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Abstract

Integrated collector storage is a long established simple low cost solar water heater
configuration combining the solar collector with a storage tank into a single unit.
Previous studies have shown the potential of integrated collector storage solar water
heaters to significantly reduce domestic energy requirements for water heating,
however challenges still remain to integrate them in roof/facades and ensure
appropriate domestic hot water demand. In this article, a novel integrated collector
storage solar water heaters is being investigated. The configuration and geometry
proposed incorporates an embedded heating element to provide a self-contained
domestic hot water system and consider roof integration restriction allowing the unit
to be embedded within a structural insulated roofing panel system. The proposed
system also utilizes an inlet diffuser designed to reduce the disruption to the
stratification within the storage during and following draw-off. This article presents a
Computational Fluid Dynamic analysis of internal flows and heat transfer regimes
within this new collector configuration and compares its performance against
previous developed prototypes using empirical testing. The increased aspect ratio of
the new design was shown to significantly alter the heating and cooling
characteristics of the collector, both gaining and loosing heat at a greater rate than
the original prototype. The computational analysis showed that the collector charges
effectively with some stratification. Higher draw-off rates however resulted in higher
bulk water outlet temperatures, providing better energy delivery efficiency. The inlet
diffuser was also shown to improve the thermal efficiency of the unit overall. The
empirical testing shows the improvement in performance of this novel integrated
collector storage solar water heaters against previous developed prototypes. The
study highlights the need to review the effect of draw-off regime upon the
performance of such systems in order to identify optimal regime and control strategy.
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Nomenclature

Symbols

Twb: water bulk temperature, K

Tp: absorber plate temperature, K

Ta: ambient environment temperature, K
Th: water temperature at local point, K
Tmax: top collector water temperature, K
H: total length of the collector, m

h: local length in the collector, m

Q: heat flux applied to the (solar) collector, W/m?
Tsky: effective sky temperature, K

Tini: water temperature at local point at t=0s, K
T:time, s

Abbreviations

ICS-SWH: Integrated Collector Storage Solar Water Heater
MBE: Mean bias error

RMSE: Root mean square error

CFD: Computational Fluid Dynamic

SIPs: Structural insulated panels

U-Value: Heat loss coefficient, W/m?2K

1. Introduction

Several studies of solar water heating systems have outlined the promising potential
of integrated collector storage solar water heaters integrated collector storage solar
water heaters (ICS-SWH) in cold climates [1-5]. Additionally the Scottish climate has
been shown to be one of the most favourable in Europe for solar water heating, as a
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direct result of having a long heating season [6]. Nationally, domestic water heating
is the second most significant energy use in the home, consuming 12% of the total
Scottish heat energy demand [7]. A solar water heater (SWH) design should seek to
maximize return not only through high-energy yield and instantaneous operating
efficiency, but also on component and installation simplification, with consequential
reductions in purchase and installation costs. Within this context ICS-SWHSs present
several desirable characteristics. In comparison to discrete flat-plate or evacuated
tube systems, equipment costs can be significantly lowered by the combination of
the two major components in a typical SWH installation. The direct interface between
absorber and storage can also significantly reduce the number of ancillary
components required, both simplifying installation and further reducing capital
expenditure.

Though SWH shows great promise, recent studies have shown that energy savings
from installed systems have often been significantly lower than projected. The
reasons for underperformance are varied, ranging from poor specification and
installation to a lack of operational understanding by end-users [8,9, 97]. Facing
these challenges require a holistic approach to system design, to produce a
domestic hot water system that meets the end user’s requirements with optimal use
of auxiliary heating, while minimizing any requirement for behavioural change.
Hestnes [10] suggested that collectors need to be developed in order to meet both
technical constraints and also become an architectural element to improve ease of
specification and aesthetic appeal to architects. This is supported by the findings of
Munari-Probst and Roecker [11] who identified that close synergy between architects
and engineers was essential to deliver effective energy efficiency and architectural
integration. Buker and Riffat [12] also suggest that the application of solar thermal
collectors are still limited partially due to building integration issues. To meet these
demands would require a collector specifically developed for integration into the
buildings skin, simplifying specification and lowering overall costs.

1.1. Building Integration

The UK Government recently stated its commitment to stimulate the supply-side and
demand-side of the housing sector to deliver 400,000 new homes by the end of the
decade [13]. This increase in construction will have significant implications for the
UK’s national carbon budget. The magnitude of this impact will be dependent upon
how these dwellings are constructed and serviced with energy; calling for efficient
and sustainable integrated building systems. Timber construction systems currently
account for 65% of Scotland’s new build housing which is projected to grow to 80%
by 2020. In addition, modular construction is becoming increasingly popular due to
its affordability, energy efficiency and sustainability [14-16]. Structural insulated
panels (SIPs) is a simple, lightweight and energy efficient prefabricated engineered
building material which can be used in modular construction for exterior wall,
framing, partition wall, roof, floor and structural framing. [16-18]. SIPs have many

Page | 3



advantages over traditional methods of construction once of which being their
superior insulation values to conventional framing and insulating methods [18-20].

As building fabric becomes more thermally efficient, the need for energy in buildings
will derive mainly from hot water services and consumer electricity requirements. A
natural next-step will be towards integrating services within the building structure as
a one product service. Integrating solar water heaters into roofs depends
considerably on the roof type and the design of the solar water heater installed.

