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symbol for a set of energy losses factors
specific heat

hydraulic diameter

stirrer diameter

evaporator internal diameter

evaporator external diameter

tank internal diameter

energy flux

coefficient of losses due to friction during a substance flow

area

tank height

specific enthalpy

length

specific cycle work (of compression)

refrigerated liquid mass

circulating refrigerant mass flow

power supplied to the compressor shaft

effective power

electric power consumed by the compressor engine
indicated power

stirrer power

theoretical demand for power to drive the compressor
compressor rotational velocity

stirrer rotational velocity

pressure

condenser specific thermal load

evaporator specific cooling efficiency

subcooler specific thermal load
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specific superheating the vapour in the regenerator
regenerative heat exchanger specific thermal load

volumetric cooling efficiency
condenser heat output

cooling efficiency

regenerative heat exchanger efficiency
vaporisation heat

specific entropy

flow of energy losses

absolute temperature

temperature in the compressor suction connection

liquid subcooling temperature

vapour superheating temperature
average velocity of substance flow
specific vapour volume

volume

compressor displacement efficiency
compressor displacement volume

flux of work of friction

degree of vapour dryness

polytropic index for decompression
polytropic index for compression
coefficient of vapour formation

thickness

increment

coefficient of a harmful area

theoretical coefficient of cooling efficiency
indicated efficiency

mechanical efficiency

engine efficiency

coefficient of thermal conductivity
coefficient of mass flow rate in the compressor
throttling coefficient

system leakage coefficient

coefficient of wall thermal impact
decompression coefficient

dynamic coefficient of substance viscosity

kJ/kg
kJ/kg
kJ/kg
w
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degree of compressor compression —
degree of compression —
substance density kg/m?
cooling time S

Subscripts:

liquid
subcooling
chamber
environment
vapour
evaporator
substance
condenser
internal
external
mixture (liquid and vapour)



1. Introduction

Refrigerating appliances are used in order to reduce the temperature of
substances below the ambient temperature. Temperature lowering can be re-
alised in open or closed cooling processes.

Different physical phenomena lowering the temperature for certain open
cooling processes were already known in ancient times. These include heat
absorption by evaporating water, the increased intensity of heat transfer at forced
airflow due to fans, and the use of water-ice to lower the temperature as close as
0°C. Scientific advances have brought along the use of refrigerating mixtures,
i.e. water-ice enhanced with various chemicals that can reduce temperature
below 0°C.

These open cooling processes are, however, merely temporary methods that
cannot guarantee continuous temperature lowering. To make a cooling process
continuous, it is necessary to develop a device which can continuously transfer
heat from lower to higher temperatures, or in a heat transfer direction opposite
to a natural one.

Heat transfer as determined by the second law of thermodynamics is only
possible if an additional outside energy is supplied. This energy can be supplied
into the system as mechanical work, heat or electricity.

Provided that mechanical work is supplied, the discussed here compressor
cooling appliance can operate, see Fig. 1.1.

The vapour compressor refrigerator of low and medium power consumption
is the most common type of a refrigerating appliance so as a group they can
consume a lot of electricity.

In the past, energy preservation in the cooling industry was of little attention
due to several factors:

e the amount of energy actually consumed for these purposes represents

a relatively small share in overall energy consumption;

e the energy to cool and refrigerate represents only a small share in the

energy consumed throughout the growing season and for food processing;
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Figure 1.1. Types of refrigerating appliances used in refrigeration engineering

e purchasers decide to install the cheapest, least efficient and simplest cool-
ing appliances because of their little knowledge and experience to accu-
rately assess the quality of these appliances.

It should be pointed out that about 80% of the energy consumed to cool
is intended to be applied to power household cooling appliances, refrigerators,
freezers, refrigerating appliances for retail, and immersion cooling appliances
for agriculture. The energy consumption for an identical amount of product is
estimated to be about 100 to 200 times higher for household refrigerators than
commercial ones.

As the capacity of household refrigerators and freezers is about 50% of the
volume of commercial cold stores and continues to increase [40], more attention
should be paid to improve their energy conversion processes by improving their
primary and secondary processes, design, and ways of maintenance. Moreover,
it is important to find "eco-friendly" refrigerants to replace current ones.

The vapour compressor refrigerator of low or medium-power consumption
ranging 1+ 5 kW is widely used in refrigeration. The processes inside this kind
of appliance (see Fig. 1.2) involve converting various types of energy, depending
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Figure 1.2. Diagram of the chief processes typical of the vapour compressor refriger-
ator with heat regeneration

on their properties and applicability. If these processes proceed under real
conditions, they cause external and internal energy losses. The former ones
are due to flows of various kinds of energy between the refrigeration system
and the environment; whereas the latter ones occur inside the system as a result
of irreversible thermodynamic and flow processes that trigger an undesirable
increase in the entropy inside the system. Compression refrigerators have
aroused much interest for their broad application as cooling appliances used in
nearly all households, many farms or laboratories.

More attention should be paid to the compression refrigerators because of
the European Union regulations in force on food storage, milk processing tech-
nologies, and environmental protection. Simultaneously, these appliances are
high energy consuming equipment.

In fact, previous investigations have focused mostly on:

e a thermodynamic analysis of real cycles for quasi-steady and steady states
by means of energy and exergy methods;

e set-up experiments to test entire refrigeration systems and individual sub-
systems, including control systems;
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Figure 1.3. Schematic of the methodology of studying compression refrigerator sys-
tems

e studies on new, unconventional solutions for cooling systems, in particular
improving the ways of their maintenance and performance;
e a search for "eco-friendly” substances to replace the current refrigerants.

The research areas and their relations are summarised in Fig. 1.3.



2. Literature Review

In the relevant literature there is a discussion on results obtained for indi-
vidual refrigerator subsystems or examinations on ecological refrigerants. Ac-
tually, there are only a few works which study comprehensively the overall
refrigeration system, including the immersion refrigerator one.

The discovery of the environmental impact of chlorofluorocarbons (CFCs)
on ozone hole formation and above all the greenhouse effect has triggered
intensive international actions to protect the environment. The challenge is
to cut down the production or use of chlorinated refrigerants, and ultimately
eliminate them. The first global legal regulations were the Vienna Convention
of 1985 for the Protection of the Ozone Layer and the Montreal Protocol of
1987 on Substances that Deplete the Ozone Layer to reduce CFC production
and consumption.

The objectives of some further international meetings of the countries that
signed up the Montreal Protocol were to reach an agreement on these restric-
tions and to enforce the deadlines for partial and total CFC reduction. To meet
these restrictions, new refrigerants are under research so that they could replace
successfully the current ones with no redesign or slightly modification only.

The small hermetic compressor refrigerator contains on average 100 = 200
grams of chlorofluorocarbon. Refrigerant leakage here is practically none since
these installations are welded or brazed and thus completely leakage-proof. The
entire amount of CFCs in this type of appliances corresponds to 1% of the total of
CFCs that escapes to the atmosphere. Certain procedures to remove a refrigerant
into closed containers, before the installation is opened, should be followed to
prevent CFC leakage in these appliances when repaired or disassembled. The
amount of CFCs in commercial and catering cooling appliances accounts for
4% + 5% of the total amount of a refrigerant generated worldwide. Thus, the
use of CFCs in these devices is not the most serious problem at all [40].

Nevertheless, environmental protection related to the emission of refrig-
erants is frequently considered for this group of appliances. This is critical
due to the need to find long-term alternative solutions that could satisfy all the
requirements for their due operation and service.
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The ecological refrigerants that can replace the previous ones were classi-
fied in work [50]. It is extremely difficult to classify them in detail due to no
data available. To examine these refrigerants for their functions in a cooling
appliance, their thermodynamic properties and corresponding correct equations
of state need to be known. The BACKONE equations of state based on physical
properties of alternative refrigerants such as natural refrigerants, hydrofluoro-
carbons (HFCs), saturated hydrocarbons (HC) or fluorine ethers were applied
here. Some calculations for a number of refrigerants have shown that hydro-
carbons and fluorinated ethers can be the best substitutes.

A set of equations to calculate refrigerant processes was developed in [30].
This set of equations is very useful for initial studies on the refrigerant because
only few experimental data is required there.

Refrigerant R134a is a type of modern refrigerant. It can be a good substitute
for its ecological properties. The paper [35] discusses several requirements
which need to be satisfied by the cooling appliance and conditions necessary to
be followed to operate the appliance appropriately if this type of refrigerant is
applied. There are developed the algorithms that enable a cooling mixture of
an equivalent volumetric cooling consumption compared to chlorofluorocarbon
refrigerants typical for the vapour compressor refrigerator. The author of the
work in [2] analysed the thermodynamic properties of cooling mixtures that
could replace the previous ones. Their properties have been taken from the
FREPROD database. The computational algorithm enabled the cooling capacity
coefficients for these new mixtures to be derived. Then, they were compared
with the cooling capacity coefficients for CFC refrigerants. The comparative
pairs were as follows: R12 and mixture R290/R600a (56/44), R22 and mixture
R32/R125/R134a (32.5/5/62.5), and R502 and mixture R32/R125/R134a (43/5/52).
The tests have proved that these mixtures can successfully substitute CFCs.

Finding new refrigerants that could be harmless to the environment is still
a great challenge and many studies deal with this topic all the time. In order to
find the best new refrigerant, many research centres in the world frequently ex-
amine cooling appliances using a variety of refrigerants. Consequently, new nat-
ural freezing substances and mixtures are frequently discovered. Propane, bu-
tane, and their mixtures and derivatives are the most frequently investigated nat-
ural refrigerants. The results of these examinations show that these substances
can be applied more often than it is now due to their properties. The paper
[8] provides some results regarding the possibility of using a propane/isobutane
mixture as a circulating refrigerant in small compressor systems for house-
hold refrigerators, refrigeration counters and air-conditioners. The volume of
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a refrigerant in the system, or the amount of a refrigerant circulating in the
cycle was studied in particular. Obviously, the volume of a refrigerant in the
system influences its thermodynamic parameters, energy consumption, and ef-
ficiency. Small systems with a mixture of propane/isobutane turned out to be
very sensitive to even slight changes in the volume of charging. Similar results
were obtained for several other tested appliances. These results enabled the
ranges of charging to be defined for which the cooling appliance could reach
the thermodynamic parameters assumed. The refrigerator charging volume
range was compared to the ranges of charging volumes with refrigerants R12
and R134a. It was emphasised that not only mixture composition but also the
charging volume need to be optimised.

In another study [23], the authors evaluated propane/butane mixtures as alter-
native refrigerants to R134a for household refrigerators. Numerical simulations
helped evaluate benefits from hydrocarbon mixtures as refrigerants. Cooling
performance characteristics were analysed within wide temperature ranges of
evaporation and condensation, i.e. (—30°C + —10°C) and (40°C <+ 60°C), re-
spectively for refrigerants such as R134a, propane, butane, and propane /isobu-
tane /n-butane mixtures with a varied mass fraction of propane. The charac-
teristics of these household refrigerators were analysed using a refrigeration
performance coefficient, volumetric refrigeration efficiency, condenser thermal
efficiency, power supplied to the compressor, compression in the compressor,
refrigerant mass flow rate. The results demonstrated that pure liquid propane
cannot replace R134a because of its high pressure operation and low efficiency.
Butane shows numerous desirable properties but the compressor should be dif-
ferent then. A refrigeration performance coefficient for household refrigerators
with a three-component hydrocarbon mixture where a mass share of propane
ranges from 0.5 to 0.7 is higher than for R134a. To compare these refrigerants,
an average mass flow rate for a propane/butane mixture is confirmed to be 50%
lower than that of R134a, and saturation pressure, decompression temperature,
condenser heat load, power input, refrigeration efficiency, and refrigeration vol-
umetric efficiency for the same mixture but with a 60% mass share of propane
are almost identical as for R134a. The pressure ratio for 60% of propane in
a hydrocarbon mixture is lower by about 11.1% than that for R134a. These
results show that a propane /isobutane /n-butane mixture with a 60% fraction
of propane is the most efficient for household refrigerators.

Performance and effectiveness of any cooling appliance is impacted by the
refrigerant used. Less ecological refrigerants need to be gradually replaced by
more ecological. The best refrigerants to replace less ecological ones in the
existing appliances are being continuously searched for. As specified in the
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schedule on the withdrawal of harmful to the ozone layer refrigerants, refriger-
ant R22 can be used only until the end of 2013. Therefore, there is a continuous
search for the refrigerants having little impact on conditions and parameters
of the refrigeration cycle and whose replacement can be as cheap as possible.
Described in papers [36],[16], such beneficial refrigerants as alternatives for R22
include R417A, R419A and R422. The study [3] deals with the procedure how
to convert a cooling appliance from R22 to R134a. The compared operation
characteristics resulting from these two refrigerants demonstrated that running
on R134a is 10% more expensive than on R22. The paper [32] compared the
operating properties of some environmentally friendly refrigerants like R134a,
R717, and R290 with the currently applied refrigerants, i.e. R12 and R22. This
study focused on how the loss of throttling and the theoretical and general ener-
getic efficiency in the single-stage compression refrigerating system is impacted
by refrigerants.

