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ABSTRACT

The use of diffuse flat reflector to enhance the performance of flat-plate solar collector
has been analyzed by both experiment on a water heating collector and its digital simula-
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tion. Fair agreement is obtained between experimental and simulated results for clear

days. In this study the reflector covered with self-adhesive aluminum sheet (non-Cr-coated)

has been placed below a collector optimally oriented at 52.3°. An optimum reflector and

collector orientation angle is found to be between 110> and 120° for fall and winter solar

conditions. For typical fall and winter operating conditions, the addition of an optimally

oriented diffuse reflector can result in an improvement in energy collection per unit area

by more than 15 percent over that expected with an optimally tilted flat-plate collector.

Finally, digital simulation has been used to estimate the monthly performance of a water

heating collector with an optimal angle of the reflector.

I . Introduction

Flat-plate collectors have been used for both
liquid and air heating systems that require
thermal energy at comparatively low temp-
eratures as the simplest and one of the most
effective means of collecting solar energy.
Usually they are tilted at an optimum angle
which will provide maximum annual energy
collection.” At this fixed angle the amount
of direct light gathered is low in winter
when heating demand is high. Planar reflec-
tors have been suggested as a means of
increasing the heat collection of flat-plate
solar collectors to meet the winter demand.
The addition of reflectors
effective area of collection and collector

increases the

output by increasing the amount of radiation
that falls on the collector properly. Remar-
kably, collector output can be increased by
a great factor than the same increase in
effective collection area would of itself ac
count for.

There have been several examples of the
use of reflectors with flat-plate collectors to
increase the amount of solar energy collected
for their solar devices. Tabor® has recom-

cmended various arrangements of reflectors
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and calculated output increasing factor. Mc-
Daniels and Lowndes® have studied a specular
reflector-collector system with the reflector
located below the collector both experimen-
tally and theoretically. They have calcula-
ted an enhancement factor based on incident
radiation and system geometry. Other inve-
stigators have analyzed the performance
obtainable with flat reflectors placed either
below or above flat-plate collectors.+™® Re-
cently, Larson® analyzed enhancement in
the performance expected with a flat mirror

placed below a flat-plate collector for deter-

mination of optimal geometries and optimal

orientation strategies, and generalized the
analyses reported in the literature.

The objective of this study is to analyze
the performance of a reflector-collector sys-
tem with a diffuse reflector placed below a
flat-plate collector by means of mathema-
tical model which provides an optimal
placement of reflector and collector. Expe-
riments are conducted on a water heating
collector to show adequacy of the model for
a reflector-collector system and to compare
the performance of a collector system with
that of a same collector without a reflector.



. Theoretical Analysis

I-1. Total Solar Radiation on Tilted
Surface

Flat-plate solar collectors absorb both
beam and diffuse component of solar radiat-
ion. In order to use horizontal total radiation
data, it is necessary to derive a value for
effective ratio of solar energy on the tilted
surface to that on the horizontal surface, R,
for total solar radiation.

Generally the radiation on a tilted surface
has been derived by considering that solar
radiation reflected from the ground to be
negligible,

I =L Ry + Idlliz—cosi %D

where R is the beam correction factor which
can be given as

cos (¢ — ) €os 0 cosw - sin
oS ¢h COS 0 COSw + sin-@

(¢ —s)sin 0
sng @

With the monthly data for the total solar
radiation, one can thus immediately dete-

Ry =

rmine the optimum collector tilt which can
maximize the amount of collected energy
used efficiently throughout the year for
any latitude and any weather condition,.

[ -2. The Basic Energy Balance Equa-
tion for Flat-Plate Collector

The energy balance on the whole collecter
can be written as ‘
Qi = Ac({IR(za) s -~ _IR(za)ld)
=Qu+ QL+ Qs 3)
A measure of collector performance is the
collection efficiency, defined as the ratio of
the useful gain over any time period to the

incident solar energy over the same time
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period.
p= -9 g /| 1R @
/i Ac / '

The detail analysis of a solar collector is a
very complicated problem. However, a num-
ber of simplifying assumptions” can be made
to obtain useful results without obscuring
the basic physical situations.

