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Abstract. An experimental study of a commercially manufactured ceiling type hydronic radiant heating
system has been performed in a test room, under controlled temperature conditions. One of the goals was to
investigate how the radiant heater, under various operating conditions, affects the temperature distribution inside
an occupied room. Another goal was to study the thermal performance of the radiant heating panel for different
ﬂuid inlet temperatures, ﬂuid mass ﬂow rates and test room temperatures. In addition, the temperature distribution on top of a surface placed below the heater, representing an actual application, was investigated. From the
relevant literature, it was concluded that insufﬁcient knowledge exists about these characteristics. The working
ﬂuid was water, and ﬂuid inlet temperatures between 45 C and 85 C and mass ﬂow rates of 97 kg/h and
174 kg/h were analyzed. The results showed that an almost linear increase in heat output arises, with the increase
in the inlet water temperature. For lower inlet temperatures the heat output is moderately higher for a mass ﬂow
rate of m_ = 97 kg/h. The fraction of radiation heat transfer to the total heat transfer increases with decreasing
water inlet temperature. It was also observed that, a relatively uniform temperature distribution could be
obtained on the plate below the radiant panel. Furthermore, lower vertical temperature differences can be
obtained inside the test room, for low water inlet temperature conditions. The obtained results of this study,
could give information to manufacturers and building engineers, on the appropriate use and regulation of
hydronic radiant systems.
Keywords.
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1. Introduction
Buildings are responsible for approximately one-third of
global energy use, and have a high contribution to greenhouse gas emissions [1]. On the other hand, it is important
to create a comfortable and healthy indoor environment in
residential as well as large commercial buildings. Hence,
due to the demand of decreasing the energy use in heating
systems and less environmental pollution, the use of
hydronic radiant systems, especially in commercial buildings, is becoming more popular day by day. Radiant heating
systems can provide 50% or more of the total heat output,
just by radiation. It was observed, that it is possible to
obtain a high-energy efﬁciency using these types of radiant
heating systems, due to the reduced distribution losses, and
possibility of using low temperature water as the working
ﬂuid in various heating applications [2–4].
Radiant heating and cooling systems have been applied
in residential as well as in non-residential buildings, such as
*For correspondence

ofﬁces, schools, airport terminals, railway stations,
hospitals, manufacturing facilities [5, 6]. Hence, the interest
has been growing nowadays for the heat transfer performance, and comfort conditions provided by the use of
radiant panels.
Some experimental as well as CFD simulation studies
have been performed, and can be found in the relevant
literature. Tian and Love [1] investigated radiant slab
cooling in a multi-ﬂoor building, through simulation and
measured building energy use. Li et al [2] have built an
experimental pilot project in a building where a radiant
heating/cooling ceiling panel system was used, where they
evaluated the performance of these systems. An experimental and numerical study was performed by Seyam et al
[3] to investigate the performance of a radiant panel heating
system, with regard to temperature and ﬂow patterns inside
the room. Koca and Çetin [7] and Koca et al [8] evaluated
heat transfer coefﬁcients and heat transfer characteristics of
radiant heating systems. Wang et al [9] added holes to an
existing radiant heating system, and experimentally evaluated the heat transfer of these systems. They set-up a
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radiant ﬂoor heating system, and its enhanced-convection
type alternative in a climate chamber, and compared the
results obtained from these systems. Yuan et al [10]
developed new simpliﬁed correlations for the total heat
transfer coefﬁcient, and total heat ﬂux density of radiant
ceiling panels, which were proposed, based on experimental investigations. In another study performed by Yuan
et al [11] information about some characteristics of radiant
systems were presented, and the relationship between heat
ﬂux and surface temperature was analyzed. Roulet et al
[12] used large panels to control the indoor temperature in
several types of buildings. They showed that a small temperature difference between the panel and the indoor
environment is sufﬁcient to deliver and absorb the heat
required.
A transient analysis has been performed experimentally
and numerically by Fonseca [13], to evaluate the behavior
of a hydronic ceiling system, and the interactions with its
environment. In another study, Fonseca [14] presented the
experimental procedure of a cooling ceiling system in a
hospital room.
Energy consumption as well as comfort conditions are
important parameters of radiant heating/cooling panels.
Tye-Gingras and Gosselin [15] performed a hybrid
numerical optimization study of ceiling and wall radiant
panel systems in a residential building. The comfort and
energy consumption of the system have been investigated.
In an experimental and numerical study, Catalina et al [16]
analyzed the indoor thermal comfort for a radiant ceiling
cooling system, installed in a test room. Gemici [17]
examined experimentally different radiant panel locations
in a real size test chamber, and showed some thermal
comfort aspects inside a room. Ali and Morsy [18] experimentally evaluated the ability of radiant panel heaters in
producing thermal comfort, as well as energy consumption.
They compared their results with conventional
portable natural convective heaters.
Theoretical studies have also been performed for radiant
heating systems inside various domains. Kuznetsov et al
[19] investigated numerically the combined heat transfer by
conduction, natural convection, and thermal radiation in an
air-ﬁlled cavity with a radiant heater. Okamoto et al [20]
developed a calculation method for estimating heat ﬂuxes
from ceiling radiant panels.
Leo Samuel et al [21] investigated the use of thermally
activated building systems in a room using computational
ﬂuid dynamics (CFD) for different design parameters. The
simulation results were used in obtaining thermal comfort
indices.
The above discussion shows that there are some studies
in the literature, which have focused on the subject of the
heat transfer performance, and effect on thermal comfort of
radiant heating/cooling systems. However, to the best
knowledge of the authors, the use of a commercially
manufactured ceiling type hydronic radiant heater inside a
room, and the investigation of heat output and resulting
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temperature distribution inside the room under different
operating conditions, has not been found in the literature. In
all of the above presented investigations from the literature,
the heating system consists of only a plane surface which is
heated by various applications (e.g., electrical resistance
heater), but do not resemble real commercial products (like
piping system, insulation, radiant surface, etc.). In the
present study, it was aimed to show the effects of a commercially manufactured hydronic radiant heater, on the
temperature distribution inside an ofﬁce room. In addition,
another goal was to investigate the heating effects, of the
applied ceiling type hydronic system, on a surface directly
under the heater, representing a typical application. Furthermore, the performance of the system under various
operating conditions was also analyzed. The ﬁndings of the
present study could show, how the temperature distribution
inside a room as well as a surface beneath the heater is
being affected, by the use of a real heating application.
Hence, the observations could guide in the effective use of
commercially manufactured hydronic radiant heaters, under
various working conditions.

