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Abstract

Polymers have been proven to be high potential low-cost materials for the design and mass
production not only for ordinary solar water heaters but also for very simple large size, modular solar
collectors, suitable for easy erection of large solar heating plants. Their major drawback for solar±
thermal conversion applications is their low thermal conductivity, which prohibits their use unless an
appropriate absorber design is employed. The low thermal conductivity of polymers has imposed the
need of a particular absorber design, which is basically composed of a pair of dark, closely spaced
parallel plates at the top of which solar radiation is absorbed, forming a thin channel for the ¯ow of the
heat transfer ¯uid. The aim of the present work is to investigate the particular limitations of this
polymer plate absorber design, for a wide range of collector loss and convective heat transfer coe�cients
between heat transfer ¯uid and absorber plate. The aim is also to calculate the particular collector
e�ciency factors and conditions under which the associated collector performance parameters should be
modi®ed to account for the ®nite absorber plate conductance. This conductance was proven to be
another decisive absorber design parameter, improper selection of which may probably lead to strong
deterioration of the collector e�ciency. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

After a long time under the protective environment of government support policies, now
it appears that the future of solar±thermal conversion technology will rely entirely on its
economic viability and competitiveness in the free energy market. Owing to the relatively
low current cost of conventional energy, solar equipment should be designed and
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manufactured to perform reliably over a long time with minimum maintenance. Towards
this aim, the provision of standardization and a quality approval procedure would be
absolutely necessary for solar products that should last as long as the conventional
mechanical installations in buildings.
However, the high cost of such components is dominated by the cost of advanced design

and materials employed, as well as advanced manufacturing processes, which usually leads to a

Nomenclature

A cross sectional area (m2)
b plate thickness (m)
D diameter (m)
C numerical constant (±)
F ' collector e�ciency factor (±)
G incident solar radiation (W mÿ2)
h convective heat transfer coe�cient (W mÿ2 K)
k thermal conductivity (W mÿ1 Kÿ1)
m numerical constant (±)
n numerical constant (±)
P perimeter (m)
q unit area energy rate (W mÿ2)
S solar energy absorption (W mÿ2)
T temperature (8C)
U loss coe�cient (W mÿ2 Kÿ1)
W absorber width (m)
�ta� transmittance±absorptance product (±)
d spacing between plates (m)

Subscripts
a ambient
b back, back plate
bf back plate-¯uid interface
c copper
f ¯uid
f1 top plate-¯uid
f2 back plate-¯uid
h hydraulic
L loss
n normal
o useful gain
p top plate
pf top plate-¯uid interface
t top
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considerably long pay-back time. An economically equivalent approach would be based on the
development of simple, low-cost, innovative solar system design employing widely available
recyclable materials, which although of a shorter life cycle, give a much early payback. This
approach sometimes appears to be highly attractive especially for large solar heating plants,
which represent capital intensive investments. Excellent market promotion prospects for large
solar heating plants are expected especially when the package consisting of design, erection,
maintenance and ®nancing of the proposed low-cost systems is carried out by a specialised
solar engineering company, which under a legal contract supplies measured energy to energy
users at a bene®cial cost for a period during which system costs and company pro®ts will be
recovered [19].
It has long been established that signi®cant cost reduction of solar collectors cannot be made

unless new design involving new materials and mass production are available. Innovative
designs of all-polymer collectors have been proposed, tested and demonstrated long ago
[4,5,7,11]. Although the potential of polymers is based on the possibility of developing large
plastic solar collectors at a substantially low cost using mass production processes, their major
limiting factor is the environmental tolerance. This usually leads to an accelerated degradation
due to the exposure of collector parts to UV radiation, and their low thermal conductivity
which may become a limiting factor unless an appropriate absorber design is implemented. The
use of glass as a glazing material not only completely eliminates IR radiation losses directly
from absorber, but also o�ers adequate UV protection for the polymer absorber and collector
enclosure underneath.
According to the theory, the useful heat gain of a solar collector can simply be expressed as

a function of the mean absorber plate temperature. To refer to a localized ¯uid temperature,
the collector e�ciency factor F ' is de®ned in the familiar Hottel±Willier±Bliss model.
Derivation of this factor is based on the assumption of a negligible temperature drop at a
direction perpendicular to the plane of absorber plate, something which may not be always
valid for low thermal conductivity polymer absorbers.
The purpose of this work is to present an analysis for the calculation of the collector

e�ciency factor for the widely known top absorbing plate polymer absorber design, which
determines the collector performance parameters. The aim is also to investigate the particular
design limitations of the speci®c absorber, as well as the conditions under which the associated
collector performance parameters in the familiar Hottel±Willier±Bliss (HWB) model should be
modi®ed to account the e�ect of low thermal conductivity materials in the absorber design.

