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Abstract

This paper presents results of a theoretical study carried out to investigate the effect of flow maldistribution, caused by the

manufacturing imperfections and tolerances, on the thermal efficiency of a solar air heater array with subcollectors in parallel. The air

mass flow rate, ambient temperature, solar insolation and wind heat transfer coefficient have been systematically varied to study the

effect under a wide range of these parameters. The collector length, duct height, and plate emissivity were also changed to study their

effect. It has been found that the maximum reduction in thermal efficiency due to flow maldistribution is less than about 3% for an array

with a commercial grade finish of duct surfaces and 710% manufacturing tolerance for the duct height.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The collectors in a solar air heater array are often
arranged so that the air flows through the collectors in
series, parallel, or combined series and parallel mode. Yeh
and Lin [1], and Garg and Adhikari [2] showed that the
thermal efficiency (ratio of the useful heat gain and the
incident solar radiation on the air heater plane) of an array
can be improved by operating several subcollectors with
identical collector aspect ratios (ratio of collector length to
width, L/W) in a series in place of a single large collector
with the same total area. A collector module in an array is
termed as subcollector of the array. It is to be noted that
N-subcollectors in a series basically constitute a high aspect
ratio collector while the parallel arrangement of
N-subcollectors is equivalent to a low aspect ratio collector.
Thus, it is evident that the improvement in the thermal
efficiency obtained [1,2] for a number of subcollectors in a
series is the result of a decrease in the cross-sectional area
of the air duct. This increases the velocity of air and, hence,
e front matter r 2006 Elsevier Ltd. All rights reserved.
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increases the convective heat transfer rate from the
absorber plate to the air flowing through the duct.
However, these studies did not consider the effect of the
configuration change on the pressure drop through the
duct and the pumping power required for propelling
the air. Recently, Karwa et al. [3] carried out a thermo-
hydraulic performance evaluation of the solar air heater
arrays (subcollectors arranged in a series, parallel or
combined series and parallel mode) using a mathematical
model. Based on the performance evaluation criterion of
equal pumping power, they have shown that an array with
subcollectors in parallel is about 3–33% better in thermal
efficiency than the array with subcollectors in a series.
Jones and Lior [4,5] studied the effect of the ratio of tube

diameter to manifold diameter, the number of tubes, and
the length of the tubes on flow maldistribution in solar
water heaters with a vertical orientation of the tubes. In
general, they found that the flow-starved tubes would
become warmer than other tubes and this causes the onset
of natural convection inside the flow-starved tubes (the
buoyancy-driven flow). The buoyancy effect tends to
diminish the flow maldistribution to some extent. The results
of their study further showed that for the tube-to-manifold
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Nomenclature

A absorber plate area (m2)
cp specific heat of air (J kg�1K�1)
Dh hydraulic diameter of duct ¼ 4WH/[2(W+H)]

(m)
e/Dh, e/D relative roughness
f Fanning friction factor
fapp apparent friction factor in the entry region
FR heat removal factor
G nominal mass flow rate per unit area of

absorber plate ¼ m/WH (kg s�1m�2)
h heat transfer coefficient from absorber plate to

air (Wm�2K�1)
hw wind heat transfer coefficient (Wm�2K�1)
H nominal duct height (m)
I solar radiation intensity (Wm�2)
k thermal conductivity of air (Wm�1K�1)
L length of collector (m)
L/W collector aspect ratio
m mass flow rate (kg s�1)
N number of subcollectors in parallel
Nu Nusselt number ¼ hDh/k
P pumping power (W)
Pr Prandtl number
Q heat collection rate (W)
QL heat loss from collector (W)
Re Reynolds number

Ta ambient temperature (K)
Ti inlet air temperature (K)
Tm mean air temperature ¼ (Ti+To)/2 (K)
Tmpg mean of the plate and glass temperatures

¼ (Tp+Tgi)/2 (K)
To outlet air temperature (K)
Tp mean plate temperature (K)
Ts sky temperature (K)
UL overall loss coefficient (Wm�2K�1)
W width of the duct (m)
W/H duct aspect ratio

Greek symbols

dp pressure drop (Pa)
dpg gap between the absorber plate and glass cover

(m)
b collector slope (deg)
eg emissivity of glass
ep emissivity of plate
Z thermal efficiency of array
m dynamic viscosity of air (Pa s)
nmpg kinematic viscosity of air at temperature Tmpg

(m2 s�1)
r density of air (kgm�3)
s Stefan–Boltzmann constant ¼ 5.67� 10�8

(Wm�2K�4)
ta transmittance–absorptance product
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diameter ratios of 0.25 and smaller, the flow is nearly
uniformly distributed in the tubes and there is a negligible
influence of buoyancy. In fact, a small value of tube-to-
manifold diameter ratio causes higher pressure drops in the
tubes relative to that in the manifold. Weitbrecht et al. [6]
concluded from their study on a flat plate solar water
heater that the flow distribution depends on the relation
between ratio of energy (pressure) loss in the risers and
energy losses in the manifolds, and to obtain a homo-
geneous flow distribution the influence of the energy losses
in the risers must control the system. Hence, it can be
inferred from these studies that the flow distribution will
tend towards uniformity when the pressure drops in the
ducts of a solar air heater array become large relative to
that in the manifold and in such a situation the buoyancy
effect can be neglected. Shah and Sekulic [7] have also
suggested that for the properly designed manifolds, their
effect on the flow distribution in parallel flow passages of
heat exchangers is not significant.

