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In this work the validity of the Boussinesq approach for the heat transfer calculations in an open cavity considering natural convection and
surface thermal radiation is studied. Numerical calculations were conducted for Rayleigh number (Ra) values in the rahgedaf 10

The temperature difference between the hot wall and the bulk flNifl) (vas varied between 10 and 100 K, and was represented as a
dimensionless temperature differengg.(The deviations for the temperature fields and fluid flow patterns, between variable properties and
Boussinesq approach are noticeablee0.333. For total Nusselt numbers, the results with Boussinesq approach and variable properties,
indicates deviations within 0.22 % (Ra=18ndx=0.033) and 5 % (Ra=10and=0.333).
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1. Introduction and radiation in each surface element of the walls. Surface
radiation was found to alter the basic flow pattern as well

Heat transfer in open cavities is relevant in several therma?S the overall thermal performance substantially. Balaji and
engineering applications. Some examples include the cool/enkateshan [19] developed a numerical study of combined
ing of electronic devices and the design of solar concentraconduction, natural convection and surface thermal radiation
tors receivers, among others. In the literature, over the ladf @1 OPen top cavity. Radiation was found to enhance overall
forty years, a large number of numerical studies have beeheat transfer substantially (50-80 %) depending on the radia-

reported to describe the heat transfer in open cavities [1-35]/V€ Parameters.
These studies can be categorized as: (a) natural convection in Singh and Venkateshan [20] presented a humerical study
an open cavity with isothermal walls [1-6], (b) natural con- of steady combined laminar natural convection and surface
vection in an open cavities with adiabatic walls and isother+adiation in a two-dimensional side-vented open cavity. The
mal at the wall facing the aperture [7-16], (c) combined nat-numerical investigation provides evidence of the existence
ural convection with conduction or surface thermal radiationof thermal boundary layers along adiabatic walls of the cav-
in two-dimensional open cavities [17-27], (d) natural convec-ty as a consequence of the interaction of natural convection
tion in partially open cavities [28-30] and (e) natural convec-and surface radiation. Hinojogd al. [21] reported numeric
tion in a cavity with two open sides (using a symmetry plane)results of Nusselt numbers for a tilted open square cavity,
[31-36]. The investigations of the heat transfer by combinedconsidering natural convection and surface thermal radiation.
natural convection and surface thermal radiation are brieflyrhe results were obtained for a Rayleigh range frorh tb0
presented next. 107 and for an inclination angles range of the cavity from 0
Lageet al. [17] studied numerically the heat transfer by to 180°. The results show that convective Nusselt number

natural convection and surface thermal radiation in a twochanges substantially with the inclination angle of the cav-

dimensional open top cavity; the authors solved separateI-SW’ while the radiative Nusselt number is insensitive to the

the steady state equations of natural convection and therm@[ientation change of the cavity.

radiation, assuming a temperature distribution on the vertical Hinojosaet al. [22] presented numeric results for tran-
adiabatic wall. Balaji and Venkateshan [18] obtained steadgient and steady-state natural convection and surface ther-
state numerical results for the interaction of surface thermatnal radiation in a horizontal open square cavity. The results
radiation with free convection in an open top cavity, whosewere obtained for a Rayleigh range from*1® 10°. The

left wall was considered isothermal, and the right and botresults show that the radiative exchange between the walls
tom walls were adiabatic and their temperature distributionsnd the aperture increases considerably the total average Nus-
were determined by an energy balance between convectiagelt number, from around 94% to 125%. Nouanegtial
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[23] investigated conjugate heat transfer by natural convecwall is kept at constant temperaturg; Twhile the surround-

tion, conduction and radiation in open cavities in which aing fluid interacting with the aperture is at a fixed ambient

uniform heat flux is applied to the inside surface of the solidtemperature (I,) of 300 K which was lower than F. The

wall facing the opening. The influence of the surface radiafluid was radiatively non-participating and the walls of the

tion is to decrease the heat fluxes by natural convection anchvity were considered as black bodies. The ambient fluid is

conduction while the heat flux by radiation increases with in-air at atmospheric pressure and was assumed Newtonian and

creasing surface emissivity. an ideal gas. The fluid flow is assumed to be laminar and at
Hinojosa [24] reported the numerical calculations of heatsteady state.

