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Abstract

Solar air heaters (SAHs) have an important role in applications such as space
heating and industrial drying worldwide. The packing of SAH bed not only
increases the heat transfer area but also increases the pumping power losses
thereby limiting the thermo-hydraulic performance. In the present study,
efforts have been made for a critical assessment of the literature dealing
with the impact of collector bed and operating parameters over thermal and
thermo-hydraulic performance for different configurations of wire screen
matrix packed SAH. The porosity of bed and mass flow rate of the air have a
major influence on the thermo-hydraulic performance of wire screen matrix
packed SAH. It is found that the enhancement in the volumetric heat transfer
coefficient due to a decrease in bed porosity is obtained at the expense of
increase in pumping power which ultimately affects the thermo-hydraulic
performance of wire screen matrix packed SAH. In general it is observed
that porosity is an important parameter that affects the thermo-hydraulic
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performance. It is seen that matrix having porosity 0.937 yields thermo-
hydraulic performance of 68% at mass flow rate 0.023 kg/s where as for the
same mass flow rate porosity of 0.887 results thermo-hydraulic performance
of only 42%.

Keywords: Air heater, wire screen matrix, thermal efficiency, thermo-
hydraulic performance.

1 Introduction

Energy is an essential part of the modern-day civilization and per capita
energy consumption being an indicator of standard of living in the society,
so there has been a steep increase in the energy demand in recent years
which necessitates the increased usage of unconventional energy sources.
The energy reserves available in the form of fossil fuels (crude oil, coal,
nuclear, etc.) are limited and are likely to be exhausted in the years to
come. There is a need for alternative energy sources which is renewable
in nature like wind, solar, biomass, geothermal, etc. Out of various forms
of renewable energy, the energy from sun is the most promising alternative
energy resource due to its inherent advantage of easy and free availability
and having non-polluting nature. Solar collectors convert the incident solar
radiation into thermal energy which in turn is absorbed by the heat transfer
fluid for end application. Solar water heaters and solar air heaters (SAHs)
are extensively used devices in day today applications, where SAH is an
effective alternative for low to moderate temperature applications and is also
free from the problem of corrosion in contrast to solar water heaters. In com-
parison to water based collectors, the turbulence mechanism in SAH is more
effective and it involves lesser maintenance cost due to absence of corrosion
problems [1, 2].

Available literature and patent reports show that SAHs can be utilized for
a variety of end applications ranging from drying vegetables, crops, fruits,
seeds, process heating, and timber seasoning, etc. [3–9]. The basic disadvan-
tage of conventional SAHs is their poor heat transfer capability owing to the
low specific heat of the ambient air and considerable heat energy loss to the
immediate surroundings. The thermal energy transfer rate can be enhanced
by promoting turbulence in the heat transfer region. This disturbance can be
accomplished by using various packing elements such as granular carbon and
desert sand [10], hollow spheres [11], crushed glass [12], iron and aluminum
chips [13], pebbles [14] and the wire screens [15–34].
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Efficiency enhancement technique used in SAH includes the use of
packed bed, extended geometries or corrugated surfaces as fins which
increases the heat transfer area and the value of convective heat transfer
coefficient (hc) due to increased turbulence at the surface and this technique
is known as introducing artificial roughness over the absorber plate of solar
collector [35–42]. The fabrication of a SAH with artificial roughness on large
scale is economically not a viable alternative thus packed bed SAH is an
effective design modification. This provides a high ratio of heat transfer to
volume, high hc and energy absorption in deep region of matrix. Reduction
in top layer temperature reduces the thermal losses to yield higher efficiency
which gives wire screen matrix packed solar air heaters (WMPSAH) an edge
in terms of thermal performance over conventional design of SAH.

Among the various packed bed SAH arrangements the WMPSAHs is
an effective design to improve the thermal performance of conventional
SAH, as it is easy to conceptualize, fabricate and analyze in comparison
with other packed bed SAH with different packing elements. It has been
observed that although many review papers are there but none has specifically
focused on thermo-hydraulic performance (THP) of wire screen packed SAH.
Compilation of the system and operating parameters and the effect of these
parameters on the thermal and THP of SAH is considered in the present work.
An effort has been made to analyze these parameters of WMPSAH and the
effect of thermal and thermo-hydraulic performance has also been studied
under different conditions.

2 Design Configuration of SAH

Conventionally used designs of SAH are often single pass SAH (SPSAH),
SAHs duct packed with porous absorbing material, double pass SAH
(DPSAH) with parallel or counter flow mode of airflow and double pass
packed SAH in one of the duct with parallel or counter flow mode of airflow.
All such types of SAH configurations have been discussed in the next section.

2.1 Conventional or Single Pass SAH

A conventional SAH primarily consists of a flat surface usually a blackened
metal plate called the absorber plate of high absorptivity (α) for the absorp-
tion of incoming solar radiations, as shown in Figure 1. The heat transfer fluid
receives thermal energy from the heated absorber plate, which is elevated at
higher temperatures due to the passing of solar radiations through the glass
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Figure 1 Schematic of conventional SAH.

cover and blockage of emitted infrared radiations from the absorber plate.
The higher the transmittance (τ ) of the glass cover the more radiation is
captured by the absorber plate and transmitted energy is absorbed depending
on the absorptivity (α) of the blackened absorber plate. A SPSAH duct
when packed with porous absorbing materials such as wire screen matrix
made up of galvanized iron, mild steel, stainless steel, copper and aluminum
shows enhancement in thermal performance as compared to the conventional
SAH [2].

