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Abstract: To evaluate the performance of heat pumps using
refrigerant HFC125, an experimental rig of a DC-inverter heat
pump water heater is designed and set up, and the research on the
transcritical heat pump water heater is carried out experimentally.
It is found that there is a top value of the coefficient of
performance( COP) when the system runs at 95 Hz of frequency.
The relationships between the COP and compressor frequency,
condensation pressure, evaporation pressure, condensation water
temperature rise, and discharge temperature are discussed and
analyzed at 95 Hz. And the COP of the HFC125 transcritical
cycle is also compared with that of a R410 subcritical heat pump
under the same conditions. The results indicate that there exists an
optimum frequency for a better COP, and the system COP shows
an increasing tendency with the decrease in condensation pressure
and compressor ratio while the evaporation pressure remains
invariant, and the COP decreases rapidly when cooling water
temperature rises over 47.5 ‘C. Compared with the R410A sub-
critical cycle, the COP of HFC125 transcritical cycle significantly
increases by 12% on average.

Key words: HFC125; transcritical cycle; heat pump water heater;
coefficient of performance( COP)

he heat pump has attracted more and more attention
due to its unique advantages in energy saving and envi-
ronmental protection, which can provide more energy than
the driven power. Based on the primary energy consumption
and economic analysis, the heat pump system, when its COP
isup to 2.0 to 2.5, has almost the same energy efficiency
and economy as that of the oil-fired boiler heating sys-
tem'"". Therefore, it is of considerable significance for research
and development of high efficiency heat pump systems.
Currently, there are many problems with heat pump appli-
cations of which the most important one is the narrow tem-
perature range for conventional single stage heat pumps.
Therefore, a two or a multistage compressor is necessary to
realize a heating supply with a large temperature difference,
which will lead to a complex system and the inconvenience
in operation and regulation'”'. The transcritical cycle is pro-
posed by choosing CO, as a natural refrigerant for its good
characteristics. Many researches have focused on a CO, tran-
scritical cycle, which is mainly applied to automobile air
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conditioning and heat pump water heaters™ . It is observed
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that the temperature variations in condensation can well
match those of a water heating process from the experimen-
tal study of the CO, transcritical cycle, and the experimental
results demonstrate that it has a high COP used as a heat
pump refrigerant and can work within a large temperature
range"”'. As a natural refrigerant, CO, has good environmen-
tal characteristics. However, due to its high critical pressure
and low critical temperature, its thermal performance is not
favourable, and its application on heat pumps is restricted for
its working pressure over 10 MPa. Up till now, no open liter-
ature on other refrigerants except for CO, working in a tran-
scritical cycle have been published. It is found that HFC125
seems to be promising in a heat pump cycle through theoret-
ical analysis and experimental study by our team'®®'. So, this
paper focuses on the HFCI125 transcritical cycle combined
with DC-inverter compressor technology, and gives some
recommendations about the characteristics of the critical cy-
cle heat pump water heater, which are of significance for the
application of the cycle used in the heat pump system.

1 Theoretical Analysis

At present, the technology of a subcritical cycle heat
pump has been well developed. Generally, a common cycle
operates far below a critical point to avoid large throttling
loss. For heat pump systems, they have a higher COP when
the temperature rise of cooling water is less than 60 C. If it
is higher than 60 C, the COP will decrease. In addition, too
large a temperature glide will result in a higher compression
ratio, therefore, lower volumetric efficiency, and even more
it will do harm to the stability of the refrigerant'”’. In this
cycle, there is great irreversible loss in condensation'”’ .

