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Table 2 

Data 

A: Data correlated by Nu = (‘,Ra” [equation Cl)] 

All of present data 
Present data less two suspect points 
Present data for Ra 1 5 x 10’ 
Present data for Ra > 5 x 10’ less two suspect points 
Data of [5] plus present data less two suspect points for 

Ra > lo9 

9: Data correlated by Nu = C,Ra’ ’ [Equation (2~1 

No of 
data points 

67 
65 
39 
-17 

15 

All of present data 
Present data less two suspect points 
Present data for Ra > 5 x 10’ 
Present data for Ra > 5 x lo* less two suspect points 
Data of [5] plus present data less two suspect points for 

67 
65 
49 
41 

c2 
0.0557 
0.0556 
0.0556 
0.0555 

o.;9so 
0.9980 
0.9986 
0.9988 

Ra > lo9 15 0.0556 0.9986 

C, 

0.0527 0.336 
0.0548 0.335 
0.0492 0.339 
0.0524 0.336 

0.0487 

U.Y9X 1 
0.9980 
0.9984 
0.9988 

Suspect points of present data are at Rayleigh numbers of 1 .18 x 10’ ’ and 1.64 x 10 I ’ ; 6 is the rms deviation. r2 IS coefiicient 
of determination for best fit of correlation. 
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NOMEVCLATURE 

half-width of the two-dimensional channel ; 
nondimensional length of the channel, LID: 
length of the channel ; 
Peclet number, U,,Dla; 
inlet Reynolds number, C’,,D/v; 
suction Reynolds number, V,.!D/v ; 

T, temperature; 
II. nondimensional horizontal velocity, tilli,,; 
C’. horizontal velocity ; 
1, nondimensional vertical velocity, ViUbe; 

V, vertical velocity : 
V H1 suction velocity, equal to - v at the wall: 
Y. nondimensional horizontat length coordinate. 

X,lD; 
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X, horizontal length coordinate; 
Y, nondimensional vertical length coordinate, Y/D; 
y, vertical length coordinate. 

Greek symbols 

a, 
8, 
V, 
Y, 

thermal diffusivity ; 
nondimensional temperature, (7” - T,)/( The - T,) ; 
kinematic viscosity; 
nondimensional stream function, 

i?Y aul 
u=- and v=--; 

dV ax 
av au 

nondimensional vorticity, - - -. 
ax ay 

Subscripts 

b, bulk ; 
e, inlet, x = -2; 
0, at x=0; 
W. wall. 

INTRODUCTlON 

THE SUBJECT of laminar fluid flow in porous parallel-plate 
channels has received considerable attention over the last two 
decades. Appli~tions include transpiration cooling in gas- 
core nuclear rockets and vapor ffow in heat pipes. 

Most of the early works have been restricted to determin- 
ing the hydrodynamically-developed velocity profiles with 
uniform mass suction or injection at the walls. In these studies 
[l--4], the flow is assumed to be fully developed and similarity 
solutions are searched for from the resulting simplified 
equations. Berman [2] obtained the fully-developed velocity 
profiles for a wide range of wall Reynolds numbers for both 
suction and injection. In addition to the more or less 
parabolic-shaped fully developed velocity profile, Raithby 
[4] obtained a second kind of fully-developed velocity profile 
for cases with strong suction. This second dimensionless fully- 
developed velocity profile is characterized by the maximum 
velocity not being at the centerline, but instead skewed 
towards the wall with a reduced velocity at the centerline. 

Raithby [4] also suggested that the final f~ly-develop 
velocity profile could depend on the inlet velocity profile. 
Doughty [S] has found a class of entry velocity profiles that 
develop quite close into this second fully-developed solution. 
These entry profiles are noted by a velocity defect at the 
channel centerline. 

Raithby and Knudsen [6] solved the two-dimensional, 
elliptic equations of motion, with stream function and 
vorticity as dependent variables. They discovered that for 
strong suction, over the entire channel length, the velocity 
profile depends strongly on the inlet profile shape and, the 
hydrodynamically-developed solutions published previously 
are normally not attained nor approached by the developing 
flow. It therefore appears that for strong suction, fully- 
developed velocity profiles have little meaning and should 
not be used as a basis for further analysis. Gupta and Levy [7] 
examined the entrance region solutions by solving the two- 
dimensional boundary-layer equations. They assumed, in 
their analysis, that the inlet velocity is very largecompared to 
the suction velocity. They also concluded that the behaviour 
of the flow in a channel with uniform suction at the walls is 
highly sensitive to both the shape of the inlet velocity protile 
and the value of the suction Reynolds number. 

