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Abstract. The review of the applicable methods for increasing the
efficiency of ship refrigeration plants is made. For the presented methods,
such as refrigerant subcooling and automatic control of compressors in
refrigeration plant, the expediency of application is discussed on the
assumption of marine operational conditions and using R22 and R717
refrigerants.

1 Introduction

The increasing of efficiency of refrigeration plant operation can be reached by various
methods: constructive improvement of elements, development and application of progressive
automatic control systems, heat transfer enhancement, and thermodynamic enhancement [1].
In practice, many methods are connected with operation of small capacity refrigerating
machines. For example, in a refrigeration plant of a fishing fleet, cooling systems influence
the complex of thermodynamic processes and determine the efficient operation. During
operation in special conditions, the requirements to the marine refrigeration plants are high
efficiency, reliability and ecological safety. It is necessary to consider a number of features
for practical application of the methods for increasing the efficiency.

Modern publications contain descriptions of methods of refrigeration plant efficiency,
which allow determining the future prospects for its use in marine conditions in order to
increase the energy efficiency of a reefer ship.

The purpose of present paper is to analyze possible ways to increase the efficiency of a
reefer ship.

In publication [2], the refrigerant subcooling is described as method for increasing the
thermodynamic effectiveness of a refrigeration plant. Subcooling of refrigerant is a complex
thermodynamic process that is achieved by installation of the additional shell-and-tube heat
exchanger between the condenser and the evaporator to increase the refrigerating capacity
(Figure 1).
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Fig. 1. Scheme of a refrigerator set with the additional heat exchanger, where: 1 — compressor; 2 —
evaporator; 3 — thermostatic expansion valve; 4 — additional heat exchanger; 5 — condenser; 6 —
supply and pipe-bend of a refrigerating liquid.

In Figure 1, subcooling of the liquid refrigerant going from the condenser (5) at
condensation pressure to a thermostatic expansion valve (3) is cooling below condensing
temperature. There are various ways of subcooling: due to boiling of refrigerant with the
intermediate pressure, by expensed vaporous refrigerant going out of the evaporator and by
heat transfer to outboard water. Subcooling of liquid refrigerant allows increasing
refrigerating capacity of the refrigeration plants [3]. The operation time of the compressor is
reduced at the same efficiency.

The installation of the additional heat exchanger(4) (Figure 1) allows decreasing the
temperature of refrigerant due to the vapors going out of the evaporator and increasing the
enthalpy in the refrigeration cycle (Figure 2). The main advantages of this method are
increasing in thermodynamic effectiveness, subcooling of liquid refrigerant to prevent
evaporation before a regulating valve, evaporation of a small amount of the liquid carried
away from the evaporator. Various types of additional heat exchangers are applied: shell-
and-tube heat exchangers; heat exchanger “pipe in pipe” - the countercurrent subcooling,
subcooling by refrigerant evaporation on the outer side of tubes [4].
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Fig. 2. Increase of the enthalpy caused by subcooling.

The shell-and-tube heat exchangers are used for small refrigeration plants with a
refrigerating capacity less than 14 kW. For refrigerators with higher refrigerating capacity,
the application of heat exchangers of other types is required. The double-pipe heat exchangers
are used for subcooling due to evaporating of liquid refrigerant at the intermediate pressure.
It can be carried out in the intercoolers and economizers, which are applied in the two-stage
compression refrigerators and are installed between compressors of the first and second steps.
As well as the shell-and-tube heat exchanger, only refrigerators with a small refrigerating
capacity are applicable.

During countercurrent subcooling of liquid refrigerant, the liquid flows outside the tubes
in the countercurrent direction of the cooling external water flowing inside the internal tubes.
One or two sections assembled in series include double pipes (“pipe in pipe”). Inner tubes
are connected by special cast iron framings, external ones are welded. Due to its design
characteristic, the subcooling of a liquid refrigerant by a refrigerant evaporating outside the
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pipes is considered more effective for the subcooling of refrigerants of various types and
installations with different refrigerating capacity.

However, the lack of the scheme of regulation of subcooling limits a range of application
of this method in ship refrigeration plants. Also, it is necessary to consider all operational
modes of the refrigeration plants. Moreover, the refrigerant subcooling is not applicable at
all working conditions of refrigeration plant, and the use of the considered heat exchange
devices is impossible for real ship refrigeration plants.