In general, the flow maldistribution leads to a lower rate
of energy collection in the subcollectors with low flow rates
[8,9]. However, Culham and Sauer [9] found that the flow
maldistribution has only a marginal effect on the total
energy collection in case of water heaters, provided that the
flow rate in the collector riser tubes is 35% or more of the
nominal value with a pressure drop across the riser at least
10 times greater than the drop across the headers. Based on
the study of Culham and Sauer, Karwa et al. [3] assumed a
uniform energy collection in the parallel paths of the solar
air heater array in their analysis. Such assumption is worth
investigation because the thermohydraulic behaviour of the
fluids in the solar water and air heaters is not the same.
In case of an array with subcollectors in parallel (Fig. 1),

differences in duct heights and surface finish of the ducts as
a result of the manufacturing imperfections and tolerances
can cause the flow maldistribution as explained below.
The surfaces of the parallel air flow ducts in an array

may range from smooth to commercially finished [10]. The
relative roughness, e/Dh, of a surface with commercial
grade finish is of the order of 0.002.
Friction factor correlation for flow in a roughened

circular duct due to Zigrang and Sylvester [Table 4.3 in 11],
for 2800pRep108, 4� 10�8pe/Dp0.1, is

1=
p

f ¼ 3:4769� 1:7372

� ln½ð2e=DÞ � ð16:1332=ReÞ ln A1�, ð1Þ

where A1 ¼ ½ð2e=DÞ=7:4þ 13=Re� and e/D is the relative
roughness.
From the above correlation it can be seen that the

friction factor of a circular duct with relative roughness of
0.002 is higher by about 4–11% than the smooth surfaced
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Fig. 1. Solar air heater array with N-subcollectors in parallel.
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duct in the Reynolds number range of 2800–14,000; the
greater increase is at the higher Reynolds number.

Equation of pressure loss can be transformed as under
for the high aspect ratio (WbH) rectangular cross-section
duct of a solar air heater (DhE2H) [3]

dp ¼ ½ð4fLÞ=ð2rDhÞ�ðm=WHÞ2

¼ ð4fLÞ=ð4rHÞ½ðWLGÞ=ðWHÞ�2

¼ ðfG2=rÞðL=HÞ3. ð2Þ

The available pressure drop across each duct in an array
with subcollectors in parallel is established by the pressure
distribution in the manifolds as shown by Jones and Lior
[5] for the tubes of a vertical solar water heater. Thus it can
be seen from Eq. (2) that a decrease in the height of the
duct of a subcollector will lead to a reduced air flow rate
which will lead to a proportionate decrease in the Reynolds
number. In the laminar flow regime, the friction factor is
not affected due to the wall roughness but a decrease in the
Reynolds number will increase the friction factor. For the
flow in the transition and turbulent regime, though the
friction factor is not affected as much as in the laminar
regime due to the decrease in the Reynolds number, the
surface roughness may significantly increase the friction
factor. The combined effect of the decrease in the duct
height of a subcollector in the array, the increase in the
friction factor due to the reduced Reynolds number, and
wall roughness will cause an enhanced flow resistance.
Hence, a subcollector with manufacturing imperfections
(smaller than nominal duct height and surface roughness)
will have lower flow rate than a smooth duct subcollector
of nominal duct height in an array.
It can be inferred from the above discussion that the flow
maldistribution in parallel ducts of an array can be
manifold induced, may be due to the duct-to-duct
variations because of manufacturing tolerances and im-
perfections, and may be affected due to the buoyancy.
However, the studies for solar water heaters with vertical
tubes have shown that the flow distribution in the parallel
tubes is only marginally affected due to the manifolds and
buoyancy when the pressure drop in the tubes is large
relative to that in the manifolds. This conclusion must also
be true for a solar air heater array. Hence, the basic
objective of the present theoretical study is to investigate
the effect of flow maldistribution, caused by the manu-
facturing imperfections and tolerances of the ducts, on the
thermal performance of a solar air heater array with
subcollectors in parallel.
2. Mathematical model

The effect of the flow maldistribution on the
thermal performance of an array with subcollectors in
parallel has been evaluated by following an iterative
process using a non-linear mathematical model presented
below.
The energy balance of a solar air heater gives the

distribution of incident solar energy, I, into energy gain, Q,
and various losses. It is given by

