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Study on Natural Convection in a Rectangular
Enclosure With a Heating Source

Kang-Youl Bae, Hyo-Min Jeong, Han-Shik Chung"
School of Mechanical & Aerospace Engineering, Institute of Marine Industry, Gyeongsang National

University, Gyeongnam 650-160, Korea

The natural convective heat transfer in a rectangular enclosure with a heating source has been

studied by experiment and numerical analysis. The governing equations were solved by a finite

volume method, a SIMPLE algorithm was adopted to solve a pressure term. The parameters

for the numerical study are positions and surface temperatures of a heating source i.e., Y/H=

0.25, 0.5, 0.75 and l I'C S:LlTS:59·C. The results of isotherms and velocity vectors have been

represented, and the numerical results showed a good agreement with experimental values. Based

on the numerical results, the mean Nusselt number of the rectangular enclosure wall could be

expressed as a function of Grashof number.
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Nomenclature---------
a : Grid space regulation coefficient

g : Gravity acceleration [m/s"]

. (gp (t. - Te) H3
)

Gr . Grashof number Gr v2

H : Vertical wall length [m]

K : Turbulent energy [m2/s2
]

L : Horizontal wall length [m]

Nu: Local Nusselt number (Nu= hf = %i Ix=J
Nu: Mean Nusselt number (Nu= IfNU'dy)
Pr : Prandtl number

T : Temperature [·C]

Th : Heating source temperature [·C]

r, : Cooled wall temperature [·C]

LlT: Temperature difference [·C]

U : X direction velocity [m/s]

V : Y direction velocity [m/s]

/3 : Thermal expansion coefficient [K-1
]
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80 : Kronecker delta

e : Turbulent energy dissipation rate

f1t : Turbulent eddy viscosity [kg/rns]
p : Density [kg/rn"]

1. Introduction

Natural convection in rectangular enclosures

heated on one vertical wall and cooled on the

opposite one has received a great deal of atten

tion in recent years. The information concerning

buoyancy induced transport in enclosures is very

important and effective for the design of electric

equipment devices and building (Gebhart et al.,

1988). Especially, the heat transfer in rectangular

space with a heating source has been applied to

industrial problems. These researches are very

important to the radiative heat control in PCB

(Printed Circuit Board) , solar collector, accumu

lator and ship equipments, and they can change

the machinery performances. Thus, there are

many kinds of calculation methods for basic or

optimum design. and the natural convective heat

transfer is very popular to understand the heat

transfer mechanism or flow characteristics in

ducing temperature difference (Jeong et al., 2000 ;
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Lee et aI., 1990; Kang et al., 1995; Suhas, 1980;

Chung et al., 1999; Cheesewright et al., 1986).

Many of authors suggested the numerical model

to calculate the turbulent natural convection in

an enclosure space. Also, it is well known that

the low Reynolds number models have a good

agreement with experimental results (Kim et al.,

1993; Seo et al., 1998; Kumar 1983). In recently

study, standard k-e model (Lars 1990) is used

commonly for real flow problem at the several

fields. But, this model was effective in case of high

Reynolds number. Thus, this model was used by

coupling with wall functions at the near wall

region. But, Chen (Chen et aI., 1988) reported

that the standard k-c model is no suitable at

wall and near wall by using wall functions be

cause the turbulence Reynolds number is very

small at near wall.

Thus, we conducted some of calculations for

selecting the most useful low Reynolds number

turbulence model. Figure 1 represents the com

parison with Cheesewright's experimental results

and three types of low Reynolds number turbu

lence model, and this contains vertical velocity

and turbulent kinetic energy distributions at Y=

1.25 m and temperature distribution at X=0.25

m. In this Fig., ST, LS and DA mean a standard

k-e turbulence model, low Reynolds number tur

bulence model by Launder-Sharma and Davison,

respectively. In these comparisons, the ST model

showed an excessive velocity, temperature and

turbulent kinetic energy, and this means the wall

boundary condition is very important. The two

LS and DA models had a good agreement with

experimental results at whole section. Especially,

the LS model was excellent near the wall (Lee et

aI., 1998; Shyy et al., 1993).

In this paper, we perform a numerical simula

tion of natural convection in a rectangular enclo

sure for the moving of a heat source by using

the LS turbulence model, and the results are com

pared with the experimental data by holographic

interferometer. Also, we suggest the maximum

heat transfer point versus heat source positions,

and obtain the correlation equations of Nusselt

number versus Grashof number.
The final purpose of this study is to obtain the

optimum position of a heating source in a rectan

gular enclosure. And also, the correlation equa

tions with mean Nuselt versus Grashof number

were suggested, and these equations can be used

to design the heat treatment of building space,

warm air circulator and cofferdam tank of LNG

(Liquefied Natural Gas) carrier. This carrier ship

has a liquefied gas storage tanks which have a
very low temperature of -162°C. A general coffer

dam tank is located between two LNG tanks, and

this cofferdam is used for safety space or repairing

equipments. Because this cofferdam tank have

to be a thermal environment for comfortable

working area, a steam pipe for space heating is

installed to preserve a normal temperature.

