg in extracting andgroducingraw mateials;
producing, installing, maintaining and disposing the product along with transportation
requirements occurring within these activitjg8]. In one LCA studyKalogirou [30] found

that, the percentage environmental savings of coupling a domestic solar hot water and/or space
heating collector with conventional electrical and/or diesel backup improved environmental
savings by up to 80%. In adidib, Rey-Martinez et a[31] found through a complete LCA
study that solar water heaters coupled with modericieft gas boilers would be
environmentally ideal in domestic applications. Copper has the highest embodied energy of
X #- EC (polpeai )followed by aluminium wittp wp EC (v php tatt )

[32]. Although a detailed environmental aachbodied energy analysis is beyond the scope of

this work, this information is indicative of the likely impact of each material to the overall
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environmental and energylbace of thecomplet& product On the other hanadustomers are

more likely to acquire an ICSSWH that is low cost as opposed to being only environmentally
sustainable[33]. Therefore, material costis an important consideration imarket ready
technologies, as well daboratory scale prototypes. Of the three materials, aluminium is the
cheapest. Stainless steel has a moderate cost plen&gt comparable to aluminiuamd offers

long operating life. Copper is the most expensive of the three materials with relative cost
reachingbUSD 10.1 peikg compared t&USD 4.9per kg for stainless steel aBdSD 4.7 per

kg for aluminium(28].

Thereis also important technicalonsideratioa regarding material contribution to the total
weight of prototypesCopper has the highest mass to volume ratio, which is three times greater
than that of aluminiunbut almost comparable to stainless st&shce ICSSWHSs tend to
containlarge volumesf waterin the thermal store, one shoudthservethe added weight
penalty associated with the use of heavy components. In this reglpaaiium is the most
favourablematerial in terms of achieving leghtweight system.In light of all the above
considerations, the study adopstainless steel antlaniniumto fabricatthe three prototypes

and to enable an evaluation of material related performgiffeeences Section2.3 provides

thephysical and structural details concerning the investigated prototypes.



Table 1

Technical properties and evaluatioihcommon materialasedin solar thermal engineerirjg8,32,34]

Description Stainless steel Copper Aluminium
Thermal conductivity 7 | + 15.9 388 180
Density E C 8000 8795 2700
Specific heat*E C + 502 385 896
Coefficient of thermal expansiod¥ ) p@ pTr pBL_pT C@ pm
Embodied energy, EC, - 1 32.0, (251,200) 70.6 (631,160) 191,(515,700
Cost (3UD/KQ) 1.50-7.25 6.50-10.00 2.007.70
Relative cos{$USD/kg)? 4.9 10.1 4.7
Metal sheet thickness ranges (mm) ~0.7-3.0 ~0.43.0 ~0.56.0
Possiblerange ofstandard length@nm) ~20063000 ~20063000 ~20063000
Possiblerange ofstandardvidths (mm) ~10001500 ~6001000 ~100061500
Max. achievable vessel diamesdmm) ~637-955 ~637-955 ~637-955
Easy formability and weldability Durable Low cost
Safe in most environmentgassive _— ‘Safe in most
: Significant thermal mass environments, neutral
(cathodic) (anodic)
Advantages

Can inhibitgrowth of pathogens
e.g.Pneumophila legionella thermal losses
Hygienic and aesthetic appearan Good thermal mass Easily formable
Long life makes it coseffective - -
Cancorrode aluminium in saline
environments

Good thermal mass Light weight with high

Very expensive Low thermal mass

Disadvantages Moderately active (cathodicgan
corrode aluminium

- Losesheat easily -

Loses heat easily

aPrices refer to 2016 averages citeddh[28], but are highly fluctuating. For instance, the avemag@ufacturingprice of copper as per second quarter of 2017 is estimated
at US$5.61UK£E4.34 per kd35].
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2.3. Design concept ofthe horizontal thermal diode ICSSWH prototypes

The forward and reverse operating strategies capturieii combine along witthe WBS
outlined inFig. 2 to enable the conceptualisation of a horizolE8SWH shown irFig. 3.

