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DETERMINATION OF CONVECTIVE, RADIATIVE, AND TOTAL HEAT TRANSFER
CHARACTERISTICS OVER A RADIANT HEATED CEILING: A COMPUTATIONAL
APPROACH

Ozgen Acikgoz®

ABSTRACT

In the present study, a computational investigation is carried out within a model room of which dimensions
has also been given in international standards for experimental approaches. In accordance with the experimental
standards, the analyses are realized at the room dimensions of (L x H x W= 4 x 3 x 4 m), and at the thermal boundary
conditions of (T¢= 35 — 50°C), (Tw= 15 — 24°C), (T+= 15 — 24°C). As a result of iterations conducted using a
computational fluid dynamics package program code, each corresponding to a case study, convective, radiative, and
total heat fluxes from radiant heated ceiling are obtained, and afterward using relevant reference temperature proposed
in the literature, heat transfer coefficients pertaining to convection, radiation, and total heat transfer have been found.
In conclusion, average heat flux values of 95.83 Wm and 17.49 Wm are gained through the examined radiant heated
ceiling, by means of radiation and convection, respectively. This denotes that roughly 85% of total heat transfer from
the ceiling arises through radiation that is very compatible with the relevant literature. Finally, spanning the entire
different case studies, average convective, radiative, and total heat transfer coefficients of 1.1 Wm2K, 5.4 Wm2K™,
7.6 Wm2K* are acquired.
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INTRODUCTION

On radiant heating and cooling applications, numerous studies exist in the relevant literature. While some of
them are experimentally carried out investigations, significant portion of them are numerical studies. This arises from
the fact that building up an experimental chamber providing stable thermal conditions which results in trustable
outcomes, is not only difficult but also expensive. This stems from the difficulties in preparing hydronic circuits
connected to a chamber equipped with well-protection from surrounding environment. Therefore, remarkable amount
of experimental radiant heating works were conducted by means of electrically heated panels mounted on surfaces of
enclosures, whereby, implementation of experiments was quite facilitated. Moreover, numerical studies via CFD
(Computational Fluid Dynamics) programs were done to simulate a room of which surfaces had been heated/cooled
by means of either constant heat flux or constant surface temperature boundary conditions.

With regard to reaching thermal comfort zone, the forth — coming point of radiant heating and cooling systems

is that relatively lower radiant surface temperatures and higher radiant surface temperatures in heating and cooling
modes bring about significant decrease in convective heat transfer and thus lower amount of air movements. To
summarize the recently published papers, a short but dense literature review is given in the following paragraphs.
Wau et al. [1] progressed a new model to calculate surface temperatures and heat transfer for radiant systems, by using
conduction shape factor. The data gained showed that the differences between found surface temperatures and heat
transfer through the suggested model and the measured data were determined as 0.8°C and 8.1 W/m?, while the average
water temperature was within the range of 40°C and 60°C.

To ascertain the relation between the solar radiation utilization ratio and the supply heating temperatures,
along with evaluating the efficiency of the radiant capillary module and the thermal comfort of the system for effective
applications, Zhao et al. [2] have done a set of experiments in a residential building in a province of China. As a
conclusion, they have deduced that by reducing the supply water temperatures, energy consumption of the system may
be noticeably get better, in case the supply water temperature is below 35°C.
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Evren et al. [3] carried out a variety of measurements in an experimental chamber whose surface temperatures
and the dry-bulb air temperature were kept under control. The authors utilized two type of electric fan heaters, which
have the same heating potentials, whereas different fan outputs, to employ it combined with a hydronic floor heating
system. In the experiments, the floor system, and the fan heaters were performed at a number of heating outputs and
hence radiation and convection ratios were varied while energy consumption data were being saved. As a result, it was
concluded that radiative-convective ratio was lying within the range of 0.65 to 0.75.

Zhao et al. [4] examined the performance of a radiant floor heating and cooling application employed in an
international airport. They indicated that the radiant floor application provided a heating output of 30 to 70 W/m?,
while the hot water temperature fluctuates between 35 and 40°C that may be evaluated as a trustable choice to cover
heating requirements.

