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Abstract-A numerical study is described of the transient laminar two dimentional motion of a fluid 
between two heated vertical plates, the motion being generated by a temperature gradient perpendicular 
to the direction of the body force. of particular interest is the development of the flow at the entrance 
region. The results show that, starting from initially still conditions, the velocity builds up at each plate 
forming two boundary layers which coalesce into one as the fluid moves up between the plates. 

For small time the inlet velocity profile at the entrance to the channel has a local minimum on the 
channel axis and a pair of symmetrically placed maxima on either side of it. However. for small Grashof 
numbers this entrance profile changes to one with a maximum on the center line for more advanced 
times. For larger Grashof numbers the entrance profile always has a pair of maxima which develops into 
a “normal type distribution” as the fluid proceeds up the channel. In all cases both vertical boundaries 
are at the same constant temperature. Heat transfer characteristics are calculated in terms of the Nusselt 
number. 

Typical temperature and velocity distributions are-given for Grashof numbers of 100 and 10000: in 
both cases the Prandtl number is 0.73. Various nurne~c~ technique are discussed for solving the energy 

and vorticity equations. 

NOMENCLATUEiE 

a, average surface conductance, equa- 
tion (28); 

A, B, a, b, constants in the non-linear trans- 
formation. equation (9); 
specific heat ; 
half separation of the vertical walls ; 
average heat transfer coefficient ; 
heat added to fluid ; 
thermal conductivity ; 
defined in equations (18) and (19); 
height of channel = w2d; 
define the entrance size, as shown 
in Fig. 1, as multiples of the channel 
width 2d ; 
pressure ; 
heat flow per unit width of cavity; 
time; 

ambient temperature; 
wall temperature ; 
temperature along exit boundary 
BC (see Fig. 1); 
velocity components in x and y 
directions respectively; 
ratio of channel height to channel 
width ; 
Cartesian coordinate system de- 
fined in Fig. 1; 
linear normalized coordinate sys- 
tem ; 
non-linear coordinate system, equa- 
tion (9); 
Nusselt number, ad/k; 
Nusselt number h,,,2d/k; 
Grashof number g/3 (T, - To) 

(2d)3/vZ ; 

Prandtl number PC/k; 
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cc thermal diffusivity ; 

P- coefftcient of cubical expansion ; 

P$ density ; 

P- dynamic viscosity ; 

;, 

kinematic viscosity ; 
stream function ; 

r, vorticity. 

All normahzed values are indicated by a bar (B) 
and are defined in equation (13). 

NATURAL convection between two vertical plates 
has been described by Bodoia and Osterle [l] 
and Dyer and Fowler [2]. In both cases the 
flow was assumed to be steady state and the 
inlet velocity distribution was assumed to be 
either of a constant magnitude or had a para- 
bolic distribution. Natural convection in a 
rectangular enclosed cavity has been more 
extensively investigated (e.g. [3-&j). The form 
of the equations described in [6] are used here 
and except for the method of determining the 
vorticity at the wall, the same procedure has 
been used. 

THEORY 

At time t < 0 the vertical plates are assumed 
to he at ambient temperature T, and the fluid is 
still. For time t 2 0 the temperature of the 
vertical walls at y = + d is suddenly raised to a 
constant temperature l;r It is assumed that 
(T, - To) is su~~iently small that the Boussinesq 
approximation can be made. This neglects 
density variation in the inertial terms of the 
equations of motion but retains it in the buoy- 
ancy term of the vertical equation. It is also 
assumed that all over relevant thermodynamic 
and transport properties are independent of 
temperature and that compressibility and dissi- 
pation effects can be neglected. 

The basic equations of transient Iaminar free 
convection are the Navier-Stokes equations 

au au au 1 ap 
;I;+Ua;+vay=---~ 

the continuity equation 

au+!?_, 
ax ay 

and the energy equation 

(1) 

(2) 

(31 

(4) 

The vorticity equation is derived by combining 
equations (1) and (2) to remove the pressure 
term and simplifying by using equation (3) to 
obtain 

the stream function equation 

the velocity equation 

(6) 

(7) 

The continuity equation is automatically satis- 
fied by equation (7). 

