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10 ABSTRACT

11 This paper presents the development through experimental performance characterisation of a pre-heat ICSSWH
12 that utilises a novel thermal diode operation to reduce ambient heat loss during non-collection periods. Using a
13 bespoke thermal flux simulation test facility, 4 prototype versions of the pre-heat thermal diode ICSSWH were
14 produced and evaluated (Mark | to 1V) at Ulster University. Each prototype was developed and evolved on the
15 previous design, encompassing performance improvements and fabrication enhancements. The concept has been
16  designed and developed to be a sustainable, pre-heat alternative to other solar water heating systems traditionally
17 used in DHW installations in retro-fit and social housing applications. The highest 6 hour and 3 hour collection
18  efficiency was 33.2% and 41.97%, respectively under thermally simulated conditions for a unit with capillary
19 matting and 150mbar internal pressure (M111b 17). The lowest system 'U" value was 0.98 W m™ K™ (long and thin
20 raised pockets, MIV 12) under thermal (solar) flux simulation testing and no draw-off conditions. When the
21 current prototype ICS units are compared with other conventional ICS systems, particularly in terms of thermal
22 retention during non-collection periods, an improved performance is clearly demonstrated. The measured thermal
23 losses were approximately 50% less than other similarly measured systems.

24
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27

28 1.1 Introduction

29 Integrated Collector Storage Solar Water Heaters (ICSSWH) are simple, low cost solar devices. The
30  development of these systems is detailed in Smyth et al [1]. They suffer however significant ambient heat loss,
31  especially at night-time and during non-collection periods [2].

32

33 Several studies have been carried out focusing on the improvement of the thermal performance of ICSSWH
34 systems, primarily during night operation. Previous ICSSWH designs have attempted to improve thermal energy
35  storage during non-collection periods by; (i) reducing heat loss from the aperture [3][4][5][6], (ii) reducing
36  convective heat transfer in the collector cavity from the store to the aperture [2] or (iii) reducing heat transfer
37  from the store surface [7][8][9]. Studies to reduce night-time thermal losses include the use of two stores [10].
38  The use of low pressure and Phase Change Materials (PCM), such as water, within an ICS unit was first
39  suggested by De Beijer [11]. The evaporator is the collector absorbing surface and the condenser is the surface of

40  the inner storage vessel. The working principle exploits the latent heat transfer characteristics of liquid to gas
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phase change whilst reducing heat loss during non-collection periods. The work presented in this paper details
the experimental characterisation of a pre-heat ICSSWH that utilises the novel thermal diode operation presented
by De Beijer [11].

1.2 Description of the pre-heat thermal diode ICSSWH

The conceptual pre-heat thermal diode ICSSWH is constructed from 3 concentric tubes. The outer tube forms the
aperture and unit casing. It is made from a transparent material such as glass or Perspex. Its role is to protect the
absorbing surface of the next vessel and reduce convective heat loss as well as defining the initial physical
appearance of the unit, as shown in Figure 1. The remaining tubes (vessels) combine to create the
collector/storage element and are arranged to create an annular space between the concentric walls of these inner

and outer vessels.
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Figure 1: The initial conceptual design of the pre-heat thermal diode ICSSWH

The annular space is partially evacuated to a near vacuum condition and contains a small amount of a
liquid/vapour PCM (phase change material). Just like a thermal diode, the design promotes solar collection but
reduces thermal losses. During collection periods, solar radiation incident on the outer absorbing surface of
annulus chamber (coated with a selective film) causes the PCM in contact with the surface to evaporate at low
temperature thus producing a vapour. The PCM vapour condenses on contact with colder inner vessel surface
and the collected thermal energy is transferred to water store through latent heat exchange. Condensed PCM runs
down the vessel to a reservoir at base of annulus to continue the cycle. During non-collection periods no
evaporation takes place due to the partial vacuum in the annulus chamber, thereby reducing heat loss from the
store. The generic system operation is illustrated in Figure 2. The annular space can be partially filled with a
liquid/vapour phase change material. Water is the most cost effective and environmentally benign PCM, although

many other materials may be employed such as alcohols and commercial refrigerants.
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Figure 2: Schematic detail of operation principle of the pre-heat thermal diode ICSSWH

A total of 4 prototype versions of the pre-heat thermal diode ICSSWH were produced and evaluated (Mark | to
1V). Each prototype developed and evolved on the previous design, encompassing performance improvements
and fabrication enhancements as detailed in Table 1 and Figure 3. Where possible the units were fabricated and
assembled at Ulster University, with one-off components out-sourced from local fabrication specialists. The units

presented for comparison in this particular study comprise of a basic control unit and a series of optimised units
using enhanced heat transfer elements.

