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Abstract

This project addresses the objectivethef Statement of Need number WP SONO2 for

i No / Global Warming Potential Alternatives to Ozone Depleting Refrigebésgaed by the
Strategic Environmental Research and Development Program (SER®B). Department of
DefensgDoD) environmental science and technology program, planned and exectuéd i
partnership with th&).S. Department of Energy and theS. Environmental Protection Agencyhe
goalof this Statement of Neaslasto identify low globalwarmingpotential (GWP), non
flammable refrigerants to replace HAG4a(GWP = 1300)in military equipment

Thiswork is a follow-on to theSERDPIlimited-scope projectVP-274Q carriedoutat NIST,

which used thermodynamic cycle simulation models alone to screen over 100 000 refrigerant
blends and identifiedver 20candidate HF€134a r@lacements. In #hpresenstudy we
narronedthe pool of blend candidates down to thilbesb blends demonstraitheir

performance througfdrop-inotests in a militaryenvironmentalkontrol unit (ECU) in
environmental chambewera wide range of operating conditiofifirough simulatiorthe
laboratorymeasured performanees extrapolatetb that of ECUsequippedwith acompressor
modifiedfor eachblendto provide the same system cayaevhile maingainingthe isentropic
efficiency of the original HF€134a compressor

The project involvedpreliminaryexperimental andnalytical taskén support of theinal project
task These includetheasurements of thermodynamic and transport properties bvel

fluids considere@nd an update aimulation methods fahese propertiesundamental tests
exploring the flammability characteristizgcluding calculation methodfundamental
measurerantsand modeling of forcedonvection heat transfeerformanceandmeasurerants
of cycle performancef candidate blends alaboratory minibreadboard heat pump apparatus
asthefinal qualification step of thébesbd blendsfor full-scaletesting inthe ECU.

The project 6sREIBA(GWPE S78)anda biesd we dalfiern1 [R-
134a/1234yf/1234ze(E) (49.2/33.9/19,55WP= 640 are good replacement blends KfFC-
134a offeringa similarcapacity anaoefficient ofperformance aEWP reduction of 66 % and
51 %, respectively. Thee fluidsdo not presentrgy significant application difficulties. If greater
reduction in GWP is desirable; 5B (GWP = 344) can be considered biitrequires further
challengingresearch iad developmental work.

The GWP reductioalsodepends on the stringency of the military requirementérfon-
flammabilityd. At thetime of execution of the projecmilitary requirements for nen

flammability hal not been establisheBor this reasorwe usedthe ASTM E681 test method as
stipulated by ASHRAE Standard 34 for qualifying Atammaubility. If military requirements for
o6ndthammabil ityd are more stringent than t
be possiblavith qualifying blends.

* Composition statedsmassfraction (%)
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Executive Summary

Introduction

Concerns about the stratospheric ozone layer and climate change resulted in fHgaomial
global[2, 3] reguktions that limit the production and consumptidfiuorinated refrigerants,

which arethe dominant fluidgurrentlyused in refrigeration and atonditioning systems,

including military equipment. In the United States, the use of -GgiP hydrofluorocebon

(HFC) refrigerants is regulated by the American Innovation and Manufacturing (AIM#Act

which directed the |$. Environmental Protection Agency to establish a phasedown program and
sectorbased HFC restrictions to facilitate the transition to {gexteratiortechnologies.

The above concerns and regulatibasespurred intensive global research et generation
hydrofluoroolefin (HFO)ow-GWP fluids. These research efforts showed that the availability of
low-GWP refrigerants varies between applications and is rather limited for meaignhigh
pressure systems. Notable applications where-#HB4a was alreadguccessfully replaced by
low-GWP refrigerants are mobile air conditiongrfs=(Q-1234yf, mildly flammable) and

domestic refrigerators (isobutane, highly flammatie)yever these fluids are not acceptable

for military systems due to their flammability. Preoreening studid$] foundthat all single
component refrigerants that could sewith good performancas a replacement for HFC34a

are at least mildly flammabl&or this easonthe search fononflammable replacemestor
HFC-134a in military systemsiisfocused omefrigerant blends.

Objectives

This work addressdhe objectives of the Statement of Need number WRE®B2 A No/ Lo w
Global Warming Potential Alternatives@z one Dep | et i,issgedByette i Stratpgicr ant s
Environmental Research and Development Program (SERRR),S. Department oDefense

(DoD) environmental science and technology program, planned and executed in full partnership with

the U.S. Department of Energy and the U.S. Environmental Protection AJdregoal of this

Statement of Needasto identify low globalwarmingpotential GWP), nonflammable

refrigerants to replace HFC34a (GWP= 1300)in military equipmentThe selection criteria

also includecoefficient of performancedOP), volumetric capcity (Qvol), and toxicity.

This work is a followon of theSERDPlimited-scope priect WP-274Q which screened over
100000 refrigeranblendsand identified over 20 promising HFC34a replacemen{6]. The
objective of this core project was to narrow the pool of blend candidates down tibsée

fluids, experimentally verify themonflammability, and demonstrate their performariceugh
tests in an HF€34a militaryECU in environmental chambers over a wide range of operating
conditions. In a posexperimental phase, this work also evaluated the performance potential of
the candidate blends through ECU simulations tidcompresor and heat exchangers
optimized for eaclof theblends.

Technical Approach

The starting point of this core projegasthe outcomef thelimited-scope projed6], which
identified over 2@¢andidate lowaGWP blends following an exhaustive, simulatizeised search
and evaluation of over 100 twe and threecomponent blends among a slate of 13 singl
component refrigerantsshich weresubsequentlgxpandedo 14 refrigerant§/]. At the outset



of this projed, we selectedour blends as preliminary candidgté®m whichthe finalthree
blends to be evaluatdyy test in the EClWvere selectedrhe criteria for blend selection
consisted of the following parameters:

o Non-flammability

o Minimum GWP

o Maximum COP

o Volumetriccapacity Qvol) matching that of the baseline HAG4a
o Market availability

The following four blendsvereselected

o R-513A [R-134a/1234yf (44/56], GWP=573. R-513A was identified in our limitedcope
study (blend #2). A1 ASHRAE safety classification
o R-450A: [R-134a/1234ze(E) (42/58, GWP=547. R-450A was not specifically identified
in the limitedscope study; however, its makp and performance are similar to those for
blend #9 [(R-134a/1234ze(E)60/40)]. A1 ASHRAE safety classification
o Tern1:[R-134a/1234yf/1234ze(E) (49.2/33.9/16]9GWP = 640. This blend was identified
in ourlimited-scope study (blend ¥4t has not been classified by ASHRAE, miexpected
to be AA10 based on its toxicity and fl ammab
o R-515B:[R-1234ze(E)/227ea (91.1/8)§ GWP = 344.R-515B was not identified in the
limited-scope studyhowever, we subsequently applied our screening analyses to it and found
it to be promisingAl ASHRAE safety classificatiofit has a gnificantly lower GWPthan
those of other fluids.

The project involvedpreliminary experimental and analytical tagkir to ECU testing in the
environmental chambers. Thdssksincludedmeasurements of thermodynamic and transport
properties of theonsideredovel fluids ad an update of simulation methods forithe
properties, fundamental tests exploring the flammability characteristics including calculation
methods, fundamental measurements and modeling of fooedction heat transfer
performanceandmeasurements ofycle performancef candidate blends a laboratory mini
breadboard heat pump apparatuthadinal qualification step of thébesb blends for fultscale
testing in the ECUYFigure 1).

* Composition statedsmassfraction (%)
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Figure 1(Exec. Summary)Project tasks

Results andDiscussion

Task 1. Experimental Measurements of Blend Properties and Development of Mixture Equation

of State

We have carried ouheasurements on the thermophysical properties of refrigerant blends
comprisingnext generatiorhydrofluoroolefing HFO-1234yf HFO-1234ze(E) mixed with
traditionalhydrofluorocarbonsHFC-134a,HFC-125 andHFC-227eaThese HFOs have very
low GWP values (order of 1) but are slightly flammable; they were mixed with the
nonflammable, but higleWP, HFCs to obtain nonflammable blends with moderate values of
GWP.Accurate property data are the backbone of any project tafidand verify new

refrigerants; thewre essential for cycle analysis, heat transfer analysis, and the analysis of
system tests. These data have allowed us to improve the refrigerant mixture models needed for

conductingtests inthe MBHP, (Task 3, refrigerant twephase heatransfer test§Task 4), and
ECU tests and detailed simulations (Tagk 7

While the improved property models were important for these tasks, no major deficiencies were
identified in the models used in the limitedope projecttherdore,
blends made in the limitescope project remagalvalid. These data, along with literature data,

t he

sel ect.i

were used to develop a mixture model optimized for these-etfaining blends; this
optimized model was then used in the detadenulations of Task 7.

For three blends (at two compositions each) we have completed comprehensive measurements

comprising vapotiquid equilibria (VLE), densityg, 7, T, X), speed of sound, thermal

conductivity, and viscosity; these measurements cdvembined temperature range of 30
to 400K, with pressures up to 39@Pa. For three additional blends (also at two compositions
each) we carried out VLE measurements. The measurements were selected to paptideadn

data set for the purposes dfifig mixture property modeld hesemodelswill be incorporated
into future versions of REFPRQ#8] and, thus, be made availalio the entire HVAC industry.

on

of



Task2. FlammabilityAssessment

It is essentialin military applicatiors that any lowGWP replacement for HFC34a be non

flammable. This is challenging, however, since for molecules containing only hydrogen,

fluorine, and arbon, there is a trag#f between GWP and flammability. The common changes

to the molecules (adding hydrogen atoms or double bonds) to make them more reactive in the
troposphere and hence lower their atmospheric lifetime (which lowers GWP), also neakes th
more flammable. Thus, one desires to make the molecules, or mixtures of compounds, have the
lowest GWP possible while still maintaining rRfammable behavior. A further challenge

arises, however, in that flammable behavior is not a distinct boundsargepends upon the
environment to which the refrigerant is exposed.

The primary goal othe present refrigerant flammability wokkas toexperimentallyassess the
flammability of thepromisingblendsconsidered foperformanceestingin the ECU in the
environmental chamber# the preliminary work, an empirical model of flammability based on
the adiabatic flame temperature and the fluorine to hydrogen ratio of the reactants was used to
create a flammability indef@] and rank a list of candidate blends with regard to their
flammablity. Only blendspredicted to be nefltammable wereonsideredor further study
Nonetheless, ivasessentiathese predictions beerified by a test.

