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Abstract: Radiant cooling has been growing in recent years due to energy savings and improved
comfort and health. The aim of this study was to reduce energy consumption and provide comfort
using a chilled ceiling panel in the zone. In the experimental part of this study, a test room was
created to investigate the change in the heat transfer performance of a chilled ceiling panel according
to different water temperatures, different water flow rates and different heat source values. As a
result of the experimental study, it was found that optimum conditions were achieved with a heat rate
of 280 Watts and the lowest supply water temperature of 14 ◦C, with indoor comfort conditions being
achieved with water flow rates of 0.93 m3/h. In the theoretical part of this study, a thermal balance
was established for ceiling panel cooling applications. An analytical model of the heat transfer
between the cold ceiling panel and the room air was also developed. The convection coefficient,
convective heat transfer and total heat transfer coefficient were compared using the values obtained
from the experiments and those reported in the literature. It was found that the convection coefficient
was within the range reported in the literature, and the radiation heat coefficient was within 99.8% of
the literature values.

Keywords: heat transfer coefficient; chilled ceiling panel; convection coefficient; energy efficiency

1. Introduction

Chilled ceiling systems have been used for space cooling in buildings because of their
high efficiency and environmental protection. Compared to convective systems, radiant
systems have the potential to provide thermal comfort at lower indoor temperatures for
heating and at higher indoor temperatures for cooling. There are numerous studies on the
heat transfer performance of a chilled ceiling space system.

Deng et al. [1] found that asymmetric radiation and cooling conditions significantly
affect the thermal interaction between the human body and radiant surfaces. According to
the obtained data, they determined that the magnitude of the thermal interaction between
the human body and radiant surfaces is higher under asymmetric radiation conditions
compared to symmetric radiation conditions. Junasová et al. [2] conducted research on
the adaptation of radiant heating and cooling system construction for buildings. Koca
et al. [3] performed experimental studies on the heat transfer properties of radiant-cooled
walls in a fully conditioned life-size space. They concluded that cooling by radiation
is an effective method of providing comfort conditions in the space. Camci et al.’s [4]
experimental investigations examined the heat transfer properties of a radiantly cooled
wall subjected to forced convection with displacement ventilation. They determined the
increase in heat transfer during forced convection. Koca [5] experimentally determined
that 67% of the total heat transfer coefficient in a wall-cooling application consists of
the radiation heat transfer coefficient, and 33% consists of the convective heat transfer
coefficient. Additionally, it was determined that the cooling capacity of the panels with
an additional aluminum conductive layer is approximately 21% higher compared to the
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traditional classics panel. Chen et al.’s [6] studies demonstrated the effectiveness of model
predictive control in improving the energy efficiency of ceiling cooling systems. They
modeled the system behavior and optimized it in real time, demonstrating energy savings.
Jin et al. [7] performed experimental studies on ceiling cooling systems, investigating the
dynamic effect of water flow rate changes in the surface temperature of radiant cold ceiling
panels. Their results showed that changes in the water flow rate affect surface temperature,
increasing it at lower water flow rates. Shinoda et al. [8] conducted a literature review
of surface heat transfer coefficients for radiant heating and cooling systems. They found
greater variation and prediction error in total and convective heat transfer values compared
to radiative heat transfer, which had a margin of error of ±20%. They investigated how to
increase the cooling capacity of open-mounted chilled beam ceiling systems. Shin et al. [9]
found that the cooling capacity could be increased by 54% to 80% with an appropriate
design. Yuan et al. [10] proposed a correlation between heat transfer coefficients and heat
flux in radiant ceiling panels based on their experimental work in a climate-controlled
test chamber. They conducted an experimental study to determine the cooling capacity
of radiant cooling ceiling systems. Andrés-Chicote et al. [11] evaluated the factors that
influence the cooling capacity of the system, as well as its impact on energy efficiency and
comfort conditions. Causone et al. [12] conducted theoretical and experimental studies
on cooling ceiling systems to optimize their energy efficiency and performance. Diaz
et al.’s [13] theoretical and experimental studies concluded that the heat transfer coefficients
between radiant ceilings and the room are influenced by various parameters, including
the surface temperature distribution, room heat gains and air movement. Cheng et al. [14]
explored the use of zigzag walls with asymmetric emissivity to enhance passive daytime
radiative cooling (PDRC). By reflecting sunlight and emitting infrared radiation, these
walls achieve sub-ambient cooling, reducing energy consumption. The design yields a
daily average temperature drop of 2.3 ◦C, potentially saving up to 37 GJ of energy and
USD 1.4k annually for typical midrise apartments, particularly benefiting warmer southern
U.S. areas. Cheng et al.’s [15] study explored fin walls with tunable angular emissivity
for year-round thermal regulation. These walls adjust their emissivity according to the
season, improving cooling in summer and retaining heat in winter. The dynamic design can
save up to 24% of annual energy compared to traditional high-emissivity walls, offering a
significant advance in building energy efficiency and sustainability.