1.2. ICS-SWHs designs

Previous studies have shown the potential of ICS-SWH [1, 2, 21-23]. While there are
no commercial examples of ICS-SWHs in the UK at present, changing regulation
and incentives are now making them a potentially attractive proposition particularly
when integrated into building fabric. ICS-SWH systems are often affected by their
poor overnight performance as their thermal output decreases as the time increases
between the availability of solar energy and its use [22, 24]. Many strategies have
been proposed to make ICS-SWHs more viable alternatives which include
incorporation of: night insulation cover [24, 25], transparent insulation [26-28], baffle
plate [29-33], reflectors or concentrators [94-96, 98], phase change materials [34-39,
99-100], and multiple glazing layers [3, 40]. Developing an efficient storage tank
design is yet another strategy to enhance the performance of the ICSSWHs. Many
storage tank configurations are being researched such as cylindrical [41-44],
rectangular [24, 32, 45-52], triangular [30, 53-55], and trapezoidal [36, 56] while
others include two parts one exposed and one insulated [32, 33, 57]. While some
systems help increase the heat transfer from absorber plate to the water [53, 54],
others improve thermal stratification in the water storage tank [56] or both [33, 58,
59] or have better heat retention capability [59-61].

1.3. Presentresearch

In the present investigation, a novel rectangular ICS-SWH for use in Scottish homes
is being evaluated. These systems are simple, but are characterised by relatively
low thermal conversion efficiency. The overall efficiency of ICS-SWHs is strongly
related to their capability to capture solar radiation, store the energy collected as well
as to their ability to supply hot water at a constant temperature during the
discharging phase (draw-off) [44, 62, 99]. Several studies on ICS-SWHSs have been
performed showing the correlation between good collector performance and high
levels of stratification within the storage tank when operated with no or infrequent
large draw-offs [5, 33, 63-73]. However when discharging water following that of
domestic use, mixing can occurs within the storage tank [44] resulting in decrease in
stratification but a potentially higher overall heat transfer from the collector to
storage; and consequently better performance [5].

The ICS-SWH system presented in the present paper aims to improve upon existing
ICS-SWH designs by integrating an auxiliary water heater in the ICSW-SWH while
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also optimising its geometric and design configuration for installation within a roofing
panel with minimal structural impact and optimal thermal performance. The proposed
new design aims to optimise the system performance by reducing heat losses while
maintaining stratification and the water temperature to a maximum during the whole
discharge phase. Based on the literature the proposed ICS-SWH design introduces
some notable new features. The configuration and geometry proposed incorporates
an embedded heating element to provide a self-contained domestic hot water (DHW)
system delivering water at required demand temperatures. Fins are incorporated
within the storage volume to improve heat transfer and stratification and increase
structural performance. A diffuser manifold has been introduced in the water inlet to
minimise disruption to the storage during draw-off and oriented to enable the unit to
be embedded within a Structural Insulated Panel (SIPs) roofing system to decrease
heat losses. This approach offers a simplification of SWH installation, by removing
the requirement for an auxiliary heating system or storage tank in order to provide
additional heat when required, as well as ensure safe operation (e.g. pasteurisation
for Legionella Pneumophila) and ease of installation in roof structures. The system is
further described in section 2.

Testing and performance modelling of ICS-SWHs is essential, as this allows two
optimization processes to take place: firstly at the design stage where the system
control parameters can be optimized, and secondly during operation the system'’s
response to input can be found, allowing projection of the system’s future state. The
ability for a control system to base decisions on both predicted usage and ambient
conditions, in addition to the current system state, potentially provides significant
opportunities for further system optimization. When studying stratification within ICS-
SWHis it is appropriate to consider two main operational cases: static operation (no-
draw-off, quasi steady-state) and dynamic operation (during or following draw-off,
transient operation). Steady-state modelling, as typically applied to flat plate
collectors, can provide insights into the diurnal performance of the system. However,
to produce a model representative of actual system performance needs to account
for the continuously transient interaction between the absorber and storage [5].

To test the performance of the new ICS-SWH design both computational and
experimental analyses were carried out. The numerical simulations allowed
analysing the thermal field inside the collector and showed initial findings of its
thermal characteristics for water heating during insolation (charging), draw-off and
cooling, allowing detection of possible improvements to the present configuration.
While many studies focus on the benefits of stratification, very little consider the
discharging phase. Such a study is essential for further optimisation of the ICS-SWH
for use and is presented in this paper. In particular, the Computational Fluid Dynamic
(CFD) analysis gave an insight of the internal flow and heat transfer regimes,
allowing to understand the mechanism inside the collector and thermal
characteristics of the newly proposed design; and to help specify a control system to
take a more refined approach to meeting end user demand while minimizing auxiliary
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energy requirements while maximizing total yield from an array of units. Even if
similar studies have been conducted on ICS-SWHSs [92-93, 99-100], none of them
can be readily referred to ICS applications with such configurations. On the other
hand, experiments gave an indication of the new collector’s thermal characteristics /
performance against a formerly developed prototype using empirical testing
assessing the main bulk water temperature achieved, stratification and energy
storage and loss rates during heating and cooling cycles under steady state
operations.

