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In the process of global energy sustainable development, increasing the
utilization of renewable energy in buildings and constructing zero-carbon
buildings has become one of the important ways to alleviate global warming.
In this situation, air source heat pumps are widely used because of its energy
saving and stable performance. Air source heat pump coupled capillary
floor radiant heating (ACFRH) uses refrigerant as a heat transfer medium
to directly heat the room floor, with no pump consumption and secondary
heat transfer loss. In order to better study its temperature and heating
characteristics under different capillary spacing and different outdoor
temperature, an ACFRH experimental device was built in the artificial
environment control room. The results show that the smaller the capillary
spacing, the greater the vertical temperature difference of the floor. When
the outdoor ambient temperature is -5 °C and the capillary spacing is 80 mm,
the vertical temperature difference is 2.3 °C, the surface temperature
difference at different horizontal positions is 0.8 °C, and 6.4 °C from the
compressor discharge section to the condensate outlet section. The heating
capacity and heating COP of the system are maintained at about 1.99kW
and 3.85, respectively.
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1. Introduction

Due to the increase of energy consumption, the problem of global warming has become
increasingly prominent. The total energy consumption of the construction industry accounts for about
40 % of the total global carbon emissions and 36 % of the total global energy consumption [1].
Heating energy consumption accounts for 50 % of the world's total energy consumption, and 46 % of
building energy consumption is mainly used for space and water heating [2]. At present, China is the
world's largest energy consumer [3]. The total energy consumption of China's building operation
accounts for about 25 % of the country's total energy consumption, a large part of which is used for
heating and cooling [4-5]. Building heating can use various forms of renewable energy, including solar
energy, heat pump, biomass energy and wind energy, making it closer to green zero-carbon buildings
[6]. With the goal of "2030 Carbon Peak™ and 2060 Carbon Neutrality" being proposed in China, the



air source heat pumps (ASHPs) are widely used in northern China and has become an important
technical equipment for winter heating [7-8]. Due to its energy saving, environmental protection,
stable performance, and convenient use [9], it is expected that by 2035, ASHPs will account for 24 %
of the heating demand in the northern region of China [10]. In order to better meet people's growing
demand for thermal comfort, different types of ASHP heating terminals have emerged in recent years
[11-16]. Currently, the traditional heating terminals used in ASHPs mainly include warm air heating,
radiator heating, and hot water floor radiant heating. However, the indoor air temperature at the
terminal of the fan coil unit has a large vertical gradient and a strong blowing sensation, resulting in
poor indoor thermal comfort [17-18]. Experimental results show that at the same operating
temperature, the energy efficiency of a refrigerant direct radiation heating system is 34.75% higher
than that of a convective heat transfer system [19]. For the radiator heating, the indoor temperature
distribution is not uniform, and the temperature gradient near the radiator is significantly higher than
that in other places [20-21]. The hot water circulation heating system has high power consumption,
complex system, and the risk of freezing and cracking in winter.The using conditions of the hot water
terminal of the ASHP are limited.

In recent years, more and more attentions have been paid for direct condensing ASHP heating
system for its advantages such as no secondary medium heat transfer loss, no additional pump power
consumption, and no risk of freezing and cracking in winter. Shao et al. [22] examined the thermal
stability, energy & exergy efficiencies and the economic performance of the ASHP system with a
direct condensation radiation heating panel, the COP is 2.4 in the typical heating condition. Dong et al.
[23] proposed and investigated the solar integrated air source heat pump (SIASHP) with R407c for
radiation floor heating without water (RFHW). The average COP of SIASHP is 2.94 ranging from
2.15 to 3.99. A new direct expansion ASHP heating system with gravity driven radiator as heating
terminal was developed by Wang et al. [24], of which PMV is maintained in the range of -0.5 ~ 0.5,
and the PPD is less than 10 %. Zhao et al. [25] set up the radiation terminal experimental platform and
studied that the power consumption of the capillary network radiation heating system is 45 % lower
than that of the common hot water floor radiation heating system. The capillary floor radiant heating
system uses high temperature refrigerant as heat transfer medium directly introduced into the floor to
heat room. Zeng et al.[26] was the first to study direct floor radiant heating ASHP system in China.
Cui et al. [27] carried out the experimental research for an ASHP with direct floor radiant heating
system, the results showed that when heating indoors, the heating speed is fast, and the indoor
temperature is uniform. Zheng et al. [28] proposed a refrigerant direct condensation floor radiation
heating system with ASHP using phase change materials, which shows that when the surface
temperature is higher than 26.0 °C, the thermal comfort is better. Niu et al. [29] proposed a capillary
direct floor radiant ASHP system, experimental research has been conducted to its low-temperature
heating process and normal heating process when the capillary spacing is 100 mm. However, the
influence of different capillary spacing on floor temperature and system performance has not been
thoroughly studied. In this paper, an ASHP coupled capillary floor radiant heating (ACFRH) system
was proposed and the experimental device was built in laboratory. The temperature variation
characteristics of the capillary floor and the heating performance of the unit under different outdoor
temperature and capillary spacing were studied in order to further broaden the application of ASHP as
an energy-saving product.