The outermosttransparentcover suppresses convective heat losses to the ambient while
outlining the general physical appearance of the ICSSWé concentric absorbing vessel
underneath the transparent cover absorbs incident solar radidt®mnErmost concentric
cylinder is the storage vessel. The annulus between the storage vessel and the absorber
constitutes the thermal diode. Inlet/outlet pomtsvle water access pointkie endcovers
provide sealing mechanisandinsulationminimisesheat loss at either ends of the ICSSWH
collector. Three prototypes were fabricatad érder to examine system size (capacity) and
material related performance differences in the thermal diode ICSSWél.geometrical
characteristicand material choicdsr the three ICSSWH prototypes are summariséichinle

2 andTable 3 (section 2.3, respectively.

Absorber vessel

End cover
Annulus

Storage vessel

Outermost transparent cover

L . Insulation
Lid with external pipe

connecting adapter
fitting

Fig. 3. Generakoncept of thdorizontally operating thermaliode ICSSWH
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Table 2
Concentric vessel dimensional characteristics and geometrical characteristics

_— ICSSWH 1 ICSSWH 2 ICSSWH 3
Description .
Diameters (mm)
Storagevessel 150 150 150
Absorber vessel 200 200 200
Transparentaver 244 244 244
Geometrical characteristics

Common vessel length {m 1.00 1.00 1.65
Inner vesseltsrage volume (L) 167 16.7 27.7
Prototype gross area fin 1.38 1.38 2.13

2.4. Material selection for the water tank and absorberand cost considerations

Cost considerations are an important aspect in the selection of various materials for fabricating
the thermal diode ICSSWHrototypes Other aspects include material suitability the
incumbent application and commercial availabili§oncerning theoutermost transparent
coverthat forms a concentric aperturelosv costand widely availabld mm thick flexible
Polyethylene Terephthalate Glycol (PETG) shegthigh transmissivity fe 1o jt was
adoptedPrototype dimensions proposedTiable 2 enabled the estimation of the quantity of
metallic materials for fabricating the water tank and the absdfbeeach prototypetanless

steel fomed the innermost water storage tank due to its satisfactory performance in wet
environments, availability in a wide range of thicknesses and cost effectiveness. Then the total
costof metallic materialensued from threalternative materialfor fabricatingthe absorber
vessel by consideringurrentretail pricesexcludingValueAddedTax (VAT) . Fig. 4 compares

the cosexduding VAT of alternative metallic material choices to fabricate the water tank and
the absorber vessé&hoosing aluminiunAL) for the absorber vessa$ opposed to stainless
steel(SS)and coppe(CU) lowers the total cost of metallic materials in each prototype by at
least3%% and68% respectivelyThese considerations guided final material chofoeshree

prototypessummarised ifable 3.

11
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255.16
250.00
__200.00
o)
7] 154.99 u SS tank & AL absorber
O 150.00 134.74
O m SS tank & CU absorber
100.00 8201 8122 m SS tank & SS absorber
49.57
50.00 .
0.00
ICSSWH 1&2 ICSSWH 3

Fig. 4. Comparison of material costs for fabricationvadter tankand absorber vesselsith
estimaed retail pricesn £/kg of 4.10, 6.15 and 14.46r aluminium, stainless steel and copper
respectively

Table 3

Material selection for concentric components of the fabricated ICSSWH prototypes
Concentric o eription ICSSWH1  ICSSWH2  ICSSWH 3
components
Storage Material Stainless steel Stainless steel Stainless steel
vessel Thickness (mm) 15 1.5 1.5
Absorber Material Aluminium Stainless steel Stainless steel
vessel Thickness (mm) 2 1.5 1.5
Transparent Material PETG PETG PETG
cover Thickness (mm) 1 1 1
Total prototype mass (kg) 39.5 47.7 61.2

