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ABSTRACT

This research handles an experimental study carried out to determine the
performance of a chest freezer when a propane/butane mixture is used as substitute
refrigerant to R-134a. The used propane/butane mixture is liquefied petroleum gas
(LPG), which is locally available and comprises 24.4% propane, 56.4 % butane and
17.2% isobutane. The LPG is readily available, cheap and of an environmental_ly

friendly nature.

A chest freezer of gross capacity of 200 liter is used to have the tests performed
to investigate the performance parameters of the LPG and compare it with that of the R-

134a refrigerant.
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The freezer was charged with three charge quantities (150, 200 and 250) g of
LPG, then the best charge quantity that corresponds to the optimum coeffictent of

performance is determined, whose performance is then compared to that of R-134a.

The freezer worked efficiently when the best-suited LPG charge is used instead
of R-134a. The LPG reached an evaporating temperature down to —26.7 * C and
coefficient of performance of 4.96 at evaporating temperature of -5.6 °C, condensing
temperature of 39 °C and ambient temperature of 22.4 °C. Moreover, the LPG
refrigerant was found to have higher COP than R-134a by 20%, lower refrigeration
capacity, and slightly lower power consumption, all at Te value of about —13 °C, T

value of 39 °C.

Furthermore, the freezer has been working effectively without noticing any side’

effects or needing any adjustments. The results of this work indicate the successful use

of LPG mixture as an alternative refrigerant to R-134a in chest freezers.
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INTRODUCTION

1 Introduction

Refrigerants, by virtue of their low evaporation and freezing temperatures, are
the working fluids in refrigeration, air conditioning and heat purﬁp systems. Examples
of commonly used refrigerants include chlorofluorocarbons (CFC) such as R-12 and R-
22, hydrofluorocarbons (HFC) such as R-134a and R-407c, ammonia, hydrocarbons

such as propane/butane mixture, water, air, CO2 and other refrigerant mixtures.

In the last decade CFC refrigerants were found to be responsible for ozone layer
depletion and thus were labeled as environmentally harmful substances. Therefore, the
search for acceptable substitutes has intensified and a new generation of refrigerants has
emerged. The objective of this work is to experimentally study one substitute for R-
134a refrigerant. The next section introduces the thermo physical characteristics of
refrigerants and their environmental impact. The characteristics of the substitute
refrigerants are then discussed followed by the specific objectives and method of

approach.
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2 Overview of Conventional Refrigerants

Chlorofluorocarbons (CFCs), like R-12 and R-11, are widely used as
refrigerants in air conditioning and refrigeration systems. They provide good
characteristics and properties: thermal and chemical stability, thermodynamic
suitability, non-toxicity and non-flammability. However, as mentioned earlier, CFCs
have a damaging effect on stratospheric ozone layer. This prompted scientists and
engineers to undertake extensive research in search for alternatives that are

environmentally friendly and at the same time have similar performance characteristics.

Two main aspects of refrigerants effect from the environmental point of view
have recently been discussed. The first is concerned with the ozone layer depletion by
CFCs and the second with the global warming (due to the CFCs chlorine chemical
effect). CFCs, notably R-12 and R-11, find much use in the refrigeration and air
conditioning industries as refrigerants. The former one is used almost universally in
domestic refrigerators and freezers while the latter is used as a blowing agent in

refrigeration and other applications.

It was accepted in the mid —1980s that CFCs reaching the upper layers of the
earths atmosphere would react with the ozone molecules and destroy them. This is
alarming since ozone protects the earth’s surface against ultra-violet light which has
damaging effects to life on earth. When a chlorine monoxide molecule meets a free

ozone molecule in stratosphere, an oxygen molecule is formed and the chlorine
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monoxide molecule is free again to renew its reaction on another ozone molecule. This
process can be repeated until up to 50,000 ozone molecules are destroyed. In the lower
atmosphere, chlorine monoxide molecules absorb the infrared radiation, which results in

contributing in the global warming of earth.

Due to the fact that CFCs damage the ozone layer, environmental groups and the
Montreal Protocol, which was held in 1987, call for halting CFC production. Thus,

alternative refrigerants must be found to replace CFCs.

Based on the above considerations, it is believed that the liquefied petroleum gas

(LPG), which is a mixture of propane and butane, is a suitable substitutive refrigerant.

3 Alternative Refrigerants

Research and development efforts have led to the development of synthetic
refrigerants that have favorable properties to replace current CFCs and at the same time
do not contain chlorine atoms in their molecules. Industry succeeded in making the
hydrofluorocarbon (HFC) refrigerants that seem to have all the required properties to

replace CFC refrigerants. An example is R-152a and R-134a for replacing R-12.

In general the alternative refrigerants should possess the following

characteristics:

1- Suitable physical and thermodynamic properties.

2- High chemical and thermal stability.
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3- Good miscibility with lubricants.

4- Compatibility with materials.
5- Low toxity.
6- Low flammability.

In selecting a refrigerant, the most important selection criterion is the
thermodynamic properties, which determine whether a substance is applicable as
refrigerant in a certain temperature range or not. If the thermodynamic properties meet
the requirements, the other requirements must be taken into consideration and be
acceptable, at least. 1t is not an easy, if not an impossible, matter to find a candidate that
can satisfy all the above requirements. Therefore, compromise must be made to ensure

the functional and safety aspects of the refrigerant selected.

For example hydrocarbons (such as methane, ethane, propane, butane, ..., etc)
are very stable but have only two reactive characteristics, combustion and
halogenations. The most important thing about these compounds is their characteristics
with rtespect to environment. Their ozone depletion potential is zero, and their
greenhouse effect appears to be insignificant compared to R-12 (about 0.15 % of the
effect of R-12). In addition, they have excellent thermodynamic, physical and chemical
characteristics (as will be discussed in Chapter 2). Their only main disadvantage is thetr
high flammability, and because of this characteristic they have been prohibited from
being used in domestic applications as well as many commercial and industrial

applications.
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Recently, some of these hydrocarbon compounds have been put into application
and proved successful in replacing R-12 and other CFC refrigerants. For example, [EA
Heat Pump Center Newsletter (1993) showed that propane/butane filled refrigerators
have now entered the German market and are proving extremely popular. At the same
time, tests are being made to replace R-55 by propane in heat pumps, where propane has
possessed better performance than R-55. Hence, the use of hydrocarbons in applications

where small refrigerant amount are required, is gaining more and more popularity.

4 Importance of This Work

Performance of any refrigeration system depends mainly on the equipment
design and the compatibility of the working refrigerant employed. The latter factor is
the aim of the present project. In this work, a mixture of propane/butane will be used as

an alternative refrigerant instead of refrigerant R-134a currently used in a chest freezer.

The performance parameters of the chest freezer will be determined
experimentally and will be compared with those of R-134a. The motivation of choosing

this refrigerant is that it is readily available, cheep, and environmentally friendly.

In this work, the optimum charge of propane/butane mixture will be determined
and will be compared to that of the original refrigerant. The other performance
parameters to be experimentally determined include compressor power, refrigeration

capacity, and coefficient of performance.
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The present study differs from previous works in that it uses the mixture of

propane/butane as a possible substitute refrigerant to R134a in a chest freezer.

5 Layout of the Thesis

The layout of adopted in this study consists of the following phases:

Phase 1: Literature review of refrigerants characteristics of both the current and

substitute ones.

Phase 2: Experiments and experimental setup design, instrumentation selection and cost

estimation. Also, data collection and reduction procedures are developed.

Phase 3: Data collection and reduction and analysis of results.

Phase 4: Summary, conclusions and recommendations.
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2 Literature Review

The problem CFC refrigerants replacement has attracted an increased attention
in the past decade. Many investigations have appeared in the literature. While a single
suitable alternative for all applications is difficult to find, Atwood (1991) invited the

scientists to look for a suitable alternative refrigerant for each application individually.

James and Missenden (1992) investigated the performance of propane for use in
R12 domestic refrigerator and compared it with the performance of R 12. Several tests
were performed and the power consumption of the two refrigerants was monitored over
a period of 45 days. The results showed small differences between the power

consumption of the two units.