Unlike previous studies in the literature, this study determined the optimum water
temperature, water flow rate and heat rate conditions in terms of energy efficiency and
comfort in a space cooled by chilled ceiling panels. This study also included the calculation
of the thermal conductivity of the chilled ceiling panel. A theoretical model of heat transfer
between the cold ceiling panel and the room air was also developed. This study found
a high degree of agreement between the theoretical model and the experimental results,
confirming the validity of the theoretical model.

2. Experimental Methodology
2.1. Experimental Setup

The experimental studies were carried out in a test room, which was designed with a
width of 1920 mm, a length of 1920 mm and a height of 2400 mm. The walls and ceiling
of the test chamber were made of insulating materials consisting of 30 mm mineral wool
between 12 mm gypsum board layers. The thermal conductivity of the mineral wool
was 0.047 W/(mK). The floor was covered with a ceramic material. All surfaces and the
cold ceiling panels were painted white, taking into account the emissivity coefficient for
radiation effects. The layout of the test chamber is shown in Figure 1. A sectional view
of the test chamber is shown in Figure 2. The door of the chamber is identical to the wall
elements and was surrounded by sponge insulation material during the tests to ensure
airtightness.
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Figure 2. A sectional view of the test chamber.

An aluminum solar collector panel, manufactured in accordance with BS EN 12975-
2:2006 [16] standards, was used as the ceiling cooling panel in the experimental setup. The
collector water volume was 3.6 L, the maximum operating pressure was 9 bar, and the
operating temperature range was 30–200 ◦C. The entire surface of the collector was painted
with white oil-based paint. The collector dimensions are shown in Figure 3, and the internal
diameter of the manifold and headers was 24 mm. The collector panel contained 12 finned
tubes with an internal diameter of 13.6 mm. Two solar collector panels were mounted to
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completely cover the ceiling of the test room. The panels were mounted 2100 mm above
the floor and 300 mm below the ceiling of the test room. The arrangement of the collector
panels in the test room is shown in Figure 4.
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Figure 4. The placement of the collector panels.

A copper pipe coil was installed in a tank, as shown in Figure 5, and acted as a heat
exchanger to provide chilled water to the system from the refrigerant gas. The chilled water
produced in this way was circulated in the ceiling cooling panels by a three-speed wet
rotor circulating pump. Figure 5 shows the coil, the tank and the circulation pump. The
pump has a step adjustment that allows the water flow to be set to three different values:
0.54 m3/h, 0.93 m3/h and 1.10 m3/h.
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2.2. The Measurement Apparatus

