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In this paper, a novel direct expansion air-source heat pump heating system with a gravity-
driven radiator as a heating terminal was developed, for the purpose of reducing the energy
consumption and improving the thermal comfort of indoor personnel. The thermal
response speed of the system at the start-up stage was experimentally studied firstly.
The results showed that the thermal response speed of the developed system was slightly
lower than that of a traditional air-source heat pump heating system with a convective
heating terminal, but largely higher than that of an air-source heat pump floor radiant
heating system. When the outdoor air temperature fluctuated between −5.2℃ and
−1.0℃, the average rising ratios of indoor air temperature at the start-up stage for the
developed heating system and the traditional system are 10.8℃/h and 13.8℃/h
respectively. On this basis, an optimization study was then conducted to further
improve the thermal performance of the developed heating system. The numerical
results indicated that integrating a cross-flow fan to the gravity-driven radiator is able
to promote the thermal performance of the heating system obviously at the start-up stage,
because the convection heat transfer of the radiator was highly enhanced. Among the
simulation conditions, the time required for the air temperature at head height to reach the
designed temperature is shortest when the flow angle of the fan is 0° with an air speed of
0.6m/s. while setting the flow angle of the fan to −45° with an air speed of 0.4m/s is
recommended to achieve the most thermal comfort for the whole body.

Keywords: air-source heat pump heating system, gravity-driven radiator, thermal response speed, thermal comfort,
radiation and convection coupled heat transfer

1 INTRODUCTION

The statistical data show that the energy used in building a heating system accounts for a large
proportion of the whole building energy consumption. In 2018, urban heating energy consumption
in northern China was as high as 212 million tec, accounting for 21% of the total building energy
consumption in China (Building energy efficiency research center of Tsinghua University, 2020),
which also led to a series of environmental pollution problems. Thus, air-source heat pump heating
system has been widely used in the past few years in northern China because of its significant
advantages in energy saving and environmental protection (Nishimura, 2002; Qu et al., 2012).
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According to the different heating media used, the air-source heat
pump system can be distinguished into two forms: indirect
expansion and direct expansion. The former uses hot water to
transfer heat to the room, while the latter transfers heat directly to
the room through the refrigerant. Depanding on the different
heating terminal devices, the air-source heat pump system can
also be distinguished into two types. One is the fan-coil heating
terminal, in which the heat transfer is mainly dominated by
convection. While the other one is the radiative heating terminal,
including the traditional radiator and floor heating system, in
which most of the heat is transferred by radiation. Researchers
have conducted extensive research on air-source heat pump
heating systems during the past decades, from the view point
of energy efficiecy, thermal comfort, etc. Previous studies revealed
that the forced convection heat transfer has the advantage of fast
response speed and strong ability to deal with heat load, but the
thermal comfort of heating is relatively poor. By using air-source
heat pump heating systems with a fan-coil heating terminal,
excessive vertical temperature difference and draft feeling of
human body often occurs because of the large air supply
speed (Wang, 2002). In addition, hot air supplied from a high
height of the room will also lead to an increase in temperature at
the upper zone, and reduce the utilization rate of hot air energy in
the occupied zone, which eventually results in the waste of energy
(Li, 2010). In contrast, the radiation heat transfer is characterized
by high comfort and good stability, but the response time of
indoor air temperature rise is relatively long. Imanari’s
experimental result shows that radiant heating can improve
thermal comfort by creating an environment with a small
vertical temperature difference (Imanari et al., 1999). Through
the research on the radiator heating system of air-source heat
pump in an office building in Shanghai, Zhou found that the
system can mitigate the human discomfort caused by cold
radiation, but it is not suitable for intermittent heating due to
the low indoor air temperature rise rate (Zhou et al., 2013).
Through the comparison of the differences between various
radiating end heating forms, Wang found that floor radiant

heating is not suitable for intermittent heating mode, and the
intermittent heating performance of a radiator is better than that
of floor radiant heating (Wang et al., 2018).

To overcome the shortcomings of the two heat transfer modes,
and maximize their respective advantages, the optimization
method of integrated coupling of the two heat transfer modes
can be selected. At present, many related studies have been
carried out on the combination of fan coil and floor radiation,
wall radiation, or radiator (Jin et al., 2017; Zhao et al., 2017). To
solve the above problems, this study performs an experimental
analysis on the gravity-driven radiator, and to further accelerate
the heat transfer speed of gravity-driven radiator, a new gravity-
driven radiator based on the coupling heat transfer of radiant-
convective is proposed.