These equations are solved for the flow 
through a vertical channel as shown in Fig. 1 
and, because information is lacking about the 
velocity and vorticity at the entrance AD, for 
the inflow region as well. At some distance from 
the entrance, assumptions are made about the 
velocity distribution. At a distance in the hori- 
zontal direction equal to ) m times the gap 
between the vertical plates the u and r velocity 
components were made equal to zero. At 
a distance downwards in the vertical direc- 
tion equal to n times the plate height the 
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FIG. 1. Physical system showing coordinate system and 
dimensional details. 

velocity distribution was assumed to be fully 
developed such that au/& was equal to zero 
at the line GF. This also states that u = 0 here. 
Although St. Venant’s principle is often invoked 
in solid mechanics the same principle can be 
used in fluid mechanics. If these artificial boun- 
daries are suficiently far away, the velocity 
distribution at the entrance AD is not affected, 
hence, the coloration is essentially a stepped 
channel. It was necessary to carry out numerical 
experiments to ascertain that these artificial 
barriers are sutlicientiy far away from the 
entrance to have very little effect. 

NORMALIZATION 

The spatial normalization is carried out in 
two stages. Firstly, a linear transformation 
given by 

x = 2wndZ; y=2rn@ 

and thus when 
x=0,%=0; y=o,j=o 

x =2w$,X = l/n: y = * ii, y = _+ & (8) 

x = -2wnd,Z= -1; y = + 2md,J= &I. 

The second transformation squeezes the 
coordinates so that the grid iines in the physical 
system are closer together at the origin of 
coordinates. The equations are 

a=AJP+(l-A)X 

F = BP + (1 -B)Y. (9) 

The indices a and b cause the squeeze effect 
whilst the second term involving the constants 
A and B are introduced to avoid a singularity 
in the derivatives at the origin. From 

a 1 a -= a2 AQF-1 +(I -~~'52 w 

it can he seen that when x = 0 a singularity 
would occur if A = 1. Moreover, a non-zero 
value for A can be chosen so that the boundaries 
of the vertical channel are at a suitable distance 
from the origin. After some numerical experi- 
ments the following values were selected. The 
indices a and b were chosen to be 5. The con- 
stants A and B were calculated so that 

w = + f when f= + l/n. (11) 

When m and n are both equal to 30 the values 
of A and B, using equations (9). are 09956 and 
0937, respectively. The other limits of the x and 
Y values are 

%=0,X=0; x=-1,X=-l 

jY=o, 8=0; y = f 1, P = & 1. (12) 

It is noted that for X and P to have the correct 
signed values the indices a and b must he odd. 

With the values of a, b, m and n as selected 
above, the distance to the artificial boundaries 
are as shown in Fig 2. These distances are also 
given as multiples of d half the channel width. 
Some typical values showing the relation be- 
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becomes much coarser where velocity changes 
are much smaller. 

The equations are normalized as follows 

Gr = g@(T, - XJ(Zd)W 

Pr = ,uC,/k 

T= (T, - T,)T+ T, 

/ t I 

/ 
I 
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FIG. 2. Normalized coordinate systems. 

tween the values of the non-linear variables x 
and P and the physical dimensions, given as 
multiples of d, are shown in Table 1. 

The equations are expressed in the X-P co- 
ordinate system and programmed using finite- 
difference techniques using constant values of 
AX and AP (not necessarily the same). Table 1 
clearly illustrates that, at the origin, a finer 
mesh in the physical plane is used. At increasing 
distances from the origin the physical mesh 

t LW t 
=I--- 

11, = ip; 

I- = T(v/4d2). 
The equations in dimensionless form are 

(13) 

v21J = - f (16) 
u_ 1 .a$. 1 a+ 

- lu,‘@ 
P= -r;‘ax (17) 

5 

where 

K, = w+IaX”- 1 -t- (1 - A)] (18) 

K, = m[BbPb-’ + (1 - B)] (19 

W~A~(U - i)2? a 
f&i 'ax (201 1 

mBb(b - l)YbV2 a 
4 1 'ST . 

