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In this work the numerical results of the heat transfer by natural convection in a tilted open cubic cavity are presented. The most impor
assumptions in the mathematical formulation are two: the flow is laminar, and the Boussinesq approximation is valid. The conservation el
tions in primitive variables are solved using the finite volume method and the SIMPLEC algorithm. The advective terms are approxima
by the SMART scheme, and the diffusive terms are approximated using the central differencing scheme. The results in the steady stat
obtained for a Rayleigh range from“ 10" and for a range of 0-180for the inclination angles of the cavity. The results show that for
high Rayleigh numbers, the Nusselt number changes substantially with the inclination angle of the cavity. The numerical model predic
Nusselt number oscillations for low angles and high Rayleigh numbers.

Keywords:Open cavities; natural convection; three dimensional numerical simulation.

En este aftulo se presentan los resultados muitos de transferencia de calor por convéocnatural en una cavidadikica abierta.

En la formulacbn matenatica las suposicionesan importantes son dos: el flujo es laminar y la aproxigracie Boussinesq esalida.

Las ecuaciones de consenatison presentadas en variables primitivas y son resultas usanddcglarde volumen finito y el algoritmo
SIMPLER, los &rminos advectivos son aproximados por el esquema SMART vy los difusivos por el esquema de diferencias centrado.
resultados en estado permanente se presentan paeraos de Rayleigh en el rango*18 10, paraangulos de inclinaéin de la cavidad

de 0 a 180. Los resultados muestran que pataeros de Rayleigh altos, loéimeros de Nusselt cambian sustancialmente camgllo

de inclinacén de la cavidad. Se encuentra que el modeloariou predice oscilaciones delimero de Nusselt pai@ngulos pequios y
nimeros de Rayleigh altos.

Descriptores:Cavidades abiertas; convegginatural; simulaéin nun€rica tridimensional.
PACS: 44.25.+f; 44.40.+a

1. Introduction However, only the paper of Sezai and Mohamad [12]
In solar concentrators, like a system of parabolic dish with gresented three dimensional numerical results, of the natu-
Stirling thermal engine, used to produce electricity, a trackingal convection in an open cavity with a fixed orientation (the
system rotates the solar concentrator, maintaining its opticdieated vertical wall was opposite to the aperture while the
axis pointing directly towards the sun. During the tracking,remaining walls were adiabatic). The parametric study pre-
the geometry of the concentrator makes it possible to reflecented the variation of the flow pattern and heat transfer with
the solar rays inside the receiver (open cavity) located at theespect to the Rayleigh number {1® 10°) and the lateral
focal point of the concentrator. The receiver, when rotatedaspect ratios (2.0, 1.0, 0.5, 0.25 and 0.125). Comparing with
will change the dynamic of the fluid and the heat transfer inftwo-dimensional results, the authors conclude that the two-
the tilted open cavity. In order to have an accurate design fodimensional results are valid for lateral aspect ratio equal to
the it si important to study this process previously. and greater than unity, and for Rayleigh numbers equal to and
Over the past two decades, various numerical calculation$Ss than k 10°.
and experimental results have been presented for describing On the other hand, some papers have studied numerically
the phenomena of natural convection in open cavities [1-16]the effect of the inclination angle of the cavity on the heat
Those studies have focused on studying the effect on flow anansfer and fluid flow [1,9,10,16], but they fail to cover the
heat transfer of different Rayleigh numbers, physical properfull range of inclination angles. The following is a summary
ties, aspect ratios and tilted angles. They, also studied the oef those papers.
currence of transition and turbulence and the mannerinwhich Le Quereet al. [1] made a numerical study of two-
the boundary conditions in the aperture were considered. dimensional natural convection in an isothermal open cav-
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ity. The authors investigated the effect on the flow field andthrough the range of £to 10’ and changing the inclination
heat transfer of the Grashof number as it varied frorhtb0  angle from 0 to 189. This study is an effort to obtain more
3x107; the temperature difference between the cavity wallsaccurate heat transfer and fluid flow results in open tilted cav-
and ambient changed from 50 to 500 K, the aspect ratio varities.

