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Abstract

The present work involves a theoretical study to

investigate the effect of mass flow rate, flow channel

depth and collector length on the system thermal

performance and pressure drop through the collec-

tor with and without porous medium. The solution

procedure is performed for flat plate collector in sin-

gle and double flow mode. The analysis of the

results at the same configuration and parameters

shows that the system thermal efficiency increases

by 10-12% in double flow mode than single flow

due to the increased of heat removal, and increase

by 8% after using porous medium in the lower

channel as a result of the increase of heat transfer

area. At the same time the pressure drop will be

increased. All collectors show improved efficiency

obtained when the collector operates at relatively

high flow rates, and at relatively low collector tem-

perature rise since the collector losses will be less in

low temperature difference.

Keywords: Single and double flow solar air heater;

porous medium; thermal performance; pressure

drop; flow channel depth

Notations

A Area of collector that absorb solar radiation, m2

Ae Area base on the perimeter of the collector

Cp Specific heat of working fluid, J/kg K

D Collector width, m

Dh Hydraulic diameter, m

f Friction factor

Fr Heat removal factor

H Collector height, m

h Convective heat transfer coefficient, W/m2 K

hr Radiation heat transfer coefficient, W/m2 K 

ha Convective heat transfer coefficient between

the glass and the ambient air, W/m2K

I Solar radiation, W/m2

k Fluid thermal conductivity, W/m K

kb Back insulation conductivity, W/m K

ke Edge insulation conductivity, W/m K

L Collector length, m

m Collector flow rate, kg/s

N Number of glass cover

Nu Nusselt number

P Pressure drop across the duct, Pa 

Qu Rate of useful energy gain, W

Re Reynolds number

Ta Ambient air temperature, K

Tc Cover temperature, K

Tf Fluid temperature, K

Ti Fluid inlet temperature, K

Tp Absorber plate surface temperature, K

Tpr Porous media temperature, K

Tbase Bottom plate temperature, K

U Overall heat loss coefficient, W/m2 K

Ub Back loss coefficient, W/m2 K

Ue Edge loss coefficient, W/m2 K

Ut Top loss coefficient, W/m2 K 

V Air velocity, m/s

W Collector width, m

xb Back insulation thickness, m

xe Edge insulation thickness, m

Greek symbols

εp Emittance of absorber plate

εc Emittance of glass cover

ρ Air density, kg/m3

σ Stephen-Boltzman constant

τ Solar transmittance of glazing

α Solar absorptance of collector plate

µ Dynamic viscosity, Pa.s

η Efficiency

Subscripts

a ambient

b back

c cover

f fluid

h hydraulic
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1. Introduction
Energy is a vital need in all aspects and due to the

increasing demand for energy coupled with its inef-

ficient consumption, the environment has been pol-

luted either directly or indirectly. To prevent this

from becoming a global disaster, it is inevitable to

strengthen efforts of energy generation and utiliza-

tion using sustainable means and progressively sub-

stituting the fossil fuels for renewable sources of

energy. The solar radiation level in Malaysia is high,

ranging from 6.6kWh/m2 in January to 6.0kWh/m2

in August, which is ideal for several solar energy

applications (Mohd et al., 1999).

Extensive investigations have been carried out

on the optimum design of conventional and modi-

fied solar air heaters, in order to search for efficient

and inexpensive designs suitable for mass produc-

tion for different practical applications. The

researchers have given their attention to the effects

of design and operational parameters, type of flow

passes, number of glazing and type of absorber flat,

corrugated or finned, on the thermal performance

of solar air heaters (Ratna et al., 1991; Ratna et al.,

1992; Choudhury et al., 1995; Karim and

Hawlader, 2004). 

Ratna et al. (1991) has presented theoretical

parametric analysis of a corrugated solar air heater

with and without cover, where they obtained the

optimum flow channel depth, for maximum heat at

lowest collector cost. Ratna et al. (1992) has found

that there exists an optimum mass flow rate corre-

sponding to an optimum flow channel depth. This

result has been concluded after conducting a study

on 10 different designs of solar air heaters.

