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Abstract-In this study the ratio of the annual cost and the annual energy gain has been calculated for 
two-pass solar air heaters with single and double covers above the absorber. The cost-benefit ratios of 
the collectors are examined over a wide range of design and operational parameter (ti, L, D 1 and 02) 
and compared with those of single-pass collectors with no cover, a single cover and a double cover, as 
studied by the authors previously. For shorter duct lengths and lower air mass flow rates, the performance 
of the two-pass air heater with a single cover is found to be most cost-effective, as compared to the other 
designs. 

NOMENCLATURE 

T 

specific heat capacity of air, Wh/kg K 
duct depth, m 
friction factor 
heat transfer coefficient, W/m2 K 
solar radiation incident on collector, W/m* 
length of collector, m 
specific mass flow rate of air, kg/m2 h 
time, h 
temperature, K 

Greek letters 
a solar absorptance 
5 solar transmittance 
P density of air, kg/m3 
AP pressure drop experienced by the air, Pa 

Subscripts 

a ambient 
C convective 
g glazing (for type-1 air heater) 
gl, g2 glazings 1 and 2 (for type-II air heater) 
fl fluid above absorber 
f2 fluid under absorber 
0 outlet 
oP operational 
PI absorber 
P2 rear plate 
r radiative 

1. INTRODUCTION 

Extensive investigations have been carried out on the design optimization of conventional and 
modified solar air heaters in search of efficient and inexpensive designs suitable for mass production 
for different practical applications. In the process, adequate attention has been paid by scientists 
to the effects of design and operational parameters, number of flow passes, pattern of fluid flow, 
number of glazings, duct types (simple or modified) etc. on the thermal performance of solar air 
heaters [l-5]. Wijeysundera et al. [l] have studied the thermal performance of two-pass solar air 
heaters with single and double glazing and concluded that two-pass designs perform better than 
the single-pass air heaters. In order to know the effect of the pattern of fluid flow on the efficiency 
of the collector, Katam and Kishore [2] have studied flow configuration reversal (i.e. inlet at the 
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top of collector) for the collector test rig developed by the Tata Energy Research Institute, India. 
The experimental results showed that the reverse flow pattern reduces the collector efficiency by 
9-73% in the temperature range of 35-75°C. Garg et al. [3] have evaluated thermal performance 
of various types of multiple-pass air heaters. They concluded that the multiple-pass air heaters are 
more efficient as compared to their single-pass counterparts. In a recent study, Choudhury et al. 
have reported that a single-pass air heater with a single cover is more cost-effective than single-pass 
air heaters with no cover or two covers above the absorber. Although they perform better than 
single-pass air heaters, multiple-pass air heaters, due to the fact that their pumping costs (due to 
larger effective air flow length) and material costs (either due to an additional cover plate above 
the absorber or a metallic plate under the absorber to facilitate multiple-pass of air, especially in 
the case of a triple-pass air heater) are high, certainly need more attention given to their 
cost-effective performance and the dependence of the cost-effectiveness on the various design and 
operational parameters. 

The present work is confined to the study of two-pass solar air heaters with single- and 
double-covers where efforts have been made to study the effects of the various design and 
operational parameters, i.e. duct length (L), depths of inlet (D 1) and outlet (02) air flow channels 
and air mass flow rate (ti) on the cost-benefit ratio, i.e. the ratio of the annual cost (AC) to the 
annual energy gain (AEG) of the systems. The optimization criterion is based on selecting those 
combinations of L, D 1, 02 and ti for which the AC/AEG is minimum. The cost-benefit ratio of 
the air heaters considered in this study is compared with those of the single-pass air heaters 
previously studied by the authors [6]. 

2. ANALYSIS 

In this section, the heat transfer and the cost factors of the two-pass air heaters with single- and 
double-cover arrangements are discussed, which lead to annual energy gain (AEG) and annual cost 
(AC) of the systems. The air flow paths and the heat transfer coefficients between different plates 
and flowing fluid are illustrated in Fig. l(a) and (b). In these designs the inlet air enters through 
the passage above the absorber and exits through the passage below it. This flow arrangement 
results in greater heat removal from the absorber plate to the flowing air. 

