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Abstract: While traditional air conditioning systems serve their purpose, radiation air conditioning
systems provide several benefits, including improved comfort, higher energy efficiency, and lower
initial costs. Nevertheless, the heat exchange capacity per unit area of the radiation plate in such
systems is somewhat restricted, which directly affects their practical engineering applications. To
address this, experimental investigations were undertaken to examine the impact of cold /hot water
supply temperature, water flow velocity, and surface emissivity of radiant panels on their heat
transfer characteristics for both summer cooling and winter heating. The findings highlight the
significant influence of water supply temperature, flow rate, and surface emissivity on the heat
transfer properties of the radiant plates. It is worth noting that adjustments to the water flow rate
and surface emissivity impose limitations on enhancing the radiant plate heat transfer performance.
For instance, in summer, the heat transfer coefficient of the roughly machined light alumina plate
radiant panel was determined by fitting the experimental heat transfer data against characteristic
temperatures. Specifically, during cooling, the total heat transfer coefficient of the radiant plate was
calculated as 6.77 W/(m?2-K), comprising a thermal coefficient of 5.41 W/ (m?2-K) and a convective
heat transfer coefficient of 4.17 W/(m?-K). Conversely, during winter heating, the total heat transfer
coefficient of the radiant plate increased to 8.94 W/ (m?2-K), with a radiation heat transfer coefficient
of 6.13 W/(m?2-K) and a convective heat transfer coefficient of 3.79 W/(m?-K).

Keywords: refrigeration performance; radiation heat transfer; heat transfer coefficient; emissivity

1. Introduction

A radiant air conditioning system represents an energy-efficient, environmentally
friendly, and comfortable solution for indoor climate control [1]. Compared to traditional
air conditioning systems, radiant air conditioning systems offer superior comfort, energy
savings, and enhanced energy utilization [2-4]. They excel in peak energy management,
enabling year-round operation with a single set of equipment, and require lower initial
investment [5], making them a focal point of research in the HVAC (Heating, Ventilation,
and Air Conditioning) field in recent years. Despite its numerous advantages over tra-
ditional air conditioning, radiation air conditioning does face notable limitations. Chief
among these is the relatively small heat transfer capacity per unit area of the radiating plate,
necessitating a larger surface area for efficient heat exchange [6]. This limitation directly
impacts the practical application of radiation air conditioning systems. To address this
challenge and reduce the required surface area, it is imperative to study and improve the
heat transfer characteristics of the radiating plate.

Researchers, such as Corina et al. [7], Stetjj [8,9], Oxizidis [10], Zhao [11], and Ben-
jamin [12], among others, have extensively studied the energy efficiency and performance
of radiant air conditioning systems. Their findings consistently demonstrate significant
energy savings and improved indoor comfort compared to conventional systems, regard-
less of climate conditions [13-15]. Various strategies, including numerical simulations,
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experimental studies, and innovative control methods, have been proposed to optimize the
operation of radiant air conditioning systems and mitigate challenges such as condensation
and energy consumption. In particular, advancements in controlling condensation, enhanc-
ing indoor comfort, and improving energy efficiency have been a focus of research efforts.
Proposed solutions range from pre-desiccating indoor air before system startup [16,17]
to intelligent control systems that regulate temperature and humidity [18]. Additionally,
investigations into phenomena such as condensation on radiant ceilings [19] and energy
consumption comparisons with traditional systems [20] provide valuable insights for
system design and optimization. Furthermore, studies by Cholewa and Zhang [21,22],
Zhao [23], and Zhang [24] have explored the thermal comfort and energy-saving potential
of radiant heating and cooling systems. These investigations underscore the effectiveness
of radiant systems in achieving superior energy efficiency and comfort levels, especially
when combined with optimized control strategies [25].

The current study focuses on the intrinsic characteristics of radiant plates, aiming
to measure the heat transfer properties under different surface emissivity conditions.
Experimental setups were designed to investigate the impact of cold /hot water supply
temperature, water flow velocity, and surface emissivity on the heat transfer characteristics
of radiant panels for both summer cooling and winter heating applications. The results
highlight the significant influence of the water supply temperature, flow rate, and surface
emissivity on the heat transfer efficiency of radiant plates.