Zhang et al. [5] employed a model of a radiant ceiling cooling system used in association with an underfloor
ventilation system. For this aim, they asserted a dynamic simplified resistance and capacity network of the mentioned
combination. Via least square method, the authors determined thermal resistances, capacities and convective heat
transfer coefficients of the model. To verify the accuracy of the developed model, seven case studies were made, while
identification of the parameters were done via experimental data. As a result, authors have concluded that operative
differences are less than 0.5 K, as inaccuracy of ceiling heat flux are within a range of 7.7%, between case studies and
measured results.

By operating the program EnergyPlus, Bojic et al. [6] noted that the newly developed floor and ceiling radiant
heating system had the most efficient performance, whereas, the conventional ceiling heating had the worst
performance. On the other hand, it was estimated that in the upcoming days, with the decrease of primary energy
consumption coefficient (R) the panel heating using ground source heat pump as heating source might have less total
energy consumption than a system consuming natural gas.

Feng et al. [7] had a purpose of examining the effects of solar radiation on floor cooling capacity, as well as,
forming a new and easy path to estimate the output of radiant floor cooling system, when direct solar radiation exists.
They operated the program EnergyPlus to assess the influences of solar at a set of design conditions. As a conclusion,
the results indicated that the actual cooling capacity were 1.44 times higher than the values calculated with ISO 11855
method, while the number is 1.2 times higher than that of ASHRAE method.

Bojic et al. [8] have individually investigated radiant heating systems used by means of all surfaces of rooms.
It was demonstrated that the floor-ceiling had had the most favorable efficiency with regard to energy consumption,
environmental fronts, and economy. Moreover, the least preferable system among different surface heating applications
was found as the classical ceiling heating.

Shin et al. [9] generated design charts to evaluate heat flux, difference between maximum and minimum floor
surface temperatures, and maximum floor surface temperatures in the design stage, through analyzing the correlation
between heat flux and design parameters, alongside carrying out numerical case studies to determine temperature
distributions on floor surfaces. By means of experimental investigations, the authors have validated whether the charts
are providing true results.

Awbi [10] has reported the outcomes of a numerical investigation on convective heat transfer coefficients
over a heated floor, wall, and ceiling. For this purpose, he employed two turbulence models: a standard k-g model
using wall functions and a low Reynolds k-¢ model. The numerical outcomes were compared with those found by
means of two different experimental rooms.

In addition to the numerical efforts in the field, Giovanelli and Bashir [11] have published a work on the
design and analysis of a solar receiver. The main point of the work associated with the present investigation is that the
authors to study the charge and discharge mechanism of the storage system that is combined with the solar receiver,
using a CFD approach. The method implemented by the authors has composed an insightful path with regard to the
way that should be followed through a CFD approach and a beneficial frame over the system they analyzed from a
thermodynamics and heat transfer point of view.

In addition to the recently published articles summed up in this section, the articles and some international
standards mainly focused on estimating heat transfer coefficients should be mentioned [12-22]. Either they are
experimental or numerical, the significant part of these papers are related to convection. This is because, the radiative
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heat transfer in enclosures is calculated mainly by a method named net — radiosity method, and almost constant
radiative heat transfer characteristics have been obtained in the extant literature. Therefore, the point still at some
extent, has necessitated further investigation is the convective phenomenon which also determines the total heat
transfer characteristics over a radiant heated/cooled surface.

To respond to this purpose, in the present study, the heat transfer characteristics pertaining to a radiant ceiling
heating system are investigated in a numerically modeled room at the dimensions of LxHxW= 4x3x4 m, and at the
thermal boundary conditions of (Tc= 35— 50°C), (Tw= 15— 24°C), (T+= 15 — 24°C). The emissivity value of all surfaces
was assumed 0.9 which is a reasonable, but also commonly measured value in experimental chambers. In the current
investigation, using the programs DesignModeler and FLUENT in the package program ANSYS 14, the chamber is
drawn and the governing equations related to the air flow within the chamber along with the radiation heat transfer
problem between surfaces are solved in accordance with the prevalently acknowledged CFD solution approximation.
Moreover, to generalize the behavior of convection and radiation over a heated ceiling in a room, a correlation which
is a function of convective and radiative heat transfer coefficients found using the CFD approach, as well as of
temperature difference between ceiling surface temperature and air temperature in the middle of the chamber, is derived
and contributed to the literature for future researchers to compare their results.

THEORETICAL CALCULATIONS

Total heat transfer rate by the panels (Q,); is composed of the radiative heat transfer emitted to the surrounding
surfaces (Q,.), and convective heat transfer (Q.) arising between radiant surface and the air. This energy equivalence
is given in Equation 1.