2 System designs

The new ICS-SWH is an evolution of the design that has been researched at
Edinburgh Napier University and previously reported [5]. In an attempt to address the
issues highlighted above with current ICS-SWHSs, numerous design modifications
have been proposed to the original ICS-SWH configuration. An exploded illustration
of the new design is presented in Figure 1b. The newly proposed design aims to
improve upon existing ICS-SWH designs by optimising its geometry for integration
within a SIP roof system with minimal structural impact and including an auxiliary
water heater within the design in order to deliver water pasteurisation against
legionella, required hot water delivery temperatures to users, and a degree of freeze
tolerance for installation in northern climates. The features and rationale of this
design are discussed further in this section.

Glazing —_—

G Absorber Plate

Storage Tank — -
. A s 20mm Aerogel

% Insulation

Immersion Heater

Control system /

Figure 1: Exploded view of new ICS-SWH design

y Enclosure
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Based on previous studies, the improved ICS-SWH design was manufactured using
1.5mm thick aluminium sheets and incorporated fins to improve the thermal
efficiency and structural stability of the 50mm deep storage tank [4-5].. From
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discussions with structural engineers of roof systems a maximal width of 800mm for
the ICS-SWH assembly was found to be acceptable in order to maintain appropriate
factors of safety for the roofing panels’ structure. The dimensions of the new ICS-
SWH (1400*700mm) were thus derived from this width constraint in order to maintain
a storage volume of 50I.. Integrating an auxiliary heating element, as shown in
Figure 1b, directly into the storage volume enabled a truly integrated, self-contained,
hot water heating system to be delivered which could boost the delivery temperature
of the system for user needs and provide a degree of frost protection during winter
months. Considering the above and the change in aspect ratio of the ICS-SWH two
fins mounted on each side of the draw-off tube are proposed, with water being able
to circulate from one side of the tube to the other via channels formed at either end.
Draw off is performed via an internal manifold, which allows all penetrations through
the SIP to be localised, reducing the required number of seals through the building’s
thermal envelope. As stratification within ICS-SWH has been shown to be
advantageous, two inlet diffusers have been installed to reduce disturbance during
draw-off [74, 77-81]. The water tank was then placed in a plywood box insulated
with a 20mm thick layer of aerogel insulation on all sides and bottom to consider the
limited availability of physical space in the box. Based on previous studies, a gap of
35mm between the absorber plate and glazing was used to reduce heat losses by
restricting air movement. When integrating the ICS-SWH into the roofs structure, it is
possible to use standard glazing fittings for a roof window. This simplifies
construction of the roof, and allows the roofing contractor to use standard flashings
to ensure weather tightness. Tempered glass is used for the collector glazing
providing a good balance of durability with cost. The proposed concept design
configurations embedding the prototype ICS-SWH into a closed panel roof is shown
in Figure 2.

Figure 2: ICS-SWH roof assembly details — panel embedded into SIPS roof
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3 Methodology

3.0 Numerical simulation: Computational Fluid Dynamic (CFD)

The integration of the collector into the storage prevents using the quasi steady state
methodology typically employed for calculating the efficiency of a discrete SWH.
Instead a holistic approach is required to analysis; which can be patrtially fulfilled
through the use of CFD-Fluent. CFD enables the analysis and visualisation of fluid
and heat flow in a structure that is not physically possible, and allows the calculation
of effects within geometry too complex to manually decompose for traditional
numerical study. While the successive approximation inherent in CFD means that it
cannot replace empirical testing, it can provide a valuable complement to guide the
development of an experimental testing regime and can identify the significant
operational characteristics and design parameters.

A CFD analysis of a system is performed via a series of steps. The geometry of the
features to be studied is first defined before being decomposed into a computational
mesh with discrete domains for each material and point of interest. The physical
properties for these domains are specified and the interaction between their
boundaries defined. Following this, the strategy used to derive a solution and
appropriate variable monitors are defined. These allow the solution state to be
monitored during computation for convergence checking, before running the
simulation. The quality of results derived from a CFD analysis is dependent upon the
guality and appropriateness of the mesh created to ensure that phenomena are
captured with sufficient detail [84]. Critically the elements need to be of high
orthogonal quality and near boundaries sized to fit within the flow boundary layer.
The geometry of the ICS-SWH is complex to decompose as a result of the disparity
in scale between the thin sections of the enclosure and the relatively large volumes
of fluid contained within them. Previous studies CFD studies of the ICS-SWH have
utilised the Boussinesq model to account for buoyancy forces within the flow [52, 85].
However the larger temperature differentials within the fluid domains expected as a
result of the integrated heater precluded this approach. Consequently, the analysis
was performed transiently with the fluids’ properties defined as polynomial functions
of temperature (Table A1 & A2) with property data being provided in Table A3 in
Appendix A.

Previous studies of the ICS-SWH have assumed isothermal operation at the exterior
of the ICS-SWH domain [52,85]. In contrast this study allowed heat transfer to occur
through the casing to the exterior roof structure. Other boundaries were defined as
coupled, with the exception of the boundary between the glazing and the exterior,
which transfers heat both via radiation and convection to the surroundings. Though
more computationally expensive than the Surface to Surface model typically
employed for solar collector simulation when modelling radiation the Discrete
Ordinates model was used to accommodate the symmetry condition created at the
longitudinal mid-plane of the ICS-SWH [87].
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Ansys® Fluent™ uses the finite volume method (FVM) to solve the governing
equations. As the flow within the ICS-SWH is incompressible, the energy
conservation equations can be calculated separately and the segregated implicit
solver was used. To accelerate convergence towards an acceptable solution, the
momentum and energy equations were solved initially using the first order upwind
differencing scheme before using a second order scheme for subsequent
calculation. To take account of the density changes of the fluid within the ICS-SWH a
body-force-weighted discretization scheme for pressure was used. The PISO
(pressure-implicit with splitting of operators) algorithm was used as recommended by
Ansys® with the standard k-€ turbulence model [87].