All four selectectandidate blends aren-flame propagating in the modified E681 tsgecified
in ASHRAE Standard 34Ve also used more stringent testhe Japanese higiressure gas law
test (JHPGL)in whichthe explosion pressure in a 2 L combustion chamber with a fused
platinum wire ignition source is usgas a metric for flammabtly. Three of four candidate
blends Tern-1, R513A, R450A had similar pressure rise (0.451, 0.474, and QIB2P4),
while one (R515B) had a higher pressure rise (1188 kPg). Tests with binary blends of HFC
134a and HFE1234yf with increasingractiors of HFC-134a showed that an HF34a mole
fraction of 0.30 was required to pass the E681 tests, and at this composition, the explosion
pressure in the JHPGL test was 1127 kPa Hence, it appears that®5B is closdo the edge
of passing the &1 test, while the other blends pass the test more easily

A new parameter has been developed for characterizing the flammabiigyoverall reaction
rate is a fundamentally based parameter that can be used to correlate experimental flammability
results between test methods, or with-Bdhle test resultslt is easily calculated for any
arbitrary mixtures of interestindcan beused to predi their flammability. In the present work,

a detaileckinetic model has been developed and validated,usedo estimate the overall
chemical reaction rate of the candidate blends. Both the E681 flame propagating/non
propagating boundargs well as the JHPGL test explosion pressure were well correlated with
the calculated overall reaction rate for each bldvidreover, thecalculated overall reaction rate
predicts that for the candidate blends the effect of humidity in the air will Héfeman

increase from 0 % to 5% relative humidity (r.h.)but large foran increase frorb0 % r.h. to

100% r.h.(all r.h. evaluated at 22C). Thus, levels of humidity above 0.014 moleg#mnole

air (50% r.h. at23 °C) may have large effects on themmability of the blendsandshould be
considered iranyfull-scale tests tbe used t@pecify the degree of ndlammability required in
military applications

"The units 6ébard and 6 apressare in combustionmesearohl ayd have &vdluablenphytsisal irdefpretation; however,

they are not SI units and hence cannot be WB&®adnfdNrSHapubbi catiaons:t
nature but make it céorm to Sl.



Task 3. Testing of Selected Blends in a M&neadboard Heat Pump

The Mini-Breadboard Hed&@ump (MBHP) was used to experimentally evaluate 1B€a and

four candidate lowGWP blends: F513A, R450A, R515B, and Terfl. The purpose of these

tests was to: (1) validate the CYCLE-HX simulation mode[10, 11]used in the limitegcope

project[6], and (2) qualify the threflbest blends for testing in a militarECU (Task 7).

Performance of each fluid was measured over a range of capacity including (1.3, 1.5, and 1.7)

kW, wherel .5 kW was the rating point. The varying capacity provided measuremoewsify

t he model 6s predi ct i ondheabflud The tgdb-test \earatioa, r ange o
largely driven by compressor efficiency, yielded representative av€@geandvol values

with (0.5 to 1.0%6 confidence intervaldn total, 121 tests were conducted.

All experimental tests were then simulated using CYCLEDD For R513A, R450A, and R
515B in the basic cycle (tests without tlgpiid-line/suctionline heat exchangekl SL-HX), the
modelpredicted values were within the confidence intervals of the expemanresults For
Tern1, the model overpredicted the experimental data by abuti®portantly, the model
provided the same relativ@OP andQvol ranking as the experimental data

Task 4. Refrigerant Forcedonvection Heall ransfer Testing

An experimental apparatus was used to establish and measure 432 coibalitigdheat
transfer coefficients for 815B, R450A, R513A, and HFE134a in a micrdin tube. The
measuredheattransfer coefficients were local

Themeasured dataere used taevelop an improved correlation for the local Nusselt number
for the micrefin tube. The new correlation predicted 82680f the measured convective boiling
Nusselt numbers for{815B, R450A, R513A, and HFEL34a to within £ 20%6. The data taken
and thenew correlatiorweretailored for use in Task 7 for simulations of the ECU system

Task 5.Selection ofThreeBlends forTesting inMilitary ECU

We selected P513A [R-134a/1234yf (44/56), Tern1 [R-134a/1234yf/1234ze(E)
(49.2/33.9/16.9), and R515B [R1234ze(E)/227ea (91.1/8'Pjor ECU testing in the NIST
environmental chambers. Each of these blends has the potential of being a fluid of choice
depending on the weights applied to the selection criteria (GWP, @Q@F|lammability
characteristics)The main merits oR-513A (GWP=573) andTern-1 (GWP = 640)weretheir
performanceWe seleced R-515B (GWP= 344) to provideanassessment of performance of this
lower-GWP and loweipressure blend should low&WP values & mandated in the future.

Task6. Interim Report
The Interim Report summarizegdr o j ect 6 s r tesswfithres bldndsandhe BGY. t o

Task?. Evaluation ofBlend Performancen ECU

Military ECU Specificationgind Test Facility

Thetestedsystemwasa military HFC-134aair conditionemwith a19.9kW (68000Btu/h) rated
cooling capacityKigure 2) It wascomprisedf a 3-phasegpoweredscroll compressor, finned
tube evaporator and blower, microchannel condearsgfan and controls. The uiwas
designed to run continuously at part load by modulating its capacity usinggatbypass with

ACompositions stated as mdsaction (%)

Vi



a tempering expansion valve and an evaporator pressure reg(RiRyvalve This

arrangement of components and controls would have made it impdeséixecute a test

program with different refrigerants. Therefore, for the purpose of this study, we disabled the hot
gas bypass and fully opened the EPR valve to produce a basiecoaporession cycle

Figure2 (Exec.Summary).ECU before installation (a). The condenser protective grid and
covers for evaporator and Ibsideoimpecturefvler e r e mc

The test facility consisted of twadjacent environmental chambers. The ECU was installed in

the outdoor chamber and supplied the conditioned air to the indoor chamber through the attached
ductwork.Figure 3shows the nozzle chamber setup used to measure the volumetric flow rate of
air.

Figure3 (Exec. Summary)Connecting ducts and nozzle chamber located in the indoor
environmental chamber

The primary measurement of ECU capacity weesair enthalpy methgoand he refrigerant
enthalpy methodervedas the secondary measureméit ductwork was thoroughly insulated
and leaktested before testing begdr standard rating pointthe airside and refrigerargide
measurements closed the energy balance within 6%.

vii



Thetestmetrics includedour test points prescribed by tmeloor condition of 26.7C (80.0°F)
drybulb and 15.8C (60.5°F) dewpoint and four outdoor conditior2s:.8°C (82°F), 35.0°C
(95.0°F), 46.1°C (115.0°F), and51.7°C (125.0°F). For each refrigerant, the ECU was charged
with refrigerantaccording ¢ the procedure recommended by tfenufacturer while operating at
26.7°C (80.0°F) indoor drybulb, 15.8C (60.5°F) indoor dewpoint, and 35°C (95.0°F)

outdoor drybulb. In this process, ttieermostatic expansion wa (TXV) and refrigerant charge
were adjusted to produce an evaporator sxgierheaand condenser subcooling per

manuf act ur e Wé feritorthede testsdadrdpimatests.

Performance o€andidate Replacement Refrigerants

Figures 4 and 5showabsolute values d@ir-sidecapacity andCOP, respectivelyfor HFC-134a,
R515B, Ternl and R513A measuredn environmental chambedsu r i n g nfiod .ffloeps t s
error bars reflect measurememicertaintyat the 93% confidence levelThe figure shows that
there is no statistically significant differeein capacity of HFE134a,Tern1 and R513A, and

no statisticdy significant difference in COP for all fluids.-RL5B has d.7 % to 23% lower
capacity tha the other three fluids becausés a lower pressure fluid

Figurescand7 s how di fferences in Adrop ino capaci
respect to the values for HF34a. R513A provides a somewhat higher capacity at all test
conditions.ts COP is below that of HRC34a at 27.8 °C and 33C outdoor temperature;

however, its COP is better at the higher outdoor temperature even as it delivers a higher capacity.

Outdoor Temperature (°C)
24 28 32 36 40 44 48 52
60000

Refrigerant

7/ HFC-134a 16000

50000 B L R-515B
o Tern-1 14000

o 3 L r-513A
40000 7 b i 12000

10000

30000
8000

Total Capacity (Btu/h)

NS
) 4 1
Total Capacity (Watts)

20000 €000

4000

10000
2000

70 20 90 100 110 120 130
Outdoor Temperature (°F)

Figure4 (Exec.Summary). ECU total capacity (asrde) at outdoor temperatures 29382 °F),
35.0°C (95°F), 46.1°C (115°F), and 51.PC (125 °F)(center of bans

viii
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Figure5 (Exec.Summary). ECUCOPat outdoor temperatures 2P@(82°F), 35.0°C (95°F),
46.1°C (115°F), and 51.7PC (125 °F)(center of bars)

Tern1 performance appears to be similar to that of ¥iB&a, both in terms of capacity and
COP. On the other hand;$%5B achieves lower capacity by as much a%23 | n t-ihn &
application with a mch lower capacity, the COP of315B is comparable to that of HF34a.

0.10 | mR-5158 mTen-1 mR-513A]

o
=
o

. Q/IQHFI(_—2134Ia-l

-0.25

27.8 35.0 46.1 51
Outdoor temperature (C)

Figure 6 (Exec.Summary). Capacity difference for 815B, Ternl, and R513A versus HFE
134a, referenced to HFC34a capacity, based on ECU tests at outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 51.7C
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Figure7 (Exec.Summary) COP difference for F515B, Ternl, and R513A versus HF€134a,
referenced to HF@34a COP, based on ECUd p o itest®at outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 51.7C

In addition to laboratorfidrop-ind tests the study used simulation modelseixtrapolatgest
results to arvaluation scenarionder whicheach fluid operated in an ECU widltompressor
that would provide the sanwapacityatthe 35.0°C temperature testith the isentropic
efficiency matchingthat ofHFC-134a(Figure8 and9). The R-513A and Terrl blendsstill
provide the best performance compared to HBaa.

010 | BR-5158 mTem-1 mR-5134]
0.05
0.00 B -%_ﬂ.@_
0 N
8.0.05
e
2-0.10
I
Q 015
o
-0.20
-0.25
27.8 35.0 46.1 51
Outdoor temperature (C)

Figure8 (Exec. Summary)Capacity difference for{815B, Ternl, and R513A versus HFE
134a, referenced tdFC-134a capacity, for ECUs with capacity matching that of HFC
134a at the 35.9C test condition; based on ACSIM simulations at outdoor
temperatures 27 &, 35.0°C, 46.1°C, and 51.7PC
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Figure9 (Exec. Summary COP difference for F515B, Ternl, and R513A versus HFc134a,
referenced to HF@34a COP, for ECUs with capacity matching that of HF34da at
the 35.CPC test condition; based on ACSIM simulations at outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 517 °C

Implications for Future Research and Benefits

This studydeveloped newneasurements arthtaon nonflammable, lowGWP candidate
replacements for HRQ@343g which includedhermophysical propertieBammability
characteristics, twphase heat trarsf performance, andycle performanceThis information
will assist the HVAC industry in its transition to l6@&WP systems.

For the studied ECU systenhetR513A and Tersl blends provide comparable capacity and
COP tothatof HFC-134a and offer GWP redtions of 66 % and51 %, respectively. They can
be implemented without major redesign of currently used components or other difficulties. If
greater reduction in GWP is desirable5E5B (74 % GWP reduction) can be considerbdtits
userequires further research and developmental work.