A WMPSAH is shown in Figure 2 which has a wire mesh screen inserted
in the airflow path of the duct. The wire screen matrix provides a much larger
volume to achieve a high ratio of heat transfer area to volume. The basic
designs of WMPSAH that have been modified and investigated by some
researchers have been listed in Table 1.

2.2 Double Pass SAH

Conventional SAHs consists of mainly a duct for air flow and a blackened
absorber plate covered with a transparent glass of high transmissivity (τ )
and low absorptivity (α). Thermal insulation of low thermal conductivity
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Fig. 2. Schematic of matrix type collector 

2.2. Double pass SAH 

Conventional SAHs consists of mainly a duct for air flow and a blackened absorber plate 
covered with a transparent glass of high transmissivity (τ) and low absorptivity (α). Thermal 
insulation of low thermal conductivity is introduced to reduce the heat energy losses from the 
outer surface of SAH from backside and edges. Voluminous investigators constructed the 
experimental set up to assess the effect of refinement done in the primary components of a SAH. 
The design of a SAH can be expanded to enhance the overall performance employing double 
pass airways that bifurcate the airflow streamline, thereby increasing the effective heat absorbing 
area and results in the reduction of thermal losses to the immediate surroundings. The different 
air passes configurations that are primarily in use are parallel, counter flow and recycle air pass. 
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Figure 2 Schematic of matrix type collector.

is introduced to reduce the heat energy losses from the outer surface of
SAH from backside and edges. Voluminous investigators constructed the
experimental set up to assess the effect of refinement done in the primary
components of a SAH. The design of a SAH can be expanded to enhance the
overall performance employing double pass airways that bifurcate the airflow
streamline, thereby increasing the effective heat absorbing area and results in
the reduction of thermal losses to the immediate surroundings. The different
air passes configurations that are primarily in use are parallel, counter flow
and recycle air pass.

A conventional parallel flow DPSAH without any packing medium is
shown in Figure 3 in which partial air flow occurs above the absorber
plate and glass cover whereas remaining air flows between the backside
insulation and absorber plate. A numerous theoretical as well as experimental
studies [43–46 and 47–49] have established the enhancement in performance
of DPSAH over SPSAH. Experimental results [15] for porous DPSAH in
serpentine shape packed bed solar air heater having matrix porosity of 0.93
gives the thermal and THP of about 80% and 74%, respectively, which is
higher by 18% and 17% as compared to SPSAH respectively. Singh et al. [48]
conducted experimental analysis of wire screen packed DPSAH in parallel
flow mode and reported the maximum thermal and THP of 93% and 80% at
the mass flow rate value of 0.03 kg/s and 0.023 kg/s respectively.



82 P. Verma et al.

5 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 2. Schematic of matrix type collector 

2.2. Double pass SAH 

Conventional SAHs consists of mainly a duct for air flow and a blackened absorber plate 
covered with a transparent glass of high transmissivity (τ) and low absorptivity (α). Thermal 
insulation of low thermal conductivity is introduced to reduce the heat energy losses from the 
outer surface of SAH from backside and edges. Voluminous investigators constructed the 
experimental set up to assess the effect of refinement done in the primary components of a SAH. 
The design of a SAH can be expanded to enhance the overall performance employing double 
pass airways that bifurcate the airflow streamline, thereby increasing the effective heat absorbing 
area and results in the reduction of thermal losses to the immediate surroundings. The different 
air passes configurations that are primarily in use are parallel, counter flow and recycle air pass. 

 

 

 

 

 

 

 

Air out at to 

Air in at       
ti = ta 

Wire screen matrix 

D 

L 

W 

Glass cover 

Absorber plate Insulation 

Afi 

Glass cover Absorber plate 

Back side insulation 

Afi Afo 

Afo 

Figure 3 Parallel flow, DPSAH.

6 
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In Double pass counter flow arrangement the air is first introduced below the absorber plate and 
after extracting the heat energy at lower side of absorber plate it is redirected in the opposite 
direction above the absorber plate. This helps in recovery of additional thermal energy which 
otherwise would have been lost to the surroundings. Thus design of counter flow DPSAH allows 
more heat extraction and this configuration performs better as compared to parallel flow 
arrangement. SAH with counter flow arrangement as depicted in Fig. 4 has been one of the 
tempting configurations to enhance the overall thermal performance of a DPSAH [49]. 

Roy and Hoque [34] have studied experimentally the effect of mass flow rate on the thermal 
performance of counter flow DPSAH and found that the thermal efficiency increases as the mass 
flow rate of air increases and the maximum thermal efficiency observed to be 82.2 % for mass 
flow rate of 0.0251 kg/s, however no investigation is carried out on the THP of SAH. Sopian et 
al. [46] developed a theoretical model of a counter flow DPSAH using steel wool as porous 
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Figure 4 Counter flow DPSAH.

In Double pass counter flow arrangement the air is first introduced below
the absorber plate and after extracting the heat energy at lower side of
absorber plate it is redirected in the opposite direction above the absorber
plate. This helps in recovery of additional thermal energy which otherwise
would have been lost to the surroundings. Thus design of counter flow
DPSAH allows more heat extraction and this configuration performs better as
compared to parallel flow arrangement. SAH with counter flow arrangement
as depicted in Figure 4 has been one of the tempting configurations to enhance
the overall thermal performance of a DPSAH [49].