In the present work CFD cases were developed to assess operation during charging,
draw-off (with and without auxiliary heat); recovery from draw-off; cooling and
auxiliary heating of the storage.

3.0.1 Charging

The primary function of a SWH is to transfer the incident radiation upon it into useful
heat. Therefore, a relationship needs to be developed between the heat flux upon
the collector and the amount of energy stored. The ICS-SWH absorbs radiation at
the surface of the absorber plate, which is conducted through the absorber plate and
casing, and then transferred via convection to both the water cavity and the air gap.
Heat is lost from the storage via the air gap and the glazing to the exterior, and
through the casing to the building fabric. The operation of the ICS-SWH is
continuously transient in nature as the convective flows within the cavities influence
each other.

Previous CFD studies and empirical testing [52, 85] of ICS-SWH have been
performed with good correlation between each other by applying heat flux directly to
the collector surface. The same assumption has been made in this study. Radiation
is a very small component of the heat transfer within the ICS-SWH, and the
computational expense of radiation transfer models can be high. To provide a
replicable set of parameters for empirical testing the operating conditions were
defined as 20.5°C ambient and the convective heat loss coefficient from the glazing
to the ambient as 12 W /m?. K. The above temperature corresponded closely to the
ambient temperature of the laboratory where empirical testing was carried out. The
numerical value of the convective heat loss coefficient was obtained from CFD
simulation. Previous research in ICS-SWHSs suggest that the degree of stratification
and temperature fields after long exposure are more dependent on the absorbed
energy than the heat flux dynamics pattern [91]. As a result, a constant heat source
generating 100, 250 and 400W/m? across the upper surface of the absorber plate
was applied in the model. This application of steady conditions allows the flow
development and resultant behaviour of the ICS-SWH to be quantified. The
simulation was performed up to ten hours of operation to allow the flow regime to
develop further toward steady state operation.
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3.0.2 Draw-off

The draw-off characteristics of the ICS-SWH were assessed by testing two different
draw-off rates. These were selected to represent both the maximum possible rate
while remaining under 1.5bar operating pressure and the average draw-off rate
observed for typical household activities (dishwashing, showering) of 6 I/min [88]. As
the ICS-SWH storage has been sized to match the daily requirement for a single
occupant the number of units installed to meet demand is projected to correspond
with the number of occupants within the residence. The average household size in
Scotland being 2.17 occupants [89], three ICS-SWH units would be installed in
parallel to meet this demand. An arrangement in which the collector modules were
connected in parallel was found to provide higher heat collection and better
stratification stability within ICS-SWHSs [93]. When installed in this configuration to
meet the total draw-off required for typical activities, each unit would deliver water at
the rate of 2 I/min. To minimise cost of manufacture and remain within electrical
supply constraints a standard immersion heater with a rated power of 3kW at
230Vac was selected. At each rate of draw-off, auxiliary heat was added via the
immersion heart at 1.5kW and 3kW. Under Scottish weather it was assessed that the
incident irradiation transmitted through the glazing under a clear sky would be
around 400W/m?. Hence, using the results obtained from the 400W/m? charging
simulation at 8 hours the draw-off tests were run for 200 seconds to allow the
hydrodynamic-flow through the ICS-SWH to develop sufficiently for analysis. These
cases are detailed in Table 1. The draw-off temperature, operating efficiency of the
heater, and the operating characteristics of the inlet manifold were monitored and
evaluated.

Table 1: Draw-off test cases

Nominal rate  Duration Aux heat input
(I/min) (s) (KW)

la 2 200 0.0

1b 2 200 1.5

1c 2 200 3.0

2a Max* 200 0

2b Max 200 1.5

2C Max 200 3.0

*Maximum flow rate = 6l/minute

3.0.3 Recharging

To gain an insight into the operation of the ICS-SWH when recharging, following a
draw-off event, the results from the two draw-off tests with no additional heat flux
were used as the initial point for an hour long charging period at 400W/m?2. The
results from the 8 hours exposure to 400W/m? were extended for 1 hour, allowing
comparison to be made both between the relative rates of recovery from each case
and the continued charging of an undisrupted ICS-SWH.
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3.0.4 Cooling

Direct cooling of the storage occurs when the heat losses exceeds the heat input.
Quantifying the ability of the ICS-SWH to retain heat during periods of low or no
insolation is critical to successful design. The radiative heat loss to the sky from the
ICS-SWH becomes significant during cooling and consequentially needs to be taken
into account using Equation 1 below.

Qi = 0(Ty —Tayy Equation 1

As with the charging test regime, a set of replicable parameters was used to enable
comparison with empirical testing. The ambient temperature was set at 0.0°C to
correspond to winter ambient conditions in Scotland. To enable calculation of the
radiative losses from the collector, the effective sky temperature is required, which
has been derived from a modified Swinbank model [90] assuming a clear night sky
with 10% relative humidity providing an effective sky temperature, Tgy,,, of —14.56°C.
Starting from the end state of the charging test for both 250 and 400W/m? applied
flux the simulation was performed for a period of 4 hours.

