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Natural Convection in a Cavity with Fins Attached to Both
Vertical Walls

George N. Facas*
Trenton State College, Trenton, New Jersey, 08650

Numerical calculations are presented for two-dimensional natural convection flow inside an air-filled cavity
with fins/baffles—of length 0.1, 0.3, and 0.5 of the cavity width—attached along both the heated and the cooled
side of the cavity. The governing equations in the stream function-vorticity formulation are solved using finite
differences. The Arakawa differencing scheme is used to represent the convection terms. Flow characteristics
are investigated for three baffle lengths and Grashof numbers in the range of 9.0 x 10° to 1.0 X 10°. A
multicellular flow structure is found to exist for a baffle length of 0.1. However, when the baffle length is equal
t0 0.3 or greater, the fluid flow breaks down into secondary circulations—in addition to the primary circulation —
and that, in turn, results in higher heat transfer rates across the two sides of the cavity.

Nomenclature

= Grashof number, gBATW?/v?
baffle length

number of baffles

Prandt]l number, v/a

temperature

nondimensional velocity in ¢ direction
nondimensional velocity in ¢ direction
cavity width

cavity length

thermal diffusivity

coefficient of thermal expansion
baffle thickness

nondimensional spatial coordinate
nondimensional temperature
cavity aspect ratio, z/w

kinematic viscosity
nondimensional spatial coordinate
nondimensional time
nondimensional stream function
stream function

nondimensional vorticity

vorticity
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Introduction

ATURAL convection in long enclosures has received

much attention because of its many engineering appli-
cations which include double-pane windows, solar collectors,
double-wall insulation, and nuclear reactor insulation. Two
excellent comprehensive review articles on the subject have
been written by Catton! and Ostrach.?

It is generally known that for a vertical cavity heated on
one side and cooled on the opposite side, the fluid flow is
characterized by a single large cell; the fluid ascends along
the hot wall, descends along the cold wall, and turns at the
opposite ends of the cavity. For small Grashof numbers the
flow is weak and the isotherms are parallel to the vertical
walls. In this region heat is transferred by conduction across
the fluid. This flow regime was first analyzed by Bachelor,?
who named it the conduction regime. With increasing Grashof
number, however, this flow becomes unstable. Hart* and Kor-
pela et al.> showed that the instability takes different forms
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depending on the fluid Prandtl number. In the limit of zero
Prandtl number, the instability is purely hydrodynamic and
leads to transverse cells. For large Prandtl numbers the in-
stability takes the form of traveling waves. Experiments per-
formed by Elder,® using water to visualize the boundary layers
along the vertical walls, have shown the presence of secondary
stationary motions in the interior of the cavity. These findings
have been confirmed by the experimental and numerical stud-
ies in Refs. 7-14.

Roux et al.'® showed that these secondary motions can only
be observed in air-filled cavities of aspect ratio greater than
a critical value between 11 and 12. Roux et al.'® have also
shown that as the Grashof number further increases, the flow
structure changes from multicellular to monocellular and it
becomes one of a boundary-layer type. Facas!¢ showed that
for an air-filled vertical cavity with an aspect ratio of 15 (de-
fined as the ratio of the cavity height to the cavity width) the
value of Gr at which the flow undergoes the transition to
monocellular flow depends on the initial condition which is
specified. However, based on the cases considered by Facas,
monocellular flow has been predicted for Gr = 4.5 x 10

In the present study, the effect of baffle length and baffle
orientation on two-dimensional laminar natural convection
inside a long cavity is investigated numerically. The geometry
considered is shown in Fig. 1. It is assumed that the left wall
is heated to a constant temperature 7,, whereas the right wall
is cooled to a constant temperature T,. Both the top and
bottom horizontal surfaces are assumed to be adiabatic. In
view of the complexity and the large number of parameters
involved in this problem, the present study was restricted to
cavities with an aspect ratio of 15 and a fluid Prandtl number
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Fig. 1 Geometry and configuration.
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of 0.71. Three baffle lengths were considered: 1) h/w = 0.1,
2) 0.3, and 3) 0.5. Results have been obtained for Grashof
numbers ranging from 9.0 x 10° to 1.0 X 10°. For under-
standing purposes only, if the cavity width is assumed to be
2.5 cm, Grashof numbers ranging from 9.0 x 10° to 1.0 X
10° would correspond to temperature differences ranging from
approximately S to 50°C.

Mathematical Formulation

Consider the two-dimensional cavity of width w and height
z which contains a Newtonian fluid, as shown schematically
in Fig. 1. The problem is to find the velocity and temperature
profile inside the cavity, as well as the rate of heat transfer
across the two vertical walls, assuming that one of the walls
is heated to a constant temperature T;, while the other is
cooled to constant temperature 7.

