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Abstract-Free convection in a vertical channel within which the buoyancy force reverses its sign has been 
studied experimentally and theoretically. The experimental system consisted of a channel formed between 
two vertical plates, one porous and the other solid. Both plates were maintained at uniform surface 
temperatures, higher than the ambient, while a heavy gas (CO,) was transpired into the channel through the 
porous plate. The temperature and CO,, concentration fields in the channel were measured by combined use 
of a thermocouple probe and Mach-Zehnder interferometry. 

The temperature and concentration fields were also determined via a finite difference solution of the time 
dependent boundary layer equations. As the time dependent equations are parabolic in time, the solution 
may be stepped forward in time using centered finite differences for spatial derivatives until a steady state 
solution is reached. A finite difference scheme may thus be constructed which is stable regardless of the sign of 
the streamwise velocity component. 

The solutions thus obtained reveal many interesting features of this complex flow, including the effects of 
opposing buoyancy forces on the axial velocity profiles. Measured profiles of temperature and concentration 

showed close agreement with the theoretical predictions. 

NOMENCLATURE T w.23 temperature of heated plate ; 

channel width ; 4 streamwise velocity component ; 

specific heat of air; u, = b2 u/lv,Gr,, non-dimensional stream- 

specific heat of injected gas, wise velocity ; 

specific heat of mixture; r, velocity component normal to wall; 

diffusion coefficient ; b, = tii/pT, injected gas velocity ; 

gravitational acceleration ; V, = bv/v=, non-dimensional velocity com- 

diffusional flux of injected species; ponent normal to the wall ; 

= dTw.2 - T,)b”/lviT,, Grashof W, = m/m,, normalized CO, concentration 

number; in the mixture; 

= g(l - ti,/&,)b4/lvZ,, Grashof x, streamwise coordinate; 

number ; x coordinate normal to the walls; 

thermal conductivity of mixture; X9 = x/ljGr, ; non-dimensional streamwise 

Dale-Gladstone constant for air; coordinate ; 

channel height ; y, = y/b, non-dimensional normal 

mass fraction of injected species; coordinate. 

mass fraction of species in injected 
mixture; Greek letters 

mass flux at the porous surface; Pt mixture density; 
molecular weight of air; P mixture viscosity; 
molecular weight of injected species; r, = tb’jv,, non-dimensional time; 
refractive index of air ; V, mixture kinematic viscosity; 
refractive index of CO2 ; 0, = (T - T&T, 2 - T,), non- 
pressure ; dimensional temperature ; 
Prandtl number; h, wavelength or property ratio of sub- 

=Vw z - T,)/(Tw.2 - T,), non- 
dimensional wall temperature ratio; 

scripted property; 

Xt. mole fraction ; 
fringe shift ; (6, = T/T,, temperature ratio. 
Schmidt number; 
time; INTRODUCTION 

temperature; THERE are several practical situations of free con- 
ambient temperature; vection flow driven by opposing buoyancy forces. In 
average of wall temperatures 

+ VW., 
many such cases, the net buoyancy force acting on a 

+ Tw.2); fluid element may reverse its direction within the flow 
temperature of the porous plate; field and may ultimately lead to the reversal in the 
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direction of the local fluid velocity. Examples may be 
found in certain chemical processes, where the evap- 
oration or sublimation of heavy organic vapors from 
heated surfaces leads to a species concentration buoy- 
ancy force which opposes that due to thermal effects. 
A similar situation can arise in the free convective 

burning of a vertical cellulosic fuel surface where heavy, 
gaseous pyrolysis products transpire into a high 
temperature boundary layer. Simultaneous diffusion 
of heat and salinity in sea water also induces free 
convection currents driven by opposing buoyancy 
forces. Finally, the occurrence of a density extremum in 
water close to its freezing point gives rise to a buoyancy 
force reversal within the boundary layer close to the 

solid-fluid interface [l, 21. 
A number of investigations, both analytical and 

experimental, of such combined (aiding or opposing) 
buoyancy flows have been reported, notably in the 
chemical engineering literature, and many of these 
were summarized by Gebhart and Pera [3]. The 
analytical approach in these earlier investigations has 
been limited to obtaining solutions either by integral 
methods or via similarity transformations of the 
boundary layer equations. As pointed out by [3], 

however, integral methods (which at best are only 
approximate) are inadequate for describing the com- 
plicated structure of flows with reversal, while, on the 
other hand, similarity solutions to the boundary layer 

equations can exist only under certain very special- 
ized conditions. 