2. Experimental device construction

The experimental device was built in the artificial environment control room, which includes an
indoor environment control room and an outdoor environment control room. Both the indoor and
outdoor temperature can be controlled at -15 °C ~ 40 °C with an accuracy of + 0.1 °C; The humidity
can be controlled at 30 % ~ 85 % with an uncertainty of 5%.

The ACFRH system consists of an ASHP outdoor unit and a capillary floor radiant heating
terminal (CFRT). The outdoor unit was composed of a rolling rotor compressor with a rated power of
1.0 HP, a finned tube heat-exchanger, an electronic expansion valve (EEV) and a four-way valve. The
capillary floor was built mainly with parallel copper capillary. Using R410A as refrigerant, and the
outlet super-heat of the evaporator was control at 5~8 °C through EEV. The experimental device is
shown in Fig.1.
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Fig. 1. Experimental device of capillary floor radiation heating system with ASHP

In the indoor environment control room, a capillary floor radiant heating floor with a size of 2 m
(L)x1.5 m (W) was built. From the floor of the indoor environment control room, the following are
laid in sequence: 50 mm polystyrene insulation board, 0.04 mm aluminum foil mirror reflective film,
wire mesh, capillary copper tubes with an outer diameter of 4 mm and a thickness of 0.3 mm and
cement mortar layer with a thickness of 20 mm. In order to ensure the uniformity of liquid separation,
6 groups of 6 branches of liquid separators were used, with a total of 36 parallelly arranged capillaries.
In order to adjust the capillary spacing, a globe valve was installed at the inlet of each capillary. An
artificial chamber of 2m (L) x 1.5m (W) x 1.8 m ( H) was built above the capillary radiant heating
floor. It was composed of polystyrene insulation boards. Fig.2. is the photo of the experimental device.
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Fig. 2. Photos of the experlmental device

3. Measuring points arrangement and instrument

The floor temperature is stabilized at about 20 °C before the heat pump is turned on. When the
outdoor temperature is 5 °C, 0 °C, -5 °C and the capillary spacing is 40 mm, 80 mm and 120 mm
respectively, the temperature characteristic of the capillary floor and the heating performance of the
heat pump unit were studied.

Fig.3. is the floor temperature measurement points arrangement. There are 36 capillaries
arranged in parallel, numbered #1 ~ #36 from left to right. When the capillary spacing is 40 mm, the
globe valves are all opened; When the capillary spacing is 80 mm, the globe valves of 18 capillaries in
#1, #3, #5, #7,... #35 are opened; When the capillary spacing is 120 mm, the globe valves of #1, #4, #7,
#10, #13, #16, #19, #21, #25, #27, #31, #34 are opened, a total of 12 capillaries. Regardless of
capillary spacing, the temperature measuring points of the capillary floor is fixed and not affected by
the valve switching. It is divided into three layers from top to bottom, each layer has five same
measuring points. The measuring points of the first layer are located on the surface of the cement floor,
and the measuring points are numbered 1, 2, 3, 4 and 5, respectively. The second layer is located in the
10 mm thick cement mortar layer, and the measuring points are 1’, 2', 3', 4’ and 5', respectively. The
third layer is located on the outer wall of the capillary, and the measuring points are 1", 2", 3", 4" and
5", respectively.
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Fig. 3. The arrangement of temperature measuring points of the capillary floor



