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Abstract

In this paper, numerical simulations of laminar, steady, two-dimensional natural convection flows in a square enclosure with discrete heat
sources on the left and bottom walls are presented using a finite-volume method. Two different orientated wall boundary conditions are designed
to investigate the natural convection features. The computational results are expressed in the form of streamlines and isothermal lines for Rayleigh
numbers ranging from 102 to 10 in the cavity. In the course of study, a combination of third-order and exponential interpolating profile based on
the convective boundedness criterion is proposed and tested against the partially heated cavity flow up to the highest Rayleigh number 107. The
effects of thermal strength and heating length on the hydrodynamic and thermal fields inside the enclosure are also presented. Numerical results
indicate that the average Nusselt number increases as Rayleigh number increases for both cases. Moreover, it is seen that the effect of the heat
transfer rate due to the heating strength on the left wall is different from the one on the bottom. For the heater size effect, it is observed that by
increasing the length of heat source segment, the heat transfer rate is gradually increased for both cases.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction amined a square enclosure with a heat source located in the
center of one vertical side for Rayleigh number from 0 to 10°.
The effect of the heat size normalized by the cavity height
ranging from 0.25 to 1.0 was thoroughly discussed. Correlation
equations for Nusselt number, Rayleigh number, and heat size
ratio were proposed. This represents a consideration of thermal
effects when a number of electronic components were packed
into a tiny chip. Bae and Hyun [6] carried out detailed numer-
ical study on the heat transfer induced by buoyancy effect for
a tall rectangular cavity with three discrete heat sources on the
vertical wall. The case simulated by Bae is comparable to the
practical design of electronic devices. Geometrical conditions
related to the heater arrangement are specified with fixed sizes
throughout the entire study. Rayleigh number effect and tran-
sient stage of natural convection are discussed.

Aydin and Yang [3] investigated a buoyancy-induced cav-
ity having a centrally thermal strength located on the bottom
wall and symmetrically cooled sidewalls. By considering the
effects of the Rayleigh number and dimensionless heat source
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Natural convection in a two-dimensional square cavity with
differentially heated walls has drawn considerable attention in
a number of important engineering applications such as elec-
tronic equipment cooling, solar energy collectors, and nuclear
reactors. These discrete heaters may be placed either on hor-
izontal wall or vertical wall, representing certain interesting
features of flow field and the heat transfer rate in a range of
Rayleigh numbers. Chu et al. [1] is the pioneer to study the ef-
fects of heater size, location, and boundary conditions on the
left wall of the rectangular buoyant cavity both experimentally
and numerically. They focused on the understanding of the ther-
mal boundary layer developing along the wall, the rate of heat
transfer, and the recirculation patterns in the core region. Gen-
eral agreement between experiment and numerical result was
found from their investigation. Ahmed and Yovanovich [2] ex-
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Nomenclature

A model constant (= a/b)

a,b TOE scheme model constants

Cp heat capacity ....................... Jkg~'K™!

Ly heating length on the leftwall ................ m

) heating length on the bottom wall............. m

L length scale of the square cavity .............. m

121 dimensionless heating length on the left wall

123 dimensionless heating length on the bottom wall

Nu average Nusselt number along the right wall

P reduced pressure or space between two heat
SOUTCES .ot iite it Pa or m

p dimensionless insulated length

Pr Prandtl number

. 08BATL3C
Ra Rayleigh number, =———"

Re Reynolds number, oUL /11
To reference temperature. . ...................... K
Tc right cold temperature ....................... K

T left hot temperature. .................coovnnn. K
THo bottom hot temperature . ..................... K
AT temperature difference Ty — Tc +Tp — Tc .. K
u,v velocity components in x, y directions. . . .. ms~!
Greek symbols

B thermal expansion coefficient .............. K~!
0] dependent variable

43 non-dimensional variable

K thermal conductivity ............... Wm~K~!
7 VISCOSILY « v v vt Pas™!
P density..........o.oiiiiiiiiii kgm™3
01 dimensionless temperature, (77 — Tc)/AT

6 dimensionless temperature, (7> — Tc) /AT

& TOE scheme model constant

& TOE scheme model constant

ing Rayleigh number resulted in an increased heat transfer rate.
Hasnaoui et al. [4] studied an enclosed cavity with localized
heating from below, stressing on the effects of the dimension-
less heat length and position of the heat source, and Rayleigh
number (Ra =0 to 5 x 10°) on flow and temperature fields.
Deng et al. [5] investigated natural convection in rectangular
enclosures by implementing two constant heat flux sources on
bottom wall. They were interested in the heating strength and
the space between two heat sources at fixed Rayleigh num-
ber of 10°. The upward flow pattern in the center region was
observed at the non-dimensional separate distance of the heat
sources less than one while the downward flow pattern was
found at the non-dimensional distance greater than one.

