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ABSTRACT

In this paper the variation of temperature field along the duct of a solar air heater is studied using specially
developed a three dimensional model .The finite volume method [FVM] is used to solve the governing
equations. The effect of different operating parameters is studied such as air mass flow rate, inlet air
temperature and duct aspect ratio [duct height/duct width] or what is known as flow depth. It is found that as
the flow depth or aspect ratio is reduced the air is more uniformly heated through the duct cross section
especially at duct exit where the air temperature becomes uniform across the duct. This shown on isothermal
contours map at different cross sections. It is also found that the bulk exit air temperature increases with
increasing the absorber plate temperature, i.e increasing the absorber plate temperature by about 60% gives
an increase in bulk air temperature by about 9.5 °C, and the bulk exit air temperature increases with reducing
air mass flow rate and flow depth, i.e. the decrease of mass flow rate by (27%) increases the bulk exit air
temperature by about 3.3804 °C, and reducing the flow depth by about 33.333% increases the bulk exit air
temperature increases about 4.45 °C). Also the local air temperature growth [temperature along duct height at
the centre line] increases with reducing the mass flow rate and flow depth. The results also show that as the
inlet air temperature increases the bulk exit air temperature increases for same mass flow rate, i.e. the increase
in inlet air temperature by about 10 °C gives an increase in the exit bulk air temperature by about 6.5 °C).

Key words: solar air heater, renewable energy, solar energy, flow depth.
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NOMENCLATURE

Symbol Description Units
A Area m’
Cu ,C.,,C_,,C,,C, Coefficients of turbulence model
Cp Specific heat at constant pressure J/kg.K
Dy, Hydraulic diameter m
G Generation source kg.m/sec®
h Convective heat transfer coefficient W/m®.°C
| Incident solar radiation W/m*
K Turbulent kinetic energy m?/sec’
L Duct length m
m Mass flow rate kg/sec
P Pressure N/m’
PP Wetted Perimeter m
T Temperature °C
T Dimensionless temperature
u Velocity in (x) direction m/sec
v Velocity in (y) direction m/sec
w Velocity in (z) direction m/sec
Pr Laminar Prandtl number
Greek Symbols

o Duct aspect ratio
€ Rate of dissipation of turbulent

Kinetic energyu
n Fluid viscosity kg/m.sec
p Fluid density kg/m®
Ok Constant ineq. 7
(A Constant in eq. 8

Subscripts

b bulk values
eff effective
in inlet section
I laminar
t turbulent




1. Introduction

Solar energy is clean, indepletable, and harmless to living organisms on the earth because the
harmful short wavelength Ultraviolet Rays are absorbed before reaching the troposphere by
stratospheric ozone layers and weakened by the air composition and moisture in the troposphere.
Solar energy energizes the atmosphere and thus generates climatic phenomena, but the balance of
energy is absorbed by molecules of the materials on the earth surface and converted in to the heat at
low temperature [1]. Many significant experiments and simulations on solar collector were
published, some aimed to reducing the cost and improvement the performance and efficiencies
improvements. Many designs were suggested such as (single and multi-pass heater, some are of the
packed type and others incorporate fins to enhance heat transfer) .

Ashish K. [2] studied theoretically the behavior of counter flow solar air heater and compared its
performance with the conventional type under different operating conditions. He found that the
counter flow heater is more efficient than the conventional type.

Hossien Assefi, et al [3] found that as the mass flow rate decreases the outlet temperature
increases while the efficiency decreases.

Molero Villar, et al [4] developed a three dimensional transient model for analyzing the
performance of a flat plate collector. Different configurations were studied such as parallel tubes
collector (PTC), serpentine tube collector (STC) and two parallel plate collectors (TPPC).

Ho-Mong Yeh, et al [5] studied theoretically the effect of external recycle on collector
efficiency in solar air heater. It was found that considerable improvement in collector efficiency is
obtainable if the operation is carried out with external recycle.