2. Experimental study
2.1 Test room description
The experimental setup used in this study was installed
inside a climatized and temperature controlled test room,
with dimensions of 5 m 9 4 m 9 3 m. The schematic and
real photos of the test room, hydronic radiant heater and
measurement devices are shown in ﬁgure 1. As can be seen
from ﬁgure 1(a) only the radiant panel has been placed
inside the test room. All other heat-generating devices have
been placed outside the test room. The radiant panel was
placed in the center of the room, at a distance of 2.50 m
from the bottom, according to EN 14037-2 [22]. The
commercially manufactured hydronic radiant panel heater
has a length of 2.0 m, a width of 1.5 m and a height of
0.05 m. The cross section of the heater has been presented
in ﬁgure 1(b). The cross section in ﬁgure 1(b) shows that
the water pipes are ﬂush-mounted onto the heating surface.
Heated water circulates inside the pipes and transfers its
energy to the heating surface. The aim of the present study
is to investigate the heat output of this system, and the
effects on temperature distribution inside the room, as well
as a plane surface underneath the radiator. Hence, an
industrially used hydronic radiant heating system has been
used. In these applications, the backside (side facing the
ceiling) is insulated, in order to prevent heat loss through
the backside of the radiant heater.
The circulation water temperature immediately before
and after the radiant panel inlet/outlet sections, were measured with immersion type thermocouples as shown in
ﬁgure 1. For the determination of the air temperature inside
the room, 16 temperature measurement poles have been
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Figure 1. Experimental set-up.

placed inside the test room. At all measurement poles four
thermocouples were placed at heights of 0.10 m, 0.60 m,
1.10 m and 1.70 m. Hence, a total of 64 thermocouples
have been used to track the temperature inside the test
room. In addition, below the radiant heater, a surface with
dimensions of 1.00 m 9 0.60 m was placed at a height of
0.50 m from the ﬂoor. The height of 0.5 m signiﬁes the
knee height of a person, which is standing directly below
the radiant heater. The aim was to show the heating effect
below the heater, using a total of 16 thermocouples on this
plane surface. In order to observe the effect by radiation

heating, and prevent the effects of surface temperature on
the measurement, an insulation material was used for this
surface. A detailed description of the temperature measurement locations has been given in the next section.

2.2 Measurement devices and measurement
locations
The heat input device was a constant temperature bath
(LABO H541-D23) with a 3 kW immersion heater. Due to
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a large water content in the bath, it was possible to keep the
temperature steady throughout the experiments. The water
ﬂow rate was measured using a Coriolis mass ﬂow meter
(Kobold TME S80), with a measurement range of
0-600 kg/h, and an accuracy of ±0.4%. The mass ﬂow
meter was mounted at the return line of the radiant heater
system. The circulation water was ﬁltered using two different ﬁlters at the return line. Hot water was circulated
using a pump, and the ﬂow rate was controlled with a
bypass-line and a needle valve (ﬁgure 1(b)).
The measurement of water inlet (Ti) and outlet (To)
temperatures from the radiant heater have been performed
by using immersion type thermocouples of type T, with a
measurement range of - 200 C–260 C, and an accuracy
of ±0.4%.
As can be seen from ﬁgure 2(a) thermocouples of type T
(measurement range of - 200 C–260 C, accuracy of
±0.4%) were placed on the radiant heater, in order to
measure the surface temperatures during the experiments.
A total of 16 thermocouples were placed on the radiation
surface of the hydronic heater. The thermocouples between
TRH1–TRH5 were placed on locations where the heating
pipes are in contact with the radiation surface. The
remaining thermocouples were placed on locations between
the pipes.
Right below the radiant heater an insulation material
surface has been placed, and 16 thermocouples (type T,
measurement range of - 200 C–260 C, accuracy of
±0.4%) were mounted on this surface, in order to observe
the heating effect of the radiant heater (ﬁgure 2(a)). These
thermocouples have been named as TP1–TP16.
Figure 2(b) shows all 64 thermocouple locations inside
the room. Thermocouples of type T (measurement range of
- 73 C–482 C and accuracy of ±1.5%) were used, and
were placed at heights of 0.10 m, 0.60 m, 1.10 m and
1.70 m. The locations and thermocouple numbers used to
track the room temperature have been summarized in
table 1.
Agilent 34970A model data logger, which was attached
to a PC, was used to track and collect the temperature
values. The temperatures of the radiant heater inlet and
outlet were recorded as Ti (C) and To (C). All pipes
connecting the constant temperature bath to the hydronic
heater were well insulated. Hence, the only heat source in
the test room was the radiant heater. The room was held at
constant temperature using an air-handling unit, which
delivers conditioned air to the room via four vents, as
shown in in ﬁgure 2(b). The measured data was automatically recorded using BenchLink Datalogger 3 software at
30-second intervals.

