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Abstract In this paper the numerical results of 

temperature profiles and flow patterns for natural 
convection in a two-dimensional partially open tilted 
cavity are studied. The cavity holds the opposite wall 
to the aperture at a constant temperature, while the 
remaining walls are thermally insulated. The most 
important assumptions in the mathematical formula-
tion are: the flow is laminar, two-dimensional and 
the Boussinesq approximation is valid. The results 
are obtained for Rayleigh numbers from 106 to 108 
and inclination angles from 90° to 150°, for the 
steady state. The comparison between the Nusselt 
numbers of the fully open cavity and partially open 
cavity, indicates that the greatest difference is 55.4% 
(Ra=108 and 135°) and the smallest difference is 
4.6% (Ra=106 and 90°), with an average percentage 
difference of 29%. 

Keywords natural convection, partially open 
cavity. 

I. INTRODUCTION 
Heat transfer in open cavities is relevant in several 
thermal engineering applications, for example in the 
cooling of electronic devices and the design of solar 
concentrator receivers, among others. In the thermosolar 
system of parabolic dish with a Stirling thermal engine 
used to produce electricity, the solar concentrator has a 
tracking system to maintain its optical axis pointing di-
rectly towards the sun. During the tracking, the receiver 
(open cavity) located at the focal point of the concentra-
tor operates with different inclination angles. The rota-
tion modifies the air motion pattern and the thermal 
field, and as a consequence the heat losses of the open 
cavity. A better understanding of how heat is transferred 
from the receiver will help to optimize the thermal de-
sign and improve the thermal performance of the 
thermosolar system. 

In the literature a large number of numerical studies 
have been reported to describe the heat transfer in open 
cavities. Some studies have analyzed the heat transfer 
by natural convection, considering the effects of the 
Rayleigh number, aspect ratio, and the cavity inclination 
angle on the flow patterns, temperature fields, and heat 
transfer behavior inside the open cavity (Le Quere et al., 
1981; Penot, 1982; Chan and Tien, 1985a; Chan and 
Tien, 1985b; Humphrey and to, 1986; Miyamoto et al., 
1989; Vafai and Ettefagh, 1990a; Angirasa et al., 1992; 
Mohamad, 1995; Angirasa et al., 1995; Abib and 
Jaluria, 1995; Polat and Bilgen, 2002; Bilgen and 

Oztop, 2005). Other authors have focused on the analy-
sis of flow instabilities (Penot, 1982, Vafai and 
Ettefagh, 1990b; Angirasa et al., 1995; Hinojosa et al., 
2005b), the definition of approximated boundary condi-
tions for the aperture plane (Chan and Tien, 1985b; 
Angirasa et al., 1992, Khanafer and Vafai, 2000; 
Khanafer and Vafai , 2002), the mixed convection 
(Humphrey and To, 1986; Khanafer et al., 2002), the 
presence of conjugate heat transfer (Polat and Bilgen, 
2003; Koca, 2008), three dimensional flow systems 
(Sezai and Mohamad, 1998; Hinojosa et al., 2006; Hi-
nojosa and Cervantes, 2010) and combined natural con-
vection and radiative heat transfer in the cavity (Lage et 
al., 1992; Balaji and Venkateshan, 1994; Balaji and 
Venkateshan, 1995; Singh and Venkateshan, 2004; Hi-
nojosa et al., 2005a; Hinojosa et al. 2005b; Nouaneguea 
et al., 2008).  

The investigations of the heat transfer by natural 
convection in partially open cavities are briefly present-
ed next. Bilgen and Oztop (2005) made a numerical 
study on inclined partially open square cavities, which 
are formed by adiabatic walls and a partial opening. A 
parametric study was carried out using following pa-
rameters: Rayleigh number from 103 to 106, dimension-
less aperture size from 0.25 to 0.75, aperture position at 
high, center and low, and inclination of the opening 
from 0° (facing upward) to 120° (facing 30° down-
ward). It was found that the Nusselt number is an in-
creasing function of Rayleigh number, aperture size and 
generally aperture position. Koka (2008) solved the 
laminar natural convection and conduction in partially 
open square cavity with a vertical heat source. The cavi-
ty has an opening on the top with several lengths and 
three different positions. The heat source was located on 
the bottom wall of cavity. The results were reported for 
various governing parameters such as Rayleigh number. 
It was found that ventilation position has a significant 
effect on heat transfer. 

