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Abstract 

This paper presents an open air–vapor compression refrigeration system for both air-conditioning and
desalination on ship cooled by seawater, and proves its feasibility through performance simulation. Pinch
technology is used in the analysis of heat exchange in the surface heat exchanger and the temperature difference at
pinch point is selected as 6°C. The freshwater is obtained from the dehumidification of the compressed wet air
before turbine and the flash and condensation of the cooling water. Its refrigeration depends mainly on both air
and vapor, more efficient than a conventional air-cycle, and the use of turbo-machinery makes this possible. This
system could use the cool in seawater, which could not be used to cool air directly. Also, the heat rejected from
this system could be used for desalination. The sensitivity analysis of COP to hc and ht and the simulated results
T4, T7, T8, q1, q2 and wm of circle are given. The simulations show that the COP of this system depends mainly on
T7, hc and ht, and varies with T3 or Twet and that this circle is feasible on ship although the sensitivity of COP to
efficiencies of the axial compressor and turbine. The optimum pressure ratio in this system could be lower and
this results in a fewer number of stages of axial compressor. The adoption of this system will make air-
conditioned room more comfortable because of its very low temperature air obtained. Humid air is a perfect
working fluid for central air-conditioning and desalination on ship and no cost to the owner. The system is more
efficient because use of cool seawater to cool the air before turbine. In addition, Pinch technology is a good
method to analyze the wet air heat exchange with water. 

Keywords: Turbo-machinery; Desalination; Air-conditioning units; Natural working fluid; Refrigeration; Pinch
technology 
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1. Introduction 

The outdoor air temperature on board can
reach 27–34°C in south China sea at summer
and the relative humidity is nearly 90%. How-
ever, the temperature of the seawater 10 m
below sea level is 18–25°C and that of the sea-
water far below sea level could be lower. If the
seawater were used to cool air for air-conditioning
directly, it is not efficient because of the small
temperature difference and large mount of the
pump work consumed. 

Air compression refrigeration cycle was
studied long ago. Several disadvantages pre-
vented air from being used as a working fluid in
refrigeration. These included low volumetric
refrigerating effect, which may result in a large
compressor, and low COP due to low efficien-
cies of compressor and expander. After CFC’s
invention in 1930’s, people pay little attention to
actual air compression refrigeration. 

Recently, as a result of the destruction of
the ozonosphere by chlorofluorocarbon (CFC)
and the pressure of environmental protection,
research upon air refrigeration cycles has been
paid more attention [1–3]. Optimizations of air
cycles are also carried out using finite-time
thermodynamics (FTT) or entropy-generation
minimization (EGM) [4–7]. 

Chen et al. investigated the cooling-load vs.
COP characteristics of a simple [8] and a regener-
ated [9,10] air refrigeration cycle with heat-trans-
fer loss and/or other irreversibilities. Luo et al. [11]
optimized the cooling-load and the COP of a sim-
ple irreversible air refrigeration cycle by searching
for the optimum pressure-ratio of the compressor
and the optimum distribution of heat conductance
of the hot- and cold-side heat exchangers for the
fixed total heat-exchanger inventory. 

Spence et al. [12,13] reported the design, con-
struction and testing of an air-cycle refrigeration
unit for road transport and performance analysis
of a feasible air-cycle refrigeration system for
road transport. 

Zhou et al. [14–17] presented cooling load
density analysis and optimization for an endor-
eversible air refrigerator, cooling load density
characteristics of an endoreversible variable-
temperature heat reservoir air refrigerator, theoret-
ical optimization of a regenerated air refrigerator
and cooling-load density optimization for a regen-
erated air refrigerator. 

Chen and Su [18] gave exergetic efficiency
optimization for an irreversible Brayton refrigera-
tion cycle. Chen et al. [19] presented performance
optimization for an irreversible variable-tempera-
ture heat reservoir air refrigerator. Williamson and
Bansal [20] studied the feasibility of air cycle sys-
tems for low-temperature refrigeration applica-
tions with heat recovery. 

