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h i g h l i g h t s

� A novel design ASHP equipped with heaters installed before (B-AEH) the evaporator for frost prevention is proposed first.
� The orthogonal experiment design was deployed to aid the selection of design parameters and the analysis of the results.
� The performance of the novel design increased COP up to 17.94% and decreased input power 25.63% under frosting conditions.
� It was demonstrated that the novel system can prevent the evaporator from frosting formation under frosting conditions.
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a b s t r a c t

In this study, a novel technology of frost prevention and retardation for air source heat pump (ASHP),
which reduces thermal discomfort, is introduced. It utilizes auxiliary electric heaters (AEH) on tubes
before (B-AEH) and (or) after (A-AEH) the outdoor evaporator to retard frost formation or prevent frost
from accumulating on the outdoor heat exchanger. This enables the supply of hot air into the interior
space without interruption. This new method differs from the common high pressure hot gas bypass
defrosting (HGBD) methods and the reverse cycle defrosting (RCD), both of which could result in signif-
icant temperature fluctuations and thermal discomfort. The orthogonal experiment design (OED) was
applied in this study to evaluate the performance of the air source heat pump (ASHP) with different
magnitudes of AEH power under a range of ambient frosting conditions. The L25(5

6) orthogonal array
was selected for the experiment and data were analyzed by means of the analysis of range (ANORA)
and the analysis of variance (ANOVA). The optimum parameter combination affecting the performance
of the ASHP was determined and the most significant parameters were identified. It was demonstrated
that the proposed ASHP design is effective for frost prevention and retardation in real applications.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, the most widely used standard defrosting method for
air source heat pumps (ASHPs) is the reverse cycle defrosting (RCD)
method [1,2]. The RCD method is a procedure that switches the
heating mode of heat pumps to the cooling mode to defrost the
coil. When using the cooling mode for defrosting, the hot refriger-
ant normally pumped into the indoor condenser (to heat the room
air in the heating mode), is instead pumped into the outdoor evap-
orator to melt the frost on it. When the frost is melted, the heat

pump is switched back to heating mode and resumes its normal
operation. Many studies have examined the thermal characteristics
of the system during the RCD defrosting process for ASHPs [3–7].
O’Neal et al. [4] studied the thermal properties of the RCD process
for a residential ASHP in 1989. Anand et al. [5] investigated the dis-
charge and suction pressure changes in the compressor in an RCD
system to increase energy savings and decrease the defrosting
time. They found sudden pressure fluctuations from the discharge
and suction lines of the compressors when switching the four-way
reversing valve during the RCD process. This would also cause
mechanical damage to the compressors and refrigerant lines. In
addition, the diameter of the orifice used as the throttle valve
was also increased in order to reduce defrosting time during the
RCD cycle [6]. Nutter et al. [7] studied the thermodynamics of a
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heat pump when installing an accumulator in the suction line of a
scroll compressor operating during the frosting and defrosting con-
ditions of an ASHP. Results showed that removing the accumulator
would produce a 2% reduction in the coefficient of performance
(COP) and a 10% reduction in the defrosting time. However, in this
operation mode, a temporary phenomenon was observed during
which liquid refrigerant floods to the suction line of the compres-
sor and causes a mechanical shock to it. Song et al. [8] reported a
modeling study on varying heat supply (via refrigerant) to each
refrigerant circuit in a three-circuit outdoor coil in the RCD process.
Therefore, long-term RCD operation would definitely lead to dete-
rioration of the performance of the ASHPs and damage the compo-
nents of the system.

Hot gas from the compressor’s discharge can be a good source of
heat to melt frost easily. The advantages of hot gas bypass defrost-
ing (HGBD) are lower noise, smaller indoor temperature fluctua-
tions, and no cold air blowing from the indoor condenser, when
compared to the RCD method (switching to a cooling mode to
defrost). However, because of limitations in the amount of avail-
able heat, defrosting time for HGBD is much longer than for RCD
[9,10]. Liu et al. [11] simulated the dynamic hot-gas defrosting pro-
cess, described by the fundamental conservation equations, and
used experimental results for validation of the model. A compara-
tive study of the RCD and HGBD methods on a water source heat
pump was carried out by Huang et al. [12]. The HGBD enabled con-
tinuous heating in a no-switching reverse cycle, but the drawback
of the solution was an increase of the defrosting time by a factor of
2.89 over the RCD defrosting time. Wang et al. [9] used a compen-
sator instead of an accumulator to reduce the defrosting time.
However, the liquid refrigerant could easily enter into the com-
pressor suction line during defrosting, in the absence of an accu-
mulator in the suction line before a compressor. This is a
common situation which can be dangerous and could easily cause
mechanical damage to the ASHP when the indoor fan of condenser
is turned off. Recently, Kim et al. [13] demonstrated an alternative
defrosting method with a multi-evaporator structure for continu-
ous heating, by adopting an on-off cycling operation without a
cooling mode. Byun et al. [14] studied frost retardation of an ASHP