The most important tests done in this research are the safety tests. Three main

safety issues regarding domestic refrigerators were addressed, which are:

1- Leakage inside a refrigerator cabinet and ignition.
2- Leakage near a flame such as a cooker or boiler.

3- The risks in the event of a fire.

The first of these is relatively easy to overcome. The evaporator can be placed
between the insulation and the inner cabinet skin (which is already done by some

manufactures for other reasons). Alternatively, both light switch and thermostat may
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be placed outside the refrigerated enclosure. In any event the consequences are not

catastrophic as was proved by the authors.

A combustion test was done on a domestic refrigerator fitted with propane,
where a connection was made to the evaporator that allowed the refrigerant into the
cabinet and an internal ignition device was constructed to produce a high —energy
spark. The resulting ignition was only partly explosive; a small short-lived flame
was observed inside the cabinet and recorded by video. The intensity of the flame
was not sufficient to burn the plastic liner even after numerous tests. The second
problem can be overcome by instructing the user not to place the refrigerator next to
the cooker or boiler; this is very bad practice anyway and few people would do this.
Due to the small amount of propane used, in the case of any leakage, the
concentration of propane in the room will not reach its lower explosion limit.

593117

The third point was the subject of a fire test made by the authors in the Fire
Services College, UK. Two identical refrigerator units, both originally operated with
R-12, were used. The refrigerant in one was replaced by propane. Then the two units
were mounted in the fire test room. The fire test showed that the greater hazard in a
fire event are the toxic fumes from the cabinet and its insulation which include
cyanides and choking smoke. The lubricant oil materially contributed to the severity
of the fire and would cause particular hazard in a house fire. On the other hand,
propane did not noticeably add to the conflagration nor escape catastrophically. The
products of combustion from propane are much less dangerous than those of R-12

leaking near a flame, where intensely toxic products such as carbonyl chloride
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(COCI2) are produced. It should be noted the most fire injuries are due to smaoke

inhalation, not due to burns or explosions.

It was concluded that propane presents an attractive alternative to current CFCs
in small systems such as domestic refrigerators. It must be noted that the
refrigeration temperature range tested is that normally present in domestic
refrigerators. Whether or not the propane can be used for low freezing temperatures

such as encountered in domestic freezers has not been investigated.

The International Institute of Refrigeration (IIR) (1993) has published an
informatory note concerning the replacement of the currently used CFCs and
HCFCs. The note presents and discusses all possible alternatives to CFCs and
HCFCs including HFCs such as (R-134a), ammonia, hydrocarbons, water, air, CO2
and refrigerant mixtures. According to this note, hydrocarbons such as propane and
butane are excellent alternative refrigerants from point of view of thermodynamic

and chemical properties. Besides, they are also environmentally friendly.

Habash, (1994) tested experimentally an alternative refrigerant to R-12,
which can workwith domestic refrigerators without changing the design of these
refrigerators. Ife employed the liquefied petroleum gas (LPG) as a proposed
alternative refrigerant to a refrigerator of gross capacity of 320 liter and carried out
tests using both R-12 and the (LPG). He found that the (LPG) has a slightly higher
(COP) than that of R-12, slightly lower refrigeration capacity and slightly lower
power consumption. His results showed that the (LPG) is an attractivé\alternative

refrigerant to R-12 in domestic refrigerator.
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M.A. Alsaad, M.A. Hammad (1997) reported the result of an experimental stud.y
carried out to determine the performance of a domestic refrigerator when a
propane/butane mixture is used as a possible replacement to the traditional refrigerant
R12 in domestic refrigerators. The refrigerator used in this study is of medium size of
with a gross capacity of 320 liter and is assigned to work with R-12. The performance
parameters investigated are the reffigeration capacity, the compressor power and the
coefficient of performance (COP). The refrigerator worked efﬁciéntly when LPG was
used as refrigerant instead of R-12. The evaporator temperature reached —15 °C with
COP value of 3.4 at a condenser temperature of 27 °C and an ambient temperature of 20
°C. They concluded that propane/butane mixture can be used as an alternative

refrigerant to R12 in domestic refrigerators.

Hammad, (1998) investigated the use of liquefied petroleum gas (LPG) as a
replacement to R-12 replacement. They showed how to determine the optimum charge
of LPG as refrigerant in domestic refrigerators. They also determined the power
consumption, refrigeration capacity, and coefficient of performance of a refrigerator of
172 W capacity. They observed that higher values of coefficient of performance, and
lower compressor work were obtained when LPG was used; for all other parameters
such as environmental impact, availability and cost, the LPG is considered very

attractive to be used as a replacement for R-12 in household refrigerators.

M.A. Hammad and M.A. Alsaad (1998) carried out an experimental study for
evaluating the performance parameters of a domestic refrigerator with gross capacity of

320 liter when four ratios of propane, butane and isobutene are used as possible
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alternative replacement to the traditional R-12 refrigerant. The domestic refrigerator
was charged and tested with each of the four hydrocarbon mixtures that consists of
2)100% propane, b) 75% propane, 19.1% butane,5.9% isobutane, ¢) 50% propane,
38.3% butane, 11.7% isobutene, d) 25% propane,57.5% butane, 17.5% isobutane. The
parameters investigated are the refrigeration capacity, the consumed power, the
coefficient of performance (COP) and the cooling rate characteristics. Their work
showed that the hydrocarbon mixture with 50% propane, 38.3%butane, 11.7%
isobutane is the most suitable alternative refrigerant with the best performance among
all other charges investigated. The refrigerator worked satisfactorily with the proposed

alternative refrigerant without need for any modification or adjustment.

McLinden and Didion (1992) used various constraints and eliminated chlorine
and bromine due to their active participation in ozone layer depletion, concluded that
the potential refrigerants should consists of the elements carbon, hydrogen, oxygen and
fluorine., such as R-134a, R-32 and R-152a or any blend that consists of these

refrigerants such as R-407C and R-410a.

Zoubi (1998) examined a locally manufactured domestic refrigerator using R-

134a as an alternative refrigerant to R-12. He did not change or modify any design of
the used refrigerator components. He concluded that R-134a gives a good performance
as replacement to R-12 in domestic refrigerators. The coefficient of performance value

of up to 6.1 was obtained at T, of 5 °C, T. of 47 °C and T, 0f 29 °C.
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German compressor Manufacturing Company BITZER (2000) demonstrated
that R-134a has similar thermodynamics properties to R-12, and it is already available
in sufficient quantities as an alternative for R-12, but it requires a large compressors

displacement for different specific refrigeration capacity.

Abu-Jari (2002) employed R-407c as an alternative to refrigerant R-134a in a
chest freezer of a gross capacity of 200 liter without changing the design or the
components of the freezer. His experimental tests showed that the R407¢c is not a good
replacement to R134a in chest freezers, since it exhibits a high compressor work, low

COP, and consumes higher electrical power compared to that of R-134a.

Mobaideen (2004) carried out a computer simulation study of the performance
of a chest freezer working with R-134a as an alternative refrigerant to R-12. A full set
of reasonable performance curves for theoretical vapor compression cycles. The range
of evaporating temperatures changes between —20 °C to 0.0 °C and between 30 to 30 °C
for the condensing temperature. The results of this research revealed that R-134a is
suitable alternative to R-12. R-134a had higher values of the coefficient of performance
at high evaporating temperatures and high condensing temperatures. The ideal cycle of
superheating and subcooling was constructed to show their effect on the standard cycle.
The results revealed that the COP increased by 4.63% with 5 degrees of superheatir;g

and subcooling at condensing temperature of 40 °C.
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From the literature surveyed so far, the work on this field did not cover the use
of LPG as substitute refrigerant to R134 in chest freezers, besides, the lower range of
evaporator temperatures (up to —-30 oC) which is needed in the freezers are not
examined using the LPG. Those issues are what this work handles, which could
contribute to that appreciated and logical invitation by Atwood (1991) to have a wider
range of researches that covers the approved alternatives for the specific application

with the suitable temperature operating ranges.
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R-134a Vs. PROPANE/BUTANE (LPG) MIXTURE

A COMPARATIVE STUDY

1 Introduction

When selecting a refrigerant for a specific application, the properties of this
refrigerant have to satisfy a number of application requirements in order to be an
acceptable proposal for that application. The requirements that must be satisfied by the
refrigerant may be classified as thermodynamic, physical, and chemical requirements in
addition to other factors as cost and availability. Each refrigerant has its own specific
properties and characteristics which must be known well before deciding if a refrigerant
is suitable proposal for an application or not. Also, these properties and characteristics

from a good basis for comparisons among different refrigerants.

