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Abstract-The effects of mixed convection within large baffled chambers for both ‘aided’ and ‘opposed’ 
buoyant forces are investigated. Experimental and numerical results are compared for the momentum 
boundary layer thickness and temperature distribution within the chamber. Two- and three-dimensional 
transient laminar numerical models are formulated using a fully implicit finite-difference scheme. The inlet 
and wall temperatures are held constant while maintaining a uniform inlet velocity. Two tiers of four (two 
per tier) horizontal baffles are located axisymmetrically about the vertical axis with the inlet at the top and 
exhaust at the base of the chamber. The difference between the inlet and wall temperatures ranges between 
_ 1.0 and 3.3”C with a Prandtl number, Pr = 0.7, inlet Reynolds number, Re = 32 and 235, and inlet 
Rayleigh number, Ra = O&6.8 x IO’. It is concluded that the flow is predominantly buoyant and asymmetric 
in nature. The development of the flow is sensitive to small variations in the temperature difference between 

the inlet and wall. 

INTRODUCTION 

LARGE baffled rectangular chambers with low inlet 
velocities, as shown in Fig. l(a), have traditionally 
been used to study a variety of chemical atmospheres 
generated for studies of health effects, chemical reac- 
tion and chemical species formation, and aerosol char- 
acterization. Generally, they have a cross-sectional 
diameter greater than 0.5 m with an inlet velocity set 
to maintain 10-l 5 chamber volume changes per hour. 
The inlet and exhaust may be mounted vertically or 
horizontally with an array of internal baffles included 
for atmosphere dispersion purposes. 

Rayleigh-BCnard flow in confined and partially 
open enclosures with and without baffles or dividers 
has been studied extensively [ 141. These experimental 
and numerical investigations have determined the 
temperature profile and flow structure in various 

closed cavity geometries with different Grashof, 
Prandtl, and Rayleigh number ranges. Other inves- 
tigations have concerned mixed convective flow in 
pipes [5], inclined tubes [6], vertical channels [7], 
spherical annuli [8], and vertical and horizontal plates 
[9-l?], but there is little information with regard to 
mixed convective flow in large baffled chambers. 

Studies concerning mixed convection in heated ver- 
tical channels have shown the effects of ‘aided’ and 
‘opposed’ buoyant forces in larger geometries. Yao 
[7] demonstrated that the ‘aided’ buoyant forces for 
upward vertical channel flow tended to accelerate the 

t Present address : Wright Research and Development 
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boundary layer such that incoming flow was drawn 
toward the channel wall. Tanaka et al. [5] also showed 
an increase in the wall boundary layer velocity with a 
decrease in Reynolds number for the case of ‘aided’ 
buoyant forces in a uniformly heated pipe. These 
investigations indicate a shift in the major velocity 
component toward the pipe or channel walls as buoy- 
ant forces become significant. While some effects of 
buoyant forces were indicated, the chambers of inter- 
est in addition to including baffles, also have inlet 
Reynolds numbers that are one to two orders of mag- 
nitude lower, resulting in a flow structure that is pre- 
dominantly buoyant in nature. 

Initial investigations of these chambers incor- 
porated flow visualization techniques to optimize the 
chamber geometry so that well-dispersed atmospheres 
could be obtained [13, 141. Quantitative studies have 
determined the mean residence time of a chamber, the 
rate of dispersion of a tracer gas, and the distribution 
of vapors, droplets, and solid particles [15-l 81. 
Cholette and Cloutier [19] addressed various mixing 
conditions in chambers by observing deviations in the 
rate of decay from a perfectly mixed condition, which 
were characterized as non-ideal mixing resulting from 
plug or piston flow, short-circuit flow, and stagnant 
regions. Kimmel et al. [20] applied the techniques 
developed by Cholette and Cloutier [19] in analyzing 
and quantifying the transport of various compounds. 
These investigations, however, have not addressed the 
effects of mixed convection on heat and mass transfer 
within these chambers, which is of interest to better 
understand their operation and provide a basis for 
improvement, modification and future development. 

A typical chamber consists of a conical inlet 
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NOMENCLATURE 

aspect ratio, L/H 
aspect ratio, L;'D 
aspect ratio, D,;tI 

body force vector in the :-direction 
specific heat [J kg ’ c’ ‘1 
depth of chamber [ml 
hydraulic diamctcr. XII! (L + i3) [m] 

accclcration due to gravity [m s ‘1 
Grashof number. ,q/lLI,‘fiTI~l’ 
height of chamber [m] 

hydrostatic height [m] 
thermal conductivity [W m ’ c‘ ‘1 
width of chamber [m] 
non-dimensional prcssurc. 
([I_’ -[I:, ),p IV& 
dimensional pressure. due to motion and 
hydrostatic prcssurcs, p+ = p* -pgh 

[N mm ‘1 
dimensional pressure due to motion 

(static pressure) [N m ‘1 
Prandtl number. ,L<‘,,. I, 
inlet volumetric flow rate [ml s ‘1 
Rayleigh number. (i1.e PI 
inlet Reynolds number. Q,M~,..v 
non-dimensional temperature. 

(T,,- 7-,!(T,,- T,,) 
temperature [ C] 
inlet temperature [ C] 
side wall temperature (see Fig. I) [ C] 
end wall temperature (see Fig. I) [ C] 

time [s] 
non-dimensional .r-direction velocity. 

