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Abstract

This paper presents the experimentally investigated thermal performance of a single pass solar air heater.
The effects of mass flow rate of air on the outlet temperature, Nusselt Number, Reynolds Number, Prandtl
Number, heat transfer in the thickness of the solar collector and thermal efficiency were studied. Experiments
were performed for the mass flow rates of 0.0108, 0.0145 and 0.0184 kg/s. For this effect was have created a
new correlation correspondent of solar air collector without using fins was created it was written and expressed
as Nu = κ1 × Re0.939Pr0.523 exp (1.2 × m)× h[0.0505×Pr].The maximum efficiency levels obtained for the 0.0108,
0.0145 and 0.0184 kg/s were 28.63, 39.69 and 55.69% respectively. A comparison of the results of the solar
collector without fins shows a substantial enhancement in thermal efficiency.
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1. Introduction

This paper presents an experimental analysis of a sin-
gle pass solar air collector without using fins. A com-
parison of results reveals that the thermal efficiency
of a single pass solar air collector as a function of
mass flow rate is higher with increased flow rate.
On the other hand, several configurations of absorber
plates have been designed to improve the heat trans-
fer coefficient. Increasing the absorber area or fluid
flow heat-transfer area will increase the heat transfer
to the flowing air, on the other hand, will increase
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the pressure drop in the collector, thereby increas-
ing the required power consumption to pump the air
flow crossing the collector [1, 2]. Artificial rough-
ness obstacles and baffles in various shapes and ar-
rangements were employed to increase the area of
the absorber plate. As a result, the heat transfer co-
efficient between the absorber plate and the air pass
is improved [3]. This paper reports on experimental
investigation of the thermal performance of a single
and double pass solar air heater with fins attached
and a steel wire mesh as absorber plate [4].

The flat-plate solar air heater [5–8] is considered
to be a simple device consisting of one or more glass
(or transparent) covers situated above an absorbing
plate with the air flowing over [7, 8], under [5–7]
or simultaneously over and under [9] the absorbing
plate. The conventional flat-plate solar air heater
was investigated for heat-transfer efficiency improve-
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ment by introducing free convection [10] forced con-
vection [11, 12] extended heat-transfer area [13, 14]
and increased air turbulence [15, 16]. Moreover, the
adoption of the recycle-effect concept can effectively
enhance the heat transfer rate and has been applied
in many separation processes and reactor design, as
confirmed by previous works [17–21].

The effects of the flow ratio of air mass flow rate
on the heat transfer rate, heat-transfer efficiency im-
provement, and the power consumption increment
are also delineated. The bed heights were 7 cm and
3 cm for the lower and upper channels respectively.
The predictions are done at air mass flow rates rang-
ing between 0.02 and 0.1 kg/s. The fins serve as heat
transfer augmentation features in solar air heaters,
but they increase the pressure drop in flow channels.
Results indicate that the high efficiency of the op-
timized fin improves the heat absorption and dissi-
pation potential of a solar air heater [22]. A dou-
ble flow solar air heater was designed with fins at-
tached over and under the absorbing plate. This re-
sulted in a considerable improvement in the collec-
tor efficiency of double flow solar air heaters with
fins compared to single flow operating at the same
flow rate [23]. The effect of the mass flow rate be-
tween 0.012 and 0.016 kg/s on the solar collector
with longitudinal fins as reported in [24–34]. Many
investigations on forced convective heat transfer in
smooth and roughened ducts have been reported in
the literature. Artificial roughness on the surface of
absorber plate can be provided by fixing small diam-
eter wires, ribs formed by machining process, wire
mesh or expanded metal mesh and by forming dim-
ple/protrusion shape geometry as was reported by
Bhushan and Singh [35], and Varun et al. [36]. Ex-
perimental investigations on heat transfer and fric-
tion in artificially roughened solar air heater ducts
were reported by Gupta et al. [37], Jaurker et al. [38],
Karwa [39], Karmare and Tikekar [40], Momin et
al. [41], and Saini and Saini [42]. The Nusselt num-
ber and friction factor correlations were developed
by these investigators using experimental data.

