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PERFORMANCE STUDY OF WINDOW TYPE AIR CONDITIONING UNIT
WITH SUPERHEATING AND SUBCOOLING THAT USES R407¢c AS AN

ALTERNATIVE REFRIGERANT TO R22

By
Mohamad. A. AL- Tarawneh

Supervisor

Prof. Mohamad. A. AL-Saad

ABSTRACT

This research investigates the effect of superheating and subcooling when
replacing the refrigerant R22 by the refrigerant R407c in a 5 kW window-type air
conditioning unit. The need of such replacement comes from the fact that R22 is an
ozone depleting gas.

Results of this work indicate that the refrigerant R407c can be used as an
alternative refrigerant for R22 in this type of air conditioning units. The obtained results
of this work indicate that the COP of R407¢ and R22 increases slightly as AT (sub) and
AT (sup) increase separately or in a combined way and it reached a value of 4.35 and
5.18, respectively at T, = 13°C, AT (sub) = 17°C, AT (sup) = 6°C and T, = 40°C. This
indicates that the COP of R407c is less than that of R22 by 16%. Also, as a result of
this work, the refrigeration capacity of R407¢ when it replaces R22 is decreased from a

value of 5.6 kW to 4.66 kW, at T, = 13°C, T, = 40°C, AT (sub) = 17°C, AT (sup) = 6°C.

This means a reduction of refrigeration capacity of about 16.8%.
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1-INTRODUCTION

f Refrigeration and air conditioning is the art of controlling an atmospheric

I
- environment that is used for the comfort of human beings or for the proper performance

of some industrial or scientific processes.

Refrigerants are the working fluids in refrigerators, air conditioning and heat
pumping systems.

The refrigerant of a refrigeration unit should whenever possible, be non-
flammable, non explosive, and of very low toxicity for the humans and the environment.

Several chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) are

being extensively used as refrigerants for air conditioning and refrigeration purposes.
They posses most of the desirable characteristics such as thermal and chemical stability,
thermodynamic efficiency, non-flammability, availability, safety, ease of handling and
low cost.

The environmental consequences of refrigerant that leaks from system must be
considered when selecting suitable refrigerants. Some refrigerants such as CFCs and
HCFCs and hallons molecules break down and release chlorine and bromine atoms,
which destroy the ozone layer around the earth (ozone depletion). Therefore, they allow
harmful ultra violet radiation to pass through the atmosphere unfiltered. Each refrigerant
has a different ozone depletion potential (ODP) value. The impact of refrigerants
containing chlorine atoms on the environment has been assessed. As a basis, an index of
1 is used which relates to the environmentally destructive potential of CFCI11 (R11})
within a particular decay period. Therefore, R11 has an ODP of 1.

By comparison with this scale, R22 has an ODP of 0.055; R407c contains no

chlorine and therefore, has an ODP of zero.
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Due to the emission of CFCs to the atmosphere, a serious environmental

#' problem affecting the whole climate of the earth arises to be a global problem. Montreal
‘I- protocol of 1987 limited the production of CFCs and HCFCs and hallons to 0.5% by

. January I, 2020 for R22 and the other refrigerants.

For the above reason, scientists looked forward to have alternatives with zero

| ozone depletion potential and low global warming potential. Such alternative

refrigerants should posses good thermodynamical and physical properties, high

chemical and thermal stability, low toxicity, good miscibility with lubricants,

compatibility with materials, less expensive and low flammability with no

environmental side effect.

| Thermodynamic properties are of most importance since they decide whether a

| substance is applicable as a refrigerant in a certain temperature range or not. If the

thermodynamic properties meet the requirements, the other characters must be taken

" into consideration and at least to be acceptable.

1 As a replacement to R22, R407¢ with the above properties encouraged the
scientist to use it in air conditioning systems.

| Refrigerant R407¢ which is a blend of R32, R125 and R134a (all of them are
free of chlorine atoms) is a new refrigerant being used in U.S.A and Europe for the last
ten years. It has proven to have friendly effect on the ozone layer and low effect on the

' global warming compared with the other traditional refrigerants. It also gives good

| performance when compared with R22 with minimum extra cost and minimum design
changes.

' In this work the effect of superheating and subcooling on the performance of a

window type air conditioning unit that uses the proposed refrigerant R407c as a

| replacement for R22 is experimentally investigated. The work aims to find advantages
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! and disadvantages of using R407c under the above conditions. Many parameters such as

lLthe operating pressures, compressor exit temperature, superheating and subcooling
|
| effects, refrigeration effect, refrigeration capacity, heat rejection, heat rejection rate,

|
" COP, compressor power, work of compression, isentropic efficiency, and volumetric

efficiency will be investigated and compared with those of R22.
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2-LITERATURE SURVEY

The Montreal Protocol on substances that deplete the ozone layer was drawn up

in September 1987 under the United Nations Environment Programme. This protocol
- required all developed countries to phase out CFC'S by the year 1996, It further calls for

the complete phase out of HCFC’S by 2030 in developed countries.

The future of refrigeration and air conditioning has never been discussed so

- controversially as at present. The world trend towards environmental issues made it

eager for the researchers and scientists to conduct experiments to find appropriate
substitutes of CFCs and HCFCs.

Many studies and researches were carried out on different refrigerant

- alternatives to R22 concerning their properties, system performance (theoretically and
experimentally).

In this chapter, some of the previous works and efforts concerning the proposed

| area of study are presented.

The German Compressors Manufacturing Company {BITZER) studied the
performance of R407c on their new generation of compressors to cope with the world
trend regarding the environmental cases. BITZER found that R407c refrigerant has

| nearly similar thermodynamic properties and performance as that of R22 in air
" conditioning systems for medium temperature cooling range.

Dilok, (1998) examined the R407c refrigerant performance in retrofitting the
R22 refrigerant. He concluded that the refrigeration capacity of R407c¢ and R22

| refrigerants are very close to each other and the power consumption of R407c is less

| than that of R22.The COP is simultaneously slightly higher.
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I
' Ferrari et al. (1994) examined R407c (which is a mixture of 52% R134a, 25%

|| R125, 23% R32) as a replacement for R22. They showed that evaporator heat rate at 40

|

’1: °C condenser temperature with no superheating or subcooling varied from 82% to 98%
' as the evaporator temperature varied from — 40 to 10 °C while compressor work rate

varied from 85% to 98%.

