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ABSTRACT

Solar air heater (SAH) is special kind of heat exchanger that transfers thermal energy from the solar radiation to
the fluid flowing inside of the collector. The most potential applications of SAH is the supply of hot air for
heating of buildings, to maintain a comfortable environment especially in the winter season, air preheating,
desiccant refrigeration, and drying of vegetables, fruits, meat, textile and marine products. Solar radiation
intensity is less in the morning that increase gradually till noon and again decrease from noon to evening. The
heat gain is directly proportional to the mass flow rate. It is maximum for the counter flow SAH and is least for
transpired solar air heater. The efficiency of the SAH is directly proportional to mass flow rate. The thermal
efficiency is maximum for the counter flow SAH, The useful heat gain increases is highest in the clear days of
summer month  particularly in the month of April-May and lowest in the cloudy days of winter month

particularly in the month of December.
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l. INTRODUCTION

Solar air heater (SAH) is special kind of
heat exchanger that transfers thermal energy from
the solar radiation to the fluid flowing inside of the
collector. The most potential applications of SAH is
the supply of hot air for heating of buildings to
maintain a comfortable environment especially in
the winter season, air preheating, desiccant
refrigeration, and drying of vegetables, fruits, meat,
textile and marine products. With the development
of computer, hardware and numerical methodology,
advanced mathematical models are being used to
carry out critical investigations on SAH. The
purpose of this work is to review the present state of
mathematical modelling of SAHSs. The validation is
an important step in mathematical modelling
development, and therefore comparisons with actual
experimental values or theoretical results have been
included where possible.

Previous works in this area goes down to
the basic theory of solar heating is simple. The
technique with the “hot box” and the water tanks
were combined in the world’s first commercial solar
water heater, which was patented in 1891 by
Clarence Kemp from Baltimore, USA. This collector
was made of black painted metal tanks that were put
in boxes with glass

lids, capturing the sunlight. In 1909
William J. Bailey developed a system similar to the
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solar systems used today, where the tank and the
solar collector were separated into two units and the
insulated storage tank could be placed inside the
house, keeping the water hot much longer than
previously used systems [1]. In 1959 Colorado Solar
House achieved efficiency of 30% by using a glass
and metal collector with many glazing staggered on
top of each other. [2] evaluated the effect of absorber
plate geometry and glazing materials on the
performance of flat plate collector. They interpreted
that cost of SAH can be reduced by increasing the
collector efficiency. They suggested that for the
restricted surface transfer area the heat collection
surface area can be optimized by varying the
geometry of absorber plate. In [3] it has been
proposed a design of multipurpose solar heating
system. They combined solar water heater and solar
air heater, evaluated the performance of solar air
heater of this type of multipurpose solar heating
system. The air heater was placed over the riser
tubes of water heating system. [4] studied the
performance of single pass SAH with and without
fins. It was found that efficiency depends on inlet air
temperature, distance between the absorber plate and
cover. They further concluded that SAH with fins
have high efficiency compared to that of without
fins. Modifications were made in the geometry of
absorber plate and instead of a conventional flat
absorber plate; absorber having dimple pockets was
used to increase the heat transfer capacity of the
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system. Based on the comparative study [5] it was
concluded that there is significant rise in average
surface temperature of absorber plate because of use
of dimples in the absorber plate.

Il.  COMPONENTS OF SAH
Schematic diagram of a solar air heater that
converts solar radiation into heat is shown in “Fig
1”. The basic principle is that the heat from the
warming absorber plate is absorbed by air
circulating [6][7] around it. A typical flat plate SAH
consists of the following

Supportstand

Absorber Plate

Power supply for blower

Fig.1 Basic SAH Design

o Absorber plate: function of the absorber plate is to
absorb maximum solar radiation incident on it and
to transfer the absorbed heat to the air flowing
along the duct. Material generally used for
collector plates include Al, Cu, Au, Mo, Ni, Pt,
Ag, stainless steel-304, Ta, Sn, V, and Ti .

o Selective absorber coating: A selective coating is
usually applied over absorber plate which helps in
improving efficiency by increasing the absorptivity
of the absorber plate and decreasing radiative loss.

¢ Glazing: A glazing (a transparent glass) allow the
incident solar radiation for entering the device and
substantially restricting infrared energy losses
through re-radiation. Glazing materials include
glass, plastics, acrylics, fiber glass and other
transparent materials.

e Duct/passages: In SAHSs, the ducts are used to
supply the fresh air and exhaust of warm/hot air by
the means of natural and forced convection. The
artificial surface roughness provided on the ducts
or on the absorber plates of SAHs has a favourable
effect on the heat transfer. Because the artificial
geometry creates turbulence in laminar sub-layer
due to flow separation and reattachment between
the two repeated ribs therefore the 'h' increases
between the absorber plate and the flowing fluid in
a SAH.

o Blower: Fluid motion is dominant to convection
heat transfer and concerned with two basic flow
classifications i.e forced convection in which fluid
motion is generated mechanically by using a fan,
blower, pump, etc. and natural convection in
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which fluid motion is generated by gravitational
fields. The first step in the design of a
fan/blower/pump system is the calculation of the
quantity of the air to be handled and the amount of
heat, which must be imparted to it.

e Insulation: Thermal insulation is the simplest way
to prevent heat losses and to achieve economy in
energy usage especially in solar thermal systems.
Some commonly used thermal insulation materials
are as; glass, fibre, alumina silicate, mineral wool
and calcium silicate, among which the glass-wool
has been noticed to be used as an insulator in
SAHS, commonly glass-wool has been found a
commonly used insulator in SAHS.