Another paper [9] provides the results of the research into household refrig-
erators with a propane/butane mixture. The theoretical analysis and preliminary
experimental studies prove that hydrocarbons are able to replace R12. It was
noticed that no construction changes are required if hydrocarbons are to be used
in the appliance, and the energy consumption is comparable to the nominal one
when refrigerant R12 circulates in the system. To replace any refrigerant in
a cooling appliance often needs redesigning and oil exchanging which can be
expensive. Therefore, the challenge is to find refrigerants that can replace
and efficiently operate as an alternative to CFCs in the existing devices. The
authors of [57] looked for a new cooling mixture to replace R12 in house-
hold refrigerators. Thus, they experimentally examined new mixtures of sat-
urated hydrocarbons and hydrofluorohydrocarbons. The resultant parameters
and factors that impact on the performance characteristics of these refrigerants
were compared to those of R12. The results show that a butane/propane/R134a
mixture features excellent parameters, e.g. refrigeration efficiency coefficient,
compression power, filling coefficient, condenser and compressor efficiencies.
Moreover, these results indicate that this mixture can be an alternative to R12
without exchanging oil in the compressor.

Similarly, the authors of [51] searched for mixtures alternative to R12. They
experimentally studied ecological HFC134a/HC600a/HC290 mixtures. Some of
them are highly flammable and have a low refrigeration efficiency coefficient so
safer and more efficient mixtures are required. This paper provided the results
of the experimental study on mixture HFC134a/HC in two low-temperature and
two medium-temperature systems. This mixture contains 9% of HC (by weight
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concentration) and shows better performance by about 10 — 30% and lower
energy consumption by about 5 — 15% than that of CFC12 in such systems.

The real challenge is to find new refrigerants as alternatives to the cur-
rently used. Frequently, works discuss partial examinations that focus only on
refrigerator elements running on a new refrigerant. For example, the author in
[65] studied the heat regeneration in a single-stage cycle with a new refrigerant,
i.e. R134a. The theoretical cycle included losses due to the thermostatic su-
perheating of a decompressing valve, the presence of oil, and the heat transfer
efficiency of a regenerative heat exchanger. The calculations have demonstrated
numerous benefits from regeneration. In fact, they are increasingly significant
if the difference between a circulation temperature and oil concentration in
a solution is greater.

Many works have dealt with different elements of a cooling appliance. The
papers [11], [12] explained how to select accurately a capillary tube which is
a typical throttling element in small refrigerators. These works provided some
models of a two-phase refrigerant adiabatic flow in a capillary tube and results
of the calculations for the CFCs, that are not used any longer and their future
alternatives. The authors discussed how to select the best capillary tube for new
refrigerants and how types of oil can impact on throttling [13].

The paper [5] provides an experimental model to select capillary tubes that
can adiabatically and non-adiabatically decompress a refrigerant in the small
compressor refrigeration system, in particular household refrigerators and freez-
ers. This model employs the assumption that the size of a capillary tube depends
on five basic variables, i.e. its diameter, refrigerant mass flow through this tube,
the pressure difference between high- and low-pressure sides, refrigerant sub-
cooling before the tube, and relative tube material roughness. The model was
compared with the authors’ previous studies for refrigerant HFC134a and is con-
sistent with experimental data. Another study [6] provides a uniform model of
an adiabatic capillary tube. A homogeneous two-phase flow model called CAPIL
was designed to analyse the performance of adiabatic capillary tubes in cooling
systems like refrigerators and freezers. The study adopted the fundamental
equations of mass, energy, and momentum conservation which were solved in
an iterative procedure by the Simpson method. The authors used experimental
relations for single- and double-phase flows that include flow resistance. They
employed the REFPROP database where the Carnahan - Starling - DeSantis state
equation to determine refrigerant properties is applied. This model takes into
account the effect of various parameters such as a tube diameter, relative tube
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surface roughness, tube length, refrigerant subcooling at a tube inlet, refrigerant
flow speed in a tube. The calculations refer to refrigerant R134a.

The authors in their paper [7] developed a numerical model of capillary
heat exchangers to examine the performance of small household refrigerators.
The relevant heat transfer correlations were applied to illustrate reverse heat
transfer and re-condensation in the capillary tubes. The model was tested for
two refrigerants, HFC 134a and HC 600a. Simple theoretical equations were
expanded to describe the re-condensation in non-adiabatic tubes.

The work [33] discussed the impact of throttling on the efficiency of com-
pressor cooling cycles as well as the impact of refrigerants on the energy losses
due to throttling in these systems. The tests showed that ammonia was the least
sensitive refrigerant to such energy losses. The paper [26] analysed how adiabatic
throttling can influence the basic operation parameters of a system composed
of a capillary tube and a compressor suction line. The paper provided some
designing solutions of freezers applied in compressor refrigerators of low and
medium power. Additionally, the scientists attempted to evaluate how the heat
transfer in a freezer and the geometry of the system with a capillary tube and
a suction line can trigger the conditions for a critical flow, a meta-steady flow
or can influence capillary tube performance acoustics.

Another work [39] focused on the research activities undertaken by the Sci-
entific, Technical and Experimental Centre for Cooling Appliance Construction
in Moscow. This institution is engaged in the activities to improve the efficiency
of small cooling appliances with hermetic compressors in which a capillary tube
is a throttling device.

Heat exchangers are critical elements in cooling appliances so many works
discuss them. One of the papers deals with multi-criteria optimisation to design
heat exchangers [27]. When condensers and evaporators are designed, designers
need to consider many possible solutions and constraints, starting from those
related to a heat exchanger and ending with a device enforcing a cooled fluid or
coolant flow through a heat exchanger. Multi-criteria optimisation employs all
kinds of correlations between quality criteria and decision variables to determine
a certain optimal set included within a set of feasible solutions and to determine
the optimal solution.

The models that describe the performance of heat exchangers in freezers
were assessed experimentally in the work [1]. These mathematical descriptions
take into account the variability of the heat transfer in an exchanger and the pa-
rameters indispensable to determine heat transfer coefficients for the refrigerant
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with respect to subcooling, overheating, and two-phase flow for an evaporator
and a condenser. The experimental and analytical results were compatible.

The work [63] describes a thermal calculation method for evaporators and
condensers. Generalised variables applied in heat exchanger analysis simplified
the calculations and sometimes enabled researchers to abandon an iterative
method. Sample calculations performed for several heat exchangers demon-
strate that a generalised analysis can be applied in a designing process.

Improving heat transfer in refrigeration engineering is an important techni-
cal, economical, and ecological challenge. The author [46], [47] overviewed the
recent construction advances in shell - tube, plate or shell - plate heat exchangers.
All refrigerants are applicable for modern heat exchangers used as evaporators
and condensers. The experimental studies were useful to specify the conditions
that can influence the intensification of heat transfer by turbulising the flow due
to increased flow resistance as well as determine when this phenomenon can
be beneficial.

The models of heat exchangers described in the literature typically refer
to a single element. Numerous works discuss evaporators and condensers or
subcoolers considered as elements of an entire refrigerating appliance. This
enables comprehensive examination of any process that occurs in them and
of the impact a given heat exchanger could have on the performance of the
entire appliance. Brazed plate heat exchangers are widely used as evaporators
and condensers in refrigeration engineering. They frequently work as heat
exchangers to recover the heat from the overheated refrigerant. The paper [15]
focused on using a plate heat exchanger as a subcooler/superheater to improve
operation parameters of the entire cooling system within a cooling cycle.

The performance of a pipe - ribbed evaporator for varied refrigerants, e.g. R600a
(isobutane), R290 (propane), R134a, R22, R410A, and R32 underwent optimisa-
tion analysis in [21]. Also, the authors studied how evaporator performance can
be impacted by these refrigerants. Evaporator operation was analysed not only in
terms of different refrigerants but also different designing solutions. Developed
with dedicated computer software, the evaporator model was used to analyse
varied refrigerants in a traditional way. A theoretical analysis of evaporator
performance on refrigerants like R410, R32, R290, R134a, R600a compared
with R22 shows that a cooling performance coefficient can be higher or lower
for these refrigerants as compared to that of refrigerant R22. These changes
are of 11.7% and can be given in the following formula: % where ¢; is
a cooling performance coefficient of a refrigerant compared. A performance
coefficient for R290 is better by about 3.5% for the modified evaporator than
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that for R22, whereas performance coefficients for the other factors are higher
only by about 2%. The calculations refer to two temperatures.

The impact of compression subcoolers in domestic refrigerators on re-
frigeration was studied in [34]. The results indicate that subcooling increases
the mass flow rate of a throttled refrigerant under a full range of evaporation
temperature changes and the degree of subcooling of a liquid refrigerant as well
as significantly increases a vapour temperature in a compressor sucking line.

A mathematical model for evaporative condenser performance was devel-
oped in the paper [67]. The calculations and experiments indicate that this
mathematical model can correctly describe the qualitative and quantitative pro-
cesses of heat and mass transfer in the spray - evaporative condenser. The
heat transfer in condensers and the shape of tube and wire condensers for
household refrigerators have been frequently discussed in many works. Thus,
the authors of [20] studied condenser designs to improve heat transfer there.
They compared different condensers and changed angles of their tubes to
examine how a heat transfer coefficient can change then.

The finite element method was used in [4] to develop a simulation model
to optimise tube and wire condensers. This model distinguishes a change
in thermal conductivity when a refrigerant flows along the condenser. The
experiments were done on pipe and wire condensers that are typical of domestic
vapour compressor refrigerators. Installed in a real refrigerator, the condenser
was tested under certain performance conditions. Its efficiency per unit of
weight for varied diameters of tubes and wires was optimised. An optimisation
coefficient was defined as the ratio of condenser efficiency per unit of the weight
of the condenser designed, relative to its current design. Such a coefficient
enabled a better design as its mass flow rate was improved by 3% and weight
was reduced by 6%.

New condenser designs should feature better operation and maintenance
coefficients such as reduced energy consumption by a compressor engine,
which can be significant, considering a number of refrigerators in use.

The thermal performance of WTT Onda plate heat exchangers that work as
condensers was examined in [56]. The paper [14] discussed how to determine the
best surface area for heat exchange in a condenser powered by means of highly
overheated vapour. Such vapour generally reaches a condenser in a cooling
appliance and may be condensed there only when saturated, i.e. cooled before.
Moreover, the subcooling of condensate may occur in the condenser only if
an adequate heat exchange surface in this heat exchanger is provided. The
paper [49] presents a model of the condensation in a condenser of a convection
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refrigerator and a two-phase flow for a condensing refrigerant in a pipe. The
authors discussed the relations for a heat transfer coefficient with respect to the
condensing solution of refrigerants.

Many works focused on the compressor as it is one of the most important
elements in any cooling appliance. For example, the authors [48] developed an
experimental and theoretical model of a reciprocating compressor to simulate
a cooling cycle. This model employed thermodynamic relations and extensive
experimental data referring to eight different refrigerants and two compressors.
Using this model, a relative error to determine refrigerant mass flow rate
and compressor power demand did not exceed 10%. The work [44] described
software that supports reciprocating compressor designing and helps to under-
stand any processes while compressing a refrigerant. This software is capable
of examining the impact of various construction and thermal parameters on
compressor performance. The author [41] outlined the exergy method for
a compressor performance analysis to easily identify defects that influence
compressor shaft power. This knowledge can be helpful in improving the
compressor construction. Any losses may be due to friction, one-way heat
transfer, fluid throttling or mixing. These losses were recognised as exergy
indicators of destruction and then localised. This method can be applied to any
type of displacement compressors.

Based on experimental studies, energy characteristics for a reciprocating
compressor running on refrigerant R134a were developed in the work in
[17]. Also, this work discussed how reciprocating compressors and other
cooling appliance components should be efficiently selected for new ecological
refrigerants. Little knowledge about these refrigerants was expanded by some
experimental studies that enable finding some relations to efficiently select
refrigerants.

The several year development of refrigeration compressor designing and its
trends were outlined in the works [60], [61]. Also, the entire cooling appliance
was attempted to be examined there.

The paper [66] provided the research results for a cooling appliance running
on a new refrigerant, i.e. Forane 134a as an alternative to R12. The appliance
examined had got a hermetic aggregate adapted to R12. The refrigerant but
not mineral oil was exchanged. The energy measurement results indicate that
R134a can be used, especially in old appliances, with no need to change oil in
a hermetic aggregate. The device worked with and without a regenerated cycle.
The experiments confirmed that a regenerated circle for R134a is beneficial.
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A mathematical model of a household compressor refrigerator was devel-
oped in [38]. The refrigerator was assumed to operate in a periodically fixed
state. Equations of energy and substance balance and additional heat transfer
equations were used to do the calculations for the whole system and individual
elements, respectively. The model was used to calculate a refrigerator consisting
of an evaporator, a hermetic compressor, a condenser, a capillary tube, and
a subcooler.

A model to optimise a domestic compression refrigerator was discussed
in another paper [53]. In fact, this new, much simpler and accurate model
was a good alternative to a previous complex mathematical one. The author
also claimed that the basic relations to describe the household compressor
refrigerator are approximately linear or square.

Thermo-economical optimisation of superheated cycles with subcooling in
the vapour compressor cooling appliance was provided in [52]. Exergy allowed
for separate optimisation of individual systems in a cooling appliance such as
a condenser, an evaporator, a subcooler but not the entire appliance. The
paper specified the optimal heat exchange area and the optimal temperatures
of subcooling and superheating. The cost of cooling was an optimisation
condition. All the calculations were done for three refrigerants, i.e. R22, R134a,
and R407C. Thermodynamic refrigerant properties were determined using an
artificial neural network approach.

