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ABSTRACT

New refrigerants with the positive attributes ottbdigh thermal performance and low environmentabact are
currently in development. Initial evaluation ofetie refrigerants in refrigeration systems show gendrgy
efficiency and significant lower global warming iagi than current refrigerants. Some of those Low FGW
refrigerants are non-azeotropic blends with modetathigh glide; therefore guidance on the uséhe$e blends is
needed to achieve the desired good performancéoandnvironmental impact. This study discussedegkffects
on the performance and operation of refrigeratigstesns. Issues related to servicing systems suftac®nation
are also discussed. Data is presented using cuggigerants such as R407F and other refrigerlemds currently
under development.

1. INTRODUCTION

Among high pressure blends, R-404A has a relativejh GWP (3952), and is widely used in commercial
refrigeration applications. Refrigerant charge iefrigeration applications can be significantly krde.qg.
supermarket) which coupled with high leak rates%§1t® 20% per year) produces an important envirotaten
impact. Therefore we focused this study on the expmntal evaluation of options to replace R-404/A&dmmercial
refrigeration systems. This work will focus on boslgstem (walk-in cooler) and component (compressor)
performance evaluations. We'll also present a pralcstudy of fractionation due to leaks in readteyns.

All test data obtained in this research was analyzsing properties from Refprop NIST (Lemmon et 2002)
which we modified to add our newly developed refrants. These modifications included adding progefor our
newly developed refrigerants and the interactiorapeters needed for the new blends. All these iaddiare based
on experimental measurements performed in our éboes.

2. PERFORMANCE OF LOW GWP REFRIGERANTS

3.1 Experimental Setup

Tests were performed using a commercially availableensing unit and an evaporator for a walk-in
freezer/cooler. The system uses tube and fin hedteegers, semi-hermetic reciprocating compressr a
thermostatic expansion valve. During the installative employed long connecting lines as foungjical
supermarket facilities. The suction line was 27wlnich included a vertical riser of 6.4m. The maimgose of
using these long lines was to take into accounp&rature and pressure drop effects on the systeforpance.
Environmental chambers simulated indoor (Box) ctiads for the evaporator and outdoor conditionstffier
condensing unit. Instrumentation was added to yetem to measure refrigerant flow rate, refrigefetssures and
temperatures before and after the main componenth®air side, we measured air temperature atness
evaporator and condenser. The power consumptiorse@erately measured for indoor fan, outdoor fah an
compressor. All primary measurement sensors wéiterated to £0.15°C for temperatures and +0.25qsi
pressure. Overall system uncertainties (capacitlyedficiency) were on average +5%.

Experiments were performed for three outdoor antti@mperatures: 13°C, 24.0°C and 35.0°C. Theseeainbi
temperatures were used to evaluate two rangesptitagions: freezers (-18°C, -26°C) and cooler8Cl@°C.

3.2 Non Flammable Options
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Although we did extensive testing, we will focug @malysis on one outdoor temperature (35°C) amdvwb most
stringent box conditions: -26°C for low temperatanel 2°C for medium temperature.

Results in figure 1 and 3 show currently availaieligigerant R-407F, which offers an important GVéBuction of
over 50% relative to R-404A, and an approximaté{slreduction relative to R-407A. When it comes to
performance in these tests, R-407F is superior404A and R-407A: it matches R-404A’s capacity givks 6%
higher efficiency for both low and medium temperatapplications. All of this coupled with accep&bpltessures
(lower than R-404A) and compressor discharge teatper lower than 130°C (figure 2) makes it a valiaiption
to reduce the overall environmental impact of cursystems.

B Capacity O Efficiency O Mass Flow
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R-407A R-407F N-40 N-20
(A1,GWP=2107)  (ALGWP=1825)  (A1,GWP~1300)  (A1,GWP<1000)

Figure 1. Low Temperature Performance (relativB04A).

Additionally, two new refrigerants (N-40 and N-2@gve been developed. Based on our preliminary wWow#0
may be used in current R-404A equipment with littteno modifications and yet offers a GWP reductibover
65% compared to R-404A (GWP~1300) with superiofqrerance (9% better system efficiency). Moreovemur
tests, discharge temperatures are below the Iphiise compressor (less than 130°C).