2. Design and Construction of an Experimental System for Radiation Panels
2.1. Purpose and Content of the Experiment

Throughout the experimentation, three distinct materials were utilized to construct
the radiant plates: a roughly machined light alumina plate, a white-painted aluminum
plate, and a black-painted aluminum plate. These variations were employed to examine
the impact of different surface radiation properties on the heat transfer characteristics of
the radiant plates. Simultaneously, the influence of varying water supply temperatures
and flow rates on the heat transfer properties of the radiant plates was investigated. The
experimental variables included the water supply flow rate and temperature. For the
summer cooling experiments, the indoor temperature and humidity were maintained at
constant levels, while the water supply temperature ranged from 15 °C to 24 °C, and the
water supply flow rate varied between 0.1 m/s and 1.0 m/s. Conversely, during the winter
heating experiments, consistent indoor temperature and humidity levels were upheld, with
the water supply temperature ranging from 28 °C to 42 °C and the water supply flow rate
ranging from 0.0 m/s to 1.0 m/s.

2.2. Introduction of Experimental System and Equipment

(1) Introduction of radiation plate structure

A schematic structure of the radiation plate devised in this study is depicted in Figure 1,
while its visual representation is illustrated in Figure 2. Figure 2a—c showcase the radiation
plates fabricated from roughly machined light alumina, black spray-painted aluminum, and
white spray-painted aluminum surfaces, respectively. The dimensions of the radiant panel
measure 1000 mm x 1000 mm x 36 mm and comprise three distinct layers: an insulation
layer, a water pipe layer, and a surface layer. As delineated in Figure 1, the radiant plate is
arranged sequentially from bottom to top, with the green layer representing the insulation
and water pipe layers and the blue layer indicating the surface layer. The insulation layer,
crafted from polystyrene, boasts a thermal conductivity of 0.035 W/ (m?-K) and a thickness
of 20 mm. Its primary function is to confine the direction of heat transfer within the radiant
panel, facilitating the transfer of more cooling/heat to the indoor environment while
mitigating cooling /heat loss. The water pipes, composed of stainless steel with diameters
of 10 mm and 15 mm, are arranged in parallel atop the insulation layer. Featuring a
pipe spacing of 75 mm, a main pipe diameter of 15 mm, and a branch pipe diameter
of 10 mm, their configuration is depicted in Figure 2a. The surface layer comprises a
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roughly machined light alumina plate, black spray-painted aluminum plate, and white
spray-painted aluminum plate. Aluminum plates exhibit excellent thermal conductivity
at 237 W/(m?K), coupled with an elegant appearance and ease of installation. During
experimentation, the radiation plate is affixed to the north wall of the testing chamber
and enveloped in low-thermal-conductivity insulation cotton. Only the front side of the
radiation plate engages in convective heat transfer with the indoor environment throughout
the experiment.
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Figure 1. Schematic diagram of the radiant plate structure. 1—surface layer; 2—insulation layer;
3—main pipe; 4—branch pipe.

(b)
Figure 2. Appearance of the radiant panel. (a) roughly processed slight alumina plate, (b) black

spray-painted surface aluminum plate, (c) white spray-painted surface aluminum plate.
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(2) Cold/hot water circulation system for radiation plate

Due to the absence of natural resources conducive to utilizing water-source and
ground-source heat pumps in the vicinity of our laboratory, this study employs an air-
cooled heat pump as the primary system for generating cold and hot water at the desired
temperatures required for experimentation. The experimental setup for investigating the
heat transfer characteristics of radiant plate cooling and heating is depicted in Figure 3.
The process begins with the cold or hot water generated by the air-cooled heat pump unit,
which initially passes through a thermostatic water tank. Subsequently, it is pressurized by
a circulating water pump to achieve the necessary pressure and then directed through a
glass rotameter to measure the volumetric flow rate of cold or hot water in the pipeline.
Finally, the water is transported via a ball valve to the radiant plate installed indoors,
after which the cooled or heated water returns to the water tank through the radiant plate.
Throughout this circulating process, the pipeline is constructed from PVC plastic hose, with
external insulation provided by heat-insulating cotton to minimize heat loss. The air-cooled
cold or hot water unit boasts a rated cooling or heating capacity of 5/5.5 kW, with a water
flow rate of 0.9 m3/h. The circulating water pump features a power output of 120 W, a
rated head of 15 m, and a rated flow rate of 10 L/min. Additionally, the glass rotor flow
meter has a diameter of 25 mm and a measuring range of 100-1000 L/h.