For example, Adams and Lowell [4] attempted to 
construct similarity solutions for the problem of 
organic sublimation from heated vertical surface. The 
Schmidt number for the organic vapor diffusing in air 

was 2.5, while the Prandtl number for diffusion of heat 
through the mixture was approx. 0.7. Adams and 

Lowell found that similarity solutions existed only so 
long as the flow remained unidirectional. This problem 

was also considered by [3] over a range of Prandtl and 
Schmidt number values; they found that similarity 
solutions did in fact exist for certain combinations of 
Prandtl and Schmidt numbers even when flow reversal 

occurred within the boundary layer. Specifically, in a 
case involving opposing buoyancy forces with Pr = 0.7 
and SC = 0.5, the predicted self-similar velocity profile 
exhibited flow reversal in the outer region of the 

boundary layer. Similarly, for the case of Pr = 0.7 and 

SC = 5.0, the predicted self-similar velocity profile 
indicated a flow reversal close to the wall. 

Similarity solutions to the boundary layer equations 
were recently sought by Carey et al. [l] for the 
problem of natural convection in the vicinity of an ice 
surface in cold water. Calculations were carried out 
into the temperature range where the buoyancy force 
reversed its direction across the boundary layer. How- 
ever, the numerical scheme would not converge over 

most of the temperature range where flow reversal was 
present. 

The three studies mentioned above tacitly assumed 

the presence of a semi-infinite surface over which 
natural convection flows occur under the action 

of combined buoyancy forces. Clearly though, if the 
surface is of a finite length then the existence of flow 
reversal will cause the flow field to be influenced by the 
presence of a “trailing” edge, and such upstream 
influence will not be taken into account by any 
similarity solution (which, if it exists, is strictly valid 
only for a semi-infinite plate or near the leading edge of 
a surface of finite length). 

To summarize, then, similarity solutions to the 

problem of natural convection past a (semi-infinite) 
vertical flat plate with opposing buoyancy forces have 
been found to exist only for a very small range of 
parameters leading to flow reversal. Even where such 
solutions have been determined via a numerical sol- 
ution of the resulting ordinary differential equations, 

their applicability to problems involving plates of finite 
length appears questionable, as these solutions do not 
account for the upstream influence. 

The applicability of similarity solutions to boundary 
layer equations with flow reversal was discussed in 
some detail by Klemp and Acrivos [S] with reference 
to the problem of boundary layer flow past a finite 
plate with a negative surface velocity. These authors 
found that, surprisingly, a similarity solution (for a 

semi-infinite plate length) exists only when the ratio of 
the speed of the plate surface to that of the free-stream 
is less than 0.3541, and that, furthermore, this simi- 
larity solution remains valid only in the immediate 
vicinity of the leading edge of a finite length plate as the 
critical speed ratio of 0.3541 is approached. The 
complete solution of the problem, applicable for all 
plate surface speeds and over the entire length of a 
finite plate, was obtained subsequently [6] by means of 
a novel computational scheme which solved the time 

dependent governing eq.rations of the problem. 
It is clear that the range of applicability of similarity 

solutions to problems involving natural convection 
flow in the vicinity of a finite vertical plate is rather 
limited when flow reversal occurs. A solution tech- 
nique more advanced than any of those previously 

employed is needed to deal with such problems. In the 
present study, numerical solutions to the problem of 
natural convection between vertical parallel plates, 
including the effects of opposing buoyancy forces, have 
been obtained as steady state solutions of time de- 

pendent governing equations. The solution technique 
employed here is essentially the same as that of [6]. 
The advantage of using this transient method of 
solution is that the time dependent boundary layer 
equations are parabolic in time; therefore, they can be 
stepped forward in time using centered finite differ- 
ences for spatial derivatives in x. Thus, a finite 
difference scheme may be constructed which is stable 
regardless of the sign of streamwise velocity com- 
ponent u. 

The objectives of the present study were to establish 
a free convection flow field with a reversing buoyancy 
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force and to compare the experimental results with the 
finite difference solution of the corresponding govern- 
ing equations. 

velocity profile. Obviously, such a solution could 
possibly be valid at best only far away from the 
entrance and exit ends of a very long channel. 

In a previous study [7] an attempt was made to set 
up a stable, reversing buoyancy flow field in the vicinity 
of a heated, vertical porous plate by transpiring CO,. 
However, as the Lewis number of CO, diffusing in air 
was close to unity, the species boundary layer had 
almost the same thickness as that of the thermal 
boundary layer. Consequently, the net buoyancy force 
distribution across the boundary layer was either 
unidirectional or very close to zero. In the latter case, 
the boundary layer was highly unstable and very 
difficult to study experimentally. 