For natural convection flows it is common to employ the
Boussinesq approximation, i.e., to assume that the effect of
temperature on density is confined only to the body force
term of the momentum equation and that all other fluid prop-
erties are independent of temperature and pressure. This im-
plies that the fluid is incompressible, and its equation of state
is

p = pll = B(I' = Ty)] 1

where p and B represent the density and volumetric expansion
coefficient, respectively, and the subscript denotes some ref-
erence state.

Using the stream function-vorticity approach, the governing
equations with the Boussinesq approximation for two-dimen-
sional incompressible laminar-free convection in dimension-
less form are'®

Stream function equation
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The energy equation for the fin has been derived assuming
negligible thermal resistance across the thickness of the fin,

negligible capacitance, and a fin thermal conductivity equal
to the fluid thermal conductivity. Thus, for the fin
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The last two terms represent heat exchange between the fluid
and the upper and lower fin surfaces, respectively. The anal-
ysis was restricted to a dimensionless baffle thickness of .
The assumption of a fin thermal conductivity being equal
to the fluid thermal conductivity cannot be duplicated in prac-
tice even with the best solid insulating materials. Typically,
the thermal conductivity of solids is many orders of magnitude
larger than the thermal conductivity of a fluid. As a result,
the assumption of a fin thermal conductivity being equal to
the fluid thermal conductivity represents an extreme limiting
case. However, based on the data presented by Winters, 7 it
is expected that the results obtained for the extreme case of
equal baffle and fluid thermal conductivity are also accurate
for higher relative thermal conductivity ratios.
In the dimensionless coordinates the computational domain
extends in both directions from 0 to 1. The solution to Egs.

(2-4) with the appropriate boundary conditions yields the
desired distribution for ¥, , and ©.

Boundary Conditions
The no-slip condition at the walls, u = v = 0, yields ¥ =
const. Thus, the value ¥ = 0 is arbitrarily assigned at all four
walls. The vorticity at the walls were calculated using the
following second-order accurate expressions:

~ 8V, + 7V
Q= Yo fmwg;' = {=0,1 (72

Q= Loz = 82;;;*‘ e po01 ()

Constant uniform temperatures 7, and T, (T, > T,) are
imposed at the left and right walls, respectively. The top and
bottom walls are assumed to be adiabatic. Thus

@=1 ¢=0, ©=0 £&=1
90
-0 =01 (8)

A second-order accurate finite difference expression was used
to evaluate the temperature boundary condition on the in-
sulated walls.

Method of Solution

The system of equations with the boundary conditions is
solved using finite differences. The Arakawa’s differencing
scheme!® is used with the convective terms, and central dif-
ferences are used with the diffusive terms. The Arakawa’s
scheme was selected for this problem because it has been
demonstrated that it can predict the multicellular flow struc-
ture that exists in this problem, see Korpela et al.,* Lee and
Korpela,” and Facas.!® First-order accurate forward differ-
ences were used with the time derivatives.

The computer code was validated by comparing average
Nusselt number with published results for a vertical cavity
without baffles. The results obtained with this computer code
are in excellent agreement with the highly accurate numerical
solution presented by Ramanan and Korpela.?® Using a uni-
form grid mesh of 51 X 151, the average Nusselt number
obtained at Gr = 11.85 x 10° was 0.21% lower than the
value presented by Ramanan and Korpela; a 0.43% difference
in Nu relative to the Ramanan and Korpela solution was found
at Gr = 29.63 x 10°. Based on these comparisons, a uniform
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grid mesh of 51 x 151 appeared sufficient to obtain solutions
for the entire range of Grashof numbers considered. The local
Nusselt numbers at the two vertical walls were calculated using
three-point derivatives. The average Nusselt number was de-
termined from the local Nu values using Simpson’s rule.

All calculations were made using a 51 x 151 uniform grid
mesh. The time step used varied from 1 X 104to 3 x 10 ¢
depending on the value of the Grashof number considered.
The solution to the algebraic system of equations at the end
of each time step has been obtained using the modified strongly
implicit procedure, Schneider and Zedan.!” The steady-state
solution was assumed to have been reached when the residual
between time steps was less than 10~* for all three variables
at every grid point. Typically, when this criterion was met,
the average residual between time steps for the temperature
field was in the order of 10-°, whereas the average residual
for the stream function and vorticity fields were in the order
of 10~%and 103, respectively. All computations were carried
out on a 386 personal computer.

Results and Discussion

In a long vertical cavity without baffles, the fluid ascends
along the heated surface and descends along the cooled sur-
face as it turns at the opposite ends of the cavity (primary
circulation). Facas'® showed that for an air-filled cavity with
an aspect ratio of 15, a hydrodynamic instability occurs, in
the form of transverse rolls, for Grashof numbers in the range
of 1.2 X 10*to 4.0 x 10*. For Gr values outside of this range,
the flow is characterized by one large cell.