A comparative study between R-134a and the LPG mixtufe is introduced in this
part, regarding to their thermodynamic, physical, and chemical properties in addition to
other comparison factors. The objective of this chapter is to come up with a conclusion
that the LPG has the suitable refrigerant properties to be a good proposed alternative
refrigerant or not, which could tell that a further researches and experiments are

justified to have the final experimental approved judgment statement.
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2 Thermodynamic Properties

Thermodynamic properties are the most important properties in selecting
refrigerants for any application. A refrigerant is not accepted as a effective working
fluid in refrigeration equipment unless it posses the thermodynamic requirements for
that equipment to operate properly. The thermodynamic properties of R134a, butane,

propane and isobutene are listed in Table 1.

Table 1: Thermodynamic properties of refrigerants.

Boiling Freezing | Critical Critical Latent

point point temperature | pressure | heat  of

[°C] °C] [°Ci [bar] vapor.

[kI/kg]

R134a -26.16 -160 101.1 41 217.1
Propane -42.07 - 187.7 96.8 42.54 4233
Butane -0.5 -138.5 152 37.94 386
Isobutane |-11.73 -160 135 36.45 364.4

* At one atmospheric pressure.

2.1 Freezing Point

Low freezing temperature of the refrigerant is required because the refrigerant .

must not freeze under required evaporator temperature. As shown in Table (1), the four

refrigerants have a sufficient low freezing temperature.
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2.2 Boiling Point

Low boiling temperature at atmospheric pressure (normal boiling point) of the
refrigerant is required for an efficient refrigerant. Otherwise it is required that the

compressor is operated at high vacuums, which reduces the capacity of the system.

As shown in Table 1, the LPG constituents have sufficiently low bdiling points.

2.3 Critical Temperature and Pressure

The critical temperature of the refrigerant should be higher than its temperature
in the condenser for easy condensation of the vapor refrigerant, because we cannot get a
good condensation for the refrigerant above its critical temperature regardless the

amount of the applied pressure.

As shown in Table 1, the critical temperatures of LPG constituents are lower
than that of R-134a but still enough above the temperature occurring in the condenser.
Also the critical pressures for all refrigerants are much higher than any pressure in the

system.

2.4 Latent Heat of Vaporization

The latent heat of vaporization (kJ/kg) is the amount of heat in kJ that required

to vaporize one kg of the liquid at atmospheric pressure, the liquid to be at its boiling
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point when the operation begins. One of the required thermodyﬁamic characteristics of
general importance is high latent heat of vaporization this means a large refrigerating
effect per unit mass of the refrigerant circulated, which must absorb heat exactly equal
to its latent of vaporization. Thus, if a refrigerant with a high latent heat of vaporization
is used, lower refrigerant charge mass and/or smaller compressor, condenser, and

evaporator can be used.

As shown in Table 1, the latent heat of vaporization for the LPG constituents are
comparatively higher than that for R-134a. This means a lower quantity of LPG can be
used than that of R-134a because the refrigerant with a high latent heat (LPG) will
absorb more heat per kg of its quantity than the refrigerant with a lower latent heat of

vaporization (R-134a).
2.5 Evaporation and Condensing Pressure

The range of the operating pressure is one of the major considerations in the

selection of refrigerant for the economical working of the refrigerant system.

Pressure in the evaporator and condenser should be positive and above
atmospheric to prevent to prevent air from leaking into the refrigeration system. Also
the pressure should not be too high above atmospheric because otherwise expensive

piping and equipment will be required.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



19

Low compression ratio result in low power consumption. Therefore, the
refrigerant with the lowest compression ratio {condenser to evaporator pressure ratio) is

desirable,
2.6 Coefficient of Performance

A high coefficient of performance is desirable because it indicates that a given
amount of refrigeration requires only a small amount of work. In other words, it a

measure of the cycle efficiency.

2.7 Compressor Discharge Temperature

Low discharge temperature gives a long life and less maintenance for the

compressor because it reduces the possibility of overheating of the compressor.

2.8 Temperature Glide

Temperature glide is the difference between the bubble and dew point
temperatures for zeotropic refrigerant blends. This difference will affect the

performance of the condenser and the evaporator duties.

3 Physical and Chemical Properties

The important physical properties of R134a, propane and butane are listed in

Table (2) below. A discussion of each property is then followed.
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Table 2 Physical properties of refrigerants*.

Specific heat Thermal Viscosity
[kl/kg.K] conductivity [uPa.sec.]
[mW/m.K]

Liquid | Vapor | Liquid | Vapor | Liquid | Vapor

R134a 0.93 1.367 | 82.3 139 2157 12
Propane 2.76 1.68 90.8 18.44 | 110 3.26
Butane 1.72 17.5 7.9

*At ambient temperature and saturated vapor pressure..

3.1 Specific Heat of Liquid and Vapor

The specific heat is the quantity of heat required to raise 1g of a substance 1 °C.
Low specific heat of liquid and high specific heat of vapor are both desirable because
they increase the refrigerating effect per kg of the refrigerant. Low specific heat of
liquid tends to increase the sub cooling of liquid, and high specific heat of vapor tends
to decrease the superheating of vapor. As shown in Table 2, both propane and butane
have higher vapor specific heats than that of R-134a. Propane has also higher liquid

specific heat than R134a. Data on the liquid state of butane is not available in literature.

3.2 Viscosity

The Viscosity is a measure of flowing quality. It is desirable to use refrigerants .

with low viscosities in both liquid and vapor states for higher heat transfer in the

evaporator and condenser, low pumping power and small pressure drops during flow.
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As shown in Table (2), propane and butane have low viscosity in both gaseous and

liquid states compared to R134a

3.3 Thermal Conductivity

A high thermal conductivity of refrigerant in both and vapor state is desirable for
efficient heat transfer in the evaporator and the condenser. As shown in Table (2),

propane and butane have high therma! conductivities in both gaseous and liquid states

compared to R134a.
3.4 Miscibility with Qil

Lubricants are an essential component of a refrigeration system .A refrigeration
compressor requires lubrication like any mechanical equipment; oil is necessary to
lubricate the bearings and the pistons in the case of reciprocating compressor. The oil

helps to absorb and carry away the heat generate by the working of the compressor.

Miscibility of the oit and the refrigerant is the ability of the refrigerant to mix
with the oil. Therefore, it is an important characteristic in the selection of any
refrigerant, so the refrigerant must be completely miscible with the lubricating oil used
in the system in order to assure good return of oil to the compressor and to avoid heat
transfer degradation. However, hydrocarbons (such as propane, butane and isobutene)

are highly miscible with all kinds of oils and thus are the best refrigerants from oil

miscibility point of view.
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3.5 Toxicity

Non-toxic nature of the refrigerant is one of the most important properties that
make it desirable. Toxic refrigerant has the effect of a poison, which may cause the
injury to the human body or death depending upon its percentage in air. This point is

important because the refrigerant may leak from the refrigeration system.

Yn Table 3, the Underwriters Laboratories Classification of Comparative Hazard
to Life of Gases and vapors is shown for R134a and the three hydrocarbon refrigerants
(with the description of this classification given in appendix B). According to this table,
R134a is considered as non-toxic (Group 6) refrigerant. Propane, butane and isobutane
are classified as either non-toxic or slightly more toxic than Group 6 (Group 5b).
Therefore, propane and butane are safe from this point especially in domestic

refrigerators and freezers, where small refrigerant charges are used.

