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"A SUGGESTED SOLAR HEATER SYSTEM OF RAPID HEATIHG
RESPONSE USDIG FLAT~PLATE SOLAR COLLECTOR"

BY

N.Ahmed Shehate® end M, Helmy El-Maghraby™™

ABSTRACT

o —— -

This paper presents the maln components and theory of
operation of a new solar heater system using a doubly metallic
flat - plate collectors. The proposed heating system has the
features of having 8 quick heating response, more hot water is
collected in a second reservoir to be utilized in cloudy days
and eventually this system permits the utilization of all types
of radietion even the fluctuated one.

In addition, our article denls with the general analysis
of the foctors effecting the quantitative performance of the
flet ~ pleie collector.

I, IZTRODUCTION

Since last five yesrs, e gross increase in production cost
of energy resources has been obgserved and escalated. The three
fuels (coel, 0il, and natural gac) presently employed to gener-
ate eleciric power cre depletable. Naturasl ges has been otea-
dily diminishing. 0il is now declining. On the other hand,
coal is rated es the prime replacement fuel for o0il and gas in
power stations. However, the use of coal as an energy resource
in electric gereration has diminished since 1965 larrely beceucze
of the costs of mining and traneportation, and cost of convert-
ing 0il =-and~ gas fired bollers to accept coal as a fuel. Coal
eleo hes side pollutants such as 802 and HNitrogen oxides. .
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So the need for renewable energy resources arises. Rene-
wable energy resources muset be evaluated on a different basis
than depletable resources. Depletable resources are by defin-
ition finite, renewable are generally time based (e.g. wind,
sun, hydroflow...). Thus a complete energy cycle is quantified
on the dally or ennlal basis.

Hydro power has just about reached the saturation point,
in so far ae new development run -of- the river sitee are con-
cerned.

Solar energy 1s still elusive. Although numerous concepts
have been devised and investigated to utilize this resource for
the heating of commercial buildinge, as well as, for power
generatlon.

A lot of research and development 1s still necessary before
functionel systems become operational on large scale.
Progress has been made in solar collector designe for practical
domestlic applications of heat energy. However, the advances
In adapting solar collectors to electric power generation have
not been so rewarding to date.
2. NBAT_TRAUSTER AUIALYSIS

To design and compute the size, the efficiency and the

cost of equipment necessary to trensfer a epecified amount of
heat in agiven time, a heat tranefer analyeis must be made,

The dimensions of a solar collector, a heat exchanger,
or a refrigerator depend on the amount of heat to be transmit-
ted and on the rate at which heat is to be transferred under
given external condlitions.

2.1. Modes of lieat transfer

Heat is transmitted by 3 distinct modes
a) Conduction

It 1s a process by which heat flows from a region of
itirher temperature to a repion of lower temperature within a
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solid, liquid, or gaseous medium or between different media in
direct physical contact.

The bagic mathematical relations for heat transfer by
conduction state that the rate of heat flow (flux) by conduc-
- tion qp in a material is equal to the product of

_ d o
o = = kA d x

loo-oc(l)

where

k is the thermal conductivity of the meterial in Btu/hour/
£1°/F /1t

A is8 the area of the medium e.g. a tuilding wall through

which heat flows by conduction in ftz.

g i is the temperature gradient through the medium

in °F /ft.

Integrating equation (1) for heat flow through & wall of
thickness D having a temperature Ol over one surface and 02
over the other, then we have

k A
D

qk_ (91-02) N N NN A N (2)

The temperature difference between the higher temperature
Ol and lower temperature 92 is the driving potential which
causes the flow of heat. Equation (2) is written in the form:

6, - &

veeea(3)

D
k A S

where Rk =

Which is called the thermal resistance the wall offers.

b) Radiation

It i8 a process by which heat flows from a body at highér
temperature to a body at a lower temperature when the bodies
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are separated in space or even when a vacuum existe between
them. Radiation is the mode of heat transfer by which the
sun transfers energy to the earth. The quantity of energy
leaving a surface as radiant heat depends on the absolute
temperature and the nature of the surface.

A perfect radiator (black body) emite radiant energy from its
surface at a rate 9p given by

qr=ﬁ.0"04 eeesseld)
where
q, is the heat-flow rate in gtu/hour.
4 1is the surface area in ft
€ 1is the surface temperature in degrees Rankine
o is a dimensional constant with a value of
0.1713 x 10™° Btu/nr 12 er*

Real bodies emit radistion at a lower rate than do black
bodies given by

qr= EA 0'94‘ oaoouo(‘i)

+

where € is the average emittance of the surface the rate of
heat transfer between 2 large parsllel plates with areas Al
and A, can be written in the foxm:
_ 4 4
qr'ne_t = Al Pl"’z 0‘(91 - 02) in-all(s)
where P1_2 is aquantity which depends only on the surface
properties, orientation and shape.