' Mongey, (1996) constructed a refrigeration tests facility to examine the

| performance of potential alternative refrigerants to R22. It was found that the

| performance of R407c approached that of R22 at higher evaporator temperatures.

| Reductions in evaporator capacity and COP were found with decreasing evaporator
| temperature.

Dawood, (2001) made a performance study of a 20-ton chiller using R407c as a
replacement to R22. He concluded that the refrigerant R407c¢ is a suitable alternative for
| R22 since it is ozone friendly and has similar physical and thermodynamic properties as

that of R22. Performance tests were conducted under different condensing and
| evaporating temperatures to study the performance parameters such as the operating
pressure, compressor exit temperature and COP.

\ Makahleh, (2001) studied the performance of a 2-ton air conditioning split unit
using R407¢ instead of R22. He concluded that at medium and high evaporating
temperature, COP, refrigeration capacity, isentropic efficiency and volumetric
efficiency reached a value of 100% of that of R22.

Hatzikazakis. , (1994), presented a comparison of the dual compressor
performance when R22 is replaced by R407c. He showed that the COP of the system

' using R407c reached 95% of that of R22. This result was concluded at 32°C ambient

| temperature, 11.1 °C superheating temperature and 8.3 °C subcooling temperature.
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The Association of FEuropean Refrigeration Compressor Manufacturers
[ (ASERCOM), (1997), conducted several experiments on the use of R407c to replace
|

'R22. This study was carried out to evaluate the coeflicient of performance using R407¢

at different evaporation and condensing temperatures. They concluded that advantages

of R407c are, it is non-flammable, nontoxic, has lower compressor discharge
! temperature than that of R22 and large subcooling effects.

. Sormani, (1994), tested the performance of an air-cooled water chiller charged
" with R407c¢. He concluded that it is possible to improve the performance by using the

- tenary mixture (R407¢), provided that the chiller is equipped with a symmetric shell and

tube evaporators. This allowed taking advantages of the characteristics of the individual

components in the R407c mixture, which means increasing in temperature during the

| evaporation process.

Muir, (1994), studied the performance of R134a, R407c and R410a as

~ alternative refrigerants to R22. He found that R134a has the lowest refrigeration
| capacity and pressure ratio of the three alternatives. The use of R134a would require

| redesigning all R22 equipment in order to utilize R134a efficiently. He concluded that

R134a is the least likely of all alternative refrigerants to be utilized in residential and

commercial air conditioning system. On the other hand, he found that R407c is the

simplest alternative refrigerant because it requires minimal changes to the current R22
operating equipment. The only major change required is the use of polyester lubricant,
which is a hydroscopic material that have greater tendency to absorb moisture. Muir
concluded that the coeflicient of performance (COP) of R407c¢ is slightly less than that
of R22, (95% of R22) and the cost of the system using R407c is slightly greater than
that of R22. In addition, he concluded that the COP of the system that uses R410a has

about (5%) higher as compared with R134a and R407¢, for the same cost.
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Luzzatto et al. (1994) presented the efforts carried out for applying R134a and

R407c as substitution for R22 on portable room air conditioning system. They showed

that for R134a, the compressor displacement should be 50% higher than that for R22 for

the same refrigeration capacity. They showed that the lubricant oil, the expansion device
and the filter should be changed. Also they showed that when using R407¢ the COP
reached 91% of that of R22 without any modification on the system. They made a cost
comparison between systems when R134a an R407c were used. They showed that the
system cost would increased by 2% and 7% by using R407c and R134a, respectively,
higher than the same system working with R22.

Herz, (2003) studied experimentally the performance of window type air
conditioning unit using R407c as an alternative refrigerant. He concluded that the
refrigerant R407c could be used as an alternative refrigerant for R22 in this type of air
conditioning units with optimum charge quantity of 900 gram. He concluded also that
the COP of R407¢ and R22 reached a value of 3.6 and 4.2, respectively at T.=10 °C and
T.=40 °C. This indicates that the COP of R407c¢ is less than that of R22 by 14.3 %. On
the other hand, he found that the refrigeration capacity of R407c when it replaces R22
was decreased from a value of 4.65 to 3.9 kW, at T=10 °C and T=40 °C.

In this work, a study is carried out experimentally to determine the performance
parameters of R407c, when it is used instead of R22 in 5 kW window type air-
conditioning unit under the effect of superheating and subcooling parameters. The
obtained performance curves of R407c are compared with those for R22 at different
evaporating and condensing temperatures and different values of degrees of

superheating and subcooling.
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3-THEORITICL ANALYSIS
31 General

Hydrochlorouflourocarbons (HCFCs) are being extensively used as refrigerants
for air conditioning and refrigeration purposes.

R22 was one of the original refrigerants developed in 1930s. It has been the
workhorse of the air conditioning and refrigeration industry and is the predominant
refrigerant in use today. The low ozone depletion potential of R22 compared to R12,
along with its excellent refrigerant properties has helped facilitate the transition from
CFCs. However, HCFCs including R22 are scheduled for eventual phase out under
the Montreal protocol. R407¢ has been developed as the similar pressure replacement
for R22 in positive displacement, direct expansion air conditioners and heat pumps.

R407c is a non- azeotropic blended refrigerant. Its components by mass

proportion are:

-R32 23% (2H2) Difluoromethane
-RI125 25% (F3CHF2) Pentafluoroethane
-R134a 52% (F3CH2F) Tetrafluoroethane

It evaporates over a temperature range of 5-6 °C, when at the same pressure. A
non-azoetropic mixture contains components, which boil at different temperatures.
This difference in boiling points results in a variance in temperature through the
length of an evaporator or condenser as the mixture ratio changes and is referred to as
the temperature glide. An azoetrope mixture has no glide. Mixtures with a very small

amount of glide (fraction of 1) are some times referred to as near azeotropes.
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| 10

|
l‘ for a specific application. Selected thermodynamic, and physical properties of R407c
‘.

