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Abstract: Radiant terminals have been widely applied in heating and cooling systems. However, few
existing thermal performance evaluation indices can reflect the influence of structural forms on heat
transfer performance. This study introduces the structural thermal resistance (R;) to rapidly evaluate
the structure form’s effects. First, theoretical analysis and experimental tests were introduced. Three
types of terminals, including the copper conduit graphite plate (CCGP), plastic tube-embedded metal
plate (PTMP), and capillary network-embedded structural plate (CNSP) were tested in the laboratory.
Then, the CNSP terminals were taken as validation examples. The results show that the R; values
of the same type of radiant terminal tend to be stable and constant. The variations in Rs within the
same type of radiant terminals were small both under cooling and heating conditions. Only when the
terminal structure changed, the Rs would change. This suggests that the R, can reflect the complex
heat transfer processes inside the radiant terminals while distinguishing different terminal types.
The validation analysis showed an average relative error of 3.4% and 2.9% for cooling and heating,
respectively. Lastly, the potential application of Rs in practical applications was discussed, and a
Python-based online tool was developed to help design, operate, and evaluate radiant terminals.

Keywords: radiant air conditioning; structural thermal resistance; radiant terminals; radiant heat transfer

1. Introduction

Radiant air conditioning systems mainly exchange heat in the form of radiation.
The application of radiant air conditioning system has been increasing in recent years,
covering various building types such as residences, hospitals, and airport terminals [1,2].
Compared with convection air conditioning, radiant heating and cooling shows energy-
saving potential [3,4] and better indoor thermal comfort [5,6]. Tantiwichien et al. [7]
found that a radiant cooling system can save 41% of cooling energy compared to split air
conditioner. Yau and Hasbi [8] compared two green office buildings using radiant cooling
and a traditional cooling system in Malaysia. Their results show that the two radiant
systems can meet indoor thermal comfort and air quality requirements and standards [9,10].

Radiant air conditioning systems which use water as the medium mainly include
two parts of heat transfer processes. One is the heat transfer from the water to the radiant
surface of the terminal, which is mainly through convection and conduction. The other
is the heat transfer from the radiant surface to the indoor air and other surfaces, which is
mainly through convection and radiation approaches.

When studying the heat transfer between the circulating water and the radiant surface
of the terminal, Fonseca Diaz et al. [11] treated the radiant ceiling as a fin and established an
internal thermal resistance model. The heat transfers between the internal structures were
considered separately and the heat loss along the opposite surface (the surface opposite
to the radiant surface) was estimated. However, applying this method to analyze the
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internal heat transfer process is very cumbersome. Once the pipe embedding method or
the internal structure change, it needs to be re-modeled and re-calculated. Liu et al. [12]
revised the composite fin model and the equivalent thermal resistance model to improve
the model accuracy and expand their application range, but the calculation is more complex.
To simplify the calculations, Li et al. [13] equivalented the heat transfer process between
the layers of the radiant plate as a series of thermal resistance models, and calculated
the equivalent thermal resistance according to the physical and geometric parameters of
the plate.

Many studies have also investigated heat transfer between the radiant surface and
the indoor environment, where the heat transfer coefficient indices were widely adopted.
Khalifa and Marshall [14] compared the heat transfer coefficient differences in different
locations of the room. Awbi and Hatton [15] calculated the natural convective heat transfer
coefficient and radiant heat transfer capacity by measuring indoor air temperature and
surface temperature. Causone et al. [16] determined the reference temperatures for calcu-
lating the radiant heat transfer coefficient, natural convection heat transfer coefficient, and
integrated heat transfer coefficient. They also obtained the reference values of these three
coefficients under cooling and heating conditions. Andres-Chicote et al. [17] compared
the calculated heat transfer coefficient reference values, and suggested that the operating
temperature can be obtained by combining a variety of indoor air temperatures and wall
temperatures. Zheng et al. [18] investigated the effects of different parameters on the heat
transfer performance of radiant floor systems under the influence of solar radiation and
analyzed the heat transfer process in the room after the addition of solar radiation by
establishing an R-C model. Wang et al. [19] established the simplified numerical models
for calculating the heat transfer and surface temperature of prefabricated floor or ceiling
terminals. The heat transfer models were validated by using the radiant plate surface tem-
perature. Based on this, a calculation tool for four prefabricated floor or ceiling terminals
was developed. Ren et al. [20] developed an online tool to calculate the asymmetric and
the mean radiant temperatures in a typical office room with radiant terminals.

From the above studies, we found that the structural form of radiant terminals is a key
factor that affects the heat transfer performance, which will then directly affect the design of
radiant systems, and appropriate indices that can reflect the heat transfer performance are
of particular importance. From this aspect, the existing research still has some shortcomings.
First, the specific structure inside the radiant terminal must be clarified and complex heat
transfer models must be established before conducting any calculation. Once the radiant
terminal changes, the model needs to be re-established. Second, detailed size and physical
parameters of each structure must be elaborated because they will change the temperature
distribution, which makes the calculation more complicated.

