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Abstract

In this paper, an innovative unglazed solar water collector with its colorbond steel absorber
plate also serving as the roof is proposed. Two most common colorbond steel profiles used as
roofs, namely the Lysaght BlueOrb colorbond steel with the cosine profile and the Spandek
colorbond steel with a trapezoidal shaped profile, are selected as the absorber plates. A

theoretical energy balance model is developed to conduct a detailed parametric study on the
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thermal performance of this innovative unglazed solar collector with both colorbond steel
absorber plate profiles under various configuration and operating conditions. The results show
that both types of collectors can achieve high thermal efficiency (~70%) and can increase the
water temperature by about 8 °C, indicating they are suitable for the domestic utilization in at
least tropical and similar regions as well; The two types of collectors produce very close thermal
performances, improved thermal performance can be achieved through optimizing a number of
parameters such as using a selective coating for the absorber plate to enhance its optical
properties, using slender collector configurations, and using a compromised mass flow rate to

maintain a high efficiency and to attain the higher temperature outputs.

Keywords: Unglazed solar water collector; Colorbond steel absorber plate; Thermal

performance; Energy balance model; Spandek colorbond steel; Lysaght BlueOrb colorbond steel

INTRODUCTION

A world energy crisis has provided a new impetus to the solar energy utilization research
and development program on a global scale. Terrestrial solar radiation is a low intensity, variable

energy resource that arrives at the Earth’s surface at strengths of about 1000 W/m? at noon on
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clear sunny days. Although solar energy can be utilized for power generation, the terrestrial

radiation is more than suitable to also supply homes with readily available hot water.

Solar hot water systems have been studied extensively, with primary goals of collecting the
maximum amount of solar energy at a minimalistic cost (Sopian, et al., 2004). Currently the cost
effectiveness of this energy system is still doubtful, as the current upfront costs are more
expensive than traditional systems (Hassan and Beliveau, 2008). Therefore, more effort is
necessary to reduce the module and installation costs. A low energy cost can be obtained by a
combination of several steps outlined by Bonhéte, Eperon and Renaud (2009). These steps
include integrating long-lived steel-made solar collectors as pieces of the facade, replacing
standard covering elements, easy installation, high facade coverage that is aesthetically

appealing, coloured coatings of high selectivity and the optimized integration in heating systems.

Currently, all solar hot water heating systems can be identified into two distinct categories,
active or passive systems (Rabl, 1985). This division is convenient even though the distinction is
not always clear. Active systems use storage units and collectors as two separate components
with pumped energy transport, while passive systems rely on natural energy transfer mechanisms

such as gravity, without the need for any moving parts. Common active solar hot water systems
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include the flat plate, evacuated tube, and concentrating beam solar collectors while common
passive systems include the syphoned and heated air powered solar collectors (see, e.g., Duffie
and Beckman, 1980; Gillet and Moon, 1985; Thirugnanasambandam, Iniyan and Goic, 2010;
Mondol, Smyth and Zacharopoulos, 2011). Many of these systems are glazed using one or more
covers, and have been documented extensively (e.g., Belusko, Saman and Bruno, 2004; Juanicd,
2008; Dagdougui, et al., 2011). However, the introduction of glazing increases the upfront and
maintenance costs of the system (Sopian, et al., 2004). To counter this, the authors propose an
unglazed solar water collector using colorbond steel as its absorber plate which at the same time

also serves as the roof.

Limited studies have been done on unglazed solar collectors for household water heating
applications. There are several studies on the effectiveness and performance of unglazed solar
collectors in slaughterhouses (Chaichana, Kiatsiriroat and Nuntaphan, 2010) and in large scale
roofing applications (Medved, Arkar and Cerne, 2003; Bonhéte, Eperon and Renaud, 2009).
Other studies include comparing the thermal properties of two identical collectors with and
without glazing (Chow, et al., 2009), conducting experiments to determine correlations between

the wind speed and the wind convection heat transfer coefficient (Kumar and Mullick, 2010),
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and investigating the performance of a passive unglazed system constructed from fibreglass
polyester reinforcement instead of typical metallic materials (Sopian, et al., 2004; Stojanovic,

Hallberg and Akander, 2010).

In this paper, a thorough and detailed parametric study is conducted to determine the
thermal performance of an unglazed solar water collector which uses colorbond steel as the
absorber plate which also functions as the roof. Comparisons is also made between two
predominant colorbond steel profiles located in Australia, namely the Lysaght BlueOrb
colorbond steel absorber plate with the cosine profile and the Spandek colorbond steel absorber
plate with a trapezoidal shaped profile (Colorbond Steel Australia, 2010), to determine which

profile produces a better thermal performance.

THEORETICAL ANALYSIS

Two variations of unglazed solar water collectors with their colorbond steel absorber plates
also serve as the roofs, called Type 1 and Type 2 collectors for simplicity, are considered in this
paper. The colorbond steel absorber plates for both types of collectors have wavelike shaped
profiles (Colorbond Steel Australia, 2010), as depicted in Fig. 1. For Type 1 collector, the

Lysaght BlueOrb colorbond steel absorber plate with the profile modelled by the cosine function:
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y=0.008[1 - cos(27¢/0.076)] (m) is used, where x and y are the horizontal and vertical
coordinates, respectively. For Type 2 collector, the Spandek colorbond steel absorber plate with
a trapezoidal shaped profile is used. For both types of collectors, the absorber plate also
functions as the roof and is connected to back insulation. Water flows through the channels
formed by the back insulation and the absorber plate, where it is heated by the absorbed solar

radiation throughout the absorber plate.
(Fig. 1 location)

The aim of this study is to investigate the thermal performance of these two types of
collectors by studying the effect that each configuration parameter and operational parameter has
on the solar water heating systems formed by these collectors. This determines whether suitable

efficiencies and water temperatures can be attained by using these collectors.