Equation (6) can be written in the Bame form as that for
conduction heat transfer: = — --.

°, = 5,

%rynet © T R, oo (7)

vhere Rr is the resistsnce to radiation heat transfer and is
given by 1

R = oou--(B)
'y 2 2
Ay By, 0 (6] + 65)(0; + 9,)

-
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The method of calculation of P,_, is given in heat-transfer
texts.

¢) Convection

It is a process that transfers heat from one region to
another by motion of a fluid. The rate of heat transferred
by convection e between a surface and a fluid can be calcula-
ted from the relation:

qc=hcﬁt(98—9f) cessas(9)
where
A is the rate of heat flow by convection Btu/hr. 5
A is the base area of heat transfer by convection, ft~.
OE is the surface temperature, °P
Of is the fluld temperature, °F
h 1s the convection heat-transfer

[¢)

coefficient, Btu/nr fi° OF

The thermal resistance toc convective heat trensfer Rc ig given
by
R = —Tn i eseseall0)

2.2. Compound lleat-Trensfer Mechanisms

In most engineering situations, however, heat is trans-
ferred by 2 or 3 of the mechenisms acting simulateneocusly.

The surfece of a solar-energy collector for example loses
heat simultaneovsly by convection as well as by radiaticn to
the environment. For heat loss through a combination of radia-
tion and convection, the total rate of heat trensfer q from the
surface of the collector is given by the equation:

e -0

coll out

Q= 4. % q = Ror cenese(11)

where Rcr is the combined resistance for the 2 mechanisms,
convection and radiation acting in parallel.

Ocoll is the average collector - surface temperature

Gout is the outside eir temperature.
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3. FACTORS INFLUENCING FLAT-PLATE SOLAR COLLECTOR PERFORMANCE,

The componente of a typical flat-plate collector are:
a) One or more transparent flat front plates.
. b) One or more insulating zones bounded by the covers.
¢) An absorbing rear plate.

Hent i®s removed from the rear plete by agaseous or lig-
uid heat-transfer fluid, such as air or water.
Thermal insuletion is usuelly placed behind the absorber to
prevent heat losses from the rear surface. The front covers

are generally glass that is transparent to incoming soler radi-
ation from the absorber.

For water systems the absorber plate can be any metal,
plamtic, or rubber sheet that incorporestes water channels, whi-
le for air systems the space above the collector plate can also
serve as the conduit. Many metal products, such as the alumin-

un, copper, and steel absorners are suitable for use in water
or air systems.

3.1, Effect of Spacing between glags plates and temperature
difference between absorhber and outer plate.

Fig.l displeys the influence of specing between glass
plates for a collector congisting of 2 glass plates with a flat
~ black gbsorber surfece of roll - bonded flow channels.

When the distmance between the plates is too small, heet loss
occcurs by conduction through the air gap. The efficiency incr-
eeses with increasing air gap but reaches an asymptote at an
interplate specing of about 0.6 inch. efficiencies.

The collector efficiencies are strongly affected by the
difference betwcen the temperature of the asbsorber plate gcoll
end the outer ~lass plate 6_. It is desirable to hold the
absober tempersture low to obtain a hirh efficiency, but at the
gametime ore must obtain a sufficiently hirh absorber tempera-
ture so that the heat supply to the building is at a practical
temperature for space heating and storage.
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As a compromise between these 2 conflicting demands, an
absorber temperature of 130°F was choeen for the research,

3+2. Effect of number of glass plates and temperature
difference between absorber and outer plate.

Pig, 2. reveals the effect of using a single, double, or
triple plate on the efficiency under the conditione of colle~
ctor ebsorber-plate temperature, 6, ., = 130°F, D= “%;#.
insoletion I = 150 Btu/hr ft° and abaorptanceERB and infrared
emittence €, = 0.95.

The lower the number of transparent plates, the more sharply
the efficiency drops with incressing temperature difference
between absorber and outer glass plate, © 09.

iore solar energy reaches the absorber plate when only
2 pingle cover plate is used because the addition of a second
glass plate reduces the set transmittance of the glass-plate
eystem from 0.9 to 0.81.

coll ~

At high values of gcoll - 99 the convective heat loss
tecomes dominant, and the addition of a second or third plate
substantially reduces this loss,.

3.3« Influence of infrered emittance and temperature
differences between absorber and outer plate.