GOVERNING EQUATIONS AND SOLUTION TECHNtQIJE 

The time dependent, Z-dim. variable property equa- 
tions are: 

continuity 

These difficulties were circumvented in the present 
experiments by placing a heated plate facing the 
transpiring porous plate, thereby forming a vertical 
channel between the two plates, as shown in Fig. 1. By 
this arrangement, the location of maximum thermal 
buoyancy force (y = b) was separated from the lo- 
cation of maximum species buoyancy force (y = 0). 
When a heavy gas (CO, in the present study) was 
transpired through the porous plate, a stable flow field, 
in which the net buoyancy force reversed its direction 
across the channel, could be established over a range of 
parameters. 

x-momentum 

energy 

pc c‘lr+u"r+Idr 

c p at (7X * dy ! 

The problem of developing free convection in a 
vertical channel with both walls heated and no trans- 
piration has been studied extensively in many previous 
investigations [8-lo]. However, the case of free con- 
vection in a channel with a reversing buoyancy force 
has received very little attention. A simple analysis to 
predict a “fully developed” natural convection Row 
between parallel planes with one wall heated and the 
other cooled was presented by Rohsenow and Choi 
[14]. In that analysis the temperature and velocity 
profiles were assumed to remain invariant along the 
streamwise direction, thereby reducing the mathemati- 
cal system to ordinary differential equations. The 
solution to these equations led to a linear variation of 
the fluid temperature between the walls and a cubic 

where the usual boundary layer approximations have 
been invoked. 

The use of boundary layer-type approximations is 
justified, provided the channel height is at least several 
times the channel width. In this “narrow channel” 
situation, the magnitude of the streamwise component 
of the velocity is large compared to that of the 
transverse component, while the gradients normal to 
the wall are large compared with those along the 
streamwise direction. These requirements may be 
violated locally within some regions in the tlow field, as 
in the case with boundary layer equations near the 
leading edge of a stationary flat plate in uniform flow. 
However, away from these singular regions, a physi- 
cally realistic solution can generally be obtained. 

t 

FIG. 1. Schematic 

TWi 

. m 

b 

TW2 
*Heated surface 

diagram of the channel and coordinate 
system. 
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In the energy equation, the viscous dissipation 
pressure work and diffusion therm0 terms are negtec- 
ted. The body force per unit mass in the momentum 
equation is the gravitational acceleration g. directed 
in the negative x-direction, as shown in Fig. 1. 

Now p is the pressure existing in the channel at an 
elevation N. We can define a pressure defect p’(x) such 
that 

P’(X) = P(X) - P,(X), 

where p,(x) is the ambient pressure, defined by 

dpxix) 
-= -P,S dx 

hence 2~ 3~’ dp,x, ?p’ 
I-=>$+= =x-&g. 
8.x 
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Substitution in the x-momentum equation yields: 

x-momentum 

+ dP, -PI 1 8 au 
+p&i yyjj. ! 1 (1) 

P 

The density field inside the channel is a function of 
both temperature and concentration. For small values 

of(T - T,)/T,, (P - P,)/P,, and m, 

p,-p- (T-T,) ^ 
P T, 

+ 2-l m. 
[ I E 

Hence, equation (1) becomes : 
x-momentum 

au au au 1 Sp’ 
~+u~+ft’,=---+ 

0 - L) 

“y P sx T 

(2) 

The various dependent and independent variables 
appearing in the above relation will next be non- 
dimensionalized using the following groupings: 

XL; Y2; tb2 
t=.--’ 

m “z ’ 
b2u 

u=----- 
Iv,Gr, ’ 

“=A!!; fi=rn; 
“X mT 

8= 
T - T, R, + 1 

T 
= ---fj; 

w.2 - 7-x 2 

1/ = 9. p = P’b4 
T 

“, ’ palZvk(Gr,)” 

In the above definitions, a mass transfer Grashof 
number defined as 

Gr, = 

b4 

has been introduced. Also, mT is the mass con- 
centration of CO2 in the injected gas (m,. = 1 in this 
study) : 

T = ;(7,., + Tw.21, 

R, zz 
T 

w.l - T, 
T w.2 - T,’ 

and 

ti 
UT=--. 

