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Abstract: For many years, CIAT, a French manufacturer of refrigeration and air conditioning material, has been working for setting up the solutions for the real protection of environment. The R&D Teams  analyse the new refrigerants well adapted to their applications : R134a, R404A, R407C, Isceons, NH3,…

In this paper the last results of experiments conducted by CIAT’s Research Laboratory in France are presented. It deals with the comparison between plates and shell and tubes heat exchangers performances operating with R22 and R407C as well as chillers behaviour analysis during five years period.*
This study is related to CIAT chillers fitted with EXEL brazed plate exchangers and TUBULAR heat exchangers working with reciprocating compressors, initially operating with R 22 and ester oil, then with R 407C. Several parameters of the installation were compared including cooling capacity, heating capacity, absorbed power, energy efficiency ratio as well as the variation in the composition and miscibility of the oil.

To assess the life-cycle and reliability of the chiller, the LCA and FMEA methods were applied. Further more the high accelerated life-tests HALT will be performed.

The results of these investigations are of significant importance for users and manufacturers of refrigeration installations operating with R407C.
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1. INTRODUCTION

The justified protection of the atmospheric environment is putting the refrigeration and air conditioning community in a position of technological revolution.

The world-wide professional representatives must assure all the effects of the replacement of the conventional refrigerants like CFC, HCFC and construct the new design rules of installations.

The subject that is presented here is one of the numerous steps that CIAT decided to make with the austerity required by such situation.

In order to replace R22 in air conditioning, the following fluids were considered: HFC: R134a, R404A, R407C, R410A, ISCEONS and others such as NH3 and HCs.

In the previous publications [1] to [7] uit has been stated that our position faced with the regulations, and described the industrial community’s attitude about lubrication problems and compressors, heat exchangers and machines manufacturer’s approach.

Today the contribution is pointing out a technological solution allowing to reduce the performances decrease appearing when using R407C instead of R 22 and inevitable reliability control analysis.

The passage from HCFC’s to HFC’s lead CIAT to have a global approach on the design of the new refrigeration equipment operating with R407C. Life Cycle Assessment, Failure Mode Effect Analysis and High Accelerated Life Tests are also performed on the 50 kW water-cooled water-chiller in order to assess the use of R407C.

In technical literature some information can be found about the choice and the advantages of new refrigerants, about local correlations for heat transfer and physico-chemical properties of mixtures as well as the indications about machine reliability and their test life.

2. GLOBAL ENVIRONMENTAL APPROACH

Usually, the main criterions used to evaluate the environmental impact of refrigeration equipment are ODP, GWP and TEWI.

Another approach can be done with Life Cycle Assessment: thanks to this method, all the environmental impacts along the equipment life can be taken into account, from cradle to grave. 

In previous, we compared 3 different machines whose cooling capacity is 50 kW:

1 : shell and tube heat exchangers operating with R22 : STR22

2 : brazed plate heat exchangers operating with R22 : BPHER22

3 : brazed plate heat exchangers operating with R407C : BPHER407C

Amount of raw materials (copper, stainless steel, iron, aluminium, refrigerant) as well as electrical power input (production of the equipment and operation during its life taken as 20 years) has been estimated. Refrigerant leaks have also been connsidered (annual refrigerant loss of 5%).

The Simapro4 software allowed us to perform the LCA.

The results showed us that the production phase is negligible compared to the operation phase: Fig. 9, it represents only 3% of the total impact on the environment. The machines BPHE have less impact than the ST one (40 % lower) ,Fig.10 : this is mainly due to the lower use of copper in heat exchangers.

Comparing the impacts of the 3 machines during their life and considering there is no refrigerant leak, it can be noticed that the lowest impact is reached by the BPHER22 followed by STR22 and finally by BPHER407C. This is due to the fact that BPHER22 is of the 3 machines the most efficient one (Fig.11).