The water tanks and solar radiatiansorbing vessels in ICSSWH 1 are made of stainless steel
and aluminium respectively, while they are both of stainless steel in ICSSWH 2 and ICSSWH
3. ICSSWH 1 and ICSSWH 2 ageometrically identicall.0 m)whilst ICSSWH 3 is 1.65 m

in length Aluminium platesintegrated on the outer surface of the acrgind covers for
ICSSWH 1 and ICSSWH 2ugport the inlet and outlet connectiodfSSSWH 3 had sligh
modifications in the acrylic end cover but of no importance to perform&n&8. mm thick
insulating polystyrene foanminimised prototype heat losses from end covére outer
surface of the concentric solar radiatieabsorbing vessehad matt black coating with
absorptivity | e 8o ¢, emissivity ¢ e 1o Jt and reflectivity { e 1@®). The two acrylic
endcovering blockgpossesshree concentrigroovesthat fit and retairconcentriccylinders

with the help of silicone adhesive.

12
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To canclude, Table 4 provides a cost brea&d/n of fabricatingthe individual prototypesThe

total material and labour cost to fabricate the three ICSSWH protaigpasding VAT)was
calculated as UKE309.5] 319.16and 380.31for ICSSWH 1, 2 and 3 respectivelgince
operations of fabricating few ICSSWH prototypes do not leverage ecos@hiargescale
production, this cost is acceptabtecancept levelAn appropriateeconomic investigation of

the presented thermal diode ICSSWH prototygiesuld cover their anticipated operating life
for specified performance requiremeatshe optimsed systeniNevertheless, an appreciation

of the total cost per prototype is an early indicator of economic feasibility of the fabrication

techniques employed to realibee proposed technical concept

13
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Table 4

Breakdown of unitdbrication osts of the ICSSWHSs for mass production

Estimated cost

Components Description Unit CO?tE’)“”'t ICSSWH ICSSWH ICSSWH
1 2 3
Concentric 770 mm longPolyethylene Tenghthalate Glycol (PETG) sheet £/m 30.00 23.00 23.00 2300
vessels 1 mm thickness
5.7, 13.2, 2B kg of stainless Steel for ICSSWH 1,2&3 resp. £/kg 6.15 34.77 81.14 133.88
3.6, 0.4, 0.4 kg of aluminium for ICSSWH 1,2&3 resp. £/kg 4.10 14.79 174 174
1/2 , 1/2, and 3/4 bottle dfatt Blackabsorber coatindpr
ICSSWH1,283 resp £/bottle  3.09 1.54 1.54 2.32
1/2 tube silicone adhesive £/tube 6.11 3.06 3.06 3.06
End Caps Two, 20mm acrylic sheet with inner, 18m deep middle and
outer concentric grooves, 3@@m x 300mm Efeach 9.85 19.70 19.70 19.70
Two 15mm dia.straight coupling, copper (inlet/outlet ports) £/each 2.30 4.59 4.59 4.59
Various compression fittings, screws and bolts various - 8.50 8.50 8.50
Two 15mm dia. Pegler Yorkshire Ball Isolating Valve, Brass £/each 4.5 9.00 9.00 9.00
0.5m lengthl5mntopper pipe £/m 1.30 0.65 0.65 0.65
Insulation Two, 50 mm thick, Polystyrene insulation 1%0n x 150mm £/nm? 4.36 8.72 8.72 8.72
0.5m length, 20mm thick, 15 mm pipe insulation £/m? 2.76 1.38 1.38 1.38
Capillary matting 0.6, 0.6, Im? for ICSSWH 1,2&3 of fibreglass plain weave  £/n? 1.06 0.64 0.64 1.01
2 . .
%2526 Im* for ICSSWH 1,2&3 of multipurpose welded wire Py 3.82 299 299 3.64
Total material cost (exduding VAT) 132.64 16594 221.18
Fabrication/assembl Labourhours 7.486.48and 6.73 for ICSSWH 2 and 3
cost respectivelyMan hour rate based on a notional twelve man
gang of 12 men for Northern Ireland (0.75 x 31.55£/man hot £/ 23.66 176.88 15321  159.13
London)[35]
Total unit cost (exduding VAT and tool amortization cost) 309.51 319.16 38031