Temperature and pressure sensors are arranged at the inlet and outlet of the main equipment of
the unit. The parameters such as compressor suction & discharge temperature and pressure, condenser
inlet & outlet temperature and pressure, compressor power, and refrigerant mass flow rate are
monitored. The data are collected and recorded by Agilent 34972A. The performance parameters of

each measuring instrument are shown in Tab.1.
Tab. 1. Instrumentation performance parameters

Parameters Model Full scale Accuracy
Pressure 520.9335033401W -0.1 ~ 4.0 MPa +0.2%
T-Thermocouple -150 ~ 200 °C +0.2 °C
Temperature
PT100 -150 ~ 150 °C +0.15°C
Compressor power PD6000-Y30 0~10 kW 0.5%
Flow meter LW-4Z1M2SDSR 0.04 ~ 0.25 mh +1%
Data acquisition Agilent34972A +0.2%

4. Data analysis and error handling

During the experiment, the direct measurement of physical quantities includes temperature,
pressure, compressor power, refrigerant flow. And the required indirect refrigerant enthalpy can be
obtained by the physical parameter software REFPROP 9.1. The heating capacity of the system is
obtained by multiplying the enthalpy difference of the refrigerant at the inlet and outlet of the
condenser by the mass flow rate of the refrigerant.

QZQ(hi _ho) (1)

Where, Q is the heating capacity of the system, kW; q is the mass flow rate of refrigerant, kg/s;
hiand h, are the enthalpy of the refrigerant at the inlet and outlet of the condenser respectively, ki/kg.
The heating COP (coefficient of performance):

COP = Q 2
P
Where, P is compressor power, KW.

If Y (output) cannot be measured directly, the estimated value y has a functional relationship
with other measured values X1, Xz,..., X (input) :

y=f(X1,X2,~--,Xn) (3)

The uncertainty uy of the estimated value y is the combination of all uncertainty components
(corresponding input X1, X2,..., Xn), Which is expressed by the combined standard uncertainty uc(y). If
the uncertainty of all input quantities are independent of each other, the combined standard uncertainty
calculation formula is calculated according to formula (4):

u.(y) = (4)

. . of . -
Where, uy; is the standard uncertainty; v is the error transfer coefficient.
X



Therefore, it can be known:
Q:q(hi_ho): f(q! pi’ti!polto) (5)

COP— P— P - f(q!pi’ti’po’to’P) (6)

The error between heating capacity Q and heating COP of the system can be calculated:
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Where, Ug, Ui, Ui, Upi, Upo, Up are the parameter uncertainty; ug and ucop are combined standard
uncertainty (also known as comprehensive uncertainty); Ure.. o and Urel. cop are the related expanded
uncertainty (measurement error). After calculation, the measurement error of heating capacity Q and
heating COP are 2.9 % and 4.1 %, respectively. The errors of heating capacity Q and heating COP are
related to the directly measured parameters such as refrigerant flow, the pressure & temperature and
the power of the compressor. The impact of measurement errors has been eliminated in the data of
results and analysis.

5. Experimental results and analysis

Fig.4. shows the temperature variation of the floor surface when the capillary spacing I is 80
mm and the outdoor environment temperature t, is 5 °C, 0 °C and -5 °C, respectively. It can be seen
from Fig.4 that after the start-up of the heat pump system, the floor surface temperature rises
significantly. and the temperature rise rates of 2,3 and 4 are basically the same; When the outdoor
temperature is 5 °C, the temperature rise rates of 1, 2~4, and 5 are 1.6 °C / 10min, 1.2 °C / 10min, and
0.5 °C / 10min, respectively; When the outdoor temperature is 0 °C, the temperature rise rates of the
three is 1.2 °C/ 10min, 0.5 °C / 10min , 0.3 °C/ 10min, respectively. When the outdoor temperature is
-5 °C, the temperature rise rates is 0.9 °C / 10min, 0.3 °C / 10 min, and 0.2 °C / 10min, respectively.
The temperature rise of measuring point 1 is the fastest, 5 is the slowest, and 2 ~ 4 is between them.
This is because measuring point 1 is located in the compressor vapour discharge section, 5 is located
in the condensate outlet section, and 2-4 are located in the middle saturated section.