1. MATHEMATICAL MODELLING OF
TRANSPIRED SAH

A transpired SAH is a bare (unglazed)
collector that heats the ambient air instead of
recirculated building air. Transpired solar collectors
are usually wall-mounted to capture the lower sun
angle in the winter heating months as well as sun
reflection off the snow and achieve their optimum
performance and return on investment when
operating at flow rates of between 72 to 144 m3/hr
of collector area [8]. Unglazed transpired collectors
can also be roof-mounted for applications in which
there is not a suitable south facing wall or for other
architectural considerations.

The heated ventilation of a transpired SAH
has an effective absorber surface exposed to the
solar radiation directly. The absorber plate is made
of black painted aluminum sheet having length 2.4
m, width 0.6 m and absorptivity 0.83. The depth of
the duct is taken as 7 mm. To minimize the heat loss
from the side walls and the back plate of the
collector insulation is provided.

The system is inclined at an angle of 35° to the
horizontal facing south. The whole system is
installed on a stand and blower is used for forced
circulation of the air through the duct, between the
absorber plate and the insulation. “Fig.3” shows the
cross-sectional view along with all necessary
nomenclatures.

3.1 Energy balance equation for absorber plate

The energy balance equations for the
absorber plate can be written as:

Rate of heat absorbed by the selective
absorber = Heat capacity of selective absorber+ Rate
of heat transfer from selective absorber to the fluid
by convection + Rate of heat transfer from the
selective absorber to the absorber plate by radiation+
Rate of heat loss to ambient air by convection and
radiation
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dT, )

asl(t)=mSCFS[T:J+hCS,(TS—T,)+h (T,-T, )+ (hy +h)(T,-T,)

S 1)
Neglecting the heat capacity of the selective
absorber and simplifying eqn (1), the temperature of
the glass cover is given by

a )+ (h,,+h )T +h T +h_T

csa rsa csf | f rsp | p

r Moy )

s

h . +h +h,

csa rsa

3.2 Energy balance equation for bottom plate
The energy balance equations for the glass cover can
be written as:

Rate of heat transfer from the selective absorber to
the bottom plate by radiation =Heat capacity of
bottom plate + Rate of heat convected to the fluid by
bottom plate + Bottom loss

(a1,
hrsu(Tszu)zmuCup‘ ?}“hw' (TnfT')JrUb(TuiTa)

®)

3.3  Energy balance equation for air flowing in
the duct

The energy balance equation for the air flowing
through the duct can be written as:

Rate of heat transfer from selective absorber to the
fluid by convection + Rate of heat convected to the
fluid by bottom plate = Heat capacity of the air +
heat gain

(dT,) m,C (dT,)
L (T57T|)+hcpf (Tpin):pftfcpl‘i‘ — — |
m,=p twWV . .
where ro 7ot T Neglecting the heat capacity
of the air flowing through the duct and eliminating,
T, and T,

oT

f

=WF [a,1(t)-U (T, -T,)
ox [ } (5)
where £ and Uz are the collector efficiency factor
and
Overall heat transfer coefficient Collector efficiency
factor (F') is given by
h.h +h U +h h_+h h

rspcpf csf — b csf "rsp csf " epf

(U b + hrsp + hcpi )(hcsa + hrsa + hcs( + hrsp ) - (hrps)z

Fi=

(6)
Overall heat transfer coefficient of the collector (V¢
is

(herherUb)(h h +h h +h h )+Ub(hcsa+hrsa)(h +hcs!)

osf - epf opf rsp osfrsp opf

U =
L
hLm hvsp + thh t hm hvsp t hm thl (7)

The solution of equation is given by

Tf—Ta—{asl(t) B

(—u, Fwx)

UL
o (aa(y) \:expt m,C,, J
T,-T, L KLJ (8)

Applying boundary conditions in eq,

Www.ijera.com DOI: 10.9790/9622-1012033546

Ty =Tpatx=0and T =Ty at % =L the outlet
temperature is given by
(aay+u TN (—u wrL)! (LU wr'L)
T,=|— LaHl—expL £ JHTﬁexpL L J
UL )L m, pf J mfcp! (9)

And mean temperature is given by
[ (ywe)! [ ( L

uw -u \
| 1-exp L | [1-exp L
(a1()+U T, ) m,C mC,
Tw=| SICLANA ‘1 L +T,exp A

|
LU )

}7 [y wrL) i i -u,
L e ) ] ey (10)
IvV. MATHEMATICAL MODELLING OF
SINGLE GLAZED SAH

The functioning of glazed SAH is similar to
that of transpired SAH. In this system, a glazing
[9][10] usually a glass cover is used to increase the
efficiency. Glazed solar air heater has a glass cover
having an absorptivity of 0.05 and transmissivity of
0.95. The absorber plate is 2.4 m long, 0.6 m wide
and has a duct of depth 7 mm. An effective absorber
surface made of black painted aluminum sheet
having absorptivity of 0.83. The effective area of
absorber plate exposed to solar radiation is 1.44 m?.
The duct is made from wood and is perfectly
insulated. Fig. 4 shows the cross-sectional view
along with all necessary nomenclatures The system
is inclined at an angle of 35° to the horizontal facing
south. The whole system is installed on a stand and
blower is used for forced circulation of the air
through the duct, between the glass cover and the
absorber plate.

