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Abstract

Serious efforts are currently devoted towards making solar water heating technology economically
competitive. Among them, the development of large, all plastic, innovative design, low cost collector
modules suitable for mass production is one of the most promising, which will eventually lead to a drastic
reduction of the solar collector subsystem cost. Although appreciable development work was earlier de-
voted towards production of all plastic solar collectors, the polymer absorber still remains the most crucial
part of the polymer collector design, since severe limitations are imposed by the low thermal conductivity of
polymers. To overcome these restrictions, a suitable design should be implemented, allowing extended
wetted surfaces of the absorbers, something which leads to the familiar extruded parallel polymer plate
absorber design. Recent investigations have been directed toward definition of the limitations and deve-
lopment of design criteria for the top absorbing parallel polymer plate absorber. In the present work, a
subsequent analysis is developed for evaluation of the back absorbing polymer plate design, which allows
the absorption of radiation at the water stream and the back plate. The results of the current analysis,
which are presented comparatively to those obtained for the top absorbing plate design, show a remarkable
improvement of the collector efficiency factor and a corresponding reduction of the collector loss coeffi-
cient, something which leads to a significant improvement of the instantaneous heat collection efficiency of
collectors using a back absorbing plate absorber design. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The economic viability of solar thermal conversion technology in the rapidly developing free
energy market environment will be based on its competitiveness against conventional energy. The
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Nomenclature

area (m?)

plate thickness (m)

plate spacing (m)

numerical constant

diameter (m)

collector efficiency factor

convective heat transfer coefficient (Wm2K™!)
thermal conductivity (Wm™! K1)
thermal expansion coefficient (K™')
length (m)

unit area mass flow rate (kgm=2s7")
numerical constant

mass flow rate (kgs™!)

numerical constant

perimeter (m)

unit area energy rate (W m™2)

solar energy absorption (W m~2)
temperature (°C or K)

loss coefficient (Wm—2K™!)

flow velocity (ms™!)

TN VRIS TUAOATA

width (m)
Greeks
U viscosity (kgm~'s71)
v kinematic viscosity (m?s~!)
p density (kgm™3)
Subscripts
a ambient
b back, back plate
bf back plate-fluid interface
c collector
f fluid
f1 top plate-fluid
2 back plate-fluid
h hydraulic
L loss
p top plate
pf top plate-fluid interface
t top
u useful gain
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relatively low cost of conventional energy during the last decade indicates that the role of de-
veloping simple, reliable and low cost systems, employing widely available recyclable materials,
will be decisive for the future of this technology.

The cost reduction of solar heating plants should mainly be based on drastic cost reduction of
the collector field subsystem. Towards this aim, the development of modular, innovative design,
all polymer, low cost collectors will eventually allow easy and low cost construction of large
collector fields with a significant material, labour and plumbing cost reduction. Innovative de-
signs of all polymer collectors have been earlier and more recently proposed and demonstrated
[1-4].

According to the theory [5], the useful heat gain of a solar collector can simply be expressed as a
function of the mean absorber plate temperature. To allow reference to a localized fluid tem-
perature, the collector efficiency factor F’ is defined in the familiar Hottel-Willier—Bliss model.
Derivation of this factor, which may remarkably affect the collector performance parameters, is
based on the assumption of a negligible thermal resistance between the absorber plate and the
heat removing fluid. Although this assumption is adequately satisfied for collectors with metal
absorbers, it is not always valid for collectors with polymer absorbers with a considerably lower
thermal conductivity. Although the use of polymer materials is currently considered very promi-
sing for development of large, all plastic solar collector arrays at a remarkably lower cost using
mass production processes, their low thermal conductivity may strongly affect the solar absorber
efficiency and deteriorate the collector performance, unless a special absorber design is imple-
mented.