Radiant panel

Thermostatic
water tank

Glass rotor Circulating water
flowmeter pump

Figure 3. Overview of the experimental monitoring system.

In this study, the experimental parameters include temperature, relative humidity, flow
rate, cooling capacity, and heating capacity, with the latter two being indirectly calculated
parameters. The required measuring equipment for the experiment consists of thermocou-
ples, a digital thermo-hygrometer, a glass rotameter, a stopwatch, and a data acquisition
instrument. Temperature and relative humidity within the experimental chamber were
monitored using a digital thermo-hygrometer positioned at the room center and 1.2 m
above the floor. Four T-type thermocouples were evenly distributed across the surface of
the radiant plate to measure its temperature during the experiment, with the average value
representing the plate’s surface temperature. Additionally, T-type thermocouples were
placed at the center of surfaces of other constructions in the experimental setup, excluding
those hosting radiant panels, to monitor temperatures. Two T-type thermocouples were
also positioned on the back of the radiant plate, and their average reading was considered
as the plate’s rear temperature. T-type thermocouples, also known as copper-constantan
thermocouples, have a temperature measurement range of —200 °C to +350 °C. Each
thermocouple’s measurement section was covered with aluminum foil and secured with
transparent tape. All thermocouples underwent calibration within a temperature range
of 0 °C to 40 °C, with satisfactory linear relationships observed. During the experiment, a
data acquisition instrument was employed to relay temperature readings from the thermo-



Energies 2024, 17, 3304

50f 16

couples to a computer. The flow rate of cold or hot water passing through the radiant plate
was measured using a glass rotameter.

Considering the experimental conditions, temperature measurement range, sensor
reliability, measurement accuracy, and cost, T-type thermocouples were selected as tem-
perature sensors. The primary source of error in the experiment stems from measurement
inaccuracies relating to temperature and humidity testers and thermocouples. Conse-
quently, separate error analyses were conducted for both. Table 1 outlines the technical
specifications of the temperature and humidity tester used. Prior to experimentation, ther-
mocouples underwent calibration to minimize systematic errors arising from production
uncertainties. Calibration involved comparing thermocouple readings against those of a
mercury thermometer (with 0.1 °C accuracy) in a constant-temperature water bath within
arange of 15 °C to 45 °C. The fitting function of the calibration equation is presented below.
Additionally, the maximum deviation from the average value did not exceed 8% during
individual experiments.

y=ax+b (1)

In the formula, y is the measured value (standard value) of the mercury thermometer;
x is the measured value (calibrated value) of the T-type thermocouple. The accuracy of
the temperature sensor in measuring temperature is +0.10 °C, and the lowest temperature
measured in the experiment is about 15.5 °C. The relative error of the working medium
temperature measurement is as follows:

AT

water

6 ( Twater ) =

= 0.67% )

Table 1. Technical parameters of temperature and humidity tester.

. ‘s Temperature Humidity . .
Measuring Range Humidity Range Measurement Exror Measurement Error Resolving Power Product Size
°C %RH °C %RH °C/%RH mm
—20-1000 5-98 £15 +5 (5-40)/4-4 (41-80) 0.1/0.1 156 x 66 x 33

According to the first law of thermodynamics, the energy equilibrium formula for a
radiation plate is as follows:

ZQin - ZQout = m(hout — hin) 3)

From the perspective of cold/hot water supply/heat of the radiation plate, it can be
inferred that the thermal balance process of the radiation plate is as follows:

m(hout — hin) = mep <Tf,0ut - Tf,in) (4)

In the formula, m,, the mass flow rate of cold/hot water, kg/s; C, is the specific heat
capacity at the temperature of cold/hot water supply, kJ/(kg. °C); Ty, in is the temperature
of cold/hot water supply, °C; Ty, out is the temperature of the cold/hot water return, °C.
The formula can be obtained from the working principle of the radiation plate as follows:

Qin=20 )