Choudhury et al. (1995) has calculated the ratio of

the annual cost and the annual energy gain for two-

pass solar air heaters with single and double covers

above the absorber. They concluded that for short-

er duct lengths and lower air mass flow rates, the

performance of the two pass air heaters with a sin-

gle cover is most cost-effective as compared to the

other designs. 

Karim and Hawlader (2004) have performed an

experimental study on three types of solar air col-

lectors, i.e. flat plate, finned and corrugated

absorbers. They reported that the V-corrugated is

the most efficient collector and the flat plate collec-

tor is the least efficient. 

In spite of this concern on improving the per-

formance of solar air heaters, little has been pub-

lished on the effect of the air flow passage dimen-

sion on the efficiency and pressure drop and hence

the cost-effectiveness of the system. Bashria et al.,

(2004a) and Bashria et al., (2004b) presented a

developed internet based mathematical simulation

to predict the thermal performance for different

designs of solar air heaters. 

The study presented in this article uses the afore-

mentioned developed program to find the influence

of different parameters, such as mass flow rate, flow

channel depth and collector length on the system

thermal performance and pressure drop across the

collector, for flat plate collector in single and double

passes with and without using a porous media. 

2. Theoretical analysis
Figure 1 shows schematically the cross sectional

views and the thermal network of the solar air

heaters investigated in the present work. In all

types, the air heaters are composed of three plates,

i.e. the cover, the absorber and the rear or back

plate. The air flows in the upper channel depth

between the cover and the absorber plate in type

1(i.e. Single flow), but it is turned to continue flow-

ing in the lower duct between the absorber and the

rear plate in type 2, 3 (i.e. Double flow). The lower

duct has been packed with glass wool as a porous

medium of 0.80 porosity in type 3.

The following analysis is based on energy bal-

ance at various components of the collector models,

along with the different heat transfer coefficients at

their surfaces. The assumptions made are:

i) Heat transfer is steady and one dimensional

ii) The temperatures of the glass, absorber and bot-

tom plates vary only along the x-direction of the

air flow

iii) There is no leakage from the smooth flow chan-

nels

iv) The absorption of solar radiation in the cover is

neglected insofar as it affects loss from the col-

lector

v) Heat losses through the front and back of col-

lector are to the same ambient temperature

At some location a long the flow direction, the

absorbed solar energy heats up the plate to a tem-

perature Tp. 

In single pass flat plate collector energy is trans-

ferred from the plate to the ambient air at Ta

through the back loss coefficient Ub, to the fluid at a

temperatureTa through the convection heat transfer

coefficient h2, and to the bottom of the cover

through the radiation heat transfer coefficient hr.

Energy is transferred from fluid to the cover through

the convection heat transfer coefficient h1. Finally

energy is lost to the ambient air through the com-

bined convection and radiation coefficient Ut. The

steady-state energy equations yield the following

equations: 

Collector cover

h1(Tf – Tc) + hr(Tp – Tc) = Ut(Tc – Ta) (1)

Flat plate absorber

Ub(Tp – Ta) + h2(Tp – Tf) + hr(Tp – Tc) = Iτα (2)
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Fluid medium

(3)

Where

h1 = Convection heat transfer coefficient from 

fluid to cover, W/m2 K

h2 = Convection heat transfer coefficient from 

plate to fluid, W/m2 K

x = Axial coordinate along the flow direction

In double pass double duct flat plate collector

energy is transferred from the plate at TP to the

cover through the radiation heat transfer coefficient

hr1, and to the fluid in the upper duct flowing

between the glass cover and the plate at a temper-

ature Tf1 through the convection heat transfer coef-

ficient h2, and to the fluid in the lower duct flowing

between the absorber plate and the base plate at a

temperature Tf2 through the convection heat trans-

fer coefficient h3. Also energy is transferred to the

base plate through the radiation heat transfer coef-

ficient hr2. Energy is transferred from the fluid flow-

ing in the upper duct to the cover glass through the

convection heat transfer coefficient h1 and from the

fluid in the lower duct at Tf2 to the base plate

through convection heat transfer coefficient h4.