With the development of the aeronautical
industry, highly efficient axial compressors and
turbines have become a reality. At present, the
stagnation iso-entropic efficiencies of a single
stage axial compressor and a turbine can reach
0.88–0.91 [21]. High-speed fans have been used
in ordinary air-conditioning systems nowadays. 

However, the water vapor in the working fluid
was not considered in all the above researches
[1–20] on air compression refrigeration cycle and
the used equipments were centrifugal compressor
and centripetal turbine in the most researches,
which have low efficiencies than axial compres-
sor and turbine. The mount of the water extracted
from high pressure wet air can reach 18–30 g/kg
(d.a.). And the mount of the latent heat discharged
from vapor condensed, about 45–75 kJ/kg (d.a.),
exceeds the sensible heat from air, 30–50 kJ/
kg (d.a.). 

Hou and Li [22] presented an axial-flow
air–vapor compression refrigerating system for
air-conditioning, in which wet air is working
fluid and axial compressor and turbine were
used, but these have not yet attracted people’s
attention. 

Hou and Zhang [23] presented an axial-flow
air–vapor compression refrigerating system for
air-conditioning cooled by circulating water, in
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which wet air is working fluid, an axial com-
pressor and a turbine were used and wet air is
cooled by circulating water. The paper proved its
feasibility through performance simulation and
also indicates its advantages. These include the
possibility to simplify air-conditioning systems,
to reduce the amount of the initial investment
of an air-conditioning system and to make air-
conditioned rooms more comfortable. 

Hou et al. [24] has applied Pinch technology
to performance optimization of solar humidifica-
tion–dehumidification desalination process suc-
cessfully. Hou et al. [25] gave an exergy analysis
of solar multi-effect humidification dehumidifi-
cation desalination process. 

The aim of this paper presents an open sys-
tem, which is an open air–vapor compression
refrigeration system for both air-conditioning
and desalination on ship cooled by seawater,
and its performance from simulation. In this
open air–vapor refrigeration cycle, the seawater
from deeper sea is used. Thus, we could get the
lower wet air temperature before turbine. In
addition, the energy from the cooling water could
be used for desalination. 

2. System 

Representation on enthalpy–entropy coordi-
nates and circuit diagram of an open air-compres-
sion refrigeration system for air-conditioning and
desalination on ship cooled by seawater are
shown in Figs. 1 and 2, respectively. 

The outdoor air at 2 is drawn into the atomiz-
ing chamber, cooled into the saturated air at
3 with some fine water droplet and then com-
pressed by an axial compressor. A flow of com-
pressed air at 4 with higher temperature, T4, and
high pressure, P4, is obtained. Then the com-
pressed air at 4 is cooled into the saturated air at
7 with a temperature of T7 by cool seawater in a
surface heat exchanger after the axial compressor
outlet. Some vapor is condensed to freshwater
and latent heat of the vapor discharged from

4 to 7. Then the saturated air at 7 is expanded and
cooled into the cool air at 8 in the turbine. The
cool air at 8 is then ducted to the air-conditioned
rooms on ship. The seawater is heated in the sur-
face heat exchanger, and flashed in a tank with a
very low pressure. And the vapor from flash is
condensed to freshwater in another tank. 

Fig. 1. Representation on enthalpy–entropy coordi-
nates of an open air-compression refrigeration system
for air-conditioning and desalination on ship cooled
by seawater.

h
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AC: Atomizing chamber C: Compressor

SHE: Surface Heat exchanger T: Turbine

Fig. 2. Circuit diagram of an open air-compression
refrigeration system for air-conditioning and desalina-
tion on ship cooled by seawater.
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The freshwater injection before the axial
compressor aims at decreasing both the temper-
ature of the working fluid and the polytropic
exponent in the compression process. Thus, we
can save some compression work. This method
has been used in a jet engine when a fighter plane
speeds up. However, the difference is that what is
injected in a jet engine is water, alcohol, etc. [21]. 

The water vapor in the compressed air can
easily be extracted by a surface heat exchanger.
With the same temperature, the humidity ratio of
the saturated wet air at high pressure P4 is only
about P3/P4 of that at the pressure P3. The method
of using compressed air to acquire dry air has
been used in some workshop in southern China. 

The system above differs from a conven-
tional air-cycle system. There are many charac-
ters in this air–vapor refrigeration circle. 

