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Abstract

During the defrosting operation of air source heat pumps (ASHPs), heating supply is interrupted. This
leads to significant fluctuations in the indoor thermal environment, resulting in thermal discomfort for
occupants. However, the dynamic behavior of indoor thermal conditions during the frosting-defrosting
cycles remains unclear, which poses a major challenge to improving the heating performance of ASHPs.
To solve this problem, two test rigs, one air-water heat pump (AWHP) heating system and one air-air heat
pump (AAHP) heating system, were built in an artificial environmental chamber. Space heating
experiments were conducted under controlled frosting conditions to investigate the indoor thermal
environment during the frosting-defrosting cycles. By doing this work, the indoor thermal environment
variation patterns during ASHP frosting-defrosting cycles were revealed for the first time. Results showed
that the indoor temperature decreases notably during defrosting for both AWHPs and AAHPs, with greater
declines observed for AWHPs. Specifically, the temperature drop ranged from 2.99-4.66 °C for AWHPs
and from 1.58-1.79 °C for AAHPs. Furthermore, it was found that for both systems, the lowest indoor
temperature does not occur at the end of the defrosting operation, as previously assumed, but rather 4.25—

6.00 minutes later for AWHPs and 3.75—4.25 minutes later for AAHPs.

Keywords: air source heat pump, frosting, defrosting-induced indoor temperature fluctuation, heating

interruption



Nomenclatures

Ca specific heat capacity of air (J/(kg-K))

Cw specific heat capacity of water (J/(kg-K))

m water mass flow rate (kg/h)
Pp percentage dissatisfied (%)

qa heating capacity for the air- air heat pump (kW)
qw heating capacity for the air-water heat pump (kW)
Ta ambient air temperature (°C)

Tur return air temperature (°C)

Tus supply air temperature (°C)

T. outdoor coil surface temperature (°C)

T, return water temperature (°C)

T supply water temperature (°C)

t time

v air velocity (kg/m)

) air density (kg/m?)
AT temperature difference (°C)

ATan vertical air temperature difference between the head and ankles (°C)

u population mean

o standard deviation

Abbreviation
AAHP air-air heat pump
ASHP air source heat pump
AWHP air-water heat pump
COop coefficient of performance

PMV predicted mean vote
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1. Introduction

To reduce building heating energy consumption, the Chinese government has actively promoted the
application of energy-saving technologies, such as heat pumps and solar thermal technology, in building
heating in recent years [1, 2]. Among various heat pump types, the air source heat pump (ASHP), which
extracts heat from ambient air as a low-temperature heating source, has gained significant popularity [3].
ASHPs are widely used due to their advantages, including abundant heat source availability, ease of
installation, and low initial investment costs [4-6]. However, when working under low temperature and
high humidity environmental conditions, ASHPs always encounter the frosting problem [7-9]. Frosting will
not only reduce the air flowrate through the outdoor coil, but also increase the thermal resistance between
the ambient air and refrigerant, leading to a significant degradation in its heat transfer capacity [10, 11].

To maintain the high heating performance of ASHPs, periodic defrosting is employed, with reverse-
cycle defrosting being the most commonly used method [12, 13]. Reverse-cycle defrosting is achieved by
switching the four-way valve, causing high-temperature refrigerant from the compressor to flow into the
outdoor coil and melt the frost. During this process, the outdoor coil acts as a condenser while the indoor
unit functions as an evaporator. This results in the temporary cessation of indoor heating, or in some cases,
heat absorption from indoors, leading to significant indoor temperature drops. Consequently, defrosting can
severely disrupt the indoor thermal environment [14], posing challenges to maintaining thermal comfort,
particularly in rural buildings with low thermal inertia.

To address these challenges, researchers have focused on two primary strategies: 1) improving
defrosting accuracy rate [15-17], and 2) reducing the defrosting duration [18, 19]. Enhancing defrosting
accuracy minimizes heating capacity loss during the frosting-defrosting cycle, thereby reducing indoor

temperature fluctuations. Wang et al. [20] proposed the optimal defrosting initiation time theory,
4
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demonstrating that initiating defrosting at the optimal time minimizes heating losses [21]. Building on this,
Li et al. [22] and Wang et al. [23] developed image recognition-based defrosting methods [24]. Tang et al.
[25] introduced a control strategy incorporating variations in outdoor fan current, temperature, and coil
conditions. These advancements have significantly improved defrosting accuracy [26-28].

Reducing the defrosting duration is another effective approach to mitigate indoor temperature
fluctuations. Shortening the defrosting period reduces the interruption to space heating [29]. Dong et al.
[30] and Zhang et al. [31] used phase-change materials to store heat during frosting, which was later used
to accelerate defrosting, reducing its duration by 59.41% and 65.00%, respectively. Wei et al. [32]
employed vapor injection technology in quasi-two-stage ASHPs, cutting defrosting time by 20.61% without
additional cost.

While these studies have advanced defrosting techniques, most experiments were conducted in
psychrometric chambers, focusing solely on defrosting performance without considering the impact on
indoor thermal environments. Qu et al. [33] assessed indoor thermal comfort during defrosting using the
Predicted Mean Vote (PMV) model in a practical space heating project. However, the PMV model was
built based on the steady-state thermal environment [34, 35]. It is not suitable for the fluctuating indoor
environment during the frosting-defrosting cycles. On the other hand, in the practical space heating process,
the outdoor temperature varied all the time. The variation of outdoor temperature affected the heating
capacity of ASHP significantly, and further affected the variation of indoor thermal environment. Therefore,
the variation rules of indoor thermal environment during frosting-defrosting cycles of ASHP remain unclear,
significantly limiting the development of effective defrosting control strategies.

To fill the research gap above, this study investigates the indoor thermal environment of ASHPs during

dynamic frosting-defrosting cycles using an artificial environmental chamber. A typical rural residential
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building, representative of those in the Yangtze River Basin, was constructed within the chamber. Two test
rigs, an air-water heat pump (AWHP) heating system and an air-air heat pump (AAHP) heating system,
were installed to supply space heating. Experiments were conducted under standard frosting conditions
(2/1 °C dry-bulb/wet-bulb temperature) with varying indoor temperature setpoints. The variations in indoor
thermal environments for both ASHP types were analyzed. The key contributions of this study are: (1) the
first exploration of indoor thermal environment variation patterns during ASHP frosting-defrosting cycles,
and (2) the precise control of frosting conditions and indoor environments using a constructed building in
an artificial environmental chamber. This work can provide guidance to solve the defrosting-induced indoor

temperature fluctuation problem.

