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Radiant wall applications have been favored compared to floor and ceiling ones owing to their advan-
tages. In the current work, the heat transfer characteristics of a radiant cooled wall, which are heat fluxes,
and heat transfer coefficients, have been experimentally investigated by altering supplied water temper-
atures and using proper reference temperatures in a fully conditioned real-sized test chamber where the
obstacles such as unrealistic room sizes and insufficient air conditioning processes have been eliminated.
Detailed methodology for the determination of reference temperature, used thermocouples’ locations,
and heat gains were revealed. As a result, investigated radiant cooled wall’s average total, radiative,
and convective heat transfer coefficients were determined as 7.83, 5.14, and 2.57 W/m2K, in turn. 67 %
of the total heat transfer rate in the mean was found to belong to radiation. Furthermore, novel empirical
correlations on the total, radiative, and convective heat transfer coefficients were derived with the mean
squared errors of 99 %, 98 %, and 99 %, respectively. There is no experimental investigation on radiant wall
cooling excluding authors’ previous publications. Finally, a detailed measured and calculated dataset,
obtained from the third investigation on the radiant cooling wall system in open sources, was presented
for the sake of other researchers.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

One of the most important issues to create a sustainable society
is decreasing continuously increasing energy consumption by the
way of properly defined energy usage policies. As the researchers
reported [1–3], the proportion of residential energy usage has
reached around 40 % of the global energy consumption. Thus,
any decrease in energy consumption in the building sector can lead
to a reduction in energy consumption globally. A possible path of
decreasing energy consumption in a residential area is utilizing a
system that benefits from low-temperature sources whose tem-
perature is close to the indoor temperature. The low-temperature
difference between indoor air and the thermal unit provides high
thermal comfort to occupants because of lower air movements as
well as higher proportions of radiation heat transfer (HT) in total,
this also brings about diminishing energy consumption. The term
clarifying such a system is low-temperature heating and high-
temperature cooling application, which operate up to 40 �C in
heating mode and up to 20 �C in cooling mode, respectively [4].
Operation up to the given temperatures induces an opportunity
to employ those systems integrated with renewables, such as
recovery and solar systems for heating mode, and heat pumps for
cooling mode [5].

Radiant heating and cooling systems that use the room surfaces
(wall, floor, and ceiling) to condition indoor air are low-
temperature heating and high-temperature cooling applications.
These systems come up with features embracing above mentioned
advantages of low-temperature heating and low-temperature
cooling. Additionally, radiant systems cause lower exergy destruc-
tion values and thus provide a better comfort condition in build-
ings thanks to diminishing natural convection currents, also
radiative HT becomes the outweighing HT phenomenon via instru-
menting the wide surfaces related to heat emitter or absorbers.
Decreasing peak loads is another feature of those systems that con-
tributes to total energy consumption positively. In open sources
radiant systems come front with the dominant HT mechanism
being radiation with more than 50 % of total HT [6,7], occurring
between the conditioned surface and its environs. Recently, radiant
heating and cooling applications are being desirable because of
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Nomenclature

A Area (m2)
cp Specific heat at constant pressure (J/kgK)
Fes�j Radiation interchange factor
Fs�j Angle factor between radiant surface and j-surface
hc Total heat transfer coefficient (W/m2K)
hr Radiative heat transfer coefficient (W/m2K)
ht Convective heat transfer coefficient (W/m2K)
_mw Water mass-flow rate (kg/m3)
Qc Convective heat transfer rate (W)
Qg Backside heat transfer rate (W)
Qn Total net heat transfer rate (W)
Qr Radiative heat transfer rate (W)
Qt Total net heat transfer rate (W)
_qc Convective heat-flux (W/m2)
_qg Backward heat-flux (W/m2)
_qr Radiant heat-flux (W/m2)
_qt Total heat-flux (W/m2)
_qn Total net heat-flux (W/m2)
Ta Average air temperature (�C)
TAUST Area-weighted average unconditioned surface tempera-

ture (�C)

Tout Rear side temperature of the west wall (�C)
Tins Rear side temperature of the panel (�C)
Tj j-surface temperature (�C)
Top Operative temperature (�C)
Ts Average surface temperature (�C)
Tw Water temperature (�C)
U Total heat transfer coefficient for the wall (W/m2K)
wR Error rate
e Emissivity
r Stefan-Boltzmann constant (W/m2K4)

Abbreviations
CFD Computational Fluid Dynamics
HT Heat Transfer
HTC Heat Transfer Coefficient
HVAC Heating Ventilating Air Conditioning
MRT Mean Radiant Temperature
VOL Volume
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their distinguishing characteristics. The advantages of implement-
ing the radiant systems compared to other air conditioning sys-
tems have been performed considering the thermal comfort and
indoor air quality [8–10], response time [11], draft risk [10,12],
and energy performance parameters [8,10,12–14] in several
studies.

As it is mentioned before, radiant heating and cooling applica-
tions use their surfaces to condition the indoor environment,
including the wall surfaces. To ascertain the advantages or disad-
vantages of utilizing radiant wall heating/cooling systems in com-
parison to other air conditioning applications various experimental
and numerical works have been conducted. Oravec et al. [15] con-
ducted numerical work to compare the different types of radiant
systems including radiant wall heating systems in terms of thermal
performance, energy storage, required radiant surface, and build-
ing cost. One of the outcomes of the investigation was that the
implementation of the radiant wall system, especially in retrofit-
ting structures, did not necessitate a significant modification in
building structures. It was also concluded that the cost of installa-
tion of a radiant wall system was lower than the other examined
radiant systems due to the simplicity of the installation process.
The disadvantage of utilizing a radiant wall system was given as
the possibility of system destruction in the situation of
intervention.

According to a guidebook on low-temperature heating and
high-temperature cooling systems published by REHVA [4], in
the comparison of radiant heating and cooling systems with
respect to their heating and cooling capacities, the cooling capacity
of radiant walls is higher than the radiant floors but lower than the
cooled ceilings, whereas the heating capacity of radiant walls is
extremely greater than the other radiant surfaces. Even though
Vangtook and Chirarattananon [16] stated that implementing radi-
ant wall/ceiling cooling provides thermal comfort in hot climates,
the authors have drawn attention to the thermal capacity of cool-
ing systems that are easily affected by obstacles near the surfaces,
which diminish the HT from the surfaces. Krajcik et al. [17]
reviewed some studies on total heat transfer coefficients (HTCs),
between heated/cooled radiant surfaces and living environment,
pertaining to radiant heating and cooling applications, and
deduced that the total HT coefficient was lesser for a cooled radiant
2

wall than that for a cooled radiant ceiling. A similar deduction was
also derived for radiant wall heating against floor heating systems.
In addition, the authors also indicated that there existed the risk of
having a thermally non-homogenous living environment in the
case of the installation of a radiant wall that has an insufficient
radiant surface.

