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PERFORMANCE AND LEAKAGE INVESTIGATIONS OF REFRIGERATION
AND AIRCONDITIONING SYSTEMS USING REFRIGERANT MIXTURES AS
WORKING FLUIDS

H. Kruse, F. Rinne

Institute of Refrigeration, Hannover University, Germany

ABSTRACT

[n spite of the advantages of zeotropic refrigerant mixtures {1], the industrial applications of
mixtures have been very limited up to now. The major problem is seeu in the leakages occuring
n refrigeration plants and so a possible change in composition. Another disadvantage is that no
simple methods for determination of the concentration inside the cyele are available.

This paper presents the results of investigations with 4 zeutropic mixture of a wide boiling
point difference in order to evaluate the mentioned problems with significant effocts by:

*» leakage cxperiments and computer-simulations to determine the change in
composition by leakages,
s simple determination of mixture concentration in the cycle.

In comparison to this mixtures with a wide boiling temperature dilference as a worst case a
similar investigation was made with a mixture with smaller beiling point difference as a real case
for the substitution of R502 in supermarket systems by a uewly developed ternary mixture.

INTRODUCTION

The use of many common refrigerants, such as R11, R12, R22 or R502 will come under
restriction because of their high Qzone Depletion Potential ODP or Global Warnming Poteutial
GWP. Thus, there is a need for new working fluids in refrigeration cyeles. The number of pure
environmentally benign fluids which are available as alternatives is limited. Mixtures of those
pure refrigerants expand the list of environmentally acceptable substitutes. Zeotrope refrigerant,
mixtures have been investigated extensively during the last ten years [7], [8]. They offer energetic
advantages in some applications, e.g. in heat pumps, and allow the development of new cycle
concepts.The application of mixtures, especially zeotropic ones, might produce some problems
which are not known from pure fluids or azeotropes. Changes in the cycle equipment might be
necessary. For example common thermostatic expansion devices may eventually not he usable
for zeotropes and must be replaced by electrical or electronic devices. Moreover, a leak in the
cycle might lead to a change of the compasition of the mixture and, therefore, to a change of
the performance. In addition, the refilling procedures become more complicated, too. However,
mixtures are seen as the only alternalives to the refrigerant R502 in single stage low temperature
applications and finally for R22 substitution in this temperature range.

Investigations with zeotropic mixtures were carried out at the lnstitute of Refrigeration,
Hannover University. The objective of this project was first to investigate leakages of mixtures
with a wide boiling point difference, investigations for measuring the concentration inside the
cycle and expansion devices for zeotropic mixtures. Due to the wide boiling point difference and
the availability of non chlorine containing fluids at the time of the beginning of the project the
mixture R23/R152a was chesen for this investigations.
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Ifa “drop-in” substitute for existing cquipment is demanded, near-azeotropic mixtures with
ouly a small temperature glide during the phase change might even be the only acceptable alter-
native to replace existing single component refrigerants. The azeotrope refrigerant mixtnre R502
lhas been phased ont in Germany already for new supermarket applications. Some manufactur-
ers changed (he equipment to nse the refrigerant R22, but for low temperature applications two
stage compression or liqnid injection into the suction side of the compressor is needed. and this
refrigerant will also be phased out in Germany within the next » years. Therefore. a conversion of
existing svstems from R302 to R22 does not seem to he economical. Because of the big amonnt of
systems which will run until the year 2000, a drop-in relrigerant with properties similar to those
ol R502 is needed.

[nvestigations with a near azeotropic mixture were performed at the Institute of Refrigeration
with a supermarket cabinet in order to compare the refrigeration capacity with R302, the discharge
termperature, the oil beliaviour and the change in composition during leakages and after refilling.

SPECIAL PROBLEMS WITH ZEOTROPIC
MIXTURES

Leakages

A major problem arises due to the leakages occuring in relrigeration plants. Leakages may change
the compusition of the mixture and so allect the capacity and COP of the plant. Especially at the
places where two phase flow ocones, e in the evaporator aned condenser or directly hehind the
expansion valve, a leak can change the circnlating composition more compared to one phase (low,

llégherg et al. (2] has theoretically investigated leakages with the mixtnres R22/R142h
and R22/R114. The change in composition increases with increasing hoiling point temperature
difforence. Blaise ot al. [3] and Krnse and Hesse [4] have measured leakages in real refrigeration
plants. Blaise observed Jeakages in a refrigeration plant with a total mass of 1000 kg RI2/R1LL
Kruse and [lesse investigated leakages in a small antomolive air conditioner system with the
mixture R22/R114 The leakages were created hebind the expansion valve (1wo phase flow). heliined
the evaporator (single phase vapor) and the rondenser (single phase fhiid)  The experiments
wore stapped when approximatddy 30% of 1he chargeed miass was leaked onte As a resalv B3laise
has measured only small changes in the composition. Kruse and Hesse measured a chanse in
concentration by 8% during a leakage test behind the expansion valve. The concentration of R22
has increased and that means the liguid R114 must have leaked.