While the testedlends pass the ASTM E681 test as stipulated by ASHRAE Standard 34 for

gual i f yfilnagmnbdanboinl i t yé of refrigerants, some pas
from the other tests and montg). Thereisatradef f bet svéamméamoni tyd and
military r equfilraemmeanbtisl iftoyr6 Ganroen mor e stringent

flammable of the three (Terhand R513A) might still pass a more stringent criterion wiitle
515B would likely fail. If better flammability behavior than Tetrand R513A is required, the

less flammable blends identified in the earlier phase of the project would need to be sahelcted,
then evaluated experimentally to verify their predictedgomance and flammability. These

less flammabldéuids would have aeduction of GWPRf about 50% as compared to-R34a

A live-fire test program in conjunction with modeling should be carried out to establish a
representative -flammalfiolri taysé efscsri ntgiived nminl i t ar y e
recommend HF€l34a to be tested at high ambient temperature and high humidity as a

benchmark. We suggest Inree tests of HFE134a with increasing amounts of added HFO

1234yf to enable correlation to the smsdhle experimental and numerical results.
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1. Objective

This work addresses the objectives of the Statement of Need number WFSR2N A No/ Lo w

Gl obal War ming Potential Al t erissaetbythe Stratege Oz o n
Environmental Reseeh and Development Progral®ERDP), the US. Department oDefense

(DoD) environmental science and technology program, planned and executed in full partnership

with the U.S. Department of Energy and the U.S. Environmental Protection AgEneygoal

of this Statement of Need was to identify low glebarmingpotential (GWP), nofilammable

refrigerants to replace HFC34a (GWP= 1300) in military equipmentThe selected fluids

should have zero ozone depletion potential (ODP)adad global warming potential (GWP) .

The selection criteria also inclu@OP,volumetric capacity@vol), and toxicity.

This work is a followon of theSERDPlimited-scope projectVP-2740, which screened over
100000 refrigerant blendsreated from a pool of3Ifluids using thermodynamic cycle
simulation models and identifieaer 20promisingHFC-134a replacemeiiends[6]. The
objective of this corg@rojectwas tonarrow the pool of blend candidates down to tlfiteesd
fluids, experimentallyerify their nonflammability, anddemonstrate theperformance through
tests in a HFC-134amilitary ECU in environmental chambessera wide range of operating
conditions In a postexperimentaphasethis work dso evaluatel the performancepotentialof

the candidate blenderough ECU simulationwith compressor and heat exchangers optimized
for each blend.

2. Background

Stratospheri@zonedepletion andlimatechangehaveresulted inregional[1] and dobal [2, 3]
regulationghatlimit the production and consumptia fluorinatedrefrigerantswhich arethe
dominantfluids currentlyusedin refrigeration and aiconditioning systems, including military
equipmentin the Lhited Statesheuse of high-GWP hydrofluorocarbon (HFClefrigerants is
regulatedby the American Innovation and Manufacturing (AlMEt [4], which direcedthe US.
Environmental ProtectioAgencyto establista phasedown prograendsectorbasedHFC
restrictionsto facilitate the transition to negeneration technologies.

Theaboveconcerns and regulations spurmeténsive global research for ng&nerationlow-
GWP fluids These research effodhowed that the availability édw-GWP refrigerants varies
between applications and is rather limitedmedium and highpressure systemilotable
applications wherelFC-134a was alreadsuccessfullyeplaced byow-GWP refrigeratsare
mobileair conditionerdHFO-1234yf, mildly flammablg and domestic refrigeratorsgbutane,
highly flammable) these fluids are not agptable for military systems due to their flamntifi
Prior research5] demonstrated that all sing®mponent refrigerants that could sewith good
performances a replacement for HFT34a are at least mildly flammable. For this reason, both
the limitedscope project and ihfollow-on core projecevaluate refrigerant Imary and ternary
blends to explore the possibility of formulating a filammable blend that would satisfy the
requirements of military ECU systems.



3. Materials and Methods

3.1. Resultsof the limited-scope project

The limitedscope project6] identified over 2@andidate Io0aGWP blendsfollowing an
exhaustivesimulationbasedsearch and evaluation of over 1@@0 twe and threecomponent
blends among a slate of 13 singlampment refrigerants, subsequently expandeio tio-
component blend¥] (Table3.1-1). In addition to HFC134a, thesinglecomponentefrigerants
included in the search werH~C-227ea HFC-125, HFG-143a,HFC-134,HFC-32, HFC-1523,
HFC-41,HFO-1234/f, HFO-1234ze(E) HFO-1234ze(Z) HFC-1243zf, andR-744 (COy) (listed
in order ofdecreasing GWP)

Table3.1-1. Sdectedfibesb blendsfrom the limitedscope projecf7] (sorted by GWR12])

Blend Composition GWP g’ COP/ Quol/

# Components (molar) CORk-134a  Quol, R-134a
Class 1 nonflammable (predicted)
1 R-134a/1234yf 0.44/0.56 537 -0.1 0.987 1.025
2 R-134a/1234yf 0.468/0.532 573 -0.4 0.988 1.027
3 R-134a/1234yf/134 0.48/0.48/0.04 633 -1.1 0.987 0.975
4 R134a/1234yf/1234ze(E) 0.52/0.32/0.16 640 -1.2 0.987 0.989
5 R-134a/1234yf 0.52/0.48 640 -1.2 0.989 1.029
6 R-134a/1234yf/134 0.4/0.44/0.16 665 -1.3 0.986 0.958
7 R-134a/125/1234yf 0.44/0.04/0.52 676 -1.5 0.985 1.049
8 R-134a/227eal/1234yf 0.40/0.04/0.56 681 -1.5 0.984 1.007
9 R-134a/1234ze(E) 0.60/0.40 745 -2.4 0.988 0.908
10 R-134a/1234yf 0.60/0.40 745 -2.4 0.990 1.031
11  R-134a/1234ze(E)/1243zf 0.60/0.36/0.04 750 -1.5 0.990 0.966
12  R-134a/1234yf/1234ze(E) 0.64/0.2/0.16 799 -3.0 0.990 0.986
13  R-134a/152a/1234yf 0.64/0.04/0.32 817 -1.8 0.993 1.023
14  R-134a/1234yf/134 0.52/0.32/0.16 824 -3.2 0.990 0.966
15 R-134a/1234ze(E) 0.68/0.32 852 -3.7 0.991 0.929
16  R-134a/1234yf/1243zf 0.68/0.2/0.12 870 -1.1 0.994 1.020
Class 2L flammable (predicted)
17  R-152a/1234yf 0.08/0.92 8 7.7 0.9 0.957
18  R-134a/1234yf 0.20/0.80 238 2.8 0.980 0.996
19 R-134a/152a/1234yf 0.20/0.16/0.64 270 8.7 0.987 0.984
20 R-152a/1234yf/134 0.16/0.48/0.36 417 7.5 0.984 0.900
21  R-134a/1234yf 0.36/0.64 436 1.0 0.985 1.018
22  R-134a/1234yf/1243zf 0.36/0.44/0.20 451 5.2 0.988 1.004
23  R-134a/152a/1234yf 0.36/0.20/0.44 496 8.3 0.994 0.994

:Normalizedflammability index[7,13] (negative values indate norflammable)
Designated by ASHRAE Std. 34 astR3A, safetyclassification: Al
# Referred to as Terh



Taking into consideratiomable 3.12, & the outset of thpresentore projectve identified four
blends agpreliminarycandidates fofurtherevaluationand setction of the final three blends for
testin theECU (Section4.5.]). Independentlyf this selectionwe continuallyevaluatedon-
goingdevelopmergto notoverlooka promising neilow-GWP candidatdluid should one
becomeavailable.

3.2.  Project structure

To selecthreefibesd blends for ECU testin{Task 5) we carried out the followinfpur tasks
involving novelhydrofluoroolefin (HFO) fluidgFigure3.2-1):

Task 1. Fundamental measurements and modeling of thermophysical properties
Task2: Tests and modeling diammability behavior

Task3: Preliminary performance tests in a mbteadboard heat pump apparatus
Task 4:Heattransfer performance measurements and modeling

O O o o

The Interim Report (Task 6) documented the Tasks 1 througrh®.thredi b é ldendswere
evaluated through laboratory tests and simulations within Task 7.

<= Task 1
-»| Property Measurements
v {
Task 3 Task 4 Task 2
Mini-Breadboard Testing HeatTransfer Measurements Flammability Assessment

2 L 4

v
- Task 5
— Selection of Blends

(Iterate) -
v Task 6

| Go¢ No Go I Interim Report

Task 7 —Reporting
Evaluation of Blends in ECU

A 4

y Task 8
Final Report

\ 4

Figure3.2-1. Project tasks



4. Results and Discussion

4.1. Task 1l: Experimental Measurements oBlend Properties and Development of
Mixtur e Equation of State

4.1.1. Purpose and Approach.

A mixture equation of state (EOS) providing validated thermodynamic properties and separate
transport property modetseneededdr conducting the MBHP tests (Task Bfrigerant twe

phase heatransfer test¢Task 4), and ECU tests (Task WUpdated properties widlso be
implemented in th&lIST heat exchanger aftCU simulation modsl(Tak 7).

The simulation of cycle performance, the analysis of laboratory measurements in equipment, and
heattransfer experiments in support of cycle simulation modeling require thermodyauanic
transporiproperties of the blends. Tkigermodynamic propertiege expressed in terms of an
Aequation of state, 0 which | sesmaynamictproperies ofi c a l
a pure fluid or blend. The properties of a refrigerant blend are given by a combination of the
constituent pure fluids in the blend plus additional terms representing the mitiargansport
properties of thermal conductivityd viscosity are represented by separate models, also by
combining purdluid models with mixture terms.

Any equation of state or transport property model (for a pure fluid or mixture) requires
experimental data to fit adjustable parameters and validaaeduracy. While puriuid EOS

are available and generally adequate for the newGW¥P refrigerants, this is not the case for
refrigerant blendsThis taskhas carriedut the measurements necessary to define the mixture
termsin the EOS and transpgrtoperty modelsThese terms are expressed in terms of binary
pairs of components; a mixture of the components A, B, and C, for example, is expressed in
terms of the binary pairs/B, A/C, and BC. Thus, the present measurements were carried out on
binarymixtures, even though ternary (threeo mponent ) mi xXtures are al sc¢
blends.The mixture parameters used in the simulations in the lirsitege study were based on
limited experimental data from the literature or, in some cases, were\eptidicted and this

task will improve upon the data situation

Measurements at two levelseffort werecarried out. For three binary pairs that appear in
multiple fibesb blends comprehensive measuremewesrecarried out in Subtask 1&hese
includedvaporliquid equilibrium (VLE) measurementgrressuredensitytemperature
composition , }, T, X) data in the singkphase and supercritical regiospeed of sound in the
singlephase liquid regianviscosity in the singlghase liquid regiarand therral conductivity
in the singlephase liquid regiori.imited measurements (i.e., only vagiguid equilibrium)
werecarried out on additional binary pairs in SubtaskFdr.each blend, measurements were
carried out at nominal compositions of (0.33/0.67) é€h67/0.33) mole fractiomhese
measurementallowedfitting mixture EOS and transport property modélse measurements
are summarized imable4.1-1 The remainder of this section provides an overview of the
measurements and modeling results, with det@itduding uncertaintiegjiven in Appendix
A.l