With the decrease of outdoor temperature, the final stable temperature of the floor surface



decreases. However, under different outdoor ambient temperature, the temperature of measuring point
1 is always the highest, the temperature of measuring point 5 is always the lowest, and the temperature
of measuring points 2, 3, 4 are close. When the outdoor temperature is 5 °C, the temperature of
measuring point 1 is maintained at 33.8 °C. 2, 3 and 4 are maintained at 30.1 °C, 29.7 °C and 29.3 °C,
respectively. The temperature difference of the three points does not exceed 0.8 °C with good
temperature uniformity. The temperature of measuring point 5 is maintained at 24.8 °C. The average
surface temperature rise rate is 1.2 °C / 10 min. When t,=0 °C, the temperature of measuring point 1 is
maintained at 29.6 °C. Compared with that of t,=5 °C, the temperature is reduced by 4.2 °C. The
temperature of measuring points 2, 3 and 4 is maintained at 24.2 °C, 24.6 °C and 24.8 °C, respectively,
and the temperature difference does not exceed 0.6 °C. Compared with that of t,=5 °C, the temperature
is reduced by about 5.0 °C. The temperature of measuring point 5 is maintained at 22.8 °C with a
decrease of 2.0 °C. The average surface temperature rise rate is 0.7 °C / 10 min. When t,=-5 °C, the
temperature of measuring point 1 is maintained at 27.9 °C. The temperature of measuring points 2, 3
and 4 are close, they are maintained at 22.9 °C, 22.8 °C and 23.6 °C, respectively, and the temperature
difference does not exceed 0.8 °C. The temperature of measuring point 5 is maintained at 21.5 °C.
Compared with measuring point 1, the temperature difference between the two is 6.4 °C. The average
surface temperature rise rate is 0.5 °C / 10 min.The temperature variation of measuring points 1, 3, 5
and measuring points 2, 3, 4 reflects the surface temperature distribution characteristics of the
capillary radiant floor heating terminal in the orthogonal two directions to a certain extent.
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Fig. 4. The variation of cement surface temperature under different outdoor temperature when I= 80mm

Fig.5. shows the temperature variation of different vertical thicknesses of the floor at different
capillary spacing when t,= -5 °C. The measuring points 3 , 3 " and 3 " are located on the surface of the
cement floor, 10 mm thick cement mortar layer, and the outer wall of the capillary, respectively. From
Fig.5 that when 1=40 mm, the temperature of the measuring points 3, 3 ' and 3" are maintained at
24.4 °C, 25.3 °C and 27.5 °C, respectively, and the average temperature rise rates are 0.36 °C / 10 min,
0.44 °C / 10 min and 0.65 °C / 10 min, respectively. When 1=80 mm, they are maintained at 22.8 °C,
23.8 °C and 25.1 °C, respectively, and the average temperature rise rates are 0.29 °C / 10 min, 0.41 °C
/ 10 min and 0.55 °C / 10 min, respectively. When 1=120 mm, they are maintained at 21.4 °C, 22.5 °C
and 23.3 °C, respectively, and the average temperature rise rates are 0.09 °C / 10 min, 0.15 °C / 10 min
and 0.20 °C / 10 min, respectively. The maximum temperature difference between measuring points 3"
and 3 under the spacing of 40 mm, 80 mm and 120 mm are 3.4 °C, 2.5 °C and 1.9 °C, respectively, that
is, the smaller the capillary spacing, the more obvious the vertical temperature stratification. From
above analysis, we can see that the smaller the capillary spacing, the higher the vertical temperature
and the greater the vertical temperature difference. Due to the thermal inertia of the cement floor, the
vertical heat transfer process from the outer wall of the capillary to the floor surface would naturally



have a certain delay and lag, which also causes the difference between the vertical temperature
difference and the temperature rise rate of each layer.
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Fig. 5. Vertical temperature variation of floor under different capillary spacing when to=-5 °C