Figure 1: Composition of a solar box without fins

Figure 2: Air heater sections and locations of the measuring
parameters

2. Experimental

2.1. Description of the solar air heater considered
in this work

A schematic view of the constructed single-flow
under an absorber plate is shown in Fig. 1, and pho-
tographs of the two different absorber plates of the
collectors and a view of the absorber plate in the col-
lector box are shown in Fig. 2, respectively. In this
study, two modes of absorber plates were used. The
absorbers were made of galvanized iron sheet with
black chrome selective coating. The dimension and
plate thickness for the solar collector were 0.5 mm.
Plexiglas of 3 mm thickness was used as glazing. A
single transparent cover was used in both collectors.

Thermal losses through the collector backs are
mainly due to conduction across the insulation
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(thickness 4 cm), whereas losses caused by wind and
thermal radiation of the insulation are assumed to
negligible. After installation, the collectors were left
operating for several days under normal weather con-
ditions for weathering processes.

Thermocouples were positioned evenly, on the
top surface of the absorber plates, at identical po-
sitions along the direction of flow, for both collec-
tors. Inlet and outlet air temperatures were mea-
sured by two well insulated thermocouples. The
output from the thermo-couples was recorded in de-
grees Celsius by means of a digital thermocouple
thermometer DM6802B: measurement range -50◦C
to 1300◦C (-58◦F to 1999◦F), resolution: 1◦C or
1◦F, accuracy: ±2.2◦C or ±0.75% of reading and
Non-Contact digital infrared thermometer tempera-
ture laser gun model number: TM330: accuracy
±1.5C/±1.5%, measurement range -50◦C to 330◦C
(-58◦F to 626◦F) resolution 0.1◦C or 0.1◦F, emissiv-
ity 0.95. The ambient temperature was measured by
a digital thermometer with sensor in display LCD
CCTV-PM0143 placed in a special container behind
the collectors’ body. The total solar radiation inci-
dent on the surface of the collector was measured
with a Kipp and Zonen CMP 3 Pyran-ometer. This
meter was placed adjacent to the glazing cover, at the
same plane, facing due south. The measured vari-
ables were recorded at time intervals of 15 min and
include: insolation, inlet and outlet temperatures of
the working fluid circulating through the collectors,
ambient temperature, absorber plate temperatures at
several selected locations and air flow rates (Lutron
AM-4206M digital anemometer). All tests began at
9 AM and ended at 4 PM.

The layout of the solar air collector studied is
shown in Figs. 1, 2. Collector A served as the base-
line, with the following parameters:

• The solar collecting area was 2 m (length)×1 m
(width);

• The installation angle of the collector was 45◦

from the horizontal;

• Height of the stagnant air layer was 0.02 m;

• Thermal insulation board EPS (expanded
polystyrene board), with thermal conductivity

0.037 W/(m K), was put on the exterior surfaces
of the back and side plates, with a thickness of
40 mm.

• The absorber was of a plate absorption coeffi-
cient α = 0.95, the transparent cover transmit-
tance τ = 0.9 and absorption of the glass covers,
αg = 0.05;

• 20 positions of thermocouples connected to
plates and two thermocouples to outlet and inlet
flow Fig. 3.

3. Thermal analysis and uncertainty

3.1. Heat transfer coefficients

The convective heat transfer coefficient hw for
air flowing over the outside surface of the glass
cover depends primarily on the wind velocity Vwind.
McAdams [43] obtained the experimental result as:

hw = 5.7 + 3.8Vwind (1)

where the units of hw and Vwind are W/m2K and
m/s, respectively. An empirical equation for the loss
coefficient from the top of the solar collector to the
ambient was developed by Klein [44].The heat trans-
fer coefficient between the absorber plate and the
airstream is always low, resulting in low thermal ef-
ficiency of the solar air heater. Increasing the area of
the absorber plate shape will increase the heat trans-
ferred to the air.

3.2. Collector Thermal Efficiency

The efficiency of a solar collector is defined as the
ratio of the amount of useful heat collected to the
total amount of solar radiation striking the collector
surface during any period of time:

η =
Qu

I0 × AC
(2)

The equation for mass flow rate (m) is m = ρ × Q
where ρ is the density of air, which depends on
the air temperature, and Q is the volume flow rate,
which depends on the pressure difference at the ori-
fice as measured from the inclined tube manometer
and temperature.
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Useful heat collected for an air-type solar collector
can be expressed as:

Qu = ṁCp (Tout − Tin) (3)

where Cp is the specific heat of the air, Ac is the
area of the collector. The fractional uncertainty about
the efficiency from Eq. (3) is a function of ∆T , m, and
I0, considering Cp and Ac as constants.