It is noticed that these aforementioned studies are empha-
sized on the discussion of discrete heat sources on one wall
only. However, there are some engineering applications im-
posed with simultaneous heating or cooling on the side and
bottom walls. Deng et al. [7] employed a combined temper-
ature scale to numerically study the heaters on the left and
bottom walls in rectangular enclosures for Rayleigh number
range 10°~10°. The parameters of their investigation include
the Rayleigh number, the heater strength, and heater size. The
numerical results regarding the effects of heating strength and
heating length presented on thermal and flow fields were pre-
sented at Rayleigh number of 10°. It is observed that these stud-
ies are limited to a single heat source on two walls, respectively.
In practice, an enclosure flow over non-uniform heating walls
is much more realistic. For example, the electronic components
representing certain amount of heat sources were mounted on
electric circuit boards which can be configured in the verti-
cal and horizontal directions simultaneously on the equipment
frame. With discrete heat sources on the side and bottom walls
simultaneously, it will be interesting to see more complex in-
teraction between the buoyancy induced flow and heat transfer
rate inside the cavity. The first objective of this study is to ex-

amine the flow and temperature fields in consideration of more
complex enclosure wall conditions with differentially heated
sources on the upright and floor walls.

De Felice et al. [8] studied highly convective transport prob-
lems including single-step flow, lid-driven cavity flow, and lam-
inar natural convection in a differentially heated square cavity.
They found oscillating solutions at Ra = 107 in the cavity. In
our study, we use a high-order QUICK scheme and have ex-
perienced the numerical oscillating solution at Ra = 107 for
the natural convection in the cavity. The high-order numerical
scheme implies high accuracy of numerical prediction. How-
ever, the high-order scheme sometimes can result in a numerical
instability. To ensure a convergent numerical solution of the
natural convection subjected to discrete heat sources, it is nec-
essary to recognize the high Rayleigh number problem using
QUICK scheme. The second objective here is to solve the nu-
merical difficulty of QUICK scheme at high Rayleigh number.
A convection boundedness criterion scheme called TOE is pro-
posed and tested against some laminar flows.

In the light of the above observations, two different test cases
considered in the square enclosure are designed to analyze the
natural convection flow. In the first case, the window cavity is
partially heated on the left upper wall and two discrete heat
sources are placed on the bottom wall. The unspecified regions
on the left and bottom walls are insulated. The right wall is
maintained at a cold temperature and the top wall is well insu-
lated as shown in the Fig. 1. Note that in the figure the space
between two heat sources on the bottom is specified by P dis-
tance. This is referred as Case A. In the second one, two discrete
heat sources are located on the left vertical wall and one ther-
mal source is placed along the left part of the bottom wall as
shown in Fig. 1. This is referred as Case B. The presence of
heaters on the vertical and horizontal wall simultaneously may
cause the interaction between hydrodynamic and thermal fields
inside the cavity for different configurations, Cases A and B. In
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Fig. 1. The described Cases A and B for natural convection study.

view of these cases, it is inquiring to observe the temperature
fields and flow patterns inside the cavity and to check the heat
transfer rate.

2. Mathematical formulation

The governing equations for the laminar, steady, two-
dimensional flow using the Boussinesq approximation can be
written as follows

d(ou) = 9(ov) _

ax dy 0 M
ou du a ou ad ou P
Q“a%—@vaza[ﬂa}‘l‘a[ﬂg}—a 2
av av
Qua +QU5
=%[ug—ﬂ+%[ug—;]—%—f+98ﬁﬂ—%) )

aT aT B[MBT} B[ME}_T} @
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e dx e dy  0x [ Prox ady | Pr dy

where u and v are velocities, T is the temperature, Ty is the
referenced temperature, P is the reduced pressure, p is the
fluid viscosity, Pr is the Prandtl number, and S is the ther-
mal expansion coefficient. To reach high accuracy of numerical
predictions in our current computations, the convection term
is discretized using a high-order QUICK scheme coupled with
a deferred correction method. The pressure—velocity coupled
equation is solved by SIMPLE algorithm. The momentum and
temperature equations were then solved using the tri-diagonal
matrix algorithm with a sweep in each direction. Moreover,
the computational results are considered to be converged if the
dependent variables for all grid points satisfy the following cri-
terion