Y

e _ 'Tln.,.. W Glass cover
Flow gty Ihm

et ¥, Absorber piate

Insulation

) U
Fig. 4 Cross sectional view and nomenclature

4.1  Energy balance equation for glass cover
The energy balance equations for the glass
cover can be written as:
Rate of heat absorbed by the Glass cover =
Heat capacity of glass+ Rate of heat transfer from
Glass cover to the fluid by convection + Rate of
heat transfer from the glass cover to the absorber
plate by radiation+ Rate of heat loss to ambient air
by convection and radiation
(d1,)
aql (I) = chug | — |+ hcq' (Tq T )+ hrgp (Tg 7Tn)+(hcga * hrqa)(Tu 7Ta)
k dt ) (11)
Neglecting the heat capacity of the glass cover and
simplifying equation, the temperature of the glass
cover is given by
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; agl(t)+(hcga+hrga)T +h, T o+h T,
, =

hcga + hrga + hCQT + h'QD (12)

4.2 Energy balance equation for absorber
plate

The energy balance equations for the absorber plate
with insulation can be written as:

Rate of heat absorbed by absorber plate + Rate of
heat transfer from the glass cover to the absorber
plate by radiation = Heat capacity of absorber plate
+ Rate of heat convected to the fluid from absorber
plate + Bottom loss

(d1,)

Tuapl ([)+ hrgu (Tg 7Tu) ‘ 7‘+hwv T ’T«)J'Uh(Tp -T)
Ay (13)

Neglecting the heat capacity of absorber plate and
substituting the value of T; from equations the

absorber plate temperature is given by

al(t)h, +a 7l (t)(hcga Hnn )
+{ cga rga rgp cga + hcgt + hrgp t hcgf )U b}Ta
t {hrgphngf cga 1 + hcgt t hrgp ) hcpf }Tt

T,

(g # Mgy + 0y 41 ) (M + +Ub)—h2

rgp rgp (14)
4.3  Energy balance equation for air flowing in
the duct

The energy balance equation for the air flowing
through the duct can be written as:
Rate of heat transfer from Glass cover to the fluid by
convection + Rate of heat convected to the fluid
from absorber plate = Heat capacity of the air + heat
gain

(cT \ m.C . oT,
ST )b (T,-T ) =p,t,C \ e

[t [+

Where " Neglecting the heat capacity of
the air flowing through the duct and eliminating,
T and T,

oT,
m.C —=WF [Tgapl(t)_UL(Tf_Ta)}

hCQ' (TQ

m,=ptWyv

Toax (16)
Where F' and Uy are the collector efficiency factor
and Overall heat transfer coefficient. Collector
efficiency factor (F') is given by

hooPegr + N (Noge + Mgy )+ N0+ 0 h

rpg  cgf cpf " rpg cgf " cpf

F'=

2
ot T hrgn)7 (hrgp) (17)
Overall heat transfer coefficient of the collector (L7}
is given by

_(hm+hm+u gy 0 £0 0 U, (B +h (B + by )

(U o+ Ny + N )(hCga +h, +h

cof epf cgf rgp - epf rgp cga opf

hcf(hca+h +hct)+hcth( +hcfhra
P 9 g gt TPy gt T (18)
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Assuming U, and F' to be constant and applying
boundary conditions T = T¢; at x = 0, the solution of

equation is given by

o1 7(z'gapl(t) 3\

rooe L ULJ—ex (U Fwx)
(7 a,1(t) Y P m,.C,,

T -T -

S v (19)
The outlet fluid temperature is obtained by
substituting T = Tr, at x = L
ra 1(t)+u, 1)l
Tm:(g o (U La)ll—exp
U [ m.c

(-uwF) 1 (_u we'L)
L|+T"expL L

M€

L 7 pf

The mean air temperature is given by

{1exp(ULW - )LT Tlexp(U—LW@]ﬁP
| | |

|

]

mc,

(uwr)

et

"
m.c J L m.c (20)

V. MATHEMATICAL MODELLING OF
DOUBLE GLAZED SINGLE CHANNEL
SAH

A double glazed SAH is made of two glass
covers and a single channel air flow between the
second cover and absorber plate, and insulation. The
double glazing enhances greenhouse effect and there
by efficiency.

I(t)
. Th-gu
cgl Glass cover
4\h 9192 Glass cover
Flow cg2f \Lhmzv
hept. o Absorber plate

7

Us

Fig.5 Cross sectional view and nomencfattire

In double glazed solar air heater with single
channel. Both the glass covers are made of same
material and have an absorptivity of 0.05 and
transmissivity of 0.95. They are placed one below
the other with a gap of 5 mm. The absorber plate is
2.4 m long, 0.6 m wide and has a duct of depth 7
mm. An effective absorber surface made of black
painted aluminum sheet having absorptivity of 0.83.
The effective area of absorber plate exposed to solar
radiation is 1.44 m% The duct is made from wood
and is perfectly insulated. Fig. 5 shows $;| ross-
sectional view along with all ( sary
nomenclatures.

(3.19)
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5.1 Energy balance equation for top glass
cover
The energy balance equations for the glass
cover can be written as:
Rate of heat absorbed by the Glass cover =
Heat capacity of glass+ Rate of heat transfer by first
glass cover to the second glass by convection + Rate
of heat transfer from the first glass cover to second
glass cover by radiation+ Rate of heat loss to
ambient air by convection and radiation from first
glass cover
(dT,
agll (t) = mglc wot| T | cglgz (Tul 7T92)
(dt)

+ hf9192 (T!ﬂ B T92 ) + (hcqla + hrgla)(Tgl - Ta) (21)
Neglecting the heat capacity of first glass cover and
simplifying equation, the temperature of the glass
cover is given by

o () + (P + )T, 40 +h T

rgla cglgz gz rglg2 g2

hsgla t hrgla t hcglgz t hrglgz (22)