Qout = Qtot = Qloss + de =+ Qcon (6)

In the formula, Qyy is the total heat transfer of the radiation plate, W; Qjys is the
cold /heat loss of the radiation plate, W; Q,,; is the radiation heat transfer of the radiation
plate, W; Qo is the convective heat transfer of the radiation plate, W. From the perspective
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of cold/hot water, the expression for the total heat transfer per unit area of a radiant panel
is as follows:
mwcp (Tf,out - Tf,in)
qtot = A ~ loss @)

In the formula, A is the surface area of the radiation plate, m?; Qyyss is the unit area
loss of cooling/heat of the radiation plate, W/m?. The unit area loss of cold /heat of the
radiation plate is mainly the cold /heat loss on the back of the radiation plate, expressed as
follows:

dT
Qloss = _ka ‘back = k(Tl - TZ) (8)

In the formula, k is the heat transfer coefficient of the enclosure structure, W/(m?-K); T,
is the temperature on the back of the radiation plate, °C; T, is the outer surface temperature
of the wall where the radiation plate is located, °C. From the perspective of heat exchange
between the radiation panel and the indoor environment, it can be seen that the net heat
transfer per unit area of the radiation panel is as follows:

Jtot = Grad + Geon = htot(Tsm - Top) ©9)

In the formula, T is the indoor operating temperature, defined as the weighted
average of air dry bulb temperature and average radiation temperature, °C; hyy is the
total heat transfer coefficient of the radiation plate, composed of radiation heat transfer
coefficient and convection heat transfer coefficient, W/(m?-K). The relationship between
the total heat transfer per unit area of a radiation plate and the total heat transfer coefficient,
convective heat transfer coefficient, and radiative heat transfer coefficient is as follows:

Qtot = htot(Tsm - Top) = hmd(AUST - Tsm) + hcon(Ta - Tsm) (10)

In the formula, h,,; is the radiation heat transfer coefficient of the radiation plate,
W/ (m? °C); heon is the convective heat transfer coefficient of the radiation plate, W/ (m? °C);
AUST is the weighted average temperature of indoor surfaces except for radiation panels,
in °C. In summary, the energy conservation formula for the entire system is as follows:

myCp (Tf,out — Tf,in)
A

In the above equation, the left side of the equal sign represents the total heat transfer
per unit area of the radiation plate, the first item on the right side of the equal sign represents
the radiation heat transfer per unit area, the second item represents the convective heat
transfer per unit area, and the third item represents the loss of cold /heat per unit area. The
unit area radiation heat transfer between the radiation panel and the surface of the indoor
non-laid radiation panel is as follows:

Grad = OFr (Ts4m - Tf) (12)

In the formula, ¢ is the Stephen Boltzmann constant, F; is the radiation heat transfer
coefficient, dimensionless. T, is the effective temperature on the surface of the cooling
(heating) radiation plate, K. T, is the temperature on the non-cooling and heating surface,

K. "
Lizsm AjeiTj

n . .
jtsm Aj€j

T, = (13)

In the formula, Aj is the area of all indoor surfaces except for the radiation panel,
m?; T; is the temperature of all indoor surfaces except for the radiation panel, °C; ¢; is the
thermal emissivity of all indoor surfaces except for the radiation panel.
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3. Experimental Results of Summer Cooling Heat Transfer Characteristics of the
Radiant Plate

3.1. Influence of Cold Water Supply Temperature

The selected radiation plate surface comprises a roughly machined light alumina
plate, with the room temperature set at 26 °C and a cold water supply flow rate of 0.7 m/s.
Figure 4 illustrates the trend of the radiation plate’s heat exchange characteristics with
varying temperatures of the cold water supply, ranging from 15 °C to 24 °C.
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Figure 4. Influence of different cold water supply temperatures on heat transfer characteristics of the
radiant plate [25].