Besides the studies concerning the comparison of the strengths
and weaknesses of utilizing radiant wall heating and cooling appli-
cations with respect to other air conditioning systems, there exist
numerous numerical and experimental works on wall systems in
the view of the energy performances when coupled with auxiliary
systems, equipment, or construction materials, and thermal com-
fort. With the aspect of thermal comfort, according to studies
[16,18–22], it was revealed that radiant wall heating and cooling
applications could improve the thermal comfort of the indoor envi-
ronment due to low velocities of air particles, having less draft risk,
adjusting circulating fluid temperature, and providing a uniform
indoor air temperature distribution. Moreover, Vangtook and Chi-
rarattananon [23] revealed that radiant wall cooling applications
could be implemented in indoor environments that have a low
amount of heat gain. Besides the thermal comfort studies, works
regarding the energy performance of radiant wall heating and cool-
ing systems also have been conducted. As it is indicated before,
radiant heating and cooling applications may be categorized as
one of the low-temperature heating and high-temperature cooling
applications that bring an opportunity of coupling these systems
with low-quality energy sources, such as heat pumps, roof-type
solar heating applications, waste heat systems, etc. The studies
[24–27] concluded that the energy performance of radiant wall
heating and cooling applications that condition the living environ-
ments had high exergy efficiency performance, especially when
coupled with renewable energy sources [28].

Based on the literature survey on radiant heating and cooling
applications, it is seen that they have been commonly imple-
mented because of their high thermal comfort ability and
energy-saving capability. In addition to the studies on the thermal
comfort and energy consumption performance of radiant wall
heating and cooling systems, several works also have been done
to investigate the HT characteristics of radiant wall systems,
including heat fluxes, HTCs, temperate distributions over surfaces
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and indoor air, etc. Apart from the other indoor air conditioning
systems, radiant systems condition the living environment at quite
high proportions of radiation in total HT, which occurs between
conditioned surfaces and their surroundings. The HTCs of radiant
systems pertaining to radiation and convection are utilized to
determine the HT that takes place by those mechanisms. In addi-
tion to the determination of HT via such systems, HTCs are also uti-
lized in system designing processes. Thus, assigning the accurately
defined HTCs (total, radiative, and convective) in the design stage
of radiant systems has a crucial impact on avoiding high energy
consumption. Furthermore, it should be emphasized that in the
calculation processes of the HTCs, the reference temperatures have
an important role. Generally, operative temperature, air tempera-
ture of the indoor environment, and the area-weighted average
temperature of unconditioned surfaces have been used in the cal-
culation processes of the total, convective, and radiative HTCs.

When analyzing the studies and standards on radiant wall heat-
ing and cooling applications that propose the HTCs or correlations
in the open sources, it can be seen a noticeable discrepancy among
the suggested HTCs. In the case of evaluating total HTCs, EN 15377
[29], EN 1264 [30], and REHVA [4] standards proposed a single
value of total heat transfer coefficient both for radiant wall heating
and cooling systems as 8 W/m2K. On the other hand, in the inves-
tigations conducted by Koca et al. [31,32], Acikgoz, et al. [33], and
Karabay et al. [18], the proposed values of total HTCs are in the
interval of 7.72–11.22 W/m2K valid for only radiant wall heating
systems. Regarding the radiative HTCs belonging to radiant wall
heating applications, it may be pointed out that there exists a
consensus on the values that vary in a quite small range of 4.83–
6.25 W/m2K, and commonly a constant value (5.5 W/m2K) is pro-
posed. Different from the recommendations on radiative and total
HTCs, both correlations and constant values have been proposed in
studies to calculate the convective HTCs. While the equations sug-
gested by ASHRAE [34], Alamdari and Hammond [35], and Church-
ill and Chu [36] have been derived from vertical plate experiments,
the correlations proposed by ASHRAE [37], Awbi and Hatton [38],
Khalifa and Marshall [39], and Açıkgöz [40] have been acquired
by real-sized wall/enclosure experiments as separated approaches.
In the suggested correlations, the common parameter is the tem-
perature difference between examined surface and indoor air for
both of them. In addition, the studies performed in real-sized
rooms on the calculation of convective HTCs pertaining to radiant
heating wall applications proposed constant values that vary in the
interval of 2.40–2.70 W/m2K. It should be noted that the entire
proposed coefficients are obtained by the experiments on radiant
heated walls. When the case is a radiant cooled wall, as Shinoda
et al. [41] also stated, the only experimental study that concerns
the heat transfer characteristics belonging to the radiant wall cool-
ing application was conducted by Acikgoz and Kincay [42]. The
authors proposed the values of 8.1, 4.3, and 2.7 W/m2K for the
total, radiative, and convective HTCs, respectively. Recently, second
work on the calculation of HT characteristics of radiant cooled
walls in a real-sized fully conditioned both inside and outside
spaces has been performed by Koca [43]. In his work, the HTCs of
8.25, 5.52, and 2.41 W/m2K were derived from the quite accurate
experiments belonging to the total, radiation, and convection, cor-
respondingly. Main difference of his study from the current inves-
tigation was the usage of two different radiant panels to examine
their thermal performances. It is concluded that the thermal capac-
ity of the aluminum panel was found to be higher than the conven-
tional one.

In comparison to radiant ceiling and floor systems, the applica-
tion of radiant walls is easier and can lead reduction in energy con-
sumption in specified conditions. For example, energy efficiency is
affected by the thermal insulation enabled by radiant panels posi-
tively. Conventionally, investigations on these subjects have
3

mostly focused on floors or ceilings. The application of radiant wall
usage is considered a promising approach based on the various
works in open sources contrasted to floor and ceiling ones. More-
over, in spite of the common use of radiant heating and cooling
systems in living environments, problems regarding the prediction
of thermal load for the period of the design stage still continue. In
the current investigation, experimental data were taken to exam-
ine and contrast the HT characteristics of the room, heat fluxes,
HTCs, and temperature distribution both over the surfaces and
air, having embedded cold water pipes that acted as a radiant cool-
ing wall application. Encompassing the entire tests, the tempera-
ture of the operating fluid delivered to the hydronic circuit was
altered. When the steady-state regime was reached, with one-
minute time intervals the heat fluxes were evaluated. Moreover,
entire significant factors, the reference temperature determination
height and the method for determination of heat gain, are revealed
comprehensively. The current study should be considered as a con-
tinuation of researchers’ previous publications [42,43] in the liter-
ature. Koca et al. [18,20] studied radiant wall heating in detail and
stated that most of the existing investigations regarding the HT
characteristics of radiant applications concentrated on heating.
Apart from the radiant cooling studies conducted by Acikgoz and
Kincay [42] and Koca [43], there is no experimental investigation
present in the open sources. For that reason, the current investiga-
tion of these researchers is expected to be a pioneer one in the near
future. It should be noted that thermal works conducted in real-
sized rooms are mainly performed for the aim of either investigat-
ing thermal comfort or researching HT characteristics of radiant
systems. In general, practical works related to these issues have
problematic points with room sizes and the air conditioning pro-
cess of rooms’ outer environment, it should be noted that given
obstacles have been eliminated by having real sized and well-
conditioned both room and its outer surrounding. In the light of
the indicated information above, the existing experimental investi-
gation aims to fill the gap on the radiant wall cooling subject.
2. Experimental methodology

2.1. The layout of the experimental chamber

The experimental chamber was built to simulate a radiant cool-
ing application with variable boundary conditions, as indicated in
Table 1. The climatic chamber used in the practical works was built
to accurately replicate the possible living environment and attri-
butes of a full-sized chamber (illustrated in Fig. 1). As illustrated
in Fig. 1 and Fig. 2, the experiment room is composed of parts that
are the facade (vol. 2), the floor (vol. 3), the ceiling (vol. 4), and the
investigated region (vol. 1). According to BS EN 14037-5 [44] and
EN 1264-5 [30] standards, radiant cooling panels were installed
in the examined area having a floor area of 24 m2 and an inner
height of 3 m. The walls are constructed with steel-out layers
and core polyurethane insulation. In some investigations, the tem-
perature difference between surface and indoor air, and condi-
tioned surface sizes are described as important factors for the
calculation of convective HT. In order to attain more accurate
and stable convective HTCs, a real-sized test room has been con-
structed controlling its outer surroundings with an air conditioning
system.