If Iv, \ 
.r-direction velocity [m s ‘1 

non-dimensional j,-direction vclocit~. 
!. w, h 
chamber volume [m ‘1 
magnitude of maximum velocity [m s ‘1 
I.-direction velocity [m 5 ‘1 

non-dimensional :-directton \clocit>. 
11‘ CZ’,. 

r-direction velocity [m x j 
inlet vertical velocity [m s ‘1 
non-dimensional horizontal coordinate. 
\-. II 

horizontal coordinate [ml 
non-dimensional horizontal coordinate. 

?,,‘I> 
experimental horizontal coordinate axis 
about chamber centcrlinc. 
(_I‘- /..2):(L3 
horizontal coordinate [m] 
non-dimensional vertical coordinate. :. H 
vertical coordinate [m]. 

Greek symbol:, 

/I coefficient of thermal expansion. 

--(I ,,,)(c’p;‘;T) [K ‘1 
,i boundary layer thickness [ml 
(i T (7 ,z-T,) [ Cl 
;: fractional change in dcpcndent kariablc 

IJ non-dimensional time. rQ,\# r;,, 

LL dynamic viscosity [kg m ’ x ‘1 
I’ kinematic viscosity, /~;p [ml s ‘1 

I’ fluid density [kg m ‘1 

9 dependent variable 

(I,\ dcpcndent variable at specific sweep 01 

hc step. 

intended to uniformly distribute the atmosphere of 
interest across the inlet plane. The exhaust consists of 
a manifold to achieve a uniform flow across the 

exhaust plane. Inlet and exhaust flow rates arc con- 

trolled independently to maintain a slight negative 
chamber pressure with respect to the ambient pressure 
(2.5-5. I cm H20). 

This investigation considers the development of the 
flow structure due to a temperature gradient bctwccn 
the inlet and wall temperature. Table 1 shows the 
scope of this investigation with both two-dimensional 
(2-D) and three-dimensional (3-D) numerical for- 
mulations (cases 1 6) and experimental results from a 
scaled-down laboratory experimental model (case 7), 
which will be used in the analysis of the larger, f‘ull- 
size chamber. The 3-D effects of the experimental 
model were considered and the corresponding 3-D 
numerical solutions used to account for discrepancies 
between the experimental and 2-D numerical results. 
The 2-D numerical formulation corresponds to the 

larger, full-size chamber with a depth of I m and wab 

compared to the experimental results. The vertical 
wall tcmperaturc. r,,. was assumed to be constant 
due to the thin wall construction. Typical ranges ol 
Reynolds. Grashof. Rayleigh and Prandtl numbers at 
the inlet plant are also shown in Table I. where the 
characteristic length is the hydraulic diameter of the 
chamber body. The 2-D numerical results were further 
divided into three distinct flow types and defined as 
short-circuit (convection) flow. mixed (mixed con- 
vection) flow, and dead space (diffusion) How and 
compared to the data obtained by Kimmel et al. [X] 
using a similar chamber and the method developed b! 
Cholette and Clouticr [ 191. 

Initial verification of the magnitude of the buoyant 
force compared to inertia forces MUS determined bq 
evaluating G,-! RP' at the inlet plane. The buoyant 
force was found to dominate the inertia forces by 21s 

much as three orders of magnitude with a temperature 
difference of 6T = I .O‘ C. The buoyant force. thcrc- 



L= .813m 
H=.606m 

An experimental and numerical simulation of mixed convection 

Eaffla Baffla 

1527 

Y 

+-f 
2 

(b) 

D = 6.67cm 

FIG. I. Chamber geometry specifications : (a) two-dimensional geometry ; (b) three-dimensional laboratory 
model geometry. 

fore, must be considered as the primary force in the 
development of the flow structure. 

ANALYSIS 

Numerical solutions of the 2-D and 3-D incom- 
pressible time-dependent laminar Navier-Stokes equa- 
tions were considered. The time-dependent approach 

was chosen to evaluate the presence of a steady 
periodic oscillation. The 2-D and 3-D problems shown 
in Fig. 1 were considered with the 3-D formula- 
tion simulating the experimental model. 

For this investigation, only the dimensional form 

of the governing equations was solved, thereby cir- 
cumventing the need for scaling considerations of the 
non-dimensional parameters as is typically required 
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Table I. Parametric specitications for numerical wxi expcrimcntal investigation 

3 

l.l‘J 0.X I.3 I ..3 I 
I.19 0.813 I.31 
I.19 0.x13 I.31 
1.1’1 0.x13 I.31 
I .I 9 11.2 0. I x0 
I I 9 12.2 0. I x0 
LIO 12.1 0. I80 

for buoyant flow conditions [I]. The non-dimensional 
form of the governing equations was derived using 
the length scale and characteristic velocity generally 
chosen for mixed convection pipe flow and the result- 

ant non-dimensional parameters were compared 
using subsequent dimensional solutions. 

