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ABSTRACT

This paper presents the development through expatahperformance characterisation of a pre-hdagated
Collector Storage Solar Water Heater using a nthaimal diode operation to reduce ambient heatdosisg
non-collection periods. Using a solar simulatoiilfgcat Ulster University, the novel prototype pneat Mark IV

unit was tested and evaluated. The concept has @iegigned and developed to be a sustainable pte-hea
alternative to other types of solar water heatywesns traditionally used in domestic hot watetailtations. The
highest 6 hour collection efficiency was 36.17% emdolar simulated conditions. The lowest systehvélle

was 0.98 WniK ™ with no draw-off conditions. When the current ptgpe ICS units are compared with other
conventional ICS systems, particularly in termghafrmal retention during non-collection periods,improved
performance is clearly demonstrated. The measurednal losses were approximately 40% less thanr othe

similarly measured systems.
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1 Introduction

The Energy Performance of Buildings Directive (ERBBquires that Renewable Energy Systems (RES) are
actively promoted in offsetting conventional fodsiel use in buildings. A better appreciation ofagsghermal
system (STS) integration will directly support thisjective, leading to an increased uptake in th@ieation of
renewables in buildings. Meeting building thern@ads will be primarily achieved through an exteesige of
renewables, following standard building energy isgvineasures, such as good insulation or advanezihgl
systems. Solar thermal systems are expected taatédaling role in providing the thermal energydsas they

can contribute directly to the building heatingoliog and domestic hot water requirements.

Integrated Collector Storage Solar Water Heat€S8WH) are simple, low cost solar devices and els stfer

a suitable technology to partially meet the demaofdshe EPBD. The first ICSSWH systems consisted of
exposed tanks of water left out to warm in the $ised on a few farms and ranches in the Southvidise AJSA

in the late 1800s, they were reportedly capablgroiducing water hot enough for showering by the lat
afternoon on clear days [1]. The first solar wdteater, manufactured commercially under the tradeen'The
Climax Solar-Water Heater' was an ICSSWH patentelBB1 [2]. The development of these systems iilddt

in Smyth et al [3] and more recently by Singh ef4d) along with their tendency to suffer signifitaambient
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heat loss, especially at night-time and during ooltection periods. Many studies have been cawigdocusing
on the improvement of the thermal performance &3@/H systems, primarily during night operation 43][

Double vessel configurations offer an interestiolyitson to mitigating this problem.

Kalogirou [5] presents work conducted on a douldssel ICS design, examining the role and poteb&akfits
of a smaller pre-heat vessel inserted in the culfecavity, directly above the main vessel. Quin[éhand
Souliotis et al [7] optically analysed and expentadly studied a heat retaining ICS vessel dedigiséd on De
Beijer’s [9] double vessel concept) mounted horiabtiy inside a stationary truncated asymmetric coumal
parabolic concentrating (CPC) reflector trough, barimg 3 heat retaining enhancements previouslgaehed.
The thermal behaviour of the ICS system was congper¢hat of a Flat Plate Thermosiphonic Unit (FRHdd
experimental results showed that the ICS systemasasffective during daily operation as it was dgrthe
night. Furthermore, the thermal loss coefficientimy night-time operation was similar for the IC&tem and
FPTU. The current work presented in this studyyfuletails the experimental characterisation of e-h@at
ICSSWH that utilises the novel thermal diode operafirst presented by De Beijer [9] and enhancgd b
Souliotis et al [7][8]. This study enhances andtfer develops the work presented by Smyth et gl §t0the
experimental performance characterisation of ahge- ICSSWH that utilises the same novel doubleseles
thermal diode operation but characterised usingspdke thermal flux simulation test facility. Sgiecareas of
improvement include methods of improving Heat Tfan$-luid contact with the absorbing surface, inédr

vapour and condensate control and external insulati

2 Description of the pre-heat thermal diode ICSSWH

The conceptual pre-heat thermal diode ICSSWH isidated using 3 concentric cylinders; one transpare
polymer outer cylinder forming the aperture andt waising to protect the absorber vessel coatingraddce
convective heat loss as well as defining the ihjitaysical appearance of the unit; the other twdalneessels
combine to create the integral collector/storagemeht. The outer vessel is the solar absorber @vitinner
evaporating surface) and the inner vessel is thertal store (with a condensing outer surface). ddrecentric
design of the two vessels defines the annular wasiticial to the thermal diode operation. The giengystem

design and operation is illustrated in Figure 1.