‘|‘ and R22 are compared and presented in table (1).

Bubble point Dew point

}> Glide

h
Figure (3.1): Temperature glide of non-azeotropic refrigerant mixture
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Table (1): Thermodynamic and physical properties of R407c and R22

(Adopted from Dupont products catalog 1999)

PROPERTY R407c R22
Boiling point at 1atm(°C) -43.56 -40.8
Critical temperature (°C) 86.74 96.24
Critical pressure (kPa) 4619.1 4980.7
Critical density (kg/m’) 527.3 524.21
Liquid density at 25 °C (Kg/m’) 1134 1195
Sat. vapor density at 25 °C (Kg/m’) 41.96 44.21
Liquid specific heat at 25 °C (kJ/kg. K) 1.54 1.24
Vapor specific heat at 25 °C (kJ/kg. K) 0.83 0.685
Sat. liquid vapor pressure (kPa) 1173.4 1043.1
Heat of vaporization (kl/kg) 245.1 233.5
Liquid thermal conductivity (W/m. K) 0.0819 0.0849
Vapor thermal conductivity (W/m. K) 0.01314 0.01074
Liquid viscosity (Pa.s) 0.00016 0.000159
Toxicity (ppm) 1000 1000
Temperature glide at 25 °C iz 0
Vapor viscosity (Pa.s) 0.0000123 0.000013
Ozone depletion potential 0 0.055
Global warming potential 1600 1700

3.3.2 Thermodynamic Properties

Some thermodynamic properties such as boiling point, critical temperature and

pressure and latent heat of vaporization are discussed below.

¢ Boiling Point
Boiling point is defined as the temperature at which the vapor pressure of
liquid is equal to the pressure on its surface when the substance changes from
liquid state to vapor state. It can be seen from table (1) that the boiling
temperature of R407c is slightly lower than that of R22 which means more

compressor work is needed to reach the temperature that the refrigerant starts
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boiling to accomplish the vapor phase. Fluid with higher boiling points tends to
have greater efficiency, higher pressure drop in some cases and lower heat

transfer coefficient.

e Critical temperature and critical pressure

The critical temperature is defined as the temperature above which the
gas cannot be liquefied however great a pressure it may be applied. The critical
pressure is the lowest pressure at which a gas can be liquefied at its critical
temperature, i.c., it is the saturation pressure at the critical temperature. The
critical temperature and pressure of a refrigerant should be higher than the
temperature and pressure in the condenser in order to prevent any decomposition
of the refrigerant material. Table (1) indicates that the critical values for R22 are
higher than that for R407¢c.The refrigerant should have high critical temperature
because this means low work of compression. The critical temperatures for
R407c and for R22 as shown in table (1) are high enough for ordinary air

conditioning applications.

¢ Latent heat of vaporization
The latent heat of vaporization of a substance is the quantity of heat
required to change unit mass of it at its boiling point from liquid to vapor

without change of temperature at standard atmospheric pressure.

As shown in table (1), R407c has higher latent heat of vaporization than
that of R22. Refrigerant that have higher value of latent heat of vaporization

produces higher refrigeration effect per unit mass of the refrigerant. High values
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of the refrigeration effect gives low rate of refrigerant flow rate and

consequently low losses.

3.3.3

Physical and chemical properties
The following physical and chemical properties for R22 and R407c are

discussed:

¢ Thermal conductivity
The vapor thermal conductivity of R407c is higher than that of R22,
which implies a higher value of a heat transfer coefficient and a higher heat
transfer rate in the condenser. The liquid thermal conductivity of R407c is

slightly lower than that of R22, which means a slightly lower heat transfer in

the evaporator.

® YViscosity

Viscosity is a measure of flowing quality and it is desirable to use
refrigerants with low viscosity in both liquid and vapor phases for higher heat
transfer rates in the evaporator and the condenser, low pumping power and
small pressure drops during flow. As shown in table (1), both refrigerants have

nearly the same values of viscosity.
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® Density
If the density of a refrigerant at compressor suction is high, the
refrigerant mass circulated through the refrigeration system is low and so

smaller compressor can be used.

R407c has slightly lower value of vapor density and hence slightly larger

compressor is used for same value of refrigeration capacity.

® Specific heat

Low specific heat of liquid will increase the subcooling state of
liquid and decrease the subcooling temperature, which will increase the
refrigeration effect. As shown in table (1) the specific heat of R407c is

higher than that of R22 in both liquid and vapor states.

® Temperature glide

As discussed in section (3.2) the high temperature glide can have
negative influence upon the size of the heat exchanger (condenser and
evaporator). The distinctive temperature glide requires special design for the
main system components such as condenser and evaporator. As shown in
table (1), R22 has no temperature glide while R407¢ has temperature glide of

7 K, which needs some unit modifications to offset this effect.
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® Miscibility with oil

Immiscible oil can settle out in the heat exchanger to prevent heat
transfer to such an extent that the plant can no longer be operated. Oil should
have good solubility with the refrigerant. The polyester oil is suitable to be
used with R407¢c due to its good solubility while mineral oil is suitable for

R22.

® Nonflammability

Non-flammability is an essential requirement for refrigerant used in
air conditioning industry. Although R32 is flammable compound, R407c is
formulated such that it remains nonflammable during use. The refrigerant,

R407c¢ has been confirmed as practically nonflammable, the same as R22.

e Toxicity

Table (1) shows that the toxicity for both refrigerants, R407¢ and R22 is
the same (1000ppm). Both refrigerants are classified as class A. Refrigerants
with no identified toxicity at concentrations greater than 400 ppm are
considered class A. Refrigerants that show evidence of toxicity at

concentrations below 400 ppm are classified as class B.

e Ozone depletion potential

R22 has ozone depletion potential of 0.055 while R407c has zero
ozone depletion potential as indicated in table (1). This advantage of R407c

over R22 makes it suitable replacement to R22.
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® Global warming potential
Table (1) shows approximated equal values of (GWP) of the two

refrigerants, R22 and R407c.

