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A numerical solution is described for simultaneous forced convection and radiation 
in flow between two parallel plates forming a channel. The front plate is transparent 
to thermal radiation while the back one is thermally insulated. Analyses for both 
flow and heat are presented for the case of a non-emitting 'blackened' fluid. The 
governing equations of the stream function and the temperature together with 
their boundary conditions are presented in non-dimensional expressions. The 
solution is found to depend on eight dimensionless parameters, namely the ratio 
of the height of the channel to the distance between the plates, the initial 
dimensionless temperature, the optical thickness, the absorptivities of both plates, 
the Reynolds number, the Prandtl number and the heat transfer coefficient from 
the front plate to the surroundings. The numerical solution is obtained using a 
finite-difference technique. A study has been made of the effect of the initial 
temperature of the flow at the channel inlet, the dimensionless loss coefficient 
from the front plate, the absorptivity of the back plate and the optical thickness, 
on the temperature distribution in the channel, the heat collection efficiency and 
the average temperature rise in the channel. Results showed that increasing the 
optical thickness increases the temperature of the front plate and decreases the 
temperature of the back plate. Also, increasing the optical thickness increases 
the efficiency of heat collection, which reaches its maximum asymptotic value at 
an optical thickness of about 1.5. Moreover, the location of the maximum tem- 
perature is found to depend on both the optical thickness and the dimensionless 
heat loss coefficient from the front plate. 
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Flow in ducts with combined convection and radi- 
ation is of great importance in many industrial and 
engineering applications, including high- 
temperature heat exchangers, furnaces, nuclear reac- 
tors, solar collectors and many others. Many estab- 
lished models in the literature explore the distribu- 
tions of both velocity and temperature as well as the 
heat transfer coefficient between the walls of the 
ducts and the flow. Although different shapes of duct 
are commonly used in engineering problems, most 
of the attention of researchers has been given to flow 
inside a pipe or between two plates. Both laminar 
and turbulent  flows have been considered, with 
various assumptions regarding the velocity field, the 
temperature field, the optical thickness and the radi- 
ation properties of the medium. 

Laminar flow in a pipe was studied by  Desoto 
and 1 z E d w a r d s ,  DeSoto , Pearce and Emery 3 and 
Wassel and Edwards 4, while turbulent flow inside 
pipes was investigated by  Landram et al s and Wassel 
and Edwards a. Pearce and Emery 3 assumed non-grey 
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gases with constant absorption coefficient over an 
effective bandwidth  and zero absorption coefficient 
elsewhere. Tubes with constant wall heat flux were 
considered by  Landram et al 5, Clausen and Smith 6, 
and Smith and Clausen 7, while those of specified 
wall temperature were investigated by  Wassel and 

4 1 E d w a r d s .  DeSoto and Edwards assumed tem- 
perature-dependent radiation properties. Landram et 

5 al assumed fully developed hydrodynamic and 
thermal distributions in addition to an optically 
thin gas. 

There have been many investigations of flow 
between two parallel plates. Laminar flow was 

8 assumed by  Chawla and C h e n ,  Lii and Ozisik 9, 
1 0  11 Viskanta , Balakrishnan and Edwards , Liu and 
I R  13  • 14  a115 Thorsen , C h e n  , Kurosakl , Chawla et and 

16  Greif and McEligot . Fully developed velocity 
and/or  temperature fields were assumed by  Chawla 

8 • 10  • and C h e n ,  Vlskanta , Llu and Thorsen 1~ and Greif 
and McEligot 16. A scattering medium was examined 
by Chawla and Chen 8, Lii and Ozisik 9, Chen 13 and 
Chawla et a115. 

A common feature of all these investigations 
is that they deal with the problem of radiation and 
convection interchange between a gas and a bound-  
ing wall (or walls) of specified temperature or heat 
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flux. In contrast, the work described here assumes 
one plate to be transparent, and the other plate to be 
thermally insulated from the surroundings. A 'black- 
ened' fluid that flows between the two plates will 
directly absorb the radiation transmitted through the 
transparent plate and thermally interact with both 
the bounding 1walls. The work is an extension of 
previous work " 8 on simultaneous convection and 
radiation in flow over transparent fiat plates. The 
main application of the present work is in the design 
of direct solar collectors with absorbing fluid rather 
than an absorbing plate. 