Firstly, an axial compressor and a turbine are
used in the above system. The characteristics of
turbo-machines are large mass flow rate and high
efficiency. And the other types of compressor and
expander have none of the advantages above. 

Secondly, this refrigeration system intakes
the precooled wet air with fine water droplet and
some vapor is condensed during air-cooling
from 4 to 7. The amount of the water extracted
from high pressure wet air can reach 18–30 g/kg
(d.a.). And the amount of the latent heat dis-
charged form vapor condensed, about 45–75 kJ/kg
(d.a.), exceeds the sensible heat from air,
30–50 kJ/kg (d.a.). For this reason, refrigeration
load in this air–vapor refrigeration system
depends on a combination of the sensible heat of
air and the latent heat of vapor. 

Lastly, the cool from the cooling seawater
was used. Usually, it cannot be used. 

3. Performance simulation 

3.1. Wet air 

The humidity ratio of wet air, d, is obtained
from [26] 

 

(1)

The enthalpy of wet air, h, is calculated from
[26] 

 (2)

The used relations for water vapor between
saturation pressure and saturation temperature
are 

 (3)

or 

 (4)

which are fitted from the data in AHRAE hand-
book [26]. 

3.2. Axial compressor 

During the compression process of wet air,
the fine water droplet in the air may evaporate.
Because the evaporation of water intakes heat,
we can regard the ideal compression process of
the wet air in the compressor as a polytropic
process. Therefore, we can obtain the ideal work
of the compressor per kilogram dry air, wc, from 

 

(5)

in which, n is the polytropic exponent for the
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The practical work consumed by the axial
compressor is wc/hc, in which hc is the thermal
efficiency of the compressor. 

3.3. Turbine 

The saturated air with a pressure of P7 and a
temperature of T7 before the turbine has been
dehumidified in surface heat exchanger by cool-
ing seawater. At point 7, the amount of vapor
included in the saturated air is very small, about
P3/P7 of the mount included in saturated air at
P3. Thus, the water condensed in air is fog. Nev-
ertheless, the expansion of the saturated air in
the turbine cannot be regarded as an adiabatic
expansion of an ideal gas. With the decrease of
the wet air pressure in the turbine, the tempera-
ture of the wet air decreases, and some heat is
discharged during the condensation of some
water vapor. The heat discharged may cause the
increase in both the temperature of the turbine
outlet and the work done in the expansion. 

For this problem, we can imagine that no
phase change exists and that there is some heat
added to the wet air during the expansion pro-
cess when we calculate the work done by the
expansion process. According to the above
assumption, this problem can be simplified to a
problem of the polytropic expansion of an ideal
gas. Consequently, we can obtain the ideal work
done by the expansion, wt, through iteration,
and then obtain the real work generated by
the turbine and the temperature of the turbine
outlet. 

3.4. Surface heat exchanger 

Pinch technology is used in the analysis of
heat exchange in the surface heat exchanger and
the temperature difference at pinch point is 6°C.
Pinch technology is a graphical method of iden-
tifying technically and economically interesting
energy efficiency measures. The minimum cooling

and heating demands in the system can thereby
be determined, together with the net heat for
each temperature level. 

The optimum mass flow rate ratio of cool
water to dry air could be obtained from hot and
cold curves according to pinch technology. 

4. Performance 

The heat rejected per kilogram dry air, q1,
can be determined by the enthalpy difference
between the inlet of the compressor and the out-
let of the first surface heat exchanger by using
the following formula: 

(6)

The freshwater product rate per kilogram dry
air, , can be determined by the following
formula: 

 (7)

The refrigerating capacity per kilogram dry
air, q2, can be determined by the enthalpy differ-
ence between the inlet of the compressor and
the outlet of the turbine by using the following
formula: 

 (8)

The work consumed by the refrigeration
cycle is calculated by 

(9)

The COP of this refrigeration system is cal-
culated by the following formulas. (The work
consumed in cooling water system is not
included in .) 
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5. Results 

There are many factors that may influence
the COP of t an open air–vapor compression
refrigeration system for both air-conditioning
and desalination on ship cooled by seawater.
These include the pressure ratio of the axial
compressor, P4/P3, the efficiencies of the axial
compressor and turbine, the wet bulb tempera-
ture of the atmosphere Twet and the cooling sea-
water temperature. The freshwater product is
rest on the heat rejected from the cooling the
compressed air. 