In this paper, three different inlet velocity profiles are used. 
The inlet velocity profile is assumed to be uniform, parabolic 
or double-parabolic. The uniform and parabolic velocity 
profiles occur quite frequently in laminar flow. The double- 
parabolic velocity profile, though somewhat unusual, can be 
obtained by inserting a thin horizontal centerplane between 
the parailel plates up to the region of interest. Similar to the 
work of Raithby and Knudsen [6], the hydrodynamic 
development of flow in a parallel-plate channel with wall 
suction is examined. The main contribution of this paper is to 

study the heat-transfer characteristics when both the velocity 
and temperature profiles are not fully developed at the inlet. 
Since fully developed flows are not normally attained, the 
validity of the previously published heat-transfer results [4] 
based on fully-developed flows becomes questionable. The 
effects of different inlet velocity profiles on the rate of heat 
transfer are examined The energy equation, including the 
axial conduction term, is solved simultaneously with the flow 
equations. Therefore, the equations in this paper are valid for 
ordinary fluids and liquid metals. 

PROBLEM FORMULATION 

The situation being considered is illustrated in Fig. 1. The 
flow through the channel is assumed to be steady, incom- 
pressible, laminar and two-dimensional. The channel has a 
width of 2D and length L + 20, and it is open at both X 
= -20 and X = I,. The average axial velocity at X = - 20 
is U,,. The first section of the channel (-2D I X < 0) is 
nonporous and thermally insulated. The rest of the channel 
(01 X IL) is porous and the walls are kept at a uniform 
temperature. In this latter section, the fluid flows symmetri- 
cally out of the channel through the upper and lower porous 
walls with a uniform velocity, V,. Conservation of mass 
requires 

U,,D = V,L. (1) 

The nonporous and insulated section of the channel allows 
the influence of the porous section to propagate upstream to 
adjust to the incoming flow, thereby avoiding the anomalous 
pressure and velocity behavior. It also allows the effects of 
heating (or cooling) at the walls downstream to penetrate 
upstream by axial conduction, which is especialy important 
for liquid metals. 

By introducing a non-dimensional stream function, vor- 
ticity and temperature as dependent variables, and using the 
following definitions, 

u V 
td=---, 

cl 
0=--, 

be u be 
x=;, yJ. 

(2) 

Q= T-Tw 

Ttre- Tw’ 
Re, = u,,D, j-Q = !!%!? 

v tl 

the governing equations for this hydrodynamic and thermal 
problem are : 

8(uG) @t&Z) 
-+~=~~+~)~ (3) ax 

d2Y i9Y 
2+--i_= -R, 

aY 
(4) 

and 

au, l?Y 

-w 
~=-----_. 

ax (6) 

Due to symmetry, only the region between the wall (Y = 0) 
and the centerline (Y = 1) is considered. 

It should be noted that the axial momentum diffusion and 
axial energy conduction terms are included in equations (3) 
and (S), respectively. To the knowledge of the writers, there 
are no numerical solutions reported on heat transfer for the 
present problem of hydrodynamic and thermal development 
of laminar flow through a porous parallel-plate channel with 
the axial conduction term included. 

Since the problem is a spatially elliptic one, the values of Y, 
Q and 6 must be specified at ail the boundaries. The boundary 
conditions for the porous section are: 

for Olxlf 
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Re,x 
y=o: yz--- 

R% 
I, Q=-$, O=O, (7a) 

(7b) 

For the nonporous and insulated section of the channel, the 
boundary conditions are: 

for -2_cX<O, 

(7d) 

At the inlet of the channel (x = -2), the velocity profile is 
assumed to be uniform, parabolic or double-parabolic. The 
temperature profile is assumed to be uniform. Hence, the 
entrance boundary conditions are : 

x= -2: Y=Y,(y), Q=Q,(L’), H= 1 (7e) 

where Y,(y) = J - 1 uniform 

= -f$ + 3~’ - 1 parabolic 

= -2~1’ + 3p2 - 1 double-parabolic 

Q,(r) = 0 uniform 

=3y-3 parabolic 

= 12p-6 double-parabolic 

At x = I, all the fluid has been extracted, and one can view x 
= I as a plane of symmetry with the flow for x > I being a 
mirror image of that for x < 1. Thus, the boundary conditions 
at exit are: 

ae 
X = f : y = 0, n = 0, -.-~ = 0. 

3.x m 

SOLUTION PROCEDURE 

Equations (3)-(6) are solved numerically subject to the 
boundary conditions given by equation (7). The numerical 
scheme used here is due to Allen and Southwell [S]. This 
scheme is similar to that introduced by Raithby and Torrance 
[9]. In [lo], the Allen-Southwell scheme was shown to have 
advantages over the other commonly used schemes such as 
the upwind-difference scheme in both accuracy and com- 
putation time. For details of the scheme used in this paper, the 

reader is referred to [S-lo]. 