ied between 0.5 and 2, and the inclination angle of the cavity

was modified from 0 to 45(for O° the wall opposite the aper- o )

ture was vertical and the angles were taken clockwise). Thé. Description of the physical problem

results of the paper showed that the Nusselt number dimin- ] ] ] )
ished with the increase in the inclination angle, and that thd "€ heat transfer and the fluid flow in a three dimensional
unsteadiness in the flow takes place for values of the Grash@Pen tilted cubic cavity of length L, was considered in the
number greater than $@nd inclination angles of0 present investigation as shown in Fig. 1. The wall opposite

Showole and Tarasuk [9] investigated, experimentallyto the aperture was kept at a constant temperatyrewhile

and numerically, the natural steady state convection in a twoi1€ surrounding fluid interacting with the aperture was at am-

dimensional isothermal open cavity. They obtained experPi€nt temperature I; which was lower than , the four
imental results for air, varying the Rayleigh number from "€maining walls were assumed adiabatic. The thermal fluid

10* to 5.5¢10°, cavity aspect ratios of 0.25, 0.5 and 1.0 was assumed to be air (Pr=0.71), and it was considered lami-
and inclination’angles of 0. 30. 2%nd 60 (,for 0° the "nar and Newtonian. The properties of the fluid were assumed

wall opposite the aperture was horizontal and the angles weri@ P& constant except for the density in the buoyant force term
taken clockwise). The numerical results were calculated fof!! th€ momentum equations, according to the Boussinesq ap-
Rayleigh numbers between@nd 5.5<10°, inclination an-  Proximation.

gles of 0 and 45, and an aspect ratio equal to one. The results
showed that, for all Rayleigh numbers, the first inclination of3
the cavity caused a significant increase in the average heat
transfer rate, but a further increase in the inclination angle

caused very little increase in the heat transfer rate, AnOthe|:he transient state dimensionless conservation equations

result observed was that, fof 0two symmetric counter ro- : .
. ) . T overning the transport of mass, momentum and energy in
tating eddies were formed, while at inclination angles greater . .. .
primitive variables are expressed as

:)he?r.& the symmetric flow and temperature patterns disap* Continuity

Mohamad [10] studied numerically the natural convec- oU OV oW
tion in an inclined two-dimensional open cavity with one X + G + 0z 0 (1)
heated wall opposite the aperture and two adiabatic walls.

The author analyzed the influence on fluid flow and heat X-momentum

transfer, with the inclination angle in the range®490° (for 9

90° the wall opposite the aperture was vertical and the angles 87U + 0 (U ) o(VU) + o(Wu) - _ai

were taken clockwise), the Rayleigh number from 10, or 0X oY 4 0X

and the aspect ratio between 0.5 and 2. The study concludes Pe\Y2 /92U 82U QU

that the inclination angle did not have a significant effect on + (Ra> ( ) +0cosg (2)
the average Nusselt number from the isothermal wall, but a
substantial one on the local Nusselt number.

Polat and Bilgen [16] made a numerical study of the con-
jugate heat transfer by conduction and natural convection in
an inclined, open shallow cavity with a uniform heat flux in
the wall opposite to the aperture. The parameters studied| ¢
were: the Rayleigh number from 4@o 10'2, the conduc-
tivity ratio from 1 to 60, the cavity aspect ratio from 1 to
0.125, the dimensionless wall thickness from 0.05 to 0.20,
and the inclination angle from 0 to 45rom the horizontal
(for 0°, the wall opposite the aperture was vertical and the
angles were taken counterclockwise). The authors found that
at high Rayleigh numbers, the volume flow rate is a decreas-
ing function of the inclination angle of the cavity, while the
heat transfer is an increasing function of it. At low Rayleigh
numbers, the functional relationship is reversed.

In the present paper, a numerical study of natural convec-
tion in an open cubic cavity, varying the Rayleigh numberFicurE 1. Scheme of the open tilted cubic cavity.