The heat transfer capacity and surface temperature are the widely used thermal
performance indices currently [21]. However, the heat transfer capacity can only reflect
the heat transfer ability at specific water supply temperature and indoor temperature,
lacking in universal significance for different temperature combinations. The surface
temperature is mainly used to describe the risk of condensation and may easily be affected
by environmental conditions. Both indices may vary with terminal types due to the change
in structure.

This study introduces the structural thermal resistance (R;). This index ignores the
complex heat exchange process inside the radiant terminal and treats it as a whole.To
examine whether the Rs can be used as a universal design tool for radiant air conditioning,
three types of terminals were tested first; then, the CNSP terminals were taken as validation
examples, and lastly the copper conduit metal plate (CCMP) was taken as an application
example. After testing and verifying the new index, an online tool was developed to make
it more convenient for the calculation and application of Rs.
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2. Methods
2.1. Heat Transfer Model of Radiant Terminals

The Rs was used to describe the steady state heat transfer processes. To simplify
the heat transfer model at the radiant terminal, the following assumptions were made:
(1) The three-dimensional heat transfer at the terminal is simplified into two-dimensional
heat transfer (see Figure 1), which means that the heat transfer perpendicular to the paper
direction is not considered. (2) Use a single node to describe the indoor room temperature,
which means that the room temperature is considered uniform. (3) All the cooling or heat
supplied by the water is transferred downward to the room node without considering the
upward heat transfer to the ceiling. This is because, in engineering practice (see Figure 1),
an insulation layer is usually installed on the opposite surface of the radiant surface to
reduce heat transfer to the opposite direction.

Ceiling

Ceiling plenum

Insulation
Copper pipe
Thermally conductive surface

Figure 1. Schematic diagram of a typical radiant panel.

The heat transfer between the radiant terminal surface and the room can be divided
into two parts. One is natural convection with room air. The other is radiant heat transfer
with other room surfaces. These two parts can be described by using the natural convective
heat transfer coefficient and the radiant heat transfer coefficient (see Figure 2a). On this
basis, the model can be further simplified by using an integrated heat transfer coefficient
to represent the comprehensive effect of radiation and convection, as shown in Figure 2b.
The reference temperatures corresponding to these three heat transfer coefficient values
are based on the recommendation of Causone et al. [16]. The indoor air temperature (1),
the average unloaded surface temperature (AUST), and the indoor room temperature (T;)
are employed as the reference temperatures for natural convective heat transfer coefficient
(h¢), radiant heat transfer coefficient (h,), and integrated heat transfer coefficient (),
respectively. Ty q0q is the average temperature of water supply and return in °C. T; is the
average indoor-side surface temperature of the radiant plate in °C. T, is the indoor air
temperature in °C. AUST is the average uncooled /unheated surface temperature in °C.
T, is the indoor room temperature in °C which indicates the combined effect of T, and
AUST(see Equation (9)). R, and R, are the natural convective heat transfer resistance and
radiant heat transfer resistance, where R. = 1/hc, R, = 1/h,, (m?-K)/W. R; is the integrated
heat transfer resistance, where R; =1/, (m2 -K)/W. When establishing the heat transfer
model between the circulating water and the radiant surface, a node of average temperature
of supply and return water was assumed at the location of the pipeline in radiant plates.
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Figure 2. Simplified heat transfer models of the radiant terminal. (a) Simplified model that considers
the indoor convection and radiation separately. (b) Simplified model that considers the indoor
convection and radiation comprehensively.

2.2. Testing on Radiant Terminals
2.2.1. Experimental Facility

Four typical radiant plates were selected in this study, shown in Figure 3. (1) The
copper conduit graphite plate (CCGP, Figure 3a). (2) The plastic tube-embedded metal plate
(PTMP, Figure 3b). (3) The capillary network-embedded structural plate (CNSP, Figure 3c).
(4) The copper conduit metal plate (CCMP, Figure 3d). Among them, the first three radiant
terminals (CCGP, PTMP, and CNSP) were tested under cooling and heating conditions
while the CCMP serves as an application case in the Discussion Section. The heat transfer
areas of CCGP, PTMP, and CNSP are 12.48 m?, 11.72 m?2, and 12 m?, respectively. For these
three radiant terminals, 7 sets of experiments were carried out under cooling and heating
conditions. Under heating conditions, the air temperature in the room was 20 °C, and the
water supply temperatures were 34, 35, 36, 37, 38, 39, and 40 °C, respectively. Under cooling
conditions, the air temperature in the room was 26 °C, and the water supply temperatures
were 14, 15, 16, 17, 18, 19, and 20 °C, respectively.