The outlet fluid temperature can be der-
ived theoretically from an energy balance
on the fluid through one pipe as follows? :

—, o 9 e . _4ga_

T{a Ta i (JTL %‘ J\(sz Ta) UL ]
€ — (ULWF’'L/mc,) 5)
where the overall loss coefficient, Uy, is

found by adding together the top and bottom
coefficients:

UL=U, -+ U, 6)
The back loss coefficient, Us, is approxma-
tely

Rins
Lins ®
and for a single-cover collector, the top loss
coefficient, U, has been developed empiric-
ally by Klein®

Uy, =

oy [ Nl 1_ -1
Ut(45 ) N J‘~ (_3_44_\(_7:?______7,:“__\0 31 * hw]
T, ) 1+5 )7
N C‘.(Tp e Ta) (sz ':" thz)
(ep + 0.0425(1 — €, + [—leifi]—l
g
8
where
ho =5.7-+3.8V

J =1.058(1 — 0. 04 #» + 0. 0005 /%)
As Eq. (8) is prepared using a tilt of 45°,
it needs to correct for tilt by a method
given below®

Ui(s)/Ue(45) =1 — (s — 45)

(0. 00259 — 0.00144 €,) )

Furthermore, the solution for the collector
plate temperature, 7, at each time is given

as
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= g4 _ | g8 -
Tp=Ta+ UL [ UL (Lo Ta)l

€ — (AcUrt/(MC)e) (10)
For the geometry of a collector used in
this study, collector efficiency factor, F”
and be given as

/ 1//(//'1.
B = W{ 1 1
U(D + (W —D)F) Coond
1 an
+ o)

Usually, it is convenient to define a quan-
tity that relates the actual useful energy
gain of a collector to the useful gain if the
whole collector surface were at the inlet
fluid temperature. Mathematically the coll-
ector heat removal factor, F, is then

_ GCy(Tro —Tr)
= Cga — U(Tsi — Ta) ] 12)

Thus theoretical outlet fluid temperature

from Equation (5) can be compared with
experimental value to show adequacy of the
mathematical model.
The total useful energy gain of the collec-
tor, @, can be written as
Qu=AFr(ga— U(Tsi — Ta)) 13)
Values of U, and Fr can be calculated using
Equations (6), (7), (8), (9) and (12). The
useful energy gain of the collector at any
time can be also given as
Qu=mcy(Tro — Tri) (14)
Consequently theoretical energy gain of the
collector can be calculated by use of Equa-
tion (13) and be compared with the experi-
mental value obtained from Equation (14)
with inlet and outlet fiuid temperatures

being measued at any time.

I-3. Reflector-Collector System

For the collector with a diffuse refelector,
it is assumed that the presence of the refl-

ector does not alter the diffuse radiation
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falling on the collector from the sky. So the
rate of energy absorption per unit area is
given as

g1 = UR(:0) Yoo + (TR(ee) dae
+ (@ re pr (TR) 5 (15)

where the exchange area A,. equals A.F,.

and represents an effective area for radia-
tive interchange between the surfaces. The
transmittance-absorptance product (ra) is a
modified form which allows for the inter-
reflection between the absorbing plate and
the cover system.” (ra) is dependent on
the angle of incidence, but the effect of the
angle of incidence was neglected in this
study for simplicity.

For radiant heat transfer between surface
1 and surface 2 of total areas A; and A,
respectively as shown in Figure 1, the
view factor F'1: is defined as the fraction of
the total radiation leaving surface 1 that
impinges on surface directly. If surface 1 is
diffuse, radiating uniformly in all directions,
it can be shown that

_ 1 cos ¢, cos O:
F12 B 71'A1 SAx 5,1_ 7?

dA1dA (16)
where r is the distance between two elem-

ents dA, and dA; on the respective surfaces,
and 8, and 6, are the angles between the
line joining dA: and JA. and their respec-
tive normals. Integration of Equation (16)
can be expressed in complicated analytical
solution terms with integral term.® Integral
term in analytical solution of Equation (16)
is calculated by use of Hamming’s predictor-
corrector method!®

Consequently, a view factor is found to
be an explicit function of the angle between
collector and reflector, and reflector size.
Thus the optimum reflector angle which
maximizes the rate of energy absorption per
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unit area can be obtained for any operating
«conditions.

M. Experiments

Two commercially available collectors (Sa-
msung SFC-360 type, 0.92m x 1.84m) were
used in a water heating system to compare
the performance of a collector-reflector sys-
tem with that of the same collector without
a reflector under similar operating condi-
tions. Experimental results were also comp-
ared with those obtained by digital simula-
tion based on the model with the parameters

and weather data of the experiments. The

‘Tble 1. Design Parameters of Flat-Plate Collector
and Reflector

‘Solar collector
collector slope s = 52.3°
effective collector area A. = 1.62m?
Gover glass
number of cover N =1
transmittance z = 0. 876
emissivity e, = 0. 88
thickness = 3mm
specific heat = 0.13 cal/g.°C
density = 2. 5g/cm?
Absorbing plate (slectively coated Aluminum
sheet)
absorptivity a, = 0.91
emissivity e, = 0.12
plate thickness d, = 2mm
tube distance w = llcm
tube diameterD = 0.95cm
number of tubes =7
bond conductance Ciona = 380W/m.°C
thermal conductivity %, = 210W/m.°C
TInsulation material (glass wool)
thermal conductivity %i.. = 0. 0327kcal/m. hr.°C
insulation thickness L:.. = 50mm
Working fluid (water)
viscosity = 0. 0012kg/m.sec
thermal conductivity % = 0.588W/m.°C
specific heat =1 cal/g.°C
Diffuse Reflector (non-Cr-coated aluminum sheet)
size = Im X 2m
thickness = 300um
refletance pr = 0.5
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Fig. 2. Experimental Apparatus