PT 

Two Grashof numbers based on temperature differ- 
ences may be defined: 

or = s(T - T,)b4 
T Iv; T, 

and Gr, = g(T”‘;~2-TTx)b4, 
3 1 

The governing equations may then be written in 
terms of non-dimensional variables, as follows : 

continuity 

ai., 
t+ 

~+~=o 
ax ?Y ’ (3) 

momentum 

au au au 1 dP 1 ?U 
-+uE+Vii=--;z~+~&- 
dr P P Fy 

+(I&). (4) 

energy 

species 

The quantities i, appearing in the above equations are 
the ratios of variable properties normalized by their 
ambient value. 

TO complete the formulation of the problem, it is 
necessary to specify the initial and boundary con- 
ditions of this transient, 2-dim. problem. 

The initial condition at time r = 0 was chosen as the 
steady state solution of the channel flow problem with 
a uniform transpiration of CO, at the porous wall and 
both the walls at the ambient temperature T,. At time 
7 = o,, the appropriate boundary conditions for 
temperature are suddenly applied at the two walls and 
the subsequent evolution of the flow field is computed 
by means of a finite difference technique. 

A separate finite difference program was used to 
compute the flow field at T = O_. This program was, in 
principle, similar to the one employed by Bodia and 
Osterle [8], except that a more exact pressure con- 
dition was used at the channel entrance to account for 
the acceleration of fluid from zero ambient velocity to 
its value at the channel entrance plane. The same 
pressure condition at the channel entrance was em- 
ployed in [9, lo] for an improved prediction. Thus the 
intial conditions at 7 = O- are: 

U(X, Y) = 0(X, Y), 

V(X, Y) = P(X. Y), 

riqx, Y) =?qx, Y), 0,x& 
m 

P(X) = P(X), 

0(X, Y) = 0, 
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where 0, v^ etc. are solutions of the channel flow 
problem with transpiration of CO2 and unheated 
walls. The details of the solution procedure for 0, f 
etc. are presented in [l 11. 

The boundary conditions at the two walls remain 
unchanged with time for 7>0+ for all dependent 
variables. In non-dimensional form, the boundary 
condition at the porous wall becomes 

* 1 &l fi =l+A”.O_ _ 0 
SC, v, dY Y=O 

at Y=O; O<X<--$- 
m 

and 7>0+. 

At the solid wall, 

l+R u=o; v=o; ?j’. 
arii 

2 ’ ay= 
0 

at Y = 1, 0,X,&, t>o+. 

m 

Read Pr, ,SCm ,rir; 

t 
Set boundory conditions 

+ 
I(= I 
-+ 

Compute 8, W 

1 
Compute density field 

and variable properties 

k 
Compute U,V, P 

I 

Compute U,,,,V,,, ,P 

1 
Determine Yinv 

i 

Compute G, W 
in 0 YiYinv 

+ 

7 Set voiues of 8, W 

Yes in YinvsY Cl 

Print U , V, P, B,W 

L stop 

FIG. 2. Flow chart for numerical computations. 

The boundary conditions at the inlet (X = 0) and 
exit (X = l/Gr,) ends of the channel are, of course, 
time dependent. However, the initial distributions 
of U, V etc. are known and are the same as f?(O, Y), 
P(O, Y) etc., and 

o(& Y), I(&, Y) 

etc. At the beginning of each time step, updated values 
of U(0, Y), V(0, Y) etc. are first computed at the 
channel inlet and exit to serve as boundary conditions 
on the low field for that time step. 

The boundary conditions at the channel inlet (and 
exit) for time step (n + 1)At were determined from the 
knowledge of conditions at all grid points at time nA7. 
For this determination, the continuity and momentum 
equations were applied locally at two rows of grid 
points at the entrance (or exit). The axial velocity 
distribution at the entrance (or exit) could thus be 
determined at time (n + 1)At. The location of zero 
axial velocity point within the entrance (or exit) row 
of grid points was determined by linear interpolation. 
The boundary conditions on temperature and con- 
centration fields were then determined in the following 
manner: over the portion of the entrance (or exit) grid 
line where the axial velocity was directed out of the 
channel, the temperature and concentration values 
were determined by local application of energy and 
speciesequations between the last and next-to-last grid 
lines. On the other hand, over the portion of the 
entrance (or exit) grid line where the axial velocity was 
directed into the channel, the temperature and con- 
centration were assumed to have their ambient values, 
i.e. g = 0, rii = 0. The validity of the latter assumption 
is somewhat questionable in view of the possibility that 
some of the fluid leaving the channel could be en- 
trained by the entering ambient air. However, com- 
parison with experiments showed that this assumption 
was quite reasonable and produced results in agree- 
ment with the experiments. The details of the de- 
termination of the time dependent boundary con- 
ditions at the channel entrance and exit for the time 
step (n + 1)At may be found in [l l] : 

An alternating direction implicit (ADI) technique to 
represent the energy and the species equations (equa- 
tions 5, 6) in finite difference forms was employed to 
advance the fields of tIi, j and fii, j at interior grid points 
across a time step AT. The coefficient velocities were 
treated as constants over each time step for this 
equation, and all space derivatives were given centered 
difference representation. The resulting difference 
equations are implicit in both X and Y directions and, 
when applied at each grid point in a column or row, 
yield tridiagonal systems in the unknown quantities 
q:,? r) and r$y,? l). 

