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This paper reports experimental data from, and numerical modelling of, plastic solar collectors
fabricated from a novel thermoplastic extrudate. The extrudate, termed as microcapillary ﬁlm (MCF),
consists of an extruded ﬂexible, plastic, ﬁlm with a parallel array of hollow capillaries running along the
ﬁlm’s length. Experimental investigations were carried out on two laboratory scale solar collectors,
illuminated with an infrared lamp, to determine the effects that different process ﬂuids, glazing layers
and collector backgrounds had on the overall heat recovery of the collector. The experiments also
examined the effects that ﬂuid ﬂow rate, collector length and capillary wall thickness had on the heat
recovery. Heat recovery of a similar order of magnitude to commercially available collectors was
attained. A ﬁnite difference model was developed to calculate the temperature gain and the heat
recovery of these solar collectors as a function of design and operating parameters. This model was
successfully validated against experimental data, and was able to quantitatively predict the
performance of these devices. Results from this investigation suggest that MCFs perform heat exchange
duties of this type well, with the potential to make a low-cost, lightweight, mechanically ﬂexible, solar
collector.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction and background
Flat plate solar collectors form a subset of devices that are used
to convert solar energy into heat and, as such, can be deployed for
duties such as domestic water heating. The traditional ﬂat plate
solar collector consists of number of important functional
components fabricated as a ‘sandwich’; a cross-section is shown
schematically in Fig. 1.
The cross-sectional diagram in Fig. 1 illustrates that a typical
solar collector is comprised of essentially four major components.
The glazing, air gap and insulation layers act to prevent heat loss
from the solar collector to the environment, whereas the absorber
plate coupled with the heat transfer tubes actively remove heat
from the solar collector for the desired application. Each of these
components will now be discussed in more detail.
The glazing acts to prevent heat losses from the panel to the
environment via convection and radiation, to prevent mechanical
damage to the absorber’s components and to act as an easy-toclean surface. It is vital, therefore, that incoming solar radiation
(in the near infrared) is allowed to pass through the glazing
relatively unhindered, but that radiative thermal losses (in the far
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infrared) are blocked (i.e. the greenhouse effect). Traditionally,
glass is used for ﬂat panel glazing since its solar transmittance can
be up to 90%, and typically, its cost is low. The solar transmittance
of glass can be increased by applying anti-reﬂective coatings,
resulting in an increase in efﬁciency [1]. The heat loss from the
top of the glazing layer can also be reduced by using multiple
glass layers [2], although this can be the detriment of the overall
transmittance. The weight of the glazing, however, can be
signiﬁcant due to the high mass density of glass.
The solar radiation transmitted through the glazing propagates
onto the absorber plate. The absorber plate must absorb an
optimum amount of solar radiation whilst minimising thermal
re-radiation. Typically, the absorber is painted with black, solar
selective, paint whilst coloured paints [3] and selective nickelpigmented aluminium oxide plates [4] are amongst the other
coatings that have been tested. Heat is removed from the absorber
plate by means of a ﬂow of heat transfer ﬂuid through straight
parallel pipes that are usually either embedded within, or afﬁxed
to the top or back of the absorber plate [5]; straight tubes are
preferred since they lead to more uniform temperature distributions and, in turn, lead to an improved collector efﬁciency [6]. The
heat transfer ﬂuid usually consists of a water and antifreeze
mixture, but air has been used in air heating and drying
applications. The lower speciﬁc heat capacity and density of air
does, however, necessitate the use of higher ﬂow rates to achieve
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Roman letters
A
Atot
C
Cp
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J
K
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m
n
p
Q0
Q
T
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T
u
V
V_
W
x
Dx

m

surface area of capillary (m2)
absorber surface area (m2)
vector of constants (K)
speciﬁc heat capacity (J kg  1 K  1)
capillary diameter (m)
friction factor (-)
acceleration due to gravity (m s  2)
height (m)
heat transfer coefﬁcient (W m  2 K  1)
incident radiation ﬂux (W m  2)
total number of FD nodes (-)
node number (-)
thermal conductivity (W m  1 K  1)
characteristic length (m)
matrix of coefﬁcients (-)
mass of a discretised layer (kg)
total number of capillaries (-)
iteration number (-)
rate of temperature change (K s  1)
rate of heat ﬂow (W)
temperature (K)
temperature difference (K)
temperature vector (K)
ﬂow velocity (m s  1)
volume of a discretised layer (m3)
volumetric ﬂow (m3 s  1)
overall width of collector (m)
ﬂuid ﬂow direction (m)
discretisation interval (m)

Greek letters

a
b

absorbance (-)
collector tilt angle (1)

sufﬁcient heat transfer, and this may lead to excessive friction
losses [7]. The remainder of the panel consists of either insulation,
to minimise the heat losses through the back and sides of the solar
collector, and a structural framework to hold the active components in place. The total weight and cost of a traditional solar
collector is not insigniﬁcant due to the high density and value of
metals and glass. With the growing demand for more costeffective renewable energy sources, developers have started to
examine alternatives to this traditional type of construction.
There is a body of literature concerning the use of polymers in
solar collector applications. Some previous studies have compared
the potential reduction in fabrication cost that could be achieved
by using polymeric components as opposed to metal components;
for example, one of the conclusions of the study by Liu et al. [8]

P

r
s
t

emissivity (-)
thermal expansion coefﬁcient (K  1)
dynamic viscosity (Pa s)
density (kg m  3)
reﬂectivity (-)
Stefan-Boltzmann constant (W m  2 K  4)
transmittance (-)

Subscripts
95
a
ambient
b
c
d
da
e
f
g
in
out
sky
still
TOT
windy

95th percentile value
external temperature layer
referred to ambient conditions
glazing layer
MCF upper wall layer
ﬂuid layer
referred to dew point conditions
MCF lower wall layer
upper insulation layer
lower insulation layer
referred to inlet conditions
referred to outlet conditions
radiated from the sky
referred to wind-free conditions
total
referred to conditions where wind is present

Superscripts
n

refers to thermal radiation

Non-dimensional groups
Nu
Pr
Ra
Re

Nusselt number
Prandtl number
Rayleigh number
Reynolds number

was that the cost of a conventionally designed solar absorber
fabricated from Nylon was roughly 80% of the cost of a
comparable unit fabricated from copper. Other past studies that
have investigated the use of polymer-based solar collectors have
shown that there are a number of key differences between ﬂat
plate absorbers using polymers and those using more traditional
materials; the essential elements of the ‘sandwich’ that were
illustrated in Fig. 1, however, remain largely present [9,10].
A study by Van Niekerk and Schefﬂer on an adaptation of a
conventional solar collector design, employing polypropylene
tubes rather than metal tubes, found that heat conversion
efﬁciency is inversely proportional to the tube pitch [11] and
that a metallic backplate only increased the collector efﬁciency if
the tube pitch exceeded a minimum threshold [12]. Various types