E max

u,v,T

¢new _ ¢01d

<1073 Q)
¢IICW

However, the high-order convective scheme is often connected
to an unphysical oscillation or under/over-shoot phenomena in
regions of steep gradients. This high-order scheme suffers from
the so-called boundedness problem described by Leonard [9].
Fundamentally, monotonic constraints or bounded schemes for
the high-order scheme must be enforced to annihilate the nu-
merical dispersion. In an effort to conquer this numerical dif-
ficulty, the composite flux scheme based on the normalized
variable formulation (NVF) proposed by Leonard [9] is con-
sidered in our study. With this in advance, a new scheme based
on NVF to eliminate the numerical scatter is thus proposed. It
is described in the next section.

3. Proposed TOE scheme

Consider the uniformly-spaced control volumes centered at
i—2,1— 1, and i. The dependent variable following Leonard’s
NVF [9] at the interface between i — 1 and 1 can be normalized
as
A Pi-1/2 — pi—2
di-1/2 5 — s (6)
where i — 1/2 represents the right surface of the control volume
i — 1. As pointed out by Gaskell and Lau [10], if an implicit
steady-state flow calculation is sought in NVF, the normal-
ized variable in Eq. (6) should satisfy the convective bound-
edness criterion (CBC) in the shaded region as shown in Fig. 2.
Leonard [9] mentioned that for uniform grids, the QUICK
scheme was bounded only in the interval 1/4 < ¢A5i—1 < 3/4.
However, the remaining intervals 0 < q@i_ 1<1/4 and 3/4 <
¢3i_ 1 < 1, are unbounded. In order to resolve the unbound prob-
lem, we propose a new non-linear relationship between ¢3i_1 2

and <f>i_1 as

déi-1)2
dei

where a and b are model constraints and they are required to
be determined in these two intervals. Note that the proposed
relationship between qAbi_l /2 and ¢A>i_1 is someway arbitrary, em-
phasizing particularly on the monotonic relationship between
qAﬁi_ 172 and 431_1. The task is to determine model constraints a

=agi_1p+b 7
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Fig. 2. Presented TOE scheme in CBC diagram.

and b in these two intervals. For the sake of simplicity, if an in-
termediate value ¢;—; = 1/8 in the interval 0 < ¢;—1 < 1/4,
which is just half distance of this interval, is employed, we
will have a corresponding value of ¢; 1 2. For convenience, this
value is designated as &; in our notation. For a similar selection
of an intermediate value ¢;_1 = 7/8, the corresponding ¢;—1,2
is set to &. Then, the solutions of Eq. (7) in these two intervals
can be obtained as: .

In the interval 0 < ¢i—1 < 1/4,
$i1jp =A™ —1) ®)
where a and A (= a/b) are
9 — 16&; 9 1

’ T 16 9—16E1 2

16&; 16 (Wll) -1

2 < 1 < ) )

16 'S 16
In the interval 3/4 < éi,l <1,

a=—8In

$io1j2 = Afe U790 — 1] (10)
where a and A are
1

n——

16(1 — &)

1 1

L6 (61— &) -2 -1

15 <& <1 11
Note that &) is confined in the interval, (2/16, 9/16) and &
is confined in the interval (15/16, 1). Consequently, the entire
model becomes dependent on &; and &, only in these two in-
tervals. The strategy here is to determine the value of &; first.
Let us consider the normalized (ﬁi_l /2 profile as an exponen-
tial function of x and assume the exponential function passes
through points (0, 0), (1/2,1/8), and (1, 1) in a unity diagram.
Then, the exponential function can be solved as

a=-81

l(821n7-x _ 1) (12)
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Fig. 3. Predicted box-shape profiles with grid size of 21 x 21 points.

It is noticeable that at x =0, x = 1/2, and x = 1, the corre-
sponding values qs can be interpreted as (]31_2, cj;i_l, and q?)i,
subsequently. Therefore, at x = 3/4, the corresponding <f>x23 /4
can be viewed as (,zAbi,l /2 in the assumed exponential profile. If
x = 3/4 is substituted into Eq. (12), dA>x=3/4 = 0.365005374.
This result makes it applicable to use &1 = 0.365005374 corre-
sponding to (}A&i_l /2 as the model determination.