Among them, the most promising is the extruded parallel polymer plate absorber design,
which is basically composed of a pair of parallel plates at the top surface of which the inci-
dent solar radiation is absorbed. The dissipated heat is transferred through the top polymer plate
via conduction into a water stream flowing between the plates. The spacing between the plates
can, typically, vary from a few millimeters to a few centimeters, depending on the particular
collector design. In a recent investigation [6], a heat transfer analysis was performed, which al-
lowed the development of specific design criteria and evaluation of the collector performance
parameters for this particular absorber design. However, since the top plate conductance is
proportional to the thermal conductivity of the polymer material and inversely proportional to
the plate thickness, a performance improvement would be expected by a significant reduction of
the top absorbing plate thickness, something which is usually impossible, owing to mechanical
reasons.

However, it would be possible to avoid the undesirable effects of the poor thermal conductance
of the top absorbing plate, alternatively by replacing the top dark absorbing plate by a trans-
parent plate. This absorber design allows partial absorption of the incident solar radiation directly
by the flowing water stream and by the dark surface of the back polymer plate.

The purpose of this work is to present an analysis for evaluation of the collector performance
parameters for back absorbing polymer absorbers. The collector performance parameters, in
particular the collector efficiency factor and the modified collector loss coefficient in the familiar
Hottel-Willier—Bliss model, strongly determines the instantaneous heat collection efficiency of
solar collectors. The paper also aims to compare both polymer absorber designs through the
presentation of comparative performance parameters and collector efficiencies of typical solar
collectors with back and top absorbing plate absorbers.
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2. Material considerations on absorber design

Polymers are widely available, low cost materials, which lend themselves to volume production
of lightweight, low cost collectors, tolerant to corrosion and freezing temperatures. Many surveys
and reports have been focussed on polymers as solar collector materials [7,8]. However, their
reliability, durability and long term performance have not generally been fully demonstrated yet
for solar heating plants. Since polymer glazings are subject to degradation under the exposure to
UV radiation, glass panes were alternatively proposed. Glass not only eliminates the possibility of
rapid degradation of the polymer glazing system under environmental exposure but also offers
additional UV protection for the collector absorber.

A brief review of the thermophysical properties of widely available candidate polymer mate-
rials, as derived from various sources [9-11], is presented in Table 1. It is clear that the service
temperature determines the application range of the polymer collectors, which can undoubtedly
be employed, not only for low and medium service temperatures, up to 50°C, and between 50°C
and 80°C, respectively, but also marginally for high (above 80°C) temperatures. The most suitable
polymer materials for absorber design have been proved to be those of the polyolefin group, like
polyethylene and polypropylene, and of the ethylene—propylene—diene—monomer (EPDM) group,
known as synthetic rubbers. The polyolefins are mainly suitable for manufacturing thermally
extruded flat rigid absorbers. Flexible tubes or tube strips interconnected by flexible webs, suitable
for low temperature unglazed pool heaters, have been tested and are being manufactured of
EPDM.

It is important that the high expansion coefficient of polymers should be taken into consid-
eration in the absorber and solar collector design. There is also a relatively significant variation of
thermal conductivity between the various polymer materials. For example, the thermal conduc-
tivity of high density polyethylene is almost three times as high as that of EPDM. However, it

Table 1
Thermophysical properties of various polymer materials (adapted from Refs. [9-11])
Material Thermo-physical property Material designation
group Low density =~ Medium density High density Ultra high
density
Polyolefins ky, (Wm™' K1) (ASTM C177) 0.33 0.33-0.419 0.46-0.52 0.46
1 (K1) coefficient of thermal 10-22 x 1073 14-16 x 1073 11-13 x 1075 14 x 1073
expansion (ASTM D696)
Tmax (°C) Recommended maxi- 82-100 104-121 121 -

mum temperature

EPDM ky (Wm™ K1) 0.138-0.159
1 (K 12 x 105

Tmax (°C) Recommended maxi- 125
mum temperature
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should also be noted that the thermal conductivity of most widely available polymers is, on av-
erage, almost three orders of magnitude lower than that of metallic absorber materials, something
which makes the complete redesign of the conventional metal absorber absolutely necessary.