Fig. 1. Schematic diagram showing the cross-section of a typical traditional ﬂat plate solar absorber.
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of multi-tube extrudates have also been used in place of single
tubes [13,14]. One feature of polymers is that they can be
transparent, so some studies have examined the use of absorbents
suspended within aqueous or oil-based heat transfer ﬂuids.
Typically, these absorbents have comprised of either carbon or
metal blacks [15,16]. Some polymer-based designs consisting of
polypropylene hollow ﬁbres have achieved overall heat transfer
coefﬁcients of up to 1300 W m  2 K  1 [17]. These devices present
an interesting alternative to metallic heat exchangers in the
temperature range where polypropylene has sufﬁcient mechanical strength to contain the pressure generated by the ﬂuid ﬂow
within the ﬁbre bundle.
Polymer selection for use in solar collector design is not just
constrained by the candidate material’s thermal and mechanical
properties, but also by considerations of its thermal conductivity,
chemical stability, risk of UV degradation and climate exposure
durability in general [18]. There are, however, many high
performance polymers available on the global markets today
and candidate materials may include polyvinylidene ﬂuoride
(PVDF), polytetraﬂuoroethylene (PTFE), polyphenylene sulphide
(PPS), polyphenylene oxide (PPO) in addition to more familiar
polymers such as polyethylene (PE), polypropylene (PP) and
polycarbonate (PC) [19].
This paper is concerned with the fabrication of lightweight,
all-plastic, solar collectors with the absorber plate being made
from a material analogous to a micro-scale multi-tube extrudate.
This material is termed as microcapillary ﬁlm (MCF) [20,21] and
consists of an extruded ﬂexible, plastic ﬁlm with a parallel array
of hollow capillaries running along the ﬁlm’s length. The MCF
fabrication process allows both the average capillary diameter to
be altered within the range 30–500 mm and the ratio of the total
cross-sectional area of the capillaries to the total ﬁlm crosssectional area (termed hereon as the ‘voidage’) to be altered
within the range 11% to roughly 60% [22]. The ﬁlms are broadly
categorised into ‘low voidage’ forms, where the voidage is around
11%, or ‘high voidage’ forms, where the voidage is typically in
excess of 20%. Some representative photomicrographs of low
voidage and high voidage ﬁlms are shown in Fig. 2.
Initial research investigating the heat transfer performance of
MCFs [23] demonstrated that, despite their plastic construction,
their overall heat transfer performance was comparable to other
metal-based micro-scale heat exchangers. Further research [24],
veriﬁed these measurements and also highlighted the usefulness
of the MCF’s mechanical ﬂexibility with the ability to exchange
heat easily from three-dimensional surfaces. A short evaluation
concerning heat exchange devices fabricated from multiple layers
of MCF has also been presented [25].

Fig. 2. Photomicrographs showing the cross-sections of (a) low voidage MCF
containing 11% voidage, (b) high voidage MCF containing roughly 30% voidage and
(c) high voidage MCF containing roughly 60% voidage.
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Section 2 presents an experimental investigation into the heat
transfer performance, under laboratory conditions, of a solar
collector fabricated from polyethylene MCFs. Several parametric
studies are presented that examine the heat transfer performance
of the collector in relation to various aspects of its mechanical
design, such as the choice of low voidage or high voidage MCF, the
choice of collector backplate, the choice of heat transfer ﬂuid and
the choice of glazing material.
Section 3 presents the theoretical development and validation
of a numerical model that can be used to predict the performance
of a MCF solar collector as a function of its design parameters and
operating conditions. The model is used to gain physical insight
into collector operation in terms of the relative magnitude of
different heat transfer modes to and from the collector. Predictions from the model are compared to experimental data to serve
as model validation.
Section 4 uses additional experimental data along with model
predictions to create an initial methodology that could be used for
full-scale solar collector design. The aim of the design is to operate
with a collector geometry that would optimise the heat recovery
of the panel as a function of the length of MCF used, hence
minimising ﬂuid pumping costs.

2. Experimental methods and results
2.1. Panel design and experimental protocol
The MCF solar collector consisted of a ‘sandwich’ construction
consisting of an optically transparent layer of plastic glazing, the
MCF heat absorber and a bottom layer of insulation made from
polystyrene foam with a thickness of 50 mm. An air gap was
present between the glazing layer and the MCF absorber.
Schematic diagrams illustrating a typical absorber are shown in
Fig. 3.
The MCF heat absorbers were manufactured by laying linear
low-density polyethylene (LLDPE) MCFs side by side between two
0.06 mm thick polyethylene sheets. This conﬁguration was then
heat pressed to form a laminated structure using the procedure
described previously for manufacturing MCF disc reactors [26].
Two different types of heat absorbers were evaluated, one
manufactured from high voidage and the other from low voidage
MCFs. The mean diameter of the capillaries was approximately
equal to 350 mm in the high voidage collector and 200 mm in the
low voidage collector. Each collector contained between 7 and 12
MCFs and all MCFs contained 19 capillaries.
In the case of the low voidage collector, the ends of the MCFs
were stacked on top of one another and heat pressed to produce a
block containing an array of microcapillaries at each end of the
heat absorber. This was following a previously described
procedure for the manufacturing of MCF mixing cells [26]. These
blocks were then glued into standard size pipe ﬁttings using an
epoxy resin to allow connection of the MCF heat absorber to the
ﬂow loop. High voidage MCFs are characterised by thinner wall
structures than the low voidage MCFs, providing less excess
polymer for the formation of bonds between adjacently stacked
MCFs. Consequently, the heat pressing method that was used to
fabricate the low voidage connection blocks caused capillary
deformation before sufﬁcient bonding could be achieved between
high voidage MCFs.
In order to overcome the limitations of this connection
technique, an alternative technique was devised to allow
connection of the high voidage collector to standard size polymer
tubing, using Loctites Super Glue. A plastic pipe was cut slightly
longer than the width of the MCF heat absorber to allow the
ﬁtting of a connector at the one end of the tube and a plug at the
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Fig. 3. Schematic diagrams showing the layout of a typical MCF solar collector.