To thermodynamically model the solar water collectors described above, some simplifying
assumptions, as listed below, should be made to formulate solutions without obscuring the basic

physical situation:

ACCEPTED MANUSCRIPT

6



Downloaded by [JAMES COOK UNIVERSITY] at 19:10 07 July 2015

ACCEPTED MANUSCRIPT

. The thermal performance of collectors throughout a day is considered; the time intervals
of five minutes are deemed suitable to assume that steady state conditions exist for the
considered individual time intervals.

. Thermal losses through the collector backs are predominantly due to conduction across
the insulation and the heat flow through the back insulation is one-dimensional and
perpendicular to the water flow.

. For each time interval considered, the absorber plate is at the same temperature 7, (mean
absorber plate temperature, K); the water temperature inside the channel is at 7% (mean fluid
temperature across the section, K) which is uniform across the section that is perpendicular to the
flow direction and varies only in the flow direction; the upper surface of the back insulation
(which is in direct contact with the water in the channel) is at the same temperature 7 as the
water above it, and the bottom surface of the back insulation is at the same temperature 7., (K) as
the ambient.

. The sky can be considered as a blackbody for long-wavelength radiation at an equivalent
sky temperature 7 (K).

. Dust, dirt or rust on the collector and shading of the absorber plate has been neglected.

. An ideal adiabatic storage tank is considered, with no heat loss.
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. There are negligible thermal losses through pipework between the collector and the

storage tank.

Thermal inertia of collector components is negligible.

Flow rates through each channel are considered equal.

All channels, storage tank and related pipework to and from the collector are free of

leakage.

These assumptions and simplifications were successfully used for the analysis of many similar
solar collecting devices, such as solar air collectors with v-groove absorber and cross-corrugated

absorbers (Lin, Gao and Liu, 2006; Liu, et al., 2007a, 2007b; Gao, et al., 2007).

Energy balance model

To model the unglazed solar water collectors, first the geometry of the absorber plate profile and
the energy balance in the collector need to be determined. These are illustrated in Fig. 2 and Fig.
3, along with the relevant parameters. For simplicity, only the BlueScope Lysaght Custom

BlueOrb steel absorber plate profile is showcased in these figures.

(Fig. 2 location)
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(Fig. 3 location)

It is assumed that the two types of collectors studied in this paper can be approximated by the
sheet-tube model (Duffie and Beckman, 1980), as depicted in Fig. 4. The energy balance in these
collectors can be represented by a thermal network presented in Fig. 5 and an equivalent thermal

network presented in Fig. 6, respectively.

(Fig. 4 location)

(Fig. 5 location)

(Fig. 6 location)
The useful energy gain Q, for the collector is then determined by (Duffie and Beckman, 1980),
0, = 4, Fyla,G-U,(T,,-T,) (1)

where Uy is the heat transfer coefficient of the collector (W/m*K), Fy is the collector heat
removal factor (dimensionless), 4. is the collector area (m?), and Ty; is the inlet fluid temperature

(K).

From Fig. 5, Uy is determined by,
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U, = (b +h )+ @)

where hy, the convection heat transfer coefficient by wind (at a speed uy), is estimated by

(Kumar and Mullick, 2010)

h,=65+33u, 3)

and h,, the radiation heat transfer coefficient from the absorber plate to the ambient, can be

written as,
r

h =oe, (T2 +T2)T, +T,) @)

in which ¢, is the absorber plate emittance (dimensionless) and ¢ is the Stefan-Boltzmann

constant (¢ = 5.67 x 10® W/m>K*).

The collector heat removal factor, Fg, is obtained from the fin-theory (Duffie and Beckman,

1980) as
AU F'
C 2o
FR:mp _e( Cn] (5)
ACUL
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where m is the mass flow rate of the fluid passing through the channels formed by the absorber
plate and the top of the back insulation (kg/s, as shown in Fig. 2), C, is the specific heat of water

(J/kg-K), and F” is the collector efficiency factor (dimensionless).

F” is calculated by (Duffie and Beckman, 1980)

W WU, J ©

= +
[Dh +(W -D,)F  7D,h,,

where F is the fin efficiency (dimensionless) and /x; (W/m*K) is the convection heat transfer

coefficient between the fluid and the tube wall (see Fig. 4), respectively.