14
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3. Experimental facilities and instrumentation methodology

3.1. Heatloss testingpreceded by use of aefrigerated/heating circulator

Heat loss testing involved filling the innstorage vessel of the ICSSWH with hot water
followed by a cooling period under stable ambient conditions with no solar irrad@6ice

Fig. 5 is the general schematic of the experimental test rig. A refrigerated/heating circulator
(Julabo FP 5pPsuppliedhot water into each ICSSWH prototype until a desired temperature
was attainedAn improvised system vent pipe on ed€isSWHvariant allowed the complete
removal of all air bubbles from within the tank and bmggthe tank to full capacity. The inlet

pipe valve (#8) and the outlet pipe value (#9) allowed the disconnection of the
refrigerated/heating circulator. The experimental setup for onéhefprototypes under
independent retention testing is showrig. 6. The water temperature in the storage vessel
was raised ta v T@®°C for ICSSWH 1,9 m 1®°C for ICSSWH 2 andy 1 1&®°C for
ICSSWH 3 before disconnecting the refrigerated/heating circulator and leaving the prototypes
to independentlcool naturally in ambient environmeriiere, ontinuous measurements of
ambient air temperature and water temperature ved¢se collectedby connecting the
thermocouples to data loggefDeltaT DL2€), which sampled every 5 seconds and recorded
average temperatures on aninute interval for a total testing period of 18 houiBhe

experiments simulated the behaviour of the deviender no draw off operation.

15
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Fig. 5. Experimentaketup schematior whole system evaluation 8 SSWH variantsi. SolaCatcher with transparent cover and end insulation,
2.Vacuum shutoff valve3. Pressure gaugé, Vacuum pump isolation valvé, Vacuum pump (oil rotary vane singgéage) 6. System degassing
valve,7. Julabo FP 508. Inlet pipe valve9. Outlet ppe valve, 10. Ambient thermocouple sensdrl. Hot water thermocouple sensot2, Data

logger,13. Desktop computer.
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ICSSWH on horizontal worktop

Hot water return

hose from

storage vessel

back to Julabo p =

FP 50 =
— = [ -

| 4

)

Regulated hot water supply
hose to inlet port of ICSSWH

stoWe vessel

Refrigerated/heating circulator
(Julabo FP 50)

Fig. 6. Heat loss/heat retention experimental testing of the ICSSWH under ambient air
conditions

3.2. Solar energy collection followeddy retention

Indoor solar thermal simulatiostudies provided data for the calculation of instantaneous
collection efficienciest.-,;and thecoefficient of water storage thermal losSésA state of

the art indoossolar simulating facilityat Ulster University{37] provided the simulated solar
conditions.A battery powered oil rotaryane singlestage vacuum pumiMakita DVP1802)
created théotal initial vacuumgaugepressuren the annular spaad each ICSSWHbprototype

to the rangeo 1T TTL TIMbar A digital pressure gaud®ruck DP11041) with 0.05% fultscale
accuracyconfirmed pressure measurement. Key parameters of intemgspudrposes of
establishing the whe systems performance of theSSWHs were water temperature and
ambient air temperaturd hermocouplegT-type Copper/Constantamjith +0.5 K accuracy
measuredhe water temperature in the inner vessel (i.e. storage vessglambient air
temperatureUnder thesolar simulatarthe necessary lamps illumindtéhe test rigat an
incidence angle of 90° to the vertical longitudinal plane of the horizontally mounted ICSSWH
as shownn Fig. 7 maintaining an intensity of o tp 1 | on the transparent covérhis
irradiance value is typical of the mean hourly global horizontal solar radéhtrarg the period

of 6 hoursrepresenhg a typical period of utilisable solar energy between 10:60 to 4:00