Compared with the conventional heat pump system, the
critical cycle heat pump has little difference except for a
high working pressure and counter flow heat transfer in con-
densation; otherwise, its thermal performance is poorer than
that of the traditional one. In theory, the irreversible loss in
condensation can be overcome( see Fig. 1). The temperature
glide property can be utilized to heat the cooling water to a
high temperature. The most important characteristic of the
cycle is its evaporation and condensation carried out in
subcritical and transcritical areas, respectively. In a critical
area, there is a large temperature glide in condensation with
the increase in refrigerant density, which can better match a
variable temperature heat source. The cycle is considered as
a special Lonrenz cycle. At the same time, the smoothly as-
cending temperature curve on the water side can better
match the counter flow in the condenser, which decreases the
irreversible loss due to large temperature differences. It is es-
pecially suitable for the heating system in which a large tem-
perature rise is demanded.
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Fig.1 Scheme of heat pump critical cycle

The present study focuses on the HFCI125 transcritical
heat pump cvcle. which takes advantage of the sensible heat.

&

carried from the exhaust refrigerant of a compressor to satura-
tion point of condensation to achieve a large temperature rise.

2 Experimental Setup
2.1 Test rig

The heat pump works on the principle of the vapour com-
pression cycle. The main components are the DC-inverter
compressor, two expansion valves(double-throttling), and two
heat exchangers referred to as evaporator and condenser, as
well as a reservoir and an inverter. The components are con-
nected to form a closed circuit, as shown in Fig. 2.
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Fig.2 Schematic diagram of heat pump experimental system

When the system works, after absorbing heat from water
and evaporating it in the evaporator, HFC125 is compressed
into high pressure and temperature vapour in the compres-
sor, and then flows into the condenser, where HFC125
vapour turns into liquid by cooling water. By two expansion
valves, the liquid HFC125 becomes low temperature and
pressure liquid-gas mixture, and then, re-enters into the
evaporator. Between the two expansion valves, a 5 L high
pressure reservoir is installed to guarantee the system’s op-
eration under different conditions. In this study, the com-
pressor is a hermetic pendulum DC-inverter compressor for
R410A and the condenser is a tube-in-tube counter-flow
heat exchanger with four coaxial nested copper tubes and
two groups of cascades while the evaporator is a plate heat
exchanger. The HFC125 flows inside the inner tube and
cooling water flows through the annular space in a counter
current. The inner tube is a smooth copper tube with ID
4.35 mm and OD 6. 35 mm, and the heat transfer length of
a single tube is 3 000 mm.

The experimental system is designed for a multi-function
heat pump unit. An electric heating water tank is used to
simulate bath water for the heat consumer, which is con-
nected with an electromagnetic flow-meter, a pump and
valves. Another water tank is applied to simulate chilled
water for air conditioning, piping with a turbine flow-me-
ter, a pump and valves. This study is just restricted to heat
exchange in a condenser without considering the heat ex-
change in an evaporator.

To evaluate the performance of the system, the following
parameters need to be measured, such as refrigerant temper-
ature and pressure, water temperature, compressor frequency
and power input. According to the above requirements, sev-
en test points are set for pressure measurements along the

refrigerant flow at the inlet( outlet compressor) , middle and
outlet of the condenser, the inlet and outlet of the evapora-
tor, the front and back of the two expansion valves. At the
same time, nine test points are arranged for temperature
along the refrigerant flowing direction at the outlet of the
compressor, the inlet, middle and outlet of the second con-
denser, the outlet of the dryer filter, the outlet of the evapo-
rator and the back of the two expansion valves. Along the
water flowing direction, three testing points for temperature
are arranged at the inlet, middle and outlet of the second
condenser, respectively. At the inlet of the evaporator on the
water side, a testing point for the water flow rate is laid at
the inlet of the evaporator and two measuring points for
temperature are arranged at the inlet and outlet of the evap-
orator. The determination of the water flow rate is calibrated
on an electronic scale. All the testing data are collected by
an Angilent data acquisition system. The measurement in-
struments are given in Tab. 1.