Finally energy is lost to the ambient air through the

combined convection and radiation coefficient Ut

through the cover glass. The steady-state energy

balance on the cover, the plate and the fluid in the

upper and lower ducts gives the following equa-

tions:

Bottom plate

h4(Tf2 – Tr) + hr2(Tp – Tr) = Ub(Tr – Ta) (8)

where

h3 = Convection heat transfer coefficient 

from plate to fluid in the lower duct, W/m2K 

h4 Convection heat transfer coefficient from

fluid in the lower duct to the base plate, 

W/m2 K

hr2 Radiation heat transfer coefficient from plate 

to the base plate, W/m2 K 

Tr Bottom temperature, K

For Double Pass Double Duct Flat Plate Collec-

tor with Porous Medium in the Lower Duct energy

is transferred from the plate at TP to the cover

through the radiation heat transfer coefficient hr1, to

the fluid in the upper duct through the convection

heat transfer coefficient h2, and to the fluid in the

lower duct through the convection heat transfer

coefficient h3. Energy is also transferred to the

porous media through the radiation heat transfer

coefficient hr2. Energy is transferred from the porous

media to the fluid in the lower duct through the

convective heat transfer coefficient h4. Energy is

transferred from the fluid flowing in the upper duct

at Tf1 to the cover through the convection heat

transfer coefficient h1, and from the fluid in the

lower duct at Tf2 to the base plate through convec-

tion heat transfer coefficient h5. Energy also is trans-

ferred from the porous media to the bottom plate

through the convection heat transfer coefficient

heat transfer coefficient h6. Finally energy is lost to

the ambient air through the combined convection

and radiation coefficient Ut through the cover glass.

The steady-state energy balance gives the following

equations:

Collector cover

h1(Tf1 – Tc) = hr1(Tp – Tc) = Ut(Tc – Ta) (9)

Fluid 1

(10)

Absorber

Iτα = hr1(Tp – Tc) + h2(Tp – Tf1) + h3(Tp – Tf2) 

+ hr2(Tp – Tpr) (11)

Fluid 2

(12)

Porous medium

Hr2(Tp – Tpr) + h6(Tpr – Tr) = h4(Tpr – Tf2) (13)

Bottom plate 

h5(Tf2 – Tr) + h6(Tpr – Tr) = Ub(Tr – Ta) (14)

Where

h4 = Convection heat transfer coefficient from 
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porous media to fluid in the lower duct, W/m2K 

h5 = Convection heat transfer coefficient from 

fluid in the lower duct to the base plate, 

W/m2 K

h6 = Convection heat transfer coefficient from 

porous media to the base plate, W/m2K

hr2 = Radiation heat transfer coefficient from 

plate to the base plate, W/m2 K 

The various heat transfer coefficients at different

components of the air heaters are illustrated in the

thermal network in Figure 1.

The thermal efficiency which is defined as the

ratio of the useful energy to the total incident solar

radiation is expressed by the Hottel-Whillier-Bliss

equation (Duffie and Beckman, 1991)
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(a) Type -1

(b) Type -2

(c) Type -3

Figure 1: Schematic diagram of the solar air heaters with thermal network 



(15)

2.1 Heat transfer coefficients 

The convective heat transfer coefficient to the ambi-

ent air (Mc Adams, 1954) 

ha = 5.7 + 3.8V (16)

The radiation heat transfer coefficient from the

absorber to the glass cover can be stated as Duffie

and Beckman (1991) and Ratna et al. (1992):

(17)

The convective heat transfer coefficients are cal-

culated using the following relations (Kays and

Crawford, 1980):

(18)

(19)

(20)

(21)

The overall heat transfer loss from the collector

is the summation of three separate components, the

top loss coefficient, the bottom loss coefficient, and

the edge loss coefficient. The empirical relations for

these coefficients are mentioned by Duffie and

Beckman (1991) and Al-Ajlan et al. (2003) as fol-

lows:

(22)

(23)

(24)

(25)

Where

C = 520x(1– 0.000051 β2)

f = (1+0.089 ha – 0.1166 ha εp)x(1+0.07866 N)

e = 0.43x(1 – (100/Tpm))

2.2 Pressure drop

When the air flows through the channel in the air

heater, due to friction the air pressure drops along

the length of the flow channel. This pressure drop

across the flow duct is given by the following

expression (Ratna et al., 1992):

(26)

(27)

The values of fo and y are 

fo = 24 / Re, y = 0.9 for laminar flow (Re<2550)

fo = 0.0094, y = 2.92 Re-0.15 for transitional flow

(2550<Re<104)

fo = 0.059 Re-0.2, y = 0.73 for turbulent flow (104<

Re<105)

3. Results and discussion
Numerical values of different parameters such as

outlet temperature, efficiency and the pressure drop

were computed corresponding to an ambient tem-

perature 33oC, solar radiation 500W/m2, air veloci-

ty 1.5 m/s, inlet temperature of 35oC and different

values of mass flow rate. The detailed specifications

of the data for all types of solar air heaters consid-

ered in this study are given in Table 1 overleaf.

3.1 Single pass flat plate collector (Type 1)

The computed values of the efficiency, outlet tem-

perature and pressure drop for the single pass flat

plate collector plotted against different values of

mass flow rate for two flow channel lengths are

given in Figures 2 to 4. It is shown that the efficien-

cy increased with increasing mass flow rate and that

due to the increase of heat supplied, while the out-

let temperature decreased with increasing mass flow

rate. 

It can be said that the collectors will be more effi-

cient operating at relatively high flow rates, and at

relatively low collector temperature rise. The reason

for this is that the higher the collector temperature,

the more heat will be lost out the glazing, heat lost

out the glazing reduces the heat output of the col-

lector. In addition, the efficiency decreased with

increasing the collector length from 1.5m to 2.4m

(Figures 2 and 3).

Figure 4 illustrates the variation of the pressure

drop with the mass flow rate for collector flow

length of 1.5m and 2.4m. It is shown that the pres-

sure drop is a function of mass flow rate and the col-

lector length. Pressure drop increases with increas-
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ing mass flow rate and collector length which is due

to the increase of pumping expand in the collector.

The variation in efficiency and pressure drop

with flow channel depth for different collector

lengths 2.4m and 1.5m are displayed in Figures 5

and 6 respectively at fixed mass flow rate of 0.04

kg/sec. Figure 5 indicates that at fixed mass flow

rate the efficiency is decreased with the increase of

flow channel depth, and this effect is more predom-

inant for longer flow channel and that due to

increase of the collector losses. Figure 6 illustrate

that the pressure drop increase with the decrease in

the flow depth, and this increase is more for longer

channel flow. 

The variation in outlet temperature with the flow

channel depth is displayed in Figure 7, which indi-

cates that the outlet temperature can be increased

with decreasing flow depth. 

Table 1: Specification for solar air heaters 

Collector tilt angle (degree) 10

Collector length (m) 2.4 and 1.5

Collector width (m) 1.2

Depth (m) 0.01, 0.015, 0.02 and 0.035 for type 1

Upper depth (m) 0.035 for type 2 and 3

Lower depth (m) 0.03, 0.045, 0,06 and 0.075 for type 2 and 3

Plate type Flat plate 

Absorber material Black steel, α = 0.9 and ε = 0.85 

Cover material Ordinary clear glass, τ = 0.85

Number of cover 1

Insulation material Fiber glass , k = 0.045 W/m.k 

Back insulation thickness (m) 0.05

Edge insulation thickness (m) 0.05

Porous medium Glass-wool of 0.8 porosity for type 3

Figure 4: Variation of pressure drop with mass

flow rate (type 1)

Figure 2: Variation of efficiency with mass flow

rate (type 1)

Figure 3: Variation of outlet temperature with

mass flow rate (type 1)