Table 1: Variants Mark I-1V and enhancements

Variant Description Mass (kg) Thermal Outer vessel Inner vessel
mass (kJ/K) | surface area volume
(m?) (litres)
Mark | Basic two concentric cylinders 23.29 10.9 1.08 28.2
design
Mark 11 Mark 1 with sloped pocket and 24.03 11.3 1.08 28.2
cowl design
Mark Mark 1/11 with non-conducting 25.04 12.5 1.08 28.2
Ia/b connection and top hat divider
Mark 1V Mark 111 with elongated 24.16 11.3 1.08 28.2
pocket and cowl design

/e

Mark | Mark 11 Mark 11

Mark IV

Figure 3: Schematic detail of variants Mark | to IV and enhancements
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The control unit (Mark 1) consisted of two vessels, the outer vessel was 300mm @ (1m in length) and the inner
vessel was 200mm @ (0.9m in length). Both vessels were fabricated from 1.5mm thick stainless steel sheet. Each
vessel had a welded base with a flanging arrangement to allow for access and entry for monitoring
instrumentation. The other units were based the same dimensional and construction features used in the
fabrication of the control unit, but incorporated a number of design enhancements to aid the heat transfer process

during the collection phase and reduce heat loss during non-collection periods.

1.3 Description of the experimental facility

The experimental performance of the pre-heat thermal diode ICSSWH units was determined using a thermal flux
simulation facility at Ulster University. A total of 59 separate experimental procedures were conducted and
included the various versions with performance enhancements such as non-conducting inlet and outlet ports,
suppression baffles and mechanisms to increase the wetted heat transfer surfaces through a patented cascade
design in the annular cavity. Testing was conducted under thermal flux simulation to have a uniform (constant

heat input) basis in order to ascertain performance comparison of the various designs.

The thermal ‘solar’ simulator comprised of a pair of heater mats positioned unto the outer absorbing surface of
the vessel to simulate incident solar flux. T-type copper-constantan thermocouples, which had an error of + 0.5°C
between 0 and 70°C, were used to measure the water storage temperatures within the unit versions, various
surface temperatures and ambient air temperature. Temperature, pressure and heat input were recorded through a

Delta T logging device linked to a PC, as shown in Figure 4.
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Figure 4: Schematic diagram of thermal flux simulation facility
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1.4 Description of the experimental procedure
Evaluation of collection and thermal retention performance characteristics were performed using thermal
simulation and solar simulation conditions. System performance characterisation was based on BS ISO 9459-

5:2007 [12]. No thermal storage draw offs were performed during the tests.

Under thermally simulated heat flux conditions (heater mats and distribution sheath) combined collection and
thermal retention experiments were conducted for Marks | to 1V. The tests were conducted over 6 to 24 hours in
order to determine the daily collection efficiency (6 hours exposure to thermally simulated (constant) conditions)
and thermal retention (18 hours cool down). A period of 6 hours collection was chosen since it compares with the
average annual daily utilisable insolation period for the London area (Bracknell) with a total monthly mean daily
irradiation on a vertical plane of 2.24 kwh/m? [13]. At the beginning of each experiment period the inner vessel

was re-filled and the test started with steady ambient temperatures and uniform tank temperatures.

Figure 5: Images of the Mark IV unit under heat flux simulator test conditions

Figure 5 shows the prototype Mark 1V rig prior to insulation, ready for testing. The collection period started
when the heater mats were turned on and the assembly monitored for six hours after which the heater mats were
turned off. The insulation around the unit was removed after the collection period and the cool down period
started. After a further 18 hour period the experiment was complete. Test information from the data logger was

then downloaded for analysis.