Next, determination of &; is considered. From our computa-
tional experiments, the effect of &, in the second interval on the
numerical results is not so sensitive in this small interval that we
simply choose & = 92/96 for no particular reason. Since this
approach is based on a combination of third-order and exponen-
tial interpolating profile, it is called TOE scheme. The proposed
scheme is shown in Fig. 2. Numerical tests of TOE scheme are
presented in the next section.

4. Numerical tests of TOE scheme

The first problem tested for the new high-order TOE scheme
is related to the pure convection problem of a box-shaped pro-
file in an oblique velocity field [9] in a square domain. The com-
putational area is described by uniform mesh size of 21 x 21
points. The numerical result is shown in Fig. 3. In Fig. 3, the
present TOE model shows no over/under-shoot in the box-
shaped region while the QUICK scheme exhibits the scatter
phenomena in the stiff region. As mesh size is further refined,
41 x 41 points, similar results were observed, which is not
shown in this paper. Further validation of the current computer
code is to compare the numerical results of natural convection
in the cavity with those obtained from literature in which the
average Nusselt number along the cold wall is defined as

L
— 1 06
Nu:—/—dﬁ (13)
L) on
0

where 6 is the non-dimensional temperature, n is the normal di-
rection to the wall, and the non-dimensional length L is equal
to 1. The present TOE scheme results in a average Nusselt num-
ber of 8.840 in comparison with 8.80 of De Vahl Davis [11]
for 256 x 256 grid points at Ra = 10°. At Ra = 107, numerical
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(d) Ra=10"

Fig. 4. The streamlines and isothermal lines for different Rayleigh numbers from (a) to (d) in Case A.
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(d) Ra=10’

Fig. 5. The streamlines and isothermal lines for different Rayleigh numbers from (a) to (d) in Case B.
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tests of different mesh sizes are conducted. The QUICK scheme
leads to an oscillating numerical solution, but the present TOE
scheme can result in a convergent solution. Moreover, when the
TOE scheme with 81 x 81 grid points was used to simulate the
discrete heat source cavity flow described by Deng et al. [5] at
Ra = 10°, the TOE scheme predicts an average Nusselt num-
ber of 1.921 compared to 1.924. The accuracy of the numerical
results herein was ensured by our computational tests.

5. Results and discussion
For the present study of natural convection flows in the

square cavity for Cases A and B, a group of non-dimensional
quantities is defined as

Ly Ly
="t =2
= 2T
Ty — T Tys — T
01: H1 C, 92: H2 C
AT AT
ATL3C
Ra=98PATLC) (14)
ku

where AT = Ty1 — Tc + Tho — Tc and L is the cavity size.
Grid independence tests were conducted by using different grid
sizes of 81 x 81, 121 x 121, and 161 x 161 points for Case A
at Ra = 107. It is found that the average Nusselt number using
81 x 81 points compared with that obtained using 161 x 161
points gives approximate 3% difference while the difference
performed by 121 x 121 points is only 0.3%. Based on these
observations, a uniform grid of 121 x 121 points was used
throughout the rest of numerical calculations in this study.

5.1. Effect of Rayleigh number

Computations were carried out at conditions of p =P/L =
0.2, 60, =0.5, 6, = 0.5, and fixed heating lengths, £; = 0.5 and
> =0.25inCase A, and £; = 0.25 and ¢, = 0.5 in Case B. The
simulated Rayleigh number is varied from 10% to 107. Figs. 4
and 5 show the typical results of streamlines and isothermal
lines plotted for Ra = 10°, 10°, 10 and 107 for Cases A and B.
At Ra = 103, the heat transfer is mainly controlled by conduc-
tion as seen the nearly undistorted isothermal lines for both
Cases A and B. Moreover, in Case A, the severe temperature
gradient occurred at right lower corner elucidates a better heat
transfer rate than Case B. At Ra = 10°, the intensity of the
convection becomes stronger, which implies that the convec-
tion heat transfer begins dominating the thermal flow field in
the cavity. As the Rayleigh number becomes large (Ra = 10°),
the visualized flow patterns reveal that the fluid rises to left hot
wall and then descends down to right cold wall. At the highest
Ra = 107 considered, the crowded streamlines and isothermal
lines indicate that the hydrodynamic and thermal boundary lay-
ers have been developed along the heated wall and cold wall,
respectively, reflecting rigorous heat transfer rate occurred. Dis-
tribution of average Nusselt number along the right cold wall as
a function of Ra for Cases A and B is shown in Fig. 6. Variation
of average Nusselt number is almost unchanged up to Ra = 103,
and then drastically increases with increasing Rayleigh number

for both cases. However, Case A shows larger average Nusselt
number than Case B as discussed previously. This trend is con-
sistently observed with the increasing Rayleigh number.