Q ¼ A½IðtaÞ �ULðTp � TaÞ�

¼ AFR½IðtaÞ �ULðT i � TaÞ�, ð3Þ

where A is the area of the absorber plate receiving the
solar insolation and product (ta) is the transmittance–
absorptance product of the cover–absorber plate combina-
tion. Factor FR in Eq. (3) is termed as heat removal
factor [12].
The energy gain of the solar air heater equals the heat

transferred to the air flowing through the duct of the
collector and is given by

Q ¼ mcpðTo � T iÞ ¼ GAcpðTo � T iÞ. (4)

The convective heat transfer equation gives

Q ¼ hAðTp � TmÞ. (5)

The term Tp is the mean absorber plate temperature
and Tm is the mean air temperature. UL in Eq. (3) is
known as overall loss coefficient of a solar collector and is
given by

UL ¼ QL=½AðTp � TaÞ�, (6)

where QL is the overall heat loss. It is a sum of heat losses
from the top, Qt, the back, Qb, and the edge, Qe.
Since the use of the empirical equations of the top loss

can lead to a significant error in it’s estimate [13], the
present model estimates this loss from the basic heat
transfer equations.
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From absorber plate to inner surface of the glass cover,
the heat transfers by radiation and convection, hence,

Qtpg ¼ A s T4
p � T4

gi

� �
ð1=�p þ 1=�g � 1Þ�1

h

þ hpg Tp � Tgi

� ��
. ð7Þ

The equation for the conduction heat transfer through
the glass is

Qtg ¼ kgAðTgi � TgoÞ=dg, (8)

where kg and dg are the thermal conductivity and thickness
of the glass, respectively.

From the outer surface of the glass, the heat is rejected
by radiation and convection to the ambient, hence,

Qtga ¼ A s�g T4
go � T4

s

� �
þ hwðTgo � TaÞ

h i
, (9)

where Ts is the sky temperature and hw is the wind heat
transfer coefficient

In equilibrium; Qtpg ¼ Qtg ¼ Qtga ¼ Qt.

The convective heat transfer coefficient between the
absorber plate and glass cover, hpg, has been estimated
from the following three-region correlation of Buchberg
et al. [14]

Nu ¼ 1þ 1:446ð1� 1708=Ra0Þþ

for 1708oRa0o5900 ð10aÞ

(the + bracket goes to zero when negative)

Nu ¼ 0:229ðRa0Þ0:252

for 5900oRa0o9:23� 104, ð10bÞ

Nu ¼ 0:157ðRa0Þ0:285

for 9:23� 104oRa0o106, ð10cÞ

where Rayleigh number for the inclined air layers, Ra0 ¼

Ra cos b

Ra ¼ GrPr;

Gr ¼ g Tp � Tgi

� �
d3pg
.

Tmpgn2mpg

� �
,

where dpg is the gap between the absorber plate and glass.
The back and edge losses, Qb and Qe, respectively, have

been calculated from following equations [15]:

Qb ¼ AðTp � TaÞ=ðd=ki þ 1=hwÞ, (11)

Qe ¼ 0:5AeðTp � TaÞ, (12)

where d is the insulation thickness and ki is the thermal
conductivity of the insulation material. Ae in Eq. (12) is the
area of the edge of the collector rejecting heat to the
ambient.

The out let air temperature can be estimated from

To ¼ T i þQ=ðmcpÞ. (13)

The thermal efficiency estimates strongly depend on the
use of appropriate heat transfer and friction factor
correlations for the solar air heater ducts. These correla-
tions must take into account the effects of the asymmetric
heating encountered in the solar air heaters, duct aspect
ratio and developing length, and must be applicable to the
laminar to early turbulent flow regimes. The geometry of
interest is the parallel plate duct (a rectangular duct of high
aspect ratio) since the width of the duct is of the order of
1m and height is of the order of 5–10mm [3,10], with one
wall at constant heat flux and the other insulated. An
intensive survey of the literature has been carried out for
the correlations to fulfill these requirements.
For hydrodynamically developing laminar flow in

parallel plate ducts, Chen [Eqs. (5.206) and (5.207) in 16]
has presented the following equations for the hydrody-
namic entrance length, Lhy, and apparent friction factor,
fapp, respectively,

Lhy=Dh ¼ 0:011Reþ 0:315=ð1þ 0:0175ReÞ, (14)

f app ¼ 24=Reþ ð0:64þ 38=ReÞDh=ð4LÞ. (15)

From Eq. (14), Lhy/Dh is less than 30 for Rep2550,
while L/Dh of the subcollectors in the arrays of the present
study ranges from 100 to 200. Eq. (15) takes account of the
increased friction in the entrance region and the change of
the momentum flux.
The thermal entrance length, Lth/Dh, for the laminar

flow in a flat parallel plate passage, when one wall is
insulated and other subjected to uniform heat flux, is of the
order of 0.1(Re Pr) [17] for approach of Nusselt number
value within about 1% of the fully developed Nusselt
number value. For the range of present study, it extends up
to about 195 hydraulic diameters. The appropriate Nusselt
number–Reynolds number relation for the thermally
developing laminar flow in a parallel plate duct has been
presented by Hollands and Shewen [10], which has been
deduced from [18] and agrees well with the data of Heaton
et al. [17],

