Journal of Southeast University (English Edition)

Vol. 26, No. 2, pp. 227 - 231

June 2010 ISSN 1003—7985

Performance analysis of heat pump
based on a new solar air-source heat pump heating system

Liang Caihua

Zhang Xiaosong

Zhu Xia Li Xiuwel

(School of Energy and Environment, Southeast University, Nanjing 210096, China)

Abstract: To further improve the utilization efficiency of solar
energy and the performance of solar heat pump heating systems, a
new heating mode of a solar air-source heat pump( SASHP) is
proposed, and the characteristics and performance of the heat
pump part of this new heating system are studied. Based on a
SASHP with 10 kW, the mathematical model of this system is
built, and the characteristics and performance are concluded from
the simulation analysis at different environmental temperatures
and output water temperatures. The results show that the
performance of heat pumps can be greatly improved based on the
new SASHP. When the environmental temperature is 7 °C, the
coefficient of performance (COP) of the air-source heat pump
(ASHP) can be increased by 26% at most. This paper sets up a
base for further study on the heating system with this new SASHP
in the heating season.
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olar energy is a kind of endless and clean energy. How-
S ever, it may be largely affected by season and weather,
which causes that direct application in various solar systems is
limited to a certain extent. With a small amount of high-grade
electric energy to drive, a heat pump can effectively absorb
low-grade heat energy from low temperature heat sources and
then pass it onto high temperature heat sources, and, thereby,
save high-grade energy. A combination of solar energy and
heat pump technology can effectively solve the problems
caused by the thinness and intermittence of solar energy.
Since the 1950s, domestic and overseas scholars have
made many studies on various solar heat pump systems'' ™' .
Hawlader et al. ' set up an experimental platform for the
study of the solar heat pump( SHP) and tested the perform-
ance of the system in the circulation under the weather con-
ditions of Singapore. Aye et al. ' compared the performance
of the solar heat water system, the ASHP and the SASHP in
different cities of Australia and made economic analyses.
Georgiev'® figured out the influence of various parameters
of a solar collector on system performance in the experi-
ments with the solar collector as the heat source of the heat
pump. Kaygusuz'” performed a theoretical study on the
SHP, which was equipped with phase-change heat storage
device, and obtained the COP value of the system by experi-
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ments during the heating season. Zhao et al. '™ performed
theoretical analysis and experimental study on a series solar
heat pump heat water system, which was supported by a vac-
uum tube heat collector, and the results showed that this sys-
tem can run stably throughout the whole year. Yu et al. "
built up an experimental platform of the SHP and a test sys-
tem, and performed experimental studies on the heating con-
ditions of the SHP in winter; they also obtained the integral
heating performance of the system and the performance of
main equipment. Kuang et al. """ theoretically studied the se-
ries indirect expansion and direct expansion solar heat pump.

The current SHP can be classified into a direct expansion
type and an indirect expansion type. According to different
connection forms in the solar collection circulation and the
heat pump circulation, the indirect expansion solar heat
pump can be divided into three types: series, parallel and du-
al heat sources. In the application of solar energy, the three
types of heat pumps treat solar energy as the low-grade heat
source of heat pumps. The heat pump consumes electric en-
ergy to further improve the grade of energy as the cost of
applying solar energy. As for the parallel type, applications
of solar energy and heat pump systems are independent of
each other, so we are unable to improve the performance of
heat pump systems by solar energy. A new solar air-source
heat pump heating system ( SASHPHS) is proposed, which
can improve the working conditions of the heat pump and
strengthen the performance of solar energy utilization; then
we focus on the changes in characteristics and performance
parameters of the ASHP in the new SASHPHS, in order to
provide a basis for the performance assessment of this new
SASHPHS.