When one baffle of dimensionless length 0.1 is attached
midway along the heated side of the cavity there is little effect
on the heat transfer and fluid flow structure. The values that
were obtained for the local Nusselt number and the average
Nusselt number are almost identical to those obtained by
Facas'® for natural convection flow in a differentially heated
vertical cavity of aspect ratio 15. Moreover, the qualitative
results presented by Facas?! in the form of streamlines and
isotherms show that the presence of one baffle of length 0.1
has little effect on the flow structure; a multicellular flow
structure is predicted for Grashof numbers in the range of 9.0
x 10° to 5.0 x 10* and; a monocellular structure at a Gr
value of 1.0 x 10°. A similar fluid flow structure was predicted
for a vertical cavity without any baffles attached along the
walls by Facas.!®

As the baffle size increases to 0.3, the flow is characterized
by a primary circulation— consisting of the stream that as-
cends from the bottom to the top of the hot wall and descends
along the cold wall—and two secondary circulations, see Figs.
2 and 3. As the fluid ascends along the hot wall, the baffle
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Fig. 2 Streamlines, one baffle along heated wall; hiw = 0.3: a) Gr
=90 x 103, b) Gr = 1.2 X 10, ¢) Gr = 2.0 x 10*, d) Gr = 3.0
x 10% ¢) Gr = 4.0 x 10%, and f) Gr = 1.0 x 105,
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Fig. 3 Isotherms, one baffle along heated wall; h/w = 0.3: a) Gr =
9.0 X 10°, b) Gr = 1.2 x 10%, ¢) Gr = 2.0 X 104, d) Gr = 3.0 X
10%, e) Gr = 4.0 X 10%, f) Gr = 1.0 x 10°.
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Fig. 4 Streamlines, one baffle along heated wall; k/w = 0.5: a) Gr
=90 x 103 b) Gr = 1.2 x 10%, ¢) Gr = 2.0 X 10% d) Gr = 3.0
X 10% e) Gr = 4.0 x 10%, f) Gr = 1.0 x 105,

diverts the fluid flow direction to the right. As a result, the
ascending hot stream and the descending cold stream collide
and, in this way, two secondary recirculations are established
as the strength of the primary flow is weakened. An increase
in baffle length to 0.5 reduces further the strength of the
primary circulation in favor of stronger secondary flows, see
Figs. 4 and 5. The net result of the fluid flow breakdown into
one weak primary circulation and two stronger secondary
circulations is higher heat transfer rates across the two sides
of the cavity, as it is clearly shown by the temperature field
(Fig. 5). Essentially, the presence of the baffle tends to reduce
the effective cavity aspect ratio which, in turn, yields a higher
heat transfer rate across the two vertical sides of the cavity.
Figures 3 and 5 show that the temperature field is stratified
in the center region of the cavity for the higher Gr values
considered.

The results when two baffles of dimensionless length 0.1
are attached along the heated wall at equal distances are
qualitatively similar to those discussed above for one baffle
of length 0.1. In short, a multicellular flow structure is pre-
dicted up to a Gr value of 4.0 X 10*. However, slight differ-
ences are predicted between the one-baffle and two-baffle
solution in terms of the Gr values at which the transition from
the four-cell to the three-cell, three-cell to two-cell, and two-
cell to one-cell structure occurs. The differences between the
two cases considered are discussed in more detail by Facas.?!
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Fig. 5 Isotherms, one baffle along heated wall; h/w = 0.5: a) Gr =
9.0 X 103, b) Gr = 1.2 X 104, ¢) Gr = 2.0 x 10%, d) Gr = 3.0 X
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Fig. 8 Streamlines, two baffles along heated wall; k/w = 0.5: a) Gr
=90 x 10% b) Gr = 1.2 x 10% ¢) Gr = 2.0 X 10%, d) Gr = 3.0
x 104, ¢) Gr = 4.0 x 10% f) Gr = 1.0 x 105,

10%, ¢) Gr = 4.0 x 10% f) Gr = 1.0 x 105,
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Fig. 6 Streamlines, two baffles along heated wall; k/w = 0.3: a) Gr
=9.0 x 103, b) Gr = 1.2 x 10% ¢) Gr = 2.0 x 10%, d) Gr = 3.0
X 10% e) Gr = 4.0 x 10%, ) Gr = 1.0 x 105.
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Fig. 7 Isotherms, two baffles along heated wall; h/w = 0.3: a) Gr =
9.0 X 10% b) Gr = 1.2 X 10* ¢) Gr = 2.0 x 10%, d) Gr = 3.0 X
10%, ¢) Gr = 4.0 x 10% £) Gr = 1.0 X 10°.
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Fig. 9 Isotherms, two baffles along heated wall; i/w = 0.5: a) Gr =
9.0 x 103, b) Gr = 1.2 X 10%, ¢) Gr = 2.0 X 10*, d) Gr = 3.0 X
104 e) Gr = 4.0 x 10%, f) Gr = 1.0 x 105,