In recent absorber designs, in order to overcome the poor thermal conductivity of polymer
materials, special attention is concentrated towards increasing the absorber surface in direct
contact with the heat transfer fluid. This is known as the fully wetted absorber design. A good
report on the design of polymer absorbers was provided by Madsen and Goss [12]. Among the
proposed polymer absorber designs are the EPDM parallel tube design, which was extensively
employed as low temperature swimming pool heating collectors, the polymer film water bag
absorber in glazed or unglazed collectors and the extruded polymer absorbers offering both good
mechanical rigidity as well as extended wetted surfaces for optimal heat transfer.

Several design alterations and improvements have been proposed for improved mechanical
rigidity of extruded polymer plate absorbers, like the rib connection of plates to withstand hy-
drostatic forces.

3. Theoretical model and analysis

The model of an ordinary flat plate collector with an extruded back absorbing plate polymer
absorber is shown in Fig. 1, along with the location of the nodes in the corresponding thermal
network. The parallel plates of thickness b are located at a distance d apart, and the single glass
pane glazing, as well as the collector back insulation, are also shown in this figure. The trans-
parent top polymer plate allows transmission of the incident solar radiation and absorption in
both the back absorbing plate and in the water flowing stream. The dissipated solar heat at the
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Fig. 1. The model of a single glazed solar collector with a back absorbing parallel plate polymer absorber. In the same
plot, the location of nodes of the associated thermal network is shown. Both absorber plates are of thickness b, and they
are located at distance d apart (thicknesses not to scale).
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back polymer plate is transferred by convection to the fluid stream and by combined convection
conduction and radiation to the ambient air through the top polymer plate and glazing system.
Additional heat losses also occur via conduction and convection radiation through the back
polymer plate and thermal insulation to the environment. The heat flow through the polymer
plates is assumed to be one dimensional, owing to the large lateral dimensions of the collector
module and to the adequate thermal insulation at the collector periphery.

The spectral extinction coefficient of glass, especially of low iron content quality, is almost
uniform at the visible and near Infrared (IR) band of the solar spectrum [13]. According to the
existing literature [14,15], although the spectral extinction coefficient of most commercially
available transparent polymer films and plates varies considerably, depending on their particular
type and chemical composition, in the far IR spectrum, it can be taken as uniform in the visible
and near IR without significant loss of accuracy. The incident solar radiation undergoes a slight,
almost spectrally uniform extinction at the top glass and polymer plates before entering the water
flow passage. This amount of energy absorption will be completely ignored in the present analysis,
because of either the low extinction coefficient or the small thickness of the parallel transparent
regions, as is usually assumed in solar collector theory.

The water, however, is a strongly selective absorber with very high extinction coefficients
around a high transmittance window near 0.5 pm. This leads to a substantial selective absorption
at the near and far IR part of the solar spectrum, which should be considered explicitly in the
calculations.

The convective heat transfer coefficient between the top or bottom polymer plates and the heat
transfer fluid may vary considerably, depending on the particular absorber design or operating
conditions and mass flow rates. This is due to the fact that for a particular hydraulic diameter of
flow passage, defined as D = 44 /P where 4 and P are the cross-section area and the wetted pe-
rimeter, respectively, and the particular mass flow rate, the Reynolds number may vary consid-
erably. For the extended lateral dimensions of the absorber plate, as happens in the ordinary flat
plate collectors, the rib connection of the polymer plates is proved to be absolutely necessary to
withstand the mechanical loads of hydrostatic origin. However, the presence of ribbing between
the plates, which splits the heat transfer fluid flow into a number of parallel streams, is not ex-
pected to present any significant flow or thermal effects, owing to their small ribbing conductance.
Therefore, the effect of the usual rib connections at a fairly long distance apart will be completely
ignored in the subsequent analysis without any significant loss of accuracy.