p.m. for mostequatorial location$38]. An onboardpyranometr (Kipp & ZonenCM4) of

sensitivity & x§7 | was used to confirm light radiation levels produced by the solar
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simulator and incident onto each ICSSWH before the commencement of the heat collection
period.The acquisition of experimental measurements was dider no dravwoff conditions

for a btal period of 2soursconprised of 6hours ofsolar thermal collectioand 18hours of
heat retentionSix hours represent typical period of utilisable solar energy between 10:00
am. and4:00 pm. for equatorial regionsPrototypes werenaintainedunder constansolar
energyirradiance during theollection period after which the solar simulator was switched off
to allow hot wate to cool in storage overnightinfortunately, ICSSWH 3 prototype leaked
and annular vacuum was compromised upon compglétia collection period and so hot water

temperature variation for the retention period was not recorded.

\ Solar simulator
Druck DP1104-1 | lighting assembly

. A8
digital pressure ‘ R /

gauge

Polystyrene foam
end insulation

Thermocouple

wires -
)
R 2
NN U
_ Frame support for a double filter glass
Test rig support system for infrared and UV removal

Fig. 7. ICSSWH under indoor solar simulator testing

4. Models for experimental thermal behaviour
This section presents physical modeded in thgrocessing of the recorded experimental data

The simulated total solar ener@y incident onto the collectdin J or Wh)during the test
periodis determined as follows:

0 "0 6 Yo Q)
whereYois the periodin secondspf collector illumination by the solar simulatdy, the
collector aperturearea(in I ) and 'O the constantaverage light intensit{in 7 j1 )

measured by the pyranomesdongthe transparent covéacing the solar simulator
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The amount of thermanergy collected  (in J or Wh) during the entire collection period
is calculated as:

0 I 6s "Yi “Yp 2
wherel " W is the mass of water in the inner storage vessel (irf kb density of water

(1000 kg/m), @ the volume(in i ) of inner storage vesselas provided imable 2). 6 f is
the specific heat capacity of watrconstant pressure p YfE C +  whilst“Y and"Yj
(in °C) are the average initial and average final temperature of the water nthsssiorage
vessel measured longitudinally along the collector centrelinemeancollection efficiency
—  over the testing period the ratio ofthe amount ofthermal energgollected 0 to the

total energy incident on the apertire and isexpressed as:

~

- 0 jb [ 65 Yi Yi OO0 Y0 3
Appropriate analysis of the thermal diode ICSSWH experimental data under neffiraw
operating conditions producdsetinstantaneousollection efficiencycorrelation of asecond
order form, which is function of the reduced temperature difference

parameterY Y YjO +i j7 expressedas
- 6, 6,3IY 6,07Y°¢ (4)

where”Y and”Y are the average water temperature and average ambient air temp@nature
°C) during an intervalThe coefficientd corresponds to thaverage instantaneous collection
efficiency whenY Y, the coefficients (in7ji +) refers to the overall heat transfer
coefficient also related to thé&y  "Y and the prevailing wind speed conditioflsm/s in
current work)whilst the coefficiens (in7 jI + ) accounts for the nonlinearity in radiation

losses and the temperature dependence of the heat transfer cog88jient

The light transmission and absorption properties of the cylindrical transparent cover influence
the character of irradiance reaching the absorber veSeate light incident on the outer
surface of the transparent cover may never reach the abbatbeaay be negligible for a thin
transparent covekight reaching the portion of the absorber vesseing away from the solar
simulator is mostly diffuse whilst the absorber surface facing the solar simulator receives the
greatest light inpufTheseconsiderations are of significant importance for greater accunacy

a detailed analysis of the prototypEsentually, onductionandconvective air currents in the
annular space between the absorber vessel and the transpareiacepenrt heat around the

absorber vessel materi&dig. 8 (b) is a representativecenario ofeflection, transmission and
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absorption phenomena tght rays throughthe transparent covedsefore intercepting the
absorber vesseThis is important in deciding theollector aperture area utilisablein the

analysis and presttion of collector performancé&illett and Moon [40] define collector
aperture aredy a s Athe opening or projected area
unconcentrated solar energy i a d m iDuffte andl Beckmadl1] describeaperture area as

it he wunobst r aTtheadaption atkeeprojected aren®f theansparent cover
shownin Fig. 8 (a) as the reference arda analyse and preseptototype performance
parameters- ,6 ,6 andd in equations 3 and ¥ in consonancwith thesedefinitions
Nonethdess parametes calculatedn relation to aread are convertible to arther desired

referencearea42].