However the Rayleigh numbers studied by Bilgen 
and Oztop (2005) correspond to smaller size cavities 
than those commonly used as receivers in the dish-
Stirling thermosolar systems; furthermore the consid-
ered inclination angles do not cover the full rotation of 
the thermal receiver during its operation. Considering 
above this work is focused to analyze numerically the 
fluid motion pattern, the temperature field and heat 
transfer in a partially open tilted cavity, extending the 
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Rayleigh number range to 106-108 and the inclination 
angle range to 90o-150o. 

 

II. PHYSICAL PROBLEM AND 
MATHEMATICAL MODEL 

The heat transfer in a square partially open tilted cavity 
is considered in this paper as shown in Fig. 1. The op-
posite wall to the aperture was kept to a constant tem-
perature TH, while the surrounding fluid interacting with 
the aperture was fixed to an ambient temperature T∞. 
The two remaining walls were insulated. The opening 
was reduced to half and placed in the center. The fluid 
was air and the fluid flow was laminar. The properties 
of the fluid were considered constant except for the den-
sity in the buoyant force term in the momentum equa-
tions, according to the Boussinesq approximation. The 
cavity is rotated with respect to the horizontal, so that 
when the angle is equal to 90°, the isothermal wall is 
vertical. The inclination angles greater than 90°, corre-
sponding to a cavity where the opening is below the 
horizontal. 

From the above considerations, the transient state 
dimensionless 2D conservation equations governing the 
transport of mass, momentum, and energy in primitive 
variables are expressed as 
Continuity: 
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where Ra is the Rayleigh number and Pr is the Prandtl 
number. The dimensionless variables were defined as 
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the reference velocity Uo is related to the buoyancy 
force term and was defined as: 

  TTLgU H0                         (6) 

 

 

Figure 1. Scheme of the partially open tilted cavity. 
 
the initial and boundary conditions were taken as fol-
low: 
for =0 y 0<X<1, 0<Y<1 

U(X,Y,0)=V(X,Y,0)= P(X,Y,0)= (X,Y,0)=0        (7) 
In the hydrodynamic boundary conditions, non-slip be-
havior was assumed at the solid walls, then 
U(X,Y,)=V(X,Y,)=0. 

The thermal boundary condition for the isothermal 
wall is given by: 

(0,Y,) = 1.                            (8) 
In the adiabatic walls the temperature gradient in the 
normal direction is equal to zero. In non-dimensional 
form:  

0
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.                             (9) 

In the aperture plane it was supposed that no veloci-
ty gradients and thus no momentum transfer occurs at 
this location, also was considered that the incoming flu-
id enters to the cavity at ambient temperature, while for 
the fluid leaving the cavity the thermal conduction is 
negligible (Chan and Tien, 1985b; Mohammad, 1995): 
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=0 for U>0 

The average convective Nusselt number was calcu-
lated integrating the temperature gradient over the iso-
thermal wall as: 
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III. NUMERICAL METHOD OF SOLUTION 
The Eqs. (1)-(4) were discretized using staggered and 
uniform control volumes. For the discretization of the 
convective terms was used the SMART scheme (Gas-
kell and Lau, 1988) and for the diffusive terms the cen-
tral differencing scheme. The fully implicit scheme was 
used for the time discretization. The SIMPLEC algo-
rithm (Van Doormaal and Raithby, 1984) was applied to 
couple continuity and momentum equations. The result-
ing system of linear algebraic equations was solved iter-
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atively by the SIS method (Lee, 1989). After an inde-
pendence mesh study, the results were obtained with a 
120x120 grid mesh. The dimensionless time step used 
for the calculations was 1x10-3. 
 