transfer by natural convection and surface radiation in atilted From the above considerations, the governing equations

open shallow cavity. The results in the steady state were oldescribing the fluid motion inside the cavity under steady

tained for a Rayleigh number range fron?16 107, inclina-  state conditions may be written as follows [38]:

tion angles from 45 to 135and aspect ratios equal to 2 and continuity:

4. 1t was found that the exchange of thermal radiation be-

tween walls is considerably more relevant that the convective 9 9 (pv) =0 1)

phenomenon for an inclination angle of £350scillations Oz

in the convective Nusselt number were observed for inclina- )

tion angles of 45 (AR=4) and 90 (AR of 2 and 4). Wang % Momentum:

et al. [25] studied the combined heat transfer by natural con- d(puu) 8 (puv) op 0 ou
vection, conduction, and surface radiation in an open cavity. o dy T T or + 57;[ oz
The unsteady-state flow and heat transfer exhibited periodic
oscillating or chaotic behaviors due to formation of the ther- _ Zu <a“ + 8”) } + 9 [M (3“ + a”ﬂ @)
mal plumes at the bottom wall. If the formation of thermal 3" \0z Oy dy oy Oz
plumes is periodic, the oscillations of flow and heat transfer )
are also periodic. y—Momentum:

However because rigorous mathematical models aimed 5 (,pu) 9 (pvv) ap 9 v
at describing natural convection and surface thermal radia- o o = "9 + 87[ S

Y Y Y Y

tion are complex, the previously described studies have used
the Boussinesq approximation to predict the fluid motionand 2 (5U + 5”)} + ﬁ [M (8U + 5”)} Y09 3)
heat transfer behavior inside the open cavity. This approx- 3"\ 0z Oy oz dy Ox
imation is commonly understood to consist of the follow-
ing [37]: (a) density is assumed constant except in the buoyE"er9Y:
ancy term in the momentum equations where it is varied lin-
early, (b) All other fluid properties in the governing equa- a<uacpT)+a(vanT):§ (k?) +§ (k?) 4)
tions are assumed to be constant, (c) Viscous dissipation is v Y * v y y
assumed negligible. Nevertheless the accuracy of the Boussi- The application of the Boussinesq approximation simpli-
nesq approximation has not been established to study the Ngfas the equations (1-4) as follows:
ural convection coupled with surface thermal radiation in an
open cavity. Ju oV

Considering the above, this work is focused to analyze or + oy 0 )
the validity of the Boussinesq approach to study the heat

transfer by natural convection and surface thermal radia- 0 (uu) + 0 (uv) = 71@ + v (62“ + aQU) (6)
tion in a square open cavity. The governing equations were Oz Ay p Oz 9z Oy?

solved with variable properties and Boussinesq approach, for 9 (uv) 9 (wv) 1 0p

Rayleigh number (Ra) values in the range of-10°. The Oz + oy  pox

temperature difference between the hot wall and the bulk ) )

fluid (AT) was varied between 10 and 100 K and it was rep- +u (8\/ + 3") + B9 (T — Two) (7)
resented as a dimensionless temperature differescele Ox®  Oy?

obtained results of the fluid motion pattern, temperature fields (uT) O (VT) 2T 92T

and heat transfer were compared and discussed. o + oy = (axQ + ayg) (8)

2. Model formulation and numerical solution ~ Wherep, u, v, o, f and k are: the density, the dynamic vis-
cosity, the thermal diffusivity, the kinematic viscosity, the

In this work, the natural convection and surface thermal rathermal expansion coefficient and the thermal conductivity
diation in a two-dimensional, square open cavity of length Lrespectively; whereas g is the acceleration of gravity.

is considered. The system is schematically shown in Fig. 1. The hydrodynamic boundary conditions used in this work
The cavity has two horizontal adiabatic walls. The verticalare:
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u(0,0<y<L)=u(0<z<L,0)
=u(0<2<L,L)=0 9)
v(0,0<y<L)=v(0<z<L,0)
=v(0<z<L,L)=0 (10)
@) @), w
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that arrives to the’* element coming from the rest of the
elements of the cavity.