1.5 Experimental results and analysis

The experimental performance of each unit was determined from the experimental data retrieved from the
extensive testing programme. Thermal store, annulus and external environment were analysed during testing to
determine the system characteristics. Thermal store characterisation used the average normalised temperatures
and stratification within the store both on collection and cool down to allow analysis of collection and thermal
retention efficiencies and develop hypothesis for heat transfer mechanisms into and within the thermal store.

Annulus characterisation used the temperature and partial vacuum pressure measurements during collection and
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cool down periods to present the temperature distribution and allow analysis of the sensible and latent heat
transfer mechanisms taking place. The external environment is not characterised independently but as part of the
characterisations within the thermal store and annulus. Experimentally observed temperatures were used to
calculate mean temperatures in the thermal store volume (T,,). During collection periods, temperatures recorded
within the thermal store at the beginning and end of collection were used to calculate average start temperature

(Tinitiar) @nd average end temperature (Te,q). Thermal energy collected (Qc,) by the unit was determined by
Qcol = me(Tend _Tinitial) {1}

where m is the mass of water in the thermal store and c, is the specific heat capacity of the water. The unit

collection efficiency was determined by

Neot = Qui x100 {2}

supplied

where Qqyppiied 1S the energy supplied over the collection period. The collection efficiency varies depending on the
collection time period used therefore during evaluation it was measured over a 6 hour period unless otherwise
specified. Thermal stratification within the store is characterised by a stratification index (o) calculated using

equation (3) below [14]

o= T(Tav,t _Tav,b) {3}

av,t _Tav,b start

where T, and Ty, are the average thermal store temperatures within the top 1/5 and bottom 1/5 storage volumes
and (Tavt — Tavp)start IS the temperature difference between the top 1/5 and bottom 1/5 storage volumes at the
beginning of the collection period. A de-stratification time constant measured as the time it takes for the
stratification index o, to decrease to 0.3679 of its initial value, is used to measure de-stratification during the cool

down period. Thermal retention efficiency (1) is determined by

mx Cp(TfinaI _Tamb)
mxc,\T, —Top

p \initial,c

77ret = ) Xloo {4}

where Tiniai ¢ IS the average temperature at the start of the cool-down period, Ty, IS the average temperature at

the end of the cooling period and T, is the average ambient temperature throughout the cool-down period.

The system heat loss coefficient also known as the system 'U' value was calculated from equation (5) [15]
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{5}

mc (Tare ~Toms)
Us stem = system || L initialc amb
" AmitAt ( (Tfinal _Tamb) J

where MCyysem IS the thermal mass of the system based on the mass and specific heat capacity of the individual

units and A,,; is the surface area of the outer vessel.

1.6 Discussion

The Mark | unit was the first prototype tested. Four collection and cool-down tests were undertaken. With test Mli
1 the control with no PCM at atmospheric pressure (1013mbar) and MI 4 with 3 litres of PCM at 50mbar and
with capillary matting. Figure 6 shows the normalised average water temperatures within the thermal store over
the collection and cool down for each test. Mark |1 1 had a base collection efficiency of 21.57% whilst the
improved (evacuated) Mark | 4 had a collection efficiency of 25.39%. The 18 hour heat retention efficiencies and
system heat transfer coefficients for Mark | tests 1 to 4 and 24 hour heat retention efficiencies and system heat

transfer coefficients for Mark I tests 5 (1013 mbar) & 6 (100 mbar) are shown in Figure 7.
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Figure 6: Normalised average thermal store temperatures for Mark 1 tests 1 to 4 for a 6 hour collection period

and 18 hour cooling period under thermally simulated test conditions
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Figure 7: The 18 hour heat transfer coefficient and retention efficiency during Mark | tests 1 to 4 under cool-

