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Transient Analysis of Coupled Natural Convection and Surface
Thermal Radiation in a Tilted Open Cavity
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Abstract: Numeric results of the transient heat transfer by natural convection and surface thermal radiation in a tilted
open cavity are presented. The conservation equations in primitive variables are solved using the finite volume method
and the SIMPLEC algorithm. The transient results are obtained for a Rayleigh number of 10° and five inclination angles
(0°, 45°, 90°, 120° and 180°. The numerical model predicts flow instabilities for inclination angle of 0°, which avoids
reaching the steady state. The steady state is reached after a long time for ¢$=180°.
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1. INTRODUCTION

In some solar concentration systems, the thermal
receiver (open cavity) may have different orientations
to allow the income of concentrated solar light. The
above because a tracking system rotates the solar
concentrator to maintain its optical axis pointing directly
toward the sun. However, the dynamic of the fluid
motion and the heat transfer depend of the inclination
angle of the open cavity.

The investigations of the heat transfer by combined
natural convection and surface thermal radiation in
open cavities, are briefly presented next.

Lage et al. [1] studied numerically the heat transfer
by natural convection and surface thermal radiation in a
two-dimensional open top cavity. The authors solved
separately the steady state equations of natural
convection and thermal radiation, assuming a
temperature distribution on the vertical adiabatic wall.
Balaji and Venkateshan [2] obtained steady state
numerical results for the interaction of surface thermal
radiation with free convection in an open top cavity.
They found that surface radiation alters substantially
the basic flow pattern as well as the overall thermal
performance substantially. Balaji and Venkateshan [3]
developed a numerical study of combined conduction,
natural convection and surface thermal radiation in an
open top cavity. They found that surface radiation
enhances overall heat transfer substantially (50-80%)
depending on the radiative parameters. Singh and
Venkateshan [4] presented a numerical study of steady
combined laminar natural convection and surface
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two-dimensional side-vented open cavity. The
numerical research provides evidence of the existence
of thermal boundary layers along adiabatic walls of the
cavity as a consequence of the interaction of natural
convection and surface radiation.

Hinojosa et al. [5] presented numeric results for
transient and steady-state natural convection and
surface thermal radiation in a horizontal open square
cavity. The results show that the radiative exchange
between the walls and the aperture increases
considerably the total average Nusselt number, from
around 94% to 125%. Nouanegue et al. [6] studied
conjugate heat transfer by natural convection,
conduction and radiation in open cavities. The
influence of the surface radiation provides a decreasing
into the heat fluxes by natural convection and
conduction while the heat flux by radiation increases
when surface emissivity grows up. Hinojosa [7]
reported the numerical calculations of heat transfer by
natural convection and surface radiation in a tilted open
shallow cavity. It was found that the exchange of
thermal radiation between walls is considerably more
relevant that the convective phenomenon for an
inclination angle of 135°.

Wang et al. [8] studied the combined heat transfer
by natural convection, conduction, and surface
radiation in a side open cavity. The unsteady-state flow
and heat transfer exhibited either periodic oscillating or
chaotic behaviors due to formation of the thermal
plumes at the bottom wall. Montiel-Gonzalez et al. [9]
analyzed the validity of the Boussinesq approach for
the heat transfer calculations in a side open cavity
considering natural convection and surface thermal
radiation. Numerical calculations were conducted for
Rayleigh number (Ra) values in the range of 10*10°.
The temperature difference between the hot wall and
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the bulk fluid (AT) was varied among 10 and 100K. For
total Nusselt numbers, the results with Boussinesq
approach and variable properties, indicates deviations
within 0.22% (Ra=10° and AT=10K) and 5% (Ra=10"
and AT=100K).

Montiel-Gonzalez et al. [10] realized a theoretical
and experimental study of steady-state heat transfer by
natural convection and thermal radiation on a solar
open cubic cavity-type receiver with a fixed orientation.
Experimental results include air temperature
measurements inside the receiver. These results are
compared with theoretically obtained air temperatures,
and the average deviation between both results is
around 3.0%, when using the model with variable
thermophysical properties, and is around 5.4% when
using the Boussinesq approximation.

. The literature review indicates the absence of a
detailed analysis for the transient heat transfer in
tilted open cavities.

. This paper present the effect of inclination angle
over the transient natural convection coupled
with thermal radiation in a square open cavity.

. Detailed transient numerical calculations of the
temperature fields and flow patterns are obtained
and discussed.

. The manuscript provides valuable information to
understand the dynamic behavior of heat
transfer in tilted open cavities, which is relevant
for thermal receivers of solar concentration
systems.