aluminum absorber plate is selectively coa-
ted with a material having absorptance
a, = 0.91 and emittance ¢, = 0.12. The plate
is covered with two glass plates being 3mm
in thickness. Glass wool with conductance
kins = 0. 0327 kcal/m-hr-°C is used for back
insulation. Design parameters of flat-plate
collector and reflector are listed in Table 1.

A schematic diagram of experimental
apparatus is shown in Figure 2. Each
collector was mounted on a common plane
(latitude = 87.5°N) with an east-west orien-
tation which can have its angle changed as
needed. However, the collector was tilted at
52.3° to the horizontal throughout the exp-
This tilt of the collector follwed
the general rule that an optimum angle of

eriments.

HWAHAK KONGHAK Vol. 19, No. 6, December 1981



406 Aol gk - 2o - o] 4

the tilt in the northern hemisphere is latit-
ude plus 15 degrees for heating.” Water fl-
ow from a storage tank to the collector was
circulated by a centrifugal pump and adjusted
by a metering valve and by-pass line. The
flow was measured by orifice meters which
could be calibrated simply at any time during
operating by direct volumetric measurement.
A mass flow of 1.5kg/min was used, which
was found to be an optimum flow rate with
respect to the collector efficiency and pum-
ping cost.

One collector was provided with a reflector
placed below the collector which could be
set at various angles, The reflector Im X 2m
was covered with a self-adhesive aluminum
sheet (non-Cr-coated) having a reflectance
pr=0.5 to simulate a diffuse reflector. Its
reflectance was measured simply by use of
a potentiometer as described by Sheehan
and Laszlo, 1V

The ambient temperature, collector plate
temperature, inlet and outlet fluid tempera-
tures were measured by use of iron-cons-
tantan (type J) thermocouples at time inter-
vals of an hour. An Eppley pyranometer
with its sensitivity of 9uv/W.m 2 measured
the total radiation on a horizontal plane.
These results were taken on a chart recorder.
All the stream lines were insulated well
enough to avoid heat losses by use of glass
wool.

Experimental data were obtained with the
reflector angle being varied from 90° and
120° by an increament of 5°.

V. Results and Discussion

Experimental inlet and outlet fluid tem-
peratures at any time in a water heating
collector without a reflector are compared

starslr M9 H 65 19814 128

with theoretical values obtained form Equa-
tion (5) as shown in Figure 3. A typical
comparison of experimental collector efficie-
ncy at every hour with theoretical values is
shown in Figure 4. As can be seen from
Figures 3 and 4, experimental results are
found to be in fair agreement with theoret-
ical values under good operating conditions
except that there were large deviations ar-
ound sunrise and suset. Possible explanations
for these differences are quite lower collector
plate temperatures, and energy balances on
the storage tank and pipe line being neglec-

Date:1980.3,16  Theoretical Values.
m=14Kg/min  —— T
Vs=110 liters Tout
Experimental Values.
T,
70- *Tout
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60
Q
5
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Time , Hour
Fig. 3. Comparison of Experimental Fluid

Temperatures with Theoretical Values
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Fig. 4. Hourly Collector Efficiency
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ted,

Figure 5 shows a typical overall effici-
ency of the collector-reflector system as a
function of the reflector angle, Simulated
results were obtained with solar insolation
data for a typical clear day in autumn. In
this case an optimum efficiency for the
reflector-collector combination is obtained
when the reflector is tilted at about 108°.
From a practical point of view it is impor-
tant to note that the efficiency curve plotted
against reflector angle is seen to be reason-
ably flat near its maximum.

The model was used to estimate energy
gain obtainable with the reflector for season
when solar heating demand is high. Simulat-
ed results for several values of the reflector
angle are shown in Figure 6. Based on
monthly average values of solar insolation
and these simulated results, an estimate of
the optimum reflector angle was obtained
for each month as shown in Figure 7. With
change of solar altitude in each month,
optimal winter collection can be provided by
a reflector tilted between 110° and 120°. It
can be also seen from Figure 7 that the
best way to maximize energy collection dur-
ing the winter would be to use a 105° reflec-
tor and to move it to approximately 120°
from the beginning of October till the end
of February.