3.6 Flammability

Ideal refrigerant should not have any danger of explosion in the presence of air
or in association with lubricating oil. R134a is a non-flammable refrigerant. The main

drawback in the refrigerants of hydrocarbons is that they are flammable.

For a domestic refrigerating system, the quantity of refrigerant being charged is
small, typically about 1.6 % of the hydrocarbons contained in the average LPG cylinder;

an item which will be found in most houses and which is potentially more dangerous.
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Such a vessel is fitted with a valve where as the refrigerator holds the compound in a

sealed system.

Table 3 Toxicity and flammability

Underwriters  Laboratories | Explosive limits in air (% by volume)
Group Classification Lower limit .| Upper limit
R-134a 6 Nonflammable
Propane 5b 23 13
Butane 5h 1.6 6.5
Isobutene 5b 1.8 84

In addition, a large proportion of the hydrocarbon mixture will not be released

by the compressor oil in the short term. Hence, any leakage in the domestic refrigerator
will not release gas quantity more than that may be released by one oven eye when it is

opened for few minutes.

In Table 3, the explosive limits of propane, butane and Isobutene in air are given
as % by volume. Even a very small kitchen would have a volume of a bout 18 m3,
which requires much more quantity of hydrocarbons than the one contained in a

refrigerator to reach the lower limit listed in the table.

3.7 Action with Water

Tt must be recognized that refrigeration or an air conditioning system is a closed
circuit. Once a contaminant enters the system it will stay there till service engineer can

remove it.
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Water a most undesirable contaminant in refrigeration system because it may
cause rusting corrosion, refrigerant decomposition, valve damage, and general
deterioration of the system; so non-soluble refrigerants in water are preferred. The
solubility of water in R-134a is low, whereas it is much lower in hydrocarbons like

propane and butane and they do not absorb any moisture from air.
3.8 Ozone Depletion Potential and Global Warming

The environmental consequences of a refrigerant that leaks from a system must
also be considered. Because of their great stability, fully halogenated compounds, such
as chlorofluorocarbons (CFCs), persist in the atmosphere for many years and eventually
diffuse into the stratosphere. The molecules of CFCs, such as R-11 and R-12, contain
only carbon and the halogens chlorine and fluorine. Once in the upper atmosphere, CFC
molecules break down and release chlorine, which destroys ozone (ozone depletion). In
the lower atmosphere, these molecules absorb infrared radiation, which may contribute
to the warming of the earth, R134a has global warming potential of 1300, and zero
ozone depletion potential, whereas LPG causes no global warming, and zero ozone

depletion potential.
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4 Cost

The cost factor is critical in deciding which refrigerant to use especially if the
alternative refrigerant.(LPG) provides acceptable environmental properties and the
amount of charge required to charge the compressor of the freezer is small about

(0.2kg). Table 4 shows the cost of R-134a and LPG.

Table 4 Refrigerants costs

Refrigerants costs Estimated Cost (ID/kg)
R-134a 5
LPG 0.23

5 Availability

The availability of the refrigerant used in the refrigeration application is an
important factor. LPG is available in enormous quantities in most countries including
our local markets in Middle East, and therefore provides an attractive altemmative for

HFCs and CFCs.
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EXPERIMENTAL SETUP AND WORK PROCEDURE

1 Introduction

The objective of this research is to study the performance. of a chest freezer by
replacing R-134a by LPG. In this research, a locally manufactured chest freezer unit is

used to test the performance of the two refrigerants.

2 Freezer Unit Specification

The freezer used in this research is a simple chest freezer that contains a frozen
food storage compartment, and it does not include defrosting devises or forced air

circulation. The specifications of the freezer denoted by the manufacture are listed in

Table 5.
Table 5 Specification of the freezer used in this research
Trade mark ABDIN
Manufacturer Abdin Industrial EST
Gross Capacity 200L
Freezer storage capacity 200L
Refrigerant R-134a charge mass 220 g
Power rating 186 Watt
Motor power 179 Watt
Nominal current and voltage 1.5 A (230 volts)
Compressor design Reciprocating (Hermetically-sealed)
Compressor displacement size 12 cc
Capillary tube diameter 0.8 mm
Capillary tube length 3.15m
Lubricant Polyol ester oil
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Separator

Condanser
Compressor

Fig. (1) Freezer system schematic diagram.

3 Measuring Devices and Procedure

The variables that were measured during the experiments are temperature,

pressure, power consumption, and time interval.

3.1 Temperature Measurement

The temperatures readings were measured by copper-constantan thermocouples,
which were connected to a microprocessor. The thermocouples were fixed in certain
points in the system by a tape, then it will be well insulated to obtain a good results.
Calibration of those thermocouples is done by immersing them in to boiling water at a

temperature of 100 °C. These points (as shown in Figure 1) are:

1. Suction of the compressor, T1.
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2. Discharge of the compressor, T2.

3. Midpoint of the condenser, T3..

4. Qutlet of the condenser, T4.

5. Inlet of the evaporator, T53.

6. Midpoint of the evaporator, T6.

7. Inside the water load, T7.

8. The external surface of the container, T8.

9. Space (air) temperature, freezer compartment, T9.

10. The ambient temperature, T10.

3.2 Pressure Measurement

Two pressure gauges will be used, one on the suction line of the compressor,
which is low pressure gauge, and the other on the discharge line which is a high
pressure gauge. The measuring pressure device used in this work is the refrigeration

gauge manifold.
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3.3 Actual Electric Power Consumption Measurement

The actual electric power consumed by the motor-compressor unit will be measured
by a single-phase watt-hour meter which was calibrated by measuring the power of well

known out put device..

3.4 Time

Measuring time intervals is important for calculating the rate of heat removal

from the load (refrigeration capacity). It is measured using simple stopwatch.
4 Propane/Butane (LPG) Mixture

The propane/butane mixture used in the tests was obtained from ordinary
commercial LPG bottle, which is filled in the Jordanian Petroleum Refinery. The
volumetric composition of the LPG used in the experiments was as follows: Propane

26.4%, n-butane 56.4% and isobutane 17.2%.

5 Experimental Work Procedure

Since the same freezer unit is used in the tests of the two refrigerants, the work
was divided into two parts; the first part of the tests on R-134a and the second for

the tests on LPG mixture. Each part experiments was performed as follows:
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5.1 First Part: R-134a Experiments

In this part the freezer was operated with its original refrigerant R-134a. Two

types of tests were done, which are:

A- Evaporation Temperature (T.) Variation Test

In order to perform this experiment, a simulated load which consists of a steel
container of known specific heat and mass (0.85 kg of steel) filled with a specified
quantity of hot water (12 liter of water at average temperature 80 °C) was placed in
the freezer compartment. After connecting thermocouple 7 and 8 to the load, it was
placed in the freezer compartment. This will cause a rapid increase of T. to a

maximum value. Then, it decreases slowly until it reaches its low limit.

During the period of T. variation, temperatures at the ten locations and time
intervals were recorded. Assuming actual vapor compression refrigeration cycles the
state at each point in the system can be determined using the temperature and pressure

readings and R-~134a tables.

B- Condensation Temperature (T,) Variation Test

The condenser temperature {T.) was varied and measurements were taken, in order
to make performance curves versus T.. The variation of T, was performed by spraying

cold water over the condenser and making a forced air stream over it, using a fan, in
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experiments were performed for each of the three LPG charge quantities (i.e. 150,200

and 250) .

The objective of doing all these experiments is to determine which charge
quantity gives the best system performance and compares it with that of R-134a.
Finally, the same experiments described above in tests A, B, and C was performed

again using the best charge of LPG.
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MATHEMATICAL ANALYSIS

1 Introduction

In this section, a complete mathematica! analysis will be performed, and various
parameters will be calculated using the data readings collected. The calculation based

on actual vapor compression cycle.

1.1 Theoretical and Actual Vapor Compression Refrigeration Cycle

The vapor compression cycle is the most widely used refrigeration cycle in
practice. The vapor processes, which comprise the theoretical vapor compression cycle,

are:

1- Isentropic compression from saturated vapor at low pressure to superheat vapor

at high pressure.