Qc = Qr + Q¢ 1)
The total heat flux rate balance can also be gained with Equation 2.
he(Ts — Top) = hy(Ts — AUST) + ho(Ts — T,) )

The radiative heat transfer coefficient is found with the help of AUST of which calculation way is presented
in Equations 3-5.
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The radiant heat-flux (g,) from the heated surfaces to the other surfaces is obtained through Equation 6 and
the coefficient symbolizing the pertaining heat transfer is attained by Equation 7.

n
qrad=cz_ ) Fe, (T — T (6)
]:
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For the entire surface emissivity values input in the program FLUENT, the value 0.9 has been employed. This value is
prevalently used in the calculation method of radiative heat transfer between room surfaces, and also in experimentally
found value of this parameter is roughly 0.9.

Equation 8 provides the total heat transfer coefficient (hy), in which, the total heat-flux density (g,) is the sum
of the radiative (q,) and the convective (q.) heat transfer heat-flux.

he = - ®)

The convective heat transfer coefficient between the heated surfaces and room — depends on the heat-flux
densities, heated surface and air temperatures — was acquired with Equations 9-10.

qc = q¢—qr 9)
_ _Qc
he =11 (10)

CFD APPROACH

With the advancements in computer processors, the utilization of CFD programs for the determination of heat
transfer characteristics in living areas has become reasonable. However, despite significant progression, reaching
ultimate solution of iterations, in such large geometries, such as the office in the present study, has still taken notable
amount of time. To mitigate this, generating cells close to the edges more frequent and preparing less frequent toward
the center of the office have been applied, and thus enabling solutions in tolerable periods along with trustable accuracy
has become possible. It should be noted that the present investigation provides results obtained within a wide range of
thermal boundary conditions mentioned in Introduction Section.

A three dimensional model is generated to reach the findings of the present study. The governing equations
are given for the steady-state air consisting of related models such as buoyancy influences, turbulent dispersion, and
radiant heat transfer model. The equation of continuity in Equation 11, momentum in Equation 12, and energy equation
in Equation 13 are given below for steady-state analyses:

o
= (pu)=0
x (pu;) (11)

8( ;)= ®,0 %+an 25 a(_PrL‘})
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where, S;; and 7;; are mean rate of strain tensor and viscous stress tensor, respectively as shown in Equations 14 and
15.
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Solving governing equations (continuity, momentum, and energy) requires a package program to be
employed. For this purpose, initially, the simulated office was drawn and meshed by means of the program
DesignModeler within ANYSY 14, and then, thermal boundary conditions were input and necessary options such as
the turbulence model to be used, was selected in the program FLUENT. Figure 1 illustrates the office meshed as it is
depicted in the previous lines.

Figure 1. Meshing of modeled office (Lx H x W = 4 x 3 x 4 m)

The program’s solution method is established on the control volume theory, ie. by means of turning relevant
equations into algebraic equations for them to be solved [23]. Because, usage of mentioned plausible thermal boundary
conditions result in turbulent flow over the ceiling, -due to Rayleigh numbers greater than 10°- , a turbulence model
has been chosen. The type of k- model was determined as the k-e RNG model, in accordance with the proposal of
Seyam et al. [24]. The under — relaxation factors pertaining to density, momentum, turbulence kinetic energy turbulence
dissipation rate, turbulent viscosity and energy have been selected 1.0, 2.0, 0.8, 0.8, 1 and 0.9, respectively. It should
also be noted that it took about 3 hours, the program to reach proposed residual values of 10 and 10, for
momentum/continuity and energy equations, respectively. Additionally, thermos — physical properties of air were
entered for the air temperature value at the center of the enclosure, obtained from the air’s thermos — physical tables
of Incropera and DeWitt [25]. Also, the Boussinesq approach has been selected, because in natural convection it is
strongly recommended by the program manual. Such as in hydronic radiant heating applications, a constant surface
temperature has been preferred in the present work, to gain realistic outcomes. It should also be expressed that density
— based coupled solver was determined as the solver. The gravitational force was also entered in the y direction as -
9.81 m/s2,
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In addition to the points and selections made which should be considered while conducting a CFD simulation,
one issue which should also be taken into account is independency of results from cell numbers within the simulated
chamber. To ascertain whether the influence of meshing structure is sufficiently minimized or not, the Nusselt numbers
are acquired through the program’s area weighted average specialty. It should also be noted that the Nusselt number
over the heated surface points out to convective heat transfer along this surface and can be assessed as a reference in
this context. Altering interval counts at X, y, and z axes generates the diverse total cell numbers in the air, and this can
be observed in Table 1.