down test conditions and tests 5 to 6 under thermal retention test conditions
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The highest normalised average thermal store temperatures and the highest collection efficiencies were achieved
by MI 4. The collection efficiency was significantly improved by introducing the low pressure environment,
PCM and capillary matting. This increase occurred because of lower resistance to heat transfer within the
annulus. Stratification of water within the thermal store is important in achieving a high solar savings fraction
during partial load draw-offs. During collection the greatest stratification occurred during M1 1 whilst MI 4 was
more uniform, indicating that most heat was being transferred at a lower level. MI 1 exhibited the lowest heat
retention efficiency and highest system 'U’ value whilst M1 4 had the highest heat retention efficiency and lowest
system 'U' value as illustrated in Figure 7. Compared to MI 1, MI 4 increased heat retention efficiency by 35%
(52.98%) and reduced the system 'U' value by 32.5% (1.18 W m™K™). The results show that the heat retention
efficiency and heat transfer coefficient are proportional to the partial vacuum pressure that was maintained over

the cool-down period. More details pertaining to the cool-down period are presented by Quinlan [16].

Mark Il increased the effective heated surface area in contact with the PCM through the inclusion of raised PCM
pockets within the annulus. To prevent the condensate condensing on the inner vessel from flowing back to the

bottom of the outer vessel, sloping cowls were paired against the pockets directly opposite on the inner vessel.

The normalised average water temperatures for MII 1 to 3 are shown in Figure 8 and corresponding collection
efficiencies improved from 25.81% (MII 1) to 29.82% for Mark Il 3. The use of the raised pockets and cowl
arrangement with capillary matting produced increased collection efficiency, 17.4% more than MI 4. The average
normalised store temperature for MIl 3, after 6 hours was 45°C, 21°C higher than MI 4. The use of the raised
pocket and cowl arrangement also increased stratification (over Mark 1) within the thermal store. During the 18
hour cool down period, the MII 3 system ‘U’ value (1.75 W m?K™) was 32.5% worse than MI 4 (1.18 W m2K™)
and a reduced retention efficiency of 39.24% because of the higher pressure due to higher annulus temperatures

and water vapour mass increasing conduction and convection losses.
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Figure 8: Normalised average store temperatures for M| test 1 to 3 over a 6 hour collection period under

thermally simulated test conditions

Mark Illb (variants Illa represented similar designs tested to determine heat loss only and did not use the solar
simulated flux experimental procedures) was similar to Mark 1l except with a thermal break and combined inlet

and outlet port, designed to reduce heat loss by direct metal to metal conduction from the inner thermal store to

8
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the outer vessel lid surface. The design also included a ‘Top Hat’ disc that isolated vapour from condensing on
the upper external surface lid.
Selected test collection efficiencies, normalised average store temperatures, store thermocline development and

annulus temperature and pressures for Mark Il1a are used to demonstrate performance (Figures 9 and 10).
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Figure 9: Collection efficiencies for Mark 111b selected tests under thermally simulated test conditions
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Figure 10: Average normalised vessel store temperatures for Mark I11b selected tests over a 6 hour collection

period under thermally simulated test conditions

Tests MIlIb 17 and 19, which used both capillary matting and a partial vacuum pressure of 150mbar, achieved
the highest normalised average temperatures with rapid heat up and maintained higher temperatures. The 6 hour
collection efficiencies were 33.2% and 32.39%, respectively as shown in Figure 9 (their 3 hour collection
efficiencies were was 41.97% and 40.92%, respectively). Figure 10 shows how the average normalised thermal
store temperature for MIllb 17 and 19 increases more quickly during the first 3 hours than during the remaining
collection period indicating that a heat saturation point is reached. This was evidenced in thermocline

development where there is rapid stratification during the first three hours after which there is heat saturation in

9



293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

310
311

312
313
314
315
316
317
318
319
320
321

the upper portion of the thermal store. By the 4th hour a steady state position is reached in the upper part of the
vessel. At higher pressures, the annulus contains a greater mass of air, which when heated causes greater

convective flow and thus better initial transfer from the outer surface to the inner store.

The benefit of the thermal break is shown by the increase in the collection efficiency from 29.82% in Mll 3 to
32.94% and 33.2% for tests 16 and 17, respectively. The benefit of the capillary matting is demonstrated by a
29.5% increase in collection efficiency of Mlllb 16 over MlllIb 12 (Top Hat). The effect of the Top Hat on
performance can be seen by comparing the annulus sensors and thermoclines. The Top Hat may have the effect

of pushing the heat further down the annulus.

