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Abstract-This paper describes an investigation of the natural convective flow structure generated by 
heat transfer in a vertical rectangular cavity for aspect ratio of 5. Velocity profiles were measured at a 
Rayleigh number of 5 x 10“ and the three dimensional flow structure determined. The effect of end wall 
conduction on the flow structure was investigated by varying the degree of insulation applied to the 
unheated walls. 

The measurements show that end wall conduction affects the whole flow structure and thus may 
introduce significant deviations from the commonly assumed two dimensional conditions in the central 
section. Investigation of the three dimensional flow structure by laser-Doppler anemometry showed 
that the horizontal velocity component parallel to the heat conducting plates is small compared with the 
vertical component when the end walls are carefully insulated. However, when end wall insulation similar 
to that employed in many past heat transfer experiments is used, a strong three dimensional motion is 
produced. 

The measured velocity distribution in the central sectional of the cell was compared with numerical 
and analytical predictions in the boundary layer regime. 

NOMENCLATURE Greek symbols 

Aspect ratio of cavity, H/L; a, thermal diffusivity; 

dimension of cavity in Y-direction, horizontal 8, vertical temperature gradient; 

and parallel to the heating plates; 
acceleration due to gravity; 

film coefficient of heat transfer; 
height of cavity; 
width of cavity; 

Prandtl number, v/u; 
Rayleigh number based on the width of 
the cavity, gyATL3/uv; 

temperature of the hot plate; 

temperature of the cold plate; 
x-component of velocity; 
y-component of velocity; 
z-component of velocity; 
non-dimensional x-component of velocity 

non-dimensional y-component of velocity 

non-dimensional z-component of velocity 

distance from cold plate to hot plate; 
horizontal distance along the plate; 
distance from the bottom of the cavity; 

x*, y*, z*, dimensionless co-ordinates, 

XY z 
i’ B’ H’ 

Y> cubical thermal expansion coefficient; 

AT, temperature difference ; 

P> density; 

v, kinematic yiscosity; 

5, scaled horizontal x co-ordinate 

1. INTRODUCTION 

DESPITE considerable interest in natural convection 
within enclosed cavities there have been few measure- 
ments of fluid velocities generated by free convective 
heat transfer in such situations. Until recently most 
investigations have attempted to establish correla- 
tions for steady state heat transfer only, but with 
advances in computing power it is now possible to use 
numerical techniques to investigate the relative im- 
portance of factors effecting the heat transfer and flow 
structure without resorting to expensive experimental 
rigs. The first experimental investigation of heat 
transfer in cavities was reported in 1930 by Mull and 
Reiher [l] and the first detailed analytical investiga- 

tion by Batchelor [2], who investigated both the heat 
transfer and flow structure in a long narrow cavity. 
Batchelor defined the various flow regimes and deter- 
mined the parameters that govern the flow structure. 
For low Ra, Batchelor [2] determined that conduc- 
tion is the sole means of heat transfer as convection 
is restricted to the top and bottom of the cavity. As 
Ra increases the convection effects propagate into the 
rest of the cavity; and for large Ra the flow consists 
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of a boundary layer surrounding a constant tempera- 

ture core. By assuming that the temperature varies 
hnearly across the cavity end walls. Batchelor [2] 
obtained a solution for both velocity and temperature 
distributions in large aspect ratio cavities (~il,>42). 

Subsequent studies by Eckert and Carlson C-71, 
Elder [4]. Gill [5] and Oshima [6] established that a 

vertical temperature gradient ([I) exists in the centre of 
the cavity such at /I. .4 5 constant fbr Ru z 105. Using 
this observation Elder [4] was able to show that the 
velocity profile in the centrc of the cavity is given by 

E, = (2nz~(:/iF?‘) 

x iIc-“i’ * sin WIX* - e “‘I ’ “‘sinm(1 -‘*)I (1) 

where 4m4 = PRu and ,f was found experimentally to 
be approximately 0.75 for Rtr = 50000 [4] and an 
asymptotic value of,f- 0.5 was obtained for high Ru. 