2 EXPERIMENTAL STUDY

2.1 System Introduction
Different from the conventional air-source heat pump hot water
heating system, the direct expansion air conditioning source heat
pump uses liquid refrigerant as heat medium, which can
effectively save the energy consumption due to the
transportation of hot water. In the meantime, it can reduce
the heat loss in the middle heat exchange process, and the
operation of the system is shown in Figure 1A. The gravity-
driven radiator proposed in this paper is a radiator heating
terminal based on thermosyphon heat pipe technology, in
which the working medium is alkyl dichloride and the size is
1,020mm × 80mm ×650mm (Length × Width × Height). As
shown in Figure 1B, the bottom of the gravity-driven radiator is
equipped with a heat pump thermosyphon working medium heat
exchanger that is connected with several thermosyphon tubes. In
the evaporation zone at the bottom of the radiator, the
thermosyphon working medium is heated and subjected to
phase change by the high-temperature refrigerant (heat pump
working medium) discharged by the heat pump compressor. The

FIGURE 1 | Schematic diagram of direct expansion air-source heat pump system coupled with gravity-driven radiator. (A) Direct expansion air-source heat pump
coupled gravity-driven radiator heating system. (B) Vertical view and lateral view of a gravity-driven radiator.
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gaseous working medium produced by boiling rises to the
condensation zone, and heat is released through condensation
at the pipe wall. The condensate then returns to the evaporation
zone under the action of gravity, so as to complete a complete
thermosyphon cycle. In addition, to enhance the heat dissipation
performance of the radiator, fins are arranged on the outer wall of
the pipe, thereby forming a closed ventilation channel.

2.2 Introduction to Experimental Platform
To study the response speed of the gravity-driven radiator of
the air-source heat pump coupled gravity-driven radiator
system during heating in winter, an experimental platform
was established in an office building in Taiyuan, Shanxi
Province of China. There are two office rooms with the
same size and layout, namely, A and B; both rooms have

FIGURE 2 | Horizontal arrangement position of the experimental measuring points.

TABLE 1 | Measuring equipment, accuracy, and sampling frequency.

Measurement item Instrument Accuracy Recording frequency

(min/record)

Temperature OMEGA-K-24 thermocouple ±0.1℃ 1
Humidity HOBO humidity recorder ±0.1%, ±2.5% 1
Black globe temperature AZ8778 black globe thermometer ±0.5℃ 1
Air speed Testo hot-wire anemometer ±0.03m/s ± 0.5% 5
Wall temperature Infrared thermometry ± 0.5℃ 20

FIGURE 3 | Surface temperature of radiator.
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dimensions of 8m × 6m × 3m (Length × Width × Height),
and the heating area is 48m2. The west wall of Room B is the
external wall made of brick and concrete, with a thickness of
about 300 mm, and there is no thermal insulation material on
the outer layer. The rest of the walls are internal walls, which
are made of bricks with a thickness of about 100 mm. The
adjacent rooms are heating rooms, thereby ignoring the impact
of heat transfer in the adjacent rooms. The air-source heat

pump with a rated power of 3.2 KW is used as the heat source
in both rooms. The terminal of Room B adopts a traditional
cabinet air conditioner, while Room A adopts a gravity-driven
radiator. To meet the demand of room heating load, six
gravity-driven radiators are arranged in Room A. The
experimental test time was from January 18 to February 6,
2017 and from January 18 to February 7, 2018. The heating
system was turned on at 8:00 and stopped at 18:00.

K-type thermocouples were used to measure the indoor air
temperature. As shown in Figure 2, there are six measuring
points arranged in horizontal direction in each room, with three
heights of 0.1m, 0.6m and 1.1m from the ground, respectively.
The indoor air humidity and indoor black bulb temperature were
recorded once per minute by using a HoBo humidity recorder
and a black bulb thermometer, respectively, and the measurement
points are located at the center of the room with a height of 1.1 m.
The surface temperature of the radiator was measured at the
center position of the radiator surface by using a K-type
thermocouple. The inner surface of the enclosure was divided
into six areas, and the temperature of the center point of each area
was measured with a handheld infrared thermometer at a
sampling interval of 20 min. The averaged value was taken as
the surface temperature of surrounding walls. The indoor air flow
rate measuring points were followed for the selection of the
indoor air temperature measuring points, and the data were
recorded every 20 min. The measuring instruments, accuracy,
and sampling frequency are listed in Table 1.