5.2. Effect of thermal strength

In order to analyze the thermal strength of the heat sources
on the walls affecting the cavity field, the combined temperature
scales for left and bottom walls are expressed as 6 + 6, = 1
in this study. The temperature scale is designed to allow the
increase of the heat strength on the sidewall (61) from O to 1
and the decrease of the heat strength on the bottom wall (6,)
from 1 to 0. The heater sizes are fixed as described in the previ-
ous section and the Rayleigh number is varied from 102 to 10”.
Figs. 7(a)—(d) and 8(a)—(d) display the streamlines and isother-
mal lines at Ra = 107 with different heating strength 6;s for
Cases A and B. Figs. 9(a) and 9(b) show the effects of the
increase of heating strength 61 on heat transfer rates for differ-
ent Rayleigh numbers ranging from Ra = 10°—107 for Cases A
and B. A close inspection of Figs. 9(a) and 9(b) reveals that the
effect of the heat transfer rate due to the heating strength on
the left wall is different from the one on the bottom. This sug-
gests that a comprehensive examination of the thermal and fluid
fields is necessary in order to figure out the causes of different
heat transfer rates.

It is interesting to find out that at 6; = 0 two counter-rotating
cells are observed for both of Cases A and B at Ra = 107. In
Case A, two heat sources on floor deliver heat into the upper
left and right cold walls, leading to an asymmetric flow pattern
owing to the laterally half insulated situation. There are other
cells appearing inside the core region. These multi-cells are not
observed for Rayleigh numbers below 10° (not shown in the fig-
ures). As a result, it is clear that heat transfer rate at Ra = 107
is greater than that of Ra = 10°. In Case B, two rolls stem from
the vertical wall. Note that the single heat source on the bot-
tom conveys most heat into the left cold wall due to a large
temperature difference as seen by the cluster constant tempera-
ture lines close to the left corner. As a result, it exhibits a higher

8 IIIHm] Illllm] lllllml Illllm'l LILALALLLLY |

0 ||||||'|T| ||||I|T|'| ||||||T|'| |||II|T|'| IIIII|T|'|
102 10° 10* 10° 108 107
Ra

Fig. 6. The effect of Ra numbers on average Nusselt numbers for Cases A
and B.
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(d) 6=1.0, #=0.0

Fig. 7. The streamlines and isothermal lines for different heating strengths at Ra = 107 in Case A.
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(d) 6=1.0, 6:=0.0

Fig. 8. The streamlines and isothermal lines for different heating lengths at Ra = 107 in Case B.



1228 T.-H. Chen, L.-Y. Chen / International Journal of Thermal Sciences 46 (2007) 1219-1231

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0
Strength

(b)

Fig. 9. (a) The effect of thermal strength 6 on average Nusselt numbers for
Case A. (b) The effect of thermal strength 6] on average Nusselt numbers for
Case B.

heat transfer rate on the left cold wall, thus appearing a low heat
transfer rate on the right wall at 6; = 0.

Gradually increasing the heat strength 0; on the side wall,
which is equivalent to decrease the strength of heat source 6,
on floor, causes different flow patterns in the core region as il-
lustrated Figs. 7(b) and 8(b) for Cases A and B. In Case A, at
61 = 0.3, the center of left cell drifts up and its size becomes
smaller. However, the other cell evolves to different multi-cell
patterns in the core region in which the tertiary eddy is ob-
served. Further continuously increasing the heat strength on the
left wall causes the left cell disappear and moves the upper
eddy inside the main cell upwards. It is found that the ther-
mal boundary layer is developing as shown in Fig. 7(c). As the
heat strength advances to 61 = 1 on the left wall, the roll center
moves further upwards and the other cells were disappeared.
The thermal boundary layer along the right wall has been de-
veloped. Accordingly, the corresponding heat transfer rate by
increasing the thermal strength drops first, reaches its minimum
value, and then progressively increases as shown in Fig. 9(a)
for Case A. Moreover, it is seen that similar trend of heat trans-
fer rate varying with 6; is consistently observed for Rayleigh
number greater than 10* in Case A while the heat transfer rate

is continuously decreased with the increase of heating strength
for Rayleigh number below 10*.