The first detailed velocity measurements were 
reported by Elder [4] who used medicinal paraffin 
and silicone oil as the working fluids. He used streak 

photographs produced by a~uminiilrn powder sus- 
pended in the fluid to measure velocities for Ray- 
leigh numbers up to IO*, aspect ratios from 1 10 60 
and Prandtl numbers from 1 IO0 to 2600. A series of 
vertical velocity profiles were obtained in the central 

region of the cavities. Elder’s [4] results showed that 
the velocity profiles were not symmetrical about the 
centre line. Higher velocities and smaller wall layer 

thickness were observed in the flow near the hot wall. 
possibly as a result of the variation of fluid properties 
through the cavity. The cavities used by Elder [4] had 

an open upper surface so that thermocouples could he 
inserted to measure temperature distributions. The 

vertical end walls were made of glass and perspex for 
direct observation while the bottom wall was insulated. 

Oshima [6] also measured heat transfer and flow 
structure in cavities with aspect ratios from 6 to 30 

and for Rayleigh numbers up to 107. The cavities were 
constructed of pyrex-glass with water as the working 

fluid. Velocities were measured by observing small 
alurnini~l~n particles and a Mach-Zehnder interfero- 
meter was used to measure t~mpcrature. The tempera- 
ture and velocity distributions were similar to those 

reported by Elder [4]. 
A further experimental study of natural convection 

with a stress on flow structure was made by Landis 
and Yanowitz [7] who investigated transient and 

steady state natural convection for Ra from 900 to 
2 x 10” in an aspect ratio 20 cavity. Velocity profiles 
were obtained using a dye-tracing technique. and they 
observed that at steady state the maximum velocity 
ad_jaccnt to the hot wail was higher than the 
corresponding velocity near the cold wail at the 
same horizontal level, Subsequent theoretical studies 
by Gill [5] concur with Elder’s [4] results that for a 

given Ru and pr the core stream function and 
temperature depend only on the vertical co-ordinate. 
Gill [5] also developed the following approximate 
solution for the velocity distribution in the boundary 

layer regime. 

where E’_ is the vertical vclocil> and < is the charac- 
teristic horizontal x co-ordinate and 

) L.(i J 
with (; = 4AT’fl. 

As part of this analysis it W.S ;tssumed that thz 

thermal conditions on the top and bottom horir.ontal 
boundaries would only alter the solutions significant& 
in the imnledi~~te.vicinit~ of thcsc boundaries, @on‘< 
1111 numerical investi~~~ti~~lls also indicated that the 

boundary conditions on the horrzontai walls haic httlc 
cKect on the flow in the central region of the cell. Rubel 
and Landis [9] studied Bows in a11 aspect rats i 

cavity, using fluids with I? :- I. 7 and 2000 in t!~ 
range of Ru = 6 x IO” -3.6 x 11)‘. The horizontal aaIls 
were assumed adiabatic. Vertical b&city distribution 
across the cavity at ;* = 0.5 was determined for 
Pr = 300 and Ra = 1.2 and 5 x lOi. 

All the above studies were based on the assumption 

that the Bow in the central region of the cavity is t\Vt’ 
dimensional. There have been some recent n~i~~eric~l~ 
studies of free convection in cavities that investigate 

the extent and effect of three dimensional motion in the 
cell due to end wall conduction. c‘,p. Mallinson [‘IO-/. 
Mallinson and dc Vahl Davi> [Ii]. Thcsc \tutlio< 
indicate that a double spiral motion is cslablished in 

the cell. however there bavc been I’cM. expcrim~ntal 
investigations of the nature and extent of the three 
dimensional motion predicted by the numerical studies. 

Many pasr experiments have been performed tn 

cavities where end wall c[~lld~lcti~~~l was not properly 
controlled. (Eider [a], Oshima 161 and Echert ant1 
C’arlson [3] assumed R z>L. 40 that the fio~ III tix 

central vertical section could be cons~dcred t\vo dimen- 
sional: the thermal effect of the vertical end walls ~,a’. 
also disregarded. As the cavities in these expcrimcnty 

were made of either pyrex glass [6J perspex [4] or thin 
balsa wood [3] the flow structure in the central <e&on 
may have been influenced by the three dimensional 

motion predicted in the numerical studies. 
The eircct of the horiz(~?lt~ll houndarics ~?a% not 

iilvcsti~~~ted by Elder [4] and Oshima [6] since they 
used open-topped cavities in their studies. Ai~l 
additional insulation was not t~szd on the side houn- 
darics of the cavities hence the influence of heat )OSS 
through the horizontal and \crtlc:tl end hountiarici 
was not investigated. It is the aim of the l’ollo~~ng 
experiments to determine if the ll<>\v in the ccnlrc c‘f tl?c~ 