FIGURE 4 | Average indoor air temperature and outdoor temperature.

FIGURE 5 | Structural diagram of radiation and convection coupled heat transfer radiator.
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3 EXPERIMENTAL RESULTS

3.1 Thermal Performance of the
Gravity-Driven Radiator
The thermal performance of the gravity-driven radiator is one
of the main factors influencing the thermal comfort of air-
source heat pump heating systems. Figure 3 presents the
surface temperature variations of the gravity-driven radiator
during the start-up stage, with different outdoor temperatures.
It can be found that the stable surface temperature of the
gravity-driven radiator is about 45℃, which satisfies the
heating requirement. With different outdoor air
temperatures, the time for the surface temperature of the
radiator to stabilize is different. The higher the outdoor air
temperature, the greater the surface temperature rising rate of
the radiator, and the shorter the time for the radiator to enter
the stable operation state. At the outdoor temperature of −7℃,
−4℃, −1℃, 2℃ and 5℃, the time taken for the radiator surface

temperature to reach stability is about 80, 70, 60, 50, and 40 min,
respectively, and the corresponding surface temperature rising
rates are 10.5℃/h, 12℃/h, 14℃/h, 16.8℃/h and 21℃/h. The
main reason is that the higher the outdoor air temperature, the
higher the evaporation temperature of the heat pump, and the
suction pressure of the compressor increases accordingly.
Consequently, the refrigerant flow of the heat pump is also
increased, so as to improve the heat input of the heat pump
unit to the heat pump thermosyphon working medium heat
exchanger. The temperature rise rate of the gravity-driven
radiator increases accordingly. A previous study stated that in
an air-source heat pump heating system with a floor heating
terminal, the rising rates of floor surface temperature as well as
indoor air temperature are relatively slow, because of the large
thermal inertia of circulating water and radiant floor. The surface
temperature rising rate of floor is about 1.3℃/h, when the outdoor
temperature was 5℃ (Wang and Tan, 2004). Thus, compared with
the floor radiant heating, the thermal response speed of the gravity-

FIGURE 6 | Geometric model of the radiator at different angles.
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driven radiator is 15.2 times faster. Therefore, the gravity-driven
radiator has the advantage of fast dynamic thermal response, and
the users can quickly adjust the indoor temperature. In addition,
the gravity-driven radiator is more suitable for intermittent
operation to reduce heating energy consumption.

3.2 Indoor Air Temperature
Figure 4 compares the variations of indoor air temperature in
Room A and Room B, from 08:00 to 21:00 during a typical day. It
can be found that the indoor air temperature of both rooms are
relatively stable within the range of 22–23.5℃, after a rapidly
increasing at the start-up stage. As expected, the temperature
rising speed in Room B with a traditional cabinet air conditioner
is faster than that in Room A with a gravity-driven radiator, but the
difference is not big. In Room B, the indoor air temperature reaches
a basically stable state for about 40 min, and the average
temperature rise rate of indoor air temperature is 13.8℃/h,
while the values for Room A are 60min and 10.8℃/h
respectively. Previous studies revealed that under similar working
conditions, the average indoor air temperature rise rate for the air-
source heat pump floor radiant heating system is about 3.4℃/h
(Wei et al., 2010), while that for the air-source heat pump auxiliary
electric heating hot water radiator heating system is about 10.4℃/h
(Cheng et al., 2018). Therefore, in air-source heat pump heating
systems, using a gravity-driven radiator as a heating terminal will
lead to a slightly lower indoor air temperature rising rate, compared
with using a traditional cabinet air conditioner as a heating

FIGURE 7 | Physical model of the heating room.

TABLE 2 | Related parameters of simulated working conditions.

Working condition Air supply angles Air supply speed (m/s)

1 0.2
2 90° 0.4
3 0.6
4 0.2
5 45° 0.4
6 0.6
7 0.2
8 0° 0.4
9 0.6
10 0.2
11 −45° 0.4
12 0.6

FIGURE 8 | Comparison of simulated and experimental values.
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terminal, but its thermal response performance is much better
than using a floor heating terminal and has the potential of using
the intermittent operation control strategy to save heating
energy.

In the stable operation stage of the heating system, the indoor air
temperature of RoomA ismaintained in the range of 22–22.6℃; while
that in Room B is slightly higher than that in Room A, remaining in

the range of 22.5–23.4℃. However, the indoor air temperature is
much more stable in Room A, compared with that in Room B. The
indoor air temperature fluctuates frequently in Room B, and the
maximum temperature difference is about 0.8℃. On the contrary, the
change in indoor air temperature in Room A is relatively gentle.