Mechanical air conditioners were utilized to sustain the thermal
environment of the surroundings to offer appropriate boundary
conditions in the experimental area (Fig. 2). To assess the emissiv-
ity of the room surfaces and cooled radiant walls, which were uti-
lized to calculate radiant HT, a calibrated temperature sensor and a
thermal camera were employed. Using thermos-elements, the sur-
face temperature was observed. Then, in the pyrometer setup, the



Table 1
Zone control parameters.

Volume 1 Volume 2 Volume 3 Volume 4

Temperature Span +30�C/0�C +40�C/�10�C +30�C/0�C +40�C �10�C
Temperature Tolerance ± 0.5�C ± 0.5�C ± 0.5�C ± 0.5�C
Humidity Range – %35/%85 RH – –
Humidity Control Steps – %1 – –
Humidity Tolerance – ± % 0.5 RH – –
Air Velocity – 0.5 – 5 m/s – –

Fig. 1. Dimensions and general perspectives of the testing facility.

Fig. 2. 3-D illustration of the experimental room.

A. Koca, Y. Karakoyun, O. Acikgoz et al. Energy & Buildings 277 (2022) 112578

4



A. Koca, Y. Karakoyun, O. Acikgoz et al. Energy & Buildings 277 (2022) 112578
surface emissivity was altered to achieve the identical temperature
of the surface being inspected as that previously obtained employ-
ing thermos-elements [45,46]. The experimental set-up complies
with the fundamental requirements of ASHRAE Standard 138 in
terms of both its physical parameters and thermophysical param-
eters [47].

2.2. Radiant system structure

Radiant cooling panels comprised of four components were
constructed for this study: a plasterboard, an aluminum foil layer,
a cooling pipe, and insulation. The tube coil is located in the plas-
terboard which is 15 mm thick, while the insulating material is
50 mm thick. The aluminum foil, placed between the plasterboard
and the insulation that covers the serpentine groove layer, was
employed to decrease the surface temperature and ensure uniform
surface temperature distribution. The serpentine pipe is composed
of Polyethylene of Raised Temperature Resistance with a 12 mm
diameter and 150 mm pipe spacing. A thermally insulating layer
comprised of Extruded Polystyrene with a thermal conductivity
value of approximately 0.04 W/mK at 20�C was employed (Fig. 3).

The testing area was constructed with 5 radiant wall cooling
panels (1 m � 2.2 m) mounted over the whole western façade
(Fig. 4).

2.3. The hydronic circuit of the radiant cooling wall application

The experimental apparatus consisted of a hydronic system
providing the radiant cooling system with a suitable inlet water
flow rate and temperature. The hydraulic circuit, as shown in
Fig. 5, consists basically of the entering water to the system by
means of the tank (a cooling unit was implemented to generate
the cooled water), a 4-way valve permitting the inlet water tem-
perature to be altered by combining the supply and return tube
line, a 3-way valve that keeps the mass-flow rate of the water at
the right rate, and an ultrasonic flow-meter that tracks the mass
flow rate and gives data. The cooled water is then routed to the col-
lector and, eventually, to the radiant cooling facility to proceed
with the HT process. Following the completion of the circuit in
the panel, the water returns to the 4-way valve along the return
line and, if necessary, is brought together with water from the tank
(to change the necessary temperature of the water). The hydraulic
pipeline was thoroughly isolated from heat gain. More information
about the hydraulic system is available in [48].

2.4. The measurement apparatus

To determine the transferred heat through a conditioned sur-
face, the result acquired merely indicates the HT at the location
Fig. 3. Radiant w
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it is mounted, thus its capability to present the total HT rate should
be examined. Additionally, surface temperature and heat flux mea-
suring devices change the surface circumstances and temperature
of their location, which may lead to inaccurate measurements. Fur-
thermore, their measurement accuracy is also affected by the
establishment of proper contact during their installation to the sur-
face. To cope with the indicated problems, the indoor air tempera-
tures belonging to the experimental chamber were determined
utilizing various thermos-elements in the test room. The measure-
ments from vertically and horizontally oriented by these sensors
resulted in a more stable and wide-scanned temperature area.
Radiation preventers were covered on the thermocouples to avoid
the influence of radiation.

The inner air temperatures (Ta) of the testing area were
obtained by implementing 16 K-type thermos-elements (Ta1–
Ta16) arranged horizontally and vertically in the test room
(Fig. 6). A reliable and precise temperature pattern was realized
from the observations performed in this way. To avoid the effects
of radiation, radiation shields were put on the sensors. Two panels,
one from the north wall and one from the west wall, were chosen
as representative panels for detailed analysis. Table 2 displays the
locations of the air temperature sensors throughout the area of
investigation. The surface temperatures of the radiant surface were
observed by applying six thermo-elements mounted on the sur-
faces of each panel (Ts1–Ts6) (Fig. 6). Those surface temperatures
were averaged out for each test, and that temperature was used
as the average temperature of the cooled surface (Ts).

According to ASHRAE Standard 55 [49], each unconditioned sur-
face contains one surface thermo-element in the middle to com-
pute the area-weighted uncooled/unheated mean surface
temperature (TAUST). Since the uncooled surfaces are composed of
highly conductive material, it was decided to install a single sur-
face thermo-element in the middle of them. In order to further
support this assertion, the temperature distribution of the surfaces
was measured using a thermal camera, and in every test case, a
uniform surface temperature profile was seen over the surfaces.
The temperature sensors were glued to the surfaces after being
suitably coated with a thermal insulation layer. In addition, radia-
tion shields were mounted on top of the thermos-elements to pro-
tect them from unanticipated radiation impacts. The air
temperatures in every part were monitored and managed to keep
track of and regulate the external climatic conditions, as well.
The temperatures of the backside of the west-wall (Tout) of vol. 2
as well as the temperature of the back side of the sample panels
(Tins) were measured to calculate the heat transferred to the exam-
ined wall.

The operating temperature (Top) was evaluated using a thermal
comfort measurement apparatus (Fig. 7) positioned in the middle
of the experimental zone.
all panels.



Fig. 4. The system configuration for cooled radiant walls.
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For the relevant temperature range, which was between 10 �C
and 20 �C, all thermos-elements were accurately calibrated. The
calibration findings showed a proper straight tendency
(R2 < 0.990), within the ±0.1 �C precision interval (Fig. 8).

The mass-flow rate of the supplying water was measured
employing an ultrasonic flowmeter with an error deviation of
±1 %. The water temperatures in the hydronic line were measured
by utilizing the inlet and outlet of the cooling panels (Tw1 and Tw2).
To regulate and monitor the temperatures in the hydronic line,
additional water temperature sensors were mounted at the buffer
tank (Tw4), in between the pump and the four-way valve (Tw3), and
at the inflow (Tw5) and outflow (Tw6) of the cooling unit (Fig. 5).

The CDMS (control and data monitoring system) for the sur-
rounding volumes is completely distinct and autonomous from
the CDMS for the volume-1 under examination. Evaluating a PLC
device, CDMS accomplishes, among other items, the cooling unit,
air handling device, pumps, and motorized valves in surrounding
areas. The NI Labview� program was used to keep track of data
gathered from the sensors in the testing zones. Further information
related to the hydronic line exists in [45,46].