Nu ¼ 5:385þ 0:148ReðH=LÞ

for Reo2550. ð16Þ

The second term containing H/L takes the entrance
length effect into account.
The friction factor correlation of Bhatti and Shah [11]

for the transition to turbulent flow regime in rectangular
cross-section smooth duct (0pH/Wp1) is

f ¼ ð1:0875� 0:1125H=W Þf o, (17)

where

f o ¼ 0:0054þ 2:3� 10�8 Re1:5

for 2100pRep3550 ð17aÞ

and

f o ¼ 1:28� 10�3 þ 0:1143Re�0:311

for 3550oRep107. ð17bÞ
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They report an uncertainty of 75% in the predicted
friction factors from the above correlation.

The study of the apparent friction factor plots for the
entrance region of a flat parallel plate duct in the turbulent
flow regime presented along with those for a circular tube
in [11] shows that the trend of variation in the friction
factor in the entrance region for the parallel plates is not
significantly different from that for a circular tube. Hence,
in the present study, the following circular tube relation
[11] has been used for the estimate of the apparent friction
factor:

f app ¼ f þ 0:0175ðDh=LÞ. (18)

The thermal entrance length, Lth/Dh, for the turbulent
flow of air, based on the local Nusselt number approaching
the fully developed value, ranges from 20 to 30 for the
Reynolds number range of 8000–30,000 [19,20]. Kays and
Leung [21] solved the fully developed turbulent-flow energy
equations with constant heat rate for parallel plate duct
with one side insulated. Their results are reported to be in
excellent agreement with the experimental data for air [22].
The following Nusselt number correlations, deduced by
Hollands and Shewen [10] from the data of Kays and
Leung [21] and Tan and Charters [23] for collectors with
L/H4125, have been used in the present study

Nu ¼ 4:4� 10�4 Re1:2 þ 9:37Re0:471ðH=LÞ

for 2550pRep104 ðtransition flowÞ ð19aÞ

and

Nu ¼ 0:03Re0:74 þ 0:788Re0:74 ðH=LÞ

for 104oRep105 ðearly turbulent flowÞ, ð19bÞ

where the terms containing H/L take the entrance length
effect into account.

The Nusselt number data from the correlation of
Hollands and Shewen for fully developed turbulent flow
are in close agreement with data of Hatton et al. [24]. They
are about 10% lower than the data from tube correlation
of Petukhov et al. in Bhatti and Shah [11] for ReX8000 and
about 15–20% lower than that from Nu ¼ 0.023Re0.8Pr0.4

for ReX10,000. This is in agreement with the observations
of Sparrow et al. [25] in an experimental study under ideal
laboratory conditions for a rectangular duct with W=H ¼

5 and Re ¼ 1:8� 104 � 1:42� 105, and Tan and Charters
[23] for an asymmetrically heated duct of solar air heater
(W=H ¼ 3; Re ¼ 9500–22,000). From the close agreement
of the Nusselt number data from Eq. (19b) with the results
of carefully conducted experimental studies, it can be
inferred that the uncertainty in the predicted Nusselt
number values must be of the order of 5–6%. However, the
information on the transition flow in a flat or rectangular
duct is extremely sparse and a higher uncertainty in the
Nusselt number values determined from Eq. (19a) may be
possible. Hollands and Shewen [10] based on the informa-
tion available in [18], concluded that the flow is laminar for
Reo2550 and turbulent for Re4104. By analogy with the
results for rectangular ducts with W=H ¼ 8 [26], they
concluded that power-law fits extending from the laminar
result to the turbulent result would be satisfactory for the
transition regime. However, the lower limit of the critical
Reynolds number for a parallel plate duct is reported [16]
to be 2200–3400, depending on the entrance configurations
and disturbance sources. For a high aspect ratio rectan-
gular duct with abrupt entrance, the same is reported to be
2920–3100. Hence, the laminar flow regime has been
assumed up to Re ¼ 2800 in the present study, which also
limits the inconsistency of the predicted Nusselt number
and friction factor values from the different correlations
used here to about 5% at the laminar–transition interface.
Knowing the Nusselt number from the above correla-

tions, the heat transfer coefficient, h, is found from

h ¼ Nu k=Dh. (20)

The equations for determination of pressure loss across a
subcollector and pumping power are

dp ¼ ½ð4fLÞ=ð2rDhÞ�ðm=WHÞ2, (21)

P ¼ ðm=rÞdp. (22)

The thermal efficiency of a solar collector is defined as
the ratio of the useful heat gain and the incident solar
radiation on the plane of the collector. Hence, the efficiency
of an array, Z, is based on the heat gain of the array, which
is the sum of the heat collection rates of all subcollectors in
the array, i.e.,