C:Ivitl is affected by the type of conducting end \valls 
that have been used in many Ilo& visualisations ;u#i 
optical temperature ~~~~suretn~nt expcrimcnts and tij 
compare the data with available analytica! and numeri- 

cal predictions. 
The effect of horizontal boundar?_ condiriom ~)II lhc 

flow and the resulting velocity distribution arc :IIs~ 

investigated experimentally. 

i EXPERIMEN’I‘AL. APPARA’I‘C’S 
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FIG. 1. Notation and test apparatus 

TH and T, denote the hot and cold plate tempera- 

tures, H, L and B are the cavity height, length and 

breadth. 
The parameters governing the heat transfer are the 

Rayleigh number Ra, Prandtl number Pr and cell 

aspect ratios H/L and B/L. 
The construction of the cavities and heat-transfer 

surfaces is shown in Fig. l(b). The vertical heat- 
transfer plates were made of 12.7 mm thick aluminium. 
The hot plate was electrically heated by a series of 
nichrome ribbon strips which were separated from the 
back surface of the aluminium plate by a 0.25 mm mica 
sheet to avoid hot spots. The cold plate temperature 
was controlled by passing water from a temperature 
controlled bath through a 5 cm thick jacket as shown. 
The temperature of both plates was monitored by 
Chromel-alumel thermocouplesmounted in blind holes 
drilled to within 0.5 mm of the inner surface of the 
heat conducting plates. All the thermocouple holes 
were filled with a mixture of aluminium powder and 
araldite to ensure uniform conduction in the plates. 
The heat-transfer surfaces were maintained at approxi- 
mately isothermal condition with a maximum tempera- 

ture var6tion over either plate of f 0.25”C. 
The heat-transfer surfaces were separated by cavities 

of 12.7 mm thick perspex and the heat loss through 
the end walls controlled by adding a 35 mm layer of 
polyurethane foam outside the perspex walls. The 
temperature difference between the cavity and the 
surrounding atmosphere varied between 10 and 15°C. 
Tests with the additional insulation were made to 
determine the effect of end wall conduction on the flow 

structure. A series of perspex end walls were employed 
to test the effect of aspect ratio on the flow structure. 
As the tests required a long settling period the equip- 
ment was mounted in an air-conditioned room 

(4~4xlOm). 
A laser doppler anemometer was used to measure 

the velocity field since a transducer does not have to 
be inserted into the flow and thus flow disturbances 
are avoided. Also the response of a laser-Doppler 
anemometer is independent of the properties and 
temperature of the fluid. The system senses velocity in 
one direction only and thus is ideally suited for 
measurement in three dimensional flow. As very low 
velocities were anticipated the instrumentation system 
was developed to handle velocities down to 0.25 mm/s 
[12]. A typical optical configuration and signal pro- 
cessing system is shown in Fig. 2. To produce a con- 
tinuous doppler signal the flow was seeded with 

tobacco smoke. Errors in velocity measurement due to 
misalignment of the laser sensitivity vector were 
minimised by careful alignment of the optics [12]. 

As a frequency shifting device was not used, the laser 
system had a 180” uncertainty in flow direction. To 
aid the interpretation of results in three dimensional 
situations the flow patterns produced by the smoke 
particles were observed and photographed. 

The flow structure in both the horizontal and vertical 
planes was determined by illuminating a thin segment 
of the smoke in the cavity using the laser light source 
and a cylindrical lens to produce a thin plane of light. 
The main motion in the vertical plane was investigated 
by passing the light sheet through the top wall of the 
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and 

noise filter 

Beam splitter Te;; &II 

cavity and photographing from the side, For the tests 
with additional insulation the top or side layers were 
removed only briefly to avoid disturbing the flow. 

As only a low intensity light was used, exposure times 
up to 1.5 min were needed. 

To ensure equilibrium conditions the cavity was left 
to stabiiise for several hours after the smoke had been 
introduced. This was particularly important when the 
foam insulation was not used as in this case it took 
approximately 2 h for the end region flou to stabilize. 
The temperature difference between the heat transfer 
plates was fixed at 10’ C and the plate separation 
L = 40mm (Rrr = 5 x 10’). This Rayleigh number was 

selected so that the secondary transitions in the 
vertical motion as observed by Elder [4] would not 
be present. The cavity aspect ratio was 5 in both the 

horizontal and vertical planes (H/L and H; L). 