2.2.2. Experimental Apparatus

The experiments were carried out in a climatic chamber with a dimension of 4.2 m
(length) x 3.6 m (width) x 2.5 m (height). The chamber included two rooms, of which the
inner room was the indoor environment installed with radiant ceiling panel. A total of
12 dummies were arranged symmetrically along the longest centerline in the chamber to
simulate indoor heat sources. The external room was installed with fan coil to control the
wall temperature. A simplified schematic about the chamber is shown in Figure 4a, where
the green and red lines indicate the supply and return water, respectively. Figure 4b,c
represent a schematic and test scene of the internal arrangement of the chamber, respectively.
The emissivity of all the wall surfaces of the chamber was 0.9 to ensure that the indoor
emissivity met the requirements of EN-14240 [22]. The combination method of internal and
external heat sources was adopted [21,22]. The dummies with incandescent bulbs were
used as the indoor heat source in the cooling test conditions while fan coils cooling in the
interlayer was used as the outdoor cooling source in the heating test conditions.
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Figure 3. Structures of radiant terminals in this study. (a) Copper conduit graphite plate. (b) Plastic
tube-embedded metal plate. (c) Capillary network-embedded structural plate. (d) Copper conduit
metal plate.
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Figure 4. Arrangement of the climate chamber; (a) simplified schematic about the chamber; (b,c) a
schematic and test scene of the internal arrangement of the chamber.

2.2.3. Test Protocol

The heat transfer performance of radiant ceilings with different water supply tempera-
tures was studied under cooling and heating conditions separately. The air temperature in
the internal room was 26 °C as the cooling condition and seven water supply temperatures
were 14, 15, 16, 17, 18, 19, and 20 °C, respectively. The air temperature in the internal
room was 20 °C as the heating condition and seven water supply temperatures were 34,
35, 36,37, 38, 39, and 40 °C, respectively. During the test, the indoor air temperature (T})
was maintained within +0.5 °C and the relative humidity (RH) was maintained within
£5%. The test parameters include water supply (Tw,s) and return temperatures (Ty,,), water
flow rate (my,), air temperature (T,), and average radiant surface temperature of the plate
(Ts). The electric heating and measurement points were arranged according to EN14240
standard [22].

The specific experimental steps are as follows:

1. Turn on the indoor air conditioning system and wall water supply system. Adjust the
indoor air temperature, relative humidity, and wall temperature to the set temperature.

2. Turn off the air supply of the air conditioning system to keep the indoor temperature
stable with the fan coils in the interlayer operating. Turn on the test block water supply
system and set the thermostat of the constant-temperature water tank. The water tank
was equipped with a platinum resistance temperature sensor to monitor the water
temperature in the tank. A line-shape electric heater was installed on the water supply
pipe to adjust the water temperature precisely.

3. Turn on the electric dummies to maintain the room temperature at the set temperature
(cooling conditions). Turn on the fan coils in the interlayer to maintain the room
temperature at the set temperature (heating conditions).

4. When all the parameters reach a stable state, the temperatures, flow rate, and pressure
of the water supply and return were recorded. Based on these measurements, the
radiant terminal’s heat transfer capacity and Rs can be calculated.
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2.3. Calculating the R

As shown in Figure 2, for steady-state heat transfer, the heat transfer capacity of the
radiant terminals can be expressed as the heat absorption/release of water, which is shown
in Equation (1).

w 't T[U r Tw S
= oMol Tur—Tus| T, | (1)
where g is the radiant terminal heat transfer capacity, W/m?; ¢, is the specific heat of
water, J/(kg-K); my, is the water flow rate, kg/s; Ty s, Tw, are the supply and return water
temperatures, °C; A; is the radiant heat transfer area, m2.

The total heat flux density through the radiant panel can also be expressed as the sum

of the radiant heat transfer and natural convection heat transfer.

q = qc +qr = he|Ty — Ts|+h,|AUST — Tg| @)

where g, g, indicate the heat transfer in the form of natural convection and radiation,
respectively, W/ m?; h., h, are natural convection heat transfer coefficient and radiant
heat transfer coefficient, respectively, W/ (m2~K),' T; is the average indoor-side surface
temperature of the radiant plate in °C; T, is the air temperature in °C; AUST is the average
uncooled /unheated surface temperature as the reference temperature for the calculation
of the radiant heat transfer coefficient in °C, which can be calculated by Equation (4) for
radiant heat transfer [13] or Equation (3) for convection heat transfer.

n AT
_ ==
AUST = o ®)
or
. RLES
AUST = [jg (FS,]-Tj )] )

where Tj is the jy, surface average temperature in °C; A; is the jy, surface area in m?; F,_ jis
the angular coefficient between the surface of the radiant panel and the jy, room surface.

Radiant heat transfer capacity indicates the heat exchanged between the radiant panel
and the indoor environment through radiation, and the calculation method refers to the
ASHRAE standard [23].

7 =5x107%(T¢ — AUST*) ®)

Natural convection heat transfer capacity represents the heat exchanged between the
radiant ceiling and the indoor environment through natural convection, which can be
expressed as Equation (6).

de =q—4r (6)

The reference temperature of radiant heat transfer coefficient is the average un-
cooled /unheated surface temperature (AUST), as shown in Equation (7).