It can also be found that the indoor air temperature decreasing
rate in Room B is faster than that in Room A, when the heating
systems are turned off. As shown in Figure 4, the indoor air
temperature in Room B decreased from 22.9℃ to 17.1℃ within
3 h after the system shutdown, and the average temperature
decreasing rate is 1.97℃/h. During the same period, the indoor
air temperature in RoomAdecreased from 22.4℃ to 19.6℃with an
average temperature decreasing rate of 0.93℃/h. The main reason
lies in the radiation heat exchange between the gravity-driven
radiator and the room envelope in Room A. Since the building
envelope itself has a certain heat storage capacity, the surface can still
transfer heat to the room through radiation and convection, after
shutting down the heating system. Thus, the air temperature
dropping rate in Room A is much lower than that in Room B.

4 OPTIMIZATION RESEARCH

4.1 Introduction of Simulation Models and
Cases
To further improve the response speed of the gravity-driven radiator
and meet the demand of intermittent heating, Figure 5 presents a
new gravity-driven radiator with radiation and convection coupled
heat transfer. Specifically, the air is sucked from the lower air outlet of
the radiator by the crossflow fan, and discharged after being heated by
the heat pipe wall in the ventilation channel; an adjustable deflector is
equipped at the front end of the air supply outlet for the adjustment of
the air supply angle; Figure 6 illustrates the geometric model of the
radiator at different angles.

In this research, the authors optimize the gravity-driven radiator
by CFD. Geometric modeling has to meet the requirements of
geometric similarity, physical similarity, and condition similarity to
get the results close to the real situation. This simulation makes a
reasonable simplified calculation of the model. The length of the
room is only half of the actual length, and the space dimensions of
different heating systems are 4m × 6m × 3m (Length × Width ×
Height), and the dimensions of the gravity-driven radiator are
1,050mm × 80mm × 650mm (Length × Width × Height).
According to the actual position of the cabinet-type air
conditioner, the air supply outlet and the air return outlet at the
end of the hot air conditioner are arranged on the same side, and the
dimensions are 600mm × 100mm (Length × Width). The inlet is
used as a velocity inlet with an air speed of 2m/s and the
temperature of 35℃, and the outlet is set as free outflow. Each
room has two sittingmannequins, one is at each end of a rectangular
desk, and the other is 1,200mm × 1,000mm × 50mm (Length ×
Width × Height). The physical model is shown in Figure 7.

Considering the air supply speed on the thermal comfort will
also have an impact; after verifying the reliability of the model,
this paper studies the indoor air temperature response speed and
thermal comfort of the new gravity-driven radiator with the air-
source heat pump heating system under different air supply

FIGURE 9 | Average temperature change curve at 1.1-m height plane.
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angles and air supply speeds; a total of 12 working conditions are
simulated in this study, as shown in Table 2.

4.2 Simulation Model Validation
The physical model is consistent with the experimental platform, and
the simulation results are compared with the measured data at 14:00
on a typical day. The rootmean square error (RMSE) is selected as the
evaluation index. The comparison between the simulated and
experimental values of the air temperature distribution at the
vertical height of indoor air temperature measuring Point one and
measuring Point four is shown in Figure 8, which shows that the
maximum temperature difference between the simulated and
measured air temperature values is no more than 1℃, and the
root mean square error is 21%. In the case that the RMSE value is less
than 30%,which can be applied to further simulate researchwithin an
acceptable range, the model can be considered to be reliable.

4.3 Simulation Results
Since the thermal sensation of the head greatly influences the overall
thermal sensation of the human body (Duanmu, 2007), the 1.1-m
height plane, which is the height of the head at the sitting position
(hereinafter referred to as the 1.1-m height plane), will be used as the
main standard for the comparison of response time and thermal
comfort under different optimization schemes.Figure 9 illustrates the
average temperature change curve of the 1.1-m height plane under
different air angles and air supply speeds. As can be seen from the
figure, when the new gravity-driven radiator is working, as shown in
Figure 5, the indoor air temperature rises rapidly, and the air
temperature rise rate tends to be flat after heating for a certain time.
GB/T5 0785–2012 stipulates that the standard for Class II comfort of
thermal environment of heating is as follows: the air speed is not lower
than 0.2m/s, and the ambient temperature is within the range of
18℃–22℃ (GB/T5 0785-2012, 2012). The differences in air supply
angle and speed have an impact on the time required for the average
temperature of the 1.1-m height plane to reach theminimum required
temperature of 18℃ (hereinafter referred to as the required time).