3.0.5 Auxiliary storage heating

To determine the operating characteristics of the embedded auxiliary heater, the final
results and parameters of the cooling test from the 250W/m? charged state were
used, and the auxiliary heater power output defined as 500W and 1kW. The tests
were performed to cover a simulation period of 30 minutes.

3.1 Empirical testing

While a numerical analysis allows to evaluate the new collector’s thermal behaviour,
empirical tests are required to compare its overall performance against previous
prototype. The methodology used in this research is similar to that of previous
studies of rectangular ICS-SWH systems [3, 49-51, 67, 82] to allow comparison of
previous prototypes performance against the newly proposed design. The
experimental investigation was performed to simulate Edinburgh’s local winter
weather conditions (56N, 3.4W).

A silicone rubber heating pad connected to a timer controlled variable transformer
was used to regulate the power input on the top surface of the water tank. The
heating pad simulated constant and uniform heat flux over the collector. In order to
measure the temperature stratification within the ICS-SHW an array of 18 calibrated
K-type thermocouples were installed throughout the storage cavity and connected to
a data-acquisition system. Other thermocouples were used to record the absorber
plate, the glass cover, the ambient, and the inlet and outlet water temperatures.
Accuracies of the experimental components suggested a system’s accuracy of

+0.6 °C. The experimental test rig and positions of thermocouples in the water tank
along length are illustrated in Figure 3.
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To investigate the performance of the collectors, tests were carried out for heat
fluxes from 100 to 400 W/mz reproducing typical Scottish winter conditions. The
collector was positioned at an angle of 35° from horizontal [83]. Temperatures were
recorded at 10 min intervals over 10 hours during the application of heat and then for
13 hours during cooling.

1

[

J+++ + + + +++
1400

Tttt + + + 444

.

Figure 3: Experimental test rig and thermocouple positions within storage

4 Results and Analysis

4.0 CFD numerical simulation

4.0.1 Inlet optimisation

The effect of inlet design on the performance of the ICS-SWH was first investigated
in order to optimise flow field development and to increase collector thermal
efficiency. Figure 4 shows the velocity profile within the ICS-SWH for an average
draw off rate of 3.5l/minute.
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Figure 4: ICS-SWH 3.5I/min draw off steady state mid-plane CFD results

Figure 5 shows the improvement in providing a more even flow through the ICS-
SWH during maximum draw-off. This was achieved by resizing the diameter of outlet
holes. These results are comparable to the results reported in earlier research [74,
77-81].

INNSYS

Figure 5: ICS-SWH 3.5I/min draw off: CFD generated fluid streak lines
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Using the above model, both steady state operation and transient operation to
provide insights into the internal characteristics of the ICS-SWH were then
undertaken to allow further design optimisation to be identified and are presented
below.

4.0.2 Charging Cycle

The bulk temperature of the water within the ICS-SWH has been plotted against time
for differing rates of heat flux as shown in Figure 6. This shows that for each heat
flux there is a corresponding rate of temperature increase, which decreases with
time leading toward a stagnation temperature for each level as the ICS-SWH
approaches steady state operation.

w
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=400 W/m2
250 W/m2
~-100 W/m2

Ul O

Temperature (°C)
= N &) w

O T T T T 1
0 2 4 6 8 10
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Figure 6: Average bulk water temperature with time at differing heat flux rates

Figure 7 shows the relationship between the absorber plate temperature and the
fraction of imposed heat flux entering the water cavity. This shows good correlation
with the expected linear relationship between these parameters. Additionally, by
extending this linear relationship at each imposed heat flux it is possible to predict
the plate temperature at which stagnation will occur (i.e. when the fraction of heat
entering the cavity reaches 0).
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Figure 7: Fraction of applied heat entering water cavity VS Absorber plate temperature

The stratification formed during charging within the storage was also examined using
the planes shown in Figure 8. The dimensionless temperature for planes within the
ICS-SWH have been plotted for each hour during the charging simulation at
400W/m?2. Additionally the equilibrium dimensionless temperature profiles for
different applied heat fluxes have been plotted. The results are shown in Figures 9
and 10 whereby the evolution of stratification within the storage with time and for
different heat fluxes is represented. Initially the storage shows limited stratification
within the upper section of the cavity, marked by a notable drop in temperature
beneath the fins. This is as a result of the conductivity of the draw-off manifold and
fins which aid heat transfer from the absorber plate to the fluid and also act to
conduct heat longitudinally through the cavity. As the flow regime develops within the
storage, the stratification profile changes toward a more convex profile, with a
significant decrease in temperature persistent toward the base of the storage. As
expected the level of stratification increases with applied heat flux.
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Figure 10: Dimensionless temperature stratification after 8hrs of operation

Figure 11 shows the temperature distribution at the surface of the storage for each
applied heat flux after 8 hours of operation. The temperature distribution is shown to
have significant variations longitudinally as a result of the fins and draw-off manifold.
The reduction in insulation effectiveness surrounding the inlet and outlet penetrations
is also highlighted, suggesting the potential for design improvement in these areas.

100W/m? : 250W/m?