3.4 Refrigeration Cycle analyses

The refrigeration cycle can be discussed through the following sections:

: 3.4.1 Introduction

The actual refrigeration cycle deviates slightly from the ideal refrigeration cycle.
This is due to the assumptions that are taken for the ideal cycle, which cannot be
considered true for the actual cycle. In this research the deviation effects due to
superheating and subcooling will be considered. The effects of superheating and
subcooling and the combined superheating and subcooling on the performance
parameters of a window type air conditioning unit that uses R407c as a refrigerant

instead of R22 will be investigated separately.

3.4.2 Ideal vapor compression refrigeration cycle
The vapor compression refrigeration cycle schematic is shown in figure (3.2).

Cooling effect is accomplished in the evaporator by evaporation of a liquid

refrigerant under reduced pressure and temperature. The pressure-enthalpy diagram
and the temperature entropy diagram of vapor compression cycle are shown in figures
(3.3.a) and (3.3.b), respectively. Saturated vapor at low pressure enters the compressor
and undergoes a reversible adiabatic compression, process (1-2). Heat is then rejected at

constant pressure in process, (2-3) and the working fluid leaves the condenser as

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



17

 saturated liquid. An adiabatic throttling process follows, process (3-4), and the working

' fluid is then evaporated at constant pressure, process (4-1), to complete the cycle.

3.4.3 Superheating and subcooling

A schematic diagram of refrigeration cycle with superheating and subcooling is
shown in figure (3.4.a). Compressor sucks the cold and low pressure vapor through the
suction line. This line is so arranged that the refrigerant vapor is wormed and is
- superheated a few degrees as it picks up heat through the walls of the tubings. This
causes a rise in temperature. The absorption of heat in the suction line is necessary so
' that no liquid gets back to the compressor during operation, for the safety of the
equipment. Subcooling is a process of cooling the refrigerant below the condensing
temperature for a given pressure. This subcooling is done by installing a heat exchanger
- or with soldering the liquid line with the suction line. In figure (3.4.b) the zones of

superheating and subcooling are shown in the (P-h) diagram for the refrigeration cycle.
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Figure (3.2): Schematic diagram of vapor compression refrigeration cycle
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Figure (3.3.a): P-h diagram for ideal vapor compression cycle
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Figure (3.3.b): T-S diagram for ideal vapor compression refrigeration cycle
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Figure (3.4.2): Schematic diagram of vapor compression refrigeration cycle with

superheating and subcooling
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Figure (3.4.b): P-h diagram of vapor compression refrigeration cycle with
superheating and subcooling

N
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3.4.4 Refrigeration cycle with superheating and subcooling
As shown in figure (3.4.b) the refrigerant has picked up some superheat in the
final evaporator circuit to heat the refrigerant after sufficient latent heat has been added
to vaporize all the liquid. So the refrigerant enters the compressor as low temperature,
low pressure superheated vapor, (point 1) in figure (3.4.b). The refrigerant leaves the
compressor as a high pressure, high temperature superheated vapor, (point 2) in figure
(3.4.b). As the refrigerant enters the condenser, heat is removed and the temperature of
the refrigerant falls to the saturation temperature. As additional latent heat is removed,
the vapor condenses and the condition of the refrigerant is a mixture of high pressure
saturated liquid and vapor. At the lower portion of the condenser the refrigerant is
completely condensed and is a high pressure liquid. As heat continued to be removed
the liquid becomes subcooled and the temperature of the liquid is reduced below its
boiling point, (point 3) in figure (3.4.b). In passing through the expansion device, the
refrigerant pressure is reduced and the refrigerant is a mixture at this point, (point 4) in
figure (3.4.b). Heat from the air or the product being cooled in the evaporator is
absorbed by the liquid and causes the refrigerant to vaporize before entering the
superheater. The vapor is then superheated above the saturation temperature. The
compressor draws the superheated vapor from the superheater to continue the cycle.

In this work the superheating process is taking place inside the refrigerated space in

order to obtain a useful refrigeration effect.

3.4.5 Performance parameters investigated

The following performance parameters were investigated throughout this work:
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| Refrigeration effect: It is the quantity of heat per unit mass of refrigerant absorbed

| from the refrigerated space. Referring to figure (3.4.b) the refrigeration effect, Qrr is

| expressed as:

i Qref = hl'h4 (31)

" where by is the specific enthalpy of refrigerant leaving the evaporator and entering the
' compressor and hy is the enthalpy of refrigerant entering the evaporator.

| Mass flow rate. The mass flow rate of refrigerant, m, is calculated by using the

following formula:

i m = Tp» P/(hz-hl) 3.2)

where 1) is the overall efficiency that is assumed to equal to (75%), h; is the enthalpy of
| the superheated vapor at the end of the compression state and P is the net electrical

. compressor power consumed which is expressed as follows:
|
P=P,-P; (3.3)

I where P, is the total electrical power consumed by the condenser and evaporator fans

and the compressor and P is the electrical power consurmned by the two fans and equal

to 1/3 of the total consumed power.
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l‘Refrigeration capacity: The refrigeration capacity, Qs is the rate of heat

'removed from the refrigerated space. It is expressed as:

|\
Qrer=m *Qrcf (3.4)

Work of compression: The work of compression, w,, consumed by the compressor

| is given by:

we= hz-h) (3.5)

Heat rejection: The heat rejection, q., is the amount of heat rejected in the

condenser to the condensing medium. It is expressed as follows:

q= hy-h; (3.6)

where h; is the enthalpy of refrigerant leaving the condenser.

Heat rejection rate: The rate of heat rejected in the condenser to the condensing

' medium is expressed as follows:

‘ Q.=m (h-h) (3.7

Coefficient of performance: The coefficient of performance, COP, is an

‘ expression of the efficiency of the system and it is given by:
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COP= qref'w. (3.8)

i
' Isentropic efficiency: Isentropic efficiency, 1, is the ratio of the isentropic work to

! the actual work of the compressor. It is given by:

Ns =ha-hi/hz-hy (3.9)

| where hysis the isentropic enthalpy of the superheated vapor leaving the compressor.