2.5. The experimental methodology

The primary goal of the current study was to investigate the
HTCs of the radiant cooling application. Trustworthy tests were
based on observations made in the real-scale testing facility
described above. In each experiment, the relevant variables,
including the water flow rate, were fixed to a particular value. Dur-
ing steady-state circumstances, measurements were performed
according to EN 14240 [50]. Surface temperatures and water enter-
ing and exit temperatures in cooling panels were taken into con-
sideration as indicators of the steady-state regime. In order to
adjust the temperature of the inner surfaces of vol. 1, the surround-
ing volumes were held at predetermined boundary conditions until
the requested temperatures (0.5 �C) were attained. To obtain the
proper heat flow by means of the cooling application within the
steady-state boundary regimes, the hydraulic process was initiated
before collecting experimental data. Depending on the experimen-
6

tal situations and boundary conditions, steady-state criteria were
fulfilled in 4–5 h, during which flow rates, supply water tempera-
ture, surface temperatures of uncooled surfaces and cooled panels,
as well as indoor and enclosing volume air temperatures were rel-
atively stable. Afterward, each run was undertaken. In order to
maintain the radiant surfaces at the appropriate temperature prior
to conducting the HT calculations, chilled water was provided to
the cooling panels whereas the uncooled surface temperatures
and interior air temperature changed relying on the cooling output
of the wall panels.

The total cooling load of the radiant cooled panels was deter-
mined by monitoring the mass flow rate ( _mw), as well as the inlet
water temperature (Tw1) and outlet temperatures (Tw2). In the final
HTC computation, Top, which was acquired practically by the ther-
mal comfort apparatus—was used. The operative temperature, as
ASHRAE 55 [49] proposed, is the weighted mean of the dry bulb
air temperature and the average radiant temperature. The average
of 16 air temperatures (Ta1–Ta16) distributed throughout the test-
ing area was used to calculate convection HT. The temperature dis-
crepancies between the exterior surface of the radiant walls (in
which the examined wall panels (Tout) are mounted) and the back-
side of the representative wall panels (Tins), along with the insula-
tion thickness, the surface areas of each panel (A), and the U values
of the wall structure, were used to compute the heat gain towards
the cooling panels for each measurement time-step. This calcula-
tion was conducted for each test case to derive the net cooling
power of the radiant system.

In addition, inside and outside zones’ air temperatures, the tem-
perature of all surfaces, the inlet and outlet water temperatures,
and the mass-flow rates were observed, sustained, and gathered
for every measurement interval (1 min). Experiments were run
for about 12 h to verify that all essential variables attained
steady-state and target levels, as well as to allow for adequate data
storage. When the system reached a steady-state regime, the HTCs
and heat-fluxes were calculated. The outcomes were derived from
the mean values obtained during 30-minute periods where steady
regimes were sustained. Measuring started when the temperatures
of the cooling surface and indoor air steadied within a 0.1 K/min



Fig. 5. Radiant cooling system configuration with hydraulic circuit.
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interval. Convective HTCs (hc), radiant HTCs (hr), and total HTCs
(ht), were computed via data gathered and represented in the
results and discussions part.
3. Calculation procedure

By and large, determined and suggested HTCs in the open
sources pertaining to radiant systems require extensive insight
into measurement techniques along with calculation methodology
performed for all cases. Considering the relevant literature rigor-
ously, one can notice differences in the dimensions of the exam-
ined room, the investigated surface of the chamber, the way of
determination of transferred heat, where the reference tempera-
ture point is selected, and whether ventilation is present or not,
exist. According to Shinoda et al. [41], HTCs proposed by a great
number of researchers display discrepancies despite the surround-
ing environment being the same, also in case the given HTCs in
widely resorted databases and standards are set against data of
those investigations. One possible reason for differences in total
HTCs can be accounted for by the differences in convective streams
and their strength in different investigations. It can be concluded
7

that choosing a suitable HTC for an application should be subject
to an in-depth examination. Impactful ingredients that are the
position of the measurement points, as well as HT rates’ determi-
nation procedure, are deficient in a great number of studies and
therefore it is seen that sufficient clarification on outlining the sur-
rounding environment does not exist. All points indicated in previ-
ous lines were taken into consideration in the current work.
3.1. Conservation of energy

The following equation describes the overall rate of HT to the
cooled radiant panels (QtÞ because of convection between air and
panel surface (Qc), net thermal radiation from the unconditioned
surroundings (Qr), and heat transmitted by conduction through
the rear of the cooled wall (Qg):

Qt ¼ Qr þ Qc þ Qg ð1Þ
The total net HT by the radiant cooled wall was determined via

heat-flux ( _qnÞ through the radiant cooled wall and was found by
excluding the heat-gain ( _qg) out of total heat-flux ( _qtÞ:



Fig. 6. Arrangement of temperature sensors.
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_qn ¼ _mwCpDTw

A
� _qg ð2Þ

where, _qt was determined using the temperature difference
between the water inlet (Tw1) and outlet temperature (Tw2) of the
hydronic circuit by multiplying the water mass-flow rate ( _mwÞ
and the specific heat (cp), and dividing by surface area A (m2) of
the cooled panel. Furthermore, _qg (W/m2) is the heat-gain by con-
duction through the rear surfaces of radiant cooled panels and is
calculated as:

_qg ¼ �kins
dT
dx

�
ins

ð3Þ

In Eq. (3), Tins ðKÞ can be defined as the rear surface temperature
of the radiant cooled panels located at starting point of the insula-
tion, Tout ðKÞ is the temperature at the outer surface of the wall (in
Vol. 2), and Uins ðW=m2KÞ is the total HTC of the entire conduction
layers circuit of the wall.

The net heat-flux of the radiant wall cooling application
extracted from the experimental chamber, consisting of convective
and radiative heat fluxes, is defined as follows:

_qn ¼ _qr þ _qc ð4Þ
Moreover, the net total heat-flux, comprising convective and

radiative heat fluxes, is presented:

ht Top � Ts
� � ¼ hr Taust � Tsð Þ þ hc Ta � Tsð Þ ð5Þ
In this equation, Ta (K) denotes the mean air temperature, TAUST

(K) symbolizes the area-weighted Average-Uncooled/Unheated
Table 2
Placement of air termo-elements.

Sensor X_axial Y_axial Z_axial

Ta1 250 250 10
Ta2 250 250 110
Ta3 250 250 170
Ta4 250 250 250
Ta5 150 400 10
Ta6 150 400 110
Ta7 150 400 170
Ta8 150 400 250

8

Surface-Temperature, hc (W/m2K) is the convective, and hr (W/
m2K) is the radiative HTC.

3.2. Determination of heat transfer coefficients

The radiative HTC is found employing the TAUST and using the
calculated angle factors between the radiant surfaces [51]. It
should be noted that, for every unconditioned surface, a uniform
temperature dispersal was obtained:

TAUST ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1
ðFs�j T

4
j Þ4

r
ð6Þ

Fes�j
¼ 1

1� esð Þ=es½ � þ 1=Fs�j
� �þ As=Aj

� �
1� ej
� �

=ej
� � ð7Þ

Fs�j ¼ 1
Ai

Z
Ai

Z
Aj

cos hi cos hj
pR2 dAidAj ð8Þ

To determine the radiant heat-flux ( _qr) between the radiant
cooled wall and its surrounding surfaces, Eq. (9) was utilized,
whereas the Eq. (10) was implemented to obtain the radiative HTC:

_qr¼r
Xn

j¼1
Fes�j

T4
s � T4

j

� 	
ð9Þ

hr ¼
_qr

TAUST � Ts
¼
r
Pn

j¼1Fes�j
T4
s � T4

j

� 	
TAUST � Ts

ð10Þ

Ts symbolizes the mean temperature of six temperature mea-
surement points (Ts1 � Ts6Þ spotted on the cooled radiant walls.