Table 1. Relation between ~or~~liz~ values x and y and the ratios x/d und y/d&r chosen uatues of a = 5, b = 5, m = 30 
nndn=30 

fH=O 005 010 @15 020 0.25 @30 0.40 @50 075 I.0 

+o Of89 0379 0.571 0.774 1.0 1.27i 2088 3.647 1618 WO 

X=@S @4 @3 @2 o-1 0 -01 -0-3 -0.5 -@7 -@9 - 1.0 

$ = l@O 359 1 0,360 a135 0 -0.35 -3.60 - 10.0 - 51.0 - 177.6 -3O@O 
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The boundary conditions are 

t<o;~=o;V=O;T=o 

for 

- l&Y<+,-l<P<l 

T=l.V=O,V=O 

forO<X,<&Y& +* 

aTjaX = 0, aTlaX = 0, aiJ/ax = 0. 
V=O,forX>+,[PJ 6: 

t > o< T=o,aD/ax=o,v=o, (21) 
aT/aX=of0rX= -i,IPJ<i 

T = 0, u = 0, v = 0, 
forX=O,$< IBI < 1 

T=O,for-l<X<O,-l<P<l. 

L 
However, due to symmetry along the center 

line, it is only necessary to apply the equations 
to one half of the field using the following 
boundary conditions at 7 = 0 

- - 

t > 0, g = 0, ; = 0, V = 0, i= = 0. (22) 

At the upper boundary BC it was assumed 
that the fluid as it rises beyond the channel 
remains approximately the same width for one 
mesh length, i.e. does not start to spread out. 
Also, as there is no heat addition beyond BC, 
the boundary condition is assumed to be 

-- - 
U.F,Tatrow‘O’= U,T,Tatrow’l’ 

(see Fig. 1). 
This is the same as saying that the derivatives 

of these functions are zero at exit and the boun- 
dary condition becomes that of fully developed 
flow. This assumption. is restrictive and could 
influence the flow pattern in the channel. How- 
ever, in the absence of other information this is 
the best assumption available. 

Row ‘0’ does not actually exist; these boun- 
dary conditions are incorporated into the finite 
difference equation for row 1. 

NUMERICAL CONSIDERATIONS 

There are several methods for solving the 
governing vorticity and energy equations. There 
are : 

(a) The Alternating Direction Implicit (ADIP) 
method as used by Wilkes and Churchill [6] 

(b) The Alternating Direction Explicit (ADEP) 
method described in [7-lo]. 

(c) The Simple Explicit (SE) method as used 
by MacGregor and Emery [l l] which uses a 
forward difference formula for the time deriva- 
tive. 

(d) The Central Difference Explicit (CDE) 
method used by Fromm [12] using a central 
difference formula for the time derivative. 

All these methods were tried The ADIP 
method suffers from the serious disadvantage 
that the boundary values of the vorticity are 
these calculated from the previous velocity fields 
and hence the boundary values are always one 
time interval behind the rest of the values. 
Initially the vorticity is zero around the boun- 
daries and if the discretion is sufticiently accurate 
the vorticity at the boundary should always 
remain zero. In [6] vorticity is updated at the 
boundary by using higher order formula for 
the velocity derivatives where appropriate. 
Moreover, it was found that when numerical 
studies were carried out on a two dimensional 
model of the equations (i.e. a/ax = 0) the 
temperature field converged to T = 1 but the 
u velocity field continued to update for many 
further iterations due to the lag in the vorticity 
boundary conditions. 

The ADEP method does not appear to work 
for the types of equations to be solved in this 
problem. No matter how small the time step 
irregularities soon build up in the field calculated. 

The CDE method also does not appear to 
give satisfactory results. For example, as the 
temperature field is swept, alternative columns 
are updated. 

The SE method would appear to be the most 
promising. The main disadvantage is the very 
small time step of 040002 which is required. 
Provided the time step is below the critical time 
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interval. very similar answers are obtained at a 
given time for different time intervals. 

Davis and Thomas [13] used a procedure 
based on that used by Wilkes but incorporated 
an extra iteration step to update the boundary 
values of the vorticity. After computing the 
vorticity field using the boundary values from 
the previous time cycle, the vorticities at the 
boundaries were then recalculated from the new 
field and the interior values recalculated by 
ADIP. 

initial $ distribution was then calculated assum- 
ing a linear distribution from $ = 0 on the 
center line to the given value on EF. The 
@/aI = C, restriction at x = 0 was then 
removed and the whole area was repeatedly 
swept until convergence was obtained. 