2. Material considerations

From the early steps of evolution of both solar and polymer science and technology, an
appreciable amount of attention of solar system designers was concentrated on polymers,
owing to their favorable properties for solar design. They are widely available low-cost
materials, which lend themselves to a volume production of lightweight low-cost collectors
tolerant to corrosion and freezing temperatures; however, their reliability, durability and long-
term performance have not been fully demonstrated yet for solar heating plants. Polymer
glazings are subject to degradation under the combined e�ect of elevated temperatures and
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exposure to UV radiation unless UV absorption additives in the outer cover or special
inhibitors are used. Although these additives will certainly appreciably expand the life cycle of
collectors, they will also contribute to a proportional increase in cost.
Many surveys and reports have been carried out on polymers as solar collector materials

[1,22] and signi®cant developments were accomplished in the science and technology of special
polymers for building construction and retro®t, as well as for glazing, during the last few
decades. Thin-walled cellular polycarbonate materials in the form of transparent capillary
structures or square honeycombs are being extensively employed as collector glazing materials
[18] and were successfully demonstrated in the design and retro®t of energy e�cient buildings
[3]. Advanced microencapsulated liquid crystal epoxy and polycarbonate polymer ®lms were
investigated and are being developed as potential transmission switching glazing materials,
suitable for the design of building construction elements [23]. Among the most suitable
polymer materials for absorber design are those of the polyole®n group, like polyethylene and
polypropylene and of the ethylene±propylene±diene-monomer (EPDM) group, known as
synthetic rubbers. Among them, polyole®ns are mainly suitable for the manufacturing of
thermally extruded ¯at rigid absorbers, while EPDM materials are suitable for the production
of ¯exible tubes or tube strips interconnected by ¯exible webs, mainly suitable as low
temperature swimming pool heating collectors.
A literature review on the thermophysical properties of polymer materials indicates a

relatively low thermal conductivity of acrylics and derivatives, ranging between 0.17 and 0.23
W mÿ1 Kÿ1 [10,15,16,18,21]. The corresponding values of high density (HD) and ultra high
density (UHD) polyole®ns and EPDM which may be suitable low-cost, widely available
collector±absorber materials for low and medium temperature applications, are around 0.35
and 0.15 W mÿ1 Kÿ1, respectively [6,10,15,16,21]. From this comparative review it becomes
clear that the thermal conductivity of polymers is substantially (almost three orders of
magnitude) lower than that of ordinary metallic absorber materials, something which is very
crucial for their use in solar energy applications and makes the redesign of conventional tube
and ®n metal absorber absolutely necessary.

3. Collector and absorber design considerations

It has recently been proposed [20] that a reasonable cost, e�ciency and durability
compromise could possibly be obtained by using glass instead of polymers as a glazing
material in low cost polymer absorbers. The basic collector design is shown in Fig. 1(a) in
which, a polymer absorber (2) is enclosed in a thermal insulation collector container (3), sealed
at the top with a single glass pane glazing (1). Glass, apart from its weight and fragility, has
been proven to be an environmentally stable low-cost material, which may substantially
improve the UV protection of polymer collector components underneath against degradation,
because of its spectral ®ltering characteristics. Both polymer absorber and collector container
are factory made modular parts, which are in-situ assembled for easy erection of large collector
plants at a minimal cost and minimum plumbing. The absorbers are ®tted on hard polymer
thermal insulation container of appropriate dimensions, connected through polymer tubing and
sealed at the top with glass panes supported at the edges of the container.