— qr
hr = AT )

The reference temperature of natural convective heat transfer coefficient is the indoor
air temperature (1), which can be expressed as Equation (8).

he = |qu_ETa| 8

The heat transfer model between the surface of the radiant ceiling and the indoor
environment can be further simplified by considering the comprehensive effect of the
radiation heat transfer and the natural convective heat transfer, and it can be expressed
by the integrated heat transfer coefficient. Since the radiant heat transfer coefficient and
the natural convective heat transfer coefficient follow different laws, the integrated heat
transfer coefficient cannot simply be expressed as the sum of the two, so the indoor room
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temperature should be used as its reference temperature. Its calculation method can be
expressed as follows:

To — tha}t]’I;iusT (9)
=1 10
t ‘Ts _ T0| ( )

The heat transfer equation from the radiant ceiling surface to the indoor environment
can be expressed as thermal resistance perspective as well. Equations (11)—(13) show the
radiant heat transfer resistance (R;), the natural convective heat transfer resistance (R.),
and the integrated heat transfer resistance (R;) expressions.

R =i (11)
1

Rc = I (12)
1

Ry = T (13)

The heat transfer from the circulating water to the radiant panel surface can be ex-
pressed by Equation (14).

‘Tw,avg - Ts‘
= (14)
Therefore, the Rs can be expressed as Equation (15).
Ts — T
Rs — | S qw,ﬂ'[]g| (15)

2.4. Validating the R

To verify the reliability of the R;, we took the CNSP (Figure 3c) as an example. Cross-
validating experiments with different indoor temperatures and supply-water temperatures
under cooling and heating conditions was conducted. For cooling conditions, the indoor air
temperatures were set up as 24, 26, 28, 30, and 32 °C while the supply-water temperatures
were set up as 14, 15, 16, 17, 18, 19, and 20 °C. For the heating conditions, the indoor
temperatures were set up as 16, 18, 20, 22, and 24 °C while the supply-water temperatures
were set up as 34, 35, 36, 37, 38, 39, and 40 °C. Other details of the validating experiments
were consistent with the experiments described in Section 2.2. The validation is based on
the reference values of the integrated heat transfer coefficient and R; of the CNSP. The
heat transfer capacity of the radiant plate was calculated by using the R;, and then it was
compared with the heat absorption/release of the circulating water measured through the
experiments. The specific derivation is as follows.

According to the simplified heat transfer model (see Figure 2), the heat transfer capacity
can be expressed as Equation (16).

Tw,r+Tuws
B Ts_( ,ﬂZLv,) .
q - RS
In this way, the heat transfer capacity can be expressed by the heat transfer from the
radiant surface to the indoor environment.

|To — T5|

q= (17)

1
hy
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Meanwhile, the heat transfer capacity can also be expressed by heat absorption/release
of the circulating water.

_ Cwmw|Tw,r - Tw,s
As
Combining the Equations (16)-(18), the return-water temperature, heat transfer capac-
ity, and the average indoor-side surface temperature of the radiant plate can be expressed
as Equations (19) and (20), respectively.

(18)

cwmw R5+L
Ta+( (AS hJ%)ng
CoMly - (Rﬁ%) 1 - Tw,s
As +3
q= A (19)
s
7 _1
o 20)

where g determined by Equation (19) is the heat transfer capacity based on the Rs. The relia-
bility of the Rs can be analyzed by comparing the g values with the heat absorption/release
of the circulating water that was measured via experiments.

3. Results
3.1. Heat Transfer Coefficient of the Radiant Terminals

According to previous research [16], the h;, h¢, h; of radiant terminals with different
types at different temperatures can be approximated as constant when there is no forced
convection under stable working conditions. When considering the heat transfer between
the radiant surface and the room, these three parameters were analyzed. Figures 5-7 show
the changes in these three coefficients for three types of radiant terminals.

e PTMP * PTMP
104 Cooling e CCGP 104 Heating e CCGP
CNSP CNSP
= 8 =~ 84
< <
5 6 E, 64
3 ®o o000 e®iener 0 ¢ [} [} B e o0 (o O €« [ ] L] e o o [ I )
< 4 < 4
24 24
O T T T T T 1 0 T T T T T 1
0 2 4 6 8 10 12 6 8 10 12 14 16 18
|T, - AUST] (K) |T, - AUST| (K)

Figure 5. Experimental values of radiant heat transfer coefficient.

Figure 5 shows that, with the change in temperature difference between the radiant
surface and the room, the radiant heat transfer coefficient of different types of radiant
terminals can be regarded as a constant value. Once the radiant system was fixed, the
angular coefficient and the emissivity of the surfaces in the room remained unchanged.
According to Equations (5) and (7), changing the indoor surface temperature within a
reasonable range will not significantly affect the radiant heat transfer coefficient.
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Figure 6. Experimental values of natural convective heat transfer coefficient.
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Figure 7. Experimental values of integrated heat transfer coefficient.