Except for the method of updating the boun- 
dary values of the vorticity the solution tech- 
nique is essentially that of 161. 

HEAT TRANSFER 

For the results discussed here the boundary 
values of the vorticity along GH, HA, DE and 
EF were updated using the SE technique. 
Updated values along AB and CD were found 
according to Wilkes and then the remainder of 
the field computed by the ADIP method. By 
this means a time interval of approximately 20 
times the time interval of the SE method can be 
used. Comparisons were made using the SE 
technique alone and using the combination of 
SE and ADIP. Excellent agreement was ob- 
tained. 

The Nusselt number is of practical importance 
as a measure of heat transfer from the plates to 
the fluid flowing up between the plates. 

One definition of the Nusselt number depends 
on the rate of heat transfer from the plate to the 
fluid and has been extensively used as in [3-61. 

The heat flux per unit width of the cavity (in 
the z-direction) leaving the right hand plate is 

4 = _ “k g so aY Y'+d 
dx (23) 

0 

Having determined the vorticity, the stream 
function was determined by systematic over- 
relaxation, using an over-relaxation factor of 
1.60. With AX = 00333 and AY = @05 the 
number of grid points is 741. Even though the 
starting field values where those from the 
previously converged solution convergence was 
slow. This was accelerated as follows. For each 
new vorticity field only the area bounded by 
0 d S < $ and 0 < 7 < $, i.e. within the 
channel proper was initially operated on by 
equation (16) to determine i$. with the assump- 
tion @?/ax = 0 at x = 0. As each row was 
swept the value of $ on the right hand boundary 
CD was determined so as to satisfy 
ii = a$/aP= 0. After this reduced area had 
been swept the average value of J was deter- 
mined. All values of tj? on this wall are replaced 
by this average before the next iteration is 
commenced as discussed in [14]. After the $ 
field for this reduced area had converged the 
value of $ and the value of $ along DE and EF 
was set equal to the value on boundary CD. An 

and in terms of a mean heat transfer coefficient 

by 
q = - h,L(T, - To). 

Defining the Nusselt number as 
Nu, = h,2dlk 

and after normalizing the following 

Nu,=~. 
1 

m (BbBb-' + 1 - B),=, 

[AaX”-’ + 1 - A] dX. (26) 

The Nusselt number as now defined decreases 
with time as (aT/+) decreases with time. 

The heat added to the fluid between entry and 
exit is given by 

+d 

H= 
s 

wG, - T,) dy. (27) 

-d 

An average surface conductance over the channel 
height can be defined by 

a = H/ZL(T, - To). 

(24) 

(25) 

is obtained 

(28) 
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Defining the Nusselt number by 

Nu, = ad/k (29) 

and normalizing using equations (3) the follow- 
ing is obtained 

+t 

‘UT--,(BbF*- ‘+ 1 - B) dF(30) 

This form has b&k used in [l] and [2]. Starting 
from T = 0 at t = 0, the value of Nub as defined 
will increase from zero to a maximum value at 
steady state, being a measure of the quantity of 
heat added to the fluid. 

CLOSED FORM SOLUTION 

A closed form solution only exists for fully 
developed steady state flow where all derivatives 
in the x direction are zero. 

The basic equations are 

v$+g$(T- To)=0 from equation (1)(31) 

a=T 
---Z 
a_+ 

0 from equation (4)(32) 

For the given boundary conditions these equa- 
tions yield T = 1.0 and 

D = Gr/8 [l - 4m2j2]. (33) 

The heat transfer characteristics are given by 

Nu, = 0.0; Nub = GrPr/48w. (34) 

RESULTS 

Detailed results are presented for a Prandtl 
number of 0733 and Grashof numbers of 100 
and 10000. 