other. Slits were made along the length of the pipe, which allowed
the ends of the individual MCFs to be inserted into the plastic
pipe. The MCFs were ﬁxed in place by applying Loctites Super
Glue at the interface between the cuts in the pipe and the MCFs,
and the connections sealed using a Loctites hot melt glue gun
with an ethylene–vinylacetate copolymer based adhesive. The
inlet and outlet connector ends of the plastic pipes were
positioned at opposite corners of the heat absorber to enhance
uniform ﬂow distribution through all the microcapillaries. Two
schematic diagrams illustrating the different types of connections
and a photograph of a typical solar collector used for the
experimental work are shown in Fig. 4.
The performance of MCF based solar heat collectors was
evaluated under controlled conditions using a single-pass continuous ﬂow conﬁguration and aqueous heat transfer ﬂuids. A
schematic diagram of the basic experimental setup is shown in
Fig. 5.
Heat transfer ﬂuid at ambient temperature was pumped from
a reservoir using one of two pump types. For high ﬂow rates, a
centrifugal pump with a capacity of 3 l min  1 was used in
combination with a ﬂow bypass. This conﬁguration was only used
for water and the ﬂow rate was adjusted by controlling a pair of
valves, one in-line with the solar heat exchange panel and the
other in the bypass line. When using black ink solution as heat
transfer ﬂuid, a variable speed HPLC pump with a maximum ﬂow
rate of 10 ml min  1 replaced the centrifugal pump and the
bypass. The heat transfer ﬂuid was passed through a coil of
quarter-inch copper pipe submerged in water at room temperature to achieve a constant ﬂuid temperature at the collector inlet.
The light source, a 300 W infrared halogen lamp (Philips HP3631),
was positioned at a distance directly above the horizontally
mounted heat collector so that a radiation ﬂux of approximately
910 W m  2 was measured normal to the absorber surface. This
radiation ﬂux was chosen to match peak solar radiation in the
subtropics. The ﬂow rate of the heat transfer ﬂuid to the heat

Fig. 4. Schematic diagrams, top, illustrating the two different types of connection
system for an MCF solar collector and photograph, bottom, of a typical absorber
that was used for the experimental work.

collector was measured using an electromagnetic ﬂow meter
(LitreMeter Pelton Series) and checked manually using a measuring cylinder and stopwatch, while the pressure was monitored
using a Dynisco pressure transducer (PT422A). K-type thermocouples embedded in the pipe connectors were used to measure
the temperature of the heat transfer ﬂuid at the inlet and outlet of
the heat collector. The incident radiation ﬂux was measured using
a digital solar power incidence meter (EDTM SP1065).
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Fig. 5. Schematic ﬂow diagram showing the experimental conﬁguration used to evaluate the solar heat collection capabilities of MCF absorbers.

A data acquisition device (National Instruments USB-6221)
was connected to a computer running LabVIEWs, which allowed
capture of the ﬂow, pressure and temperature measurements. The
LabVIEWs routine that was used included code to calculate the
ﬂuid mass density, P, and heat capacity, Cp, based on the average
of the ﬂuid inlet temperature, Tin, and the ﬂuid outlet temperature, Tout. The effective heat gain of the ﬂuid, Q, together with the
normalised heat recovery per unit area, q, was calculated using
q¼

Q
V_ P
¼
Cp ðTout Tin Þ
Atot
Atot

ð1Þ

In this equation, V_ is the volumetric ﬂow rate of the heat transfer
ﬂuid and Atot is the total area of the absorber.

2.2. Results
In order to establish the optimum conﬁguration of MCF solar
heat collectors, a set of parametric studies was conducted. The
effects of different aqueous process ﬂuids, collector backgrounds
and glazing layers, as well as the inﬂuence of capillary wall
thickness were examined for a range of practically relevant ﬂow
rates through the device. After optimum process conditions were
established, the effect of microchannel length on the performance
of the collector was investigated. Each of these experiments is
described in detail in the subsections that follow.

2.2.1. The effect of MCF voidage on heat collection
The ﬁrst investigation examined the difference between
collectors made from high and low voidage MCFs. These materials
differ in both their capillary size and the ratio between the total
capillary area and polymer matrix area for a given cross-section;
they thus present different capillary wall thicknesses and
capillary mean hydraulic diameters. The low and high voidage
heat collectors exhibited similar behaviour, with the temperature
rise of the heat transfer ﬂuid across the absorber decreasing as the
ﬂow rate increased; slightly higher temperature increases were
achieved with the high voidage collector. The observed temperature rises by 8.8 K for the high voidage collector and 8 K for the
low voidage collector, achieved at a ﬂow rate of 9.3 ml min  1, are
comparable with temperature increases achieved in commercial
systems [27].

Fig. 6. (a) Plot showing the heat collection per unit area, q, as a function of ﬂow
rate for low and high voidage collectors, (b) plot showing the pressure drop along
the microchannels as a function of ﬂow rate for low and high voidage collectors.
Error bars for all plots set to one standard deviation.

The plot in Fig. 6a shows that the heat collection of both the
low and high voidage collectors initially increased with increasing
ﬂow rate, until maximum heat recoveries of approximately 735
and 790 W m  2, respectively, were achieved at ﬂow rates
between 20 and 30 ml min  1. At lower ﬂow rates, the large
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increase in the ﬂuid temperature along the collector length
caused the average collector temperature to rise well above the
ambient temperature, which subsequently led to increased heat
losses to the environment. At higher ﬂow rates, the residence time
of the ﬂuid in the collector was very short, not allowing sufﬁcient
heat transfer between the MCFs and the ﬂuid to occur. At these
ﬂow rates, the ﬂuid was still below the temperature of the
capillary walls at the collector exit, hence the maximum amount
of energy had not been extracted.
Fig. 6a further illustrates the superior heat collection efﬁciency
of the high voidage heat collector, which achieved 4.7% higher
energy collection than the low voidage collector over the range of
ﬂow rates investigated. This is probably due to factors relating to
the capillary shape and wall thickness. Incident radiation had to
travel a shorter distance through the thinner walls of the high
voidage extrudate, resulting in less absorption of the incident
radiation. The projected area of the capillaries onto the top surface
of the collector was also larger for the high voidage collector due
to the elliptical shape of the capillaries and closer capillary
spacing, resulting in an increased area for absorption to occur.
A further practical design consideration is the magnitude of
the pressure drop inside the different types of heat collectors,
illustrated in Fig. 6b. The low voidage collector produced a
pressure drop between four and six times greater than the
high voidage collector for a given ﬂow rate. At approximately
10 ml min  1, the pressure drop in the low voidage collector was
0.48 bar compared to 0.1 bar in the high voidage version, hence
making the high voidage collector more favourable for practical
applications. The linear increase in pressure drop as a function of
ﬂow rate is in agreement with earlier work [23], which was
concerned with the pressure drop in low voidage MCFs; this
experimentally conﬁrms that the ﬂuid ﬂows in both of the types
of heat collector were laminar. Because of this, as well as the
slightly better heat collector performance of the high voidage
MCFs, all further parametric studies were performed using high
voidage collectors

2.2.2. The effect of process ﬂuid and backplate colour on heat
collection
The results from experiments that investigated the effects of
different heat transfer ﬂuids and different collector backplates on
heat recovery are shown in Fig. 7. The two heat transfer ﬂuids
were water and diluted black ink, and the backplates consisted of
either uncovered white polystyrene foam or white polystyrene
foam having a black paper cover.

