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Heat Rernoval Factors for Flat Plate $olar Gollectors

M. A. Quaiyum*
and

trl. A. Hossain*x

Abstract

New expression for heot removol foctor F^ is derived. The
accepted exponentiol relationship. These foctorswill be useful in
sir and woter hesters, Recommen'Jatlon is nrode for experimental

Nomenclaturo

Collector area, m2.

surface area of collector per unit length.
hoat transfer area per unit length.

: soeciEc heat sf heat transfer fluid KJ/
Kcc.

: fin efficiency od collector
: Coliector efficiency factor.

- Heat removal factor as defined in the text.
: Exponential heat removal factor.

- {luid mase flow per unit collegtor area,
gm/Sec.m2.

: fluid flow rate, g/Sec.
: heat collection rate. W.
* heat collection rate, W/m2.

: area ratio 
( at ).

a

: net heat flur absorbed by the collector,
W/m2.

* Variable temperature of heat transf€&
fluid oC.

: ambient temp€rature. oC.

new factors ore campared

Dredicting ond evaluoting the
verificalion.

', w ith the generolly
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Tpi,T1 -inlet temperature. uC.

Tno.To : outlet temperature. oC.

Te
Ur

UL

- absorber plate temperature. of,.

: heat transfer coefficient of the fluid,
W/m?oC.

: heat loss coeficient, W/m2oC.

lntroduction

The inlet temperatures of the heat transfer
fluids of collector can be ascertained easily and as

such it is most convenient to evaluate the collector
performanc€ or the basia of the inlet tempera-
ture. In doing so tho use of heat removal factor
Fn which interrelates collector characteristics, like
coilector efficiency factor, fluid flow rate and the
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heat loss coefficients, is almost universal . Lunde
[1] has shown that the expression F1 proposed
by him is equivalent to Fp as long as the flow
is high enough so that the ternperature rise is
less than half the potentential rise to stagnatiern.

The present paper is an endeavour to 6nd
new €xpressions for heat removal factor closer
to Fg and make specific comments on the work
of Lunde. T his analysis is based on the following
assumptions :

(1) For the sarne geometry of the collector the
fluid heat transfer coefficient and the heat'
loss coefficient from the collector are invariant
with the flow rates.

tZ) The ten'rperature difference between the coilec-
tor plate and the heat transler fluid is, for four
different conditions considered iu the paper,

i) Constant over the entire collector.

ii ) Varies as linear function of length,

iiil Varies as a polynomial function of the
length, and

. iv) Vsries exponentially along the length.

Mathematica! forrnulatlon

In steady state, the performance of a solar
collector as shown in figure 1 can be described

by an energy balance that relatrs the net solal
energy absorbed and the thermal encrg]' lost
frorn the collector to the surrouudings by con-
duction, convection and iofrared radlat:an. The
useful l,reat gain by the collector is then rhe
difference between the absorbed solar radiatiou
and the thermal iosr,

dQ .= Fe{S*UL(Tp-T"il. adr."" ';}
where Fz : Fr(l- r)*r:Average fin efrc:cacy (?)

and r : area rario, (+)
The mean abssrber plate te-: pcraruf,r( T,:

which is a function of the coilector dceign,
incidenr sc'lar radiation and the eorlrilqig {uid
conditioris, is difficult to calculate or lrrns.rrc -Z-.

I{ence Tn has to be replaced br T ," a.b*r rrlet
ffuid ternperarure which is usually lnorl.

The energy balance equation for tbs dem,en"
lary area dx of the collector is,

F, S a dx : arLIf(Tp- T) dx+F, a L'i,
(Tp-Tr| rir r3)

or '[p : Frsa -P a,IJ1T +-F"a t-I,- Tr
urUilflaL1-

(4)
. m F, IS-UL(T - fa)rn_r ffi

(T'p - T) is reqirired, to find out lle baat rllr is
transferred to the fluid. In order ta firsd o:rt tLis
ternperature difference, four diffenrnt condllionr,
namely ( i) (f'p *T) is constant, 1i:; 

n iu lirrar
(iii) is polynomial ar:d (ir') espooenlie!'funcrion
of x, will be used.

(l) {Tp- T) constant every whcrt.