For Grashof number of 100, Fig 3 illustrates 
the behavior of the system starting from rest 
with the temperature steady at ambient condi- 
tions and all velocities are zero. Temperatures, 
velocities, and the maximum value of the stream 
function increases to a steady state value. The 
Nusselt number Nu, decreases whilst Nub in- 
creases to their steady values. However, of more 

Frc;. 3. Calculated values for Grashof number = 100.0. 

m- 

6.0 - 

FIG. 4. Distribution of vertical velocity at top and bottom 
of channel. Gr = 1000. 
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FIG. 5. Steady state velocity distributions-U Component- 
for Grasbof number = 1000. 

~50-500 

I 
400.0 

0.01 OQ2 0.03 004 0.06 007 
T 

FIG. 6. Calculated values for Grashof number = 1OooOO. 

- 

FIG. 7. Distribution of velocity at top and bottom of channel. 
Gr = 100~0. 

interest is the velocity distribution. Figure 4 
shows the velocity profiles at the top and bottom 
of the channel. At small times the inlet velocity 
distribution has a local minimum on the channel 
axis and a pair of symmetrically placed maxima 
on either side of it. A flat velocity profile exists 
at the exit. However, the velocity profiles soon 
take on a shape with a peak at the center line. 

At steady state conditions the velocity distri- 
bution at different elevations of the channel and 
below the entrance are shown in Fig 5. The 
required velocity profile begins to develop before 
entry to the channel. 

Figure 6 illustrates the behavior of the system 
starting from rest but for a Grashof number 
of 10000. Except for different numerical values 
the behavior pattern is similar to that for a 
Grashof number of 100. However, an examina- 
tion of Fig. 7, which shows the velocity profile 
at different values of time, shows some marked 
differences from those developed when Gr = 100. 
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FIG. 8. Streamlines at entrance to channel, steady state con- 
ditions, Gz = 1OOWO. 
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FIG. 9. Steady state velocity distributions-U component- 
for Grashof number = 1004BO. 

FIG. 10. Steady state temperature distribution; Gr = 0.0 
(dotted line), Gr = 1WO (full line). 

At the entry section the profile retains for all 
time a local minimum on the channel axis and 
a pair of symmetrically placed maxima on either 
side of it. At exit the velocity distribution has a 
maximum on the center line, looking much like 
a parabolic dis~ibution. At advanced times 
some reversed flow takes place. near the channel 
sides. A plot of the streamlines for steady state 

FIG. il. Steadystate t~m~raturedis~~bution; GT = lOOO+O. 
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FIG. 12. Nussek number Nu, and exit center line tempera- 
ture; Gr = 00. 

conditions (Gr = 10000) is shown in Fig 8. It 
would appear that the buoyancy forces produced 
by the larger temperature difference associated 
with a Grashof number is so strong that the 
fluid is accelerated up the channel axis. There is 
also a relatively large u component of velocity 
at entrance. In order to maintain continuity, air 
is drawn in from above. 

At steady state conditions the velocity distri- 
bution at different elevations of the channel and 
at various levels below the channel are shown in 
Fig. 9. The local maxima begins to form below 
the entrance region and is maintains for some 
distance up the channel before reversed flow 
takes place. 

Figures 10 and 11 show steady state tempera- 
ture distributions for Grashof numbers of 0, 100 
and 10000 respectively. In all cases the minimum 
temperatures are on the center line. The maxi- 
mum temperature on the center line at exit 
decreases as the Grashof number increases ; 
these temperatures are 087O,O%C and C3C5 for 
Grashof numbers equal to 0, 100 and 10000 
respectively. In the limiting case of a very large 

Grashof number the problem is that of free con- 
vection from a heated vertical plate, when the 
two walls of the channel can be considered to be 
two vertical plates spaced at a considerable dist- 
ance apart. A bounda~ layer is formed on each 
plate with the temperature on the center line 
between them remaining at the ambient tempera- 
ture (T = CO). However, under these extreme 
conditions the reversed flow already discussed 
will not take place. Figure 12 shows the time 
history of Nu,, and iii,, when the Grashof number 
is zero. It is interesting to note that by comparing 
Figs. 3.6 and 12 the time taken to reach steady 
state conditions increases as the Grashof number 
decreases. The value of Nu, increases with 
increasing Grashof number. The buoyancy 
forces increase with increasing Grashof number, 
and the increased velocity of the fluid means 
that the time for the fluid to heat up is less. 
Hence the resulting exit temperature is less as 
the Grashof number increases. 