4.3.1 Indoor Air Temperature Response Time
The indoor air temperature changes with time under different air
supply speeds and different air supply angles, as shown in Figure 9. It

can be seen from Figures 1–9 that at the air speed of 0.2m/s and the
air supply angle of −45°, when the required temperature for thermal
comfort is 18℃, indoor air temperature rise is about 20.5℃/h; when
the air supply angle is 0°, it meets the requirements of thermal
comfort, and the temperature rise is about 22.4℃/h; in the case that
the air supply angle is 45°, the temperature rise is about 17.9℃/h,
temperature rise is required to make the average temperature of the
plane at the height of 1.1 m reach 18℃, while when the air supply
angle reaches 90°, the temperature rise is about 16.7℃/h, thereby
meeting the temperature required for thermal comfort. It is explored
that at the air speed of 0.2m/s, the time required for the air supply
angle at 18℃ is the shortest. When the air speed is 0.4m/s, the air
supply angle changes from −45° to 90° to meet the required
temperature of thermal comfort, and the temperature increases are
about 25.6℃/h, 27.4℃/h, 20.5℃/h and 18.6℃/h respectively. In
addition, the air supply temperature is 0.6m/s, When the air supply
angle changes from small to large, the temperature rise changes are
about 27.7℃/h, 30.8℃/h, 22.3℃/h and 19.5℃/h respectively,
meeting the temperature requirements of thermal comfort.

It can be found that when the air supply speed remains
unchanged, with the air supply angle decreasing from 90° to −45°,
the required time decreases and then increases, which is due to the
fact that the initial reduction of the air supply angle is conducive to
enhancing the convective heat transfer effect between the hot air and
the air at the height of the human head while sitting, and the required
time decreases accordingly. However, in the case that the air supply
angle decreases to −45°, the hot air blown out of the tuyere first heats
the air below the human head and then floats up depending on the
density difference before heat exchange with the air above. Therefore,
when the average temperature of the 1.1mheight plane is taken as the
comparison standard, the time required for −45° air supply is higher
than 0°. When the air supply angle is 0°, the time required is the
shortest, and the time needed to reach the required temperature of
thermal comfort under different air supply speeds is compared. It is
found that the greater the air supply speed, the shorter the time
required to reach 18℃. When the air speed increases from 0.2m/s to
0.6m/s, the difference between the time required for 0° air supply and
that for −45° air supply increases gradually as well. The reason is that
at the air supply angle of−45°, the increase of the air supply speed can
effectively inhibit the floating of hot air. Most of the heat is used to

TABLE 3 | Thermal comfort evaluation at different air supply angles and air speeds.

Angle Air speed Height (m)

0.1 0.6 1.1

(m/s) PMV PDD (%) DR PMV PDD (%) DR PMV PDD (%) DR

0.2 −0.64 13 0 −0.6 12 0 −0.58 12 3.5%
90° 0.4 −0.74 16 0 −0.72 16 4.4% −0.58 12 4.5%

0.6 −0.74 16 0 −0.66 14 5.2% −0.49 10 6.1%
0.2 −0.66 14 0 −0.66 14 0 −0.62 13 4.1%

45° 0.4 −0.72 16 0 -0.64 13 4.3% −0.49 10 4.8%
0.6 −0.72 16 3.1% −0.64 13 5.7% −0.47 10 7.9%
0.2 −0.62 13 0 −0.58 12 0 −0.51 11 6.8%

0° 0.4 −0.64 14 0 −0.6 13 7.2% −0.46 9 10.1%
0.6 −0.66 14 2.9% −0.62 13 13.6% −0.46 9 16.3%
0.2 −0.58 12 2.7% −0.54 11 4.4% −0.48 10 5.7%

−45° 0.4 −0.49 10 3.2% −0.48 10 8.8% −0.44 9 12.1%
0.6 −0.49 10 8.8% −0.49 9 11.6% −0.53 11 17.5%
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heat up the air below the 1.1-m height plane, and the rising rate of air
temperature at the 1.1-m height plane becomes relatively gentle.
Based on the comparison of the above 12 simulation conditions, at
the air supply angle of 0° and the air supply speed of 0.6 m/s, the
maximum temperature risemeeting the temperature requirements of
thermal comfort is about 30.8℃/h. When the air supply angle
remains unchanged, the increase in air supply speed can greatly
reduce the required time, and the reduction range of the required
time decreases gradually with the increase in air supply speed.