2.1. Annual energy gain (AEG) 

The steady-state energy balance equations for different plates and flowing air in the inlet and 
outlet channels of the air heaters, assuming the air inlet temperature to be the same as the ambient 
temperature, can be written as follows: 
Type I: Two-pass, single-cover air heater. 

a,1 = &(Tg - T,) + &,,lV, - Tr,) + h,,,(T, - T,,) 

~C(T,O - T,) = hcgll (7-g - 7-n) + &p,f, (T,, - T,) 

rg%lJ = &,U,(T,, - T,,) + h,,m(T,, - Tl2) + &p,,,V,, - T,,) + h,,,(T,, - T,) 

+rC(TO - TIcI) = h&T,, - Tl2) + &,X2(& - To) 

&p&,1 - T,,) = &2(~p2 - TI-J + K(& - 7-a). 

Type II: Two-pass, double-cover air heater 

$I = h,,,V,, - T,) + hcg*g, V,, - T,,) + h,,,, (T,, - Tgz) 

%I %J = h&l (T,* - T,, ) + h&l (T,* - TBI ) + &Xl V,, - Tf, I+ kp,gz(~g* - Tp,) 

rizC(T,,-_T,)=h,,,,(Tg- Tf,)+kp,f,(q,- Tf,) 

QW,,Z = hp,g*(q, - T@> + kplf, CT,, - Tf,) + kp,dq, - T,2) + hplp2Vp, - Tp,) 

ficull- ~,cl> = &m(Tp, - T,T!) + &dq* - TIT?) 

kp,,,(Tp, - Tpd = &mU’,, - Tn + UrU’,, - Td 

(1) 
(2) 
(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 
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Fig. 1. Schematic views of the two-pass, single-cover and double-cover solar air heaters 

where 

and 

Tfl = VI0 + TAP (12) 

Trz = (To + T,0)/2. (13) 

Incorporating these relations in equations (2), (4), (8) and (lo), and making some algebraic 
rearrangements, the equations can be presented in the matrix form as 

To = &(A$‘. (14) 

The form of matrices T,, S, and A, are given in Appendices I and II for type I and II air heaters, 
respectively. 

The outlet temperature, To, is then calculated by solving the matrix (14) and the annual energy 
gain (AEG) for both the designs is calculated from 

AEG = ritC( To - T,)t,,, . (15) 

The various heat transfer coefficients used in the analysis have been computed by using the 
equations given in Duffie and Backman [7], Hollands et al. [8] and Tan and Charter [9] and are 
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summarized in ref. [6]. 
Numerical values of different parameters are computed, corresponding to an annual average 

solar flux of 700 W/m2 for an operational time of 300 days/yr and 8 h/day, an ambient temperature 
of 300 K and a wind speed of 1.5 m/s. 

2.2. Annual cost (AC) 

In order to estimate the annual cost (AC) of the solar air heaters per unit surface area, the 
different cost factors are calculated as given below: 

Annual pumping cost (APC) = (tiAp/p)t,,CE, (16) 

where the pressure drop (Ap) across each flow channel is 

Ap = F(+z’/~)(L/D)~ 

and 

F=F,+T(D/L) [lo] 

(17) 

(18) 

F, = 24/Re, r = 0.9 for Re d 2550 

F, = 0.0094, F = 2.92 ReQ.15 for 2500 < Re < lo4 

F, = 0.059Re-0.2 r = 0.93 for lo4 < Re < 10’. 

The cost of electricity (CE) is considered to be Rs. 1.50 per kWH. 

Annual collector cost (ACC) = CRF x CI, 

where 

(19) 

and 

Capital investment (CI) = materials cost + paint cost + profit + fabrication cost (20) 

Capital recovery factor (CRF) = i(i + l)“/[(i + l)N - 11. (21) 

The cost of black absorbing paint is assumed as Rs. 50/m2, cover as Rs. 125/m’, air-duct material 
as Rs. 160/m’ for the rear, side plates as Rs. 130/m’ and insulation as Rs. 80/m’. The interest rate 
(i) is assumed as 10% and collector life (N) as 10 yr. The fabrication cost and the profit are each 
considered to be 25% of the cost of the capital investment. 

The maintenance cost (MC) of the collector is considered to be 10% of ACC. 

Annual salvage value (ASV) = SFF x SV (22) 

where 

Salvage fund factor (SFF) = i/[(i + l)N - l] 

and 

Salvage value (SV) = 0.1 CI. 

The annual cost of the collector (AC) in Rs./m2 is then calculated as 

AC = ASV - ACC + MC + APC. 