Figure 5: Variation of efficiency with channel

flow depth (type 1)



Figure 6: Variation of pressure drop with

channel flow depth (type 1)

3.2 Double pass flat plate collector with and

without porous media (type 2 and 3)

The variation of efficiency, outlet temperature and

pressure drop with different mass flow for type 2

and 3 are shown in Figures 8-10. With the increase

in mass flow rate the thermal efficiency of the sys-

tem increases. On the other hand the outlet tem-

perature is decreased with the increase of mass flow
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Figure 7: Variation of outlet temperature with

channel flow depth

Type- 2 Type -3 

Figure 8: Variation of efficiency with mass flow rate 

Type- 2 Type -3 

Figure 9: Variation of outlet temperature with mass flow rate 

Type- 2 Type -3

Figure 10: Variation of pressure drop with mass flow rate



rate. By comparing the values of the efficiency and

outlet temperature for type 2 and 3, it is found that

the use of porous media in type 3 increases the sys-

tem efficiency by 5-8 % and the outlet temperature

from 3-7oC. This increase cause an increase in the

pressure drop for type 3, which means increasing of

the cost of the pumping power expanded in the col-

lector as shown in Figure 10. 

The effect of lower channel depth on the pres-

sure drop, efficiency and outlet temperature for

types 2 and 3 is conducted and displayed on Fig-

ures 11-13 for fixed mass flow rate of 0.04kg/s and

two different flow channel lengths of 2.4m and

1.5m. The graphs illustrate that, with the increase of

lower channel depth the pressure drop decreased as

well as the efficiency and the outlet temperature

also decreased. 

The short channel length 1.5m has an effect on

the pressure drop and system efficiency, since it

increases the system efficiency at the same time it

decreases the pressure drop. But the outlet temper-

ature is higher while long channel length 2.4m than

the short one 1.5m. 

An analysis of the values in different Figures for

type 1-3 at the same configuration and parameters;

mass flow rate 0.04kg/s, channel length 2.4m, flow

depth 0.035m and 0.045m lower channel depth in

double flow (type 2 and 3). It is found that the sys-

tem thermal efficiency increases by 10-12% in dou-

ble flow mode type 2 than single flow type 1 and

increase by 8% after using porous media in the

lower channel type 3 than the double flow without

porous media type 2. This increase in efficiency in

double pass mode due to the increased heat

removal for two channels compared to one flow

channel in single pass operation, on the other hand

the use of porous medium increases the heat trans-

fer area which contributed to the higher efficiency.
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Type-2 Type- 3

Figure 11: Variation of pressure drop with lower channel depth 

Type -2 Type- 3

Figure 12: Variation of efficiency drop with lower channel depth 

Type -2 Type- 3

Figure 13: Variation of outlet temperature with lower channel depth



Therefore the system efficiency increases by 18%

after using porous media in the lower channel type

3 than the single flow pass type 1. At the same time

the pressure drop will be increased, due to the

increase of pumping power expand in the collector

as a result of using the porous medium. 

4. Validation
Validation and verification focus on the comparison

between the predicted output and the experimental

results for each solar air heater type. The experi-

mental results has been done by Karim and

Hawlader, (2004) for flat plate collector in single

and double pass mode, while El-Radi, (2001) has

done an experiment on the double pass flat plate

collector with porous media in the lower duct.

The output from the mathematical simulation

has been run according to same configuration and

parameters done in experimental work by Karim

and Hawlader, (2004) and Elradi, (2001). 

In Single Pass Flat Plate Collector Figure 14

shows predicted and the experimental output results

of the variation of efficiency with flow rate for flat

plate collector in single mode. The efficiency is a

function of mass flow rate hence, increasing the

mass flow rate increases efficiency. The same result

has been obtained by experimental results done by

Karim and Hawlader, (2004). The correlation

between experimental and predicted efficiencies

(R2= 99.57%, P<0.001) for single flow mode is

shown in Figure 14, where the predicted output and

the experimental results shows a close agreement

with error difference between 1% to 5%. 