P.T. Tsilingiris / Applied Thermal Engineering 20 (2000) 1297±13141300



In the contemporary design of polymer absorbers, the e�orts are concentrated on increasing
the absorber surface in direct contact with the heat transfer ¯uid, something which is known as
the fully wetted absorber design. A very good report on the design of polymer absorbers was
carried out by Madsen and Goss [14]. Various simple polymer absorber designs have appeared
in the literature among which worth noting is the EPDM parallel tube design shown in
Fig. 1(b), which was extensively employed as low temperature swimming pool heating
collectors or the polymer ®lm water bag absorber, shown in Fig. 1(c) in glazed or unglazed
collectors.
Current design trends are oriented towards the production of extruded polymer absorbers

with small, closely spaced ¯ow passages, o�ering extended wetted surfaces for optimal heat
transfer. This absorber design is considered very promising for the production of large low-cost
solar collectors, which is typically composed of a pair of dark parallel polymer plates with a
heat transfer ¯uid stream ¯owing in between (see Fig. 1(d)). In this design, the incident solar

Fig. 1. The basic design of: a low-cost collector with a single glass pane glazing (1), a polymer absorber (2) and a
thermal insullation enclosure (3) is shown in (1a). Various typical polymer absorber designs like EPDM tubing are
shown in (1b), polymer ®lm water bag in (1c), rigid parallel plate with or without support ribs is shown in (d) and

(e), respectively (not to scale).

P.T. Tsilingiris / Applied Thermal Engineering 20 (2000) 1297±1314 1301



radiation is absorbed at the top plate and heat is transferred by conduction through the plate
thickness and by convection to the heat transfer ¯uid ¯owing underneath.
An interesting alternative polymer absorber design comprises of two parallel plates made of

extruded polymer, the top of which is transparent to solar radiation. In this design, the
radiation absorption process is vastly di�erent, since the incident solar radiation after passing
through the top polymer±air interface is partly absorbed at the ¯owing water stream in the
passage between polymer plates, before being completely absorbed at the back dark polymer
plate. Since the full investigation of the theoretical analysis and processes of the corresponding
design is beyond the scope of the present work, this may be the objective of future
investigation.

4. Theoretical model and analysis

The subsequent analysis is presented for a polymer absorber design with a dark top
absorbing plate, (Fig. 2). The conduction heat ¯ow at the direction perpendicular to the
absorber plane is assumed to be one-dimensional, for its negligible thicknesses as compared to
the lateral plate dimensions. Also, two-dimensional e�ects in the large collector modules are
assumed to be negligible because of the adequate thermal insulation at their periphery.
The spectral extinction coe�cient of glass, especially of the low iron content quality, is

almost uniform at the visible and near-IR band of the solar spectrum [8]. The incident solar
radiation is partially absorbed while passing through the glass top glazing system before being
absorbed at the top dark plate of the polymer absorber. The absorbed heat is partly dissipated
to the environment by convection and radiation through the top glazing system. Heat is also

Fig. 2. The cross section of the top absorbing plate absorber (not in scale) with a plate thickness b and convective
heat transfer coe�cients hf1 and hf2, corresponding to top and back plate, respectively, in a conventional ¯at plate
solar collector, along with the corresponding nodes of the thermal network.
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transferred by conduction through the polymer plate thickness and by convection to the heat
transfer ¯uid ¯owing underneath. Convection and conduction heat transfer is also responsible
for subsequent heat losses from the heated ¯uid to the environment through the back thermal
insulation of the absorber.
The convective heat transfer coe�cient between top or bottom polymer plates and heat

transfer ¯uid may considerably vary, mainly depending on the particular absorber design or
operating conditions and mass ¯ow rates. This is due to the fact that for a particular hydraulic
diameter of ¯ow passage (de®ned as D � 4 A=P, where A and P are the cross section area and
the wetted perimeter, respectively), and the particular mass ¯ow rate the Reynolds number may
vary in a considerably wide range. The hydraulic diameter for a rectangular ¯ow passage of a
width W is calculated as

D � 2d
�1� d=W� �1�

where d is the polymer plate spacing. When �d=W �40, as usually happens in practice, the
hydraulic diameter becomes twice the d: Using this quantity as a characteristic length in the
de®nition of Reynolds number, the familiar correlations for internal ¯ows in circular cross-
sections can be applied at least to a ®rst approximation for rectangular passages, according to
the fundamental theory [12]. Assuming that transition ¯ow occurs at Re > 2300, and taking
into consideration the usual mass ¯ow rates per collector unit area in conventional and even in
low ¯ow collectors (of about less than 0.02 and 0.002 kg mÿ2 sÿ1, respectively), and a typical
design of water heating ¯at plate collector, it would be reasonable to expect for a fully
developed ¯ow at a small Reynolds number, typically around 80, something which practically
suggests that the ¯ow almost always is laminar ¯ow. Although for laminar ¯ow the results
appear to be less accurate than for turbulent ¯ow, the theory predicts a very small Nusselt
number for fully developed ¯ow, irrespective of ¯ow velocity, corresponding to a convective
heat transfer coe�cient for a circular cross-section typically around 150 W mÿ2 Kÿ1,
something which is also con®rmed by the classical literature [9]. For shorter than the entry
lengths, which according to the theory occurs at Graetz numbers around 20,