2. Experimentations

2.1 The artificial environment chamber

To investigate the variation patterns of the indoor thermal environment during the dynamic frosting-
defrosting cycles, space heating experiments with ASHPs were conducted in an artificial environmental
chamber in Zhuhai, as shown in Fig. 1. The chamber consists of two sections: an external room and an
internal room. In the external room, there were heaters, humidifiers, and cold coils to create outdoor
environmental conditions [36]. Through creating stable environment in it, the effects of outdoor
environment on heating performance of ASHP and the building heating load were eliminated, and the
experiments on indoor environment variations during frosting-defrosting can be conducted.

The internal room, a two-story building, was used to study the indoor thermal environment during
frosting-defrosting cycles. It was constructed following building envelope standards for the Hot Summer

and Cold Winter climatic region of China. The materials and sizes of the building envelope, including walls,
6
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windows and floor, are widely employed in the Yangtze River Basin. Consequently, the thermal inertia of
the internal room is the same as that of real buildings. The floor plans of the first and second stories are
shown in Figs. 2(a) and 2(b), respectively. An AWHP and an AAHP were installed in this artificial
environment chamber, and used to supply heat for internal rooms.

There were three rooms on the second story, with areas of 62.08 m?, 20.99 m?, and 38.92 m?, all of
which were heated by the AWHP through adding three fan-coils and used for analyzing indoor thermal
conditions. On the first story, for AAHPs, apart from the variable refrigerant flow (VRF) heat pump system,
one AAHP can supply heat for only one room because it has a single indoor heat exchanger. Meanwhile,
for VRF heat pumps, their compressor speed regulations are not allowed by manufacturers, and cannot be
used in this study. Consequently, a common AAHP with one indoor heat exchanger was chosen in this
work, and used to supply heat for Room 4, with an area of 15.57 m?. Thus, Rooms 1-3 on the second story
and Room 4 on the first story were selected for investigating the indoor thermal environment during the

dynamic frosting-defrosting cycles of AWHP and AAHP systems.

External room External room
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I |
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Fig. 1 Three-dimensional diagram of artificial environmental chamber
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Fig. 2 Floor plan of the artificial environment chamber

2.2 The experimental air source heat pumps

At present, ASHPs are mainly classified into two types: AWHP and AAHP. During the defrosting
process, significant differences exist in their operation, which leads to distinct impacts on the indoor thermal
environment. In AWHP systems, the circulation water temperature is high at the start of defrosting, storing
a substantial amount of heat. Meanwhile, there is no communication line between the outdoor unit and
indoor units for AWHPs. During defrosting, the indoor fan-coils remain operational and continue supplying
heat to the indoor environment. In contrast, the indoor unit of the AAHP is turned off during defrosting,
halting heat supply to indoors. In some cases, the AAHP may even absorb heat from indoors via natural-
convection heat transfer. As a result, the impact of the frosting-defrosting cycles on the indoor thermal
environment varies significantly between AWHPs and AAHPs.

To comprehensively investigate these differences and reveal the variation patterns of the indoor
thermal environment during the dynamic frosting-defrosting cycles, an AWHP and an AAHP were selected
for experiments. Their schematic diagrams are shown in Figs. 3(a) and 3(b), respectively.

The AWHP heating system consists of one outdoor unit and three indoor fan-coils, which are installed

in three rooms on the second floor of the artificial environmental chamber to provide heating. The AWHP
8
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has a rated heating capacity of 18 kW and a coefficient of performance (COP) of 3.1. It uses R410A as the
refrigerant. To make the water capacity in AWHP heating system similar to those in practical projects, a
small water tank was adopted and connected to the circulation water system, and the total water capacity
was 65 L.

The AAHP heating system comprises one outdoor unit and one indoor unit, with the indoor unit
installed in Room 4 on the first floor of the artificial environmental chamber. This system provides heating
with a rated heating capacity of 3.5 kW and a COP of 3.3. As the defrosting performances of ASHPs with
different refrigerants are nearly the same [37, 38], the refrigerant difference between the AWHP and AAHP
will not affect the results of this work. During the frosting process, the three fan-coils of AWHP were
regulated based on the indoor temperature independently, which was the same as the control method of fan-
coil in AAHP. Meanwhile, during the defrosting process, the work states of the three indoor fan-coils were
same, and the indoor thermal environment would not be affected by the number of fan-coils. Therefore, the
number of indoor fan-coils would not lead to the control asymmetry problem. Detailed specifications of the

outdoor units for both the AWHP and AAHP are provided in Table 1.

.......................................................................................................
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Fig. 3 Schematic diagrams of the experimental air source heat pumps

Table.1 Specifications of the outdoor units.

Parameters Values/Details
air-water heat pump air-air heat pump
Refrigerant R410A R32
Rated heating capacity (kW) 18 3.5
Rated COP 3.1 33
Rated condition 7/6 °C 7/6 °C
Compressor type scroll rotor
Compressor speed (1/s) 40-100 20-100
Type of outdoor coil finned tube finned tube
Tube type inner grooved tube inner grooved tube
Tube material copper copper
Fin material aluminum aluminum

For both the AWHP and AAHP, the reverse-cycle defrosting is adopted. When the defrosting is
required, the four-way valve switches, and the high temperature refrigerant generated by compressor will
flow into the outdoor heat exchanger to melt the frost layer. The most widely used temperature difference-
time (AT-t) defrosting control method is adopted by both ASHPs. The AT denotes the temperature
difference between ambient air and the outdoor heat exchanger surface. During the frosting process, AT
increases gradually as frost layer grows. Therefore, it can be used as an indicator to reflect frosting level.