5.2  Energy balance equation for second glass
cover

The energy balance equations for the glass cover can
be written as:Rate of heat absorbed by second glass
cover = Heat capacity of glass+ Rate of heat transfer
from second glass cover to the fluid by convection +
Rate of heat transfer from second glass cover to the
absorber plate by radiation+ Rate of heat received
from first glass cover by convection and radiation

(dTg
Tl ()= m“C”ZI\KJH Moo (Too =T )+ My (Too =T, )+
htm? (Tgl 7T92)+ hralgz (Tul 7Tq2) (23)

Neglecting the heat capacity of second glass cover
and simplifying eqn (3.25), the temperature of the
glass cover is given by

a v (H)+h,,,T +(hCglgz hrglgz)T +ho, T

g2 gl cg2f f

Mgz + Megrgz ¥ Migigo + Mgy (24)

5.3 Energy balance equation for absorber
plate

The energy balance equations for the absorber plate

with insulation can be written as:

Rate of heat absorbed by absorber plate=Heat

capacity of absorber plate + Rate of heat convected

to the fluid from absorber plate+ Rate of heat

radiated to the fluid from absorber plate + Bottom

loss

@t (t)=m ’ np‘ “hcv'( P ')+hrqu(Tn_qu)+Ub(Tu_Ta)

prol g2

(25)
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Neglecting the heat capacity of absorber plate and
simplifying equation, the temperature of the glass
cover is given by

aprglrgzl(t)+ h T, +h T +UT

T _ rg2p g2 b’ a
’ U,+h , +h_, (26)
5.4  Energy balance equation for air flowing in

the duct
The energy balance equation for the air flowing
through the duct can be written as:
Rate of heat transfer from Glass cover to the fluid by
convection + Rate of heat convected to the fluid
from absorber plate = Heat capacity of the air + heat

gain

hcuzv(ng_T¢)+hcur(Tp_Tv)’ ptC pf‘( T\| e w@zg)
ot ) W ox (27)

Where Mt =2tV

Neglecting the heat capacity of the air flowing
through the duct and eliminating, T; and T,
oT

. .
m,C, - =WF [(‘ra)eﬂl(t)—UL(T'—Ta):I 28)
(ra) =L o T91%q2
eff -
1-(1-a,)p, P l-pupe,,
1 1
2
PgaTqg1
Py =Pyt
lipglpgz’ a,=1-p, -1,

Where F'and U; are the collector efficiency factor
andOverall heat transfer coefficient Collector
efficiency factor (F is given
by
Bogaleger + oy (hCgla +

(U R )(hCgla S T P hmgz)— (hyy2)
(29)
Overall heat transfer coefficient of the col l&&) (L7, )
is given by

(Moga # Mg+ 0 U (N b+, b h b s

cgla rgla cg2f cpf cg2f rpg2 cpf rg2p

+h

hrgla )(hcng rqlgz)+ hcpl hrng + hug?fhcp'

2

U b (hcgla + hrgla)(hcpi t hcgzi )(hrglgz t hcglgz)

L=

+h h _+h _h

hcnghrpgz t hcpf (hcgla + hrgla)(hrglgz t hcglgz) cpf 'rpg2 cg2f cpf

+h5§2' (htﬂla + hfglgz)(hCQlﬂ * hfgla)+ hfglﬂhwlgz + hfglﬂzhﬁgla
(30)
Assuming U/, and F' to be constant and applying
boundary conditionsT; = Ty; at x = 0, the solution of

equation is given by

((ra I(t \
L -

(—u Fwx)

o l((mn..'(t/\‘ " Th e,
i a k UL) (31)

The outlet fluid temperature is obtained by
substituting Ty = Ty, at x =L (3.27)
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H(t)+u 1)l
T,D:(Tgo’p U La)\1—e\><p
U L m.c

L (]

(uw F) (_yweL)
L1+T, exp
M€

J (32)

VI. MATHEMATICAL MODELLING OF
SINGLE GLAZED DOUBLE CHANNEL
PARALLEL FLOW SAH

A single glazed double channel parallel
flow SAH designed a glass cover, double air flows
between glass cover and absorber plate and between
absorber and bottom plates in parallel direction, and
with insulation provided. Many papers have
investigated this design [11] [12].

I(t)
T hrga \j hega Glass cover

Channel 1 h"‘“l
—

i\ g Absorber plat
sorber plate
Air Flow l A8 P
By D
Chonnel2 [ Thu.,, \ Ahee - Bottom plate
> 4" Insulation

Up
Flow channels Back Plate Absorber
Fig 6 Cruss secuunal view and nomencilature

A single glazed double channel parallel
flow SAH has a glass cover having an absorptivity
of 0.05 and transmissivity of 0.95. The absorber
plate is 2.4 m long, 0.6 m wide and is placed 5 mm
below the glass cover and 7 mm above back plate.
The air is made to flow through the 5 mm gap
between the glass cover and the absorber plate and
also through the 7 mm gap between the absorber
plate and the bottom plate. The air flows in parallel
direction through the channel. The effective area of
absorber plate exposed to solar radiation is 1.44 m?.
The system is inclined at an angle of 35° to the
horizontal facing south. Fig. 6 shows the cross-
sectional view along with all necessary
nomenclatures.