Leakage Experiments With R23/R152a

The leakage experiments with the mixture R23/R152a were carried out at an antomotive air-
conditioning system located i an environmental chamber. The principle of the. system and the
locations of the leaks arc shown in Figure 1. The leakages were realized using needle valves and
the flow was controlled by a flow meter and the leaked gas was analysed by a gaschromatograph.
Furthermore gas samples were Laken out of the system during the leakage experiment and the
circulating composition was measured with a gaschromatograph. The experiments were stapped
when about 50% of the refrigerant had leaked out. The investigations showed that in case of lea-
kages at places where the refrigerant is in a one phase state, a Jeak did not change the composition
rernarkably.

For the visualization of the flow in the twe phase region a glas tube was built into the
horizontal line between the expansion valve and the evaporator. Figure 1 shows the refrigerant
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{low and the application of the needle valves for the leakage experiments. The mass [raction of
the mixture changed from 20% to about 26% only by the differcnt solubility of the refrigerants in
the oil, measnted before opening the valves,

Liquid leakage behind the expansion valve

The result of a leakage experiment using the valve at the bottom of the tube (see Figure 1) where
maiuly liquid refrigerant leaked out is shown in Figure 2. The experiments were performed over
a period of 300 minutes with a total refrigerant loss of 34.3%. For liquid leakages from the two
phase region, the concentration of the circulating refrigerant incrcases.

Vapour leakage behind the expansion valve

Figure 3 shows a result of a leak test using the needle valve at the Lop of the harizontal tube (see
Figure 1). The result shows that the concentration by vapour leaks from the twa phase region
decreases. The leakage experiments can be summarized as loliows,

» leakages from one phase region (vapour or liquid) did not remarkably influence the concen-
tration of the system,

o leakages from the two phase region can increase or decrease the concentration by leaking
liquid or vapour depending en the location of the leak,

» small leakages did not influence the concentralion until bubbles in the sight glass in front of
the expansion valve can be seen.

Leakage Computer Simulation

For the calculation of the shift in composition caused by leakages a computer model was written.
The results are shown in Figure 4 and ia Figure 5. Using a versatile computer program Lo calculate
the properties of the refrigerants by the Lee-Kessler-Placker method, the leakage model cau be
used for new ozone {riendly zeotrope refrigerant mixtures.

CONCENTRATION MEASUREMENT

Another problem related to the leakages is the refilling procedure of the refrigeration system
working with zeotropic mixtures. In practice it is important Lo have simple methods to measure
the concentration of the remaining refrigerant mixture iu the plant. The following methods were
investigated:

The first method to determine the concentration is by measuring the pressure and tempe-
rature in front of and behind the expansion valve when the plant is operaling. Assuming an
isenthalpic throttling, the concentration can be calculated by an equation of state for Lhe ther
modynamic properties e.g. by the Lee-Kessler-Placker equation. Figure 6 shows the result of this
method during a leakage experiment. There is a good correspondence between the caleulation and
the measurement by gaschromatography.

In the second and the third method, a sample of the refrigerant. mixture is taken into a
special measuring vessel behind the condenser during operation of the system. The concentration
can be calculated by measuring the pressure, the terperature, the mass of the sample or the liquid
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and the vapor volume. With the known total volume of the vessel and the known liquid and vapor
density of the mixture, the concentration can be calculated iterively. Figure 7 shows the result of
this method. The increasing error with the increasing mass fraction is caused by the Lee-Kessler-
Plocker equation of state, because the interaction parameter of the mixture is only an estimation
as no measured values are available.

REFRIGERANT MIXTURES FOR SUPERMARKET
APPLICATIONS

SUVA 1IP21, a trademark of DuPoat. is a nearly azcotropic refrigerant mixrure of IIFC-125
(38% by mass). [1C290 (2% by mass) and HCFCG-22 (60% by mass) [3].