Fig. 7. Plot showing heat collection per unit area, q, as a function of ﬂow rate,
using a high-voidage collector with different heat transfer ﬂuids and different
backgrounds. Error bars are set to one standard deviation.

When using water as a heat transfer ﬂuid, the heat collector
with a white polystyrene foam backplate was consistently
outperformed by the collector with a black backplate, the latter
achieving an average increase in heat recovery of 39.5%. These
observations can be ascribed to the absorption characteristics of
water. The light absorption coefﬁcient of water is between two
and six orders of magnitude larger for thermal radiation in the far
infrared spectrum than for solar radiation in the visible and near
infrared spectrum. A large percentage of the incident radiation in
the solar spectrum was transmitted through the water and
reached the backplate. The white background reﬂected the
majority of this radiation, for it to pass only through water within
the absorber’s capillaries again. The black backplate, however,
absorbed the transmitted solar radiation; this caused the backplate to heat up and to subsequently re-emit some of the
absorbed energy as thermal radiation in the far infrared spectrum.
This allowed a higher degree of radiation absorption by the water,
which, together with increased conduction from the higher
temperature of the black backplate to the MCFs, proved more
signiﬁcant than the increase in conduction losses through the
insulation; this consequently increased the overall collector
efﬁciency. When using dilute black ink as the process ﬂuid, the
collector with the white backplate achieved 45.5% higher energy
collection on average, compared to the identical collector using
water over the range of ﬂow rates investigated. In contrast to the
collector that used water as a heat transfer ﬂuid, the combination
of a black backplate with dilute black ink led to only a negligibly
small improvement in the heat collection efﬁciency. It was
concluded that black ink as the heat transfer ﬂuid resulted in an
optimum collector performance. It must be noted that the
formulation of a heat transfer ﬂuid for practical applications
would also have to take account of other operating factors, such as
whether or not the environmental temperature range would
cause the ﬂuid to freeze.

2.2.3. Effect of glazing material on heat collection
The effect of glazing material, in the form of polyethylene (PE)
or ﬂuorinated ethylene propylene (FEP) ﬁlms, was studied. Four
different glazing strategies were investigated; no glazing, glazing
consisting of a 0.06 mm thick PE ﬁlm, glazing consisting of a
0.05 mm FEP ﬁlm and glazing consisting of a 0.25 mm thick FEP
ﬁlm. These results are shown in Fig. 8.
It was found that the losses, in the still air of the laboratory
environment, brought about by the combination of absorption

Fig. 8. Plot showing the heat collection per unit area, q, as a function of ﬂow rate,
using a high-voidage collector with or without additional glazing in form of
polyethylene (PE) or ﬂuorinated ethylene propylene (FEP) covers. Water was used
as the heat transfer ﬂuid with a white backplate.
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and reﬂection of the incident radiation by the additional plastic
cover were more signiﬁcant than the reduction in heat loss that it
achieved for the range of heat transfer ﬂuid temperatures
investigated. Glazing was not used in subsequent experiments.
In a commercial application, however, a glazing layer would have
to be incorporated.
In summary, it can be said that solar collectors fabricated from
high voidage MCFs, without a glazing layer and using dilute black
ink as the heat transfer ﬂuid achieved the highest heat recovery.
This conﬁguration, in combination with a white polystyrene
backplate, was used in the remaining studies.
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Fig. 9a shows the temperature increase of the heat transfer
ﬂuid across the collector over a ﬂow rate range of 4–13 ml min  1
and Fig. 9b shows the corresponding heat recovery per unit area,
q, as a function of ﬂow rate. Whilst the temperature rise over the
collector decreases with increasing ﬂow rate, the heat recovery
per unit area initially increases and then approaches an
asymptote. It can be seen from these two graphs that although
the temperature difference across the collector is larger for a
longer collector, the normalised heat recovery, q, is greatest for a
shorter collector.

3. Mathematical model development and validation
2.2.4. Effect of collector length on heat collection
After optimum process conditions were established by the
initial parametric studies described in Sections 2.2.1–2.2.3, the
effect of microchannel length on the performance of the collector
was investigated. Three additional high voidage collectors, each
with different capillary lengths, were manufactured using 12
MCFs having a mean capillary diameter of 350 mm. These
collectors had capillary lengths of 7.2, 10.8 and 14.4 cm. Each of
these collectors was fabricated without a glazing layer, used
dilute black ink as the heat transfer ﬂuid and was built upon a
white polystyrene backplate. The temperature increase across
each of the collectors along with their overall heat recovery was
investigated as a function of heat transfer ﬂuid ﬂow rate. Results
from these studies are shown in Fig. 9.

This section describes the development and validation of a
mathematical model that calculates the heat transfer performance of the plastic solar collectors that were described in
Section 2. A number of analytical models have been presented in
the literature for non-metallic solar collectors, for example those
by O’Brien-Bernini and McGowan [28] and Tsilingiris [29],
whereas other models have been based on ﬁnite differences, for
example that of Christofari et al. [18]. The model outlined in this
section is a steady state, two-dimensional ﬁnite-difference model
that solves coupled radiative, convective and conductive energy
balances between the various active layers in the solar panel both
normal to, and in the direction of, the ﬂow of the heat transfer
ﬂuid.
3.1. Theoretical development
The model solves the energy conservation equation at steady
state for three major modes of heat transfer: near infrared
radiation, which corresponds to the long wavelength region of the
solar spectrum, infrared radiation corresponding to thermal
radiation and convective heat transfer due to heat loss from the
glazing to the environment. The overall energy balance for the
collector along with each of these three heat transfer modes is
discussed, along with their respective assumptions, in the
subsections that follow. For convenience, conductive effects are
discussed in the same section as the calculation of the overall
rates of heat transfer.

Fig. 9. Plots showing (a) the temperature increase as a function of ﬂow rate and
(b) the heat collection per unit area, q, as a function of ﬂow rate for three different
length collectors fabricated from high-voidage MCFs.