From Figure 4, it is evident that the radiation cooling capacity constitutes approx-
imately 65% of the total cooling capacity. With all other experimental conditions held
constant, as the temperature of the cold water supply decreases from 24 °C to 15 °C, the
cooling capacity per unit area of the radiant plate progressively increases. Specifically, the
total cooling capacity rises by 22 W/m?, with the radiation cooling capacity and convection
cooling capacity increasing by 15 W/m? and 7 W/m?, respectively. Consequently, the heat
exchanger performance is enhanced. This observation underscores the effectiveness of
lowering the cold water supply temperature in augmenting the system’s cooling capacity,
with a more pronounced increase in the cooling capacity noted. It is notable that the cold
water supply temperature exerts a significant influence on the radiant heat transfer of the
radiant panels. After comparing with previous research, it can be found that our radiative
cooling system has an improved overall cooling capacity under the same water supply
temperature in summer. This is because the radiation cooling plate can better reduce the
cooling water temperature

3.2. Influence of Cold Water Supply Flow Rate

The surface of the selected radiation plate consists of a roughly machined slight
alumina plate. The room temperature is maintained at 26 °C, while the cold water supply
temperature is set at 17 °C. Figure 5 illustrates the trend of the heat transfer characteristics of
the radiation plate with varying flow rates of the cold water supply, ranging from 0.1 m/s
to 1.0 m/s.

As depicted in Figure 5, the radiation cooling supply constitutes approximately 65% of
the total cooling supply. With all other experimental conditions held constant, the cooling
capacity per unit area of the radiant plate exhibits an initial slow increase, followed by a
rapid increase, and eventually tends to stabilize with the increase in the cold water supply
flow rate. Notably, when the flow rate transitions from 0.1 m/s to 0.3 m/s, the unit area
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cooling capacity of the radiation plate only increases by 8 W/m?. However, as the flow rate
escalates from 0.3 m/s to 0.7 m/s, a significant increase in cooling capacity is observed,
with an incremental amount of 50 W/m?. Subsequently, as the flow rate continues to rise,
the rate of increase in the cooling capacity gradually flattens out, with only a 10 W /m?
increase noted.

75

B Total cooling capacity [ ]
®  Radiation cooling capacity

A Convective cooling capacity

[$)]
()]
T

> onm
»

Cooling capacity of radiation plate (W/m2)
w
T
[

= 1 1 1 1 1

0.1 0.3 0.5 0.7 0.9 1.1
Water supply flow rate (m/s)

Figure 5. Influence of different flow rates of cold water supply on the heat transfer characteristics of
the radiant panels.

This analysis demonstrates that increasing the flow rate of the cold water supply
effectively enhances the cooling capacity of the system, with a more pronounced increase
observed in radiation cooling. The flow rate of the cold water supply notably impacts
the radiation heat transfer of the radiant plate. However, considering factors such as
equipment investment and energy consumption in radiation air conditioning systems, it is
observed that beyond a flow rate of 0.7 m/s, further increases offer limited improvements
in the heat transfer performance. Moreover, escalating the flow rate results in heightened
energy consumption by water pumps and associated transport equipment. Therefore,
under the experimental conditions outlined in this section and with the specified form
of the radiation plate, the optimal water supply flow rate for summer cooling of radiant
panels is determined to be 0.7 m/s.

3.3. Influence of Surface Emissivity on Heat Transfer Characteristics of the Radiant Plate

In this study, the primary focus is on the selection of three surface materials for the
radiation plate: roughly processed slight alumina plate, black spray-painted aluminum
plate, and white spray-painted aluminum plate. The cold water supply rate is set at 0.7 m/s,
while the water temperature ranges from 15 °C to 24 °C. Figure 6 illustrates the variations
in heat transfer characteristics of the radiation plate with different surface emissivity levels.

As depicted in Figure 6, a higher emissivity of the radiation plate surface correlates
with an improved heat transfer performance. Notably, when the cold water supply tem-
perature is elevated, variations in surface emissivity yield minimal changes in cooling
capacity. However, as the cold water supply temperature decreases, the influence of sur-
face emissivity becomes more pronounced, resulting in significant fluctuations in cooling
capacity. This phenomenon can be attributed to the decrease in the surface temperature of
the radiation plate with lower cold water supply temperatures. Surface emissivity plays a
pivotal role in radiant heat transfer, and the combination of decreased surface temperature
and heightened emissivity enhances heat exchange between the radiation plate and the
uncooled surfaces of the room.
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Figure 6. Influence of different surface emissivity values on heat transfer characteristics of the radiant
plate in summer.