6.1 Energy balance equation for Glass cover

The energy balance equations for the glass
cover can be written as:

Rate of heat absorbed by the Glass cover =
Heat capacity of glass+ Rate of heat transfer from
glass cover to the fluid by convection + Rate of heat
transfer from the glass cover to the absorber plate by
radiation+ Rate of heat loss to ambient air by
convection and radiation

(dT,)
aql(t):mgcpq‘Jl)rhw’l{.rq7T'1>+h'an(Ta7Tp)+(hcga+hwa){Tq7Ta)

[ dt ) (33)
Neglecting the heat capacity of glass cover and
simplifying equation, the temperature of the glass
cover is given by
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cgf1” f1 rgpp

(hcga+hrga)Ta+h T, +h T
T =

hcga + hrga + hcgfl + hrgp (34)

6.2 Energy balance equation for back plate

The energy balance equations for the back plate
with insulation can be written as:Rate of heat
radiated from absorber plate = Bottom loss + Rate of
heat convected by the plate to fluid in second
channel

hrpb(TD7Tb):Ub(Tb7Ta)+hcbf2(Tb7Tf2) (35)
The temperature of the back plate is given by
U bTa + hcbf 2Tf 2 + hrprp

T, =
U b + hcbfZ + hrbp (36)

6.3 Energy balance equation for absorber plate

The energy balance equations for the
absorber plate can be written as:

Rate of heat absorbed by absorber plate +
Rate of heat transfer from the glass cover to the
absorber plate by radiation =Heat capacity of
absorber plate +Rate of heat convected to the fluid in
second channel by absorber plate+ Rate of heat
radiated by absorber plate to the bottom plate + Rate
of heat convected to the fluid in first channel by
absorber plate

at)
[— I+ hcprz(Tp _Tvz)+ hrub(Tp _Tn)+ th(T _Tn)

dt ) ! (37)
Neglecting the heat capacity of absorber plate and
substituting the values of Ty and T, in equation
above, . The absorber plate temperature is given by

I(t)o’lo'er(h o, +h _h )O‘T +(h o,+h _h )O’T

cpf1” 1 cgf 1" rgp 27 f1 cpf2~ 2 cbf 2" 'rpb 1" f2

ra (t)+h (T, -T,)=mC

()
{

+(hrgp(hcga+hrga)(72+h Uo )Ta

pbT b1

T =

p
(hcpf1+hcpf2)o—lo—2+hrpg(h +h +hcg11)o-2+hrpb(Ub+hcbf2)o—1

cga rga
(38)
+h _+h . +h

Whereo-l = hcga rga cgf1 0 +h

o,=U, +h,, ot

6.4  Energy balance equation for air flowing
in first channel

The energy balance equation for the air flowing

through the duct can be written as:

Rate of heat convected by glass cover + Rate of heat

convected by the absorber plate = Heat capacity of

the air +Heat gain

(T, ) m“Cp' oT,,
hcgm(Tg_Tfl)+hcpr1(Tp_Tn):pftrcptlk +

ot ) w 0x
(39)

6.5 Energy balance equation for air flowing in
second channel

The energy balance equation for the air flowing

through the duct can be written as:
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Rate of heat convected by absorber plate + Rate of
heat convected by the bottom plate = Heat capacity
of the air + Heat gain

(aT,\ m,ZCp' aT,,
7T!2):p!tfcp"~7 L

(ot ) W 0x (40)
Neglecting the heat capacity of the air and
substituting the values of T#%+%: in equations and

adding them the useful heat gain is given by

hcp'Z(Tp 7Tcz)+ hcblZ(Tb

T, aT,, )
m”Cn,;erqu ?:WF [(”l)e" I (t)’Um(Tu*Ta)’Uoz(Trz’Ta”

(41)
Where F' and Uy are the collector efficiency factor

and overall loss coefficient.
Collector efficiency factor (F') is given by

(h  +h

e+ Nepra) h o, +h, h o

O-lo-ZJrhcg!l rgp - 2 chf2 rpb T 1

7 (42)
by U0+ (N0 + 0 b Y(h Ve, +h Uo))

cgf1” t7 3 cpt1”1 rgpo to 2 b b1

01~

(s )00, + 10+ iy 0

cbf 2 "rpb 1]0-1 (43)
Moy U0 + (N 20, + Mooy ) (MU 0, + 10U o)

chf27 b 3 cpf2” 2 cbf 2" rpb gpo ot 2 b~ b1

UOZ

[(hcpn + hcpfz)o-10_z + hcgflhrgpgz + hcbfzhrpho-lj|al (44

)

0y = (N + hmz)alo'z +h,, (U‘+h

cgfl)o.z + hrph (Ub + hcmz)

" (45)
Overall heat transfer coefficient U is given by

U =U,+U, (46)

Equation (3.43) can be written as

oT ,
m,C,, (’)x' ~WF [(m)wl(t)—uL(T, —Ta)}

(3.49)

u,T.,+U_T

01 f1 02 f2

Where V.

To estimate each convection heat transfer
coefficients inside both channels of the collector, it
is necessary to calculate the mean values of T, and
Ts, between the positions of the air inlet and outlet
according to these authors recommendation. The
values of Ty and Ty, is obtained by differentiating
the equations below. By applying boundary
conditions; Ty (0)=T(0)=T; the solution of these
equations are given below

T, (x)=K exp(ax)+K,exp(a,x)+C (48)

(47)