Considering an annual refrigerant leak of 5 % (average value taking into account machines that leak and machines that will never leak), the lowest impact is reached by the BPHER407C followed by BPHER22 and finally by STR22 : this new classification is mainly due to the ozone impact of R22 (Fig.12).

The use of R407C and BPHE in water chillers allows reducing the environmental impact of such machines in case there are leaks. In spite of the fact that CIAT equipment are delivered without leaks (leaks detection performed on each machine machine), problems may occur and create leaks (vibration from the compressor, freezing of the evaporator etc…). CIAT works on this subject to avoid refrigerant leaks and improve the reliability of its equipment.

3. ACCELERATED LIFE TEST ON THE WATER CHILLER

A Failure Mode Effect Analysis has been performed to detect what are typically the most critical failures on water-cooled water chillers using BPHE. It was found that the most critical failures are: failure of brazed plate heat exchangers (evaporators and condensers), breaking of discharge pipe, leakage from brazed or screwed pipes.

BPHE failures can be linked for example to water freezing which is much more sensible for this kind of evaporator than for shell and tube exchangers. For condensers, failures are supposed to be linked to vibrations and pressure pulsations coming from the compressor. Those vibrations are also the source of pipes damages.

The failures listed above can occur with R22 as well as with R407C.

What is unknown nowadays is the failures that can be linked to the use of R407C after a long term period.

That is why the researchers decided to evaluate much more in detail the evolution of the machines operating with R407C : the main aspects to be considered are the effects of leaks and refilling on the performances (single-phase zone leak and two-phase zone leak) and the effects of the oil evolution (Total Acid Number and metal contents). Artificial leaks will be created in order to assess the evolution of the R407C composition and of the machine performances.

The objectives of High Accelerated Life Test are to amplify the sources of failures considered, to better know the phenomenon that we deal with and to find solutions so that the consequences are decreased.

Tests will soon be performed on a 50 kW water chiller: the results of those experiments will help the manufacturers to detect sources of improvement and to implement them on the machine.

4. ACTUAL WORK CONDUCTED BY CIAT

In this context, CIAT is continuing to perform studies into analysis of the thermal performances of an RKM 200 chiller fitted either with CIAT EXEL brazed plate or multitubular exchangers.

This chiller has been tested with fluids including R 22 and R 407C.

We selected R 407C 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 a time period, local segregation of components during operation, 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 “ two phases ” heat transfer coefficient as a function of the various parameters,

· analysis of oil and  composition of the mixture before and during operation tests.

As the results obtained on the chiller fitted with tubular and plate heat exchangers are described in our previous works in this paper we will concentrate on the comparison of performances between them. The choice of plate exchangers was carefully selected to maintain the same heat transfer surface for plates and tubular exchangers. 

Concerning the machine reliability, we analyse the modification of chiller performances after 3 and 5 years time.

For the two tested fluids, we used the following imposed experimental working conditions:

Evaporator




Condenser

water inlet temperature
12 – 14 °C

water outlet temperature
35 - 50°C


vapour quality at inlet
0.2 – 0.3


desuperheating at inlet
25 – 30 °C


outlet saturation temperature
0 – 4 °C


subcooling


4 – 6 °C


Superheating at outlet
5 – 7 °C

In order to determine any changes in the composition of the R 407C, two different laboratories performed chromatographic analyses. Samples were taken directly 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, we pay great attention to questions relating to compatibility of the materials used, which must resist chemical aggression from the new refrigerants plus oil.

5. RESULTS AND COMPARISONS

To compare the performances of the CIAT RKM200 chiller, with a nominal power of 45 kW, we measured the overall performances for both configurations for identical operating conditions. This is an interesting approach, especially for users.

5.1    Comparison between brazed and tubular exchangers with R22 and Ester oil

Remark: We did not notice any significant difference comparing to the performances obtained with mineral oil. 

The cooling capacity is 2 to 5% higher with the CIAT EXEL plate exchangers (Figure 1).

The rejected heat from condenser is up to 3% higher with plate exchangers (Figure 2). 

The electric absorbed power is about 2% lower with plate heat exchangers (Figure 3).

