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1- Introduction

Today, the determination of entropy generation is
important to enhance system performance because entropy
generation is the measure of the destruction of a system’s
available work. Considerable research has been performed
to explore the importance of entropy generation in a
thermal system. Thermal radiation is an important factor
in the thermodynamic analysis of many high-temperature
systems, such as solar collectors, boilers, furnaces, and
solar collectors, as well as heating and cooling systems of
buildings. The analysis of entropy generation in the
combined heat transfer of natural convection-surface
radiation in thermal equipment can be understood in the
sense that when thermal equipment has less irreversibility,
less entropy is produced, which leads to higher efficiency.
Numerical study of radiative entropy generation in the
enclosure has not been performed using the net radiation
method. Therefore, in this research, the entropy generation
of surface radiation in an inclined enclosure with natural
convection was investigated by a net radiation method.
The governing equations are solved by the stream-vorticity
function with the finite difference method and the surface
radiation equations are solved with the net radiation
method. Surface radiation entropy generation includes
radiative entropy in the field and wall matter. In this
method, by solving the spectral net radiation equations, the
incoming and outgoing radiation intensity of surfaces is
obtained. Next, the radiative entropy in the wall matter and
the spectral radiative entropy intensity are calculated.
Finally, the radiative field is calculated using spectral
radiative entropy intensity. In order to validate the solution
method, the radiative entropy generation rate in the
enclosure is compared with the second law of
thermodynamics. The results showed that the entropy
generation rate of surface radiation by the developed net
radiation method conformed to the second law of
thermodynamics. The effects of Rayleigh number,
emissivity, and enclosure angle on entropy generation are
investigated.

2- Problem description
In this work, natural convection coupled with surface

thermal radiation in a two-dimensional, inclined enclosure
of length L is considered. The system is schematically
shown in Fig. 1. The inclined enclosure is limited by two
adiabatic regions below and above the horizontal adiabatic
walls. The vertical wall is kept at a constant temperature
Th>T.. The fluid flow is assumed to be laminar and at a
steady state. The wall surfaces of the inclined enclosure
were considered opaque, diffuse, and gray. Air is
incompressible with Boussinesq approximation, with
constant properties and Pr = 0.71.

Fig. 1. Scheme of the physical model

Entropy generation of surface radiation in the enclosure. The
absorption and emission of radiative entropy at opaque
walls are very similar to that of radiation energy. Radiative
entropy consists of radiation entropy in the field and in the
wall matter.

The radiative entropy generation rate on the surface is
generally defined as follows:

S‘é’en,r (rw) = Qm;‘:out - (Sl";l - Sc’),ut) (1)
On the right side of the above equation, the first part
expresses the entropy generation due to heat transfer,
which constitutes the entropy in the wall matter, and the
second part of the equation shows the entropy change on
the surface, which constitutes the entropy in the radiative
field.

A radiation beam carries energy, entropy, and exergy.
The spectral radiative entropy intensity carried by a
radiation beam with spectral radiative intensity I, is
defined by Planck as:
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The spectral radiation intensity of the blackbody at
temperature T is also expressed by Planck's law as follows:

2hc?
Ly, T) = PH G ©)

2

The spectral entropy fluxes can be calculated by:
Sain () = [y La (R, $) (1. 3) A2 @
5.‘},L.,outr (rw) = Q)

Sy L2, 8D (. 8) A2
By definition, the local net increment of entropy flow in
the wall matter under consideration after radiation
processes is given by:

. T (%
Sm (Tw) = _T_f (I/l,out - I/’Lin)d/1
wJ0

The local net increment of entropy flow in the radiative
field at the opaque wall after radiation emission and
reflection processes at the wall can be written as:

;‘,f = fo (S/Iltout - S/,ltin)d/1 (7
By a combination of equations (6) and (7), the entropy

generated on the wall surface at wavelength A1 with
wavelength interval dA can be written as:

Sé,en,r = SIIVII + ;‘,f (8)

(6)

3- Solution method

The governing equations are discretized in a uniform grid
by the finite difference method. The second-order central
difference scheme is used for discretizing the convective
and diffusion terms. For discretizing the first derivate in
boundary conditions, a second-order backward or forward
difference scheme is used. The Poisson equation and
energy equation are solved by the alternative direction
implicit (ADI) method while the vorticity transfer equation
is solved by the point successive under-relaxation (PSUR)
method or Gauss-Seidel iteration method. It should be
noted that in the non-conservative form of governing
equations, accelerating in solving vorticity and energy
transfer equations, such as utilizing ADI solver or
successive  over-relaxation  coefficient, leads to
divergence. In natural convection combined with surface
radiation, initialization is performed, and the Poisson
equation is solved by the ADI solver. Afterwards, the
vorticity transfer equation is solved by PSUR, and the
vorticity boundary condition is updated. The energy
equation is solved by the ADI solver. Subsequently, the
temperatures of boundary elements used in the net
radiation method are obtained by solving the system of
equations based on the surface radiation equation.
Therefore, the net radiative heat flux of each surface
element is calculated by the surface radiation equation and
is used to update energy equation boundary conditions.
This procedure is continued to satisfy convergence criteria.
Entropy generation of surface radiation in the enclosure
includes entropy generation in the radiative field and in the
wall matter, which are calculated by solving equations (6)
and (7), respectively. Radiation is defined as a part of the

electromagnetic spectrum, which includes visible radiation
and a part of infrared and ultraviolet radiation. Therefore,
by integrating the spectral entropy flux in the wavelength
range of 0.1-100 micrometers, the surface radiation
entropy rate is calculated.