Following the computation of oi, j and tii, j at the 
new time step (n + l)Ar, the fields of density and 
transport properties may readily be computed from 
the equations of state. The velocity field is then 
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Following the computation of oi,j and t?ii j at the 
new time step (n + l)Aq, the fields of density and 
transport properties may readily be computed from 
the equations of state. The velocity field is then 
computed from the finite difference representation of 
the momentum and continuity equations. The pro- 
cedure for this finite difference representation and 
resulting equations are presented in [ll]. 

The computations were continued until the calcu- 
lated values of Qi. j and riii, j for all grid points changed 
no more than 1% from their previous time step value, 
indicating that a steady state solution had been 
reached. The flow chart for the computations is shown 
in Fig. 2. 

EXPERIMENTAL APPARATUS AND TECHNIQUE 

lie objectives of the experimental part of the present 
study were to set up a reversing buoyancy, free 
convection flow in a vertical channel with appropriate 
boundary conditions on temperature and transpi- 
ration rate at the walls and to measure the temperature 
and concentration profiles in the channel. 

The technique of Mach-Zehnder interferometry 
was used in conjunction with traversing thermocouple 
probe measurements to determine the temperature 
and CO, concentration profiles in the channel. 

The channel consisted of two electrically heated 
plates, one porous and the other solid (Fig. 1). The 
plates were 15 cm high by 40cm wide. The porous 
plate was made of sintered bronze, while the solid plate 
was aluminum. The temperature of each plate was 
measured at several locations by thermocouples 
buried to within 0.25 mm of the front surface. During 
test runs, the porous plate was maintained approx. 
7.5”C above the ambient temperature, T,, while the 
solid plate was maintained approx. 30°C above T,, 
giving the temperature ratio R, of about 0.25. The 
uniformity of surface temperature as measured by 20 
thermocouples on each of the two surfaces was within 
0.5”C. 

The channel width and parallelism were precisely 
controlled by a screw-adjustable mounting arrange- 
ment. Care was taken to ensure that the connecting 
links did not interfere with the interferometer light 
beam or with the flow at the entrance and exit ends of 
the channel. 

Carbon dioxide was supplied from pressurized 
cylinders to the porous plate assembly after a flow 
regulator and a flow meter. The entire test section 
assembly was enclosed in a large cardboard enclosure 
to minimize disturbance to the channel flow. The 
enclosure was open-ended at both top and bottom to 
allow free entrainment of ambient air. 

The traversing thermocouple probe consisted of a 
44 cm long, 0.075 mm diameter chromel-constantan 
wire with a butt-welded junction. The wire was 
stretched across a pair of hypodermic needles which 
were supported on a traversing mechanism controlled 
by a micrometer head. The entire traversing mech- 

anism was supported on a hinged plate to align the 
wire precisely with the channel walls. 

The math-Zehnder interferometer had 5cm dia- 
meter mirrors and beam splitters and used a filtered 
mercury vapor lamp as the light source to provide a 
monochromatic light beam at 5461 A. The test beam 
was carefully aligned with the channel walls by use of 
the method of reflection interference [12]. In ordinary 
boundary layer work, the reference density point is 
usually included in the interferograms, so that fringe- 
shift measurements may be carried out with reference 
to that point. In a channel flow, however, the reference 
density point doesnot exist in a flow picture. The fringe 
shift at various points must therefore be determined by 
a comparison of flow and no-flow pictures using a 
white source to produce identifiable fringes, as ex- 
plained in [ 131. 

If the fringe-shift profile S(Y) and temperature T(Y) 
are independently determined at a given axial location, 
then the concentration profile may be calculated by 
use of the following formula derived in [ 1 l] : 

where the refractive indices n are taken at standard 
conditions : p = 760mm Hg, T = 213 K, and a wave- 
length of 5461 A as 

n, = 1.0002937; nco, = 1.0004505. 

x(Y) is the mole fraction of CO,. The mass fraction 
may be calculated from 

wo,( Y) = 
(2 - +co,o 

1 + ($- l)xco,(Y). 