The fin efficiency is determined by the fin-theory (Duffie and Beckman, 1980) as

e tanh|[C,(W - D, )/2]

7
c,w-b,)/2 @
where
U
C, = L 8
L r s )

and Dy, the hydraulic diameter of each channel for fluid flow formed by the absorber and the

upper surface of the back insulation (as shown in Fig. 4), is calculated by,
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44,
Dh = p (9)

w

hs; can be determined by

hy, = Nute (10)

h

where &, (W/m-K) is the thermal conductivity of water and Nu (dimensionless) is the Nusselt

number which is calculated by

3.7+a(RePrD, /L)
u= d
1+b(RePrD, /L)

an

in which Pr is the Prandtl number of water at the inlet fluid temperature (dimensionless), Re is
the Reynolds number (dimensionless), and a, b, ¢ and d are constants, which are presented for

various Prandtl numbers in Table 1 (Duffie and Beckman, 1980),
(Table 1 location)

The Reynolds number is calculated by,

Re=@ (12)
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where u; (m/s) is the velocity of water passing the channels and v (m?%s) is the kinematic

viscosity of water at the inlet fluid temperature.

The collector overall efficiency (dimensionless) is defined as the ratio of useful energy gain to

the total solar radiation incident on the collector surface,

(13)

The outlet fluid temperature, 7, (K), and the mean plate temperature, 7, can be calculated by

the following equations (Duffie and Beckman, 1980), respectively,

7ACULFJ

T, =T, +2% |1, -1 +%C e[ " (14)
J s UL J oo UL

T, =T,,+ Q, (1-F,) (15)

Effect of the Storage Tank

To determine the effect a storage tank has on the thermal performance of the solar water
collector considered in this paper, the transient response of the solar collector throughout a whole
day is analysed. To achieve this, the minutely total solar radiation, ambient temperature, and
wind speed have to be used. In this study, the monthly average total solar radiation in Townsville,
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Australia, on an hourly basis for each month of a year, as shown in Table 2 (Australian Solar
Energy Society, 2006), is used. An interpolation technique is then used to obtain the minutely
solar radiation from the monthly solar radiation. Similarly, the monthly average temperature and
wind speed in Townsville for each month of a year (Australian Solar Energy Society, 2006), as
shown in Table 3 and in Table 4, are used to obtain in the similar manner the required minutely
ambient temperature and wind speed for the calculation of the transient response of the solar

collector throughout the whole day.
(Table 2 location)
(Table 3 location)
(Table 4 location)

To provide meaningful results, the transient response of the solar collector will be calculated in
five minute intervals. This requires an iterative numerical approach to the problem, which will be
addressed in Section 2.3. The values of solar radiation, ambient temperature, and wind speed
within these much smaller time intervals are obtained by interpolating the available values

presented in Tables 2-4 as stated above.
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An important component that must be considered in this numerical approach is the inclusion of a
water storage tank as it is another major component that a typical solar water heating system
must have. Figure 7 shows the schematic of the solar water heating system which consists of the
storage tank and the solar collector. At the start of the day (also the start of the calculation), the
water inside the storage tank and the collector are assumed to be at the same temperature as the
ambient air temperature, 7... The heat loss through conduction of the storage tank wall materials
and the pipework connecting the collector and the tank are considered to be negligible, which is
an appropriate approximation but significantly simplifies the analysis without a considerable

impact on the conclusions of this study.
(Fig. 7 location)

Apparently, the collector inlet water temperature 7%; is affected by the temperature of the water
leaving the storage tank at the bottom and the temperature of water at the top of the tank is the
same as Tt, at time, ¢ (s), throughout the day. The transient distribution of water temperature in a
storage tank is quite complicated, as demonstrated recently by Ievers and Lin (2009). To simplify
the analysis and calculations, a much simpler “push in — push out” model, as shown in Fig. 8, is

proposed to model the vertical distribution of water temperature within the tank. This approach
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assumes that the water within the storage tank consists of many small segments with equal sizes
(for a five-minute period, the total number of segments is M /300m ), each at a uniform
temperature and with the same mass of water (7 x 5 minutes = 3007 kg), and there is no mixing
or conduction between adjacent segments throughout each five-minute interval of calculation.
The mass of each water segment equals to the mass of water that would flow through the solar
collector during the five-minute period of calculation. For a specific five-minute interval of
calculation, as demonstrated in Fig. 8, a segment of water at Tt,, which comes out of the
collector outlet and is calculated by using the temperature of the first water segment at the
bottom of the tank (i.e., 7t;) obtained from previous five-minute interval of calculation, is added
to the top of the tank by forced circulation, pushing all water segments in the tank to move down
by the same amount, which pushes a segment of water at the bottom of the tank into the inlet of
the collector and the temperature of this amount of water becomes 7ty for the next five-minute
interval of calculation. Then during the next five-minute interval of calculation, the water
coming from the collector with an updated value of 7%, will become the first segment at the top
of the tank, pushing the segment that was previously at the top of the tank to become the segment
underneath and all other segments in the tank to move down by the same amount and the

segment at the bottom of the tank will be pushed out of the tank to become the inlet water for the
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collector, with an updated value of 7%;. With the time goes on, this process is repeated until the

end of the day which is also the end of the calculations.
(Fig. 8 location)

Numerical solution approach

It is apparent that for each five-minute interval of calculation, an iterative approach is necessary
to find Q,, 7, Tto, and T, as they all depend on Uy which in turn depends on T}, but 7} is
unknown a priori and is also a parameter that a solution is sought, as represented by eqn (15).
First a guess is made of the unknown 7}, from which /4, and then Uy are estimated by eqn (4) and
eqn (2), respectively. With this estimated value of Up and the calculated value of /¢; with eqn
(10), F'" and Fr can be estimated from eqn (6) and eqn (5), respectively, which then give the
estimated values of Q,, n7 and Tt,, calculated respectively by eqn (1), eqn (13) and eqn (14), and
a new value of T}, obtained from eqn (15). With this new value of T}, a new iteration is carried

out and the process is repeated until all solutions are converged.