The angle factors in Eq. (7) were obtained by computationally
evaluating the indicated equations in Matlab�. Fig. 9 demonstrates
the numbered surfaces in vol. 1, and the outcomes of these compu-
tations are given in Table 3.

Throughout the calculations, 0.80 was the emissivity of the
radiant cooled wall, and 0.90 was the value for unconditioned sur-
rounding surfaces. Those values were computed by experimental
measurements by merging surface temperature measurement
and thermographic imagery. 3-D Matlab� code was utilized to cal-
culate the radiative HT between all surfaces of the chamber.

Eq. (11) was employed to determine the total HTC (ht), in which
the net total heat-flux ( _qn) can be identified as the summation of
convective ( _qc) and radiative ( _qr) heat fluxes.

ht ¼
_qn

Ts � Top
ð11Þ

Utilizing the mean air temperatures (Ta1 -Ta16), the convective
HTC between the room air and the cooled wall surface are calcu-
lated in the following equations.

_qc ¼ _qn� _qr ð12Þ

hc ¼
_qc

Ta � Ts
ð13Þ
Sensor X_axial Y_axial Z_axial

Ta9 200 500 10
Ta10 200 500 110
Ta11 200 500 170
Ta12 200 500 250
Ta13 100 100 10
Ta14 100 100 110
Ta15 100 100 170
Ta16 100 100 250



Fig. 7. Operative temperature measurement device.

Fig. 8. Calibration equipment.

Fig. 9. Surfaces numerated taking place in vol. 1.
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3.3. Uncertainty examinations

Various inaccuracies that may occur during the course of the
experiment can affect the precision of the study. To diminish the
uncertainty of the experimental findings, before choosing the
9

interval of measurement equipment, an error examination should
be conducted. Measuring the most remarkable parameter with
more accuracy will provide the uncertainty of results to be lower.
The uncertainty analysis method, which Holman first presented
[52], is one of the error analysis techniques that is most frequently
employed for experimental research. Equation (14) may be imple-
mented to get the margins of error wr for each individual parame-
ter used in investigations. Errors might take place in two ways
throughout the data evaluation process. There are errors that can-
not be avoided because of the design of the experimental facility
and the measuring equipment, and there exist errors that cannot
be avoided because of the carelessness of the experimenter [52].

wR ¼ � @R
@x1

w1


 �2

þ @R
@x2

w2


 �2

þ : : : :
@R
@xn

wn


 �2
" #1=2

ð14Þ

In which R denotes the obtained value by means of experimen-
tal methods and x is the independent variant that affects R.

The total HT rate uncertainty was formulated as having:

_qt ¼
_mwCp Tw2 � Tw1ð Þ

A
ð15Þ

_mw ¼ q _0w ð16Þ

w _mw ¼ � @ _mw

@ _0w
w _0w


 �2
" #1=2

ð17Þ

w _qt ¼ � @ _qt

@ _mw
w _mw


 �2

þ @ _qt

@Tw1
wTw1


 �2

þ @ _qt

@Tw2
wTw2


 �2
" #1=2

ð18Þ

The following formula can be used to calculate the uncertainty
within the net rate of HT through the cooling panel:

_qn ¼ _qt � _qg ð19Þ

_qg ¼ Uw Tout � Tinsð Þ ð20Þ

w _qg ¼ � @ _qg

@Tout
wTout


 �2

þ @ _qg

@Tins
wTins


 �2
" #1=2

ð21Þ

w _qn ¼ � @ _qn

@ _qt
w _qt


 �2

þ @ _qn

@ _qg
w _qg

 !2
2
4

3
5

1=2

ð22Þ



Table 3
Determined angle factors.

Surfaces 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 0.340 0.200 0.130 0.0130 0.120 0.0130 0.0470 0.0090 0.0120 0.0390 0.0180 0.0080 0.0080 0.0220 0.0220
2 0.340 0.200 0.130 0.0130 0.130 0.0130 0.0160 0.0290 0.0330 0.0140 0.0170 0.0090 0.0090 0.0240 0.0240
3 0.270 0.270 0.130 0.0140 0.130 0.0140 0.0280 0.0160 0.0200 0.0210 0.0150 0.0050 0.0240 0.0360 0.0140
4 0.260 0.260 0.200 0.0510 0.110 0.0030 0.0210 0.0120 0.0130 0.0160 0.0120 0.0070 0.0070 0.0160 0.0160
5 0.200 0.200 0.160 0.410 1.30e-7 7.20e-12 4.80e-9 1.90e-8 0.0040 0.0050 0.0040 0.0000 0.0030 0.0060 0.0030
6 0.260 0.280 0.220 0.120 1.80e-8 1.20e-7 3.10e-8 8.50e-9 0.0170 0.0180 0.0180 0.0100 0.0050 0.0160 0.0370
7 0.200 0.200 0.160 0.030 7.20e-12 9e-7 4.80e-9 1.90e-8 0.0370 0.0600 0.0120 0.2000 0.0010 0.0050 0.0900
8 0.450 0.150 0.200 0.100 2.90e-9 1.40e-7 2.90e-9 1.80e-14 0.0080 0.0320 0.0150 0.0050 0.0050 0.0130 0.0230
9 0.140 0.470 0.200 0.100 1.90e-8 6.20e-8 1.90e-8 3e-14 0.0260 0.0080 0.0130 0.0060 0.0050 0.0140 0.0250
10 0.160 0.430 0.160 0.090 0.0030 0.100 0.0300 0.0100 0.0210 4.40e-11 1.90e-8 3.520e-8 3.52e-8 9.73e-8 9.73e-8
11 0.420 0.150 0.170 0.080 0.0030 0.090 0.0410 0.0360 0.0050 3.70e-11 1.20e-8 3.10e-8 3.11e-8 1.90e-7 1.90e-7
12 0.280 0.260 0.180 0.090 0.0040 0.130 0.0110 0.0240 0.0120 2.20e-8 1.70e-8 1.50e-9 1.51e-9 1.39e-7 1.39e-7
13 0.190 0.210 0.080 0.080 0.0010 0.110 0.3030 0.0130 0.0090 6.60e-8 7e-8 2.30e-9 3.53e-12 2.29e-9 3.01e-8
14 0.190 0.210 0.440 0.080 0.0040 0.060 0.0020 0.0120 0.0070 6.60e-8 7e-8 2.30e-9 3.50e-12 1.67e-8 2.29E-9
15 0.240 0.270 0.290 0.090 0.0040 0.080 0.0040 0.0150 0.0090 8.20e-8 1.90e-7 9.70e-8 1.03e-9 7.52e-9 3.57e-9
16 0.240 0.270 0.110 0.090 0.0020 0.190 0.0610 0.0260 0.0170 8.30e-8 1.90e-7 9.70e-8 1.35e-8 1.03e-9 3.57e-9
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The radiation HTC and radiative HT rate uncertainty were
described as follows:

_qr ¼ r
Xn
j¼1

Fes�j
T4
s � T4

j

� 	
ð23Þ

w
q
_

r
¼ � @q

_

r

@Ts
wTs

0
@

1
A

2

þ @q
_

r

@Ts1
wTs1

0
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1
A

2

þ � � � þ @q
_

r

@T16
wTs16

0
@

1
A

2
2
64

3
75

1=2

ð24Þ

hr ¼
_qr

ðTaust � TsÞ ð25Þ

Taust ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

j¼1
Fs�jT

4
j

4

r
ð26Þ

wTaust ¼� @Taust

@Ts1
wTs1


 �2

þ @Taust

@Ts2
wTs2


 �2

þ���þ @Taust

@Ts6
wTs16


 �2
" #1=2

ð27Þ

whr ¼ � @hr

@ _qr
w _qr


 �2

þ @hr

@Taust
wTaust


 �2

þ @hr

@Ts
wTs


 �2
" #1=2

ð28Þ

The uncertainty in the convection HTC and convection HT rate
was defined in the following equations:

_qc ¼ _qn � _qr ð29Þ

w _qc ¼ � @ _qc

@ _qn
w _qn


 �2

þ @ _qc

@ _qr
w _qr


 �2
" #1=2

ð30Þ

hc ¼
_qc

ðTa � TsÞ ð31Þ

whc ¼ � @hc

@ _qc
w _qc


 �2

þ @hc

@Ta
wTa


 �2

þ @hr

@Ts
wTs


 �2
" #1=2

ð32Þ

The uncertainty of total HTC and total HT rate were expresse-
d as given:

_qn ¼ ht Top � Ts
� � ð33Þ
10
ht ¼
_qn

ðTop � TsÞ ð34Þ

wht ¼ � @ht

@ _qn
w _qn


 �2

þ @ht

@Top
wTop


 �2

þ @ht

@Ts
wTs


 �2
" #1=2

ð35Þ

Ts in the previous equations is the average of the values of the
six surface temperature sensors (Ts1 � Ts3) positioned over the
cooled panel:

Ts ¼ Ts1 þ Ts2 þ Ts3

3
ð36Þ

wTs ¼ � @Ts

@Ts1
wTs1


 �2

þ @Ts

@Ts2
wTs2


 �2

þ @Ts

@Ts3
wTs3


 �2
" #1=2

ð37Þ

Likewise, Ta is the mean of the values of the 16 air thermocou-
ples (Ta1 � Ta16) situated in the tested room:

Ta ¼ ðTa1 þ Ta2 þ Ta3 þ � � � þ Ta16Þ
16

ð38Þ

wTa ¼ � @Ta

@Ta1
wTa1


 �2

þ @Ta

@Ta2
wTa2


 �2

þ � � � þ @Ta

@Ta16
wTa16


 �2
" #1=2

ð39Þ
Table 4 gives the results of uncertainty and expected errors for

each experiment’s measuring the convective, radiation, total HTCs,
and heat fluxes.

The findings of the uncertainty analysis indicate that radiative
HTC and heat-fluxes are of less uncertainty than those of other
parameters because radiative HT is subtracted analytically using
the Matlab� software. Since the measurement equipment had a
relatively low sensitivity, the computed uncertainty values were
modest. The uncertainties in the convection HTC and HT rate, how-
ever, were greater than those in the other variables because the
subtraction of radiative HT from the total HT was used to deter-
mine the convection HT rate.

4. Results and discussion

Radiant wall heating and cooling applications come up with
advantages such as being utilized in association with renewables,
enabling a more favorable living environment thanks to lesser air
movements, being retrofitted to existing structures, and practically



Table 4
The uncertainty results of experimental findings.

Parameter 1 2 3

Value ± w w % Value ± w w % Value ± w w %

_qn 72.49 2.6543 3.66 67.12 2.1626 3.22 59.77 1.6680 2.79
_qr 50.74 0.0338 0.07 46.31 0.0340 0.07 41.24 0.0342 0.08
_qc 21.75 1.8824 8.65 20.81 1.7134 8.23 18.53 1.5018 8.10
ht 8.78 0.3431 3.91 8.58 0.3229 3.76 8.56 0.3255 3.80
hr 6.06 0.0594 0.98 5.83 0.0601 1.03 5.76 0.0658 1.14
hc 2.62 0.2280 8.70 2.64 0.2195 8.31 2.64 0.2159 8.18

Parameter 4 5 6

Value ± w w % Value ± w w % Value ± w w %

_qn 54.95 1.3621 2.48 50.24 1.2243 2.44 46.14 1.0734 2.33
_qr 37.36 0.0343 0.09 33.66 0.0343 0.10 30.91 0.0347 0.11
_qc 17.58 1.3637 7.76 16.58 1.2439 7.50 15.23 1.1408 7.49
ht 8.48 0.3287 3.88 8.23 0.3340 4.06 7.88 0.3266 4.14
hr 5.64 0.0699 1.24 5.45 0.0725 1.33 5.22 0.0721 1.38
hc 2.69 0.2116 7.87 2.69 0.2055 7.64 2.58 0.1968 7.63

Parameter 7 8 9

Value ± w w % Value ± w w Value ± w w %

_qn 38.31 0.8813 2.30 34.35 0.7499 2.18 28.97 0.6093 2.10
_qr 24.90 0.0253 0.10 22.33 0.0255 0.11 18.54 0.0255 0.14
_qc 13.41 0.9428 7.03 12.02 0.8437 7.02 10.43 0.7104 6.81
ht 7.16 0.3202 4.47 6.94 0.3294 4.75 7.07 0.3381 4.78
hr 4.57 0.0680 1.49 4.42 0.0708 1.60 4.37 0.0837 1.91
hc 2.47 0.1781 7.21 2.41 0.1738 7.21 2.49 0.1766 7.09

Parameter 10

Value ± w w %

_qn 23.69 0.4711 1.99
_qr 14.92 0.0257 0.17
_qc 8.76 0.5842 6.67
ht 6.62 0.3206 4.83
hr 4.05 0.0895 2.21
hc 2.42 0.1707 7.06
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installation. Although those advantages result in indicated systems
coming forward, a great number of factors affect the accurate
determination of heating or cooling capacity. It should be noted
that total, radiative, and convective HTCs at mostly confronted
temperature differences are of major significance with regard to
the precise determination of the capacity of those systems. The
measured water inlet, radiant surface, and ambient temperatures
as studied parameters were 10.05–20.10 �C, 17.63–23.12 �C, and
25.94–26.74 �C, respectively. The calculated values of studied
parameters and their ranges can be clearly seen in Table 5. In this
context, to precisely calculate the total HTC associated with those
systems, with an accurate approach, convective and radiative HTCs
which are an indispensable portion of thorough thermal perfor-
mance analysis, must be revealed. Inaccurate determination of
the thermal load of a living environment may arise from wrongly
computed and applied HTCs in building energy simulations, lead-
ing to an excessive amount of energy consumption alongside the
feeling of thermal discomfort.

Cooled surfaces of a living chamber are utilized to extract sen-
sible heat firstly via thermal radiation dominantly and secondly
by convection. The latter, whose subtype is natural convection, is
caused by the temperature difference between the air temperature
at the undisturbed regions of the flow inside the room and the sur-
face temperature of the cooled radiant wall. A thoroughly imple-
mented literature survey reveals that the sophisticated nature of
convection HT requires further experimental findings to be
obtained to understand the HT characteristics of an enclosure
equipped with cooled radiant surfaces, whereas, mathematical
models are quite adequate to calculate the conductive and radia-
tive HT phenomena.
11
Those cooling systems are able to address thermal comfort
requirements under summer conditions by comparatively higher
indoor air temperatures due to the fact that an overwhelming por-
tion of cooling loads can be met by extracting sensible heat by
means of radiative HT with peers and bodies instead of air. When
persons, bodies, and walls in living environments absorb thermal
radiation their temperature increases. So long as temperatures of
those given before are higher than the cooled radiant surfaces, heat
will be transferred from them to the cooled surfaces. Convection
acts as a way of HT since air particles touching the cooled surfaces
will get cooled. In case the environment is of a humid behavior, the
latent loads should be removed using a discrete auxiliary system,
on the other hand, hot and dry climates having a large ratio of cool-
ing via disposing of sensible heat are so convenient for utilization
of radiant cooling systems.