2.3 Experimental procedure
The test room is located inside a large space where
stable temperature conditions exist. Experiments were
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performed for water inlet temperatures of 45 C, 55 C, 65
C, 75 C and 85 C. The effect of mass ﬂow rate and room
temperature on the heat output of the hydronic heater and
temperature distributions on the above-explained surfaces,
as well as inside the test room, were investigated. Tests
were performed for room temperatures of 18 C, 20 C and
22 C, which were adjusted using the air-conditioning
system.
The inlet-outlet temperature values were used to calculate the heat output from the radiant heater. All experiments
were performed under steady state test room and working
ﬂuid conditions. Therefore, the main consideration in the
measurements was that all the temperatures reach steady
state conditions. The steady state condition was checked by
controlling the variation of all measured temperatures.
These temperatures are the inlet/outlet temperatures of the
radiant heater as well as the temperatures inside the room.
After all these temperatures became constant, steady state
conditions have been accepted as achieved. The time to
reach steady state conditions was approximately 4 hours for
an inlet temperature of 85 C and mass ﬂow rate of 174 kg/
h. The time was shorter for the other operating conditions.
However, in order to eliminate any possible unsteady
effects, 4 hours were used in all experiments. After the
establishment of steady state conditions, the actual data
collection was continued for another hour. The measured
data was automatically recorded using BenchLink Datalogger 3 software at 30-second intervals. The heat output
from the radiant heater was determined using enthalpies
related to the measured temperatures at the inlet and outlet
sections.

3. Data reduction
3.1 Determination of total heat output
The total heat output of the radiant panel (Qt) was calculated as shown in Eq. (1), where the difference of enthalpies
between the inlet and outlet sections were used.
Qt ¼ m_ ðhi  ho Þ

ð1Þ

where, m_ shows the mass ﬂow rate (kg/s) of water, hi and ho
are the enthalpies (J/kg) of water at the inlet and outlet
ports, respectively. The enthalpies were obtained using
thermodynamic tables at the respective temperature values
[23].
According to EN 14037-2 [22] the water ﬂow rate
shall be regulated so that a Reynolds number value of Re
= 4500±500 is achieved in the tubes of the ceiling
mounted radiant panel at a water temperature of 50 C.
In addition, it is instructed that the mass ﬂow rate shall
be constant at each measuring temperature [22]. However, in order to show the effects of different operating
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Figure 2. Temperature measurement locations. (a) measurement locations on panel and plate, (b) measurement locations inside the test
room.

conditions on the heat output and temperature distribution
inside the room and on the radiant panel surface,
experiments were performed for two different Reynolds
number values of Re = 2500 and Re = 4500. The mass
ﬂow rate was determined according to these Re numbers
using the equation below.

m_ ¼

l:p:D:Re
4

ð2Þ

where, m_ (kg/s) is the mass ﬂow rate of water, l (Pa.s) is
the dynamic viscosity of water at 50 C and D (m) is the
inlet pipe diameter (25 mm) of the radiant panel. According
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Table 1. Temperature measurement locations inside the test
room.

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

H = 0.1 m

H = 0.6 m

H = 1.1 m

H = 1.7 m

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

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

"
WR ¼

oR
W1
ox1


2 
2 
2
oR
oR
þ
W2 þ
W3
ox2
ox3
#
 1=2

oR
þ þ
Wn
oxn

2

ð4Þ

where R is the result of a given function of the independent
variables x1, x2, x3,…., xn, wR is the uncertainty of the
variable R, and Wi(W1, W2,….., Wn) is the uncertainty of
the independent variable. The uncertainty and possible
errors in the determination of the total and radiative heat
output and Re number were examined. The uncertainties of
the dimensions of the radiant panel and thermo-physical
properties of water were neglected in the calculations. It
was observed that the highest uncertainty for the total heat
output and radiative heat output have a value of approximately 4.15% and 2.20%, respectively.

4. Results and discussions
to these Re number values, the mass ﬂow rates were
obtained as 97 kg/h and 174 kg/h.
The radiative part of the heat output (Qr – W) was
calculated according to EN 14037-3 [24] using
Eq. (3).


4
 Ta4 :ARH
ð3Þ
Qr ¼ r:eRH : TRH;m
where, r is the Stefan-Boltzmann constant (5.67910-8
W/m2.K4), eRH emissivity of the radiant heater and ARH
is the area of the radiant heater surface facing the room.
The emissivity was obtained from the manufacturer, and
has a value of 0.93. The fourth power of the arithmetic
mean surface temperature of the radiant heater (TRH,m),
and air temperature (Ta) obtained from the measurements were used, in the calculation of the radiative part
of the total heat output. Although, EN 14037-3 [24]
suggests to use wall temperatures in the calculation of
the radiative part of the heat output, the air temperature
has been used in the calculations in the present study.
This was due to the long measurement periods used in
the experiments. Hence, it was assumed that the wall
temperatures are equal to the air temperature inside the
room.