N-20 is intended for new equipment due to its sohrower capacity. It provides an even further Gk&éuction
of over 75% (GWP lower than 1000) as compared #ORA. It also appears in these tests to have ingatov
efficiency (+2%) compared to R-404A.
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R-407A R-407F N-40 N-20
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Figure 2. Discharge temperature and suction pressurow Temperature Tests (relative to R-404A).
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Figure 3. Medium Temperature Tests (relative toORA).

3.3 Mildly “A2L” Flammable Options

This section focuses on newly developed refrigeta#® which further reduces the direct (GWP<300J ardirect

(energy consumption) emissions. However, some @wingequipment and installation are required todeits

mild flammability. Tests were performed in the sasgeiipment used above with relatively shorter coting lines

(10m long) which simulate a typical distributedteys. These results can also be extended to clagdembsystems
like chillers. Similarly to the analysis done féretreduced GWP options, we based our analysis etwth most
stringent operating conditions: -26°C for low temgtere and 2°C for medium temperature.

Figure 4 shows L-40 results for both low and medit@emperature operation. As discovered through skten
research and testing, L-40 matches R-404A capaditye improving efficiency by up to 6%. Other impant

parameters such as working pressures and compraissbiarge temperature are compatible with curRedD4A

systems and compressors (e.g. discharge tempefasisr¢han maximum of 130°C). Still, this refrigarags mildly

flammable and would be classified as A2L by ASHR3#&ndard 34 (ASHRAE, 2010). It is therefore intehdter

use in systems where mildly flammable refrigeraats be used.

H Capacity O Efficiency OMass Flow
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Figure 4. Lowest GWP Option L-40 (relative to R-4A04
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3. EVALUATION AND HANDLING ISSUES FOR BLENDS WITH G LIDE

3.1 Compressor Data compared to Actual System Perfmance

Suction and Discharge Pressures

In a compressor calorimeter test, pressures amulatéd using the dew point pressure associateld kath
evaporating and condensing temperatures. Pressti@seal system are the natural response to thdoouand
indoor temperatures, and they correspond to thetltessfer and pressure drop experienced by thigeeant in the
condenser and evaporator. If one needed to makendldynamic approximation, as needed for the conspres
calorimeter, an average of the bubble and dew testype would be more appropriate for the condenrehe case
of the evaporator, this would be an average otthelibrium temperature at the inlet and the demgerature at the
outlet. The differences between using dew pressafeaverage pressures are significant as they taffeth
compression ration and efficiencies (volumetric amshtropic).

Suction temperature effect on cooling capacity, didharge temperature and efficiency.

Compressor data assumes suction and evaporatoertatues as being the same (e.g. 65°F) while thpagator
inlet temperature is defined using saturated liqaid. 90°F). This defines a refrigerating efféetttincludes a large
portion of superheated vapor, which in real systdoes not provide any useful refrigerating effétbst Systems
will have about 10°F of superheat at the evaporattlet. This type of calculation would typicallyask capacity
shortcoming of refrigerants with low latent heay(€R404A, R407A).

In addition to the above mentioned issues, fixihg suction temperature as 65F affects both voltienend
isentropic efficiencies. It will also exacerbate fenalties associated with high discharge tempreréieyond what
will happen in an actual system. Actual refrigargtsystems rarely work under these conditions €latggree of
superheat).

- O - Flow-Evap —8— Capacity - < - Efficiency
110%
100%
AR R
S 90% o
<
S 80% B\E—
< S T
o
2 70%
=
) Q-=--

Q 6% O o
e ©

50%

40%

-25F/70F -25F/90F -25F/105F
Conditions

Figure 5.Standard Compressor Calorimeter tests.