1 New Solar Air-Source Heat Pump Heating Sys-
tem

The flow chart of the new SASHPHS is shown in Fig. 1.
The whole heating system consists of two parts: the ASHP
and the solar collector system. The output water temperature
of the system is 45 C and the return water temperature of
the system is 40 C. In the cycle of hot water supply, the
condenser of the ASHP is in series with the solar collector,
with the ASHP at the front and the solar collector at the
back. The system works in three modes: 1) Single air-source
heat pump mode, which is started while the sun is not avail-
able or the radiant intensity is low( The available heat of ra-
diation is smaller than or equal to the heat dissipation of the
heat collector when the water temperature is 45 C in the so-
lar collector; the available heat of radiation refers to the heat
which can be absorbed by water in the solar collector);2)
Combination mode, which is activated when the available
heat of radiation is more than the heat dissipation of the heat
collector( The water temperature is 45 C in the solar collec-
tor, but the available heat is not enough to increase the water
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Fig.1 Flow chart of new solar air-source heat pump heating system

temperature by 5 C); 3) Single solar collector mode, which
is operated when the solar collector can provide enough heat
to increase the water temperature by 5 C. The specific
process of each mode is as follows:

1) Single air-source heat pump mode: Solenoid valves 2
and 4 are closed; solenoid valves 1 and 3 are opened. Heat-
supply backwater passes through solenoid valve 1 and enters
the shell and tube heat exchanger, which cools down refrig-
erant and absorbs the heat, and the temperature increases to
45 C. After it comes out from the shell and tube heat ex-
changer, it passes through solenoid valve 3 to reach the hot
water container, and flows out of the system after being
pressurized by the pump to supply the air-conditioner termi-
nal.

2) Combination mode: Solenoid valves 2 and 3 are closed;
solenoid valves 1 and 4 are opened. Heat-supply backwater
passes through solenoid valve 1 and enters the shell and tube
heat exchanger; then it cools down the refrigerant, and ab-
sorbs the heat and raises the temperature. After it comes out
from the shell and tube heat exchanger, it passes through so-
lenoid valve 4 to reach the solar collector to absorb the heat
produced by solar energy. When the temperature increases to
45 C, it enters the hot water container and flows out the
system after being pressurized by the pump to supply the air-
conditioner terminal.

3) Solar collector direct heat supply mode: Solenoid valves
1 and 3 are closed; solenoid valves 2 and 4 are opened. Heat-
supply backwater passes through solenoid valves 2 and 4,
and then directly enters the solar collector to absorb the heat
of the sun. When the temperature rises to 45 C, it enters the
hot water container and flows out the system after being
pressurized by the pump to supply the air-conditioner termi-
nal.

The compressor in the ASHP is a variable capacity com-
pressor. In the combination mode, the compressor runs with
variable capacity to guarantee that the output water tempera-
ture is at 45 ‘C. When the radiant intensity is greater, the
compressor runs with a smaller capacity, and vice versa. The
testing results by a radiant intensity instrument are treated as

the reference for the switching among the three modes.

In the combination mode, with the increase in radiant in-
tensity, the temperature of the output water from the con-
denser of the ASHP decreases, which means that the conden-
sing pressure and the temperature of the system are de-
creased, and thus the heat pump performance is improved.
To study the operational characteristics and the performance
of the heat pump part of this new SASHPHS, we set up a
mathematical model of the heat pump based on the new
heating system.

2 Establishment of Model of Air-Source Heat
Pump System

To study the performance of the heat pump in this heating
mode, we establish a mathematical model of the ASHP. The
purpose of this paper is to improve the performance parame-
ters of the ASHP at the steady state without paying attention
to the dynamic process of the system; we establish the model
of the steady stage. The ASHP with 10 kW is selected as the
research object under rating working conditions, with an in-
verter compressor as the compressor of the heat pump, a
finned tube heat exchanger as the evaporator in heating, a
shell and tube heat exchanger as the condenser, and an elec-
tronic expansion valve as the throttle valve. In modeling the
ASHP, the following assumptions about the heat exchanger
are made: 1) The heat exchange between the shell and tube
heat exchanger and the environment is ignored; 2) The pres-
sure inside the heat exchanger and the temperature of the re-
frigerant inside the two-phase section are constant; 3) Only
pure refrigerant is considered; 4) Axial heat transfer is ig-
nored; 5) The refrigerant from each channel of the heat ex-
changer is fully mixed.

