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ABSTRACT

This paper will focus on the developments of newemales that have low global warming potential,hhigermal
performance, and favorable safety characteristicsname only a few required characteristics. Sévaeav
molecules that have very short atmospheric lifesinges well as refrigerant blends utilizing thesdemales, have
been developed and will be evaluated for use imouartypes of water chillers ranging from smallepacity
systems that currently use R-410A or R-407C refagts to larger centrifugal compressor chillerst thave
currently used R-134a or R-123. Thermodynamic aystesn simulations were carried out using low GWP
refrigerant properties and compared against thelipasrefrigerants. These new LGWP refrigerantsaspoomise

in these applications and warrants further deveklmm

Keywords. Refrigerants, Global Warming, Hydro-fluoro-olefins

1. INTRODUCTION

Refrigerants that are in common use today, HFCse hhe benefits of high energy efficiency, safetyuise,

properties that enable the design of cost effectiiems, and from an environmental perspectivg tiave no
impact on stratospheric ozone. Despite these atésh the air conditioning and refrigeration indyés now looking

for replacements due to the growing global concanesind climate change since many of these re&iigerhave
relatively high global warming potential. New malées with the positive attributes of both high that

performance and low environmental impact, not nanf@w necessary characteristics, are currentlyeiuekpment.
These materials maintain the high level of systdéficiency we are accustomed to with fluorocarbofrigerants
but with significantly lower global warming impatttan current refrigerants. They also exhibit siigaifitly lower

flammability characteristics than the much moremiteable hydrocarbons. Replacements for refrigerasésl in
chiller systems that employ DX heat exchangers &t ag flooded ones will be discussed. Chemical pimgsical

properties as well as experimental results in iEg&tive equipment will be presented. Two new IBW/P

refrigerant molecules (HFO-1234yf, HFO-1234ze) hbeen identified. These molecules are Hydro-Fluolefins

(HFO) that due to their very short atmospheric fifees of 11 and 18 days have an extremely lowajlelarming

potential (GWP) of only 4 to 6 (as compared to 1430R-134a). Also under development is another gabal

warming molecule (GWP < 10) that has propertieg fi@entially enable its use in low pressure ctlslleln

addition, we are in the process of developing araduating refrigerant blends that balance thelaitds of higher
capacity and low global warming potential while mtaining the efficiency of present systems withsighificant

increases in system cost. This study will discussperties and performance of potential refrigeraptions in

positive displacement and centrifugal chiller sgsdenften used in air conditioning applications.
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2. WORKING FLUIDS

Depicted in Table 1 are potential low global warghimolecules as well as a reference higher globaimivey
molecule, R-134a. Also shown in Table 1 are Peiibles&xposure Limits (PEL) and flammability limi(eFL and
UFL). It should be noted that refrigerants thatpgoform well in certain applications where R-13gaised will not
perform well in all applications, such as smallapacity chillers where refrigerants with higherwmktric capacity,
higher pressure, and other distinct propertiesuasied. It is for this reason that refrigerant bletttlst are better
suited for applications that use higher capacigibr pressure refrigerants are currently in devatn.

Table 1: Certain Refrigerant Properties

: PEL LFL / UFL
Refrigerant GWP (ppm) (Vol%, 23°C)
R-134a 1430 1000 -
HFO-1234ze 6 800 -
HFO-1234yf 4 400 6.2-12.3
R-32 675 1000 14.4-29.3
R-600a ~5 800 1.8-8.5
R-290 ~5 1000 2.1-10.0

In addition to the refrigerant molecules listed aloanother single component refrigerant, namRetR, is also
under development for low pressure chillers anemoépplications. This molecule has a very low GWikess than
10 and is non-flammable. Blends with significantgwer GWP than current refrigerants are currently i
development and have been discovered to have pafae characteristics close to R-404A, R-22, add ®A and
offer a GWP reduction of 75% to 95% relative to tefigerant it replaces.