3.2 Uncertainty analysis
The accuracy of the experimental results was determined
by performing an uncertainty analysis. The uncertainty in
the experimental data was calculated according to the
procedure proposed by Kline and McClintock [25], and
Holman [26]. The uncertainty of variables were calculated
using the root-sum-square formulation:

The experimentally obtained ﬁndings of this investigation
have been presented in this part of the study, together with
relevant discussions. In the present study, it was aimed to
investigate the effects of various working conditions on the
heat output of a ceiling type commercially manufactured
hydronic radiant heater, and temperature distributions
inside an ofﬁce room, as well as, temperature distributions
on a plane surface beneath the radiator.
The total heat output of the hydronic ceiling radiant
panel has been obtained for different mass ﬂow rates and
water inlet temperature conditions. The effect of these
parameters on the room temperature distributions as well as
on the temperature distributions below the heater have also
been examined. The application of a commercially manufactured radiant heater has been shown; hence, the results
were presented in total heat output, instead of heat transfer
per unit area.
The change in heat output with respect to inlet temperature for different mass ﬂow rates and room temperatures
has been shown on ﬁgure 3. The results shown in ﬁgure 3(a) were obtained for a constant room temperature of
20 C. Whereas, results presented in ﬁgure 3(b) are for a
constant mass ﬂow rate of m_ = 174 kg/h. Experiments were
performed for water inlet temperatures in the range of 45
C – 85 C. Error bands have been shown on the ﬁgures, in
order to show the effects of measurement uncertainty.
With respect to ﬁgure 3(a), an almost linear increase in
the heat output for both mass ﬂow rates has been obtained.
It was observed that, for lower inlet temperatures the heat
output is moderately higher for a mass ﬂow rate of m_ =
97 kg/h. However, with the increase of inlet temperature
the heat output becomes higher for m_ = 174 kg/h. Nevertheless, the results show that for all investigated temperatures, except Ti = 45 C, the variation is less than the
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Figure 3. Heat output of hydronic radiant heater for different
working conditions with changes in the inlet temperature (a) effect
mass ﬂow rate (Ta = 20 C), (b) effect of room temperature (m_ =
174 kg/h).

measurement uncertainty. For an inlet temperature of 45
C, an increase of almost 11% could be obtained. Although,
there is a decrease of almost 44% in the mass ﬂow rate, the
decrease in temperature between the inlet and outlet sections, is only 9% for a mass ﬂow rate of m_ = 97 kg/h.
Whereas the decrease is only 4% for a mass ﬂow rate of m_
= 174 kg/h. Due to this difference in the temperature drop
between the inlet and outlet sections, a higher heat output
can be obtained for low inlet temperatures and low mass
ﬂow rates. However, with the increase in inlet temperature
the heat output is unaffected from the mass ﬂow rate.
Risberg et al [27] reported that for panel radiators the
heat output is almost unaffected for a mass ﬂow rate above
a certain value. Similar results were obtained in the present
study, for the ceiling radiant heater.
The effect of the room temperature on the heat output has
been examined for temperature values of 18 C, 20 C and
22 C, and the results have been presented in ﬁgure 3(b).