For the same type of radiant terminal, the natural convection heat transfer coefficient
under the cooling condition is significantly greater than that under the heating condition,
which is because the buoyancy force caused by the vertical temperature difference in
the room makes the air movement under cooling more intense. Therefore, the natural
convection during cooling tends to be stronger under the same temperature difference.
Higher water supply temperatures need to be used if the indoor air temperature is to
reach the experimental setting of 20 °C under heating conditions, which leads to higher Tj,
and therefore the temperature difference during heating is significantly higher than that
during cooling. Under the same cooling or heating conditions, changing the temperature
difference, the natural convective heat transfer coefficient tends to be stable while there
exist slight differences between different terminals. These variances may be due to different
types of materials or other reasons that need to be further confirmed.

The integrated heat transfer coefficient considers the comprehensive effects of con-
vection and radiation. Since the radiant heat transfer coefficient is stable, the variances in
the integrated heat transfer coefficient follow the same pattern with the natural convec-
tion heat transfer coefficient. For the same type of radiant terminal, the integrated heat
transfer coefficient under the cooling condition is significantly greater than that under
the heating condition. Under the same cooling or heating condition, with the change in
temperature difference, the integrated heat transfer coefficient of the same type of radiant
ceiling was stable.

Table 1 summarizes the reference values of these three radiant terminals in existing
studies. For the radiant heat transfer coefficient, the results in this study are very close
to previous research results. It is recommended to select 5.3 W/(m?-K) as the reference
value. Under the same cooling or heating condition, the natural convective heat transfer
coefficients of different types of radiant terminals are slightly different but the variance is
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small, which can be considered as stable. It is recommended to choose 3.3 W/ (mz-K) and
0.9 W/(m?-K) as reference values for cooling and heating, respectively. Although the value
of 0.9 W/(m?-K) may have a large deviation, it has little impact on the overall heat transfer
due to its low weighting factor in the total heat transfer under the heating condition. For
the integrated heat transfer coefficient, it is recommended to select 8.7 W /(m?-K) under
cooling conditions and 6.4 W/ (m?2-K) under heating conditions.

Table 1. Summarize of heat transfer coefficients for the radiant surfaces.

Natural Convection Heat Transfer Transl:{fzcrhégz giz?:nt n Integrated Heat Transfer
. o 2. r . o 2.
Coefficient h, W/(m*-K) Wim2-K) Coefficient hy W/(m=-K)
cooling heating cooling heating
Causone et al. [16] 44 0.3 5.6 13.2 5.8
Khalifa et al. [14] 3.1-3.6 0.5 5.5
Min et al. [24] 3.6-4.8 0.1-0.3
Andres-Chicot et al. [17] 4.2 5.4 8.5
Awbi et al. [15] 2.8-39
Present study 3.3 0.9 53 8.7 6.4
3.2. Ry of the Radiant Terminals
Figure 8 shows the calculated R; values of the three tested radiant terminals under
cooling and heating conditions. The fluctuation in R, of the same radiant terminal is
relatively small and can be approximated as a constant value. Comparing the cooling and
heating conditions, once the type of radiant terminal was determined, the changes in R
were small. However, the R values of different types of radiant terminals varied signifi-
cantly. For example, the R; values of PTMP are 0.096 (m?-K)/W under cooling conditions
and 0.116 (m?-K)/W under heating conditions, while those of CCGP are 0.007 (m?-K)/W
under cooling conditions and 0.0119 (m?-K)/W under heating conditions.
0.14 . 144 .
Cooling 4+ PTMP ot Heating 4+ PTMP
0.12 1 CCGP 0.12 A CCGP
P N
CNSP CNSP
_0.104 Aaa 4 0.10
= Lo =
o 0081 o 008
£ 0.06 E 0061
3 3
0.04 0.04
0.02- 0.02
0.00 ; x . x . x 0.00 x : : : : x
0 2 4 6 8 0 12 6 8 0 12 14 16 18
7, - T,/ (K) \T; - Tl (K)

Figure 8. Thermal resistance value of the radiant terminal structure.

The R; values of the same radiant terminal tended to be stable with the changes
in the external environment once the cooling or heating conditions were determined.
The R; values mainly corelated with the terminal’s structural forms and materials. This
suggests that the concept of Rs can be employed as an effective index to reflect its structural
characteristics and the corresonding influences on the terminal’s heat transfer performance.
This observation is a good response to our original intention to introduce the R, that is,
using this index to simplify and reflect the complex heat transfer process caused by the
structural forms of different radiant terminals, and to analyze the heat transfer performance
of the radiant terminals.

For the three tested radiant terminals, their average R values under different working
conditions have been summarized in Table 2. Taking the CNSP terminal as an example,
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its average R; values are 0.033 (m?-K)/W under cooling conditions and 0.035 (m?-K)/W

under heating conditions.

Table 2. Structure thermal resistance of radiant terminals.

Cooling Conditions
(m2-K)/W

Heating Conditions

Radiant Type (m?-K)/W
Fluctuation Range =~ Mean Value Standard Deviation Fluctuation Range Mean Value Standard Deviation
PTMP (89.2-107.6) x 1073 0.096 0.0058 (110.9-121.8) x 1073 0.116 0.0038
CCGP (3.7-10.0) x 1073 0.007 0.0021 9.7-15.0) x 1073 0.0119 0.0017
CNSP (30.4-34.3) x 1073 0.033 0.0017 (33.3-37) x 1073 0.035 0.0012

3.3. Validation of the R

After identifying the R of a radiant terminal, its heat transfer capacity under different
combinations of indoor temperature and water supply temperature can be calculated by
Equation (19). The heat transfer capacity values calculated by the validating conditions
were compared with the heat absorption/release of the circulating water obtained from the

experimental measurements. Figure 9 and Table 3 show the results.
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Figure 9. Comparison of experiment results and validation results.