Table 2: Honeywell's Refrigerants Options

N Series L Series
Current Reduced GWP Option Lowest GWP Option
Product (A1) (A2L)
R-404A HFO Blend — GWP~1300 (retrofit) N-40

GWP=3922 | HFOBlend— GWP~1000 (new equip) N-20 HFO Blend GWP~200-300 L-40

HCFC-22

CWP=1s10 | HFOBlend—GWP ~1000 N-20 HFO Blend GWP <350 L-20
gi/?nlbO:Azoss HFO-Blend GWP <500 L-41
E@%ﬁi‘?o HFO Blend — GWP ~600 N-13 Eggjggﬁg%\olvii % LL-j(ZFE
E{,%,,%i 77 HFO-GWP =7 N-12
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3. POSITIVE DISPLACEMENT CHILLER APPLICATIONS

A performance analysis was carried out for an @dled 20 ton (70 kW) chiller using a lumped paranetodeling
approach for the heat exchangers. The water imldt autlet temperatures were assumed to B€ hd 7C
respectively. The analysis was performed at an emlair temperature of 35. The evaporator superheat and
condenser subcooling were set at°’6.5An assumption was made that the volumetric aedtiopic efficiencies
were the same for all refrigerants. Performanceltesbtained for R-410A alternatives with our @& are shown
in Table 3. Performance results obtained for agrmidttive to R-407C with our analysis are depictediable 4.

Table 3: Positive Displacement Chiller Analysis — R-410Ae&khatives Results

Mass
Tevap| Tcond | Psycion | Pischarge | dPeond dPeyvap Flow | Capacity
(°C) (°C) (kPa) (kPa) (kPa) (kPa) (kg/s) (kW) COP

R410A 3.2 50.85 871.8  3165.4 70 20 0.434 697 35
L-41 (Drop in) 2.9 51.6 731.9 2823.2 52.9 14.4 031 64.2 3.6
Comparison -0.30 0.75 | 84.0% | 89.2% 75.0% | 72.0% 68.3% 92.1% | 100.9%
L-41
(Circuits mod.) 3.4 50.85 737.3 27879 7.7 27)9 318. 65.4 3.7
Comparison 0.20 0.00 | 84.6% | 88.1% | 111.0% | 139.5% | 68.9% 93.9% | 103.5%
L-41
(Comp. mod.) 3.2 51.4 731.4 28202 76.% 279 0.383 69.2 3.6
Comparison 0.00 055 | 83.9% | 89.1% | 109.3% | 139.5% | 73.2% 99.3% | 101.3%

Since drop-in performance of L-41 into the R-41@Atem showed a significant drop in mass flow raig pressure
drops, the number of circuits in the evaporator desreased by 23% and in the condenser by 13%tedse the
mass velocity for L-41. This led to increase inaeity and COP of the system due to improvementeat transfer.

The capacity was fully recovered when the compresigplacement was increased by 8% and the number o
circuits was decreased by 18% in the evaporatobarid % in the condenser.

Table 4: Positive Displacement Chiller Analysis — R-407Cehitatives Results

Tevap| Tcond Psuction Pischarge dPeond dP.yap | Mass Flow| Capacity
(°C) (°C) (kPa) (kPa) (kPa) (kPa) (kg/s) (kW) COP
R407C 3.3 50.6 545.7 2173.0 70 20 0.461 70.78 3.145
L-20 3.0 50.85 532.1 2133.4 57.9 16.1 0.355 72.44 758
Comparison | -0.30 0.25 97.5% 98.2% 82.7% | 80.5% 77.0% 102.3% | 100.2%

Table 4 shows drop-in evaluation of L-20 as repia®et of R407C in a air-cooled chiller. Results sHo®0 as
having slightly larger capacity and similar efficty. Moreover, L-20's flow rate is 77% of R407C,iethindicate
potential for further improvements in the desigrhef heat exchangers.