Roy and Hoque [34] have studied experimentally the effect of mass flow
rate on the thermal performance of counter flow DPSAH and found that the
thermal efficiency increases as the mass flow rate of air increases and the
maximum thermal efficiency observed to be 82.2% for mass flow rate of
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0.0251 kg/s, however no investigation is carried out on the THP of SAH.
Sopian et al. [46] developed a theoretical model of a counter flow DPSAH
using steel wool as porous absorbing material and reported that the thermal
efficiency of collector increases with the increase in insolation and is higher
as compared to conventional SPSAH.

The double pass concept has been proposed by Satcunanathan and
Deonarine [50, 51] to reduce the heat losses from the upper portion of SAH
and a DPSAH exhibits higher thermal efficiency as compared to a conven-
tional single pass SAH. Nowzari et al. [30] used the wire screen matrix to a
recent configuration and mixed the part of hot exit air with the fresh incoming
air with the help of a blower which results in heat transfer enhancement due to
forced convection. Ho et al. [52] investigated experimentally and theoretically
a counter flow DPSAH under recycle mode to enhance the convective heat
transfer coefficient employing wire screen matrix in lower duct space of the
collector and observed the enhancement in thermal performance of SAH.

Packing one of the passages of parallel flow or counter flow DPSAH
arrangement with the porous absorbing material such as wire screen matrix
(see Figures 5 and 6 respectively) increases available surface area for heat
transfer. Thus helps in higher thermal efficiency (ηth) with respect to double
pass counter flow SAH without wire screen mesh and conventional SAH. In
addition to it, due to porous packing material, the incident solar radiation
is absorbed by the stacked layers of the wire screen. In case of WMPSAH,
radiation is gradually absorbed by the subsequent layers of wire mesh and
a part of the solar radiation is received by the absorber plate hence both the
absorber plate as well as layers of wire screen acts as a compact unit for
absorption of solar radiation which gets distributed throughout the collector
depth.

Velmurugan and Kalaivanan [33] have investigated experimentally and
analytically the energy and exergy performance of SPSAH, DPSAH, rough-
ened plate DPSAH and double pass WMPSAH in counter flow mode for
varied air mass flow rate of 0.01 kg/s to 0.04 kg/s. It has been observed that
double pass WMPSAH is economically viable, and its maximum thermal
efficiency is 76.46% corresponding to a mass flow rate of 0.04 kg/s as
compared to the other three configurations under similar conditions, due to
turbulence and higher effective heat transfer area since the wire mesh absorbs
the solar radiation in depth. It is also observed that the THP or effective
efficiency is high at a low mass flow rate (m = 0.01 kg/s) and decreases
as the mass flow rate increases. The higher value of air mass flow rate causes
an increase in frictional losses and consequently higher pressure drop which
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flow rate increases. The higher value of air mass flow rate causes an increase in frictional losses 
and consequently higher pressure drop which is reported 34.6 N/m2 for double pass WMPSAH at 
a mass flow rate of 0.04 kg/s. Dhiman and Singh [53] have analytically analyzed the THP of 
double pass packed bed SAH under two different external recycle modes by using wire mesh 
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is reported 34.6 N/m2 for double pass WMPSAH at a mass flow rate of
0.04 kg/s. Dhiman and Singh [53] have analytically analyzed the THP of
double pass packed bed SAH under two different external recycle modes by
using wire mesh screen as an absorber and reported a 6.6% improvement in
the efficiency of SAH.

3 Thermal and Thermo-hydraulic Performance Analysis of
WMPSAH

Performance of a flat plate solar collector was first investigated by Hottel
and Wortz [54] and it was considered that the rate of effective heat gain is
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proportional to the rate of solar energy absorption minus the rate of heat
loss to the surroundings. A relationship is proposed for estimating the rate
of useful thermal energy gain (qu) of collector operating under steady state
conditions as;

qu = I(τα) − UL(tp − ta) (1)

The term (τα) represents the transmittance-absorbance product, which
accounts for the typical synergy of the optical characteristics of the absorber
plate and top glass cover. Bliss [55] proposed a new parameter F′ called
collector efficiency factor as follows;

qu = F′[I(τα) − UL(tf − ta)] (2)

Bliss [51] practically modified Equation (1) as:

qu = FR[I(τα) − UL(ti − ta)] (3)

Where FR is the collector heat removal factor which was obtained by
Hottel and Whillier [56] as:

FR =

(
GCP

UL

)
[1 − exp(−F′UL/GCP)] (4)

Solar collector efficiency ηth has been expressed as:

ηth =
qu

I
(5)

From Equations (1)–(3) and (5), the following relationships are obtained:

ηth =

[
(τα) − UL

(
tp − ta

I

)]
(6)

ηth = F′
[
(τα) − UL

(
tf − ta

I

)]
(7)

ηth = FR

[
(τα) − UL

(
ti − ta

I

)]
(8)

Equations (6)–(8) are well known as Hottel-Whillier and Bliss (HWB)
equations. The following equations have been recommended by Biondi
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et al. [57] for evaluating the efficiency of solar heater drawing ambient air
where Fo is termed as heat removal factor;

ηth = Fo

[
(τα) − UL

(
to − ti

I

)]
(9)

Fo =

(
GCP

UL

)[
exp

(
F′UL

GCP

)
− 1

]
(10)

The overall heat loss coefficient UL is estimated as the sum of top Ut ,
bottom Ub and side loss coefficients Ue

UL = Ut + Ub + Ue (11)

The top loss coefficient (Ut) is given by the following correlations
available in literature.