The task of this project was to compare a supermarket application with R-302 and HP8!
under test conditions according Lo the Cerman standard DIN 8954 [6]. Especially the performance
andd the svstem beliavior are of maiu interest as well as also the change ol composition by a leakage
in the syatem.

Experimental Setup

The experiments were performed at the Hannover University, Institute of Refrigeration. in an
environmental chamber which cnables the performance of the tests according to DIN 8954. The
chamber guarantees that the air temperature, the humidity. the velocity of the air and the vertical
gradient of the temperature are within the required limits accordiug to DIN 8954,

During the Lests a constanl lemperature of 25°C" and a coustant. relative Immidity of 60% in
the environmental chamber was controlled by an electronic control system. For the tests a (rozen
food cabinet produced by a German manufacturer was used. The cabinet operates on the principle
of a cold air stream througl vertical ducts and through the fins of the evaporator continuously
circulating as a layer above the storage room with the test packages.

The cabinet teruperature is regnlated by a control unit according to the temperature of
tlie aiv in the vertical air duct whirh has passed the svaporator. The control unit switches the
compressor off and closes a soleuoil valve in the lieuid line in front of the expansion valve if this
air temperature inside the cabinet remains utidet an adjustalile value.

For defrosting the evaporator the compressor is swilehed oll every (welve hours, For this
purpose the solenaid valve in the lquid line is closed and the clectrical heaters which are located
in the evaporator are switched on. The defrosting is stopper when the temperature sensor exceeds
an adjustable value or the delrosting period exceeds 1 minutes.

The storage room was hlled up 1o the loading limit with packages according to DIN 8951, The
packing and the arraugement of the packages for temperatire measurement was doue according
1o that standard.

The compressor/eondenser unit consists of an hermetic Copeland conpressor Type D2DL
100 and a water-cooled condenser. The complete relrigerating plant is shown in the schematic
diagram Figure 8. To adjust the compressor inlel temperalure Lo a constant temperature of 25°C
during operation, the refrigeramt was superheated to this temperature by an additional water
heated heat exchanger in the suction line. The temperature was controlled by an electronically
regulated heater. Behind the compressor the refrigerant is liquefied and subeooled in a water cooled
tubse bundel heal exchanger. The water inlet temperature and the mass flow was controlled by 4
thermostatic regulation valve and a control valve. The liquefied relrigerant was fed to the [reczing
cabinet and alter passing an internal heat exchanger the Liguid was expanded by the thermostatie
expansion valve to the evaporaling pressnre. The evaporator inside the cabinet is a fin tube type



heat exchanger. The refrigerant inlet at the evaporator is split up into three parallel passes leading
through the evaperator wherein the relrigerant evaporales.

The measurements were done using a Hewlett Packard Dala Acquisition System with a
microcompuier (IIP 310) and a Data Acquisition (11D 33520 ).

The temperature measurements at the plant were done with thermocouples of the Ni-C¢Ni
type. The thermocouples for measuring the cirenil temperatures were placed inside the telrigerant
line for most accurate temperature measurement. Before installation, the thermacouples were
calibrated in a thermostat bath. The temperature inside this bath was measured with precision
thermometers (1/100 K scale) between -45°C and +150°C..

For the pressure measurements absolute pressure transducers of types Transamerica lnstru-
ments BHL-3040-00-01M, 0..10 bar gage for low pressures and BHL-3040-00-01M5, 0..25 bar for
the high pressures on the discharge side were tised.

The measurement of the electrical power consumption of the compressor was carried out by
a real power transducer with a current output 0...20 mA. Furthermore, the energy consumption
of the rabinet and the compressor was measured separately by an electric meter.

The mass flow rate of the cooling water through the condenser was measured several limes
a day. A continuous measurement was not installed becanse of a ligh equality of the mass Now
cansed by the pump. For a measurement, the mass flow was diverted into a bucket for a definite
period. Afterwards, the mass in the bucket was weighed and the mass (low could be determined
and stored in the computer.

For the HP81 test an analysis of the refrigerant mixturc was carried out with a Shimadzu
GC9A gaschromatograph and a Shimadzu GC-R3A iutegrator. This gaschromatogaph has a
thermal conductivity detector. The refrigerant was injected into the GC using a lml precision
syringe. Measurements using the same gas sample gave a maximum deviation about +0.5% by
mass in normal operation. With minimized impurities of air in the syriuge, the measurements
were in the range of 40.2% accuracy. A comparison of the samples for calibration with a sample
of HP8B1 from the liquid line of the full cylinder proved a very high conformity, The samples were
taken out of the cycle at the suction side of the compressor, using an evacnated glass vessel with
a flter in order to prevent the inlet of oil into the gaschromatograph.