Table4.1-1. Refrigerant blend properties measured in the current work

Blend Composition T-range P-range Number
(mole frac) (K) (MPa) of points*
Vapor-Liquid Equilibria (VLE)
R-1234yf/134a (0.320/0.680) 27071 360 0.28i 3.10 10
R-1234yf/134a (0.647/0.353) 27071 360 0.2971 3.05 10
R-134a/1234ze(E) (0.334/0.666) 27071 360 0.227 2.61 10
R-134a/1234ze(E) (0.663/0.337) 27071 360 0.247 2.84 10
R-1234yf/1234ze(E) (0.324/0.676) 27071 360 0.237 2.56 10
R-1234yf/1234ze(E) (0.638/0.362) 27071 360 0.2671 2.74 10
R-125/1234yf (0.349/0.651) 27071 335 0.391 2.21 10
R-125/1234yf (0.664/0.336) 27071 335 0.491 2.70 10
R-1234ze(E)/227ea (0.335/0.665) 27071 360 0.18i 2.25 10
R-1234ze(E)/227ea (0.680/0.320) 27071 360 0.1971 2.31 10
(P, }, T,x)d Liquid and Vapor Phases and Supercritical States
R-1234yf/134a (0.3363/0.6637) 23071 400 0.047 11.7 124
R-1234yf/134a (0.6471/0.3529) 23071 400 0.047 10.6 105
R-134a/1234ze(E) (0.3325/0.6675) 23071 400 0.047 20.5 94
R-134a/1234ze(E) (0.6636/0.3364) 23071 400 0.047 21.5 81
R-1234yf/1234ze(E) (0.3358/0.6642) 23071 400 0.047 11.4 116
R-1234yf/1234ze(E) (0.6666/0.3334) 23071 400 0.041 10.5 109
Speed ofSoundd Liquid Phase
R-1234yf/134a (0.3363/0.6637) 23071 345 0.357 13.0 78
R-1234yf/134a (0.6471/0.3529) 23571 310 0.6671 11.6 40
R-134a/1234ze(E) (0.3292/0.6708) 23571 345 0.53i1 51.4 141
R-134a/1234ze(E) (0.6369/0.3631) 23071 345 0.137 50.3 163
R-1234yf/1234ze(E) (0.3358/0.6642) 23071 345 0.267 11.3 71
R-1234yf/1234ze(E) (0.6666/0.3334) 23071 335 0.457 12.0 60
Thermal Conductivity d Liquid Phase
R-1234yf/134a (0.320/0.680) 20071 340 0.9571 12.05 379
R-1234yf/134a (0.647/0.33) 20071 340 1.037 12.00 403
R-134a/1234ze(E) (0.334/0.666) 2007 340 0.9671 50.32 350
R-134a/1234ze(E) (0.663/0.337) 2007 340 0.9771 50.14 335
R-1234yf/1234ze(E) (0.323/0.677) 20071 340 1.0271 1233 352
R-1234yf/1234ze(E) (0.642/0.3698) 2007 340 0.891 1210 341

*Distinct (T, P) state points; multiple replicate measurements were made at each state point



Table 4.11. (continuedRefrigerant blend properties measured in the current work

Blend Composition T-range p-range Number
(mole frac) (K) (MPa) of points*
Viscosityd Liquid Phase
R-1234yf/134a (0.3194/0.6806) 2731 393 1.831 12.01 144
R-1234yf/134a (0.6469/0.3531) 27371 393 1.84i 12.00 112
R-134a/1234ze(E) (0.3330/0.6670) 27371 393 1.721 40.10 142
R-134a/1234ze(E) (0.6622/0.3378) 27371 393 1.137 40.09 120
R-1234yf/1234ze(E) (0.3224/0.6776) 27371 393 1.88i 12.04 104
R-1234yf/1234ze(E) (0.6418/0.3582) 2731 393 1.847 12.02 126

*Distinct (T, p) state points; multiple replicate measurements were made astaseipoint.

4.1.2. VaporLiquid Equilibrium (VLE) Measurements.

The measurement of vaplquid equilibrium is the mixture analog of vapor pressure for a pure
componentVLE data are the most important type of data needed for fitting a mixture EOS. They
indicate, for example, the departure from ideal behavior and the presence or absence of
azeotropes. Measurements of the bulplimt pressure as a function of temperatané liquid

phase compositiofp, T, X) were made here. Conceptually, the measurement is very simple: load
a |liquid sample of known composition into a
measuring cell to some temperature, and when the tatope has stabilized, measure the

pressure. The VLE instrument and measurement details are described in Appéridix A

4.1.3. Pressuréensity TemperatureR, |, T, X) Measurements.

The present measurements utilized a-siviker densimeter with a magnetic seisgion

coupling. This type of instrument applies the Archimedes (buoyancy) principle to provide an
absolute determination of the density. This general type of instrument is described by Wagner
and Kleinrahni14], andtheinstrumentused herés described in detail by McLinden and Ldsch
Will ,[15] and only a brief description is given herevd'sinkers of nearly the same massl

same surface area, but very different volanveere each weighed with a highecision balance
while they were immersed the samplef unknown density. Theasic form of the working
equation for this type of instrument gives thed densityr as:

" h (4.1-1)

wheremandV are the mass and voluroéthe sinkersW arethe balance readisgand the

subscripts refer to the two sinke@ne sinkewas made of tantalunm(= 60.094633g,

V =3.60 872cn?) and the other of titaniunm(= 60.0753864, V = 13.315284cnr). (The

sinkers are shown in Figure A3l) A magnetic suspension coupling transmitted the gravity and
buoyancy forces on the sinkers to the balance, thus isolating the fluid sample from the balance.
With the twasinker methogdsystematic errors in the weiglgimand frommanyother sources
approximately canceFigure 4.11 illustrates the range of the measurements for one blend
composition as an example.addition to the density measurements, vagaasep, }, T, X)

data were used to determine the dew pahtbe blends studied, as discussed in Appendix

A.1.2.



1 ; ; 1409 T T
RI 2 3/ 2 2 4E)
10 R o © (0.6 6 6083 3 3o |)fa ] 124
<o
<
o . o o o | ilOC
@ <& o> Z 3% ™
o o < < o =1 80
- © o o o o 4 B
2 6 o o 00 ¢ o°<> X 50
o o < o VO o o° O © —
4 o o o < g 7 *40
o <o < %o ¢ g
o o 0 ° 3
2r o © o o > o 20
<><><>
0 ! ! ! 0 ok
220 260 300 340 380 42 220 260 300 340 380 42
TIK T/K

Figure4.1-1. MeasuredPR, r, T, X) points for the RL234yf/1234ze(E) blend at a composition of
(0.6666/0.3334) molar; left: pressure versus temperature; right: density versus
temperaturef3, measured points; line, phase boundary; *, critical point

4.1.4. Speed of Sound Measurements.

The speed of sound is closeglated to heat capacity, and either speed of sound or heat capacity
data are important for obtaining the correct values for enthalpy and entrojgi enter into

cycle calculationsEnthalpy and entropy cannot be measured directly, and speed of solb&l can
measured much more accurately than heat capaditgh wasthe reason foincluding speed of
sound.

The speed of sound was measured over wide ranges of temperature and pressurepitia dual
pulseechotype instrument. In this technique, a piezotledransducer of singlerystal quartz

is located within a sample volume of the test fluid. It is excited with a sinusoidal electrical burst,
near the crystal resonance frequency, thus emitting ultrasonic pulses from each face of the
crystal, which traviethrough the fluid sample, reflect off planar surfaces at each end of the

sample volume, and return to the transducer, which also serves as the detector. The difference in
the arrival times of the echo signals give the speed of sound by

0 v (4.1-2)
wherew is the speed of sount; andL: are the path lengths, abtlis the time difference. The
differential nature of this technique cancels end effects and improves the accuracy.
The instrument, measurement sequence, and uncertainties arbetkescri
Appendix A1.3

Figure4.1-2. shows an example of tlspeedof-soundmeasurements carried olihe measured
data, as well as the relative, combined, expankled] uncertainty in the speed of sound for
each point, are reported AppendixA.1.3 For both thgp, r, T, X) and sound speed
measuremenisvolving blends containing HF@234yf the maximum pressure was restricted to
no more than 12 Mato avoid possible polymerization BiFO-1234yf.
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4.1.5. Viscosity Measurements.

Viscosity data cannot be calculated from an equation of lstétgre important for the analysis of
heattransfer behavioThe dynamic viscosity £) of three refrigerant blends, at two

compositions eachiyas measuredver a range of temperature and pressising a modified
commercial oscillatingpiston viscometer. The instrument employs a variation of the falling body
technique whereby the alternating motion of the sensing body is driven by electromagnetic
induction. Additional details regarding the instrentation, calibration and measurement
protocols, and uncertainty analysis can be found in Appendix A.1.4. An example of
measurements for one blend composition are showigime4.1-.
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Figure 4.13. Measured viscosity points for the R134a/1234ze(E) blend at a composition of
(0.6622/0.3378) mole fraction; left: pressure versus temperature; right: dynamic
viscosity versus temperature; the red line indicategpiproximatephase
boundary; * indicates the critical point.



4.1.6. Thermal Conductivity Measurements.

Thermal conductivity cannot be calculated from an equation of staté ibumportant for the
analysis of heatransfer behaviotdere, the thermal conductivity was measured with the
transient hotvire technique, whereby a voltage pulse lasting about 1 s is applied to a fine wire
immersed in the fluid under test; this heats tmeainding fluid and the temperature rise is
monitored (using the same wire, which also serves as a resistance thermometer) to extract
thermal conductivity. The wire approximates a line source anidéiaétemperature risBTiq, IS
given by

e a 0@ 10
DTid=ié|n(t)+lnaeA;—a oa O, +aadr, (4.1-3)
4p g ¢h C = -1

whereq is the power applied per unit lengths the elapsed timey is the radius of the hot wire,
C= 1.781. .. is the ex/psdhethernal canductiify of tha fluid,rarids ¢ o n
a=//(rCyp) is the thermal diffusivity of the fluid, whereandC; are the fluid density and
isobaric specific heat capaciti6]. The form of Eq. (4.13) is that of a line, where the thermal
conductivity can be found from the slope and the thermal diffustaitybe found from the
intercept. The summation term accounts for deviations from the ideal model. These
measurements provided the data necessary for development of a model for the thermal
conductivity of refrigerant blends. The instrument, measuremenéseguand uncertainties are
described in AppendiA.1.5; the measured data are also tabulated in Appendi®.A.1.

4.1.7. Model Development (Subtask 1c).

The data measured in Subtasks 1a and 1b were fitted to thermodynamic and transport property
models with resudt incorporated into files compatible with the NIST REFPROP database. Data
are compared to the developed models using REFPROP.

Mixture EOS for thermodynamic propertidhe multHluid modeling used in NIST REFPROP
yields the most accurate mixture modelaikable today. This approach combines the most
accurate pure fluid equations of state with reducing and departure functions to correct for the
changes to thermodynamics caused by mixture interactions. The refrigeration industry has been
using the multifluid modeling approach for many years and will likely do so for many years to
come.