For the two experimental ASHPs, when AT exceeds 7 °C and the operation time exceeds 40 min, the
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compressor speed decreases rapidly to 0 and prepare to defrosting through switching the four-way valve.
During the defrosting process, when the tube surface temperature of the lowest refrigerant circuit of outdoor
heat exchanger (7¢) reaches 20 °C, the defrosting operation of both ASHPs terminates. Then, the four-way
valve switches again, and the ASHP resumes to heating mode. To reduce the pressure difference between
the two sides of four-way valve during its switching, the AWHP is turned off for 2 min before each
switching. Meanwhile, due to its lower pressure difference between the two sides of four-way valve, AAHP
only shuts down for 1 min before each switching. The schematic diagram of the compressor speed variation
during the defrosting process is shown in Fig. 4.

During the defrosting process, the indoor fan-coils of AWHP are turned on and continue to supply
heating for indoors, while the indoor unit of AAHP is shut down to avoid absorbing heat from indoors. As
the temperature of indoor fan-coil of AAHP is very low after defrosting, its fan is not turned on until its

surface temperature reaches 35 °C to avoid blowing cold wind.
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Fig. 4 Schematic diagram of compressor speed during the defrosting process
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2.3 Data acquisition system

To obtain the experimental data, plenty of measuring instruments were installed to monitor the
operating parameters of the two ASHPs, and the indoor and outdoor environmental parameters. Specific
measurement parameters include:

1) Outdoor environment side

One temperature & humidity sensor was installed near the AWHP to monitor ambient temperature and
relative humidity.

2) Outdoor unit side

One smart power meter was installed to measure the power input. Two pressure transducers were
installed to monitor the suction pressure and discharge pressure. Five thermocouples were installed to
measure the refrigerant temperature at different locations as displayed in Fig. 3.

3) Circulating water side of AWHP

Two thermocouples were installed on supply and return water pipes to monitor water temperature.
One electromagnetic flow meter was installed on the supply water pipe to measure the water flowrate.

4) Indoor environment side

To systematically investigate the variations of indoor thermal environment during the dynamic
frosting-defrosting cycles, plenty of thermocouples and relative humidity sensors were installed in indoors.
Their installation methods are as follows:

(1) The plane distributions of thermocouples in rooms supplied heating by AWHP and AAHP are
shown in Figs. 5 (a) and 6 (a). At each measurement point, a vertical line was set up, and five thermocouples
were installed at the heights of 0.3 m, 0.8 m, 1.3 m, 1.8 m, and 2.3 m. There are 270 (9x6x5), 150 (6x5x5),

and 90 (6x3x5) thermocouples installed in Room 1, Room 2, and Room 3, respectively. Meanwhile, there
12
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are 210 (7x6x5) thermocouples installed in Room 4. In addition, three thermocouples are installed at the
inlet and outlet of the fan coil unit of the AAHP respectively to measure the inlet and outlet air temperature,
as shown in Fig. 3.

(2) The plane distributions of relative humidity sensors in rooms supplied heating by AWHP and
AAHP are shown in Figs. 5 (b) and 6 (b). According to the Standard of Test Methods for Thermal
Environment of Buildings (JGJ/T 347-2014), there were respectively five, two, and three relative humidity
sensors installed at the midpoints, trisection, or quadrisection points of diagonal for Room 1, Room 2, and
Room 3. Meanwhile, there is one relative humidity sensor installed at the midpoint of diagonal for Room
4. At present, since the ASHPs don’t have the function of adjusting indoor humidity, the humidity variations
during frosting-defrosting cycles cannot be solved without additional humidification device. Consequently,
the humidity variation was not main concern of this work, and all the relative humidity sensors were

installed at the height of 0.6 m without considering its vertical variation.
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(a) Thermocouples (b) Relative humidity sensors

Fig. 5 Floor plan of thermocouples and relative humidity sensors layout in the rooms used AWHP
In addition to the aforementioned measuring instruments, a black bulb temperature and an hot-wire

anemometer were installed in each room to monitor the indoor black bulb temperature and air velocity. The
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measuring instruments mentioned above were calibrated every half year, and some of them were randomly

selected for calibration to ensure their accuracy.

N N
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500 500|500 | 500| 500| 500)
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(a) Thermocouples (b) Relative humidity sensors

Fig. 6 Floor plan of thermocouples and relative humidity sensors layout in the rooms used AAHP

Table. 2 Detailed specifications of measuring instruments

Name Measuring range Error Number
Thermocouple -20-100 °C +0.1°C 738
Temperature & humidity Temp: 0-50 °C +0.15 °C 33
sensor RH: 0-100 % +3 %
Electromagnetic flow
meter 0.1-3.0 m*h 0.5% FS 1
Power meter 0-6.6 kW 0.25% FS 4
Black bulb temperature 0-80 °C +0.1 °C 13
Hot-wire anemometer 0-30 m/s +0.5 % 31
Pressure transducer 0-3.0 MPa 0.3% FS 4

2.4 Experimental conditions and procedures

In the United States, European Union, China, etc., the frosting performance tests of ASHPs are
typically conducted under the standardized condition of 2/1 °C (dry-bulb/wet-bulb temperature). Under this
condition, the frosting of ASHP initiates naturally with a fast speed, and can represent typical frosting
characteristics. To ensure the universality and comparability of experimental results, the outdoor

environmental parameters in this study (i.e., the conditions in the external room of the artificial
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environmental chamber) were also set at 2/1 °C.

In the Hot Summer and Cold Winter climatic region, the indoor temperature for ASHP heating systems
during space heating is typically maintained between 22 °C and 24 °C. Accordingly, in this study, the
indoor temperature for Rooms 1-3 (heated by the AWHP) were set at 22 °C, 23 °C, and 24 °C, respectively.
For Room 4, which was heated by the AAHP, the indoor temperature was set at 23 °C. To account for
typical indoor temperature fluctuations, a temperature return difference of +2 °C was applied for all rooms.
Thus, the actual indoor temperature range for Rooms 1-3 was 2242 °C, 23+2 °C, and 24+2 °C, while for
Room 4, it was 23+2 °C. The detailed environmental settings for both outdoor and indoor conditions are
provided in Table 3.