2- Rejection of heat at constant pressure and condensation to saturated liquid.

3- Irreversible expansion at constant enthalpy from saturated liquid at high pressure

to saturated mixture at low pressure.

4- Addition of heat at constant pressure and evaporation to saturated vapor.
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Theoretical cycle is composed of idealized thermodynamics processes which is
shown in P-h and T-S diagrams in Figures (2) and (3) respectively, while the actual
systems operating steadily differ from the ideal cycle in many respects. Pressure drop
occurs everywhere in the system except in the compression process. Heat transfer
occurs between the refrigerant and its environment in all components. The actual
compression process differs from the isentropic compression assumed for ideal cycle.

The working fluid is not a pure refrigerant but a mixture of refrigerant an oil.

All of these deviations from a theoretical cycle cause irreversibilities within the

system, and each irreversibility requires additional power into the compressor.

s

= 4 _/ 3 \ .2
(a8

)

2

§ L 2 2 ]

a 5 6 1

Enthalpy, h (kJ/kg)

Fig. (2) P-h diagram of the freezer system.
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Entropy, S (kJ/kg.K)

Fig. (3) The standard T-S diagram of the freezer system.

2 Measured Data

As discussed in section 4.3 of the previous chapter, the readings taken during the
experimental work are: temperature readings (in oC), pressure readings (in kPa), power
consumption readings (in kW_hr) and time intervals (in minutes). Temperature readings

are taken at the locations mentioned in section 3.3.1.

The data, which were used in the calculations, are listed in the tables of
Appendix A for Te variation test, Appendix B for Tc variation test, and Appendix C for
time variation test. The tests introduced are for both refrigerants R134-and LPG

mixture.
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3 Calculations

From the data readings collected, the various performance parameters of the
refrigeration system are calculated. The methods and equations used for calculating
these parameters are discussed in this section. The results of the various calculating are

plotted and discussed in the following chapter.

In the following subsections the different refrigeration quantities and parameters

calculated are represented and discussed.

3.1 Enthalpy calculations

In order to calculate any refrigeration parameter cycle parameter, enthalpies at
different locations in the cycle have to be calculated first. These locations include: inlet

and outlet of the evaporator, compressor and condenser.

For R-134a, temperature and pressure values are enough to calculate the
enthalpy at any location in the cycle using R-134a saturated and superheated tables. But

for the propane /butane (LPG) mixture, further calculations have to be made.

One way to calculate the enthalpy of a LPG mixture is to calculate first the
enthalpies of its main constituents (propane, butane and isobutene) and then calculate

the enthalpy of the mixture using these enthalpies and the mass fraction of each
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constituert in the mirture The mass fractions of the three constituents are calculated

from the volumes fractions, as shown in Table 6.

Table 6 Mass fractions of the LPG mixture constituents.

Component Percent by | Mole Molecular | Mass Mass
volume fraction { weight (kg/kmole) | fraction
Propane 26.4 0.264 44.10 11.64 21.39
Butane 56.4 0.564 58.13 32.78 60.23
Isobutane 17.2 0.172 58.13 10.00 18.38

Hence, the enthalpy of the LPG mixture, hm, at any states may be calculated
using the mass fractions shown in the last columns of table 6, using the following

equation:

hm =0.21390 h, + 0.6023 hp +0.1838 h; (1)

Where h, , hp , hy are the enthalpies of propane, butane and isobutane

respectively.

For the sutured state points, the enthalpies of the pure constitutes are obtained at
the saturated temperature using the propane , butane and isobutene saturated tables

.Then the enthalpy of the mixture is calculated from Eq.(1).

For the superheated state points (at sections and discharge of compressor), an
additional property is needed in order to calculate the enthalpy. Therefore, pressure

measurements are taken for the low and high pressure sides of the system. By knowing
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the pressure and temperature of each constituent, the superheated enthalpy is obtained
using propane, butane and isobutane superheated charts and the enthalpy of the

mixture is calculated from Eq.(1).

The partial pressure of the LPG constituents are obtained from the total pressure

of the gas mixture (the measured pressure) using the mole fraction of each constituent

as follows:

P,=0.264 x P,

Py =0.564 x P, )

P=0.172 x P,

Where P; is the total pressure of the mixture, and Py, Pg and Py are the partial

pressures of propane, butane and isobutane, respectively in the mixture.

The enthalpy of LPG in the evaporator inlet is taken to equal that at condenser

exit of liquid saturated conditions, due to the adiabatic throttling process.

3.2 Refrigerating Effect and Refrigeration Capacity

The refrigerating effect is the quantity of heat absorbed from the refrigerated
space (freezer compartment) by the evaporator in kJ per kg of refrigerant circulated. 1t is

thus given by:
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Qe = hl _hS (3)

Where, q. is the refrigerating effect in (kJ/kg), hi and hs are the enthalpies (in

kl/kg) of the refrigerant leaving and entering the evaporator, respectively.

The refrigeration capacity is the rate of heat removal (in kW) from the
refrigerated compartment by the evaporator. It is calculated by multiplying the

refrigerating effect by the mass flow rate of the refrigerant in the evaporator, thus:

Q.=mgq.=m(h; —hs) 4

Where, Q. is the refrigeration capacity in kW and m is the refrigerant mass flow

rate in kg/s.

Usually, the refrigerant mass flow rate is difficult to measure directly; therefore,
it is easier to measure the refrigeration capacity and then calculate the mass flow rate

from eq.(4)

m=0Q./q. (5)

The refrigeration capacity is calculated by measuring the rate of heat removal

from a simulated load (which consists of a metal container filled with hot water), using

the following equation:
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Q.=(Mw Cpuw ATw + M. Cpc ATc) /AL (6)

Where, Q. is the refrigeration capacity in kW.
M., and M, are the masses of the water load and the container in kg.
Cpw and Cp are the specific heats of the water and container in kl/kg.°C.
AT. and AT. are the temperature differences in oC of water and container during the

time period At (in seconds).

3.3 Work of Compression and Power Consumption

The work of compression done by the compressor on the refrigerant is represent

by the increase in refrigerant enthalpy during the compression process, that is:

W=hz—h1 (7)

Where W is the work of compression in kJ per kg of refrigerant; h; and h; are

the enthalpies of refrigerant at compressor suction and discharge respectively.

The power required by the compressor (in kW) is the product of the mass rate of

flow of the refrigerant by the work of compression, that is:

Power =mW =m (h, — hy) (8)
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3.4 Mass Flow Rate of Refrigerant

The mass flow rate of the refrigerant in the refrigeration system may be

calculated using Eq.(5).It is also common to represent the refrigerant mass flow rate per

unit refrigeration capacity. In this case:

m=0Q./q. (5.9)

The unit of m will be in kg/s.
3.5 CoefTicient of Performance (COP)

By taking both the refrigeration capacity and the power consumption of a

refrigeration system into consideration, the efficiency of this system may be represented

as:
COP = Q. / Power = q. /W = (h-hs) / (ha-h1) (10)

The COP is thus a measure of the performance of the refrigeration system, since
it indicates the amount of refrigeration capacity provided by the system per unit of

power consumption.
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4 Sample Calculation for the LPG Mixture:

A sample calculation is presented for the 210 g LPG charge using one set of

reading from the data tables in appendix A. The readings are:

Suction pressure = 187.6 kPa.

Discharge pressure = 2090.8 kPa.

Tnlet temperature of the compressor = 13 °C.

Outlet temperature of the compressor = 63.5 °C.

Condenser temperature = 39 °C.

OQutlet temperature from the condenser = 27 °C.

Evaporator temperature = -5.6 °C.

Temperature difference of water load = 2 °C.

Temperature difference of air = 2.3 °C.

Time period during the difference = 255 sec.
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For the two superheated state points at the suction and discharge of the
compressor, the suction and discharge temperatures in addition to the suction and
discharge components partial pressures are used to calculate the enthalpies of the
components in the superheated states using the p-h charts of the components found in

Appendix D.

