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Abstract:

In this research, the Buoyancy heat transfer and flow patterns in a partially
divided square enclosure with staggered partitions have been studied numericaly.
The partitions were distributed on the lower and upper surfaces of the box in
staggered manner. The height of the partitions was varied. The conduction heat
transfer through the fins (partitions) was also included. It is assumed that the
vertical walls of enclosure were adiabatic and its horizontal walls were maintained
at uniform but in different temperature. The problem was formulated in terms of
the stream function-vorticity procedure. The numerical solution based on the
transformation of the governing equations by using finite difference method was
obtained. The effect of increasing the partition height and Rayleigh number on
contour maps of the stream lines and temperature were reported and discussed. In
addition, the research presented and discussed the results of the average Nussult
number of the enclosures heated wal a various Rayleigh number and
dimensionless partition heights. The results showed that the mean Nussult humber
increases with the increasing of Rayleigh number and decreases with the
increasing of partition heights. The distributed heat by conduction through the
partition increases with the increasing of the partition height especially at
(H/L > 0.3). A comparison between the obtained results and the published
computational studies has been made and it showed a good agreement with
percentage error not exceed (0.54%).

Keywords: CFD, Buoyancy heat transfer, staggered partitions, square
enclosure.
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Introduction

Natural  convection in an
enclosure with partial vertica
divider has received considerable
degree of recent interest. This
interest stems from the
significance of buoyancy-induced
flows in various engineering and
technological applications such as
convective heat loss from solar

collectors, thermal insulation,
nuclear reactors, heat-recovery
systems, energy conservation in

buildings, air conditioning and
ventilation, cooling of electronic
equipments, and semiconductor
production.

Many scientists and researchers
have been studied the natural heat
transfer and fluid flow in square
enclosure with and  without
divided partitions to see the effect
of partitions on the heat transfer
mechanism inside the space,
Karayiannis et. al. [1] studied the
Convective heat transfer for ar in
rectangular cavities without a
partition and with a vertica
partition with different constant
temperatures on the opposite walls
numerically. The aspect ratio
changed from (0.1) to (16), and the
Rayleigh number from (3.5E3) to
(8.5E7) (for cavities without
partitions) and from (1E5) to
(1.6E8) (for  cavities  with
partitions), with the partition
thickness and thermal conductivity
being varied, the Nussult number
reduced by (12%) due to the
partition. Yucel and Ozdem [2]
have studied natural convection in
partially divided square
enclosures. They have concluded
that the mean Nusselt number
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decreases with increasing the
height and number of partitions.
Dagtekin and Oztop [3] have
investigated natural  convection
heat transfer by heated partitions
within an enclosure. They have
found that as the partitions, height
increases, the mean Nusselt
number increases and that the
position of partitions have more
effects on fluid flow than that of
heat transfer. Abdullatif and Ali
[4] study laminar natural
convection flow of a viscous fluid
in an inclined enclosure with
partitions, the range of Rayleigh
and the angle of inclination was
(1E3 to 1E6) and (0-900)
respectively. It was found that the
average Nusselt number increases

with increase in the Rayleigh
number. Also, as the
dimensionless  partition  height

increases, the flow speed within
the partitioned enclosure decreases
resulting in less wall heat transfer.
In addition, the average Nusselt
number was found to decrease as
the partitioned enclosure
inclination angle was increased
beyond (3(°). Nansteel and Greif
[5, 6] performed experiments on
natural convection heat transfer in
undivided and partialy divided
rectangular enclosures. In their
studies, the vertical walls were
maintained different temperatures
while the horizontal walls were
adiabatic. The experiment carried
out with water for Rayleigh
numbers over the range
(1E10-1E11). The vertica partial
partition was fitted the top surface.
The correlations for the average
Nusselt number were generated for
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the cases of conducting and non-
conducting partial divisions as a
function of Rayleigh number and
aperture ratio (height of partition
height of enclosure). The partial
divisions were shown to
significantly decrease the overal
heat transfer, especially when the
partitions were non-conducting.
Lakhal et. a. [7] study
numerically the natural convection
in inclined rectangular enclosure
with perfectly conducting fins
attached to the heated wall. The
parameter governing this problem
are the Rayleigh (1E2-2E5), the
aspect ratio (2.5- 10), and the
inclination angle (O- 60°). the
results indicate that the heat
transfer through the cover is
considerably  effected by the
presences of the fin. Also at low
Rayleigh numbers the heat transfer

regime is dominated by
conduction.
In the present study, naturd

convection in partially staggered
partitioned square enclosures is
considered. The vertical walls are
assumed to be adiabatic and
horizontal top and bottom walls
are kept at constant but different
temperatures. The partitions
having finite thickness and finite
therma conductivity are attached
to the bottom and the top walls of
the enclosure in staggered manner.
A computer program is developed
on the basis of the finite difference
method. The fluid flow and
temperature fields are predicted for

different Rayleigh numbers, and
partition  heights.  From the
temperature fields predicted, the
average Nusselt numbers are
calculated.
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The mathematical model

