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ABSTRACT - In the present paper, a2 simple mathematical model Thas
been develcped for +the natural convection flow, in the
channel-type solar air heater. This type of "ed?ers can be used
in a passive solar ventilation system by connecting it from +the
bottom to the space to be ventilated. The cross-secticnally
averaged values of the flow velocity, fLemperature and pressure
are used in the derivation of the governing equaticns. These

egquations are numerically solved with thermal_boundary conditions
similar to that of an actuwal system, and wusing appropriate
dimensionless groups. A comparison between the temperature
variations predicted from this model, and that recorded on a
typical system is given in graphical form.

Introduction

The problem of natural convection flow betwsen two parallel
flat plates has been investigated by many researchers. This
problem is subjected +to both experimental study (1-3]7, and
theoretical analysis [4,5). However, there are several parameters
that affect the free convection flow between two parallel plates.
The effect of spacing between plates {(or the aspect ratiol has
taken a great interest in the malority of reported data. The
influence of channel inclination angle is alse¢ investizated [31.
The problem has been studied feor a wide range of Prardtl, Grashof
numbers, and thermal boundary conditions. Outdcocor experimental
data on a solar air heater are also avallable [6].
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- The classical way to deal with the problem theoretically:
namely the solution of continuity. momentum and energy equations
in two dimensional form has been followed by most investigators.
However, the methed of solution and the selecticon of inherent
thermal boundary conditions differ from one to another. The
simplifying assumptions depend to some extent on the specific
field of application. However, it is more convenience for the
solar energy =system designer to deal with easier models, even if
some approximations are involved. This is because of the largs
number of design and operating parameters that exist in any solar
energy system degign proc¢edure.

Theoretical model

This i3 a problem of free convection flow between two inclined
parallel plates, the upper is uniformly heated and the other 1is
insulated. Thé assumptions made in this flow situation are that
the flow is laminar. steady, and fully developed. The medel is
alse hased on the Boussinesg approximation, in which the fluid
properties are considered constant except for the body force
term. The following linear variation of the air density p. with
temperature T, is considered,

p=p°[l—ﬁ(T—To)l

Where # is the coefiicient of thermal expansion of the air.
and e, is the air density at a reference temperature To.

Referring to the geomefry and coordinate system sketched in
Fig. 1, the control volume at a distance x from the channel inlet
15 considered. The control wvolume has a length dx, width D and a
unit breadth. The continuity equation at ¥, can be writtan in
differential form as,

P dx T dx o (1}
where u is the mean velocity of air at x.

and g 1is the air density at this section.

The momentum equation for the control wvolume is given by,

du _ _ o do b -
c by ax - |3} ax + o g D sin @ 2 7,

where ¢ is the channel tilt angle,
p 15 the pressure,
and Tuis the wall shear stress.

The ferm on the LHS of the above equation represents the ipertia
force, while those on the RHS are the pressure. gravity and
frictional forces respectively.

Results of previous investigations of the closed and open natural
convecrion loops indicate that the wall shear sgtress <¢an be
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expressed as (8].

L u2 f /8

where the friction factor £ = 24 / Re

The characteristic length in the above Reynolds number Re, is the

channel length.
Substituting for T, the momentum eguation will be reduced to,

du _ _ 14dp

. 2
u 33 > ax +gsing — 6 v u (D/1) /D (23
. where v is the kinematic viscosity of air.
and 1 is the channel length.
The pressure variation in the transverse direction is assumed to
be zero.

If the wviscous dissipation and heat conduction in the axial
direction are assumed negligible. compared to the thermal
convection, the energy egquation becomes,

dT

CppDudx

= h (Tp - T {3)

where Cp is the air specific heat at constant pressure,

TD is the absorber plate temperature.

and h is the film heat transfer coefficient.
Correlations for h are avallable {9]. but the plate temperaturse
in the above equation introduces some complications.

However. the use of solar collector analysis was rfound more
helpful in the solution procedure. Referring to the energy
balance equation of the solar air heater [10]). the heat gain per
unit collector area is FR[q—UL(T - Ta}]. Therefore, the energy

equation for the given control wvolume can be written as,
aT - -
Cp o D1 A FR l g UL(T TQ) | (4)

where FRis the collector heat removal factor.
UL is the collector overall heat loss coefficient,
and T; is the ambient air temperature.

The velocities and temperatures appearing in the above equations
are cross-sectionally averaged values.
The following dimensiconless quantities are often used

- B = D_u_

X D Gr Y v Gr
(T - T ) k (p - p ) D*
O = e ___ = 2 .
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where, g is the constant heat flux absorbed by the upper plate.
Equations 1, 2 and 4 can be converted to the following dimension-
less forms

Dep2q '

Qv _ el T yde g (5)
dx Pk dX
e u¥.,5 (o /o) sing - 6 (D/1) U (6)
ax ax °
P. g
_g__UQQ =q-UlgDé/k - (T - T)) (7)

R d¥

To sclve these three equations, a set of boundary conditions must
be gpecified

for X =0 e =0, U= Uo and P =~ 0

for X = L P =20

where L is the channel dimensionless length = 1/(D Gr)

