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In order to solve the problems of a heat pump air conditioner for an electric bus
under extreme conditions, such as the large compression ratio, the high dis-
charge temperature, the reduced system performance, the frequent shutdown of
the compressor due to the overheat protection, this paper proposes a vapor injec-
tion technology with an economizer, and carries out a theoretical analysis of the
process to reveal the effect of the vapor injection technology on the performance
of the air conditioner. The results show that at ultra-low temperature heating op-
erating conditions, when the compressor speed increases from 2000 rpm to 5000
rpm, the heating capacity of the vapor injection system increases from 16.2% to
22.7%, and the heating performance coefficient increases from 2.8% to 14.2%.
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Introduction

As an essential component of an electric bus, the air conditioner is directly related to
the comfort of the internal environment of the electric bus and the safety of the whole vehicle.
When the pure electric bus is running at a high temperature in summer and at a low tempera-
ture in winter, the exhaust temperature and exhaust pressure of the heat pump air conditioning
system might be too high, and the viscosity of lubricating oil is reduced, and the performance
of the system is attenuated, this condition will seriously affect the mileage and application
range of the pure electric bus.

In view of the outstanding problems of air conditioners in extreme environments,
many scholars have conducted extensive technical research, and much achievement has been
obtained. Dutta et al. [1] carried out research on the vortex-type refrigeration compressor with
liquid injection theoretically and experimentally. Ying et al. [2] established a mathematical
model for gas-liquid two-phase mixture pressurization in the working process of the liquid in-
jection scroll compressor and obtained the change law of the State parameters of the two-
phase mixture with different liquid injection volumes. Fan and Wang [3] applied an imported
liquid refrigerating method in a high temperature air conditioner. Jia et al. [4] studied theoret-
ically and experimentally the characteristics of the air source heat pump, which was used to
improve the air source heat pump motor insulation, and suggested a liquid injection bypass
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method to analyze the high temperature environment. Fei et al. [5] studied the effect of differ-
ent spray volumes on the performance parameters of the heat pump water heater. Cui et al. [6]
carried out theoretical analysis and experimental research on the system performance of the
bus air conditioner under the maximum operating refrigeration condition with the application
of the liquid injection technology and an economizer. He et al. [7] introduced a middle heat
exchanger to a high temperature heat pump system and elucidated the effect of the vapor in-
jection technology on the performance of the high temperature heat pump system. Xu and
Wang [8] applied the vapor injection technology in the heat pump system under the condition
of refrigeration and low temperature. Heo et al. [9] compared and analyzed the influences of
four kinds of different forms of vapor injection on the performance of air-source heat pump
systems. Hu et al. [10] established a mathematical model for analysis of the high temperature
air conditioner based on the flash steam refrigerating technology, furthermore, the perfor-
mance of R22 single-stage compression, R22 flash steam cooling in different outdoor envi-
ronments was analyzed and compared. Yin [11] had a complete theoretical analysis of the
high temperature refrigeration for an electric vehicle air-conditioning system with the jet
economy. Chai et al. [12] carried out an experimental performance test of R134a refrigera-
tion/heat pump system with flash steam under medium and low temperature conditions. Tang
et al. [13] studied the performance of a quasi-two-stage scroll compressor for an electric bus
air conditioner experimentally under five different ambient temperature conditions by using
the vapor injection enthalpy-adding technology.

The results of the cited literature show that the liquid injection technology and the
vapor injection technology can effectively reduce the discharge temperature of the compressor
in extreme conditions, which is of great significance for ensuring the safe and reliable opera-
tion of the air conditioning system. However, the research of the liquid injection technology
has not obviously improved the high compression ratio of the compressor at the extreme am-
bient temperature. The research of the vapor injection technology is mainly focused on the
household and commercial low temperature heating field of single refrigerant. There is little
research on the air conditioning field in a bus with refrigerant R407C. In this paper, the sys-
tem performance of an electric bus air conditioner under extreme conditions is theoretically
analyzed and experimentally studied by using vapor injection technology with an economizer.

