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Abstract: The present paper investigates the effect of
differential air mass flow rate on the thermal performance
of parallel pass packed bed solar air heater. The range air
flow rates over which the parallel pass system yields higher
thermal performance as compared to counter pass system
have been identified and presented. The effect of fraction of
total mass flow rate in the respective ducts of the parallel
pass packed bed solar air heater has shown to be dominant
parameter in determining the effective thermal efficiency of
the heater.
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Nomenclature

A, collector plate arean?

hy convective heat transfer coefficient between
bottom insulation and environment,/m?K

hy wind heat transfer coefficierity /m?K

hrgua  radiative heat transfer coefficient between upper
glass cover and ambiet]/m?K

h, gugi radiative heat transfer coefficient between glass
covers,W /m?K

hegugr  convective heat transfer coefficient between glass
covers,W /m?K

hrgim  radiative heat transfer coefficient between lower
glass and porous materiaf, /m?K

hymp radiative heat transfer coefficient between porous
material and absorbel/ /m?K

heqipw  convective heat transfer coefficient between the
lower glass cover and air stream flowing in the
upper ductW /m?2K

hempy  cONvective heat transfer coefficient between the

porous material and air stream flowing in the
upper ducty /m?K
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h convective heat transfer coefficient between the
absorber plate and air stream flowing in the upper
duct,W /m?K
convective heat transfer coefficient between the
absorber plate and air stream flowing in the
lower duct,W /m?K
convective heat transfer coefficient between the
back plate and air stream flowing in the lower
duct,W /m?K
I insolation/intensity of solar radiation] /m?

cpfu

=

cpfl

hepst

1. Introduction

Thermal performance of a solar air heater can be
enhanced by using a double duct packed bed because
this results in higher heat transfer coefficient and
minimal heat losses. Further, in order to attain the
higher heat transfer coefficient, it is desirable that the
flow should be turbulent. However, energy for
creation of turbulence has to come from the fan or
blower and excessive turbulence means higher
friction losses and hence greater power requirement.
It is, therefore, necessary to consider the
enhancement of thermal performance in combination
with friction losses to obtain an effective or net gain
in the overall performance. It is desirable to select the
type of double duct packed bed solar air heater in
such a way that it increases the heat transfer while
keeping the friction losses as low as possible. This
implies that the effective thermal efficiency of the
system, which considers both, thermal as well as
friction characteristics, should be as high as possible.

Experimental and theoretical studies concerned
with performance of double duct solar air heaters are
reviewed in the literature. Mohamad [1] numerically
studied the performance of a counter/double-pass
solar air heater with and without porous matrix and
compared with the performance of single and double
glazing conventional solar air heaters. Sopian et al.
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[2] conducted indoor experiments on the counter pass
solar collector with and without steel wool as porous
media in the second channel. Several combinations of
upper and lower channel depths were considered for
the thermal performance investigation. Paisarn
Naphon [3] studied theoretically the performance of
counter flow solar air heater without and with porous
media in the lower channel.

The thermal performance of a double-glass
double-pass solar air heater with a packed bed above
the heater absorber plate was investigated by
Ramadan et al. [6]. K. Sopian et al. [7] evaluated the
thermal performance of the counter flow collector
with porous-nonporous media theoretically and
validated experimentally. The performance of single
and double-pass solar air heater with fins and steel
wire mesh as absorber is investigated experimentally
by Omojaro et al. [8] Double glass double flow-
finned and v-corrugated plate solar air heater was
investigated theoretically and experimentally [9]. The
concept of a parallel pass solar air heater with its
upper channel packed with iron scrap as porous
media was introduced by P. Dhiman et al. [10].

In this paper, the performance comparison
between the parallel and counter pass packed bed
solar air heater in terms of thermal and effective
thermal efficiency is presented and any potential
advantages that are associated with the parallel pass
arrangement as compared to the double pass packed
bed solar air heater operating under similar
conditions is explored. The effective thermal
efficiency of the solar energy collection system is
determined on the basis of actual thermal energy gain
reduced by equivalent thermal energy required to
generate the power needed for pumping air through
the collection system.

2. Theoretical Analysis

A mathematical model based on effective heat
transfer area has been developed to predict the
thermal performance of parallel and counter pass
packed bed solar air heaters as shown in Fig. 1. The
basic physical equations used to describe the heat
transfer characteristics have been developed from the
conservation equations of energy. These non-linear
equations have been solved by analytical method.
The solution is obtained in the form of temperatures
of fluid flowing in the upper and lower duct of the
double duct system by solving equations
simultaneously for the configuration these heaters.
The energy-balance equations for the various
elements of heater such as upper and lower glass
covers, porous material, air flowing in the upper duct,
absorber plate, air flowing in the lower duct and back
plate may be written, respectively, as follows:
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Fig. 1 Schematic diagram of (a) parallel pass and (b)
double pass packed bed solar air heater representing
the differential mass flow rate.