With ṁ = V f · S

So, collector thermal efficiency becomes,

η = ṁCp
(Tout − Tin)

I AC
(4)

Thermal properties of air are considered to be vari-
ables according to the following expressions (Tiwari,
2002), where the fluid temperature is evaluated in
Celsius [45]:

Cp = 999.2 + 0.1434T f + 1.101 × 10−4T 2
f

−6.7581 × 10−8T 3
f

(5)

λ = 0.0244 + 0.6773 × 10−4T f (6)

µ = 0.0284 × 10−4 + 0.00105 × 10−4T f (7)

Air density is calculated assuming the fluid is an
ideal gas by the expression:

ρ = 353.44/T f (8)

where T f is the absolute air temperature.

4. Equations used for calculation

The following equations were used for calculating
the mass flow rate of air, m (Saini and Saini, 1997),
heat energy transfer, Qu, heat transfer coefficient, h
(Saini and Saini, 1997) [46].

m = Cd
[
2ρ (δp0)(
1 − β4) ]0.5

(9)

h =
Qu

Ac

(
Tp − T f

) (10)

where Tp and T f are average values of absorber
plate temperature and air temperature, respectively.
The average temperature of the plate was determined
from the temperature recorded at four different loca-
tions along the test section of the absorber plate, as
shown in Fig. 3. It was found that the temperature of
the absorber plate varies predominantly in the flow
direction only and is linear. The air temperature was
determined as an average of the temperatures mea-
sured at four central locations over the test length of
the duct along the flow direction, as shown in Fig. 3.
The Nusselt number was calculated using the follow-
ing equation:

Nu =
hDh

k
(11)

The Prandtl number is a dimensionless number ap-
proximating the ratio of momentum diffusivity (kine-
matic viscosity) and thermal diffusivity and can be
expressed:

Pr =
Cpµ

λa
(12)

5. Discussion

Fig. 4 shows the average temperature distribution
in the thickness of a solar collector, indicated the
variation of the average temperature correspondent
with the transparent cover, absorber plate, air, bot-
tom plate and exterior plate. We can be seen the
difference in Fig. 4; at the mass flow rates 0.0108,
0.0145 and 0.0184 kg/s, As discussed in the previous
chapter, conventional SAH mainly consists of panels,
insulated hot air ducts and air blowers in active sys-
tems, forming a passage for airflow. A plastic cover
is fixed above the absorber plate and the system is
thermally insulated from the back and on the sides.
The following sections will discuss the new designed
SAHs used in the experiments, the measurement de-
vices, calibration process, and the experimental pro-
cedure.

Fig. 5 illustrates the variation of temperatures of
absorber plate along the solar air heater. It may be
remarked that the temperature of an absorber plate
in general decreases along the air heater from x1 to
x2 and increases evolutions from x2 to x4 about the
mass flow rate 0.0108, 0.0145 and 0.0184 kg/s. The
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experimental results indicated by measurement data
illustrate that the maximum temperatures for an ab-
sorber plate are obtained at x1 and x3. A cause for the
reduction of temperature of the absorber plate from
x1 to x2 may be that the air takes more heat from
the absorber plate as shown in Fig.6 and to raise the
temperature of the absorber plate again means the air
loses heat or the air has insufficient time to stay and
acquire heat.

Figure 6 shows the average temperature of a so-
lar collector dependant fluid as a function of length,
from 0.388 to 1.552 m, corresponding to flat-plate
at mass flow rates 0.0108, 0.0145 and 0.0184 kg/s.
As can be seen, the evolution of the curves takes an
irregular, non-linear form; a decrease in the temper-
ature of air from x1 to x4 results in an automatic in-
crease in a regular fashion in maximum temperature
registered in x2 and x3 : (T f = 76.5, 78 and 75.5◦C)
and (T f = 74, 76 and 72.25◦C) at x = 0.776 and
1.164 m respectively. This can be explained by the
fluid taking more heat energy from the absorber plate
and bottom plate: which is working as another sur-
face of heat exchange with fluid; of x2 and x3 points
and as a function of the length of the solar collec-
tor. Increasing the mass flow rate resulted in in-
creasing the temperature of the air; this means that
bringing the fluid takes more heat from the absorber
plate and cools it. The evolution of curves corre-
sponds to mass flow rates and average temperature
T f (x1,m) < T f (x2,m) > T f (x3,m) > T f (x4,m).