The fluid properties were obtained at the mean temper-
ature of the isothermal wall and the ambient temperature
when Boussinesq approach is considered; whereas for vari-
able properties, the dependency of the fluid properties with
temperature was considered as follows.

The air density 4) was obtained from the ideal-gas equa-
tion:

L (18)

p(p,T) = RT

Equations (9) and (10) assume non-slip conditions atthe 11 dynamic viscosity of air was computed from the

solid walls, whereas Eq. (11) assume that in the aperturgseriand equation and the thermal conductivity of kair
plane no velocity gradients and thus no momentum transfef i, an empirical relationship [38]:

occurs at this location [10].
The thermal boundary conditions were set as follows:

T(0,0<y<L)=Ty (12)
T
—k(a) =¢(0<x<L,0) (13)
dy 0<x<L,y=0
T
—k(a) =¢ (0 <x<L,L) (14)
ay 0<x<L,y=L
T(L,O0<y<L)=0 if u<0 or
T .
(8) =0 if u>0 (15)
ox

X=L,0<y<L

Equation (12) establishes that the vertical wall of the cav
ity is at constant temperatureg; T whereas Egs. (13) and
(14) were obtained applying an energy balance on the adi
batic surfaces by considering the transmission of heat by r
diation and convection [22]. Finally Equation (15) considers
that the incoming fluid enters to the cavity at ambient tem- L L Up
perature, while for the fluid leaving the cavity the thermal

conduction is negligible [8].

To obtain the net radiative heat fluxes over the walls, the
walls were divided in elements according to the mesh used
to solve Egs. (13)-(14) and the radiosity-irradiance formula-
tion was applied. The general radiosity equation for tfe i

element of the cavity may be written as
N
Ji :Eigz4+(175i)ZFiij (16)
j=1

where,g; is the emissivity of the surface elemeit; is the
view factor from the i element to the’f element of the

14.58 x 107773/2
w(T) =
1104 +T
_2.6482 x 107371/2
142454 x 10-12/T) /T

(19)

k(T) (20)

For the specific heat capacity {{xthe following equation
was obtained from experimental data [40]:

Cp(T) = 955.1141 + 6.7898 x 10~2T

+1.6576 x 1074T2% — 6.7863 x 107873 (21)

in above fluid properties equatiopss the fluid pressure in
Pa,T is the absolute temperature in K, R is the ideal gas con-
stant for air equal to 287 J/Kg, . is viscosity in Pas, k is in

W/m-K andC,, in J/kgK.
To generalize the validity of the numerical results, the fol-

jpwing dimensionless variables were defined:

x=2 vyv=Y4 p=2L v (2
Uo
g =T Ty - T
Ty -T. 7 Too
. 3
pr=?  Ra=p 90T To)l”
(6% 1%

where X and Y are the dimensionless horizontal and vertical
length of the cavity, respectively, U and V are the dimension-
less horizontal and vertical components of the velocity vec-
tor, 6 is the dimensionless fluid temperatugeis the dimen-
sionless temperature difference between the hot wall and the
ambient air, Pr is the Prandtl number and Ra is the Rayleigh

cavity, while N is the total number of elements along the cav,,mber. Thep parameter is related with the non-buoyancy
ity. View factors were evaluated using Hottel's crossed stringnfuence of the temperature field on the flow field, whereas

method [39]. The net radiative flux,() for the " element
of any of the walls of the cavity was calculated by
¢ri =Ji —qni 17

where @; is the net radiative heat fluyj; is the radiosity of

the corresponding element ang; gs the irradiance energy

the reference velocity Jis connected with the buoyancy
force and was defined d% = (¢8L(TH — Too))1/2. It

is noted that the fluid properties included in the definitions of
Uy and both Ra and Pr numbers were computed at the mean
temperature of the isothermal wall and the ambient tempera-
ture.
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The convective Nusselt number is defined as the ratio be-
tween the heat flux at the hot wall in the presence of natural

convection and the heat flux due to conduction oy,

_ oT
_ Qconvection Kwall ( ox )zzo,ogygL
Gconduction kaverage(TH - Too) /L

where k.1 was obtained at &, and kyeragewas computed at

Nu, (23)

the average temperature between the isothermal wall and the .

ambient air.