A methodology to study single- and multi-stage cooling cycles in cooling
installations was discussed in [18]. The work describes how to standardise
a method for specifying cooling cycle efficiency. Moreover, the available
coefficients to evaluate cooling cycles are discussed. In the work [42] the author
provided a Carnot cooling cycle based on isothermal vapour compression and
two reversible decompressors. This cycle is ideal, although it is similar to the
real one which can be developed for today’s appliances. Efficient operation of
any cooling appliance is defined by efficiency coefficients. Effective energy in
real refrigerators is much lower than that of an ideal one that operates between
a cooled chamber temperature and the ambient temperature. The reasons for
this significant deterioration in efficiency were determined by partial efficiencies
which if multiplied gave energy efficiency for the entire appliance [54].

The authors [58] analysed some defects in compressor refrigerators and
developed a leakage detection method for them. The resulting environmental
pollution could be avoided if their efficiency improved and refrigerant leakage
reduced. Refrigerant losses can directly and indirectly cause global warming.
As energy consumption in an inefficient appliance is much higher, more
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greenhouse gases is emitted and the operating costs are higher. Today's
leakage detection methods are not efficient enough as they fail to locate leakage
and indicate gradual leakage where refrigerant losses are insignificant and slow.
Thus, there is a need to develop methods for monitoring refrigeration systems
and analysing defects. The mentioned paper discusses the development of
leakage detection methods and introduces a new monitoring method based on
artificial intelligence. The system efficiency was tested under different operating
conditions.

Certain new ideas to develop a refrigeration method to quickly increase
refrigerant flow, i.e. within 1 minute by storing a refrigerant at low temperatures
were described in [29]. The method is capable of controlling refrigerant flow
rate through the evaporator. Therefore, the refrigerator compressor does not
need to be large to cope with significant loads during discontinuous operation.
Higher mass flow rate, i.e. faster refrigerant flow can be obtained within this
short time than under steady operation. Research instruments were designed
and made to verify the assumptions adopted. Two tanks to store a refrigerant
were installed behind and in front of the evaporator. Refrigerant flow was
controlled with special valves. The assumptions for rapid cooling were verified
experimentally as correct. Actually, this approach can temporarily improve the
cooling efficiency in the low-efficient system. However, practical approaches
need to optimise cooling tanks and to make them smaller.

The challenge to design the micro-refrigerator was discussed in the work in
[28]. The author demonstrated how entropy generation rate can change in any
system depending on how much vapour compressor refrigerator is miniaturised.
As the parts in the micro-refrigerator are micro-scale, their efficient operation
can hardly follow the second law of thermodynamics. Although quantitative
assessment of entropy generation was not discussed there, the mechanical
compressor was the most difficult element to be miniaturised. If the vapour
compressor micro-refrigerator is to function correctly, the micro- compressor
and the minimisation of internal heat transfer into an evaporator needs to
be further studied. Another paper focused on the energy loss in the steam
compressor refrigerator due to refrigerant flow resistance [55]. The refrigerant
flow resistance in the evaporator and condenser can significantly increase energy
consumption. The author introduced the definition of hydraulic efficiency to
describe these losses and provided its sample values based on the measurements.

Based on the reviewed literature, the works on vapour compressor refrig-
erators fall into four groups. The first group includes investigations on new
refrigerants and their thermodynamic properties. The second group covers
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studies on partial optimisation of elements in vapour compression refrigerators
such as heat exchangers (evaporators, condensers), compressors, subcoolers,
and capillary tubes. These studies discuss how to optimise the performance of
the refrigerator with respect to individual parameters like refrigerant volumetric
flow in the evaporator and condenser, compressor efficiency etc. Multi-criteria
optimisation increasingly involves the task to specify a set of optimal param-
eters for thermodynamic processes. The studies examine the impact of an
individual refrigerator element on entire refrigerator performance. Often, new
refrigerants and their properties are studied and compared with the previous
ones. Finally, the third group deals with the entire thermodynamic systems in
vapour compression refrigerators. Usually, the cooling efficiency of a cooling
appliance for various refrigerants is compared. The fourth group refers to tech-
nological studies. There is no comprehensive research capable of determining
a quantitative relationship between refrigerants that influence thermodynamic
processes and refrigerator efficiency coefficients.

Table 2.1 summarises major studies on this undertaken subject. In fact,
no detailed descriptions of comprehensive studies on energy loss, especially
in the refrigeration compressor are available. Most of them study domestic
compressor refrigerators, excluding refrigerators typical of farming and the
food industry. There is also no systematic description of the cooling appliance.
This fact and also a large number of cooling appliances in operation, which
results in high energy consumption, motivated the author for examination of
energy losses in immersion compression refrigerants.
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2. Literature Review

Table 2.1. Summary of major studies on vapour compressor refrigerators

Refrigerant | Refrigerating appliance Issue studied Ref. No.
R134a hermetic compression a new refrigerant [66]

refrigerator replaced R12
R134a single-stage heat regeneration [52], [65], [66]

refrigeration cycle impact
propane / domestic refrigerator assessing applicability [9], [23], [57]
butane of hydrocarbon

mixtures

R134a compression refrigerator | refrigerant [3]

running on R22 replacement
varied cooling heat exchanger | optimising heat [1], [27], [63]
refrigerants exchange
varied calculations searching alternative [2], [22], [30],
refrigerants refrigerants [50]
R134a R134a requirements for equip- | [35]

ment running on R134a

mixtures compression refrigerator | searching for a new [51]
of R134a mixture
and HC
varied small refrigerating selecting a capillary [5], [6], [7], [11],
refrigerants | appliance tube [12], [13], [19]
varied compression throttling impact [33]
refrigerants | refrigerating appliance
varied tube and ribbed evaporator performance | [21]
refrigerants | evaporator optimisation analysis
varied evaporative condenser developing [4], [20], [67]
refrigerants a mathematical model
varied reciprocating developing [41], [44], [48]
refrigerants | compressor a compressors model
varied domestic refrigerator subcooler impact [34]
refrigerants on refrigeration
varied refrigerating refrigerator energy [18], [54], [59]
refrigerants | appliance performance
varied domestic refrigerator domestic refrigerator [38], [53]
refrigerants mathematical model
varied compression refrigerator | developing a leakage [58]
refrigerants detection method




3. Modelling the Object of Study

3.1. Theoretical and Real Refrigeration Cycle

Any refrigeration cycle model is based on simplifying assumptions. There-
fore, a refrigerant compression is assumed as adiabatic. Additionally, a flow
resistance in refrigerator individual instruments and piping and any heat ex-
change on pipes that connect individual elements, between a refrigerant and
the environment, are not examined. These simplifications cannot be, however,
accepted to analyse real refrigeration cycles.
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Control
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Figure 3.1. Schematic of the vapour compression refrigerator with heat regeneration

QO - heat flow absorbed in the evaporator, ( - heat flow emitted in the condenser,
@, - heat flow transferred in the regenerator, IV - power to the compressor shaft
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Thus, an irreversible dry cycle which follows a dry refrigeration cycle with
heat regeneration (see PN/M-04600) is adopted as a thermodynamic model in
this refrigerator. A cooling appliance that operates according to the Linde
theoretic vapour cycle with heat regeneration and a thermodynamic cycle are
graphs of T'— s and logp — 7 in Fig. 3.1 [31] and 3.2, respectively.
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Figure 3.2. Thermodynamic cycle with heat regeneration as graphs of 7" — s and
logp — i

The compressor sucks in superheated vapour of pressure p,, and tempera-
ture 77 and compresses it during reversible adiabatic states 1 — 2 up to pressure
psk and temperature 75. The refrigerant in state 2 enters the condenser, returns
its heat to the upper source, cools isobarically in the initial part of the condenser
until saturated (state 3), and finally condenses between state 3 — 4 farther in the
condenser at pg. = const.

The refrigerant in state 4 as a boiling liquid of pressure p,; enters the
regenerative heat exchanger where it returns its heat and cools isobarically up
to state 5. The regenerative heat exchanger enables heat transfer between the
liquid refrigerant that flows from the condenser and the vapour refrigerant
that leaves the evaporator. This internal heat transfer results in subcooling
the liquid between states 4 — 5 at p,. = const and overheating vapour between
states 7 — 1 at p,, = const. This subcooled liquid of state 5 flows into the
compressing valve where it is throttled (isenthalpe 5 — 6) up to pressure p,.
Vapour that enters the evaporator (state 6) boils in the evaporator up to state
7. Later, when it leaves the evaporator, it becomes dry and saturated. This dry
saturated vapour of pressure p,, enters the regenerative heat exchanger where
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it warms up at p,, = const while absorbing heat. Consequently, its overheating
increases up to temperature 7). Figure 3.2 shows the main processes in the
cycle that occur in different parts of the cooling system as graphs of coordinates
T — s and logp — 1.

The refrigerator as a typical flow system should be described by typical
energy quantities relevant for its operation, i.e. relative to 1kg/s of a refrigerant,
if 7 of a refrigerant is known. In order to describe a refrigerator model, the
following quantities are introduced, as specified in Fig. 3.2:

e specific cooling efficiency ¢,

Qo =17 — 16 (3.1)
e specific compression (cycle) operation I,

lop =iz — 11 (3.2)
e specific condenser heat load ¢

q =iy —1i4 (3.3)
e specific subcooler heat load ¢4

qd =14 — 15 (3.4)
e theoretical coefficient of cooling efficiency &,
9 _ i1~ (3.5)

&t = 7— ; -
loy i2—11

e refrigerant mass flow rate in cycle 7

= o (3.6)
qo
e volumetric cooling efficiency g,
g, = L (3.7)
U1

where:
vy - specific vapour volume in m?/kg
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e theoretical demand for power to drive the compressor /V;

=% Lo, (58)
€t 4o

Ny

e compressor displacement efficiency V

) _QO_QO
= — =—1

V (3.9)
‘D) qo
e demand for indicated power N;
N;
N; =L (3.10)
i
where :
n; - compressor indicated efficiency
o effective power demand N,
N;
N, = — (3.11)
Nm

where :
Nm - compressor mechanical efficiency.

Having defined these basic quantities, we can determine the flow of con-
denser heat emitted to the environment and the flow of subcooler heat emitted

Q = 1 (iz — ia) (3.12)

Qa = m (is — i) (3.13)

The enthalpy of superheated vapour (behind the regenerator) can be calculated
from the regenerator balance equation:

Qr = 1 (i1 — ir) = 1 (i — i5) (3.14)
If this equation is divided by i, the following equation is obtained

qr =11 — iy = 14 — 15 (3.15)
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and hence
11 =17 + 14 — i5 (316)

where : Q, /m = q, - specific heat load in the regenerator.

A unitary refrigerator heat balance is defined as follows:
lob| + G0+ ap = || + qa (5.17)

where:
I =44 (3.18)

qp - specific overheated heat in the regenerator.

Internally exchanged in the system, regenerative heat is at the both sides of
that balance equation. Its value can be reduced by balance equations because
it has no effect on the final form of a heat balance equation in the appliance.

These considerations were based on simplifying assumptions. First of all,
the refrigerant compression was assumed as adiabatic. Any flow resistance in
each refrigerator instrument and piping was disregarded, provided that any
changes are isobaric. Furthermore, the heat exchange between a refrigerant
and the environment was assumed to occur only in heat exchangers. Figure
3.5 shows the real refrigeration cycle, given by coordinate systems 7' — s and
log p — i.

The real heat flow differs significantly from the theoretical one in terms of
energy, volume and hydrodynamic losses. Compression in real vapour cooling
cycles proceeds in a much more complex way - see Fig. 3.3. The refrigerant
of state 1, pressure p,,2 and temperature 77 is in the compressor inlet pipe.
Throttling due to suction decreases refrigerant pressure up to pss. Then the
sucked refrigerant is heated in the compressor before a compression stroke,
and isobar p,, shifts to the right, i.e. as specific entropy increases. Any further
temperature rise is due to the mixing of a refrigerant that remained in a harmful
cylinder space and that which was decompressed in the previous compressor
stroke, which results in state 1s. The heat transferred between states 1 — 1s
can be considered as a loss. The real course of compression occurs when
an exponent of polytropy changes continuously. In the initial phase (passage
1s — pA), when the refrigerant compresses, it absorbs the heat from cylinder
compressor walls. The temperatures of the refrigerant and the walls level
in state pA, i.e. at an adiabatic transition point. As pressure increases due
to further movement of a piston, the refrigerant temperature increases. The
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direction of heat flow changes and heat transfer occurs between the refrigerant
and the walls (passage pA — 2s). The pressure in state 2s is higher than that
in the condenser due to flow resistance, i.e. throttling in discharging valves.
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Figure 3.3. Schematic of a hypothetical cooling process in a real appliance (a) in
a set logp— and (b) in a set T — s

The processes include: 1 — 2 sucking and compressing a refrigerant with

a compressor, 3 — 4 cooling a refrigerant in a condenser, 5 — 6 subcooling

a refrigerant in a regenerator, 6 — 7 throttling a refrigerant in a capillary tube,

8 — 9 boiling a refrigerant in an evaporator, 10 — 11 process in a regenerative

heat exchanger

At first, the compressed refrigerant is cooled due to heat emitted to cylin-
der walls. Then, it passes through discharging valves and its state changes
isenthalpically and reaches pressure p.;. Refrigerant flow and condensation
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while flowing through the condenser is accompanied by a pressure drop just as
evaporation in the evaporator. Pressure drops follow flow and internal friction
resistances. The process of subcooling the liquid refrigerant and superheating
the refrigerant vapour occur in the regenerator. The subcooled refrigerant
in state 6 enters the discharging valve where it decompresses, and its heat is
emitted to the environment.
The fundamental output values to calculate thermally the model cycle given
in Fig. 3.2 are:
- refrigeration cycle efficiency Qo kW
- circulating refrigerant temperatures:
e evaporation temperature 7, K
e condensation temperature T, K
e subcooling temperature 7; K
e overheating temperature 7}, or alternatively refrigerant vapour
temperature T, in the compressor suction nozzle K

Refrigeration cycle efficiency Q,, or the so called cooling power results from
the heat balance equation of the environment cooled and depends on the mass
of the liquid cooled, a required refrigeration degree, and its physical properties.
Cycle refrigeration efficiency is defined by the formula:

Qo = KQou (319)

where:
Qo - is useful cooling power.

