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Introduction
Natural convection in open cavities has importance in simulating solar thermal
receiver system[1], electronic cooling[2], energy saving in household
refrigerators[3] and in fire precaution measures[4]. For steady state conditions,
several works were published in two-dimensional simulation of natural
convection in open cavities[5-14]. Recently, attention was given for transient
simulation of natural convection in open cavity[15,16]. The major conclusions of
the mentioned works are that the flow becomes unstable for Ra = 1 x 107 and
average Nusselt number is not a strong function of the inclination angle. For
large Ra the rate of heat transfer along the heated wall approaches those of a
flat plate. For Ra>1 x 10°, a recirculation was predicted at the top corner of the
cavity. Also, it was found that the flow is thermally stratified at the top wall. As
far as three-dimensional simulation is considered, we have not encountered
cited work in open literature. Three-dimensional simulation is more realistic
than two-dimensional approximation and it may be used to test the validity of
two-dimensional results. Accordingly, fluid flow and heat transfer in open
cavity is studied in this work. Flow is induced in the cavity due to heating of the
far end vertical wall, where other walls are thermally insulated (see Figure 1).
The opposing vertical face to the heated vertical wall is open to a large reservoir
(ambient) at a temperature lower than the heated wall. Hence, natural
convection is initiated by induced flow adjacent to the hot wall. It is expected
that the flow enters the cavity from the lower portion of the opening and leaves
from upper portion of the opening. Two- and three-dimensional simulations are
performed for the mentioned geometry for Rayleigh numbers of 10 to 108
where Prandtl number is kept constant at 0.71 (air). Aspect ratio in lateral
direction Ay (= B/H) is changed in the range of 0.125 to 2.0, to validate the two-
dimensional predictions.

It is found that the rate of heat transfer predicted by two-dimensional model
is well compared with 3-D model for Ra < 10°. For Ra > 10° lateral side walls
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Figure 1 shows the schematic diagram of the problem with the Cartesian
coordinate system. In nondimensional form the conservation equations,
governing the transport of mass, momentum and energy with Boussinesq

approximation, can be written as
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Figure 1.

Schematic diagram and
coordinate system of
open end cavity




HFF
87

802

Boundary conditions are as follows

U=V=W=0, X=0 (6a)
ou v éw

Y- ax -sx-% X=LIH (6b)
U=V=-W=0, Y=0,B/H )

U=V=W=0, Z2=0,1

where the above equations are nondimensionalized by defining X = x/H, Y =
y/iH,Z=z/H, P = p/pUrZ, U=vHU=uU,V=vU,W=wU,T-=
(t-t)/(t,-t.). As shown in Figure 1, B, H and L stand for width, height and length
of the cavity, respectively. P and T are nondimensional pressure and
temperature. U, V and W are the nondimensional velocity components in x, y
and z-directions respectively. The other nondimensional parameters in the
above equations are Prandtl number Pr = v/a, Rayleigh number Ra =
gBAtH3/va where B, v, and a are the coefficient of volumetric expansion,
kinematics viscosity, and thermal diffusivity. At is the temperature difference
(t,t.), where t, is the temperature of the heated wall and t, is the temperature of
the ambient.

The left vertical wall is heated while all other walls are insulated. The
boundary conditions for the temperature are

aT
—=0, Y=0,B/H
70 4 9)
a7
—=0, Z2=0,1
8z (10)
T = 1, X= 0 (11)
7=0 at X =L/H fU<0 (12a)
§—T=0 atX=LH ifUu>0
cxX (12b)
Nusselt number is defined as,

hH

Nu=——

k (13a)



where h and k are heat transfer coefficient and thermal conductivity
respectively. Nusselt number can be deduced from temperature field by the
following formula:

or

Nuy= m—

X (13b)
Laterally averaged quantities are defined as [§H¢dY, where @stands for the
variable to be averaged, such as Nu, U, etc.