Figures 6-9 shows results for the stream function and tem-
perature field when two baffles of dimensionless length 0.3
and 0.5 are attached along the heated wall at equal distances.
Once again, baffle lengths of 0.3 or greater force the flow to
break down into one weak primary— consisting of the stream
that ascends from the bottom to the top of the hot wall and
descends along the cold wall—and three relatively strong
secondary flows. Moreover, with an increase in baffle length
from 0.3 to 0.5, the temperature field is stratified in the center
region of the cavity even at low Gr values.

Figures 10 and 11 show results for the stream function and
temperature field when baffles of dimensionless length 0.5
are attached on both walls. Attaching one baffle midway along
the cooled side of the cavity (in addition to the two baffles
attached along the heated side of the cavity at equal distance)
causes further breakdowns of the fluid flow into additional
secondary circulations. As a result, even higher heat transfer
rates are achieved than those which are produced when baffles
are attached only on the heated side of the cavity. Given the
symmetry in the flow, identical results for the heat transfer
would be expected if two baffles were attached along the
cooled side and one along the heated side of the cavity.

Figure 12 shows sample results for the local Nusselt number
along the heated wall when two baffles are attached along
the heated wall and Gr = 3.0 x 10* As it can be seen, the
presence of the baffles of length greater than or equal to 0.3
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Fig. 10 Streamlines, two baffles along heated wall and one baffle
along cooled wall; A/w = 0.5: a) Gr = 9.0 X 103, b) Gr = 1.2 X 10%,
¢) Gr = 2.0 x 10, d) Gr = 3.0 X 10%, ¢) Gr = 4.0 X 10*, ) Gr =
1.0 x 105
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Fig. 11 Isotherms, two baffles along heated wall and one baffle along
cooled wall; h/w = 0.5: a) Gr = 9.0 X 103, b) Gr = 1.2 x 10%,
¢) Gr = 2.0 x 10%,d) Gr = 3.0 x 10% ¢) Gr = 4.0 x 10, f) Gr =
1.0 x 105

cause large variations on the local Nusselt number. Figure 12
also illustrates that at this Gr value a baffle length of 0.5 is
far more effective from a heat transfer enhancement point of
view than a baffle length of 0.3. Furthermore, a comparison
of the local Nusselt number results, obtained for a baffle
length of 0.1 to the results obtained by Facas'® for a vertical
cavity without any baffles attached, indicate that the impact
of the shorter baffles on the local Nusselt number variation
is negligible.

Plots of the average Nusselt number as a function of Gr
and number of baffles are shown in Fig. 13 for a baffle length
of 0.5. Also shown in Fig. 13 are average Nusselt number
results obtained numerically by Facas'® and Ramanan and
Korpela® for an air-filled vertical cavity of aspect ratio 15.
Figure 13 indicates that the heat transfer rate across the cavity
width increases as the number of baffles increases. As an
example, when three baffles are attached along the heated
and cooled side of the cavity, the heat transfer rate across the
two sides of the cavity can increase anywhere from 25 to 10%,
depending on the Gr value being considered. Even when only
one baffle of dimensionless length 0.5 is attached along the
heated side of the cavity, it still results in a 10% (on the
average) heat transfer enhancement for the Gr range consid-
ered.

——— 0, Facas (1952)

Local Nussselt Number

Fig. 12 Local Nusselt number distribution, two baffles along heated
wall, Gr = 3.0 x 10%

281
2 25|
[
3
z
°
22
1
4
]
[= 3
S a0}
2
< N=1

msraey—— N2
18 —v— N3 B
. N=0, Ramanan and Korpela®
15 N
i | n " " | .
25 50 75 100

Grashof Number x 10°

Fig. 13 Average Nusselt number vs Grashof number and number of
baffles, h/w = 0.5.

Conclusion

The effect of baffles on the natural convection flow in a
long cavity has been analyzed numerically for two-dimen-
sional laminar flow. Flow characteristics have been investi-
gated for three baffle lengths and Grashof numbers up to 1.0
X 10°. A multicellular flow structure is found to exist for a
baffle length of 0.1. As the baffle length increases to 0.3 or
higher, the flow breaks down into secondary circulations and
that, in turn, results in higher heat transfer rates across the
two sides of the cavity.
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