3. KESUL1‘S 

(a) Perspex ttu//ed w/l. The vertical velocity! (k:) 
profile was measured at the mid-height of the cavity 
(z* = 0.5) for a series of positions between the cavity 
centre and the vertical end walls. see Fig. 3. These results 
indicate that the vertical flow is uniform over the 

central segment of the cavity 0.2 <J’* < 0.8. Thus the 
end wall affects the flow for a distance slightly greater 
than the separation of the heated plates (corresponds 
to v* = 0.2). The surprising characteristic of these 

measurements is that the profiles are not symmetric 
about the midplane, X* = 0.5. The velocity near the cold 
plate is 15”~; less than the velocity at a corresponding 
point near the hot plate. This lack of symmetry has 
beenmentionedinotherinvestigations [4.7] in cehs with 
similar end boundaries and attributed to fluid pro- 
perty variations with temperature. The fluid property 
which varies most with temperature and has the 
greatest effect on Ra is the fluid viscosity. However 
this is unlikely to be the cause as the same lack of 
symmetry has been observed in experiments using oils 
and water 14. 71, which have the opposite temperature 
dependence of viscosity of the air medium used in these 

experiments. 

3.3 

02 

: 

For the 10 C temperature ditl’ercncc used 111 thcsc 
tests a first order estimate of the difference 111 volume 
flux due to density changes indicate a volume tloti 
rate difference of less than 2” o compared to the observed 
difference of more than lo”,,. As the How is bounded 
these results imply that there is a significant three 

dimensional flow in the cavity. 

(b) Ins(r/ated end~u/l.s. The effct of end wall heat 
loss on the vertical profile was investigated by repeating 
the measurements after an additional 35 mm of foam 
insulation was added outside the POLIO perspex 
boundaries. Figure 4 shows that with additional end 
insulation the vertical velocity profile is invariant 
between J* = 0.1 and 0.9. The variation of the peak 
velocity with distance into the ~11 is shown m Fig. 5. 
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FIG. 4. Vertical velocity profile (Z* = 0.5, insulated end 
walls) 0, Y* = 0.5; 0, Y* = 0.3; A, Y* = 0.2; 0, 

Y* = 0.1. 

50 - 

I I I I I 

0.1 0.2 
Y” 

0.3 0.4 0.5 

Fig. 5. Peak velocity V, near cold wall. 0, insulated end 
walls; 0, Perspex end walls. 

The flow region influenced directly by end wall con- 
duction is thus reduced from y* = 0.2 to y* = 0.1 by 
the addition of the irkulation. These results indicate 
that the additional insulation not only changes the 
extent of the uniform central section of the flow but 
also has a significant effect on the velocity profile in 
the central region of the cavity. Figure 4 shows that 
profiles in the insulated cell are almost symmetric 
about the centre line. The difference in the volume 

flux near the hot and cold walls is 2% for the insulated 
end wall condition compared to 10% for the perspex 
end walls. The volume flux difference for the insulated 
cavity is only slightly larger than the estimated 
difference due to density variations across the cavity. 
Further evidence of the effect of end wall conduction 
on the flow structure in the centre of the cavity is shown 
by a comparison of the vertical velocity profiles at 
various heights in the mid-plane of the cavity, Fig. 6. 

0.1 

0.2 

FIG. 6. Vertical velocity profile (Y* = 0.5). 0, Perspex 
end walls; 0, insulated end walls. 

3.2. Three dimensionaljow structure 
The three dimensional structure of the flow in the 

perspex walled cavity inferred from the vertical velocity 
measurements was investigated by using the laser 
anemometer to measure the horizontal velocity com- 
ponent parallel to the vertical heat transfer surface 

KJ. 
In the central zone of the cell V, was found to be less 

than the minimum detectable velocity which was 
0.25 mm/s. However, measurements at positions in the 
mid-horizontal plane but off the vertical central plane 
indicated a strong horizontal velocity as shown in 
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FIG. 7. Horizontal velocity V: (%* = 0.5, perspex end walls). 
0. Y*-0.05: A, Y*=O.l, 0, Y*=O.25: @. Y*=O.4: 

v, y*=o.5 

Fig. 7. The velocity profiles were the same on either 

side of the midplane and indicate that as the flow is 
convected up the hot plate it also develops a velocity 

component directed towards the centre line. On the 
cold side the fluid tends to move away from the central 

plane as it moves down the cold wall. 