A Maltab code using this iterative numerical approach and the equations presented in Section 2.1

is developed to obtain the solutions for all cases considered in this paper.
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RESULTS AND DISCUSSION

A comprehensive parametric study is conducted in this section to examine the thermal
performances of both types of solar water collectors under various configurations and operating
conditions. The configuration parameters of the collectors considered here are W, L, n, D, t,, ki, 9,
ky, M, ¢, and a,, and the operating parameters are G, 6, i and Ty, respectively. It is apparent that
1, Tro, ATy = Ty, — Ty; which is the temperature rise of fluid passing through the channels, and 7},

are appropriate parameters to characterize the thermal performance of the collectors.

Before the study of individual parameter on the thermal performance of the collectors, it is
worthwhile to obtain the results under typical configurations and operating conditions to get an

overall picture of the collectors’ performance.

All simulations are conducted using the Matlab code which is compiled using the methods

shown in Section 2, as stated above.

Results under typical configurations and operating conditions

Under typical configurations and operating conditions, the following values are used for their

corresponding parameters: G = 700 W/mz, L=2m,n=20,¢t=0.1m,k =0.045 WmK, § =
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0.42 mm, k, = 55 W/mK, ¢, = 0.11, a,, = 0.95, 1h = 0.05 kg/s, T, = 298 K, T;; = 298 K and 4,, =
14.75 W/m* K. For the Type 1 collector, 4,, = 540 mm?, P, = 151.32 mm and W = 76 mm. For

the Type 2 collector, 4,, = 864.42 mm?, P,, = 136.82 mm and ' = 87.5 mm.

Under typical configurations and operating conditions, the calculated thermal performances of
both collectors are summarized in Table 5. From this table, it is found that both types of
collectors can achieve high thermal efficiency (~70%) and can increase the water temperature by
about 8 °C, which is basically adequate for the domestic utilization in the North Queensland
where the yearly average ambient temperature is over 25 °C. It is also found that Type 2 collector
outperforms Type 1 collector in terms of thermal performance and efficiencies. This is expected
as a larger cross sectional area and larger spacing between the tubes are apparent for Type 2
collector. However this improvement is very marginal, which is also true for all other cases

considered, as will be shown subsequently.
(Table 5 location)

It should be noted that in the above numerical calculation, no heat exchanger is included for
simplicity. However, a heat exchanger will most likely be used in practical applications to

exchange the heat gain obtained from the collector to the water body in the storage tank. If such
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a heat exchanger is used, the water temperature rise by about 8 °C as obtained above will be
reduced due to the efficiency of the heat exchanger. Hence, the calculation obtained above and
all subsequent numerical calculations are for ideal cases in which no heat changers are involved
(or it is assumed that the efficiency of the heat exchangers is 100%). It is apparent that further
studies are needed to investigate the effect of the heat exchanger efficiency but this is beyond the
scope of the current study. Furthermore, all numerical calculations conducted by this study
assume that no hot water consumption load is applied during the heating period, which is the
case for most practical applications. However, there are also cases in which hot water
consumption loads will be engaged during the heating period. In these cases, specific hot water
consumption loads must be taken into account in the numerical calculations and the outcomes are
expected to be significantly different. Nevertheless, this is again beyond the scope of the current

study and will be the subject for our further studies.

Results under various configurations

The configuration parameters highlighted earlier are W, L, n, D, ¢, k;, 6, k,, M,, ¢, and a,. Among
these parameters, it is obvious that large values of # and k, and smaller values of &; will result in

higher collector efficiencies for both types of collectors considered. It is beyond of the scope of
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this study to analyse the effects of J, W and D as they are specific to the prevailing colorbond
steel profiles on the market. Further, it is only necessary to analyse the effects of either n or L as
both of these factors influence the absorber surface area A.. Therefore, only the results for the
configuration parameters ¢, ,a, M, and n will be presented here to show their individual effects

on the thermal performances of both collectors.

It should be noted that when a specific parameter is chosen to be investigated by changing its
value in a reasonable range to see its effect on the thermal performance of both types of
collectors, all other parameters will take the values used in the typical configurations and

operating conditions as identified in Section 3.1 above.

Effect of g, The results showing the effect of ¢, the emissivity of thermal radiation of the
absorber plate, on the thermal performance of the solar collectors are illustrated in Fig. 9, where

&y changes in the range of 0.01-1.
(Fig. 9 location)

From the results it is apparent that ¢, does not affect the thermal efficiency of both types of

collectors. ¢, 1s also found to have a negligible effect on the outlet fluid temperature and the
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temperature rise for Type 2 collector, although 7}, and 47} slightly decrease with increasing ¢,,.
It is further observed that Type 2 collector has higher outlet fluid temperatures and temperature
rises for all values of emittance investigated. But these improvements are again only marginal,
with the efficiency of Type 2 collector even being inferior to Type 1 collector. This is expected
as for the same number of parallel tubes, Type 2 collector occupies a larger collector area. The
larger hydraulic diameter, D;, and width between each channel, W, in Type 2 collector also
appears to provide this collector with higher temperatures. When increasing ¢, it is found that
the absorber plate temperature for both types of collectors, as expected, decreases monotonically
at small rates, although Type 1 collector decreases marginally whereas Type 2 collector
decreases much more significantly. These trends are expected as a linear relationship exists
between ¢,, &, and the effect of blackbody radiation from the absorber plate. Therefore increasing
&y, will increase the overall heat loss from the collector through radiation. However, ¢, has a

negligible effect on the convection heat transfer between the absorber plate and the ambient.