For Double Pass Flat Plate Collector El-Radi

(2001) found the effect of mass flow rates on tem-

perature rise of double pass flat solar collector at

540W/m2 solar radiation and 33oC ambient tem-

perature. Under the same conditions the effect of

mass flow rates on temperature rise of double pass

flat solar collector has been predicted by the math-

ematical model. The results are given in Figure 15.

By comparing the experimental and predicted

results it is found that the temperature rise is

decreased with the increase of mass flow rate and a

close correlation has occurred between the experi-

mental and the predicted results (R2= 99.76%,

P<0.001).

Karim and Hawlader (2004) performed experi-

mental work on the double pass flat plate collector,

Figure 16 shows predicted and experimental output

results of the variation of efficiency and outlet tem-

perature with flow rate for double pass flat plate col-

lector. It is shown that the efficiency increased by

increasing the mass flow rate while the outlet tem-

perature decreased by increasing the mass flow

rate. This result is similar to that obtained by the

experimental work done by Karim and Hawlader

(2004). A good correlation (R2=99.7%, P<0.001)

and (R2=98.5%, P<0.001) has been found

between the experimental and predicted efficiencies

and outlet temperature respectively as shown in

Figure 16.

For Double Pass Flat Plate Collector with Porous

Medium complete measured experimental results

from El-Radi (2001) were chosen for comparison

with the developed program output. The experi-

mental result was measured during the determina-

tion of thermal performance of double pass solar air

collector with and without porous media. In this

project the solar incidence was varied between 400

and 620 W/m2 and the mass flow rate was varied

between 0.04 to 0.09 kg/s. The average measured

temperature distribution at solar radiation 500

W/m2 with different values of mass flow rate is

shown in Table 2 from El-Radi, (2001). 

The predicted output was calculated by using

the developed program, the entered data of solar

radiation, tilt angle, ambient and inlet temperature

40 Journal of Energy in Southern Africa  •  Vol 19 No 4  • November 2008

Figure 14: Efficiency variation with mass flow rate

Figure 15: Effect of mass flow rate on temperature

rise of double pass



and collector specification were typical to that men-

tioned in El-Radi (2001). Close agreement has been

achieved between the experimental results by El-

Radi (2001), and the predicted output as shown in

Figures 17, 18 and 19.

6. Conclusion
A mathematical simulation to predict the effect of

different parameters on system thermal perform-

ance and pressure drop, for flat plate collector in

single and double flow mode with and without

using a porous media have been conducted. It is

found that increasing the mass flow rate through the

air heaters results in higher efficiency but also it is

increased pressure drop. On the other hand

decreasing the channel flow depth results in increas-

ing the system efficiency and outlet temperature at

the same time it increased the pressure drop. 
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Figure 16: Variation of efficiency and outlet temperature 

with flow rate

Figure 17: Effect of mass flow rate on plate

temperature Figure 18: Effect of mass flow rate on outlet

temperature

Table 2: Average temperature distribution in the collector at solar radiation 500 W/m2,

Source: El-Radi (2001) 

Mass (kg/s) 0.04 0.05 0.06 0.07 0.08 0.09

T ambient 33.7 33.5 33.8 33.6 33.1 33.8

T inlet 38.68 35.28 35.55 35.02 34.64 34.12

T outlet 50.48 44.72 43.97 42.62 41.38 40.66

T plate 65.37 54.3 53.38 50.43 49.1 47.7

T fluid 44.02 39.92 42.2 38.5 37.62 36.98



The channel length also has an effect on the

thermal efficiency hence the system efficiency is

increased more for short channel length than the

long one, while the pressure drop is less than the

pressure drop in long channel length.

The double flow is more efficient than the single

flow mode due to the increased heat removal for

two channels compared to one flow channel, and

the using of porous media increase the system effi-

ciency and the outlet temperature hence the use of

porous media increases the heat transfer area. This

increment will result in the increase of the pressure

drop thus increasing the pumping power expanded

in the collector. 
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Figure 19: Effect of mass flow rate on fluid

temperature 