In Iraq the use of solar energy is very attractive due to its geographical locations. Iraq lies
within latitude (33° N and longitude 44° E). For sunny countries like Iraq the potential for developing
solar energy technology is great. Thus, there is clearly a need for a systematic and serious studies on
the performance and efficiency of solar energy system of various designs.

Nama S. et al [6] used sunshine duration and extraterrestrial radiation as input parameters in

four mathematical models to estimate the daily average diffuse solar radiation in various locations of
IRAQ during the period 1961-1991. It was found that the maximum value of diffuse solar radiation
occurred in summer and it is in the range 2-9 MJ/m?.day.
The aim of this work is to develop a numerical algorithm and to built a computer program to study
the local and temporal temperature of air as it flows though the heater passages. The effect of
absorber plate temperature, inlet air temperature, air mass flow rate, and passage configuration on
temperature are studied.

2. Model Description and Assumptions

The physical model studied is shown schematically in fig. (1). It shows the main parts of the collector
which are the wooden box, the absorber plate and the glass cover. The absorber plate is fabricated as an air
duct. Different duct configurations are used. The working fluid (air) is allowed to flow in the duct and
stagnant air is trapped between the cover and the absorber. Three different duct configurations will be used.
The dimension of the first configuration (square duct) is (10x10 cm). The duct aspect ratio a, height to width
ratio, is equal unity. This arrangement is the same as that employed by experimental work [7]. The aspect
ratios for the second and third configurations are (1/4), and (1/11), respectively. The duct length is (4.5) m for
all configurations. The flow field, temperature field and heat transfer to the air as it flows through the duct are
analyzed. The governing equations are the conservations of mass, energy and momentum .The following

assumptions are used in the solution of the governing equations:



Steady state conditions during each calculation step.

Incompressible, three dimensional and turbulent flow.

All thermo- physical properties of working fluid are considered independent of temperature.
Developing flow at entrance.

Negligible dissipated energy.

Negligible body forces.

Negligible buoyancy effect.

No heat generation.

Constant absorber plate (air duct walls) temperature.

O Constant bottom wall temperature which is equal to atmospheric temperature.

'—“090.\'.@9"':“.00!\’!4

3. Mathematical Formulation

The governing equations are the continuity, momentum and energy in addition to the k-¢ model proposed by
Launder and Spalding [8]. In Cartesian coordinate, the continuity, momentum, energy and turbulence

equations for steady incompressible flows can be written in the following compact form, Ibrahim [9].

Continuity Equation (Mass Conservation)
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Energy Equation

The energy equation in Cartesian coordinate (X, y,z) is written as, lbrahim [9].
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The Standard k-¢ Model:
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The generation term (G) is written as, lbrahim [9].

oY (au) (auY (ovY (ov) (v (ow) (ow)
CG=p |2 —| +|—| +|=—=| *|=—| td—| +|=—| +|—| H—
OX oy 0z OX oy 0z oX oy
2
2(@ +2 av +2(@@j+2 v aw
oz oy OX 0Z OX 0z oy
Where:
¢ ,=0.09¢0,=100¢:0,=13¢C_ =144 C =192

9)

4. Numerical solution procedure
The solution is based on the following initial and boundary conditions.

Initial conditions
The velocity and temperature profiles were assumed uniform at entrance section and the transverse velocities

variations are neglected at this section.




u(.y.z)=u,
v(0,y,2)=0

w(0,y,2)=0 (10)
TOy,2)=T,
PO,y,z)=F,

For turbulence parameters the following initial conditions are used, Ibrahim [9].
k(0,y,z)=k;, =C,uj,

} (1)
&(0,y,2)=¢;, =C,k¥?/(0.5D,C,)

Where C.and C, are constants and given the following values (C, =0.03&C, =0.003) as indicated in
Launder and Spalding [8]. Dh represents the hydrodynamic diameter, Dh =4A/PP.