Analysis 
Consider the How between two parallel plates form- 
ing a channel at a distance b apart from each other 
as shown in Fig 1. The two plates are of infinite 
width. The back plate is thermally insulated and has 
an absorptivity ab. The front plate is thermally insu- 
lated near the top to a d is tance/ tx  from the top and 
the rest of the plate is transparent to radiation. The 
reason for including the insulated part/-I1 is to gen- 
eralise the model to make it relevant to a wide range 
of applications where the height/-Ix may be greater 
than or equal to zero. The front plate has an absorp- 
tivity af and transmissivity ~" and it is exposed to 

Insulated surface 

Y 

b - - - - o  

T ~ ®  8 
z"~ e 

o "C 

c 

g - 
- 

Solar radiation 

Fig 1 Channel flow with simultaneous convection 
and radiation 

Nomenclature 
a Absorption coefficient per unit thick- 

ness of the fluid layer, m -1 
b Distance between the front and back 

plates (see Fig 1), m 
B Dimensionless heat transfer 

coefficient between ifront plate and 
surroundings (= hb/k) 

c Specific heat of the fluid, J /kg K 
g Gravitational acceleration, m/s 2 
1~ Mass flow rate per unit area of the 

transI~arent part of the front plate, 
kg/m s 

h Heat transfer coefficient between 
front plate and surroundings, 
W/m 2 K 

/41,/-I2 Heights of the channel (see Fig 1), m 
H1,/-/2 Dimensionless heights of the chan- 

nel (normalised by distance between 
the two plates) 

k Thermal conductivity of the fluid, 
W/m K 

Pr Prandtl number of the fluid (= tzc/k) 
q" Incident radiation heat flux per unit 

area of the front plate, W/m ~ 
Qr Heat removed by the flow up to any 

distance from the channel inlet per 
unit width of the channel (see Eq 
10), W/m 

Re Reynolds number of the flow 
(= o'_r-?2/~) 

T Temperature of flow at any location, 
K 

u Longitudinal velocity, m/s  

U 

V 

X 

X 

Y 

Y 

Z 
Ot 

fl 

8 

/x 

P 

,# 

Dimensionless longitudinal velocity 
(= a~/OY) 
Normal velocity, m/s 
Coordinate along the channel (see 
Fig 1), m 
Dimensionless coordinate along the 
channel 
Coordinate normal to the channel 
(see Fig 1), m 
Dimensionless coordinate normal to 
the channel 
Dimensionless vorticity (see Eq 5) 
Plate absorptivity 
Coefficient of volumetric expansion 
per unit volume of the fluid, K -t  
Vorticity, s -t  
Heat collection efficiency (see Eq 11) 
Dimensionless temperature (see Eq 
5) 
Dynamic viscosity of the fluid, 
N s /m 2 
Density of the fluid, kg/m 3 
Transmissivity of the front plate 
steam function, kg/m s 
Dimensionless steam function (see 
Eq 5) 

Subscripts 
a v  

b 
e 

f 
i 
O0 

average 
back plate 
exit of channel 
front plate 
inlet to channel 
surroundings 
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surroundings at an average temperature Too. When 
an absorbing fluid flows between the two plates, a 
part of the solar radiation transmitted from the front 
plate is absorbed by the fluid and the rest undergoes 
absorption and reflection by the back plate. The 
radiation reflected from the back plate is attenuated 
by absorption in the fluid and as it reaches the front 
plate it is assumed to be transmitted to the surround- 
ings. Assuming two-dimensional flow with constant 
properties, the governing equations for the vorticity 
~', stream function ~b and the temperature T at steady 
state conditions are 

a . a ¢ \  a .o4A /a~ " a2~'\ 
= 0  

q,, q,, 
- - - a t  e - a ( ~ - v ) - - a r ( 1  - Orb) e -a(b+u) = 0 (2) 

C C 

1 a~b 1 a~$ 
Pax ~ P Op-~-~'=O (3) 

where the stream function ff is defined in terms of 
the velocity along the plates and normal to the plates, 
u and v respectively, as follows: 

a¢, 
ptt = - -  

Oy 

0~ 
pv = - - -  (4) 

ax 

The last term of Eq (2) represents the radiation 
absorption term. The term is derived xT'xs by using 
Beer's law for a cold grey (non-emitting) fluid layer 
of thickness b. 