IV. RESULTS 
In order to validate the numerical code, the natural con-
vection with Pr=1, in a square open cavity with side fac-
ing was solved, and the results were compared with the 
ones obtained with an extended computational domain. 
The comparison between the average Nusselt numbers 
is presented in Table 1. It can be observed that the high-
er percentage difference was 19.6% for Ra=103 and the 
lowest was 0.3% for Ra=107, with an average percent-
age difference of 5.2%. However the natural convection 
in square open cavity was solved with Pr=0.71 (air), 
varying the Rayleigh number in the range of 104 to 107 
and the inclination angle between 10° and 90°. The cal-
culated Nusselt numbers are compared with those re-
ported by Mohamad (1995) in the Table 2. The highest 
percentage difference (the values with oscillations were 
not considered) was 4 % for Ra=105 and =30° and the 
lowest was 0% for Ra=104 and =90°, while the average 
percentage difference was 1.2%. Table 3 presents the 
results for a fully open three dimensional tilted cavity 
reported by Hinojosa et al. (2006) and those obtained 
with the present numerical code. The absolute percent-
age difference are between 6.71% (Ra=106 and =135°) 
and 1.25% (Ra=106 and =135°), indicating a good 
agreement. Based on above results the present numeri-
cal code was considered as validated. 

In order to carry out the parametric study, the values 
of the Rayleigh number for different dimensions and 
operating temperatures of the open cavity were 
computed (assuming an ambient temperature of 300 K 
and evaluating the air physical properties at average 
temperature between the isothermal wall and the 
ambient). It is noted from values of Table 4 that most of 
the Rayleigh numbers are between 106 and 108, 
therefore the parametric study will focus to cover this 
range.  

Figure 2 shows the results for Ra=106 and an incli-
nation angle of 90°. It is observed in the isotherms 
graph the formation of a thermal boundary layer near 
the hot wall and a thermal stratification of the fluid for 
about half of the top of the cavity; the graph of the 
streamlines indicates that the main flow of fluid occurs 
in the clockwise direction, with the cold fluid entering at 
the bottom of the opening, reaches the hot wall and rises 
impelled by the buoyancy force and finally goes out by 
the top of the opening. However in the lower right cor-
ner is observed the formation of a vortex that rotates 
counter clockwise. 

The results for Ra=106 and an inclination angle of 
120° are presented in Figure 3, the isotherms graph 
shows again the formation of thermal stratification with 
the fluid temperature layers oblique to the coordinate 
axes. In the streamlines graph is observed that the vor-
tex in the lower right corner for 90° has disappeared. 

The fluid entering by the center of the opening returns 
to the aperture without reaching the isothermal wall. 
However the values of the streamlines are much lower 
indicating the fluid circulates with a slower speed inside 
the cavity. 

Table 1. Comparison of the Nusselt number results for the 
square open cavity with Pr=1. 

Ra This work Chan and Tien (1985a) Difference (%)
103 1.28 1.07 19.6 
104 3.57 3.41 4.7 
105 7.75 7.69 0.8 
106 15.11 15.0 0.7 
107 28.70 28.6 0.3 

Table 2. Comparison of the Nusselt number results for the 
natural convection in a tilted open cavity. 

Mohamad (1995) 

 
Ra 

104 105 106 107 
10° 2.57 6.87 16.21 ---- 
30° 3.34 6.17 12.08 27.3±5.0 
60° 3.7 7.36 13.72 29.2±5.0 
90° 3.44 7.41 14.36 28.6±2.5 

This work 

 
Ra 

104 105 106 107 
10° 2.54 6.54±0.93 11.6±1.59 23.47±3.51 
30° 3.34 6.42 12.25 23.24±0.28 
60° 3.69 7.4 14.15 26.94±0.17 
90° 3.44 7.44 14.51 27.58 

Table 3. Comparison with three-dimensional Nusselt numbers 
results for the natural convection in a tilted fully open cavity. 

Hinojosa et al. (2006) 

 
Ra 

106 107 
90° 14.33 27.21 
120° 9.55 18.67 
135° 4.32 6.05 
150° 1.86 2.08 

This work 

 
Ra 

106 107 
90° 14.51 27.58 
120° 9.37 17.54 
135° 4.03 5.96 
150° 1.75 2.01 

Table 4. The Rayleigh numbers for the open cavity (different 
dimensions and operating temperatures). 