Gr � ReD � Pr
�x=D� ' 20 �2�

the corresponding local Nusselt number increases signi®cantly as approaching the ¯ow entry,
which suggests a corresponding increase of the local convective heat transfer coe�cient hf . For
the thermophysical properties of water and water±ethylene glycol solutions with a ¯ow passage
of 10 mm at typical operating conditions, the theory predicts an entry length in the order of
0.4 m, which although is negligible as compared to the length of large modular collector
arrays, it may become a signi®cant fraction of smaller collector units of typically 2 m length.
For turbulent ¯ow that cannot be always exempted especially for operation with higher mass

¯ow rates or special absorber designs with very narrow ¯ow passages, the theory predicts
appreciably higher Nusselt numbers, which are given by the familiar correlation,

NuD � C � RemD � Prn �3�
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where C, m and n are numerical constants equal to 0.023, 0.80 and 0.333, respectively.
Although turbulent ¯ow would be rather unusual to occur in practical designs and operating
conditions, the estimated heat transfer coe�cient may substantially vary, mainly depending on
mass ¯ow rates and the characteristic length corresponding to the polymer plate distance.
However, it should be mentioned that, in noncircular cross-sections with sharp corners and

large aspect ratios, the local convective heat transfer coe�cient may appreciably vary around
the periphery approaching very small values at the corners. For such conditions, the Nusselt
number corresponding to fully developed laminar ¯ow in circular cross-sections should be
appropriately corrected to account for the ¯ow in rectangular cross-sections [13]. The corrected
Nusselt number is proportional to the aspect ratio of the rectangular cross-section, which, for
�d=W �40 may become twice as high as its predicted value for the circular cross-section. This
leads to an appreciably higher convective heat transfer coe�cient, which is proportional to the
aspect ratio of the rectangular cross-section, and may become twice as high as its predicted
value for a circular cross-section. Therefore, in order to correlate results corresponding to a
wide range of design and operational conditions, a convective heat transfer coe�cient between
75±300 and 300±800 W mÿ2 Kÿ1 were considered. Although the highest values of the second
group are rather unusual to occur in practice, their consideration is rather instructive for the
investigation of the fundamental behavior and the limiting trends of the crucial collector
parameters.
The heat transfer ¯uid is assumed to be completely opaque to IR radiation so that radiative

heat exchange between top and back absorber plates can be completely ignored. The e�ect of
ribbing conductance can also be completely ignored owing to the low thermal conductivity of
absorber materials.
For the top absorbing plate absorber with hf1 and hf2 (the top and convective heat transfer

coe�cients shown in Fig. 2, where the nodes of the thermal network are also shown), the
steady-state heat balance expressions at the nodes 2±6 are,

St ÿUt �
ÿ
Tp ÿ Ta

�ÿ kp

b
� ÿTp ÿ Tpf

� � 0 �4�

kp

b
� ÿTp ÿ Tpf

�ÿ hf1 �
ÿ
Tpf ÿ Tf

� � 0 �5�

hf1 �
ÿ
Tpf ÿ Tf

�ÿ qo ÿ hf2:�Tf ÿ Tbf � � 0 �6�

hf2 � �Tf ÿ Tbf � ÿ kp

b
:�Tbf ÿ Tb� � 0 �7�

kp

b
� �Tbf ÿ Tb� ÿUb � �Tb ÿ Ta� � 0 �8�

with St the absorbed solar radiation at the top absorber surface as calculated in the literature
[9]. For the derivation of the top absorbing plate parameters, it would be necessary to
eliminate the variables Tp, Tpf , Tbf and Tb in the expressions (4)±(8). Therefore, eliminating Tp
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from the expressions (4) and (5) yields,