During the experiments, the analog data measured by the sensors were digitized
and recorded in a data logger system. The test room temperature was measured using
28 thermocouples and a humidity sensor. The ambient temperature of the test room was
measured with one thermocouple and one humidity sensor. The flow rate of the cold ceiling
panels was measured with a total of two flow sensors, one for each panel. The calibration
of all the sensors used in the system was checked, and each was found to have the accuracy
values given below. The SHT3X-DIS sensor is a digital temperature and humidity sensor. It
offers a sensitivity of ±0.3 ◦C for temperature measurements and ±3% RH for humidity
measurements. Since temperature differences were determined and presented, it is thought
that the measurement sensitivity did not affect the results. In addition, the results obtained
were compared with the results of the amount of heat radiated to the space from the heat
source and were found to be in full agreement. YF-B6 sensors were used as flow meters for
water flow to the ceiling cooling panels. The sensors use the Hall effect principle to measure
water flow. The accuracy of the sensors within the water flow range of the experiment
was ±3%. The cold water in the cooling system was circulated by a three-stage wet rotor
circulating pump. The arrangement of the temperature sensors is shown in Figures 6 and 7.
The arrangement of the temperature sensors and the heat simulator in the test room is
shown in Figure 8.
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2.3. Determination of Experimental Parameters

According to the ASHRAE Comfort Zone Chart, room temperature values between
23 and 27 ◦C are defined as the comfort zone in summer operation, as shown in Figure 9.
The experiments were carried out with water temperatures above the indoor dew point
temperature and with different water flow temperatures to avoid condensation on the cold
ceiling panel.

In order to prevent condensation on the cold ceiling panel during the experiments, the
cooling system should be operated with water at a temperature above the dew point. As can
be seen in Figure 9, the condensation temperature value in the operating temperature range
was 13 ◦C and below. Research and manufacturer recommendations say to operate the
system at least 1 ◦C above the dew point temperature [17]. Increasing the water temperature
more than necessary will lead to a decrease in the thermal capacity of the cold ceiling panel.
According to different space temperatures and relative humidity values (at sea level), the
water temperature value was determined to be a minimum of 14 ◦C and a maximum of
18 ◦C.
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The water temperature values for the experiment were selected as follows, and the
flow and return water temperature values measured during the experimental period are
shown in Table 1. The experiments were carried out by setting three different water flow
rates using the control valves and pump speed adjustment in the experimental setup.
The pump flow values according to the measurements made during the experiments are
summarized in Table 2.
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Table 1. Water flow temperatures.

Supply Water—◦C Return Water—◦C Number of
ExperimentsExplanation Min Max Avg Min Max Avg

Water temp. Step 1 17.55 18.04 17.77 17.62 18.76 18.25 12

Water temp. Step 2 16.36 16.97 16.62 16.89 17.87 17.21 12

Water temp. Step 3 15.31 15.87 15.61 15.50 16.77 16.12 17

Water temp. Step 4 13.76 14.63 14.11 13.94 15.44 14.64 15

Table 2. Water flow rates.

Pump Flow—m3/h Number of
ExperimentsExplanation Min Max Avg

Pump Flow Step 1 0.52 0.58 0.54 18

Pump Flow Step 2 0.90 0.94 0.93 18

Pump Flow Step 3 1.07 1.13 1.10 20

Four heat simulators were installed in the test room in accordance with the size and
layout details specified in the international standards. In each simulator, three incandescent
lamps of 3 different heights and with heat outputs of 70 W + 55 W + 70 W were installed.
The amounts of heat applied during the experimental period with the heat simulator are
shown in Table 3. The layout of the heat simulator is shown in Figure 10.

Table 3. Heat simulator capacity.

Explanation Capacity
W Qty. Total Capacity

W

Heat Simulator—Closed 0 4 0

Heat Simulator—Step 1 70 4 280

Heat Simulator—Step 2 55 + 70 4 500

Heat Simulator—Step 3 70 + 55 + 70 4 780

Appl. Sci. 2024, 14, x F� R PEER REVIEW 9 of 16 
 

Table 3. Heat simulator capacity. 

Explanation Capacity  
W 

Qty. Total Capacity 
W 

Heat Simulator—Closed 0 4 0 
Heat Simulator—Step 1 70 4 280 
Heat Simulator—Step 2 55 + 70 4 500 
Heat Simulator—Step 3 70 + 55 + 70 4 780 

 
Figure 10. Experimental room heat simulator layout plan (dimensions in mm). 