The experimental process is illustrated in Fig. 7. First, the outdoor environmental conditions were
stabilized at 2/1 °C. Preliminary experiments were then conducted to regulate the ASHP heating capacity.
After each ASHP was turned on, its heating capacity was adjusted by modifying the compressor speed and
outdoor fan frequency. Once the indoor temperature of each room stabilized at the target setpoint, it was
assumed that the heating capacity of the ASHP matched the building heating load. To prevent frosting from
influencing subsequent experiments, both ASHPs underwent one complete defrosting operation before the
preliminary experiments concluded.

During the preliminary experiments, it was determined that when the AWHP operated at a compressor
speed of 70 rps and an outdoor fan frequency of 1750 rpm, its heating capacity approximately matched the
building heating load. Similarly, for the AAHP, a compressor speed of 50 rps and an outdoor fan frequency
of 450 rpm were found to meet the required heating load. These operating parameters were adopted for
subsequent experiments and are detailed in Table 3. After the determinations of compressor speed and

outdoor fan frequency, the preliminary experiments took about 2 hours every day. Before, the end of the

15



preliminary experiments, the indoor/outdoor temperatures and power input of ASHPs were all stabilized
within their thresholds.

Finally, experiments on the indoor thermal environment during the dynamic frosting-defrosting cycles
were conducted. To eliminate the influence of heating capacity fluctuations caused by compressor speed
and outdoor fan frequency adjustments, both parameters were fixed at constant values manually throughout
the testing process. Defrosting was initiated automatically once the operation parameters of the ASHPs met
the defrosting initiation criteria described in Section 2.2. To ensure the reliability of results and mitigate

random errors, each experiment was repeated four times for both the AWHP and AAHP.

Table. 3 Experimental conditions for AWHP and AAHP heating systems

Tvpes Compressor Outdoor fan ~ Outdoor environmental Indoor setting
yP rotate speed (rps)  speed (rpm) condition (°C) temperature (°C)
Room 1: 22
Air-water heat pump 70 1750 21 Room 2: 23
Room 3: 24
Air-air heat pump 50 450 23
Adjust the outdoor environment to 2/1 °C RGeS
regulation
no
Indoor
Turn on Regulate compressor temperature . Preliminary
" tabilizes at the Defrosting i
the ASHP  frequency and fan speed Bl experiment
setting value
»> Fixed the compressor frequency and fan speed > i=0
|

e S

0 i

1 . . .

1 Monitoring the operation Monitoring the parameters of 1

1

0 parameters of the ASHP indoor thermal environment 1

e / Experimental

process
no Determine whether the .
i=i+1

defrosting conditions are met

no

Defrosting 0

yes |

10
11

The experiment is over

Fig. 7 Experimental process
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3 Experimental results

3.1 Heating performance analysis of ASHP

Fig. 8 illustrates the variations of supply and return water temperature during the four groups of
repeated frosting-defrosting experiments of the AWHP. The experiment started when the air-water heat
pump restarted to supply heating after the defrosting operation in the preliminary experiment, and stopped
when the supply water temperature reached 38.0 °C after the defrosting operation in the fourth group of
experiment. As expressed in Section 2.4, before the experiments, a defrosting operation was executed at
the end of preliminary experiment to eliminate the effect from frost accumulated on outdoor coil. This
defrosting operation resulted in the low supply and return water temperature at the start time of experiments,
which are 17.1 °C and 14.8 °C, respectively. Then, as the AWHP restarted to supply heating, both the
supply and return water temperature exhibited progressive increases. In all the four groups of experiments,
the supply and return water temperature ultimately stabilized at approximately 40 °C and 34 °C. At the time
of 47.75, 98.75, 151.67, and 202.83 min, the operation parameters of AWHP met the initiation criteria of
defrosting expressed in Section 2.2. The AWHP was shut down automatically for 2 min to decrease the
pressure difference between the two sides of four-way valve. During the 2-min shutdown, the supply water
temperature decreased quickly, and became equal to the return water temperature. Subsequently, the four-
way valve switched, and the defrosting operation started. During the defrosting process, the indoor heat
exchanger (plate heat exchanger in Fig. 3) became the evaporator, and the refrigerant in AWHP absorbed
heat from the circulating water. Consequently, the supply water temperature became lower than the return
water temperature. During the four groups of experiments, when the defrosting went on 1.33 min, 1.17 min,

1.41 min, and 1.59 min respectively, the heat absorption of refrigerant from the circulating water reached
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the maximum. The corresponding temperature difference between supply and return water temperature was
-12.2 °C, -12.8 °C, -12.7 °C, and -12.7 °C in turn. When the surface temperature of outdoor coil reached
20 °C, the defrosting terminated, and the AWHP was shut down automatically for 2 min again. Then, the

four-way valve switched again, and the AWHP restarted to supply heating.
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Fig. 8 Water temperature variations of the AWHP during experimental process

In the four groups of experiments, the defrosting durations, i.e. the time duration between two four-
way valve switching, were 2.25 min, 2.08 min, 2.25 min, and 2.34 min respectively. Considering the two
2-min shutdown before each four-way valve switching, the total interruption intervals of space heating
caused by defrosting were 6.25 min, 6.08 min, 6.25 min and 6.34 min, respectively. Although the total
interruption intervals are not long, the fan-coils and refrigerant absorbed heat from the circulating water
simultaneously. This made return water temperature drop to approximately 16.0 °C in all the four groups
of experiments. After the second four-way valve switching, the AWHP restarted to supply heating, and

experienced a heating-resume period to make the supply water temperature rise to 38.0 °C, at which point
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the heating performance of AWHP was considered to have returned to normal. In the four groups of
experiments, the heating-resume period was 8.75-10.00 min. Therefore, the total abnormal space heating
durations caused by defrosting, including defrosting, two shutdowns, and heating-resume period, were
14.83-16.34 min.