Table 3. Relative error of the validation.

Coolin Top 32°C 30°C 28°C
& Relative error 1.3% 1.9% 3.5%

. Top 24 °C 22 °C 20 °C
Heating Relative error 3.0% 2.1% 4.9%

26 °C 24 °C
1.7% 8.4%
18 °C 16 °C
2.0% 2.5%
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The average relative error between the calculated and measured heat transfer capacity
values were within 3.4% and 2.9% for cooling and heating, respectively. The higher error
(8.4%) at Top 24 °C was partially due to the reduced temperature difference and reduced
heat transfer. Also, there may be random errors in the actual measurement process. This
result supports the conclusion that it is reliable to use the R; to reflect the complex heat
transfer processes at the radiant terminals, and to describe the heat transfer performance of
different radiant plates.

4. Discussion

Compared with existing studies, this study simplified the heat transfer model by using
the R;. By doing this, the complex heat transfer process inside the radiant terminal can be
ignored and considered as a whole, which leads to a universal applicability for different
terminals. Based on the above observations, the potential application case and possible
limitations of the Ry are discussed as follows.

4.1. Potential Application of the Rs

From the above results, the Rs can be used as a representative parameter to reflect
the heat transfer capacity of different radiant terminals. Considering the variety of radiant
terminals, the R; values can be determined first and then used to analyze the terminal’s
heat transfer performance. Based on Figure 2, the following steps can be applied to make
engineering estimates.

(1) Determine the Rs of a radiant terminal with two methods. One is experimental
test. The experiments should be carried out under cooling or heating conditions.
According to the simplified Ry model, the R values can be calculated according to
Formula (21) by measuring the indoor room temperature T,, average water supply
and return temperature Ty 4, and heat transfer capacity g. The other is through the
heat transfer performance curve (normally, radiant terminal products should have
this curve) to deduce its Rs. For example, if the g— | Tw,avg — To’ curve of the radiant
terminal has already been known, performing a linear regression to obtain a result like
q= a1|Tw,avg — To| + by, R% = ¢1 (a1, b1, c1 here are constant), the R; of its radiant

—Ts
w,avg
terminal has already been known, performing a linear regression to obtain a result like
q = 2| Twaog — To| + b2, R3 = 3, (a2, by, c3 here are constant), the R; of its radiant
terminal can be deduced by Equation (22).

curve of the radiant

terminal can be deduced by Equation (21). If the g—|T

_ ‘Tw,uvg - Ta| . l
q ht

| Tw,avg =T ’
q

Taking the §—|Tuw,a0g — To| curve (shown in Figure 10) (The green squares represent
the measured data points, and the red line represents the result of fitted curve based on
the actual data) of a certain radiant terminal under cooling conditions as an example, a
regression equation y = 6.7898x + 4.8808, R> = 0.9869 can be fitted, so that a R; value of
about 0.02 (m?- K)/W can be obtained from Equation (21).

Rs (21)

Ry = (22)

(2) The R, obtained by step (1) can be applied for calculating the heat transfer performance
of radiant terminals. The design parameters include heat transfer conditions, interior
design temperature, water supply temperature, area of radiant roof, and water flow
rate. According to the Formulas (19) and (20), the heat transfer capacity and the
average temperature of the radiant surface can be calculated. To this end, whether
there is a risk of condensation can better be estimated.
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Figure 10. Heat transfer performance curve of a certain radiant terminal.

To demonstrate the above steps, we take another common radiant terminal, the copper
conduit metal plate (CCMP, Figure 3d), as an example. Its Rs can be obtained through
experimental measurement on Ty, Ty,q0g, and g under different conditions. The tested Rs
values are 0.012 (m?-K)/W under cooling conditions and 0.006 (m?- K)/W under heating
conditions. The comparisons with the other three types of radiant terminals have been
shown in Figure Al in Appendix A.

After obtaining the value of the R;, it can help to obtain a more intuitive relation-
ship between the heat transfer capacity and the room temperature and the water supply
temperature. Taking the CCMP as an example, the results are shown in Figure A2 in
Appendix A.

For the CCMP, if the water supply temperature is 14 °C, the water flow rate is
0.24 m3/h, the radiant plate heat transfer area is 11 m?, and the indoor room temper-
ature is 26 °C, and it can be calculated using Equations (19) and (20) that the heat transfer
capacity should be 81.9 W/m? and that the inner surface temperature of the radiant plate
should be 16.6 °C.