2. Study Methods

2.1 Numerical simulation
Figure 2 shows the numerical model with LX

H =0.04 XO.12(m), We traversed the three type of
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Fig. 1 Comparisons of numerical analysis with several turbulence models and Cheesewright's experimental
results (1986) for LXH=O.5X2.5(m)
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the heating source position, ¥=0.03 m, 0.06 m,
and 0.09 m, the top and bottom wall is adiaba
tic, left and right wall is cooling at constant tem
perature, Tc=O·C. Also, a heat source is heating
at constant temperature, Th=20,32 and 55·C.
For numerical simulation we assumed bellows:
1) Steady state. 2) Two dimensional turbulence
model. 3) The properties are constant. We intro
duced the LS model by Launder and Sharma,
and the governing equations are given bellow:

Continuity

Dissipation rate

(5)

(6)

where G and B are the turbulent generation term
and the buoyancy term, respectively:

(l)o

Turbulent kinetic energy

Momentum
Here, the turbulence model constants and func
tions are given as follows:

In this study, we adopted a finite volume method
for solving each values from given equations,
SIMPLE algorithm and hybrid scheme were used
to solve a pressure and a convection term.

Figure 3 shows a grid system for numerical

C1.= 1.44, C2.= 1.92, <1.= 1.3, <1... = 1.0,
Cp =0.09, <1t=0.9

f2= 1-0.3 exp( - R~t), fp=exp { (I +~~:;50)2 } (7)

R - pJi" fpCppJi"
et- f.lC' J1.t e

(4)

(3)a [(L+ J1.t) aT]ex, Pr a; aXj

a [( J1.t + ) ak ]ex, (i; J1. aXj
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Energy

a(pUjT)
ax
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Fig. 2 Schematic diagram for rectangular enclosure
with a heating source
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analysis, and adopted a non-constant grid by
using Eq. (8) for dense arrangement near a heat

source and the wall side.

x=x..x[-0.5 tanh { a (2 n~ I )/tanh( -a) to.5 }] (8)

••

aluminum
Plate. lOt cooling

"'... adillbatic ehamber(Water+lce)

\7 .~ /\7
. {

where n is the grid number of X-direction, The
i is a coordinate position and a is a coefficient

for adjusting grid interval. The diameter of a
heating source is 0.008 m.

ometer

Fig. 6 The photographic of holographic interfer
ometer

3. Results & Discussion

Figures 7- 8 show comparisons with experi
mental and numerical isotherms according to
the position of a heating source and the various
6T.

Figure 7 represents the experimental photo
graph and the numerical result when the a heating
source is on the lower position for various tem
perature differences (20, 32 and 47·C). Because
the air is expanded to the upper space by heating,
the density of isotherms was great around the

heating source, and these were more dense at the
upper space than the lower space. The gradient of
isotherm line with the surface of heating source
and the wall side is very important because of it
has different the gradient according to the tem
perature variations. It is mean that the heat

2.2 Experimental methods
Figure 4 shows the experimental apparatus.

The experimental test section is rectangular en
closure with 0.04XO.12X0.4(m). The heating
source is used a sheath heater that the diameter is
8mm and traversed to vertical direction at sym
metric line of rectangular space. The left and
right walls are adjacent to cooling chambers with
O·C temperatures, it is preserved by mixturing a

ice, salt and water. The temperature measurement
was conducted by using T-type thermocouple,

hybrid recorder and pIC, and a holographic in
terferometer was used for visualization as shown

in Fig. 5 and Fig. 6. A light source of the holo
graphic interferometer was used He-Ne laser with
tl=662.8 f-tm, and used the general steal camera
with a 105 mm lens and filter type of ND4, ND2.
The low sensitivity film (ASA 25) was used and
the time of exposure was 10-11 sec.

1.8
V Heater

@ He-Ne laser Power supply

® Shutter
@ Beam Splitter
® Objective

® Field Lens
@ Holographic Plate Holder

12

e"

*".O.~ 0.4 I~ 0.8 -.,

Fig, 4 Experimental apparatus of rectangular enclo
sure with a heating source

CD He-Ne Laser
@ Shutter Controller
@ Mirror
(J) Spatial Filter

® PL Filter
@ Circular Wedge

@ Test Section

Fig. 5 Schematic diagram of holographic interfer-
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(a) ZO·C (b) 3Z·C (c) 47·C

Fig. 9 Velocity vector on various ~T at lower
position

(a) 20·C (b) 3Z·C (c) 47·C

Fig. 10 Velocity vector on various ~T at upper
position

The velocity vectors on various fj,T at upper
position appear in Figure 10. The vectors were
appeared very small at lower space under a
heating source like to results in Figure 9.

Figure II represents the velocity distributions
for U'-direction along Y/H at X=0.025 m. As a
heating source was moved for upper space, the
velocity is nearly zero at lower space of a heating
source. Because the heated air is raised to upper
direction.