An empirical correlation has been suggested by Klein [58] for estimating
the top loss coefficient of absorber plate temperature up to 200◦C.

Ut =

 N(
C

TP

) [
(TP−Ta)

(N+ft)

]e +
1

hw

−1

+
σ(T

2
P + T2

a)
(
TP + Ta

)
(εP+0.00591Nhw)−1 + [(2N + ft − 1 + 0.133εP)/εc] − N

(12)

ft = (1 + 0.089hw−0.1166hwεP)(1 + 0.07866 N)

e = 0.43(1 − 100/Tp)

C = 520(1 − 0.000051s′
2
) for 0◦ = s′ = 70◦

For 70◦ = s′ = 90◦, use s′ = 70◦

A top loss coefficient Ut as suggested by Agarwal and Larson [59]

Ut =

 N(
C

TP

)[
(TP−Ta)

(N+ft)

]0.33 +
1

hw


−1

+
σ(T

2
P + T2

a)(TP + Ta)

[εp + 0.05N(1 − εc)]−1 + [(2N + ft − 1)/εc] − N
(13)
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Where,

ft = (1 − 0.04hw+0.005hw
2)(1 + 0.091N)

C = 250[1 − 0.0044(s′ − 90)

Malhotra et al. [60] have suggested the following correlation to consider
the effect of tilt angle of collector and gap spacing:

Ut =

 N(
204.3
TP

) [
L3

s cos s′(TP−Ta)
(N+ft)

]0.252
L−1

s

+
1

hw


−1

+
σ(T

2
P + T2

a)(TP + Ta)

[εp + 0.0425N(1 − εp)]−1 + [(2N + ft − 1)/εc] − N
(14)

ft =

(
9

hw
− 30

hw
2

)
(Ta/316.9)(1 + 0.91N)

Bottom loss coefficient Ubis given by:

Ub =

[
δ

kins
+

1

hb

]−1

(15)

The wires mesh screen porosity, P, given by Chang [61] as:

P = 1 − πnd2
w

2pt D

(
1 +

d2
w

p2
t

)1/2

(16)

The effective heat transfer area per unit volume of the bed av is given by;

av =
Heat transfer area(A)

Volume of bed
=

4AfL(1 − P)

dw(AcD)
(17)

The hydraulic radius (rh) as given by Varshney and Saini [18] is;

rh =
Pdw

4(1 − P )
(18)

It has been used traditionally as the characteristic length by numerous
investigators [62–65].

Mass velocity of air for Go for packed bed SAH is given as;

Go =
m

AfP
(19)
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Packed bed Reynolds number (Rep ) is expressed as;

Rep =
4rhGo

µ
(20)

The amount of heat transfer rate, Q to the air flowing through the duct is
obtained by;

Q = mCp(to − ti) (21)

Where, to and ti are the exit and inlet air temperatures.
The value of hc amid the wire screen matrix and airflow stream is

estimated by;

hc =
Q

A(tp − tf )
(22)

Where, the gross average wire mesh screen (tp) is based on temperature
computed along the depth and length of the packed bed collector and tf
represents the average air temperature. After estimation of average value of
hc given by Equation (22), the Colburn Jh factor and Stanton number Stp [18]
can be evaluated using the relations:

Stp =
hc

GoCp
(23)

Jh = StpPr
2/3 (24)

The value of friction factor fp can be found from the pressure drop ∆P by
the following expression;

fp =
rh(∆P/L)

ρu2/2
(25)

Velocity of air in the duct u is given as;

u = Go/ρ.

The thermal efficiency of SAH is estimated by;

ηth =
mCp(to − ti)

IAc
(26)

Where (to−ti )
I is termed as temperature rise parameter

It is seen that at higher values of mass flow rates the rate of increase in
pumping power is high whereas the rate of thermal energy gain is almost
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constant. Hence there is an optimum thermal energy gain (Q) up to a
particular value of mass flow rate of air. The net energy gain is obtained by
subtracting the pumping power losses (Pm) from the thermal energy gain. It
is observed that the net energy gain increases and reaches maximum up to
a certain value of mass flow rate and then decreases all of a sudden. There
exists an optimum value of THP or effective efficiency for a given wire
screen matrix that substantiates that the mass flow rate of air is an important
parameter which affects the effective efficiency or THP of WMPSAH. It
signifies that the thermal efficiency of a WMPSAH does not truly reflect
its actual performance. The packing of the duct increases the pressure drop
throughout the packed duct space there by increasing the pumping power
losses that needs to be taken into account to obtain the effective efficiency
or thermo-hydraulic performance (THP) for an energy efficient design. A
conversion factor C has been recommended by Cortes and Piacentini [66]
to account for the transmission and conversion losses in estimation of THP
or effective efficiency of packed bed SAH.

ηeff =
Q− Pm

C

IAc
(27)

3.1 Effect of System and Operating Parameters on Thermal and
THP of WMPSAH

The system and operating parameters which have been taken into account
for different configurations of single and double pass WMPSAHs are sum-
marized in Table 1 for quick reference. It has been found that the thermal
performance of SAH is dependent on bed and operating parameters and
energy transfer is more effective from bed matrix to the air for bed having
a high value of surface conductance and effective volume thermal capac-
ity [16]. It has also been reported that the thermal performance is strongly
dependent on wire screen geometry and operating parameters of the SAH.
Chouksey and Sharma [27] have carried out a theoretical examination to
analyze the impact of operating and system specifications on temperature rise
and thermal efficiency of single pass WMPSAH through a computer program
by validating the model with the results of Sharma et al. [16].