Agu = (hrgua + hw)(Tgu - Ta)

+ (hrgugl + hcgugl)(Tgl - Tgu) (1)

lagty = (hrglgu + hCngu)(Tgl - Tgu) + hygim (Tgy

- m) + hcglfu(Tgl - Tfu) (2)
IamTﬁ = hrglm(Tm - Tgl) + hrmp (T — Tp)
+ hcmfu (Tm - Tfu) (3)

drT, d?T
. fu _ fu
mfuCp _dx = km dx? + hcglfu (Tgl - Tfu)

+ hcmfu(Tm - Tfu) + hcpfu(Tp

—Tru) (4)
hrpm(Tm - Tp) = hcpfu(Tp - Tfu) + hcpfl (Tp
= T5)) + hopp (T — Tip) (5)
. ATy
11 Cy 2 = hepp(Ty = Tr) + heopa (Ty = T) (6)

hipb (Tp_Tb) = heppy (Tb - Tfl) + Up(Tp, —To) (7)

The various heat transfer coefficients of different
elements of the solar air heater given in egn. (1) —
(7); ViZ., hrgugl'hw,! hcglfwhrglm!hrpm' hrpb'
heps andhey,r, are calculated using the correlations
given in literature [11].

3. Performance Parameters

The main parameters affecting the performance
of solar air heaters are the useful thermal energy
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gaing,,, thermal efficiencyy,, and effective thermal
efficiency, nss.

3.1 Thermal energy gain, Q,,

(a) Thermal energy gain in parallel pass is
calculated as [12]:

Qu = Qu1+0Qu ®
where,

Qu = mfuCp(Tfu,o - Tfu,i) 9
Quz = MmpCy(Tr10Tr1) (10)

(b)Thermal energy gained by ai@, in
counter pass is calculated as:
Qu = GCp(Tfl,o _Tfu,i) (11)

whereg is the total mass flow rate and defined
as

G = mfu + mﬂ al’ldmfu = mﬂ
3.2 Thermal efficiency of the heater, 1.,

The thermal efficiency of the solar air heater has
been calculated as:
Qu/Acl (12)

3.3 Effective thermal efficiency, n.ss

Ntn =

Since, electrical energy is needed to derive the
motor of the blower which forces the air throughout
the heater, the fan powe,, (W) has to be taken
into consideration; consequently, the net output
power equals d,— Prn). The  necessary
instantaneous fan power required for forcing a certain
mass flow rate of air is calculated as [13]:

Pran = Priow/MfMm NerNec (13)
where, fan efficiency, n,, electric motor
efficiency, ,,,, electric transmission from power plant
efficiencyy.,. and thermal conversion efficiency of
power plant,n,. are assumed to be 65%, 88%, 92%
and 35%, respectively [13] and the flow pumping
power, Pr,,,, required for forcing the air through duct
is calculated as

Priow = msAP/p (14)
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The effective thermal efficiency,, of the solar air
has been calculated as [14]:
(15)

77eff (Qu - Pfan)/Acl

4. Resultsand Discussions

4.1 Air streams of equal mass flow ratesin upper
and lower duct, iy, = mg

Two air stream of equal mass flow rate are
flowing steadily and simultaneously from the upper
and lower duct of parallel pass packed bed solar air
heater such that the sum of two mass flow rates is
equal to the total air mass flow rate, G, flowing
through the double pass system i.e.

G = mfu + mﬂ and mfu = mfl

The performance comparison between the
parallel and counter pass packed bed solar air heater
is presented in Fig. 2. It is observed that the of
the both heaters increases with increase in total mass
flow rate of air, G. This is because the heat removal
capacity depends directly on the mass flow rate.
Moreover, thep,,of the counter pass system is higher
than that of parallel pass packed bed system because
of reheating of air emerging out from the upper duct
in the lower duct.

1,00
0,90 =TT
= s AA/,/.A_.A\“
= 0,80 | S
£ C N
= [ .
= 0,70 F
Q [
c 3 \
@ 0,60 — — — - qth (parallel flow)
é — - — - neff (parallel flow)
w 0,50 o nth (counter flow)
N neff (counter flow)
0,40 IR AT SR AT BT ST AT I A TA TS RS TSN B AT R A

0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08

Total mass flow rate, G (kg/s)
Fig. 2. Effect of mass flow rate on thermal and effective
thermal efficiency of parallel and double pass solar air
heater s, = my))

The n.¢¢ of counter pass packed bed system is
aso higher in comparison to parallel pass packed bed
solar air heater upto a mass flow rate of 0.03 kg/s.
However, then,.-of counter pass packed bed solar
air heater decreases as the air mass flow rate, G,
increases beyond 0.03 kg/s whereas, it continues to
increase in the parallel pass packed bed solar heater
till the air mass flow rate, G increases upto 0.06 kg/s.
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It decreases if G is increased further. Highgy; in

the parallel pass packed bed solar air heater may be
attributed to the absence of bending/turning losses.
The maximumn,fof the counter packed bed solar
air heater is 77% at the mass flow rate of 0.03 kg/s
whereas in case of parallel flow packed bed system,
the 1.5, is 85% at a mass flow rate of 0.06 kg/s.
Hence, 10% highem,;, can be achieved with
parallel pass packed bed solar air heater.

