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Nomenclature

a:-as, c1-c4 coefficients in the efficiency formulas [-]
Bo boiling number [-]

COP coefficient of performance [-]
specific enthalpy [k] kg™]

frequency [Hz]

refrigerant mass flow rate [kgs™]
Nusselt number

polytropic exponent [-]

pressure [kPa]

Prandtl number

heat transfer rate [kW]

Reynolds number [-]

refrigerant mass flow ratio [-]
compressor cylinder volume ratio [-]
temperature [°C]

volume [m?]

work [kW]

specific work [k] kg™

refrigerant quality [-]

heat exchanger subcooling parameter [-]
efficiency [-]

specific volume [m? kg™?]

viscosity [Pa-s]

density [kg m~]
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Subscripts

a air

cy cylinder

d design

dis discharge

el electric

eq equivalent

H high-stage compressor
h heating

in input

inj injection

L low-stage compressor/liquid
m intermediate/mass
max maximum

min minimum

n indoor

rat ratio

suc suction

th theoretical

T total

vol volume

W wall

Superscript

*

parameters at base frequency

1. Introduction

Applying heat pumps to space heating for residential build-
ings in cold regions will reduce the combustion of gas, oil and

other fossil fuels and the emissions of greenhouse gases. An
Air Source Heat Pump (ASHP), which uses the widely avail-
able air as heat source, is more easily deployed and applied
than other types of heat pumps, such as geothermal heat
pumps. Nevertheless, in the cold areas where space heating
is required, the outdoor temperatures are extremely low, and
could be below —20 °C in the northern parts of China. In this
case, the evaporating temperature of the ASHP decreases and
the temperature difference between the heat source and sink
increases, which result in the deteriorated heating capacity,
declining coefficient of performance and even abnormal shut
down due to the high discharge temperature.

Different approaches regarding how to improve the ther-
modynamic performance of high temperature lift heat pumps
were presented, experimentally compared and deeply ana-
lyzed by Zehnder (2004). These approaches included one stage
compression with intermediate injection of saturated vapor,
two-stage economizer cycle and booster concept, and liquid
subcooling through an auxiliary cycle. Zehnder concluded that
the two-stage compression cycle represents the next genera-
tion of heat pump due to its modulation capacity and the
potentially higher system performance. Tian et al. (2006) pro-
posed a two-stage compression variable frequency air source
heat pump. The low- and high-stage variable frequency com-
pressors were used, which had the capacities of SHP and 3HP,
respectively. The experimental results show that the COP is
higher than 2.0, the discharge temperature of the high-stage
compressor is below 120 °C, and the heating capacity is able
to meet the heating load when the condensing and evaporat-
ing temperatures are 50 °C and —25 °C, respectively. The tested
system works in a stable state and the lubricant return is per-
formed well, and is able to meet the heating demand without
auxiliary heat sources in cold regions where the outdoor tem-
perature is not lower than -18 °C. Bertsch and Groll (2008)
simulated, designed, constructed and tested a two-stage air-
source heat pump for water and air heating, which is able to
operate at ambient temperatures between -30 °C and 10 °C with
the supply water temperatures of up to 50 °C. This system uses
a subcooler as the inter-stage structure and could be oper-
ated in either single- or two-stage mode. At the same ambient
temperature, two-stage mode operation approximately doubles
the heating capacity compared to the single-stage mode op-
eration. The discharge temperatures of the compressors in the
two-stage mode maintain below 105 °C at all times. Based on
this technology, Caskey et al. (2012) and their three industrial
partners designed and fabricated a new air-source heat pump
system optimized for cold climates, which was installed in a
military barrack for a field demonstration. A simulation model
was developed in EES in order to predict the designed heat
pump performance at different ambient conditions. The EES
results were incorporated with a TRNSYS model that was used
to estimate the military barrack building load. This coupled
model has the ability to predict the heating energy consump-
tion of the heat pump system according to different capacities
determined by ambient conditions or weather data. The pre-
dicted results show that the heat pump performs well in cold
climates and the COPs constantly maintain above 3.5 over the
entire heating season. Additionally, the savings of a cold climate
heat pump compared to a natural gas furnace was antici-
pated to be over 30% for primary energy consumption and CO,
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