The room temperatures were obtained by calculating the
arithmetic mean of the measurement results obtained by the
thermocouples placed inside the room. Heat output results
for different inlet temperature values are shown on ﬁgure 3(b). The results are in agreement with the ﬁndings of
ﬁgure 3(a), and one can see that the heat output increases
linearly with the increase in water inlet temperature. It was
observed that with the decrease in room air temperature, the
heat output of the radiant heater increases, which is due to
the increase in the temperature difference. However, as can
be seen from the error bars, the increase is within the
experimental uncertainty. Hence, it can be concluded that
the effect of room temperature on the heat output of the
radiant heater can be neglected.
According to Eq. (1), the two main parameters affecting
the total heat output of the radiator are the mass ﬂow rate
and difference of enthalpies between inlet and outlet sections. The difference of enthalpies is related to the temperature difference between the inlet and outlet sections.
However, for a constant water inlet temperature the outlet
temperature changes with the change in mass ﬂow rate. For
lower mass ﬂow rates, the circulation water resides for a
longer time inside the heater, and consequently a lower
outlet temperature is achieved due to increased heat transfer. Hence, for lower mass ﬂow rates the difference
between the enthalpies increases in such a way that the
change in mass ﬂow rate has an insigniﬁcant effect on the
total heat output.
In order to show the effect of temperature difference
between the radiant heater inlet and outlet (DT), calculations were performed for different mass ﬂow rates and inlet
temperatures. The obtained results have been shown on
ﬁgure 4. It was observed that, for m_ = 97 kg/h and Ti = 45
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Figure 4. Change of temperature difference between inlet and
outlet with mass ﬂow rate for different inlet temperatures (Ta =
20 C).
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C the temperature difference is approximately 4 C,
whereas for the same inlet temperature and m_ = 174 kg/h,
the temperature difference drops to 2 C. Although, there is
an increase of almost 44% in mass ﬂow rate, the change in
the temperature difference is lower for an inlet temperature
of 45 C. Hence, the ﬁndings of ﬁgure 3(a) are in agreement with the ﬁndings of ﬁgure 4. As the inlet temperature
increases, the magnitude of the slope of the temperature
difference increases. A temperature difference of almost
13.2 C is obtained for a mass ﬂow rate of 97 kg/h and inlet
temperature of 85 C. A decrease of almost 43% occurs
with the increase of mass rate to 174 kg/h, for the same
inlet temperature. This is almost equal to the percentage
increase of the mass ﬂow rate. Hence, with the consideration of experimental uncertainty, it can be concluded that
for TiC55 C the effect of mass ﬂow rate on heat output
could be neglected. These ﬁndings are in agreement with
ﬁgure 3, and explain the ineffectiveness of mass ﬂow rate
on heat output. In addition, due to the increase in the dwell
time of the water inside the radiant heater with decreasing
mass ﬂow rate, an increase in the temperature difference
occurs between the inlet/outlet ports. The increase in temperature difference and decrease in mass ﬂow rate are
compensating each other, and therefore the effect of mass
ﬂow rate on the total heat output can be neglected for
TiC55 C.
The main part of heat output of ceiling radiant heaters is
obtained by radiation, and as mentioned before 50% or
more of the heat output occurs by radiation [3]. Therefore,
the radiative part of the total heat output has been calculated in the present study, and the fraction of radiative part
to the total heat output has been obtained and presented in
ﬁgure 5. Error bars have been added to the ﬁgures to show
the measurement uncertainties. The effect of water mass
ﬂow rate (ﬁgure 5(a)) and room air temperature (ﬁgure 5(b)) on the fraction of Qr/Qt is presented for different
water inlet temperatures.
As can be seen from ﬁgure 5, the fraction of radiation
heat transfer to the total heat transfer decreases with
increasing water inlet temperature. This is the case for both,
different room temperatures as well as mass ﬂow rates. The
decrease in the radiative fraction of heat transfer with the
increase in inlet temperature is due to the increasing effects
of natural convection from the outer surfaces of the
hydronic system facing the room surfaces. Due to the natural convection currents arising on these surfaces, the
fraction of radiation decreases, whereas natural convection
heat transfer increases. This is due to an increase in the
temperature difference between the surfaces of the hydronic
system and the room temperature. However, there is an
exception for a mass ﬂow rate of 97 kg/h, where the fraction of radiation heat transfer is almost constant, and around
approximately 70% of the total heat output occurs by
radiation. Considering the error bars, representing the
measurement uncertainties, it can be seen that the results
are almost within the measurement uncertainty range.

Sådhanå (2020)45:193

80
75
70
65
60
40

45

50

55

60

65

70

75

80

85

90

Ti (°C)

(a)
95

Ta = 18°C

90

Ta = 20°C
Ta = 22°C

85
Qr/Qt (%)

193

80
75
70
65
40

45

50

55

60

65

70

75

80

85

90

Ti (°C)

(b)

Figure 5. Fraction of heat transfer by radiation to the total heat
output of the radiant panel (a) effect of mass ﬂow rate (Ta = 20
C), (b) effect of room temperature (m_ = 174 kg/h) with change in
the inlet temperature.

Hence, it can be concluded that for a mass ﬂow rate of
97 kg/h the fraction of radiation heat transfer is almost
unaffected, by the change in the inlet temperature. Furthermore, from the ﬁndings by Dikmen [28], it was
observed that with the decrease in the mass ﬂow rate, the
temperature distribution on the radiant panel becomes nonuniform. This is due to the lower velocity inside the pipes,
which causes lower heat transfer coefﬁcient values. Hence,
the heat transfer from the pipes to the heating surface of the
radiant heater decreases, causing a non-uniform temperature distribution.
In the study by Dikmen [28], CFD simulations have been
performed for similar types of hydronic radiant heaters. In
this study, it was reported that the velocity distribution
around the radiant heater increases with the decrease in Re
number, which has an increasing effect on convection.
Therefore, the fraction of radiation heat transfer for lower
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mass ﬂow rates is lower, and for all inlet temperatures, an
almost constant fraction of radiation heat transfer has been
obtained.
For a water inlet temperature of 45 C, the fraction of
radiation heat transfer to the total heat transfer, is almost
88% for all room temperatures (ﬁgure 5(b)). In addition,
the fraction of Qr/Qt is almost not affected by the room
temperature. As can be seen from the ﬁgure, the differences
are within the measurement uncertainties, which shows that
the effect of room temperature on the fraction could be
neglected.
On the other hand, the fraction of Qr/Qt is more affected
by the water mass ﬂow rate. In ﬁgure 3, it was observed
that the total heat output is very close for the investigated
range of mass ﬂow rates. However, as can be seen from
ﬁgure 5(a) the radiative part of heat transfer increases with
the increase in mass ﬂow rate. Especially, for a water inlet
temperature of 45 C, the fraction increases from 72% to
88%, with the increase in mass ﬂow rate from 97 kg/h to
174 kg/h. The main expectancy of ceiling radiant heaters is
to heat with radiation, particularly the occupants below the
heater. Therefore, these ﬁndings show how the radiative
part could be increased.
It was also observed that, for a mass ﬂow rate of 174 kg/
h, with the increase in inlet temperature, the radiative part
of heat output decreases continually. For m_ = 97 kg/h and
inlet temperature of 45 C, the radiative part of the total
heat output is approximately 72%, whereas for an inlet
temperature of 85 C this fraction was obtained as 68.4%,
for the same mass ﬂow rate. However, according to the
measurement uncertainties shown on ﬁgure 5(a), it can be
concluded that the results are within the measurement
uncertainty, and the radiative fraction of heat transfer is
almost unaffected, with the increase in inlet temperature at
lower mass ﬂow rates.
The surface temperature of the radiant heater is one of
the main parameters affecting the radiative part of the total
heat output. Hence, the radiant surface temperatures have
been examined for different room temperatures and mass
ﬂow rates, and are shown on ﬁgure 6. The arithmetic mean
temperatures presented have been calculated using the
measurement results obtained on the radiant heater surface.
In ﬁgure 6(a), the effect of room temperature on the
ceiling radiant heater arithmetic mean surface temperature
(TRH,m) has been presented. As can be seen, the surface
temperature is almost not affected by the room temperature,
and for all room temperatures, the arithmetic mean temperature increases linearly with the water inlet temperature.
It was seen in ﬁgure 5(b), that the radiative part of the total
heat output is also almost unaffected with the change in the
room temperature. This can be interpreted with the ﬁndings
of ﬁgure 6, where the surface temperature of the radiant
heater does not change with the room temperature.
On the other hand, with the increase in the mass ﬂow
rate, the arithmetic mean surface temperature on the radiant
heater increases (ﬁgure 6(b)). For both investigated mass
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Figure 6. Effect of different operating conditions on radiant
heater arithmetic mean surface temperature with changes in the
inlet temperature (a) effect of room temperature (m_ = 174 kg/h),
(b) effect of mass ﬂow rate (Ta = 20 C).