Governing equations and boundary condi-
tions

axz T ave T oz

Air out

Airin, T,

Horizontal
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Y-momentum Momentum boundary conditions
ov. aUvVv) 9(VH awV) opP U,Y,Z,7)=U(X,0,Z,71)=U(X,1,Z,7)
o T Tox T oy T oz T oy
=U(X,Y,0,7)=U(X,Y,1,7) =0
Pr\'? (02V 92V 0%V
+(Ra> (6X2 +8Y2 + 6Z2> (3) V(0,Y,Z,7)=V(X,0,Z,7) =V(X,1,Z,7)
=V(X,Y,0,7) =V(X,Y,1,7) =0

Z-momentum
W(()?Y? Z)T) = W(X’())Z?T) = W(X) 17Z7T)

o (W?
6W+6(UW)+8(VW)+ ( ): or =W(X,Y,0,7) =W(X,Y,1,7) =0

or 00X oY A

P\ (W PW  PWY <3U> _ (av> _ (W) —0 @®

* (Ra) <6X2 T ovz T oz ) +Osing (4) OX)xo1 \OX)xo \0X )5,y

energy Energy boundary conditions
90, 0W0)  o(VO) OWe) 1 0(0,Y,7) =1
or 90X oy 9Z  (PrRa)"? 0(59) _(ag) _<ag>
X 0% + 020 + 9%0 (5) O /=0 N Jya 02 ) 70
ax2 " ayz ' 972 _ (90 _, ©
0Z ) ,_,

where Ra=[@}L3(T z-To ))/av is the Rayleigh number, and _ _
Pr=v/a is the Prandtl number. The local convective Nusselt number can be obtained

The above equations were non-dimensionalized by definf-rom the temperature field by applying

" Nu= - (39(”)) . (10)
X=0

0X
X=2/L, Y=y/L, Z==z/L,

p—p The average convective Nusselt number was calculatedby
o0

T=Ust/L, P= 2 U=u/U,, integrating the temperature gradient over the heated wall as
V=0v/Uy W =uw/U, G:ﬁ. (6) MZ_//(;;) dydz (11)
0 0
The reference velocity Lis related to the buoyancy force
term and itis defined by &[gOL(T 1-Toc)]'/* [6]. 4. Numerical method of solution

The initial and boundary conditions for the momentum
and energy equations were similar to the ones used by Chdfquations (1)-(5) were discretized using staggered, uniform
and Tien [4] and Mohamad [10]. An important characteristiccontrol volumes. The convective terms were approximated
of those boundary conditions is the use of an approximatiomy the SMART scheme [17] and the diffusive terms with the
in the aperture plane, which allows us to truncate the compueentral differencing scheme. The SIMPLEC algorithm [18]
tational domain and to reduce the computational time. At thevas used to couple continuity and momentum equations. The
opening, the temperature of the incoming fluid was fixed afully implicit scheme was used for the time discretization.
the ambient temperature, while for the outgoing fluid the tem-The resulting system of linear algebraic equations was solved
perature gradient was zero. This is due to the assumption théeratively by the SIP method [19].
thermal conduction is negligible compared to the value of the A grid independent solution is ensured by comparing the
thermal convection; therefore, the isotherms were normal toesult of different grid meshes for Rax10’, which was
the aperture. For the momentum equations, the zero-gradietite highest Rayleigh number. Figure 2 show the history of
condition was also used, and then the velocity componentthe average Nusselt number for grid sizes of&50x50,
were in a direction normal to the opening. The initial and60x60x60, 70x70x70 and 8% 80x80. This figure pre-

boundary conditions were taken as follows: sented the dependent time average Nusselt numbers becaus
Initial conditions for Ra=1x 107, the steady state cannot be reached. The dif-
ference between predictions of ¥@0x 70 and 8 80x 80 is
P(X,Y,0) =U(X,Y,0) = V(X,Y,0) = W(X,Y,0) less than 1.0%, and then the calculations were obtained with

the 70<70x 70 grid mesh. The dimensionless time step used

=0(X,Y,0)=0 (7) " for the calculations was & 10-3.
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showing the effect of three dimensionality on the open cav-

TABLE |. Comparison between the average Nusselt numbers calcuity. To verify the computer code, we compare the present 3-D

lated in the present 3-D model with those of the 2-D model reportedresults for 90 with those reported from Sezai and Moham-

in [10] and those reported from Sezai and Mohammad [12]. mad [12]: the average Nusselt number percentage differences
Ra are in the range of 2.6-15.1%, with an average value of 8 %.