Figure 11: Water cavity temperature at 8 hrs constant heat flux

Figure 12 shows a cross-section of the storage cavity, absorber plate and aluminium
tank of the ICS-SWH taken at the longitudinal midpoint at 4 hours of 250W/m?
applied heat flux. This clearly shows the effect of the fins, which form protrusions
from the absorber plate into the cavity. By effectively increasing the surface area of
the absorber plate, the overall heat transfer improved at the expense of thermal
stratification within the storage by encouraging strong longitudinal currents to form
near walls. This brings colder water from the lower section of the ICS-SWH to the
upper heated surface increasing the localised temperature difference and hence
increasing the heat transfer rate.
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Figure 12: Contours and velocity vectors of temperature at midplane for 250w/m? at 4 hrs

4.0.3 Draw-Off

The analysis of the draw-off characteristics of the ICS-SWH, was performed by
examining the temperature development with time. Figure 13 shows some
interesting trends becoming apparent: as a result of the configuration of the draw-off
manifold when not applying auxiliary heat, the temperature of the water leaving the
ICS-SWH is fractionally higher at a higher flow rate. This effect is because less heat
is transferred from the water in the draw-off manifold to the cooler water at entering
the base of the storage.
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Figure 13: Draw off water cavity bulk temperature

Figure 14 shows the efficiency curves of the element for each of the cases specified
in Table 4. These results show that the efficiency of the heating element improves
significantly at higher rates of additional heat, and also favour higher flow rates. This
effect is created because heat is more effectively removed from the surface of the
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heater as the velocity of the water traversing it increases, leading to increasingly
higher Reynolds numbers and turbulent effects.
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Figure 14: Auxiliary heater efficiency

Key results of all the draw-off cases are summarised in Table 2. Case 1 drew 51% of
the total mass of water of Case 2 and therefore some initial comparisons can be
made. When no additional heating is applied, the energy delivered is comparable.
This raises the potential of an alternative configuration for the ICS-SWH. Though the
initial concept would have been to have multiple units delivering drawn-off water at a
low flow rate, these results raise the possibility of a revised configuration with
individual units drawing off at a higher rate when required. Pursuing this avenue of
research is supported by the increased efficiency of the auxiliary heating with higher
flow rates and the ratio of energy delivered between Cases la and 2a matching that
of the ratio between mass drawn-off. Note that the auxiliary heating is part of the
total energy use and hence its efficiency has a bearing on the energy budget.

Table 2: Draw off case summary

Aux heat Draw-off Mass drawn-  Energy
(kW) duration (s) off (kg) delivered (kJ)
la 0 200 6.57 838.24
2a 0 200 12.81 1637.25
1b 1.5 200 6.57 1026.21
2b 1.5 200 12.81 1907.27
1c 3.0 200 6.57 1308.77
2C 3.0 200 12.81 2178.42

When examining the performance of the inlet manifolds for both draw-off rates
Figure 15 shows the velocity streamlines within the ICS-SWH during draw-off,
showing an even distribution and profile throughout the main body of the storage.
Figure 16 provides an indication of the state within the ICS-SWH immediately
following a draw-off event for both Cases 1a and 2a. Here the internal disruption to
the storage is shown to be small with limited mixing between the newly introduced
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cold water and existing water. This provides a clear advantage when drawing off,
maximising the immediate availability of heated water.
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Figure 15: Streamline of velocity during draw off for case 1
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Figure 16: Water Cavity temperature rendering following discharge

4.0.4 Recharging

The characteristics of the ICS-SWH when recharging were assessed against the two
draw-off test cases with no auxiliary heat input. After an hour of applied heat flux the
internal temperature distribution is as shown in Figure 17. This clearly shows the
ability of the ICS-SWH design to retain high levels of stratification, with limited mixing
between the hot and cold bodies of water.
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Figure 17: Water cavity temperature render at 1 hr, 400W/m? recharging

To provide a benchmark for recovery from draw-off a new case was developed,
Case 3, where no draw-off occurred and heat flux was applied continuously to a
charged tank at 400W/m? for the duration of the draw-off and recharging cycles.
When examining the rate of recharge against time, Figures 18 and 19 show the
faster recovery of Case 2a. This is as a result of the greater thermal energy
difference introduced, driving higher rates of thermal transfer from the absorber plate
to the storage. Though the bulk temperature difference at the start of the recharging
period is approximately 4°C this has reduced to 2.1°C by the end of the period.
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Figure 18: Water cavity bulk temperature: Recharging from draw-off cases at 400W/m?
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Figure 19: Heat flux from absorber plate to water cavity: Recharging from draw-off cases at 400W/m?2

When comparing the relative rates of recovery, it is useful to examine the energy
present within the collector, and the gain following a period of recharging. To analyse
this, the heat energy within the storage above the inlet temperature is presented in
Table 3.

Table 3: Heat energy in storage during recharge cycle

Start (kJ) End (kJ) Gain (kJ)
la 5329 5952 622
2b 4564 5538 974
3 6099 6392 292

These results reinforce the potential viability of using single units at higher draw-off
rates to provide maximum utility to the end user. In a hypothetical scenario with 2
ICS-SWH units a required draw-off could be met either by both (case 1a) or by a
single unit (case 2a) while the other remains in a charging state (case 3). Both
configurations would supply a similar amount of energy during draw-off and after an
hour long recharging period would contain similar amounts of energy (11.9MJ vs
11.93MJ).