4.3.2 Thermal Comfort Performance
Because the thermal environment at the terminal of the gravity-
driven radiator is relatively even, there is no obvious air temperature
stratification, and the layout position of radiators in the room is
uniform and symmetrical. Moreover, the effects of radiation
asymmetry and air speed asymmetry can almost be ignored, and
the thermal environment using the gravity-driven radiator can be
regarded as an ideal uniform environment. Therefore, when further
analyzing the thermal comfort of indoor environment under different
air supply angles and air speeds, according to the provisions of
ISO7730 (International Standard, 1984), the PMV, PDD, and DR
(blowing feeling index) will be taken as the evaluation indexes. The
indoor Level II thermal comfort environment requires that PMV be
−0.5–0.5, PDD < 10%, and DR < 20%. This paper studies the sitting
posture of the human body; therefore, the three indoor height planes
of 0.1m (ankle), 0.6m (abdomen), and 1.1m (head) are selected for
comparative analysis. Besides, all PMV, PDD, and DR evaluation
values refer to the average values on the height plane.

The thermal comfort evaluation results of indoor environment
under different air supply angles and air supply speeds are shown
in Table 3. As seen from Table 3, although the changes in air
supply angle and air speed have an impact on the DR of 0.1m
(ankle), 0.6m (abdomen), and 1.1m (head), under all simulated
working conditions, the average blowing sensation index (DR)
increases with the increase in height from the ground at the same
angle and air supply speed; in the case that the air supply angle is
constant, the DR increases with the increase in air supply speed.
When the air supply angle is −45° and the air supply speed is
0.6m/s, the average blowing sensitivity index value is the highest,
and the value at a height of 1.1m from the ground is 17.5%. It can
be found that the average blowing sensation index under all
simulated working conditions is no more than 20%, indicating
that the blowing sensation of air flow on human body is within an
acceptable range. When the air supply angle and air supply speed
are constant, the PMV decreases with the increase of the height
from the ground; at constant air supply speed and reduced air
supply angle, the thermal comfort evaluation of each height
shows an upward trend; Table 3 shows that at an air supply
angle of −45° and an air speed of 0.4m/s, the simulated average
values of PMV and PDD at the ankle of 0.1m are −0.49 and 10%,
respectively, while those at the abdomen of 0.6m are −0.48 and
10%, and those at the height of 1.1m above the ground (about the
head) are −0.44 and 9%, respectively. Therefore, the thermal
comfort of the human body is within the requirements of Class II
thermal comfort environment. The thermal environment under
this heating condition is available for high crowd satisfaction.
When the air speed is further increased, the dissatisfaction rate

PDD value of the population of 0.6 m (abdomen) and 1.1 m
(head) increases instead, and the PMV value also exceeds that
required for thermal comfort, indicating that the increase in air
speed at this time is not beneficial to the improvement of thermal
comfort, or even bring the risk of reducing thermal comfort.

5 CONCLUSION

1) It is experimentally found that during the gravity-driven system
start-up stage, the average indoor air temperature rise rate of
10.8℃/h is slightly lower than that of 13.8℃/hat the heating
terminal of air conditioning. However, compared with other air-
source heat pump radiant heating systems, it can quickly improve
the indoor temperature. The gravity-driven radiator is characterized
by fast start-up temperature rise and better dynamic response than
the floor radiation system, which is suitable for intermittent
operation mode to save heating energy consumption.

2) In this paper, a convection and radiation coupled gravity-driven
radiator was proposed. By installing a cross-flow fan, the
radiation and convection coupled heat transfer can be realized
at the gravity-driven radiator, thereby significantly speeding up
the response speed of indoor temperature during heating. The
simulation study found that the increase in air supply speed can
greatly reduce the required time, and the reduction range of the
required time decreases gradually with the increase in air supply
speed when the air supply angle remains unchanged.

3) Without affecting thermal comfort, the new gravity-driven
radiator can be optimized with an air supply angle of −45 ° and
the air supply speed is limited to 0.4m/s, the PMV is within
the range of −0.5–0.5, the PDD is less than 10%, and the DR is
less than 20%, indicating that the thermal environment can be
comfortable to all parts of the human body at this time.
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