It is clear that at the same thermal boundary conditions, in case the total cell number rose from 50625 to
90750, the Nusselt number deviated less than 1%. Moreover, since the results corresponding the abovementioned
meshing numbers are so close, the interval combination next to the last one, corresponding to 50625 cells was
determined as the appropriate option, and thus it was deduced that the effect of cell numbers on the results have been
averted. From this point on, the case studies were carried out with selected interval count numbers.

To dispel the number of cells on results, at different cell number options, the iterations were done until the
abovementioned residual values were reached and concluded that at the total cell number of 50625, the independency
of results from total cell numbers had been realized. Hence, whole case studies have been implemented at this total
cell numbers.

Table 1. The variation of Nusselt number as the number of cells within the cavity alters

Combinations of interval Number of

. Nusselt number
counts in x-y-and z axes cells
20x20x20 8000 140.01
35x20x35 24500 141.87
45x25x45 50625 142.56
55x30x55 90750 142.94

RESULTS AND DISCUSSION

In case the relevant literature is investigated, one can notice that the most recent papers are related to radiant
wall and floor heating and cooling. In addition to this, when the literature is rigorously scrutinized, a significant number
of radiant ceiling cooling studies can be met. Nonetheless, it can clearly be observed that radiant ceiling heating
systems comprise the least investigated portion in the field. The studies of Causone et al. [12], Koca et al. [13], and
Rahimi and Sabernaeemi [26] are the most recent and detailed works in the literature. Nevertheless, by very nature of
experimental studies, these works have also been carried out within confined thermal boundary conditions, and
implemented in chambers of which dimensions are constant and cannot be altered. Therefore, carrying out case studies
in computational fluid dynamics programs such as one used in the present work ANSYS 14, provides researchers and
engineers to do these investigations in broader thermal boundary conditions and different room dimensions.

In the light of abovementioned considerations, the present study presents the results of a numerical work
which were conducted within a wide range of thermal boundary conditions, and in a simulated room meshed as
illustrated in Figure 1. As can be observed from the figure, meshes near edges are maintained highly frequent, while
preferring them less frequent toward the center of the chamber. This choice can be accounted for by the fact that in the
thermal boundary layers of heated and cooled surfaces, rapid temperature changes occur, and thus effect of these
variations ought to be taken into account by frequent cell densities in these regions. Nonetheless, due to the fact that
temperature variations out of boundary layer regions that are toward the center are rather negligible, mesh density can
be selected much less frequent in this region. By this means, computation duration has also been diminished, otherwise,
in large geometries such as that of the present investigation, acquiring a realistic result in reasonable periods would
have been unfeasible.
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Figure 2. Radiative, convective, and total heat transfers’ variation with corresponding temperature difference values

In Figure 2 the variation of radiative, convective, and total heat transfer coefficients with corresponding
temperature differences (AT) are indicated. It can be observed from the figure that especially convective and radiative
heat transfer coefficients mostly draw an unchanging trend with corresponding temperature values, (T¢-Ta), and (Te-
AUST), respectively. Consequently, it may be deduced that as a result of the present one is able to obtain an average
radiative heat transfer coefficient value of 5.4 W/m?K, and an average convective heat transfer coefficient value of 1.1
W/m2K. Though total heat transfer coefficient values appears to be more scattered than that of radiative and convective
heat transfer coefficients, the data cluster in the vicinity of 7.5 W/m2?K, while an average value of 7.6 W/m?K is
obtained, as a recommendation of the present investigation. Relatively scattered appearance of total heat transfer
coefficients in the figure may be attributed to reference temperature selection pertaining to total heat transfer
characteristics, which has been a major uncertainty in the relevant research field. In the meantime, it should be noted
that in this work the air temperature in the middle of the chamber was used as the reference temperature for total heat
transfer characteristics. Figure 3 presents a comparison between the total heat flux of the radiant ceiling system in the
present work, and results obtained using the correlation proposed by EN 15377 [17]. As it can be noticed in Figure 2,
the relatively scattered trend of the heat flux trend from the present study compared to the results of correlation
suggested by EN 15377 [17], can also be accounted for the explanations noted for Figure 2.