A theoretical performance of the collector-
reflector system with the reflector tilted at
100° is compared with that obtained exper-
imentally for typical clear day in autumn
as shown in Figure 8. Figure 8 shows a
fair agreement between improvements in
perfermance obtained both theoretically and
experimentally with the diffuse reflector,
and moreover illustrates the advantage of

the reflector-collector svstem. The maximum

increase of energy due to the diffuse refle-

ctor used in the experiment is about 80 per-

cent of the collection without a reflector.
Based on monthly average values of solar

insolation, an estimate of energy collection

with the reflector-collector system is obta-
—— Theoretical Values
70~ A  Experimental Values
o . Oct 1980
e m =15Kg/min
Z
c
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[ a )
= - * Iy
Iy /f
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Fig. 5. Daily Overall Efficiency vs.
Reflector Angle
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Angle Between Collector and Reflector, Degrees“:

Reflected Radiation from Reflector
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Fig. 6.
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o |
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[ . o obtained with an optimally oriented simple
(=) o .
—;— : flat-plate collector. This enhancement can
) a
3 ¢ be directly related to the cost-down factor
5 | by use of a reflector of much lowers cost per
£
c 5

unit area. Since a diffuse reflector is inhe-
rently cheaper to construct and maintain
than a conventional collector, substantial
cost reductions can be anticipated for a com-

AR S S bined system. It is, however, reported® that
10 12 1% 16 .
_ at the midwinter peak angle specular refl-
Time , Hour
. ector has contributed 40 percent more than
Fig. 8. Performance of Collector-Reflector

for Clear Day the collector itself, and that specular reflec-

tors are_more effective than diffuse reflec-
ined by digital simulation as shown in tors.

Figure 9. The estimate was made with the
reflector tilted at 115° below the collector
optimally oriented at 52.3°. It can be seen
from Figure 9 that the enhancement in
energy collection for the reflector-collector
combination is estimated to be more than
15% during the fall and winter over that

V. Conclusion

This paper presents analyses of a collector-
reflector system in order to reduce a total
cost of solar heating systems by means of a
mathematical model. Experiments have been

stat2at 19 A 63 1981 128
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<onducted to show adequacy of the model
for a collector-reflector system. Comparison
-of experimental results shows fair agreement
with simulated results. As results of simula-
tion and experimental studies the optimum
.diffuse reflector angle is found to be between
110° and 120° during the fall and winter
‘when heating demand is high. With a diffuse
reflector tilted at 115° below a collector opt-
imally oriented at 52.3°, the enhancement
in energy collection is estimated to be more
than 15% during the fall and winter.

Nomenclature

Roman Letters

A.: Collector area, m?

A,.: Exchange area for radiative heat trans-
fer between the reflector and the colle-
ctor, m?

C,: Fluid specific heat, J/kg. K

C.: Effective collector specific heat, J/kg. K

Chona: Bond conductance, J/kg. K

D: Tube diameter, m

F: Standard fin efficiency

F?: Collector efficiency factor

Fr: Collector heat removal factor

f: correlation factor

G: Mass flow rate per unit area, Kg/s.m?

& Heat transfer coefficient W/m?k

ho:. Wind heat transfer coefficient, W/m? K

I: Solar energy incident on the plane of

measurement, W/m?

kins: Insulation thermal conductivity, W/m. K

L: Tube lengh, m

Li.:: Insulation thickness, m

M: Mass, kg

m:. Mass flow rate, kg/s

Q.. Rate of useful heat transfer to a working
fluid in the solar exchanger, W

@r: Rate of energy losses from the collector
to the surrounding by reradiation, con-
vection and by conduction through supp-
orts for the absorber plate, and so on.,
w

@;: Rate of energy storage in the collector,
W

ga: Rate of energy absorbed per unit area,
W/m?

R: Ratio of total radiation on tilted surface
to that on the plane of measurment

s: Slope of plane from the horizontal, degree

T: Temperature, K

£: Time, sec.

U.: Overall loss coefficient, W/m? K

U,: Back loss coefficient, W/m? K

U:: Top loss coefficient, W/m? K

V: Wind speed, m/s

W: Distance between tubes, m

Greek Letters

a: Absorptance of plate

¢: Solar declination angle

¢: Emittance

y: Efficiency

f: Angle (defined locally) of incidence
o: Reflectance

o: Stefan-Boltzmann constant

\,: Transmittance of cover glass

¢ Latitude angle

w: Solar hour angle, degree

Subscripts

a:. ambient

b: beam

br: beam radiation
¢: collector

d: diffuse

fi: fluid inlet

fo: fluid outlet

g cover glass

HWAHAK KONGHAK Vol. 19, No. 6, December 1981



410

?: plate
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reflector-collector
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