The experiments were run at two different channel 
widths : b = 1.0 and 1.5 cm and two injection rates 
corresponding to V, = 1.0 and 2.0. 

RESULTS AND DISCUSSION 

The accuracy of the solutions of the present time 
dependent method was first tested by comparison with 
the “marching method” solution for undirectional 
flow. For this purpose the CO, transpiration rate V, 
was set at a vanishing small value so that species 
buoyancy force was essentially negligible. Comparison 
was then made between the solutions of the asym- 
metrically heated walls problem achieved by the two 
independent methods. For the marching method ap- 
proach, a finite difference scheme similar to that of [8] 
was used with the appropriate inlet pressure con- 
ditions as suggested by [9]. The results of this com- 
parison are shown in Figs. 3(a, b). It may be seen that 
the agreement of the non-dimensional temperature 
and velocity profiles predicted by the two methods is 
excellent. 

The accuracy of the marching method solution was 
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8 o! 

“Marching” method solul 

G&,=4716 
VT =0.0001 

Gr,= 300 

‘ “.~J I” 

Y 

FIG. 3(a). Comparison of temperature profiles calculated by 
time dependent and marching methods. 

Numerical values (Time dependent method) 
ox= l/6 

Ox= 51/6 

“Marching”method solution 

Gr,= 4716 

v,=o.oool 

Grq300 

w.., 

Y 

FIG. 3(b). Comparison of velocity profiles calculated by time 
dependent and marching methods. 

8 0.5 

Numerical results 

Thermocouple dota 

x=0.1671 

Y 

FIG. 4. Comparison of measured and calculated temperature 
profiles with heated walls and no transpiration. 

verified by comparison with the results of two different 
experimental techniques. The temperature profiles in a 
channel with heated walls and no CO, injection were 
measured by the traversing thermocouple probe and 
by inteferometry. This comparison is shown in Fig. 4. 
It may be seen that marching method solution for this 
undirectional flow problem predicts data very well. It 
may also be seen that the differences in prediction 
between a 19 x 15 grid and a 55 x 35 grid are not too 
significant. 

In order to provide an insight into the nature of a 
reversing buoyancy flow field in the channel, com- 
putations were first carried out at a rather low value of 
CO, injection rate (V, = O.Ol), and the effect of 
increasing wall temperature was investigated. The 
injection rate employed in this initial computation was 
much lower than that employed in the experiments. 

The streamline plots in Fig. 5 show the effect of 
progressively increasing the Grashof number Gr, by 
increasing the wall temperature, while keeping the 
CO, injection rate fixed at VT = 0.01. At Gr, = 50, 
most of the flow in the channel is downward, except 
near the solid wall (Y = l), where the flow is upward. 
The dashed line shows the locus of points where u = 0, 
and marks the boundary between the regions of 
upward and downward flow. As Gr, is increased, the 
region of downward flow narrows toward the porous 
wall (Y = 0). At still higher Gr,, a recirculation region 
develops which is pushed upward as Gr, is further 
increased. 

The corresponding axial velocity profiles are shown 
in Fig. 6 for three axial locations in the channel. It may 
be seen that, when downward flow dominates in the 
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Gr,==416 V,=O.Ol Gr,=50 

Y 

Ib) 

Grm=4716 V,=O.Ol Gr,= 150 Gr,=4716 V,=O.O! Gfr= 300 

-!- GM 

Gr,= 4716 V,= 0.01 Gr,= 75 

Y 

td) 

0 

Fto. 5. Calculated streamline plots showing effects of increasing wall temperature at a fixed injection 
rate. 

channel (low Gr,), the peak velocity decreases in the 
flow direction for upward flow while increasing in the 
flow direction for downward flow. On the other hand 
when upward flow dominates (high Gr,), the peak 
velocity increases in the streamwise direction for 
upward flow and decreases in the flow direction for 
downward flow. 