4.2. Online Tool Development and Application Example

To make the application of the R; calculation more convenient, a Python-based online
tool was developed based on the above derivation processes (http://en.tongji-rac.com/,
accessed on 27 October 2023). This tool can help the design and operation of radiant
terminals. The first module is the calculation of Rs. On this module, an Excel template
(see Appendix B) can be downloaded. Then, the R, values of the radiant terminal under
heating and cooling conditions will be returned after entering all the data into the Excel
template. Appendix C explains how to fill the template table. At the same time, the Excel
template will calculate the average indoor-side surface temperature of the radiant plate
based on the data entered by the user automatically, which will be used to meet the needs
of the calibration. The second module is the calculation of heat transfer performance. It
can invoke the R; of the radiant terminal obtained by the first module and return the dew
point temperature under different humidity according to the indoor design temperature,
the return water temperature, the average temperature of the radiant plate surface, and the
heat transfer capacity of the terminal.

Taking the CCMP terminal mentioned in Section 4.1 as an example, the input parame-
ters were attached as Appendix D. Table 4 and Figure 11 show the calculated results.
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Table 4. Case of online tool.

Average unloaded Heat transfer

I Water supply Water return Indoor air .
nput temperature (Tys)  temperature (Tyr) surface temperature temperature (T,) capacity
The first module “ o (AUST) ‘ (9)
Output Rs under cooling conditions Rs under heating conditions
tp 0.012 (m2-K)/W 0.006 (m2-K)/W
Heat transfer Indoor room Water supply Radiant heat Water flow rate
Input conditions Coolin temperature (T,) temperature (Ty,s ) transfer area (As) (1) 0.24 m®/h
& 26°C 14°C 11 m? w) P
The second module Integrated heat Inner surface temperature of the radiant Heat transfer
. Water return .
transfer coefficient plate capacity
Output temperature (Ty )
(ht) 17.2°C (TS) (q)
8.7 W/(m?-K) ’ 16.6 °C 81.9 W/m?

Calculation Software for Structural Thermal Resistance of Radiant Terminals Calculation Software for Heat Transfer Performance of Radiant Terminals

Structural Thermal
Resistance of
Radiant terminals

Heat Transfer
Performance of
Radiant Terminals

Structural Thermal
Resistance of

Click to download template Radiant Terminals Heat transfer condition of radiant Cooling v
terminals:
Heat Transfer
Performance of 2
; 0,012 (Km2/W
Radiant Terminals Structural thermal resistance of
radiant terminals (R):
Uploaded [ Browse |
Indoor room temperature (To): 26 v €
Calculate Water supply temperature (T,,.: 14 °c
" n m?
Radiant heat transfer area (AJ):
3
Water flow rate (m,,): 0.24 m*h
. Calculate
Structural thermal resistance 0012 (km/W [ cacuate |
under cooling conditions (R):
0.006 (K-m2)/W

Structural thermal resistance

under heating conditions (Ry):

Integrated heat transfer coefficient 8.7 W/(m*K)

Relative humidity (RH): 40% ~ 60%

Drew point temperature (Ty): RH=50% RH=55% RH=60%
148 16.28 17.65

Water return temperature (T,,.): 17.2161 ¢

Inner surface temperature of the 1659 °C

radiant plate (T):

Heat transfer capacity (): 81.8635 W/m?

Figure 11. Online tool demonstration.

4.3. Limitations and Uncertainty Analysis of this Study

First, the supply and return water temperatures of radiant terminals were used to
calculate the heat transfer capacity so that the heat transfer from the radiant panels to the
space outside of the laboratory was not taken into account. For a target room (the room
with the radiant ceiling), both the upper and lower rooms have radiant air conditioning,
and the error of calculation due to the reverse heat transfer was ignored. For the case
wherein the upper and lower rooms do not have air conditioning on if the Sun is shining
directly on the top surface of the room, the error due to the reverse heat transfer needs to be
modified. Second, in the case of large temperature differences between supply and return
water, the linear average of temperatures may be inappropriate due to the nonlinearities in
radiant heat transfer with temperature.

5. Conclusions

In this study, the concept of R; is introduced to reflect the influence of structure
forms on radiant terminals’ heat transfer performance. Three typical radiant terminals
were tested under variant conditions to calculate and validate the Rs values. The results
suggest that this new concept of R has universal significance for different types of radiant
terminals under both heating and cooling conditions. The Rs values of the CCGP, PTMP,
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and CNSP were 0.007 (m?- K)/W, 0.096 (m?- K)/W, and 0.033 (m?- K)/W under cooling
and 0.0119 (m?- K)/W, 0.116 (m?- K)/W, and 0.035 (m?- K)/W under heating, respectively.
The validation tests on the CNSP showed an error of 2.9% and 3.4% for heating and cooling,
respectively, which can meet the requirements for practical engineering applications.

The index of Ry can simplify the complicated heat transfer analysis at radiant terminals
while reflecting the influence of form structures. By using the Rs, some critical indices of
radiant terminals’ heat transfer performance can be quantitatively and accurately calculated.
These indices include but are not limited to the integrated heat transfer coefficient, heat
transfer capacity, radiant surface temperature, and return water temperature.