The highest difference corresponds to Rasi@th the low-

7
¢ 1¢¢ 1 _106 10 est Nusselt number. Because the percentage differences are
3D model (this work) relatively high, we modify our computer code, changing the
10° 3.25 10.130.24  18.5:1.58 — boundary conditions from the open cavity to a closed cav-
30° 3.56 7.78 14.52 29.645.08 ity as a strategy to have a more detailed verification of the
60° 3.71 751 14.05 28-10.2 comput_er code agai_nst the bench_mark results qf Wakashima
90° 338 732 14.35 27.90.3 and Saitoh [20], whlch they conS|dereq a _classmal problem
of a closed cavity with hot and cold vertical isothermal walls.
2D model [10] From this comparison, we obtained an average percentage
10° 2.57 6.87 16.21 — difference of less than 1% for the average Nusselt number, so
30° 3.34 6.17 12.08 27:85.0 we considered the computer code sufficiently tested.
60° 3.7 7.36 13.72 2925.0 In Fig. 3, the isotherm behavior for a range of Ra of
o 344 71 14.36 28625 10*-107 and inclination angles of 0, 45, 90, 135, and 180
3D model [12] the plane Y=0.5, are shown. We observed thatgfef°, the
hot fluid enters by the center of the cavity and leaves near the
90° 2.864 6.872 13.961 —_—

vertical adiabatic walls, except for Ra1Qvhere the cold
fluid enters close to the right adiabatic wall of the cavity,
while the hot fluid leaves the cavity close to the left adia-
batic wall. Several thermal plumes were observed in the bot-
tom hot wall and along the vertical adiabatic walls §gr0°

and Rayleigh numbers of $Gand 16. It should be noted
that this case is similar to the Rayleigh-Benard problem, but
without the upper rigid boundary. When the Rayleigh num-
ber increases above a critical value, the temperature gradient
(buoyant force) exceeds the dissipative effects of the viscous

—a— 50x50x50 drag qnd heat Qiﬁusion, causing an asgending fluid motion.
, For high Rayleigh numbers, the magnitude of the buoyant
20 | —&— C0x60X60 force causes the fluid to rise quickly, forming thermal plumes
——70x70X70 to emerge from the bottom heated wall, forming an unsteady
—a— 80x80x30 convection and causing fluctuations in the Nusselt number.

15 . ‘ When the cavity was tilted to 45the cold fluid pene-
) o tration was from the right bottom part of the adiabatic wall.
0 5 10 15 20 25 30 35 40 45 50 55 The thickness of the boundary layer of the hot wall decreases
T as the Rayleigh number increases. For the casg=6fr,
FIGURE 2. Grid independence test: (a) Local convective Nusselt the isotherm pattern was similar to those observes=45°;
numbers along the heated wall, (b) U-velocity at the aperture forthe thermal boundary layers from the hot vertical wall and
different grid size. the top adiabatic wall become thinner as the Rayleigh num-
ber increases. The thermal gradients of the thermal boundary
layer at the top wall for Ra = fOincreases. But when the
tited angle was 135 the isotherms indicate a decrease in

Results are presented for natural convection for open, tilte¢he heat transfer rate compared with90°. For this 133
cavities in the range of Ra of 10.07, and inclination angles angle, a stratification zone shown by the horizontal isother-
of 0, 45, 90, 135 and 180 In order to investigate the effect of Mal lines begins to appear at the middle of the tilted cavity.
three dimensionality over 2-D, for the tilted angles of 10, 30,Finally, when Ra=16, the cavity rotates 180 the isotherm

60 and 90, and verify the computer code, Table | presents thePattern indicates that conduction dominates the heat transfer
comparison of the 3-D present results with those reported iRFOCESS.

the literature for 2-D and 3-D [10,12]. The percentage differ-  In order to show the basic flow pattern characteristics at
ences between 3D model (this study) and 2D model [10] werghe entrance to the cavity, the profiles of the U-velocity in the
in the range 0.3-20.6%. As the tilted angle decreases, the difperture plane (X=1) for Ra=1@nd inclination angles of 0,
ference between the 2-D and 3-D results becomes significardd, 90, 135 and 180 are presented in Fig. 4. For a cavity