4.0.5 Cooling

The heat loss coefficient (U-Value) has traditionally been considered as a constant
for SWH. However, as the heat loss from the storage during cooling is primarily
driven by radiative and convective losses to sky and ambient air respectively, it
follows that it is essentially a function of temperature. The derived heat loss
coefficient was calculated and is illustrated Figure 20. The results for each case
initially show the regime transfer within the ICS-SWH as it undergoes change from
charging to cooling. Once this has developed, the relationship between heat loss and
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absorber plate temperature becomes linear. The results fall in line with the findings
of other research [4] with the exception of the observed reduction in thermal
performance at higher stratification levels. This can be attributed to a number of
differing factors between the studies such as: the empirical tests introduced a silicon
heating pad increasing the thermal resistance of the unit, and significantly reducing
radiative losses; and the lack of fins present in the ICS-SWH studied [4] increasing
the initial stratification within the collector.
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Figure 20: Effective U-Value from storage for different plate temperatures and starting states

4.0.6 Auxiliary heating of storage

The results from the 250W/m? cooling test were used as a starting point, with two
differing rates of auxiliary heat added to the storage. The bulk temperature rise with
time is presented in Figure 21.
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Figure 21: Water cavity bulk temperature rise within storage with differing rates of auxiliary heat
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Figure 22 shows the efficiency curves of each auxiliary heat input. The initial
efficiency of the higher input is significantly greater, as a direct consequence of the
larger convective currents formed within the storage cavity, encouraging mixing and
distributing heat more effectively throughout the ICS-SWH. At the lower rate of heat
input the smaller convective flow outside of the draw-off manifold results in much
greater thermal gradients across both the storage cavity and absorber plate. This
scenario results in greater losses to the atmosphere being experienced from the
absorber plate above the heater, and consequent lower efficiency.
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Figure 22: Efficiency of storage auxiliary heater

4.1 Experimental results

The resultant values for the bulk water temperatures, Twb, obtained empirically and
numerically for all tested heat fluxes are presented in Figure 23 to examine the
validity of the simulation. This shows an acceptable correlation between the CFD
simulation and the experiment with a slope of the best-fit line of 0.93 and a
coefficient of determination, Rz, of 0.95 suggesting the fairly good capability of the
predictive model. The average absolute deviation of temperature difference between
the CFD simulation results and the measurements is 7.3%. It was observed in Figure
23 that CFD tends to overestimate the temperature for low heat fluxes while
underestimating it for higher heat fluxes and when increased time of exposure
occurs. The discrepancies between the measurements and the CFD model could be
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due to a number of reasons such as: a. construction related factors, b. assumptions
related factors, c. experimental related factors.
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Figure 23: Empirical and numerical bulk water temperature comparison

Further analysis was undertaken for a 400W/m? heat flux using different statistical
indicators presented in Table 4. The slope of the best-fit line between the measured
and computed variable was found to be 0.99 with a R? of 0.95 indicating a slight over
estimation with an acceptable unexplained variation. The total mean bias error
(MBE) of -0.8 shows that the CFD model has an overall tendency to over-predict its
computed values by about 0.8 degree Celsius temperature. The hourly MBE analysis
showed that the model has a tendency to over-predict its modelled values up to 6
hours of the heat applied with significant deviation within the first 3 hours of
simulation and then under predict it. The root mean square error, RMSE, shows the
strength of linear correlation between two variable. Its value of 2 suggest a poor
ability of the model to predict the ICS-SWH water bulk temperature. However, in this
instance, the high value of RMSE can be due to the presence of small number of
high error predictions in the early hours of the simulation (first 3hrs).

Table 4: Statistical indicators - 400 W/m?

Statistical indicator

Slope 0.99
R2 0.95
MBE (°C) -0.8
RMSE (°C) 2
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To allow comparison between the original and new ICS-SWH configurations Figures
25 and 26 present the key performance differences between each configuration.
Figure 25 presents the energy storage efficiency of the ICS-SWH configurations
when exposed to 400W/m? heat flux against the dimensionless temperature
difference between the bulk water temperature, Twb, and the absorber plate, Tp,
above the ambient environment, Ta. This demonstrates the higher energy storage
efficiency of the new design, especially at greater temperature differentials between
the absorber plate and water bulk temperature. This phenomenon will be greatest,
both at the beginning of a charging cycle, or following draw-off. As the temperature
ratio tends toward unity, the energy storage efficiency correspondingly tends toward
0 as the system approaches equilibrium, where the losses from the water storage
match the energy gains. In this example the water bulk equilibrium temperature is
6.3°C higher for the new ICS-SWH configuration. Figure 24 also shows the heat loss
rate from the storage when cooling from a bulk temperature of 50°C and an ambient
temperature of 10°C. Here a higher rate of cooling is exhibited by the new ICS-SWH
design; this is in-line with the expected characteristics of the new ICS-SWH, where a
higher aspect ratio results in greater convective currents within the storage and
hence a greater rate of heat-transfer. This effect can also be attributed to the greater
rate of heat retention during storage as it is distributed throughout the cavity more
effectively.
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Figure 24: Energy storage and loss rates during heating, at 400W/m2, and cooling cycles

The comparative performance of the new and original ICS-SWH configurations is
illustrated in Figure 25, showing the bulk water temperature rise for the 10 hours of
heating followed by cooling toward ambient. This clearly demonstrates the relative
performance characteristics between the configurations. The new ICS-SWH shows
significantly improved heat storage during charging, which is traded off against a
reduced heat retention ability during cooling. At its peak the bulk water temperature
is 6.3°C higher in the new configuration; following 11 hours of cooling, the
temperatures in each configuration reach equality.
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Figure 25: Test cycle results for new and original ICS-SWH configurations at 400W/m?