4.2 Air stream of unequal mass flow rates flowing in
upper and lower duct, my,, # mig

It is considered that two air streams of different
mass flow rates flow steadily and simultaneously
through the upper and lower ducts of parallel flow
packed bed solar air heater, such that the total mass
flow rate, G, is same as that of counter flow packed
bed solar air heater. Létbe the fraction of the total
air mass flow rate, G, flowing through the upper duct
and remaining (1£), through the lower duct i.e.

G = myp, + My and mg, # My where
The values of fractiort, in the range of 0.2 to 0.8
of the total air mass flow rate, G ranging from 0.01 to

0.05 kg/s were considered for the comparison of the
two designs of packed bed solar air heaters.
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0,80 ——
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c T T~ T
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Fig. 3. Effect of fraction of total mass flow rate on thermal
efficiency of parallel flow packed bed solar air
heater

Effect of the fraction of total mass flow rate on the
nen @ndn,s; of the parallel pass solar air heater is
presented in Figs. 3 and 4, respectively. Theand
nerr Of the heater increases with increase in total
mass flow rate ranging from 0.01 to 0.05 kg/s. It is
predicted and shown in Fig. 3 that thg, of the
parallel flow packed bed solar air heater is higher at
the lower value of fraction of particular total air mass
flow rate,# and decreases with increase in valug. of
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The rate of decrease with increasing fractianijs
more at lower total mass flow rate, G. A similar trend
for then, ., (Fig. 4) is observed. At G equal to 0.05
kg/s, the drop im,, is very sharp with increasing
This may be due to larger pressure drop in the upper
duct and thermal losses.
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Fig.4. Effect of fraction of total mass flow rate on effective
thermal efficiency of parallel flow packed bed solar
air heater

Then,, andn,sof parallel pass solar air heater is
compared with counter pass packed bed system
subjected to different fraction of total mass flow rates
and presented in Table 1.

Table 1. Predicted thermal and effective thermal efficiency
of parallel and counter pass packed bed solar air heaters

Total Parallel flow Packed Counter flow
Mass Bed Solar Air Heater Packed
Flow Bed Solar Air
Rate, Heater
G (kg/s) -
r Tth Neff Tth Neff
0.2 0.72 0.72
0.4 0.5¢ 0.5¢
0.01 0.6 0.52 0.51 | 054 0.54
0.8 0.4 0.4z
0.2 0.78 0.78
0.4 0.61 0.61
0.02 0.6 0.60 059 | 0.71 0.70
0.8 0.58 0.57
0.2 0.8( 0.81
0.4 0.73 0.72
0.03 0.6 0.68 0.66 | 0.81 0.77
0.8 0.68 0.65
0.2 0.82 0.82
0.4 0.8( 0.7¢
0.04 0.6 0.76 0.75 | 0.86 0.63
0.8 0.75 0.70
0.2 0.84 0.84
0.4 0.84 0.83
0.05 0.€ 0.8: 0.8C 0.90 | -0.81
0.8 0.81 0.58
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The n,, of the parallel pass packed bed system is
72% and 44% at' equal to 0.2 and 0.8 repectively of
the fixed/total air mass flow rate of 0.01 kg/s and the
correspondingn.; is 71.6% and 43% repectively
whereas, the,, andn, ¢, of counter flow packed bed
solar air heater at 0.01 kg/s mass flow rate is 54% as
shown in Table 6.1. Therefore, the percentage
enhancement of 33.3% and 33.1% iR, andn.ss
respectively at# equal to 0.2 is achieved for parallel
pass heater in comparison to counter pass packed bed
solar air heater (Table 1). Similar values at different
G is reported and observed that the gaim.ify for
parallel pass heater is more at higher values of G.

5. Conclusion

Following conclusion has been drawn from this
study:

e The counter pass design is found to be more
efficient compared to parallel pass in terms of
thermal efficiency.

« Effective thermal efficiency of the counter pass
heater is higher than parallel pass upto the total
mass flow rate of 0.03 kg/s. Increasing mass
flow rate beyond 0.03 kg/s, the effective thermal
of counter pass design decreases where as it
continues to increase in case of parallel pass until
the total mass flow rate of 0.06 kg/s. Parallel
pass design achieved a 10% higher effective
thermal efficiency when air steadily flowed at
equal mass rates in its upper and lower ducts
compared to the counter pass design.

« Effect of fraction of total mass flow rate on the
thermal and effective thermal efficiency of the
parallel pass packed bed solar air heater was
studied. It is observed that the parallel pass
packed bed solar air heater has higher thermal
and effective thermal efficiency than counter
pass packed bed solar air heateirlass than 0.5.
Thermal and effective thermal efficiency of
parallel pass packed bed solar air heater is 84.3%
and 84.2% respectively atF equal to 0.2 of the
total mass flow rate of 0.05 kg/s whereas is 90%
and -81% respectively for the counter flow
packed bed. Therefore, parallel pass packed bed
solar air heater is one of the important and
attractive design to improve the effective thermal
efficiency at higher mass flow rates.
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