Obtained data, such as indoor air temperatures, surface temper-
atures, and calculated outputs, that are heat fluxes, HTCs, operative
temperature, and average area-weighted temperature of uncondi-
tioned surfaces, are presented in Table 5 as a result of 10 individual
conducted experiments. As demonstrated in Table 5, the experi-
mental measurements and results corresponding to HT character-
istics of a cooled vertical wall in a living environment that were
mentioned in previous lines, are presented. Those case studies con-
sisting of 10 individual tests obtained under different thermal
boundary conditions are elaborated in this table. Throughout the
tests, supply water temperatures and surface temperatures of the
cooled vertical wall, which may be defined as thermal boundary
conditions of the HT problem, lie within the ranges of 10.05–
20.10 �C and 17.63–23.12 �C, correspondingly. One should be
aware of the fact that, in the cooling process, what matters is that



Table 5
Experimentally obtained and calculated values.

Experimental Cases 1 2 3 4 5 6 7 8 9 10

Tw (�C) 10.05 10.82 11.98 13.05 14.12 14.98 16.46 17.41 19.04 20.10
Ts (�C) 17.63 18.13 19.02 19.66 20.18 20.46 21.08 21.53 22.47 23.12
Ta (�C) 25.94 26 26.05 26.19 26.33 26.36 26.50 26.52 26.66 26.74
Top (�C) 25.89 25.95 26.00 26.14 26.28 26.32 26.43 26.48 26.56 26.70
TAUST (�C) 26.0 26.08 26.19 26.28 26.35 26.39 26.53 26.59 26.71 26.80
Qt (W) 917 834 730 662 603 552 457 408 342 279
Qg (W) 120 96 72 57 51 44 36 30 24 18
Qn (W) 797 738 657 604 553 508 421 378 319 261
Qr (W) 558 509 454 411 370 340 274 246 204 164
Qc (W) 239 229 204 193 182 167 147 132 115 96
_qt (W/m2) 83.36 75.85 66.34 60.17 54.86 50.15 41.57 37.10 31.11 25.34
_qg (W/m2) 10.87 8.73 6.57 5.22 4.62 4.01 3.26 2.75 2.14 1.66
_qn (W/m2) 72.49 67.12 59.77 54.95 50.24 46.14 38.31 34.35 28.97 23.69
_qr (W/m2) 50.74 46.31 41.24 37.36 33.66 30.91 24.90 22.33 18.54 14.92
_qc (W/m2) 21.75 20.81 18.53 17.58 16.58 15.23 13.41 12.02 10.43 8.76
Top � Ts (�C) 8.26 7.82 6.98 6.48 6.11 5.85 5.35 4.95 4.09 3.58
TAUST � Ts (�C) 8.37 7.95 7.17 6.62 6.17 5.93 5.45 5.05 4.24 3.68
Ta � Ts (�C) 8.31 7.87 7.03 6.53 6.16 5.90 5.42 4.99 4.19 3.62
ht (W/m2K) 8.78 8.58 8.56 8.48 8.23 7.88 7.16 6.94 7.07 6.62
hr (W/m2K) 6.06 5.83 5.76 5.64 5.45 5.22 4.57 4.42 4.37 4.05
hc (W/m2K) 2.62 2.64 2.64 2.69 2.69 2.58 2.47 2.41 2.49 2.42
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the radiant cooling application runs with an average temperature
higher than the dew point temperature. In general, relying on the
necessities and outdoor weather (the outside temperature and rel-
ative humidity of air), the radiant cooled surface temperature must
be a minimum of 16 �C. To prevent condensation on cooled sur-
faces it should be provided the temperature of the cooled surface
does not fall drop under 16 �C. Also, the average air temperature
in the chamber varies in the interval of 25.94–26.74 �C. Apart from
most of the relevant literature, in the current radiant cooling
investigation heat gains from the back surface of the experimental
chamber by conduction were paid attention to, whose heat
fluxes spanned from 1.66 to 10.87 W/m2. Net heat flux extracted
from the surrounding surfaces of the room and room air was
acquired by subtracting the heat fluxes gained through the back
surface of the examined panel from the total heat flux, whose
range encompasses between 23.69 and 72.49 W/m2. Radiative
and convective heat fluxes that compose net heat fluxes change
within the ranges of 14.92–50.74 W/m2 and 8.76–21.75 W/m2,
respectively.

HTCs over an examined surface that are a measure of different
types of HT mechanisms which also reflect the magnitude of HT
rate per square meter per temperature difference between surface
temperature and the reference temperature valid for
corresponding HT mechanism, were presented in this table. It
was revealed that total, radiative, and convective HTCs over a radi-
ant vertical cooled wall included in a living chamber appeared in
the intervals of 6.62–8.78, 4.05–6.06, and 2.41–2.62 W/m2K,
respectively.

Fig. 10 illustrates the alteration of total heat fluxes according to
the temperature difference between operative temperature and
cooled wall surface temperature, and as expectedly, it is seen that
total heat flux increases with growing temperature differences.
Findings through the experiments were depicted in the figure
and an inclination line was drawn to disclose the total heat flux
behavior of such a system. Also, it should be emphasized that as
the supply water temperature decreased as could be observed from
Table 5, the total heat flux increased because the corresponding
temperature difference was (Top � Ts), ascended. To validate, total
heat flux results were compared with the results from the total
heat flux equation given in the standard EN1264 [30] and
EN15377 [29]. It was noticed that the outcomes of the present
12
investigation deviated from the equation given by those standards
by ± 15 % which is a quite tolerable band. By the temperature dif-
ference of 6 �C, this equation is over-predicted, and from 6 �C for-
ward the equation underestimated the results. This may possibly
be attributed to temperature differences under which the equation
from the standard was derived to be roughly around 6 �C. Addition-
ally, an equation, which is valid for a quite extensive temperature
difference range, for total heat flux to a cooled radiant wall taking
place in a living chamber of dimensions very close to a real-sized
chamber whose surroundings were entirely conditioned to actual
environmental conditions, were proposed in Eq. (40). The mean
square error of proposed equation was found to be 0.99, that is a
highly trustable value. In building energy simulation programs
and by researchers in this field, the proposed equation with its
wide temperature difference interval can be utilized and con-
tribute to reaching better thermal comfort and diminishing energy
consumption.

qt ¼ 8:2ðTop � TsÞ ð40Þ
Fig. 11 indicates the variation of the radiation heat fluxes with

respect to corresponding temperature differences (TAUST � TS),
showing that increase in this value results in a rise in radiative heat
fluxes, as expectedly. Furthermore, a trendline taking entire results
into consideration was drawn as can be seen in the figure, and a
correlation associated with this trendline having a mean square
error of 0.98, was suggested in Eq. (41). As discussed in the
interpretation of total heat flux results in Fig. 10, by the
temperature difference of 6 �C the correlation overpredicted the
radiative heat fluxes while as of 6 �C the correlation underesti-
mated those values.

qr ¼ 5:4ðTAUST � TsÞ ð41Þ
Fig. 12 represents the alteration of convection heat fluxes

according to temperature differences (Ta-Ts) and a comparison
with the ASHRAE [37]. It is observed that with increasing temper-
ature differences convection heat fluxes ascend almost linearly
because of stronger natural convection currents led by density dif-
ferences between the air in contact with the cooled surface and the
room air. Additionally, different from the tendencies of total and
radiative heat fluxes with respect to corresponding temperature
differences, no significant overestimation and underestimation



Fig. 10. Variation of total heat fluxes with respect to corresponding temperature differences and comparison with the standards EN15377 [29] and EN1264 [30].