Tpf �
�St �Ut � Ta�=

ÿ
Ut � kp=b

�� hf1 � Tf=
ÿ
kp=b

�
Ut=

ÿ
kp=b�Ut

�� hf1=
ÿ
kp=b

� �9�

In a similar way, eliminating Tb from Eqs. (7) and (8) yields, respectively,

Tbf �
ÿ
Ub=

�
Ub � kp=b

	� � Ta �
ÿ
hf2=

�
kp=b

	�
Tfÿ

Ub=
�
Ub �

�
kb=b

		�� ÿhf2=
�
kb=b

	� �10�

Substituting Tpf and Tbf from expressions (9) and (10), respectively, into the expression (6) and
rearranging, yields

qo � hf1 � St

Ut � hf1 � hf1 �Ut=
ÿ
kp=b

� �  h2
f1

hf1 �
�
Ut �

ÿ
kp=b

�
=
ÿ
Ut �

ÿ
kp=b

��	
ÿ h2

f2

hf2 �
�
Ub �

ÿ
kp=b

�
=
ÿ
Ub �

ÿ
kp=b

��	 ÿ hf1 ÿ hf2

!
� Tf

�
 

hf1 �Ut

Ut � hf1 � hf1 �Ut=
ÿ
kp=b

� � hf2 �Ub

Ub � hf2 � hf2 �Ub=
ÿ
kp=b

�! � Ta �11�

After algebraic manipulations and rearrangements, the previous expression becomes,

qo � 1

1�Ut=
ÿ
kp=b

��Ut=hf1

� St ÿ
"

Ut

1�Ut=hf1 �Ut=
ÿ
kp=b

� � Ub

1�Ub=hf2 �Ub=
ÿ
kp=b

�# � �Tf ÿ Ta� �12�

Eq. (12) is an expression of the collector useful heat gain as a function of St and DT � Tf ÿ Ta:
Aiming to derive an expression for the useful heat in a more convenient similar to Hottel±
Willier±Bliss form, it would be necessary to rearrange the previous expression so as,

qo � 1

1�Ut �
ÿ�
1=
ÿ
kp=b

�	� �1=hf1�
�

�
"
St ÿ

 
Ut �Ub �

hf2 �
�
Ut � hf1 � hf1 �Ut=

ÿ
kp=b

��
hf1 �

�
Ub � hf2 � hf2 �Ub=

ÿ
kp=b

��! � �Tf ÿ Ta�
#

�13�

which is the familiar Hottel±Willier±Bliss (HWB) equation,

qo � F 0 � �St ÿUL � �Tf ÿ Ta�
� �14�

where,
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F 0 � 1

1�Ut:

�
1

kp=b
� 1

hf1

� �15�

and

UL � Ut �Ub � �hf2=hf1� �
Ut �

ÿ
kp=b

�� hf1 �
ÿ
kp=b

�� hf1 �Ut

Ub �
ÿ
kp=b

�� hf2 �
ÿ
kp=b

�� hf2 �Ub

�16�

Expression (15) is the collector e�ciency factor for the top absorbing parallel plates with ®nite
thermal conductivity as reported, without derivation, by O'Brien-Bernini and McGowan [17].
For thin metal absorbers, the ratio �kp=b� becomes in®nite, and expression (15) becomes similar
to the one derived by Bliss [2], for a collector with a parallel ¯ow beneath a metal ¯at plate.
For hf1 � hf2 or for Ub40, which happens either when convective heat transfer coe�cient

at the back plate is appreciably lower than that at the top absorbing plate, or when the back
loss conductance is negligible, the second term of the right-hand side of Eq. (16) becomes very
small and is simpli®ed to,

UL � Ut �17�
Although the top absorbing plate is at a higher temperature than the back plate, the associated
convective heat transfer coe�cients are usually expected to be close enough to justify the
assumption of hf1 � hf2 � hf : Then, Eq. (16) is simpli®ed to,

UL � Ut �Ub �
Ut � hf � hf �Ut=

ÿ
kp=b

�
Ub � hf � hf �Ub=

ÿ
kp=b

� �18�

For appreciably large values of kp=b as happens with metal absorbers, expression (18) becomes,

UL � Ut �Ub � Ut=hf � 1

Ub=hf � 1
�19�

Then, when Ut � hf and Ub � hf , the expression (19) becomes

UL � Ut �Ub �20�

5. Results and discussion

The collector e�ciency factor as calculated by the expression (15) for a top absorbing plate
absorber is plotted in Figs. 3 and 4, as a function of kp=b, with the top convective heat transfer
coe�cient hf and collector top loss coe�cient Ut, as parameters.
In Fig. 3, the collector e�ciency factor is plotted for relatively low convective heat transfer

coe�cients of hf � 75, 150 and 300 W mÿ2 Kÿ1, corresponding to each group of the three
solid, broken and dotted lines, respectively, while the topmost and the following two lines of
each group underneath correspond to a collector top loss coe�cient of Ut � 3, 5 and 7 W mÿ2