3. Calculation Method 
The total amount of heat transfer (𝑞௧), the convective heat transfer amount from the 

panel surface (𝑞), the radiation heat transfer amount (𝑞) and the heat transfer amount 
from the test space to the outside (𝑞௦) are expressed below. By performing calculations 
per unit surface area, we obtained Equation (1). 𝑞௧  =  𝑞 + 𝑞 − 𝑞௦ (1)

The heat energy supplied to the experimental chamber by the circulating water 
through the cold ceiling panel can be expressed using Equations (2) and (3). 

Figure 10. Experimental room heat simulator layout plan (dimensions in mm).



Appl. Sci. 2024, 14, 5908 9 of 15

3. Calculation Method

The total amount of heat transfer (qt), the convective heat transfer amount from the
panel surface (qc), the radiation heat transfer amount (qr) and the heat transfer amount
from the test space to the outside (qls) are expressed below. By performing calculations per
unit surface area, we obtained Equation (1).

qt = qc + qr − qls (1)

The heat energy supplied to the experimental chamber by the circulating water through
the cold ceiling panel can be expressed using Equations (2) and (3).

qt =
mwcp

(
Tw,return − Tw,supply

)
A

− qls (2)

qt = ht
(
Top − Ts

)
(3)

The operative temperature (Top) can be calculated using Equation (4).

Top =
hcTa + hr Tmr

hc + hr
(4)

According to ISO Standard 7730:2005 [18] and ASHRAE Standard 55:2004 [19], when
the air velocity within the space is below the value of 0.2 m/s and the difference between the
radiant temperature and the room temperature is less than 4 ◦C, the operative temperature
(Top) can also be calculated using Equation (5).

Top ≈ Ta + Tmr

2
(5)

The heat energy transferred from the cold ceiling panel to the experimental chamber
through radiation can be expressed using Equations (6) and (7).

qr = εσ
[
(TAUST + 273)4 − (Ts + 273)4

]
(6)

qr= hr(TAUST − Ts) (7)

The radiative heat transfer coefficient is calculated, as shown below, through the
simultaneous solution of both equations.

hr =
εσ
[
(TAUST + 273)4 − (Ts + 273)4

]
(TAUST − Ts)

(8)

Heat transfer resulting from convection according to Newton’s cooling law is calcu-
lated using Equation (9) below.

qc = hc(Ta − Ts) (9)

The convective heat transfer coefficient (hc) is calculated using Equation (10).

hc =
qc

Ta − Ts
(10)

The net heat flux from the cold ceiling panel to the space can be expressed using
Equations (11) and (12).

qt = qc + qr (11)

The total heat transfer coefficient (ht) is calculated using Equation (12).

ht
(
Top − Ts

)
= hr(TAUST − Ts) + hc(Ta − Ts) (12)
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The heat flow from the experimental chamber to the outside can be expressed using
Equation (13).

qls = UAd(Td − Ti) (13)

The total heat transfer coefficient of the external walls and the total heat transfer coeffi-
cient of the floor were calculated according to Tables 4 and 5 and were Uwall = 1.092 W/(m2K)
and Ufloor = 3.626 W/(m2K).

Table 4. Calculations for the total heat transfer coefficient of the wall.

LAYER—WALL
Thickness

Thermal
Conductivity
Calculation

Value

d/kh, 1/h

Thermal
Conductivity
Coefficient

U

d (m) kh (W/mK) (m2K/W) (W/m2K)

1/hi 0.130

Interior Plaster (gypsum mortar) 0.001 0.700 0.001

Gypsum board—800 kg/m3 0.012 0.250 0.048

Thermal Insulation Material 0.030 0.047 0.644

Gypsum board—800 kg/m3 0.012 0.250 0.048

Outer Plaster (gypsum mortar) 0.001 0.250 0.004

1/hd 0.040

0.916 1.092

Table 5. Calculations for the total heat transfer coefficient of the floor.