2.1 Model of shell and tube heat exchanger

1) Heat transfer coefficients of refrigerant in single-phase
section, «, and a,

In the overheated section and the sub-cooled section, the
refrigerant-side heat transfer coefficients can be calculated
by the standard Dittus-Boelter equation:
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A

ay or a, =0.023 4 Re"* Pr*? (1)

2) Average heat transfer coefficient of refrigerant in two-
phase section, Q.
Inside the two-phase section, the local heat transfer coeffi-

cient «,,,(x) can be calculated by the Dobson formula:
A 2.22
a,,(x) =0.023 ?;Re?'g Prf~4(1 + XW) (2)
p 1 —x 0.9
X, =0. 551P—u( g ) (3)
The a,,, can be obtained by
%
f dx
— i 4)
s = 1 (
f dx
X5 alp-s(‘x)

3) Heat transfer coefficient of water outside tube, a,

The shell and tube heat exchanger has a baffle plate and
water transfers the heat by vertical and transverse flows out-
side the tube. The heat transfer coefficient «, of water out-
side the tube is

«, =0.25 dAReO-GPrO_zg (5)

o

2.2 Finned tube heat exchanger model

1) Heat exchange coefficient of refrigerant in overheated
section, a,

Inside the overheated section, refrigerant exists in the form
of overheated steam and flows inside the tube are turbulent.
The refrigerant heat exchange «, can be calculated by the
Petukhov-Popov formula:

LRe,Pr,
)\v 8 v v
Qg = d. f 0.5 (6)
'1.07+12.7(§) (PP ~1)
f=(1.82IgRe, — 1. 64) - (7)

2) Average heat exchange coefficient of refrigerant in two-
phase section, Oy s

Inside the two-phase section, the heat exchange coefficient
changes with the length of the section. Therefore, the aver-
age heat exchange coefficient in the two-phase section a,
can be obtained by computing integrative local heat ex-
change coefficients in the range of dryness of the evapora-
tor. The formula of the local heat exchange coefficient
a,(x) is as follows:

g s(2) = %Oa (8)
() () (%) ©)

where «, stands for the heat exchange coefficient when the
refrigerant is at a pure liquid phase. The calculation by the
standard Dittus-Boelter formula is as follows:

A
o, =0.023Re}* Pr* j

i

(10)

The average heat exchange coefficient of the whole
evaporator can be obtained by
x(?
J dx
Xi
(04 =

e jxo L 4

X; alp,r(x)

(1)

3) Air-side heat exchange coefficient o,
The air-side heat exchange adopts the integrative associa-
tive formula of plain and integral finned tube exchange:

(@)

—-0.088 7 -0.1590

Nu =0. 982Re“-4“(i) (12)

db

2.3 Model of compressor

Suppose that the absorption pressure is the evaporation
pressure, and the discharge pressure is the condensation pres-
sure, respectively. The refrigerant circulating load G_, is de-

termined by the actual inspiratory volume of the compressor
and the refrigerant specific volume at the entry:

V
Gcom — nv th (13)
vl
The theoretical capacity of the compressor is
V Yo't 14
th — 60 ( )

2.4 Model of electronic expansion valve

Under steady working conditions, the flux of the electron-
ic expansion valve is
m,=CA,

pv,i(pv,i_pv,o) (15)

3 Results and Discussion

In the new SASHPHS, when without sunshine, the heating
system performs the direct heating mode of air-source heat
pumps; when with sunshine, the system mainly performs the
combined heating mode of solar and air-source heat pumps
(In this mode, the heat in the heating system is supplied by
the solar collector and the ASHP). The heating capacity of
the system designed by us is 10 kW under the rating work-
ing conditions. As the heating system ignores the function of
stored heat, the heating capacity of the ASHP is also 10 kW
under the rating working conditions. The rating working
conditions of heat pumps include: the dry-bulb temperature
is 7 C, and the wet-bulb temperature is 6 C. The output
water temperature and the return temperature of the heating
system are relatively maintained at 45 and 40 C. The fre-
quency of the compressor in the ASHP varies from 15 to 110
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Hz. In the combined heating mode of solar and air-source
heat pumps, as the inverter compressor is limited by the low-
est operation frequency (15 Hz), the lowest output water
temperature is 41 C in the simulation of the performance of
the ASHP.