Coefficient K includes the increased heat flow that reaches a cycle model
relative to the heat flow which would reach the refergnce cycle. Its value shall
range from 1 to 1.2. Useful average cooling power Q,, is calculated from the
equation:

Qou _ MekCek (T:-kl - Tck2) (320)

where:

mei - refrigerated liquid mass, kg

ek - liquid specific heat, kJ/(kg - K)

Ter1, Tero - liquid initial and final temperatures, K
7 - liquid cooling time, s.

The values of the above temperatures are selected according to specific rules,
e.g. following operating conditions. Condensation temperatures depend on
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the ambient temperature. The difference between condensation temperature
Ty, and average temperature of the air that reaches condenser 7),, ranges
from 10 to 15K, which depends on an air heat transfer surface, i.e. cooling
air temperature can rise from 5 to 10 K. Evaporation temperatures depend
on technological aspects, i.e. selected with respect to the temperatures of the
refrigerated environment. While cooling the liquid, evaporation temperature
T,q is recommended to be by 5+ 8 K lower than the average temperature
of the refrigerated environment if an evaporator material is to be expensive,
otherwise this range should be less. Refrigerant subcooling temperature 7T
before the capillary tube should be lower by about 2 +5 K than condensation
temperature Ty.

3.2. Refrigerator Experimental Model

Elements of any refrigerator system are connected with pipes in which
a refrigerant flows. This is a closed thermodynamic flow system where heat and
work are transferred to the environment. When partial refrigeration processes
occur in each of these elements, these elements interact with others and some
of them interact with the environment. The irreversibility of these processes
can be internal, i.e. internal irreversibility - S* or external, i.e. external
irreversibility - S%. The former type refers to failed thermodynamic balance
conditions, internal friction of refrigerant particles, chemical reactions, mixing
etc. The latter one includes heat transfer at a finite temperature difference and
throttling.

Any real left-side cycle is irreversible. This raises the issue of how to

determine a degree of its irreversibility. Thermodynamically, this issue is
solved by comparing an irreversible cycle with a selected reversible cycle of
equivalent useful cooling power, or of the same refrigeration efficiency - ¢,
(related to 1 kg of a refrigerant).
To facilitate this analysis, refrigerator operation is given in a systematic way
and the Linde dry cycle with heat regeneration is adopted as a reference cycle.
Correct assessment of the irreversibility of a real cycle is possible only if
an equivalent (referential) reversible cycle is selected correctly. Criteria for
this selection include a varied heat source (upper and lower) temperature.
Thus, the refrigerator is a thermodynamical and flow system where energy is
converted for specified purposes and which interacts with a given environment,
as depicted in Fig. 3.4.
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The refrigeration system includes: compressor subsystem - sp, condenser
subsystem - sk, evaporator subsystem - pa, decompressor subsystem - rk,
regenerator subsystem - rg. In the vicinity of the system — o, there are energy
sources: electricity - Z F, surrounding atmosphere - AT (referred to as "upper
heat source” - ZG and the substance that surrounds the whole system - ZP,
excluding the evaporator subsystem), refrigerated area - ZC H (referred to as
"lower heat source” - ZD and containing refrigerated substance - Z.S). Nearby,
there is also a system to control system operation indicated as - BZS.
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3.3. Characteristics of the couplings within the system and between the
system and the environment

Internal and external couplings, i.e. between the subsystems, and between
the system and the environment are discussed for each subsystem, respectively.

Compressor subsystem - ),

Here, energy conversion proceeds during non-adiabatic and irreversible
thermodynamic transformations, refrigerant compression in a state of super-
heated vapour and irreversible processes when the refrigerant is transported
to and from the compressor, and the conversion of electricity into mechanical
energy. These conversion processes are accompanied by internal and external
energy losses. This subsystem consists of compressor subsystems and their
couplings as shown in Fig. 3.5.

The subsystem components are coupled with streams of energy. The com-
pressor subsystem includes three hypothetical areas, i.e. of thermodynamic

Thermodynamical
processes of

compression and

phase transformation

condenser

regeneratol 3

system of power
supply and conrolNg,

Compressor
body

lenviron ment

Figure 3.5. Schematic of compressor subsystem (2, including its internal and external
couplings
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conversions, refrigerant transportation processes, and heat transfer processes.
These areas are in contact and connected with no energy losses.

Subsystem (2, is internally (substantially and energetically) coupled to the
subsystems of regenerator and condenser, - €2, and - €, respectively. The
subsystem is connected externally to surrounding atmosphere - AT (energeti-
cally to upper heat source - ZG and substantially to electricity source - ZP),
and energetically to electricity source - ZFE where this coupling is controlled
by the controller depending on the evaporator environment - BZ.S.

Condenser subsystem - () ; and evaporator subsystem - 2,,

The isobar-like open irreversible thermodynamical conversion of a refrig-
erant phase change proceeds in condenser subsystem - ().;. This conversion
is triggered by heat transfer, from the refrigerant towards the environment
and a compressor pumping effect, which leads to internal and external energy
losses.

_________________

The area of
the thermodynamical .
transformation with c._regénerator

a phase change

Geometrical and material
structural parameters

Ambient air

Heat m The area of
transfer W, the flow

_________________

P__environment

I environment

Figure 3.6. Schematic of condenser subsystem ). with its internal and external
couplings
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As depicted in Fig. 3.6, the - Q. subsystem consists of an internal space
with refrigerant vapour; an air washed external space, a geometrical and
material condenser configuration and their couplings. The internal space in-
cludes hypothetical system areas: of open thermodynamic conversion and heat
transfer which are connected by means of a contact just like in the discussed
compressor subsystem with no energy losses. In the external space, there are
similar contact-connected system areas of the air flow at the external surface
and heat transfer.

Internally, subsystem €2 is coupled substantially and energetically to regen-
erator subsystem €,., and compressor subsystem €,,. Externally, (2, subsystem
is coupled energetically and substantially to source - ZG and tank - ZP.

Similar to an isobar, an irreversible and open thermodynamic transformation
of a cooling agent phase change takes place in evaporator subsystem - €,
just like in the condenser. This transformation is triggered by heat from the
cooled area and a compressor pumping effect, which also leads to internal and
external energy losses.

The structure of €2,, subsystem as in Fig. 3.7 is similar to the structure of
subsystem (),,. However, its external space is washed by a cooled agent.

The area of

the thermodynamical
transformation

with a phase change

Decompressing
device

ﬁ Heat 9 . %
v transfer m. egenerator

Geometrical and material
structural parameters

Heat @ The area
transfer W, of refrigerated
medium

_________________

Space
refrigerated

Figure 3.7. Schematic of evaporator subsystem (,, with its internal and external
couplings
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Inside the system, the subsystem (1,, is coupled substantially and ener-
getically to the subsystem of decompressing appliance - €2, and regenerator
1,4. Externally, the evaporator subsystem is coupled energetically to lower
heat source - ZD and substantially to cooled substance container - Z.S. These
two form the area ZC'H, in the surroundings.

Regenerator subsystem - (),, and decompressing appliance - (2,

Regenerators, in the small and medium-power refrigerators, work as sub-
coolers and decompressing devices. These two functions are considered here as
two separate in-line subsystems, namely regenerator - €2,.. and decompressing
device - €, as in Fig. 3.8.

Decompressing
device

Geometrical and material
structural parameters

The area
of air flow

Figure 3.8. Schematic of regenerator subsystem - (2,, and decompressing device -
Q. with their internal and external couplings

Thisapproach influences the way these subsystems are modelled. Triggered by
aflow of regeneration heat and compressor pumping effects, irreversible processes
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such as agent cooling in the high pressure internal area and agent heating in the
low pressure external area proceed in regenerator subsystem - 2,.,.

The subsystem consists of:

e a high pressure cooled area with possible areas of system processes
like changes in the degree of heating and cooling and refrigerant flow,
connected by means of a contact with no energy losses;

e a low pressure heated area with the same system areas;

e an air-washed external area with contact-connected possible system areas
of heat transfer and air flow;

e a geometric and material system, coupled energetically.

The Q,, regenerator subsystem within the system is coupled substantially and
energetically to the subsystems of condenser - (2, of decompressing appliance
- 1, of evaporator - €2,, and of compressor - (), Externally, subsystem
(1,4 is coupled energetically to "upper heat source’ - ZG and substantially to
container - Z P, that are in the environment (AT).

As in the system model for the regenerator and the decompressing device,
it was assumed that an irreversible, isenthalpic throttling transformation with
a change in concentration of a refrigerant without external work proceeds in
subsystem - €2, but is impacted by the compressor pumping. The subsystem
structure in Fig. 3.8 includes one internal area with the hypothetical system
areas of the changes in thermodynamics and refrigerant flow. These areas
are coupled energetically by means of an internal work flow transformed into
the heat of internal friction. Within the system, subsystem (2., is coupled
substantially and energetically to the subsystems of 2,, and €),,. There is no
coupling to the environment.

3.4. Analysis of Purposive Factors

Compressor subsystem - (),

The compressor subsystem in energy conversion is to generate refriger-
ant mass flow and a correct compression degree. These values depend on
displacement, compressor damaging volume, the index for compression and
decompression polytrophy of a residual refrigerant and rotational velocity.

A set of purposive factors describes the formal relationship as in (3.21) and
factor relationships are given in Fig. 3.9.

Agp - {m67ppa7psk7 Apla Aan T0t7 n, V:%a £, Zs, Z?“} (321)
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Figure 3.9. Links between the fundamental factors which have an impact on power
processing in the compressor subsystem

Condenser subsystem - () ;. and evaporator subsystem - 2,

The condenser and evaporator subsystems are membrane heat exchangers
for the heat transfer between the refrigerant and the media washing the
exchangers from the environment. Heat flows in the condenser into the

. Fundamental factors

Figure 3.10. Critical purposive factors that have an impact on energy conversion
during the heat transfer in the condenser subsystem

ambient air when there is a change in the degree of refrigerant vapour dryness,
ie. (1 = x4 — 0). In the evaporator, heat flows from a refrigerated area,
which changes the degree of refrigerant vapour dryness, ie. (0 — z,, — 1).
Thus, the energy transformation in both subsystems is related to heat transfer
and a change in a state of matter.
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. Fundamental factors

-1 Ambient Cold
! medium room

Figure 3.11. Critical purposive factors that have an impact on energy conversion
during the heat transfer in the evaporator subsystem

The sets of purposive factors describe formal relations:

zk - {mca mp27 DPsk Fsk’7 d?ka Ugl; s up27 Tsk, Tot} (322)
A;a = {mm mk7ppa7 Fpaa d;‘a, Upas Uk Tpas Tka Vk} (323)

The relations between the factors for both subsystems are depicted in Figs. 3.10
and 3.11.

Regenerator subsystem - (2,.. and decompressing device - ),

A regenerator subsystem is a membrane heat exchanger where a refrig-
erant flows at the both sides of the membrane, though under varied thermal
conditions, i.e. heating. As a result of energy conversion and simultaneous
heat transfer, the fluid is subcooled at one side of the membrane at the expense
of superheating the vapour that evaporates from the evaporator at the other
side of the membrane. This depends on the factors which determine the heat
transfer with no change in states of matter.

The set of purposive factors in (3.24) describes the formal relationship and
the relations between the factors are given in Fig. 3.12.

A8, = {m AP " e, U, Cops Cpos Frey AT, ATp} (3.24)

The decompressing device subsystem in this system model is to decompress
the refrigerant at the required degree of decompression and to guarantee good
mass flow rate. If a capillary tube satisfies these requirements, isenthalpic
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:Fundamental @ —L Te=T,
-factors

(b)
Figure 3.12. Relationships between the critical purposive factors which have an impact
on (a) heat transfer and its effects in the regenerator and (b) energy conversion during
refrigerant decompressing in the decompressing device subsystem, i.e. capillary tube

energy conversion with no transfer of work with the environment occurs.

This process is accompanied by a change in a refrigerant state of matter.
The set of purposive factors for the capillary tube formally describes the

relation as in (3.25) and the relation between these factors is given in Fig. 3.12.

Afk = {m67 d?» l7'e> Ppas Psks Urk, Nrmk} (325)

3.5. Analysing the Determinants of the Losses in the Refrigerating
Appliance

The actual refrigeration cycle in refrigerator system (2 is significantly
different from the theoretical one, i.e. model. These differences are primarily
due to irreversible thermodynamic transformations, including those related
with a phase change and the refrigerant flow resistance in its pipelines and
spaces, as depicted in Fig. 3.4. Another issue is a reduction in the pumping
efficiency of refrigerant mass throughout the system with a real compressor
(as related to a theoretical cycle).

The mentioned interactions cause higher energy consumption and can be
categorised as:

e internal dissipation interactions that cause the undesirably increased re-

frigerant entropy inside the cooling system which consequently reduces
a refrigerant ability to absorb heat from a refrigerated area,

e external dissipation interactions that directly cause powering energy

losses,

e pumping interactions in the compressor to reduce refrigerant mass flow.
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As a result, compressor efficiency and powering energy flow are improved while
maintaining refrigeration performance at the same level.

