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ABSTRACT

Hydrofluorocarbons (HFCs) have replaced chlorofhwarbons (CFCs) and hydrochlorofluorocarbons (HGRGSs
non-ozone depleting fluids in many applications)uding as refrigerants, solvents, aerosols, andiblg agents for
insulating foams. However, some HFCs have relatitiglh Global Warming Potential (GWP) and are cagninder
closer scrutiny due to the increasing concern gl@bval climate change. The focus now is on thectefor the next
generation of environmentally sustainable workingds with negligible direct environmental impaetterms of both
ozone depletion and global warming potential.

Development of low-GWP options should be balancéd vespect to safety, performance, ease of uskeaargy
efficiency. Indeed, greenhouse gas emissions cavhemy from direct emissions but also largely framdirect
sources based on energy consumption. It is theréfgoortant that energy efficiency remain a primeoysideration
when implementing low-GWP solutions, as replacinggh-GWP fluid with a lower GWP, but less efficteaption
may actually increase greenhouse gas emissiongbthelegrading the overall Life Cycle Climate Periance
(LCCP).

This paper introduces ARM-42, a near-azeotropiei-@®WP refrigerant to replace R-134a. The thermodyna
properties of ARM-42 make it a very close matcRt@34a from both a performance, capacity, andiefficy as well
as operating pressures standpoint. Single Tube Heaisfer testing confirmed ARM-42's potential &place R-
134a.

1. INTRODUCTION

In line with the world wide effort to reduce theage of high Global Warming Potential (GWP), the reotom to
replace high direct GWP refrigerants is increasaspecially in Europe with the phase down of COZwejent quota
and in US with the EPA SNAP delisting program. that purpose, hydrofluoroolefins (HFOs) offer mafythe
benefits of HFCs but with the added benefit of viey GWP. This comes from the extremely short ajphesic
lifetimes of these compounds resulting from thééfiaic structure. As such, HFOs are attractivetrgeneration
solutions potentially offering excellent environnarprofile and performance.

One of the most widely used HFC refrigerant for medtemperature application, R-134a, has a relgtivigh GWP
(1300, Stocker et al. 2013) and its replacemenghasrated a lot of interest. R-1234yf has beeugur to be a good
replacement for R-134a in medium temperature agfdios including mobile air-conditioning (SAE, 2Q00%&R-
1234ze has been proposed as a replacement of Rfdr3dasitive and centrifugal chillers (Spatz, 2R12 a chiller
application, the use of R-1234yf itself resultsrore than 6% lower efficiency versus R-134a. TreafsR-1234ze
in the same condition results in over 25% lossaipacity (Schultz et al, 2014).
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In this paper ARM-42, a novel, low GWP refrigertmteplace R-134a is presented. Thermodynamic eatittansfer
properties are discussed along with the physicdlesmvironmental properties of the refrigerant.

2. REFRIGERANT PROPERTIES

ARM-42 is a near-azeotropic blend of R-1234yf (2,3;tetrafluoropropene), R-134a (1,1,1,2-tetrafh@dhane), and
R-152a (1,1-difluoroethane) (77.5%wt/8.5%wt/14.0%wt

2.1 Compatibility and Stability

HFC-134a is used with polyol ester (POE) type lcdting oils. The miscibility of ARM-42 with typicaPOE

lubricants was tested over a wide range of conatiatrs and temperatures that covers the operaimges typically
encountered in commercial refrigeration and aireittoning. ARM-42 was found to be comparable tot thiaHFC-

134a.

The stability of ARM-42 in the presence of matesitiat it would likely encounter in practical usasievaluated in
sealed tube tests according to the ASHRAE Star@&2D07. At test conditions, ARM-42 and ARM-42/PBIEnds
in the presence of steel, copper, and aluminum stldhermal stability comparable to that of HFC-134a

2.2 Flammability

ARM-42 has been found to be flammable per testimgedaccording to ASHRAE Standard 34-2013. The grni
velocity has been measured at <10 cm/s and ARM-d@ldvtherefore be classified as an A2L. The flamifitgb
properties of ARM-42 are presented in Table 1.

Table 1: Flammability properties of ARM-42.
LFL (%v/v) @23°C 4.5
Burning velocity (cm/s) @23°C 6.

2.3 Thermodynamic Properties
2.3.1 Blend properties: The thermodynamic propgmieARM-42 are presented in Table 2 and compardRi134a
and other slightly flammable R-134a replacements.