ﬂow rates, the increase in the arithmetic mean radiant
surface temperature occurs linearly with the increase in
inlet water temperature. It was observed that, with the
increase in the inlet temperature a slightly higher increase
rate is obtained for a mass ﬂow rate of 174 kg/h. Hence, for
an inlet temperature of 45 C, the difference is approximately 3%. However, this difference increases to approximately 4.50%, with the increase in the inlet temperature to
85 C. With the increase in the water mass ﬂow rate, the
forced convection coefﬁcient inside the pipes increases,
which increases the heat transfer. Hence, the temperature
values of the radiation surface increases, which in turn, at
the same time, increases the arithmetic mean surface
temperature.
In order to interpret the results of ﬁgure 6(b), the local
temperature measurements where the heating pipes are in
contact with the radiant panel (ﬁgure 2(a), TRH1 – TRH5)
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Figure 7. Effect of mass ﬂow rate on pipe surface temperature of
radiant heater at different locations (Ta = 20 C).

are shown on ﬁgure 7. The increase in the inlet temperature and mass ﬂow rate increases the temperature values
at these locations. This has an augmenting effect on the
whole of the temperature distribution. Hence, the increase
rate in the arithmetic mean temperature with inlet water
temperature is higher as presented in ﬁgure 6. In addition,
for a mass ﬂow rate of m_ = 174 kg/h a more uniform
temperature distribution has been observed. These results
are in agreement with Tye-Gingras and Gosselin [15],
where it was reported that a reduction of the mass ﬂow
rate induces a larger temperature gradient on the heating
panel. It was observed that a small increase in temperature
occurs at TRH4. Although, one would expect a temperature

drop to occur at that location, it was seen that the temperature values are higher than at location TRH3, for all
investigated cases. The highest increase was calculated as
around 2.5%, which is within the measurement uncertainty. However, from the ﬁndings of the CFD study
performed by Dikmen [28], it was observed that the ﬂuid
velocity inside the pipes in that region increases, which
moderately increases the temperature at the pipe. Hence,
in the present study it was concluded that due to an
increase in velocity inside the pipe a small increase in
temperature occurs at TRH4.
Another goal of this study was to observe the effect of
the heating radiant panel on the temperature distribution
inside the room, and especially below the radiant panel.
Hence, this effect was examined for different mass ﬂow
rates and room temperatures.
In ﬁgure 8, the temperature distributions on the panel
placed below the radiant heater, for different inlet temperatures and room temperatures have been presented.
Compared to the ﬁndings shown before, the mass ﬂow rate
has a lower effect on the temperature distribution of the
plate surface. As expected, the temperature on that surface
increases with the increase in inlet temperature. For all
investigated cases, it was observed that a relatively uniform
temperature distribution occurs on the plate, which is a
favorable characteristic of radiant heaters in actual
applications.
It was also observed that, for a water inlet temperature
of 45 C, the arithmetic mean temperature on the plate of
21.4 C was obtained, for both mass ﬂow rates. With the
increase in the inlet temperature, the arithmetic mean
temperature on the plate also increases. For high temperatures, one can see some high temperature locations,
which increase up to 26 C. The plate was located at a
height of 0.50 m. Hence, it could be interpreted that with
the increase in height, the temperature values will
increase under the radiant panel, for higher inlet
temperatures.
The effect of room temperature has been examined in
ﬁgure 8 (b). The results have been shown for different
water inlet temperatures, and for a mass ﬂow rate of m_ =
174 kg/h. With the increase in room temperature, an
increase in the temperature distribution on the plate occurs,
for water inlet temperatures of 65 C and 75 C. On the
other hand, for a room temperature of Ta = 18 C, the
lowest temperature occurs for an inlet temperature of 45 C
as 19.9 C.
In order to show the effects of the use of the air-conditioning system and the radiant heater on the temperature
distributions inside the test room, additional experiments
have been performed. Experiments have been performed
for the case when the radiant heater is not operating and
operating. These results have been shown for Ta = 18 C.
For the operation of the radiant heater, experimental results
were shown for a water inlet temperature of 45 C and mass
ﬂow rate of m_ = 174 kg/h. In addition, a comparison has
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Figure 8. Local temperature distributions on the plate located below the radiant heater (a) effect of different mass ﬂow rates (Ta = 20
C), (b) effect of room temperature (m_ = 174 kg/h).