Volumetric efficiency: The volumetric efficiency, m., is used to predict the

" performance of the reciprocating compressors and it depends on the re-expansion of the

gas trapped in the clearance volume of the compressor cylinder. It is calculated by:

| v =100-M ((v/vo)-1) (3.10)
|

| Where M is the percent clearance, v, is the specific volume of refrigerant at the

! compressor suction and vy is the specific volume at the compressor discharge.
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4-EXPERIMENTAL WORK PROCEDURE

‘ 4.1 Introduction

Experiments of this research were conducted by varying the evaporating
temperature while keeping the condensing temperature constant. For each condensing
temperature investigated, the amount of degree of superheat was varied while keeping
' the amount of degree of subcool constant. Then the experiments were repeated for
. different values of degree of subcooling. All experiments were repeated by varying the

condenser temperature while keeping the evaporator temperature constant with various

‘amounts of degrees of superheating and subcooling.

4.2 The air conditioning unit specifications

Table (2) shows the specifications of the air conditioning unit used as supplied

by the manufacturer.
i

Table (2): specifications of the air conditioning unit

Type Window-Type

Model ADI17WIGI, SER NO: G241265
Voltage 220-240 Volts

Starting current 11.2 Amperes

Cooling capacity SkW

Refrigerant and charge R22: 965g, R407¢c: 900g

Lubricant capacity 650cc

Pressure Limits 2.413 MPa (high), 1.034 MPa (low)
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power consumed by the compressor can be calculated by subtracting the power

consumed by the two fans from the total power consumption.

Condenser
Subcooler 7
| e— 6 4
5 2
8 — Expansion valve
A
T ! 10 12
11 Supverheater
Evaporator

Figure (4.1): Locations of thermocouples

Compressor
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Experimental work steps

‘The experimental work can be summarized as follows:

\ 4.4.1 Retrofit procedure

| The following procedure is used to charge the refrigeration unit :

1. Recover the existing R22 charge

2. Drain the original oil from the system and recharge using an approved POE

lubricant.

3. Recharge the system using R22 and run the system to circulate the new
lubricant.

4. Recover the R22 charge again and check the residual oil content of the
lubricant.

5. Repeat steps 2, 3 and 4 until the lubricant charge is greater than 95% (POE).
At this point, perform standard maintenance on the system such as replacing the
filter—drier and fixing any leaks which have been located.

6. Evacuate the system using a deep vacuum.

7. Charge the system with R407c.Be sure to remove the refrigerant from the
cylinder as a liquid.

8. Start the system and adjust controls and / or charge until you achieve desired

operation.

- 442 Evacuation process

The purpose of the evacuation of the system is to ensure removing the air from

| the system and to ensure also removing the moisture and the R22 refrigerant in order to

charge the system with pure R407c. The evacuation process was performed as follows:
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1. Connect the hose of the gauge manifold between the vacuum pump and the

suction line of the compressor.

2. Start the vacuum pump and continue the evacuation process until the
desired vacuum pressure is obtained.

3. Charge the unit with R407c.

The following methods are used to obtain the optimum charge of refrigerants in air

conditioning units:

1.Using a sight glass: During the charging process the optimum
charge can be observed by viewing a clean stream of liquid
refrigerant through the site glass. Flow of bubbles is an indication
of having a refrigerant shortage.
2. The formation of dew on the inlet of the evaporator. This will
indicate a good performance of the system and an indication of

possible optimum charge.

3. Monitoring the difference of the air entering temperature and the

air leaving temperature.

4. Calculating the coefficient of performance (COP) at different charges.
In this work the following two methods were used to obtain the optimum charge of
R22 and R407c:

1. Calculating the coefficient of performance at different charges.

2. The formation of dew point at the inlet of the evaporator.
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5-RESULTS AND DISCUSSION

. 5.1 Introduction

The performance parameters obtained for refrigerant, R22, and alternative
refrigerant, R407c, were plotted versus variable values of the degrees of superheating

and the degrees of subcooling at different evaporating and condensing temperatures.

The performance parameters investigated in this work (as shown in the appendix)
are refrigeration effect, mass flow rate, refrigeration capacity, work of compression,
heat rejection, heat rejection rate, coefficient of performance, electrical power

consumption, compressor discharge temperature, isentropic efficiency and volumetric

efficiency.

5.2 Superheating variation tests

Superheating variation tests were carried out for both refrigerants R22 and
R407c at constant degree of subcooling of 9°C and constant evaporating temperature of

5°C and degrees of super heating of 3, 6, 10, 16°C and condensing temperatures of 38,

40, 41°C. The above parameters were obtained as follows:

5.2.1 Refrigeration effect

Equation (3.1) is used to calculate the refrigeration effect, qrr, for each value of
AT (sup) investigated. Figures (5.1) and (5.2) show the variation of grr with AT (sup)
for R22 and R407c, respectively for T.=38, 40 and 41°C. It can be seen from these
figures that g.r increases linearly with AT (sup) for both refrigerants. Figures (5.1) and
(5.2) also show that when the condensing temperature increases, the refrigeration effect

decreases since, at the same degree of superheating, same degree of subcooling, same
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while the enthalpy at evaporator exit, hy, keeps constant. According to equation (3.1)
this means that the value of the refrigeration effect decreases as the condensing

temperature increases while it increases as AT (sup) increases at T.=constant and

ET,;=constant. Figures (5.1) and (5.2) indicate that the refrigeration effect, qrr, for R407c
| reached a value of 101% of that of R22 at T, = 38°C and AT (sup) = 16°C. Figure (5.3)
compares ¢y of R22 and R407¢ for T=40°C. It shows that the refrigeration effect for
both refrigerants increases as AT (sup) increases due to the increase of the enthalpy of

the superheated vapor that leaves the evaporator as AT (sup) increases. Figure (5.3) also

- shows that the refrigeration effect of R407¢ reached a value of 99% of that of R22 at

different AT (sup) from 3°C to 10°C and increased slightly till it reached a value of

101% of that of R22 at AT (sup) = 16°C.