The physical domain
considered in this study is a (2-D)
square enclosure with partialy
divided staggered partitions which
is shown in Fig. (1) The length of
the side of the square is denoted by
(L). The thickness and length of
partitions are represented by (d and
H), respectively.
Considering, steady laminar, two-
dimensional, natural convective
flow inside partitioned enclosure.
The temperatures (Th) and (Tc) are
uniformly  imposed on two
opposing horizontal walls such that
(Th> Tc) while the other walls are
assumed to be adiabatic. Fig. (1)
Shows the  schematic and
coordinate system of the problem
under consideration. The fluid is
assumed to be incompressible,
Newtonian and viscous and has
constant thermo-physical
properties except the density in the
buoyancy term of the momentum
equations. The effect due to
viscous dissipation is assumed to
be negligible.
The governing equations for this
problem are based on the balance
laws of mass, linear momentum
and energy. Taking into account
the assumptions mentioned above,
and applying the Boussinesq
approximation for the body force
terms in the momentum equations,
the governing equations can be
written in dimensionless stream
function-vorticity form as:
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Y v eV )
Where: the dimensionless

stream function and vorticity are
defined in the usual way as:
78V 7, % U
v x YWV
For the solid region (in the
partitions), the energy equation for
the heat transfer by conduction
(Eq. (3)) becomes:

2 2
L R R .5
> 1y
The following equation
was defined for the interface
between the solid and fluid [8]:
K, T4 .
n n

Where: (Kf) and (Ks) is the
therma conductivity of fluid and
solid respectively, (n) represent the
normal distance.

The governing equations

are converted into the non-
dimensional form by defining the
following non- dimensionad
variables:
2
:5’ Y:X’ Z :WL ,

L L a
y = Y q= T-T,

a = T,-T.°
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3
=" RePMh-TE 5
a an
The equations (1, 2, 3, 5) are
subjected to the  following
boundary conditions:
1. the left wall (X=0) and the right

wall (X=1): Ta =0
X

the lower wall (Y=0): d =1
The upper wall (Y=1): 9 =0

For the dl surface walls: Y =0
For the 4dl surface wadls:

3 1
(Zozmwo'yl)’“zzl)

woods condition.
The heat transfer rate (Nussult
number) was calculated along the

gk 0D

lower surface (heated wall)
according to the equation:
1
Nu=ad|  dx .®
0 YY:O

Numerical Solution

The governing equations
(4,235 ae solved by finite
difference scheme which used centra
differencing for the second order
derivative and upwind or one-sided
differencing for non linear first order
convective terms. The role of upwind
differencing procedure in stabilizing
the numericad scheme has been well
documented. The application of this
scheme to free convection flow at
high Rayleigh number is discussed in

[9].

Following is the procedure in
[9], the governing finite difference
equations for (, ©, and y) can be
written in the standard five point
formula form. These finite difference
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equations  which  subject to
appropriate boundary conditions are
solved by an iterative method known
as successive substitution. If (5, °
and ° denote functiona vaues a
the end of sth iteration, the value of
(,,ad ) a (stl)th iteration
level ae caculated from the
following expressions,

s+l —

s 9, s
z;=(1-9,)z;, +K[azzi+1,j +

s+l
b,z 1

0.5RaPr h(Qiillj - Qii,lj )]

s s+l
+C,Z2 ) +d, 27+

s+l __ S g S
qi,jl - (1' gq )qi,j +_q‘(aqqi+1,j
A
+ bqqiilj + qui?j + dqqs}r-ll
stl s+l gy S
i =@Q-9,) +76’ vy T
y |S+llJ ty is,j+1 ty |ST11 + hzwiﬁl)
s1= (1. g gt + g, +
qle gqso i 4 q|+11
Gy 0 FO
...(9)
Where (h) isthe step size and
(%, 0, g,and Q) ae over

relaxation parameter which depend
on the mesh size and fluid
mechanical parameters and
(Az, Ay aregivenin[9].