Z ¼ SQi=ðIAÞ, (23)

where Qi is the heat collection rate of ith subcollector in the
array and i ¼ 1–N, and A in Eq. (23) is the total area of the
absorber plates of N subcollectors in the array.
Niles et al. [27] used the following equation for the

calculation of the outlet air temperature when the ambient
air passes through a solar air heater (i.e., T i ¼ Ta)

To ¼ Ta þ IðtaÞx=UL, (24)

where
x ¼ 1� exp½�UL=ðGcpÞð1þUL=hÞ�1� ¼ ðFRUL=GcpÞ, and
they calculated the plate temperature using the following
equation:

Tp ¼ T i þ ½IðtaÞ=UL�ð1� Gxcp=ULÞ. (25)

Eqs. (24) and (25) have been used for the cross-check of
the values of To and Tp calculated from Eqs. (3)–(23).
The transmittance–absorptance product for the absor-

ber–cover combination is taken as 0.8 for a single glass
cover. The gap between the absorber plate and glass cover
is taken as 40mm [14]. Collector slope, b, is taken as 01
(horizontal; for the ease of installation and summer
operation) and 451 (the near optimum inclination for the
winter operation). The thickness and thermal conductivity
of the glass have been taken as 4mm and 0.78Wm�1K,
respectively. Back insulation thickness is 50mm. Thermal
conductivity of the material for the back insulation is
0.037Wm�1K�1. Long wave emissivity values for the glass
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Fig. 2. Comparison of predicted values of thermal efficiency and pumping

power with experimental values.
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cover and absorber plate with flat black paint have been
taken as 0.88 and 0.95, respectively. The emissivity of the
plate with a selective coating has been taken as 0.1. Inlet air
is assumed to be at the ambient temperature of 283K
(winter operation), and 298 or 313K (summer operation)
corresponding to Western Rajasthan conditions. Solar
insolation, I, has been varied from 500Wm�2 (the lowest
value) to 1000Wm�2 (as peak value). Wind heat transfer
coefficient, hw, is taken as 5Wm�2K�1 (no wind) and
50Wm�2K�1 (corresponding to a high wind velocity).
Based on the extremities of the use of a solar air heater
(space heating to crop drying), the nominal mass flow rate
per unit area of absorber plate, G, has been taken as
0.005–0.06 kg s�1m�2. The Reynolds number correspond-
ing to the flow rate and collector length in this study ranges
from about 200–14,000. The study considered both the
assumptions of the sky temperature: T s ¼ Ta and T s ¼

0:0552T1:5
a [28]. The nominal value of duct height, H, has

been taken as 10mm (high performance and high-pressure
drop collector) or 20mm for array length L ¼ 2m and
5mm for L ¼ 1m. The width, W, of the subcollector has
been fixed at 1m while the length is either 1 or 2m, which
are the normally accepted values for a collector module
from the constraints of available sizes of plywood and glass
sheets, and the ease of installation and handling.

In the case of flow through a tube or in a symmetrically
heated duct, an increase in the friction factor leads to the
enhancement in the heat transfer coefficient (the Reynolds
analogy). But a solar air heater duct has one heated and
three adiabatic walls, hence, it has been assumed in the
present study that the increased friction factor due to wall
roughness will not lead to a proportionate increase in the
heat transfer rate.

The iteration for the estimate of top loss (Eqs. (7)–(9)),
has been continued till the heat loss estimates from the
absorber plate to the glass cover and glass cover to the
ambient differed by less than 0.2%. This affects the end
result by about 0.1–0.6% only. For the heat collection
estimate, the iteration was terminated when the successive
values of the plate and outlet air temperatures differed by
less than 0.05K. Thermophysical properties of the air have
been taken at the corresponding mean temperatures.

Sensitivity analysis shows that 1% change in the heat
transfer coefficient between the absorber plate and air
affects the end result (the loss in the thermal efficiency of
the array) by 0.2–1.5% depending on the flow rate, while
the end result is affected by 0.25–3.5% when the friction
factor is changed by 1%. An error of 1% in the estimate of
heat transfer coefficient between the glass cover and
absorber plate has an effect of the order of 0.2–1.2% on
the predicted thermal efficiency.

The mathematical model presented here has been
validated against the data of the experimental study for a
smooth duct solar air heater published in an earlier work of
the first author [29]. The plots of thermal efficiency versus
the Reynolds number in Fig. 2(a) shows that the standard
deviation of predicted and experimental values is 74.85%,
while the standard deviation of the predicted and experi-
mental values of the pumping power in Fig. 2(b) is
estimated to be 76.15%. The good agreement between
the predicted and experimental values ensures that the
mathematical model can be utilized with confidence for the
prediction of thermohydraulic performance of the solar air
heater array.
3. Results and discussion

The effect of manufacturing imperfections on the flow
distribution in the parallel ducts of subcollectors in an
array has been discussed in Section 1 of this paper. To
study the effect of flow maldistribution on the thermal
performance of the array, four configurations, termed as
basic, A, B, and C, have been considered. These config-
urations are listed in Table 1 and described below in detail.
In the basic configuration (refer Fig. 1), it is assumed

that the array consists of N smooth surfaced subcollectors
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Table 1

Array configurations studied

Configuration Arrangement of subcollectors in the array

Basic N smooth surfaced subcollectors of equal duct height in

parallel with the same mass flow rate through all the

subcollectors.