LAYER—FLOOR
Thickness

Thermal
Conductivity
Calculation

Value

d/kh, 1/h

Thermal
Conductivity
Coefficient

U

d (m) kh (W/mK) (m2K/W) (W/m2K)

1/hi 0.130

Ceramic Tile 0.001 1.650 0.001

Cement mortar screed—2000 kg/m3 0.080 1.400 0.057

Concrete—2400 kg/m3 0.100 2.500 0.040

Outer Plaster (cement mortar) 0.002 0.250 0.008

1/hd 0.040

0.276 3.626

According to the BS EN 14240:2004 standard [20], the analysis of the data for the
cooling capacity of the cold ceiling panel should involve drawing a graph showing the
change in the cooling water flow rate and the cooling water temperature increase under
steady-state conditions, and the cooling capacity is expressed as a function of the temper-
ature difference between the reference room temperature and the average cooling water
temperature.

The specific cooling capacity of the ceiling can be expressed using Equations (14) and (15).

P = cpmw

(
Tw,return − Tw,supply

)
(14)

Pa =
P
A

(15)
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The specific cooling capacity is then plotted as a function of the temperature difference
between the globe temperature (reference room temperature) and the mean cooling water
temperature. A curve of best fit is then drawn through the plotted points. The curve should
follow the form expressed using Equation (16).

Pa = k∆θn (16)

4. Uncertainty Analysis

The experimental results’ accuracy hinges on both measurement devices and errors
stemming from the experimental setup. Various approaches exist for assessing error ratios
associated with parameters derived from experimental data. One such approach is the
uncertainty analysis method pioneered by Kline and McClintock [21]. In our study, we
employed a particularly sensitive version of this method for error analysis. As a result of
the calculations, it was found that the maximum uncertainty of the convection coefficient
was 6%.

5. Results and Discussion

According to the data, which are explained in the section on the Experimental Method-
ology, the experiments were carried out with 48 different variations at four different water
temperatures, three different water flow rates and four different heat sources. To verify
the experiments, experiment 33 was repeated on three different days under the same con-
ditions, and the same results were obtained. For when the water flow temperature was
kept constant at 14.15 ◦C, the water flow rate was varied among 0.54 m3/h, 0.93 m3/h and
1.10 m3/h and the heat supplied to the room was changed to 0 W, 280 W, 500 W and 780 W,
the observed change in room temperature is shown in Figure 11.
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Figure 11 shows the relationship between water flow temperature, water flow rate,
heat rate and room temperature. As can be seen, as the water flow rate increases, the
room temperature decreases rapidly. It has been observed that for the same heat rate and
water flow temperatures, the room temperature decreases to lower temperatures as the
water flow rate increases. In the experimental studies, it was observed that the relative
humidity in the room varied between 35 and 50% Rh, and no condensation occurred during
the experiments.

In Figure 11, it is seen that in all experiments where the chilled ceiling room system
was used, the room temperature decreased over time, showing the same trend. It was
concluded that with high heat rates, the room temperature increases for the first 30 min and
then decreases and enters a stable regime, while with low heat rates, the room temperature
constantly decreases. It is understood from Figure 11 that the effect of the increase in water
flow rate on the decrease in room temperature is more effective at low heat rates.

In this study, the heat transfer rate and convection coefficient values for experiments
providing the desired environmental conditions were calculated, and their comparison
with the values reported in the literature [8] are shown in Table 6.

Table 6. The heat transfer coefficient values.

Explanation hc hr

Literature values–[W/m2K] 3.1–4.1 5.50

Calculated values–[W/m2K] 4.02 5.49

According to the results of the experiments, there is an increase in cooling capacity
when the water flow rate is increased from 0.54 m3/h to 1.10 m3/h; when the heat load in
the room is increased from 0 W to 780 W, there is a decrease in cooling capacity; and when
the water temperature is reduced from 18 ◦C to 14 ◦C, an increase in cooling capacity was
observed. The experimental results indicated that with a heat rate of 280 Watts and the
lowest supply water temperature of 14 ◦C, indoor comfort conditions were achieved with
water flow rates of 0.93 m3/h and 1.10 m3/h, respectively.