The hydraulic diameter of a rectangular flow passage of width W is calculated as

D=2d/(1+d/W) (1)

where d the absorber polymer plate spacing. When (d/W) — 0, as usually happens in practice, the
hydraulic diameter becomes 2d. Assuming that the mass flow rate through the whole absorber
area is M and the absorber cross-sectional area is A = dW, where W is the width of absorber, the
average fluid velocity will be calculated as,

Vv =M/(p4) (2)
The corresponding Reynolds number will be estimated as

Re = V72d /v = 2M /(W) (3)
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However, instead of the mass flow rate, the per unit collector area mass flow rate is usually
employed in solar collector theory, defined as

= M/A, (4)

Assuming that the collector absorber area is A. = WL, the Reynolds number for the flow of the
heat transfer fluid in the absorber becomes,

Re = (2L /) (5)

Assuming the usual collector mass flow per unit area rates to range between 0.01 and 0.02
kgm~2s~!, for large area polymer collector modules with a spacing between plates of about 0.01
m and width to length proportions in the order of 3 x 3 m?, the flow is expected to be laminar,
and the entry flow length, being between 0.2 and 0.3 m, is expected to be a very small fraction of
the collector length. For the laminar flow regime, the theory [16] predicts that the Nusselt number
is independent of the fluid velocity and Reynolds number. Therefore, for a characteristic length
equivalent to the typical plate spacing and for the thermophysical properties of water at typical
operating temperatures, the heat transfer coefficient corresponding to a circular cross-section is
estimated to be around 150 Wm—2 K1,

For lower mass flow rates, at the range between 0.001 and 0.005 kgm~2s~! corresponding to
low flow collectors, no significant change of the estimated heat transfer coefficient is expected,
while the entry length is expected to be an order of magnitude shorter.

For higher mass flow rates, which are, except for unusual absorber designs, rather unusual in
practice, the Reynolds number for flow transition (Re = 2300) may possibly be exceeded. In this
case, the Nusselt number predicted by the theory, which for turbulent flow in circular cross-
sections is given by the following familiar dimensionless correlation,

Nu = CRe" P (6)

with C = 0.023, m = 4/5 and n = 1/3, will be expected to be appreciably higher, corresponding to
proportionally higher convective heat transfer coefficients.

However, for non-circular cross-sections with sharp corners and large aspect ratios, the fluid
velocity and the corresponding local heat transfer coefficient may both vary appreciably around
the periphery, approaching their minimum values at the corners. For these conditions, the Nusselt
number for the fully developed flow should appropriately be corrected to account for the flow in
rectangular cross-sections. The correction factors, proposed by the theory for a circular cross-
section, to the Nusselt number are proportional to the aspect ratio of the cross-section [17], so the
corrected Nusselt number and the corresponding convective heat transfer coefficient becomes, for
a rectangular cross-section with (d/W) — 0, about twice that expected for a circular cross-section.

Therefore, the subsequent analysis was performed for typical convective heat transfer coeffi-
cients of 75, 150 and 300 Wm2K~!, which are expected to cover the whole typical parameter
range for practical applications. The heat transfer fluid is assumed to be completely opaque to
IR radiation, so the heat exchange between the top and back absorber plates can be completely
ignored.

Referring to Fig. 1, in which the collector model and the thermal network are shown, the steady
state heat balance equations for nodes 2-6 are,

UT, = To) = (kp /D) (Tpr = Tp) = 0 (7)
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hiy(Te = Tor) — (kp /D) (Tpe = Tp) = 0 (8)
ho(Tor = Tt) + 8¢ — ha (Tt = Tor) — o = 0 ©)
S — hpp(Tor — Tr) — (kyp/b)(Tor — Tp) =0 (10)
(kp/B)(Tor = Tv) = Up(Ty = Ta) = 0 (11)

