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Numerical investigation of thermal comfort conditions for a human in a room equipped

with a ceiling radiant cooling system
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ABSTRACT: In this study, the cooling conditions and thermal comfort in a room occupied by humans
and equipped with a radiant ceiling cooling system were numerically investigated. The simulations
were conducted for the hottest day of the average 10-year period in Tehran and in four geographical
orientations. Low-Reynolds k-¢ models, discrete ordinates, and ray tracing were used to analyze airflow,
radiation, and solar radiation, and thermal comfort conditions were evaluated using the Fanger model.
The results showed that in the room with a western external wall, the maximum cooling load occurs at
14:00, and the ceiling temperature should be set at approximately 12°C. However, when using clear
glass, this temperature must be reduced to 7°C, requiring 27% more cooling load. Coated glass improved
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the PMYV index and reduced dissatisfaction; in the western wall, PMV decreased from 0.5 to 0.32, and
dissatisfaction decreased from 10.2% to 7.1%. Dissatisfaction due to vertical temperature differences

was less than 3%, but for warm floors in eastern and western walls with clear glass, it reached 25.1% and
25.5%, respectively. Dissatisfaction due to the draft rate was less than 10% in all cases.
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1- Introduction

Air conditioning systems include various types, with
radiant systems being an efficient option that regulates
surface temperatures of floors, ceilings, or walls through
water circulation in embedded pipesl] ]. In this study,
Fanger’s PMV [2] model is used as a reliable criterion for
evaluating thermal comfort, as it mathematically relates key
parameters like temperature, humidity, and air velocity to
human perception, providing a comprehensive assessment of
indoor thermal conditions.

Despite the extensive research on radiant cooling systems
[3-5], a comprehensive evaluation of thermal comfort under
specific conditions, particularly in the presence of occupants
within the room, remains underexplored. This study
examines the performance of ceiling radiant cooling systems
in maintaining thermal comfort when exposed to direct solar
radiation. A sample room with an external wall, oriented
toward the four cardinal directions (north, south, east, and
west), is analyzed to determine the maximum allowable
ceiling temperature for ensuring occupant comfort. The study
evaluates key indicators such as PMV and PPD, vertical
temperature gradients, floor temperature effects, and draft
risk levels. Also, the influence of coated versus transparent
windows on thermal comfort conditions is compared, offering
insights into the role of glazing types in optimizing indoor
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environmental quality.

2- Mathematical model

Evaluating thermal comfort conditions in a room requires
obtaining the temperature distribution within the space.
To determine the air temperature at various points, the
conservation equations of mass (Eq. 1), momentum (Eq. 2),
and energy (Eq. 3) must be solved, taking into account the
incoming solar radiative heat flux into the room [6].
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The airflow inside the room is characterized by turbulent
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natural convection (with a Rayleigh number of approximately
10'?), and thus, it is modeled as turbulent natural convection.
To model radiative heat transfer, the discrete ordinates
(DO) model in ANSYS Fluent was employed, enabling the
simulation of solar thermal load using the re-tracing method.
In this method, the solar heat load is added as a thermal
source term in the energy equation, which is obtained from
Equation (4).

V.(I(7,5)8) +(a+0)(7,5) = an® o' o j IFPETAQ (4)
T 4m

To evaluate the thermal comfort conditions in the studied
room, Fanger’s thermal comfort model was utilized. The
governing equations are based on the assumptions that
the outdoor air temperature and solar heat flux remain
constant over one-hour intervals, allowing the airflow and
indoor air temperature to be treated as steady-state for each
period, with the airflow modeled as three-dimensional and
incompressible. The numerical solution of the conservation
equations was performed using the finite volume method,
where the SIMPLE algorithm was employed for pressure-
velocity coupling. The momentum and energy equations
were discretized using the QUICK scheme and the power
law, respectively, while second-order upwind discretization
was applied to the remaining equations. Convergence was
achieved when the residuals for all equations fell below 10-.

3- Result and Discussion

The simulated room is a cube-shaped space with
dimensions of 3x3x3 meters, featuring an external wall with
a window area of 3 square meters (1.5%2 meters) and a human
occupant positioned at the center. The maximum allowable
ceiling temperature is adjusted to ensure the PMV index
remains below 0.5 while maintaining the room temperature
below 26°C [7]. The four primary geographical orientations
for the external wall were considered, and simulations were
conducted for the hottest day in Tehran.

Figure 1 illustrates the maximum allowable ceiling
temperature varies based on the external wall’s orientation,
with the lowest values occurring at 10 AM (east), 2 PM
(west), 12 PM (north), and 1 PM (south).

The use of coated glass reduces cooling demand by
decreasing solar radiative heat gain. As shown in Figure 2, a
comparison between coated and transparent glass reveals that
the maximum allowable ceiling temperature with coated glass
can be 1 to 5°C higher. Additionally, coated glass reduces the
heat flux from the ceiling by 13 to 27%.