The annular cavity is partially evacuated to a Ipressure (~ 50mb) and contains a small amount of a

liquid/vapour PCM (phase change material) heatsfeanfluid. This arrangement forms the thermal diod
promoting solar collection and thermal storage tftophase change processes whilst reducing theossds by
the vacuum insulation. During collection periodslas radiation incident on the outer surface ofoabmg vessel
(the evaporator with selective coating) [pt 1] asuthe PCM in contact with the vessel wall to evafmat low
temperature thus producing a vapour. The PCM vapoudenses on contact with the colder inner (s&rag
vessel (condenser) surface and the thermal ensrggrisferred to water store through latent heehange [pt
2]. Condensed PCM runs down the vessel wall tosarwir at base of the annulus to repeat the dptl&]
whilst the temperature of the store stratifies4ptDuring non-collection periods no evaporatiokesplace (no
incident energy to drive the evaporation processl) lzecause of the insulating layer created by timellas, heat

loss is reduced from the store [pt 5]. The anncdasity can use a range of liquid/vapour phase ahangterials
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(such as alcohols and commercial refrigerants)waier is the most cost effective and environméntadnign

material and was the PCM of choice for this study.

-

Inlet and outlet Y
commections

Figure 1: The initial conceptual design and operatf the pre-heat thermal diode ICSSWH
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Figure 2: Cross section detail of the pre-heattia¢diode ICSSWH

A modified prototype version (Mark 1V) of the predt thermal diode ICSSWH was produced and evaluated
using the solar simulator facility at Ulster Unisity. This prototype was designed to increase tler €ollection
efficiency of previous ‘base unit’ designs develdd®y Quinlan [6]. By increasing the amount of Ph@sange
Material Heat Transfer Fluid (PCM HTF) volume iretAnnular cavity that was in direct contact with teated
absorbing (evaporator) surface of the outer vedseh series of intermediate raised water resesvgiockets)

that were longer and thinner than previous resergiesigns it was projected that an improved peréomce



122" would result. In addition, adding a cowl configimat that was modified to permit upward flow of vapdut
123  prevent downward flow of condensate (beyond thégdased pocket) would also improve performanceufgg
124  depicts a cross sectional detail of the Mark IMithed diode ICSSWH. The impact of these design nicatibns
125 on the collection and cool down performance unaddarssimulated test conditions are presented. Abarnof
126  different tests were conducted on the Mark IV ptyie; exposed concentric cylinder design (MIV10)thw
127  outer transparent casing (MIV11) and outer trarmmacasing with insulation in the back 1/3 of theerure
128 cavity (MIV12). All variants had a starting annulzavity pressure at ~30mb which represented ativela low
129  vaporising temperature and was achievable witlvéioelum equipment in the laboratory.

130

131 The base unit consisted of two vessels, the owssal was 300mm & (1m in length) and the innerelegas
132 200mm @ (0.9m in length). Both vessels were faleitdrom 1.5mm thick stainless steel sheet. Easkealdhad
133 a welded base with a flanging arrangement to aflewaccess and entry for monitoring instrumentatidhe
134  other unit variants were based the same dimensimmélconstruction features used in the fabricatibthe
135  control unit, but incorporated the outer transpaeasing and/or back insulation. The outer trarspacasing
136 was made from 1mm thick PETG sheet with a statedsmissivity of 0.90 [11]. To increase radiation
137  absorption, stove paint with absorptivity 0.95 [124s applied to the outer vessel surface. The \rkad a
138  mass of 24.16 kg, thermal mass of 11.3(kJ/K), outssel (absorbing) surface area of 1.38&nd inner vessel
139  volume of 28.2 litres.
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158 Figure 3: Schematic diagram of solar simulation faslity
159

160 3 Description of the experimental facility
161 The experimental performance of the Mark IV varipré-heat thermal diode ICSSWH concept was detenin