5. Results

Rev. Mex. .52 (2) (2006) 111-119
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FIGURE 3. Isotherms in the plane Y=0.5, for different values of the Rayleigh number and some values of the inclination andle: (a) C
(b) 45, (c) 97, (d) 135, and (e) 180.
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with ¢=0°, the fluid enters and leaves, obliquely with re- Figure 5 presents the W-velocity profiles in the plane
spect to the coordinate axis, the dimensionless magnitude&=0.5, for Ra=16 and inclination angles of the cavity of
of the U-velocity of the airflow go from —0.3 to 0.6 mean- 0, 45, 90, 135 and 180 A thinner hydrodynamic bound-
ing that the air comes in slowly and leaves quickly. It shouldary layer can be observed for inclination angles of the cav-
be noted that, due to the fact that the symmetry of the probity between 45 and 909 with none vertical movement in the
lem multiple solutions exists, for example if the sign of the central section of the cavity. The basic flow pattern for those
U-velocity is changed, another solution is obtained and themngles is that the fluid enters from the inferior side of the
a more detailed study must be done of this specific orientaaperture, circulates clockwise following the shape of the cav-
tion. When the angle of the cavity increases from 45 t®, 90 ity, and leaves towards the upper side of the aperture. At
the U-velocity of the cold fluid entering becomes slower andp=0°, the dimensionless W-velocity is slightly above 0.12,
that of the air leaving becomes faster, but the cross section#then increases fay=45° and 90 up to 0.27. When the cavity
area occupied by the leaving air decreases. Thus the bounmbtates to an angle of 135two vertical W-velocity displace-
ary layer at the top of the aperture plane becomes thinner. Fanents of the fluid can be observed. The first one next to the
the tilted angle of 135 the air leaving the top of the cavity hot wall, induced by the buoyancy force, reaches the value of
decreases its U-velocity to 0.2. Finally, when the apertur®.10. The second vertical movement corresponds to the hot
of the cavity is facing downward (18] the fluid practically  fluid leaving in a obliquely with a W-velocity component of
does not cross the aperture, indicating stagnation in the al.04. Finally, when the cavity is at an angle of 18the fluid
flow. W-velocity becomes zero, indicating that the air stands still.

Rev. Mex. .52 (2) (2006) 111-119
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1) for RaZldnd some inclination angles of the open cavity.

U profiles in the aperture plane (X
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W-velocity profiles in the plane (Z

FIGURE 7.
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Finally, when the aperture of the cavity is facing downward
TABLE |1. Average Nusselt numbers for different cavity’s inclina- (180°), the fluid practically does not cross the aperture, indi-
tion angles and Rayleigh numbers, obtained with de 3D model.  cating that that air is stagnant.

Ra In order to complete the previous description of the fluid
4 10" 10° 10 107 flow patterns for Ra=1Q Fig. 7 presents the W-velocity pro-
files for the cross sectional plane Z=0.5, and the inclination
angles of the cavity of 0, 45, 90, 135 and 18@n irregular

0° 3.45 9.96:0.06 18.1&1.14 41.2#&11.23

10° 325 10.1#0.24 1848143  44.26.83 ascending and descending flow can be observed for inclina-
30° 3.56 7.78 14.330.09  37.64:5.08 tion angles of the cavity between 0 and®48t =90, a thin

45  3.69 7.37 13.81 303.08 hydrodynamic boundary layer can be observed adjacent to
60° 371 751 14.05 2840.91 the heated wall, with ascending fluid near the lateral adiabatic

walls. When the cavity rotates to the angle of 1,3a slow

90" 3.38 .32 14.33 21.280.74 vertical W-velocity movement of the fluid can be observed
1200 2.43 4.90 9.55 18.67 adjacent to the hot wall, induced by the buoyancy force with
135 1.93 2.96 4.32 6.05 a value of 0.10. Finally when the cavity has an inclination
15¢° 1.59 1.85 1.86 2.08 angle of 180, the fluid W-velocity becomes zero, indicating
180°  1.44 1.45 1.45 1.45 that the air is stagnant.
Table 1l presents the average Nusselt numbers for four
50 Rayleigh numbers (10 10°, 10° and 10) for a range of 0-
18C° for the tilted angles of the open cavity. For different
45