(23) 

(24) 

(25) 

3. RESULTS AND DISCUSSION 

By using the theoretical model presented above, the cost of solar energy (i.e. the ratio AC/AEG) 
available from the single-cover and double-cover, ‘two-pass air heaters were computed for different 
duct depths (Dl and D2), length (L) and air flow rate (ti). 

Figure 2 shows the AC/AEG values as a function of D 1 for the single-cover, two-pass air heater 
for different lengths and air flow rates for a fixed value of 02. Except for very short duct lengths, 
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Fig. 2. The AC/AEG as a function of D 1 for different L and ti for 02 = 0.03 m in a type-1 air heater 
(~L=l.0m;~L=2.0m;~L=3.0m;~L=4.0m;~~=5.Om;~L=6.0m;~~=7.0m;~ 

L = 8.0 m; 0 L = 9.0 m; + L = 10.0 m). 

the AC/AEG is observed to first decrease and then increase with an increase in D 1 for all the values 
of air flow rates. For very short duct lengths, i.e. for L = 1 and 2m at ti = 50 kg/m*h and for 
L = 1 m at rit > 50 kg/m’h, the AC/AEG increases steadily with an increase in D 1. The D 1 value 
for different lengths for which the AC/AEG is minimum is observed to increase with an increase 
in riz. Similar trends are observed for the curves in Fig. 3, which show the AC/AEG as a function 
of D 2 for different ti and L for fixed D 1. This higher cost of solar energy at shorter D 1 and D 2 
and larger ti and L can be attributed to the higher operating cost of the system. 

The results obtained for the double-cover, double-pass air heater are depicted in Figs 4 and 5, 
which show respectively the AC/AEG as a function of D 1 (for fixed 02) and 02 (for fixed D 1) 
for different +I and L. As in the earlier case, the curves in both the figures reveal that the larger 
the duct length and air flow rate and the shorter the duct depth D 1 and 02, the larger is the cost 
of solar energy for any particular combination of D 1, 02, ni and L. Moreover, the values of duct 
lengths and depths for which the AC/AEG is minimum are different for different values of the rates 
of flow of air mass. In addition, under identical design and operational variables, the double-pass, 
double-cover air heater appears to be less cost-effective compared to the double-pass, single-cover 
air heater. This could be due to the additional material cost associated with the additional cover 
in the case of the double-cover air heater. 

The AC/AEG as a function of duct lengths for fixed 02 but different D 1 and for fixed D 1 but 
different 02 for different air mass flow rates for the two air heaters are presented in Figs 6-9. The 
curves first show a fall and then a rise in AC/AEG with an increase in length, the effect being 
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Fig. 3. The AC/AEG as a function of 02 for different L and ti for D 1 = 0.03 m in a type-1 air heater 
(~L=1.0m;~L=2.0m;~~=3.0m;~L=~.Om;O~=5.0m;~~=6.0m;A~=7.0m;A 

L = 8.0 m; 0 L = 9.0 m; + L = 10.0 m). 

greater with an increase in air mass flow rates and a decrease in duct depth. The duct length for 
which the AC/AEG is minimum is observed to decrease with a decrease in duct depth and an 
increase in air mass flow rate, which for duct depths above 0.02 m and air mass flow rates above 
100 kg/m*h can be taken as 3 m. However, the minimum value of AC/AEG different combinations 
of D 1, 02 and L decreases with an increase in ti. 

Figures 10 and 11 illustrate the AC/AEG as function of D 1 for different 02 and ti for fixed 
length L (3 m) for the double-pass air heaters with single- and double-covers, respectively. In both 
the cases, at ti = 50 kg/m*h, the AC/AEG increases steadily with an increase in 02 for any fixed 
value of D 1. As the air mass flow rate increases, the AC/AEG for small D 2 increases which, for 
02 = 0.01 m at ti = 200 kg/m*h, becomes the highest for all the values of D 1. This is a consequence 
of the relatively larger rate of rise of pumping cost than the rate of rise of energy with a decrease 
in duct depth and an increase in air mass flow rate in the system. The same is true of the case with 
the variations of D 1 and ti for a fixed value of 02. 

The different combinations of D 1 and 02 for which the AC/AEG is minimum for different ti 
and L are summarized in Table 1. Consistent with the earlier results, the D 1 and 02 corresponding 
to minimum AC/AEG increase with an increase in ti and L. and the minimum value of AC/AEG 
at any fixed L and fixed ti is higher for a double-cover than that for a single-cover air heater, 
highlighting the fact that a single-cover, double-pass air heater is more cost-effective compared to 
the double-cover, double-pass air heater. 