These profiles indicate that after passing over the top 
(or bottom) boundary of the cavity the flow develops a 
horizontal velocity component directed towards the 
end walls (or central plane). As the laser system 
could only indicate the magnitude‘of the velocity, the 
Row directions were determined by visual tracing of 
smoke particles. To further aid the interpretation of 

the flow structure, photographic records (1 to 2 min 

time exposure) were taken of the flow pattern produced 
by smoke particles in both the horizontal and vertical 
planes. Figure 8 shows the vertical flow structure in 

the central region of the perspex walled cell. The 
patterns show a single cell structure with a slight 
inclination of the core region towards the top of the 

hot wall. 
Figure 9(a) shows the flow pattern in the horizontal 

mid-plane. The extent of the end wall region is shown 
by the darker areas at either end of the cavity. Although 
it is not clear in the photograph a weak rotating 
structure with a vertical axis could be seen near 
JZ* = 0.1 to JI* =‘0.15. The patterns shown in Fig. 9 
were recorded 4h after the smoke was added to the 
cell, during this time most of the particles trapped in 
the end region had settled out onto the end wall of the 

cavity. The lighter region of the plate shovvs the central 
ZGG section of the ceii where most particles remained. 
The irtoresting featrue in this phot~~gr~~pll is the 
dividing line across the centro of the cavity at right 
angles to the heat-transfer plates. This line coincides 
with the region of zero horizontal velocity (V,.) found 
during the velocity measurements. The dark’ central 
line parallel to the heated walls is 11 section of the core 
of the main flow shown in Fig. 8. Figure 9(b) shows 
the horizontal pattern at three-quarters of the cell 
height (Z * = 0 75). The central line indicating the core 
of the main flow has disappeared but the dividing line 
was found to exist over the full height of the cell indicat- 
ing that the three dimensional flow is divided about 
the vertical mid-plane at right angles to the heat 
transfer plates 

Measurements of the velocity component (C;) at 
right angles to the heating plates indicated that motion 
in the x direction only occurs at the top and bottom 
of the cell where the main flow passes from the hot to 
cold wall, and in the vertical end wall region. Figure 
10 shows the distribution of this velocity component at 
various positions at mid-height in the vertical end wall 
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FIG. 9. Flow pattern in horizontal planes. (a) 23 = 0.5, (b) Z* = 0.75. Ra = 5 x 104; A = 5 x 5 ; average end 
wall heat-transfer coefficient = 1 W/m2 “C. 

I 2 3 4 5 6 7 8 9 IO 

FIG. 10. Horizontal velocity distribution V*, in central plane 
of perspex walled cavity, Z* = 0.5. A, Y* = 0.05; 0, Y* = 

0.1; 0, Y* = 0.15. 

region. No velocity component normal to the heat- 

transfer walls was detected in the central flow region, 
i.e. V, = 0 for 0.25 < JJ* < 0.75 and z* = 0.5. 

The velocity measurements and flow patterns 

indicate that the flow is divided by the central vertical 
plane at right angles to the hot and cold plates as shown 
in Fig. 11. If the horizontal velocity is such that the 

fluid enters the end wall region (as appears to happen 
close to the heated walls) it passes across the vertical 
end wall and onto the opposite heat conducting plate. 

FIG. 11. Three dimensional flow structure. 

3.3. Flow structure for adiabatic end wall condtions 
The effect of additional end wall insulation on the 

three dimensional flow structure was examined using 
flow visualisation in the horizontal mid-plane, see 

Fig. 12(a). This photograph shows that a significant 
change in the flow structure occurs when the end wall 
conduction is reduced. The region of direct influence 
of the end walls has reduced substantially (as the 
vertical velocity profiles indicate) and does not appear 
to exist, however a change in the smoke patterns was 

observed in the end region but was too diffuse to 
appear in the photograph. The main aspect of this 
pattern is that although the extent of direct end wall 
influence has been reduced there is still a three dimen- 
sional flow that propagates to the centre of the cell. 
The herringbone pattern down the centre indicates a 
spiralling motion from the end walls towards the centre 

and then a reverse spiral outside the central zone. 
Figure 12(b) shows the horizontal pattern at 

z* = 0.75 (at three-quarters cell height). The position 

of the transverse dividing line between the two halves 
of the cell was found to be very sensitive to slight 
differences in end conditions and in Fig. 12(b) it is 
slightly off centre. 

After the two converging flows have met at the 
centre the fluid spirals out and returns to the end walls. 