In this framework, the equation of state for a pure component is given in terms of the reduced
Helmholtz energy, given lly o Y "8All the thermodynamic properties aretaimed from
combinations of the Helmholtz energy and its derivatives. For instance, the pressure is obtained
fromn T @ 0The total is given as the sum of ideghs (norinteracting) and residual
(interacting or reagjas) contributions. These dited to experimental data and constrained to

have the proper behavior at extremes of temperature and pressure. The residual Helmholtz
energy can be expressed generically as

1° Bgy z Agbd s 1 R [z (4.1-4)



wheret “$aiYand "1 yawith 'Y and” 4 4 Reing the reducing temperature and
reducing density, respectivelyllAemaining variables are empirical coefficiefiteed to data
for a given fluid

The same thermodynamic identities hold for mixtures as f@& fwids. The Helmholtz energy
for a mixture is obtained as the sum of a corresponding states contribution and a departure term

o thrf | g (4.1-5)
which becomes
| B w th B B Owe th (4.1-6)

where the first summation arises from a compositieighted sum of the pure fluid EOS terms
and the double summation is the departure term, with th@ E Cok |

| Bt t1] AobOCHh] (4.1-7)

where the sgn function is the sign of the value: zero for an argument of zero, and 1 for positive
arguments.

For mixturest Y ofFYand  "7T', . @af, and the reducing functions are given by

. \ N o 38
Yeaef B B wal jl i Yh t7Yh (4.1-8)

h

— B B QG il j — - — — 8 (4.2-9)

r T h : L

Thus the reducing functions have four adjustable parameteijsopeary pair. For mixtures with

' imited data ondryl & umihx tassr e hemdia/dlEr ed i n t hi s
adjustable parameters in the reducing functions were fitted, namegl,j, g,ij, andg; for

such mixtur es [jbféehe depactiad functian isfsed to temr 0

For blends where sufficient experimental data are available (such as the blends with
Acomprehensive dataodo measur ed ,ivasalsoliitted andor k) a
theFj of the departure function is set to unity. The fitted parametergiar in Tables 4P

and 4.13.

Comparisons of the mixture EOS to the measured data are shéguias4.1-4 and 4.15. The
average absolute deviations (AAD) of tipe)(, T, X) data are comparable to the uncertainty in

the experimental data. The AAD the speed of sound data are within the uncertainty of the data
for the R1234yf/134a blend. For the two blends witHR34ze(E) as a component, however, the
AAD exceeds the experimental uncertainty of the sound speed data by a significant factor; we
attribute this to a deficiency in the-R34ze(E) purdluid equation of state in its representation

of sound speed, as discussed further by B&|l In any case, the AAD is always less than

0.2%, and this is quite adequate for the analysis of refrigeration cycles.
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Table4.1-2. Mixture parameters (Egs. 46li 4.1.9) obtained from fittig experimental data.
Components in each binary pair are sorted by normal boiling point temperatures,
and the order is significan

Binary Pair bri O i by i Qi Fij
R-1234yf/1234ze(E) 0.998886 0.993309 0.999302 0.998590 1.0
R-1234yf/134a 1.000026 0.987057 1.000272 1.003747 1.0
R-134a/1234ze(E)  0.998593 0.992009 0.998995 0.998621 1.0
R-125/1234yf* 0.999637 0.999356 1.0 1.0 0.0
R-1234yf/152a* 1.002918 0.983928 1.0 1.0 0.0
R-1234ze(E)/227ea* 1.000895 0.993523 1.0 1.0 0.0

*Only VLE data were measured for these blends, and no departure function was fitted.

Table4.1-3. Departure functions obtained from fitting experimental speed of sound and density
data.

€ 0]
0.051900 2.477314
-0.011472 0.070541
0.072640 0.012643
-0.024746 3.992829
0.068889 3.184446
-0.004831 2.034344

Binary Pair
R-1234yf/1234ze(E)

R-1234yf/1234ze(E)

R-134a/1234ze(E)

P Ol O Fr O¢
N RN RN RO
N R[N RN R
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Figure4.1-4. Relative deviations in measured densities compared to the values predicted by the
mixture model. The average combireganded uncertainty the experimental
datais shown by dashed lines and listed in the figure title
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Figure4.1-5. Relative deviations in measured speed of sound compared to the values predicted
by the mixture model. Thaverage combined expanded uncertainighe
measured datia shown by dashed lines and listed in the figure title.

Viscosity modeMe fit the mixture viscosity data to the viscosityxture model implemented in
REFPROPthis model is based on the extedderresponding states (ECS) approddte
viscosity of a mixture is treated as a sum of a digae contribution and a residual contribution
with all termsbeingfunctions of composition,

d( 4+ #)=xo( d) #0k . H (4.1-10)

The dilute gas contributiors found from kinetic theorfd8-20] assuming a Lennard Jones
potential applies with collision integrals based on Neufeld [@1dl.A scaling factor is used so
that in the limit of the pure fluids (i.ex,= 0 orx = 1), the recommended pure fluid formulation is
exacly reproduced.
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The residual contribution is modelled using a-fin& extending corresponding states approach
[22-24],

DA( £T,X) = DA(Ty, HE(T, % (4.1-11)

The mixture is represented by a hypothetical pure fluid, whose properties are found by
evaluating-fd udidmg!| e effeareence fluid (denoted by
the mixtureT and} but rather at a conformal temperature and dgfigitandj rer; Nitrogen is

used as the reference fluid in mixture calculations. The conformal temperature and density are
found using the relationshifser= T/fx andjrer=} kand the quantitiel andhx are determined
through the use of mixing and combining rules that involve the individualfluidef; andh;.

Binary interaction parameters were also used where data are available for a specific binary pair.
Further details on the model are given in Appendix(Al1.1.4). This ECS model is adequate for
representing the viscosity of many refrigerant and hydrocarbon mixtures, typically representing
viscosity of refrigerant mixtures to within about 42&2]. This model was fitted to data, and the
resulting mixture parameters as well as comparisons of the model to the data are ivérvin

We did not measure the viscosity or thermal conductivity of tt23Rze(E)/227ea blend, but

this was one of the blends selected for the ECU testing comprised. (The scope of work called
only for the measurement of three binary palge) were unable to locatiéeraturedata for

thermal conductivity or viscosity of R288mixed with R1234ze(E). In fact, we were unable to
locate experimental viscosity or thermal conductivity data of R227ea mixedmyitompound

To provide the data needed for the cycle simulations we estimated the transport properties based
on similar bénds.There are data for viscosif®5] and thermal conductivitj26] for mixtures of

R125 and R1234ze(E), and seelata were fiedto obtain binary interaction parameters for
R125/R1234ze(E). R227ea (1,1,1,2,3;Beptafluoropropane,£F7) and R125
(pentafluoroethane, £ Fs) are both highly fluorinated-alkanes that should have similar
interactionbehaviorwith R1234ze(E). These parameters should provide a reasonable estimation
for the R1234ze(E)/R227ea mixture. We estimate the uncertainty in the liquid phase for viscosity
and for thermal conductivitio be 51 10%.

Thermal conductivitynodel (ECS)The model for nxture thermal conductivity is also an ECS
model. The treatment is similar to that of viscosity, however the thermal conductivity is first
divided[23, 24, 27, 28]nto contributions from internal motions of the moleca¥, (which are

only functions of temperature) and translational contributigf#8S which are due to collisions
between molecules and are a function of both temperature and density, along with an additional
term for the critical enhancement,

of 3.9=X"( o) €%, o) wr( & ). (4.1-12)

The translational contribution is further divided into a dilute gas contribw#oand a residual
contributiond&,

o + . A=X"(o) F(x) & .x) &a g (4.1-13)
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The final term in EqQ. (4:1.3), due to the critical enhaement, is calculated by applying mixing
rules to the parameters in the Olche$gngers mod¢R9, 30]as described in Ref24]. Further
details on the ECS model for thermal conductivity, including details on the mixture terms, are
given in the AppendiXA.1.7). This nodel was fitted to both the thermal conductivity data
measured in this work and, where available, the (limited) literature data. The resulting
coefficients and comparisons of the model to the data are provided in the Appendix (section
Al1.1.7). Also givenn the Appendix is thenixture data file HMX.BNCfor use with REFPROP,
which implements the results of both the ECS viscosity and thermal conductivity mixture
models.

Thermal conductivitynodel (Entropy Scaling)n addition to the ECS model, which was used

the cycle simulationéTask7), we have applied the modified entropy scaling approach to model
the measured thermal conductivity data. Entropy scaling is a relatively new approach for the
modeling of transport properties that NISTeigploring, and the availability of the higiuality

thermal conductivity data measured here allowed us to test this approach on mixtures. Entropy
scaling is based on the idea that entropy (a thermodynamic property), when scaled in an
appropriate way, is measure of the structure of the fluid phase. Thus, transport properties can
be expressed in terms of this scaled entropy, rather than as a function of, for example, the
temperature and density. This approach connects the transport properties (e.g., thermal
conductivity and viscosity) to the thermodynamic properties (which are represented by an
equation of state). The power of entropy scaling is that it allows an accurate representation of the
transport properties with far fewer experimental data needegbaisto the model compared to
traditional models.

This approach and its application to the mixture thermal conductivity data are detailed in
Appendix A1.1.7. The result is a representation of the data that is comparable to the ECS model,
but with a singleset of four adjustable coefficients (fitted to the experimental data) for the three
binary pairs studied. This compares to the separate sets of adjustable coefficients fitted to each
binary pair in the ECS approach.
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4.2. Task 2: Flammability Testing

4.2.1. Introdudion

It is essential that any Iec@WP replacement for HRC34a be noiflammable. This is

challenging, however, since for molecules containing only hydrogen, fluorine, and carbon, there
is a tradeoff between GWP and flammability. The common changes tmtilecules (adding
hydrogen atoms or double bonds) to make them more reactive in the troposphere and hence
lower their atmospheric lifetim@vhich lowers GWP)also makes them more flammable. Thus,
one desires to make the molecules, or mixtures of compphiands the lowesBEWP possible

while still maintaining nofflammable behavior. A further challenge arises, however, in that
flammable behavior is not a distinct boundary, but depends upon the environment to which the
refrigerant is exposed. As describedWilliams [31], flame stabilization requires that the
characteristic chemical reaction rate be fast enough to keep up with the flow/transport field in
which the refrigerant is reacting. Foompoundsthat are clearly flammable or ndlammable,

for example methane or GQheir behavior in air is consistent among common configurations.
But for compounds of intermediate flammability, for example mixturgs@fandCHys, or pure
HFO-1234yf, their behvior will be very sensitive to the flame/fire configuration. For example

in recent fultscale tests in a 503module[32], stable flames of HFQ234yf and air could not

be initiated with a higivoltage spek ignition system typical of that used in the snsaidle E681
tes{33]. In contrast, using a gloplug ignition source, turbulent flameslaFO-1234yf and air

in an HVAC duct were achieved by Papas ef3], with turbulent flame speeds much higher
than previously reported laminar burning velocities.

There are two goals of the present refrigerant flammability work. The first is to assess
experimentally the flammability of the candidate blends predicted to blaromable (as
determined by ASHRAE Standard [B88]) in the previoudimited-scopeproject In the

preliminary work, an empirical model of flammability based on the adiabatic flame temperature
and the fluorine to hydrogen ratio of the reactants was used to create a flammabilif@jndex

and rank a list of candidate blends with regard to their flammability. All of thedatedlends
selected for furthestudy in the MBHP or ECWere predicted to be ndfammable.

Nonetheless, it is essential that the candidate blends be tested in experiments to verify that the
predictions were accurate. It is expected, however, thairéhtnfeats in the DOD applications

will be much more aggressive thiamntypical HYAC applications, and a more conservative
flammability test would be desirable.