Table 2: Thermodynamic properties of R-134a and R-134kcement candidates

R-134a ARM-42 R-1234yf R-1234ze(E)
GWPyoc 1300 131 <1 <1l
Flammability Al A2L* A2L A2L
Bubble pointiC at 26.1 29.4 295 119.0
atm
De""lpo'”t*fc) at 26.1 29.3 295 119.0
atm
Critical
Temperature’C)** 101.1 96.8 94.7 109.4
Critical Pressure
(MPa)* 4.1 3.6 3.4 3.6
Liquid Density at
25°C (kg/n?)** 1206.7 1069.2 1091.9 1163.1
Vapor Density at
25°C (kg/n)** 324 34.5 37.9 26.3

* Anticipated classification
** R-134a, R-1234yf and R-1234ze properties wetaiobd using REFPROP (Lemmon et al, 2013). ARM-42
properties were obtained through proprietary measoents and models.

The vapor pressure of ARM-42 is very close to Ral* a wide range of temperature as shown in EiguiMinor
differences can only be observed for temperaturesea60°C.
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Figurel: Vapor Pressure of ARM-42

ARM-42 is a near-azeotropic refrigerant with almostglide. The maximum glide value of about 0.0&Gbtained
at 0.1 MPa where the saturation temperature i6229.The evolution of the glide as a function of fhressure is
shown in Figure 2.
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Figure2: Glide of ARM-42

2.3.2 Simple Thermodynamic calculation: The perfanoce of ARM-42 was calculated for a simple cycletfe
conditions presented in table 3 below

Table 3: Simple Cycle Conditions

Evaporation Temperature (°C) 4.4
Evaporator Superheat (°C) 0
Condensation Temperature (°C) 37.8
Condenser Subcooling (°C) 5.6
Compressor Efficiency 0.7

A simple thermodynamic model is used here to compiae various refrigerants to each other. The mddet not
account for heat transfer, pressure drop, and cesspr effects and compares only the thermodynamai@acteristics
of the various fluids. The model assumes the saomelenser and evaporator saturation temperaturaposator
leaving superheat, condenser leaving subcoolirdjcampressor isentropic efficiency for all refrigets.
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The P,H and T,S diagram of ARM-42 are presentedrEi@ and Figure 4 and compared to R-134a and RZEZR)
(trans-1,3,3,3-tetrafluoropropene) under the sammelitions. The width of the ARM-42 dome, represegtihe latent
heat of vaporization, is slightly narrower than R134a. R-1234ze has a similar dome width to dh&RM-42 but
operating pressures are significantly lower.

Figure 5 shows the performance of ARM-42 and R-Z288) at the same operating conditions compar&i184a.
For these temperatures, ARM-42 delivers similadiogocapacity to R-134a and slightly reduced eéfiziy by 2%.
At the same conditions, R-1234ze exhibited a vdogec match to R-134a in term of efficiency but shdvwa
significantly reduced cooling capacity. The 25%slo§capacity would have to be compensated bygatamlumetric
displacement compressor. Modifications of the sizéhe heat exchangers may also be needed duevés i@mpor
density.
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Figure 3:. Pressure-enthalpy chart for R-134a, ARM- Figure4: Temperature-entropy chart for R-134a,
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Figure5: Performance of ARM-42 and 1234ze(E) relative th¥a in a simple thermodynamic cycle
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3. HEAT TRANSFER TESTING

3.1 Description of the tests

Single Tube Heat Transfer was performed at therbufleRand testing facility in La Crosse, WI. Thest set-up
consisted in two shells of 6” Schedule 40 pipe. Phessure is the same in both shells (thermosigfi@et). The
chilled water was supplied to the condenser tuloevearm water was supplied to the evaporator tube.

Refrigerant-side measurements in condenser casfsist
e Two pressure transducers attached to the shell.
e« Two RTDs inserted into shell from top with ~7.6 ofinsertion length (to within 3 mm of the top @it
center tube). Although well insulated, the RTDs astdew point sensors when the condensing sataratio
temperature is higher than the ambient temperatutee facility.

Refrigerant-side measurements in evaporator coosist
» Two pressure transducers attached to the shell.
* Two RTDs inserted into shell from bottom with ~5 ofrinsertion length (to within 12 mm of the bottarh
the center tube). We assume these RTDs give arradecmeasure of the (saturated) refrigerant pool
temperature at the depth of the tube.

