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a b s t r a c t

Finned-tube evaporators have been widely used in air source heat pumps. Coating a solar selective
absorbing coating on the fin surface is proved an effective approach to improve the heat transfer effects
of finned-tube evaporators using solar energy. However, currently, most attentions were paid to the per-
formance improvement of heat pump systems assisted by solar energy, scarce of attentions were paid to
the heat transfer characteristics of this kind of fin under solar radiation. Therefore, the heat transfer char-
acteristics of this kind of fin under solar radiation were studied using the heat transfer theory. Based on
the heat transfer models, the theoretical solution of temperature field was deduced, and its accuracy was
validated by numerical simulation. The effects of various factors on the heat transfer characteristics of a
plain fin were theoretically analyzed. The results showed that the solar radiation would lessen the con-
vective heat transfer capacity and fin efficiency, and even make part of solar energy to release into the
environment. The maximum loss of solar energy accounts for about 12.7% of the total solar energy,
and twice the fin height only generates 60% increase of the total heat transfer capacity. In the condition
of larger fin height and solar radiation, the smaller convective heat transfer coefficient will produce more
total heat transfer capacity. This study is helpful to analyze this kind of heat transfer problem and guide
the optimization design of finned-tube evaporators assisted by solar energy.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Energy has become a significant aspect affecting the sustainable
development of human. With the rapid development of global
economy, massive traditional energy was consumed, and the con-
tradiction between the supply and demand of energy is becoming
more and more serious. Meanwhile, with the large consumption of
traditional fossil energy and the large amount of greenhouse gas
emissions, environmental problems are becoming more and more
serious. The limited availability of fossil energy and the intensifica-
tion of environmental pollution make it very important to use a
renewable energy source. The thermal energy in the ambient air
is a renewable energy, which can provide a heat source for the
gasification of cryogenic liquid directly in the air-bath carburetor.
The air-bath carburetor uses the fin-tube structure, which is conve-
nient to manufacture and use. So it has been widely used in the
gasification of liquid oxygen, liquid nitrogen, liquid chlorine and
liquid carbon dioxide. But in the cold area, the carburetor’s fins
are easy to frost and have poor heat transfer effects. Shi et al. [1]

proposed to use solar hot water to offer a higher temperature heat
source for the gasification of LPG gasification system, and a stable
thermal performance was obtained.

Another important use of air heat is used as the low-
temperature heat source of a heat pump for heating or making
hot water. Air source heat pump (ASHP) has been widely used
for its simple structure, high convenience and low cost. It plays a
significant role in the exploitation of low grade renewable energy.
However, in low temperature, the ASHP has low evaporation tem-
perature, low heat production and low energy efficiency, and it is
easy to frost [2,3], resulting in the decrease of heating effect. The
solar energy is also a renewable energy, and it has been widely
used in the heating field, such as solar water heating [4] and solar
space heating [5,6]. Many researchers proposed to use solar energy
to assist the operation of ASHP to improve the heating effect of the
system. Sporn and Ambros [7] put forward the direct-expansion
solar-assisted heat pump (DX-SAHP) system as early as 1955,
and the system used solar thermal collectors as the evaporator of
heat pump, which eliminated the structure of heat exchange
between solar collector and evaporator, reduced the thermal resis-
tance and improved the efficiency of heat exchange and the utiliza-
tion of solar energy. Kong et al. [8] tested the hot water system of
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solar-assisted heat pump. The bare flat-plate collector was used as
evaporator. It was found that the system coefficient of performance
(COP) could be enhanced with the increase of the solar radiation
intensity or the ambient temperature. Moreno-Rodriguez et al.
[9] studied the heat transfer performance of flat plate collector/
evaporator of DX-SAHP system by considering outdoor tempera-
ture, wind speed and solar radiation intensity. It was found that
under extreme circumstances, solar energy could effectively com-
pensate for the heat source required by the heat pump system. Bel-
los et al. [10] compared energetically and financially a solar
assisted heat pump heating system powered by flat plate collectors
with a conventional air source heat pump system for twenty Euro-
pean cities. It was found that the solar assisted heating system was
proved to be also the financially optimum solution for the majority
of the examined cities and especially in low insulation cases. Chow
et al. [11] studied the application prospect of DX-SAHP system
with an uncovered solar collector in Hongkong area. It was found
that this system was superior to the traditional heat pump system,
and deserved further study. Kong et al. [12] analyzed the influences
of refrigerant charging, compressor power and speed, collector
heating time, collector efficiency, solar radiation, ambient temper-
ature and initial water temperature on the DX-SAHP water heating
system performance. Torres et al. [13] carried out the theoretical
and experimental analysis of DX-SAHP. Based on the maximum
efficiency of the system, the optimal evaporating temperature
and condensing temperature were put forward. Ito et al. [14] ana-
lyzed the influences of collector area, the thickness of heat absorb-
ing plate and the material selection on the performance of flat plate
collector/evaporator, and provided an optimization scheme. Moli-
naroli et al. [15] studied energy features of a DX-SAHP, the heat
pump used unglazed flat plate solar collectors as evaporator. The
results allowed to state that the heat pump COP was strongly influ-
enced by ambient temperature and solar radiation, whereas it was
nearly independent on solar field surface.