_e—Ra=10"3 angles and Ra numbers, mainly for lower angles and higher
Ra, the average Nusselt number oscillates periodically and

—m—Ra=10M4 , 3
the steady state is not reached. Therefore, in Table Il, the

35 =10" i iati
—4—Ra=10% average Nusselt numbers and their standard deviation are re-
30 ——Ra=10"6 ported.
=10ON . .
Nu 25 —e—Ra=10"7 In Fig. 8 the results of Table Il are presented in order

20 to show the effect of the Rayleigh number and the inclina-
15 tion angle of the cavity (the average Nu was considered when
oscillations were observed). The figure shows that the aver-
10 4 age Nusselt number, for a fixed Rayleigh number, changes
5 notably with respect to the cavity’s inclination angle. For an-
09 ‘ ‘ ‘ ‘ : ‘ gles within the range 0-9Gand Ra number from $010°, the
0 30 60 90 120 150 180 Nu number remains approximately constant, while for angles
higher than 90, it decreases. For Ra=1,0the Nusselt num-
(I) ber begins high at0and increases at 1pbut then decreases

at 30° and 4%, but at 60 and 90remains similar and after-
wards decreases. For all the Rayleigh numbers the minimum
average Nusselt number corresponds t0°180

With the increase of the Rayleigh number, complex flow  Finally, a set of correlations for the average Nusselt num-
pattern characteristics were found for some inclination anbers for the steady state (again the average Nu was used for
gles. To show this, the profiles of the U-velocity in the aper-the cases where oscillations were detected) were obtained us-
ture plane (X=1) for Ra=10and inclination angles of 0, 45, ing a least-square regression technique for 20Ra <107,

90, 135 and 18Q are presented in Fig. 6. For angles of namely:

the cavity between 0 and 45the steady state can not be
reached; the m_stantane_ous pictures s_hqw tl_ﬂat the fluid en- Nu = exp(—1.736 + —0.0053¢ + 0.341n( Ra))
ters and leaves in a very irregular way, indicating an unsteady

convection. When the cavity angle increases t&, 30e air for 0° < ¢ <90°

flow again can not reach the steady state, but the flow pattern .

is more regular. The cold fluid enters by the lower section Nu = (—=1.29 + 0.008¢ + 5.53/ In(Ra))

of the aperture plane, without symmetry, and the hot fluid for 120° < ¢ < 180°  (12)
leaves by the upper section. The U-velocity magnitude of the

leaving fluid is greater than the incoming fluid, and thus the

hydrodynamic boundary layer at the top wall becomes much A pair of correlation equations was necessary, because of
thinner. For the tilted angle of 135the air flow entering the complexity of the Nusselt number distribution and to keep
and leaving the cavity decreases its U-velocity considerabljthe equations as simple as possible.

FIGURE 8. Average Nusselt number as a function of the inclination
angle of the cavity for five Rayleigh numbers.
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Conclusions

In this paper, the steady state numerical calculations of nat-

ural convection in a tilted open cavity were presented. The 4.

main conclusions of this work were the following:

1. The average Nusselt number changed substantially

with the inclination angle of the cavity.

2. The inclination angles in the range of-®0 of the

cavity increase the heat transfer, because they facili

tated the exit of the heated fluid.

119

cavity decrease the heat transfer, because they obstruct

the exit of the heated fluid.

Instabilities in the air flow, and oscillations in the aver-
age Nusselt number for low angles and high Rayleigh
numbers (10 - 107), were observed.
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Appendix
Notation
g gravitational acceleration, mis U, reference convective velocity, m/s
k thermal conductivity, W/m-K u,v,w velocity components, m/s
L length of the cavity, m u,v\w dimensionless velocity components
Nu local Nusselt number X,Y,Z coordinate system, m
Nu average Nusselt number X,Y,Z dimensionless coordinates
P pressure, N/
P dimensionless pressure, psfruZ, Greek letter
Pr Prandtl number, [#a] « thermal diffusivity, ntls
Ra Rayleigh number B thermal expansion coefficient, 1/K
T absolute temperature, K 10) inclination angle of the cavity, degrees
Ty temperature of the heated wall, K v kinematic viscosity, s
Too temperature of the environment, K 0 dimensionless temperature
t time, s T dimensionless time
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