The second goal of the present work is to use the experimental flammability test resthertog
with flame modeling, to predict, for a given blend, if it will be flammable in the fire threats of
interest to the DOD. Researchers at the Army Research LabofaRity have developed a
representative scenario, in which an incendiary projectilects@acoil filled with refrigerant. In
such a test, ignition sources are abundant, and it is required that the resulting refaigetand

not support a seffropagating flame. Predicting the behavior of candidate k&P

refrigerant blends in thagst is challengingOf courseall candidate blends could be tested at
full-scale, but this would be prohibitively expensive and time consuming. It is desired to predict
the full-scale behavior based on laboratsoale test results. While challenging, Isac

prediction is not unprecedented. For example, the behavior of HFC fire suppressant agents in the
FAA Aerosol Can Tedi35] has many similarities as will be discussed below.
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The approach for flammability assessment is as follows. Fiesflainmability of the candidate
blends must be experimentally tested. Since the empirical model for refrigerant flammability in
thelimited-scope projecivas developed based upon the data in the ASHRAE Standard 34
database, the modified ASTM E68gecifiedin Standard 34s used to experimentally verify the
predicted performance of the candidate blends. Next, a more stringent test is applied. For this
purpose we adopt a modified version of the JapanesePiggsure Gas LaWHPGL)test[36],

as described below. Development of the kinetic model of combustion of the refrgerant

flames is discussed, and the model is used to interpret the experimental data available to date.
Finally, an approdctfor connecting the smadicale tests to the fudicale livefire tests to be
conducted athe Army Research LaboratoriRL) is described, with the goal of properly
interpreting those results and minimizing the number of tests necessary to ensilaennuable
behavior ottheselected blends.

4.2.2. E681 tests and Japanese Hiplessure Gas Law tests

E681: Experimental ResultSor HVAC applications, the flammability of a refrigerant is
assessed via ANSI/ASHRAE Standard[34] or the very similar ISO Standard 8[I38]. A

fl ammability rating of Class filo to A30 is as
flammability limit, and laminar burning velocity. In the ASHRAE standard, Class 3 fluids,
termed Ahigher fl ammabi l i tGandD1.8 kPa and have athdata me p

of combustion greater than MJ/kg or a lower flammability limit (LFL) less than 0.2@/n.

Class 2 flwuids, Al ower f Il ammabiMlkgaydanLRlave a h
greater than 0.1Kg/m®. Class 1 fluidsexhbi t fino fl ame prop@andti ono
101.3kPaClassi 2L o0 fl ui ds al so have a macwisarorthe bur ni n.
present discussion, we focus on the distinction between Class 1 and Class 2L.

Flame propagation and the lonwfammability limit in ASHRAE Standard 34 are determined by

the test method specified in ASTM E6B], with slight modifications. A schematic of the

E681 test vessel is shownkigure4.2-1. In the test, the refrigerant and air are introduocsal &

12 L glass sphere, which is closed by a spiimaded stopper at the top. A 15 kV AC source

provides a spark (spark duration 0.4 s) to tungsten electrodes (1 mm diameter, 6.4 mm gap)

located 1/3 diameter from the bottom of the vessel. If a flamesfamd extends upwards and

outwards from the spark to the walls of the flask and subtends an angle equal to or greater than
90°as measured from the point of ignition, ther
60 °C with air at 50% relative humidity (r.h.) at 23C (0.0088 g HO/qg air).
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Figure4.2-1. Left image:schematic oASTM 681 test vessgRight two images: visual images
from HFC-32/HFG134a blend (0.38.65mass fraction) below and above the lean
flammability limit [40, 41]

The ASHRAE Standard 34/ASTM E681 tests for the present werkperformed byan outside
testing laboratoryinder contracto NIST. This contractor was selected because they have
extensive exgrience with the te$tt1] and have provided substantial number the data in the
ASHRAE Standard 34 database. Considering that there is significant variability in the test
approaches that can affebe quantitative resul{gl, 42] it was useful to select a contractor
likely to provide a test approach consistent with theta)g database. This was important since
the present test results are being compared to flammability predictions from ournveantier

[6, 9], which was developed based on exstingASHRAE Standard 34 database.

It was originally expected that all mixtures selected for further study would need to be tested by
theoutsidecontractor. Howevever the course of the projedtwas apparent that several of the
candidate blends were veslpse in composition to existing compounds for which applications to
ASHRAE 34 had recently been made thoseimilar blendgR-450A, R513A, and R515B)

were adopted. A side benefit is that they would not need to be tested again via the contracted
E68lexperiments, freeing up some of those tests for other compounds of interest.

The results of the contracted E681 tests are list&eation A.21 of AppendixA. Table4.2-1
belowsummarizes theesults of th€e681tests and lists the existing flammability ratif§kfor
R-513A, R450A, and R515B from the ASHRAE Standard 34 databdg{and¥ sr are

discussed below). All of the candidate blends are flammability Class 1. The last three mixtures
blends of HFG1234yf and HFC134a,were testect increasing concentration of HAG4a until

a Class 1 ratingvasachieved. These tests will be used to connect E681 experiments, JHPGL
experiments, and simulations to fgltale results, as discussed below.
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Table4.2-1. Modeling and test results foardidate blendgeactants at 298, 101kPa, and

50% r.h.)
Name Blend (mole%) Std.34 1 d Pmax * pst
Class [102kPd [s7]
Ternl R1234yfll34a/1234ze(E|32/52/16) 1F -1.2 0451 86
R-513A R1234yf/134453.246.8) 1+ -0.5 0474 99
R-450A R1234e(E)134a(53.344.7) 1+ -0.2 0.262 110
R-515B R1234ze(HpR27ea (93.8%.15) 1+ 2.0 1.56 166
YF/134a30 R1234yf/134470/30) 1E 1.7 1.27 166
YF/134a28 R1234yf/134472/28) 2L Ee 1.9 - 169
YF/134a26 R1234yf/134474/26) 2LEe 21 - 177
* from Std. 34 database
A flammabil it/ index f

Efrom contractedE681 testing
® estimate based on E681 testing and consideration of similar compounds

E681: Interpretation of E681 Results in Regard to Labgale BehaviolThe E681 test, as

modified byASHRAE Standard 34s widely used in the HVAC industry and is believed to be
sufficiently conservative to provide safe application of refrigerants in those settings. It may not,
however, be appropriate for the much more stringentflaommable requirements of DOD
applicatims. As described above, flammability is a continuum, and only becomes a discrete
rating when some criterion is applied. As an example, the 90° flame angle criterion is used in the
ASHRAE Standard 34 to disti ngui-8amepbreotpwaegeant ifAnfgl.
This is illustrated irFigure4.2-1, in which the left and right flame images (with flame angles of

85° and 95°, respectively) are for refrigerant coneions in air that are just below and above

the I ean flammability | imit. To an observer,
and hence the 90° criterion may not be appropriate for more enetgedidentignition

scenarios such as in tAemy Research LaboratoARL live-fire tests

The selection of the 9@riterion is informative for the present discussion. Richard and co
workers[43] conducted experients in larger, 200 L vessels in which the walls did not constrain
the effects of buoyancy on the flame propagation. They found that some flames propagated and
consumed all the fuel in the vessel while othersesdihguished and failed to propagate. The
successful flame propagation in the 20@essel correlated with those flames in the 12 L vessel
that had a flame angle of 96r greatervalidating the 990criterion in the ASHRAE Standard
34/E681 testNote thatasan additional measure of safetihle ASHRAE Standard 34 test is
conducted with gases 60°C, i.e., a more flammable condition, so that a-flammable rating
obtained at the test condition is conservatidMenetheless;oncerndave beemaised with

regard to the Y0criterion Forexampleonly two refrigerant blends were useé,, R-152a/134a
and R152a/125and it is unclear if the behavior will be the same for different chemical classes
of refrigerantse.g., HFOs vs HFCs. Alsthe stretched burning velocity and critical fam
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radius for flame propagation are known to depend on the Lewis number of the rj#i:tu48]
which can vary for different blend compents.

The challenge in the present work is to find a relevant flammability criterion in-sozdédl tests

that properly captures the important flame dynamics in theséalle, livefire tests of interest to

the Department of Defensavhichis characterized by strong, multiple ignition sites (due to
projectile impact), heated product gases from ancillary combustion (from the pyrotechnic charge)
and shocknduced heating, and turbulence. Tiext section presents thationalfor selecting

the Japanese HigRressure Gas La@HPGL) test, and some experimental results from it with

the candidate blends and1R34yf/134a mixtures.

Japanese HighiPressure Gas Law Test: Relevandamodified version of the Japanese High
Pressure Gas Law (JHPGL) tédbcumented in the appendix of rg§6]) has been selected to
provide a more stringenteducedscale flammability test for refrigerants exposed to-five

tests at full scale. The expeemt uses & L stainless steel spherical pressure vessel into which
the premixed gases are introduced using the partial pressure methodplatthirm wire
energized by a continuous 100 VAC source provides ignition. The explosion priessuiee.,

the maximum pressure in the vessel for any value ofduedquivalence ratie) provides the
metric for flammability. The experiment is described in detail in previous {86:k4648] and

in Section A.22 of Appendix A andhas been used to understand HFC refrigerant flammability
[36, 46]as well as HFC firesuppressant performance in aircraft-Bugpression apigiations

[47, 48] Modifications from the original standard dheuse of pressure rather than temperature
as the flammability metric, areimodified ignitor configuration to allow insertion through a
single port.

The tesindicateswider flammability limits than the ASHRAE Standard 34 E681 test for the
following reasons. The exploding platinum wire sprays droplets of molten platinum through the
chambef49], providing numerous ignition sites by catalytic surfaces, and the turbulent flow
field accelerates the flame speed and minimizes stietitlted extinction of the nascent flames
[50] at early times. The constant volume combustion chamber also provides compressive
heating which increases reactivity. In previous work, flammability in the JHPGL test was shown
to accurately predict flammaliy of HFC/hydrocarbon/air mixtures in the very intense

conditions of the FAA Aerosol Can Test (FAXCT). In that test, a 10 fipressure vessel is

used to mimic the inside of an airlmegargaebay, in which an aerosol spray can explodes due to
the heat of cargebay fire. In the FAAACT, a fastacting valve releases the contents of the
simulated aerosol can (454 g of propane, ethanol, and water) across a 15 kV continuous AC
spark ignitor, into the chamber which has been prefilled with a mixture of aaraH#&C fire
suppressante.g., HFG125, 2BTP, Novec 1230, etc.). The contents of the aerosol can form an
intense propane/ethanol/water turbulent spray flame at the ignitor location, and the question is
whether the flame propagates into the air/HFGgssees in the chamber. The pressure rise in the
chamber due to reaction of the aerosol can contents (and sometimes HFC suppressant) creates a
temperature rise of 10@ to 250°C. The similarities with the ARL livdire refrigerantcoil test
include: stronggnition source, temperature rise due to compressive heating, reactive
intermediates supplied by strong combustion of an adjacent flame, and basically the same type of
reactants (HFCs, HFOs, etc. mixed with air) in the end gases, which may or may muotelole ig

The FAA-ACT also provides extra water (i.e., mixed with the fuel), enhancing the reactivity of
the HFC compounds. The fact that the JHPGL test could accurately predict which fire
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suppressants (and blends) agents would combust in thgased of th&AA-ACT [48] gives
confidence that it is a good small scale test for predicting the behavior of similar compounds in
the ARL livefire refrigerant tests.