During simulation, the pressure ratio of axial
compressor varied from 1.6 to 2.5, wet bulb
temperature of the outdoor air from 20 to 30°C
and the cooling water temperature are 15–27°C. 

There is 300 Pa pressure loss before the axial
compressor, 300 Pa between the axial compres-
sor and turbine, and 600 Pa after the turbine. 

Some encouraging results are illustrated in
Figs. 3–8. The sensitivity of COP to efficiencies
of the axial compressor and turbine is illustrated
in Figs. 3 and 4. Lines in Fig. 3 are the COP
lines of an open air-compression refrigeration
system for air-conditioning and hot water cooled
by cool water when T7 = 30°C and efficiencies of
the axial compressor and turbine are 90%, 88%,

86% and 80%, respectively. Lines in Fig. 4 are
the COP lines of an open air-compression refrig-
eration system for air-conditioning and hot water
cooled by cool water when T7 = 25°C and effi-
ciencies of the axial compressor and turbine are
90%, 88%, 86% and 80%, respectively. From
Figs. 3 and 4, the efficiencies of the axial com-
pressor and the turbine influence the COP
heavily. The COP is higher when T7 is lower. 

The COP to efficiencies of the axial com-
pressor and turbine when P4/P3 = 2.2, hc = 0.90
and ht = 0.90 is illustrated in Fig. 5. Fig. 5 gives
the variation of COP with T3 (Twet) and T7. 

Although the sensitivity of COP to efficien-
cies of the axial compressor and turbine, these
circles are feasible. Firstly, this new turbo-
machinery works near the design point, and effi-
ciencies of axial compressor and turbine are
very high at the design point, about 0.89–0.91.
Secondly, the intake air is clean and without
dust, therefore efficiencies of axial compressor
and turbine will not drop greatly while working.
Thirdly, there is no very complex combustion
chamber and high-temperature turbine in the
turbo-machinery. Consequently, it is much easier
to accomplish than many people imagined. Lastly,
efficiencies of axial compressor and turbine have
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Fig. 3. The sensitivity of COP to efficiencies of the
axial compressor and turbine when T7 = 30°C.

Fig. 4. The sensitivity of COP to efficiencies of the
axial compressor and turbine when T7 = 25°C.
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room for improvement with additional design
measures. 

The simulations of an open air-compression
refrigeration system for air-conditioning and
desalination on ship cooled by seawater when
hc = 0.90, ht = 0.90, T7 = 30°C and P4/P3 = 2.2
are illustrated in Figs. 6–8. Fig. 6 gives the
relations of the temperature after compressor,

T4, the temperature before turbine, T7, and the
temperature after turbine, T8 to the temperature
before compressor, T3 (Twet). Fig. 7 gives the rela-
tions of the refrigerating capacity per kilogram
dry air, q2. The discharging heat per kilogram
dry air, q1, and the work consumed by the refrig-
eration system, wm, to the temperature before

Fig. 5. The COP to efficiencies of the axial compressor
and turbine when P4/P3 = 2.2, hc = 0.90 and ht = 0.90.
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Fig. 6. The simulated temperatures of an open air-com-
pression refrigeration system for air-conditioning and
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compression refrigeration system for air-conditioning
and desalination on ship cooled by seawater when
hc = 0.90, ht = 0.90, T7 = 30°C and P4/P3 = 2.2.
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wc ideal input work of a 
compressor kJ/kg (d.a.)

wt ideal output work of a 
turbine kJ/kg (d.a.)

wm practical work consumed 
by the system kJ/kg (d.a.)

hc efficiency of a compressor
ht efficiency of a turbine
r latent heat of vaporization 

of water kJ/kg
R gas constant kJ/kg k
n exponent

freshwater product rate 
per kilogram dry air g/kg (d.a.)

Subscripts 

d.a. dry air
vap. the water vapor in moist air
s saturated
w water
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