Fig.6. ~ Fig.8. are the temperature variation of measuring points 1, 3 and 5 under different
capillary spacing and outdoor temperature. From Fig.6. ~ Fig.8, we can see that the smaller the
capillary spacing is, the faster the temperature rise rate of each measuring point is and the higher the
temperature is. The higher the ambient temperature, the higher the temperature of different measuring
points. When t,=-5 °C and I= 40 mm, the temperature of measuring point 1 can reach 30.4 °C, and the
temperature rise rate is 1.38 °C / 10 min. Compared with the 80 mm spacing, the two are 2.2 °C and
0.28 °C / 10 min higher, respectively; Compared with the 120 mm spacing, they are 4.3 °C and 0.72 °C
/ 10 min higher, respectively, and the temperature rise is obvious. When 1= 40 mm and t;= 5 °C, it is
stable at 35.7 °C, about 3.3 °C higher than that of when t,= 0 °C, and 5.2 °C higher than that of when
to= -5 °C. The measuring point 3 can reach 24.4 °C, and the temperature rise rate is 0.36 °C / 10 min.
The two are 1.6 °C and 0.07 °C / 10 min higher than that of 1I=80 mm, and 3.0 °C and 0.27 °C / 10 min
higher than that of =120 mm, respectively. When I= 40 mm and t,= 5 °C, it is maintained at about
31.6 °C, about 3.4 °C higher than that of when t= 0 °C, and 7.3 °C higher than that of when t,= -5 °C.
The measuring point 5 can reach 22.5 °C, and the temperature rise rate is 0.22 °C / 10 min. The two
are 0.92 °C and 0.06 °C / 10 min higher than the 80 mm spacing, and 1.38 °C and 0.13 °C / 10 min
higher than the 120 mm spacing, respectively. When I= 40 mm and t,= 5 °C, it is maintained at about
27.1 °C, about 2.6 °C higher than that of when t,= 0 °C, and 4.6 °C higher than that of when t,= -5 °C.
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Fig. 6. The temperature variation of measuring point 1 at different capillary spacing and outdoor temperature
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Fig. 8. The temperature variation of measuring point 5 at different capillary spacing and outdoor temperature

Fig.9.(a) shows the variation of the heating capacity of the ACFRH system under different
capillary spacing and outdoor temperature. It can be seen from Fig.9.(a) that the smaller the capillary
spacing is, the greater the heating capacity is, and the lower the outdoor ambient temperature is, the
smaller the heating capacity is. When t,= 5 °C and 1=40 mm, the heating capacity of the system is
maintained at 2.78 kW, about 0.26 kW higher than that of when 1=80 mm and about 0.54 kW higher
than that of when 1=120 mm. When the outdoor temperature is 0 °C, the heating capacity is maintained
at 2.56 kW at 40 mm spacing, 2.31 kW at 80 mm spacing, and 2.03 kW at 120 mm spacing. When the
outdoor temperature is -5 °C, the heating capacity is maintained at 2.23 kW at 40 mm spacing, 1.99
kW at 80 mm spacing, and 1.71 kW at 120 mm spacing. When the outdoor temperature is -5 °C, the
heating capacity at 80 mm spacing is 12.1 % lower than that at 40 mm spacing, and the heating
capacity at 120 mm spacing is 16.3 % lower than that at 80 mm spacing. When the capillary spacing is
80 mm, the heating capacity at the outdoor temperature of -5 °C is 16.2 % lower than that at the
outdoor temperature of 0 °C, and the heating capacity at the outdoor temperature of 0 °C is 9.1 %

lower than that at the outdoor temperature of 5 °C.
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Fig. 9. The variation of heating capacity and COP under different capillary spacing and outdoor temperature
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Fig.9.(b) shows the heating COP variation under different capillary spacing and outdoor
temperature. Comparing with Fig.9.(a), it can be seen that the variation regularity of the heating COP
of the system is basically the same as that of the heating capacity. The lower the outdoor environment
temperature is and the larger the capillary spacing is, the lower the heating COP is. When t,= 5 °C, the
heating COP is stable at 5.44, 5.03, and 4.59 when 1=40 mm, 80 mm, and 120 mm,respectively. When
to= -5 °C, the heating COP is stable at 4.28, 3.85, and 3.39 when 1=40 mm, 80 mm, and 120 mm,
respectively. When t,= -5 °C, the heating COP at 80 mm spacing is 11.2 % lower than that of at 40 mm
spacing, and the heating COP at 120 mm spacing is 13.6 % lower than that of at 80 mm spacing.
When 1=80 mm, the heating COP at the outdoor temperature of -5 °C is 17.7 % lower than that of at
the outdoor temperature of 0 °C, and the heating COP at the outdoor temperature of 0 °C is 11.0 %
lower than that of at the outdoor temperature of 5 °C.