Analysis of two-pass solar air heaters 761 

h=lOO kq/hmL 
0.20 ’ ’ 1 1 I I 

0.02 0.04 0.06 0.08 0.10 
0.20 1 

_. 
’ 1 I I J 

0.02 0.04 0.06 0.08 0.10 

DUCT DEPTH, 01(m) 

0.02 0.04 0.06 0.08 0.10 

DUCT DEPTH, 01(m) 

DUCT DEPTH, 01(m) 

0.02 0.04 0.06 0.08 0.10 
DUCT DEPTH, 01 (m) 

Fig. 4. The AC/AEG as a function of D 1 for different L and ti for 02 = 0.03 m in a type-II air heater 
(~L=1.0m;~L=2.0m;~~=3.0m;~~=4.0m;~~=5.0m;~~=6.0m;A~=7.0m;A 

L = 8.0 m; 0 L = 9.0 m; + L = 10.0 m). 

Figures 12 and 13 are direct comparisons of the outlet temperature, T,, and the cost-benefit 
ratio, AC/AEG, of the two-phase air heaters investigated in the paper with those of single-pass 
air heaters with no cover, a single cover and a double cover previously studied by the authors [6] 
under identical design and operational conditions. For obvious reasons, T, (in Fig. 12) is observed 
to decrease with an increase in ti and increase with an increase in the number of passes and the 
number of cover plates. With an increase in length, the increase in T, for different air heaters 
(especially for multi-cover and multi-pass systems) is only marginal. In addition, at higher air flow 
rates, the T, values for different air heaters converge almost to a steady value. The corresponding 
values of AC/AEG in Fig. 13 show the higher energy gain at lower cost (i.e. lower AC/AEG) for 
the two-pass, single-cover air heater at lower air mass flow rate and shorter duct length. However, 
with an increase in duct length and air mass flow rate, the cost-effectiveness of the single-cover, 
single-pass air heater improves significantly. 

4. CONCLUSIONS 

From the results discussed above, it may be concluded that: 
(i) the optimum values of duct depths which correspond to minimum annual cost per unit solar 

energy gain are different for different duct lengths and air mass flow rates; 
(ii) in addition, for the useful range of air flow, i.e. up to ti = 400 m*, the single-cover, two-pass 

air heater is the most cost-effective. 



762 C. CHOUDHLJRY er al. 

6.35 0.35 

F 5 3 
\ 0.30 2 0.30 

d 
\ 
dr" 

Y 
3 0.25 is < 0.25 2 \. 

2 
,I_ - r-h=50 kg/hm2 

0.20 I I I I 
0.02 0.04 0.06 0.06 0.10 

DUCT DEPTH, 02(m) 

I+= 100 kg/hm* 
0.20 I I I I 

0.02 0.04 0.06 0.08 0.10 
DUCT DEPTH, 02(m) 

0.20 I I+ = 150 kcj/hm’ 

0.02 0.04 0.06 0.06 0.10 

DUCT DEPTH, D2(m) 

0.20 I h=200 kq/hm* 

0.02 0.04 0.06 0.06 0. IO 

DUCT DEPTH, D2(m) 
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TPble I. The values of Dl and 02 for different duct lengths and air mass Row rates for which the ratio AC/AEG is minimum 