been performed, with and without the air-conditioning
system under operation. The results have been presented for
the case of m_ = 97 kg/h and Ti = 75 C. With the airconditioning system switched on, the room temperature was
held at Ta = 18 C. All these results have been summarized
in table 2. The temperature values obtained at the 64
measurement locations (ﬁgure 2) has been presented and
compared.
It was observed that, when the radiant heater is in use
or not in use the temperature distributions are fairly close.
As can be seen, the highest temperature difference is

around 1.5 C. In addition, the temperature also increases
for higher elevations. In the central region of the room,
the temperature values are slightly higher, due to the
location of the radiant heater. For locations, which correspond to Location-6, Location-7, Location-10 and
Location-11 (ﬁgure 2(b)), temperature differences of up to
1C, compared to the other locations, have been obtained.
At the mentioned locations, a temperature difference
between the heights of H = 0.1 m and H = 1.7 m of
approximately 4.0 C was obtained for 45 C water inlet
temperature.

193

Page 12 of 15

Sådhanå (2020)45:193

Table 2. Temperature distributions inside the room for different operating conditions.
Effect of radiant heater operation. (without operation – non RH, with operation – RH)

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

H = 0.1 m

H = 0.6 m

H = 1.1 m

H = 1.7 m

Ta (C)

Ta (C)

Ta (C)

Ta (C)

non RH

RH

Loc.

non RH

RH

Loc.

non RH

RH

Loc.

non RH

RH

15.5
16.1
16.9
18.0
16.3
16.0
16.4
16.5
16.7
16.3
16.1
15.5
16.3
16.2
16.6
17.3

16.4
17.1
17.3
18.0
17.2
17.3
17.8
17.7
17.7
17.6
17.6
17.6
17.3
17.7
17.8
18.1

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

18.1
19.0
19.2
18.0
17.5
17.6
17.7
17.8
18.2
18.1
18.2
18.1
18.6
18.4
18.1
18.5

18.6
19.2
19.2
18.5
18.1
18.4
18.6
18.5
18.9
18.9
19.1
18.9
19.1
19.1
18.7
18.6

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

19.4
19.8
19.2
18.6
18.9
18.0
18.7
18.7
18.5
18.7
18.6
18.7
19.1
18.0
19.2
19.2

19.5
19.9
19.6
19.2
19.4
19.6
19.7
19.3
19.0
19.6
19.6
19.5
19.6
19.6
19.8
19.7

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

20.2
20.1
19.6
19.6
19.7
19.7
19.4
19.4
19.6
19.5
19.3
19.3
19.2
19.2
19.3
19.4

20.4
20.5
20.2
20.1
20.1
20.6
20.6
20.0
20.1
20.7
20.7
19.9
19.7
19.9
19.8
19.9

Effect of air-conditioning system. (without operation – non ACU, with operation – ACU)

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

H = 0.1 m

H = 0.6 m

H = 1.1 m

H = 1.7 m

Ta (C)

Ta (C)

Ta (C)

Ta (C)

non ACU

ACU

Loc.

non ACU

ACU

Loc.

non ACU

ACU

Loc.

non ACU

ACU

16.7
17.6
16.5
16.8
17.6
18.3
18.6
18.3
18.3
18.3
19.0
19.5
17.8
18.6
18.2
17.2

16.3
16.3
15.1
15.5
17.4
17.3
17.5
17.0
18.1
18.1
17.4
19.3
17.2
17.2
16.9
16.9

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

18.8
19.2
19.1
18.8
18.5
19.2
19.3
19.1
19.4
19.8
19.7
19.2
19.4
19.8
19.2
19.2

17.5
17.9
18.1
17.8
17.2
18.1
18.3
18.1
18.1
18.3
18.6
18.5
18.3
18.5
18.1
18.2

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

19.7
20.2
20.2
19.6
19.8
20.2
20.5
19.8
19.4
20.4
20.6
20.3
19.9
20.1
20.5
20.4

18.7
19.0
19.1
18.5
18.7
19.2
19.5
18.7
18.3
19.3
19.4
19.2
18.7
19.0
19.3
19.2

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

20.5
21.0
20.9
20.6
20.7
21.6
21.7
20.5
20.6
22.0
22.2
20.5
20.0
20.3
20.3
20.3

19.5
20.0
19.8
19.5
19.7
20.6
20.7
19.4
19.5
20.7
21.1
19.4
19.0
19.3
19.3
19.3

The ISO 7730 standard [29] mentions the temperature
difference between the ankle (H = 0.1 m) and head (H =
1.1 m) in the determination of percentage dissatisﬁed (PD).
This is one of the comfort design criteria according to ISO
7730 [29]. Using the ﬁndings in table 2, the temperature
differences between the elevations of H = 0.1 m and H =
1.1 m have been obtained as approximately 2.6 C for 45
C inlet temperature. This result shows a percentage