Evidence that water within the raised pockets is evaporating and then refilling with condensate is shown by the
PT100 4 temperatures, circled in Figure 11. PT100 4 is positioned so as to measure the temperature of liquid
PCM 5 mm from the top of the raised pocket. When enough PCM evaporates without the pocket being refilled
the sensor will measure the space temperature (just above the pocket liquid level) in the annulus which will be at
a higher temperature than the condensate. But when the pocket refills again with condensate the temperature

measured will fall back again.
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Figure 11: Annulus temperatures every for MIlIb 14 over a 6 hour collection period under thermally simulated

test conditions

Mark 1V was designed to increase collection efficiency by increasing the amount of PCM in the annulus that was
in direct contact with the heat absorbing surface through making the raised pockets longer and thinner.
Additionally, the cowl was modified to permit upward flow of vapour but prevent downward flow of condensate
(beyond the designated pocket). The results of these design modifications for collection and cool down under
thermally simulated test conditions are presented. Selected tests from the test programme are shown to reduce

duplication and allow specific design characterisation and performance to be demonstrated more clearly.

10
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Figure 12: The 6 hour collection efficiencies for Mark 1V selected tests under thermally simulated test conditions

The highest collection efficiency as shown in Figure 12 was MIV 9 at 31.1% which was 6% lower than the
highest 6 hour collection demonstrated by MIlIb 17. The annulus temperature measurements indicate the
presence of a strengthening convective cell in the upper region which reduces the temperature differences in the
region as temperature increases. In MIV 5, holes in the cowls allowed a convective cell to be established across
more than one region, this reduced temperatures in the upper region whilst increasing the temperature in the
middle region. Comparing thermoclines (Figure 13), MIV 9 exhibits a large temperature stratification difference
from previous tests, especially after 2 hours, where MIIlIb 19 maintained stratification throughout the thermal
store indicating strong heat transfer to the top of the thermal store. MIV 9 however has no stratification after
three hours in the top 80% of the thermal store suggesting uniform heating of this region. This is supported by
analysis inner PT100 sensors situated 500mm from the top of the annulus (half way down) having the same

temperature as PT100 sensors at the top of the annulus.
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Figure 13: Hourly thermoclines during the collection period of Mark IV 9 under thermally simulated test

conditions, (error + 0.15°C)
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The lowest system 'U' value (Figure 14) for Mark IV (MIV 1) was 1.27 W m?K™ at 50mbar 7.6% higher than MI
4. The corresponding retention efficiency for MIV 1 was 56.9%. At 150mbar (MIV 3) the system 'U' value
increased 15.2% to 1.46 W m™ K™, 8.1% more than the system 'U' value of MI 3 at 100mbar. The reason why
Mark 1V tests have higher heat losses than Mark | is due to higher average thermal store temperatures. The
annulus of MIV units will therefore be warmer and therefore contain more water vapour by mass which will
speed up heat loss by convection and conduction. Higher temperatures will also lead to increased radiative heat

loss. Comparing tests MIV 1 and 8, the use of capillary matting did not affect the system 'U' value significantly.
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Figure 14: Heat transfer coefficient and retention efficiencies for Mark 1V tests under thermally simulated test

conditions

Table 2: Summary of prototype performances using various parameters

Mark Test Test type Best 6 Best 6 Highest Best Best

conditions hour hour temp temp system | retention
collection | rise (°C) | achieved |'U" value | efficiency
efficiency (°C) (WK (%)
) 5

I Thermal Collection’ |25.39 23.9°C 42.6°C 1.18 5298
simulation |cooldown |(MI 4) (MI 4) (MI 1) (MI 4) (MI 4)

I Indoor Thermal 1.07 46.38
Ambient |retention (MI 6) (MI 6)

o Thermal Collection’ |29.82 47°C 65.7°C 1.75 39.24
simulation |cooldown |(MII 3) (MII 3) (MII 3) (MIT3) [(MII3)

IIa |Thermal Collection |21.63 19°C 34°C
simulation (MIIa 11) |(MIIIa 17) |(MIIIa 16)

IIa |Indoor Thermal 0.836 54.18
Ambient  |retention (MIIa 2) |(MIIIa 2)

IIb |Thermal Collection |33.20 62°C 78°C
simulation (MIIIb 17) | (ML 17) | (MIIIb 17)