The vorticity at the wall (y = 0) is given by equation (7a. c). 
Chow er al. [l l] showed that the vorticity near a wall with 
mass suction-varies exponentially as the distance away from 
the wall. The new finite-difference representation for the wall 
vorticity developed in [ll] is used here. Due to the vastly 
improved finite-difference representation for the wall vor- 
ticity, accurate results can be obtained with a relatively coarse 
grid compared to the one employed by Raithby and Knudsen 
[6]. In fact, the need for a fine grid in [6] is because the 
conventional methods for specifying the wall vorticitie\ 
introduce errors that are usually significant. 

Most of the results reported in this paper are obtained wit11 
24 and 16 grid spaces in the x and J directions, respectively 
By employing a finer grid for some of the computer runs. it IS 
judged that the results given in the next section are correct to 
within a few per cent. 

‘VI!MERIC‘41. RESl LTS Z\D DIS( IlSSlOh 

The main goal of the paper is to Investigate the etIects of 
different inlet velocity profiles on the heat-transfer rate 
Hence, it is important to check if the present results support 
the conclusions of Raithby and Knudsen [6] that the tlovv 
does not tend to become fully developed for the case of strong 
wall suction. Three different inlet velocity profiles are used 
The inlet velocity has a uniform, parabolic or double- 
parabolic profile. In Fig. 2. the velocity profiles. icing, at 
various axial locations are plotted for the case of Rr, = 300 
and Re, = 30. The bulk velocity, u,(.u). is given by 

It can be seen from Fig. 2 that the present results confirm the 
claims of Raithby and Knudsen [6]. The ranges of Rc, and 
Re, tested are 150.-600 and 15 60, respectively. For all the 
cases tested, it was observed that the flow downstream bears a 
strong resemblance to the inlet velocity profile. There is no 
tendency for the flow to develop into any of the hydrodynami- 
cally developed solutions. For the case of double-parabolic 
inlet velocity profile, one interesting observation is that the 
flow downstream tends to become more and more skewed 
towards the wall (see Fig. 2). In fact, at Y 2 0.91, the axial 
velocity near the centerline becomes negative. However, this 
kind of recirculation phenomenon seems to occur only when 
the wall suction rate is high (Rr, 2 30) and the duct length if 
fairly long (I 2 9). 

To demonstrate the importance of the inlet velocity profile 
on the heat transfer rate, the bulk temperature, &, is plotted 
vs x in Fig. 3 for different inlet velocity profiles. The bulk 
temperature is defined as, 

ImpermwMe section permeable section 

V----- ‘be D’vw 
____..-- --i 

FIG;. 1. Geometry and coordinate system. 
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i-z-J 3 3, =; 

0 04 08 12 16 0 04 08 1.2 I6 0 04 08 1.2 I6 0 04 08 12 16 20 24 

FIG. 2. Velocity profiles at various axial locations, Re, = 300, Re, = 30. 

FIG. 3. Bulk temperature for different inlet velocity profiles and Peclet numbers. 

It is not surprising that f& depends on the inlet velocity 
profiles, especially when the Peclet number is low. By 
observing Fig. 3, three points should be noted. For Pe = 30, 
in the mid-region of the channel, the bulk temperature with 
a double-parabolic velocity profile is only about 60% of 
that with a parabolic velocity profile. Hence, the usefulness 
and validity of previously published results on heat transfer 
for the present problem without considering the inlet velocity 
profile are questionable. 

The second point is, for the wide range of Peclet numbers 
tested, the bulk temperature is consistently highest for flow 
with a parabolic inlet velocity profile, followed by flow with a 
uniform inlet velocity profile, and then flow with a double- 
parabolic inlet velocity profile. The reason is evident by 
observing the velocity profiles in Fig. 2. The fluid velocity near 
the wall is highest for flow with a double-parabolic inlet 
velocity profile compared to the other two cases. Thus, for the 
double-paraboliccase, it is expected that heat transfer is more 
efficient, resulting in the lowest bulk temperature. 

The third point that can be made by observing Fig. 3 is that 
the bulk temperature at x = 0 (where heating and cooling 
begins) is not unity due to the axial heat conduction. This 
effect is particularly important for liquid metals. For ex- 
ample, for Pe = 6, 30% of the heat transfer has already 
occurred before the fluid even reaches the heating (or cooling) 
section. At low Peclet numbers, the upstream penetration of 
energy by the axial conduction is important. Neglecting the 
axial conduction term in equation (5) may lead to substantial 
errors. 
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