Method of solution

Equations (1)-(5) are discretized using the staggered, nonuniform control
volumes. In order to minimize the numerical diffusion errors, a third order
accurate QUICK scheme[17] is used in approximating the advection terms.
However, QUICK scheme suffers from a lack of boundedness, i.e. it tends to give
rise to non-physical oscillations in high gradient regions (numerical dispersion).
Flux limiter is a remedy for such problems. Hence, a limiter, known as ULTRA-
SHARP[18,19] is used. This high order scheme proved to be superior to low
order schemes. SIMPLE algorithm is used to couple momentum and continuity
equations. The resulting set of linearized algebraic equations are solved
iteratively by Bi-CGSTAB method[20] using SSOR preconditioning.

Grid independent solutions are ensured by comparing the results of different
grid meshes for Ra = 1 x 108 which is the highest Rayleigh number
investigated. Figure 2 shows the test results for laterally averaged values of Nu
on the heated wall and U-velocity at the opening, on vertical mid-plane for the
cubic cavity. The difference between predictions of 50 x 50 x 50 and 60 x 60 x 60
grid sizes is insignificant. Hence, all calculations are performed with 50 x 50 x
50 grids.

Results and discussions

Results are presented for natural convection in open cavities for 2 and 3-D
simulations for Ra in the range 103-108. To investigate the effect of three-
dimensionality, calculations were made for lateral aspect ratios (Ay) of 2.0, 1.0,
0.5, 0.25 and 0.125 and for L/H of unity. The predictions of 2-D and 3-D cubic
cavity are also compared and discussed.

In Figures 3 and 4, the 2-D and 3-D results are compared for laterally
averaged U-velocity (averaged in y-direction) at the opening of the cavity and
laterally averaged Nusselt number on the hot wall respectively. As Rayleigh
number increases the difference between the results of 2-D and 3-D simulations
becomes significant, specially for U-velocity. It should be noted that these
results are for cubic cavity where B/H and L/H are unity. The difference
between predictions of the two models for Nu is not that significant for Ra < 1
x 10°. For Ra =1 x 10°, 2-D simulation under-predicts the rate of heat transfer,
compared with 3-D model. The average Nusselt number, [NudYdZ, predicted by
3-D and 2-D models are summarized in Table |. For Ra=1 x 103, the heat transfer
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Figure 2.

Grid independence test:
laterally averaged
Nusselt number and
laterally averaged U-
velocity at the central
vertical plane at open
end for Ra =1 x 108

Figure 3.

Comparison of laterally
averaged U-velocity
profile of 3-D simulation
with 2-D results at open
end of cavity
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is conduction dominated, i.e., Nu [11.0. The difference between the predictions
of 2-D and 3-D is in the second significant digits for Ra<1 x 10°. For Ra > 1 x10°
the difference between 2-D and 3-D predictions becomes greater than 4 per cent.

In order to illustrate the three-dimensionality of the flow, U-velocity profiles
are plotted in Figure 5 at the opening of the cavity for Rayleigh numbers of 1 x
104 1 x 10° and 1 x 108 where it is observed that the flow is three-dimensional.
For Ra=1 x 106, the three-dimensionality of the flow is more profound. Figure
6 shows the vertical velocity component (W) at mid-horizontal plane for
Rayleigh numbers of 1 x 104, 1 x 10° and 1 x 10° for a cubic cavity. The three-
dimensionality of the flow at the lateral ends is clearly evident. W velocity
profile at mid section of the cavity (Y = 0.5, Z = 0.5) is quantitatively displayed
in Figure 7 where it can be observed that the magnitude of the velocity increases
while the boundary layer thickness decreases as Ra increases.

The variation of the vertically averaged Nusselt number (fNudZz) is shown in
Figure 8 for different Rayleigh number for a cubic cavity. It is evident that the
Nusselt number does not vary appreciably in Y-direction except near lateral

Nu
Ra 2-D 3-D
108 1.033 1.040
104 2.851 2.864
10° 6.630 6.872
108 13.358 13.961
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Figure 4.
Comparison of the
laterally averaged

Nusselt number
predicted by 3-D
simulation with that of

2-D results

Table 1.
Average Nusselt
number predicted
by 2-D and 3-D
for cubic cavity
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Figure 5.

U-velocity profiles at

150

the open end of the 3-D
open cavity for Ra

0.00

250

=1x

104 1 x 10°and 1 x 108
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Figure 6.