The air enters the channel at a temperature TL, with a uniform
velocity UO. In free convection problems, the inlet velocity UQ

ig not known, and must be determined as a part of the solution
process. The forward marching, implicit finite difference mechod
with iteration was used to solve these equations. If L 15 divided
into N equal differential segments aX. the corresponding finite
difference equations will be

Der?q
Ui.¢1.= UL * __E_}_{_—_ Ul. (6L+1ﬁ ei.} (8
P =P -U (U - U ) v+ AX & (g fe) Sin ¢ - 6 (D/V) U {9)
L+t - L 1 L+ R 1 LS o 1
Pr g - _ _
vﬁn vie -8 {q UL{q D Gl/k - (Ta T1)] } aXx (10)

with the following boundary conditions

g =0 . U = UL and P =P -0

1 i

The solution is obtained by first selecting a wvalue of Uo. Then

by means of a marching procedure, the variables U, & and P for



Mansoura Engineering Journal (MEJ).Vol.18,.No.3,.5ept.1993 M. 5

ecach step beginning at step i+l are obtained using the wvalues at
the previcus step 1. The procedure is continued until the
pressure P returns tec zero {(or just positive) at the end of the
channel.

Results and Discussion

In order to sclve the above eguations, the invoived design
and coperating parameters should be predetermined. Howewver, the
following values are chosen for a typical real system [(7):

.UL=6W/m2 F o= 0.7
¢ = 30° D=0.0lm

The air properties { k, » and Pr ) are taken at 40°C, which is an
average temperature for a typical solar air heater. The solution
is obtained for N = 321, which is a good compromiss hetween the
computation time and accuracy of results.

Results are obtained for Gr = 16200 and 32400. corresponding

to solar radiation intensities H = 400 and 800 W/m’ respecitaively.
It is to be noted that g = (av) H. where (ar} is the effective
transmissivity-abscrptivity product of the seolar air heater and
is assumed to be 0.8. The air velocity, temperature and pressure
ars plotted in Fig. 2 in dimensioniess forms against X/L, for the
twe values of Grashotf number. It i1s clear that 4§ and @ increaszes
linearly with X, while P decreases to a minimum wvalue at about
X/L = 0.5, and then 1ncreages to zero again at X/L= L. Since the
values of P and Pmm are negative. PXPmm iz positive. It is

clear that U decreases markedly with Grashof number. bput P has
almost no effect with it. The variatien of 9 with Grashof numbsr
13 very small as shown in Fig. 2. The effect of channel aspect
ratio L/D., on the air flow rate and maximum dimensionless
temperature {at X/L = 1) is displayed in T1g.2. As expected. borth
values increase with aspect ratio.

Theoretical results obtained from this mode! has been
cempared with the experimental data collected by the writer and
others (7]. All rthe system dimensions and actual meteoroilogical
conditions during the experiments are employed in the model. The
golar radiation intensity on the tilted collector plane. and the
ambient air temperature for one experiment are shown in Fig. 4.
These data are used to predict the air temperature through the
channel. Figure 3, shows a comparison between the predicted and
measured ailr temperature variatiens with time at =x=0, 0.5 and
1 m. Bs expecrted. the predicted temperaturs is rather lower than
the measured.specially at lower wvalues of ». This is because sach
predicted temperature is an average value over the cross section,
while the measurements are performed at the channel cenkre line.
Besides. at smaller wvalues of x, the flow may be still
developing., with more transverse variation of temperature. The
air remperature distribution in the flow direction at different
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hours is given in Fig. 6. The same trend is observed for both the
theoretical and experimental data. However. the agreement between
beth results may be improved by using more accurate design
parameters, that are experimentally predetermined.

Conclusions

A simple mathematical model has been developed for the
natural convection flow., in the channel-type solar air heater
that ¢an be used in a pagsive solar ventilation system. The
governing equations are npumerically 8olved by the forward -
marching finite difference method. assuming thermal boundary
conditions which are similar to that of an actual system. The
variations of the dimensicnless forms of air velocity.
temperature and pressure with the dimensionless distance from the
channel bottom., at different wvalues of Grashof number are
opbtained. The theoretical results obtained from this model have
been compared with the experimental data collected on a typical
system. The thecretical results have shown little underestimation
with respect to the measured data. A satisfactery agreement wouid
be obtained. if the involved design parameters are accurate., or
experimentally evaluated. However, the simplicity of this model
is encouraging to recommend it for ~guick and approximate
evaluation of the solar passive ventilation in an actual system.

Nomenclature

Speciric heat of air at constant pressure, J/kg K.

0

Spacing between plates, m.
Collector heat removal factor.

w

Total solar radiation intensity on a tilted plane, W/mz.
Friction coefficient.
Grashof number.

- . . - z
Gravitational acceleration. m/3s .

Film heat transfer coefficient. W/an.
Ajir thermal conductivity, Ws/m K.
Channel dimensionless length.

Channel length, m.

R T WO QH-I o0

Pressure, N/m".
Dimensionless pressure.
Prandtl number.

Heat flux, W/m".

Reynolds number.

Air temperature, K.

Dimensionless velogity.,

Effective transmissivity-absorptivity product.
Coefficient of thermal expansion of air, K'.
Dimensiconless temperature.

o o

L

2 Do
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¢ Channel tilt angle. degrees.

1

Kipematic wviscogity. m/s.
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