Therefore, it is ideal to allow the emissivity of thermal radiation from the colorbond steel
absorber plates for both types of collectors to be as small as possible. This can be achieved by

using a selective coating with very low emittance of thermal radiation.
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Effect of a,. Fig. 10 shows the results of the effect of oy, the absorptivity of solar radiation of the
absorber plate, on the thermal performance of the solar collectors, where o, changes in the range

of 0.01-1.
(Fig. 10 location)

From this figure, it is clear that a, has a dominant effect on the thermal performance of both
types of collectors. When a,, increases, all thermal performance parameters, including the thermal
efficiency, the outlet fluid temperature, the temperature rise, and the absorber plate temperature,
increase almost linearly. This is expected as the absorbed solar radiation on the absorber plate is
proportional to a,. It is also found that Type 2 collector has higher outlet fluid temperatures and
temperature rises than Type 1 collector for all values of absorptivity investigated, although the
improvements are only marginal again, due to the same reason as discussed in Section 3.2.1 for
the case of ¢,. Nevertheless, the efficiencies of both types of collectors are found to be almost
identical, indicating that «, has a negligible effect on the radiation heat transfer between the
absorber plate and the ambient, which is confirmed by the results showing in Fig. 10 for T,
where almost identical absorber plate temperatures are found for both types of collectors for each

a, value considered.
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Therefore, the absorptivity of solar radiation of the colorbond steel absorber plates for both types
of collectors should be as large as possible. This can be achieved by using a selective coating

with a very high absorptivity of solar radiation.

Effect of n. The results showing the effect of n, the number of parallel fluid channels in the
collectors, on the thermal performance of both types of collectors are presented in Fig. 11, where

n changes in the range of 5-100.
(Fig. 11 location)

It is found that the thermal efficiencies of both types of collectors decrease monotonically when
n increases, whereas the outlet fluid temperature, the temperature rise, and the absorber plate
temperature all increase monotonically with increasing n. The amounts of increases or decreases
of these parameters with increasing » are significant. It is further observed that Type 2 collector,
as before, provides higher outlet fluid temperatures and temperature rises for all n values
investigated. The efficiency of Type 2 collector is almost identical to that of Type 1 collector for
each value of n. As n is identical for both collectors, the mass flow rate through each channel is
identical, and the absorber plate area is slightly larger for Type 2 collector. These phenomena

help explain the almost identical efficiencies, but again, this affect could be limited to the typical
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configuration and operating parameters chosen. When # is less than 35, Type 1 collector has a
slightly higher absorber plate temperature than Type 2 collector, but when # is larger than 35, it
becomes the opposite, and the difference in the absorber plate temperature for both types of

collectors increases with increasing 7.

Therefore, it is ideal to prevent the solar collector from having too many parallel tubes to
maintain a higher efficiency. This helps reduces the heat loss through radiation and convection
on the absorber plate. To accommodate the loss in fluid outlet temperature when decreasing the
number of parallel channels, the collector should be constructed to have a slender configuration
such that the length of the collector, L, is greater than the width, which is affected by the number

of parallel tubes.

Effect of M. To demonstrate the effect of Mg, the mass of water stored in the storage tank, on
the thermal performance of the solar collectors, the time series of T¢;, Tt,, n, and ATrare
calculated based on the five-minute interval modelling through interpolating the monthly average
daily solar radiation on a hour basis for January in Townsville, as shown in Table 2. The results
are illustrated in Fig. 12 and Fig. 13 for Type 1 and Type 2 collectors respectively, where Mg

changes in the range of 100-800 kg.
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(Fig. 12 location)
(Fig. 13 location)

When comparing both types of collectors, the results show that smaller storage tank capacities
provide higher fluid inlet temperatures and higher fluid outlet temperatures, but smaller
temperature rises and efficiencies throughout the day. When the size of the storage tank

continued to increase however, the changes of these performances become smaller.

The storage tank had no effect on the convection or radiation heat transfer losses of the solar
collector, and its primary purpose is to control the inlet fluid temperature of the collector
operating at a specified mass flow rate. It is optimal to select a larger storage tank which allows
the inlet fluid temperature to remain closer to the ambient air temperature, as low values of 7;

increase the thermal efficiency of the collectors.

Results under various operating conditions

The operational parameters highlighted earlier are G, 6, 1 and Tj;. As the angle the solar
collector is positioned towards the sun only influences the amount of solar radiation that can be

absorbed by the collector at any given time, it unnecessary to investigate the effect of both G and
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0 on the instantaneous thermal performance of the solar collector. Also, it is apparent that the
solar collector will attain better thermal performance under a larger G, hence it is unnecessary to
investigate the effect of G. Thus, only the results for the operational parameters 11 and Ty; will be
presented here to show their individual effects on the thermal performances of both types of

collectors.