5.1. Development of correlations for the Nusselt
number

Based on the experimental study, the effect of
various parameters on the Nusselt number was dis-
cussed earlier and is reproduced as follows: the Nus-
selt number increases monotonically as the Reynolds
number increases (Re).

The Nusselt number is strongly dependent on the
Prandtl number, specific heat of air (J/kg K), den-
sity, temperature of air and the operating parameter
(Re). Thus the equation for the Nusselt number can
be written as

Nu = f
(
Re, Pr, ρ, T f , h, Cp, m

)
Nu = κ1 × RenPr j exp (a × m) × h[b×Pr] (13)

Data was collected from the experimental study
for temperature of air and plate, manometer reading
across the orifice for calculating air mass flow rate
to calculate the heat transfer coefficient. The Nus-
selt number calculated using the heat transfer coeffi-
cient was plotted against the Reynolds number. Re-
gression analysis was performed to fit a straight line
through the data point, resulting in the following:

χ1 = 0.0318 (14)

Nu = χ1 × Re0.939 (15)

The constant χ1 is dependent of the parameters Pr
and m. The relative Prandtl number (Pr) is incorpo-
rated to show the effect of the Prandtl Number on the
Nusselt number. The values of Nu/

(
Re0.939

)
, respec-

tively, are plotted against the relative Prandtl number
Pr as shown in Fig. 7. Now, regression analysis was
carried out to fit a straight line through these points,
and prepared as follows:

ζ1 = 0.0543 (16)

Nu = ζ1 × Re0.939Pr0.523 (17)

The constants is the function of the remaining pa-
rameter, relative mass flow rate, this parameter is in-
corporated and the values of Nu/(Re0.939 (Pr)0.523),
respectively, are plotted against the values of m, as
shown in Fig. 8. The best fit regression results in the
following correlation for the Nusselt number:

ψ1 = 0.0531 (18)

Nu = ψ1 × Re0.939Pr0.523 exp (1.2 × m) (19)

The constant is the function of the remaining
parameter, the relative heat transfer coefficient;
this parameter is incorporated and the values of
Nu/(Re0.939(Pr)0.523exp(1.2m)) are plotted against
the values of h, as shown in Fig. 9. The best fit re-
gression results in the following correlation for the
Nusselt number:

κ1 = 0.0505 (20)
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Table 1: Constants data of the Nusselt number for solar collec-
tor, corresponding to the mass flow rates of 0.0108, 0.0145 and
0.0184 kg/s, with tilt angle β = 45◦

1 2 3 4

Nu = A × RenPr j exp (a × m) × h[b×Pr]

A 0.0318 0.0543 0.0531 0.0505
n 0.939 0 0 0
j 0.939 0.523 0 0
a 0.939 0.523 1.2 0
b 0.939 0.523 1.2 0.0505

Nu = κ1 × Re0.939Pr0.523 exp (1.2 × m) × h[0.0505×Pr]

(21)
Figure 10 is a sample figure illustrating the

Reynolds number variation of the Nusselt number for
different values of correlation. It may be remarked
from Fig. 7 that the maximum value of the Nusselt
number occurs at the entry section of the air heater,
which is mostly affected by heat transfer from the
wall and the inside circumference of the air heater.
Further, it may be concluded that the heat transfer
decreases as solar radiation increases. Increasing so-
lar radiation leads to increases in the temperature of
the absorber plate and of the near wall air and, con-
sequently, to an increase in air viscosity. This in-
crease in air viscosity affects the wall shear stress and
decreases the local Re as well, which causes an in-
crease in thermal boundary layer thickness resulting
in a decrease in the convective heat transfer coeffi-
cient. These match the findings presented in [19].
Five curves for the Nusselt number can be seen: one
experimental, other correlations as a function of the
Reynolds number, the Prandtl number, mass flow
rate and heat transfer coefficient.