where S; is the absorbed energy within the thin water layer, which is directly removed by the heat
transfer fluid, and S, is the energy absorption at the dark back polymer plate, which can be
calculated by using ordinary ray tracing techniques. The spectral composition of diffuse radiation,
which is usually shifted towards shorter wavelengths, is not generally similar to the direct radia-
tion spectrum. For a first order approach, it would be adequate to assume a uniform spectral
composition of both solar radiation components and to treat incident solar radiation as a beam
without significant sacrifice of accuracy. The calculation of Sy and Sy, is based on the nature of the
optical processes in the solid semi-transparent, uniformly absorbing region and in the liquid
strongly selective, absorbing parallel region. Radiation extinction phenomena in the selectively
absorbing fluid layer depends strongly on its spectral extinction characteristics, as well as on the
spectral composition of the incident energy. Although, in general, accurate transmission condi-
tions are difficult to predict, several typical simple theoretical or experimental radiation trans-
mission models have been proposed, which are bound by a theoretically calculated upper
transmission model [18]. Although ray tracing techniques are suitable for application in relatively
simple systems, they become extremely difficult to apply in more complex optical configurations
with multiple parallel regions of materials with different optical characteristics in contact. In these
cases and especially when absorption in parallel regions has to be taken into account explicitly, the
effectiveness of the method becomes questionable, owing to the increased number of reflection and
refraction paths. To overcome this problem, the net radiation method has been developed earlier
and recently employed [19] to investigate the radiation absorption in an identical optical system
with multiple parallel regions. The analysis is based on calculation of the incoming and outgoing
energies at all optical interfaces, which can be directly employed for the calculation of Sy and Sy,

Elimination of the variables Ty, Tir, ¢ and T, from Eqgs. (7)—(11) is possible, first by the
elimination of 7, from Egs. (7) and (8) to get

(kp/D)UT, + het(Uy + by /D) T

for = (kp/D) Ui + hy Uy + e (kp /) (12)

In a similar way, eliminating the variable 7, from Eqs. (10) and (11) yields,

 So(Us + ky/b) + hio(Up + ko /D) Ti + (ky /D) Un T 13
B hoy Uy + i (kyp /) + (kyp/B) Uy

Tyr

Solving Eq. (9) for gy — St yields,
g0 — St = Tothey + Typehey — Tr(he + hpo) (14)

Substitution of 7,y and T from Egs. (12) and (13), respectively, in Eq. (14) and after rear-
rangements and algebraic manipulations yields,
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do— S = hiy(Us + ky /6) S _ k /b)< he U,
hooUs + hoo(kp /b) + Us (ko /b) 7"\ Uy + hi (ky /b) + Ui(ky /)
hp Uy >
+ Ir — T, 15
(kp/B) Uy + his Uy + his (K /) (T = 1) (15)
Modifying further Eq. (15) in a more convenient form finally yields,
do— S = hiy(Uy + kyp /b) [ - ky/b
’ hf2(Ub + kp/b) + Ub(kp/b) Up + kp/b

(16)

hah hehe (ky /b) + h ky,/b
o (Ub-f—Ut nhpUs + hahe(ky/b) + he Uy (ky/ ))(Tf_Td):|

hethpo U + hahp (kp/b) + hp Ut(kp/b)

The derived Eq. (16) is the familiar HWB equation which offers the useful heat gain of the
collector,

qo— Sy =F'[Sy — UL(T; — T,)] (17)
where
’ hfZ(Ub+kp/b) . 1
heo[Us [ (kp/b) + 1]
and
_ (ky/b) hihUs + hehe (ky /b) 4 hoy Uy (ky /b)
U= Uy + (kyp/b) (Ub U hho Uy + hhp(ky/b) + ho U, (k,/b) > )

Note that the collector efficiency factor F’ in Eq. (18) depends solely on the back loss and
convective heat transfer coefficients. For appreciably high values of (k,/b), Eq. (18) simplifies to,
B 1
1 + Ub/hf2
which becomes close to unity when A > Uy, as usually happens for a liquid heat transfer me-
dium. For large enough values of the ratio (k,/b) and Ay = hp = hy, Eq. (19) becomes
Uy + Iy

Uy + ke
in which, for ¢ > U, and h; > Uy, the ratio (Uy, + h¢)/(U; + h¢) becomes close to unity and the

collector loss coefficient becomes equal to the sum of the top and back loss collector coefficients,
Ui + Uy.

!

(20)

UL U+ Uy (21)

4. Results and discussion

The collector efficiency factor, as determined from Eq. (18), is plotted in Fig. 2 against the
parameter k, /b for fixed heat transfer coefficients of i = hp = 75 (the pair of solid lines), 150 (the
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pair of broken lines), 300 Wm~2K~! (the pair of dotted lines) and Uy =2 Wm 2 K~! (top line)
and U, =4 Wm2K"! (lower line).

