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Energy balance equation of flat plate
collector
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Under slead}r state conditions, the useful heat delivered by a solar collector is equal to
the energy absorbed in the metal surface minus the heat losses from the surface to surroundings.
Mathematically, -

Hp-A (), =0,+0, BN 371 )
where, Hy- =total solar radiation incident on the collector per unit area and time, W/m?

A, =colector area, m*

Q, =rate of useful heat collected from the collector, W
Q; =rateof he‘at lost f_mm the collector, W

(101), =effective transmittance - absorptance product of cover system forbeam
and diffused radiation

1 = fraction of incoming solar radiation that reaches the absmrhlng surface

(transmissivity).
o = fraction of solar energy reaching the surface that is absorbed (ahsurptmty)
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Total energy absorbed by absorber plate

= Hy[to+ toy(l —a)p 4 -l-’l‘oc(l—oc).zpa,2 +:c ]
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Now, total heat loss from collector is given by

O = ACUL(Tp'—Ta)

where, U; = overall heat loss co-efficient (W/m? K)

= Hy(ta),, where (tat), =

Tp = average tempera_ture of upper surface of the absorber plate

1, = atmospheric temperature.
Now, equation (2.21) becomes
HpA.(ta),=Q, +AU, (Tp =12 )

. Q, = AlHy (W), ~U, (T, -T,)]




Overall loss coefficient

‘The overall heat loss from the collector is difficult to determine since it dependin gon
the mode of heat transfer (conduction, convection and rad; ation), it also depends on the

temperature of plate, temperature of air, temperature of sky, temperature of cover system,
number of glass cover, conductivity, thickness of rear and edge insulation, tilt of the collector,
absorptivity and emissivity of absorber plate coating and emittance of glass cover. The rate of
heat loss can be expressed as :

QL =ULACT, - T,)

where, Q; =rate of heat loss from collector

ekl L})

U, = overall heat loss co-efficient

T,,, = mean absorber plate temperature

T, =ambient temperature

The heat lost from the collector is the sum of the heat lost form the top, the bottom and -
the sides as : '
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where Q, =rate of heat loss from the top
@), =rate of heat loss from the bottom

Q, =rate of heat loss from the sides - |
~ Eachof these losses is also expressed in terms of co-efficients called the top loss co-efficient

(Uy), bottom loss co-efficient (U}, ) and side loss co-efficient (U ) as:

QI 2 Ul Ac (Tm -Ta )
Qb = UbAc (Tm'-Ta)
0, =UA(T,.-T,) . .(232)

From equation (2.30), (2.31) and (2.32) we get
UL AT, ~T,)=UL AT, ~T,)+UpA (T, ~T,) +U A, (T ~T,)
s Up =U+Uy + U |



These losses can be eipressed in terms of thermal resistanice as shown in Fig. 2.32.
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Fig. 2.32 Overall heat loss from collector



Top Loss : |
The heat loss from the top of collector is due to convection (both natural and forced)
- and radiation. The heat loss from the absorber plate first takes place from plate to the first
glass cover, then first cover to second glass cover and so on last cover to the surroundings as
shown in Fig. 2.33. |
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Hence, total hieat loss from lop of collector

O, =Convection loss + Radiation loss

(Convection and radiation heat transfer from absorber plate to first glass cover)
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(Convection and radiation heat transfer from first glass to second glass cover)
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(Convection and radiation heat transfer from second glass cover to surroundings)

=h,A, (TgZ “T)+

o

where,

hpg' =convective heat transfer co-efficient between the rhsorber plate and first glass cover

hg 185 =convective heat transfer co-efficient between the first glass cover and second

glass cover
h, =convective heat transfer co-cfficient between second glass cover and surroundings

T, =temperature of absorber plate



TEI = temperature of first glass cover

T, , =temperature of second glass cover

T, =temperature of atmospheric ol

Ty = =effective temperature of the sky with which the radiative heat exchange takes place
=T -6

€, =emissivity of the absorber plate

E'E| , £, =emissivities of first and second glass covers

The convective heat transfer co-efficients- h. cand h - are r:alculated with heip of .

equation of Nusselt Number of natural convection hetween hmparaﬂe] surfaces. The convective
heat ransfer co-efficient h, s calculated w1th help t}f Husse]l: Numhf:r of fun:e-cl convection,

——— e — —_———

since outside wind having certain velocity. Generally, h, =2.8 + 3‘%-r where V = velocity of
wind (m/s) is taken




The top loss co-efficient can be calculated by following equation.

'UT--{=-: g TR A ""-"**‘"‘"“*‘o(T?f-z‘gw +T)
e T =L 0257 "} | ol R 2"+f T “n|
o m‘._n+f. i _ 9’-._.,25"(1 8 ) _
| | | .(2.33)

where, n=no. of glass covers

o 30) 7,
=[ =- 1+0.091
4 (ha th(3169J(+ .