3.1.1 Effect of operating parameters on thermal performance of
WMPSAH

Ahmad et al. [17] have experimentally studied iron wire screen mesh packed
SAH packed with varying geometrical specifications arranged in cross flow
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fashion. It has been observed that the THP of packed bed solar air heater
largely depends on the system and operating conditions and to get an opti-
mum THP the SAH is required to be operated at lower values of incident
solar radiation and higher value of temperature rise specification. It has been
reported that there is an adverse effect over THP of WMPSAH for higher
ratio of bed depth to matrix size and it increases with mass flow rate of air,
becomes maximum and later on decreases with further increase in air flow
rate.

Ramani et al. [23] have carried out a study on wire screen packed DPSAH
with counter flow arrangement in second passage as a significant and effective
design for enhancing the heat transfer rate which exhibits around 20–25%
higher thermal performance in comparison to DPSAH without porous absorb-
ing material and it is noticed that SAH needs to be operated at lower value of
mass flow rate Aldabbagh et al. [24] observed that the thermal performance
of collector increases and temperature rise decreases as the mass flow rate
of air increases. The thermal efficiency of double pass WMPSAH is higher
than the single pass WMPSAH by 34–45%. The maximum thermal efficiency
is obtained 45.93% and 83.65% for single pass WMPSAH and double pass
WMPSAH respectively, for a mass flow rate of 0.038 kg/s however, pumping
power is not taken into account hence the effective efficiency of WMPSAH
is not evaluated.

Dhiman et al. [26] observed that the thermal efficiency of counter flow
packed bed DPSAH is found 11–17% more than the parallel flow DPSAH
and maximum THP has been obtained for mass flow rate of 0.03 kg/s for
both the configurations. It has been found that the THP of counter flow
WMPSAH is more in comparison to parallel flow WMPSAH up to air mass
flow rate of 0.03 kg/s and above that parallel flow configuration of WMPSAH
exhibits better effective efficiency. It has been recommended that parallel flow
WMPSAH should be operated at higher value of mass flow rate and lower
porosity range while counter flow WMPSAH at lower value of mass flow
rate and higher porosity to obtain better THP.

Omajaro and Aldabbagh [29] have carried out an experimental study of
single and DPSAH using wire screen matrix as an absorber plate and found
that there is an appreciable increase in thermal performance of WMPSAH as
the air mass flow rate of air increases from 0.012 kg/s to 0.038 kg/s and
thermal efficiency of DPSAH has been observed more by 7 to 19.4% as
compared to SPSAH.
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3.1.2 Effect of system parameters on thermal performance of
WMPSAH

Thermal conductivity of the wire screen matrix affects the thermal perfor-
mance of WMPSAH and the use of copper screen matrices reported to deliver
better performance as compared to brass and iron matrices [17]. Varshney
and Saini [18] have investigated the THP for WMPSAH and based on the
experimental data indicated that there exists a relationship between heat
energy transfer and friction factor values which rely to a great extent on the
wire screen geometry.

Thakur et al. [19] have conducted an experimental investigation by
decreasing the value of porosity of bed and observed that there is a con-
siderable amount of enhancement of heat energy transfer, which strongly
depends on the system specifications of WMPSAH. Interdependence between
relations has been developed for a specified range of Reynolds number and
low porosity. It has also been noticed that a decrease in porosity results in an
increase in the value of the volumetric heat transfer coefficient (hv).

Paul and Saini [20] have developed a mathematical model to ascertain
the lowest cost incurred per unit amount of energy delivered for a particular
combination of system and operating values like number of wire screens
(n), pitch to wire screen diameter ratio (pt/dw) and matrix porosity (P). The
range of system parameters as well as heat energy transfer and friction factor
correlations is according to that considered by Varshney and Saini [18]. A
software program in ‘C’ computer language has been developed to determine
optimum bed area based on energy requirements.

A mathematical model has been developed and analyzed by Mittal and
Varshney [21] to predict effective efficiency and concluded that there is an
optimum value of effective efficiency corresponding to a specific screen
matrix and it deteriorates at lower values of temperature rise parameter
because higher values of mass flow rates owes to greater friction loss and
hence more pumping power. Prasad et al. [22] have conducted an experimen-
tal investigation for eight sets of matrices having a relatively low porosity
range. It has been found that the bed having the lowest value of wire screen
matrix porosity i.e. 0.599 exhibits better thermal performance since lower
porosity value owes greater value of specific area density and higher hv

which results in a reduction of thermal energy losses from collector bed to
the surroundings.
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Aldabbagh et al. [24] have experimentally studied the thermal perfor-
mance of a single pass and double pass WMPSAH. The wire screen matrix
packed SAH has no absorber plate instead there were ten matrices in which
the last matrix acts as an absorber which consequently reduces the cost of
the system. The variation in temperature rise parameter of air and thermal
efficiency of SAH due to variation in air mass flow rate across the duct has
been analyzed for the range of values 0.012 − 0.038 kg/s. The Design of
the system is similar to that proposed by Mohammad [25] except the gap
in between the wire mesh screen which resulted in the high value of matrix
porosity.