In addition to this, between the outcomes of two studies presented in this figure, a slight deviation between the
trendlines of studies are discerned. This may be attributed to unavoidable experimental errors in the corresponding
study, numerical errors due to the method performed in the current examination, or thermal boundary conditions of
surfaces other than the heated ceiling in the present investigation. Nevertheless, the deviation of the results of the
correlation of EN 15377 [17] and of the results of this study are very close at lower temperature difference (Tc — Ta)
values, which are more realistic values, while at higher temperature difference (T. — Ta) values, which are not so
realistic in pratice, the deviation grows. Thus, this also elucidates that the explained deviation does not denote that the
numerical results of this study to be unrealistic.
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Figure 3. The comparison of total heat flux results of this study and results obtained employing the correlation
proposed by EN 15377

Figure 4 illustrates a comparison of the results of study with of Koca et al. [13] and of Causone et al. [12] in
both which radiant ceiling heating systems are experimentally analyzed. It should be noted that since in the paper of
Causone et al. [12] no AUST value given, the radiative heat transfer characteristic results of this study have not been
able to be compared with those of the corresponding work. In terms of convective heat flux, it is evident from the
figure that the results of three study are considerably consistent with each other, while results of Causone et al. [12]
give the lowest convective heat flux value, the present study results in the highest average, and Koca et al. [13]
concludes as the value remaining in the middle. With regard to radiative heat flux, the results of this study, along with
that of Koca et al. [13] draw almost the same trend line.

Thus, they are compatible with each other. Total heat flux values slightly deviate from each other possibly
due to the differences in convective heat flux results, which is an ingredient composing total heat flux. It is clear from
the figure that as in the convective heat flux remarks, despite the fact the differences are not so significant, this study
results in highest heat flux outputs, while Causone et al. [12] the lowest, and Koca et al. [13] in the middle of two.
Figure 5 compares the results of this study and of Koca et al. [13] in terms of heat transfer coefficients. It is noticeable
that similar to convective heat flux values, convective heat transfer coefficients found via the present study demonstrate
a slightly higher tendency than those of Koca et al. [13]. Furthermore, the radiative heat transfer coefficient data from
this investigation keep track of the results of Koca et al. [13] almost in the same points, while total heat transfer
coefficients of the present work which involves convective heat transfer data illustrate a higher tendency line, because
of the higher convective results both indicated with respect to convective heat transfer coefficients in Figure 5 and
convective heat flux in Figure 4, of which deviation sources were accounted for in previous paragraph, as interpreting
Figure 4.
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Figure 4. Comparison of convective, radiative, and total heat outputs of the present work, and of experimental
results of Koca et al. [11] and Causone et al. [10]

Furthermore, to form a correlation between the radiative and convective findings of the present investigation,
an equation valid within the thermal boundary conditions expressed in the last paragraph of Introduction section is
produced and can be seen in Equation 16 as follows:

hr
= 411 (T, — T,)%%*3 (16)
12
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Figure 5. A comparison between heat transfer coefficient findings of the current study, and of experimental study of
Koca et al. [11]

To demonstrate the h./h; ratio results of this study alongside the outputs of the correlation expressed in

Equation 16, Figure 6 is generated. As can be seen through the figure, a trend line symbolizing the outweighing
behavior of the proportion of radiative and convective heat transfer coefficient, was drawn. It ought to be noted that
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the correlation derived which also symbolizes this line has a maximum deviation ratio of 6%, and an average deviation
ratio of 1.2%, which are both satisfactory values, with regard to being a benchmark of obtaining an accurate equation.
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Figure 6. The results of the present study pertaining to the proportion of h; and hc, and the results obtained by the
Eq. [16] derived for this ratio

Table 1. Comparison of the present work with some other radiant studies in the literature, in terms of heat transfer

coefficients

Researchers Heating / Cooling type hcz hr2 htz

(WIm*K) | (W/m?K) (WIm?K)
Causone et al. [10] Radiant ceiling heating 0,3 5,6 58
Kocaetal. [11] Radiant ceiling heating 0,7 52 6,6
Cholewa et al. [12] Radiant floor heating 2,2-34 5,6 8,5-104
Andres - Chicote et al.
[13] Radiant ceiling cooling 4,2 5,6 13,2
EN 1264 — 5 [14] Radiant heated floor - - 10,8
EN 15377-1 [15] Radiant heated floor - 55 -
This study Radiant heated ceiling 1,1 54 7,6