Analysis of the theoretical process
of vapor injection technology

Figure 1 is the expression of the theoretical cycle of the vapor injection technology
on the pressure-enthalpy diagram. After the condenser (State 3') enters the economizer and is
cooled and subcooled (State 3), the refrigerant is di-

lgp vided into two parts: one passes through the main road
3 3 m 2 expansion valve that the refrigerant is throttled (State

| / 5) and enters the evaporator and absorbs heat (State 1),

i LI A and it is compressed to State 7 by the compressor, then

l 0 \ it is mixed with the saturated gas refrigerant (State 6)

s : X of the vapor injection port (State 8), it will continue to

be compressed by the compressor to State 2, and final-

_ _ ly enters the condenser to release heat and condense.
Figure 1. Representation of the The other part of the refrigerant is returned to the
theoretical cycle of the vapor injection o0 mizer by throttling the supplementary expansion
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Cui, S., et al.: Vapor Injection Technology for Heat-Pump Air Conditioner of ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 3B, pp. 2683-2691 2685

the refrigerant (State 3"), which enters the economizer and then is evaporated, and the saturat-
ed gaseous refrigerant (State 6) passes the vapor injection port that is on the compressor (in
the compressor's intermediate compression chamber), then it enters the compressor and mixes
with the other superheated refrigerant and is compressed into State 7 (State 8), finally, it is
compressed to State 2 through the compressor.

According to the law of conservation of mass, we have the following equation:

mi + ms = md (1)

where g [kgs™] is the mass-flow rate of condenser refrigerant, 7 [kgs™] — the mending re-
frigerant mass-flow rate, and 75 [kgs ] — the mass-flow of evaporator refrigerant.

According to the principle of conservation of energy [14, 15], the balance equation
of the economizer is given by:

m; (hg —hy) =My (hy: —hy) @
By egs. (1) and (2), we have:
m; (hs: —hg) =y (hs —hg.) ®3)

where hz [kJkg™] is the enthalpy of the refrigerant at the inlet of the main expansion valve, hz
[kJkg™] — the enthalpy of the refrigerant at condenser outlet, hy [kJkg™] — the enthalpy value
of refrigerant at the outlet of the repair expansion valve, hs [kJkg™] — the enthalpy value of re-
frigerant at the outlet of the main expansion valve, hs [kJkg™] — the enthalpy value of refrig-
erant at the outlet of expansion valve without vapor injection, and hs [kJkg™] — the enthalpy
value of refrigerant at the compressor inlet.

— The refrigeration capacity of the system is given by:

Q =my(h —hs)
=g (h, —hg.) + Mg (hs: —hs) 4
=mg (h, —hs.) +m; (hg —hg)
where Q; [KW] is the refrigerating capacity of medium pressure air replenishment system.
Compared with that without vapor injection system, the refrigeration capacity of the
vapor injection system is given by:
AQ=Q-Q
=g (hy —hg) —mg (b )
= (hs. —h)
=y (hg —hy.)
where AQ; [kW] is the increased cooling capacity of medium pressure air replenishment sys-

tem and Q') [KW] — the refrigerating capacity of without vapor injection system.
— The power consumption of the system compressor is given by:

Wy =g (hy =) +my (h, —hg) (6)

where W, [kKW] is the compressor power of medium pressure air supply system,
h; [kJkg™] — the enthalpy value of refrigerant at the compressor intake port, h, [kJkg™] — the

()
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enthalpy value of refrigerant at the outlet of expansion valve without vapor injection,
h7 [kJkg™] — the enthalpy value of refrigerant in compressor medium pressure exhaust, and
hs [kJkg ] — the refrigerant enthalpy value of compressor air supply mixing port.

It is assumed that the isentropic efficiency of State 7 to State 2' is the same as the is-
entropic efficiency from State 8 to State 2, comparison with that without vapor injection sys-
tem shows that the power consumption of the vapor injection system is given by:

AW =W, —-W,
=mg(hy —hy) +my (h, —hg) —mg (hy —1y) (")
=m; (h, —hg)

where AW [kW] is the increased compressor power for medium pressure air supply system,
W', [kW] — the compressor power of without vapor injection system, and hy [kJkg™] — the re-
frigerant enthalpy value at the exhaust port without vapor injection compressor.

By analyzing egs. (6) and (7) which show that the vapor injection compressor in the
compression process can be approximately for two-stage compression process, the first level
compression from State 1 to State 7, the compressor’s power consumption is s (h7 — hy), the
secondary compression is a mixed compression at the State 8 to the State 2, the power con-
sumption of the compressor is mg (h2 — hg), which is different from the vapor injection com-
pressor power’s consumption, that is szs (h2 — hy). It is obvious that the vapor injection com-
pressor can greatly increase the power consumption for ;i (h2 — hg), compensating for com-
pression in the compressor power consumption.

