COMPARISON OF THE PERFORMANCE OF A CIAT CHILLER OPERATING WITH R 22 AND R 407C FITTED WITH EXEL PLATE EXCHANGERS

A. Bailly*, R. Jurkowski*, F. Dessaud*, Bernard Frankovic**, Ivan Viličić**
*CIAT Culoz, France

** Faculty of Engineering University of Rijeka, Croatia

Abstract: In this paper the results of experiments conducted in CIAT’s research laboratory in France are presented. The study concerns chillers fitted with brazed plate exchangers and reciprocating compressors, initially operating with R 407C and ester oil, followed by R 22.  Several energetic parameters of the installation including cooling capacity, heating capacity, absorbed power, energy efficiency ratio as well as variation in composition and miscibility of oil have been compared. The results of these investigations are of significant importance for users and manufacturers of refrigeration installations operating with R 407C.

1. INTRODUCTION

Two years prior to the new millenium, the race to replace R 22 has not yet been won. This refrigerant has a low disturbing activity with respect to destruction of the ozone layer (PDO 
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 0.05) and its contribution to the greenhouse effect is lower than that of R 407C, the potential candidate for substitution.

It could be asked what is the point of eliminating in refrigeration and air-conditioning applications. Nevertheless, following various decisions and decrees, HCFC 22 must disappear before 2015 in Europe, 2030 in the USA and perhaps «tomorrow» in a few Northern European countries where regulations have been tightened. It has been noted that today there is no substitution product which can replace R 22 in all fields.

Depending on the application, different refrigerants can be taken into consideration: R 134a, R 404A, R 407C, R 410A, ISCEONS or other non-halogenated fluids such as NH3 and HCs.

In previous publications [1] to [7] the position vis-a-vis the regulations has been stated and the industrial community’s attitude towards the following has been described.

· lubrication problems,

· validation by compressor manufacturers,

· repercussions on exchanger manufacturers and

· the manufacturer’s approach.

However, one positive point generated by all this movement is worth mentioning:

· The European and world-wide technical and scientific community is becoming organised:

· in various countries the governments, faced with an uncertain situation, are aware of these worries and are funding theoretical work to give a better understanding of the choices and the advantages of the new refrigerants [8], [9], [10],

· the scientific community is providing an essential contribution to obtaining local correlations for evaporation and condensation applied to mixtures. They are also providing precious assistance in controlling and calculating the physical and chemical properties of mixtures [11] to [22]. Theses on the static and dynamic behaviour of refrigerating units are in preparation and

· the technical centres and manufacturers are continuing tests in order to set up a solid experimental base enabling machine reliability to be improved and service life estimated [23] to [38].

2. WORK CONDUCTED BY CIAT

In this context, CIAT is continuing to perform studies into analysis of the thermal performance of an RKM 200 chiller fitted either with multitubular exchangers or with EXEL brazed plate exchangers. This chiller has been tested with fluids including R 22 and R 407C.

R 407C was selected for the tests as being the most representative of the new mixtures, as it includes most of the phenomena which are not fully controlled to date:

· distillation interval,

· modification of global composition in the function of time,

· local segregation of components during operation and

· high miscibility with oil.

The objectives of the tests are as follows:

· comparison of the thermal performance obtained for new fluids in identical operating conditions,

· analysis of the behaviour of the diphasic exchange coefficient as a function of the various parameters,

· analysis of the composition of the mixture before and during operation and

· influence of oil.

As the results obtained on the chiller fitted with tubular exchangers are described in our previous works [2], [4] and [5], in this publication emphasis will be laid on brazed plate exchangers.

For the two fluids tested, the same EXEL exchangers were used in the following imposed experimental conditions:

· water inlet temperature
12 – 14 °C

· density at inlet
20 – 30 %

· evaporator outlet saturation temperature
0 – 4 °C

· superheating at evaporator outlet
5 – 7 °C

· desuperheating at condenser inlet
25 – 30 °C

· subcooling
4 – 5 °C

To determine any changes in the composition of the R 407C, chromatographic analyses were performed by two different laboratories. Samples were taken on the unit in operation, in the gas and liquid phases according to the method laid down by the supplier of the fluid.

Finally, note that for the technological aspect concerning the exchangers, great attention was paid to questions relating to compatibility of the materials used, which must resist chemical aggression from the new refrigerants plus oil.

3.  RESULTS AND COMPARISON

To compare the performance of the RKM 200 chiller, with a nominal power of 45 kW, two different approaches were adopted:

· comparison of the overall performance for identical operating conditions. This is an interesting approach, especially for users and

· analysis of overall and two phase heat transfer coefficients as a function of characteristic parameters such as thermal flux or mass velocity. This is a necessary approach in order to optimise operation.