Fig. 11 shows the variation of thermal efficiency
and solar intensity with air mass flow rates. The ther-
mal efficiency used to evaluate the performance of
the solar air heater was calculated; it is found from
the figure that thermal efficiency increases with in-
creasing solar intensity and mass flow rates as a func-
tion of time. The efficiencies of the flat plate collec-
tor with m = 0.0203 kg/s are higher than those of the
collector with mass flow rates less than 0.0203 kg/s
Fig. 11 shows a comparison of thermal efficiency for

Table 2: Experimental data for flat-plate, corresponding ther-
mal efficiency and solar intensity of solar collector at mass flow
rates of 0.0108 to 0.0203 kg/s, on 24 and 25/01/2012, and 01,
19 and 27/02/2012, respectively

m, kg/s I, W/m2 η, % Tout, ◦C Tin, ◦C

0.0108 733.00 28.63 48.15 23.00
0.0145 787.50 39.69 50.90 23.00
0.0161 793.00 46.98 54.05 24.10
0.0184 804.00 55.69 56.30 24.80
0.0203 823.50 63.61 58.70 25.30

the different mass flow rates of the solar collector.
The results data of each solar air heater are shown
in Table 2. It can be seen that the mean highest
thermal efficiency (η = 63.61%) at solar intensity
I = 823.50 W/m2 was obtained with air flow rate of
0.0203 kg/s 45◦ tilt angle at inlet temperature Tin =

25.30◦C and outlet temperature Tout = 58.70◦C. The
mean lowest thermal efficiency (η = 28.63%) at solar
intensity I = 733 W/m2 was obtained with an air flow
rate of 0.0108 kg/s, 45◦ tilt angle at inlet temperature
Tin = 23◦C and outlet temperature Tout = 48.15◦C.
This indicates that the experimental efficiency of the
collector increases as mass flow rates increase.

6. Conclusion

The following conclusions were drawn from ex-
perimental investigation of the solar air heater with-
out fins: the Nusselt number increases as the
Reynolds number increases. The maximum en-
hancement of the Nusselt number was found to be
56.39 at mass flow rate 0.0184 kg/s, which was bet-
ter than for 0.0108 and 0.014 kg/s. Based on the ex-
perimental values, correlations for the Nusselt num-
ber were developed. Good agreement was found be-
tween the calculated and experimental values.
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Nomenclature

αa Absorber plate absorption coefficient

αg Absorptivity of the glass covers

∆T Temperature difference, ◦C

η Collector efficiency,

κ1, ψ1, ζ1, χ1 Constants

τ Transparent cover transmittance

ε Emissivity of absorber plate

Ac Area of absorber plate surface, m2

Cp Specific heat of air, J/(kg K)

h Heat transfer coefficient, W/(m2◦C)

hw Convection heat transfer coefficient,
W/(m2K)

I Global irradiance incident on solar air
heater collector, W/m2

m Air mass flow rate, kg/s

Nu Nusselt number, -

Pr Prandtl number, -

Q Volume flow rate, m3/s

Qu Useful heat collected for an air-type
solar collector, W

Re Reynolds number, -

S Passage cross section, m2

t Time of the during day, hour

Tbp Temperature of bottom plate, ◦C

T f Temperature of absorber plate, ◦C

Tin Temperature inlet, ◦C

Tout Outlet fluid temperature, ◦C

TP Temperature of absorber plate, ◦C

V f Air velocity, m/s2

Vwind Wind velocity, m/s

xi Local direction longitudinal of points,
m
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yi Local direction of thickness panel, m

i Position of the thermocouple con-
nected of 1 to 4

Figure 3: Schematic & photographic view of the solar air col-
lector
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Figure 4: Average temperature in the thickness of a solar col-
lector versus the whole area of the solar collector plates for a
single pass solar air heater, with flow rates of 0.0108, 0.0145
and 0.0184 kg/s, for solar collectors without fins

Figure 5: Average temperature of the absorber plate in the
length of a solar collector for a single pass solar air heater, with
flow rates of 0.0108, 0.0145 and 0.0184 kg/s, for solar collec-
tors without fins

Figure 6: Average temperature of air in the rectangular channel
for a single pass solar air heater, with flow rates of 0.012, 0.014
and 0.016 kg/s, for solar collectors without fins

Figure 7: Nu/Re0.939; as a function of Prandtl number for solar
collectors with and without using fins
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Figure 8: Nu/Re0.939Pr0.523; as a function of mass flow rate for
solar collectors with and without using fins

Figure 9: Nu/
(
Re0.939Pr0.523 exp (1.2m)

)
; as a function of heat

transfer coefficient for solar collectors with and without using
fins

Figure 10: Nusselt number vs. Reynolds number

Figure 11: Outlet, inlet temperature and efficiency versus mass
flow rate for single pass solar air heater
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