— The heating capacity of the system is given by:

Qr =my(h, —hg)
= (m; +mg)(h, —hy.)
where Qr [kW] is the heating capacity of the medium pressure air supply system.

Compared with that without the vapor injection system, the heating capacity of the
vapor injection system can be expressed:

AQ, =Q; _er
= (m; +mg)(h, —hy) —mg (h,. —hg.) 9)
=m; (h, —hg) —mg(hy —hy)

(8)

where AQr [KW] is the increased heating capacity for medium pressure air supply system and
W'| [kW] — the heating capacity of the without vapor injection system.

By analyzing egs. (8) and (9), which show that the vapor injection system increases
the exhaust mass-flow of the compressor, however, the enthalpy difference between the inlet
and the outlet in the condenser is reduced, so the change of heat production is difficult to be
intuitively judged from the enthalpy map, this is because its exhaust temperature is lower than
that without the vapor injection system.

According to the First law of thermodynamics, the heat is equal to the sum of the re-
frigerating capacity and the power of the compressor. As the system refrigeration capacity and
the power consumption of the compressor are increased, the heat production will increase, and
the added value AQy is mi (hz — hg) + rits (s — hs).
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—  The refrigeration efficiency ratio is given by:

EER zgz ms (hl_hS) (10)
W mg(h; —hy) +my (hy, —hg)

where EER is the refrigeration energy efficiency ratio of the medium pressure air supply sys-
tem.

Compared with that without the vapor injection system, the refrigeration efficiency
ratio of the vapor injection system is given by:

AEER = EER - EER
_ o mbohy) by an
mg (h; —hy) +mg (h, —hg) Mg (hy —hy)
_ mi[(hg —hg) — (h, —hg)EER]
- Mg (M, —hy) +m; (h, —hg)
where AEER is increased refrigeration efficiency ratio for medium pressure air supply system

and EER - the refrigeration efficiency ratio of the without a vapor injection system.
— The thermal performance coefficient is given by:

COP:&_ ms (hl_hs) (12)

W mg(h, —hy)+my (h, —hg)

where COP is the thermal performance coefficient of the medium pressure air supply system.
Compared with that without the vapor injection system, the thermal performance co-
efficient of the vapor injection system is given by:

ACOP = COP — COP'
= (EER +1) - (EER +1) (13)
iy | (hg —hy) - (h, —hgEER |
- mg (hy. —hy) +m; (h, —hg)

where ACOP is the increased thermal performance coefficient for medium pressure air supply
system and COP' — the thermal performance coefficient of the without a vapor injection system.

Equations (10)-(13) show that the vapor injection technology increases the refriger-
ating capacity, the heating capacity, and the power of the system as well. The system’s cool-
ing efficiency ratio and the heating performance coefficient increase, which depend on the
difference between (hs — hs) and (h2 — hg) EER'. Only when the difference is greater than zero,
the cooling energy efficiency of the vapor injection technology and the heating performance
coefficient will increase, but the value of EER’ for the vapor injection system under extreme
conditions is relatively low. Now the vapor injection technology will improve EER and COP
of the system significantly.

Experimental research on the performance
of the vapor injection technology

Based on the theoretical process analysis of the vapor injection technology, a per-
formance test table was set-up. The data collection points of the experimental table are shown
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in fig. 2. The experimental testing process was conducted in the standard enthalpy difference
laboratory. According to QC-T656-2000 standard for Performance Requirements of Automo-
bile Air conditioning Refrigeration Unit, QC-T657-2000 standard for Test method of Automo-
bile Air conditioning Refrigeration Unit, GBT12782-2007 standard for Performance Re-
quirements and Test Methods for Automobile Heating, GBT21361-2008 standard for Automo-
tive Air Conditioner and GB7725-2004 standard for Room Air Conditioner. In the process of
the experiment, the compressor speed was set to 2000 rpm, 3000 rpm, 4000 rpm, and 5000
rpm. The low temperature environmental conditions of the test were given as: the dry bulb
temperature outside the vehicle was —20 °C, the dry bulb temperature inside the vehicle was
20 °C, and the wet bulb temperature was 15 °C.
s
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Figure 2. The data collection points of the experimental table