Kÿ1, respectively.
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In Fig. 4, the collector e�ciency factor is plotted in a similar way as the function of the kp=b
ratio for a range of relatively high convective heat transfer coe�cients of hf1 � 800, 500 and
300 W mÿ2 Kÿ1, corresponding to each group of the three solid, broken and dotted lines,
respectively, with the topmost, and the following two lines underneath corresponding again to
top loss coe�cients of Ut � 3, 5 and 7 W mÿ2 Kÿ1, respectively.
It is seen that the group of lines in Fig. 3, when the kp=b ratio ranges between 200 and 1000,

is almost independent of kp=b ratio depending solely on hf and Ut, since an increase of hf leads
to a higher heat transfer rate of absorbed energy to the heat removing ¯uid. At kp=b lower
than 200, which corresponds a b > 1:5 mm, there is a dramatic decrease in collector e�ciency
factor owing to the corresponding decrease in the thermal conductance of the absorber plate.
Speci®cally, values lower than 100 lead to an enormous decrease in collector e�ciency factor,
which makes the use of the absorber material possibly unacceptable.
For the range of higher heat transfer coe�cients as shown in Fig. 4, and for values of kp=b

ratio ranging between 200 and 1000, the collector e�ciency factor is only slightly dependent on

Fig. 3. The collector e�ciency factor for a top absorbing plate design is plotted as a function of kp=b: All solid,
broken and dotted lines correspond to a group of lower convective heat transfer coe�cients, hf1 � hf2 � hf � 75,
150 and 300 W mÿ2 Kÿ1, respectively, with the top, and the lower two lines underneath correspond to Ut � 3, 5

and 7 W mÿ2 Kÿ1, respectively.
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kp=b, while it also exhibits a dramatic decrease at values lower than 200. From a comparative
inspection between Figs. 3 and 4, it is derived that higher collector e�ciency factors are
expected for higher convective heat transfer coe�cients, owing to the more e�cient heat
transfer to the ¯owing stream, which leaves the absorber plate at relatively low temperatures.
The ®rst derivatives of F ' as given from expression (15) in terms of the variables Ut and hf

are,

ÿ
@F 0=@Ut

� � ÿ
�

1

kp=b
� 1

hf

�
�
1�Ut �

�
1

kp=b
� 1

hf

��2
�21�

and ÿ
@F 0=@hf

� � �Ut

h2
f

�
=

�
1�Ut �

�
1

kp=b
� 1

hf

��2

�22�

It will always be expected, in practice, that hf > Ut: Therefore, the condition

Fig. 4. The collector e�ciency factor for the same absorber design and top loss coe�cients as plotted in Fig. 3. The
solid, broken and dotted lines in this plot correspond to a group of higher convective heat transfer coe�cients

hf1 � hf2 � hf � 300, 500 and 800 W mÿ2 Kÿ1, respectively.
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h2
f �

ÿ
kp=b

� � �hf ÿUt� > 0 �23�

will always be satis®ed. Division of the previous expression by the quantity h2
f � �kp=b� and

following algebraic manipulations yields,

1

kp=b
� 1

hf

>
Ut

h2
f

�24�

which indicates that although the e�ect of the variables hf and Ut on F ' is of opposite sign, the
e�ect of Ut is stronger than hf , as can be clearly seen from the spacing between the
corresponding equal hf curves as compared to those of equal Ut.
In Figs. 5 and 6, the derived collector loss coe�cient from the expression (16) is plotted

against the kp=b ratio, with the top loss and convective heat transfer coe�cient as parameters,
for a ®xed back loss coe�cient of Ub � 2 and 4 W mÿ2 Kÿ1, respectively. It is seen from these
plots that the collector loss coe�cient is slightly dependent on kp=b for values ranging between
200 and 1000, being almost equal to the sum of top and back loss coe�cients, something