2.2 Experimental methods and procedures

First, with a good seal, the refrigerant HFC125 is filled
into the system after vacuum pumping. Then the water level
of the water tank is examined. Under the condition of suit-
able water capacity, the water pump is started and the valve
opening is adjusted to make the water flow in the condens-
ers and the evaporator at the setting position. In order to
simulate the actual application of a heat pump water heater,
the water flow on the evaporator side is kept stable, and that
in the condensers side is set to a proper value. It is difficult
to control the high side pressure by using a thermostatic ex-
pansion valve. To ensure the safe operation of the system,
the transcritical cycle can be realized by adjusting the



184

Wang Fang, Lian Zhiwei, Fan Xiaowei, and Wang Fengkun

Tab.1 Instruments for measurement
Measurement value Measurement range Instrument Specification and type Instrument accuracy
Pressure/Pa 0 t0 6.0 x 10° SETRA pressure sensor P71200BGB6001 A3UAX 0.25%
Temperature/ C -100 to 200 Resistance temperature sensor Pt100 0.1°C
Volume flowrate of water/(m>-h~") 0.063 6 to 9. 54 Electromagnetic flowmeter JXLDBE-15L-M2F120-2 0.01 m*/h

Volume flowrate of water/(m®+-h~") 0.6 to 4 Turbine flowmeter LWGY 0.5%
Mass flowrate of water/kg 0 to 100 Electronic scale TCS-100 10 g

Frequency/Hz 0.1 to 440 Frequency converter VT230SE-11ha 0.1 Hz
Power/kW 0Oto5 Active power transducer XPW 0.5%

compressor frequency and the water flow rate, and the max-
imum pressure is 4. 20 MPa. Before the system runs, a cer-
tain frequency of the compressor is set and the water flow
rate into the condenser is also set. At the same time, the
condensation pressure remains stable between 3.62 and
4.20 MPa. When the outlet water temperature is stable, the
system is continually tested for 30 min, and the rate of data
acquisition is 6 times/min. When a set of experimental re-
sults is obtained, another test at different frequencies are
carried out by changing the compressor frequency (90, 95,
100, 105, 110, 115 Hz) . When six sets of different frequen-
cy tests are completed, a new test is carried out by adjusting
the water flow into the condenser; at the same time, the wa-
ter flow on the evaporator side remains constant. Thus, the
experiments have been conducted according to the above
experimental procedure.

3 Results and Discussion

The data are obtained by testing and calculating under the
same inlet water temperature of cooling water (23. 2 C) and
a similar air temperature (the temperature difference is less
than 1 ‘C). When the compressor runs at high frequency un-
der the low water flow rate, the condensation pressure is too
high. For this reason, some test points about low water flow
rate do not involve data at high frequency.

Fig. 3 shows the relationship between the COP and com-
pressor frequency at different water flow rates. It can be
seen that the system COP has an increasing tendency with
the decrease in frequency, and near frequency 95 Hz, there
is a peak value. After that, it decreases when the compressor
frequency decreases. At the same frequency, the system
COP illustrates an increasing trend with the increase in the
water flow rate. As is well known, both refrigerant velocity
and flow rate increase with compressor frequency. The in-
crease in the flow rate can improve the heat capacity of the
system, but the velocity rise will reduce the heat-exchange
time between the refrigerant and the cooling water. Then the
heat exchange is not enough and the temperature difference
is large. For the frequency below 95 Hz, since the positive
influences resulting from the refrigerant flow rate increase
exceed the negative influences resulting from the refrigerant
velocity increase, the COP shows an increasing tendency,
and a maximum COP will be obtained at about 95 Hz. But
when the frequency is greater than 95 Hz, the condensing
pressure obviously decreases with the further increase in
frequency, and the compressor power consumption used to
overcome friction and the compressor heat loss resulting
from exhaust temperature rise will increase greatly. There-
fore, the COP decreases. At the same frequency, the con-
densing pressure of the refrigerant will decrease with the

cooling water flow rate, which will lead to a decrease in
compressor output, and as a result, the system COP shows a
tendency to increase.
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Fig.3 Relationships between COP and compression frequency