3.4. Fitting Analysis of Heat Transfer Coefficient for Summer Cooling of the Radiant Plate

In this section, the heat transfer coefficients of the radiant plate are determined by
fitting the cooling supply per unit area of the radiant plate with characteristic temperature
differences. Specifically, the total heat transfer coefficient of the radiant plate is derived
by fitting the total cooling supply with the temperature difference between the plate’s top
surface (Top) and the surrounding air temperature (Ts). Likewise, the radiant heat transfer
coefficient is obtained by fitting the amount of radiation cooling with the temperature
difference between the ambient uncooled surface temperature (AUST) and Ts, while the
convective heat transfer coefficient is acquired by fitting the convective cooling capacity
with the temperature difference between the ambient air temperature (Ta) and Ts.

The heat transfer characteristics of the radiant plate and the functional relationship
of characteristic temperature differences are presented in Figure 7. The fitting correlation
coefficients between the total cooling capacity of the radiant panel and the characteristic
temperature difference (Top-Ts), the amount of radiation cooling and the characteristic tem-
perature difference (AUST-Ts), and the convective cooling capacity and the characteristic
temperature difference (Ta-Ts) are determined to be 0.9789, 0.99955, and 0.8812, respectively.

Among these, the radiation heat transfer coefficient exhibits a well-fitted curve. This is
attributed to the fact that the amount of radiation cooling is calculated using a theoretical
model, thus minimizing experimental errors and reducing result uncertainties. Conversely,
the convective cooling capacity, derived from the total cooling capacity of the radiant plate
and the amount of radiation cooling, is more influenced by experimental errors, leading to
higher uncertainties.

Figure 7a displays the fitting curve between the total cooling capacity of the radiant
panel and the characteristic temperature difference (Top-Ts), yielding a slope of 6.77. Thus,
the total heat transfer coefficient of the radiant plate is determined to be 6.77 W/(m?-K). Sim-
ilarly, Figure 7b showcases the fitting curve between the amount of radiation cooling and
the characteristic temperature difference (AUST-Ts), revealing a slope of 5.41. Consequently,
the radiant heat transfer coefficient of the radiant plate is calculated as 5.41 W/(m?-K).
Lastly, Figure 7c illustrates the fitting curve between the convective cooling capacity and
the characteristic temperature difference (Ta-Ts), with a slope of 4.17. Thus, the convective
heat transfer coefficient of the radiant plate is computed as 4.17 W/(m?K).
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4. Experimental Results of Winter Heating Heat Transfer Characteristics of the
Radiant Plate

4.1. Influence of Hot Water Supply Temperature

The surface of the chosen radiation plate comprises a roughly processed slight alu-
mina plate. The ambient room temperature is set to 18 °C, while the flow rate of the hot
water supply is maintained at 0.7 m/s. The trend of the radiation plate’s heat exchange
characteristics with varying temperatures of the hot water supply is depicted in Figure 8,
with the hot water supply temperature ranging from 15 °C to 24 °C.

130
~ ) §
E m Total cooling capacity -
E 110 B @ Radiation cooling capacity . ™ .
E A Convective cooling capacity -
n
5 9t .
Q
c F [ ]
2 n . ©®
E 70 [ ] s *
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e . « *
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S 50f . .
z . o ! a
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g 30" . A A
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-] ‘A
£ 10f &
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Water supply temperature (°C)

Figure 8. Influence of different hot water supply temperatures on heat transfer characteristics of the
radiant plate.

As illustrated in Figure 8, the radiation heat supply constitutes approximately 65% of
the total heat supply. With all other experimental conditions held constant, a decrease in the
temperature of the hot water supply from 28 °C to 42 °C results in a gradual increase in the
heat capacity per unit area of the radiant plate. Specifically, the total heat capacity increases
by 83 W/m?, with the radiation heat capacity rising by 53 W/m? and the convection
heat capacity increasing by 30 W/m?. This enhancement leads to an improvement in the
heat exchanger performance. It is evident that raising the hot water supply temperature
effectively boosts the cooling capacity of the system, with a more pronounced increase
observed in radiative heat. Notably, the hot water supply temperature exerts a significant
influence on the radiant heat transfer of the panels. Compared with Section 2.1, it is
apparent that variations in the water supply temperature to the radiant plate have a
substantial impact on the heat transfer performance of the plate under heating conditions.