The intensity of these interactions depends on numerous quantities of a dif-
ferent nature and different impact on cycling. These involve the quantities of
process, material and geometry of the system referred to as loss factors and
grouped as specific sets for each subsystem.

Thus, if these quantities are treated as factors, two basic sets are specified:

e a set of purposive factors that are directly related to the purpose of
refrigerator operation. These factors are subject to refrigerant cooling
efficiency maximisation and are factors of the required value levels,

e a set of factors for losses that contribute in a varying degree to energy
losses. As they are undesirable factors, their negative impact should be
minimised.

These sets are discussed for each subsystem.

3.5.1. Analysing the Major Losses in Compressor Subsystem - (2,

In a real cycle, the compressor subsystem basically generates energy
and volumetric losses. While converting energy in the subsystem, internal and
external energy losses are described by compressor indicated efficiency and me-
chanical efficiency, respectively. The external losses should also include heat

- External
. parameters
. of energy

. dissipation

- Internal
. parameters
- of energy

- dissipation S

Mass .
parameters

Figure 3.13. Relationship between the critical factors that condition losses while
converting energy in the compressor subsystem
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flow absorbed by the environment at the second phase of refrigerant compres-
sion. Mass losses in the reciprocating compressor subsystem are measured by
a coefficient of performance, i.e. pumping. Mass losses indirectly contribute
to an increase in powering energy consumption. The formulae in (3.26)-(3.29)
define the set of the factors conditioning losses in the compressor subsystem.
The relationship between these factors is presented in the diagram in Fig. 3.13.

Ay = Ay UAG UAY (3.26)

AZy) = f(Nspry s, m, 25, 20y e, Apy, Apa, i) (3.27)
AZ = f(ILs, po,m) (3.28)

Ayt = [, &, Topr, Tot, Ap1, Apa, pip) (3.29)

3.5.2. Analysing the Major Losses in Condenser Subsystem - €25 and Evaporator
Subsystem - €2,

The energy conversion in the condenser and evaporator subsystems is
accompanied by internal losses due to internal and external friction that occurs at
the walls (for two-phase mixture flow) and the irreversibility of thermodynamic
phase transitions. Also, there are external losses due to heat transfer at finite
temperature differences between a refrigerant and heat sources. As defined
in cooling thermodynamics, there may occur external losses in the evaporator
due to the heat generated by the stirrer placed in the cooled area, whereas the
energy consumed to power the washing air blower can be regarded as external
losses in the condenser.

The dependencies in (3.30)-(3.32) refer to the set of the factors that con-
dition these losses, whereas the diagrams in Figs. 3.14, 3.15, illustrate their
relationships. These losses can reduce cooling efficiency and increase demand
for driving power. Besides, a stirrer that generates additional losses may be
installed in the evaporator cooling chamber.

:21]41:} = f(l8k7 d?k? mm #ilga usk) (330)
A;ZU = f(lpaa dZaa mC7 ,Ugg; upa) (3.31)

Ape = Vi, 1iug, g, uge) [2mm] (3.32)
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Figure 3.14. Relationships between the critical factors that condition losses while
converting energy in the condenser subsystem

Parameters :
T influences the energy -
losses :

Figure 3.15. Relationships between the critical factors that condition losses while
converting energy in the evaporator subsystem

3.5.3. Analysing the Major Losses in Regenerator Subsystem - €2, and
Decompressor - €,

While converting energy, in the regenerator subsystem as in the
and €),, subsystems, there are internal losses due to friction and pumping
a refrigerant, though without its phase change as well as external losses related
to heat transfer at a finite temperature difference between factors and losses
due to the heat influx from a regenerator environment into a sub-cooled area.

A set of the critical factors that condition these losses is specified by
(3.33)-(3.35) and the relationships are depicted in Fig. 3.16.
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Figure 3.16. Critical factors that condition the losses while converting energy (a) in
the regenerator and decompressor subsystems (b)

A, = AU A (553
Aii = f(lT€7 d;)la mw ,upa up) (33[}.)
AP = f(lye, d} 1, iy ue) (3.35)

The decompressor subsystem is the second important one that generates
energy losses. As specified in the model, external losses can be the work
of refrigerant decompression that is not transferred into the environment but
remained in the subsystem. While converting into heat, this work generates
internal losses involving a decrease in a refrigerant capacity to remove heat
from a cooled area. Other losses as determined by this method of modelling
are included in the description of the regenerator. A set of the factors that
condition these losses are specified in formula (3.36),

S = fles Al 1, iy uc) (3.36)

and Fig. 3.16 illustrates the relationships between these factors.

A systematic approach in the study on distributing, converting and generating
energy losses in the compression refrigerator enables:
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e rational analytical decoupling a device structure into subsystems and
objects consistent in terms of phenomena that occur there, as well as
distinguishing and unambiguously defining an environment of a device,

e decoupling all interpenetrating thermodynamic, flow and thermal pro-
cesses,

e systematising the interactions that occur within the system and between
the system and the environment.

A set of the critical factors that condition energy losses, both internal and
external, for each refrigerator subsystem was determined by means of the
analysis of energy losses using the refrigerator systemic model.
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4.1. Refrigerator Design, Operational and Maintenance Properties

Today’s vapour compression refrigerators, especially of low and medium
power are commonly used and thus their energy consumption is quite high. The
possibility to use the refrigerating appliance in agriculture, including those for
milk cooling, is particularly important. Poland as a member of the European
Union needs to ensure that Polish food products satisfy high standards of
quality. Therefore, more attention should be paid to improve energy conversion
in these devices by improving their primary and secondary processes, designs,
and maintenance. All these aspects have influenced the choice of an object
to test, i.e. an appliance classified as a milk refrigerator with an immersion
evaporator, and the methods of its analysis.

The test device was the IC/P 253 refrigerating appliance with an immersion
evaporator manufactured by ALFA LAVAL. The device is dedicated to cool
a certain quantity of liquid such as milk ~ 100//h when its temperature
was decreased continuously and monotonically between two certain levels of
temperature, e.g. 35°C +-4°C' for milk. The basic technical data of this appliance
are given in Table 4.1 whereas its schematic, including its all subsystems
are shown in Fig. 4.1. The characteristic of refrigerant flow cross-sections are
marked with digits in the diagram.

Table 4.1. Basic technical data of Alfa Laval IC/P 253

Rated output 0.7 kW
Average cooling capacity 3328 W
Amount of cooled milk (cooling from 35°C

to 4°C' at the ambient temperature of 25°C 250/150 I/min
Amount of milk cooled per hour 1007

Cooling temperatures set 4° C or 10° C
Fan efficiency 2200 m3/h
Condenser efficiency 4.1 kW
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Figure 4.1. ALFA LAVAL immersion refrigerating appliance for milk cooling and its
main components.

The characteristic refrigerant flow cross-sections marked in the drawing:
1 - before the compressor cross-section, 2 - behind the compressor cross section,
3 - before the condenser cross-section, 4 - behind the condenser cross section,
5 - cross-section before the regenerator and capillary tube, 6(7 = 8) - behind
the capillary tube cross section, 9 = 10 - cross-section behind the evaporator
and before the regenerator, 11 - behind the regenerator cross-section.

The refrigerating appliance comprises the following subsystems: a hermetic
compressor, a condenser, an evaporator and regenerator connected to the
throttling element. R22 is a refrigerant. In this appliance, the evaporator is
immersed into a refrigerated liquid up to a given depth. The liquid is put in
a circular and swirl motion with a stirrer. The refrigerant is in a thermally
insulated tank.
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Figure 4.1 shows the immersion evaporator construction. The refriger-
ant reaches the evaporator as wet vapour of low-degree dryness. Inside the
evaporator, the refrigerant flows along the coil to the end of a coat and then
returns as a counter flow between coils of the coil to reach the outlet in the
direction of the compressor. The compressor and condenser are connected
with the evaporator with a flexible piping (the other pipes in the system are
rigid and made of copper). The pipe that joins the condenser and the evaporator
functions as a throttling element, i.e. capillary tube and the area to subcool the
refrigerant, and the pipe that surrounds it and links the compressor functions
as an area to overheat regenerator vapour. Hence, a refrigerant is subcooled
before it enters the evaporator by overheating refrigerant vapour as it flows
between the evaporator and the compressor. The appliance uses a typical
hermetic single-stage refrigeration compressor of a 0.7 kW efficiency. The
compressor and its electric engine to drive it directly are both sealed inside
the welded sheet steel cover. The electric engine shaft is upright. The stator
is suspended by three springs. The compressor is lubricated using centrifugal
forces which make oil reach all points that need lubrication through horizontal
snap rings. This place, through accurately set channels, is reached by new
oil from the bowl at the bottom of the cover. Lubrication is plentiful because
oil also cools the compressor and the engine. The lamellar condenser as an
element of the appliance is cooled by air flow forced with a fan. This condenser
is made of the coil with embedded ribs (lamellas). To achieve good thermal
conductivity, the coil and ribs are made of copper and aluminium, respectively.
The course of liquid (milk) cooling rate is controlled with an electronic device
which cooperates with thermometers controlling the changes in temperature
levels in the condenser and evaporator areas of the cooled liquid.

4.2. Process of Tank Liquid Cooling

A typical feature of cooling a liquid in the considered appliance is a contin-
uous, monotonic decrease in its temperature. Refrigeration proceeds in a tank
where the liquid flows in a turbulent and circular manner around the evaporator
due to a stirrer movement. This brings about certain conditions for heat transfer
between the liquid and the evaporator cover. These conditions are established
by the specific refrigerant flow inside the evaporator as specified in Fig. 4.1
and under the influence of intensive phase transitions. The sequence of the
following flows can be distinguished in the evaporator internal structure, at the
intake of the liquid:
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a single-phase liquid flow with a small amount of vapour,

a two-phase follicular liquid flow with a predominance of a liquid phase,
a two-phase cork liquid flow with a predominance of a gaseous phase,

e a core flow, i.e. the flow of wet vapour with wall liquid phases.

Due to the intensity of heat transfer, the evaporator structure should be divided
into three distinctive areas:

e an initial area where boiling is initiated,

e a boiling area where violent boiling, i.e. follicular and cork flows leads to
an intensive dissipation of heat by vapour bubbles arising at the evaporator
internal walls,

e an area of convective evaporation, i.e. core flow where heat transfer
proceeds mainly by evaporating wall liquid phases out of vapour core flux
from the separating surfaces.

When the liquid is cooled and heat dissipates, refrigerant evaporation tempera-
ture is continuously reduced, and the discrepancy between these two tempera-
tures simultaneously decreases. The result is a variable heat flux emitted from
the liquid cooled. With decreasing the temperature, refrigerator efficiency de-
creases, and temperatures asymptotically tend to reach the values determined.
The most important issue for the process is the time after which the final
temperature is obtained.

The static model as in [64] employs average values under certain assumptions:

e energy accumulation occurs only in a cooled liquid and its state is de-
termined by average temperature T,

any heat gains from the environment are ignored,

a control system provides constant condensing temperature 7Ty
coefficient K, = (kF'), for the evaporator is constant,

cooling efficiency for a compressor of a V displacement is calculated
from the equation:

Q=V-¢(Tp) (4.1)

where : 1 is a function of evaporation temperature of T, J/m3

A model of object statics allows us to determine an average flux received from
the liquid:

M (Tckl - Tck2)
AT

er = (42)

where: M = mgicq is cooled liquid heat capacity,
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and compressor capacity can be calculated from Eq. (4.1):

) er
V.. = 4.3
ST ”IIZ) (TST) ( )
where an average temperature is:
Tsr _ Tckl + Tck2 _ er (44)

2 K,

The solution of the equations (4.2 — 4.4) with respect to V, can be written as
a function: .
Vs = fl(M7 K,, AT, TcklaTck%w) (45)

The specific solution depends on the assumed form of function . As in [64],
it can be assumed that an accurate approximation of ¢ is a quadratic function:

¢ =ap+ alTsr + a2Ts2r (46)

Substituting function (4.6) into (4.3), the following solution is received:

“/sr _ MekCek (Tckl - Tck2) (47)

To |Qp + a1 (Tsrl - Tsr2) + as (Tsrl - Tsr2)2

where:
Tsrl - (Tckl + Tck2)/2
Tsro = Mek * Cek - (Tckl - Tck2)/(To : Ko)

With the same assumptions, a model of refrigerator dynamics can be rep-
resented by the following set of equations [64]:

dT
M = K, (T~ T,) (48
VD 1/} (Tpa) =K, (T - Tpa) (4-9)

and initial conditions: T=0 T =T
T=Ar T = Tckg
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Liquid cooling time can be calculated from equation (4.8) after the variables
separation and then integration:

M Tck2 dT
AT = — / (4.10)
K, Topy Ipa—T
where: .
Tpa = ¢ (T, Ko, VD) (4.11)

is a solution as the functional equation (4.9) relative to 7.
Equation (4.10) can be used to determine the required compressor displacement.
The overall dependence is similar as in Eq. (4.5):

Vb = fo( M, Ko, AT, Top1, Tora, ¥0) (4.12)

Its solution depends on the assumed form of function . Accepting a quadratic
function, as in the static model, the analytical equation of liquid cooling time

is as follows:
M ag + a1y + as (T01)2

AT =—1 + 413
T K, " ag +ar1Tps + ag(T02)2 ( )
2M CL2(T02 — TOl) 4a0a2 — (CL1)2
+= arctg 3
Vpy/4agas — (ay)? 2(a2)?To1To2 + araz(Tor + To2) + 2apaz
where:
\/(VD aq + Ko)2 — 4VD CLQ(VD ag — KOTZ') — (VD aq + KO)
To; = : (4.14)
2VD as
i=1,2...