162  using the state-of-the-art solar simulation fagitit Ulster University. The indoor solar simulatesting facility
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consisted of 35 high power metal halide lamps @ednin 7 rows of 5 lamps. Each lamp is furnisheth i
rotation symmetrical paraboloidal reflector to pdev a light beam of high collimation. In order toh&eve
uniform distribution of light intensity on the testea, a lens is inserted in each lamp to wideriltiination of
light. The characteristic combination of the reftec lens and lamps ensures a realistic simulatfotihe beam
path, spectrum and uniformity. The solar simulatontrol panel maintained the constant level ligtiemsity
automatically on the collector surface via a da@€iP6 Kipp and Zonen pyranometer (mounted at théreef
the test plane). T-type copper-constantan thernmaesuwvere used to measure temperatures withinaheus
units, including vessel, store and surface tempezatand ambient air temperature. Water storagpeeatures
were measured at eight locations to record theatran of water temperature within the inner stdremperature,
pressure and radiation measurements were recdndmayh a Delta T logging device linked to a PCstagwn in

figure 3 and detailed in table 1.

Table 1: Details of experimental instrumentation

Measured Equipment Range and Sensitivity
Variable
Temperature T-type copper-constantan + 0.5°C between 0 and 70°C
thermocouples
Temperature PT100 sensors + 0.5°C accuracy withkparimentally determined
standard deviation of + 0.1°C.
Solar radiation CMP6 Kipp and Zonen directional error up to 80° at 1000 W/mvas < 20 W/rh
pyranometer
Pressure Druck DPI 104 digital pressureGauge pressure between -1bar (vacuum) to 20bar at
gauge 0.05% FS (+ 10mbar).
Pressure Danfoss MBS 33-2421-3AB05 Output of 4-20mA and an absolute pressure range O |
pressure transmitter 25 bar

4 Description of the experimental procedure

The collection and thermal retention performancaratteristics for all units were determined undelars
simulated conditions. System performance charaeton was based on BS ISO 9459-5:2007 [13] appbed
indoor conditions and whole-system testing. Nortterstorage draw off was performed during any eftdsts in
this presented work. The tests were conducted tiwer periods of 6 to 24 hours in order to deterntimedaily
collection efficiency (6 hours solar simulator egpre with an average solar intensity of ~800¥y/and an 18
hour cool down period to determine thermal retentist the beginning of each experiment the innesseéwas

re-filled and the test started with stable ambfentperatures and uniform tank temperatures.

Figure 4 shows the prototype Mark IV rig prior &pesure. The collection phase started when thelatoruvas
switched on and a 30 minute warm up period elapBlee.prototype and test facility were then monitbfer six
hours after which the simulator were turned offeTdool down phase started immediately after siroulsvitch
off and lasted for a further 18 hour period. Tegbimation from the data logger was then downloafted

analysis.



196
197
198
199
200
201
202
203
204
205
206
207
208
209

210 Figure 4: Images of the Mark 1V unit under solangiator test conditions

211

212 5 Analysis methods

213 The performance of each was experimentally detethiftom the data retrieved from the extensive rigsti
214  programme. The thermal store, inner cavity/annaod external environment in and around the colfecto
215 aperture were examined during testing to definesytlstem characteristics. The thermal store chaistits were
216  retrieved from the average and normalised vesegddeatures and stratification during collection andl down
217 phases to create lumped collection and thermahtieteefficiencies and develop the hypotheses éat lransfer
218 mechanisms into and within the thermal store. Theulus characterisation used measured temperahge a
219  pressure variables taken during the collection@ra down phases, allowing review of temperatustritiiution
220 and analysis of the sensible and latent heat #amséchanisms taking place. The external envirohrisenot
221 characterised independently but as part of theachanisations within the thermal store and annultlse
222  following equations and terms are used. Simulatéar £nergy incident on the aperture area ovetetigperiod,
223

224 Qincident = c-:'ave'o‘ apAt {1}
225  where

tstart
226 Gae=| [1(t)dt |/At {2}

t

end

227  Experimentally measured temperatures were usedltulate average water temperatures in the thestoaé
228 volume (T,). The average start temperaturg,{f) and average end temperaturg,gTwere determined during
229 the collection phase using the recorded water testyes in the thermal store at the beginning amdi &f
230  collection period. Thermal energy collected.{Jby the unit was determined by

231

232 Qcol = mcp (Tend - Tinitial ) {3}

233
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The unit collection efficiency was determined by

MNeo = [&j x100 {4}

incident

The collection efficiency varies depending on tb#ection time period used therefore during evabrait was
measured over a 6 hour period unless otherwisdfigokcThermal stratification within the store ikaracterised

by a stratification indexo|) calculated using equation (5) [14]