Fig. 9 illustrates the supply and return air temperature variations during the four groups of frosting-
defrosting experiments of the AAHP. The total experimental duration was 228 min. The experiment was
also started when the AAHP restarted to supply heating after the defrosting operation in the preliminary
experiment, and stopped when the supply air temperature reached 36.0 °C after the defrosting in the fourth
group of experiment. During the four groups of experiments, when the space heating of AAHP reached
stability, the supply and return air temperature maintained at around 36.0 °C and 25.0 °C, respectively. The
defrosting operation initiated at the time of 44.00 min, 93.58 min, 151.33 min, and 214.17 min, and the
defrosting durations were 2.25 min, 2.42 min, 2.75 min, and 2.91 min in turn. As expressed in Section 2.2,
the AAHP experienced a 1-min shutdown before the two four-way valve switching. Consequently, for
AAHP, the total interruption intervals of space heating caused by defrosting were 4.25, 4.42,4.75, and 4.91
min. During the defrosting process, the indoor fan-coil was turned off. This made the air temperature near
its inlet just decrease slightly. However, owing to the natural-convection heat transfer, the air temperature
at the outlet of indoor fan-coils decreased significantly to around 20.0 °C. When AAHP had restarted to
supply heating, the supply air temperature increased rapidly. In the four groups of experiments, the heating-
resume durations, during which time the supply air temperature returned to 34.0 °C, were 6.33 min, 5.67
min, 5.67 min, and 5.09 min in turn. Therefore, the total abnormal space heating durations caused by

defrosting, including defrosting, two shutdowns, and heating-resume period, were 10.00-10.58 min.

19



10

11

12

13

14

56

[ Defrosting + Shutdown Defrosting + Shutdown
48 — Defrosting + Shutdown Defrosting + Shutdown
40 [ Frosting Frosting Frosting Frosting
-_ 33 min 567 min 5.67 min 5.09 min
3 ¢ ¢ ¢ °
%) 32 F 34.0 °C 34.0 °C 34.0 °C 34.0 °Q
N Supply air tem - - ————
w -yl \,/—‘"\""\‘« \’\‘-\‘— - = ~ \"\_ ‘\_J'
= 24 .- { ' -
~— [*
]
5 1 6 — Return air temp
E- i
o 8F
= I
0F
_8 = Temperature difference
— 1 6 | 1 | 1 | 1 | 1 | 1 | L | L |
0 30 60 90 120 150 180 210 240

Time (min)

Fig. 9 Air temperature variations of the AAHP during experimental process

The comparison of Figs. 8 and 9 reveals that the variation trends of supply and return water
temperature in AWHP heating system agreed well with the variation trends of supply and return air
temperature in AAHP heating system. Specifically, the temperature increased gradually during the frosting
process, while dropped rapidly during the defrosting process. However, the recovery speed of temperatures
varies a lot between the AWHP heating system and AAHP heating system.

Based on the supply/return water and supply/return air temperature shown in Figs. 8 and 9, the heating
capacity during the experimental process was calculated for both the AWHP and AAHP using Egs. (1) and
(2), respectively. The results are presented in Fig. 10. After each defrosting operation, the heating capacity
increased rapidly. When the heating capacity became stable, the heating capacity of AWHP reached 9.82—
10.01 kW. Subsequently, as the frost accumulation progressed, the heating capacity gradually decreased.
At the start time of the defrosting operation, the heating capacity declined to 9.56 kW, 9.67 kW, 9.61 kW,

and 9.37 kW, with the decay rates of 4.50%, 2.52%, 3.81%, and 4.58%, respectively. Upon the defrosting
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starting, the heating capacity decreased sharply. During the defrosting operation, the plate heat exchanger
of AWHP (as shown in Fig. 3) worked as the evaporator, and the AWHP started to absorb heat from the
circulation water. That is, when its working mode transitioned from frosting to defrosting, the AWHP
changed from releasing heat into the water to absorbing heat from the water, and the heating capacity
became from positive to negative. As the circulation water was relatively high as shown in Fig. 8§, AWHP
can absorb lots of heat from the water. At the time of 51.08 min, 101.92 min, 155.08 min, and 206.42 min,
the heat absorbed from circulating water reached the peak values. The peak values were 21.08 kW, 22.22
kW, 21.94 kW, and 22.03 kW respectively. The total heating capacity of AWHP under frosting and non-
frosting conditions were also calculated, as displayed in Table 4. The decline rate of heating capacity caused
by frosting-defrosting was 20.08%-23.32%.
g, =c,m(T. ~T)/3600 (1)
q, = ¢,pv(T, ~T,) /3600 )
For the AAHP, the heating capacity also demonstrated rapid recovery after the defrosting operation.
After the heating capacity became stable, the heating capacity in the four groups of experiments reached
around 2.58 kW, 2.55 kW, 2.53 kW, and 2.51 kW respectively. With the growth of frost layer on the outdoor
heat exchanger surface, the heating capacity progressively declined. At the start time of the defrosting
operation, the heating capacity decreased to 2.26 kW, 2.21 kW, 2.18 kW, and 2.14 kW, respectively. The
decay rates in the four groups of experiments were 12.40%, 13.33%, 13.83%, and 14.74%, respectively. As
displayed in Fig. 9, the return air temperature was higher than the supply air temperature obviously.
However, since the indoor fan-coil of AAHP was turned off during defrosting operation as expressed in
Section 2.4, it could not absorb heat from indoors, and the heating capacity remained zero. The total heating

capacity of AAHP under frosting and non-frosting conditions were also calculated, and the results were
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also shown in Table 4. The decline rate of heating capacity caused by frosting-defrosting was 15.87%-

16.45%.
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Fig. 10 Variation of heating capacity during frosting-defrosting cycles in AWHP and AAHP

Table 4 Decline rate of the total heating capacity of AWHP and AAHP during four frosting-defrosting cycles

Total heating capacity of AWHP (kJ) Total heating capacity of AAHP (kJ)
Item Without ) ) . Without . . .
) With frosting  Decline rate ) With frosting  Decline rate
frosting frosting
Ist cycle 32632.6 25023.45 23.32% 7636.28 6399.45 16.20%
2nd cycle 29908.8 23902.45 20.08% 7573.5 6366.35 15.94%
3rd cycle 31918.05 25085.75 21.41% 8866.64 7408.4 16.45%
4th cycle 30294.72 23539.55 22.30% 8710.704 7328.55 15.87%