The Boussincsq approximation was used in the ver- 
tical direction to account for buoyancy effecls. Using 
this approximation the vertical body force becomes 
BI = pg[ 1 -/j( T- 7;,)1. where /I = I ‘T,, for an idcal 

pas. The refercncc values for all gas properties wc~-c 

taken at the inlet plant. 
The chamber inlet cone was assumed to provide ~1 

uniform velocity dislribution across the inlet plane 
with the exhaust manifold providing a velocity dis- 
tribution resulting from a conslant exhaust pressure 
across the outlet plant. Viscous dissipation and press- 
ure work were assumed to be negligible due to the low: 
buoyancy-induced velocities. With Lhesc assumptions. 

the 3-D governing equations become : 

Conservation of mass 

Conservalion of momentum 

(1) 

Conservation of energy 

The non-dimensional term of the governing cqua- 
tions can be derived in terms of the abpcct ratios : .4 ,. 
A,. and /I :. 

Conservation of mass 

Conservation of momentum 
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(8) 

Conservation of energy 

27” 
w+ 

A2 aT’ 1 aT’ 

(10) 

The boundary conditions specify a uniform inlet 

velocity profile and a constant vertical end wall tem- 
perature. The side walls were either at a fixed tem- 
perature, (T’),, = l/6, or adiabatic, (aT’/aX),, = 0, 

for the 3-D formulation. The magnitude of the inlet 
velocity is specified, but the outlet velocity is set by 
satisfying the conservation of mass with a constant 
reference pressure across the outlet plane. The bound- 

ary conditions become : 

x=0, O<Y<l, O<Z<l, 

(az-‘/ax) = 0 or T’ = l/6, 

u=o, v=o, w=o 

x=1, OdY,<l, O<Z,<l, 

(ar’jax) = 0 or T’ = l/6, 

i/=0, v=o, w=o 

Y=O, O<X<l, O<Z<l, 

T’ = 1, U=O, v=o, w=o 

Y=l, O<X<l, O<Z<l, 

T’=l, U=O, V=O, W=O 

z=o, OdX<l, O,<Y,<l, 

T’=O, U=O, V=O, W=l 

Z=l, O<X<l, O<Y<l, 

u=o, v=o, P=O. 

The outlet boundary condition for temperature was 
considered to be locally parabolic such that the Peclet 
number is sufficiently large so as to exhibit local one- 
way behavior in the axial direction [21]. The baffles 

were treated as being infinitesimally thick with a no- 

slip boundary condition. The baffle temperature was 

specified to be equal to the local fluid temperature. 

NUMERICAL SCHEME 

The numerical scheme was a finite-difference iter- 

ative method using the control-volume approach [22]. 
The 2-D and 3-D numerical models were formulated 

using the fully implicit, time-dependent, laminar 
Navier-Stokes equations. The ‘SIMPLEST’ [22] 
method was used for the momentum equations with 

the hybrid differencing formulation. When a cell 
Peclet number is within the range -2 to 2, a central- 
difference scheme is used; otherwise, the upwind 

differencing scheme is used. The no-slip boundary 
condition on the walls and baffles was specified by 

setting the cell velocity to zero. 
The solution sequence involved solving for the vel- 

ocity and temperature fields from an assumed pressure 
field at a specific time step. The pressure field was then 

updated using these velocity and temperature fields in 
the pressure-correction equation such that the con- 
servation of mass was satisfied. This iterative sweep 

process was then repeated using a slab-by-slab method 
at each time step until convergence criteria were sat- 

isfied. Convergence characteristics at each time step 
were maintained by reducing the time step where 
appropriate with the minimum computational time 
required to reach a steady state solution being at least 

three characteristic times, H/W,,, or approximately 
10 min. In addition, conditions for convergence to a 
solution, either at a specific time step or to a steady 

state solution, were based upon a dependent variable, 
4, varying less than a predetermined change of the 
magnitude fraction, Q,, between successive sweeps or 
time steps where 

The values of .sg were varied and it was required that 
the magnitude of the dependent variable be greater 
than the roundoff error or truncation error such as 
would happen when velocities approach zero. 

Typically, for a steady state solution, E# ranged from 
lo-’ to 10~-2 over a time span of 25 s, while over five 
successive sweeps E$ was less than IO-‘. Intermediate 
results were monitored to ensure convergence and 
numerical stability at a specific time step during the 
course of the solution. These intermediate results were 
also used to determine convergence toward either a 
steady state or a steady periodic solution. 

Appropriate grid size and spacing were chosen to 
give acceptable numerical accuracy while still main- 
taining reasonable computational times. Generally, 
the approach to organizing the grid layout for typical 
closed cavity buoyant problems has been to con- 
centrate grids at the walls to accurately describe the 
thermal and momentum boundary layers. For the 2- 
D formulation, a uniform 100 x 100 grid was chosen 
to give good coverage without knowing in advance as 



to where the greatest dependent variable gradients 
would be located within the chamber cavity. This grid 
layout was subsequently refined in regions of intcrcst 
to verify numerical accuracy. By doubling the grid 
number at the vertical wall. which was a region with 
large gradients. the maximum boundary layer velocit) 

was changed by less than 3%. The momentum bound- 
ary layer thickness was changed by less than 5% for 
boundary layer thicknesses greater than 2.5 cm and 

the temperature was changed by less than I %. 
While the IO0 x 100 grid in the 2-D formulation was 

found to be satispdctory. expansion to a 3-D for- 

mulation was found to be computationally intcnsivc 
and time consuming. The grid number in the third 
dimension was set to five to maintain reasonable com- 
putational times while still being able to qualitativcl) 

describe the general flow structure for the Y-; plane 
and thereby address some of the inconsistencies 

bctwcen the numerical and cxperimcntal results. 
The Nusselt number was not evaluated since [his 

only gives information regarding gross behavior and 

is insensitive to specific information regarding the flow 
structure and temperature distribution at various 
chamber locations such as the core region [I]. This 

did not preclude evaluation of the Nusselt number to 
verify numerical convergence and optimum grid size 
but still only gave information for the numerical con- 

Diff. 
PWSS. 