Japanese HighiPressure Gas Law Test: Experimental Resiilt® JHPGL as used provides the
peak pressure rise in the vessel as a function of blend volume fraction in Eiguaig4.2-2

shows, for the four candidate blends, the measured peak pressure as a function of refrigerant
volume fraction in moist (5@ r.h.) air (lower curves) together with the calculdtd

equilibrium explosion pressures for the same mixtures. Equilibrium values are abol®30
kPafor all blends, varying about 1% between the candidate blends, and by about 1% for varying
water vapor in the a0 % to 100% r.h.). The equilibrium value assumes complete reaction to
most stable products with no heat losses. For typical fast hydrocarbon flarfesf%0e
equilibrium value can be attaingtl7]. For slower flames, the pressure rise is a smaller fraction
of equilibrium, for example about 3@ for HFO 1234yf. Fusing of the Pt wire causegrassure

rise of 0.033102 kPa+/- 0.013102 kPa[36]. Thus, the candidate blends have pressure rises of
2 % to 13% of the equilibrium values.
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Figure4.2-2. Equilibrium explosion pressure of candidate bleddsrt1l, R-513A, R450A, and
R-515B) together with experimental results in the JHPGL test as a function of
blend volume fraction in air (5% r.h.)

The experimentally observed pealegsure rise for the four candidate blends is giveSertion
A.2.2 of AppendixA and shown graphically iRigure4.2-3 for dry and moist air. Focusing on
the moist air results (right frame), the peak pressure for the four agef6®@ARTern1, andR-
513Ais low (0.262, 0.451, and 0.474)2 kPa but higherfor R-515B, about 1.8.02 kPa

Details of the results for individual blendseshown inFigure4.2-4 (note difference in scales).
While these data may appear noisys important to keep in mind that these are very low
pressure rises, at the lower end of the dynamic range of theglexzdac dynamic pressure
transducer. Also, the stochastic nature of the expleding ignition system creates variability in
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the results. The individual results irigure4.2-4 illustrate the effects of water vapor, which are
small for R450A and R515B, and larger for f13A and thelern-1 blend.
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Figure4.2-3. Explosion pressure of candidate blends in JHPGL test as a function of blend
volume fraction in air (left frame: dry air; right, moist)

While the results of the tests for the catade blends are useful and illuminating, there is value

in conducting tests in which the blend components are more systematically varied. To do this, we
consideeda binary blend of HF€.34a with HFG1234yf, with increasing mole fraction of the
lessflammeable component (HF@34a) up to 1006. Figure4.2-5 shows the JHPGL explosion
pressure as a function of blend volume fraction in the air; each curve refers to a patfcitia
134a volume fraction in the blend (left frame: dry air; right frame: moist ai¥p 50.).Figure

4.2-6 shows the peak values frdAigure4.2-5 as a function of the volume fraction of HAG4a

in the blend. Br pure HFG1234yf flames, moist flames have about2higher peak pressure
than do dry flames. For both moist and dry air, the peak pressure drops off steadily until about
50/50 volume fraction, after which the reduction in peak pressure with incrétstxd34a is

small. That is, after about 8 HFG134a volume fraction, there appears to be no additional
benefit of adding this component to HAQ34yf, in this experimental configuration.
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Figure4.2-5. Explosion pressure in th&lPGL test for binary blends of HFC34a with HFQ
1234yf as function of volume fraction the blend in air. Different curves show
results for varying volume fractions of HFX34a/HFQ1234yf in the bénd (left
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4.2.3. Improvements in Predictive Model
Recent work at NIST has had the goal of developing the predictive capability for flammability. A
reasonable surrogate for flammability is tAminar burning velocit®.°, which is defined as the
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rate of propagation of alD, planar, adiabatic, combustion wave through a mixture of
combustible gases. It is a useflammability metricsince it is a fundamentally based parameter
incorporating the effects of overall reactitate, heat release, and molecular transport for the
fuel-oxidizer mixture. It is used as a scaling parameter for turbulent flame g#eohd as an
input to fulkscale explosion mode]S3, 54} It is correlated with minimum ignition energy,
flame quenching diameter, and lean flame extinction, and is a ms#ukin existing and
developing codes and standards for refrigerant flammaf8iity38] In the present workve
adopt burning velocity, along with the overall chemical rate as determined in a-stactar,
since both havprovenuseful for understanding the behavior of rigait flames of fluorinated
compounds, alone with air, or in hydrocarbmnmixtures[35, 5563]. Calculating either the
burning velocity or the overall chemical rate requires a aetdiinetic model of the combustion
of the fluorinated compounds.

Early work at NIST developed a detailed kinetic model for HFC fire suppre$6dngs]and
recent work has extended it to flames of pure refrigerants afb68]. In the present project,
the mechanism was further refined and updated with new rates and thermodynamic data
appearing in the literature. As a result, the mechanism can accurately predict the existing
experimental burning velocity data in the literature for-aral twecarbon HFG[67] and
fluoropropenegHFOs)[68]. Since it has not been extensively tested with data for blends of
refrigerants, the present work collected new burning velocity data-1&2&134a, and
R-152a/1234yf blends. Also, since the burning velocity of either HE84yf or HFG134a with
air at 298K is too low to measure in normgtavity experiments, the addition of a more reactive
HFC, in this case HRA52a, allows one to more readditain data on their combustion
behavior. The mechanism was then used to calculate the burning velpcityi for the
experimental conditions to assess its predictive ability.

Experimental Data for Model ValidatioAs described irBection A.23 of the Appendix, the 2
chamber was used with a spark ignition system to collect the chamber preaswadunction of
timet, from which the burning velocity is determined using a thermodynamic rfé#jeFigure

4.2-7 shows the burning velocity as a function of refrigerant volume frafi@n(points:
experimental data, dotted lines: cubic fietgperimental data, solid lines: numerical predictions).
The different curves in each frame are fet$2a/134a blends ét.00/0.0), (0.80/0.20)

(0.50/0.50) volume fractions (left frame), and-B2a/1234yf blends 1.00/0.0), (0.50/0.50),
(0.40/0.60), and(0.30/0.70) volume fraction. The air in these tests was dry (< 2 % r.h. &€p3
except for the one curve for atF2a/1234y{0.40/0.60), for which the r.h. was about 56.

The dotted lines are cubic fits to the experimental datandisated, the mechanism does a very
good job of predicting the burning velocity for these conditions. A similar comparison has been
performed for other refrigerani§6-68]. The different data sets on each frame correspond to
different molar ratio®f the two constituents, as indicated on the curve labels. The experimental
data are the points, the dotted lines cubic fits to the experimental data, and the solid lines the
numerical modeling predictions.
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Figure4.2-7. Laminar burning velocity of R52a/134a (left frame) and-EF52a/1234yf (right
frame) mixtures with air as a function of the equivalence ratio

Figure4.2-8 summarzes the predictions of the present model vs. the experimental results,
indicating that the predictive ability of the model is good. Hence, the kinetic model should be a
useful tool forunderstanding the present candidate blends (since all of the constituents of the
blends are included in the kinetic model).
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Figure4.2-8. Calculated vs. measurezhtinar burning velocitypeak over alk) of twenty-one
refrigerant/N/O> flames for which experimental data are available in the literature

[66-68]
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4.2.4. Interpretation of E681 and JHPGL Experimental Results

The results in the JHPGL test as well as in the Eé8ttan be interpreted using the kinetic

model as a tool. A useful metric is the overall reaction rate of the mixtures, at the conditions of
interest (e.qg., initial, P, humidity, etc.). Simulations (or experiments) of the btmyv condition

of a perfectlystirred reactoPSR can be used to obtain an estimate of the overall chemical rate

¥pse. This rate can be used, among other things, to estimate the laminar burning y&lgcthe

flammability limits[36], and the extinction conditions of ftdtale fired59]. For example, in

Figure4.29, t he overall <chemical r d234yf/184asshownal cul a
as a function of the volume fraction of the blend (i.e., fuel). Increasing volume fractions ef HFC
134a in the blend reduces vYypsr threafrardes (@dréd.,, ef f ec
50%r.h.,and1006 r . h. ). Of particular interest i s the
are shown irFigure4.2-10 with one curve for each value of the humidity in the air. As indicated,
increasing water vapor @ to 100% r.h.) increases the peak overall reactivity by a factor of 2.5

for HFO-1234yf and 1.8 for HF@34a. Moreover, as shownkiigure4.2-9, at 50 % rh. the

Yypsr has broad pl at e auhere arevdisenctieegpsakfhis bel@avioaim d 1 0 0
expected to bexhibitedfor all HFC blends.

Dry Wet: 50% rel. hum. Wet: 100% rel. hum.
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Figure4.2-9. Overall chemical reactionpsras a function of volume fraction in air determined
via perfectly stirred reactor simulations for thelarblend R1234yf/134a. Each
curve refers to one blend ratio: top curve, 100% HR34yf, bottom curve 10%
HFC-134a; Frames: % r.h. (dry), 50% r.h., and 10056 r.h.
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Figure4.2-10. Peak (over alk for each blend) chemical reactiggsras a function of volume
fraction of HFG134a in the blend of R234yf/13a. Individual curves are shown
for varying water vapor in the air @@, 50%, 75% and 100% r.h.)

The overall chemical ratepsr provides a useful metric for examining the flammability of
refrigerant blends. It can be used to compare alterniaivee-suppressanagents, examine their
flammability with respect to concentration in the air, discern the effects of humidity, and
compare with experimental results. It is used in the section below to interpret the experimental
results in the E681 and JHPGL &est

Figure4.2-11 shows the explosion pressure in the JHPGL test vs. the Overall ChemicalpRate
for data from tX0e ncaarkcirdsd @ &hidl & dh@GZER( Md reknedrss )( i
(from Table4.2-1). Blue points have an ASHRAE Standard 34 Class 1 rating, and the blue box
bounds the locus of those mixtures; the orange points are class 2L. As indieteds a good
correlation between the explosion pressured As described above, the three blefdsn1,
R-513A, and R450A have about the same explosion pressurergadlhe blend R515B, while

it has a Class 1 rating, is likely at the limittbis rating because the 70/30 R1234yf/134a blend is
just at the Class 1 limit (i.e., 72/28 and 74/26 had flame angle$ an@ithence were not Class

1). Thus, the three metrics, ASHRAE Standard 34 rating, JHPGL test explosion pressure, and
Ypsrare relatd as shown ifrigure4.2-11. For a Class 1 rating, the explosion must be less than
1.41:10% kPa+0.14 102 kPaand¥psr< 166s?. The important point is thatysris a parameter

based in physicthat can be calculated for a mixture and can be used to correlate experimental
flammability results between test methods, or with-$akle test results.

Interpretation of Results with Bard to the FulScale LiveFire TestsAs shown inFigure

4.2-11, the JHPGL test explosion pressure &pglare useful scales for characterizing blends.
The next steis to understand, for the liviere tests, what degree of flammability is acceptable.
A straightforward way to do that would be do lifire tests with mixture of R-1234yf/134a at
varying mole fractions of HF@34a. The mixture ratio that provides Aibammable behavior in
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that test can be used wiiigure4.2-11to quantify the corresponding JHPGL test explosion
pressure limit and ps limit.