Fig. 3. Shows the influence of pelective coatings, with
high solar abpoorptance and low infrared emittance, on the
solar-collector efficiency under the condilions of collector
absorberplate temperature © = 130°F, interplete spacing

P ) coll ] 2
D= —%—, insolation I = 150 Btu/hr f1°, and solar absorptance
;S= 0095

3.4. Effect of solar-radiation intensity and temperature
difference between absorber and outer plate. .

Fig. 4. Explains the effect of solar-radiation intensity
on collector efficiency under the same conditione in the
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a0 4 Colleotor efficiency %
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gol Oollector efficiency %

Fig. (3) Temperature difference between sbsorber and
outer plate.
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preceding items, the higher the solar - radiation intensity,
the higher the efficiency st e given operating temperature.
For exesmple, if ocoll 09 is BO°F, the collector efficiency
is 10% when I is equal to 100 Btu/hr ft , when I reaches 300
Btu/hr £t° the efficlency rises to 57%.

The large increese in heat collected when Incident redi-
ation is trebled is because the convective heet loss is a
function of Ocoll - 09 only; radiative heet losses are affec~
ted mainly by the absorber temperature, which was assumed
constant in bhoih cases.

3.5, Influence of solar-radiation incidence angle and
temperature difference between absorber and outer
plate.

This is the angle between the surface normal and the
sun's rays.

Fig. 5. 1llustrates this effect which is two fold:
Tirst, es the incidence angle increamses, the esmount of solar
radiation impinging on the collector is reduced by a cosine
factor, second, as the amngle of incidence Increases, the
reflectance of the transparent cover plates increases., For
values of angle of incidence greater than 50°, the transmit-
tence of the gless plate decreases rapidly, and the reflective
loesses Increase correspondingly. The combined impact of the
coeine and reflectance effect is clearly depicted in Pig. 5.
For an angle of incidence of 80° the combined effect reduces
the collector efficiency by so much that in the range of Ocoll
~ Oy larger than 10°F (ebout - 12°C) not only will no heet be
collected but the collector actually loses heat if the absorber
plate temperature is kept at 130°F(about 55°C}.

3.6, Variation of efficiency of collector with the time of
day and deys of the year and the temperature difference.,

Fig. 6. displaeys this change under the conditions of:
collector absorber-plate temperature gcoll = 130°F (55 °C),
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collector outer—plate temperature 84 = 30°F (= - 1°C), inter-
-

plate spacing D = "E- end solar abeorptance a( end infrared
emittance éir = 0,95, It can be seen that between 10 A.M,
and 2 P.M., the efficiency of the collector remains relatively
constant. The collector efficiency during winter is higher

" than in fell and spring because the angle of incidence on a
gouth facing, vertical collector is smaller in December than
in March or September. This Seasonal incldence angle effect
is the main reason vertical collectors are sultable for winter
heating in medium latitudes.

3.7. Effect of Types of absorber coatings and temperature
difference between absorber and cater plate.

The performance comparison between a single~plate colle~
ctor with a selective~black coating and e double~plate collector
with either a selectiva-black or flat - black coating 1s revea-~
led in Pig. 7. This comperison is executed under the restric-
tlons of: collector absorber-plate temperature Ocoll 559¢
= 130°F, interplate spa c¢ing D = —%-, ingolation I = 150 Btu/hr

ftz, end solar absorptancecxs = 0.95.

4. General Analysis of the Performance of a Liquid-Cooled
Collector.

The most widely used measure of performance of a flat
~plate ¢collector is the efficiency‘? s l.e. the ratic of deliv-
ered heat to the insolation. Efficiency is not a sufficiently
descriptive index by which to select a collector since the more
efficient a collector is, the more expensive 1t usuelly is,

The mosi important properties of e working collector are

the number and type of covers, type of collector surface and
the collector temperature,

4.1, Number and type of covers

The mosi reliable material currently available for
collector is glaes which has a single most importent property



Shehata and El-Mashraby

Collector efficiency %
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for solar collectors is the percent of solar radietion it
transmite. This transmittence depends directly on the refr-
active index of the glass.

The reflectance of a plate of glass varies with the
incidence angle i.