Effect of m. The results showing the effect of 1, the fluid mass flow rate, on the thermal

performance of the solar collector are illustrated in Fig. 14, where 1 changes in the range of

0.001-0.1 kg/s.
(Fig. 14 location)

From the results it is found that Type 2 collector provides slightly superior performances than
Type 1 collector, as demonstrated by a marginally higher outlet fluid temperatures and
temperature rises as well as efficiency for all #1 investigated. This is again expected as discussed
above. When increasing #, it is found that the outlet fluid temperatures, absorber plate
temperatures and temperature rises decrease monotonically but dramatically for both types of

collectors, although with gradually reducing rates of change when #1 is further increased.
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However, increasing values of #1 leads to favourable effect on the efficiencies of both types of
collector as the efficiencies increases monotonically and considerably with an increase in .
These trends are expected as efficiency is directly proportional to the product of # and 47T%
Although the increase of 71 results in the decrease of 47, as observed above, nevertheless, the
extent of increase in #h surpasses the extent of the decrease of 47}, with the ultimate increase of
the efficiency with increased r. As the increase of 71 leads to less time for the heated fluid to
pass through the channels, the convection heat transfer between the fluid and absorber plate will
be enhanced, resulting in lower absorber plate temperatures, as confirmed by the results shown in

Fig. 14(d), which also contributes to the improvement of the efficiency with increased .

It is apparent that the mass flow rate, among all parameters studied, has the largest effect on the
thermal performance of both types of collectors. To achieve an optimal thermal performance of
both types of collectors, a compromised choice of the mass flow rate has to been made by
maintaining a high efficiency but at the same time to attain the desired, usually high temperature

outputs.

Effect of Ty;. From eqn (1) and eqn (13), it is apparent that the thermal performance of both

types of collectors are under the influence of Tg;, the inlet fluid temperature of the collectors
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coming from the storage tank. The results showing this influence are illustrated in Fig. 15, where

Tt; changes in the range of 280-360 K.
(Fig. 15 location)

From the results, again it is found that both types of collectors have almost identical thermal
performance behaviour although Type 2 collector produces marginally higher temperature rises.
The efficiencies of both types of collectors are almost identical. This is expected as the
difference in temperatures from the inlet fluid temperature and ambient air temperatures are
identical for both types of collectors, as shown by eqn (1). When 7}, increases, it is found that the
outlet fluid temperatures increase and temperature rises decrease, both linearly and significantly
for both types of collectors. It is also found that increasing in 7}; causes the efficiencies of the
collectors to decrease linearly and significantly, which is the result of larger radiation heat loss
through the absorber plate and larger conduction heat loss through the back insulation due to
higher absorber plate temperatures, as confirmed by Fig. 15(d). Above a certain inlet
temperature, the efficiencies begin to drop to below zero and the collectors cease to produce any
useful heat for the storage tank and end applications at all, which is of course an undesired

outcome.
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It is therefore beneficial to maintain 7}; not larger than the ambient air temperature to attain the

best thermal performance for both types of collectors.

CONCLUSIONS

The major conclusions from this detailed and thorough parametric study on the thermal
performance of the innovative unglazed solar collector with its colorbond steel absorber plate
also serving as the roof under various configuration and operating conditions can be summarized

as follows:

(1) Both types of collectors can achieve high thermal efficiency (~70%) and can increase the
water temperature by about 8 °C, which is basically adequate for the domestic utilization in the
North Queensland where the yearly average ambient temperature is over 25 °C, indicating these
innovative low-cost unglazed solar collectors are suitable for the domestic utilization in at least
tropical regions and other similar regions as well.

(2) Generally speaking, Type 2 collector with the trapezoidal shaped profile Spandek
colorbond steel absorber plate has a slightly superior configuration than Type 1 collector which
has the cosine profile Lysaght BlueOrb colorbond steel absorber plate. This is partly due to the

larger cross sectional area and hydraulic diameter of Type 2 collector. Nevertheless, the
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differences in thermal performance between these two types of collectors are very marginally for
all parameters under investigation.

3) Improved thermal performance can be achieved for both types of collector through
optimizing a number of parameters. For example, a selective coating should be used for the
colorbond steel absorber plate to enhance its optical properties by increasing the absorptivity of
solar radiation and decreasing the emittance of thermal radiation; The configuration of the
collector should also be slender, such that the overall width was much less than the length of the
collector; A compromised mass flow rate has to be selected by maintaining a high efficiency and
at the same time to attain the desired, usually high temperature outputs; It is beneficial to
maintain the inlet fluid temperature of the collector as close as possible to the ambient air

temperature by selecting a larger storage tank.