Table 1 Boundary conditions for Eqs (6)-(8) 

Location Variable 

Z ~/ 8 
t 

Flow inlet Z = O  

Front plate, 
transparent 
part 
Front plate, 
insulated 
part 

Flow exit 

aqt 
- - = 0  
ax  

Z =  a2~ ~=const  ay ~ 

a2~ 
Z = - - -  ~ = c o n s t  a y  ~ 

( T, - T ~ ) k  

q"b  

= ~ , -  Be~ 
8Y 

o6 
~--~ = 0 

aZ a~ ao 
- - = 0  - - = 0  - - = 0  
ax  ax  ax  

Back plate a2#J 
(H2<Y<H~+H2) z =  ay2 q~=0 

a# 
- - = 0  
aY 

Back plate a24J a# 
( Y < ~ H 2 )  Z = - - -  ~ = 0  - - = - ~ ' a b e  -'b 

ay 2 0 Y 

The governing equations (Eqs (1)-(3)) are now 
transformed to dimensionless forms, using: 

X 
X = -  

b 

y=_Y  
b 

z = - ~  (5) 

qt 
q~= 

Cb 

( T  - T~o)k 
O= 

q"b 

The transformed dimensionless equations are 

o (zOCq a (zOCq o z\ Wj-W  =o 

0 ( 0 0 $ '  I a 0 $ \  H2 [a2o 02o\ 
Ox \ o r / - - a - Y ( e a x }  PrxRetd--~+a-Y -~) 

(6) 

1 
- r ( a b  ) ~ [e-ab(1- r) + (1 - ozb) e-ab(l+ Y)] = 0 

(7) 

a2#' 0~4' - Z  = 0  (8) 
Ox 2 a y  ~ 

The boundary conditions for Eqs (6)-(8) are given 
in Table 1, where 

B = hb /k  (9) 

The governing equations, Eqs (6)-(8), together with 
their boundary conditions may be solved by a finite- 
difference technique. A computer program similar 

19 to that reported by Gosman et al was used but with 
slight modifications to suit the present problem. A 
non-uniform grid with 20 points in the x direction 
and 15 points in the y direction was found to be 
adequate for convergence with accuracy to within 
0.0005 for the maximum residuals (between iter- 
ations) at any grid point. 

Resul ts  

At any cross-section of distance x from the channel 
entrance, the heat removed per unit width of the 
channel is given by: 

b / ,  

Qr = Jo p c u ( T -  T~) dy (10) 

In terms of the dimensionless parameters defined by 
Eqs (5) and (9) the above equation becomes: 

Q, Pr x Re [^1 
n - - x q " - -  X H z  ,o U ( O - O , ) d Y  (11) 

where 0i is the dimensionless temperature at the 
channel inlet, U is the dimensionless longitudinal 
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velocity (=O~/OY) and ~/ is the efficiency of heat 
collection. 

The average temperature of the heat-removing 
fluid at any cross-section is defined as: 

O, 
Tar = T~ -~/-TaCc (12) 

Using Eqs (5) and (11), the above equation gives: 

#av=(Tav-Too)k rl +8, (13) 
q"b = Be x Pr X 

where Ha is the dimensionless height of the trans- 
parent part (=/-[a/b). It is clear from Eqs (11) and 
(13) and from the analysis of the problem that the 
temperature distribution and the heat collection 
efficiency depend on eight parameters, namely Ha, 
Oi,. ab, ab, Be, B, as and Pr. The values assigned to 
these parameters are given in Table 2. As is shown 
in the table, four of these parameters were assigned 
fixed values and the rest were varied as indicated. 