An expression (the Fresnel equation) to calculate the reflec~-
tion of beam rediation from one surface of a transparent solid
bl ie yielded by

> 1 sn@(rqh) ten® (4 -
urbl =% (

r )
7 + 5 L) ......(12)
Sin (i+ra) tan” (i + ra)

Y¥here Ty is the angle of refraction and

Sin i
Sin r =

00l.0t(13)

Ti,coll

Where r; coll is the refractive index of a collector
¥
cover, If the incidence angle is exectly 09 a special form
of the Fresnel equation must be used:

-1)°
+1)—2

- (r

_ i,coll
bl ~

O..I..(l4)
(ri,coll

The reflectance from several glass surfaces _f;n is then
given by - '
f ~ l _ 1 - ‘fbl L

bl *

1 +(2 n-l)fb1

0....0(15)

Where n is number of collector covers,

4.2, Type of collector surface ) )

Althiough much research has been done on selective
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surfaces, few selective surfaces are available today that
have sufficient durability experience and low cost to warr-
ent use on flat-plate collectors.

The only commercial selective surface available with
lengthy field experience is the proprietary Miromit selective
Black used on Miromit Solar water heaters.

llonselective, black points with an appropriate primer
are recommended for general use at this time. One Such point
is Nextel TM. The Solar absorptance a nd infrared emittance
are 0,96 for this product. This absorptance for diffuse
radiation °<s,d may be taken as cfs’d = 0.9

4.3, Collector temperature

The thermal loeses of a flat-plate collector depend
on the operating temperature of the collector.

The operating temperature is determined by the ultimate
use to which the heated fluid is to be put and can range from
30°C (S0°F) to 99°C (210°F) or higher.
The fluid flow rate through e collector may be determined

from the heat balence: )
qa = I Cf (OCOll’in - OCOll,Out) -.....(16)
where
q, = abgorbed energy perunit collector area, Btu/hr
ft

m = fluid flow rate per unit collector area, lbm/hr
£° -

¢y = specific heat of fluid, Btu/lbm°F

=collector transportfluid-inlet temperature,°F

coll,in
®c0ll,0ut = %gllector trensport - fluid-outlet temperature,

®)

For a pumped water system, the inlet-outlet temperature différ-
ence is 10 to 20 °F ( = - 12°C & + 7°C respectively), for a
thermosiphon, ebout 40°F (45°C). The average collector fluid
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temperature Ocoll may be taken as the averge of the inlet and
outlet temperatures for liquid cooled collectors,
e

o Sco11,in * ©

coll,out
coll — 2 .'....(17)

An expression for the thermel loss I from such a collec-
tor by radiation and convection has been developed and is given
without proof (back and edge losges assumes small).

060;;,' Sout
n/c

L =
1
- +
Be1 T 0, 1505 )/ (04T

4 4
U’(Oco - 67 )

+ 11 OUI 001!01(18)
1 2n + f£-1
= + = e
Eir,c €1r,g

where

, hcl = coefficient of heat tranafgr from the outermost
collector cover, Btu/hr £t~ °F
€ = factor to account for collector tilt in the expre-~
ssion for coefficlent of free convection heat
_ transfer on glase collector covers, Biu/hr ft
) Eir,c = nonselective collector surface emittance

éir g = cover emitiance
]
n = number of glass covers
f = outer collector - cover to non-outer cover heat
transfer resistance ratio.
hcl = 1+ 0,35V 0-0.-0(19_)
where V 18 the wind speed in Khots.
C = 0:19 - 0000078 Q oo-.c.(ZO)
_ E = Surface tilt angle from horizontal
Eir,c = 0,95 000000(21)
-éir,g:' 0'90 000010(22)
£ < 0,76 x 1070°937 V v £ 8 ceeeea(23 a)

-0.020(Vv-8)

f=0036x10 8<V\g17 000010(23 b)

£ = 0.24 x 10°0-012(V-17) V> 1T .23 )
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4,4. Calculation of collector efficiency.

It 18 defined as the ratio of output, Ay to input,

Ib,coll M In,d’

where 1? = %a

Ty,cal1* In

»d
Ih d is the diffuse component, note that the insolation
y
on a horizontal surface Ih consists of a direct (beam) compo-

nent and a diffuse (skylight) component.

Ih d is approximately given by
»

Ih d = 0078 + 1.07“ + 6.17 CC ----..(24)
?
where
« = Solar-altitude angle, deg.
CC = cloud cover (CC = O indicates a clear sky, CC = 10

indicates the sky is fully covered with clouds)

The horizontal beam component In p 18 the difference
L4

I}l,b: Ih- Ih,d ......(25)
The incident beam component normal to the collector Ib coll
)
is then: Ih L €08 i
I = A .lt.ti(26)
b,coll Sin of

Also =9 is pgiven ap follows:..

The amount of energy absorbed by the abrorber plate
Icoll is the insolation diminished by cover and absorbing
~ gurface reflectance losses (second order ground reflection
effects are ignored)

_ D ~ _ o ya
Teo1l = Tb,c011(t = Ppn) Zosb + I 41 = £3)Xspd ol (27)
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Tne value of Icoll is a property of the collector indepsndent
of the operating temperature of the collector.