Let us say. (Tp - T) : ( Tp, - T, .| * Iri:lal
temperature difference. Heat gaincd by rhc iu:d
cau be cslculated by integratiug the 6:sr tcnn on
the right oI equation (3) f rorn g to L,

.'. 0 : ra [J1 (Tp1 - Tr) L (i)
Puting the value of (1'p; - T;) from (a] tr (5)
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qBry

Q*ruu,*ts,{*H+ffi)}

aio- ffir(s*u,rri-r")}
[.'e":"o']

o1
"'#-: s: f€( *-u'1ri-ra) )

.'. I - f""{ $*Ur(Ti-1'a) }

where, u":;$ffi: colrector efficiency

factor (6)

In this particular case heat removal factor :
Coltrector effi,ciency factor. Hence, the heat removal
faetor is independglgbg)w.

ii) "(Tp-T) ss linear functisn of x

Let, To-T - A+Bx (7')

The constants A'and B are to be deterruined from
tho boundary coaditons, at x - 0, Tp-T *Tpr-
Ti and atx*L, To-T-Tpo-To

.'. A : Tnr-T, aud B- Ge:l:!-;tfr'{r)

rp-r:(rpr-rr) + !&=T'|1tlet:}1"

r
Iience, O : r"Ur I Tor-Tr) L *

LC
{ (TP'-T.}-(TP1-1'') } I-

2

I
fp"-To) i* * (Tpi-'t'r)

F2(S-UL ( fo-Tu))
rUs-PFrU,-

_ rti,Ag_l i.'rtS-UL(To_Tr)+(Ti_Ta)) 
.*=t--lffi

+rd**+tsr,]
" #(t+ffi)* (* -u,. 1ri-r"r) *

,u,|fl,u..

" o {J+jif' n- -rk } *(u-ui.(ri-rut
.'. q : IriiS-ULiTi-fs)] .-. -(s)

Iwhels,fl:6{
__!-L | -LF.rrUy zG--I

or Ft - -t- rr*' .": r uL (10r
F, '2G;

iii) (Tp - T) as a polynomiet of x
I-et, Tp*l-= A, *8, x f Cxz (11)

In addition to the boundary conditions at
(ii) above let us assume the thirrl condirion that

d

6; (Tn*T; :Q at x : pL where p is to be

determined experimentally.

.'. Ar:(Tpi-T,), Bi: 2p {( T po-.Toi-(Tpi-Ti)i
L (Zp-r)

a,.,t r- _ { (Tpi-f i)-Tpo-'l'o) Idr:uv€ 
I_z(Zp_l)

(8) ,'. TP*T: .(Tpi*Ti) -P
2p{(Tp,-T.)-fT pi-T;)} x

t{ l'pi*Ti)- (Tpn-To)} x2t+-f- L,1:Zp_.1;

By integration from O to L
r

Q:raur l(Tot-Tt) L+
t

p(-t'pi*Ti)tL, 1(Tpi-Ti) -('Ipo-T.)tLl
r2p-l) ' 312p-t) J

or e * I#r, Ifot-trl (Bp-2r +

(r2)

* rafjl ?lt
,L1'-L

raU
2

(rpo-T.) ten-ry]

35BUEI. Dhoks

Fr{S -UL (Ti-TJl
-g;4u; -J



.
,l

tin

rla,

I

Putl

rep

['

and

a

the values of (Tpi-Ii), (Tpo-To) F, U,._G:I-or :B
ine (To*T,) t, 9
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(3p-1) F"r{J,fJ,
Ac l^Tsiru;56r,

org - 1

rU.trj_ru_1 , (3p-r)UL
FrrUl ' 3(Zp-l)Gc

FrrUr:if,m;
(=-t,-(ri-r*1
{ S-U,(TI-TB) i

c

18

19

or q ='F't

where, F'i

{s-uL (Ti-T4)}
I

(13)

(1 4)+;,r*tlrr.' -(zp-rf
(lv) (Tn-Tl as an exponential ft'rnction of x

t,et Tp-T = A u-B* ... (15)

at x - 0, frorn equation (4)

F2Tpi-Ti: ,U,ifrU,. {S*U.(Tr -Tu)}
F

^ t z _r S_U,_ (Ti_T^) l, at x : L
"' 

A - rUifmf,'
F" .nrr t^ T,r F2

Tpr -To:;frffi { SUL (To-T"'} :ffiTf;g;-
{s-u.(Tr-To)} "-BL

S-UL(To-T")*{ S-U'(Tr-TJ } u-BL

I S-U' (Tr-Tu)-UL (T.*TI) l -
{s-uL(Ti-Ta) } e-BL

or

or

1 -BLor (To-r.il:i;t s-u'(ri-Tu) ) ( " :;) (16)

Again, g : m* (T"-Tt) : ''^Hto t t-3, I

or(To-Ti;*&*ffi
(" -BL -t) (17

from (16) and (17)