The fixed parameters (Re, as, Ha and Pr) were 
specified to fit solar collectors, for which the present 
analysis can be adopted. A solar collector with ratio 
Ha = 200 (ratio of the collector length to the distance 
between the front and back plates) is chosen. The 
flow Reynolds number was fixed at Be = 100, which 
in practice is the order of magnitude of Be in such 

Table 2 Values of parameters used 

Parameter Value Parameter Value 

Re 100 ab 0.001,0.5, 2 
af 0.1 c~b 0.5, 0.8 
H2 200 0i 0, 0.75 
Pr 7 B 0.1,1 

Table 3 Values of various parameters assigned 
to computer runs* 

Run O~ B (9/b ab 
n o ,  

1 0 0.1 0.5 0.001 
0.5 
2.0 

2 0 0.1 0.8 0.001 
0.5 
2.0 

3 0.75 0.1 0.8 0.001 
0.5 
2.0 

4 0 1.0 0.8 0.001 
0.5 
2.0 

5 0.75 1.0 0.8 0.001 
0.5 
2.0 

* Va lues  of  o the r  pa ramete rs  are kept  as ind ica ted in Table 2 

an application. The value of Pr was taken as 7 (ie 
water is used as the working fluid) and the value of 
as was fixed at 0.1 (the value expected for the type 
of glass normally used for solar collectors). The vari- 
able parameters--0, B, ab and ab - -were  specified to 
take the following ranges. The dimensionless tem- 
perature at the channel inlet took the value of 0 or 
0.75 representing flow at ambient temperature and 
above atmospheric temperature by an amount of 
0.75q"b/k respectively. The dimensionless heat 
transfer coefficient between the front plate and sur- 
roundings, B, was assigned the values of 0.1 and 1.0, 
which represent surroundings with still air and high 
wind velocity, respectively. Values of 0.5 and 0.8 
were assigned for ab, representing respectively a 
moderate and a high absorptivity for the back plate. 
The optical length was assigned values of 0.001, 0.5 
and 2 to cover optically thin to optically thick layers. 
Table 3 summarises the values of the variable para- 
meters as used in the computer runs. 

Discussion 

The temperature distributions for optical thicknesses 
0.001 and 2 are given in Fig 2 for runs 1, 2 and 4. 
The changes in the temperature distribution for runs 
3 and 5 (where 0i is high) are trivial and cannot be 
shown graphically. This indicates that most of the 
incident radiation is lost to the surroundings. In each 
run of those plotted in Fig 2, the temperature distri- 
butions are given at two stations in the channel, 
namely at X = 110.9 (marked I) and X = 200 (marked 
II). Generally, the temperature at the back plate 
increases with a decrease in optical thickness, 
because decreasing the optical thickness allows more 
absorption to occur at the back plate and hence 
increases its temperature. Conversely, the tem- 
perature of the front plate increases with an increase 
in optical thickness. The location of the maximum 
temperature in the channel depends on both the 
optical thickness, ab, and the dimensionless heat 
transfer coefficient from the outer side of the trans- 
parent plate and surroundings, B. At small optical 
thickness the maximum temperature is to be found 
at the back plate. However,  if the optical thickness 
is increased, the maximum temperature moves from 

Run No I 
0.5 

I ""-< 
I I I I • 

o 
Y 

Run No 2 

V I I I I"  
o 

Y 

Run No 4 

\ 

i '\ ,, 

I I I I I  

0 t 
Y 

Fig  2 Temperature distribution at ab = 0.001(---)  
and ab = 2 (  ) at two stations: (I) at X = 110.9 and 
(II) at X = 200 (data are plot ted for runs 1, 2 and 4) 
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Fig. 3 Variation o f  the heat collection et~ciency at 
channel exit, ~e, with optical thickness ab (data are 
plotted for runs 1--5) 

the back plate, either staying in the fluid or moving 
to the front plate, depending on the value of B. For 
example, at high optical thickness, the maximum 
temperature is located in the fluid far from the back 
plate and moves closer to or even reaches the front 
plate as B decreases. 

The variation with optical thickness of the 
efficiency of heat collection at the channel exit is 
plotted in Fig 3. The figure shows the efficiency 
increases with an increase in optical thickness until 
it reaches its asymptotic value. The dependence of 
the asymptotic value of r;e on the optical thickness 
ab varies with the parameters 0~, B and ab. However,  
although a value of 1.5 for the optical thickness is 
necessary to bring the efficiency to its asymptotic 
value under all conditions, a value of 0.5 is satisfac- 
tory for the runs having ab = 0.8 (a small value of ab 
means that a large absorption coefficient is needed 
to get a high percentage of useful heat gain). 