dissatisﬁed (PD) of approximately 5%, according to ISO
7730 [29]. However, more data should be obtained in the
ultimate determination of the thermal comfort inside a
room [30].
In addition, experiments have been performed to show
effects on the temperature distributions inside the room, for
the case where the air-conditioning system is not used,
while the hydronic system is operating. The results have
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been presented in the lower part of table 2. A comparison
has been performed, with and without the air-conditioning
system under operation. The results have been presented for
the case of m_ = 97 kg/h and Ti = 75 C. The temperature
results are fairly close, and showed that the air-conditioning
system has almost no effect on the temperature distribution
inside the room. In addition, it can be concluded that the
temperature distribution is mainly affected by the radiant
heater.

5. Conclusions
In this work, an experimental study was carried out to investigate the thermal heat output of a commercial ceiling type
hydronic radiant panel heating system, for different water inlet
temperature and mass ﬂow rate conditions. In addition, the
effects of water inlet temperatures and mass ﬂow rates on the
room temperature, as well as on the temperature distribution
on a surface below the radiant heater were examined. The main
goal of the present study was to investigate the temperature
distributions inside an ofﬁce room, as well as thermal performance of a commercially manufactured hydronic radiant
heater. The outcomes obtained, should be able to guide the
appropriate use and regulation of hydronic radiant systems.
Hence, a real heating application was investigated experimentally. The thermal performance and temperature distributions inside the room, which have a direct effect on thermal
comfort, have been presented. From the discussions presented
above the following conclusions are be drawn.
• It was observed that the heat output is unaffected from
the room temperature, and the obtained differences are
within the measurement uncertainty.
• Except for the case of Ti = 45 C, the heat output is
also unaffected from the mass ﬂow rate, because, the
resulting differences are within the measurement
uncertainty.
• For an inlet temperature of 45 C, the heat output is
higher for a mass ﬂow rate of m_ = 97 kg/h, which is
due to the high temperature drop between the inlet and
outlet sections, compared to m_ = 174 kg/h.
• The fraction of radiation heat transfer generally
decreases with the increase in inlet temperature, due
to the increasing effect of natural convection currents
on the surfaces of the hydronic system.
• However, for the mass ﬂow rate of 97 kg/h, the fraction
of radiation heat transfer is almost constant within the
measurement uncertainty, and a fraction of around 70%
has been obtained for all inlet temperatures.
• Due to a more uniform surface temperature obtained
for higher mass ﬂow rates, the fraction of the
radiation heat output is almost 88% for an inlet
temperature of 45 C, and decreases continually with
increasing inlet temperature, due to increasing natural
convection effects.
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• The fraction of radiation heat transfer is unaffected by the
room temperature, and for all room temperatures the
resulting differences are within the measurement
uncertainty.
• There is no effect of room temperature on the radiant
heater surface temperature.
• On the other hand, with increasing inlet temperatures
the arithmetic mean temperature increases at a higher
rate for higher mass ﬂow rates.
• It was observed that, the mass ﬂow rate has a low
effect on the temperature distribution of the surface
placed below the radiant heater, and the main parameter affecting the temperature distribution on this
surface is the inlet temperature.
• For an inlet temperature of 45 C, an arithmetic mean
temperature of 21.4 C was obtained on the surface below
the radiant heater, whereas for higher inlet temperatures
the mean temperature increases up to 26 C.
• The vertical temperature differences decreases with the
decrease in inlet temperature.
• In addition, the vertical temperature difference is
considerably low for all cases, which is a favorable
characteristic of these heating devices. Hence, the use
of ceiling type hydronic radiant heaters in various
occupied zones is very promising.
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Nomenclature
A
Area (m2)
Area of radiant heater radiation surface (m2)
ARH
Speciﬁc heat (J/kg.K)
cp
D
Diameter (m)
h
Enthalpy (J/kg)
k
heat conduction coefﬁcient (W/m.K)
m_
mass ﬂow rate (kg/s)
P
Surface temperature (C)
Q
heat output of radiant panel (W)
Q
r Radiative part of heat output (W)
Total heat output (W)
Qt
Re
Reynolds number (-)
T
Temperature (C)
Ta
Room air temperature (C)
Water inlet temperature (C)
Ti
Water outlet temperature (C)
To
TP
Surface temperature of plate below radiant heater
(C)
Radiant heater surface temperature (C)
TRH
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TRH,m
x, y, z

Radiant heater arithmetic mean surface
temperature (C)
coordinates (-)

Greek symbols
D difference (-)
e Emissivity (-)
l Dynamic viscosity (kg/m.s)
q Density (kg/m3)
r Stefan-Boltzmann constant (W/m2.K4)
Subscripts and superscripts
a
air
i
inlet
m
arithmetic mean
o
outlet
p
plate
RH radiant heater
r
radiative
t
total
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[7] Koca A and Çetin G 2017 Experimental investigation on the
heat transfer coefﬁcients of radiant heating systems: Wall,
ceiling and wall-ceiling integration. Energy and Buildings
148: 311–326
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