Compressor calorimeter tests were performed usiBgalon semi-hermetic reciprocating compressolichviis
equipped with a liquid injection system to mitigdtigh discharge temperatures. Although this congmesvas
designed for R22, it can also be used with R404é\ @ther HFC blends. A secondary-fluid compresstoroaeter
was employed for these experiments. All the refage circuit is fully instrumented to measure ptees
temperature and flow rate (evaporator and liqujedtion line). Compressor and heaters power consomgre
also measured separately. Using this setup, wenpeel three types of tests:
1) At first, tests were performed using standard ca@sgor calorimeter conditions as detailed in AHRhdard
540. These tests require the use dew pressuressporrding to evaporation and condensing tempest6EeF
suction temperature, and 90°F saturated liquid.
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2) Next, we varied the suction temperature at one itiond-25F (evaporating), 105F (condensing).
3) Finally, we performed similar tests but using ager@ressures for both condensing and evaporatimgegses
while suction temperature was still kept at 65°F.

120%

110%

100%

90%

80%

70%

R407F vs R404A (%)

60%

50%

40%
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-25F/70F -25F/90F -25F/105F
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Figure 6. Modified test using average pressureg¥aporating and condensing processes.
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Figure 7.Combined effect of using average pressamdslO°F superheat at evaporator outlet.

Figure 5 shows a comparison between R407F (blettd glide) and R404A (blend with negligible glid&)/hen
compared at standard conditions and using as tie/9QF as a reference, R407F shows 80% capacity9as
efficiency compared to R404A. When tested at awvem@gssures (figure 6), R407F experiences substaafpacity
and efficiency recoveries (92% capacity, 98% efficiy). If using the same data, we recalculate tlodireg capacity
using 10°F of superheat at the evaporator outlethdr performance recovery is seen (figure 7)sThne, the
capacity is 102% while efficiency is 108%. Thesgda values are similar closer to system evaluatghrown in
figures 1 (low temperature) where R407F matchesAR40capacity and has superior efficiency (106%).
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Figure 8. Effect of suction temperature on compes§ficiency.

Figure 8 shows tests performed using standard inadters conditions (dew pressures) but varying shetion
temperature. Results for the most typical conditimticate significant loss of capacity and effiagn(larger than
experimental uncertainty of 5%); especially at 65¥%€tion temperature. This is in part due to ligirgection
happening at that condition.

3.2 Fractionation due to leaks in an actual system.
The fractionation of refrigerant blends have besvipusly studied (e.g. Biancardi et al 1996). Ehstudies were
mainly focused on potential shifts of compositiaredo charging procedures. They also studied thalchange of
composition experienced after a blend reachesibrjuih in a given system.
No one of these studies addresses fractionationtaleaks while the system is in use, which is asfjon often
asked by system users and owners. The present smglpyed a standard 1.0 Ton walk-in cooler/freeettem
equipped with a semi-hermetic reciprocating congomgsa liquid receiver, tube-and-fin heat exchasgend
charged with R407F. The refrigerant charge wasbl@636g) and the compressor used 2200 ml of POESD
32). This system was tested during a real operatiile serving a low temperature box (-15°F). Anmbie
temperatures varied between 50°F to 60°F. As ®rtyhe of leaks, we focused on slow leaks (worsegawhich
we characterized using a small orifice (0.1mm e events simulated were divided in two groups:

1) Refrigerant leaks from the vapor side (compresgmhdrge line), while the system is working.

2) Refrigerants leaks from the two-phase side (middikbhe condenser coil), while the systems is wagkin

3) Refrigerant leaks from the vapor side (top of indoail) while the system is down for long periodgime

(i.e. unused).

The refrigerant composition was sampled and andlymdore charging the system and at different timie the
leak was occurring. Samples size were small (4f)esx they would not affect the outcome of the eixpent. The
test lasted until bubbles were seen in the liqugghtsglass, which clearly indicate low charge leaéflecting the
system operation.

International Refrigeration and Air Conditioning iference at Purdue, July 16-19, 2012
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Description Start Samplel [Sample2 PBample 3

Time (hours) 0 8.2 23.7 26.7

Charge (%) 100% 94% 84% 82%
R32 30.8% 31.3% 31.9% 31.8%
Composition |R125 29.3% 29.5% 29.8% 30.0%
R134a 39.9% 39.2% 38.3% 38.2%

performance |Capacity (%) 100% 101% 102% 102%
COP (%) 100% 100% 100% 100%

Table 1. Results for slow vapor leaks while sysigmvorking.