5.2.2 Mass flow rate

Equation (3.2) was used to calculate the mass flow rate, m, values at each AT
(sup) investigated. Figures (5.4) and (5.5) show the variation of m with AT (sup) for
R22 and R407c, respectively for Tc=38, 40, 41°C. Both figures indicate that mdecreases
as AT (sup) increases for all values of T, investigated. Figures (5.4) and (5.5) show that
the mass flow rate decreases as T, increases due to the increase of enthalpy across the
compressor and due to the decrease in the specific volume at the exit of the compressor.
And also these figures show that the mass flow rate of R407c¢ is lower than that of R22
for all values of T, investigated. As indicated in figure (5.5) the mass flow rate of R407c¢
at T. = 38°C, AT (sup) = 6°C is greater by 5.6% than that at T, = 41°C, AT (sup) = 6°C.
As AT (sup) increases the mass flow rate decreases until a point is reached at which it

tends to be constant. This is because, at constant T, and constant T, the rate of increase
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|
| : .
of the specific volume at the inlet of the compressor is nearly equal to the rate of

r
increase of the specific volume at the exit of the compressor which makes the

|
!.
| volumetric efficiency constant which directly proportional to the mass flow rate. Figure

l\
|‘ (5.6) shows that the mass flow rate decreases as AT (sup) increases due to the increase

|
' of the specific volume of the superheated vapor at the inlet of the compressor. Figure

y‘ (5.6) also shows that the mass flow rate of R407c¢ is lower than that of R22 for all values
|

I of AT (sup) investigated. It indicates that the mass flow rate of R407c is less by 18.9%

| than that of R22 at AT (sup)=3°C.

5.2.3 Refrigeration Capacity
The refrigeration capacity at each value of AT (sup) investigated was calculated
using equation (5.4). Figures (5.7) and (5.8) represent the relation between the
refrigeration capacity, Qus, and the degrees of superheating, AT (sup) at different
condensing temperatures, T, for both refrigerants R22 and R407¢ respectively. Both
figures indicate that the refrigeration capacity increases as AT (sup) increases while it
decreases as T, increases for both refrigerants. Increasing T, will increase the saturated
liquid enthalpy at the condensing temperature, thus causing a decrease in the enthalpy
difference across the evaporator. Also the mass flow rate decreases as T, increases, thus
according to equation (5.4) the refrigeration capacity decreases. Figures (5.7) and (5.8)
also show that the refrigeration capacity of R407c reached a value of 80% of that of R22
at T=38°C, AT (sup)=16°C. Figure (5.9) shows that Q. of R407c is less than that of
R22 at different degrees of superheating. It also shows that as the degree of
superheating increases Q,er increases slightly for both refrigerants. This is because the

rate of increase of the refrigeration effect is greater than the rate of decrease of the mass
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to that of R22 at AT (sup) = 16°C.
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| 5.2.4 Work of Compression

! The work of compression, w,, is plotted against AT (sup) at different values of
i T. for both refrigerants, R22 and R407c as shown in figures (5.10) and (5.11)
\ respectively. Equation (3.5) was used to calculate the data of these figures. As T,
| increases w. increases. This is due to the increase in the enthalpy difference across the
. compressor. The work of compression of R407¢ at Tc = 41°C, AT (sup) = 16°C is
" decreased by a value of 7.5% of that at T, = 38°C, AT (sup) = 16°C as shown in figure

(5.11) while a percentage decrease of the work of compression of 3.2% is obtained at
| the same conditions for R22 as shown in figure (5.10). The work of compression is
| plotted against AT (sup) for both refrigerants in figure (5.12). This figure compares we
| of R22 and R407c for T, = 40°C. It shows that as AT (sup) increases w; increases for

both refrigerants. This is due to the increase of the enthalpy difference across the

compressor. Figure (5.12) indicates that w, of R407c is larger than that of R22 for all

values of AT (sup) investigated. It is increased by a value of 23.2% of that of R22 at AT

(sup) = 16°C.

5.2.5 Heat rejection

! Equation (3.6) is used to determine the value of heat rejection, g, for each value
| of AT (sup) investigated. Figures (5.13) and (5.14) show the variation of q. with AT
i (sup) for R22 and R407c, respectively for T, =38, 40 and 41°C. It can be seen from

these figures that q increases linearly with AT (sup) for both refrigerants. This is
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‘because of the increase of the enthalpy of the refrigerant leaving the compressor while

that qc increases as T, decreases for each AT (sup) investigated. This is because the
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keeping the enthalpy leaving the condenser constant. Figures (5.13) and (5.14) indicate

| enthalpies at inlet and exit of the condenser increase as T, increases, but the increase in

| the exit enthalpy (saturated liquid enthalpy at condensing temperature) is higher than the

_increase in the inlet enthalpy causing the enthalpy difference across the condenser to

- decrease.

|
' R407c is greater than that of R22 for all values of AT (sup) investigated. The value of q.

Figure (5.15) compares g of R22 and R407¢ for T, = 40°C. It shows that q. of

! of R407¢ is greater than that of R22 by 5.2% at AT (sup) = 16 °C.
|

‘ 5.2.6 Heat rejection rate

| Equation (3.7) is used to determine the heat rejection rate, Q,, for each value of

AT (sup) investigated. Figures (5.16) and (5.17) show the variation of Q. with AT (sup)

for R22 and R407c, respectively for T, = 38, 40 and 41°C.

These figures show that Q. increases as AT (sup) increases for both refrigerants. This is

due to the fact that the mass flow rate decreases at lower rate than the increase in the

! T, increases for both refrigerants. This is because the mass flow rate of refrigerants
| decreases and the enthalpies at inlet and exit of the condenser increase as T, increases
‘ but the increase in the exit enthalpy is higher than the increase in the inlet enthalpy

causing the enthalpy difference across the condenser to decrease. Figures (5.16) and

(5.17) indicate that Q. of R407¢ is lower than that of R22 by 11.7% for T, = 38 °C, AT

(sup) = 16 °C.

enthalpy difference across the condenser. Also these figures show that Q. decreases as
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In comparing Q. of the two refrigerants, figure (5.18) shows that Q. of R407c is

lower than that of R22 for all degrees of superheating investigated. It indicates that Q.