A N subcollectors with subcollector 1 having smaller than

the nominal duct height (H1oH) and poorly finished

surface, while the remaining subcollectors having duct

height larger than the nominal value (Hi4H, where

i ¼ 2�N).

B N subcollectors with one of the subcollectors having

smaller than the nominal duct height (say, H1oH) and

poorly finished surface. Another subcollector in the

array having duct height larger than the nominal value

(say, H24H), while remaining subcollectors not

affected.

C A poorly manufactured array with one-third or half of

the subcollectors having smaller than nominal duct

height and the remaining subcollectors having larger

than the nominal duct height.
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of equal duct height in parallel and, hence, the flow
maldistribution will not be present. Since the manifold-
induced flow maldistribution has not been considered as
stated earlier, the manifolds have not been included in the
figure.

While the basic configuration has no manufacturing
imperfections, the configurations A–C have different
degrees of these imperfections. In the case of configuration
A, it has been assumed that duct height of one of the
subcollectors in the array of N subcollectors, say sub-
collector no. 1 in Fig. 1, is smaller by 10% (the assumed
tolerance) from the nominal duct height (H1oH) with a
surface finish corresponding to commercial grade, as
discussed earlier. Hence, the flow rate through the
subcollector 1 will be lower than the nominal value, which
is assumed to be compensated by an equal increase in the
flow rate through the remaining subcollectors in the array
having duct heights larger than the nominal value (Hi4H,
where i ¼ 2�N).

In the configuration B, the subcollector 1 experiences a
reduction in the flow (because of H1oH by 10% and
commercial grade finish), which is compensated by an
increase in the flow through another subcollector in the
array while the remaining subcollectors in the array are
unaffected. Configurations A and B can be termed as
N-passage models. For the analysis, it has been assumed
that these configurations are having 10 subcollectors in
parallel, i.e., N ¼ 10.

The configuration C is a poorly manufactured array. It is
a two-passage model as termed by Shah and Sekulic [7] for
compact heat exchangers; in this model 50% of the ducts
are small (H1oH by 10%) and 50% of the ducts are large
(H24H). The subcollectors with poor surface finish and
duct height smaller than nominal will experience a
reduction in the flow, and the remaining subcollectors
accommodate the reduced flow equally (their duct heights
are large compared to the nominal values).
For the configurations A–C, the total flow rate through

the array has been kept equal to the basic configuration.
Thus the nominal value of G for the array is the same for
all configurations and this allows use of G as a common
parameter for comparison and presentation of the results.
The condition of the equal flow rate for the array has been
achieved by allowing an increase in the duct height of a
subcollector or the subcollectors accommodating the
reduced flow as discussed above. The required duct height
for the accommodation of the increased flow has been
determined by increasing the duct height in small steps
from the nominal value till the condition of equal pressure
drop is satisfied. Since the variation in the duct height has
been allowed only within the limit of the assumed
manufacturing tolerance of 10%, it was found that at the
higher flow rates of the study the reduced flow in one
subcollector could be accommodated in two subcollectors
instead of one in the case of configuration B. Similar was
the observation in the case of configuration C.
The nominal value of the air flow rate, ambient

temperature, solar insolation, and the wind heat transfer
coefficient have been systematically varied within the range
of study. The collector length, duct height, and the plate
emissivity were also changed to study their effect. The
analysis shows that, for all the combinations of these
parameters, the reduction in the thermal efficiency of the
array, due to the flow maldistribution, is the highest for the
configuration C. Hence, the results are being presented for
this configuration only. The effect of flow maldistribution
is seen to be the lowest for the configuration A, while the
results for the configuration B lie in between.
The study shows that at the maximum flow rate of

G ¼ 0.06 kg s�1m�2, the combined effect of 10% decrease
in the duct height and increase in the friction factor due to
the duct wall roughness leads to about 20% reduction in
the flow through a subcollector. At G ¼ 0.005 kg s�1m�2,
the reduction in flow is as much as 28%. It must be noted
that at the lowest flow rate, the flow is in the laminar
regime and the friction factor is not affected due to the duct
wall roughness. The decrease in the flow rate in this regime
is due to the decrease in the height of the duct only as
explained earlier. The observed reduction in flow values
can be readily confirmed by approximate transformation of
Eq. (2) in terms of flow rate and duct height. For example,
in the laminar regime, let fE24/Re, which gives dppG/H3

when Re is replaced by 2GL/m for the solar air heater duct
[3]. Thus a 10% reduction in H will cause the flow rate to
reduce to 0.73 of the nominal value for a specified dp. In
the transitional and turbulent flow regime, let the friction
factor be approximated by the Blasius equation so that
fpRe�0.25. Considering a 10% enhancement in the friction
factor due to the surface roughness at the Reynolds
number corresponding to G ¼ 0:06 kg s�1 m�2, the trans-
formation of the pressure loss equation relative to a
smooth duct gives dpp1.1(G1.75/H3). The reduction in the
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flow compared to a smooth surfaced subcollector can be
seen to be about 20% for the subcollector with commercial
grade finish of the duct surface and 10% reduction in the
duct height from the nominal value.