2. PHYSICAL AND MATHEMATICAL MODELS

The heat transfer and the fluid flow in a two
dimensional square tilted open cavity of length L, is
considered in the present investigation (Figure 1). The
opposite wall to the aperture was kept to constant
temperature (Ty=310 K), while the surrounding fluid
interacting with the aperture was maintained to an
ambient temperature (T.=300 K). The two remaining
walls were considered adiabatic. The thermal fluid was
air (Pr=0.71) and the flow was considered laminar. The
fluid was assumed to be Newtonian, radiatively non-
participating and the properties assumed constant
except for the density in the buoyant force term in the
momentum equations, according to the Boussinesq
approximation. The walls of the cavity and the aperture
were considered black bodies and diffuse emitters.

Figure 1: Scheme of the open tilted cavity.

The  dimensionless conservation equations
governing the transport of mass, momentum and
energy in primitive variables are expressed as:
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where Ra=[gB(TH—TM)L3]/ow is the Rayleigh number,
and Pr = v/o is the Prandil number. The above
equations were non-dimensionalized by defining

X=x/L, Y=y/L, 1=Ut/L, P=(p-p.)/pUs>, U=u/U,,

Vel o (5)
=v/U,, 0=(T-T)/(Ty-T.)

The reference velocity U, is related to the buoyancy
172

force term and was defined as Uo = (gBL(Tu —T-)) " .

The initial and the boundary conditions for the
momentum and energy equations were considered as:

P(X,Y,0)=U(X,Y,0)=V(X,Y,0)=6(X,Y,0)=0

U(0,Y,1)=V(0,Y,1)=U(X,0,7)=V(X,0,7)=U(X,1,7)=
V(X,1,1)=0

(5%)..=(5).=
X )y, \OX )y,
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In the

k(T,-T.) is the dimensionless parameter of conduc-

mathematical formulation, N, =0T, L/

tion radiation and Q, =g¢, /0T, is the dimensionless

net radiative heat flux on the corresponding adiabatic
wall.

To obtain the net radiative heat fluxes over the
walls, the radiosity-irradiance formulation was used,
dividing the surface in elements according to the mesh
used to solve the natural convection equations. View
factors were evaluated using Hottel's crossed string
method [11].

The average convective Nusselt number was

computed integrating the temperature gradient over the
heated wall as:

1
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Nu.=|—-=—=dY 6
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The average radiative Nusselt number was obtained

integrating the dimensionless net radiative fluxes over
the heated wall [12]:

mr = NrJQrdY (7)

The total average Nusselt number was calculated
by summing the average convective Nusselt number
and the average radiative Nusselt number:
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3. NUMERICAL METHOD OF SOLUTION

In order to obtain the results, a Fortran 90 code was
developed. The equations (1-4) were discretized by
integrating over staggered uniform control volumes.
The convective terms were interpolated by the SMART
scheme [13] and the diffusive terms with the central
differencing scheme. The time discretization was made
with the fully implicit scheme. Numerical solutions of
the governing equations were obtained with the
SIMPLEC algorithm [14]. The sets of linear algebraic
equations were solved iteratively by the SIP method
[15]. The iterative convergence for the variables was
obtained in every time step.

However, because the coupling between the natural
convection and the surface thermal radiation, the
radiative balance was solved in every time step using
an iterative method of subsequent approaches, from
the information of the previous time step. The
radiosities and net radiative fluxes were updated in
every time step to obtain the corresponding thermal
boundary conditions on the adiabatic walls.

Grid independent solutions were obtained by
comparing the results of different grid meshes for
Ra=1x10° and ¢=90° in the steady state. The Figures
2a y 2b show the results for local values of the
convective Nusselt number on the heated wall and U-
velocity at the aperture. The difference between the
calculations of 70x70 and 80x80 grid sizes was not
significant, therefore the results were obtained with the
70x70 grid mesh. The dimensionless time step used for
the calculations was 1x107°.

02 01 00 01 02 03 04 05

(b)

Figure 2: Grid independence study: (a) Local convective Nusselt numbers along the heated wall, (b) U-velocity at the aperture

for different grid sizes.
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The verification of the present code was
accomplished by comparing the predictions with
previous results reported in the literature. Table 1 show
a comparison between the Nusselt numbers obtained
with the present code and those reported by Montiel-
Gonzalez et al. [10]. It can be observed that the
absolute percentage difference with numerical results
of average convective Nusselt number were between
06% (Ra=10°) and 2.3% (Ra=10%), whereas for
average radiative Nusselt number were within 9.3%
(Ra=‘|06) and 13.4% (Ra=‘|04). Based on above results
the present numerical code was considered as verified.