Attempts to measure the secondary velocity compon- 
ents in this insulated cavity were unsuccessful as all 
velocities were less than or close to the minimum 
resolution of the anemometer. Thus with additional 
insulation the three dimensional velocity components 
are an order of magnitude lower than for perspex end 
wall conditions, however the three dimensional flow 
still propagates to the centre of the cavity. 

The flow structure in the vertical plane for com- 
pletely insulated end walls.is shown in Fig. 13. The 
spiralling motion implied from Fig. 12 is clearly 
shown. This type of motion has been predicted 
numerically by Mallinson and de Vahl Davis [II] 
and has also been observed by Mallinson and Graham 
[13] for an aspect ratio of 5 with end wall heat loss 
controlled by dummy air cavities around the central 
cavity. 



FE. 12. Flow pattern in horizontal planes. (a) Z* = 0.5, (b) Z* = 0.75. Ru = 5 x LO“; A = 5 x 5; 
average end wall heat-transfer coefficient = 0.3 W/m’ “C. 

The centre of rotation of the vertical How patterns 
shown in Figs. 8 and 13 is positioned slightly above 
(Z* 2 0.53) the geometric centrc. This lack of symmetr! 

may be due to variation of fluid properties throughout 
the cavity, it does not appear to be due to different 
heat loss through the top and bottom walls as the same 
lack of symmetry was observed for both the insulated 
and uninsulated cavities. Asymmetry of the flow has 
also been observed in other experimental studies 

[3,4, 7, 131. 

FIG. 13. Streamline pattern in vertical central plane 
(insulated cavity). Hot uall on LHS 

the Ilow structure is significantly influenced by the 

degree of insulation applied to the four end boundaries. 
However Gill’s [5] analysis and @on’s [8] numerical 
predictions indicated that the vertical boundary layc~ 
llow in the ccntre of the cell is not influenced by the 
thermal condition of the horizontal boundaries. 

To check the relative influence of the vertical and 
horizontal boundaries, the flow patterns were invest]- 

gated when each pair of the end boundaries wcrc 
insulated in turn. Observation of the three dimcn- 

sional fiou patterns in the cell showed that the shift m 
the flow structure obser\,ed in the previous section 
could be produced by applying insulation to the vertical 
end walls alone. When the horiTonta1 boundaries 
were insulated and the vertical boundaries left 
uninsulated a change of flow pattern was observed but 
it was still essentially the same as the uninsulated cast. 

As there is no equivalent data on horirontal 
velocity components only the vertical velocit) mea- 
surements of this investigation will be compared with 
other published data. Figures 14 and 15 compare data 
from the following reports at midheight of the cavity 
I:” z: 0.5) and ;* = 0.2 and 0.8. The upper and lower 
comparison levels were selected to be outside the simi- 
lar central zone 0.35 < :* -: 0.65. 

All the results are scaled using Gill’s [5] parameters 
of characteristic velocity a,‘L [K~/(L,M)]~ and charac- 
tcristic length L/[Ra/(L,‘H)]‘. Gill [5] predicted that 
the resulting profile should be independent of Rtr and 

4 provided the boundary-layer thickness in the centre 
of the cavity is small compared with the cavity width. 
The necessary criterion for this condition is that 
Il.5 kc ! A: < 1. this factor is listed in Table I. 

t’lpurc 14 compares measured and predicted profile\ 

at the midheight of the cavity. There is good agrce- 
ment between the data from this investigation and 
Elder’s [4] Ru = 4x IO5 results. while Oshima’y (61 
data for Rc~ = 5 x IO6 is approximately IO”,, higher. 

The numerical predictions of C&on [X] and Kubel 
and Landis [9] also show good agreement with the 
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Table 1 

Authors Ra A Pr (11.5 Ra-‘,A’) 

Authors’ Data 50 000 5 0.71 1.1 
Rubel and Landis [9] 3ooooo 5 2000 0.73 
Elder [4] 400000 18 1000 0.94 
Gill [S] 4ooooo 18 1000 0.94 
Quon PI 800000 1 7.14 0.384 
Oshima [6] 5 000 000 8 7 0.41 

211 

FIG. 14. Comparison of experimental data with analytical 
and numerical predictions at Z* = 0.5. O,e, Authors’ 
results (hot and cold wall respectively); 0, Oshima’s 
results; 0, Elder’s results; A, Rubel and Landis’ numerical 
prediction; w, @on’s numerical prediction; ---, 
Gill’s analytical prediction; ....., Gill’s corrected results; 

-.-, Elder’s analytical prediction. 