The influence of the solar collector on the ASHP is main-
ly represented as follows: In the combined heating mode of
solar and air-source heat pumps, the ASHP can run at small
capacity, while the temperature in the condenser is de-
creased, so working conditions are improved. The variety of
solar radiation intensity results in the changes of the output
water temperature from the ASHP; namely, given that the ar-
ea of the solar collector is constant, different output water
temperatures in the ASHP are related to different solar radia-
tion intensities. Based on the simulation of the mathematical
model of the ASHP, the curves of the output water tempera-
ture and performance parameters of the ASHP are shown in
Figs.2 to 5.
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Figs. 2 and 3 show the curves of the condensation temper-
ature 7, and the evaporation temperature 7, at different out-
put water temperatures of the heat pump T, and environ-
mental temperatures 7.. From Fig. 2, we can see that 7, de-
creases with the decrease in 7, , which proves that the
condensation conditions of the ASHP are improved. As the
water flow of the condenser in the ASHP is constant, while
T,,., decreases, the heating power of the ASHP also decrea-
ses, and the flow of the refrigerant, the heat exchange tem-
perature difference and 7, decrease. From Fig. 2, it is conclu-
ded that T, has little influence on 7,. From Fig. 3, we can
see that at a specific temperature, while Tynp decreases, T,
rises. The main reason is that while Tynp decreases, the flow
of refrigerant decreases. As for the same finned tube evapo-
rator, the heat exchange area of refrigerant per unit mass in-
creases in the evaporator, and the heat exchange temperature
difference decreases; thereby, T, rises and the systemic per-
formance is improved. From Fig. 3, it is concluded that at
different T, and T, , T, has the same trend.

Fig. 4 indicates the curves of power consumption of the
compressor in the ASHP( P,) at different 7, and T,. As
shown in Fig. 4, with the decrease in 7,,,,, P, tends to de-
crease. When T, is 7 C, T, decreases from 45 to 41 C
and P, decreases from 2. 61 to 0.42 kW. Meanwhile, with
the decrease of T,, P, changes rapidly with T, .

Fig. 5 indicates the COP curves of the ASHP at different

and T.,. It shows that for a specific T,, the COP value
has a remarkable increase with the decrease in T, . With
the increase in T, the COP tends to increase faster and fas-
ter. With 7, at 7 °C, when T, decreases from 45 to 41 C,
the COP of the ASHP increases from 3. 86 to 4. 85, indica-
ting that the performance of the ASHP is remarkably im-
proved. By the analysis, we conclude that it is mainly be-
cause, with the decrease in T, , T, also decreases while T,
increases and, thereby, the working conditions of heat pumps
are improved.

Fig. 6 shows the curves of the COP improvement rate of
the ASHP(ACOP) at different T, and T,. From Fig. 6, we
can see that with the decrease in T,,,,, the COP improve-
ment rate of the machine set increases. With T, of 7 T,
when T, =41 C, the COP value is 26% higher than that
when T, , =45 C. Meanwhile, Fig. 6 indicates that with
the increase in T,, the ACOP increases faster with the de-
crease in T, . Thus, it can be seen that when 7, is higher, the
improvement of performance of the ASHP is more remarkable.

T

ow-hp
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4 Conclusion

This paper proposes a new solar air-source heat pump
heating system and analyzes the principles and the processes
of this new heating system. The performance improvement is
studied for the air-source heat pump in the heating system.
Its mathematical model is built based on the air-source heat
pump with 10 kW. With the model, the performance of the
air-source heat pump at different environmental temperatures
and output water temperatures is simulated. The influences
of environmental temperature and output water temperature
of heat pumps on evaporating temperature, condensation
temperature, the power consumption of the compressor and
the COP value of the system are obtained. This study pro-
vides a base for further study on the heating performance of
this new system in the heating season. The results show that
in the heating mode of the new solar air-source heat pump,
the air-source heat pump performance is greatly improved.
At an environmental temperature of 7 “C, when the output
water temperature is 41 C, the COP value is 26% higher
than that when the output water temperature is 45 C. With
the increase in environmental temperature, the COP im-
provement rate of the heat pump system also increases.
Thus, it can be concluded that the heating mode of this new so-
lar air-source heat pump has better energy-saving performance.
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