Fig. 4 shows the relationships between the system COP
and condensation pressure, evaporation pressure and com-
pression ratio. It can be seen that the system COP has a de-
creasing tendency with the increase in condensation. When
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Fig.4 Relationships between COP and condensation/evapo-
ration pressure and compression ratio. (a) Relationship between

COP and condensation/evaporation pressure; ( b) Relationship be-
tween COP and compression ratio
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condensation pressure increases over 4. 02 MPa, minor vari-
ations of pressure will affect the COP significantly. The re-
lationship between the COP and compression ratios is the
same as that between the COP and condensation pressure
under the constant evaporation pressure. At the same time, it
is observed that the condensation pressure varies significant-
ly with the flow rate of cooling water when the system runs
at some frequency under the transcritical condition, and e-
ven more, the condensation pressure is beyond the designed
safe pressure, which makes it impossible to carry out the ex-
periments at some frequencies (such as 100, 105, 110, 115
Hz at a water flow rate of 110 kg/h). Meanwhile, the evap-
oration pressure varies slightly.

Fig. 5 shows the relationship between the system COP
and the discharge temperature for compressor and the tem-
perature rise of cooling water. It can be seen that the COP
varying with the two parameters is almost the same; i. e.,
the COP increases when the discharge temperature and the
temperature rise of cooling water decrease. It can be ex-
plained that the heat transfer temperature difference between
refrigerant and water decreases with the decrease in the dis-
charge temperature and the temperature rise of the cooling
water. The loss owing to the temperature differences de-
creases correspondingly, and at the same time, the decrease
in the discharge temperature will reduce the system heat
loss. So the system COP generally shows an increasing
tendency. From Fig. 5, it can also be observed that the de-
scending rate of the COP with the increase in condensation
water temperature is different. Between temperatures 40. 9
and 42. 8 C, the COP decreases by 0. 07 when the cooling
water temperature increases by 1 C. Between 42.8 and
47.5 C, the value is 0. 02, and between 47. 5 and 48.6 C,
the value is up to 0. 16. From the above, it can be deduced
that there exists an optimum temperature rise of cooling wa-
ter which is near 47. 5 C for this study. It is observed that
the discharge temperature is less than 90 “C, and the temper-
ature difference between refrigerant and water is about 14
°C, which shows a better matching of heat transfer.
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Fig.5 Relationship between COP and discharge temperature
and condensation water temperature rise

Under the same condition, a 140 kg/h flow rate of cool-
ing water and the same heat source at the evaporation side,
the system COP of the HFCI125 transcritical cycle in com-
parison with the R410A subcritical cycle is shown in Fig.
6. It can be observed that the system COP tendencies of the
two refrigerants with the compressor frequency almost show

the same characteristics under the same conditions. Howev-
er, compared with that of the R410A subcritical cycle, the
COP of the HFC125 transcritical cycle significantly increa-
ses by an average of 12%, the maximum COP is up to
2.62. 1t is also found that the discharge temperature of the
R410A subcritical cycle is more than that of the HFCI125
transcritical cycle by 10 ‘C, and moreover, the vibration of
the former is severe in operation. From the above, it can be
concluded that the transcritical cycle using HFC125 is supe-
rior to that of the R410A.
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Fig.6 Comparison of COP of HFC125 transcritical cycle
with R410A subcritical cycle

4 Conclusions

In this paper, an experimental study on the characteristics
of a transcritical heat pump water heater is carried out with
refrigerant HFC125 to analyze the relationships between the
COP and the compressor frequency, the compression ratio,
the condensation pressure, the evaporation pressure and the
discharge temperature. Finally, the system COP of the
HFCI125 transcritical cycle is compared with that of the
R410A subcritical cycle, and the following conclusions can
be obtained.