Ga. Heater 

(4 

ditions at the chamber wall. In addition. there is an 
error associated with the Boussinesq approximation 
[23] in which thcrc is as much as a Xl”);, overestimation 
of the maximum vertical velocity. 

EXPERIMENTAL APPROACH 

An experimental chamber model was fabricutcd 

using I .9 I cm thick Plexiglas with an interior body 
dimension of 0.8 I3 m x 6.67 cm and 0.686 m high. as 
shown in Figs. I fb) and 1. Baffles of I .5 mm thick 
Plexiglas were inserted across the chamber depth and 
tixed into the vertical side walls. The vertical end walls 
were fabricated using a thin aluminum plate combined 

with a Mater @ket to maintain a constant wall tcm- 
pcraturc. A Lauda recycling water bath was used to 
maintain a constant water tempcraturc in the water 

jacket (to.2 C). Inlet and exhaust air was passed 
through a series of laminated porous stainless steel 
plates with a nominal pore sire of 44 ~tni to maintain 
a uniform velocity profile. The inlet volumetric ilo\\, 

rate was adjusted and monitored using a Matheson 
rotameter and corrected to account for the opcr- 
ational pressure drop. The chamber pressure \vas 
maintained to that of ambient by adjusting the 
exhaust flow rate. 

Field tcmpcrature mcasurcments were made usinp 

Ice Bath 
ref. 

I I 1 

Cht. 
Recorder / 

, Ref. Check 

Insulated 
Isothermal 

Switch 

04 _ 

FIG. 2. Experimental apparatus: (a) laboratory experimental model ; (b) temperature measurement setup 
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ironxonstantan exposed junction thermocouples 
individually calibrated to within f 0.1 “C. Each ther- 

mocouple was immersed in a stirred water bath and 

calibrated using a standard NBS traceable ther- 
mometer (Ever Ready Thermometer Co., New York) 
(f O.OS”C) over the anticipated range of operation 
of 24-32°C. An insulated isothermal thermocouple 
switch to minimize stray e.m.f. and thermocouple 
amplifier were used in conjunction with a digital volt- 
meter for a sensitivity greater than the required + 5.1 
PV for kO.l”C measurements. Thermocouple volt- 
ages over a range of calibration temperatures were 
obtained and referenced to an ice point consisting of 
a large reservoir ice bath with an additional reference 
thermocouple to verify shifts in the reference ice point 

temperature. Periodically, the standard NBS traceable 
thermometer was also used to verify field tempera- 

tures. Thermocouples were chosen and sized to 
minimize flow disturbances and maximize response 
time with a sheath diameter of 0.159 cm and a bead 
diameter ranging from 0.025 to 0.076 cm for a time 

constant of 1.35-I .73 s. 
Velocity data were obtained using a TSI IFA- 

hot wire anemometer using a platinum film sensor 
model 12 1 l-l 0. To effectively use the hot wire anem- 
ometer, the magnitude of the buoyant-induced veloci- 
ty, due to the heating of the sensor, in relation to the 
velocity to be measured was of interest. Uncertainty 
errors can be determined depending upon the orien- 

tation of the fluid velocity to that of the induced 
buoyant velocity [24]. This is evident when the stream 

velocity is opposed to the sensor-induced buoyant 
velocity and of the same order of magnitude. During 
this experiment, there was a range of stream velocities 
in which the indicated sensor velocity would decrease 
as the stream velocity increased. This is due to the 
summing of counteracting velocities and indicating a 
lower resultant velocity. A spot calibration of the 
probe sensor using a series of parallel screens at iso- 
thermal conditions showed this velocity to be of the 
order of 2.15 x 10mZf0.25 x lo-* m s--‘. Therefore, 
hot wire anemometry was limited to the evaluation of 

the momentum boundary layer thickness along the 
vertical end wall with the edge of the boundary layer 
being defined as this baseline velocity. 

RESULTS AND DISCUSSIONS 

Experimental data consisted of temperature 

measurements at various chamber locations at the 
central plane and hot wire anemometry data to deter- 
mine the momentum boundary layer thickness, which 
were then compared with the 2-D and 3-D numerical 

solutions. 
To obtain similitude of the full-size chamber using 

the experimental model, the non-dimensional par- 

ameters, AJRe, Gr/(A, Re’) and A,l(Pr*Re) were 

matched with the exception of the coefficient, Al/A,. 