using the HGBD method. Choi et al. [15] developed a dual hot gas
bypass defrosting method to remove frost from the outside evapo-
rator to lower the defrosting time. They compared the dynamic
characteristics and defrosting time with the traditional RCD
method. However, whenever the HGBD is activated, as for heating
originating from the evaporator, the heating capacity cannot be
guaranteed with this solution. Not only does the defrosting time
remain long, but the overall indoor thermal performance of the
amenity is also degraded.

In addition to the numerous studies focusing on these two main
defrosting methods, there are also extensive research efforts aim-
ing to find new methods to solve the frosting problem [16–24].
Jiang et al. [16] investigated experimentally glycerol as spray solu-
tions with different concentrations and variable mass flow rates for
ASHP, as a new non-frost refrigerant. Mei et al. [17] suggested that
the temperature on the evaporator tube can be raised by several
degrees by adding a moderate amount of heat to the refrigerant
steam in the accumulator. Silva et al. [18] studied the performance
of the fan attached to the heat exchanger, with increasing frost
layer thickness, for various tube-fin heat exchanger designs. Thybo
and Mader [19] proposed a dynamic distribution valve that can
feed parallel evaporators with individual passages, and that would
be able to regularly shut individual evaporator circuits off, so as to
maintain frost-free conditions. Kwak and Bai [20] applied an elec-
tric heater in front of the outdoor heat exchanger to heat the out-
door evaporator inlet air, in order to enhance the heating capacity
and delay frost formation. Kondepudi et al. [21] utilized a solid
desiccant to dehumidify the air at the inlet of the outdoor evapora-
tor. This solution was able to prevent frosting efficiently by lower-
ing the humidity of the ambient air at initial times. However, the
moisture absorption capability of desiccant as well as its ability
to prevent frost accumulation would fall off over time. The influ-
ence of increasing the heat exchange area of the evaporator and
fin spacing, as well as changing the structure of fins, was also
addressed in this study [22]. Gu et al. [23] found that delaying
frosting can be accomplished by increasing the fin spacing. There-
fore, the value of fin spacing should be selected depending on the
regional humidity levels. Zhang et al. [24] proposed a frost-free

Nomenclature

Atot total heat exchanger surface area (m2)
cice specific heat of ice (J/kg �C)
da moisture content of air (kg/kgair)
deq equivalent diameter of cross-section tube-fin (m)
ds moisture content of air at the surface tube wall

(kg/kgair)
ha specific enthalpy of air (kJ/kg)
hs specific enthalpy of air on the surface of tube wall

(kJ/kg)
Mfr amount of frost accumulation on the evaporator surface

per unit length (kg/m)
Md amount of water vapor increasing frost layer thickness

per unit length (kg/m)
Mq amount of water vapor increasing frost layer density per

unit length (kg/m)
qa mass flow rate of air (kg)
Q total amount of heat during frosting formation (W)
Qc heating capacity of the air source heat pump of interest

(W)
Ql least energy needed to defrost (W)
rice latent heat of ice (kJ/kg)
Td dew-point temperature of ambient air (�C)

Ts temperature of air at the surface tube wall (�C)

Greek letters
asen sensible heat transfer coefficient of air (W/m2 K)
rsub latent heat of sublimation (J/kg)
r mass transfer coefficient determined by Lewis criterion

(kg/m2 s)

Abbreviations
AEH auxiliary electric heater
A-AEH auxiliary electric heater located after the evaporator, be-

tween evaporator and compressor
B-AEH auxiliary electric heater located before the evaporator,

between capillary and evaporator
ASHP air source heat pump
RCD reverse cycle defrosting
HGBD hot gas bypass defrosting
OED orthogonal experiment design
ANORA analysis of range
ANOVA analysis of variance
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