For each pair of fixed 4 lines, the curves of the lower U, correspond to higher values of the
collector efficiency factor F'.

By partial differentiation of Eq. (18) in terms of the independent variables U, and hp, it is
derived that,

(3F' J0Uy) = —hpx(kp /) /[ha(Us + kp /b) + Us (b /b)) < 0 (22)

and
(OF' [0hy) = Us(ky /b)(Us + ko /B)/ [ha(Us + ki /b) + U (ky/B)]* > 0 (23)

which confirms the distribution of the curves in Fig. 2, showing that the collector efficiency factor,
decreases as the back loss coefficient increases. It also confirms that it increases with a corre-
sponding increase of the convective heat transfer coefficient.

It can also be seen that the collector efficiency factor is almost independent of the &, /b ratio for
the range of 200 < k,/b < 1000, irrespective of the parameter values of Uy, and hp. However, an
increase of plate thickness or decrease of plate thermal conductivity leads to a decrease of the
plate conductance k,/b. For lower values of the k,/b ratio in the range of 0 < k,/b < 200,
the collector efficiency factor increases, leading to higher useful collector heat gain. This is due to
the additional thermal insulation of the low thermal conductance polymer plate, which contrib-
utes to reduction of the back collector insulation losses. It is also important to note, from the same
figure and for k,/b < 200, that this increase is stronger for higher values of Uy, irrespective of the
parameter value of /.
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Fig. 2. The collector efficiency factor plotted against &, /b for a back plate absorber design and convective heat transfer
coefficients of zp = 75, 150 and 300 Wm =2 K~! corresponding to the solid, broken and dotted lines, respectively. The
topmost of each of the pair of uniform /; curves correspond to U, = 2 while the second lower to U, =4 Wm 2K
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In Figs. 3 and 4, the calculated collector loss coefficient given by Eq. (19) was plotted against
the k,/b ratio for top loss coefficients of U; =3, 5 and 7 Wm 2 K™! and for fixed back loss co-

efficients of U, = 2 (Fig. 3) and

4 Wm~2K™! (Fig. 4), respectively. The three solid, broken and

dotted lines of each group of fixed top and back loss coefficients correspond to a convective heat
transfer coefficient between the top or back plate and the heat transfer fluid of 4y = hp = hy = 75,
150 and 300 Wm2K™!, respectively. As the scales in both plots are the same, it can be seen
clearly that the collector loss coeflicient is more sensitive to the convective heat transfer coefficient

o
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4.00]

8.00] /

COLLECTOR LOSS COEF.(W.m 2. K™D
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RATIO kb (Wem™2. k™D
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Fig. 3. The collector loss coefficient plotted as a function of k,/b for convective heat transfer coefficients, as a pa-
rameter, of hyy = hp = by = 75, 150 and 300 Wm~2 K~! corresponding to solid, broken and dotted lines, respectively, as
well as for top loss coefficients of U; = 3, 5 and 7 Wm~2K~! and a fixed back loss coefficient of U, =2 Wm2 K.
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Fig. 4. The collector loss coefficient plotted as a function of k,/b for a convective heat transfer coefficients, as a pa-
rameter, of hyy = hp = hy = 75, 150 and 300 W m~2 K~! corresponding to solid, broken and dotted lines, respectively, as
well as for top loss coefficients of U; = 3, 5and 7 Wm 2 K~! and a fixed back loss coefficient of U, =4 Wm 2K,
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for the lower figure of the back loss coefficient of 2 Wm2K ™!, as it may comparatively be seen by
the spacing between the fixed top loss coefficient lines of each group.