3.1.1. General energy balance
The steady state model was derived by dividing the collector
cross-section into seven isothermal layers, normal to the ﬂow of
heat transfer ﬂuid; these layers comprised the air above the
glazing, the glazing, the upper MCF wall, the ﬂuid ﬂow within the
MCF, the lower MCF wall and the upper layer of insulation. In
these ﬁve lower layers, it was assumed that the most signiﬁcant
temperature gradient was in the direction of the ﬂuid ﬂow, whilst
it was assumed that the air above the solar collector was held at a
constant temperature. It was further assumed that the seventh
layer, the lower part of the insulation, was held at a uniform
temperature. The energy balances described in the subsections
that follow link together the energy ﬂow between each of these
layers, whereas the temperature gradients in the direction of the
ﬂow of heat transfer ﬂuid were calculated using ﬁnite differences.
More details of the solution strategy are given in Section 3.2. For
convenience in formulating the equations that follow, each layer
has been designated ‘a’ through ‘g’, from top to bottom. When this
designation appears in a single subscript, it denotes a property
speciﬁc to that layer; when two designations appear together in a
subscript, it denotes a ﬂux between the ﬁrst layer and the second.
A schematic diagram of the solution domain, along with this
subscript convention, is shown in Fig. 10.
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Fig. 10. Schematic diagram showing the structure of the solution domain. The only signiﬁcant temperature gradients are assumed to be in the x direction, the middle ﬁve
layers are assumed to be isothermal at each x location and the upper and lower layers are assumed to be at a constant temperature.

The energy conservation equation, simpliﬁed for one-dimensional temperature gradients can be written as
u

dT
k d2 T
þQ0
¼
dx
PCp dx2

ð2Þ

Here, u and T are, respectively, the velocity and temperature of the
material in the layer under consideration, and k, P and Cp are the
thermal conductivity, density and speciﬁc heat capacity that are
applicable to the material in that layer. Q0 represents the heat
transfer to or from the layer under consideration to a neighbouring layer. The only layer in which the velocity term is non-zero is
the layer that corresponds to the heat transfer ﬂuid. For the
purposes of this analysis, it is convenient to rewrite Eq. (2) in a
form whereby the absolute amount of energy transfer between
layers can be calculated:
mCp u

dT
d2 T
¼ Vk 2 þ QTOT
dx
dx

ð3Þ

Here m and V refer to the mass and volume of the discretised layer
and QTOT refers to the total energy ﬂow into or out of the layer
under consideration. The volumes of each discretised layer are
given by the following equations:
Vb ¼ WHb Dx
Vc ¼

WðHc þHe þdÞDxVd
2

Vd ¼ n

pd2
4

Dx

ð4aÞ
ð4bÞ

ð4cÞ

into account the contributions of successive reﬂection and
absorption of the incident radiation. In this analysis, it is assumed
that signiﬁcant reﬂection of the incident solar radiation only
occurs at the upper MCF wall, layer ‘c’, and at the upper layer of
insulation, layer ‘f’. It is furthermore assumed that the direction of
all radiation and reﬂection is normal to the glazing surface.
The reﬂected radiation at the upper MCF wall is allowed to
successively reﬂect between the lower surface of the glazing,
layer ‘b’, and the upper MCF wall until complete absorption has
occurred. Each successive reﬂection is assumed to penetrate into
either the lower or upper components of the panel, respectively,
and to be absorbed or transmitted depending on the individual
layers’ properties.
For simplicity, only the ﬁrst reﬂection of the incident solar
radiation from the upper part of the insulation, layer ‘f’, is
assumed to be important. This reﬂected beam is allowed to either
successively reﬂect between the lower MCF wall, layer ‘e’, and the
upper part of the insulation until complete absorption has
occurred, or to reﬂect back to the lower surface of the glazing.
The behaviour of this reﬂected beam between the lower glazing
surface and the upper MCF surface is treated differently to that of
the incident beam. It is assumed that successive reﬂections of this
beam only penetrate as far as the upper MCF wall, and that they
are absorbed there.
These radiative modes of heat transfer are shown schematically
in Fig. 11.
If the incident radiation beam and its successive reﬂections
between layers ‘b’ and ‘c’ are considered, it can be shown that the
radiative heat transfer to layer ‘b’ from this beam alone is given by

Ve ¼ Vc

ð4dÞ

Qab ¼ IW Dxðab þ tb rc ab þ tb rb r2c ab þ tb r2b r3c ab þ   Þ

Vf ¼ Vg ¼ WHf Dx

ð4eÞ

In this equation, I is the ﬂux of incident solar radiation, and a,
r, and t are the absorption, reﬂectance, and transmittance of the

Here, W is the width of the collector, Hj is the height of layer j, d is
the capillary diameter, n is the total number of capillaries in the
collector and Dx is the spacing in between two successive
discretisation points. Eqs. (4d) and (4e) make the assumption
that the layer heights for layers ‘e’ and ‘c’ are the same, as are the
heights of layers ‘f’ and ‘g’.
3.1.2. Heat transfer due to solar radiation
Previous work in this ﬁeld, for example that of Jannot et al.
[30], has developed expressions that evaluate radiative heat
transfer between different active layers in solar collectors, taking

ð5Þ

layer in question. The sum of these quantities is always equal to
one. The sum to inﬁnity of this geometric series is given by

Qab ¼ IW Dxab 1 þ

tb rc
1rb rc


ð6Þ

With reference to Fig. 11, it can be seen that the radiative heat
transfer to layer ‘b’ also contains a term that includes the ﬁrst
reﬂection from the top layer of the insulation. If the radiative ﬂux
that is being reﬂected from this layer is termed If, then the
complete expression that quantiﬁes the radiative heat transfer to
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Fig. 11. Schematic diagram showing the initial path and the successive reﬂection paths and absorption locations of the incident beam of solar radiation.

layer ‘b’ becomes
 
Qb ¼ W Dx Iab 1 þ



tb rc
1rb rc

þ If te td tc ab



1
1rb rc


ð7Þ

The heat transfer due to solar radiation can be similarly
quantiﬁed for every layer in the solar collector; these equations
are given as follows:





1
tc rb
þ If te td ac 1 þ
ð8Þ
Qc ¼ W Dx Itb ac
1rb rc
1rb rc




Indtb tc ad
1
nd
Qd ¼ W Dx
þIf
te ad
W
1rb rc
W




1
Qe ¼ W Dx Itb tc td ae
þIf ae
1rb rc
Qf ¼ IW Dxtb tc td te af



1

1rb rc



1
1re rf

analogous to Eqs. (7)–(11), is given below by applying the StefanBoltzmann equation. Quantities that have an asterisk as a
superscript represent thermal radiation, in contrast to solar
radiation, and it has been assumed throughout that the emissivity
values are equivalent to absorption values.
"
! #
!

ab rc
ac
T4
2 Tb4 þ


1rb rc
1rb rc c

Qb ¼ W Dxsab

!

þW Dxesky sab 1þ

tb rc
T4
1rb rc sky

ð13Þ

ð9Þ
"
ð10Þ

Qc ¼ W Dxsac

!