TEST RESULTS

The temperature test packages during the IIPS1 test were abuul 0.5 K lower compared Lo R
302 by the same adjustment of the thermostat (see Figure 9 and Figure [0). The air temperatures
of HP8! are slightly lower compared to R-502 showing so at least he same perlormance of the
mixture.

The cycle discharge pressures of HP8L are higher compared tu K502, the evaparating pres-
sure is nearly equal. During the leakage experiments, the discharge pressure is lower compared to
normal operation and the evaporating pressure is equal.

The temperature at the discharge valve (tvp) is about 8K higher compared to the tem-
perature measured outside the compressor (Lyz). At normal operation, Lhe temperature at the
discharge valve with R-502 is about 126°C and 138°C' with [1PS]. During permanent operation,
the temperature with R-502 is 135°C and with HI?81 151°C. During the leakage experiment, the
temperatures at the discharge valve were slightly lower compared to normal eperation.

After running the tests with R-502 and HP81, the analysis of the measured data has shown
that HP81 has a slightly better energy consumption compared to R-302. In order to prove this
fact, a test with R-502 was performed again. The results showed that in the second test with
R-302 the same energy consumption was measured, but the temperature of the test packages was
slightlv higher.
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LEAKAGE TEST WITH HP81

Leakages in refrigeration cycles using near azeoptropic or zeotropic refrigerant mixtures can
lead to a shift in the composition of the mixture if the refrigerant is in a two phase region, e.g.
during heat exchange or behind the expansion valve.

The task of this part of the program was to investigate the change of the composition if a
leakage behind the cxpansion valve has ocenred. The tubes were mounted in such a way, that the
leaking refrigerant is mostly of the gascous phase Lo have most critical composition shifts. The
mass flow out of the system was controlled by a needle valve and measured with a hubble counter
in order to determine the mass of the leaked refrigevant.

[n order to simulate small leakages, one leakage experiment was done over a period of 5 days.
After this tesl, 50% of the mass was leaked out. The system bebavior did not change remarkably
untilthe first-bubbles were seen in the sight glass hefore the expansion valve, and after that also
only minimal in contrary to the mixture with the wide boiling point. The following composition

was measnred at the end of the leakage test:

[TT2a [ R125 | R290
[63.7% [ 34,7% | 1.6%

The refrigerant was taken ont of the plant after the leakage test to weigh the mass and
afterwards refilled into the eycle. New refrigerant rom the cylinder was added and then the
concentration of the mixture was measured again by gaschromatography:

R22 | R125 | R290
60,3% | 37,7% | 1.9%

As a result of this leakage fest it can be stated that the very small change in concentration
cven after a leakage of 50% of mass did not have any influence on the systemn behavior.

CONCLUSIONS

The influence of leakages ou the cirenlating composition using a mixture with a wide Loiling
point difference, e.g. R23/R152a, is very small, if only very small bubbles occnred in the sight
glass in front, of the expansion deviee. The change in romposition by bigger leakages depends
on the boiling points of the reftigerant as well as on the location of the leak. and an increase or
decrease of the concentration by leaking liquid or vapour is possible depending on the location of
the leak.

The determination of the concentration is also possible with simple methods and a good
correspondence between the ealeulations and Lhe measurements was shown.

In a summary, the results of the comparison of R-502 and TIP81 with a frozen food snpet-
market cabinel under test conditions accorditg to DIN 8954 are as follows:

o The temperatires of the best packages with TISE are slightly lower compated to R-5020

¢ The energy consumption of P31 was Wlightly better in the first tes! with =302 aud cepual
at the serond (est.

o The discharge temperature of HUS1 was about 15 W higher compared to R502.
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¢ The leakage experiments showed at the beginning nearly no and later only a small shili, ol
the composition even after 50% of the mass had leaked out. After refilling only a very small
change in compuestion was measured.

The investigations to determine the mass and the concentration of refrigerant inside the
compressor showed that the mass [raction of refrigerant solved in the oil is only 1% and the
different solubility of the components did not have an influence on the circulating compo-
stion.
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Concentration Measurement R23/R152a
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