Dhiman et al. [26] have carried out a theoretical and experimental study
over the THP of parallel as well as counter flow double pass WMPSAH.
The proposed mathematical model has been validated to the experimental
results and it has been noticed that the theoretical values are much higher
in comparison to the experimental results of parallel flow and counter flow
WMPSAH owing to the uncertainties involved in the calculation of various
heat transfer coefficients. It has been observed that the decrease in bed
porosity results in enhancement of the thermal performance of WMPSAH
because of the enhancement in heat energy transfer area and consequently
increases the volumetric heat transfer coefficient (hv).

El-khawajah et al. [28] have experimentally analyzed the performance
of DPSAH with number of fins attached by replacing the absorber plate
with wire screen matrix for counter flow configuration and reported the
maximum thermal efficiency of WMPSAH in the range of 75–85.9%. It
has been observed that there is an improvement in thermal efficiency due
to variation in gap difference between the glasses and lower gap leads to its
enhancement [29].

The thermal performance of four different arrangements of the SAH has
been carried out experimentally by Nowzari et al. [30]. Among these arrange-
ments two of the arrangements consist of analyzing the single and DPSAHs
by packing the bed with normal glazing material whereas the remaining two
configurations include testing of single and DPSAHs with wire matrix packed
bed and fractionally perforated cover in which holes made on one cover has
the center to center distance of 3 cm (10 D) and on the other cover it is 6 cm
(20D) where D is the hole diameter of 0.3 cm. The thermal efficiency of
DPSAH is found to be 5–22.7% more than the SPSAH for the same mass
flow rate.

The average efficiency of SPSAH and DPSAH with 10 D perforated cover
are 46.40% and 54.76%, respectively, for mass flow rate of 0.032 kg/s. At
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the same mass flow rate the average efficiency of single and double pass air
heaters with normal glazing is 49.36% and 51.70%, respectively. It has been
observed that the use of a wire screen matrix in place of absorber leads to
a reduction in the cost of SAH. It is also found that the maximum thermal
efficiency of the SPSAH and DPSAH with normal glazing is 55.52% and
60.18%, respectively, while the DPSAH has 60.49% and 57.60% with 10D
and 20D perforated covers, respectively.

Verma and Varshney [31] have also analyzed the effect of system specifi-
cations on THP of a WMPSAH through a mathematical model developed
in C++ for estimation of effective efficiency and it has been observed
that optimum THP of WMPSAH is obtained for a certain value of system
conditions and there exists a particular value of duct length, width and depth
corresponding to air mass flow rate and for the range of solar radiation 500–
1000 W/m2 THP is high for greater values of insolation at different airflow
rates because of the increase in heat energy capture in comparison to heat
energy loss.

The THP of single pass WMPSAH has been analyzed for low porosity
(0.599–0.729) and high porosity matrices (0.887–0.958) for similar condi-
tions (L = 1.65 m, W = 0.4 m, D = 25 mm, I = 700 W/m2 and ti = ta =
35◦C) and it has been found that the optimum THP of high porosity and low
porosity matrices is obtained for mass flow rate range from 0.015 kg/s to
0.02 kg/s and 0.007 kg/s to 0.012 kg/s respectively. It was also reported that
the maximum THP of high porosity matrices was 26% higher as compared
to low porosity matrices. Sharma et al. [32] have investigated the thermal
performance of WMPSAH and found that there exists an optimum value of
bed depth corresponding to a particular wire screen matrix.

The optimum thermal performance of a SAH depends on the latitude
angle of the location at which the solar collector is installed. The angle of
inclination of the collector is kept to trap the maximum amount of solar
energy. Generally the inclination angles for winter and summer operations are
kept ϕ+(10◦−15◦) and ϕ−(10◦−15◦) respectively, where ϕ is the latitude
of the location [67]. Thermal energy losses from the SAH can be reduced by
increasing the number of glass covers but it decreases the overall transmit-
tance absorption product (τα), so one glass cover is enough for absorber with
selective surface whereas in case of non-selective absorber surface two glass
covers are recommended. However, for solar air collectors which operate at
higher temperature use of multiple glass covers is more fruitful. Samdarshi
and Mullick [68] proposed equations for estimation of top loss of a solar
collector with the number of glazing for variable operating conditions.
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The effect of bed dimensions and gap space of SAH over the outlet
temperature of the air passing through duct by packing it with sand, granite,
and water has been analyzed by Aboul-Enein [69] and it has been observed
that the increase in length and width of SAH increases the mean temperature
of flowing air. Bicer et al. experimentally studied the thermal performance of
a novel SAH by employing copper wool on its absorber plate to enhance the
surface area of copper plate. The air mass flow rate is in the range of 0.035
to 0.044 kg/s. The results show that there is an increase in outlet temperature
by 8–14% due to packing of copper wool but it increases the pressure loss by
40%. The thermal efficiency is found as 34–83% where as THP of SAH is
obtained as 24–70% [70].

4 Discussions

Based on the available literature it has been observed that the thermal and
THP of WMPSAH depends on the design and operating conditions. The
system specifications of a WMPSAH include the number, emissivity and
orientation of glass covers, selectivity of absorber plate, thermal conductivity
of wire screen and its specifications like wire screen diameter (dw), wire
mesh pitch (pt), number of wire screen (n),the bed dimensions i.e. depth (D),
length (L) and width (W) of bed. The operating conditions which strongly
affect the overall thermal performance of WMPSAH are mass flow rate of
air through the collector passage, temperature rise parameter and to a slight
extent the insolation [46]. The variations in the value of these parameters have
a pronounced effect over the overall thermal performance of SAH.