3.1.3. Heat transfer due to thermal radiation
The expressions that quantify heat transfer due to thermal
radiation are derived in a similar way to the expressions for
radiative heat transfer due to solar radiation, derived in the
previous subsection. The key difference was that it was assumed
the absorption response of the heat transfer ﬂuid, taken to be
water, in the infrared was different to that in the near infrared;
any thermal radiation entering the ﬂuid layer was assumed to be
totally absorbed. In addition, it has been shown [30] that thermal
radiation incident from the sky needs to be accounted for and that
the glazing will radiate from both top and bottom surfaces. A set
of equations describing heat transfer due to thermal radiation,

þndDxst

"
Qe


e

¼ W Dxsa

"
Qf ¼ W Dxsaf

4
Tsky

ð14Þ

!

1rb rc

e

#

!

1rb rc

1

Qd ¼ ndDxstc

!

1

þW Dxesky stb ac

ð11Þ

Eq. (9), which describes the radiative heat transfer into heat
transfer ﬂuid, the term (nd/W) is used to normalise the area in the
width direction, since the reﬂected beam If is evaluated over the
entire width of the collector, whereas the ﬂuid in the capillaries
only occupy a fraction of that area. Furthermore, in Eq. (11), terms
that are fourth order in reﬂectivity have been assumed to be
negligibly small.
The solar radiation reﬂected from the upper layer of the
insulation, layer ‘f’ is given by
!


1
1
ð12Þ
If ¼ Itb tc td te rf
1rb rc
1re rf

!

ab
rb ac
Tb4 þ
1 Tc4


1rb rc
1rb rc

1
1re rf

4
ðab Tb4 þ ac rb Tc4 þ esky tb Tsky
Þ

!
ðaf Tf4 þ ae re Te4 Þ

!

ð15Þ

!

ae rf
af
4
Tf4
1
T
þ
e
1re rf
1re rf
!

!

af re
ae
Te4
1 Tf4 þ


1re rf
1re rf

#
ð16Þ
#
ð17Þ

In Eqs. (13)–(17), s is the Stefan-Boltzmann constant
(5.67  10  8 W m  2 K  4). Correlations already exist that permit
both the temperature [31] and emissivity [30] of the sky to be
estimated as a function of the ambient temperature, Tambient, and
dew point temperature, Tda, respectively; these correlations are
shown in Eq. (18) and allow the relevant terms in Eqs. (13)–(15)
to be estimated.
1:5
Tsky ¼ 0:0552Tambient

ð18aÞ


esky ¼ 0:787 þ0:764 ln

Tda
273


ð18bÞ
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3.1.4. Heat transfer due to convection
Correlations have been proposed in the literature [31] that
allow estimation of the convective heat transfer coefﬁcients that
are relevant to solar collector geometries. The heat transfer
coefﬁcient that characterises the convection between the glazing
and the ambient air, hab, is given by
Nua ka
hab ¼
L

ð19Þ

In this expression, ka represents the thermal conductivity of
the air, Nua, the Nusselt number referred to the ambient air and L
a characteristic length scale, equal to four times the collector area
divided by the perimeter. The Nusselt number in this expression
is taken as the larger value of the Nusselt number calculated both
under ‘windy’ and ‘still’ conditions:
Nuwindy ¼ 0:86Re

1=2

1=3

Pr

ð20Þ

Nustill ¼ 0:76Ra1=4 82:6  104 oRa o107
Nustill ¼ 0:15Ra1=3 8107 o Ra o 3  1010

ð21Þ

The heat transfer coefﬁcients for convection between the
glazing and the upper part of MCF absorber and the upper part of
the insulation and the lower part of the MCF absorber, hbc and hef,
respectively, are given by the correlation for natural convection
between parallel plates. For the case of convection between layers
‘b’ and ‘c’ this is given by
Nupp ka
hbc ¼
Hbc

calculated at a tilt angle of 751 approaches that calculated for
vertical parallel plates.
The heat transfer coefﬁcient for the convective ﬂow between
the heat transfer ﬂuid and the MCF through which it ﬂows is given
by an expression similar to Eqs. (19) and (22):
Nud kd
ð25Þ
d
The Nusselt number for the ﬂuid ﬂow shown in Eq. (25), Nud, is
given by Eq. (26) for ﬂuid ﬂows in the turbulent regime
(Re42200):
hcd ¼ hde ¼

f RePr
Nud ¼ 
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8 1:07 þ 12:7ðPr2=3 1Þ ðf =8Þ
where the friction factor, f, is calculated as
f¼

1
ð0:79 lnðReÞ1:64Þ2

where


f ðxÞ þ f ðxÞ
ð24Þ
ðf ðxÞÞ þ 
2
In Eq. (23), b is the collector tilt angle, measured in degrees,
which spans between 01, horizontal, and 751. The Nusselt number

ð27Þ

If the ﬂuid ﬂow is laminar, then the value of the Nusselt
number ranges between the limits of 3.7, when the tube wall
temperature is held constant, and 4.4, when the wall heat ﬂux is
constant. In Eqs. (20)–(27), the Prandtl, Rayleigh, and Reynolds
numbers are given by
Pr ¼

Ra ¼

ð22Þ

In this expression, the Nusselt number for parallel plates, Nupp
is given by [31]
!


1708 þ
1708ðsinð1:8bÞÞ1:6
Nupp ¼ 1 þ 1:44 1
1
Ra cos b
Ra cos b

1=3 ! þ
Ra cos b
þ
1
ð23Þ
5830

ð26Þ

Re ¼

mCp
k
Cp g fDTd3 P2
mk
P du

m

ð28aÞ

ð28bÞ

ð28cÞ

3.1.5. Overall heat transfer rates
A schematic diagram showing all the modes of heat transfer is
shown in Fig. 12.
Now that all the individual radiative and convective modes
have been evaluated, all that remains is to perform heat balances
around each layer in the solar collector. This results in the
following relationships:
QTOT,b ¼ Qb þ Qb þhab W DxðTa Tb Þ þhbc W DxðTc Tb Þ
QTOT,c ¼ Qc þ Qc þhbc W DxðTb Tc Þ
A
2ðTe Tc Þ
þ hcd ðTd Tc Þ þ kc ðWdnÞDx
2
ðHc þ d þ He Þ

Fig. 12. Schematic diagram showing the principal modes of heat transfer for the solar collector.

ð29Þ

ð30Þ
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Fig. 13. Schematic diagram showing the discretisation of the solar collector and the placement of nodes within the solution domain.