3.1. Overall performance

The heat load for the exchangers and the power absorbed by the compressor as a function of the evaporator outlet water temperature which varies between 2 and 12 °C, and for different condenser outlet water temperatures of 35, 40 and 45 °C are presented. However, the cooling capacity was estimated for a water configuration of 12/7 °C and for the condenser water temperatures listed above.

Evaporation and condensation performance

It is confirmed that R 407C has a lower heat load at the evaporator and condenser than R 22, especially at higher condenser outlet water temperatures (figures 1 and 2).

For a condenser water outlet temperature of 45 °C, the rejected heat values obtained with R 407C are lower than those for R 22 by about 4 to 5 %.

The electrical power absorbed by the compressor remains slightly higher, about 4 to 6 % higher with R 407C than with R 22 (figure 3).

EER Energy Efficiency Ratio

The change in the energy efficiency ratio is presented in figure 4.




The increase in power consumption for the compressor operating with R 407C, associated with a lower evaporator capacity, explains the decrease of about 7 % in the EER obtained with R 407C compared with R 22 in identical test conditions.

This is a more acceptable value if it is compared with the results obtained for tubular exchangers, where the EER decreased by about 20 %.

3.2. Thermal transfer coefficients

The thermal transfer coefficients in evaporation and condensation for EXEL exchangers were analysed. These coefficients take account of the overall two-phase flow, including superheating for evaporation and desuperheating and subcooling for condensation.

They are defined by the relation



                               


(1)

where
Ptherm
=
mwater . Cpwater . (Twater
Sexch
=
exchange surface area

(Tlog
=
takes account of the saturation temperature at the inlet and outlet.

The two-phase coefficient can be written as follows:
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where
hext
=
heat transfer coefficient on hot side


e
=
plate thickness


(
=
thermal conductivity of the plate

The results are shown in figures 5 to 8 for evaporation and figures 9 to 12 for condensation;

Evaporation

The heat transfer coefficients are presented in figures 5 and 6 as a function of the arithmetical temperature difference and in figures 7 and 8 as a function of the thermal flux and mass flow velocity. Note that, by analogy with the results for multi-tube exchangers, the two-phase heat transfer coefficient for R 407C is about 60 % lower than for R 22. Note also that this decrease in the heat transfer coefficient is offset by the increased temperature difference between the hot side and the refrigerant R 407C. The explanation may be due to the diffusion effect, the distillation interval, the change in properties during evaporation, and the high miscibility with oil.

Condensation

The overall and two-phase heat transfer coefficients are shown on figures 9 to 12.

Note that the difference between the coefficients obtained for R 407C and R 22 is higher than in evaporation. The condensation coefficient for R 22 is approx. 65 % higher compared to that obtained for R 22. This difference can be explained by the same phenomena as in evaporation, though the influence of the diffusion effect may be greater. Note that this experimental comparison of two-phase heat transfer coefficients is a very important subject for more fundamental studies concerning research or modification of local correlations applicable to mixtures.

It should be recalled that the current correlations (developed on the basis of pure fluids) applied to R 407C predict practically the same values as for R 22 (to within 10 %). Fortunately, research into this question is already in progress in various research centres in France.

4.  ANALYSIS OF THE COMPOSITION

The refrigerant R 407C is a ternary, semi-azeotropicmixture, which means that the change of state at constant pressure occurs at a variable temperature throughout the process. R 407C presents a temperature slip value of about 7 °C for a nominal composition at approx. 5 bar.

In our planned research, the composition of the mixture before, during and after the test campaign was verified. Samples taken from the liquid line and the vapour line were tested by two different laboratories.

BEFORE TESTS


Theoretical mass composition
Measured composition

Refrigerant

Laboratory 1
Laboratory 2

R 32
23 %
23.2 %
22.6 %

R 125
25 %
25.0 %
25.2 %

R 134a
52 %
51.8 %
52.2 %

Note that the precision of the measurement is ± 0.2 % of the mass composition. It can be concluded that the composition of the R 407C is entirely satisfactory.

DURING TESTS


Theoretical mass composition
Measured composition



Liquid sample
Vapour sample

Refrigerant

Laboratory 1
Laboratory 2
Laboratory 1
Laboratory 2

R 32
23 %
23.4 %
23.6 %
21.9 %
22.6 %

R 125
25 %
25.5 %
27.4 %
24.4 %
25.3 %

R 134a
52 %
51.1 %
49.0 %
53.6 %
52.1 %

The modifications in the composition measured by the two laboratories lead to a change in the saturation temperature of 0.7 °C on the liquid line and 0.5 °C on the vapour line (according to the REFPROP program).

END OF TESTS

The full tests lasted approximately 3 months. The variation in composition is thus valid for this duration only (see table below) and for the exchanger tested.