Illof R407¢ is lower than that of R22 by 15.1% for T.=40 °C and AT (sup) = 16 °C.

!5.2.7 Coefficient of performance
|

Equation (3.8) is used to determine the value of the coefficient of performance,

COP, for each value of AT (sup) investigated. Figures (5.19) and (5.20) show the
!Rrariation of COP with AT (sup) for R22 and R407c, respectively for T, = 38, 40, 41 °C.
It can be seen from these figures that COP increases as AT (sup) increases for both
ireﬁigerants. This is due to the fact that the rate of increase of the enthalpy difference

across the evaporator is

greater than the rate of increase of the enthalpy difference across the compressor. Also
ithcse figures show that COP decreases as T. increases for both refrigerants. This is
ibecause of the decrease in the enthalpy difference across the evaporator and the increase
:n the enthalpy difference across the compressor. Figures (5.19) and (5.20) indicates that
the COP of R407¢ reached a value of 87.4% of that of R22 for T, = 38 °C, AT (sup) =

|16 °C. Figure (5.21) compares COP of R22 and R407c for T, = 40 °C. It indicates that

COP of R407¢ is lower than that of R22 and it reached a value of 83% of that of R22 at -

AT (sup) = 16 °C.

|

i

5.2.8 Electrical power consumption

| The variation of the electrical power consumption for both refrigerants, R22 and
‘R407c with AT (sup) is plotted in figures (5.22) and (5.23), respectively. These figures

show that the electrical power consumption increases as AT (sup) increases for both
|
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i
refrigerants due to the increase of the work of compression in a rate greater than the rate

ILof decrease of the mass flow rate. Figures (5.22) and (5.23) also show that the
| - : ;
| compressor power increases as T, increases at constant Te. This is because increasing T

causes increase in the enthalpy difference and a slight decrease in mass flow rate. Figure

; (5.24) shows the variation of electrical power consumption with AT (sup) for T. = 40 °C,

' for both refrigerants. This figure indicates that the electrical power consumption when

| using R407¢ is slightly less than that when using R22 and it reached a value of 98.7% of

I that of R22 at AT (sup) = 10 °C.

| 5.2.9 Isentropic efficiency

i Equation (3.9) is used to determine the isentropic efficiency, nisem, for each value
' of AT (sup) investigated. Figure (5.25) shows the variation of njsn with AT (sup) for
| both refrigerants. This figure shows that nien tends to be constant at different AT (sup)
| for both refrigerants. Figure (5.25) also shows that T of R407c is less than that of
R22 at constant T, and constant T. and different values of AT (sup). This figure

| indicates that Nien of R407c reached a value of about 71.5% of that of R22.

. 5.2.10 Volumetric efficiency

! The volumetric efficiency, ny, as a function of AT (sup) is calculated using
| equation (3.10). Figures (5.26) and (5.27) show the relation between 7, and AT (sup) for
| R22 and R407c, respectively for T, =38, 40 and 41 °C. It can be seen from these figures
| that 1, tends to be constant as increasing AT (sup) for both refrigerants. This is because
the rate of increase of the specific volume of the superheated vapor at the exit of the

compressor is nearly equal to the rate of increase of the specific volume of the super
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|
i
heated vapor at the inlet of the compressor. Figures (5.26) and (5.27) also show that 1,

| g .. . . ;
decreases as T. increases for constant T, since increasing T will decrease the specific

|.
Imlumc’;: of the refrigerant at compressor exit. Figure (5.28) compares 1y of R22 and

&{407c for T, = 40 °C. It can be seen from this figure that 1, of R407c¢ is slightly greater

|
‘than that of R22 and it reached a value of about 101% of that of R22. This means that

|same compressor can be used for both refrigerants with out any modifications.
|

!

'5.2.11 Compressor discharge temperature

| temperature, Ts, with AT (sup) for R22 and R407c, respectively for T, =38, 40,41 °C. It
|

i
| refrigerants. Also these figures show that as T. increases the exit temperature from the

Figures (5.29) and (5.30) show the variation of compressor discharge

can be seen from these figures that T increases linearly with AT (sup) for both

| . g x . .
compressor increases since condensing pressure increases. For R407c T; increased from

92 to 95 °C when increasing T, from 38 °C to 41 °C for AT (sup) = 16°C. Figure (5.31)

' compares T, of R22 and R407c for T, = 40 °C. This figure indicates that T of R407¢ is

less than that of R22 and it is decreased from 86.5 to 82 °C when R407c¢ is used instead
of R22 for AT (sup) =3 °C.

It is worthfull to mention that high temperature at the exit of compressor could
result in oil break down, causing excessive wear or reducing life of discharge valves and
over heating of compressor. To achieve a certain exit temperature the condensing

temperature and the degree of super heating should be controlled.
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'§.3 Subcooling variation tests
|
|

Subcooling variation tests were carried out for both refrigerants, R22 and R407¢

}at constant degree of superheating, AT (sup) of 6 °C and constant condensing

‘tcmperature of 40 °C and degrees of subcooling, AT (sub) of 9, 11.5, 14, 17 °C. The
|

l‘tests were repeated for evaporating temperatures of 5, 7, 13 °C and the following

, Parameters were obtained:

' 5,3.1 Refrigeration effect
Figures (5.32) and (5.33) show the variation of qrer with AT (sub) for R22 and
R407c¢, respectively for Te =35, 7 and 13 °C. It can be seen from these figures that qer
| increases linearly with AT (sub) for both refrigerants. This is due to the fact that the
‘ enthalpy of the liquid vapor mixture that enters the evaporator as a cause of subcooling
was decreased while the enthalpy of the vapor that enters the compressor was kept
‘ constant. Figures (5.32) and (5.33) also show that qrr increases as Te increases for both
refrigerants. The increase of qqr is due to slightly higher enthalpy value of the
superheated vapor at higher evaporating temperatures. Figure (5.33) indicates that Gres
of R407¢ at T.= 13 °C, AT (sub) = 17 °C is greater than that at T, = 5 °C by about 5%.
| This makes R407c¢ suitable to be used in moderate and high temperature systems. Figure
' (5.34) compares the variation of q.swith AT (sub) for R22 and R407c¢ for Te=5 °C. This
' figure shows that q.rof R407c is greater than that of R22 and it increased by a value of

| about 3% of that of R22 at AT (sub) = 17 °C. This means that R407c has a larger

subcooling effect than R22.
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|
5.3.2 Refrigeration Capacity