Table 1 depicts results for the first type of lealent. As shown changes of composition happenhmyt are lower
than the typical tolerances (£2%). Also performaastmates for the different compositions showat#ohs inside
the range of experimental uncertainty (£5%).

Description Start Samplel [Sample2 Bample 3

Time (hours) 0 5.5 22.1 28.2

Charge (%) 100% 94% 78% 72%
R32 30.8% 29.5% 28.3% 27.7%
Composition |R125 29.5% 28.7% 28.0% 27.7%
R134a 39.8% 41.8% 43.7% 44.6%

Performance Capacity 100% 98% 96% 95%
CoP 100% 100% 100% 100%

Table 2. Results for slow two-phase leaks whiléesysis working.

Next we simulated leaks from the two-phase regidhis type of leak produced slightly larger changds
composition than the first tests (table 2). Stdlsbd on the performance data, it is believed thiattype of leak
would not affect significantly the performance bétsystem. The performance data doesn’t show iargatarger
than the typical experimental error (+5%).

We also simulated slow leaks that happen whenysies is unused for long periods of time. This tiime changes

of composition were slightly larger should not affeystem performance beyond typical experimentaértainty.
Description Start Final

Time (hours) 0 52.5
Charge (%) 100% 66%
R32 29.9% 27.0%

Composition [R125 28.6% 27.0%
R134a 41.5% 46.0%
Capacity 100% 95%

performance [=5p5 100% 100%

Table 3. Results for slow vapor leaks while sysie@FF.

Overall, our results confirm field reports that Keaoccurring while the system is operating do noidpce
significant shift of composition. This is probalye to the inherent mixing caused by the flow dfigerant which
is very often turbulent. As for the slow leaks wehihe system is down, although variations are tange believe the
change of composition was not as dramatic as pestilty known theoretical models (Domanski, 201 hjsEhows
the actual system as being a complex one whereiltpeesence and the dynamic movement of refrigeaiffect the
results. Further study is being performed to urtdedsthe reasons for this modest change of coniposit

4. CONCLUSIONS
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Low global warming refrigerants with potential &ptace R-404A were developed through extensiverarpatal
testing. Some of these refrigerants may be usedrirent refrigeration systems (R407F, N-40, N-2@yvjding a
great reduction of environmental impact. This idrmyadue to reduction of GWP and significant higledficiencies.

Other options such as L-40 provide further reductdbGWP, and may be useful in future systems dapaiusing
mildly flammable refrigerants. Such applicationsiicbinclude high side of secondary fluid systentsligrs),
Cascade systems (combined with CO2), small clospied systems, and even distributed systems.

Differences between compressor calorimeter anchbsyistem evaluations were clearly establishedutiio
experimental evaluations. Results show that typioatpressor calorimeter tests impose unrealistialties on
blends with glide. These penalties can artificialggrade capacity (-20%) and efficiency (-13%) wébpect to
what is seen in system evaluations. Compressoricater data should be used with caution when gigistems
for blends.

Fractionation events due to leaks in real systepre wlso studied. Results showed that leaks widlesystem is
running do not cause any major shift of compositiormost cases, the performance variation wasdéntie range
of experimental uncertainty (+5%). The small sbiftomposition was attributed to the turbulent flmside the
refrigeration system which causes good mixing eftitend components.

The worst case scenario of a slow leak in a sysigtinn use (down or OFF) was also studied. Iniéglts showed
some changes in composition (larger that typidarémce of +2%), still performance degradation wathe range
of experimental uncertainty. This last case i$ gtiler study as the effect of refrigerant soltyiln oil and the
dynamics of the leak phenomena need to be bettarsiood.

This study has shown promise for new Low GWP refiagits (N-40, N-20) that offer great reduction of
environmental impact in current and future refregem systems. Further studies in larger refrigenasystems (e.g.
supermarkets) are needed to validate these labgistale results.

As for the mild flammable blends (L-40), they alléuvther reduction of the environmental impact. Blavork is
needed to fully explore potential application ic@edary fluid, cascade and pumped CO2 systems.\ildhitd
include, among other work, additional performanealgations as well as conducting flammability redsessments
where appropriate.
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