Porosity which depends on wire screen matrix geometry has a pro-
nounced effect on the heat energy transfer and friction factor and there is
a decrease in THP of SAH as the porosity of the bed matrix decreases due
to an increase in mass flow rate of air which in turn increases the turbulence
and friction loss [16–18] so an optimum value of effective efficiency exists
for a particular wire screen matrix [21]. Moreover, by decreasing the value
of porosity of matrix, there is a considerable amount of enhancement of heat
transfer as a decrease in porosity tends to enhance the value of volumetric heat
transfer coefficient [19, 26]. The bed with minimum porosity of 0.599 gives
better thermal performance since lower porosity value has a greater value of
specific area density and volumetric heat transfer coefficient which results
in the reduction of thermal energy losses from bed to the surroundings [22].
The counter flow WMPSAH requires to be operated at lower values of mass
flow rate and greater value of bed porosity for better THP, however parallel
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Fig. 7.Effect of air mass flow rate on thermal efficiency 

However the increase in air mass flow rate does not necessarily ensure that there is an 
enhancement in actual thermal performance of SAH since after a certain value of air mass flow 
rate value there is a drop in outlet temperature of air and increment in pressure drop across the 
collector which gives rise to increase in pumping power losses [71]. This pumping power 
consumed also needs to be taken into account for estimation of effective efficiency which is also 
termed as THP of WMPSAH. It is clear from Fig. 8 that an optimum value of effective 
efficiency exists for a particular wire screen matrix for a range of values of air mass flow rate 
considered [17, 21, 31], so the enhancement in THP is for a relatively narrow mass flow range 
.Table 3 has been compiled for quick reference of mass flow rate range for optimum value of 
effective efficiency or THP of single pass WMPSAH. It is found that matrix having porosity 
0.937 yields THP of 68 % at mass flow rate 0.023 kg/s where as for the same mass flow rate 
porosity of 0.887 results THP of only 42 %. 
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Figure 7 Effect of air mass flow rate on thermal efficiency.

flow WMPSAH needs higher air mass flow rate and lower porosity for higher
THP [26].

As discussed in previous sections the best-fit line has been plotted by
considering the work carried out by different researchers [16, 17, 24, and 27]
that exhibit the variation in thermal efficiency for different range of air mass
flow rates for high porosity range of matrices having porosity more than 0.85.
The operating parameter which has a prominent impact on the overall thermal
performance of a WMPSAH is air mass flow rate and the thermal efficiency
of WMPSAH increases with an increase in the mass flow rate of air (see
Figure 7). Table 2 gives the maximum thermal efficiency value which has
been attained corresponding to a particular mass flow rate.

However the increase in air mass flow rate does not necessarily ensure that
there is an enhancement in actual thermal performance of SAH since after a
certain value of air mass flow rate value there is a drop in outlet temperature
of air and increment in pressure drop across the collector which gives rise
to increase in pumping power losses [71]. This pumping power consumed
also needs to be taken into account for estimation of effective efficiency
which is also termed as THP of WMPSAH. It is clear from Figure 8 that
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Table 2 Maximum thermal efficiency value reported by various researchers
Mass Flow Rate Thermal

P (Matrix for Maximum Thermal Efficiency
Researchers Porosity) Efficiency (kg/s) (ηth) (%)

Sharma et al. [16] 0.953 m = 0.02 51

Ahmad et al. [17] 0.968 m = 0.022 53

Aldagbagh et al. [24] (P > 0.85) m = 0.038 45.93

Chouksey and Sharma [27] 0.953 m = 0.02 47

Prasad et al. [22] 0.599 m = 0.022 68.5

Figure 8 Effect of air mass flow rate on effective efficiency.

an optimum value of effective efficiency exists for a particular wire screen
matrix for a range of values of air mass flow rate considered [17, 21, 31], so
the enhancement in THP is for a relatively narrow mass flow range. Table 3
has been compiled for quick reference of mass flow rate range for optimum
value of effective efficiency or THP of single pass WMPSAH. It is found
that matrix having porosity 0.937 yields THP of 68% at mass flow rate 0.023
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Table 3 Range of mass flow rate for optimum THP
Mass Flow Rate Effective

P (Matrix Range for Optimun THP or Efficiency
Researchers Porosity) Effective Efficiency (ηeff ) (%)

Ahmad et al. [17] 0.968 G = 0.0138−0.0252 (kg/s m2) 42.2–45.6

Mittal and Varshney [21] 0.937 m = 0.02−0.023 (kg/s) 68
0.837 42

Ramani et al. [23] 0.893 − 0.994 m = 0.0139–0.062 (kg/s) 39.1–66.8

Verma and Varshney [31] 0.716 m = 0.007–0.012 (kg/s) 50
0.905 m = 0.015–0.02 (kg/s) 76

Sharma et al. [32] 0.875–0.953 m = 0.01034–0.02068 (kg/s) 47–55

19 
 

 

Fig. 9.Effect of temperature rise parameter on thermal efficiency 

It has been observed (Fig. 10) that effective efficiency of WMPSAH decreases with the decrease 
in air temperature rise parameter, considering that for a lower value of temperature rise 
parameter i.e. for higher air mass flow rate values there are significant frictional losses and hence 
more pumping power is required to pump the air across the duct which adversely affects the THP 
of WMPSAH. Hence there is an optimum range of temperature rise parameter for which there is 
an optimum value of effective efficiency for particular bed porosity. 
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Figure 9 Effect of temperature rise parameter on thermal efficiency.

kg/s where as for the same mass flow rate porosity of 0.887 results THP of
only 42%.