‘ Figures (5.35) and (5.36) show the variation of the refrigeration capacity, Qres
LVVith AT (sub) for R22 and R407c, respectively for Te = 5, 7 and 13 °C. These figures
show that Qur increases as AT (sub) increases for both refrigerants. This is due to the

‘fact that the refrigeration effect increases while the mass flow rate keeps constant with
| the change of AT (sub). It can be seen also from these figures that Qs increases as T
‘ increases for both refrigerants R22, R407c¢ at a rate of 6% and 4% respectively. Figure

| (5.37) compares Qe of R22 and R407c for T, = 5 °C. It indicates that Qrr of R407c is

‘ less than that of R22 and it reached a value of 84% of that of R22.
|‘

| 5.3.3 Heat rejection

‘ Figures (5.38) and (5.39) show the variation of heat rejection, g, with AT (sub)

|
" for R22 and R407c, respectively for T. = 5, 7 and 13 °C. Both figures indicate that q.

‘ increases as AT (sub) increases for both refrigerants. This is due to the decrease of the
enthalpy of the saturated liquid at the exit of the condenser as AT (sub) increases while

| the enthalpy at the exit of the compressor is kept constant.

| As shown in these figures the heat rejection increases as T, decreases for both
refrigerants. This is because of the increase of the enthalpy at the exit of the compressor
as T, decreases. Figures (5.38) and (5.39) indicate that g. of R407c for T, = 13 °C is

| lower than that for T. = 5 °C by 2.2% while a value of 3% is obtained for R22 at the

| same conditions. The heat rejection of R407c is greater than that of R22 as indicated in

" figure (5.40). It can be seen from this figure that q. of R407c is greater than that of R22

by 5.3% for T=5 °C.
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|‘“5.3.4 Heat rejection rate

Figure (5.41) and (5.42) show the variation of the heat rejection rate, Q., with

|
!i
I‘AT (sub) for R22 and R407c, respectively for T = 5, 7 and 13 °C. These figures show

he increase

|\that Q. increases as AT (sub) increases for both refrigerants. This isduetot
| . 2
 of the enthalpy difference across the condenser as AT (sub) increases while the mass

| flow rate remains constant. Figures (5.41) and (5.42) indicate that Q, increases as T.

|
. increases for both refrigerants. This is due to the increase of the mass flow rate at higher

 rate than the decrease in the enthalpy difference across the condenser. The heat rejection

l' rate of R407¢ is less than that of R22 as indicated in figure (5.43). It can be seen from

| this figure that Q; of R407c¢ is less than that of R22 by 15.3% for T,=5 °C.

5.3.5 Coefficient of Performance

" Figures (5.44) and (5.45) show the variation of COP with AT (sub) for R22 and
‘l‘ R407c respectively for T, =5, 7 and 13°C. It can be seen from these figures that COP
increases as AT (sub) increases for both refrigerants. This is because of the increase of
greras AT (sub) increases while w. remains constant. Figures (5.44) and (5.45) also show
that in addition to the increase of COP with AT (sub) it also increases as Te increases for
both refrigerants. This is due to the increase of the refrigeration effect and the decrease
in work of compression. These figures indicate that COP of R407c is increased by a
value of 6% as T, increased from 5 to 13 °C while a percentage increase of 6.5% is

obtained for R22 at the same conditions. Figure (5.46) compares COP of R22 and

R407¢ with AT (sub) for T, = 5 °C. This figure indicates that COP of R407¢ is less than

that of R22 and it reached a value of 84% of that of R22 at AT (sub) =17 °C.
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6-CONCLUSIONS AND RECOMMENDATIONS

j 6.1 Introduction

A window type air conditioning unit was used to determine experimentally the
performance parameters when replacing the refrigerant R407c instead of R22 under the
effect of superheating, subcooling and combined superheating and subcooling. The

performance parameters obtained were compared with that of R22.

6.2 Conclusions

1.

The coefficient of performance of R407c for the superheating
variation test reached a value of about 83% of that of R22 at T=5 °C, T. =40 °C,
AT (sup) = 16 °C, AT (sub) = 9 °C and a value of 87% of that of R22 at T,=38
°C. On the other hand, the COP reached a value of 84% of that of R22 for the
subcooling variation test and a value of 82% of that of R22 for the combined
variation test.

The refrigeration capacity of R407c when it replaces R22 decreased from a
value of 5.6 kW to 4.66 kW at T, = 13 °C, T, = 40 °C, AT (sub) = 17 °C, AT
(sup) = 6 °C which means that the refrigeration capacity of R407¢ reached a
value of 83.2 % of that of R22., This is achieved during the subcooling test.

The refrigeration capacity and the coefficient of performance increase slightly as
AT (sup) increases and it begin to become constant as AT (sup) close to 16 °C.
The electrical power consumed when R407c is used is slightly less than that of
R22 for all tests and it reached an average value of 98% of that of R22.

Results of the present work indicated that refrigerant R407c is a suitable

replacement for R22 in a 5 kW window type air conditioning units. R407c is
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also considered as a primarily substitute for R22 in medium temperature

refrigeration systems.

6. The refrigerant R407c has a subcooling effect greater than that of R22.

6.3 Recommendations

1. Further experimental studies are recommended to be carried out on R407c for a
wider range of working and environmental conditions other than the conditions
used in this research.

2. Due to the temperature glide of R407c, further study on the design of the
condenser and evaporator is recommended in order to offset this effect.

3. More research and studies on other promising and environmentally safe
alternative refrigerants, which will be useful for the industry when phasing out
existing CFCs and HCFCs.

4, Further study on other air conditioning systems is recommended in order to

generalize the results obtained from this study.
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