Analysis of experimental results

Figure 3 showed the effect of the vapor injection technology on the discharge tem-
perature of the compressor with the change of the compressor speed. From fig. 3, the dis-
charge temperature of the compressor gradually increased as the compressor speed increased,
and at the same operating condition, the discharge temperature of the non-vapor injection was
greater than the discharge temperature of vapor injection, and the discharge temperature dif-
ference increased gradually. Especially the discharge temperature decreased by 14.7% for the
ultra-low temperature heating operation condition, the high discharge temperature of vapor in-
jection (116.7 °C), the high discharge temperature of vapor injection (99.6 °C), and the high
compressor speed (5000 rpm).

Figure 4 showed the influence of the vapor injection technology on the compressor
power with the change of the compressor speed. Figure 4 showed that with the improvement
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of the compressor speed, the compressor power increased, and at the same operating condi-
tions, the compressor power of the vapor injection was higher than that for the non-vapor in-
jection, and the difference of the two rates gradually decreased. In the heating operation con-
dition of ultra-low temperature, when the compressor speed reached 2000 rpm, the compres-
sor power of the vapor injection was 12.7% higher than that of the non-vapor injection, but
when the compressor speed was as high as 5000 rpm, the compressor power of the vapor in-
jection was just 5.2% higher than that of the non-vapor injection.

' 1201 25] _ o

- —=— Without vapor injection — <7 = Without vapor injection .

ﬁ 1154 ¢ Vapor injection g 2.4 —* Vapor injection S

o 5 224

5 1104 2

§ g 201

S 105 E‘ 1.8

o 8 16

£ 1004 -

] = 1.4

o 954 g

= 3 1.21

3 90 % 0]

5 0.8

£ 854 :

% T T T T T T T 0.6 T T T T T T T

2 2000 3000 4000 5000 2000 3000 4000 5000
Compressor speed [rpm] Compressor speed [rpm]

Figure 3. Variation of exhaust temperature of Figure 4. Variation of compressor power of
compressor with compressor speed system with compressor speed

Figure 5 showed the influence of the vapor injection technology on the heating ca-
pacity of the system with the change of the compressor speed. Figure 5 showed that at the ul-
tra-low temperature heating operation condition, with the improvement of the compressor
speed, the heating capacity of the system increased gradually, and in the same working condi-
tion parameter point, the heating capacity of the non-vapor injection system is less than that of
the vapor injection system, and the difference value increased gradually, when the compressor
speed increased from 2000 rpm to 5000 rpm, the heating capacity of vapor injection system
increased by more 16.2%-22.7% than that of the non-vapor injection system. It can be seen
that the vapor injection technology has significantly reduced the heat decrement of the heat
pump air conditioning under the low temperature environment.
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Figure 6 showed the influence of the vapor injection technology on the heating per-
formance coefficient, COP, with the change of the compressor speed. Figure 6 showed that at
the ultra-low temperature heating operation condition, with the improvement of compressor
speed, the heating performance coefficient, COP, decreased gradually, and in the same work-
ing condition parameter point, the COP of the vapor injection system was more than that for
the non-vapor injection system. With the increase of compressor speed, the difference value
increased gradually. When the compressor speed increased from 2000 rpm to 5000 rpm, the
COP of the vapor injection system increased by 2.8%-14.2%.

Conclusion

We can make the following important conclusions.

e Compared with the non-vapor injection heat pump air conditioners [16, 17], the vapor in-
jection technology can significantly reduce the compressor discharge temperature, mak-
ing the system safe and reliable operation.

e In the ultra-low temperature heating operation conditions, compared with the non-vapor
injection heat pump air conditioners, when the compressor speed increased from
2000 rpm to 5000 rpm, the heating capacity of the vapor injection system increased by
16.2%-22.7%.

e In ultra-low temperature heating operating conditions, compared with the non-vapor in-
jection heat pump air conditioners, when the compressor speed increased from 2000 rpm
to 5000 rpm, the heating performance coefficient COP of the vapor injection increased by
2.8%-14.2%. An optimal condition [18, 19] can be obtained theoretically, which will be
carried out in the future.
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