FIG. 15. Comparison of experimental data with analytical 
prediction at Z* = 0.2 and Z* = 0.8 respectively. 0, 
0, Authors’ data (hot and cold wall respectively); 0, 

Elder’s data; ---, Gill’s prediction. 

experimental results. Gill’s [5] analytic prediction 
also overestimates the velocity by up to 20%, however 
this discrepancy can be overcome by correcting the 
constant c in Gill’s [5] equation (6.18) as discussed 

by Quon [8]. Comparison of the form of Gill’s [5] 
equation with the data in Fig. 14 shows that the value of 

the constant C as given by Gill [S] is 10% high. The 
adjusted form of Gill’s equation is also shown in Fig. 14. 

The results in Fig. 14 indicate that Gill’s [S] velocity 

and length scales are valid for Ra<5 x lo6 and all 
Prandtl numbers that were tested (0.7< Pr<2000). 

Comparison of results near the top and bottom 
boundaries are given in’ Fig. 15. The results of this 

investigation show a marked difference in the shape of 

the hot and cold side profiles. Gill’s [5] modified 
equation is shown to underestimate the velocities and 
does not indicate the relative difference between the 

flow profiles on the hot and cold boundaries. 

4. CONCLUSIONS 

The vertical flow structure is uniform over a wide 
central section of the cavity. The extent of uniformity 

depends on the vertical end wall conditions and varies 
from 0.2 < y* < 0.8 for a 12mm thick perspex walled 
cavity exposed to the atmosphere (h,, = 1.0 W/m%) 
to 0.1 < y* < 0.9 for an insulated cavity (!I,” = 
0.3W/m2C). End wall conduction influences the 
symmetry of the velocity profiles in the centre of the 

cell such that the peak velocity near the hot wall 
is significantly higher than the corresponding value 
near the cold wall. For the high conductivity end wall 

conditions used in one of these tests and in many other 
experiments, the laser anemometer measurements 

showed that a strong three dimensional motion is 
generated by the vertical end wall heat loss. Thus the 
asymmetry observed in other investigations [4, 71 
may have been due to three dimensional effects and 
not fluid property variations. The observation that the 
velocity profiles in the central section of the cavity 
were independent of the horizontal boundary con- 
ditions employed, e.g. open topped tank (Elder [4]), 
perspex walls and insulated perspex walls (this 
investigation) demonstrated that the horizontal boun- 
daries exert little influence on the vertical flow 
pattern. Comparison of the results in Figs. 14 and 15 
shows that Gill’s [s] boundary layer regime scaling 
produces good correlation of both numerical and 
experimental results for Rayleigh number range 
5 x lo4 < Ra < 5 x lo6 and aspect ratio 1 < A < 18. 
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STRUCTURE D’EC‘OULEMENT LAMINAIRE DE 
CONVECTION NATURELLE DANS DES CAVITES 

VERTICALES 

RCsumP On dCcrit une cxp&imentation sur la convection naturelle dans unc cavitC re&mgulalrc et 
vcrtlcal de rapport de forme &gal & 5. On mesure les profils de vitesse a un nombre de Rayleigh de 
S x IO4 et on dtttermine la structure tridimonsionnelle. On Ctudie I’efTet de bord par conduction sur I;I 
structure de I’&coulement. en faisant varier I’isolation des parois non chauffkes. 

Les mesures montrent que la conduction affecte toute la structure d’bcoulement et ceci peut Introduire 
une difikrence notable avcc les conditions bidimensionnelle dans la section centrale. IJne observation par 
I’an~mom&rie laser- Doppler montre quc la composante horizontale de vitesse, parallele aux plaques 
conductrices. est faible en comparaison a\ec la composante verticale quand les parois limitcs bent 
isolees avec som. NCanmoins lorsque I’isolation est semblable B ceile couramment r&Ii&e dans dcs 
expCriences anthieures, on produit un mouvement fortement tridimensionnel. 

On compare la distribution expkrimentale de vitesse. dans la section centralc dc la cellule. au\ 
pr&isions num&iques et analytiques en r+ime de couche limite. 