01

T, (x)=K, exp(ax)- K,exp(a,x)+D

Y (49)
AFU,
m
where U L
AFU ( U UL\
sz:* C L|1+ L 1I2|
mfcprK U02U01}
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' N 1 2
K1:T|7Taf I(t)’V U‘OlU‘02+U1L(L‘JlZ+L112)' _1‘
U L LU OlU 02 + U 1ZU 02 + U 12U 01 J
L}
K I(I)IV Uuz(Uo17U02) —}
2 T T I 1 2,
U L I—U 01U 02 + U lZU 02 + U 12U 01 J
( U, +U) +U} B
C=Ta+‘ ‘ IOZ 112‘ 122 ‘ |I(t)
\U DIU 02 +U12U 02 +U12U 01 )
U, +U,+u’ 3
D=Ta+| : ‘01 112‘ 12Z : ‘l(t)
\U01U 02+U12U 02+U12U 01) (50)
E o hcpllo-lo-Z + hcgflhrgpaz . hcpsz_1Uz + hcbizhrpbo-l
1o F,=
T3 T,
1
FVU o1 . FlU 02 1 hcpfzo—z + hcbfzhrpb
Uy = ] U,, = . u 12 =
F, F, g,
L 1 1
U 122 _ hcpflo-l + hcgllhrgp
7 Outlet air temperature is

obtained by differentiating egn (4.49) and the
solution of equation is given by

(e, wt/\,
f a k UL)

T, -T
(—u Fwx)

=ex

T, -T, —I((Ta)e" ! (%\\
N -)

The outlet fluid temperature

mvcpf

(51)
is obtained by

substituting 77 = Tre af ¥ =1
(e, (+U) ) (VW) [LuwrL)
T [1-exp L\+T”exp L
U, L m,c, L mc,
(52)

VIl. MATHEMATICAL MODELLING OF
SINGLE GLAZED DOUBLE
CHANNEL COUNTER FLOW SAH

A single glazed double channel counter

flow SAH designed a glass cover, double air flows

between glass cover and absorber plate and between

absorber and bottom plates in opposite direction, and
with insulation provided.

Glass cover
h l Negfl
Channel1 "™ Hivg
Air Flow T ™\ fhon Absorber p@
Channel2 Dy Moo
Th""' \ Ahen ‘ Bottom plate
Insulation
Up

Fig. 7 Cross sectional view and
nomenclature

In a single glazed double channel counter
flow SAH, the absorber plate is 2.4 m long, 0.6 m
wide and is placed 5 mm below the glass cover and
7 mm above back plate. The air is made to flow first
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through the 5 mm gap between the glass cover and
the absorber plate and then directed to flow through
the 7 mm gap between the absorber plate and the
bottom plate. Thus, air flows in opposite directions
through the channel. The effective area of absorber
plate [13] exposed to solar radiation is 1.44 m? The
system is inclined at an angle of 35° to the horizontal
facing south.

Fig. 7 shows the cross-sectional view along with all
necessary nomenclatures.

7.1  Energy balance equation for Glass cover

The energy balance equations for the glass
cover can be written as:

Rate of heat absorbed by the Glass cover =
Heat capacity of glass+ Rate of heat transfer from
glass cover to the fluid by convection + Rate of heat
transfer from the glass cover to the absorber plate by
radiation+ Rate of heat loss to ambient air by
convection and radiation

(dT))
agl (t) - chvq ‘ J“ hw'l(Ta _Tfl)+ hrun (Tq _Tn}+ (hcqa + hrga)(Tu _Ta)
L dt ) (53)
Neglecting the heat capacity of glass cover and
simplifying eqgn (3.54), the temperature of the glass
cover is given by

(hcga+hrga)Ta+h T.+h T

cgf1” f1 rgp - p
T =

9
Noga ¥ Prga ¥ Mgy + iy (54)

7.2 Energy balance equation for back plate
The energy balance equations for the back plate with
insulation can be written as:

Rate of heat radiated from absorber plate = Bottom
loss + Rate of heat convected by the plate to fluid in
second channel

hrpb (Tp 7Tb) =U, (Tb 7Ta)+ hcbfz (Tb 7Tv2)(55)
The temperature of the back plate is given by
UurT, +h +h T

chf 2Tf2 rpb " p

ef2 T hrbp (56)

T

b

U,+h

7.3 Energy balance equation for absorber
plate

The energy balance equations for the absorber plate
can be written as:

Rate of heat absorbed by absorber plate + Rate of
heat transfer from the glass cover to the absorber
plate by radiation =Heat capacity of absorber plate
+Rate of heat convected to the fluid in second
channel by absorber plate+ Rate of heat radiated by
absorber plate to the bottom plate + Rate of heat
convected to the fluid in first channel by absorber
plate
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(a1,

P
e (t)+h (Tg —Tp): ne, K}“ o (T, =T, )+, (T, - T,) + htw(Tp T,

(57)

Neglecting the heat capacity of absorber plate and
substituting the values of Tg and T, in equation
above, the absorber plate temperature is given by

1(t)0,0, + (N0, + 0y h )0, T

epf1?1 T Vegta'rgp /92" 11

#(Nyp0, + ool Yo T +(hrgp(hm+hma)az+h UJ)Ta

cpf2” 2 " ebf2 b ) 10 t2 mho b1

T =
P

(58)
o, =h_+h +h +h o,=U, +h,,+h
Where 1 cga rga cgf1 o 2 b bf 2 pb

(hcpil + hcp'Z)JlJZ + hrpg (hcga + hrga + thYI)GZ t hrpb (Ub + hch(Z)Gl

7.4 Energy balance equation for air flowing in
first channel

The energy balance equation for the air flowing

through the duct can be written as:

Rate of heat convected by glass cover + Rate of heat

convected by the absorber plate = Heat capacity of

the air +Heat gain

(6T'\ m,C., oT,,
Moges (Ty =) * Noa (T, =T ) = 2 1,C | — [+ ————

L ot ) w 0x (59)
7.5 Energy balance equation for air flowing in

second channel

The energy balance equation for the air flowing
through the duct can be written as:
Rate of heat convected by absorber plate + Rate of
heat convected by the bottom plate = Heat capacity
of the air +Heat gain

/ﬁT'\ m,,C., aT,,
hcpfz(Tprtz)+hcmz(Tn7sz):ptttcp" ‘Jr :

\5t) w 0x (60)
Neglecting the heat capacity of the air and

substituting the values of Tp.To.Tg in equations and

adding them the useful heat gain is given by
aT,, aT,, )

mv1c X+m,ch' o =WF [(m)eul(t)_Um(Tu_Ta)_Unz(th_Ta)}

pf

(61)
where F' and Uz are the collector efficiency factor
and overall loss coefficient.