Figure 12 shows the velocity of V-direction
along X/L at Y=0.3 and 0.9 m. The velocity is
showed the distribution of the positive and nega
tive part with a heating source. Also, the velocity
distributions are appeared the positive distri
bution at near of a heating source. As a heating
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(a) ~T=20·C (b) ~T=32·C (c) ~T=47·C

Fig. 7 Comparison with experimental and numeri
cal isotherms for various ~T (lower posi
tion)

transfer is come active. Therefore, the heat
transfer is more large in accordance with the
gradient is more small when the position of a
heating source is lower.

, Figure 8 shows results for the center position,
and the temperature distributions were very simi
lar to the above case, but it was more dense near
the ceiling. In this results, the gradient of
isotherms line is showed the reverse pattern above
results and the gradient is more large as fj,T is
increasing. Because the space between heating
source and upper wall is small than the heating
source is lower position.

Figure 9 shows velocity vectors for various fj,T
at the lower position of a heating source. The
velocity vectors were very large at the center and
side wall; one is up-flow by the buoyancy of hot
fluid and the other is down-flow by side cooling
walls. As temperature differences are increased,
the magnitudes of velocity vectors were very small
at the lower space of a heating source.

(a) ~T=20·C (b) ~T=3Z·C (c) ~T=47·C

Fig.8 Comparison with experimental and numeri
cal isotherms for various ~T (upper posi
tion)
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source is moving to upper space in a rectangular
enclosure, the velocity distributions are more
large with ~T.

Figure 13 represents the Nusselt number distri
bution on side of the vertical wall along the
position of a heating source. The Nusselt number
was very small at the lower wall and large at the
upper wall from the heating source. The gradient
of the Nusselt number was zero at Y/H='0.9, this
means that there is a stagnation region at near the
ceiling.

Figure 14 represents a distribution of vertical
wall's mean Nusselt number versus Grashof num
ber for various positions of a heating source. The

mean Nusselt number is increased proportion
ally to the Grashof number, the heat transfer at
Y/H=0.5 was greater about 13% than other
cases. Also, the relationships between the mean
Nusselt number and Grashof number on each
position could be obtained, and the correlation
equations are as follows:

at lower position

Nu= 1.44+ 1.13 X 10-7Gr-2.35 X 1O-15Gr2

(4.0 X 106~ Gr ~ 1.8 X 108
)

at center position

Nu=0.65+2.94 X 1O-7Gr-8.80X 1O-15Gr2

(4.0X 106~Gr~ 1.8 X 108
)

0.050.040.01 0.02 0.030.04 0.05.05 -0.04 ·0.03 ·0.02 -0.01 0.000.03
.Lo0.0 .

-0.05 ·0.04 -0.03 -0.02 ·0 01 0.00 0.01 0.02

U·Ye'oclty U-velocity

(a) Lower position (b) Upper position

Fig. 11 U Velocity distributions along Y/H at X=O.025 m
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Fig. 12 V Velocity distributions along X/L at Y=0.3 and 0.9 m
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Fig. 14 Distributions of Nusselt number vs, Grashof

number with each position by numerical
analysis
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3. Conclusions

The numerical analysis and experimental re
search of natural convection in a rectangular
enclosure was carried out for the moving of
heating source, the main results are summarized
as the followings.

(l) The isotherm distributions of numerical
analysis and experimentation show the quali
tatively same results and as the temperature in
creases, the dense isotherm is appeared around the
heating source.

(2) The gradient of isotherms line is very im
portant to valuation of heat transfer, the heat
transfer is increased according to the gradient
is more small at lower position. But, the heat
transfer is increased in accordance with the gra
dient is more large at upper position.

(3) The lower space of a heating source had
very small velocity vectors, and temperature was
very low, thus, as increasing the temperature dif
ferences, the isotherms were dense at the center
and wall.

(4) The local Nusselt number on the side wall
was increased according to the vertical wall
because of the heated fluid is uprising by effect
of buoyancy, but the gradient of Nusselt number
was zero at Y/H=::0.9 because of the fluid at
upper corner was occurred the stagnation by swirl
flow.

(5) The relation equations between the mean
(9)

11r--~~-_,_-~-~-~-~_~~-_.

10 ~ AT=20°C(Gr.=0.5508X107
)

9 ~ AT=32°C(Gr.=0.8813X107
)

8 ~ AT=47"C(Gr.=0.1294X10·)
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2
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Fig. 13 Nusselt number distributions on vertical
wall for various heating positions by nu
merical analysis

at upper position

Nu = 1.55+5.72 X 1O-8Gr-1.l3 X 1O-15Gr2

(4.0 X 106s cr s: 1.8X 108)
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Nusselt number and Grashof number were ob

tained, and the maximum value of heat transfer

was obtained to 3.1 in case that the heating source

was located at center position. Therefore, the heat

transfer at center position was rated about 13%

more than other cases.
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