In article [5], the task of increasing the performance efficiency of the refrigeration plants
by improving evaporators is discussed. The installation of the flooded evaporator with the
additional screens is proposed that allows improving thermodynamic processes and changing
the refrigerant flow distributions. Using this method, the metal consumption is reduced by
38%, and the heat transfer coefficient increases at average by 9% for R717 refrigerant.
However, to create a flow distribution of the vapor-liquid mixture and the liquid refrigerant
in the evaporator on the actual refrigeration plant, overdesign is required. So, all
improvements proposed in paper [5], although partially experimental, are difficult for
application in ship refrigeration plants. The proposed improvements use R717 refrigerant
which has rigorous requirements for ecological safety. In this regard, it is necessary to
consider a number of features given in normative standards [6, 7].

The temperature control algorithm for the expansion valve is presented in [5]. There are
three ways to implement this solution: the mechanical thermostatic expansion valve (routine
method); the electronic controlled expansion valve operated by an algorithm with the
constant setting; the electronic controlled expansion valve operated by an algorithm of
adaptive setting. Dependence of evaporation point on overheating size is taken as the basis
for the scheme (Figure 3). The suggested three ways of control can find application in
refrigeration plants of various types. In practice, in real ship refrigeration plants, it is
necessary to consider a number of features connected with the design of elements that are a
part of a system. The practical application is possible, but it requires the elaboration of
automatic control systems and the installation of additional data-units to control
thermodynamic processes.
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Fig. 3. Dependence of boiling point on overheating size.

As a solution for the problem of increasing the efficiency of real ship refrigeration plants,
the application of the frequency converters for controlling the drives of compressors is
possible for the low-temperature and medium-temperature cargo refrigeration [9].
Compressor control is based on two or more units of the refrigeration system. During the
operation of three compressor units, it is enough to change the power of one compressor, and
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the others compressors will work in the start-up/stop mode for ensuring smoothness of
operation of a refrigeration plant. It is proposed to put the first compressor more powerful
than the others, together with installation of the AKD 102 frequency converter. It is also
proposed to use the frequency converters to control fans of air capacitors and it will allow
saving some energy. As a result, the economy of the electric power on an auxiliary power
station will make 20% of a refrigerator set [9].

The presented method of increasing the efficiency of a refrigerator set is economic with
its small energy consumptions; however, the application in ship’s refrigerator sets is rather
difficult. Firstly, not all plants are supplied with three compressor units. The re-equipment
costs larger expenses, and not every refrigeration system will be efficient due to factory
design. One more problem connected to pipe-bend of warmth into outboard water: during the
regulation of the compressor unit with the power parameters, the pipe-bend of warmth into
outboard water is invariable. Modern ship refrigerators require an increase in power for
quality freezing of the product. The temperature schedules not always correspond to actual
conditions. This type of the frequency regulator can be applied only to some small industrial
refrigerating machines at the factory, because the number of factors for ship’s conditions is
not considered [11-16].

In work [10], the method of digital control of piston compressors is described. The digital
control is implemented by the controllable solenoid valve, which is installed on a cover of
the block of compressor cylinders to operate the gas current coming to the area of absorption
of a valve board (Figure 4).

loading operation

1 coolant gets into the compressor
—1 2 passes through the chamber -
- 3 into valve board (in a state of no load operation the
flow of coolant is blocked by pistol mechanism)
4 is contracted with pistons (load operation)

5 exits out of compressor (load operation)

Fig. 4. Principle of digital regulation of refrigerating capacity of compressors: a) condition of loading
at the left; b) condition of no-load operation on the right.

Using the method of digital control, it is possible to regulate refrigerating capacity of the
piston compressor, but only when monitoring time of the actual compression of refrigerant.

2 Conclusions

The presented main methods for improving energy efficiency when operating refrigerators
using various refrigerants have limited application. The increasing of energy efficiency of
the ship can be achieved by various ways during the work of refrigeration system; one of
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such ways is decrease in energy consumption of refrigeration system. It can be achieved by
the balanced operation of the compressor unit: the amplitude of starts and stops, the
subcooling of refrigerant: greater cooling capacity and, accordingly, lower costs for pumping
refrigerant. Having carried out the analysis of methods that, in turn, influence energy
efficiency, it is possible to note the strong and the weak sides. In this analysis, a number of
constructive features that should be considered at further development were revealed. With
regard to improving the efficiency of the refrigeration system, it is necessary to introduce an
adjustment system, since installation responsibilities are constantly changing, and
monotonous work without any adjustments is not very effective. With the further
development of the proposed methods, it is necessary to consider the experimental value for
correct work of system as a whole.

Despite a number of factors that are not considered, the presented methods are promising
and need further development and expansion of applicability in modern ship cooling
technology.
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