QTOT,d ¼ Qd þQd þ hcd

A
A
ðTc Td Þ þhcd ðTe Td Þ
2
2

QTOT,e ¼ Qe þ Qe þ hef W DxðTf Te Þ þ hcd
þkc ðWdnÞDx

ð31Þ

A
ðT Te Þ
2 d

2ðTc Te Þ
ðHc þd þHe Þ

QTOT,f ¼ Qf þ Qf þhef W DxðTe Tf Þ þ kf W Dx

ð32Þ

2ðTg Tf Þ
ðHf þ Hg Þ

ð33Þ

The area over which convective heat transfer between the heat
transfer ﬂuid and the absorber occurs, A, in Eqs. (30)–(32) is taken
to be the surface area of the capillary
A ¼ npdDx

ð34Þ

3.2. Numerical solution
The system of equations developed in the previous section was
solved via ﬁnite differences using MATLABs. The length of the
solar collector was divided into i discrete nodes, with the
temperatures of each layer being calculated at each node. This
is shown schematically in Fig. 13.
The ﬁrst derivative of temperature with respect to length was
discretised using 1st order upwind differencing to account for the
convective nature of the heat transfer and the second derivative of
temperature with respect to length was given by 2nd order
central differences. Expressions for both of these derivatives are
shown in Eq. (35), with the gradients being evaluated at a general
node, j, in the solution domain:

Tj Tj1
dT 
ð35aÞ

Dx
dx j

Tj þ 1 2Tj þTj1
d2 T 

Dx2
dx2 j

found in Eqs. (13)–(17). This was overcome by using an iterative
solution strategy, where the unknown temperature ﬁeld at
iteration p was formulated to be linear with respect to the
temperature ﬁeld at iteration p but cubic with respect to the
known temperature ﬁeld at iteration p–1 as follows:
T4p  T3p1 Tp

ð36Þ

The initial condition for the temperature ﬁeld was that all
nodes were speciﬁed to be a known, and uniform, temperature;
the temperature of the inlet ﬂuid for the ﬂow domain and that of
the ambient environment for the remainder of the solution
domain.
The ﬁnite difference approximations shown in Eq. (35) and
the linearisation shown in Eq. (36) allowed this problem to
formulated as a linear system of algebraic equations, shown in
vector form in Eq. (37); the solution to each iteration of this linear
system therefore became the solution to a matrix inversion
problem:
MT ¼ C
‘T ¼ M1 C

ð37Þ

Here (37), T is a vector of temperatures of length 7i; C is a vector,
again of length 7i, which contains all the terms that are constant
in the linear system of equations. Matrix M is a sparse, banded,
square matrix of size 7i by 7i, which contains all the coefﬁcients of
the temperature dependencies that result from the energy
balance equations. A ﬂow chart of the solution algorithm is
shown in Fig. 14. When a solution was calculated, the
discretisation of the solution domain was reﬁned until a
consistent solution was found, hence addressing any concerns
regarding the grid dependency of the solution or grid-dependant
numerical errors associated with the 1st order upwind
differencing scheme.
3.3. Model validation

ð35bÞ

The boundary conditions for the solution domain were
speciﬁed temperatures at the capillary inlets and in layers ‘a’
and ‘g’; the former was set to the ﬂuid inlet temperature whereas
the latter was set to the ambient temperature. The nonlinearity in
this set of equations results from the quartic temperature terms

The optical properties of the heat transfer ﬂuids and collector
components used in the model of the solar collector are given in
Table 1; these values are assumed to be independent of
temperature and are based on literature values [32,33]. The
solar absorbance and transmittance of the black ink were left as
tuning parameters in the model; in an ideal scenario the
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Fig. 14. Flow chart showing the algorithm used by MATLABs to solve the
simultaneous energy balances.

Table 1
Parameters specifying the optical properties of different solar collector components [32,33].
Heat transfer
ﬂuid

MCF Glazing Insulation

Water Ink
Solar absorbance

0

Solar transmittance

1

Infrared absorbance
Infrared
transmittance

1
0

Model
ﬁt
Model
ﬁt
1
0

White Black Foil
0.08 0.10

0.25

0.90

0.10

0.85 0.84

0

0

0

0.20 0.20
0.72 0.70

0.90
0

0.90
0

0.10
0

properties of water and air were taken from literature values [34];
the physical properties of dilute black ink were assumed to be
those of water. The thermal conductivity of MCF was taken to be
0.27 W m  1 K  1 [23] and that of the polystyrene foam insulation
to be 0.04 W m  1 K  1 [32].
The model was validated against a number of different sets of
experimental data, some of which are reproduced here. The plot
in Fig. 15 shows both experimental results and model predictions
for the variation in temperature difference achieved across a solar
collector as a function of ﬂow rate for low voidage and high
voidage MCFs. In this experiment, water was used as the heat
transfer ﬂuid. The error bars in the x-direction were set to the
average error in the ﬂow rate measurement, 70.8 ml min  1, and
the error bars in the y-direction were set to the average
differential error in the temperature measurement, 70.5 K. As
can be seen from this ﬁgure, the model not only captures the
general trend of the experimental data, but also provides a
quantitative match. The ambient temperature was set to 315 K to
account for the locally warmer air above the solar collector that
resulted from the infrared lamp.
The plot in Fig. 16 shows experimental results from a high
voidage collector that was tested using different heat transfer
ﬂuids and different colours of the backplate. Overlaid onto this
plot are the predictions from the numerical model for this device.
As can be seen from this plot, the model again not only
captures the general trend of the experimental results, but also
provides a quantitative match with the data. The model predictions for ink as the heat transfer ﬂuid were ﬁtted to the
experimental data by varying the two parameters identiﬁed in
Table 1, the solar absorbance and the solar transmittance. These
parameters only provide one degree of freedom since it was
assumed that the solar reﬂectance was zero, hence the sum of the
absorbance and the transmittance has to equal one. The model ﬁt
shown in Fig. 16 was achieved by setting the solar absorbance to
0.4 and the solar transmittance to 0.6. Ideally, the absorbance
would be close to 1.0, that of a perfect black body, but it must be
remembered that the ﬂow of ink in this experiment was
essentially a thin ﬁlm ﬂow of dilute ink. Under these conditions,
it is highly likely that absorbance will deviate from that of a
perfect black body hence an absorbance value of 0.4 is not
unrealistic. The value of the ambient air temperature in the model
was again set to 315 K to account for the locally warmer air due to
the infrared lamp.
The plot shown in Fig. 17 shows experimental data from, and
model predictions for, a collector with different types of glazing.
This collector had a white backplate and used water as the heat
transfer ﬂuid.
The model again captures the general trend of the experimental data for a collector with and without glazing. The same
physical properties were used in the model for the glazing,
regardless of the polymer that was used; hence the only
differences between the different types of glazing would be due
to the glazing thickness. This explains why all the model
predictions for the different glazing styles collapse to one line,
but this line has a ﬁt within experimental error for the upper half
of the ﬂow rate range. More accurate physical properties may
improve the model ﬁt over the lower half of the ﬂow rate range.