Figure 11 illustrates an interesting effect at 
high Grashof numbers-the exit temperature 
distribution is not a maximum for the whole 
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Eti from channel 

i=09025 

FIG. 13. Variation of Nu, as fluid flows up channel, Grashof 
number = 1000. 

Entrance AD 
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I 

FIG. 14. Variation of Nu, as fluid flows up channel, Grashof 
number = 1OOWO. 

channel width. Due to the small downward 
circulation of air near the plate as already 
described the fluid is actually cooler at the top; 
this can be seen by comparing temperatures at 
X = 0.4 and 8 = 0.5. The steady state tempera- 
ture distribution shown in Fig. 11 shows the 
fluid is heated continuously as it flows upwards, 
and as the velocity is much smaller the resultant 
temperature is much greater. 

The value of Nu, depends on the temperature 
gradient at the wall, and its variation with 
channel height position is shown in Figs. 13 and 
14. For a Grashof number of 100, the local value 
of Nu, decreases as the fluid flows up the channel. 
being a minimum at the top. For a Grashof 
number of 10000 the effect of the maximum 
temperature gradient not occurring at exit is 
clearly demonstrated by a local reduction in the 
Nusselt number. This local reduction is more 
marked and moves up the channel as the motion 
proceeds in time, as shown in Fig. 14. 

A comparison is made between these results 
and the work reported in [l]. For a value of 
Gr = 10000 and Pr = 0.733, Fig. 8 of [l] gives 
a value of Nu, of about 1.9 compared with 2.38 
calculated here. The experimental work used 
square plates, and hence side leakage would 
take place and would reduce the heat transfer 
and hence the Nusselt number. The deviation 
between experiment and computed results in- 
creases as the Grashof number decreases where 
the close plate separation results in increased 
side leakage. The temperature attained by the 
fluid leakinb at the side will be less than that 
attained had the fluid travelled the full length of 
the passage, and thus the experimental Nusselt 
number is decreased. 

CONCLUSIONS 

No attempt has been made to study the full 
range of Grashof numbers. For a Grashof 
number of 10000 with a time interval of 
OWO15 the time taken on an IBM 360/65 was 
35 min to run to steady state. For a Grashof 
number of 100 the stable time limit was 00005. 
However, it took much longer (in real time) for 
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steady state conditions to be reached and the 
time taken on the computer to run to steady 
state was about 40 min. The mesh size in the 
y-direction was 005 (41 mesh points) and in the 
x-direction the mesh size was 00333 (46 mesh 
points). No attempt has been made to solve for 
a large number of cases because of the computer 
time required. 

The results showed that for small Grashof 
numbers a “parabolic” type velocity distribu- 
tion existed at entry; for high Grashof numbers 
a velocity distributjon with a minimum at the 
center existed at steady state. Also at higher 
values of the Grashof number the buoyancy 
forces are so strong that fluid is drawn down 
from above at the sides. The existence of a 
velocity profile with a local minimum on the 
channel axis and a pair of symmetrically placed 
maxima on either side of it has been discussed 
by several authors when dealing with entrance 
flow characteristics and assuming an entrance 
velocity distribution which is rectangular. How- 
ever, this appears to be the case when the 
entrance velocity distribution is formed natur- 
ally. 

Table 2. Typical computed values 

Gr 0 

Nu, 0 
N&l 464 

CJ _max 0 
u _lnax 0 

T,, 0860 
Time to 
Steady State @375 

100,o 1oootIo 
0.164 2.38 
415 5.50 
2.73 73.5 
7,6.5 325.0 
0835 0.305 

0260 0065 

Table 2 gives some main details of the 
computational results. As the Grashof number 
increases, the Nusselt number, the quantity of 
flow and the maximum velocity at exit increases. 
However, with increasing Grashof number the 
time taken to reach steady state decreases as 
well as the exit center line temperature. As the 
Grashof number increases the large induced 
vertical velocity causes an increase in the heat 
carried away by convection; at the same time 
the heat conduction ~r~ndicul~ to the main 

flow is much smaller and hence, the fluid does 
not remain long enough in the channel to be 
heated up to a temperature approaching the wall 
temperature. 