(Tav,t B Tav,b)
-T

av,b )start

{5}

where T,,:and T, are the average thermal store temperatures witthitop 1/5 and bottom 1/5 storage volumes
and (Tt — Tavnstart IS the temperature difference between the topaiwh bottom 1/5 storage volumes at the
beginning of the collection phase. A de-stratifizattime constant measured as the time it takestHer

stratification indexs, to decrease to 0.3679 of its initial value, isduto measure de-stratification during the cool

down period. Thermal retention efficienay.f) is determined by

m X Cp Tlnltlal c

,7 _( meP(Tflnal T ))] x100 {6}

where Thialc IS the average temperature at the start of the@ooh period, Fn. is the average temperature at
the end of the cooling period angfis the average ambient temperature throughoutdbédown phase. The

system heat loss coefficient also known as theesy8t)' value was calculated from equation (7) [15]

_ MCysem (Tinitial,c _Tarrb)
Uwem B AJnitAt In[ (Tfinal _T ) {7}

amb

where mgemis the thermal mass of the system based on the amas specific heat capacity of the individual
units and A.: is the surface area of the outer vessel. All nmoimy instrumentation has an associated

experimental accuracy as presented in table 1.

6 Results and Discussion

Mark IV under solar simulation evaluated the basermal diode ICSSWH concept at 30mb inner operating
pressure as a bare unit (MIV10), a transparentrcé/11) and added insulation within the cover 112).

The 6 hour collection efficiencies for MIV10 and Wil2 under solar simulated test conditions wher&82%
and 36.17%, respectively. This was a marginaleiase in collection performance and poor in ovegaihs.
However, this work focuses on the importance ofatersystem features and subsequent designs hdvenn

this early work, resulting in even better collentiefficiencies. Collection efficiencies, normalisaderage store
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and annulus temperatures for the current work amvs in figures 5, 6, 7 and 8, respectively. Therest
thermocline development, store stratification indgystem 'U' values and retention efficienciesNbwv/10 and

MIV12 are shown in figures 9, 10 and 11, respebtive

36.17

S 29.39
&

MIV 10 MIV 12

Figure 5: The 6 hour collection efficiencies forWal0 and MIV12 under solar simulated test conditions
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Figure 6: Normalised average vessel store temperéduMIV10 and 12 during a 6 hour collection periand

18 hour cool down period under solar simulatediaddor ambient test conditions

As shown in figure 5 (based on temperatures showfigure 6), the 6 hour collection efficiency undiee solar
simulator for MIV12 was 36.17% representing an éase of 23% over MIV10 due to the addition of 50mm
back insulation and transparent cover. Figure ustithtes the annulus temperatures and pressurselected
Mark IV tests over a 6 hour collection period undetar simulation test conditions. From the inigrting
annulus pressure of ~30mb, a small rise of 50mb theetest period was observed due to the vapaation in
the annulus. On the test end, the pressure wasureglaand in all cases was back to the startingspres

indicating a hermetic seal was still present ahtharmal measurements were due to system operation

The inclusion of back insulation and transparenteccare crucial in achieving the desired evaponatod
condensation cycle. Whilst the thermal diode wilemate in retaining heat during non-collection pasi, unless
the all-important saturation temperature is actdetiee majority of heat transfer during the collectperiod will

be primarily through radiation. This is evidenceg the temperatures measured by sensor PT100 3 vgich
located in the upper raised pocket (on the evapomatrface). In figure 7 - MIV10, the temperatutesansor
PT100 3 is almost constant at the latter stageleofest whilst in MIV11, the temperature at serl80600 3 is

still increasing with a slight dip at the 5 hourrkndn MIV12, the drop in temperature at sensor @I B is more
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pronounced and circled in more detail in figureA8.the 4+ hour mark water in the pocket has conabjet

evaporated into the annulus but as condensate fineninner vessel starts to run back into the pociet

temperature starts to drop until it reaches evdjoraemperature again, permitting more convectieat

transfer. A cover and some form of back insulatiom therefore necessary to permit the saturatiopéeeature in

the annulus to be attained. In the case of MIV1Ritharound 38°C for the given pressure in theuhrm Further