Fig. 11 illustrates the power input variations of the AWHP and AAHP during the frosting-defrosting
cycles. During the frosting process, the power input remained relatively stable at approximately 4.3 kW for
the AWHP and approximately 0.65 kW for the AAHP. Once the ASHPs reached the defrosting initiation
criteria, owing to the shutdown of the compressor and outdoor fan, the power input of AWHP and AAHP
both immediately dropped to 0. After the 2-min shutdown for AWHP and 1-min shutdown for AAHP, the
four-way valve switched, and the defrosting started. During the defrosting process, the power input

increased rapidly to approximately 2.7 kW for AWHP and approximately 0.62 kW for AAHP. After
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defrosting, the power input declined sharply again to 0. After the other 2-min shutdown for AWHP and 1-

min shutdown for AAHP, the four-way valve switched again, and the power input increased gradually to

supply heating.
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Fig.11 Power input variations of ASHPs during experimental process

3.2 Variations of indoor thermal environment

Figs. 12 and 13 present the variations in indoor air temperature and relative humidity in the four rooms
during the experiments. As described in Section 2.3, 270, 150, 90, and 210 thermocouples were respectively
installed in the four rooms to monitor the indoor temperature. Since the temperature varied across different
locations, the average values of all thermocouple readings in each room are displayed in Figs. 12 and 13.
Throughout the experiment, although the temperature in all four rooms overall exhibited a slight upward
trend, they remained stable near the setpoint values listed in Table 3. For both the AWHP and AAHP, a
significant drop in indoor temperature was observed during the defrosting process. During the four groups
of experiments, the decline magnitudes in each room are summarized in Table 5. The maximum indoor

temperature drop reached 4.66 °C in rooms heated by the AWHP (Rooms 1-3), while it was only 1.79 °C
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for the room heated by the AAHP (Room 4). Furthermore, the average temperature decline in each room
during four groups of frosting-defrosting was calculated. The average temperature drop in the three rooms
heated by the AWHP was 3.61 °C, 3.28 °C and 4.27 °C respectively, while only 1.71 °C in the room heated
by the AAHP. In Table 5, the standard deviations of indoor temperature drop in four rooms were also
displayed. The values in rooms heated by the AWHP (Rooms 1-3) were significantly greater than that in
the room heated by AAHP (Room 4), which meant the differences among the indoor temperature drops at
various locations in rooms heated by the AWHP were larger. Considering the average temperature drops
and standard deviations in the four rooms, it can be concluded that the temperature drop in the rooms heated
by the AWHP is significantly larger than that in the room heated by the AAHP.

Additionally, the temperature recovery rate in the room heated by AWHP was notably slower than
that heated by AAHP. Taking Room 1 as an example, in the first three groups of experiments, the time for
the indoor temperature to recover to the value before defrosting operation was 31.17 min, 31.50 min, and
29.58 min, respectively. Meanwhile, for Room 4, the time was 19.33 min, 24.92 min, and 25.54 min,
respectively.

To exhibit the temperature differences at various locations during frosting-defrosting cycles, the
standard deviations of indoor temperature at different time in the first frosting-defrosting cycle were
calculated as expressed in Table 6. At the defrosting termination time, the standard deviations were the
lowest in all the four rooms. They were 0.66 °C, 0.74 °C, 0.62 °C, and 1.59 °C, respectively. The value in
Room 4 was significantly greater than those in Rooms 1-3, which indicated that the temperature difference
in rooms heated by AAHP was higher at the defrosting termination time. Then, the standard deviations
increased gradually in the frosting process, and became stable at the 20™ min. In all the four rooms, the

values at the period from 20" min to the time of defrosting beginning were approximately 2.0 °C. This
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meant that the temperature differences at various locations in rooms heated by AWHP and AAHP are

similar in this period.
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Fig.12 Variations of indoor temperature during experimental process of AWHP

Table 5 Temperature drop magnitude and standard deviation after each frosting-defrosting cycles

, 1% defrosting 2" defrosting 314 defrosting 4™ defrosting
- ko (°C) ko (°C) ko (°C) ko (°C)
Room 1 4.06+1.565 3.18+1.701 3.41+1.769 3.79+1.512
Room 2 3.73£1.297 3.12+1.209 2.99+1.26 3.28+1.538
Room 3 4.66+1.969 3.78+2.058 4.16+2.207 4.49+1.996
Room 4 1.58+0.662 1.7+£0.634 1.77+0.536 1.79+0.621

*u is the average temperature drop value, and o is the standard deviation.

In Figs. 12 and 13, it can be observed that the variation trend of relative humidity in all the four rooms
was opposite to that of indoor temperature. For instance, when the indoor temperature in Room 4 reached
the highest value, the relative humidity dropped to the lowest value. Throughout the experimental process,
for all the four rooms, noticeable fluctuations in indoor relative humidity could be observed. Specifically,
the relative humidity in the rooms heated by AWHP increased by 13.73%—-25.01%, while 9.05%—10.66%

in the room heated by AAHP. This indicates that the frosting-defrosting of AWHP has a greater impact on
25
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indoor relative humidity. As the heating resumed after the defrosting operation, the relative humidity

gradually decreased again, and reached its minimum value just before the next defrosting operation.

Table 6 Standard deviations of indoor temperature at different time in the first frosting-defrosting cycle

Standard defrosting ) ) ) ) defrosting
o o 10" min ~ 20"min 30" min 40" min o
deviation (c) termination beginning
Room 1 0.66 1.82 1.97 1.99 1.98 1.99
Room 2 0.74 1.81 1.84 2.06 2.0 2.08
Room 3 0.62 2.02 2.07 2.25 2.35 242
Room 4 1.59 1.78 2.01 2.14 2.17 2.16
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Fig.13 Variations of indoor relative humidity during experimental process of AAHP

4 Discussion

4.1 Time point of the lowest indoor temperature

Before conducting this work, it was a common view that the indoor temperature would increase
gradually once the defrosting terminated, and the lowest indoor temperature appeared at the end moment
of defrosting. However, combining Figs. 9, 10, 12 and 13, it can be found that the indoor temperature
continues to decrease after defrosting, and its lowest value appears at a later moment. To reveal the time

point of the lowest indoor temperature, the supply water temperature, return water temperature, and the
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indoor temperature during the first frosting-defrosting cycle of AWHP are replotted in Fig. 14. Meanwhile,
the supply air temperature, return air temperature, and indoor temperature during the first frosting-
defrosting cycle of AAHP are replotted in Fig. 15.