In order to evaluate temperature stratification, the temperature profiles along the
original and new systems dimensionless height were plotted as shown in Figure 26.
These results showed that the new system has improved thermal stratification as it
achieved higher temperature at the top nodes of the storage tank while keeping a
low temperature at the bottom.
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Figure 26: Temperature stratification profiles along the cavity height at 400 W/m?

Figure 26 shows a significant increase in stratification and overall water bulk
temperatures within the collector compared to the previously studies ICS-SWH [5]
with sharp increases until the system approaches equilibrium (8hrs). Based on these
profiles it is possible to determine the temperature difference in the tank at a given
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time. After 1, 3, and 8hrs of charge, percentage of increase in stratification between
the previous and new collectors were found at 31%, 45% and 133% respectively.

5 Conclusions

This paper identifies the need to better integrate ICS-SWHs in building design and
the inherent geometric design constraints when considering their integration in roof-
structures. A combined experimental-numerical analysis of a new ICS-SWH system
is presented in this paper. The novel prototype aims to improve upon existing ICS-
SWH designs by optimising its geometry for integration within a SIP roof system with
minimal structural impact and improving the integration between the SWH and

an auxiliary water heater. The experimental results demonstrate that in the present
configuration the ICS has a reasonable performance in comparison with previous
researched collectors with an increase in bulk temperature of 6.3°C and a maximum
and average percentage increase in temperature stratification from the original to the
new collector of 67% and 133% respectively (after 8hrs of charging). The results
clearly demonstrate the robustness of the thermal network solver, and its ability to be
adapted to new configurations of ICS-SWH. The increased aspect ratio of the new
ICS-SWH however showed to significantly alter the heating and cooling
characteristics of the SWH, both gaining and loosing heat at a greater rate than the
original design. This is caused by higher convective flow regimes generated within
the storage. In order to gain more insight of the newly developed ICS-SWH
behaviour a CFD analysis was undertaken. The numerical analysis demonstrates
that the new ICS-SWH charges effectively, with some stratification. However, this
was found to be reduced in comparison to previous studies, as a result of geometric
changes and the increased thermal conductivity of internal elements of the storage
(fins and outlet manifold). Both CFD and experimental results showed the influence
of solar irradiance and the importance of stratification in maximising temperature
outputs.

Very few studies have looked into the impact of draw-off flow rates on the magnitude
of the cooling in such application. This was thus undertaken through a CFD
simulation of the considered geometry to examine the expected designed
performance of the collector. It was shown that as a consequence of the unit’s draw-
off manifold design, and the stratification both present in the storage and further
induced by the influx of unheated water, some cooling of the draw-off became
inevitable. The magnitude of this cooling reduces at higher draw-off rates resulting in
higher temperatures at the outlet for the volumes drawn-off, providing better energy
delivery efficiency. The cooling performance of the current design has been
assessed, and some insights into the operation of the auxiliary heater have been
gained. These indicate greater efficiency at higher output as a result of the larger
convective currents within the storage, while at lower levels large amounts of heat
are lost from the top of the panel. The analysis showed that while the new ICS-SWH
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showed to have reasonable performance in supplying hot water during the discharge
phase, improvements in the efficiency of the ICS are desirable.
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Appendix A: Thermophysical property data

Table Al: Water properties as functions of temperature

Water properties: [86
p= (—1.3187 X 10_7T4) + (1.8447 X 10_4T3) - (9.9428 X IO_ZTZ) + (23.82T)
—1113.5

Cp = (3125 x 107°T*) — (419028 x 107°T*) +(2.11109T%) — (4.73124 x 10°T)

+ (4.39429 % 104)

k = (—5.90278 x 1078T3) — (6.70640 x 107°T?%) + (2.59806 x 1072T) — 2.74331
= (3533 x 10711T*) — (4.8141 x 1078T3) + (2.2637 x 107°T?2) — (0.0056188T)
— 0.48281

Table A2: Air properties as functions of temperature

Air properties:
p = (9.77938 x 10716T~6) — (2.64713 x 10712T5) + (2.92667 x 107°T*)
+ (—1.69917 x 107°T3) — (0.000553986T2%) — (0.100390077T)
+ 9.326546646
C, =1006.43
k = (1.5207 x 10711T3) — (4.8574 x 1078T?) + (1.0184 x 1074T) — 0.00039333
pu = (—1.3635276379481259 x 10~ *T3) + (1.0088177790668354 x 10~1°T2)
+ (3.4521387370766878 x 1078T) — (3.4007469023437027 x 10~°)

Table A3: ICS-SWH material properties

Material p (kg/m?3) Cp (kJ/kg.K) k (W/m.K)
Aluminum 2719 871 202.4
Aerogel 120 1250 0.012
Glazing 2800 840 5.8
Copper 8978 381 387.6
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