Collector efficiency factor (F') is given by

— (hCpfl + hcpfz)cfla2 + hcq“hrgpa2 + hcbfzhrpba1
. (62)
. hoyl (0, + (Neyaoy + o) (0,U 0, + 0 U o))
T (g 1) 00+ Mg Mo+ R b0, o,
(63)
) Moy U0 + (N 20, + Ny ) (MU 0, + 10U o)
T (Mg ) 0.0, + Mo, o]0, (64
)

Overall heat transfer coefficient U, is given by
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U =U,+U,, (65)
Eq (4.62) can be written as

c oT, WF [(za). 1 (t)=U (T, -T
m = Ta - -
o [t -0 (T ] o
(3.68)
U,T,+U.,T,
T, e nre
Y. (67)

To estimate each convection heat transfer
coefficients inside both channels of the collector, it
is necessary to calculate the mean values [14] of Ty
and Ty between the positions of the air inlet and
outlet according to these authors recommendation.
The values of Ty and Ty is obtained by
differentiating the equations Fig

By applying the boundary conditions

Th (O) =T and Tfl(L):sz(L)

The solution of these equations are given below

T, (x)=K,K,exp(a,x)+K,K, exp(a,x)+C (68)

T,,(x)=K,exp(a,x)+K,exp(a,x)+D (69)

a = 1ACF‘UL r(U027U01)Jr 1+4UU1U112 |
Where 2m,Cp(LL U, uu,, J’
lAcF‘UL r(U027U01) 4U01U112—|
a, = -1+ -
meCMLL u, U .U, J (70)

( U, +U),+U] 3
C:Ta+‘ . ‘02 112‘ 122 : “(1)
\U Olu 02 + U 12U 02 + UlZU 01] y
( U, +U,+U/ 3
D=T,+| — o1 112. 122 —|1(1)
(UUg +U U, +U U )
71
(. mC a [ | mC a, )
Y=‘U027 : P" ZHUanrUfz* f P" 1‘9Xp(azL)
N WF, J{ WF,
(. mC a \ . mC a, )
=Y - ' pf- - oz+U1227 : D" : |eXp(a1L)
WF, J{ WF )
2 2 (72)
E o hcp'1a1az+hcgilhrgpaz E hcpf20152+hcbf2hrpbo-l
1= 2 =
’. , )
. FU FU :fzaz+hcnrzhrn
01 1 P P
U01 . Ug, = ‘02 UlZ:
1 2 T,
) ) L
U2 _ hcpllo-1+hcg|lhrgp
12 =
O-l
f . 1 2 . mic laz-‘
| Uaz(Uaz+U12+U1z)+(uo1fuuz) WI:
—ull1- — 111
[ UOJU DZ+U]ZUQZ+U12U 01 J
(. mC a,)
FUL(T =€) Uy - =2 fexp (a,L)
- L WF, )
.=
Y (74)
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[ . . . . . m.C a ]
| U (Ug+UL+US)+(Ug-Ug,)—
2 g WF, |
U, 1 N - P 1(t)
‘L UgUg, +UL U, +U LU, J
(. mC a)
7U122(T7C)‘U027 : 0'. 1|eXp(a1L)
K = L WF, )
' Y (75)
1Fu, I 4uU U
K, =1+ ——-="|1- 1+ —27%|
2':2U 12L ULU o1 J(76)
1Fu,_ I au UL |
K, =1+ — |1+ 1+ —27%|
2 qu 12 L U LU o1 J (77)

The outlet air temperature is obtained by evaluating
eqn (4.68) atx =0

To=Tiz(0)= K+ K, +D (7g)

VIII. SIMULATION RESULTS

Solar radiation data and variation in ambient
air temperature for the Srinagar, India for eleven
years were obtained from Indian Metrological
Department (IMD) Pune. These data are classified
into four climatic conditions depending upon the
ratio of daily diffuse to daily global radiations and
number of sunshine hour, namely: Type A; Type B;
Type C and Type D, Type a: The clear days (blue
sky), the ratio of daily diffuse to daily global
irradiation is less than or equal to 0.25 and number
of sunshine hour is greater than or equal to 9 hours.
Type b: The Hazy days (fully), the ratio of daily
diffuse to daily global irradiation between 0.25-0.50
and number of sunshine hour is between 7 to 9
hours. Type c¢: The Hazy and cloudy (partially) days,
the ratio of daily diffuse to daily global irradiation
between 0.50-0.75 and number of sunshine hour is
between 5 to 7 hours. Type d: The cloudy days
(fully, the ratio of daily diffuse to daily global
irradiation is more than or equal to 0.75 and number
of sunshine hour is less than or equal to 5 hours.
The classified solar radiation and climatic condition
data, were used to compare the five different
configurations of SAH.
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Fig.8 Hourly variations in temp of air for weather
condition of type A
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Fig. 9 Hourly variation of solar radiation for weather
condition of type A

Fig 8 shows the hourly variation of ambient
air temperature of the Srinagar for a typical day of
weather condition of type A for the month of May.
There is gradual increase in the temperature of
ambient air from morning till evening.