In Table 1, the findings of the present paper are compared with studies covering heat transfer coefficients over
radiant surfaces. The most similar studies in the literature were compared with those of the present investigation by
means of Figures 2 — 6, however, some other researchers’ findings were also assembled in Table 1 for future researchers
to have a better idea over various radiant heating and cooling systems in terms of heat transfer characteristics.
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Figure 7. Temperature contours and a number of vectors obtained via CFD application (a) temperature contour, (b)
velocity vectors, (c) radiant heat flux vectors, and (d) surface heat transfer coefficient vectors

Figures 7 (a-d) demonstrate a set of contours and vectors along with heat transfer characteristics, in case the
thermal boundary conditions of (Ts= 50°C, Tw= 24°C, and T= 18°C) are applied to the numerically modeled room
whose dimensions are given in Section 1. It is obvious from Figure 7a that radiant heated ceiling results in an gradual
thermal stratification next to the heated ceiling, and a less gradual one beside the floor region where air temperature
decreases toward the floor, as expectedly. Figure 7b reveals velocity vectors in the investigated office, and it is
noticeable that over walls highest velocity magnitudes have occurred. This may be because of the difference in
temperature and therefore density air particles over walls and ones around the heated ceiling that brings about higher
amounts of air movements compared to the core of the air within the model. Figure 7¢ depicts radiant heat flux vectors
in the chamber. It is evident that radiant heat flux vectors over the ceiling adjacent to walls are at the highest values,
while ones in the middle of ceiling are less effective. It can also be understood that walls, and floor have negative flux
values different than those of the ceiling, as expectedly. Moreover, Figure 7d gives total heat transfer coefficients as
vectors on surfaces. One can understand through the figure that consistent with the results given via figures and tables,
the most intense heat transfer coefficient values have been gained over the ceiling, and it should be noted that the
coefficient vectors involve both convection and radiation heat transfer by the examined surfaces.

CONCLUSION

Suspended nanoparticles play a significant role in a wide range of applications because of their thermal and
optical properties. Particle size and size distribution show significant effects in different wavelength ranges, which is
very important in specific applications including solar thermal systems in addition to other applications. Radiative
properties (scattering and absorption) carry the significant impact on the thermal radiative transfer, where the energy
of the incident radiation is converted directly to thermal radiation. Different nanoparticles in different conditions show
different radiative properties, which can be exploited in the thermal field for specific applications.
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The aim of the using participating media is not only to convert concentrated radiation energy into thermal
energy as efficiently as possible but also, to achieve the highest possible temperatures while retaining this high thermal
efficiency.

In this study, it can observe that the nanoparticles play a significant role in the UV-Vis wavelength ranges
where a large amount of the solar energy is dissipated. The extinction coefficient of the media is enhanced and affects
the radiation transfer performance. Particle size and number have important effects on the thermal radiation transfer,
increasing particle concentration leads to enhance the radiative properties.

NOMENCLATURE

A Surface area of the panel (m?)

AUST Average unheated surface temperature (°C)

CFD Computational fluid dynamics

Cp Specific heat (J/kgK)

€ Surface emissivity

Ebi Blackbody emissive power of examined surface (W/m?)

Fi.j View factor between the examined and j surfaces

Fs. View factor between the radiant surface and j surfaces

Fi-n View factor between the examined surface and the surroundings

he Convective heat transfer coefficient (W/m?K)

hr Radiative heat transfer coefficient (W/m?K)

ht Total heat transfer coefficient (W/m2K)

Ji Thermal radiosity of examined surface (W/m?)

Jj Thermal radiosity of j surface (W/m?)

Qc Convective heat transfer (W)

Qr Radiative heat transfer (W)

Qe Convective heat flux (W/m?)

qr Radiative heat flux (W/m?)

0t Total heat flux (W/m?)

R Correlation coefficient

Ta Top, Te, Ts, Tw Air temperature, operative temperature, ceiling temperature, floor temperature, and temperature of
walls (°C)

AT Temperature difference between radiant heated wall and reference temperature at corresponding heat

transfer coefficients
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