(@) (b)

Side section view describing
aperture area A_ used
in efficiency calculations

x Exposed length
Light front from the solar simulator

Cover
diameter

<

N Light intensity
on this plane
=730x10 W/ m?

Fig. 8. Considerations in determining collector aperture atan:definition of prototype
aperturearea used to calculate efficmnin this study (b) visualisation oflight transmitting
through the transparent aenand intercepting the absorber vessel

Concerning thermal lossé¥ (in 7 + ) during the noncollecting period or ahight, the
coefficient of water storage thermal losses is calculase:

Y "r@ jYo J I Yy % Y (5)
whereYo refers to time interval of the considered cooling period in seconds (43,200 s or
64,800 s),Y;; the corresponding average ambient air temperature. Temperafuresd”Y;
are initial and final hot water temperatures during each interval of the cooling period

respectivelyFinally, the thermal heat retention efficieney of the systems is determinby:
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- % Y % Y pmm (6)

5. Resultsand discussion

The main goal of conducting these experiments was to est#idiplerformance differences
of prototype unitselated tostructural anagnaterialcharacteristicsummarised iffable 2 and
Table 3, respectivelyTemperaturéossprofiles, heat collection profilespllectionefficiencies
and heatetentioncharacteristicshow thatheperformance othe experimental prototypes has

importantmateriallinkages

5.1. Heatretention after disconnection of the refrigerated/heating circulator

A plot of absolute averageatertemperatureexperienced by each prototypermalised to
their initial hot water temperaturafter disconnecting theefrigerated/heating circulatas
shown inFig. 9 for a period ofl8 hours. The ICSSWH 1, which has an aluminium abserb
vessel,experiencegreatertemperature lossuding the entire cooling period followed by
ICSSWH 2 and ICSSWR, whichhave a stainless steel absamessel.Table 5 shows the

heat retentioefficiency, coefficient of thermal losses; associated average initial and final water
temperatures in storage vessel and the average ambient air tempéathedsree prototypes
over a 1zhour and l1&our cooling periodafter disconnecting the refrigerated/heating
circulator The use of stainless steel absorber vessel improveseheationas indicated byhe

low coefficients of thermal losses and higher retemgfficiencies for prototypes ICSSWH 2
and 3. The ambient air temperatuvariedbetween testby as much as 6 °@uring the cool
down period,from disconnecting the refrigerated/heating circulator to the end of test and
during individual testsby T ¢ # 1 @ #and 1@ X #for ICSSWH 1, 2 and 3
respectively Additionally, the differencein the depth of temperature loss reflegtsontrast

in thermal mass between the thpgretotypes, whiclwas estimated as 69KG/K, 69.8 kJ/K

and 120 kJ/K folCSSWH1, 2 and3, respectively
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Fig. 9. Temperature loss profiled the ICSSWHSs during the H8our retentionperiod after
disconnecting the refrigerated/heating circulator

Table 5
12-hour and 1&our heat storage/rehtion characteristics at night after disconnecting the
refrigerated/heating circulator

System prototype ICSSWH 1 ICSSWH 2 ICSSWH 3

Heat retention period (hours) 12 18 12 18 12 18
Retention #iciency (%) 387 251 528 39.6 61.4 47.8
Thermal loss coefficienfYs (WK™ 1528 1485 1.028 0.995 1.308 1.316
Initial water temperature (°C) 54.7 59.4 49.4