Exit boundary conditions

At exit section the stream wise variation of velocity components and temperature are neglected.
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Wall boundary conditions

The following wall boundary conditions are used.
u(x,0,z) = v(x,0,2) =w(x,0,2) =0
u(x,y,0) = v(x,y,0) = w(x,y,0) =0

U(X’ y’zmax.) = V(X’y’zmax) = W(X’y’zmax) = 0

TXY0) =T Y 2)=TXY Zp)=Toy#0
T(x0,2)=T, ,0<2<Z (14)

Ins !

T(x,O,z)=%,z=O,z=zmax.

Different values for absorbing plate temperature have been used, (Tp = 80, 73, and 50 °C). It is assumed that
the bottom wall temperature equal to the air inlet temperature.

Close to the wall the viscous effects predominate over turbulent ones and the variations of the flow properties
are much steeper. Two methods for analyzing these regions are available which are the wall function method
and the low Reynolds number —modeling method. The wall function method is used in this work.

The boundary conditions for the k-& model are,



0
k(x0,z2)=—| =0
o,
0
KX Vo 2)= —| =0
Wy, (15)
k(x, y,0) = @ =0
62 z=0
X Y.2) = =0
az Z=Z gy,

The governing equations and boundary conditions are discredited using the control-finite volume method. The
numerical solution is obtained using the SIMPLE algorithm. The convective and diffusive fluxes are
approximated using the up wind scheme, which was a more judicious approximation than either a hybrid or
power-law scheme. The grids size in (X, y, and z) are (60x20x20, 60x18x29, 60x16x31) nodes for the three
duct configurations respectively. Typically, it took about 1500-2500 iterations to reach convergence.

5- Results and Discussion

The effect of the flowing parameters namely, the inlet temperature, absorber plate temperature, duct
configurations, and mass flow rate, on the studied parameters are presented and discussed.

Figs (2-a, 2-b and 2-c) show the variation air temperature growth with dimensionless height Y = y/ymax at
centre line of the duct for different positions along the duct (the first configuration) .The absorber plate
temperature is assumed to be Tp= 73 °C while the inlet air temperature is Ti, = 25, 30, and 35°C, the air mass
flow rate is 0.109 kg/s. The figs indicate that the air temperature increases with (Y) until it reaches maximum
value near the absorber plate (duct wall). The results show that the effect of inlet air temperature is to raise the
starting point of growth but the trend of growth is approximately the same, for example at duct exit and
Y=0.75 along the duct the air temperature is (38.9631, 42.5285, and 46.0717 °C) for inlet air temperature (25,
30, and 35 °C) respectively .

Figs (3-a, and 3-b), show the isothermal contours of air flow for the first duct configuration. The x-axis
represents Z = z/zyna.x While the y-axis represents the height of duct Y = y/ymax. The contours represent the
dimensionless temperature (T'), which is the ratio of local temperature to bulk temperature (Ty) .The figs
represent the results for two locations along the duct, namely x = 1.5 and 4.5 m respectively. The wall
temperature is assumed constant Tp = 73°C, and the inlet air temperature is assumed to be Ti, = 25°C. The
results are for a mass flow rate of 0.109 kg/s. The results show that the value of contour is higher than unity
near the hot wall at all cross section and decreases towards the centre and base of the duct .However there is a
closed loop (cold region) at the duct centre for the 1.5 m cross section since there is no enough time to heat
the air. Further down the duct the loop disappears and the contours become open. The minimum value of the
contours is near insulation (bottom wall).

The variation of bulk exit air temperature with inlet air temperatures for a mass flow rate of 0.109 kg/s is
shown in fig (4) .The fig shows that the bulk exit air temperature increases with inlet air temperature since the
initial temperature is higher. This result is for the first configuration.