Theoretical mass composition
Measured composition



Liquid sample
Vapour sample

Refrigerant

Laboratory 1
Laboratory 2
Laboratory 1
Laboratory 2

R 32
23 %
23.2 %
23.9 %
22.3 %
22.5 %

R 125
25 %
24.7 %
26.0 %
24.8 %
25.2 %

R 134a
52 %
52.2 %
50.1 %
52.9 %
52.3 %

It should be added that for another (more compact) plate exchanger with a lower volume, the variation in the composition was greater. The following  percentages was measured:

R 32 = 24.9 %
R 125 = 26.7 %
R 134a = 48.5 %

Note that with this new composition, the saturation temperature for R 407C is approx. 1 degree less than with the nominal composition.

5.  MISCIBILITY OF R 407C with ESTER OIL

Samples were taken on the chiller in operation.

The ester oil sampled on the compressor and at the outlet of the condenser was analysed in order to determine:

· the mass of refrigerant dissolved in the oil,

· the composition of the refrigerant given off by the oil,

· the mass quality of oil in R 407C at the compressor outlet.

R 407C dissolved in oil

Whether with R 22 or R 407C, when the chiller was first loaded with refrigerant, when stopped, a significant increase in the oil level at the compressor indicator (+ 1/3 of the level) as well as a layer of foam above the surface of the oil visible through the indicator was observed. It was therefore decided to quantify the proportion of refrigerant dissolved in ester oil during the operation of the machine. At the CIAT laboratory, a sample was weighed before and after evaporation of the gas dissolved in the oil by heating and vacuum extraction. The results obtained show that the quantity of refrigerant absorbed by the oil varies between 25 and 30 % by weight. This is a significant amount and must have an effect on the quality of the oil and lubrication.

Finally, analysis of the oil after 4 months operation showed the following copper, iron and aluminium content and acidity index:

Cu 
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 2 ppm
Fe 
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 1.7 ppm
Al 
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 1 ppm

acidity index 
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 1.5 mg/g

Composition

Chromatographic analysis showed that the composition of the refrigerant absorbed does not correspond to the nominal composition of R 407C:

R 32 = 21 %
R 125 = 17 %
R 134a = 62 %

It can therefore be noted that the R 134a component is absorbed preferentially by the ester oil. This also means that the composition circulating in the machine must have been poorer in R 134a.

Ester oil content in R 407C
The mass of oil was estimated by laboratory 1 on the samples of refrigerant R 407C taken in the liquid at the condenser outlet with the compressor operating. The sample was weighed before and after evaporation of the refrigerant. The weight difference was considered as the mass of oil present in the sample. In this way, the oil content by weight at about 1 % was evaluated. This seems an acceptable value.

6. CONCLUSION

In this paper, the overall thermal performances and the two-phase heat transfer coefficients obtained on a chiller from the RK range fitted with EXEL exchangers, operating with R 407C and R 22 have been compared. Unlike the results published previously with tubular exchangers (reduction of about 20 % in the EER for R 407C) it was observed that with EXEL exchangers there was much less reduction in performance.

Global performance

The cooling and heating capacity with R 407C are approximately 5 % lower, and the absorbed power with R 407C remains about 5 % higher than the results obtained with R 22. This explains the reduction of about 7 % in the energy efficiency ratio. The values published are in line with the increasing number of other results published in technical literature.

Heat transfer coefficients

In the same way as the results obtained with tubular exchangers, the two-phase exchange coefficients for R 407C are 35 to 50 % lower for evaporation and 50 to 75 % lower for condensation. This significant deterioration in the heat transfer coefficients can be explaned by the influence of several phenomena including: the diffusion effect, the distillation interval, the variation in composition, the high miscibility of R 407C with ester oil, etc., which have not yet beem sufficiently controlled by technical and scientific specialists.

Analysis of the composition

Regarding the analyses of the composition of the refrigerant and the oil non-negligible differences of about 2 % for R 32 and up to 4 % for R 134a over the four months of testing have been observed. These differences may increase further if there are leaks on the installation. A high miscibility of the R 407C refrigerant in oil, of up to approx. 27 % by weight was also noted. This is not negligible in terms of the effect on the variation in oil viscosity and its lubrication properties. Finally, a reduction in performance (EER) of approximately 7 % was noted. The lower refrigerant volume must also be taken into account when plate exchangers are used. The lower volume of refrigerant, the greater potential variation in the composition. This phenomenon will need to be monitored over a period of several years.

Overall, it can be concluded that as a result of the efforts made by all those involved in HCFC replacement research, progress is being made in terms of scientific and technological knowledge, but our few years of experience is not yet sufficient to state that our task has been reliably carried out. Several more years will be required in order to control the use of mixtures and guarantee safety for users of chillers. However, in the light of the negligible effect of R 22 on the destruction of the ozone layer and on global warming, legislators should really listen to equipment manufacturers before making any hasty decisions.
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