Results of computations at higher injection rates (VT 
=0.2) are shown in Fig. 7 where the velocity profiles at 
the mid-section (x/l = 0.5) are plotted with the para- 
meter Gr, varying from 0 to 700. For Gr, = 0 
(unheated wail) the flow is entirely downward due to 
the introduction of COZ into the channel through the 
porous wall. As the wall temperatures are pro- 
gressively increased, the flow close to the solid wall 
gradually turns upward and the peak upward velocity 
increases in magnitude with Gr, 

For a given Crashof number, Gr, = 500, the velocity 
profiles at three different axial locations are shown in 
Fig. 8. It is clear that, at this Gr, value, downward flow 
still dominates in the channel as the peak upward 

velocity decreases in the flow direction. 
The net mass Bow in the upward or downward 

direction may be determined at different elevations in 
the channel by integrating these velocity profiles and 
taking into account the variation of density. In parti- 
cular, the net upward mass flow at the entrance (x = 0) 
and exit (x = 1) of the channel was determined. The 
difference between the two mass flow rates, i.e. 

is shown in Fig. 9 as a function of Grashof number Gr,. 
Notice that at low Gr, (< 100) the flow in the 

channel is almost entirely downward. Consequently, 
the upward mass flows at both the entrance and exit 
are nearly zero. As Gr, is progressively increased, the 
upward mass flow entering the channel at x = 0 
remains larger than that exiting at x = 1. This shows 
that some of the upward flowing fluid is entrained by 
downward flow in the channel. At very large Gr,, the 
flow in the channel would be entirely upward and the 
curve of AniXL, would approach an asymptotic limit 
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FIG. 6. Calculated velocity profiles in the channel: effect of increasing wall temperature at a fixed 
injection rate. 

of -(vii ‘1) (or - 0.67 x 10m4 in non-dimensional 

coordinates) which is the total mass offluid introduced 
into the channel through the porous wall. 

A comparison of the present numerical predictions 
with experiments is shown in Figs. 10 and 11. In Fig. 
10, thermocouple-measured temperature profiles at 
three axial locations for the case Gr, = 4716, Gr, 
= 440, R, = 0.25 and V, = 0.2 are compared with 
predictions. The agreement is seen to be excellent. The 
corresponding concentration profiles are shown in Fig. 
11, where the agreement is satisfactory within experim- 
ental uncertainty. The corresponding velocity profiles 
were not measured in the present study. However, Fig. 
12 shows the prediction at conditions identical to the 
ones under which experimental were conducted. Large 

regions of flow reversals are indeed seen to be present 
under these conditions. 

CONCLUSIONS 

A stable, reversing buoyancy, natural convection 
flow field in a vertical channel was set up successfully in 
the present experiments. Temperature and concen- 
tration profiles in such a flow field were measured by 
combined use of a traversing thermocouple probe and 
MachhZehnder interferometry. The time dependent 
method of solution was successfully applied to predict 
the complex flow field in the channel. The predicted 
temperature and concentration profiles agree well 
with measurements. 
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CONVECTION NATURELLE DANS UN CANAL VERTICAL AVEC DES FORCES 
MASSIQUES EN OPPOSITION 

R&arm&La convection naturelle dans un canal vertical, avec des forces massiques qui changent de signe, est 
etudiQ experimentalement et thtoriquement. Le montage experimental comprend un canal entre deux 
plaques verticales, I’une poreuse, l’autre pleine. Les deux plaques sont maintenues a des temperatures 
uniformes superieures a celle de I’ambiance et un gaz lourd (CO,) transpire a travers la plaque poreuse vers 
le canal. Les champs de temperature et de concentration de CO, sont mesures en utilisant une sonde a 
thermocouple et I’interferomitrie Mach-Zehnder. 

Les champs de temperature et de concentration sont calcules par une methode aux differences finies 
appliquees aux equations de couche limite non stationnaires. Comme les equations sont paraboliques vis-a- 
vis du temps, la solution peut etre cherchee en utilisant des differences finies cent&s pour les d&iv& 
spatiales jusqu’a ce que la solution de regime permanent soit atteinte. Un schema de differences fmies peut 
etre construit qui soit stable quelque soit le signe de la composante de vitesse. 

Les solutions obtenues montrent plusieurs aspects de cet icoulement complexes en incluant les effets des 
forces massiques opposees sur les profils de vitesse. Les profils mesures de temperature et de concentration 

montrent un bon accord avec les previsions theoriques. 

FREIE KONVEKTION MIT ENTGEGENWIRKENDEN AUFTRIEBSKRAFTEN IN EINEM 
VERTIKALEN KANAL 

Zusammenfassung-Die freie Konvektion in einem vertikalen Kanal, in dessen Innerem die Auftriebskraft 
ihr Vorzeichen Indert, ist experimentell und theoretisch untersucht worden. Der experimentelle Aufbau 
bestand aus einem von zwei vertikalen Platten begrenzten Kanal, von denen die eine poriis und die andere 
dicht war. Beide Platten wurden aufgleichformiger Oberhachentemperatur oberhalb der Umgebungstempe- 
ratur gehalten, wobei durch die poriise Platte ein schweres Gas (CO,) in den Kanal eingefiihrt wurde. Im 
Kanal wurde durch gleichzeitige Anwendung einer Thermoelementsonde und eines Mach-Zehnder- 
Interferometers die Temperatur- und CO,-Konzentrationsverteilung gemessen. 