0.252

204.429(cos3)
LO.24

C=

B = collector tilt from horizontal
L =spacing between plates

13



Bottom loss : | | |
The heat loss from the bottom of collector is due to conduction, convection and

radiation. In most of cases, the thickness of insulation provided is such that the thermal resistapt:e
associated with conduction dominates, and hence assuming heat transfer due to convection
nisneghgible.
dt

Jb = k!Al': —d—x

i

1

where, k.= thermal conductivity of insulation, 0 I.' =thickness of insulation
‘E'_Ar{?;u th}_ :

=UyA(T, -T)




“Hence, bottom |oss co-efficient
k

Uy =3 ' | -(234)
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Fig. 2.34 Bottom and side losses from collector
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Side loss :

As in case of the bottom loss co-efficient, it will assumed that the conduction resistance
dominates and that the flow of heat is one dimensional and steady. The one dimensional

approximation can be justified on the grounds that the side loss co-efficient is always much
smaller, than the top loss co-efficient.

| 38 =4
Qs = 2[‘5(1‘1 + l’.’)ki 28

5

Hence, Us = C e ki
LhL 3,

where, L, and L, is dimensions of absorber plate

..(2.35)



Collector efficiency

~ Collector efficiency n_ is defined as the ratio of the useful heat gain over a time period
to the incident solar radiation on the collector over the same time period. Thus the
instantaneous collector efficiency is given by:

n, = Useful heat gain __Q
* Incident solar radiation on the collector A_I,

The useful heat gain @ is given by eqn. (3.9) as:
‘E—: = [I,(t0), - U, (T, - T,)] ...(3.28)

where the average absorber plate temperature TP is generally not known. Therefore, a
parameter called collector efficiency factor F* is introduced in the above equation to determine
collector performance without T, . F'is defined as the ratio of actual useful energy gain per
riser tube per unit length to the useful energy gain if the entire absorber plate is at the local

fluid temperature T, Hence eqn. (3.28) can be written as:

...(3.27)

L F U, (o, - U (T~ T))] ...(3.29)

A,
where T, = (T; + T,)/2, and T, and T, are the inlet and outlet fluid temperatures.

The plate efficiency factor F* is expressed as [5]:



=(T; + T2, and T, and T are the inlet and outlet fluid temperatures.

where T, =
The plate efﬁclency factor F’ is expressed as [5]:

X - .(3.30)

F=

1 3, 1 l
+ +
Wi (U, W -D,)F+D,) kD, mDihy l

where W is the tube spacing, i.e., the centre to centre distance between the riser tubes

D;and D, are the inner and outer diameters of the riser tubes
5 is the average thickness of the adhesive (bonding) material

ka is the thermal conductivity of the adhesive (bonding) material
a

h is the heat transfer coefficient on the inside of the tube

F is the fin efficiency factor and is given by:

tanh(C(W - D, )/2]
" [C(W-D,)/2)

. V2
where C =( d J
k9,

&, is the thermal conductivity of the absorber plate material
- 8p is the thickness of the absorber plate.




Thus the instantaneous efficiency of the flat-plate collector in terms of mean fluid
temperature is expressed as:

0, = F o), - FU, T %) ...(3.31)
t

Also, another parameter Fy, called the collector heat removal factor, can be introduced
in the eqns. (3.29) and (3.31)in place of F*. The Fp is defined as the ratio of actual useful heat

energy gain to the useful energy gain if the entu'e absorber plate is at the temperature of the
fluid entering the collector. Thus,

% =Fp I (ta), - U, (T",. -T)] -+(3.32)




(T -T.) ..(3.33)

n; = Fglta), - FrU, 7
4

and

where T is the inlet temperature of the fluid entering the collector.

The heat removal factor Fp, is expressed as:

- mC » o | RS
Fp= mAZ |:1—. exp(— U:'féF }] 31 ...(3.34)

6
where 1 is the mass flow rate of the fluid (kg/s) and C, is the specific heat of the fluid (kJ/kg
ered by the absorbed solar radiation.

K). F, is the measure of the thermal resistance encount
Equation (3.34) indicates that a straight line is obtained with a slope of FrU, and an
intercept of Fp(ta), ifn; is plotted against (T, T,)/I,. The actual performances of solar collectors

are presented in this form. The procedure for performance testing has been proposed by the
ASHRAE Standard 93-77 and IS 12933 (Part 5) 1990. Figure 3.4 presents the performance

of typical liquid flat-plate collectors.



Assignment

1. Derive the expression of collector efficiency factor, heat removal factor and useful heat gain for flat plate &
cylindrical parabolic Solar Collector.

2. Derive the expression for governing energy balance equation for Solar Collector.
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