Fig. 11. Variation of radiation heat fluxes with respect to corresponding temperature differences.
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are discerned up to 6 �C and beginning from 6 �C, respectively. The
correlation provided by ASHRAE [37] was implemented to contrast
the results of the current work with regard to convective heat
flux findings. It is quite noticeable that the outcomes of the
correlation of ASHRAE [37] slightly underestimate the outcomes
of the current investigation. These differences can be clarified by
the temperature difference range, under which ASHRAE’s [37] tests
were conducted, the examined panel types, and whether heat gains
from the back surface of the examined panel were considered or
13
not. A convective heat flux correlation for a radiant cooled wall
was developed and given in Eq. (42), having a mean squared error
value of 0.99.

qc ¼ 2:6ðTa � TsÞ ð42Þ
Fig. 13 illustrates the ratios of the components of the total HT

rate. Regarding the presentation, 67 % and 33 % of the total HT
averagely belonged to the radiative and convective HT in the case
of radiant cooling wall application, respectively. Moreover, the rate



Fig. 12. Variation of convection heat fluxes with respect to corresponding temperature differences and comparison with the ASHRAE [37].

Fig. 13. The proportion of radiative heat transfer to total heat transfer through a radiant cooled wall.
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of radiative HT was calculated in the interval of 63 and 70 %. It
should be noted that the data used in this figure also exist in
Table 5. The ratios on this figure decrease gradually with increasing
supply water temperature, in other words, radiant wall surface
temperature, as expected. The tendency existing in this figure is
due to the reduction in temperature difference, ðTaust � TÞ, in Eq.
(5) through the experiments from 1 to 10 related to the calculation
of radiative HT component.

Fig. 14 illustrates the alteration of total, radiative, and con-
vective HTCs by test number. As the vertical cooled radiant sur-
face temperature increased as a result of increasing supply
water temperatures, HTCs decreased, as well. One can notice
from the figure that, the average total, radiative, and convective
HTCs lie within the intervals of 6.62–8.78, 4.05–6.06, and
2.41–2.62 W/m2K, respectively. As stated in Fig. 13, radiative
HT was dominant on the total one, for that reason, total HTCs
decreased with decreasing radiative one. Finally, according to
14
the literature review, all calculated HTCs in this figure, which
were 7.83, 5.14, and 2.57 W/m2K averagely, were realized to
be consistent with those in the literature and standards. In this
context, EN 15377 [29], EN 1264 [30], and REHVA [4] standards
proposed a total HTC of 8 W/m2K for radiant wall heating and
cooling applications. In addition, Acikgoz and Kincay [42] and
Koca [43] offered the total HTCs of 8.1 and 8.25 W/m2K
according to their experimental radiant cooled wall analyses,
respectively. Regarding the radiative HTC values of radiant
heated/cooled walls, EN 15377 [29] and EN 1264 [30] suggested
the value of 5.5 W/m2K, Acikgoz and Kincay [42] and Koca [43]
proposed the coefficients of 4.3 and 5.52 W/m2K, in turn. Con-
cerning the convective HTC of radiant cooled walls, Acikgoz and
Kincay [42] and Koca [43] offered values of 2.7 and
2.41 W/m2K, correspondingly. It should be noted that there is
no revealed convective HTC by standards pertaining to radiant
cooled walls.



Fig. 14. Variation of total, radiative, and convective HTCs with respect to corresponding test number.
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5. Conclusion

Although radiant heating and cooling applications are fre-
quently employed in residential and commercial structures, there
exist gaps, that directly affect energy consumption, such as a better
accuracy in the determination of HT rates in the planning period to
be achieved. Unlike the vast majority of the existing investigations
concerned with using the floor and ceiling as a heat sink or gain
source for radiant applications, the walls have benefitted to condi-
tion the indoor environment in the present study. Besides, the
room size is a significant criterion in terms of reliability and consis-
tency of proposed correlations and coefficients, for that reason, the
test chamber has actual dimensions different from most of the
other studies. In addition, the current work is the third experimen-
tal one as the radiant wall cooling application to determine the HT
characteristics in a real-sized living environment. It should be
noted that the prior two works on the same subject belong to
the same research group. Furthermore, whole essential elements,
such as reference temperature determination and HT calculation
method, are given in detail for the sake of readers. Outcomes
derived from this practical study can be summed up with the fol-
lowing points:

a. Referring HT characteristics pertaining to a radiant cooled
wall taking place within a real-sized room, experimental
measurements and results have been contributed to the rel-
evant literature.

b. Heat transmitted from the rear surface of the examined
cooled surface encompassing the heat flux range of 1.66–
10.87 W/m2 has been taken into account differently from
most of the relevant investigations.

c. The Net heat flux range absorbed from the surrounding sur-
face and the room air lies between 23.69–72.49 W/m2.
Moreover, radiative and convective heat fluxes that make
up the net total heat flux are found to be lying in the inter-
vals of 14.92–50.74 W/m2 and 8.76–21.75 W/m2,
respectively.

d. The intervals, 6.62–8.78, 4.05–6.06, and 2.41–2.62 W/m2K,
corresponding to total, radiative, and convective HTCs asso-
ciated with a cooled wall in a real-sized living environment,
have been acquired, respectively.
15
e. The heat flux equation provided by well-known interna-
tional standards has been utilized to verify the outcomes
of the current work and noticed that the results differenti-
ated by ±15 %.

f. A total heat flux correlation spanning an extensive tempera-
ture difference range ðTop � TsÞ has been suggested whose
mean square error is 0.99.

g. The alteration of the radiative heat fluxes according to the
temperature differences (TAUST � TS), demonstrates that an
increase in this value leads to an augmentation in radiative
heat fluxes, and an equation revealing this behavior having
a mean square error of 0.98, has been proposed.

h. An equation for the determination of convective heat flux for
a radiant cooled wall has been produced whose mean
squared error value is 0.99.

i. 67 % and 33 % of the total HT in average have been found to
be corresponding to radiative and convective HT when the
case is a radiant wall cooling application.

j. For the utilization of engineers and researchers in the field of
building energy simulation, total, radiative, and convective
HTCs of 7.83, 5.14, and 2.57 W/m2K, have been proposed
for a radiant wall cooling application in a living chamber,
respectively.
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[15] J. Oravec, O. Šikula, M. Krajčík, M. Arıcı, M. Mohapl, A comparative study on the
applicability of six radiant floor, wall, and ceiling heating systems based on
thermal performance analysis, J. Build. Eng. 36 (2021), https://doi.org/10.1016/
j.jobe.2020.102133.

[16] P. Vangtook, S. Chirarattananon, An experimental investigation of application
of radiant cooling in hot humid climate, Energy Build. 38 (2006) 273–285,
https://doi.org/10.1016/j.enbuild.2005.06.022.
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