The aspect ratio A, was not considered and was either 

0.813 or 12.2 for the full-size chamber and exper- 
imental chamber, respectively. As a result, the inlet 

velocity, W,N, and temperature difference, 6 r, 

between the inlet and vertical end walls remained the 

same as that of the full-size chamber since only the 

chamber depth varied. 
Figures 3-6 show the chamber velocity direction, 

velocity magnitude and temperature contours for the 
2-D cases l-4. Figures 7-10 show the temperature 
contours, and velocity vector and magnitude plots for 
the 3-D cases 5 and 6. Final comparisons of non- 

dimensional temperature are shown in Figs. 11 and 
12 for the 2-D full-size chamber case 4, the 3-D cases 

5 and 6, and experimental results (case 7). Momentum 
boundary layer thickness and maximum velocity for 

the cases investigated are shown in Table 2. 
Three characteristic flow structures were observed 

for negative, positive and zero differences between the 
inlet and vertical wall temperatures. The 3-D cases 
exhibited additional flow structures inherent to the 
boundary condition in the third dimension. 

Negative differences between the inlet and vertical 

end wall temperatures induced ‘opposed’ buoyant 
forces at the vertical end walls as shown in Figs. 3(b) 
and 4 for the 2-D case 2. The flow structure consisted 

of a central downward flowing core of cooler fluid 
with a reflux of mass at the vertical end walls from the 
exhaust to the inlet due to the upward vertical velocity 
component induced by the ‘opposed’ buoyant forces. 

This reflux of mass subsequently combines with the 
cooler inlet mass at the inlet plane. The resulting flow 
structure was not only steady periodic in nature with 

Table 2. Boundary layer thickness and maximum velocity 

Case 

1 
2 
3 
4 
5 
6 
7 

6 (cm)t 

VW Z/H = 0.44 Z/H = 0.67 Error (cm) Characteristic 

2.81 x 1O-2 N/A N/A N/A 
7.03 x 10-Z N/A 

steady state 
N/A 

6.89 x lo-’ 
N/A 

2.38 
steady periodic 

2.84 +0.41 
1.03 x 10-l 1.98 

steady state 
2.32 kO.41 

1.02x 10-l 1.93 
steady state 

2.31 kO.41 
1.16x 10-l 2.09 

steady state 
2.58 kO.41 

not measured 1.91 
steady state 

2.54 L-O.32 steady state 

t6 determined to be the location for a velocity equivalent to the minimum response of the 
anemometer sensor (x2.15x IO-* m s-l). 
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FIG. 3. Two-dimensional numerical results: (n) bclocity direction and magnitude prolile USC I : 
(b) velocit) magnitude prolile cast 2. 

a period of the order of 300 s, but was also displaced 
from the expected symmetrical flow pattern. Placc- 
ment of the lower baffles in relation to the exhaust 

plane was found to bc the contributing factor in the 
development of the oscillatory flow and the asym- 
metric flow structure. When these lower baffles were 

rcmovcd. the flow structure became symmetric with 

little oscillation. 
Positive and increasing differences between the inlet 

and end wall temperatures resulted in an increased 
downward vertical velocity component at the vertical 
end walls with mass rcfluxing from the exhaust plane 
and flowing horizontally along the upper surface of 
the lower baffles. This is shown in Figs. 5-7 for the 2- 
D cases 3 and 4 and the 3-D adiabatic side wall case 
5. As the temperature differences increased. both a 

thinning of the vertical wall boundary layer coupled 
with an increased vertical velocity component was 
observed as shown in Table 1. With this increase in 
the temperature differential, the central vertical mas\ 
How between the baffles was diminished a\ a result 01 
an increased mass flux to the vertical end walls above 
the upper baffles. 

There are two distinct regions of interest. The lirst 
region is above the upper baffles, locations where flop 
is diverted around the baffles. and along the vertical 
end walls. In these arcas, convection begins to domi- 
natc ditrusion and becomes the primary mode 01‘ 
energy transport. This is demonstrated in the tcm- 
pcrature contour plots of Figs. 5- 7 by the constant 
temperature region and the distorted contours 
between the baffles and the chamber walls. The second 
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r Y 

FIG. 4. Two-dimensional numerical results for case 2: (a) chamber velocity direction profile; 
(b) temperature contour. 

region of interest is below the upper baffles and above 
the lower baffles where diffusion is the primary model 
of energy transport as a result of the low velocity 
components. This is demonstrated by the stratified 
temperature gradient in the contour plots of Figs. 5- 
7. This second region varies in size and will gradually 
diminish as the inlet and vertical end wall temperature 
differences are positive and decreasing to zero. With 
decreasing positive temperature differences, the cen- 
tral vertical mass flow between the baffles will increase. 
The mass will enter into the lower region and flow 

horizontally along the lower surface of the upper 
baffles tow-ard the vertical end walls. As the tem- 
perature difference is further decreased, approaching 
zero, the flow will approach that of Fig. 3(a) in which 
the buoyant forces are no longer dominant. 