For the refrigerant leaving the condenser, it may be assumed as a saturated
liquid at this point, and in this case the saturated liquid tables for propane, butanc and
isobutane in Appendix D are used to obtain their enthalpies at T4, then eq. (1) is used to
get the enthalpy of the mixture, Due to high throttling through the capilary tube a
pressure drop will occur with constant enthalpy, so the value of enthalpy at the inlet of

the evaporator equals to the value of enthalpy at the outlet of the condenser, i.e. hy=hs.

After calculating the enthalpies of the propane, butane and isobutane
components at the four points (i.e. points 1,2,4 and 5) as described above, eq. (1) is used
to calculate the enthalpy of the mixture at the mentioned points. The calculations and
results regarding the data readings mentioned above are summarized in the following

table:

Table (7): Sample calculation for the 210g LPG charge.

P1(kPa) i P2(kPa) hi(kl/kg) | h2(kl/kg) | hd(k)/kg)
Propane 53 555.5 210 258 70.6
Butane 113 1187 220.6 240 65.7
isobutane | 34.5 362 205.1 218 654
Mixture 187.6 2090.8 501.2 571 155
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After calculating the enthalpies of the mixture at each point in the cycle, the
system parameters may be obtained from equations (3) through (10), expect eq. (6).

From these equations and the results listed in the table above, the following parameters

are calculated:

M, = 12 kg, My, = 0.85 kg, and My, = 0.2 kg.

Qo = (12%4.186*2+0.85*0.45*240.2%1.035%2.3)/(255)

Q[ef, = 398 Watt.

Qret = {M1-hg) = 501.2-155=346.2 kl/kg.

m = Quet/ Grer. = 398/346 = 115 gfs.

w = (hy-h)) = 571-501.2 = 69.8 kl/kg.

COP = (/W = 346.2/69.8 = 4.96.

The uncertainty in a measured variable is the deviation of an instrument reading

from what is believed to be the true value. A precise method of estimating uncertainty

in experimental results has been presented by Kline and McClintock (1953). The

method is based on a careful specification of the uncertainties in the various primary

experimental measurements.
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Suppose a set of measurements is made and the uncertainty in each
measurement may be expressed with the same odds. These measurements are then used
to calculate some desired result of the experiments. We wish to estimate the uncertainty
in the calculated result on the basis of the uncertainties in the primary measurements.
The results R is a given function of the independent vartables 31, %2, X3 - Xn
Thus,

R= R(x1,xg,x3,...,xn) (11)

Let wy be the uncertainty in the result and wi,waz ,..., Wa be the uncertainty in the
result and wi,Wa,...,wn be the uncertainties in the independent variables. If the
uncertainties in the independent variables are all given same odds, then the uncertainty
in the results having these odds is given as

Wr=[3 Wi )?+(2Rw2 ) +... + (R w))’]" (12)
aX] 8xz aXn

This applies to this sample calculation as follows:

T=T =% 1°C which implies that wy = = 1 °C {uncertainty in temperature)

P = P+ 5% which implies that wp = %5 % of the pressure (uncertainty in Pressure)

The two previous uncertainties are considered to be the two primaty
measurements from which one can calculate the uncertainty in any of the calculated
result such as COP, work and refrigeration effect. This can be done by finding the
mathematical relation that relates the calculated result with the primary measurements
indicated above, namely temperature and pressure. Then substituting in Eq. (12) above

to obtain the desired uncertainty of the calculated result
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RESULTS AND DISCUSSION

1 Introduction

Each of the four components of a vapor-compression system, the compressor,
the condenser, the expansion device (capillary tube), and the evaporator, has its own
peculiar behavior. Each component is influenced by conditions imposed by the other

members of the quarter.

First a comparison should be made between the performances of the different
charge quantities of the LPG mixtures to find out the optimum quantity to be charged in
the used chest freezer without making any changes or replacements in t_he freezer
system. Then, the performance of the optimum LPG charge is compared to that of R-
134a to prove weather the LPG represents a possible alternative replacement to the R-
134a refrigerant or not. The aim of this chapter is to compare the performance curves

for both LPG and R-134a with respect to the condensing and evaporating temperatures.

Two of the most important performance characteristics of a refrigeration system.
are its refrigeration capacity and its power requirement. These two characteristics are
controlled extremely by the suction and discharge pressures, and consequently the
evaporating and condensing temperatures. Therefore, it is a major trend in refrigeration
literature and industry to make system performance curves with respect to these twb

temperatures.
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2 System Performance versus Charge Quantity

As stated before, three different LPG charge quantities were charged in the used
chest freezer to find out which quantity gives the best performance starting with the 150

g charge until reaching the charge of 250 g in steps of 50 g.

Figure 4 shows the variation of the coefficient of performance with the
evaporating temperature for three different selected charge quantities at 39 °C
condensing temperature. From this Figure, it is noticed that the COP of the 200 g charge
is higher than those of the other two charge quantities.

593117

Variation of the coefficient of performance with the charge quantity for
refrigerant LPG is presented in Figure 5. From that Figure it is noticed that the COP
increased as the charge increased until it reaches an optimum value, then it begins to
degrease again. The optimum COP value was 4.34 and was reached at the 210g charge,
which means that this charge is the most suitable one to work with the used chest
freezer. The values of the coefficient of performance were calculated at the conditions

stated in Figure 5 (Te = -8.2 °C, Tc =39 °C, and Ta =22.4 °C).

3 Variation with the Evaporating Temperatures (T.)

Variation of the performance parameters of the chest freezer with the

evaporating temperatures are presented for an evaporating temperature range from 27

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



48

to 0.0 °C, at 39 °C condensing temperature (T.) and 22.4 °C ambient temperature (T,).
The performance parameters studied are the refrigerating effect, compression work, and
coefficient of performance, refrigeration capacity, mass flow rate, theoretical power

consumption, and actual electrical power consumption.

All T, variation test data and results are presented in Appendix A and the results
of these testing are presented graphically in Figures 6 to 12 for both R-134a and LPG at

optimum charge.

3.1 Refrigerating Effect

Variation of the refrigerating effect with the evaporating temperatures is

represented in Figure 6 for both R-134a and LPG, for constant condensing temperature

(T, =39 °C). It is shown that the refrigerating effect increase slightly with an increase in’

the evaporating temperature. The increase is due to the slightly higher enthalpy at
higher evaporating temperatures while the enthalpy of the refrigerant entering the
capillary tube remains constant. Also, as noticed from the Figure, the LPG refrigerant

has a higher refrigerating effect of about 180% of that of the R-134a.

This is due to the fact that at the same condensing and evaporating temperatures,
the LPG has much higher enthalpies than R-134a in both liquid and vapor states.
Therefore, any enthalpy difference between two different LPG enthalpy points in the

system will be a bout 1.8 of that for R-134a.
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3.2 Compression Work

Figure 7 shows the variation of the compressor work with respect to the
evaporating temperature. The compressor work decreases as Te increases due to that the
evaporating pressure and temperature is increased (and thus the suction enthalpy will
increase) while keeping the discharge enthalpy constant, therefore, this will cause the
work to be reduced as T, increases, since the work equal to the enthalpy difference
through compressor. Also, from Figure 7 it is noticed that the work of compression for
the LPG mixture is higher than that of R-134a by about 160% with less percentage at
higher evaporating temperatures. Also, this difference is interpreted by the

consideration considered in section 3.1 above.

3.3 Coelficient of Performance

From Figure 8 it is noticed that as T, is increased, at constant T, the coefficient
of performance (COP) increases. This is due to the fact that the enthalpy difference
across the evaporator is increased, and the enthalpy difference across the compressor is

decreased as T, is increased, as indicated in Eq. 10.

A high coefficient of performance is one of the most desirable requirements for
any refrigeration unit because it is an indication of the high efficiency of the system. It
is also noticed that COP for LPG is higher than that for R-134a by about 20% at T, = -

10°C and T, =39 °C.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



50

3.4 Refrigeration Capacity

The refrigeration capacity was calculated by measuring the rate of heat removal
in the freezer compartment. Variation of the refrigeration capacity with the evaporating
temperature is presented in Figure 9, it is noticed that for constant condensing
temperature, the refrigeration capacity increases with increasing the evaporating

temperature.