Considering the processes of tank liquid cooling under the assumptions as below,
athermal balance equation can be set up to accurately describe any changes in fluid
temperatures during cooling until the liquid reaches the required temperature.
The heat balance equation is set up in accordance with the diagram in Fig. 4.2.
The assumptions are as follows:
e liquid temperature 7T, is evenly distributed in mass apart from evaporator
and tank wall layers, which is justified by significantly turbulent flow,
e the conditions for the heat transfer from the liquid to the refrigerant and
from the environment to the liquid are determined by average coefficients
of heat penetration of uniform distributions on heat transfer surfaces,
e the evaporator is fully immersed in milk and the tank is not insulated.
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Figure 4.2. The energy flow balance structure for an area with a cooled liquid

The energy balance equation becomes as:

dT.,
M, - cckd—T’“ + Fy - ky [Tog, (7) — Tpa] = Ni (4.15)

+Eok [Tor — Ter (7)) + Fpo - o [Tpo (1) = Tex (7]

where:

F,, - evaporator surface washes by the liquid; m2,

F.- surface tank washed by the liquid; m2,

F,, - area of the liquid-air contact inside the tank; m2,

oy, - coefficient of the heat absorption from the air inside the tank to the liquid;
k, =1/(1/apc +1/apyr) — coefficient of the heat transfer between the liquid
and the refrigerant; W/(m? - K),

k, =1/(1/azo +1/3, f\—i + 1/azn) - coefficient of heat transfer from the
environment into the tank inside filled with the liquid; W/(m? - K).

Table 4.2. Dimensionless relationships covered by the energy equation and their

quantities
Dimensionless quantity Formula for the dimensionless Variation range
quantity
Liquid dimensionless O = (Tek — Tpa) /AT pmax 0,<0<1
temperatures 0<0Or<1
O = (Tot — Tpa)/ATmam 1<04 <12
@PO — (Tpo — ck)/ATmar epo <1
Dimensionless time To =T/Tk 0<r,<1
Process time constant B =Mk - Cer/(Ep - kp + F, - k)
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In the first approximation, it was assumed that
ATy (1) = Tpo (1) — Tep, (1) = const

Then equation (4.15) is transformed into the dimensionless form after introducing
the dimensionless relationships given in Table 4.2 and the dimensionless modules
to specify the intensity of a thermal impact as of:

bpy = 416
PZ=F T (4.16)
N,
Oy =——" 47
M ATn - Fy - by (&7)
Fp -«
Opo = 22 418
PO=F (4.18)

where:
ATmCLZB = (Tmmaz - Tpa)

Having regarded the relationships in (4.16) - (4.18) and the dependencies in
Table 4.2, balance equation (4.15) is developed in a dimensionless form suitable
for solving and further analysing:

Bm dO
= 4+0=0, 419
7 dT, + P ( )
under an initial condition:
for
To=0, O=1 (4.20)
where: o o o
Cpz M P2 PO epo (4.21)

1+®p; 14+ Ppy To 1+®py
Equation (4.19) is a heterogeneous differential equation of a first stage with

constant coefficients.
Overall integral of equation (4.19) is as follows:

O(r,) = Q- em ™ + Cpy (4.22)
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Having used condition (4.20) and determining the differential constant, a par-
ticular integral was obtained as a function:

() = (1= Cpz) - €7 ™ + Cpy (4.93)

and function (4.23) describes a change in a dimensionless liquid temperature
difference during cooling.
Function (4.23) can be used to initially determine the required quantity of
constant (3,,.
Having used the concept of the final condition as:

for 7, =1 is 0 =0,;,
the dependence that describes the "required quantity” of process time constant
By, was obtained as:

1—-Cpz

B =1/(In

At the same time the analysis of relationship (4.23) indicates the dependence
of temperature changes during liquid cooling on two sets of factors.

The first set, i.e. Ag 4 Involves the factors whose values are deliberately
calculated to complete the desired cooling of a certain amount of liquid in terms
of the time and speed of temperature reduction. This set is formally described
by formulae (4.25) - (4.28) and shown in the diagram in Fig.4.3a.

AS = AS U AS U AS (4.25)
where:
AS = f(d"y, Dy, Dy, H, 1) (4.26)
AS = (M, e, o, Ppas Win, Wpas Tpas B) (4.27)
AS b = F(Tpar Poas Poas Tpas Tpas Apas Ams P G Tm) (4.28)

Constant 3, that specifies cooling rate defines the impact of these factors
in Eq. (4.23)
Second set A%, involves the undesirable factors that generate energy losses.
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Figure 4.3. Liquid cooling (a) the relationships between the critical factors that

influence the processes of energy conversion in liquid cooling (b) the relationships

between the critical factors that condition energy losses while converting energy during
cooling the liquid

This set is formally defined by formulas (4.29) - (4.32), and the relationships
there are given in the diagram in Fig. 4.3b.

Ay = A2 UAY U A (4.29)
AS = f(dTalT)dmaDzwaHa 5st) (430)
A% = f(H87 Hry Z,S,Mm,Ns, mw mmy Tpaa Tsky ATota kspra )‘spry NIm» 778) (431)

ASWF = f(rmplcap;77;77727)‘8t7)\m70m777m) (432)
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The impact of the A%  set of factors is reflected in equation (4.23) by modules:
®p; — the thermal resistance of heat transfer from the environment by the
tank outer wall to the liquid,

®po — the thermal resistance of heat absorption from the air above a liquid
surface,

®,s — the dissipation of liquid mixing energy.

a)

[Bo=Prof—| B2 | Cuo

ka(Bo) | Coa (9 || Bi(Cor)|
I l |

|« Ce B
b) c)
Bm’ kp’
3000 L 275/ |
2700 [\ 250/ | \ A
2400 || 225
2100, 1 3 L 200
5 10 15 20 5 20
number of iterations number of iterations

Figure 4.4. Itinerary calculations (3,

Process time constant 3,, corresponding to a certain amount of cooled liquid
in the desired time at the temperature ranging from 35°C' to 4°C, as specified
in Fig. 4.4, is determined after a certain number of iterations by specifying 37,
according to dependence (4.24) and comparing it with value /3, calculated from
formula (4.2). This procedure also allows for determining the required quantity
of the coefficient of the heat transfer between the liquid and refrigerant k, as
in Fig. 4.5. The graphs show a change in the coefficients of: heat transfer
between the liquid and refrigerant k£, and heat transfer between the liquid
and evaporator apys and the graphs with changes in quantities: 3,, and C),.
determined from the formulae given, depending on stirrer rotational speed 7,,.
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The graphs in Fig.4.6 show the changes in: liquid cooling rates % in time 7,
graphs a and b, and liquid temperatures 7;,, in cooling time 7, graph c.
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Figure 4.5. Heat transfer coefficient k,, heat absorption coefficient aps, 8, and Cp.
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Figure 4.6. Changes in liquid cooling rate 5—2 (a), dimensionless cooling time 7 (b),
and dependence of liquid temperature change T;, and cooling time 7 (c)

4.3. Analysing the Major Factors for Energy Losses in a Real Refrigerator

Regardless of a refrigerant used, the energy losses in the refrigerating
appliance under study result from:
e internal interactions related to irreversible thermodynamic and flow trans-
formations that lead to the undesirable increase in the entropy inside
the refrigerator system and thus decreasing refrigerant ability to absorb
heat from the refrigerated area,

e external interactions which include efficiency of converting electrical
energy into mechanical energy which is directly supplied into the refrig-
erant on a compressor piston crown surface, unproductive refrigerant
decompression in the decompressor, a finite value of thermal resistance
of liquid tank insulation, and converting the energy supplied by a stirrer
into heat.
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The further part of this work discusses the most fundamental losses due
to external interactions, i.e. losses due to converting electric energy into
mechanical energy that is directly supplied to the refrigerant, losses due to
decompression work non-recovery, losses due to failed tank thermal insulation
and the conversion of mixing energy into heat in the refrigerated substance.
Fig. 4.7 shows schematically distribution of the sources of those losses. The
formulae above refer to the average values of energy losses when liquid portion
7 is cooled.
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Figure 4.7. The system of refrigerator devices and the refrigerated liquid tank with
major sources of losses

The formulae which determine the most fundamental energy losses include:
— internal losses
The losses due to the irreversibility of refrigerant compression related to the
cylinder inside:

SW, = Npp (1= ;) (4.33)
where:
Ny

i = Ao AdAT A\,
n dAT N,

(4.34)

koo k1
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losses due to the irreversibility of refrigerant decompression in the decompressor

SWr = meTpa (x5 — wse) [57 (Tpa) — 8 (Tpa)]

losses of indicated power

— external losses

Loss due to converting electric energy in the compressor

SZS = (1 - nm) nsNes

losses due to work of decompression in the decompressor

SZr = mc (iS - Z.5c)

losses of heat reaching the liquid due to thermal insulation

SZ. = F.k. (T. — Twt)
losses due to converting energy of mixing into heat
SZy = Np,
losses of heat reaching the tank air
8 Zpo = Qpo = Fpotpo (Tpo — T¢)
losses of engine power
SZmn = ANy, = Ng (1 — )
losses of electrical power supplied to the engine

SZns = ANS = Nel (1 - 775)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)
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4.4. Experimental Set-up and Measurement Nodes

Having analysed the research problem discussed in works [24], [25], tem-
perature and pressure were measured at the points of this refrigerator, as shown
in Fig. 4.8. As measurement points for pressure and temperature were specified,
it was necessary to design measurement heads so that the sensors could be
accurately placed in the area of a refrigerant flow.

The sensors should be installed to be mechanically strong and make the
system completely hermetic. Due to the structure of a refrigerant flow in this
appliance, i.e. flow along a single pipe or a double concentric pipe, two types
of heads needed to be designed, as in Fig. 4.9.

While installing the thermometer, it was important to treat it as a source of
disturbance to the existing temperature field and that these disturbances should
be as small as possible. At the same time, it was necessary to guarantee the
conditions that the temperature of a thermometric body could be as close as
possible to the temperature of the appliance studied.

Compressor

1 LI.%I/A 2 3 Condenser 4

4-%/“
Regenerator
5 |
~0— r
Na= W] m
m m Nel Control
o system
T W
Refrigerator
- 7@ ®6 thermometer
Evaporator

[

Thermometem

Figure 4.8. Schematic of the refrigerator studied with the selected measurement
points corresponding to the control cross-sections of a refrigerant flow

1-cross-section at the compressor input, 2 - cross-section at the compressor output,
3 - cross-section in front of the condenser, 4 - cross-section behind the condenser,
5 - cross-section behind the capillary tube, 6 - cross-section before the evaporator,
7 - cross-section behind the evaporator
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Pressure Pressure 6 - variable y;
- variable-y °
————o°

Pressure 7
- variable y,

Pressure sensor

thermocouple

thermocouple

temperature

- variable X

———
—

temperature
- variable x

temperature - variable x

Figure 4.9. Schematic of the heads to measure temperature and pressure: a) in a single
pipe, b) in a double concentric pipe

Figures 4.10 and 4.11 show the refrigeration unit with the measurement heads
mounted on individual pipes and a double concentric pipe, respectively.

Pressure sensor 3

Pressure sensor 1

thermocouple 3 g
cooling fan

thermocouple 1
condenser

Pressure sensor 5
Pressure sensor 4

thermocouple 5
thermocouple 4

compressor

Figure 4.10. Cooling unit with sensors

The heads shown in Figure 4.9a are mounted at points 1, 2, 3, 4 and 5 of the cooling
system, see Fig. 4.8. Refrigerantvapour orliquid flowsthroughthecross-sectionthat
corresponds these points as it flows along single copper pipes of internal diameters
ranging4to 10 mm. Such headsare capable of measuring refrigeranttemperatures
and pressures through the same cross-section. The head in Fig.4.9b measures tem-
peratures and pressures through the cross-sections of two concentric pipes where
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evaporator

sensors 6 and 7

Figure 4.12. General view of the experimental set-up

a refrigerant counter flow occurs. As in Fig. 4.8, the cross-sections correspond to
points 6 and 7, i.e. regenerator input and output points. The refrigerant flows as
a liquid from the regenerator through cross-section 6 towards the evaporator along
acopperpipeofa 1.4 mminternaldiameter. The capillary tubeisinside the stainless
steel pipe of a 15 mm internal diameter along which refrigerant vapour flows in the
opposite direction. To mount the measuring heads on the device, the refrigeration
unitneeded to be depressurised and Freon was removed fromthe system into bottles
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and then the pipes were cut at the measurement cross-sections. There was a risk of
getting the refrigeration installation wet and dirty. That is why, having installed the
measuring heads, the systemwasdrained, checked forleak-tightnessof connections
andtheinstallationmountedundervacuum. Checkingleak-tightnessundervacuum
involves removing the refrigerant from the refrigeration unit with a vacuum pump
until nearly absolute vacuum is achieved. If the unit is sealed, vacuum shown by
a manovacuometer should not decrease after 24 hours.
Leak-tightness was tested in terms of:
e air leakage into the system, especially in the areas of refrigerant lower
pressure,
e refrigerant leakage from the system into the environment, which is
critical for a higher pressure area above the environment pressure level.
When the pressure in the installation was stabilised at about 2 bar, all the
connections and the places suspected of leakage were inspected with a sensor
which can detect Freon in the air. Figure 4.12 presents the experimental set-up
with the refrigeration unit as well as the measuring apparatus and adiabatic
tank where the evaporator was installed.
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Figure 4.13. Schematic of the temperature and pressure measurement tracks

The experimental studies were conducted on a set-up dedicated to collect
data from the selected points in real time. The schematic of the measurement
tracks is depicted in Fig. 4.13. Parameters like temperature, pressure and power
consumption were controlled.
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Figure 4.14. Schematic of the methodology of experimental studies on compression
refrigerator systems

The system consists of sensors and transducers, an analogue/digital trans-
ducer and a computer as in Fig. 4.14. The sensors and transducers are used to
convert some physical quantities like temperature, pressure, and electrical power
into standard electrical signals easy to transmit at a distance. These signals
are supplied to the inputs of the cards that converts their analogue values
into discrete digital ones. A computer with appropriate software controlled the
measurements, i.e. determined the time between the measurements, selected
the correct measurement track as well as recorded digital values in its memory
and in an appropriate format in its hard drive.
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5.1. Methods of Measuring the Quantities Typical of Refrigerating
Appliance Operation

Energy measurements for the compression refrigerating appliance include
measurements of certain specific quantities to determine energy characteristics
and maintenance/operation coefficients for a refrigerating appliance and its
components [43], [62]. These tests allow assessing whether coefficients defined
and assumed by designers are achieved. Consequently, certain proposals to
improve the way of designing machines and appliances can be formulated. As
specified in [37], the research aims at:

e determining unit cooling power, i.e. total and useful cooling capacity,

e determining thermal loads and assessing operation of apparatus, heat
exchangers, and compressors,

e specifying agent consumption, i.e. water, air, refrigerants,

e determining energy consumption by the compressor and auxiliary ma-
chinery,

e determining losses and flow resistance in pipelines, apparatus, and heat
exchangers,

e determining technical and energetic coefficients to describe the operation
of the entire system or individual components.