Formulation of the 3-D case was considered such 
that the additional side walls for the third dimension 
were either adiabatic (case 5) or constant temperature 
(case 6). With this formulation, a solution with a 
conduction side wall boundary condition, as was 
anticipated using the experimental model, would be 
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FIG. 9. three-dimensional numerical results, temperature contour: (a) case 5, 25.3-27.3 C at 0.2 C 
intervals : (b) case 6, 26.S27,3”C at 0. i ‘C intervals. 
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FIG. 10. Velocity vector plot across depth of three-dimensional numerical formulation at lateral distance 
of 0.25L as viewed from the origin : (a) case 5 ; (b) case 6. 
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. CASE 87 
Y’=O 

-•- CASE #4 
Y’=O 

---o--m CASE $5 
Y’=O 

---o--- CASE X6 
Y’=O 

(b) 

. CASE 87 
Y’=+.75 

--=a-- CASE #4 
Y’=+.76 

---o--- CASE 15 
Y’=+.76 

---0.-- CASE #6 
Y’=+.76 

FIG. 1 I, Non-dimensional temperature vs vertical height for two and three dimensions and experimental 
data along the Y’-axis at the central plane. 

bordered by the two solutions. For constant tem- temperature was maintained such that the follow-ing 
perature side walls, the temperature was maintained relation for comparison to the non-dimensional tem- 
less than the inlet temperature and greater than the pcraturc, T’, was satisfied : 
vertical end wall temperature. Average experimental 
wall temperatures were used as the boundary con- CT,, - T,,) = T’(T,, - r*j 

dition for the side wall temperature in the 3-D numeri- where T’ = l/6. 
cal formulation of case 6. For this case. the side wall Comparison of the 2-D case 4 and the 3-D adiabatic 
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T’ 
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0.15 T &- 
e__e__o--f+ *--*--e-- T 

I 

. CASE 17 
Y’s+.906 

-a- CASE #4 
Y’s+.90 

---a--- CASE 15 
Y’s+.90 

---o--- CASE #6 
Y’s+.90 

(b) 

. CASE t7 
Y’=+.904 

-a- CASE 14 
Y’=+.98 

-o- CASE 14 
Y’s+.99 

---o--- CASE #5 
Y’=+.90 

---o--- CASE C5 
Y’=+.99 

-o--- CASE #6 
Y’=+.98 

-o- CASE 16 
Y’=+.99 

FIG. 12. Non-dimensional temperature vs vertical height for two and three dimensions and experimental 
data along the r-axis at the central plane. 

side wall case 5 shows a slight variation in the tem- 
perature contour plots (Figs. 6(b) and 7(b)), which 

deviation in both the flow structure and temperature 
profile as shown in Figs. 6-8. This variation between 

was attributed to the increased aspect ratio, A,, and the two 3-D solutions was attributed to differences in 
the additional no-slip boundary condition at the side the side wall boundary conditions. 
wall. Comparison of the solution of the 3-D constant Additional effects of the third dimension can be 
side wail temperature case 6 to the 3-D adiabatic side 
wall case 5 and the 2-D case 4 showed a significant 

further demonstrated from Figs. 9 and 10. The 3-D 
adiabatic case 5 differs from the 2-D formulation, case 
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4, in that the no-slip boundary condition is included 
along the side walls. The constant temperature side 
wall case 6 resulted in an increased boundary layer 
ilow that is characteristic of the ‘aided’ mixed con- 
vection Row in a pipe or channel. Case 6 also exhibited 
flow reversal in areas above the lower baffles and 
at the inlet. Both cases 5 and 6 showed rotational 
circulation below the lower baffles. 

Non-dimensional temperature profiles for 2-D cast 

4 and 3-D cases 5 and 6 were compared with the 
experimental results (case 7) and arc shown in Figs. 
I f and 12. In these figures, non-dimcl~s~onal center 

plane temperatures along the chamber vertical axis 
are compared at lateral locations along the Y’-axis. 
where Y’ = 0 is the centerline of the chamber and 
Y’ = 1 is the vertical end wall. The 2-D case 4 con- 
sistently overestimated the non-dimensional tern- 
perature when compared to the 3-D adiabatic cast 
5. These differences in non-dimensional temperature 

were most evident for Z/H > 0.4 and were also attri- 

buted to the increased aspect ratio, ,i1?, and the 
additional no-slip side wall boundary condition. 
There were significant differences between casts 4 and 
5, case 6 and the experimental results (case 7). The 

experimental results, as expected, agree more with a 
conduction side wall boundary condition as opposed 
to the chosen adiabatic or constant lemperaturc 
boundary conditions. A conjugate numerical for- 

mulation to account for the side wall boundary con- 
dition for comparison to the ~x~~~inl~n~~l results 

would bc more appropriate. but would reyuire a sig- 
nificant increase in compulationai time. 

Verification of the vertical end wall boundary layer 
thickness was performed using hot wire anemometry 
measurements. The numerical error in boundary layer 

thickness was taken to be half of the grid size. iO.41 
cm. and the experimental error _10.33 cm. Anem- 

ometer measurements were made by noting a change 
in the response from the zero baseline and the cor- 
responding location from the vertical end wall was 
determined to be the boundary layer thickness. This 

boundary layer thickness as defined was also dcter- 
mined from the numerical solutions of cases 3 6 and 
the results compared in Table 2 for the vertical non- 

dimensional locations at ZH = 0.44 and 0.67. The 
agreement between the experiment and the numerical 

solution was satisfactory. 

The 2-D numerical results of casts 1, 3. and 4 wcrc 
further analyzed by subdividing the flow structure 
into three flow types and then determining the volt~mc 
01. area fraction of each flow type within the chamber. 
The three flow types consisted of sh~~rt-~ir~uit fiou. 
dead space or diffusion flow, and mixed flow. Table _: 
compares these data obtained from the 2-D numerical 
results to that obtained by Kimmcl rzt (11. [20] in a 
similar full-size chamber. 