4. MCF solar collector optimisation
absorbance of the ink would be close to 1. The actual value,
however, would be dependent on the ink concentration and the
thickness of the ﬂuid layer within the capillaries, which could
result in a value signiﬁcantly smaller than 1.
Data relating to the collector’s operating conditions and other
material physical properties are given in Table 2. The physical

This section introduces some considerations to achieve an MCF
solar collector design that maximises heat recovery whilst
minimising the pressure drop, hence pumping costs, of the heat
transfer ﬂuid. The key objective is to develop a heuristic whereby
the optimum capillary length can be calculated.
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Table 2
Operational conditions and design parameters used in the numerical model [23,32,34].
Parameter

Value

Parameter

Value

Number of capillaries per MCF
Collector tilt angle
Dew point temperature
Fluid inlet temperature
Height of bottom air gap
Height of top air gap
High voidage capillary diameter
High voidage collector length
High voidage MCF width

19
01
283 K
294 K
1 mm
20 mm
350 mm
97 mm
12 mm

Number of high voidage MCFs per collector
Insulation thickness
Lamp temperature
Low voidage capillary diameter
Low voidage collector length
Low voidage MCF width
Number of low voidage MCFs per collector
MCF thickness
Incident radiation intensity

7
50 mm
333 K
220 mm
93 mm
8.5 mm
10
0.6 mm
910 W m  2

Fig. 15. Plot showing the measured (symbols) and modelled (lines) temperature
rise across the collector as a function of ﬂuid ﬂow rate for both low voidage (grey
solid diamonds, grey lines) and high voidage (black open symbols, black lines)
MCF with water being used as the heat transfer ﬂuid.

Fig. 16. Plot showing the measured (symbols) and modelled (lines) temperature
rise across a high voidage collector as a function of ﬂuid ﬂow rate for water (solid
symbols, solid lines) and black ink (open symbols, dashed lines) on white (grey
symbols, grey lines) and black (black symbols, black lines) backplates. For clarity,
error bars are only shown on one data set.

The numerical model was run over a wide range of collector
lengths to calculate the collector heat recovery using the physical
conditions that gave the experimental results shown in Fig. 9;
data from these modelling results is shown overlaying the
experimental data in Fig. 18.
In Fig. 18, the total heat recovery is plotted as a function of length
using black ink as the heat transfer ﬂuid; both experimental data
points are shown along with results from the numerical model that

Fig. 17. Plot showing the measured (symbols) and modelled (lines) temperature
rise across a high voidage collector as a function of ﬂuid ﬂow rate for different
glazing materials. For clarity, error bars are only shown on one data set.

Fig. 18. Plot showing heat recovery as a function of collector length for four
different ﬂow rates for a high voidage heat collector using black ink as the heat
transfer ﬂuid. The symbols represent experimental data and the lines are the
predicted heat recovery from the numerical model.

was run over a range of collector lengths. It can be seen that whilst
the experimental data lies in a region where the heat recovery rises
quasi-linearly with collector length, the model predicts the heat
recovery to become asymptotic for increasing collector lengths. This
suggests that an optimum collector length exists for a given ﬂow
rate and capillary diameter. If 95% heat recovery is deemed to be an
acceptable value in terms of collector efﬁciency, then an ‘optimum’
heat recovery, Q95, and an ‘optimum’ collector length, L95, can be
deﬁned. Q95 represents 95% of the maximum heat recovery at a
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given ﬂow rate and L95 is the corresponding MCF length for this
value. A construction showing the relationship of these two
parameters as a function of ﬂow rate is given in Fig. 19.
The functional relationship between the 95th percentile values
of heat recovery, and its associated length, and the normalised
volumetric ﬂow rate through a single MCF is linear over the range
investigated. For a volumetric ﬂow rate of 3.8 ml min  1 through
the MCF collector, corresponding to 0.32 ml min  1 per MCF
assuming 12 MCFs per collector, L95 was calculated to be
350 mm with the associated heat recovery, Q95 to be 19.6 W.
Using this relationship between optimum length and ﬂow rate,
optimal collector dimensions can be established during the
collector design phase. This relationship, however, must be used
with caution until supplementary validation is carried out since
the design heuristic presented in this section is based on a
numerical model that was validated with experimental data from
an infrared light source. In order to design a solar collector,
further model validation needs to be carried out using experimental data derived from solar collector investigations under

Fig. 19. Plot showing the optimal heat recovery, Q95 (primary y-axis) and optimal
collector length, L95 (secondary y-axis) as a function of ﬂow rate, normalised to a
single MCF.

conditions of natural light. In addition, the current experimental
data only covers ‘short’ collector lengths where the relationship
between heat recovery and collector length is in the quasi-linear
region. Further experimental investigations of longer heat
collectors need to be undertaken in order to validate the use of
the model at long collector lengths.
Subject to successful validation, the heuristic outlined in this
section could form the basis of a design methodology for MCF
solar collectors; such a device could resemble the conceptual
drawing shown in Fig. 20. A future solar collector could be
fabricated from a series of generic, plastic, modules, thus
providing an easily scalable and adaptable product that could be
customised to best suit its local environment and its application.

5. Conclusions
This paper has shown that linear low-density polyethylene
microcapillary ﬁlms (LLDPE MCFs) can be fabricated successfully
into a solar heat collector and that its performance in a laboratory
environment yields normalised results that are comparable to
commercially available solar heat collectors. The most successful
conﬁguration used high voidage MCF on a white polystyrene
backplate with dilute black ink as the heat transfer ﬂuid. The
addition of a glazing layer, under the controlled conditions
investigated, hindered the collector performance, but some
transparent layer of protection would probably be required in a
commercially fabricated collector. Further experimental veriﬁcation of these devices is required with ‘natural light’.
A numerical model was formulated that could calculate the
performance, in terms of either temperature rise or total heat
recovery, of the collectors that were experimentally investigated.
This model took into account all signiﬁcant radiative, convective
and conductive heat transfer modes and was successfully
validated against experimental data.
A combination of experimental data and modelling was used
to formulate a design heuristic, whereby the optimum length of
an MCF absorber could be calculated. This was taken to be the
point where 95% of the available heat was recovered. Subject to
further experimental veriﬁcation, this heuristic could be used to
produce full-scale functional prototypes.

Fig. 20. Conceptual drawing of an all-plastic solar collector, showing a modular approach to fabrication.
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Experiments demonstrate that it should be possible to
fabricate an all-plastic solar collector. This would produce a low
cost, low weight thermal collector with all the advantages
associated with a product made from one particular material.
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