W-velocity profiles at
the central horizontal
plane section of the
cavity for Ra =1 x 104,
1x10%and 1 x 108
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Figure 7.

W-velocity profiles at Z
=05Y=05for
different Rayleigh
numbers

Figure 8.

Variation of vertically
averaged Nusselt
number along lateral
direction
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surfaces where it decreases. This decrease in Nusselt number is more
pronounced at high Rayleigh numbers. On the other hand laterally averaged
Nusselt number on the heated wall decreases in the vertical direction as shown
in Figure 2. This is due to the fact that the thermal boundary layer is thinner at
the bottom and becomes thicker at the top of the heated wall.



Effect of aspect ratio A, on the variation of laterally averaged Nusselt
number is illustrated in Figure 9 as a function of Z. The average Nusselt number
is maximum for A, = 2 (wider cavity) and decreases as the aspect ratio
decreases (narrower cavities). The difference in Nu for aspect ratios of 2.0 and
1.0 are not significant but this difference becomes considerable for very narrow
cavity (Ay =0.125). The average Nusselt number predicted for A, of 2.0, 1.0, 0.5,
0.25 and 0.125 are 14.11, 13.96, 13.67, 12.77 and 10.75 respectively. It can be
concluded that for cavities of A, greater than unity, the Nusselt number is not a
strong function of the lateral aspect ratio. The variation of vertically averaged
Nusselt number is shown in Figure 10 as a function of Y for different lateral
aspect ratios. It can be noticed that the peak value of Nusselt number is almost
constant (14.2-14.8) for aspect ratios of 2.0, 1.0 and 0.5. For the narrow cavity
(Ay = 0.125) the Nusselt number drastically decreases due to hydraulic
resistance, where flow into cavity is severely restricted. Also, it can be noticed
that the peak value of Nu is at the center of the cavity.

Stream lines at the mid plane of the cavity are shown in Figure 11 a, b, c and
d for lateral aspect ratios, Ay 0f 2.0, 0.5, 0.25 and 0.125 respectively, for Ra=106.
It is interesting that the recirculation eye moves toward center as the lateral
aspect ratio decreases and totally diminishes for narrow cavities (Ay<0.5). Also,
the area occupied by the exit flow at the opening increases for narrower cavities.
For A =0.125 the outflow occupies about 50 per cent of the opening whereas it
occupies only 35 per cent for Ay:Z.O.
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Figure 9.

Variation of laterally
averaged Nusselt
number along vertical
direction for different
aspect ratios
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Figure 10.
Variation of vertically
averaged Nusselt
number along y-
direction for different
lateral aspect ratios

Figure 11a.
Stream lines at mid
vertical plane for
Ra = 10° for cavities
with Ay =20




Conclusions

The three-dimensional effects in the open cavity problem heated from the
opposite vertical wall are investigated and the results are compared with 2-D
simulations. The results show that there is a difference in the Nusselt number
predicted by the two models for Rayleigh numbers 10° and above. The flow
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Figure 11b.
Stream lines at mid-
vertical plane for
Ra = 108 for cavities
with Ay =05

Figure 11c.
Stream lines at mid-
vertical plane for
Ra = 108 for cavities
with Ay =025
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Figure 11d.
Stream lines at mid-
vertical plane for
Ra = 10° for cavities
with Ay =0.125
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structure attains a three-dimensional nature at Ra = 106, where changes in U
and W velocities along lateral direction become noticeable. The resulting
change in the Nusselt number along the lateral direction is demonstrated with
calculations made at different lateral aspect ratios at this Rayleigh number. The
effect of the lateral walls on the Nusselt number is more emphasized for a lateral
aspect ratio of 0.125 which represents a very narrow cavity. The results indicate
that three-dimensional simulations are necessary for open cavities at Rayleigh
numbers above 1 x 10°. The effect of lateral walls increases as lateral aspect
ratio (A, ) decreases.

It can be concluded that two-dimensional results are valid for lateral aspect
ratio esqual and greater than unity and for Rayleigh number equal and less than
1x10°.
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