Figs (5-a, and 5-b) show the effect of absorber plate temperature on air temperature growth along the duct
height for the first configuration at locations x = 3.0 and 4.5 m along duct respectively. The mass flow of air is
0.109 kg/s and the inlet air temperature is 25 °C. The figs show that increases the absorber plate temperature
increases the rate of temperature growth since the temperature gradient between the plate and the air increases
which increases the rate of heat transfer to the air.



Fig (6) shows the effect of absorber plate temperature on the local bulk air temperature along the duct for the
first configuration. The fig shows that the local bulk air temperature increases with the increase of absorber
plate temperature. The increase of absorber plate temperature from 50 to 80 °C produces an increase in the
bulk air temperature of 9.5 °C.

Fig (7-a) shows the effect of duct configuration on air temperature growth at duct exit. The mass flow is
maintained constant for all configurations and equal to 0.109 kg/s. It is seen that the third configuration gives
rapid temperature growth than the other two configurations since the air flows as a thin sheet between
absorber plate and the insulation, which means a shorter path of heat transfer. Fig (7-b) shows the variation of
local bulk temperature with duct length for different duct configurations. The mass flow of air is 0.109 kg/s
and constant absorber plate temperature of 73 °C. For all configurations the local bulk air temperature
increases with distance along the duct until the exit since more time is available for heat transfer. The figure
also indicates that the air in the third configuration reaches the maximum possible exit temperature at short

duct length.

Fig (8-a) illustrates the effect of duct configuration on pressure drop at a plate temperature of 73 °C and inlet
air temperature of 25 °C. It is clear that the third configuration gives higher pressure drop due to shorter flow
depth. Also the pressure drop increases with duct length. Fig (8-b) shows a comparison of the exit pressure
drop obtained in present work with the results of Baa and Adam [15]. Both figures show good agreement in
trends. The present study gives higher pressure drop due to longer duct length.

Figs (9-a, and 9-b) show the isothermal contours of air flow at duct exit for the second and third
configurations for fixed mass flow rate, 0.109 kg/s, fixed inlet air temperature 25 °C ,and constant absorber
plate temperature of 73 °C. It is clear that air is heated more uniformly in the third configuration where the
bulk air temperature is higher than the other two configurations. At Z = 0.5 and Y = 1 the value of the
dimensionless temperature T*=1.456 and 1.5239 for configuration 2, and 3 receptivity.

Fig (10) shows the effect of mass flow rate on air temperature growth at exit section. It is clear that the mass
flow rate affects the air temperature growth significantly especially at low air flow rates .These results are for
the first configuration. The plate temperature is 73 °C and the inlet air temperature is 25 °C. This is expected
since low mass flow rate means larger temperature difference for same heat transfer.

Fig (11) shows the effect of air mass flow rate on local bulk air temperature along the duct length. As
expected, as the air mass flow rate increases the local air temperature decreases. The plate temperature and the

inlet air temperature are as in fig (10).

Fig (12) illustrates the variation of the pressure drop with duct length for different mass flow rates for the first
configuration. It is shown that the pressure drop increases with mass flow rate and duct length. The conditions
are as in fig (8).

6- CONCLUSIONS

The following conclusions can be drawn from this work,

1-Narrow duct configuration [low aspect ratio] is best suited for solar air heater design.

2-The increase in inlet air temperature by about 10 °C gives increases in the bulk exit air temperature by about
6.5°C.

3-The increase in mass flow rate of air reduces the bulk exit temperature of air.

4-The increase of absorber plate temperature from 50 to 80°C gives an increase in bulk air temperature by
about 9.5°C

5-Narrow duct configuration gives larger pressure drop.
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Fig (9-b) Isothermal Contours of Air for
Configuration 3 at Duct Ex
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Fig (10) Variation of Air Temperature Along Duct
Height for Different Mass Flow Rates
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Fig (11) Variation of Local Bulk Temperature Along
the Duct for Different Mass Flow Rates
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Fig (12) Variation of Pressure Drop Along the Duct for

Different Mass Flow Rates

16



