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demand at low ambient temperatures. Whereas resistance
heating with PTC elements reduces significantly the cruising
range of electric vehicles, the use of the A/C system with CO,
as refrigerant as a air-to-air heat pump is a much more energy
efficient solution.

1. Introduction

Compared to conventional vehicles, electric vehicles have less
waste heat available for heating the passenger compartment.
Thus, additional heat sources are required to cover the heat
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Nomenclature

A Area [m?]

ASHP  Air source heat pump

COP Coefficient of performance

S Specific heat capacity [J (kg K) ]
dn Hydraulic diameter [m]

EHX Exterior Heat Exchanger

h Specific enthalpy [J kg™]

IHX Interior Heat Exchanger

] Colburn factor

Kv Flow coefficient [m® h~7]

Le Lewis number

m Mass flow rate [kg s

n Engine speed [s7]

Nu Nusselt number

P Power [W]

Pr Prandtl number

PTC Positive Temperature Coefficient
Q Heat Flow [W]

Re Reynolds number

t Time [s]

Tts Frost surface temperature [K]

\Y% Volume [m?]

X Vapour quality

Xq Water load of moist air [kg kg™ ]
] Saturation water load at frost/wall surface

kgkg ]

Greek symbols

Heat transfer coefficient [W (m? K) ']

a

8 Mass transfer coefficient [m s~
of Frost thickness [m]

Ahy, Specific heat of vaporisation [J kg™’
Ahg Specific heat of fusion [J kg ]
Mei Effective isentropic efficiency
MNis Isentropic efficiency

A Volumetric efficiency

A Thermal conductivity of frost [W (m K)™]
o Density [kg (m®) 7]

Pa Moist air density [kg (m®) ]
Pfavg Average frost density [kg (m?) 7]
Pfs Frost surface density [kg (m?)~}]
Subscripts

avg Average

cond Condensation

eff Effective

f Frost

in Inlet

is Isentropic

lat Latent

Iv Liquid-vapor

out Outlet

sens Sensible

sl Solid-liquid

In heat pump mode the exterior heat exchanger (EHX)
works as refrigerant evaporator. At low ambient temperatures
the evaporation temperature can drop below 0 °C, which
therefore leads to a surface temperature of the evaporator
lower than the freezing point of water. This is the precondi-
tion for the formation of frost on the heat exchanger. Due to
it's low thermal conductivity, the growing frost layer de-
creases the performance of the EHX, which leads to a decline
of the heating capacity as well as the COP of the heat pump.
Therefore, defrosting of the EHX is necessary from time to
time and an efficient defrost method is crucial to benefit from
the heat pump also under frosting conditions. Dong et al.
(2012) mentioned measurement results where defrost energy
consumption accounted for 10% of the total energy con-
sumption of a stationary air source heat pump during heating
operation.

Considering energy efficiency, defrost methods which
remove the frost by passing hot refrigerant through the EHX
are supposed to be the most effective ones (Ding et al., 2004).
The two established methods using this principle are:

e Reverse cycle defrost: By using a high- and low-pressure
switching valve, the refrigerant cycle can be switched
from heating to cooling mode. Whereas in heating mode
the EHX works as evaporator and frost can form on it, in
cooling mode it works as gascooler (supercritical operation)
or condenser (subcritical operation). Thus, hot high-
pressure refrigerant from the compressor enters the EHX
to melt the frost.

Hot gas defrost: Via a by-pass valve the hot gas from the
compressor is directly expanded and passed to the EHX to
melt the frost.

The reverse cycle defrost method has the advantage of
higher heating (defrost) performance because the ambient air
is used as heat source, whereas the hot gas defrost uses only
the heat from the compressor. But major drawbacks of the
reverse cycle method applied in a car are the possible water
condensation or frost formation on the IHX during defrost,
which supports flash fogging when switching back to heating
mode (Peters, 1972). Further, the cold air exiting the IHX can
not be blown into the vehicle cabin without dramatically
reducing thermal comfort. Therefore, an additional mecha-
nism in the HVAC box is necessary to pass the outcoming air
of the IHX to the ambient. Hot gas defrost does not have the
mentioned drawbacks of reverse cycle defrost, but additional
solenoid valves are needed in order to enable a redirection of
the refrigerant in heating mode to the bypass valve.

In contrast to mobile air conditioning where publications
on this topic are rare, several studies were performed for do-
mestic refrigeration systems. E.g. Liu et al. (2003) showed
simulation results of a model of an air-source heat pump
during hot-gas defrost. Dopazo et al. (2010) predicted the
required time and needed energy of the hot-gas defrost pro-
cess of an air-coil evaporator using a transient simulation
model and validated it with experimental data. But none of
these models was able to handle frosting as well as defrosting.

As frosting and defrosting are inherently transient phe-
nomena, steady state models which are often used to predict
the heat pump performance are not suitable to give adequate
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