The Energy Efficiency Ratio (E.E.R.) is 3 to 6% higher with plate exchangers (Figure 4).

Note:  E.E.R. = Cooling capacity divided by Electric absorbed power.

5.2    Comparison between brazed and tubular exchangers with R407C and Ester oil

The cooling capacity is 7 to 10% higher with the CIAT EXEL plate exchangers (Figure 5).

The rejected heat from condenser is up to 5% higher with plate exchangers (Figure 6). 

The electric absorbed power is about 7% lower with plate heat exchangers (Figure 7).

The Energy Efficiency Ratio (E.E.R.) is up to 16% higher with plate exchangers (Figure 8).

CIAT RKM with R22 and Ester oil

2 EXEL and 2 tubular FK heat exchangers
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 Cond. rejected heat = f(Evap. water outlet temp.)
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CIAT RKM with R22 and Ester oil

2 EXEL and 2 tubular FY and FK heat exchangers
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 Absorb. electric power = f(Evap. water outlet temp.)
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figure 4 :

 E.E.R. = f(Evap. water outlet temp.)

2,5

3,0

3,5

4,0

4,5

5,0

5,5

2

4

6

8

10

12

14

Evap. water outlet temp. (°C)

E.E.R. 

~ 6 %

~ 3 %


CIAT RKM with R407C and Ester oil

2 EXEL and 2 tubular FY and FK heat exchangers
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figure 8 :

 E.E.R. = f(Evap. water outlet temp.)
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5.3 Analysis of the Composition during  the Tests

The refrigerant R 407C is a ternary, semi-azeotropic mixture, which presents a temperature slip value of about 7 °C for a nominal composition at approximately 5 bars.

In our 6 months planned research, it has been decided to verify the composition of the mixture before, during and after the test is running. 

At the end of the tests, it was noticed that there is a modification of mass composition for both types of heat exchangers. 

The following percentages were measured: 

increase of R32 from 23 to 25%, increase of R125 from 25 to 27%, decrease of R134a from 52% to 48%.

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

5.4 Miscibility of R407C with Estaer Oil

Oil analysis

Whether with  R 22  or  R 407C,  when  refilling  the  chiller  with  refrigerant,  it was  observed a  +1/3  increase in the oil level at the compressor glass indicator.

The analysis of the ratio of refrigerant absorbed by oil showed a variation between 25 and 30 % by weight. Moreover, analysis of the oil after 4 months operation showed the following contents of metals and acidity index: 

Cu 
[image: image4.wmf]@

 2 ppm, Fe 
[image: image5.wmf]@

 1.7 ppm, Al 
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 1 ppm,  and  Acidity index 
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 0.15 mg/g

The acidity index seems to be few times higher than in normal working conditions, which requires a careful attention about the compatibility of materials.

R407C composition contained in oil

Chromatographic analysis showed the following composition : 


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

It means that R134a is preferencially absorbed by oil, then, it is less in circulating composition.

Ester oil content in R407C

The samples of R407C and oil were weighten before and after evaporation of the refrigerant, and  let  us to evaluate the presence of oil into refrigerant  of about 1% in mass , which seems acceptable value.

6. TEST LIFE DEGRADATION PERFORMANCES OF THE CHILLER  WORKING   
WITH TUBULAR HEAT EXCHANGER AND  R407C

Since 1995, the chiller was running all year long, air cooling in summer and heating in winter. So, after more than 3 years time period of permanent running, it was decided for the first time to measure once again these performances.

After 3years time:

The first statement was the degradation of subcooling. Instead of 6°C, we measured 2°C.

After refilling of the machine, the subcooling increased until 5 to 6°C. No significant differences concerning cooling capacity and rejected heat were noticed comparing to 1995 results.

However it must be said that absorbed electric power to the compressor was slightly lower, about 4%. It was decided to proceed the chromatography analysis of the composition. The results are presented below in the table 1.