LAMINARE STROMUNGSFORM BE1 VERTIKALER FREIER 
KONVEKTION IN HOHLRAUMEN 

Zusammenfassung-m Es wird iiber eine Untersuchuny der Str6mungsform bei nattirlichcr Konvektion 
infolgc Wkmeiibertragung in senkrechten HohlrPumen (Seitenverh%ltnis: 5) berichtet. Bei ciner 
Rayleighzahl von 5. lo4 wurden Geschwindigkeitsprofile gemessen und die dreidimensionale Strijmungs- 
form bestimmt. Durch Variation des Isolationsgrades der ungeheizten Wgnde wurde der EinRuB der 
WBrmeleitung durch die Seitenwgnde (end wall) auf die StrBmungsform untersucht. Die Messungcn 
rcigen. daB die Wirmeleitung durch die Seitenwtide (end wail) die Struktur der GesamtstrBmung 
bccinfluRt und in der Mitte des Hohlraums zu einer deutlichen Abweichung gegeniiber den allgemein 
angenommenen zweidimensionalen Bedingungen rtihrt. Untersuchungen der dreidimensionalen 
Striimtmgsform mit Hilfe der Laser-Doppler-Anemometrie zeigen, dall die horifontalc 
Geschwindigkeitskomponentc, sie ist parallel zu den wgrmeleitenden Platte% klein ist im Vergleich 
Lur vertikalen Komponcnte. wenn die Seitenwsndc (end walls) sorgf3tig isoliert sind. Wcnn die 
Isolation der Seitenwtide (end wall) so ausgefiihrt wird. wie in vielen friiheren Wtimeiibcrtragungsuntel-- 
suchungen, stellt sich tine starke dreidimensionale Bewegung ein. Die gemessene Geschwindigkeitsver- 
teilung in der Mitte der Zelle wurde mit numerischen und analytischen Liisunsen fitir den 

Grenzschichtbereich verglichen. 

0 CTPYKTYPE IlAMMHAPHOti CBOSOnHOti KOHBEKUMM B BEPTMKAJlbHblX 
nOnOCTFIX 

Atworaqw - ktccneayerca c-rpyv-rypa KoHBeKTMBHoro nBMxeHsn B BepTHKa>lbHoti np%~oyrO~rbHoci 
“oI,OCTII “p,, OTHOUleHRH CTOpOH. paBHOM 5. M3MepsnHCb npO@,anll CKOpOCTH npM YMCne PeneR 
5 IO4 M OnpenenRrracb TpexMepHan CTpyltrypa ~IOTOKB. M3yqaJIocb BnMRHMe TennonposonHocT~ 
TOpUeBOti CTeHKW “a CTpyKTypy Te’l‘ZHMII “yTeM M3MeHeHMII CTeneHM M30nRUMI1 HeHarpBaCMbiX 
CTCHOK. 



Laminar flow in convective cavities 

I/13MepeHW ,IOKa3bIBaIOT, 'IT0 TellflOnpOBOLlHOCTb TOpUeBOi? CTeHKR OKa3blBaeT BnWIHMe Ha 

CTpyKTypy BCerO rIOTOKa H TaKAM o6pa3oM MOXCeT BblSBaTb Cj'UleCTBeHHOe OTKJIOHeHAe OT 06blYHO 

rIpAHlcMaeMblX _IlByMepHblX YCnOBRZi B UeHTpaJlbHOCi YaCTR IIOJIOCTU. MCCnenOBaHHe TpeXMepHOii 

CTp,'KTYpbI rIOTOKa C IlOMOIUbKJ na3epHOrO nOrUlnepOBCKOr0 aHeMOMeTpa IlOKa3aH0, 'IT0 rOpH30H- 

TanbHaR KOMnOHeHTa CKOpOCTR, napannenbHan TennonpoBoaRwiM cTeHKaM, HeBenwa no 

CpaBHeHHKI C BepTHKanbHOfi KOMnOHeHTOk, KOrfla TOpUeBble CTeHKA TmaTeflbHO A3OJlllpOBaHbl. 

@HaKO, B Cny'iae R30nlIUllM TOpUeBOfi CTeHKH B -iOii CTeneHM, KaK 3T0 6bmo CaenaHO BO MHOrHX 

paHee rIpOBeDeHHbIX 3KCnepHMeHTaX rI0 TerVlOO6MeHy, BOSHHKaeT CHnbHOe TpeXMepHOe RBFi)KeHlle. 

~poeeneHocpaeHeHIte~3MepeHHoronpor&nc~0p0~~rc B UeHTpanbHoti VacTH nonocTHc wcnekf- 
HLIMM M aHanHTH'ieCKHMH paC'leTaMH,BblrIOnHeHHblMH NIJI rIOrpaHMYHOr0 CnOn. 
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