Any refrigerating appliance is evaluated upon an examination which includes
qualitative measurements of thermodynamic parameters at characteristic points
capable of determining the real cycling in the appliance and quantitative mea-
surements capable of determining total and useful cooling efficiency and thermal
loading in each exchanger. In addition, compressor drive effective power should
be measured.

The qualities obtained from the measurements are used to carry out a qual-
itative and quantitative assessment of the entire appliance and its components.
The thermodynamic parameters of a refrigeration cycle measured during the
tests include: the temperature and pressure before and after each element of
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Experimental methods of single-stage refrigerating systems

Measurement of a rate flow Work refrigerator systems valuation
Measurement methods of refrigerating capacity

Indirect method
by heat balance of ) Indirect method
heat exchangers direct methods ndirect methods
Direct measurement |
method - Measurement general of refrigerating capacity
- Measurement effective of refrigerating capacity

. - Measurement of capacity usable
- measuring tube

- rotameters

, - General heat balance
- measuring vessels

- Determination of effective capacity from

- water-cooled condenser general capacity _
- evaporator refrigeration liquid - Determination of general capacity by use
- subcooler liquid refrigerant of a standard compressor

- extra heat exchanger instaled in the system
- condenser with air forced motion
- evaporator with air forced motion

Figure 5.1. Methods applied to study a single-stage refrigerating appliance

the refrigerating appliance, i.e. heat exchanger, apparatus or compressor; the
temperature and pressure of liquids that cool the condenser and subcooler,
i.e. before and after the heat exchangers; and the temperature and pressure of
liquids subcooled in the evaporator, i.e. before and after the heat exchanger.
As specified in standard PN-72/M-04600, measurements of temperature and
pressure to determine a heat flux (efficiency) should be as accurate as to calculate
these quantities with the required accuracy. The temperature measurement ac-
curacy was 0.5 K. The measurements of pressures, especially before and after the
heat exchangers and the compressor, shall be carried out with such an accuracy
to determine saturation temperatures corresponding pressures, with an error
below 0.5 K. Pressure and temperature should be measured in areas showing as
much as possible uniform cross-section stream speed. Any places located before
or after a flow direction change as well as places where a change in speed or
a type of flow occurs should be avoided. As specified in [37], the pressure and
temperature of compressor suction or pumping need to be measured at the same
measurement cross-section at a straight pipe of an equal diameter, at a distance
of 8 diameters of this pipe but not less than 300 mm from a compressor inlet
or a valve which is its component. Basically, the refrigerant pressure and
temperature at the inlet and outlet of a balanced heat exchanger or device
should be measured at the same cross-section at a distance of 3 diameters
of a pipe from these devices. While measuring temperatures to determine
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other quantities, it is necessary to be sure that vapour is definitely overheated,
i.e. at least 5+~ 8 K, depending on the type of refrigerant and liquid strongly
undercooled, i.e. at least 3 K. To measure pulsating pressures, an accurately
selected damping device should be applied [43]. Figure 5.1 summarises types
of studies on refrigerating appliances. The choice of a method depends on the
appliance selected for research and the purpose of measurements.

5.2. Method for Measuring Refrigerant Mass Flow Rate

The flow rate of a refrigerant circulating in the system can be measured
using the method of destroying refrigerator cooling efficiency. It is an indirect
method for measuring mass flow rate with the use of an evaporator heat balance
to cool a liquid. To achieve thermal and heat equilibrium, the following process
should occur:

Qp=Q, =N, (5.1)

where:

Qp - evaporator cooling efficiency,

Qg - electric heater thermal efficiency,
N, - electric heater power.

Firstly, the refrigerator should be started, as in Fig. 5.2a. The evaporator

starts absorbing heat from the liquid that fills the tank. Over time the tank
temperature falls from ¢, to ¢;. Secondly, the electric heater with an electrical
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(a) (b)
Figure 5.2. Schematic of the method for destroying evaporator cooling efficiency to
cool the liquid: 1 — evaporator, 2 — tank with an adiabatic shield, 3 — cooled liquid,
4 — electric heater
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system to control heater power N, should be started, as showed in Fig. 5.2b.
A heat flux begins flowing into the liquid in the tank. If power N, is accurately
selected, after some time the temperature of the tank liquid will stabilise at ¢,.
This stabilisation indicates the required equilibrium in the system. This is the
way to learn the value of heat flux Qp that reaches the evaporator (Qp = N).
The value of refrigerant mass flow rate is calculated from the formula:

. Q
m—A—Z,’; (5.2)

where:
Ai, — an increase in refrigerant enthalpy in the evaporator.

Figure 5.3 shows how this process proceeds in the appliance studied

6
0 Nel
I 5

thermally
insulated
—— tank
thermometer ,,7
electric - — electric
heater — B heater
\i - evaporator -
et L |[S= =)

stirrer

Figure 5.3. Determining the refrigerant mass flow rate by the method of destroying
cooling efficiency

Ty = Tr, pe = 1, 6 # i7, The = Qp/ap (5.3)
where: 1, - refrigerant mass flow rate,
Qp - evaporator cooling efficiency,
gp - evaporator specific cooling efficiency



5.2. Method for Measuring Refrigerant Mass Flow Rate T3

qp = i7 — iﬁ (54)

where:
17 - refrigerant enthalpy after the evaporator,
1g - refrigerant enthalpy before the evaporator.

The heat balance is determined by the relation

Qp=Q, dla T, = const (5.5)

T, - refrigerated liquid temperature, Qg - electric heater thermal efficiency
expressed by the relation

Qg = Ny = N1y (5.6)

where:
Ng; - electric power,
1y - heater efficiency.

The tank was equipped with additional stirrers to uniformly heat the liquid
with electric heaters and cool it with the evaporator.



6. Analysing the Losses in the Refrigerating Appliance
in Steady and Transient State Conditions

6.1. Experimental Studies

Quantities (T, p, N) were experimentally studied at the selected measurement
points on the experimental set-up. The results enabled refrigerator performance
characteristics.

The graphs in Figs.6.1, 6.2 show a change in refrigerator pressure, tempera-
ture, compression and compression power during many hours of operation. In
fact, only the first cooling cycle is different from the others. The next cycles can
maintain liquid temperature at the required level so the refrigerator operation is
periodic (cyclical). The appliance begins working if liquid temperature exceeds
an acceptable level. This operation range is regarded as a steady operation
state as pressure and temperature remain the same during numerous cycles.
The graphs show insignificant temperature changes due to a change in the
ambient temperature while cooling. The entire unit except for the evaporator,
which is immersed in the liquid in a thermally insulated tank, operates at
the ambient temperature. A transient state occurs during the first cycle as
soon as the refrigerator starts after a break. As a cooled liquid is of much
higher initial temperature, the first cooling cycle lasts much longer. These
graphs demonstrate cyclical changes in basic thermodynamic quantities during
operation. The moment the refrigerator stops, the refrigerant temperature in
the evaporator is by a few to several degrees lower than the temperature of the
liquid around the evaporator. The refrigerant in the evaporator is then a boiling
liquid and saturated or possibly as superheated vapour if near the outlet. If
the compressor is switched off, evaporator refrigerant temperature tends to
equalise with cooled liquid temperature. A rise in refrigerant temperature is
accompanied by an increase in its pressure but liquid refrigerant mass decreases
in favour of increased volatile refrigerant mass. At start-up, there is a gradual
decrease in pressure due to sucking the vapour by the compressor.

Allthe variationsin compressor pressure, temperature, power and compression
are demonstrated for a single refrigerator operation, as in Figs. 6.3, 6.4.
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Figure 6.1. Changes in pressure and temperature during cooling, (a) point 1, (b)
section 2, (c) point 3; cooling temperature set as 10°C

One of several repeating operation cycles was selected to show these changes.
The graphs show how these quantities can change during compressor operation
until the cooled liquid reaches the required temperature. When the compressor
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Figure 6.2. Changes in pressure and temperature during cooling - continued, (d)
point 4, (e) point 5, (f) a change in compressor power and compression; cooling
temperature set as 10°C'

starts operating, the pressure and temperature drop at point 1, i.e. before the
compressor.



6.1. Experimental Studies 7

0.7 1 304
0.6 - ]
| 25
& 05+ 5 ]
§h B < 20
a 0.4 =]
0.3 15—:
0.2 e 10—
10.56 10.6 10.64 10.68 10.72 1056 106 1064 1068  10.72
t (h) t (h)
(a)
1.4 50
1.2 ]
40
o 1
& ~
O
= 1 < 30
S 0.8
0.6 207
04— T T 7T 1T/ 10.,,,|,,,|,,.|...|
1056 106 1064 10.68 10.72 1056 106  10.64 1068  10.72
t (h) t (h)
(b)
141
o 36
124
1 32
o 14
o |
= 1 g”
08 | s
!
1‘,"
0.6 I iy 4 g s g
el 20
0.4 T T | T T 7T | T ] T | 16 —— —— —— ——
1056 106 10.64 1068 10.72 1056 106 1064 1068 1072
th ' oty '

(c)
Figure 6.3. Changes in pressure and temperature during a single cooling cycle, (a)
point 1, (b)point 2, (c)point 3; the cooling temperature set as 10°C

These values increase at the other measurement points as shown in the
graphs. When the appliance is switched off, the pressure in the system equalises
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Figure 6.4. Changes in pressure and temperature during a single cooling cycle -
continued, (d) point 4, (e) point 5, (f) a change in power and compressor compression;
cooling temperature set as 10°C'

and the system temperature slowly equalises with the ambient temperature.
Figure 6.5 shows a change in the consumption of driving power, depending
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Figure 6.5. Power vs. ambient temperature as a function of time for a 4°C' liquid
cooling temperature

on the ambient temperature.

If the ambient temperature is lower, the compressor less frequently switches
on and thus energy consumption is lower. Therefore, refrigerators need to be
in shadowed and airy places.

The initial temperature of the refrigerated liquid was changed while main-
taining its mass, see Figs. 6.6 and 6.8. The graphs in Fig. 6.6 show a change
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Figure 6.6. Pressure p,, for the same amount of liquid, a) cooling temperature as
of 4°C, b) cooling temperature as of 10°C
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Figure 6.7. Pressures p,, and p,; during liquid cooling at varied initial temperatures
for identical liquid mass
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Figure 6.8. Change in the pg/p,. ratio during liquid cooling at varied initial tem-
peratures for identical liquid mass

in evaporator pressure at different initial refrigerated liquid temperatures and
cooling temperatures as of 6.6 and 10°C'. Pressure courses for a given level
of cooling are similar, though differ in cooling time. For a cooling up to 4°C,
the evaporator pressure is lower than that for a cooling up to 10°C.

Figure 6.7 shows how the pressures in the evaporator and condenser change
during a single cooling cycle at varied initial temperatures of the refrigerated
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liquid for the same cooling temperature as of up to 4°C. The condenser
pressure discrepancies at the end of a cooling cycle are due to the changes in
the ambient temperature.

Figure 6.8 shows how compression changes during liquid cooling up to 4°C
depend on varied initial refrigerated liquid temperatures.
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Figure 6.10. Changes in (a) temperature and (b) pipeline pressure between the
condenser and regenerative heat exchanger
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The graphs in Figs. 6.9 and 6.10 show a change in the pipeline temperature
and pressure between the compressor and condenser and between the condenser
and a regenerative heat exchanger. The pressure drops are inconsiderable,
whereas the temperature drop results from heat transfer with the environment
and the refrigerant temperature is higher than the ambient temperature. As
seen in the graphs, the losses due to a refrigerant flux between the refrigerator
subsystems are insignificant.
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Figure 6.11. Change in the temperature (a) and pressure (b) before and in front of
the condenser

The graph in Fig. 6.11 shows the changes in temperature and pressure
between the condenser input and output. This condenser is cooled by air flow,
triggered by the fan. The measurements show that the losses due to a refrigerant
flux through the condenser are slight. The discrepancies in the temperature
before and in front of the condenser are substantial (heat exchanger) and result
from intensive heat transfer between the refrigerant and the environment.