TH  

(K)
Length of the isothermal wall (m)

0.1 0.2 0.30 
400 4.49x106 3.60x107 1.21x108 
500 4.85x106 3.88x107 1.31x108 
600 4.28x106 3.42x107 1.16x108 
700 3.57x106 2.86x107 9.64x107 
800 2.94x106 2.35x107 7.93x107 
900 2.42x106 1.94x107 6.54x107 

1000 2.01x106 1.61x107 5.43x107 
1100 1.68x106 1.34x107 4.54x107 

For a tilt angle of 135° and Ra=106, the results are 
shown in Fig. 4. The isotherms graph indicates that the 
temperature field is similar to that described for 120°, 
but the thickness of the thermal boundary layer is wider 
and the temperature distribution on the adiabatic walls 
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has changed. In the flow pattern presented in the 
streamlines graph is observed a big vortex in the half of 
the cavity near the isothermal wall, which reduces 
considerably the amount of incoming cold fluid 
reaching the isothermal wall. 
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Figure 2. Isotherms (top) and streamlines (bottom) for Ra=106 
and =90°. 

 

 
Figure 3. Isotherms (top) and streamlines (bottom) for Ra=106 
and =120°. 

 The Fig. 5 presents the numerical results for a tilt 
angle of 150° and Ra=106. It can be observed in the iso-
therms graph, that the thermal boundary layer is vanish-
ing, tending to a conductive regime. In the streamlines 
graph is seen a big vortex in the half of the cavity near 

the isothermal wall and a small vortex adjacent to the 
right top corner. The incoming air collides with the big 
vortex and returns to the aperture without touching the 
isothermal wall. 

 

 
Figure 4. Isotherms (top) and streamlines (bottom) for Ra=106 
and =135°. 
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Figure 5. Isotherms (top) and streamlines (bottom) for Ra=106 
and =150°. 
 



J.F. HINOJOSA PALAFOX 

 271 

 The Fig. 6 shows the results for Ra=108 and an angle 
of inclination of 90°, the isotherms graph shows a 
thermal boundary layer adjacent to the hot wall with a 
thickness much smaller than that observed for Ra=106 
for the same angle. The thermal stratification occupies a 
smaller area of the upper section of the cavity. In the  
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Figure 6. Isotherms (top) and streamlines (bottom) for Ra=108 
and =90°. 
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Figure 7. Isotherms (top) and streamlines (bottom) for Ra=108 
and =120°. 

streamlines graph is seen a complex flow pattern with 
multiple vortexes adjacent to top corners of the cavity. 
However a big recirculation zone is formed adjacent to 
the bottom adiabatic wall. 

 The results for a tilt angle of 120° and Ra=108 are 
shown in the Fig. 7. The isotherms graph indicates a 
thin thermal boundary layer adjacent to the lower half of 
the isothermal wall, but around to the upper left corner 
is observed an extended region of hot fluid in an oblique 
way. In the streamlines graph is seen a big vortex in the 
lower right corner. The cold fluid entering at the center 
of the opening returns without touching the isothermal 
wall.  
The Fig. 8 shows the corresponding results for a tilt 
angle of 135° and Ra=108. In the isotherms graph is 
observed a thin thermal boundary layer adjacent to the 
lower quarter of the isothermal wall. However around to 
the upper left corner is observed a large region of hot 
fluid. In the streamlines graph can be seen a big 
recirculation zone adjacent to the isothermal wall, which 
extends from the lower left corner to almost the upper 
right corner. The entering cold air collides with the 
recirculation zone and returns to the aperture, leaving 
the cavity without reaching the isothermal. 
 The results for an inclination angle of 150° and 
Ra=108 are presented in the Fig. 9. The isotherms graph 
indicates a thermal boundary layer adjacent to the lower 
quarter of the isothermal wall, but around to the upper 
left corner is observed a region of hot fluid. In the 
streamlines graph can be seen a big recirculation zone 
adjacent to the isothermal wall, which extends from the 
lower left corner to the half upper adiabatic wall. Also is 
seen a small vortex near the upper right corner. The 
amount of incoming cold air that touches the isothermal 
wall is very small.  
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Figure 8. Isotherms (top) and streamlines (bottom) for Ra=108 
and =135°. 
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Figure 9. Isotherms (top) and streamlines (bottom) for Ra=108 
and =150°. 
 