It can also be seen that although, for the region of 200 < k,/b < 1000, the collector loss co-
efficient is only slightly dependent on k, /b, it sharply decreases for &, /b much lower than 200. This
is attributed to the initial assumption of negligible radiation absorption at the top transparent
polymer region, owing either to a low extinction coefficient or a relatively small plate thickness.
However, for very thick top polymer plates, the extinction, practically, cannot be assumed to be
negligible. This may lead to significant absorption losses at the top transparent plate and re-
duction of the energy absorption at the back polymer plate, something which is expected to reduce
the sharp decrease of the collector loss coefficient for k,/b < 200 and will possibly tend to elimi-
nate the performance improvement, owing to reduction of the absorber plate conductance.

To relax the assumptions of equal convective heat transfer coefficients between the top and
back absorber plates and the heat transfer fluid, the calculations were repeated for the ratios
hp/he = 0.5 and hp/hy =2 for a back convective heat transfer coefficient of 7p = 150
Wm~2K~!, and the results were plotted in Fig. 5. In this plot, the collector heat loss coefficient is
shown as a function of the &, /b ratio for a fixed back loss coefficient of U, =2 Wm 2K ™! and top
loss coefficients of U; =3, 5 and 7 Wm2K~! as a parameter. In each group of lines, corre-
sponding to Ap/hy = 0.5 (broken lines) and A /hy = 2 (dotted lines), additional results corre-
sponding to hp/hg = 1 (solid lines) are also shown for comparison.

An inspection of Fig. 5 shows again the familiar behaviour of a sharp decrease of the collector
loss coefficient in the region of 0 < &, /b < 200, as well as the effect of the parameters U, and U, on
the collector loss coefficient. It can be seen clearly that the solid lines 4y = hp = 150 Wm—2 K~!
are located, as expected, between the broken h;; = 300 and dotted Ay = 75 Wm=> K~! lines, re-
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Fig. 5. The effect of convective heat transfer coefficient imbalance on collector loss coefficient plotted against k,/b for
U =3,5and 7Wm 2K and fixed U, =2 Wm 2K~ and 4p = 150 Wm~2K~!. Solid lines correspond to %y = 150
Wm2K~! while broken and dotted lines correspond to 4 = 300 and 75 Wm 2 K~!, respectively.
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spectively, since higher or lower convective heat transfer coefficients between the top transparent
plate and the fluid stream leads to higher or lower, respectively, top plate temperatures. The effect
of the convective heat transfer coefficient from the top absorbing plate is stronger for the higher
top loss coefficients, as seen by the spacing between the broken and dotted lines, owing to the
proportionally higher top heat losses.

In Figs. 6 and 7, comparative results are presented for the collector efficiency factor F' and
collector loss coefficient Uy, respectively, for the top and back absorbing plate polymer absorber
design. The results of the current analysis are presented in both plots by solid lines compared with
those of a recent investigation [6], corresponding to the alternative top absorbing plate design
plotted by broken lines.

In Fig. 6, the collector efficiency factor is plotted as a function of k,/b for a collector with
U, =4 Wm 2K and & = 150 (top solid line) or 75 Wm~2K~' (lower solid line). In the same
plot, the corresponding values of the same parameter for the top absorbing plate design with
U =7 Wm2K™" and & = 150 (top broken line) or 75 Wm2K~! (lower broken line) are
comparatively shown. It is clear that not only the back absorbing plate absorber design leads to
almost 20% higher F’ values for the whole range between 200 < k,/b < 1000 but also leads to an
opposite effect and far higher values of the same parameter in the range of 0 < k,/b < 200.

In Fig. 7, the collector loss coefficient Uy is plotted as a function of k,/b for a collector with
U =17 U,=4Wm 2K and 4 = 150 (top solid line) or 75 Wm=2K~! (lower solid line). In the
same plot, corresponding values of the same parameter U, for the top absorbing plate absorber
design are also comparatively shown for #; = 75 (top broken line) or 150 Wm2 K~ (lower
broken line). It is clear that not only the collector loss coefficient for the back absorbing plate
absorber design is, on average, 15% lower than the corresponding value for the top absorber plate
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Fig. 6. Comparative presentation of the collector efficiency factor as a function of the ratio &, /b for the back absorbing
(solid lines) and top absorbing (broken lines) parallel plate polymer absorber designs for U; and U, fixed at 7 and 4
Wm~2K~!, respectively. The top line of each group corresponds to 4z = 150 Wm=2K~! while the lower line corre-
sponds to iy =75 Wm 2 K~!.
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Fig. 7. Comparative presentation of the collector loss coefficient as a function of the ratio k,/b for the back absorbing
(solid lines) and top absorbing (broken lines) parallel plate polymer absorber designs for U, =7 Wm 2K~ and U, = 4
Wm~2K~'. The top and lower solid lines correspond to 150 and 75 while the top and lower broken lines correspond to
75 and 150 Wm2 K, respectively.