The drop in the thermal efficiency of the array due to the
flow maldistribution has been presented as relative drop in
thermal efficiency (DZ/Z), which is defined as

DZ=Z ¼ 1� Ze=Z, (26)

where Ze is the effective efficiency of the array when flow
maldistribution is present, and Z is the reference or nominal
efficiency, which is the efficiency of the basic configuration.

Results showing the effect of change of parameters I, Ta,
hw, b, H, and ep on the loss in thermal efficiency of
configuration C of 2m length are presented in Table 2.
One parameter has been changed at a time from
I ¼ 1000Wm�2, Ta ¼ 313K, hw ¼ 50Wm�2 K�1, b ¼ 01,
H ¼ 10mm and �p ¼ 0:95. It can be seen that the effect of
the change of slope from 01 to 451 is negligible.

The results presented in this study are based on the
assumption of the sky temperature T s ¼ 0:0552T1:5

a .
However, some results were also taken for the assumption
of T s ¼ Ta, and the effect on the end result was found to be
negligible.

For the duct height of H ¼ 20mm, the relative drop in
efficiency of the array due to the flow maldistribution is
found to be moderate (about 1.0–1.5%) over the whole
range of the flow rate, which is lower than that for H ¼

10mm at the lowest flow rate but slightly higher at the
higher flow rates. However, it must be noted that smaller
values of duct height are favoured for high thermal
efficiency of collectors. For example, it was found that
Table 2

Effect of change of parameters on the loss in thermal efficiency of array (con

I ¼ 1000Wm�2, Ta ¼ 313K, hw ¼ 50Wm�2 K�1, b ¼ 01, H ¼ 10mm and �p

1. Solar insolation

G (kg s�1m�2) I (Wm�2) DZ/Z (%)

0.005 1000 2.43

500 2.07

0.05 1000 0.87

500 0.75

3. Wind heat transfer coefficient

G (kg s�1m�2) hw (Wm�2K�1) DZ/Z (%)

0.005 50 2.43

5 2.24

0.05 50 0.87

5 0.65

5. Duct height

G (kg s�1m�2) H (mm) DZ/Z (%)

0.005 10 2.43

20 1.31

0.05 10 0.87

20 1.04
thermal efficiency of a 2m long collector with duct height
of 20mm is 11–21% lower than that of a collector with
10mm duct height depending on the flow rate; the greater
effect is experienced at the lowest flow rate.
The relative loss in the thermal efficiency of the array is

higher for the higher values of solar insolation, ambient
temperature, and wind heat transfer coefficient. It can also
be seen from the results presented in Table 2 that an array
consisting of subcollectors with a selective coating on the
absorber plate is somewhat less affected by the flow
maldistribution.
It has been found that the deterioration of the

performance of the array is the highest for a horizontally
installed array with black painted absorber plate
(�p ¼ 0:95), when the solar insolation, wind heat transfer
coefficient, and the ambient temperature are at their
maximum.
From the above discussion it follows that, in the range

of present study, combination of I ¼ 1000Wm�2,
Ta ¼ 313K, hw ¼ 50Wm�2 K�1, b ¼ 01, H ¼ 10mm,
and �p ¼ 0:95 will lead to the highest loss in the efficiency
of the array at any mass flow rate. Hence, the plots of
Fig. 3 (where the results are presented in the form of plots
of the relative drop in thermal efficiency of the array, DZ/Z,
versus the nominal flow rate, G) depict the upper limit of
the loss in the thermal efficiency of the array due to the
flow maldistribution. The maldistribution results in
0.15–3% reduction in the thermal efficiency of the array
depending on the flow rate and length of the array as can
be seen in the figure. At the nominal values of flow rate
corresponding to the transition and turbulent flow regimes,
the loss in the thermal efficiency of the array is less than
figuration C, L ¼ 2m); one parameter has been changed at a time from

¼ 0:95

2. Ambient temperature

G (kg s�1m�2) Ta (K) DZ/Z (%)

0.005 313 2.43

283 2.35

0.05 313 0.87

283 0.68

4. Collector slope

G (kg s�1m�2) b (deg) DZ/Z (%)

0.005 0 2.43

45 2.416

0.05 0 0.87

45 0.846

6. Emissivity of plate

G (kg s�1m�2) ep DZ/Z (%)

0.005 0.95 2.43

0.1 2.25

0.05 0.95 0.87

0.1 0.52
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1%. The maximum reduction in efficiency of about 3% is
seen to be at the lowest flow rate for the array of 1m
length. It is to be noted that the Reynolds number for the
rectangular duct of a solar air heater can be expressed in
terms of G and collector length L as Re ¼ 2GL=m [3]. This
explains the reason for the shift of the curve for L ¼ 1m
array to the right with respect to that for L ¼ 2m array in
Fig. 3.