To help the practical application of Rs, a Python-based online tool was developed.
This tool can help to conveniently calculate R; values and other key heat transfer perfor-
mance indices with limited input information and guided processes. This can expand R;
application in practical engineering.
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Nomenclature
A]- The jth surface area, m?
As Radiant heat transfer area, m?

AUST  Average unloaded surface temperature, °C
CCGP  Copper conduit graphite plate

CCMP  Copper conduit metal plate

CNSP  Capillary network-embedded structural plate

Cw Specific heat of water, J/(kg-K)

Fsj Angular coefficient between the surface of the radiant panel and the jth room surface
he Natural convective heat transfer coefficient, W/ (m2 -K)
hy Radiant heat transfer coefficient, W/(m?-K)

hy Integrated heat transfer coefficient, W/ (m?-K)

My Water flow rate, kg/s

PTMP  Plastic tube-embedded metal plate

q Heat transfer capacity, W

ge Heat transfer in the form of natural convection, W

qr Heat transfer in the form of radiation, W

RH Relative humidity

R Natural convective heat transfer resistance, (m?-K)/W
R, Radiant heat transfer resistance, (m?-K)/ W

R Integrated heat transfer resistance, (m2 -K)/W

Rs Structural thermal resistance of the terminal, (m?2-K)/W
T, Indoor air temperature, °C

T; jth surface average temperature, °C

T, Indoor room temperature, °C
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T; Average indoor-side surface temperature of the radiant plate, °C
Twavg Average temperature of water supply and return, °C
Tw,r Water return temperature, °C
Tw,s Water supply temperature, °C
Appendix A
0.14 0.14+ .
Cooling 4 PTMP Heating 4 PTMP
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Figure A1l. Values of R; including the type of copper conduit metal plate.

—=—7,,=32°C —=— T, =24°C
140 Cooli —e—T, =30°C e T =20°C
oolin, o ] . w
€ a7, =28°C 130 Heating e, —20C
L — 0 — 0
120 . v T,=26°C 1204 e e
. - e T,=24C o] . Y —+—T,=16C
100+ A * . ‘\, —_ * v //
o~ ~ e 1004 o ~
4 g e
§ 804 v \\\A\ . ~ . z 90 v A ./
- g v .
- * s \\ T = g /.// . —
604 . B — =
- \v _ \ - e
- _ 09 N
404 * . v 60 .
* [ 3
20— . . . , 50 +— . ; ; . . .
415 16 17 18 19 20 34 35 36 37 38 39 40
7,5 (°C) T, (°C)

Figure A2. Heat transfer capacity of the CCMP.

Appendix B

When using the Excel template in the first module of the online tool, the data entered
should include: water supply temperature (T, s), water return temperature (T, ), aver-
age unloaded surface temperature (AUST), indoor air terperature (T,), and heat transfer

capacity (q).

Water supply temperature 7., (C) Water retum temperature 7, (C)  Average unloaded surface temperature AUST (‘C)  Indoor air temperature 7, (C)  Heat transfer capacity g (W/m?)  Average indoor-side surface temperature of the radiant plate 75 (°C)

0

cococoo

Water supply temperature 7,,; (‘C)  Water return temperature 7, (‘C)  Average unloaded surface temperature AUST (C)  Indoor air temperature 7, (‘C)  Heat transfer capacity g (W/m?)  Average indoor-side surface temperature of the radiant plate 75 (°C)

0

cococoo

Figure A3. Excel template for download of online tool.

Appendix C

When entering data, please enter these five sets of data at the same time. If you
lack average unloaded surface temperature (AUST) or indoor air temperature (T,), you
can complete another set of data according to AUST = T,, which meets the accuracy
requirements in engineering applications.
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Please note: up to 300 sets of data are automatically calculated in this template, if you
have more experimental data, please directly drop down and fill.

Appendix D
The input case for the Excel template is shown in Figure A4.

Cooling

Water supply temperature 7,,, (C) Water return temperature 7, (‘C)  Average unloaded surface temperature AUST (C)  Indoor air temperature 7, (‘C)  Heat transfer capacity ¢ (W/m?)  Average indoor-side surface temperature of the radiant plate 75 (°C)

14.25 17.07 25 25 7277 16.53837209

15.18 17.81 25 25 67.87 17.10813953

16.16 18.64 25 25 64 17.55813953

14.31 17.3 26 26 77.16 17.02790698

15.18 18 26 26 7277 17.53837209

16.16 18.8 26 26 68.13 18.07790698
Heating

Water supply temperature 7., (C)  Water retur temperature 7,,, (‘C)  Average unloaded surface temperature AUST (‘C)  Indoor air temperature 7, (‘C)  Heat transfer capacity g (W/m?)  Average indoor-side surface temperature of the radiant plate 75 (°C)

32 294 20 20 66.89 30.4515625
35 318 20 20 82 328125
40 356 20 20 108.98 37.028125
35 322 22 22 72 33.25
38 34.48 22 22 88.1 35.765625
40 36.03 22 22 97.88 37.29375

Figure A4. Case of filling out the Excel template.
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