Since refrigeration capacity equal to the mass flow rate multiplied by the
enthalpy difference across the evaporator. Increasing T, will cause both mass-flow rate
and enthalpy difference to be increased; therefore, increasing the evaporating

temperature can increase the refrigeration capacity.

Figure 9 indicates that the refrigeration capacities for both refrigerants are close
and interfere at higher evaporating temperature (T, = -7 °C), but becoming to be slightly
higher for R-134a for Te < -7 °C. This is due to the considerably higher mass flow rate

of R-134a, as will be shown in the next section.

3.5 Mass Flow Rate

Variation of the mass flow rate with the evaporating temperature for both LPG

and R-134a, at constant condensing temperature (T. = 39 °C) is shown in Figure 10.
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As shown In Figure 10, increasing the evaporating temperature, at a constant

condensing temperature, will increase the mass rate of flow.

Since the mass flow rate is rate proportional to the specific volume, as T.
increases, the specific volume decrease, which cause the mass flow rate to increase fbr
constant T., also Figure 10 indicates that the mass flow rate for R-134a is higher than
that for LPG by about 140 % at Te =-14 °C for the same conditions (T, and Ta). This
can be connected to the refrigeration capacity in the previous section, that is, to
accommodate the same or more refrigeration capacity, considerably higher mass flow

rate of R-134a, which has lower refrigerating effect than LPG, is required.
3.6 Theoretical Power Consumption

The curves of the theoretical power consumption for both LPG and R-134a are
plotted against T, at constant condensing temperature (T:=39 °C) are shown in Figure

11.

As shown in Figure 11, the power increase with increasing the evaporating
temperature, since when T, increase, mass flow rate increase at a rate higher than the
decrease rate of the enthalpy, which explains the increases in the theoretical compressor

power.

Theoretical compressor power for R-134a is higher than LPG at low evaporating
temperature (down to —25 ° C) and becoming close to each other at higher temperatures

(upto-5°0C).
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3.7 Actual Electrical Power Consumption

The curves of the actual electrical power consumption for both LPG and R-134a
are plotted against T. at constant condensing temperature (T.=39 °C) are shown in

Figure 12.

As shown in Figure 12, the power increases with increasing the evaporating
temperature, until it reaches a peak point, then the power will decrease, since when T,
increases, mass flow rate increases at a rate higher than the decrease rate of the
enthalpy, and then, mass flow rate increases at a rate lower than the decrease rate of

enthalpy.

As noticed from Figure 12, the actual power consumption for both refrigerants is
close with slightly higher consumption for R-134a by about 10% which is due to its

higher mass flow rate compared to LPG.

4 Variation with the Condensing Temperature

Variation of the performance parameters with the condensing temperatures are
done at T, = -17 ° C and T, = 22.4 ° C for both LPG and R-134a. The tabulated data and
results are introduced in Appendix B, and they are graphically presented in Figure 13 to

15.
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4.1 Refrigeration Effect

Figure 13 shows that refrigeration effect decrease with increasing the
condensing temperature, this is due to the following: T, increase results in increasing
the enthalpy of the refrigerant entering the evaporator while keeping the one leaving it

constant, thus resulting in a decrease in the refrigeration effect.

The refrigeration effect for both refrigerants is recognized in the Figure to have
the same behavior as that with respect to the evaporating temperature (section 3.1),

where the LPG refrigerant has a considerably higher refrigerating effect than R-134a.

4.2 Compression Work

The compression work is plotted against Tc for R-134a and LPG in Figure 14 It
is noted that as the condensing temperature increases, the work of compression will
increase due to that the discharge pressure and temperature (and thus the discharge
enthalpy of the refrigerant) will increase while keeping the suction enthalpy constant.

Therefore, this will cause the compression work to increase as T, increases.

The work of compression for both refrigerants is recognized in Figure 14 to have
the similar behavior as that with respect to the evaporating temperature (section 3.2),

where the LPG refrigerant has a considerably higher work of compression than R-134a.
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4.3 Coefficient of Performance

Variation of the coefficient of performance with the condensing temperature for
R-134a and LPG is shown in Figure 15. It is clear that as T, increase, at a constant T,
the coefficient of performance will decrease since the enthalpy difference across the
evaporator will decrease and the enthalpy difference across the compressor will

increase.

The coefficient of performance for both refrigerants is recognized in Figure 15

to have the almost the same values with respect to condensing temperature.

5 Cooling Rate

All time variation testes are presented in Appendix C, and the resulting graphics

are plotted in Figure 16 to 6.19.

Other aspects of comparisons can be made between R-134a and LPG
refrigerants. The other comparison types experienced in this work are the cooling rate

test and the evaporating temperature response to load. Those will be discussed below.

Cooling rate test is performed by inserting a simulated load (1.5 kg of water at
20 ° C) into the freezer compartment using both refrigerants. The water load
temperature is recorded versus the time for R-134a and LPG. This is portrayed

graphically in Figure 16 for R-134a and Figure 17 for LPG. The cooling curves indicate
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CONCLUSIONS AND RECOMMENDATIONS

1 Introduction

This research covers an expeﬁmental study of the performance of

propane/butane (LPG) mixture as an alternative refrigerant to R-134a in chest freezers.

The conclusions and recommendations extracted from the system performance

curves discussed and judged in previous section will be stated in the following sections.

2 Conclusions

1- LPG can be used as an alternative refrigerant to R-134a in chest
freezers.
2- Thermodynamic performance of LPG refrigerant is fairly competent

with that of R-134a. Results revealed that the evaporator temperature
reached a low values of about — 27 °C. The COP reached a value 6f‘
4.96 at T.=-5.6 °C, T, =39 °C, and T, = 22.4 °C. The corresponding

value of COP for R-134a is 4.0 at the same operating conditions.
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The refrigeration capacity and the compressor power consumption for
LPG are 190 and 47 W, respectively, at T, =-10 °C, T. =39 °C. The
corresponding values for R-134a are 250 and 76 W, respectively at

the same conditions.

No design changes, system optimizing or component replacement are
needed for the chest freezer in order to employ the LPG refrigerant as

an alternative for R-134a.

No replacement of the lubricating oil is required, since the LPG

refrigerant is completely miscible with all refrigeration oils.

No leakage was detected during the period of operation with LPG,
which indicates good material compatibility with the existing freezer

materials including the rubber seals.

No side effects such as compressor overheating or frost accumulation

was noticed during the period of operation.

In addition to the satisfactorily performance of the LPG, its
availability, cheapness and environmentally friendly nature makes it
to be considered as an attractive alternative refrigerant to R-134a in

chest freezers.
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3 Recommendations

More experimental work and studies are recommended to use different
PG mixtures with different compositions to determine the best

mixture composition that has the optimum performance. .

The performance of the LPG refrigerant in chest freezers may be
enhanced by making limited changes to some components, such as the
length and diameter of the capillary tube. Such changes may enhance

the LPG performance.

More research and studies are recommended on other promising and

environmentally friendly alternative refrigerants, which will be very

useful for the industry when phasing out existing CFCs and HCFCs.
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APPENDIX A

Data and Results Tables

(T. Variation Test)

Table (A.1) Refrigerant R-134a, T, = 22.4 °C and T. =39 °C.

e Data Readings

P, P, Ty Tz Ty Ts T10ad] Ty To
kPa kPa °C °C °C °C °C °C °C
277.0 1146.7 39 90.5 31.8 0 58 59.6 0.6
2425 1090.9 35.1 02 30.7 -4 57 58.6 -0.4
2340 1090.9 28.5 929 29.5 -7 56.1 577 -1.8
193.6 1090.9 243 937 29.1 -10 53.6 55 =22
173.9 1090.9 243 042 31 -13 52.3 53.8 -4.7
1481 1090.9 22 951 356 -16 513 524 -5.5
140.0 1090.9 . 50.1

® Results
Te=Te W comp Q ret. cor Q . m*
°C kJ/kg. kJ/kg. Watt gls
0 40.1 190.033 474 397.92 2.09
-4 46.0 187.36 4.07 346.63 1.85
-7 518 185.87 3.59 302 .81 1.63
-10 55.9 183.9 3.29 250.77 1.36
-13 57.4 177.5 3.09 222.56 1.25
-16 58.0 170.75 2.94 209.85 1.23
-18 59.5 167.95 2.82 192 84 1.15
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Table (A.2) Refrigerant LPG , Charge quantity 150 g, T, =22.4 °C and T,=39 °C.