In Case B, the center of recirculation moves upwards as
the vertical heat sources were heated up. Because the left roll
is lifted and shrunk, which is not shown in the figure, the
heat transfer is decreased at the corresponding heat strength
61 = 0.1. It is especially notable that the rolling cell dies away
and the appearance of a secondary eddy within the main cell
was observed as the heating strength 6, is gradually increased
to 0.3. This shows a distinguishing buoyancy influence on the
thermal field and results in an apparent increase of heat transfer
rate as shown in Fig. 9(b). In the extreme case of 6; = 1.0, the
thermal field indicates much more buoyancy effect and ther-
mal boundary layers have been developed along the left and
right walls. Comparing to the same condition in Case A, we
find that the buoyancy induced flow in Case B is stronger than
Case A. Consequently, the heat transfer rate in Case B is greater
than Case A, which is manifested in Figs. 9(a) and 9(b). This
suggests that placing heat sources on bottom wall with inten-
sified thermal strengths can enhance a substantial heat transfer
rate. Numerical values of average Nusselt number versus ther-
mal strength 6, are depicted in Fig. 9(b) for different Rayleigh
numbers.

5.3. Effect of heating length

In studying the heating length effect, computations are car-
ried out for a range of Rayleigh numbers from 10 to 107 by
allowing the variation of heating lengths. In Case A, the lateral
heating size is varied from O to 1 and the longitudinal space and
heating size are kept constant, i.e., £, = 0.25. At the same time,
the heating strength is fixed by assigning 6; = 0.5 and 6, =0.5.
In Case B, the lateral space and heating size are kept constant
(€1 = 0.25) and the longitudinal heating size is varied from O
to 1 in Case B with the heating strengths 6; = 0.5 and 6, = 0.5.
The size effects of the single heat source on the left bottom
wall or upper left wall on the thermal and fluid fields are shown
in Figs. 10(a)—~(d) and 11(a)—(d) plotted with streamlines and
isothermal lines at Ra = 107, respectively. These figures indi-
cate that the convection aggressively stratifies the temperature
contours due to the increased heat source segment. Figs. 12(a)
and 12(b) show the variation of average Nusselt number with
the heater size for different Rayleigh numbers for Cases A
and B. From Figs. 12(a) and 12(b), it is observed that for all
Rayleigh numbers the heat transfer rates in terms of average
Nusselt number gradually increase with increasing the heater
size for Cases A and B. In the limit £, = 1.0 in Case B, the en-
tire bottom wall was specified with uniform temperature bound-
ary condition. This leads to more condensed temperature lines
near the right bottom corner as shown in Fig. 11(d), reflecting
a higher average Nusselt number at this extreme condition in
Fig. 12(b).

6. Conclusion

To overcome the numerical difficulty associated with
QUICK scheme in simulating high Rayleigh number cavity
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(d) (1=1.0, (,=0.25

Fig. 10. The streamlines and isothermal lines for different heating lengths at Ra = 107 in Case A.
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Fig. 11. The streamlines and isothermal lines for different heating lengths at Ra = 107 in Case B.



T.-H. Chen, L.-Y. Chen / International Journal of Thermal Sciences 46 (2007) 1219-1231 1231

10.0

8.0

— 6.0
Nu

4.0

2.0

0.0

10.0

8.0

— 6.0

Nu

4.0

2.0

0.0 T T T T ] T T
0.0 0.2 0.4 0.6 0.8 1.0
Length
(b)

Fig. 12. (a) The effect of thermal length on average Nusselt numbers for Case A.
(b) The effect of thermal length on average Nusselt numbers for Case B.

flow, the TOE scheme is proposed to resolve the numerical os-
cillation. Numerical investigation of natural convection in an
enclosure with discrete heat sources on the bottom and lateral
walls was completely executed for a range of Rayleigh numbers
from 107 to 107 (total of 252 cases). By increasing Rayleigh
number, an increasing average Nusselt number is observed for
Cases A and B. However, Case A exhibits higher heat trans-

fer rate compared with Case B. For Case A, by increasing the
heating strength, it is found that the average Nusselt number de-
creases, attains its minimum, and increases as thermal strength
increases. For Case B, it is seen that the average Nusselt number
decreases at low heating strength (6 = 0.1) and then monotoni-
cally increases as thermal strength increases. This suggests that
placing heat sources on bottom wall with intensified thermal
strengths can enhance a substantial heat transfer rate from the
numerical result in Case B. By increasing the length of heat
source segment, the heat transfer rates in terms of average Nus-
selt number progressively increase with the increase of heating
length for Cases A and B.
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