1) There is an optimum frequency when the compressor
runs at 95 Hz.

2) It is found that there is an optimum cooling water tem-
perature rise which is near 47.5 C in this study, and at the
same time, the system shows a better match of heat trans-
fer. When the compressor runs, the discharge temperature is
less than 90 C, which is in a safe range.

3) Compared with the R410A subcritical cycle, the COP
of the HFC125 transcritical cycle significantly increases by
an average of 12% .

References

[1] Zhou Xiangjiang, Lian Zhiwei, Ye Xiangjiang, et al. Feasi-
bility analysis of high temperature heat pump using in China
[J1. Fluid Machinery,2003,31(7):55 —58. (in Chinese)

[2] Khan Jameel-Ur-Rehman, Zubair Syed M. Design and rating
of a two-stage vapor compression refrigeration system[J].
Energy, 1998, 23(10) : 867 — 878.

[3] White S D, Yarrall M G, Cleland D J, et al. Modeling the
performance of a transcritical CO, heat pump for high tem-
perature heating[ J]. International Journal of Refrigeration,
2002,25(4):479 —486.

[4] Ma Y T, Wang J G, Lii C R, et al. Characteristic study of su-
percritical fluids and supercritical cycles[J]. HV&AC, 2002,
32(1):101 —104. (in Chinese)



186 Wang Fang, Lian Zhiwei, Fan Xiaowei, and Wang Fengkun

[5] Neksa P, Rekstad H, Zakeri G R, et al. CO,-heat pump water tional Symposium on Heat, Ventilating and Air Condition-
heater: characteristics, system design and experimental re- ing. Beijing, China, 2003: 905 —909.
sults[ J]. International Journal of Refrigeration, 1998, 21 [8] Zhou Xiangjiang, Lian Zhiwei, Li Zhihua, et al. Experimen-
(3):172 - 179. tal study on HFC125 critical heat pump[J]. Applied Thermal
[6] Zhou Xiangjiang, Lian Zhiwei, Yao Ye. The optimal temper- Engineering,2007,27(5/6) : 988 —993.
ature difference of the high temperature heat pump system [9] Chen D, Lii C R, Ma Y T, et al. Estimation of the basic
[J]. Acta Energiae Solaris Sinica, 2004, 25(3): 394 —398. properties of new stratospherically safe working fluids and
(in Chinese) study of geothermal heat pump fluids[J]. Journal of Engi-
[7] Zhou Xiangjiang, Lian Zhiwei, Yao Ye. An ideal cycle of neering Thermophysics, 1997, 18 (4): 401 — 404. (in Chi-
transcritical heat pump[ C]//Proceedings of the 4th Interna- nese)

HFC125 B5 i 57 # 2R 74 7K 25 T4 BE LB #F 52
o EAET LRt R

(" BB R FIME S H A2, Eig 200240)
(P PR TR G IRE SR, FM 450007)

W H IR T B8 HFCI2S 3516 RAB IR A R AR B og B ATHM, RS T A AATAARKKRE SR E
#,xf HEC125 3516 AR 4 R oK B a3 4T T LI 8T 50, K IR 45 ML 4T £ 95 Hz Bf & % A £ — A~ COP »‘é
1. RJGvA 95 Hz A4 , B R T %% COP EE;?{E;]:}L%E@%‘_ AR KRR AIKB RGBS A
X F It L RAIOA s RAAIR R AR AT T AR R A AAA £ — R E, Suit R AR AT
COP 1i, % %% COP K48t JE A Fo R Ha 8 F&ﬂﬁ&ii%i%“ o IR S RAAS T B Hp R I AL 47,5 T,
COP iftik F 4. 4957 R410A T l5 R 4828 , HFC125 3516 RAE 3R & %5 COP R H A, R 508 F T3 & 12% vA L.
K ##17 : HFC125 ;3516 A 31 ; # R K 2% ; COP

R E 42 ES . TKI172