In recent years, there is a relatively new method of coating a
solar selective absorbing coating (SSAC) on the fin surfaces of
finned-tube evaporators to assist the heat transfer, which is simple
and easy to implement. Xu et al. [16] carried out the simulation
and experimental research of DX-SAHP system in Nanjing in the
winter environment. The system used a spiral finned-tube coated
with a spectral selective absorption coating as the evaporator.

The results showed that the solar finned-tube evaporator could
simultaneously absorb the heat energy from the solar radiation
and ambient air. The system still had a high performance coeffi-
cient under the condition with no strong solar radiation intensity
and low ambient temperature. Dong et al. [17] coated SSAC on
the fin surfaces of traditional ASHP evaporator, and tested it in
the cold area with low solar radiation intensity. The results showed
that the system was superior to the traditional ASHP under low
temperature and low radiation intensity. Qin et al. [18] studied a
novel direct expansion variable frequency finned solar/air-
assisted heat pump system. A solar/air source evaporator-
collector with an automatic lifting glass cover plate was installed
on the system. The results showed that when the ambient temper-
ature and the solar irradiation were increased, the COP was found
to increase with decreasing heating time. Zhao [19] studied the
conventional finned-tube evaporator and solar finned-tube evapo-
rator under the same working condition. It was found that the heat
pump system with solar finned-tube evaporator could remit the
frosting problem of evaporator at low temperature and high
humidity. Huang [20] compared the solar flat plate collector and
the solar finned-tube evaporator under the nominal working con-
dition. It was found that the solar finned-tube evaporator had the
better heating performance under the condition without solar radi-
ation. However, when the solar radiation was good enough, the flat
plate collector had the better heating performance. Further
increasing the collector area and properly increasing the fin spac-
ing were helpful to increase the utilization ratio of solar energy.

In conclusion, for the finned-tube evaporators, coating SSAC on
the fin surface can effectively improve the heat transfer and solve
the frosting problem. In the existing related literatures, most of
them only focused on the performance improvement of heat pump
systems assisted by solar energy, and few literatures focused on
the effect of solar radiation on the heat transfer characteristics of
this kind of fin. The heat transfer characteristics were very signifi-
cant for the optimization design of the finned-tube evaporator
using this kind of fin. Therefore, this paper carried out the theoret-
ical study on the heat transfer characteristics of a plain fin in the
finned-tube evaporator assisted by solar energy. Based on the heat
transfer theory, the theoretical model of heat transfer of the fin was
built and the theoretical solutions of fin temperature distribution
and fin efficiency were deduced. On this basis, the influences of

Nomenclature

Ac cross-sectional area of the fin
H height of the fin
Hc height of the zone without solar radiation
Hcon=0 fin height which the convective heat transfer capacity

is equal to zero
Hm,c critical fin height of the maximum convective heat

transfer capacity
h convective heat transfer coefficient on the fin surface
Ieff the effective solar intensity on the fin surface
L length of the fin
m variable, m = [hP/(kAc)]0.5

P circumference of the section
t0 temperature at the fin root
t1 ambient temperature
tc temperature at the dividing line between the two

parts of the fin

Abbreviations
ASHP air source heat pump
DX-SAHP direct-expansion solar-assisted heat pump

LPG liquified petroleum gas
SSAC solar selective absorbing coating

Greek letters
a absorption ratio of solar absorbing coating
d thickness of the fin
g fin efficiency
h excess temperature
h0 excess temperature at the fin root
hc excess temperature at the dividing line between the

two parts of the fin
k fin thermal conductivity
_U source term
Uc,o convective heat transfer capacity under the assump-

tion that the temperature at each point of the fin is
the same as the fin root

Ucon convective heat transfer capacity
Urad radiation heat transfer capacity
Us total heat transfer capacity of an infinitesimal dx
Utot total heat transfer capacity
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