4.2. The Effect of Hot Water Supply Flow Rate

The selected radiation plate features a roughly processed slight alumina surface. The
ambient room temperature is maintained at 18 °C, while the hot water supply temperature
is set at 40 °C. The variation in the heat transfer characteristics of the radiation plate with
different flow rates of the hot water supply is illustrated in Figure 9, where the hot water
supply flow rate ranges from 0.0 m/s to 1.0 m/s.

As depicted in Figure 9, the radiation heat supply constitutes approximately 65% of
the total heat supply. Under constant experimental conditions, an increase in the hot water
supply flow rate initially leads to a gradual rise in the heat capacity per unit area of the
radiant plate, followed by a rapid increase before eventually plateauing. Specifically, when
the hot water supply flow rate increases from 0.1 m/s to 0.3 m/s, the heat capacity per
unit area of the radiation plate only increases by 10 W/m?. Subsequently, as the flow rate
escalates from 0.3 m/s to 0.7 m/s, the heat capacity experiences a significant surge, with an
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incremental amount of 48 W/m?2. However, as the flow rate continues to increase, the rate
of heat increase tends to stabilize, with only an 8 W/m? increase observed.

100
NE m Total cooling capacity L ]
E # Radiation cooling capacity n
-~ 80 F A Convective cooling capacity -
]
.S
Qo
§ ool - . o .
= 60 L]
8
- .
e .
S
> 40 F n Y
S ] - A A A
g_ ] A A
S . 4
[ 20 F . 3 A
£ A A A
©
S
I I 1 I 1
0
0.1 0.3 0.5 0.7 0.9 1.1

Water supply flow rate (m/s)

Figure 9. Influence of different hot water supply flow rates on the heat transfer characteristics of the
radiant panels.

It is evident that augmenting the flow rate of the hot water supply effectively en-
hances the heat capacity of the system, with a more pronounced increase in radiation heat.
The flow rate of the hot water supply notably influences the radiation heat transfer of
the radiant plate. Nevertheless, considering factors such as equipment investment and
energy consumption associated with radiation air conditioning systems, it is prudent to
acknowledge that beyond a hot water flow rate of 0.7 m/s, the improvement in heat trans-
fer performance becomes limited. Moreover, further increases in the flow rate may lead
to heightened energy consumption of water pumps and associated transport equipment.
Therefore, under the experimental conditions outlined in this section and considering the
radial panel configuration, this conclusion aligns with the findings presented in Section 2.2
regarding optimal flow rates for summer cooling.

4.3. The Effect of Surface Emissivity

This section focuses on the selection of surface materials for the radiation plate, includ-
ing rough processed slightly oxidized aluminum plates, black-painted aluminum plates,
and white-painted aluminum plates. The water supply flow rate is maintained at 0.7 m/s,
while the water supply temperature ranges from 26 °C to 42 °C. Figure 10 illustrates the
variation in the heat transfer characteristics of the radiation plate corresponding to different
emissivities of its surface.

As depicted in Figure 10, higher surface emissivity correlates with an enhanced heat
transfer performance of the radiation plate. Notably, when the hot water supply temper-
ature is low and the surface emissivity varies, the change in heating capacity is minimal.
However, with higher hot water supply temperatures and varying surface emissivities,
the fluctuations in heating capacity become more pronounced. This phenomenon can be
attributed to the gradual increase in the surface temperature of the radiation plate as the
hot water supply temperature rises. The surface emissivity plays a significant role in radia-
tion heat transfer, and the combined effect of elevated surface temperature and emissivity
enhances the heat exchange between the radiation plate and the unheated indoor surfaces.
Consequently, this leads to an effective improvement in the heat transfer performance of
the radiation plate.
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Figure 10. Influence of different surface emissivity on heat transfer characteristics of the radiant plate
in winter.