The average convective Nusselt number in the cavity was
calculated by integrating the local Nusselt number over the

length of the isothermal wall:

1
Nu, = / Nu, dY (24)
0

597
$=0.033

-0.-0.01

\ﬁ

004

0.8t

0.61

041

0.8

The radiative Nusselt number is defined as the ratio be-

tween the radiative heat flux at the hot wall and the heat flux

due to conduction only, then:

Gradiaton _ gr (0,0<y<L)

Nu =
" dconduction kaverage(TH - Too) /L

(25)

The average radiative Nusselt number was obtained in-
tegrating the radiative Nusselt numbers over the isothermal

wall, by the following mathematical relationship
1
Nu, = / Nu, dY (26)
0

The total average Nusselt numbé¥«;) was calculated

by summing the average convective Nusselt number and the

average radiative Nusselt number.

3. Numerical procedure

The Egs. (1)-(8) were numerically solved by means of the !

finite-volume method [38]. The equations were discretized

e

Tu Tw

TR

X_
— ——

FIGURE 1. Scheme of the physical model.
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FIGURE 2. Streamlines contours for Ra=10The continuous line

corresponds to variable properties and the dotted line to the Boussi-
nesq approach.
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TABLE |. Mesh independence study in the open cavity.

Mesh size N NU, NUz Difference Difference Difference
(%) for Nu ¢ (%) for Nu - (%) for Nup
40x40 13.29 13.94 27.23
5050 12.93 13.53 26.46 2.71 2.94 2.83
6060 12.72 13.15 25.87 1.62 2.81 2.23
70x70 12.66 13.07 25.73 0.47 0.61 0.54
TaBLE Il. Comparison of average Nusselt numbers reported in the literatuge-6033.
This work (variable properties) Hinojosa et al [25] (Boussinesq)
Ra Nue Nu, Nug Nu. Nu, Nuy
10 3.05 3.54 6.39 2.98 3.72 6.70
10° 6.36 7.64 13.70 6.40 8.02 14.42
10° 12.32 16.42 28.14 12.43 17.29 29.72

into a large number of uniform control volumes using a stag{Ra=10@) and 5.0 % (Ra=19Q. Based on above results the

gered mesh. The position of the grid nodes was calculategresent numerical code was considered as verified.

using a stretching function, in orderto place nodes near the

isothermal wall. The interpolation of the convective terms . .

was performed with the power-law scheme [41], whereas thé.  Discussion of results

diffusive terms were interpolated with a centered-difference ) )

scheme. The SIMPLEC algorithm [42] was used to coupleFor the purpose (_)f the present analysis, the Raylelgh number

the continuity and momentum equations. The resulting sys(R&) was varied in the range of 160 16?! and the dimen-

tem of linear algebraic equations was solved with the modiSionless temperature differengewas varied in the range of

fied strongly implicit procedure (MSIP) [43]. 0.033 to 0:333. The I.atter corresponds to dimensional tem-
The grid independence study was conducted by settin§€rature differencaT in the range of 10-100 K.

Ra=106 and»=0.333. Table | shows the corresponding aver- ~ Figure 2 presents the computed flow patterns in the open

age values of the Nusselt numbers obtained for the numeric&RVity and streamlines contours as functiondbr Ra=10.

grids tested. In this study, independence of the numericdFvery graph reports the corresponding results with variable

results from the grid size was assumed when the differencBroperties (continuous line) and with the Boussinesq assump-

in the Nusselt numbers computed between two consecutivéon (dotted line). In general the fluid enters from the bottom

grids was less than 1%. Based on the values reported in T&f the aperture, circulates clockwise direction following the

ble I, a non-uniform grid of 7870 nodes was selected shape of the cavity driven by the buoyant force acting upon
The verification of the present code was accomplished byhe fluid, and leaves by the upper of the aperture. It can be

comparing the model predictions with previous calculationsoPserved for,=0.033 andy=0.167, a good agreement be-

reported in the literature [22]. Table Il shows the compari-tween the streamlines contours with variable properties and

son of the Nusselt numbers, where the governing equatior8OUssinesq approximation. However the further increment

were solved considering temperature-dependent fluid prog® ¢=0.333 produces an appreciable deviation between both

erties and setting\T=10 K. It is observed that the absolute results, in the streamlines located at the center of the cavity.