In Fig. 14, it can be seen that the AWHP was shut down at the time of 47.75 min. After an approximate
2-min shutdown, it started to defrost. During the shutdown period, both the supply water temperature and
return water temperature decreased sharply from 38.80 °C and 33.58 °C. The lower supply water
temperature will decrease the heat dissipated by indoor fan-coils. Thus, the indoor temperature started to
decrease since the time of 49 min. At the moment of 50.33 min (0.58 min since defrosting operation
initiation), the supply water temperature decreased to 18.1 °C, and became lower than the indoor air
temperature of all the three rooms. This indicates that the indoor fan-coils do not dissipate heat to three
rooms, but absorb heat from them. Owing to the coupled effect of heat absorption of fan-coil and heat
dissipation to outdoor environment, the decline speed of indoor temperature became faster. This was the
main reason for the greater indoor temperature decrease of air-water heat pump, as displayed in Fig. 12. At
the time of 52 min, the defrosting terminated. After defrosting, although AWHP was shut down and stopped
absorbing heat from circulating water, the supply water temperature was as low as approximately 17.0 °C.
The lower supply water temperature enhanced the heat absorption capacity of indoor fan-coils.
Consequently, the decline speed of indoor temperature continued to increase until the AWHP restarted to
supply heating at the time of 54.00 min.

After the time of 54.00 min, the AWHP restarted to supply heating. Although its heating capacity
increased quickly after defrosting as displayed in Fig. 10, the thermal mass of the circulation water was
very large, which resulted in the slow increase in circulation water temperature. The heat release of the

indoor fan-coils was proportional to the temperature difference between the circulating water and the air.
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Owing to the low temperature of circulation water caused by its thermal mass, the heat release of indoor
fan-coils was low, and further led to a continuous decline in indoor temperature until the circulation water
temperature rose to a certain value. At the moments of 57.08 min, 56.25 min, and 56.92 min, the indoor
temperature of the three rooms reached the lowest values of 18.62 °C, 17.78 °C, and 19.25 °C. This means
the lowest indoor temperature appeared 4.25-5.08 min after defrosting termination. The appearing time of
the lowest indoor temperature after defrosting termination during the other 3 frosting-defrosting cycles was
also counted, as expressed in Table 7. From all the 4 frosting-defrosting cycles, it can be obtained that the
lowest indoor temperature appears at 4.25-6.00 min after the defrosting termination of AWHP. Furthermore,
the relationship between the delay time of the lowest indoor temperature and its setting value was analyzed,

and there was no obvious pattern.
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Fig. 14 Variations of water temperature and indoor temperature during the first frosting-defrosting cycle
For AAHP, although it was transitioned to heating mode after defrosting, the fan of indoor coil was

still shut down owing to its low temperature, as expressed in Section 2.2. Consequently, the indoor
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temperature continued to decrease after defrosting, as illustrated in Fig. 15. Once the indoor fan-coil
restarted to run, its heat release became greater than building heating capacity soon, and the indoor
temperature started to increase. The lowest indoor temperature appeared at the time of 4.17 min after
defrosting termination. In Table 7, the lowest indoor temperature during other three frosting-defrosting
cycles was also given. The lowest indoor temperature during the four frosting-defrosting cycles appeared
at the moment of 4.17 min, 4.25 min, 3.84 min, and 3.75 min after defrosting termination. Therefore, for
AAHP, the lowest indoor temperature appeared 3.75-4.25 min after defrosting termination for AAHP.
Through the discussion above, it could be obtained that for both the AWHP and AAHP, the lowest
indoor temperature did not appear at the termination time as previously thought[32, 33], but at 4.25-6.00

min after defrosting operation for AWHP, while at the 3.75-4.25 min after defrosting termination for AAHP.
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Fig.15 Variations of air temperature and indoor temperature during the first frosting-defrosting cycle
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Table 7 Time lag between defrost termination and the lowest room temperature

1t defrosting 2" defrosting 3 defrosting 4 defrosting

Item . . . .
(min) (min) (min) (min)
Room 1 5.08 6.00 5.75 5.58
Room 2 4.25 4.50 4.83 5.08
Room 3 4.92 5.59 5.75 5.58
Room 4 4.17 4.25 3.84 3.75

4.2 Effect of defrosting on indoor temperature at different heights

As shown in Fig. 12, the average indoor temperature exhibits significant fluctuations during the
frosting-defrosting cycles. However, it cannot reveal the vertical temperature variations. Excessive vertical
temperature difference affects human thermal comfort. Therefore, it is necessary to investigate the
temperature variation at different heights during the frosting-defrosting cycles. To obtain this goal, in this
section, the effect of defrosting on indoor temperature at different heights is analyzed firstly. Then, the
percentage dissatisfied (Pp) caused by vertical temperature at sitting and standing postures is predicted.

As expressed in Section 3.2, the fluctuation range of indoor temperature in rooms heated by AWHP is
larger. Therefore, in this section, the vertical temperature distributions in rooms heated by AWHP are
chosen and analyzed. Fig. 16 illustrates the air temperature at different positions in Room 3 at the starting
point of defrosting operation in the first group of experiment. It could be observed clearly that the
temperature gradient in the vertical direction was obvious, while the temperature difference among different
positions at the same height was relatively small. Specifically, the average temperature at the height of 2.3

m was 22.63 °C, and it was 18.56 °C at the height of 0.3 m.
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Fig.16 Air temperature distribution at different positions in Room 3.