# Data Readings

| P, T,y T; Ty Ts
KPa Kpa °’C °C °C °C
2423 2745 21.1 95.7 33 -8.2
242.3 2676 21 99.1 333 -8.9
235 2642 20.7 99 4 33.1 -9.6
229 2607 204 98.8 321 -10.4
229 2607 19.9 08 322 -11.1
222 2504

® Results
T6 =Te W comp q ret. COP
°C kJ/kg. kJ/kg
-8.2 118 336 2.84
-8.9 123 319 2.6
-9.6 125 312.5 2.5
-10.4 2.44
-11.1
-12
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Table (A.3) Refrigerant LPG , Charge quantity 200 g, T,=22.4 °Cand Tc =39 °C.

e Data Readings

80

P P, Ty Tz T T
KPa kPa °C °C ‘C °C
2773 2987 21 769 34 -6.3
2773 2018 213 803 339 -7
2704 2849 20.5 77.5 338 -8.3

264 2780 20.1 763 33.6 91

256 2711 19.4 744 32.5 =10

249

2676

® Results
Te=T. W comp q ret. corp
°C kI/k. kI/kg.

-6.3 74 333 4.5

-7 76.2 323.8 4.25

-8.3 81.1 348.7 3.9

-9.1 82 336.7 3.78

-10 86.3 3193 3.7

-10.7

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



’

Table (A.4) Refrigerant LPG, Charge quantity 250 g, T, =22.4 °C and T.=39 °C.

e Data Readings

81

P P T, T, Ty Ts
KPa KPa °C °C °C °C
2704 2642 18.3 63.2 31.8 -7.8

266 2607 18.1 63.1 318 -8.4

260 2538 17.4 62 31.7 -9.3

249 2469 16.5 60.6 314 -10.4

242 2435 15.9 60.1 30.8 -11

235 2332 15 56.6 305 -12.9

e Results
T6 =Te W comp q rer. cor

°C kJ/kg. kJ/ke.

-1.8 953 333.2 3.5
-8.4 98.2 326 3.3
-0.3 101.2 3289 3.25

-10.4 106.6 3274 3.1
-11 108.5 325.5 3

-12.9 113 322 2.85
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Table (A.5) Refrigerant LPG, Optimum charge quantity 210 g, T,=22.4 °Cand Tc =

32

39 °C.
e Data Readings
P P; Ti T, T4 Ts T7poad) Ts Ty
kPa kPa °C °C °C °C °C °C °C
187.6 | 209038 13 63.5 27 5.6 62.9 64.5 83
194.5 2159.6 12.3 62.3 26.2 -6 65.5 67 7.7
2014 | 21941 11.8 60.8 23 -7 67.9 693 5.4
2152 2263.0 11.1 584 22 -8.2 69.5 70.8 -0.2
2221 2332.0 10.2 57.6 22 -10 70.8 72.5 -1.6
2290 2366.5 8.7 55 23 -13 725 74.2 -5.5
2290 2366.5 73.6

® Results
Te =Te W comp q ref. cor Q rer m*

°C kJ/kg. kJ/kg. Watt g/s
56 698 346.24 496 398.18 1.15
-6 73.0 344.87 472 327.63 0.95
-7 74.0 344 4.65 275.20 0.80
-82 791 343 434 22981 0.67
-10 83.8 340 4,06 190.40 0.56
-13 87.9 333 3.79 159.84 0.43

-16.2 92.0 324.779 3.53 113.67 0.35
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Table (A.6) Actual electrical power consumption for refrigerant LPG with optimum
charge of 210 g and for refrigerant R-134a, T, =22.4 °C, To =39 °C.

e Data Readings

Te At/2rev. (sec.) At/2rev. (sec.)

°C R-134a LPG
19.5 48 51
10.5 47 50

4.1 46.8 48.5
0 46.6 48
-6 45 47
-10.5 48 47
-15 48 49
-174 50.5 50
-20 52 54
-22.5 54 60
-25 57 63

62 67.8

® Results
Te Power (Watt) Power (Watt)
°C R-134a LPG
19.5 174 .4 164.2
10.5 178.1 167.4
4.1 178.9 172.6
0 179.7 174.4
-6 186 178.1
-10.5 174.4 178.1
-15 174.4 170.9
-17.4 165.8 167.4
-20 161 155
-22.5 155 139.5
-25 147 1329
135 12.3
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Table (B.2) Refrigerant LPG, Optimum charge quantity 210 g, T, =22.4 Cand To=-

17°C.
e Data Readings
P P, T: T> Ts Ty

KPa kPa °C °C °C °C
180.67 1606.9 11.9 51.1 30 229
173.78 1675.8 13.2 51.7 31 22.4
180.67 1779.2 14.4 52.5 32.5 23
173.78 1848.1 15.2 53.0 343 243
180.67 1951.4 15.6 53.4 36 25
173.78 . . - 38

180.67

e Results

T; =T, W comp q ref cor

°C kI/kg. KI/kg.
30 69.6 336.44 4 84
31 T1.6 335 4.68
32.5 73.5 332.5 4.52
343 71.7 3296 4.24
36 82.0 328 4.00
38 84.0 326.8 3.89
40 91.0 3246 3.57
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APPENDIX C

Data Tables

(Time Variation Test)

Table (C.1) Variation of evaporating temperature for refrigerant LPG with optimum
charge of 210 g, and for refrigerant R-134a, T, =22.4 °C and T. =39 °C.

® Data Readings

Time T. ("C) T. ("C)

{min) R-134a LPG
0 -16 -16
3 -12.5 -11.4
5 -11.7 -10.4
7 -11.6 -10.3
10 -18.4 -13.8
15 -24.9 -16
20 -25.9 -17.7
25 -27.1 -18
30 -27.3 -18.5
35 -27.5 -18.8
40 -28 -19
45 -28.9 -19.3
50 -29.7 -19.4
55 -30 -19.5
60 -30.5 -20
65 -30.8 -20.5
70 -31.4 -21
80 - -21.5
90 - -22
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Table (C.2) Variation of load temperature for refrigerant LPG with optimum charge of
210 g, and for refrigerant R-134a, 1.5 kg of water, T, =22.4 °C and T, =39 °C.

# Data Readings

Time Tioaa (* C) Tioaa (*C)
(min) R-134a LPG
0 22.5 225
3 20.1 21
5 17.5 19
7 16.8 18.3
10 12.1 16
15 10.8 14.2
20 8 12.2
25 58 10
30 0.2 7.6
35 0.2 5.2
50 0.2 .0.2
65 0.2 0.2
80 0.2 0.2
100 0.2 0.2
115 0.2 0.2
130 -3.1 0.2
140 -6.4 0.2
150 99 -1.1
165 -12.8 -5.6
180 -16.5 -7.3
195 -18 -9
210 -19.8 -11.6
225 -20.5 -14.7
240 -21 -16
250 -22.3 -18.5
-22.9
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APPENDIX D

Table (D.1) Saturation properties for R-134a.
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Figure (D.1) Pressure-Enthalpy Diagram for R-134a.
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Table (D.2) Saturation properties for Propane.
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Figure (D.2) Pressure-Enthalpy Diagram for Propane.
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Table (D.3) Saturation properties for Butane.
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Figure (D.3) Pressure-Enthalpy Diagram for Butane.
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Table (D.4) Saturation properties for Isobutane.
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Figure (D.4) Pressure-Enthalpy Diagram for Isobutane.
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