Fig 9 shows the hourly variation of solar
radiation for a typical day of type A for the month of
May.

Solar radiation intensity is less in the
morning that increase gradually till noon and again
decrease from noon to evening.
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Fig. 10 Hourly variation of outlet temperature

Fig 10 shows the hourly variation of air
temperature at the outlet for different geometries of
solar air heater, namely UG = transpired
SAH; SG = single glazed SAH; DG = double glazed
single channel SAH; PF = single glazed double
channel parallel flow SAH; CF = single glazed
double channel counter flow SAH, in weather
conditions of Type A and month May. Outlet
temperature increases gradually from morning till
noon and the maximum value of outlet temperature
is obtained during the time period 12:00 PM — 1:00
PM. This is due to the maximum solar radiations are
absorbed during this time period increasing the
temperature of absorber plate and thus the
temperature of air flowing inside the duct. It is also
observed that average flow velocity through the duct
as 2.5 m/s, the outlet temperature for counter flow

Www.ijera.com

DOI: 10.9790/9622-1012033546

SAH is maximum at the noon and attains a value of
115°C, parallel flow SAH attains a maximum
temperature of 79°C followed by double glazed
SAH, single glazed SAH and transpired SAH.

120
e UG
\ G
100 pG
PF

80

'\K

Maximu outlettemp (2C)

o — .

0.004 o.00s 0.006 0.007 0008 0.009 001
mass flow rate (kg/s)
Fig. 11 Effect of mass flow rate on outlet air
temperature

Fig 11 shows the effect of air mass flow
rate through duct on the outlet air temperature. It is
found that for the counter flow SAH the outlet air
temperature is nearly 114°C at the mass flow rate of
0.005 kg/s and falls to 74°C at the mass flow rate of
0.009 kg/s. Similarly, for the other geometric of the
SAH, the outlet air temperature is highest in case of
low mass flow rate of air and drops gradually with
increase in the mass flow rate of air through the
duct. This is owing to air entering the duct has
relatively longer time to remain in contact with the
surface wall.

Fig 12 shows the top loss for different
geometries of SAH. Top loss is highest for
transpired SAH compared to other geometries owing
to absence of greenhouse effect and therefore the
performance is very poor.
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Figure 12 Top loss for different type of SAH

It increases linearly with the increase in the
intensity of the solar radiation. Glazing reduces the
top loss (single flow and double flow) significantly.
For the double glazed SAH the top loss is minimum
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and do not have significant change with the intensity
of the solar radiation.
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Figure 13 Effect of mass flow rate on useful heat
gain

Fig 13 shows the effect of air mass flow rate
through duct on the useful heat gain. It is being
observed that with an increase in mass flow rate
from 0.005 kg/s — 0.009 kg/s the useful heat gain for
all geometries of SAH also increases. The heat gain
is directly proportional to the mass flow rate. It is
maximum for the counter flow SAH and is least for
transpired solar air heater.
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Fig 14 Efficiency variation with mass flow rate
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Fig 15 Annual Heat gain

Fig 14 shows the effect of air mass flow
rate through duct over the efficiency of SAH. The
efficiency of the SAH is directly proportional to
mass flow rate. The thermal efficiency is maximum
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for the counter flow SAH, which ranges from 35 to
37%. It is minimum around 10% for the transpired
SAH. For the other geometries it varies between the
counter flow SAH and transpired SAH, 14-18% for
single glazed SAH, 29-32% for double glazed and
22-24% for paraller flow SAH.

Fig 15 shows the effect of air mass flow
rate through duct over the heat gain under different
climatic conditions of the year. The useful heat gain
increases is highest in the clear days of summer
month particularly in the month of April-May and
lowest in the cloudy days of winter month
particularly in the month of December. It is further
observed that the highest heat gain is for the counter
flow arrangement, followed by double glazed
arrangement.
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Figure 16 Useful Heat gain for different geometry of
solar air heater

Heat gain (MJ/m?)

Fig 16 shows the annual useful heat gain
for different geometries of solar air heaters. The
annual heat gain for transpired SAH, single glazed
SAH, double glazed SAH, parallel flow SAH and
counter flow SAH are 950 MJ/m? 1590 MJ/m?,
2920 MJ/m? 2380 MJm’ and 3480 MJ/m’
respectively. Thus the best configuration is the
single glazed solar heater with counter flow
arrangement.

IX. CONCLUSIONS

The efficiency and net useful heat gain for
the flat plate SAH were investigated using empirical
correlations. Annual heat gain for transpired SAH,
single glazed SAH, double glazed SAH, parallel
flow SAH and counter flow SAH are 950 MJ/m?,
1590 MJ/m? 2920 MJ/m? 2380 MJ/m® and 3480
MJ/m?  respectively. Thermal efficiency for
transpired SAH, single glazed SAH, double glazed
SAH, parallel flow SAH and counter flow SAH are
8-10%, 14-18%, 29-32%, 22-24% and 34-38%
respectively. Methods adopted to reduce the top loss
coefficient will result in higher useful heat gain and
efficiency of the system. Therefore transpired SAH
has lowest heat gain and efficiency whereas double
glazed has relatively higher heat gain. Mass flow
rate also plays significant role in performance of
solar air heater. Increasing the mass flow rate
increases the useful heat gain and efficiency of the
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solar air heater. However, it reduces the air outlet
temperature. Counter flow SAH has relatively better
performance as compared to other arrangement of
SAH. Solar air heaters are very useful for rural areas
by improving living standard of farmers by earning
through crop drying and medicinal points.
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