Table 1: Comparison of Average Nusselt Numbers
Reported in the Literature

. Montiel-Gonzalez et al. [10]
This work (AT=10K)
Ra Nu Nu, Nu, Nu Nu, Nu,
10* 3.72 6.70 6.70 3.05 3.34 2,98
10° 8.02 14.42 | 14.42 6.36 7.34 6.40
10° 17.29 | 29.72 | 29.72 12.32 15.82 12.43

4. RESULTS

The effect of inclination angle of the open cavity on
the evolution in time of temperature fields and flow
patterns is presented and discussed. The results were
obtained for a Rayleigh number of 10° and five
inclination angles (0°, 45°, 90°, 120° and 180°).

The transient results for the open cavity with an
inclination angle of 0° are presented in Figure 2. For
1=1, the isotherms indicate a heat transfer by
conduction in a thin layer of fluid adjacent to the
isothermal wall (the adiabatic walls are rapidly heated
by the radiative exchange), as the heat transfer
process continues the isotherms become curved near
the bottom corners and the presence of symmetric
thermal plumes is observed for 1=5. It is observed in
1=6-11, the symmetric ascending motion of thermal
plumes next to the adiabatic vertical walls and the
symmetric formation of new thermal plumes from the
isothermal wall. The streamlines, for =1 to 5, show
cold air incoming by the center of the aperture and the
formation of vortexes closer to the adiabatic hot wall
that move towards the aperture of the cavity. In interval
time t=12-18, the isotherms show thermal plumes
growing up and moving to the aperture, until they leave
the cavity. The streamlines from 1=12 to 1=18, show
two vortexes in the bottom, their size increase with

=1.0

©103 0204 05060T DEDE |

Figure 2: Time-evolution of the isotherms (left) and
streamlines (right) in the open cavity with an inclination angle
of 0° and a Rayleigh number of 10°.
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respect to, until they disappear and two symmetric
zones of fluid motion are formed, the cold fluid enters
by the center of the aperture and leaves adjacently to
the adiabatic walls. However, from 1=20 to 1=50
apparently the steady state has been reached, but in

=10 =90

=40 =150

=50 =180

=70 1=62.0

Figure 3: Time-evolution of the isotherms (left) and
streamlines (right) in the open cavitg with an inclination angle
of 45° and a Rayleigh number of 10°.

1=60 it is observed in the isotherms graph the
formation of one thermal fluid in the right side of the
isothermal wall and the next time (between t=60 and
t=62) shows the increasing of its size and its movement
toward the aperture to leave the cavity. The
corresponding streamlines show the development of
one vortex that grows up to cover almost half of right
side of the cavity. The vortex is not present in 1=75.

Figure 3 shows the transient results of isotherms
and streamlines for a cavity with an inclination angle of
45°. For 1=1, the isotherms are parallel to the hot wall,
with a small curvature near the top corner, at this time
the streamlines show an elongated vortex adjacent to
the isothermal wall. For 1=2 to 5, the isotherms indicate
the motion of hot air from the top corner to the
aperture, touching the top adiabatic wall. Whereas the
streamlines show the displacement of the vortex (with a
change in its shape and size), along the isothermal wall
and the top adiabatic wall and the formation of a
second vortex adjacent to the bottom adiabatic wall.
However from 1=6 to 1=10, the heating of bottom
adiabatic wall by the radiative exchange, increases the
temperature of the incoming cold air, which is impelled
to rise up. The above increases the size of the vortex
on the bottom adiabatic wall. For 1=11 to 30, the
temperature and fluid flow have minimum changes,
therefore the steady state has been reached. The
isotherms show a thin boundary layer over the bottom
adiabatic wall formed by the incoming cold air and
another boundary layer adjacent to the isothermal wall
formed by the hot air impelled by the buoyancy force.
On the other hand the streamlines show two different
circulations of the incoming air: (a) the cold air enters
but before reaching the isothermal wall, turns to the
aperture and goes out near to the bottom adiabatic
wall, (b) the incoming air reaches the hot wall near to
the bottom wall and ascends by the isothermal wall and
moves to the aperture adjacent to the top adiabatic
wall.