It should be noted that in all numerical calculations carried out by this study, no heat exchanger
is included for simplicity, which are valid only for ideal cases. The thermal performance will be
reduced if a heat exchanger is used in the system and the effect of the heat exchanger efficiency
should be further studied which is beyond the scope of the current study. This study also

assumed that no hot water consumption load is applied during the heating period. Again further
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studies are required to investigate the effect of hot water consumption loads if they are engaged

during the heating period.
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NOMENCLATURE

a, b, c,d

Ac

Ay

CL

constants (-)

collector area (m?)
cross sectional area of each channel (m?)
Cr = (Ui/ky/8)"* (1/m)

specific heat of water (J/kg-K)
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Dy, hydraulic diameter of each channel (m)

F fin efficiency (-)

Fr collector heat removal factor (-)

F collector efficiency factor (-)

G solar radiation incident on the solar collector per unit area (W/m?)

hy conduction heat loss coefficient through the back insulation (W/m?*K)

hei convection heat transfer coefficient between the fluid and the tube wall
(W/m?K)

hy radiation heat transfer coefficient from the absorber plate to the ambient
(W/m?K)

hyy convection heat transfer coefficient by wind (W/m*K)

ki thermal conductivity of back insulation (W/m-K)

k thermal conductivity of the colorbond steel absorber plate (W/m-K)
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ke

Nu

Pr

Ou

Ri, R>

Re

thermal conductivity of water (W/m-K)

length of each channel (m)

index for segments in the “push in — push out” model (-)

mass flow rate of the fluid passing through the channels (kg/s)

total mass of water in the storage tank (kg)

number of parallel fluid channels in the collector (-)

Nusselt number (-)

wetted perimeter of each channel (m)

Prandtl number (-)

collector useful energy gain (W)

thermal resistances between the plate and the sky (m*K/W)

Reynolds number (-)

time (s)
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ti

Tt

Uy

ur

U

X,y

thickness of back insulation (m)

water temperature inside the channel (K)
inlet fluid temperature (K)

water temperature at segment m (K)

outlet fluid temperature (K)

mean absorber plate temperature (K)
equivalent sky temperature (K)

ambient air temperature (K)

average wind speed (m/s)

velocity of water passing the channels (m/s)
collector heat transfer coefficient (W/m?K)
width of each channel (m)

horizontal and vertical coordinates (m)
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Greek symbols

ap absorptivity of the absorber plate (-)

0 thickness of the colorbond steel absorber plate (m)

&p absorber plate emittance (-)

n collector overall efficiency (-)

0 inclination angle of the absorber plate to the horizontal (°)
v kinematic viscosity of water (m?/s)

o Stefan-Boltzmann constant (¢ = 5.67 x 10® W/m*.K*)
ATy ATy = Tro = Ty
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Fig. 1. The profiles and dimensions of the colorbond steel absorber plates for the two types of
solar water collectors considered in this paper [22]: (a) Type 1 collector, with the Lysaght
BlueOrb colorbond steel absorber plate having a cosine shaped profile, (b) Type 2 collector, with
the Spendek colorbond steel absorber plate having a trapezoidal shaped profile, (¢) dimensions of

the absorber plate profile for Type 1 collectors, and (d) dimensions of the absorber plate profile
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Fig. 2. The cross section (a) and the isometric cross section (b) of the Lysaght BlueOrb
colorbond steel collector. L (m) and W (m) are the length and width of each channel, &, (W/m-K)
and 0 (m) are the thermal conductivity and thickness of the colorbond steel absorber plate, k;
(W/m-K) and #; (m) are the thermal conductivity and thickness of back insulation, P,, (m) and 4,,
(m?) are the wetted perimeter and cross sectional area of each channel, respectively.

Colorbond Steel Profile

Insulation
(b)
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Fig. 3. The energy balance on the unglazed solar collector with colorbond steel absorber plates.
G (W/m?) is the solar radiation incident on the solar collector per unit area, which is absorbed by
the absorber plate inclined at an angle, 6, to the horizontal; «, (dimensionless) is the absorptivity
of the absorber plate; 7, (K) is the mean absorber plate temperature; 7t (K) is the mean water
temperature across the channel section perpendicular to the flow direction; 7, (K) is the ambient
air temperature; u,, (m/s) is the average wind speed; i, (W/m*K) is the heat loss coefficient
through thermal radiation from the absorber plate to the sky; Ay (W/m*>K) is the heat loss
coefficient through convection by wind; /&, (W/m>K) is the heat loss coefficient through
conduction across the back insulation; and O, (W) is the useful heat gain, respectively.

hy
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Fig. 4. The two types of unglazed solar collectors with colorbond steel absorber plates modelled
by the sheet-tube model (Duffie and Beckman, 1980).
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Fig. 5. Thermal network for the unglazed solar collectors with colorbond steel absorber plates: (a)
in terms of conduction, convection, and radiation resistances; (b) in terms of resistances between

the sky and the bottom of the back insulation.
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Fig. 6. Equivalent thermal network for the unglazed solar collectors with colorbond steel

absorber plates.
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Fig. 7. Schematic of the solar water heating system showing the connection between the solar
collector and the storage tank and the major parameters affecting the system’s thermal

performance. M; (kg) is the total mass of water in the storage tank.

Solar Collector

ACCEPTED MANUSCRIPT

47



Downloaded by [JAMES COOK UNIVERSITY] at 19:10 07 July 2015

ACCEPTED MANUSCRIPT

Fig. 8. The “push in — push out” model used to represent the vertical distribution of water
temperature within the storage tank during the successive five-minute interval of calculations,

where 7;;" (K) is the water temperature at segment .