This new composition corresponds to the new physico-chemical properties and the new saturation temperature at 5.6 bars is about 2°C below the nominal temperature.

Table 1: Chromatography analysis of R407C composition (after 3 years ,before reffiling)

Sample n°
Content
Remarks
Mass composition %




R32
R125
R134a

1
“ R407C ” gas
Evaporation outlet
27.4
31.1
41.5

2
“ R407C ” liquid
Condensation outlet
24.3
28.9
46.8

3
Ester oil and dissolved gas
Compressor – gas analysis from oil.
20.9
17.4
61.7

It can be then partially explain the EER improvement and the slight  absorbed power decrease. A very strong variation of the composition on the vapour side can be also noticed. It can be easily explained by the problem of leakage.

After 5 years time:
First of all it has to be state that there was no differences about chiller performances.

The cooling capacity, electric absorbed power to compressor were comparable to  the results obtained at the beginning. The subcooling of refrigerant at the outlet of the condenser remained constant of about 4 to 5 degrees. 

However , after 5 years period of operation following analysis were performed:

1. Composition analysis – see table 2

Table 2  Chromatography analysis of R407C (after 5 years time, before refilling)

Sample n°
Content
Remarks
Mass composition %




R32
R125
R134a

1
“ R407C ” gas
Evaporation outlet
21.1
23.7
55.1

2
“ R407C ” liquid
Condensation outlet
23.9
26.2
49.8

3
"  R407C"  gas
Compressor outlet.
19.8
23.0
57.2

Even if the measured variation of the composition seems to be important, it can be considered that the most representative sample is the liquid one at the condenser outlet. In this case it can  be confirmed that the real composition of working R407C is very closed to the nominal.

2. Metals contents and Acidity index
Comparing to our previous results the presence of new metals like Zn ~= 3ppm and              Pb ~= 3 ppm can be pointed out. The increase of the presence of others metals is not significant.

Concerning the acidity index , this value is increased till 0.40 (mg KOH/mg).

This information should be very important and of constant control, because it's showing the possible modification of the oil quality . The Ester oil is obtained from the chemical synthesis of alcohol and carboxylic acid. Any small quantity of water can encourage the hydrolysis and creation of metallic soap.

So, it's very important to apply a good ester oil in the machines with special anti-wearing additifs.

2. Oil lubricate level evolution

The infra-red test analysis of oil were performed to state about it lubricate quality evolution.

It particularly concerns the kinetic wearing of oil.

We can notice that Absorbencies of oil for the wave number from 1000 to 3000 are lower of about 20 to 30% comparing to the new oil. It's mean that there is some degradation of the oil quality as a function of time.

In this situation we are following all the ameliorations in this matter and are particularly interested to compare  our results with the work done in other research Laboratories, like for example Daikin paper (JARN Newspaper, 1999) saying that there might be some  technological problems with compressors working with R407C. 
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Figure 9. Comparison between the manufacturing phase and the operating phase for the shell and tube equipment (ST) with R22 (no leaks on the equipment).
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Figure 10 Comparison between the manufacturing phase for the shell and tube equipment (ST) and the brazed plate heat exchanger equipment (BPHE).
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Figure 11 Comparison between the operating phase for the shell and tube equipment (ST) and the brazed plate heat exchanger equipment (BPHE) with R22 or R407C (no leaks on the equipment).
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Figure 12 Comparison between the operating phase for the shell and tube equipment (ST) and the brazed plate heat exchanger equipment (BPHE) with R22 or R407C (5% leakage on the equipment).

10. CONCLUSION

From the works conducted with a CIAT chiller, the following main messages can be retained: 

The best global performances were obtained with EXEL plate exchangers and R22,

This configuration is followed by: 



EXEL  plate exchangers + R407C 

less  than 5% 



Tubular heat exchanger + R22

less than 6%



Tubular heat exchangers + R 407C

less than 15%             

It means that the plate-type exchangers with counter-current flow are well adapted to the refrigerant blends and that the last configuration should be avoided.