4- Results

Effect of surface radiation on entropy generation. Table 1
shows the entropy generation rate of surface radiation in
an inclined enclosure and different emissivity and Ra =
10%. By an increase in emissivity, the surface radiation
entropy generation increases. At least 31% of the total
entropy generation at £=0.1 and a maximum of 85% of the
total entropy generation at e=1 belong to the entropy
generation due to surface radiation. A rise in emissivity
results in a slightly decreased entropy generation rate due
to heat transfer and fluid friction and an extremely
increased entropy generation rate due to surface radiation.
Moreover, the percentage of entropy generation due to
surface radiation augments so that the majority of entropy
generation is caused by surface radiation. Therefore,
surface radiation cannot be neglected in the analysis of this

type of system.
Table 1. Effect of emissivity on entropy generation

Entropy Generation
€ Heat Fluid | Surface | Total | Surfaceradiation o
transfer | friction | radiation | entropy | Tetlentropy
01 | 38791 | 02412 | 18588 | 56775 31%
02 | 38394 | 02401 | 3.7466 | 7.8261 48%
05 | 37323 | 02371 | 07485 | 13.7179 1%
0.8 3.6429 0.2344 16.621 20.4979 81%
1.0 3.5931 0.2329 21.966 25.7920 85%

5- Conclusion

In this study, the analysis of conjugate natural convection
with surface radiation in a two-dimensional enclosure was
evaluated for surface radiation entropy generation. The
results showed that the presence of surface radiation in the
enclosure causes asymmetry in entropy generation due to
heat transfer and fluid friction. By increasing emissivity,
the entropy generation rate due to heat transfer decreases,
and the entropy generation rate due to surface radiation
increases. The maximum entropy generation rate of
surface radiation is concentrated on the cold wall. With a
rise in Ra, the entropy generation in the enclosure
increases. By augmented emissivity, the entropy
generation rate due to surface radiation rises. The lowest
radiation entropy generation rate occurs on the upper
adiabatic wall and the maximum radiation entropy
generation rate occurs on the cold wall. The findings
revealed that the surface radiation entropy generation
declines with an increased enclosure angle. The minimum
entropy generation occurs at 90 degrees. In general, in this
study, with the developed net radiation method, the effect
of surface radiation on entropy generation was
investigated, and it was observed that the entropy
generation due to surface radiation was 85% of the total
entropy generation rate in the enclosure. Furthermore, we
found that the entropy generation due to the effect of
surface radiation increased by 520% compared to when
surface radiation was ignored. It could be concluded that
the entropy generation due to surface radiation is very
significant in the enclosure and it is impossible to ignore
surface radiation in the problems of natural convection-
surface radiation heat transfer.
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Calculation of Surface Radiation Entropy Generation by Developing the Net Radiation
Method in an Inclined Enclosure with Natural Convection

Mehdi Fathipour Ali Safavinejad

Abstract In this article, by developing the net radiation method, the entropy generation of surface radiation in an
inclined enclosure with natural convection has been investigated. The governing equations are solved by the stream-
vorticity function with the finite difference method and the surface radiation equations are solved with the net spectral
radiation method. Surface radiation entropy generation includes radiation entropy in the field and in the matter. In this
method, by solving the equations of net radiation in a spectral form, the intensity of the incoming and outgoing
radiation from the surfaces is obtained, then the radiation entropy in the matter and the intensity of the spectral
radiation entropy are calculated, and finally, the radiation entropy in the field is calculated using the intensity of the
spectral radiation entropy. In order to accurately calculate the entropy generation of surface radiation, the developed
net radiation method has been validated with the second law of thermodynamics. The effect of Rayleigh number,
emissivity and enclosure angle on entropy generation is investigated. The results show that the surface radiation
entropy generation decreases with the increase of the enclosure angle. The lowest entropy generation occurs at an
angle of 90 degrees, when the hot wall is the lower wall of the enclosure. Also, 85% of the total entropy generation is
due to surface radiation. So that the entropy generation due to the effect of surface radiation increases by 520%
compared to the case where surface radiation is ignored.

Keywords: surface radiation entropy; developed net radiation method; An inclined enclosure
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