Segment m+3 at r=1 T =T,
Segment m+2 at t=1 1"}(,—’“"2 =T,
Segment m+1 at t=1 ?};j’”*' =T,
Segment m at t=1 ;" =T,
Segment m+3 at r=2 ?};,—’”*3 =T,
Segment m+2 at t=2 T, =T,,;
Segment m+1 at t=2 " =T,
Segment m at 1=2 T =Ty
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Fig. 9. Calculated results demonstrating the effect of ¢, on the thermal performance of both types

of collectors: (a) 17 vs €y; (b) T}, Vs &p; (¢) ATy vs €p; and (d) T, vs €.
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Fig. 10. Calculated results demonstrating the effect of o, on the thermal performance of both

types of collectors: (a) 7 vs ay; (b) T, Vs ap; (€) ATy Vs ap; (d) T, Vs .
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Fig. 11. Calculated results demonstrating the effect of n on the thermal performance of both

types of collectors: (a) # vs n, (b) T, vs n, (¢) ATyvs n, (d) T}, vs n.
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Fig. 12. Calculated results demonstrating the effect of A in the range of 100 - 800 kg on the
thermal performance of Type 1 collector: Time series of Ty; (a), Ty, (b), n (c), and ATy (d).
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Fig. 13. Calculated results demonstrating the effect of M in the range of 100 - 800 kg on the
thermal performance of Type 2 collector: Time series of Ty; (a), Ty, (b), n (c), and ATy (d).
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Fig. 14. Calculated results demonstrating the effect of G on the thermal performance of both

types of collectors: (a) n vs ™ (b) Ty, vs ™ (c) ATy vs ™; and (d) T, vs ™.
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Fig. 15. Calculated results demonstrating the effect of G on the thermal performance of both

types of collectors: (a) n vs Ty;; (b) Ty vs Tyi; (¢) ATy vs Ty; and (d) T, vs T
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Table 1. Constants for calculating the Nusselt number at different Prandtl numbers

Prandt]l Number a b c d
0.7 0.0791 0.0331 1.15 0.82
5 0.0534 0.0335 1.15 0.82
o0 0.0461 0.0316 1.15 0.84
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Table 2. Monthly average total solar radiation on an hourly basis for each month of a year in

Townsville (Australian Solar Energy Society, 2006).

Hour Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

5

6 10 19 51 44 10
7 177 138 122 93 59 32 27 68 152 206 231 227 128
8 343 300 303 262 212 188 186 244 343 394 412 411 300
9 510 462 484 432 364 345 347 421 535 582 593 595 472
10 608 573 589 520 446 434 445 522 650 698 687 698 572
11 706 684 695 610 527 524 543 623 766 814 782 801 673
12 804 795 800 699 609 613 641 725 882 930 877 904 773
13 757 744 735 631 543 546 579 658 794 835 804 835 705
14 710 693 669 562 478 480 517 592 705 740 731 767 637
15 664 643 604 495 412 413 455 526 618 646 659 698 569
16 481 461 418 328 259 257 291 348 412 435 454 497 387
17 299 279 233 161 107 101 128 170 207 224 250 295 205
18 117 97 48 3 2 14 46 94 35

Daily 223 21.1 205 173 145 142 150 17.6 21.8 23.5 237 247 197
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Table 3. Monthly average highest, average, and lowest temperatures at 9am and 3pm

respectively for each month of a year in Townsville (Australian Solar Energy Society, 2006).

Time Monthly average temperature  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0
Highest 29.6 28.6 280 262 238 216 21.1 220 251 270 280 29.6
9am Average 285 28.0 273 256 231 198 19.1 212 240 260 276 2838
Lowest 25.6 263 264 250 221 177 17.8 20.5 228 251 267 278
Highest 313 307 305 287 27.0 248 245 254 272 293 297 313
3pm Average 30.0 30.0 295 281 262 241 233 244 263 278 29.1 305
Lowest 264 278 287 274 254 232 226 235 256 270 284 294
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Table 4. Monthly average highest, average, and lowest wind speeds for each month of a year in
Townsville (Australian Solar Energy Society, 2006).

Wind Speed  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(m/s)

Highest 33 37 32 39 25 29 30 42 42 47 40 44
Average 27 28 25 25 22 20 24 29 31 33 32 31
Lowest 22 17 21 15 18 1.1 20 21 22 26 22 17
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Table 5. Calculated results for the thermal performances of both types of collectors under typical

configurations and operating conditions

Parameter Type 1 collector Type 2 collector

3 0.6924 0.6976

0. W) 1473.5 1709.0

T;, (K) 305.03 306.16

T, (K) 309.37 309.15
ATy (K) 7.03 8.16

Fr 0.7289 0.7343

F 0.7978 0.8165

Downloaded by [JAMES COOK UNIVERSITY] at 19:10 07 July 2015

ACCEPTED MANUSCRIPT

60



	Effect of αp. Fig. 10 shows the results of the effect of αp, the absorptivity of solar radiation of the absorber plate, on the thermal performance of the solar collectors, where αp changes in the range of 0.01-1.
	Effect of Ms. To demonstrate the effect of Ms, the mass of water stored in the storage tank, on the thermal performance of the solar collectors, the time series of Tf,i, Tf,o, η, and ΔTf are calculated based on the five-minute interval modelling throu...
	Effect of . The results showing the effect of , the fluid mass flow rate, on the thermal performance of the solar collector are illustrated in Fig. 14, where  changes in the range of 0.001-0.1 kg/s.
	Effect of Tf,i. From eqn (1) and eqn (13), it is apparent that the thermal performance of both types of collectors are under the influence of Tf,i, the inlet fluid temperature of the collectors coming from the storage tank. The results showing this in...