Kimmel cur czl. [ZO]. using tcchniyucs developed h> 
Chotette and Cloutier [I 91, also defined the fraction 
of the three flow types, but did noi consider the tern- 
perature variation within the chamber as being a fac- 
tor in fractionation. To compare the numerical results 

and the data obtained by Kimmel ct al. [20], it must 
also be assumed that the fractionation and dcvcl- 

opment of the three flow types in the inlet and otttict 
cones are similar to that of the cuboid portion of ihc 
chamber. In addition. the numerical results do not 
address the possibility of an increased fraction of short- 
circuit flow. and a decrease in dead space and mixed 

Aow fractions due to the two additional walls in the 
lhird dimension. 

Although the detailed flow structure within the 

chamber Row cannot be determined hy the method 01‘ 
ref. [19] as used by Kimmel et ~21. [IO], there is good 
agreement within the limitations as discussed above 
for casts 1 and 3 of this study and Kimmet CI ~1. [20(. 

CONCLUSIONS 

Development of the chamber Row slructurc wah 
found 10 be sensitive to small variations in the tem- 
perature difference between the inlet and wall. For 
positive temperature differences greater than 1 C. the 
entry above the upper baffles was sufficient such as 10 
provide enough length for the flow to develop and 

combine in the boundary layer flow. Upper baffle 
placement in this instance appeared to have a minimal 
effiict upon the development of the resulting flow 
structure. However, with gradually decreasing tem- 
perature differences, the baffle placement had sig- 
nificant impact upon the flow structure, eventually 
resulting in an asymmetric steady periodic behavior. 
There were also distinct regions of fluid and energy 
transport due lo either diffusion or convection 
depending upon the location. With increasing or 

Table 3. Percent chamber fmction of defined flow types 

Short circuit Mixed -- Dead space 
Case (convection) (mixed convection) (diffusion) 

1 (is?-= O’C) 16.0~0.1 hS.Ori_O.:! X.9&0.2 
3 (67-= 1 C) 13.5*0.5 &%.4&X3 35. I kO.7 
4 (6T = 3.3 C) 11.7+0.4 492+0.1 39.4*0.1 

1 (Kimmel et ul. [2O])‘i_ II.7 54.7 23.(J 
2 (Kimmel ct (II. [20])$ 17.2 51.3 -31 5 

t Empty chamber. 
$ Chamber with cages and baffles 
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decreasing temperature differentials, these areas were natural and forced convective heat transfer in spherical 

either enlarged or diminished as the flow structure annuli, J. Hear Transfer 106,Sl l--816 (1984). 

developed, with temperature being the driving par- 9. N. Ramachandran, T. S. Chen and B. F. Armaly, Mixed 
convection in stagnation flows adjacent to vertical sur- 

ameter. 
Use of the laboratory ex~~rn~tal model in the 

evaluation of the flow structure in the larger, full-size 
chamber appeared to be limited due to the significant 
effects of the 3-D geometry. Effects of the additional 
side wall boundary condition in the 3-D formulation 
appeared to have a significant effect upon the devel- 
opment of the flow as compared to the 2-D model. 

In general, the observed variations in the devel- 
opment of the flow from steady state to oscillatory 
behavior are consistent with laminar buoyant flow 
bifurcations for which Prandtl number, geometry, and 
Rayleigh number are the parameters influencing the 
flow structure at a specific bifurcation 1251. Variations 

Faces, J. Heat Tr&fer 110,373-377 (1988). 
10. D. G. Osborne and F. P. Incropera, Ex~~mental study 

in the Rayleigh number due to the difference between 
the inlet and wall temperature in conjunction with 
either the baffle placement or chamber aspect ratios 
provided the means for these flow structure transitions 
to occur. This resulted in the observed differences 

1 5 

between the 2-D formulation simulating the full-size 
chamber, the 3-D fo~u~ations and laboratory exper- 
imental model. 16. 
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SIMULATION EXPERIMENTALE ET NUMERIQUE DE.CONVECTION MIXTF: DANS 
DE GRANDES CHAMBRES RECTANGULAIRES AVEC BAFFLES 

R&sum&--On ktudie les etl’ets de la convection ~IXIC dam des grandes chambrcs avcc baffles pour des forcch 
dc flottement aid&s ou oppos&. Les r&ultats esptrimentaux et num&iyues sent cornparis pour i’+aisseur 
de couche &mite de quantitt! de ~l~~uvenlent et pour la distribution de temp~r~~ture dans la cbambrc. Des 
mod&s numb-r-iqucs ;I deux et trois dimensions sent formul&s par un sch&na imp&cite aux dill&ences 
finies. Les temp&-aturcs d’entree ct de paroi sent maintenues constantes tandis que la vitcs%! d’entree est 
uniforme. Deux tiers des quatre (dcux par tiers) batlles horizontaux sent log&s dc faqon axi\ymCtriquc 
autour de I‘axe vertical avec I’cntrkc au sommct er la sortie i la base dc la chambre. La diA’Crcncc entre Its 
tcmpt!ratures d’entrke et de paroi varie entre - I ,O et 3%3 c‘ avec un nombre de Prandtl Pr == O,?. un nombre 
dc Reynolds d’cntrte RP = 32 et 235. un nombrc de Rayleigh d’cntric RLI = 0 6.Xx 10”. On conclut qui: 
l’i-coulement cst pr~ncjpaicn~ellt tlottnnt et par nature asymi-triquc. 1.c d~veloppen~el~t de 1’L:couIcment cyt 