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 after the four months and five years of testing has been observed.

These differences may increase further if there are leaks on the installation. 

A high miscibility of the R407C refrigerant in oil, up to approximately 27 % by oil weight was noticed. This is not negligible in terms of effect on the variation in oil viscosity and its lubrication properties, which should be controlled very carefully.

It must also be taken into account the lower refrigerant volume when plate exchangers are used. The lower the volume of refrigerant is, the greater the potential variation in the composition will be. This phenomenon will need to be monitored over a period of several years.

A lot of attention was given to the accelerated screening tests of the machines to assure their perfect reliability. 
It can be concluded that progress in terms of scientific and technological knowledge is made by all those involved in HCFC replacement research. The investigation field concerning new refrigerants and new associated technologies remains very important.

However we should notice that the new (natural) refrigerants are coming and that we should take them into consideration.

The future is fulfilled with significatif hopes in the perspectives of increasing the performances of the components and the final products as well as their reliability. 

Anyway, several more years will still be required in order to optimise the performances of refrigeration installations and to master the  chillers working with their mixtures .
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KONSTRUKCIJSKA PRAVILA ZA EFIKASNI RASHLADNI 
UREĐAJ SA NOVIM RASHLADNIM MEDIJIMA –

STUDIJA EVOLUCIJE VIJEKA TRAJANJA

Sažetak: Već dugi niz godina CIAT radi na postavljanju rješenja u cilju stvarne zaštite okoliša. Istraživačko-razvojni timovi analiziraju nove rashladne medije dobro prilagođene njihovim primjenama: R134a, R404a, R407C, Isceons, NH3, i dr. U ovome radu predstavljeni su najnoviji rezultati eksperimenata vršenih u CIAT-ovom istraživačkom laboratoriju u Francuskoj. Radi se o usporedbi radnih karakteristika pločastih izmjenjivača i izmjenjivača tipa cijevi u plaštu koji rade sa R22 i R407C, kao i o analizi ponašanja rashladnika tijekom razdoblja od pet godina.

Rezultati su ostvareni zahvaljujući neprekidnoj suradnji s Tehičkim fakultetom Sveučilišta u Rijeci gdje je pažnja bila posvećena statičkom i dinamičkom modeliranju klimatizacijskih jedinica. Studija obuhvaća analizu CIAT rashladnika opremljenih sa EXEL izbrazdanim pločastim izmjenjivačima i TUBULAR izmjenjivačima topline koji rade sa stapnim kompresorima, koji su u početku radili sa R22 i uljima estera, a kasnije sa R407C. Uspoređeno je nekoliko parametara instalacije uključujući rashladni kapacitet, učin grijanja, apsorbiranu energiju, udjel energetske iskoristivosti kao i promjene u sastavu i sposobnosti miješanja ulja.

Za procjenu radnoga vijeka i dostupnosti rashladnika, upotrijebljene su metode LCA i FMEA. Nadalje, izveden je visokoubrzani test radnoga vijeka HALT.

Rezultati ovih istraživanja od velike su važnosti za korisnike i proizvođače rashladnih sustava koji rade sa R407C.

Ključne riječi: radna karakteristika, prijelaz topline, pločasti i cijevni izmjenjivači, novi rashladni medij, smjesa, sposobnost miješanja, LCA (procjena radnoga vijeka) metoda, FMEA (analiza efekta tipa greške) metoda, HALT (visokoubrzani test radnoga vijeka) metoda.






































































































* The results are issued thanks to permanent collaboration with Engineering Faculty of University of Rijeka focused on static and dynamic modelling of air-conditioning units.
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figure 1 :







 Cooling capacity =  f(Evap. water outlet temp.)
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Tseco = 35 °C - EXEL







Tseco = 35 °C - Tubul.







Tseco = 40 °C - EXEL
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Tseco = 50 °C - EXEL







Tseco = 50 °C - Tubul.







~ 5 %







figure 2 :







 Cond. rejected heat = f(Evap. water outlet temp.)
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