percentage difference for average convective Nusselt number The influence of the Rayleigh number on the fluid flow

was between 0.6 % (Ra=10and 2.3% (Ra=1%), whereas pattern is shown in Figure 3, fgr=0.033 andy=0.333. The

for average radiative Nusselt number was between 4.8 9streamline patterns are very similar for the three Rayleigh

TABLE Ill. Average Nusselt numbers on the hot wall of the open cavity computed with variable properties.

Ra=10* Ra=1C Ra=1C°
® Nuc Nu, Nuy Nu, Nu, Nuy Nu. Nu, Nuy
0.033 3.05 3.54 6.39 6.36 7.64 13.7 12.32 16.42 28.1
0.167 3.12 2.58 5.70 6.49 5.70 12.1 12.56 12.17 24.7
0.333 3.19 2.82 6.01 6.81 6.20 13.0 12.66 13.07 25.7
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Ra=10* and ¢=0.033

1 1
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FIGURE 3. Streamlines contours for the different Rayleigh numbers. The continuous line corresponds to variable properties and the dotted
line to the Boussinesq approach.

Rev. Mex. Fis59 (2013) 594-605



600 M. MONTIEL GONZALEZ, J. HINOJOSA PALAFOX, AND C. ESTRADA GASCA

Ra=10*

—— Boussinesq

031 —— =0.033
—— =0.167
—o— =0.333

0.2

v
0.1 -
0.0 " } } 1 } } ; P —
0.0 02 04 0.6 08 1.0
X
Ra=10°

04 ] —— Boussinesq

—o— =0.033
[ 3 —— =0.167
034 —o— =0.333

0.0 0.2 0.4 0.6 0.8 1.0

0.5

—— Boussinesq
—o— =0.033
—+— ¢=0.167
—o— =0333

0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 4. Profiles of the dimensionless vertical component of ve- £gure 5. Isoterm contours for Ra=$0The continuous line cor-
locity at Y=0.5. responds to variable properties and the dotted line to the Boussinesq
approach.
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Ra=10* and ¢=0.033 Ra=10% and ¢=0.333

Ra=10° and ¢=0.033

0
Y e

FIGURE 6. Isotherms for the different Rayleigh numbers. The continuous line corresponds to variable properties and the dotted line to the
Boussinesq approach.
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numbers, but the fluid moves faster for Ra¢H3 indicated Ra=104

by the density of the streamlines due to the increase in the "'

buoyancy force. However the increasing of the Rayleigh 1% —«— Boussinesq
number causes that the upper boundary layer becomes thin- . | % o 9=0.033
ner and faster, the velocity of the airflow moving towards the 1 :z:g;g’;

aperture increases, and the area occupied by the leaving hot
fluid decreases compared with the one of the entering fluid. 06
Furthermore a very good agreement between the streamlines
contours with variable properties and Boussinesq approxima- 4
tion is observed whep=0.033 for Ra=10 and Ra=10, but
for ©=0.333 the differences between both results is notice-
able in the streamlines located in the center of the cavity for 0.2
all Rayleigh numbers.

The Fig. 4 presents a comparison of the velocity pro-

0.4 4

files of the Y-component of the velocity at the middle height ~ *'*—— o~ = |
of the cavity (Y=0.5). When Ra=10the absolute average X
differences of profiles with variable properties and Boussi- Ra=105
nesq approach, are between 1.71 %4e0.033 and 9.78 % 10 &
for ©=0.333. However the absolute average differences of ] R
profiles for Ra=10, are between 4.41 % fop=0.033 and ’ e =0.033
14.65% fore=0.333. Furthermore for Ra=4@he absolute 08 —— =0.167
average differences between profiles are within 3.42 % for 1 T e=0333
¢ = 0.033 and 30.4% forp = 0.333. 06