4. CENTRIFUGAL CHILLER APPLICATIONS

A compressor design analysis was conducted for imattium pressure and low pressure refrigerantgyuspecific

speed and diameter approach as discussed in Biadetral. (2004), in order to size single-stage compreskwors
alternative low global warming refrigerants. Usithge same specific speed (0.76) and specific dian{dtd), the

resulting compressor speed N and diameter D isndiyeequation (1) and equation (2):
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H 075
N = 076 o 1)
D= 3.4% )

Where H = Isentropic enthalpy rise or “Head” ikgland
Q = Volumetric flow rate in¥s.

Cycle analyses and compressor sizing were condfiotdd/o sets of refrigerants, medium pressuragefants that
are potential replacements for HFC-134a and lowqne refrigerants that are more suited for ciiltkat ran CFC-
11 or HCFC-123. For both applications, a refrigéreapacity of 500 tons (1760 kW) was selected assym
evaporation and condensation temperatures®Gf @nd 35C, respectively. An evaporator superheat % 3vas
selected. The cycle analyses yielded the valuesstmtropic enthalpy rise and volumetric flow rateeded to
determine the speed and compressor impeller diasnesing equation (1) and equation (2). Furthevadtage and
three stage cycle analyses were carried out to amrihe performance of various fluids. The thernrmaaiyic cycle
conditions were same as those chosen for singe staalysis. The intermediate pressure was chasée the
optimum pressure.

4.1 Medium Pressure Chiller Applications
Table 5 shows the results for medium pressuregesints.

Table 5: Compressor Sizing for Medium Pressure Refrigerants

Refrigerant
Parameter Units R-12 R-134a R1234ze(k) R1234yf N-L3
Delta hevap kJ/kg 122.84 155.24 142.29 121.72 748.9
Delta hs,comp kJ/kg 15.34 19.64 18.04 15.94 1859
Head m 1563 2002 1839 1625 189p
mdot kals 14.31 11.33 12.34 14.45 12.44
density kg/m 20.54 16.86 13.74 20.41 15.5
Vdot /s 0.70 0.67 0.90 0.71 0.77
N (Impeller Speed) rpm 11983 14691 11919 12236 1313
D (Impeller Dia.) m 0.255 0.235 0.278 0.255 0.286
u2 (tip speed) m/s 160 181 174 163 17¢
Pr (Pressure Ratio) - 2.34 2.54 2.57 2.4Q 2.85
COP - 8.01 7.90 7.91 7.64 7.85
COP Rel to R134a 101.3% | 100.0% 100.1% 96.6% 99.3%

Based on our analysis, all three alternative refagts can possibly be used with a centrifugal cesgor designed
for R-134a with only minor changes. For examplehd same speed and diameter were used, the spgméfed and
diameter will most likely, for the most part, stay the optimum range for these parameters, butoperating
envelop would have to be further evaluated to enseliable operation over the expected conditiomauicular
chiller would see. In addition, our analysis suggédbkat the non-flammable near-azeotropic blend,3Nias the
potential for use in existing machines and yel stiluces the GWP by close to 60% from that of Ral3.ikewise,
R-1234ze(E) can possibly be used in R-134a adapaathines with some loss in capacity but at or ateffreiency
level of R-134a. Tables 6 and 7 show the potem@ahs in efficiency that are possible by using iplét stage
compression processes that are not normally sethisitype of machine.
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Table 6: Two-Stage Performance Medium Pressure Refrigerants

Refrigerant
Parameter R-12 R-134€L R1234ze(E) R1234yf N-13
Single Stage COP 8.01 7.90 7.90 7.64 7.88
Two Stage COP 8.48 8.42 8.46 8.27 8.49
% Improvement 5.9% 6.6% 7.1% 8.2%) 7.7%
Two Stage Comparison 100.7% | 100.0% 100.5% 98.2% 100.8%
Second Stage Comp. Inlet Supertiéat 4.6 4.2 2.2 1.7 3.0