Fig. 5. The collector loss coe�cient was plotted for a top absorbing plate absorber design as a function of kp=b for
hf1 � hf2 � hf � 75, 150 and 300 W mÿ2 Kÿ1 corresponding to solid, broken and dotted lines, respectively, for a top
loss coe�cient of Ut � 3, 5 and 7 W mÿ2 Kÿ1 and for a ®xed back loss coe�cient of Ub � 2 W mÿ2 Kÿ1.
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which is expected for negligible peripheral and edge collector losses. However, for values of
kp=b lower than 200, the collector loss coe�cient should appropriately be modi®ed to account
for the increasing thermal resistance of the top absorber plate. At these small values of kp=b,
the heat transfer rate to the ¯uid stream is signi®cantly reduced, something which leads to
higher top absorber plate temperatures and signi®cant corresponding increase of heat losses.
The e�ect of the convective heat transfer coe�cient hf1 � hf2 � hf on the collector loss

coe�cient is small, irrespective of kp=b ratio, as shown from both ®gures, with a trend of
becoming stronger for higher top loss coe�cients as shown by the increased spacing between
each group of 75 (solid), 150 (broken) and 300 W mÿ2 Kÿ1 (dotted) lines. A lower convective
heat transfer coe�cient hf , generally leads to a higher collector loss coe�cient owing to lower
heat transfer rates leaving the absorber surface at a higher temperature.
Although the e�ect of di�erent convective heat transfer coe�cients between the top or back

plates and heat transfer ¯uid has explicitly been taken into account in the preceding analysis, a
uniform heat transfer coe�cient was assumed throughout the absorber ¯ow passage for the

Fig. 6. The collector loss coe�cient factor was plotted for a top absorbing plate absorber design as a function of
kp=b, for similar parameters as in Fig. 5 except of the back loss coe�cient Ub, which is now ®xed at Ub � 4 W mÿ2

Kÿ1.
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presentation of results in Figs. 3±6. Although the top and back polymer plates are generally at
di�erent temperatures, a substantial di�erence between the associated heat transfer coe�cients
is not usually expected. However, to account for unusual situations involving a substantial
temperature gradient between both plates or two phase ¯ows, collector loss coe�cient
calculations were carried out for hf1 � 150 W mÿ2 Kÿ1 and hf2=hf1 � 2 and 0.5, and were
compared to hf2=hf1 � 1: The results can be seen in Fig. 7 in which the collector loss coe�cient
was plotted against the kp=b ratio, with Ut as a parameter for a ®xed hf1 � 150 W mÿ2 Kÿ1

and hf2 � 300 W mÿ2 Kÿ1 (broken line), 150 W mÿ2 Kÿ1 (solid line) and 75 W mÿ2 Kÿ1

(dotted line). It is con®rmed that the e�ect of convective heat transfer coe�cient imbalance is
generally small for the range of investigated hf2=hf1 ratios, and uniform over the entire range of
kp=b ratio. The broken and dotted lines correspond to a slightly higher or lower collector loss
coe�cient, respectively, owing to relatively low or high heat transfer rates which lead to a
slightly higher or lower absorber temperature and collector loss coe�cient, respectively.
According to the results of the preceding analysis it becomes clear that for certain values of

the kp=b parameter, the e�ect of polymer plate conductance may strongly in¯uence the
collector e�ciency and loss coe�cients. More speci®cally, values of the parameter kp=b lower
than 200, lead to a signi®cant decrease of the collector e�ciency factor and increase of the
collector loss coe�cient, something that may have a detrimental e�ect on the collector

Fig. 7. The e�ect of convective heat transfer coe�cient imbalance on collector loss coe�cient for a top absorbing

plate absorber design, which is plotted against kp=b for a Ut � 3, 5 and 7 W mÿ2 Kÿ1 and a ®xed Ub � 2 W mÿ2

Kÿ1 and hf1 � 150 W mÿ2 Kÿ1. Solid lines correspond to hf2 � 150 W mÿ2 Kÿ1, while broken and dotted lines to
hf2 � 300 and 75 W mÿ2 Kÿ1, respectively.
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e�ciency. To investigate the e�ect of this parameter which appears to be an important design
criterion for polymer absorbers on collector performance, a reference ¯at plate collector of an
ordinary, single pane design was considered with a top absorbing polymer plate absorber, with
a kp � 0:3 W mÿ1 Kÿ1 and a ®xed �at�n � 0:85 and UL � 8 W mÿ2 Kÿ1. To simplify the
comparison, the temperature distribution in the ¯ow direction was completely ignored. Then,
the Hottel±Willier±Bliss equation in terms of the average ¯uid temperature over the absorber
surface becomes,