The Fig. 5 show the dimensionless isotherms for differ-
ent values ofp for Ra=1@, with every graph reporting re- T

sults with variable properties (continuous line) and with the 044
Boussinesq assumption (dotted line). In all cases, the bot-
tom wall is heated up due to radiation exchange and trans-
fers energy by conduction to the entering fluid. The fluid
moves towards the isothermal vertical wall and gains more ‘
energy increasing its temperature and moving up. When it oo —
reaches the upper adiabatic wall, it changes direction toward 0o 02 04 06 08 L0
the opening of the cavity forming a thermal stratification in
the upper part of the cavity, besides the outgoing fluid trans- Ra=10°
fer heat to the wall by conduction and its temperature de-
creases. On the other hand, by increasing the dimensionless T :B‘)”““‘esq
temperature difference, the thickness of the thermal bound- o5 _,_ijj?gi
ary layer on heated wall and the volume occupied by the cold X —— =0.333
fluid decreases slightly. However fgr=0.033 andy=0.167,
a good agreement between the temperature fields obtained
with variable properties and the Boussinesq is observed. The
subsequent increment gfrises the difference between both 04
results.

The effect of the Rayleigh number on the temperature
field is displayed in the Fig. 6 far=0.033 andp=0.333. Itis 024
noted that by increasing the Rayleigh number, the thickness
of the thermal boundary layer next to the hot wall decreases,
and the volume occupied by the cold fluid inside the cavity in- To0 o2 04 06 o0 L0
creases. For all considered Rayleigh numbers, wiwh033 X
the temperature fields obtained with variable properties and ) . _
Boussinesq approximation are very close, whilefe0.333 FIGURE 7. Profiles of the dimensionless temperature at Y=0.5.
noticeable differences are observed. for »=0.333. However when Ra=1@he absolute average

The dimensionless temperature profiles in the middleifferences are between 8.57 % for0.033 and 20.27 % for
height of the cavity (Y=0.5) are shown in Fig. 7. For Ra¥10 ¢=0.333. The absolute average differences between profiles
the comparison with the Boussinesq profile indicates absolutehen Ra=16, are within 13.82 % forp=0.033 and 30.7 %
average differences between 0.89 %$610.033 and 8.41 % for ¢x=0.333.

024

X

0.6 4
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TABLE IV. Average Nusselt numbers on the hot wall of the open cavity obtained with the Boussinesq approach.

Ra=10 Ra=1C Ra=1C°
0.033 2.98 3.61 6.27 6.39 7.84 13.7 12.54 16.92 28.5
0.167 2.98 2.55 5.53 6.40 5.70 12.1 12.53 12.45 24.9
0.333 2.93 2.78 5.71 6.34 6.22 12.5 12.10 13.25 25.3

TABLE V. Percentage differences between the average Nusselt numbers obtained with variable properties and with the Boussinesq approac

Ra=10¢" Ra=10 Ra=1C
¢ Nu. Nu,. Nu. Nu. Nu,. Nu, Nu. Nu,. Nu.
0.033 2.30 1.97 1.88 0.47 2.61 0.22 1.79 3.04 1.49
0.167 4.49 1.16 2.98 1.39 0.00 0.74 0.24 2.30 1.01
0.333 8.15 1.42 4.99 6.90 0.32 3.46 4.42 1.38 1.48