Heat transfer coefficients are calculated as fadlow

» Heat transfer rate is determined from water-sidasuees of flow rate and inlet and outlet tempeestand
pressures:

Q =m:- (h(Tin' Pin) - h(Tout' Pout)) (1)

* The overall heat transfer coefficiekls, is calculated as follows

Q/Ao Tout - Ti Ti - Tout
=— LMTD = LMTD =
0 LMTD cond In (Tsat - Tout) Evap In ( Tsat - Ti ) (2)
Tsat - Ti Tsat - Tout

e The shell-side or refrigerant-side heat transfeffogent , ho, is then determined as follows:

l=l—R ll—fngF_ﬁi ®)
ho Uo we hi

where 1 Ruan is the thermal resistance of the tube wall
FF is the thermal resistance due to fouling, typicasumed to be zero.
hiis the tube inside heat transfer coefficient, tgpicsupplied by the tube vendor

3.2 Condensing results

Based on using the average dew point temperatpatezl by the two RTDs inserted into the condessetl, the
condensing coefficients for ARM-42 are presenteglifé 6.
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2332, Page 6

* ORI34a [ Condenser
40 “p & ARM-42 Trefrig = Tmsrd
35 \ \Q
8
30 N %
25 AN %‘ hy'Ri34a ~ q"OH5

htc (kW/m?-°Cd)
S

15
.
10 f]%e%@:@o&%_-;@n_z; 05~
5 o
0 +
0 20 40 60 80
q" (kW/m?)

Figure 6: Heat transfer measurements for R-134a, ARM-4Rércondenser

The condensing heat transfer coefficient with ARRIi€l15% lower than with R-134a. The exponenttheh,' least
squares fit power law equations are identical tedhdigits for both R-134a and ARM-42. Schultz (2pdeported
much lower performance of ARM-42 in a chiller skarid-tube water-cooled condenser. In that testrafr@erant
saturation temperature was inferred from the measshell pressure through the saturated pressomgetature
relationship known at that time. Recent reviewhafttdata indicates that the low values of condgnkaat transfer
coefficient are likely due to the inaccuracy of Haguration curve available at that time at typamaidenser operating
conditions (~38°C saturation temperature). The treatfer coefficients in Figure 6 were computexhfrthe direct
measurements of saturation temperature to elimigaig uncertainty in the saturation pressure-tentpera
relationships. However, the accuracy of the tentpeganeasurements here is supported by close agrnt€q0.1K)
with the temperatures returned by the current atitur equations for both R-134a and ARM-42 from ieasured
shell pressures.

3.3 Evaporating results

The pool boiling heat transfer coefficients presdrtiere are based on the direct pool temperatuasurements to
eliminate any uncertainty in the saturation curaesliscussed above. Similar to the condensindtseiue average
of the two probe measurements was used. Resulshaven in Figure 7.

The overall evaporator heat transfer coefficier2% to 4% lower with ARM-42 than with R134a. Thdrigerant-
side pool boiling heat transfer coefficient with MRI2 is approximately 10%-15% lower than with R13%his is
consistent with the results from a chiller testh(@tz, 2014), where the accuracy of the origin&lisgion curve was
better at typical evaporator operating conditiord’C saturation temperature).
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4. CONCLUSIONS

Figure7: Heat transfer measurements for R-134a, ARM-4Rérevaporator

ARM-42 is a near-azeotropic blend of HFO-1234yf,G4E34a and HFC-152a (77.5%wt/8.5%wt/14%wt) witl0a 1
year GWP of less than 150. Thermodynamic propeotfi¢gsRM-42 makes it a very close match to R-134arfiboth
performance, capacity and efficiency, and opergiiegsures. Heat transfer testing on ARM-42 hag/staoreduction
of about 15% in both condensing and evaporating tiaasfer coefficients relative to R-134a that nsaggest a
modification of the tube surfaces is needed toinlgatimal performance with ARM-42. This work isvaever not
completed and performance of full chiller testingiwARM-42 will be discussed in the near future.
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NOMENCLATURE

Heat transfer rate

Water-side flow rate

Water-side Inlet Enthalpy

Water-side Outlet Enthalpy

Overall heat transfer coefficient

Heat exchanger area

Log Mean Temperature difference

Log Mean Temperature difference evaporator
Log Mean Temperature difference condenser
Shell-side Temperature

Water-side Inlet Temperature

Water-side Outlet Temperature

Shell-side heat transfer coefficient

Thermal resistance of the tube wall

Thermal resistance due to fouling

Tube-side heat transfer coefficient
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