For the interface region, the
equation (6) is solved forward or
backward according to the location of
the partition. The find form of
equation (6) is:
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qint :(Kr qf +qs)/(l+ Kr) ---(10)

Aconverged solution
was defined as one that meet the
following criterion for all dependent
variables.

f - f"£107°

(12)

Resaults and discussions

The heat transfer in partialy
divided sguare enclosures and the
flud flow were  numericaly
investigated. It is assumed that the
Left and the right walls of enclosures
are adiabatic and the upper and the
lower wals of enclosures are
maintained at uniform but different
temperatures. By assuming the
enclosure contains air, hence (Pr) is
taken to be (0.7) in the fluid region.
Partitions are placed on horizonta
surfaces in staggered manner, their
dimensionless heights (H/L) are
taken (0.0, 0.1, 0.2, 0.3, 0.4, and 0.5),
and the thicknesses (d/L) are taken
(0.2).

Dimensionless locations of
partitions (wi/L, wao/L, wa/L, wdl/l,
ws/L, we/L) are chosen as (0.15, 0.45,
0.75, 0.3, 0.6, and 0.9) respectively.

In the partition regions (k) is
taken as (8416.66) (which represents
the ratio of the therma conductivity
of auminum to that of air).
Computations are performed at
different Rayleigh numbers in the
range (10°, 10%, 10° 3*10°, 4*10°
5%10°, 7*10°, and 10°), for the
different dimensonless partitions
heights. In order to investigate fluid
structure and heat transfer, the
streamline and isotherm contours are
drawn and mean Nusselt number is
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caculated from the local Nusselt
number for each case.

Fig.(2) shows the
temperature contours for different
Rayleigh numbers plotted for a
(H/L=0.0) case (no partition) with
adiabatic vertical walls. As seen in
Fig. (2), when the Rayleigh number
increases, the temperature gradient
next to hot and cold wall increases.
Also development of the plume effect
can be seen as the Rayleigh number
increases.

In Fig. (3), the streamline
contours for different Rayleigh
numbers are plotted, at low Rayleigh
number there are two circulating cells
with opposite direction in the lower
half of the enclosure, as the Rayleigh
number increased the two circulating
cells stretched and shifted upward,
aso the flow (stream function)
become more strongly.

Fig.(4) shows the
temperature contours for different
Rayleigh numbers for (H/L=0.1).
aso when the Rayleigh number
increases, the temperature gradient
next to hot and cold wall increases.
But the symmetry of the temperature
region about the vertical mid line
change duo to the presence of the
partitions which develop conduction
heat transfer. It can be seen that the
plume temperature region shifted to
the right wall duo to the staggered
distribution of the partitions.

In Fig. (5), the streamline
contours for (H/L=0.1) are plotted,
the two circulating cells with
opposite direction aso found in the
enclosure, the effect of staggered
partitions clearly seen by shifting the
right circulating cell to the right wall,
as the Rayleigh number increased the
two circulating cells stretched and

shifted upward, also the strength of
the flow become more strongly.
Fig.(6) shows the
temperature contours for different
Rayleigh numbers for (H/L=0.2). The
temperature distribution continuous
to move toward the right vertical wall
which demonstrate the effect of heat
conducted from the lower partitions
(especially from the second and the
third partition). the left circulated cell
of the streamline contour for the
same vaue of (H/L) will growth as
the Rayleigh numbers increases, that
growth will squeeze the other cell. A
third cel will appear at the high
Rayleigh number, that is clearly

appear in fig.(7).

As the heignt of the
staggered partitions increases
(H/L=0.3, 0.4, 0.5)

Fig. (8, 10, and 12), the conduction
heat transfer will dominate in the
enclosure and the effect of heat
transfer by convection will be less
than of conduction heat transfer due
to increase the height of the
partitions, in other word the heat
exchange by conduction between the
hot partitions and the cold one is
increased as they come close to each
other. Also the plume effect will
diminish after the ratio (H/L > 0.3)
which illustrate the dominate of
conduction heat transfer on the
convection heat transfer.

For the flow inside the
enclosure, increasing the height of
the staggered partitions will effect the
streamline  contour  strongly, as
shown in Fig.(9, 11, and 13) the
number of circulating cells will
increase until amost each of the
zones between the partitions will
contain one cell, that is clear at (H/L
> 0.4), aso the gradient of stream
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function will increase near the
partitions wal as both Rayleigh
number and the height of partitions
increased.