Lower values of the solar insolation, wind heat transfer
coefficient, and ambient temperature result in a lower loss
in the thermal efficiency of the array as seen in Fig. 4 where
the effect of insolation and ambient conditions on the
relative drop in efficiency has been shown for the fixed
values of L ¼ 2m, H ¼ 10mm, and �p ¼ 0:95.

It is seen from Figs. 3 and 4 that the relative drop in the
thermal efficiency of the array is lower at the higher flow
rates. In general, the efficiency of a solar collector increases
with the increase in the flow rate. However, the loss in the
thermal efficiency of the array due to the flow maldistribu-
tion is relatively lower at higher flow rates. Hence, the
relative drop in the efficiency of the array decreases with
the increase in the mass flow rate.

The reduction in the efficiency due to the flow
maldistribution can be attributed to the fact that the
negative effect of lower than nominal flow rates experi-
enced in some of the subcollectors is more than the positive
effect of flows equally higher than the nominal in the other
subcollectors of the array. This behaviour can be readily
explained from the decreasing slope of the efficiency plots
with increase in the flow rate in Fig. 5. For example, it was
found that, in case of the 2m array, the reduction in the
flow through a subcollector from the nominal value of G ¼

0:005 kg s�1 m�2 caused 20% reduction in the thermal
efficiency of that subcollector, while an equal increase in
the flow rate through another subcollector in the array
increased the efficiency of this subcollector by 11.1% only.
At the higher flow rates, these changes in the efficiency
have been found to be lower because of the decreasing
slope of the curve at higher flow rates. This explains the
reason for the lower relative drop in efficiency at higher
values of G seen in Figs. 3 and 4. The smaller slope of the
curve 2 (for the combination of lower values of the solar
insolation, wind heat transfer coefficient, and the ambient
temperature) as compared to that for curve 1 in Fig. 5
explains the reason for the lower loss in thermal efficiency
seen for the operational conditions represented by curve 2
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in Fig. 4. From the above observation it can be concluded
that a high efficiency collector will be less affected by the
flow maldistribution.

The drastic changes in the plots of Figs. 3 and 4 are
observed at the junctions of the laminar–transient and
transient–turbulent regimes. These changes correspond to
the changes in the plots of the Nusselt number and friction
factor values from the correlations used in the study as seen
in Fig. 6.

A collector array in actual operation will experience
varying operating conditions. Ambient temperature varies
during the day as well as during the year. The wind does
not blow always at its maximum. Hence, the wind heat
transfer coefficient will be varying in the range of
5–50Wm�2K�1. The solar insolation increases from about
500Wm�2 at 9 a.m. to about 1000Wm�2 at the solar noon
and then again decreases. The desired temperature of the
heated air depends not only on the application but also on
the ambient conditions. An array in practice may be better
than configuration C, which represents a poorly manufac-
tured array. Hence, it can be concluded that the plots in
Fig. 3, which are for the configuration C under the worst
combination of the operating parameters, represent the
upper bound.
From a designer’s point of view, it can be recommended

from the present study that a properly manufactured solar
air heater array (tolerance of 710% in the height of
parallel ducts, and their surface finish ranging from smooth
to commercial grade or the finishes of parallel ducts in
terms of relative roughness differ by less than 0.002) will
experience only a marginal reduction in the thermal
efficiency due to the flow maldistribution in the actual
operation. Further it is to add that to avoid manifold-
induced flow maldistribution, the pressure drop in the
collector ducts must be large relative to that in the
manifolds.

4. Conclusions

A theoretical study has been carried out to investigate
the effect of flow maldistribution, caused by the manu-
facturing imperfections and tolerances, on the thermal
efficiency of a solar air heater array with the subcollectors
in parallel.
The flow maldistribution has been found to reduce the

thermal efficiency of the array by 0.15–3% depending on
the flow rate and combination of various parameters. The
maximum reduction in the efficiency is found to be at the
lowest flow rate of the study for the array of 1m length
with black painted absorber plate and installed horizontal,
when the solar insolation, wind heat transfer coefficient
and the ambient temperature are at their maximum. The
reduction in the thermal efficiency of the array is less than
1% for the nominal values of mass flow rate corresponding
to the transition and turbulent flow regimes. Lower values
of solar insolation, wind heat transfer coefficient and
ambient temperature result in a lower loss in the thermal
efficiency of the array. An array consisting of subcollectors
with selective coating on the absorber plate is somewhat
less affected by the flow maldistribution. In actual
operation, due to the variable operating conditions, the
reduction in the thermal efficiency of the array will be
lower than the maximum of 3%.
It is concluded that a properly manufactured solar

collector array will experience only a marginal reduction in
the thermal efficiency due to the flow maldistribution.
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