Final water temperature (°C) 335 287 39.2 335 39.0 35.3

Average ambient air temperature (°C 20.1  20.0 16.6 16.5 22.6 22.5

5.2. Collection efficiencies and heatetention after the collection period
Fig. 10 presents theariation of average hot water temperature for the three ICSSWH prototype

testsnormalisedto their initial fill water temperatusefor a 24hour period.ICSSWH 3
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prototypedepicts a normalised hot water profile for only the firdtodirs due to its fail@rat

the end of the collection periotlCSSWH 3 prototype failed due to inadvertent connection of
a highpressure water line to the inlet port, which overcame the opposing pull of annular
vacuum pressure and the silicone adhesive force retaimgapncenric vessels in end plate
grooves.The normalised hot water temperatprefiles appear to show dependency with the

materialcomponent of the absorber vesaetiprototypethermal mass.
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Fig. 10. Average hot water temperatwariations for the three prototype testemalisedto
initial fill watertemperatureluringthe entire 24hour testing period

Analysis of thes-hour collection period for each prototype under constamtlatedrradiance

conditionsproducesa variationplotin
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avg
Fig. 11 of instantaneousollectionefficienciest . ,;aganstthereduced temperature difference
parameter’Y Y “Y|'O expressedin units of (+i j7) to represent operating
conditions The experimentascatterpoints represent instantaneous performasadeulated
consecutivelyevery 10-minute intervalsaccording to theexperimental data processing
algorithm illustrated irFig. 12, to cover theentirecollection periodA hot water temperature
of v T# and an ambient air temperature reachingi# correspond to a typical operating
condition parameter value ot 6+ j 7 under the present simulated irradiance leVak
heat collection efficiencies under this operating condition \28r6%, 30.% and29.4% for
ICSSWH 1, 2 and 3 respectiveMhen theambient air temperature is 28 °C and therage
simulatednsolationisy o 7ti  foru 1@# of hot watetemperature and belostainless steel
absorber prototypes perform better thithe aluminium absorber prototyp@he efficiency
curve of an interestin@lanar LiquidVapour ThermalDiode (PLVTD) ICSSWH built and
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investigatedndoorsundersimilar testing conditions by Pugsley et[dB] is also indicatedo

enable comparisoifhe PLVTD ICSSWHshowsbettercollection efficiencies over the entire

range of hot water temperaturesnce the whole planer aperture area receives the available

irradiance Table 6 summarisesthe correlations relatinginstantaneous collection
efficiency— , with the reduced temperatudédference’y, along with the correspondirig-
squared value® , indicating reasonable correlationThe coefficients in the quadratic
correlationsof the studied prototypeefer to theprojected area of th&ansparent cover
calculated ag T®& o kv for ICSSWHs 1 and 2, arel @ wip for ICSSWH 3.
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Fig. 11 Instantaneous collection efficiencies under constant simulated irradiance value of

Xomp vl
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Fig. 12. lllustration of the experimental data processing algorithm for the first 20 minutes of
the 6hour collection period

Table 6
Correlationgrelatinginstantaneousollectione f f i ¢ d, @mul'¥ gndadrrespondingdr-
squared value®

Thermal diode Prototypes | nst ant aneous c ochl I?/;lslﬂgar,r]ed
ICSSWH 1 M wowEocdy TPoDY 0.9046
ICSSWH 2 ™ s O p&Ttoy 0.9078
ICSSWH 3 ™ U Yasio Wy ¢& mdY 0.8844
PLVTD ICSSWHI[43] ™ WX X0 o Yoy 0.8304

Regardingthe overall 6-hour performanceFig. 13 showsmean collection efficienciealong

with initial and final hot water temperatures and corresponding average ambient air
temperaturegor the heat collection periodCSSWHs with stinless steel absorbemsflect
greatermeancollection efficienciescompared to ICSSWH 1 with an aluminium absorber
vessel The mean collection efficiencies and the fihat water temperature attained owerd
afterthe 6hour period are respectivedy 4% and 42.2C for ICSSWH 151.6% and 48.8°C

for ICSSWH2; and48.0% and 47.8°C for ICSSWH 3.
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