Figure 9 shows a plot between the temperature rise of air through the
duct and thermal efficiency of WMPSAH for high porosity matrix (>0.9) by
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Fig. 10. Effect of temperature rise parameter on thermal and effective efficiency 

5. Conclusion 
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various investigators [16, 17, 20, 21] which clearly shows that the thermal
efficiency is higher for lower value of temperature rise parameter. As the
mass flow rate of air increases it causes a decrease in temperature rise
parameter where as at a relatively lower value of air mass flow rate there
is comparatively higher value of temperature rise parameter.

It has been observed (Figure 10) that effective efficiency of WMPSAH
decreases with the decrease in air temperature rise parameter, considering that
for a lower value of temperature rise parameter i.e. for higher air mass flow
rate values there are significant frictional losses and hence more pumping
power is required to pump the air across the duct which adversely affects
the THP of WMPSAH. Hence there is an optimum range of temperature rise
parameter for which there is an optimum value of effective efficiency for
particular bed porosity.



A Critical Review on Thermo-Hydraulic Performance 99

5 Conclusion

It is observed that the overall performance i.e. thermal and THP of WMPSAH
depends up to a great extent on the geometrical specifications of packing wire
screen matrix and the air mass flow rate. Porosity of the wire screen matrix
which depends on the wire screen diameter (dw), the number of screens (n)
and transverse pitch (pt) has a remarkable influence over the THP. The THP
parameter of solar air heater deteriorates with the reduction in porosity of
bed owing to increased turbulence and high frictional losses in the bed hence
there occurs an optimum value of effective efficiency which corresponds to
a particular wire mesh matrix corresponding to a fixed mass flow rate value.
The optimum THP for single pass WMPSAH has been reported at the air
mass flow rate range vicinity of 0.02 kg/s for high porosity matrices by
various investigators. It is found that matrix having porosity 0.937 yields THP
of 68% at mass flow rate 0.023 kg/s where as for the same mass flow rate
porosity of 0.887 results THP of only 42%.

The THP of WMPSAH decreases drastically at low values of temperature
rise specification of air as more power to pump air is required at higher
mass flow rate values. The present review of the literature carried by several
researchers suggests that the THP of WMPSAH is also governed by the
specific system size (i.e., length, depth, and width etc.) of the solar collector
at a particular value of air mass flow rate and there is an enhancement in
the thermal performance of WMPSAH by using a matrix of higher thermal
conductivity. It can be concluded that as compared to thermal energy gain the
THP of WMPSAH is more sensitive to the variations in system and operating
parameters. The overall thermal performance of the double pass WMPSAH
is higher than the single pass WMPSAH at a certain value of mass flow
rate of air. Double pass parallel flow WMPSAH configuration exhibits better
effective efficiency at lower porosity and higher mass flow rate value of air
whereas counter flow WMPSAH should run at higher porosity and lower
value of air mass flow rate for better THP.

Nomenclature

Ac collector plate area, m2

Af frontal area of collector bed, m2

Afi airflow in

Afo airflow out
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av heat transfer area per unit volume of bed, W/(m3-K)

C conversion factor

Cp specific heat of air, J/(kg-K)

D depth of bed, m

dw wire diameter of screen, m

fp friction factor in packed bed

F′ collector efficiency factor

FR collector heat removal factor referred to outlet temperature

Fo collector heat removal factor

G air mass flow rate per unit collector area, kg/(s-m2)

Go mass velocity of air, kg/(s-m2)

hb convective heat transfer coefficient between bottom insulation and
environment, W/(m2-K)

hc convection heat transfer coefficient between air and matrices, W/(m2-
K)

hv volumetric heat transfer coefficient, W/(m3-K)

hw wind heat transfer coefficient, W/(m2-K)

I intensity of solar radiation, W/m2

Jh Colburn J-factor (=StpPr2/3)

kins thermal conductivity of insulation, W/(m-K)

L length of collector bed, m

Ls air gap spacing between absorber plate and glass cover, (m)

m mass flow rate of air, kg/s

n number of layers of screens

N Number of glass covers

P Porosity

Pm Mechanical Power, W

Pr Prandtl number
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pt Transverse pitch of wire mesh

∆P pressure drop in the duct, N/m2

qu useful heat gain per unit collector area, W/m2

Q heat transfer rate, W

rh hydraulic radius, m

Rep Packed bed Reynolds number

rh hydraulic radius (=Pdw/4(1-P)), m

Stp Stanton number (=hc/(CpGo))

ta ambient temperature, ◦C

tf Average fluid temperature, ◦C

ti air inlet temperature, ◦C

to air outlet temperature, ◦C

tp temperature of packing material, ◦C

Ue side loss coefficient, W/(m2-K)

Ut top loss coefficient, W/(m2-K)

UL overall heat loss coefficient, W/(m2-K)

u velocity of air in the duct, m/s

W Width of collector bed, m

Greek symbols

ηeff effective efficiency of collector

ηth thermal efficiency of collector

εc emissivity of cover

εp emissivity of back plate

µ dynamic viscosity of fluid, N-s/m2

ρ density of air, kg/m3

τ transmissivity of cover glass

Φ Inclination angle



102 P. Verma et al.

α absorbtivity

δ Insulation thickness

Abbreviations

SAH solar air heater

WMPSAH wire screen matrix packed solar air heater

THP thermo-hydraulic performance

SPSAH single pass solar air heater

DPSAH double pass solar air heater
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