EINE EXPERIMENTELLE IJND NUMERISC’HI: SIMULATION DER 
MISCHKONVEKTION IN EINER GROSSEN RECHTEC’KIGEN KAMMER MIT 

UMLENKBLECHEN 

Zusammenfassung-Der EiniluO der Mischk~)n~ckti~~n in cincr groBcrt Kammer mlt ~~~~~lenkbicc~~e~~ wit-cl 
fiir die F811e glcichgerichtcter und gegengerichteter Auftriebrkr5fte untersncht. Die cxperimcntcllcn und 
die numerischen Ergcbnissc uerdcn im Hinblick auf die Dicke dcr Striimungsgrenzschicht tmd dlc Tem- 
peraturverteilunp in dcr Kammcr vcrglichcn. Mtt Hilfe eines vollst8ndig implizitcn Finite-Diffcrcnxn- 
Verfahrens wird ein zwci- und ein dreidilncnsion3Ics transicntes Model1 fiir laminare Striimtm~ fc)rmulicrr. 
Die Eintritts- und die Wandtempcraturen werden konstant gehalten. die Eintrittsgesch~~1ndigkeil ist 
gleichf~rmig, Ztvei Reihen mit jeweils rwei waagcrech~en ~,i~~ienkblec~~cn sind achsensymmctrisch urn die 
senkrechtc Achse angeordnct. wohei sich dcr Eintritt an der Oherscitc und der Austritt :in dcr l~ntcrscitc 
der Kammcr befinden. Die Ditfercnr /uischcn Eintri~ts- und Wxndtcmperatur licgt rwlschcn I .O und 
3,3 C. die I’randtl-Zahl bctrii@ I’r zm 0.7 die Reynolds-Zahl am I’intritt Kc x .I:! und 235. dtc Ra) leigh- 
Zahl am Eintritt hegt zwischcn &I = 0 und 6.X x 10q. Als SchlulJfolgerung ergibt such, da0 die Striimtms 
hnuptsiichlich auftriebsbestimmt und asymmctrlxh ist. Die Enlnicklung der Striimung hiingt stark v<ln 

kleinen Schwankungen der TcmpclaturciiJ‘Ttrcnz rwischcn Eintritt tmd Wand ah 

3KCI’IEPRMEHTAJIbHOE H WiCJIEHHOE MOfiEJH4POBAHME CMEUrAHHOfi 
KOHBEKuIlkl B GOJIbBIkiX I-IPIIMOY~O~bHbIX KAMEPAX C IIEPErOPOAKAMU 

hIIIOTaUiI~-l?CCJIenymTCR 3weKTbI CMeUlaHHOii KOHBeKLlEW B 6onbLuix KaMCpaX C IIeperOpOAKaMB 

opHSekTBHE% nOA~MH~XC~~~K ~O~HaKOEOM,~~~ B ~~T~~~O~O~n~X HaRpaBJIeHUKX.CpaBHR- 

BaKtTCs ~~c~ep~~e~=~~~~e w ~~C~e~~~e pe3ynbTarbi hut TeqeHm B no~paH~¶HoM cme a pacnpexe- 

_nems TermepaTyp i3 KaMepe. C sicnonb30Bamieh4 nomombzo rsenmfoii KoHewo-pa3riowHoA cxeMbi 

nocTpoemr n~yx- URP TpexMepHbte HecrawioHapHble nahmiapiibre wicneHHbte MoAenEi. Temeparypa 

Ha Bxone H Teh4nepaTypa cTektKB non4epmmamicb nocTomiHblhm npu coxpaHeHali paeiioMep5ioi cKo- 

poc~a Ha sxone.&a pxfia ~3 %eTbrpex (n~yx B KaxmoM npyce)neperoponoK pacnonaranecb acHMMeT- 

pENHO OTNoCWTe~bHO BepTHKUbHOtiOCH,npHYeM BXOApa3MemmCn y BepXHeii DOBepXHOcTH KaMepbI,a 

BblXOJF-y ee OCHOBBHAII. Pa3HOCTb TeMnepaTyp Memy BXOnOM H CTeHKOii Kone6anacb B IIpGFZIaX 

-1,&3,3"C nprr muse iIpamT.nn Pr=0,7,rwcne Peiiwonbnca Ha Bxoae Re= 32 B 235 u acne Pmea 

Ha ~xone Ra = &6,8 x IO’. Cfie3raH BMBOJJ 0 ~oM,wo TeSeHHe 518111eTC11 n~~My~~TBeHH0 CBO6oAHO- 

KOHBeKTEBHbrM R aCHMMeTpHVH&E.% Pa3BHTRe TeYeHlfS BeCbMa VyBcTBfiTeJibHO K HefiOJIblu%M B3MeHC- 

HHRM~3HOCTIITCMllepaTypMe~AyBXOZlOM EiCTCHKOii. 