Fig 4 illustrates the change in efficiency with 
the distance along the channel for optical thicknesses 
of 0.001, 0.5 and 2. The efficiency is independent  of 
the distance along the channel except under one of 
the following circumstances: (a) a high value of B 
and a small value of O~; 17 decreases with increase in 
X (run 4); or (b) high values of B and 0i; 77 increases 
with increase in X (run 5). The worst efficiency of 
the channel (less than 40%) is obtained at a high 
value of B combined with a high value of 0i. Reason- 
ably good efficiency (above 80%) may be obtained 
under one of the following conditions: (a) low B 
with high ab; (b) low 0i with high B; or (c) large 
optical thickness, except for the combination high B 
with high 0i. 

The variation of the dimensionless tem- 
perature rise between channel inlet and exit, (0~.e- 
0~), with optical thickness is illustrated in Fig 5 for 
runs 1 to 5. Very small values of (0 .... -Oi) are obtained 
when 0i is high (runs 3 and 5). Increasing the optical 
thickness causes an increase in (0 .... -0~) until it 
reaches its asymptotic value. The value of ab at 
which (0 .... -0i) reaches its asymptotic value varies 
from 0.5 at a large value of ab to 1.5 at a small value 
of ab. This can be interpreted in the same way as for 
the efficiency. Large values of (0 .... -0~) are obtained 
at low values of 0i, and (0 .... -0i) may be further 
increased by decreasing B. 

The variation of (0~-0~) with the distance 
along the channel is depicted in Fig'& Large values 

J 
B 

I i i 

, , -2  

ob = 0 . 0 0 1  
i 

f 

I 

5 
I 

ob = 0 .5  
I 

ob = 2 
I I I 

0 5 0  I 0 0  '150 200 

X 
Fig 4 Variation o f  the heat collection e~ciency 
with distance along the channel (data are plotted for 
runs 1--5) 

0.4 I I ' ' ' ' 

3.5 

I I I [ I I I I 

0 I 2 
ab 

Fig 5 Variation o f  the dimensionless temperature 
rise between channel inlet and exit with optical thick- 
ness (data are plotted for runs 1--5) 

of 0i cause small variations of (Oav-0i) to occur 
through the channel. At small values of 0~, the values 
of (0av-Oi) generally increase with X. Values of (Oav-Oi) 
are further increased by either increasing Orb or 
decreasing B. 
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Conclusions 

I n c r e a s i n g  the  op t i ca l  t h i c k n e s s  causes :  
• an  i nc r ea se  in  the  t e m p e r a t u r e  of the  f ron t  p la te ;  
• a dec rease  in  the  t e m p e r a t u r e  of the  b a c k  p la te ;  
• an  i m p r o v e m e n t  in  the  e f f ic iency  of hea t  co l l ec t i on ,  

a n d  
• an  inc rease  in  the  average  t e m p e r a t u r e  r ise  in  the  

c h a n n e l .  

A l t h o u g h  a va lue  of ab = 1.5 a p p e a r e d  to be  n e c e s s a r y  
for b o t h  the  hea t  c o l l e c t i o n  ef f ic iency  a n d  the  
d i m e n s i o n l e s s  average  t e m p e r a t u r e  r ise  i n  the  c h a n -  
ne l  to reach  the i r  a s y m p t o t i c  va lues ,  a v a l u e  of 0.5 
is sa t i s fac tory  at large va lues  of ab.  

A r e a s o n a b l y  good  ef f ic iency  ( > 8 0 % )  can  be  o b t a i n e d  
at: 
• l ow va lues  of B b u t  h i g h  va lues  of ab ;  
• h i g h  va lues  of B b u t  l ow  v a l u e s  of 0i, or 
• large va lues  of ab (ab > 1.5). 

T h e  average  t e m p e r a t u r e  r ise  i n  the  c h a n n e l  is 
i n c r e a s e d  by:  

• d e c r e a s i n g  the  v a l u e  of Oi, or 
• d e c r e a s i n g  the  v a l u e  of B. 

T h e  l o c a t i o n  of the  m a x i m u m  t e m p e r a t u r e  in  the  
f low d e p e n d s  on  b o t h  ab a n d  B. T h e  l o c a t i o n  is 
m o v e d  c loser  to the  f ron t  p la te  b y  i n c r e a s i n g  ab 
a n d / o r  d e c r e a s i n g  B a n d  it is m o v e d  t o w a r d s  the  
back  p la te  b y  d e c r e a s i n g  ab a n d / o r  i n c r e a s i n g  B. 
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