The amount of energy delivered to the working fluid qg
is I 49y diminished by thermal losses L (equation. 18)

qa=Icoll-L 0...--(28)
5. Proposed Solar heater systiem

Soler energy due to its nature as a time based resource
must be used as a side source of energy. But due to clear sky
of our country, almost a complete dependence upon a soler ene-
rgy source can be in consideretion.

Sun radiation aslso veries from place to place, but the
most practical use must be on the temperature ranges 40-60°C,

Flaet plete collectors are usually e doubly metalic plate
that ecquires chammels in which heet conveyer liquid passes.

Collector plaote must be directed to fece radistion, and
treated by black painting which improves the selectivity of
the collector, and simult aneously avoids accumulation on the
surface outwards.

Up to this horizental plate, there's a glass plate which
prevents heat losses in addition to protecting the metalic
plate from etimospheric effects. Fig. 8.

Conducting plate is prepared by heat isolators as for
the port non-exposing to sun.

The container is Insgide a metalic box of steinless Bteel.

However, we merd to have more experimenis on other materi-
als, to improve recent rechnolopgies on market,
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Fig. (8): Solar collector model,
1) glassa-.plate 2) collector
3) isolator 4) Collector box
5) dngle
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Utilization of power collected by collector is as follows;
conducting path of collector is hydroulically connected to
heating remervoir, the last maokes the heat exchange between
collector and liquid (a mixture of water and salts).

These last two processes prevent riese of boiling point
cf water end decrease freezing point.

The heated liquid poes up to water heater (by thermal
effect), or it may need a pump 1f the heating reservoir has
been stopped at alow level (Fig. 9).

In the cese of getting high temperature (il.e. better
heating performence), we must increase the numuver of collect-
ore mnd operzste them on parallel.

Ve propose a heating system which has the following basic
features.

-~ a quick heating response, i.e. the ability of providing not
vater in the firet reservoir.

- mors hot water collection in the 2nd reservoir, {preparation
reservoir) which cen be used on cloudy days, because reserv-

oirs are interconnected in a series.

- cold water from trunsporting pipe feeds the 2nd one, while
heated water is taken from the 1lst only.

There is no confusion of mixing hot and cold water,
The system shown in Fig. 10 also permite utilization of =il
types of rediation even in fluctuating radiation.

6. COIICLUSICUIS

N gt Sl g - - -

Due to the weather clearmess and hot temperature renges
in EGYPT, we have & better utilization of solar energy. This
is achieved by great efforts of groups work and scientific .
teems. This paper proposes a2 new solar heater system using a
doubly metallic flat-plate collectors. This solar heater has
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Fig. (9) Schematic diagram of solar collector and

heat reservoir.

" 1) solar collector 2) ventilating value
3) reservoir 4) expansion centainer
5) heated water outlet 6) cold water inlet
7) altsmatic value 8) test gauce

9) cycles instrument 10) one way value
11) electronic heatins control.
12) test gauge for collector,
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£

T

?

L:\ i ‘
5

< —

Fig., (10): The proposed system.

1) solar collector 2) ventilating valwe
3) reservoir 4) expansion container
5) heat water out let 6) cold water inlet

7) automatic valve B) test gaure

9) evecles instrument 10) one way valve

11) electroniec heating control
12) test sauge for collector
13) electronic wvalve.
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falo)
is

od features of having quick heating response, more hot water
collected in r sBecond reservoir to be used in rainy deys

and moreover, this eystem permits the utilization of all types

of

radiation.

Graphical representetion of the influence of the various

fectors on the performance of the 2 glass plates with a flat

bleck absorber surface displays the following conclusions:

a) The collector efficiency increases with increasing the air
EEPe«
b) The difference between the temperature of the absorber plate

c)

d)
)

)

g}

and the outer glass plate strongly affects the collector
efficiency.

The lower the number of transparent pletes, the more shar-
ply the efficiency drops with increasing the temperature di-
fference between absorber a nd outer glass plate.

The selective coatings with high solar absorptance and low
infrared emittance affect the solar collector efficiency.
The higher the solar-radiation intensity, the higher the
efficiency at a piven operating temperature.

Ag the Bolar-radistion incidence angle (whié¢h ie the angle
between the surface normal and the pun's rayes) incresases,
the emount of solar radiation impinging on the collector
is reduced by a cosine factor and the reflectance of the
trenaparent cover plates increases.,

The time of a day affects the efficiency of the collector.
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