refinements through capillary materials and coatingpvers and segmentation should enhance thieggoc

bringing the evaporation and condensation cycléegaesulting in better collection efficiencies.
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solar simulation test conditions
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Figure 9: Hourly thermoclines during the collectjperiod for MIV10 and MIV12 under solar simulatexbtt

conditions

Comparing the thermoclines for MIV10 and MIV12 (fig 9) and corresponding stratification index (fegd0)
shows how the back insulation and transparent cow@eases stratification in the thermal store. @arimg
sensor PT100 8 in tests MIV10, MIV11 and MIV12 (fig 7) an 11°C increase in temperature at the fdipeo
tank after 6 hours collection could be attributedhte inclusion of a transparent cover (MIV11) anfdirther 2°C

due to the inclusion of the insulation in the ba¢k of the aperture cavity (MIV12).

10
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Figure 11: Heat retention efficiency and heat lossfficient after an 18 hour cool down period folas

simulated and indoor ambient test conditions

The system 'U' value on cool down for MIV12 (figurg) was 0.98 WifK™ an improvement of 20% (1.24 Wm
K™ over MIV10 without the insulation and cover. THM&/12 system ‘U’ value was higher than that achieive
previous tests but the thermal retention for MI\&t260.65% was the highest retention efficiency eadi. The
reduced heat losses were due to the transpareet ¢@pping long wave radiated heat from the ICSsgk
surface and reducing convection and conductiore®m the entire ICS unit. The back insulatiocréases
heat transfer resistance over a third of the custgthce of the ICS reducing the area over whighificant heat

loss from convection and conduction can take place.

7 Conclusions
A novel thermal diode pre-heat solar water heatipgfem was designed and developed to be a sudwginab
affordable alternative to pre-heat solar water ihgasystems traditionally used in DHW installatioriche

concept is based on the operating principles beanal diode using sensible/latent heat transfercation and

11
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PCMs. A number of prototypes were designed, falrtatested and evaluated using a state-of-theedar
simulation test facility. Under testing, the high&shour collection efficiency was 36.17% and thedst system
'U' value was 0.98 WHK™ (MIV12) with no draw-off. The testing highlightettie importance of cover and
insulation even in a thermal diode concept as teatpees need to be achieved and maintained to ertar
evaporation and condensation cycle. When the cupreriotype ICS units are compared with other cotieaal
ICS systems, particularly in terms of thermal rétenduring non-collection periods, an improvedfpenance is
clearly demonstrated. The measured thermal losees approximately 40% less than other similarly sneed
prototype systems, 1.05 Wi(based on 1.08fto 1.78 WK [4] and more typically greater than 5 WHor a
commercial unit [16]. For comparison, the heat lossfficient of a standard insulated tank is 0.9 WRhe
study concludes that the system performance idfisigntly improved when the heat retaining therrdadde
feature is combined with elongated pockets and lleapimatting, transparent cover, aperture caviack
insulation and transparent aperture cover. Throexgierimental and parametric evaluation, a uniquehgat
ICS solar water heating system has been desigmelaped, analysed and presented. Significant $taps
been made towards a potential commercial futuré,irbwrder to fully realise this goal, much moredst is

required.
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NOMENCLATURE

Agp aperture area (M

Aunit surface area of unit 671
Co specific heat capacity of water (J/kgK)
Gae  insolation (W/m)

m mass of water (kg)

MCsystem thermal capacity (J/K)

Qcol thermal energy collected (J)
Qincicent iNCident solathermal energy (J)

T temperature°C/K)

Usystem  Systemheat loss coefficient (W AiK™)

UAqsiemheat loss coefficient of system (W/K)

At time (secs)

AT temperature difference (°C/K)
Ncol collection efficiency
Nopicai  OPtical efficiency

(0} stratification index

(%) diameter
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472 Subscripts

473

474 amb  average ambient temperature
475 av average water temperature

476 ave,heating AVErage water temperature averaged over the hemimgd (K)

477 av,b  average water temperatuatbottom 1/5 of vessel

478 av,t average water temperature at top 1/5 of vessel

479  end average water temperature at end of heating period

480 final  average final water temperature at end of cooligppl

481 initial average initial water temperature

482 initial,c average initial water temperature at start of icgoperiod

483  ret heat loss retention

484  start average water temperature at start of heating gerio

485

486
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