Table 3 shows certain computed values 
derived from the closed form solution. These 
only give a bound for the values shown in 

Gr 0 IO@0 300000 

% 0 0.30 3@40 

f% 0 0 0.0 
j; _nlax 0 4.17 417.0 
u _max 0 lT50 125WO 

T,, I -0 1 .o 1 .o 

Table 2. The two sets of answers approach each 
other as the Grashof number decreases. How- 
ever, no attempt can be made to compare 
Tables 2 and 3 as the latter is based on fully 
developed flow throughout the channel. 

At relatively high Grashof numbers the 
separation of the boundary layer which takes 
place at some distance from the leading edge at 
the entrance to the channel appears to account 
for the reversed flow already discussed. This 
phenomena needs more investigation and fur- 
ther work is being pursued on a single plate 
under conditions where the fluid has to flow 
round a corner as at the channel entrance rather 
than the case of a thin vertical plate with 
symmetrical flow conditions. 

Acknowledgement with thanks is made to Wen Ho Lee 
who carried out much of the program development on the 
1.B.M. 360165 computer of Texas A & M University. 
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CONVECTION NATURELLE LAMINAIRE TRANSITOIRE AVEC EFFET D’ENTREE ENTRE 
DES PLAQUES VERTICALES CHAUFFEES 

R&sumC-On dtcrit une etude numerique du mouvement bidimensionnel laminaire transitoire d’un 
fluide entre deux plaques chauffees verticales, le mouvement &ant gentre par un gradient de temperature 
perpendiculaire a la direction de la force de volume. Le dtveloppement de I’bcoulement dans la region 
d’entr&e est particulierement inttressant. Les resultats montrent que partant des conditions initiales de 
repos. la vitesse crolt a chaque plaque en formant deux couches limites qui se fondent progressivement 
en une seule entre les plaques. 

Pour un temps tours le protil de vitesse a I’entree du canal a un minimum local sur I’axe et une paire 
de maximums symetrique par rapport a cet axe. Neanmoins pour les faibles nombres de Grashof ce protil 
a l’entree se modifie en un autre posstdant un maximum au centre pour des temps plus longs. Pour les 
nombres de Grashof plus grands le prolil a l’entr& qui a encore une paire de maximums devient une 
distribution de type normal lorsque le fluide progresse dans le canal. Dans tous les cas les deux front&es 
verticales sont a la mdme temperature constante. Les caracteristiques du transfert thermique sont apportees 
au nombre de Nusselt. 

Des distributions typiques de temperature et de vitesse sont don&s pour des nombre de Grashof 
compris entre 100 et 10.000 le nombre de Prandtl &ant toujours Cgal a 0,73. Differentes techniques numbi- 

ques sont discuttes pour resoudre les equations de I’tnergie et de la vorticitt. 

1NSTATION;iRE LAMINARE FREIE KONVEKTION ZWISCHEN BEHEIZTEN 
SENKRECHTEN PLATTEN UNTER BERUCKSICHTIGUNG VON EINLAUFEFFEKTEN 

Zusammenfasslmg-Es wird eine numerische Untersuchung beschrieben tiber die instationiire laminare, 
zweidimensionale Striimung eines Fluids zwischen zwei beheizten senkrechten Platten, wobei die Striimung 
durch den Temperaturgradienten senkrecht zur Richtung der Schwerkratt hervorgerufen wird. Von 
bcsonderem Interesse ist die Ausbildung der Strijmung am Einlauf. Die Ergebnisse zeigen, dass, ausgehend 
vom Ruhezustand. sich an ieder Platte eine Grenzschicht ausbildet. Sie wachsen zusammen. wemt sich das 
Fluid zwischen den Platten nach oben bewegt. 

Fur kleine Zeiten hat das Geschwindigkeitsnrofil am Eintritt in den Kanal ein Minimum in der Ka- 
nalachse und ein Paar symmetrisch angeordneter Maxima links und rechts davon. Ftir kleine Grashofzahlen 
jedoch geht diesrs Einlaufprolil mit fortschreitender Zeit in ein ProBl mit einem Maximum in der Mittel- 
achse tiber. Fur griissere Grashofzahlen hat das Einlaufprotil immer zwei Maxima und geht mit auf- 
wartsstromendem Fluid in em “normalverteiltes” Protil tiber. In jedem Fall hatten die beiden vertikalen 
Grenzen die gleiche konstante Temperatur. Der Wiirmetibergang wurde als Funktion der Nusseltzahl 
berechnet. 