The graphs in Figs. 6.9b, 6.10b and 6.11b show that the losses due to the flow
resistance can be ignored because their impact on increasing power consumption
is inconsiderable.

The pressure drops due to flow resistance can be estimated upon the graphs
or calculated from the formula:

1 w? w?
Ap—=\- — . p. — Y 1
P )‘di P e (6.1)
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where:

Ap - pressure drop, (Pa)

A - coefficient of refrigerant/pipe friction,
[ - pipe length, (m)

d; - pipe internal diameter, (m)

p - refrigerant density, (kg/m?)

w - refrigerant flow velocity, (m/s)

¢ - local resistance coefficient.

The first part of the formula (6.1) refers to pressure drop due to the flow
resistance in pipes of specific lengths and diameters, whereas the second one
refers to local losses due to flow resistance due to the changed geometrical
structure of pipes such as bends, branches, elements installed. Flow resistance
depends basically on the speed of refrigerant flowing in the pipeline.

In order to avoid considerable pressure drops, pipelines that link individual
subsystems should be short with few bends, branches or areas of throttling.
Refrigerant flux velocity should be kept as low as possible though at an acceptable
range of variation. The calculation of pressure losses in the piping due to
a refrigerant flux should include a static pressure difference due to the difference
in the levels of considered channel typical cross-sections. This static pressure
difference can be calculated from the formula [59]:

Apsiat =9 -p-h (6.2)

where:
g - gravity acceleration, (m/s?)
h - height difference, (m).

6.2. Analysing the Losses

Refrigerator efficiency is measured by cooling efficiency coefficient &;
specified from dependence (3.5). This coefficient, however, cannot be used
to accurately assess energy in a given refrigeration cycle as its value can range
0 to co. Therefore, it is better to use a quantity called exergy efficiency or
cycle reversibility degree 7,[10]

ny = — (6.3)
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where:
do Tpa
€4 = — ; Eg=—— (for Carnot cycle) (6.4)
Tsk - Tpa
Exergy efficiency allows us to define how much a refrigeration cycle in a given
system is similar to an ideal cycle.

Refrigeration cycle efficiency is evaluated by thermal efficiency referred to
as refrigeration efficiency 7.,.

Neh = €t * T (65)

where:
T* is referred to as reduced temperature difference

Tsk - Tpa

T =
Tsk

(6.6)

Exergy efficiency recognises the impact of several parameters on perfor-
mance efficiency of a given refrigeration cycle, evaluates refrigerants used in
a cycle in terms of their applicability for optimal application.

The data from the test bench measurement was used to develop the graphs in
Fig. 6.12. They show how refrigeration efficiency and refrigerator power change
in a single recurring cooling cycle from the moment an aggregate starts until
the compressor stops just when the required temperature of a refrigerated liquid
is reached. The compressor switches on automatically as soon as a refrigerated
liquid heats up and reaches a too high temperature due to a heat flux through
the tank insulation. All of these changes in parameters occur during a full
compressor operation cycle. The efficiencies given in the graphs reach their
lowest values at the beginning of a cooling cycle and their values increase over
time. The compressor operation cycle to maintain the cooled liquid temperature
constant heated up by an outside heat influx is short.

The compressor as a basic part of any refrigerator powers it although it
generates the highest losses. Reciprocating compressor efficiency is specified not
only upon mass flow or refrigerant volume but also the refrigeration efficiency of
an appliance it powers. Any inevitable volumetric and energy losses can reduce
efficiency and increase energy consumption. Volumetric losses are mainly due
to a harmful area and are specified by mass flow rate \. These losses do not
require increasing the work needed to compress, but they can deteriorate the
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Figure 6.12. Changes in exergy efficiency 7),, thermal efficiency 7., and cycle power
N, during operation

use of the compressor. Energy losses increase the work required to compress
a gas mass unit.

The graph in Fig. 6.13 developed upon the data received for the compressor
studied shows a change in mass flow rate A depending on the compression.
Its value largely depends on the ratio of the pressures in the condenser and
evaporator, which is closely related to their temperatures. The previous graphs
show that the temperatures and pressures in the evaporator and condenser
change during refrigerator operation. Compressor power losses increase as
compression increases.

Power consumption is also dependent on the amount of outside heat which
reaches a cooled liquid. An average heat flux as a result of the outside heat
through insulation and the heat from the air above a liquid surface in a tank
can be calculated from the formula:

mekcek’% (T — Tp)

Qdop =

Tog
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PP,

Figure 6.13. Mass flow rate \ vs. compression

where :

myy, - refrigerated liquid mass, kg

Cck@; - average liquid specific heat, kJ/(kgK)

Ty, T}, - liquid initial and final temperatures in standstill, K

Tog - time of a heat influx to a liquid through insulation and from tank air,(s).

45_”””?””’7 ””” [ '

40

20 23 26 29 32
temperature T, °C

Figure 6.14. Average heat influx reaching the tank as a function of the ambient
temperature

Any changes in an average heat influx depending on the ambient temperature
are given in Fig.6.14. Energy consumption increases with a heat influx increase.
The evaporator needs to absorb more heat from the refrigerated liquid.

The losses due to the processes that occur during refrigerator operation are
accompanied by the losses due to the wear of aggregate parts.
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The refrigerant compressor is most sensitive to failures and wear [45]. The
graphs in Figs. 6.15, 6.16 show a share of the failure frequency of parts and
assemblies in the reciprocating compression refrigerator and the percentage
of reasons for failure. The graph in Fig. 6.15 shows that the most common
reason for failure is the wear of pistons, bearing, and crankshafts.

3% 2% 3%
-, 38%

Ovalves 38% Escrew joints 20%

@pistons ring 12% @hearhgs 10%

@pistons and cylinders 8% Aol pumps 4%

Ecrankshafts 3% Opistons and connecting-rods 2%
mother 3%

Figure 6.15. Percentage of individual parts and assemblies in the reciprocating com-
pression refrigerator vs. failure frequency

5% 4% 31"/!: 5%

Efatigue fallure 28%

Eseizing of piston in cylinder 24%

Owater hammer 16%

Dintensive parts weanng 8%

Bloosing of screw joints 7%

Eimproper position and placement of a compressor on a foundation 5%
mimproper repair 4%

Oimproper compressor assembly 3%

Dother 5%

Figure 6.16. Failure frequency in the refrigerating compressor vs. the reasons of
failure
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Condenser 44% + cooling fan 28% 72%

Evaporator 27% + cooling fan 39% 66%

Compresor 78%

Motor 32%

Trottling loss 51%

Theoretical work of the Carnot cycle 100%

Figure 6.17. Energy losses referenced to the theoretical demand for powering work

The losses due to a refrigerant flow through pipelines that connect individual
components and subsystems in the refrigerator are not considerable. The
pressure drops in the condenser are shown in Fig. 6.11. The pressure drops
in the pipelines behind the compressor and in front of the condenser as well
as in the pipeline between the condenser and the regenerative heat exchanger
are shown by the graphs in Figs. 6.9 and 6.10, respectively.

Figure 6.17 summarises the energy losses referenced to the theoretical demand
for powering work to show the level of losses in each part of the refrigeration
system [40]. The losses depicted in the graph refer to the major refrigerator
components. The largest losses are in the compressor, i.e. of about 78 %, and
the smallest ones are in the evaporator, i.e. of about 27 %. The other parts
suffer mostly from the suppression loss of about 51 %. One should remember
that these values are referenced to the theoretical demand for powering work,

A

1100 —+
+ temperature 4°C
T | o temperature 10°C
1000 T f T

63

57
m (kg)

Figure 6.18. Average unit motive energy vs. refrigerated liquid mass for temperatures

set as 4°C and 10°C
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i.e. Carnot’s cycle. As not only theoretical demand for power but also all the
losses in the refrigeration cycle increase because of the irreversible processes
in the compressor, compressor energy efficiency is critical to balance the losses
in the entire refrigerator.

Demand for motive energy is closely related with refrigerated liquid mass.
More refrigerated liquid mass requires more energy to be supplied. To eval-
uate refrigerator performance efficiency, its motive energy is referenced to
refrigerated liquid unit mass where average unit energy was defined as:

Cop = £ (6.8)
m

Figure 6.18 shows the changes in demand for average unit energy that is
needed to refrigerate the refrigerated liquid unit mass depending on the refrig-
erated liquid mass at a given refrigeration temperature. As shown in the graph,
average unit energy decreases with increasing refrigerated liquid mass, within
the testing scope. This means that average unit power consumption in a cooling
cycle for the immersion refrigerator depends essentially on refrigerant mass
in the appliance. The tank for the tests was too small to make measurements
for more liquid. Based on the experimental data and relevant literature, it can
be concluded that the optimum amount of refrigerated liquid for which power
consumption is minimal can be specified for every tank used to refrigerate
a liquid in the refrigerator.



7. Summary and Conclusions

This monograph provides the results of the theoretical and experimental
investigations on the energy losses generated when the immersion compression
refrigerator operates.

To facilitate this analysis, a systemic approach, i.e. Linde dry cycle with heat
regeneration as a model cycle was adopted to describe immersion refrigerator
operation.

This approach was adopted to study dissipation, transfer and generation of
energy losses in the compression refrigerator. As a result, the refrigerator struc-
ture was divided into subsystems and coherent consistent objects, i.e. subsystems
of the compressor, evaporator, condenser, regenerator and decompressor in
terms of phenomena that occur there. Any interpenetrating thermodynamic,
flow and thermal processes in the refrigerator were decoupled. Each subsystem
was discussed in terms of the processes that occur there as well as its impact
on the other subsystems and the environment. For each subsystem, purposive
factors which directly contribute to completing the task of the refrigerator
were specified. These factors were used to maximise a refrigeration efficiency
coefficient.

The analysis of the subsystems enabled specifying the sets of process, material
and geometric factors that to a varying degree caused energy losses in the
refrigerator studied when energy was converted during cooling the liquid.

As seen in Fig. 4.7, the examination enabled specifying the sources of major
internal and external losses and their distribution in the system.

The major internal losses include the losses due to the refrigerant irreversible
compression related to the cylinder inside, the losses due to the refrigerant
irreversible decompression in the decompressor, and the losses of indicated
power. The major external losses refer to the losses due to energy conversion
in the compressor, the losses due to decompression work in the decompressor,
the losses of engine power, the losses of electric power supplied to the engine,
the losses due to converting energy of mixing into heat, and the losses due to
a heat influx thought tank insulation and from the air in the tank.
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For the experimental research, the set-up comprised an immersion refrig-
erator, adiabatic tank and measurement instruments. Temperature and pressure
were measured with the specially designed and made measuring heads which
enabled sensors in the area of a refrigerant flow. These heads were indispensable
to do correct measurements with a minimally disturbed flow. The refrigerated
liquid was in the specially designed adiabatic tank. The measurement was
done at the selected points at the refrigerator. The results were recorded with
the instruments installed in the set-up to acquire data over real time. The
measurements were done at varied initial temperatures of refrigerated liquid
and environment. The temperature of the refrigerated liquid changed, i.e. up to
4°C or 10°C. Refrigerated liquid mass was another parameter changed during
the measurement.

The changes in pressure, temperature and driving power during operation
prove that a pressure drop due to a refrigerant flow through the refrigerator
individual elements are inconsiderable and hardly influence energy losses. The
largest energy losses occur during a start-up as shown in the graphs in Fig. 6.12.

The examination demonstrates that the consumption of unit powering en-
ergy during a single refrigeration cycle of the immersion refrigerator basically
depends on refrigerant mass in a given appliance. Figure 6.18 shows the rela-
tionship between the amount of a refrigerated liquid and a unit energy needed
to cool it. More mass of a refrigerated liquid requires more energy under
given circumstances. In addition, the amount of energy needed to cool unit
mass changes as the amount of a cooled refrigerant in the tank increases.
Unit energy decreased within the testing scope. Any further increase in unit
mass is expected to increase unit energy because of refrigerator limited cooling
efficiency.

The practical conclusion is that for a given refrigerator it is possible to
specify a correct refrigerated liquid mass for which energy consumption for
a mass unit can be as low as possible. To conclude, the systemic approach to
the losses enables developing a variety of models of functional refrigerators
and analysing them in terms of these criteria.

This approach can be adopted to design and optimise the low-power con-
sumption refrigerator.
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Abstract

The results of theoretical and experimental investigations on energy losses
which arise in small refrigerating compressors used in agriculture and food
industry have been presented in this monograph. The refrigerating compressor
has been treated as a system composed of subsystems which represent the main
parts of the set. All internal processes in each subsystem have been defined
and then relationships between the subsystems and the external environment
have been found. The model developed has enabled the main factors behind as
well as sources and localization of internal and external losses to be specified.
The experimental investigations have been done on an especially designed
experimental setup, allowing measurement of pressure and temperature in
selected characteristic points. The experimental results have been obtained
for various sets of initial temperatures of the refrigerated liquid and external
environment. Varied mass of the refrigerated liquid and two different sets of
cooling temperature have been investigated. The analysis has shown that the
most significant energy losses have occurred when refrigerating compressor
starts. The relationship between the amount of refrigerated liquid and energy
used in a cooling process has been determined. It has been found that energy
used to refrigerate unit mass in one cooling cycle depends essentially on the
amount of refrigerated mass. This means that it is possible to select an adiabatic
tank of an optimal size to be adequate for a chosen refrigerating compressor.
Such solution can minimize the energy supplied to the refrigerating system
with respect to the amount of refrigerated mass.