To further reveal the variation of vertical temperature, Fig. 17 presents the average air temperature at
the five heights in Room 3 throughout the entire experimental process. The average temperature gradually
rises with the increase of height, and the temperature difference among different heights undergoes
significant changes during the frosting-defrosting cycles. After each defrosting operation, the average air
temperature at all the five heights increases gradually. As the increase velocity at higher height is greater,
the temperature difference among different heights becomes larger gradually. In all the four groups of
experiments, the temperature differences reach the peak values at the initiation time of defrosting operation.
During the defrosting process, the average air temperature at all the five heights decreases rapidly, and the
decrease velocity at higher height is much greater. This phenomenon reduces the vertical temperature
difference rapidly. Taking the second group of experiment as an example, at the defrosting initiation time
of 98.75 min, the vertical temperature difference between the heights of 2.3 m and 0.3 m reached the

maximum value of 4.33 °C. Then, this temperature difference decreased rapidly. As expressed in Section
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4.1, during a short period after defrosting operation, the heating capacity of AWHP remains lower than the
building heating load. This makes the vertical temperature difference continue to decrease. At the time of
2.92 min after defrosting termination, the vertical temperature difference reached the minimum value of
1.96 °C.

In Fig. 17, it can also be observed that at a higher height, the minimum average air temperature after
defrosting appeared earlier. Taking the second defrosting operation as an example, the minimum values at
the height of 0.3 m, 0.8 m, 1.3 m, 1.8 m and 2.3 m appeared at the 109.25 min, 109.00 min, 108.92 min,
107.42 min and 107.08 min, respectively, which were 4.42 min, 4.17 min, 3.85 min, 2.59 min and 2.25 min
after the defrosting termination. This is mainly because the outlets of the fan-coils are located at a higher

position, and the hot supply air affects the upper air earlier.
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Fig.17 Average air temperature variations at vertical heights in Room 3 throughout the entire experimental process
As displayed in Figs. 12-13, the most obvious characteristics of indoor thermal environment during

the frosting-defrosting is the short-term sharp fluctuations. This makes the PMV-PDD model unable to be
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used to evaluate the indoor thermal comfort in this work. However, based on the air temperature variations
at different vertical heights in Fig. 17, the percentage dissatisfied (Pp) caused by vertical temperature
difference in Room 3 at standing and sitting postures could be calculated using Eq. (3) respectively, and
the results are shown in Fig. 18. The vertical temperature difference at the standing posture is calculated
based on the average air temperatures at the heights of 1.8 m and 0.3 m, while based on the average air
temperature at the heights of 1.3 m and 0.3 m for the sitting posture. Owing to the greater vertical
temperature difference at standing posture, its Pp value is significantly greater than that at the sitting posture.
In all the four groups of experiments, the Pp caused by vertical temperature difference remained at a high
level for a period before defrosting operation. The maximum values at the standing and sitting postures are
9.96 and 5.98, respectively. As demonstrated in Fig. 17, the vertical temperature difference decreases
rapidly once the defrosting operation initiates, and this makes the Pp value decrease rapidly. Taking the
second group of experiment as an example, at the initiation time of defrosting operation, the Pp values at
the standing and sitting postures were 9.28 and 5.41 respectively. By the time of 2.84 min after defrosting
termination, the Pp values at standing and sitting postures both dropped to their lowest points, which were

1.36 and 1.23 respectively.

100

Pp—
" I+ exp(5.76—0.856AT, ) )

Where, Ppis the percentage dissatisfied (%); ATus is the vertical air temperature difference between the

head and ankles (°C).
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Fig.18 Variations of percentage dissatisfied caused by vertical temperature difference in Room 3

5 Conclusions

To reveal the of indoor thermal environment variation rules during the dynamic frosting-defrosting
cycles of air source heat pump (ASHP), two test rigs, an air-water heat pump (AWHP) heating system and
an air-air heat pump (AAHP) heating system, were built in an artificial environmental chamber. Through
creating the frosting environmental condition, the practical space heating experiments of ASHP during
frosting-defrosting cycles were conducted. Then, based on the experimental results, the indoor thermal
environment variation rules of the two ASHPs and their differences were analyzed. The main findings are
as follows.

(1) During the defrosting process, the indoor temperature using both AWHP and AAHP decreases
obviously, and the decline amplitude in rooms using AWHP is greater. During the four groups of frosting-

defrosting experiments, the temperature decline in rooms using AWHP is 2.63-5.48 °C, with an average of
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3.72 °C. Meanwhile, the temperature decline in the room using AAHP is 1.58-1.79 °C, with an average of
1.71 °C.

(2) During frosting-defrosting cycles, the lowest indoor temperature does not appear at the termination
time of defrosting operation as previously thought, but a period later. For both the AWHP and AAHP, the
indoor temperature will continue to decrease after the termination time of defrosting operation. The lowest
temperature in rooms using AWHP appears at the 4.25-6.00 min after defrosting termination, while at the
3.75-4.25 min of defrosting termination for AAHP.

(3) For AWHP, during the late stage of its defrosting operation, the indoor fan-coils will absorb heat
from indoor air, rather than supply heating. At the 0.58th min of defrosting operation, the supply water
temperature decreased to 18.10 °C, and became lower than indoor air temperature. The circulating water
started to absorb heat from indoor air. Owing to the coupled effect of heat absorption of fan-coil and heat
dissipation to outdoor environment, the indoor temperature decline speed was greater.

(4) The defrosting operation has greater effect on the air temperature in the upper part of rooms, and
makes the vertical temperature difference decrease significantly. During the four sets of experiments, the
average air temperature at the height of 2.3 m decreases by 4.3-5.1 °C, while decreases 2.0-2.8 °C at the
height of 0.3 m. The vertical temperature difference decreases obviously. This makes the dissatisfaction
rate of vertical temperature difference decrease from 9.28% in standing posture and 5.41% in sitting posture
to 1.39% and 1.26%.

In summary, the decline amplitude in indoor temperature, the appearing time of the lowest indoor
temperature, and the reason of the indoor temperature decline during the frosting-defrosting of AWHP and
AAHP were revealed in this work. These results can guide the manufactures to improve the control

strategies of ASHPs, such as the operating state of indoor fans and the setting value of indoor temperature
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at the beginning of defrosting operation, to decrease the indoor temperature fluctuation during the frosting-
defrosting cycles.

During conducting the experiments in this work, the indoor thermal comfort was also investigated
through questionnaire survey. Owing to the limitation of the article length, only the indoor thermal
environment part is introduced in this paper, and the indoor thermal comfort analysis part cannot be

expressed. In the next paper, the indoor thermal comfort part will be introduced in detail.
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