Figure 4 shows transient results from t=1 to 50, for
a cavity with an inclination angle of 90°. For t=1, the
isotherms were parallel to the hot wall but as the heat
transfer process continues the thermal field becomes
curved. Also, the formation of thermal boundary layers
is observed in all walls. Looking at the streamlines, for
=1 to 5, one vortex appears very close to the hot wall
and moves toward the top adiabatic wall, afterwards it
moves towards the aperture of the cavity leaving it at
1=6. For 1=8 at the bottom wall begins a small thermal
plume that grows up and moves toward the vertical hot
wall. When it reaches the hot wall, the thermal plume



Transient Analysis of Coupled Natural Convection and Surface Thermal Radiation

Journal of Advanced Thermal Science Research, 2015, Vol. 2, No. 2

49

Figure 4: Time-evolution of the isotherms (left) and streamlines (right) in the open

Rayleigh number of 10°.
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™=1.0

9

Figure 5: Time-evolution of the isotherms (left) and streamlines (right) in the open cavity with an inclination angle of 120° and a
Rayleigh number of 10°.
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mixes with the thermal boundary layer of the hot wall
and moves toward the top wall. Then, the thermal
plume again mixes with the thermal boundary layer of
the top adiabatic wall and moves toward the aperture.
For t=10, a secondary vortex appears at the vicinity of
the left bottom corner of the open cavity. This new
small vortex eventually disappears at t=13. However,
another vortex appears at the center of the cavity at

=11, and it grows up and moves toward to the opening
and leaves the cavity at 1=18.
The

time sequence of both isotherms and

streamlines in the open cavity with an inclination angle
of 120° is presented in Figure 5. Again the heat
transfer seems to start with the heat conduction
mechanism as

it can be seen in 1=1, since the
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Figure 6: Time-evolution of the isotherms (left) and streamlines (right) in the open cavity with an inclination angle of 180° and a

Rayleigh number of 10°.
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isotherms are parallel to the hot wall (with a small
curvature at the top corner), however the streamlines
show that at this time both an elongated vortex
adjacent to the isothermal wall and a small vortex on
the top adiabatic wall have been formed. The time
sequence between 1=2 and 1=9 of the isotherms,
shows that the heating of fluid adjacent to the adiabatic
walls caused by the incidence of thermal radiation, and
the motion of hot air from the top corner to the aperture
in an oblique way. The corresponding streamlines
show a change in the size and shape of the vortex
located in front of the isothermal wall. For t=10 to t=20
the isotherms graphs show small variations, they
indicate a heating of the incoming air by the bottom
adiabatic wall, the presence of a thermal boundary
layer next to the isothermal wall and an oblique thermal
stratification formed by the outgoing air. On the other
hand, the streamlines exhibit that the vortexes
disappear after t=15 and the flow patterns remains
practically constant.

The transient results for an inclination angle of 180°
are presented in Figure 6. For t=1, the isotherms are
parallel and very close to the isothermal wall, and for
1=3-5 the effect of the thermal radiation on adiabatic
wall heating is observed and also is visible a separation
of isotherms from the isothermal wall. The streamlines
show the formation of two big counter rotating vortexes.
When time increases (t=8-30), the separation of
isotherms shows that the heat diffusion is happening,
until that at t=150 the isotherms are almost equally
spaced indicating a heat transfer dominated by heat
conduction.

Figure 7 shows the variation of average total
Nusselt number with respect to time for the five
inclination angles of the open cavity (0°, 45°, 90°, 120°
and 180°). It can be observed that for most inclination
angles (45°, 90°, 120° and 180°), the initial Nusselt
numbers are very high, but they reduce with respect to
time and tend to a constant value. For ¢=45°, 90° and
120°, the steady state is reached after 1=35, however
for $=180° is reached after t=180. On the other hand
the average total Nusselt number for the open cavity
(6=0°) has an erratic behavior, therefore the steady
state is not reached.

5. CONCLUSIONS

In this paper, transient numerical results of the heat
transfer by natural convection and surface thermal
radiation in a tilted open cavity are presented and
analyzed. From the results, the following conclusions
were obtained:
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Figure 7: History of the average total Nusselt number for

different inclination angles of the open cavity (0°, 45°, 90°,
120° and 180°) and a Rayleigh number of 10°.
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1. The formation of multiple thermal plumes in the
isothermal wall for an inclination angle of 0°
causes oscillations in the total Nusselt number
and avoids to reach the steady state.

2. The steady state for $=180° is reached after
longer time (t=180); whereas for $=45°, 90° and
120°, which is reached after 1=35.

3. The history of the temperature field and the flow
pattern is very sensitive about the orientation of
the cavity.
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