The Table 1l shows the average Nusselt numbers valfor ¢=0.333 and 355.5 % fap=0.033 as the Rayleigh num-
ues considering variable properties. It is showed that withber is varied from 10to 10°. Likewise, the total average
variable properties the average Nusselt numbers increasekisselt number in the cavity reduced by 8.5 % for Ra=10
with both, Rayleigh number ang. However when the and 11.2 % foRa=1( asy was varied from 0.033 to 0.333.
Rayleigh number is varied from 1@ 10, the average con- On the other hand, the percentage differences between
vective Nusselt number increases by 296.9 %#60.333  the Nusselt numbers obtained with variable properties and
and 302.5 % forp=0.167, while the average radiative Nus- the values with Boussinesq approach are reported in Table V.
selt number has increased between 363.5 %#f.333 and  The results indicates that for the average convective Nus-
371.7 % forp=0.167. On the other hand, whenis var-  selt number the differences are between 0.24 % (R&=10
ied from 0.033 to 0.333 the differences (considering a fixedand ¢=0.167) and 8.15 % (Ra=1Gnd¢=0.333). Further-
Rayleigh number) for the average convective Nusselt numbeafore when comparing the average radiative Nusselt numbers,
are within 7.08 % for Ra=10to 2.76 % for Ra=10, whereas the differences are between 0 % (Ra=Hhd»=0.033) and
for the average radiative Nusselt are between 15.53 % fop.30 % (Ra=10 and=0.167). Therefore the variable prop-
Ra=10 and 17.38 % for Ra=10 Furthermore the total aver- erties do not affect the radiative exchange in the cavity. Fi-
age Nusselt number in the cavity is increased by 328.1 % fonally the deviations obtained with the Boussinesq approach
»=0.333 and 333.8 % fop=0.167 as the Rayleigh number for the total Nusselt number are within 0.22 % (Ra>af0d
is varied from 10 to 10°. Likewise, the total average Nus- =0.033) and 5 % (Ra=10and=0.333).
selt number in the cavity reduced by 5.04 % for Ra*a60d
8.56 % for Ra=10 asy is varied from 0.033 to 0.333.

In order to compare, the average Nusselt numbers vab. Conclusions
ues considering the Boussinesq approximation are presented
in the Table IV. It can be observed that the Nusselt numbel this paper numerical are compared the numerical calcula-
remains almost constant or decreases when Rayleigh nurions of the natural convection and surface thermal radiation,
ber andy are incremented. The previous behavior is ex-in @ square open cavity considering variable fluid properties
plained because the Boussinesq approximation does not taR&d Boussinesq approach. From the results we can conclude
into account the effect of temperature on thermal conductivitythe following:
near the isothermal wall. However when the Rayleigh num-  The consistency of the flow pattern and temperature field
ber is varied from 18to 10°, the average convective Nus- obtained considering variable properties and Boussinesq ap-
selt number increases by 313 % fpr0.333 and 320.8 % proximation is good for)=0.033 andy=0.167. However for
for »=0.033, while the average radiative Nusselt number hatarger temperature difference the variation is significantly.
increased between 368.7 % fp=0.033 and 388.2 % for When =0.033 the average differences between Boussi-
»=0.167. Whereas whep is varied from 0.033 to 0.333 nesq and variable properties for profiles of Y-velocity, are be-
the average convective Nusselt number reduces between (h8een 1.71 % for Ra=10and 4.41 % for Ra=10 However
% for Ra=10 and 3.5 % for Ra=19 furthermore the aver- for ©=0.333 the average differences are within 9.78 % for
age radiative Nusselt reduces within 20.7 % for R&=a8d  Ra=10 and 30.4 % for Ra=10
23.0 % for Ra=16. On the other hand the total average Nus-  The comparison of dimensionless temperature profiles
selt number in the cavity was found to increase by 344.0 %with Boussinesq and variable properties, shows that the dif-
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ferences are between 0.89 % for Ra:Hhd 13.82 % for
Ra=10¢ when ¢=0.033; whereas fop=0.333 the average
differences are within 8.41 % for Ra=1@nd 30.7 % for
Ra=10.

For total Nusselt numbers, the results with Boussinesq
approach and variable properties, indicates deviations within
0.22 % (Ra=1® and ©=0.033) and 5 % (Ra=f*0and
©=0.333).

Nomenclature

Cp specific heat capacity, JH4g

g gravitational acceleration, /s
radiosity, W/m
thermal conductivity, W/m-K

L lenght of the cavity, m

Nu local Nusselt number

Nu average Nusselt number

P pressure, N/m

Pr Prandtl number

r net radiative heat flux, W/t

R ideal gas constant for air, JA4g
Ra Rayleigh number

T absolute temeprature, K

Tu isothermal wall temperature, K
Too ambient temperature, K

U, reference velocity, m/s

uv dimensionless velocity components
u,v velocity components, m/s

X,Y dimensionless coordinates

X,y coordinates system, m

Greek symbols

thermal diffusivity, nt/s

thermal expansion coefficient, 1/K
dimensionless temperature difference
dynamic viscosity, Pa

dimensionless temperature

density, kg/m

Stefan-Boltzmann constant, Wi
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