Typische Temperatur- und Geschwindigkeitsverteilungen werden ftir Grashofzahlen von 100 und 
10000 angegeben; in beiden Fallen ist die Prandtlzahl 0,73. Verschiedene numerische Methoden zur 

Liisung der Energie- und der Wirbelgleichungen werden diskutiert. 
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HECTAIJHOHAPHASI JIAMHHAPHAFI CBOBOQHAfl ICOHBEICLJMFI MEmAY 
HAI’PETbIMB BEPTIWAJIbHbIMB IlJIACTkiHAMki, BICJIIOYAFI BQ@EICTbI HA 

BXOAE 

AEHOTa~~-&IGN%IBaeTCFI qHCJIeHHOe HCCJIe&OBaHIle HeCTa~HOHapHOrO JIaMHHapHOrO 

AByMepHOrO ABWKeHHR ?KKIIAKOCTII MemAy AByMR HarpeTbIMH BepTHKaJlbHbIMH IIJIaCTHHaMA, 

npmenf ~BKmemie reKepHpyeTcR rpaAKeKToM TeMnepaTypkq nepneHAHKympm.m Hanpa- 

BJIeHKIO CHJIbI THPKeCTII. Oco6b1ti MHTepeC npeACTaBJIJleT pa3BEiTiie nOTOKa BO BXOAHOi 

o6nacTH. Pe3yJIbTaTbI nOKa3bIBaIOT, 'ITO, HaqHHaH C COCTOfiHMR IIOHOR, CKOpOCTb HapaCTaeT 

HaKaWAOZt n~aCTKHe,o6pa3y~~BanOrpaHAyHbIXC~OU,KOTOpbIeCJIIIBBK)TC~ BOAliH nOMepe 

nepehfewemia H(EIAK~CTM BAonb nnacms. 

&IH He6OJIbUIOrO 3Ha4eHHR BpeMeHH npO@UIb CKOpOCTH Ha BXOAe B KaHaJl ElMeeT 

JIOKaJIbHbIi? MHHVIMyM Ha OCN KaHaJIa M napy CHMMeTpWIHO paCnOJIO?KeHHbIX MaKCHMyMOB C 

KamAOti CTOpOHbI OT He&. OAHaKO AJIH He6OJIbIUllX 3Ha4eHEIti WICeJI rpaCrOI$a 3TOT npO@iJlb 

Ha BXOAe npeo6pa3yewH B npO+iJIb C MaKCKMyMOM Ha UeHTpaJIbHOti JIllHIUi AJIFI 6onee 

BL,ICOKMX 3Ha~emi BpeMeHH. Am 6onbmnx 3HaseHMti mCeJI rpaCrO@a npO@iJIb Ha BXOAe 

Bcerga xapaKTepH3yeTcH napoi MaKcHMyMoB, KOTOpbIe pa3BHBalOTCH B HpaCnpeAeJIeHHe 

o6bIworo THna$ n0 Mepe TOrO KaK NlAKOCTb ABMWeTCH BBepX n0 KaHaJIy. BO BCeX CJIy'laRX 

o6e BepTHKaJIbHbIe IIJIaCTHHbI HaXOJ(RTCR npll nOCTORHHOil TeMnepaType. XapaKTepHCTHKH 

nepeHoca Tema BbIpawaIoTcH sepes wcJI0 HyccenbTa. 

'hmrHbIe pacnpe&eneHm TemepaTypbI II %K~~OCTH npoBoAflTcs Anfl mcejI I'pacroaa, 

paBKbIx lOOn 10000. Am 060~~ CnysaeB ww10 RpaHATm paBHmocb0,73. 06CyH(AaH)TCA 

pa3JIIVIHhIe 4RCJIeHHbIe MeTOAbI peIIIeHHFl ypaBHeHIlti 3HeprKll I4 3aBHXpeHHOCTH. 