4.4. Fitting Analysis of Heat Transfer Coefficient of the Radiant Plate for Winter Heating

The heat transfer coefficient of the radiant plate is determined by fitting the heat
supply per unit area of the radiant plate with the characteristic temperature difference. The
heat transfer characteristics and the functional relationship of the characteristic temperature
difference are presented in Figure 11. The fitting correlation coefficients between the total
heat capacity of the radiant panel and the characteristic temperature difference (Top-Ts),
the amount of radiation heat and the characteristic temperature difference (AUST-Ts), and
the convective heat capacity and the characteristic temperature difference (Ta-Ts) are 0.9697,
0.9951, and 0.927 respectively.

Among these, the radiation heat transfer coefficient exhibits the best fit. This can be
attributed to the fact that the amount of radiation heat is determined by a theoretical model,
resulting in minimal experimental error and uncertainty in the results. Conversely, the
fitting degree of the convective heat transfer coefficient is the lowest. This is because the
convective heat capacity is calculated based on the total heat capacity of the radiant plate
and the amount of radiation heat, leading to a larger impact of the experimental error and
higher uncertainty.

Figure 11a illustrates the fitting curve between the total heat capacity of the radi-
ant panel and the characteristic temperature difference (Top-Ts). The slope of the curve,
obtained as 8.94, indicates that the total heat transfer coefficient of the radiant plate is
8.94 W/(m?-K). Figure 11b depicts the fitting curve between the amount of radiation
heat and the characteristic temperature difference (AUST-Ts), revealing a slope of 6.13.
Consequently, the radiant heat transfer coefficient of the radiant plate is determined to
be 6.13 W/(m?K). Lastly, Figure 11c displays the fitting curve between the convective
heat capacity and the characteristic temperature difference (Ta-Ts), with a slope of 3.79.
Therefore, the convection heat transfer coefficient of the radiant plate is calculated to be
3.79 W/(m?-K).
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Figure 11. Diagram of the radiant plate heat transfer characteristics in winter.

5. Conclusions

This section investigates the effects of the cold /hot water supply temperature, supply
flow rate, and radiation plate surface emissivity on the heat transfer characteristics of
radiation plates during summer cooling and winter heating through experiments. The
surface materials of radiation plates are rough slightly oxidized aluminum plates, black
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spray-painted aluminum plates, and white spray-painted aluminum plates. By analyzing
the experimental results, the following conclusions can be drawn:

(1) When the radiation plate is used for cooling in summer, reducing the cold water
supply temperature can improve the heat transfer performance of the radiation plate, and
the improvement in radiation heat transfer performance is more significant. By increasing
the flow rate of the cold water supply, the cooling capacity per unit area of the radiation
plate first slowly increases, then rapidly increases, and finally tends to stabilize. Moreover,
improving the surface emissivity of radiation panels can effectively enhance their heat
transfer performance, and the increase in the radiation cooling capacity is significant.

(2) When using radiant panels for winter heating, the improvement in the heat transfer
performance can be attributed to the increase in the hot water supply temperature, and
the improvement in the radiant heat transfer performance is more significant. Raising the
temperature of the hot water supply, increasing the flow rate of the water supply, and
increasing the surface emissivity of the radiation plate can effectively enhance the heat
transfer performance of the radiation plate and have a significant impact on radiation
heat transfer.

(3) By fitting the unit area heat transfer and characteristic temperature difference of
the radiant panel for summer cooling and winter heating, the heat transfer coefficient of the
radiant panel is obtained: during summer cooling, the total heat transfer coefficient of the
radiant panel is 6.77 W/(m?K), the radiation heat transfer coefficient is 5.41 W/(m?-K), and
the convective heat transfer coefficient is 4.17 W/(m?-K); during winter heating, the total
heat transfer coefficient of the radiant panel is 8.94 W/ (m?-K), the radiation heat transfer
coefficient is 6.13 W /(m?-K), and the convection heat transfer coefficient is 3.79 W/(m?-K).
The results of this study could help to reduce the energy consumption of winter heating
and summer cooling in buildings.
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Nomenclature

Symbols

Q Heat production (W)

m Mass flow rate (kg/s)

T Temperature (K)

h Convective heat transfer coefficient (W/(m?-K))
k Thermal conductivity coefficient (W /(m-K))

F Radiation heat transfer coefficient (W /(m?-K))
Greek alphabet

o Stephen Boltzmann constant

Abbreviationt

RH Relative humidity

AUST Ambient uncooled surface temperature
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