As shown in Fig.(14), the
heat transfer rate or the average
Nussult number increase  with
increasing the Rayleigh number for
each dimensionless partition height.
and decrease as the dimensionless
partition height increased for each
Rayleigh number, as the Rayleigh
number and dimensionless partition
height increase (Ra=1C° to 10°) and
(H/L = 0.0 to 0.5) respectively. The
increasing in heat transfer will
change from (23% to 11%).

Fig. (15) Shows the
comparison between the present
study and [2], as shown in Fig. the
agreement is good between both
studies with percentage error not
exceed (0.54%).

Conclusions

1. The heat transfer increase
and the plume shape of
natural heat transfer appear
with increasing the Rayleigh
number.

2. The flow structure is strongly
affected by increasing the
Rayleigh number.

3. The symmetry of the heat
transfer region is changed
and affected by the presences
of staggered partitions.

4. The flow structure is strongly
affected by presences of
staggered partitions
especidly at (H/L> 0.4).

5. The conduction heat transfer
appear after (H/L=0.3).

6. At high (H/L), the Nussult
number increased in a less

645

rate as Rayleigh number
increased.
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List of Symbol
Symbol [ Desription [ Unit |

d Thickness of the partition m

g Gravitational acceleration m/sec’
H Height of the partition m
Ks Thermal conductivity of the partition (solid) W/m.K
ki Thermal conductivity of fluic W/m.K
Kk Thermal conductivity ratio kr = kdks
L Length of the cavity m

n Normal distance —
NU Mean Nusselt number —
Pr Prandtl number (Pr = ni/ar) —
Ra Rayleigh number Ra= gb(Tx — To)L ¥nsay —
T Temperature K
Tc Cold wall temperature K
Th Hot wall temperature K

U Dimensionless velocity component in x- _

direction
\% Dimensionless velocity component in y- —
direction

X Horizontal axis m

X Dimensionless horizontal axis (X = x/L) —
y Vertical axis m

Y Dimensionless vertical axis(Y =y/L) —
a Thermal diffusivity of fluid m°/sec
b Thermal expansion coefficient K™
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n Kinematic viscosity m?/sec

Dimensionless temperature (q = (T — T¢)/ (Th— —
Tc)

o0

Stream function N

Dimensionless Stream function —

Vorticity _

N s [< <

Dimensionless Vorticity —

Wg

A
v

A

A
s
o

A4

Wo

A\ 4

A
A\ 4

A
\4

Figure (1) Problem schematic and coordinate system.
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Figure (2) Temperature contours at H/L=0.0 with different Rayleigh Number (a. Ra=1*10*,
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Figure (8) Temperature contoursat H/L=0.3 with different Rayleigh Number (a. Ra=1*10* b.
Ra=1*10° c¢. Ra=3*10° d. Ra=1*10" e Ra=5*10° and f. Ra=1*10).
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Figure (9) Stream contoursat H/L=0.3 with different Rayleigh Number (a. Ra=1*10* b. Ra=1*10° c.
Ra=3*10°, d. Ra=1*10* e. Ra=5*10° and f. Ra=1*10°).
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Figure (10) Temperature contours at H/L=0.4 with different Rayleigh Number (a. Ra=1*10%, b.
Ra=1*10° c. Ra=3*10° d. Ra=1*10* e. Ra=5*10°, and f. Ra=1*10°).
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Figure (11) Stream contoursat H/L=0.4 with different Rayleigh Number (a. Ra=1*10* b. Ra=1*10°,
c. Ra=3*10°, d. Ra=1*10* e. Ra=5*10° and f. Ra=1*10°).
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Figure (12) Temperature contoursat H/L=0.5with different Rayleigh Number (a. Ra=1*10* b.
Ra=1*10°, c. Ra=3*10° d. Ra=1*10" e. Ra=5*10° and f. Ra=1*10°).
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Figure (13) Stream contours at H/L=0.5with different Rayleigh Number (a. Ra=1*10* b. Ra=1*10°,
c. Ra=3*10° d. Ra=1*10", e Ra=5*10° and f. Ra=1*10°).
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Figure (14) Variations of mean Nusselt number with the Rayleigh
number at different partitions height.
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Figure (15). The comparison between the present study and ref. [2]
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