When comparing the heat transfer coefficient values, it was found that the radiation
and convection heat transfer coefficients were within the reference range reported in the
literature. In the literature, values of 3.1–4.1 W/(m2K) have been specified for hc. The hc
value obtained in this study is 4.02 W/(m2K) and is compatible with that in the literature.
In the literature, values of 5.5 W/(m2K) have been specified for hr. The hr value obtained
as a result of this study is 5.49 W/(m2K) and is compatible with that in the literature.

Figure 12 shows the temperature change in the test room when the water flow temper-
ature is kept constant at 14.42 ◦C, the water flow rate is kept constant at 0.54 m3/h, and the
heat supplied to the room is changed to Q1 = 0 W, Q2 = 280 W, Q3 = 500 W and Q4 = 780 W.
The dashed horizontal line in Figure 12 represents the comfort limit shown in the ASHRAE
Comfort Zone Graph. It is observed that in the cases of Q0 = 0 W and Q1 = 280 W heat
rates, the room temperature can be kept below 27 ◦C, while in the cases of Q2 = 500 W and
Q3 = 780 W heat rates, the room temperature exceeds 27 ◦C and does not meet the comfort
conditions.
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Non-linear regression equations were performed on the available data, obtaining the
most optimum R2 value in the case of expansional regression, and the data were analyzed
accordingly.

BS EN 14240:2004 standard [20] requires the specific cooling capacity of a chilled
ceiling panel to be plotted as a function of the temperature difference between the reference
room temperature and the average chilled water temperature. According to the data
obtained, the graph of the change in the capacity of the chilled ceiling panel is shown in
Figure 13. A regression analysis was performed on the graphical data, and it was found
that the function of the capacity change obtained was consistent.
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6. Conclusions

This study found that the heat transfer coefficients for both radiation (5.49 W/(m2K))
and convection (4.02 W/(m2K)) were within the literature’s reference ranges, confirming
their compatibility. The accuracy was found to be 90% and above.

In ceiling panel cooling applications, maintaining the water temperature above the
dew point temperature increases the efficiency of the panel system and results in greater
energy efficiency. Cooling with ceiling panel systems can be achieved at very low cost using
a nearby water source, such as a river or lake, rather than cooling the water itself. In the
near future, the use of ceiling cooling systems for energy efficiency will become widespread.
The engineering design calculations for this application will require heat transfer rates
and their variations. In this study, heat transfer rates were formulated with equations to
facilitate the engineering design calculations.

Detailed research into thermally active building structures (using low-temperature
heating and high-temperature cooling with pipes embedded in the concrete structure of
the building) for the specific climatic conditions where the building is located is crucial to
achieving increased efficiency.
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Nomenclature

A Surface area of the heating/cooling panel, m2

AUST Average unheated (uncooled) surface temperature, ◦C
cp Specific heat capacity, J/(kg K)
hc Convective heat transfer coefficient, W/(m2 K)
hr Radiant heat transfer coefficient, W/(m2 K)
ht Total heat transfer coefficient, W/(m2 K)
mw Water mass flow, kg/s
qc Natural convective heat flux, W/m2

qls Heat losses due to transmission, W/m2

qr Radiation heat flux, W/m2

qt Heat flux density, W/m2

Ta Indoor air dry-bulb temperature, ◦C
Td Outdoor (outside the test chamber) air dry-bulb temperature, ◦C
Ti Internal surface temperature, ◦C
Tmr Mean radiant temperature, ◦C
Top Indoor operative temperature, ◦C
Tw Water temperature, ◦C
Ts Radiant ceiling surface temperature, ◦C
∆θ Difference between reference room temperature and mean cooling water temperature, ◦C
Greeks
ϵ Emissivity
σ Stefan–Boltzmann constant
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