design in the range of 200 < k,/b < 1000 but also exhibits the same opposite effect and leads to far
lower values of Uy for the very low values of k,/b ranging between 0 < k,/b < 200.

Since the instantaneous heat collection efficiency of a solar collector is strongly determined by
the performance parameters, through the linear Hottel-Willier—Bliss model, it would be impor-
tant to quantify the collector performance improvement owing to the calculated higher values of
U and F’ for the back absorbing plate absorber design. For this reason, the efficiency lines
corresponding to a collector with a back (solid line) and a top (broken line) absorbing plate
absorber were plotted in Fig. 8 as a function of the ratio (7; — 7,)/G for fixed values of the
collector performance parameters (to), and Uy and for k, = 0.3 Wm™' K™, z; = 100 Wm 2 K™!
and b =3 mm. The selected values of the collector performance parameters (o), = 0.85 and
U. =8 Wm2K™! correspond to a conventional single glazing flat plate collector design. To
simplify the comparison, the temperature distribution in the flow direction of the collector was
completely ignored, so the Hottel-Willier—Bliss model in terms of the average fluid temperature 7¢
becomes,

n = (), F" = ULF'[(Ty — T,)/G] (24)

In the same plot, the performance line for an ordinary single glazing flat plate collector with a
conventional copper sheet absorber was comparatively plotted by a dotted line for identical (za),
and Uy parameters. In this case, for a 1 mm sheet and 10 mm diameter copper tubes 6 cm apart,
the theory [5] predicts that F' = 0.872, which leads to (ta) F' =0.741 and ULF’ = 6.976
Wm~2K~!. As is comparatively shown, there is an appreciable, almost 14%, performance im-
provement for the back compared to the top absorbing plate collector, which has a collection
efficiency almost identical to that of an ordinary metal absorber.
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Fig. 8. Comparative presentation of the instantaneous heat collection efficiency of a solar collector with a back ab-
sorbing (solid line) and top absorbing (broken line) parallel plate polymer absorber for » = 3 mm. In the same plot, the
comparative performance of a conventional plate and tube, metal absorber collector design is shown (dotted line) for
(ta), = 0.85, hy = 100 and U, =8 Wm2 K.

5. Conclusions

Although polymers are potential low cost materials suitable for mass production of low cost
modular solar arrays, their general characteristic of low thermal conductivity makes them mar-
ginally suitable for the design and manufacturing of polymer solar energy absorbers, unless a
suitable design can be employed. Among the various designs, the extruded polymer plate absorber
appears to be very suitable for large, all polymer, low cost collector modules. However, owing to
the low thermal conductivity of polymer plates, there are certain design limitations for the top
absorbing plate absorber, which can be completely eliminated when the top plate of the extruded
parallel plate absorber is transparent.

The present investigation was devoted to evaluation of the performance parameters for a
collector with a fully wetted, back absorbing, parallel polymer plate absorber design. This im-
proved absorber design allows absorption of the radiation at the back polymer plate and in the
flowing water stream, something which eliminates the adverse effects of the low top absorbing
plate conductance on collector performance and leads to an improved collector efficiency. Ac-
cording to the derived results, the collector efficiency factor and the collector loss coefficient for
the collector with a back absorbing plate absorber is almost 20% higher and about 15% lower than
the corresponding parameters for the top absorbing plate absorber. This collector efficiency factor
improvement and collector loss coefficient reduction were found to lead to a substantial instan-
taneous collector heat collection efficiency increase in the order of 14%, uniformly over a wide
range of operating conditions.
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