Z � �at�nF 0 ÿUL � F 0:
��Tf ÿ Ta�=G

� �25�

Four top absorber plate collector designs with progressively low absorber plate conductances
of �kp=b)= 300, 100, 60 and 30 W mÿ2 Kÿ1 were investigated, corresponding to plate
thicknesses 1, 3, 5 and 10 mm. The plate conductance of 300 corresponds to a good absorber
design, while conductances of 100 and 60 are considered to represent an average to poor
absorber design. Finally, the conductance of 30 W mÿ2 Kÿ1 corresponds to an unsuccessful
absorber design.
For a ®xed hf � 100 W mÿ2 Kÿ1 and the reference numerical parameters, the corrections

imposed by the ®nite thermal conductance of the polymer plate to collector parameters
through the expressions (14) and (15) lead to the pair of numerical values of �at�n � F 0, UL � F 0
equal to (0.787, 7.503), (0.758, 7.279), (0.732, 7.070) and (0.674, 6.602), corresponding to plates
of 1, 3, 5 and 10 mm thickness. The results were comparatively plotted in Fig. 8, which
represents the collector heat collection e�ciency in terms of the �Tf ÿ Ta�=G parameter. The
top broken and the following three lines underneath correspond to plate thicknesses of 1, 3, 5
and 10 mm. In the same plot, the performance of a tube and copper sheet absorber single-pane
¯at plate collector of a good design with identical �at�n and UL parameters was comparatively
plotted with a solid line. For a 1 mm copper sheet and a 10 mm diameter tube 6 cm apart, the
theory [9] predicts F 0 � 0:872, which leads to �at�n � F 0 � 0:741 and UL � F 0 � 6:976 W Kÿ1.
An inspection of the performance lines in Fig. 8 for the polymer absorber±collectors

indicates that the performance reduction corresponding to an increase in plate thickness from 1
to 10 mm is substantially higher at lower values of the �Tf ÿ Ta�=G ratio. This is attributed to
the relative e�ect of plate conductance �kp=b� at values lower than 200 on F ' and UL, which is
substantially stronger on F ' as shown in Fig. 3. Apparently, an improper absorber design as
shown by the lowest broken line corresponding to kp=b � 30 W mÿ2 Kÿ1 leads to a signi®cant
collector performance loss. For typical operating conditions corresponding to a value of �Tf ÿ
Ta�=G around 0.32, a decrease in plate conductance from 300 to 80 and from 300 to 30 W mÿ2

Kÿ1 leads to a corresponding performance reduction of 5% to more than 15%, respectively.
Further comparisons show that the copper absorber±collector behaves equally well or

marginally better than the one with polymer absorber, only at a very small region
corresponding to very high values of the ordinate variable �Tf ÿ Ta�=G: However, for the rest
whole region of lower ordinate values of �Tf ÿ Ta�=G, its performance is lower than a well
designed or at least marginally comparable to an average to poor design polymer absorber±
collector, something which becomes very important taking into consideration the substantially
high cost of the copper absorber±collector.
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6. Conclusions

An analysis was developed for the investigation of the conditions under which low thermal
conductivity polymer materials could successfully be employed for the development and mass
production of large, modular low-cost solar collectors that are vital for the promotion of large
solar heating plants in the competitive environment of the free energy market. Towards this
aim, a theoretical investigation was carried out for the calculation of collector e�ciency factors
for the parallel plate top absorbing polymer absorber design. The analysis allowed the
determination of the collector performance parameters for a wide range of top or back
collector loss and convective heat transfer coe�cients and the investigation of conditions under
which the collector performance parameters in the HWB equation should be modi®ed to
account for the e�ect of absorber plate conductance.
As seen from the analysis it appears that, the plate conductance �kp=b), de®ned as thermal

conductivity by the polymer plate thickness ratio, becomes a very important parameter in the

Fig. 8. Comparative performance lines for various collector±absorber designs. The top broken line and the following

three broken lines underneath correspond to top absorbing polymer plates of thickness 1, 3, 5 and 10 mm,
respectively. The solid line corresponds to a copper sheet and tube collector absorber with kc � b � 0:35 W Kÿ1.

P.T. Tsilingiris / Applied Thermal Engineering 20 (2000) 1297±1314 1313



design of polymer absorber. According to the developed analysis it was found that when this
parameter is lower than a certain critical value, the collector e�ciency factor decreases
dramatically, while the collector loss coe�cient may signi®cantly increase, leading to a
substantial deterioration of collector performance. This critical value was estimated to be about
200, irrespective of the collector performance or operational parameters. For an average
thermal conductivity of 0.33 and 0.14 W mÿ2 Kÿ1 for polyole®ns and EPDM, this typically
corresponds to plate thicknesses of 1.6 and 0.7 mm, respectively.
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