The air source water-loop heat pump generally for ambient temperature is below -12 °C, the
heating COP will be smaller than 2.0 . Furthermore, the discharge temperature is too high (higher than
120 °C) and the refrigerant flow mass decrease significantly, these heat pump systems have difficulty
running efficiently, reliably and stably [30]. The system COP fluctuates between 1.7 and 3.5 when the
ambient temperature varies from -9.2 °C to 14 °C, and the mean value of the COP is about 2.59 for the
ASHP with refrigerant-heated panel [31]. Fans were introduced to direct-condensation heating panel to
enhance the forced convection, and the system COP increased from 2.86 to 3.11 with the increased
indoor air flowrate [32]. However, it increases the fan power consumption and noise . When the
outdoor temperature is -5 °C, the COP can reach 3.55 for the ASHP with refrigerant directly
condensation wire mesh type terminal [33]. However, the wire mesh needs to be hung up, occupying
room space, and more easily be touched to deformed.

6. Conclusions

The air source heat pump coupled with capillary floor radiant heating with refrigerant as the
heat exchange medium to heat the room floor. The experiment was carried out under different outdoor
ambient temperature and different capillary spacing, and the conclusions are as follows:

1) With the decrease in outdoor temperature, the surface temperature rise rate decreases. When
the outdoor temperature is -5 °C and the capillary spacing is 80 mm, the average floor surface
temperature rise rate is 0.5 °C / 10 min, and the floor surface temperature can reach 27.9 °C, which is
1.7 °C lower than that of when the outdoor temperature is 0 °C. The temperature difference between



different measuring points at the same horizontal position does not exceed 0.8 °C. From the
compressor discharge section to the condensate outlet section, the maximum temperature difference is
6.4 °C of 80mm capillary tube spacing under the outdoor temperature of -5 °C.

2) The smaller the capillary spacing, the higher the vertical temperature and the greater the
vertical temperature difference. Due to the thermal inertia of the cement floor, the vertical heat transfer
process from the outer wall of the capillary to the floor surface would naturally have a certain delay
and lag. When the outdoor temperature is -5 °C and the capillary spacing is 80 mm, the maximum
temperature difference between the capillary wall and the floor surface is 2.3 °C. They are maintained
at 22.8 °C, 23.8 °C and 25.1 °C, respectively, and the average temperature rise rates are 0.29 °C / 10
min, 0.41 °C/ 10 min and 0.55 °C / 10 min, respectively.

3) The heating capacity and heating COP of the heat pump system decrease with the decrease of
outdoor temperature, and increase of capillary spacing. When the outdoor temperature is -5 °C and the
capillary spacing is 80 mm, the heating capacity can be maintained at about 1.99 kW, and the heating
COP can be stabilized at about 3.85.
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Nomenclature

hi refrigerant inlet enthalpy (kJ/kg)
ho refrigerant outlet enthalpy (kJ/kg)
spacing between copper capillary tubes (mm)

|

P compressor power (KW)

Q heating capacity (kW)

q refrigerant volume flow (m3/h)

t temperature (°C)

Uxi precision of parameter uncertainty
Urel, 0 precision of Q error

Urel, cOP precision of COP error
ASHP Air source heat pump
ACFRH  ASHP coupled capillary floor radiant heating

COP Coefficient of performance

CFRT Capillary floor radiant heating terminal
EER Energy efficiency ratio

PMV Predicted mean vote

PPD Predicted percentage of dissatisfied

RFHW Radiant floor heating without water
SIASHP  Solar integrated air source heat pump
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