As shown in Figure 3a, the use of coated glass reduces
direct solar radiation on the internal surfaces of the room,
moderating the floor temperature rise observed in the room
with clear glass (Figure 3b). This moderation leads to a
reduction in the required cooling energy. Additionally, the
decrease in surface temperature rise in areas exposed to direct
sunlight and on the human body’s surface (particularly the
front-facing side) is evident when coated glass is used.
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Fig. 1. Comparison of the maximum allowable ceiling
temperature in a room with eastern, western, northern,
and southern external walls at different times.
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Fig. 2. Comparison of maximum allowable ceiling tem-

peratures for rooms with external walls in four orienta-

tions, using clear vs. coated glass during peak cooling
load times

Table 1 shows PMV, PPD, dissatisfaction due to vertical
temperature differences, dissatisfaction due to warm floors,
and draft rates for the critical hours of each external wall
orientation. A key observation derived from these results is
that the west-facing external wall at 14:00 PM exhibits the
highest level of dissatisfaction across all thermal comfort
indices. Additionally, the use of coated glass instead of clear
glass has significantly reduced dissatisfaction levels for all
indices under all conditions.

4- Conclusion

This study assessed the performance of ceiling radiant
cooling panels and thermal comfort in a room. Coated glass
significantly reduced solar heat gain, increasing the maximum
allowable ceiling temperature by up to 5°C and decreasing
heat flux by 27%. It also enhanced thermal comfort by
keeping vertical temperature differences below 3°C and
reducing floor temperature dissatisfaction from 25.5% to
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Fig. 2. Contour of the internal surface temperature dis-
tribution in the room with a western external wall at
14:00 (a) Clear glass (b) Coated glass

15%. The west-facing wall at 14 PM exhibited the highest
discomfort, but coated glass lowered PMV from 0.5 to 0.32,
proving its effectiveness in improving comfort and reducing
cooling energy demand.
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Table 1. Human dimensions based on the reference [22]
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Fig. 1. Schematic diagram of the problem geometry (a cubic-shaped room including an external wall and
equipped with a ceiling radiant cooling system)
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Table 2. Constants of the Nusselt-Jiirges correlation for rough and smooth surfaces [30]
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Fig. 2. Layers of the external wall
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Table 3. Thermophysical properties of the wall components
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Table 4. Optical properties of clear glass and coated glass
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Table 5. Recommended values for thermal comfort indices based on ISO 7730 standard [40]
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Table 6. Heat flux output from the ceiling and percentage of computational error in different grids
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Fig. 3. (a) Schematic diagram of the computational grid used in the current study with a grid count of 1728000;
(b) Contour of y+ on the surfaces
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Fig. 4. (a) The convective heat transfer coefficient of the ceiling as a function of the temperature difference be-
tween the room air and the ceiling surface; (b) The ratio of the radiative heat transfer coefficient to the convec-
tive heat transfer coefficient as a function of the temperature difference between the room air and the ceiling
surface
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Fig. 5. Comparison of dimensionless temperature distribution along the horizontal line at the center of the
room obtained from the current simulation with the reference [42]
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Table 7. Relative humidity inside the room, dew point temperature, and maximum allowable ceiling temperature
at different times for a room with coated glass windows
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Fig. 5. Comparison of the maximum allowable ceiling temperature in a room with eastern, western, northern,
and southern external walls at different times
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Fig. 7. Contour of surface temperatures in the room with different external walls at the times when the maxi-
mum cooling demand is required
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Table 8. Maximum allowable ceiling temperature and heat flux output from the ceiling in a room with an exter-
nal wall containing clear or coated glass at the times of day when the maximum cooling load is required for each

orientation
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Fig. 8. Comparison of the maximum allowable ceiling temperature in rooms with external walls facing the four
main geographical directions, when using clear glass or coated glass, at the times of day when the maximum
cooling load is required for each orientation
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Fig. 9. Contour of the internal surface temperature distribution in the room with a western external wall at
14:00 (a) Clear glass (b) Coated glass
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Table 9. Values of the head-to-ankle temperature difference, percentage of local dissatisfaction due to verti-

cal temperature difference, local floor temperature near the occupant, percentage of local dissatisfaction
due to floor temperature, PMV index, percentage of dissatisfied people (PPD), and draught rate
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Fig. 11. Contour of the floor temperature for coated and clear glass windows in the room with different external
walls at the times of day when the maximum cooling load is required for each orientation
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Fig. 12. (a) PMYV index; (b) Percentage of dissatisfied individuals when using coated and clear glass windows at
the times when the maximum cooling load is required for each orientation
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Fig. 13. Contour of air velocity magnitude and streamlines on the mid-plane of the room perpendicular to the
external wall in the room with a western external wall at 14:00 (a) Clear glass (b) Coated glass
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