Table 7: Three-Stage Performance Medium Pressure Refritgeran

Refrigerant

Parameter R-12 R-134z£ R1234ze(E) R1234yf N-13

Single Stage COP 8.01 7.90 7.90 7.64 7.88

Three Stage COP 8.65 8.61 8.66 8.4¢ 8.98

% Improvement 8.0% 9.0% 9.6% 11.1% 10.2%
Three Stage Comparison 102.7% | 102.3% 102.9% 100.8% | 103.1%
Second Stage Comp. Inlet Superé&at 4.2 3.9 2.5 2.1 3.1
Third Stage Comp. Inlet Superhéat 5.1 45 1.9 1.2 3.0

4.2 Low Pressure Chiller Applications
Table 8 shows the results of our analysis for logspure refrigerants.

Table 8: Compressor Sizing for Low Pressure Refrigerants

Refrigerant
Parameter Units R-11 R-123 R-245fa N-12
Delta hevap kJ/kg 163.46 151.02 164.9y 167.76
Delta hs,comp kJ/kg 19.25 18.06 20.11 20.18
Head m 1962 1841 2050 2052
mdot kals 10.75 11.64 10.66 10.48
density kg/m 2.98 2.73 3.94 3.38
Vdot /s 3.61 4.27 2.71 3.10
N (Impeller Speed) rpm 6241 5474 6450 6966
D (Impeller Dia.) m 0.550 0.607 0.468 0.503
u2 (tip speed) m/s 179 174 183 183
Pr (Pressure Ratio) - 3.00 3.20 3.20 3.07
COP - 8.49 8.36 8.21 8.33
COP Rel to R123 101.6% 100.0% 98.1% 99.6%
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Based on our analysis of N-12, we believe thatdaggapacity with comparable energy efficiency mayobtained
using this refrigerant without significant systemodifications. We did not evaluate operating pressuand due to
somewhat higher pressure than HCFC-123, pressute wessels would be required if this refrigerantemesed
(similar to HFC-245fa). Significant gains in efficicy is seen when typical multiple staging in usethis type of

compressaor.

Table 9: Two-Stage Performance Low Pressure Refrigerants

Refrigerant
Parameter R-11 R-123 R—245fJ1 N-12
Single Stage COP 8.49 8.37 8.19 8.33
Two Stage COP 8.85 8.80 8.70 8.77
% Improvement 4.2% 5.1% 6.2% 5.3%
Two Stage Comparison 100.6% | 100.0% 98.9% 99.7%
Second Stage Comp. Inlet SuperH&at 5.9 3.1 1.9 2.6
Table 10: Three-Stage Performance Low Pressure Refrigerants
Refrigerant
Parameter R-11 R-123 R-245fa N-12
Single Stage COP 8.49 8.37 8.19 8.33
Three Stage COP 8.96 8.94 8.87 8.94
% Improvement 5.5% 6.8% 8.3% 7.1%
Three Stage Comparison 100.2% | 100.0% 99.2% 99.8%
Second Stage Comp. Inlet SuperHieat 5.1 3.2 2.4 2.9
Third Stage Comp. Inlet Superhéat 6.7 2.9 1.3 2.3

5. CONCLUSIONS

Recently developed low global warming molecules inaye potential applications in systems that calyeamploy
low to medium pressure refrigerants, such as statjocommercial A/C systems and commercial refetien. Our
present analysis indicates that comparable perfoceao existing refrigerants may possibly be adddein
applications investigated to date without significhardware modification. Both the low and mediunessure
refrigerants show considerable promise in providigh energy efficiency in chiller systems that éogpthese
refrigerants.

Preliminary evaluations of higher pressure blenld® ahow promise in a system that uses these eeéigs,
however there are trade-offs in performance, flatrilitg and GWP that need to be made.

This initial work is encouraging but further work heeded to more fully explore these applicatidigs work
would include, among other things, additional perfance evaluations as well as conducting flammntghilsk
assessments where appropriate.
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