Die Temperatur- und Konzentrationsverteilungen wurden ferner aus einer Losung der zeitabhangigen 
Grenzschichtgleichungen mittels endlicher Differenzen bestimmt. Da die zeitabhlngigen Gleichungen 
parabolisch in der Zeit sind, kann die Lljsung mit Hilfe zentraler Differenzen fiir die raumlichen Ableitungen 
in vorwartsgerichteten Zeitschritten ermittelt werden, bis eine stationare Lijsung erreicht ist. Somit kann ein 
Schema mit endlichen Differenzen aufgestellt werden, das unabhangig vom Vorzeichen der Geschwindig- 
keitskomponente in Stromungsrichtung stabil ist. Die so erhaltenen Losungen zeigen viele interessante 
Aspekte dieser komplexen Stromung, einschlieBlich der Einfliisse entgegenwirkender Auftriebskrafte aufdie 
axialen Geschwindigkeitsprofile. Gemessene Temperatur- und Konzentrationsprofile zeigen gute Uberein- 

stimmung mit den theoretischen Berechnungen. 
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ECTECTBEHHAH KOHBEKUHR B BEPTMKAnbHOM KAHAJ-IE C nPOTMBOFIOJIO)KHO 
HAFIPABJIEHHbIMM APXHMEAOBLIMM CMJIAMki 

A~110~alpla-~KCuep~MeHTanbH0 W TeOpeTWIeCK8 BCCJIenyeTCx eCTeCTBeHHal KOHBeKIlHR B BepTH- 

KanbHOM KaHaJle. B KOTOpOM IIOnWMHaR CBna MeHReT 3HaK Ha upOTEiBOuOnOXCHbIk 3KCuepHMeHTanb- 

HasI CWCTeMa COCTOWT W3 KaHaXI, 06pa30eaHHoro LXByMSI BepTliKanbHblMB IInaCTBHaMW: OllHOii 

nopec-roii, a 9~0p0ti cnnomaol. FIoBepxHocTn o6esx nnacTWH noanep~tuealorca npa nocTosiHHoii 

TeMnepaType,npeBbImaIiweii TeMnepaTypy orpyxawourel cpew. qepes nopecTyI0 nnacTkiHy B KaHan 

nonaeTcn TnwtenbIi ra3 C02. nom TeMnepaTyp w KoHueHTpauaii CO2 B KaHane HsMeprIoTcn OnHO- 
BpeMeHHO C uOMO",bIO TepMOIIapbI II HHTep@pOMeTpa Maxa-UeHnepa. KpoMe TOrO, TeMuepaTypHbIe 

li KoHueHTpauAoHHbIe nons 0npenennwTcr nyTeM pelueHus ypaeHeHG HecTawioHapHoro norpaeww 

HOrO CnOIl KOHe'lHO-pa3HOCTHbIM MCTOILOM, BCuOnb3yZ4 WHTpanbHbIe pa3HOCTH &"a auupOKCHMaI,kIH 

npOCTpaHCTBeHHbIX npOA3BOnHbIX. TaK KaK ypaBHeHBI SBJIIIIOTCII IIapa60nWIeCKEiM&i u0 BpeMeHH, 

CTaUki0HapH0epeUIeHkfeM0~~0 nOny'iE%Tb MeTOnOM yCTaHOBneHWl.TaKHM o6pa3oM MOEHO nOnyWTb 

yCTOfiYWByI0 KOHeSHO-pa3HOCTHyIO CXeMy, He 3aBHCSWyIO OT 3HaKa KOMIIOHeHTa CKOpOCTB uOTOKa. 

nOnyVeHHbIe peUIeHBI 0TnH'IaH)TCII IIenbIM pNIOM HHTepeCHbIX OCO6eHHOCTefi. XapaKTepHbIX DJIR 

TaKoro cnoxworo TeqeHwI, B TOM acne yqeToM BnHnHHn npoTueononomH0 HanpaBneHHbrx apxeMe- 

nOBbIXCAn Ha aKCHanbHbIe upO$WIH CKOpOCTW. ki3MepeHHbIe npO@ESnH TeMnepaTypbI H KOHueHTpaUHE, 

xoporuo cornacyI0Tcr c pe3ynbTaTahfki TeopeTwIecKsx paweToB. 