Air mass Duct length, L(m) 
flow rate, 

(tif(ke/m2hj 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

50 DI 0.01 0.02 
02 0.01 0.01 

AC/AEG 0.233 0.218 

loll Dl 
02 

AC/AEG 

0.01 
0.01 
0.199 

0.02 
0.01 
0.192 

150 Dl 0.02 0.02 
02 0.01 0.02 

AC/AEG 0.190 0.188 

200 Dl 0.02 0.03 
02 0.01 0.02 

AC/AEG 0.188 0.186 

50 Dl 
02 

AC/AEG 

100 Dl 
02 

AC/AEG 

150 Dl 

A&G 

200 DI 
02 

AC/AEG 

0.01 0.01 
0.01 0.01 
0.254 0.240 

0.01 
0.01 
0.228 

0.02 
0.01 
0.222 

0.01 0.02 
0.01 0.02 
0.225 0.217 

0.02 0.03 
0.02 0.03 
0.225 0.218 

Single cover 
0.03 0.03 0.04 
0.01 0.01 0.01 
0.213 0.213 0.215 

0.03 0.03 0.04 
0.02 0.02 0.03 
0.194 0.194 0.196 

0.03 0.04 0.05 
0.02 0.03 0.04 
0.189 0.190 0.193 

0.04 0.05 0.06 
0.03 0.04 0.05 
0.188 0.191 0.194 

Double Cover 
0.02 0.02 0.02 
0.01 0.01 0.02 
0.237 0.237 0.238 

0.02 0.03 0.03 
0.02 0.03 0.03 
0.220 0.221 0.222 

0.03 0.04 0.04 
0.03 0.03 0.04 
0.218 0.219 0.220 

0.04 0.04 0.05 
0.04 0.04 0.05 
0.219 0.221 0.223 

0.04 0.05 0.05 0.06 0.06 
0.01 0.02 0.02 0.02 0.02 
0.218 0.219 0.219 0.220 0.222 

0.04 0.05 0.05 0.06 0.07 
0.03 0.03 0.04 0.04 0.04 
0.198 0.199 0.201 0.203 0.205 

0.05 0.06 0.07 0.07 0.08 
0.04 0.05 0.05 0.06 0.06 
0.195 0.197 0.200 0.202 0.204 

0.06 0.07 0.08 0.08 0.09 
0.06 0.06 0.07 0.08 0.08 
0.197 0.200 0.202 0.205 0.208 

0.03 0.03 0.04 0.04 0.04 
0.02 0.02 0.02 0.02 0.03 
0.238 0.238 0.240 0.241 0.241 

0.04 0.04 0.04 0.05 0.06 
0.03 0.04 0.04 0.04 0.05 
0.223 0.224 0.226 0.227 0.229 

0.05 0.05 0.06 0.06 0.07 
0.05 0.05 0.06 0.06 0.06 
0.223 0.225 0.227 0.229 0.232 

0.07 
0.06 
0.226 

0.07 0.07 
0.06 0.07 
0.229 0.231 

0.08 0.09 
0.08 0.09 
0.234 0.236 
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Fig. 13. The AC/AEG as function of ni for different types of air heaters for L = 3.0 m and 
D 1 = 02 = 0.03 m (0 no cover, one-pass; ??single-cover, one-pass; c7 double-cover, one-pass; v 

single-cover, two-pass; 0 double-cover, two-pass). 
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APPENDIX I 

The governing equation (14) for the single-cover, two-pass system of Fig. I(a) is 

T, = S,(A,,-’ 
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where 

C. CHOUDHURY et al. 

and 

s5 -h,,, 0 -h,, 0 
h 4’ h,,,, 0 & 0 
h,,, s, hrptpz km, kpw 

0 h,,, hcpzn s,o sa 
0 h,,, S9 0 bn 

and 

S,=ugI+hgaTa 

S, = -2ACT, 

S, = -Tgap, I 

S,= -U,T, 

S, = hcs,, + h,,, + h, + h, 

S, = -(h,, + SC + h+-,) 

S7 = -(kp,,o + bn f h,,, + hrp,pz) 

S, = -(h,,n + 2X + h,,,,) 

S9 = -(h,z, + h,,,, + VI 

s,9 = 4IK. 

APPENDIX II 

The governing equation (14) for the two-cover, two-pass system of Fig. I(b) is 

q, = %(A,)-’ 

where 

A,,= 

and 

r s, Sl 0 0 0 0 

S, S, -h,,, 0 -hc,i, 0 
0 km hc,m 0 s9 0 

0 hcplg2 SIO 4-m km bn 
0 0 &,a h,,, SIZ &I 
0 0 kg,a 4, 0 &pm 

S, = agl I + h,,, + hcgla Ta 
S2=5,,adI 

S, = -2tiCT, 

S, = rgl 52apl I 
S,= -U,T, 

S, = h,,, + hrgzg, + h,,, + h,,, 
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S, = - (k,,,, + kg,,, ) 

S, = h,,, + h<nz/, + hcp,gz + hcg>g, 

S, = (hcgm + hc,,l, + 2nW 

.% = -V,,,,, + km + hrp,pz + hr,,,,) 

S,, = -(h,,,, + hcpm + 2fiC) 

s,2 = 4tic 

S,, = -@,,,n + hrp,p> + UT). 