IV |Thermal Collection’ |31.10 60°C c 1.27 56.92
simulation |cooldown |(MIV 9) (MIV 9) MIV9 |(MIVI) [(MIV1)

IV |Solar Collection’ |36.17 15.7°C 35°C 0.98 60.65
simulation |cooldown |(MIV12) |(MIV12) |(MIV12) |(MIV12)|(MIV 1)

The optimal performance of each prototype (and selected tests) in terms of collection and retention efficiency,
highest temperature achieved and lowest system “U” value is summarised in Table 2. The highest collection
efficiency was 36.17% by MIV under simulation conditions. The lowest system 'U' value when PCM was in the

annulus was 0.86 W m?K™ by Mllla (heat loss only test and not described in this study)) and 0.98 W m?K™*

12
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(MIV 12) under thermally simulated conditions when the unit annulus pressure was 50mbar in both cases. The
highest average temperature was 78°C achieved by MIlIb 17. The work presented in this study represents
progenitor material that has led to significant new work based on the thermal diode principle. Pugsley et al [17]

presents a more detailed theoretical analysis of the thermal diode in a Hybrid PVT collector.

1.7 Conclusions

A novel thermal diode pre-heat solar water heating system has been designed and developed to be a sustainable,
alternative to pre-heat solar water heating systems traditionally used in DHW installations. The concept was
based on the operating principles of evacuation and PCMs to offer a cost effective alternative for retro-fit and
social housing applications. A number of prototypes were designed, fabricated, tested and evaluated using a
bespoke thermal simulation heat flux test facility. The highest 6 hour collection efficiency was 33.2% and the
highest 3 hour collection efficiency was 41.97% under thermally simulated conditions for MIlIb 17. The lowest
system ‘U’ value was 0.98 W m2K™ (MIV 12) under thermal flux testing and no draw-off conditions (or 0.86 W
m2K™* (MIV 12) under heat loss only testing). When the current prototype ICS units are compared with other
conventional ICS systems, particularly in terms of thermal retention during non-collection periods, an improved
performance is clearly demonstrated [18]. The measured thermal losses were approximately 50% less than other

similarly measured systems.

The study concludes that the system performance is optimal with between 3 to 5 litres of PCM in the annulus at a
low partial vacuum pressure (enough to wet the heated surface areas but not so as to contribute significantly to
the thermal mass). Other significant enhancements that were shown to improve performance were a high surface
area to PCM mass ratio through the use of raised pockets, elongated pockets and capillary matting, use of a
transparent cover and heat loss reduction methods such as a vessel thermal break feature for the inlet and outlet
ports. Thermal retention was improved through lower partial vacuum pressures and by using the thermal
break/combined inlet and outlet and pipe connections made from the vessel base, using stainless steel vessels, a
transparent cover and from an increased thermal mass. Thermal store stratification improved through vertical
orientation, the use of the Top Hat feature, raised pockets and annulus compartmentalisation, use of a stainless
steel inner vessel, thermal break, back insulation and addition of a transparent cover. A system designed upon

features exhibited in variants MIlIb 17 and MIV 12 has been shown to be the optimal configuration.

Through experimental and parametric evaluation, a unique pre-heat ICS solar water heating system has been
designed, developed, analysed and presented. Significant steps have been made towards a potential commercial

future, but in order to fully realise this goal, much more study is required.
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NOMENCLATURE

Aunic  surface area of unit (m?)

Cp specific heat capacity of water (J/kgK)
m mass of water (kg)
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MCsystem thermal capacity (J/K)
Qcol thermal energy collected (J)
Qsupplied thermal energy supplied (J)

T temperature (°C/K)
Usystem  System heat loss coefficient (W m2K™)
At time (secs)
efficiency
c stratification index
%) diameter
Subscripts

amb  average ambient temperature

amb  average ambient temperature

av average water temperature

av,b  average water temperature at bottom 1/5 of vessel

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

end average water temperature at end of heating period

final  average final water temperature at end of cooling period
initial average initial water temperature

initial,c average initial water temperature at start of cooling period
ret heat loss retention

start  average water temperature at start of heating period
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