F,rU1a t S - U'f'fi - r")l (" -BL-1)l
@B

,i[t - uL 1ri -r" l] t"-er-tl

36

FTn-T afr96p;{s-uL(Ti-T"}}*
F'U,-x

c-_TEF
Hence, 0 : #i-"Y;. [.-u. (ri-r,)]x

F,U.:
E- G;T.--_

on iutegration from 0 to L

u: of (r-.- *)[s-u'(ri1r")]
o, !* : q -F^ [.-u' (ri -T" ] (20)

where. 
"* 

* *: ( r -.- %q"') plj

Tbis is the universal heat removal factor. '

(V) Flow Factor

In order to represent heat removal factor
graphically it is convenient to take the ratio of
FR to F' and the new factor thus cbtained is called
the fiow factor which is function of r single variable

Gc
F;t; . the dimensionless heat capacitance rate.

Dividing equation (10), (11) and (21) by F',
F1
F-* G;q;, 

%

2Gc
(22)

Fi' 1Fi;-=ro Q3'
3(?p - 1) Gc

Gc _. -I'Ur\ .-. (24tFn - -p,u'L tt - Gc t

The variations of flow factors against fu
as dcfued by equations 122t, Q3\ and (24) are

shown in figure 2.
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Ficcussionr

By applying reialively simple analysie, heat

renoval factors have been derivcd for a plate to

fiuid temperature difference as {i} constant, {ii)
linear, (iii) quariratic end (iv) expo:rential function

of the length of the collector ind are found to

be differcnt- The expression for condition (ii;

above appears\ to lle same as that claimed to

have been derived ou the bEsis of constsnt tern-

perature diffetence 1 I l. In the present analysis,

from equation {4) it wiit appear that if the

differeuce of temperature is conslant' the {luid

temperrture must be coestant. Again, if tho

difference and the {luid tempelature are coustants,

the av,erage plate ternp€ratura must also be cons-

tant. In Lusde's rvork, however, apart frorn

sorne confusion on unit*, equation (7) [ I ] for
exarnple, the average plate temperature hss been

put as a linear furrction of area which ic, in

turn, a linear fuuction of x' Hence, on intogra-

tion the result of equation (10) | I ] has cor$e out

B{JET. Dhoko

exactly the came as that of linear variation of
t*rnperature difference. It may also be ststed that
all heat removal factors including F* and exclu-
ding that for constant temperature diSerence
approaeh to F" as G approacher to in6nity. In
refcr*nce | 2 ] also, it is stated that as the fiow
rate becomes yery large, tho temperature rise
frorn inlet to outlet decreases towardE zero but
the temperature of the absorbing plate will stiil
be higher than the fluid temperature. This
diff erence is accounted for by the calle ctcr
efficiency factor F' and F* can never exceed

F'. Hence, the remark of Lunds that FR

becomes indeterminate a$ the flow approaches

infinity sppeers to be confuring.

Frorn figure 2 it is evidcnt that the flow
factor defined by equction {23) with F - 1.

l5 is the u€arest to the expoaential flow
factor leq.Z4l while the values of flow factor

according to linear variation (eq.221 coiucide

37

hii&dti&r..",'***.



*@,$'

with those given by eq(23) with p : 7. In both
cases the difference is higher at the heat capa.
citance rate of 2 or lower than 2. At a value
of 2 and above the difierence gradually disappears.
In the three regions of the heat capacitance rate,
namely ia the range of 0.1 to 0.3, 0'3 to 1.0
and in the range of one and above, with p *0.2S,
P* 1.0 and p * 1.15 respectively, the value of
collector flow factor given by equation (23)
compares well with the exponential flow factor.

Conc!usion
Frsm the discussions it is evident that the

assumption of constant temperature difference
can neyer be true. Other expreosions ae derived
and the resulting 

"tq\"r will be useful in predic-
ting and evaluating{frfre perforrnances of both
air and water heate$ alike. The validity of
these expressions mayn be checked by plotting
experimeatal values against the computed ones.

No such attcmpt has been made. It is however,
plenned to be done in near future. It will also
be worthwhile to 6qd out experimentally the
variation of plate and fluid temperature difference
along the entire collector.

Acknowledgement

The useful dircussions rn'ith Dr. S. M. M. R.
Chowdhury, Chief Scientific Oftcer, Bangladesh
Atomic Energy Commission are gratefully
acknowledged.

References

1. P.J. Lunde, New haat traasfer facrsrs for
flat plate solar collectors. Solar Euerf,gy Vol.
27. No. 2 pp. 109-113. 1981,

2. J. A. Duffie and W. A. Beckman. Solar
Engineering of Thermal Processes. John
Wiley and Sons, New YorL, 1910.

38 Mech, Engg. Res. 8ull., Vot, 5, (lg12), No, I