The Table 5 presents the results of heat transfer 
(Nusselt number) for the partially open cavity. It can be 
observed that the Nusselt number increases with 
Rayleigh number for all angles studied. For a given 
value of Rayleigh number, the maximum Nusselt 
number occurs at 90° and decreases substantially with 
increasing tilt angle of the cavity as seen in the Figure 
10. The largest decrease in the Nusselt number is 
presented for Ra=108, varying the angle of inclination of 
the cavity 90° (Nu=49.87) to 150° (Nu=1.86), 
representing a percentage decline of 96.2 %.  
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Figure 10. Nusselt number variation with respect to the angle 
of inclination of the cavity for different Rayleigh numbers. 
 
 

Table 5. The Nusselt numbers for the partially open cavity. 
 Ra=106 Ra=107 Ra=108 

90° 13.84 26.13 49.87 
120° 5.82 10.57 19.01 
135° 2.59 3.09 3.93 
150° 1.32 1.54 1.86 

 
Table 6. The Nusselt numbers for the completely open cavity. 

 Ra=106 Ra=107 Ra=108 
90° 14.51 27.58 53.68 
120° 9.37 17.54 33.25 
135° 4.03 5.96 8.82 
150° 1.75 2.01 2.43 

 
Table 7 Convective heat loses (W/m2) of the partially open 

cavity. 
Ra=106 

TH (K) 90° 120° 135° 150° 
400 726.26 305.41 135.91 69.27 
500 1753.09 737.21 328.07 167.20 
700 2896.90 1218.20 542.12 276.29 
800 4106.37 1726.81 768.46 391.65 

Ra=107 
400 636.45 257.45 75.26 37.51 
500 1536.29 621.45 181.67 90.54 
700 2538.65 1026.93 300.21 149.62 
800 3598.55 1455.67 425.55 212.08 

Ra=108 
400 563.81 214.92 44.43 21.03 
500 1360.95 518.78 107.25 50.76 
700 2248.90 857.26 177.22 83.88 
800 3187.83 1215.17 251.22 118.90 

 The average convective heat losses (W/m2) of the 
partially open cavity for different operating conditions 
are reported in the Table 7. It can be observed that the 
heat flux diminishes with the Rayleigh number (for a 
fixed inclination angle and temperature of the hot wall) 
and increases with the temperature of the hot wall (for a 
fixed Rayleigh number and inclination angle). However 
the average heat flux reduces significantly when the 
inclination angle is varied from 90° to 150°. The 
previous behavior of the convective heat losses has been 
observed experimentally by Leibfried and Ortjohann 
(1995) for a spherical a semispherical solar cavity 
receiver. 

The results of heat transfer reported in Tables 5 and 
7 and the knowledge of the behavior of the fluid flow 
for different operating conditions, help to optimize the 
size of the receiver of a dish-Stirling system and to 
evaluate its thermal performance. 

V. CONCLUSIONS 
In this paper numerical calculations for the heat transfer 
by natural convection in a partially open tilted cavity 
with a vertical isothermal wall and remaining adiabatic 
walls are presented. From the results we can conclude 
the following: 
1. The temperature fields and flow patterns vary 

significantly with the Rayleigh number and the angle 
of inclination of the cavity. 

2. When the cavity is tilted to 135° and 150°, is formed 
a fluid recirculation zone adjacent to the hot wall 
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and the upper adiabatic wall, which makes most of 
the fluid entering the cavity returns without reaching 
the isothermal wall. 

3. The Nusselt number (used to determine the extent of 
the loss of heat by natural convection in the cavity) 
is a function of both the Rayleigh number and the 
angle of inclination of the cavity. The Nusselt 
number increases with Rayleigh number and 
decreases with the angle of inclination of the cavity. 

4. The largest variation in the Nusselt number with 
respect to the angle of inclination of the cavity is 
presented for Ra=108 and angle change of 90° 
(Nu=49.87) to 150° (Nu=1.86). 

5. The comparison between the Nusselt numbers of the 
fully open cavity and partially open cavity, indicates 
that the greatest difference is 55.4% (Ra=108 and 
135°) and the smallest difference is 4.6% (Ra=106 
and 90°), with an average percentage difference of 
29%. 
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