The overall chemical raty psrcan also be used to explore other features of the blends. For
example,Figure4.2-12 showsy psr for the candidate blends for different levels of water vapor in
the air (0%, 50%, and 1006 r.h). Data are shown for the nominal blefibm), worstcase
fractionation WCF (from ncertainty in the blend components), and waoeste fractionatiofor
flammability WCFF (from different vaporization rates for leaking blend components of liquid
agent at the WCF). As indicated, for most blends, the differences in Nom., WCF, and WCFF are
small, except for the case BF450A, for which the WCFF is quite different from the WCF
(although the Class 1 rating is still maintained for the WCHRhe DOD application, the

concern is with rapid loss of refrigerant charge, so WCF is the mixtunéeoést. A humidity

level of 50% r.h. was selected for the JHPGL tests as listed in the comparisbaisiéd.2-1.
Nonetheless, as discussed for th@324yf/134a bled inFigure4.2-10, Figure4.2-12 shows

that for the candidate blends, although there is predicted to be a small effect of humidiy at 50
r.h., there is predicted to be a large effect of humidity atta0.
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Figure4.2-11. Explosion pressure in the JHPGL test vs. overall chemical reagtiefiboth
peak over alt ) for R-513A, R450A, R515B and th@ern1 blend and the R
1234yf/134a blends at increasing HEG4a volume fraction. Dottethk is a
polynomial fit to all the data to aid in visualization. (Initial conditions: K96
101kPa, 50% r.h.)
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4.2.5. Coordinationwith Full-Scale Testing

The livefire tests aARL have been delayed due@®VID-19 related shutdowres well as
retirementsNIST has been in communicatiovith James Anderson and Joshua Crookssahk
ARL, and we regularly participate in ther my 6WP IhReogress ReviewsWe had a
detailed teleconferenam Octoberl3, 2021, in which NIST presented detailsn the results of
this project and what tools and information NIST paovideto ARL. NIST is ready to
collaborate with ARL in any way possible as their tests cogm® speed. NIShasprovided
input on potentially useful tests to condaaot plans tgrovide interpretation using the
computational tools that have been developed. For example, based on the results to date:

1. Thethreeblends, Tern1, R-513A and R450A areexpectedo behave snilarly and
havethe most promisingehavior with respect titlammablity. R-515B, while
nonflammablen the E681 tesit is close to the border of flammability.

2. Levels of humidity above 0.014 moles®Imole air (50% r.h. at 23C) may
significantly increaséhe flammability of the blends.

3. HFC-134a should be tested at high ambient temperature and high humidity as a
benchmark. Following that, tests with increasing amounts of added1i2B@yf would
be very valuable.

Recommendatins concerning a proposed test matrix with ARL enginegmbe discussed. The
results of the present tests and calculations will be used as input. The goal is to minimize the
number of fullscale tests while extracting as much information as possibletifiotests. It is
possible that the ASHRAE Standard 34 Class 1 flammability rating will be sufficient to ensure
nonflammability in the livefire tests. It is also possible that a more stringent criterion, for
example something close to the behaviofemn-1, R-513A and R450A inFigure4.2-11 (Pmax

< 0.310? kPaand¥psr< 110s?) will be required. With a few livdire tests,t should be possible

to boundand undersndthe problemand additional testwould providehigher levels of
confidencan the findings and conclusions.
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4.2.6. Summary of Flammability

All four candidate blends are ndlame propagating in the modified E681 test specified in
ASHRAE Standard 34. Inmore stringent test, the Japanese fpgssure gas law test
(JHPGL), the explosion pressure in a 2 L combustion chamber with a fused platinum wire
ignition source, is used as a metric for flammability. Three of four candidate blendsl(Tern
513A, R450A) had similar pressure rise (0.43072, 0.4741072, and 0.2621.02 kP43, while one
(R-515B) had a higher pressure rise (1189¢ kPg. Tests with binary blends of HFC34a and
HFO-1234yf with increasing fraction of HFC34a showed that an HF34a moldraction of
0.30 was required to pass the E681 tests, and at this composition, the explosion pressure in the
JHPGL test was 1.2702 kPa Hence, it appears that theSR5B blend is closto the edge of
passing the E681 test, while the other blends pastesh more easily

A recently developed and validated kinetic model of combustion for twe, and threecarbon
HFC and HFO refrigerants was further improved and validated. For this purpose, burning
velocity data were obtained in the 2 L chamber ftberate of pressure rise (using a spark
ignition system). For binary blends ofF2a/134a and R52a/1234yf, the experimentally
derived burning velocity agreed well with the predictions from detailed numerical simulations.
This adds confidence to thenkitic model.

The kinetic model was subsequently used to estimate the overall chemical reaction rate of the
candidate blends. Both the E681 flame propagatingfmopagating boundary, as well as the
JHPGL test explosion pressure were well correlated Wweltalculated overall reaction rate for
each blend. The overall reaction rate is easily calculated for any arbitrary mixtures of interest. It
is a fundamentally based parameter that can be used to correlate experimental flammability
results between test n@ds, or with fullscale test results.

An importantquestion is howvell the livefire tests at the Army Research Laboratory will

compare with the smaficale E681, the JHPGL tests, and the calculated overall rate. It is unclear
a priori if the live-fire tests will require lower or higher levels of flammability than the E681. For
example, turbulence can increase flame speed of premixed flames, but high velocities can strain
flames and extinguish them. If likfere tests can be conducted for the mixtureslBC-
134a/HFQG1234yf at increasing mole fraction of HA®B4a until acceptable flammability occurs,

it will presumablybe possible to correlate the behavior in the three metrics (E681, JHPGL test,
and calculated overall reaction rate), greatly reducingtineber of required tests and increasing

the information available from each test.

At the time ofclosing this reportNIST hasbeen in discussion with ARtegarding the most
recentlive-fire test results performed at ARL. Based on those results, future testdiseeresed
and recommendations made concerning possible next tests. NIST will continue their
collaboration in support of the work being done at ARL, including interpretatfitre test
results as well as input into the test matrbhis collaboratiorwill include both the live fire test
results as well as the laboratory scale testdcomparative assessmaitNIST and ARLtest
equipment and procedures.
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4.3. Task 3: Testingof SelectedBlends in aMini-Breadboard Heat Pump

TheMini-Breadboard Heat Pump (MBHR/as used texperimentd) evaluae HFC-134a and
four candidatdow-GWP blends R-513A, R450A, R515B, and Ternl. Section4.5.2details
how these blends weselectedThe purposef these tests was validatethe CYCLE_D-HX
simulationmodel[10,11]usedin the limited-scope projecit] and qualify the threébesb blends
for testing in a military ECU (Task 7).

Notethe MBHP measurementserede factofidrop-ino tests andio not show the absolute
performance potential for each flusince the MBHP hardware was not optimized for each fluid.
The limitedscope project simulationscluded hardware optimized for each fluid, and thus
provide a morequitablefluid comparison

4.3.1. Test Agparatus

The NISTMBHP is a laboratory, modular hepump system for measuring performance of
refrigerantsThis system is extensively instrumented. The refrigerant circuit includes a variable
speed oil-lubricated reciprocating compressor powered by at#&ic motor and inverter, where

the speed controls cooling/heating capacity. The evaporator and condenser are single circuits (no
parall el tube branches). The heat exchangersbod
active refrigerant tubes, whi@nables control of the heat flukhe evaporator and condensee

of the annular design arranged in the counterent configuration; the refrigerant fleun the

enhanced inner tube (copper), while the hestsfer fluid (HTF) flove in the smooth annat

spaceAn electronic expansion valve (EEV) regulates the evapeexibsuperheatA liquid-
line/suctionline heat exchang€kLLSL-HX) can beoptionally included in the refrigerant circuit.

The small internal volume of this apparatus facilitates tgdhinds that are only available in

small quantitiesA chiller removes heat from the condenser, and a water reggikesa loadto

the evaporatoMore details about the test apparatus are availapi2]n

i !

pressure charging oil )
transducers manifold || separator

f| refrigerant vacuum electric torquemeter
cylinder pump motor & tachometer

Figure4.3-1. Phots ofthe MBHP testapparatus
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S\ HTF

return bend = 83 mm

/ refrigerant
" -
¢ e
0N | -
I< >|
active length = 560 mm
(a)
refrigerant HTF

JDETAIL bottom wall helix angle (a)= 18°

. thickness (t,)
fin angle (8) 5 33 mm
60
inside outside
diameter (d)) diameter (d,)
8.46 mm 9.52mm
fin spacing (s;) A\
0.22mm fin height (e)
0.20mm .
tube center axis
inside diameter 25.4 mm DETAIL

outside diameter 28.6 mm
(b) (©) (d)

Figure4.3-3. MBHP: Schematics of annular heat exchanger including (a) refrigerant tube
lengths, (b) cross section of annular heathanger, (c) deta&itl crosssection of
microfin tube, and (d) helix angle of microfins

4.3.2. TestProtocol

The first baseline tests withFC-134a established the control parameter settings required to
reachthe operating targets listed Tmble4.3-1. TheHTF inlet temperatures wegsetto achieve
refrigeran averagesaturation temperatures$ 40 °C in the condenser and’8 in theevaporator,
which are typical for aisource heat pumps operating at the Cooling A ratingi8§tThe
compressor speed was controlledjémerate a cooling capacity abkW. Condenser and
evaporator dewpoint temperatuhepsof 2 K were targetedince theCYCLE_D-HX model
showedthatthe COPwasmaximizedunder these conditior{slFC-134amass flux was high
enough for good heat transfer vith only moderate pressure drppnalty [11]. These
dewpoint temperature drops were also used in the lirsitegdeproject[6]. These dewpoint
temperature changes wegltained using 10 evaporator tubes and 16 condenser fubes.
refrigerant charge of 1429 produced the targeted subcoolingd{. Extensive testshowed
thatan evaporateexit superheat of 15 K yielded the best repabtgldor the system without the
LLSL-HX. A lower evaporateexit superheat of 8 was used with the LLSHX to achieve
nominally equivalent compressor suction superheat (whichlatedeto repeatability), and
because the lower superheat resulted in lower -H3Lenergy imbalancelhecondenser HTF
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was distilled water and the evaporator HTF wamtassium formate brinBynalene HC4)
whose capacitance was measuard reported irskye et al., 201972].

After establishing the baseline conditiaredheat exchanger sizddFC-134a andhefour
replacement candidates were testedhaed capacityTable4.3-2, Table4.3-3) to quantify
performancever a range diieat and mass fles for a total of 121 testS.est conditions were
repeatedo quantifyrepresentativaveraggerformancend tobring the 95% confidencdor
COPvs. capacityinear regressioto the (0.5 to 10) % range, where the variation was largely
driven bytestto-test differences in compressor efficierfoyore details given in Sectigh3.4).
Thetests were primarily carrienut at(1.3, 1.5 and 17) kW capacity Additional tests at higher
capacities of (B and 20) kW werealsoperformed for HFC€134a, R513A, and R450A, but
thesetwo testpointswere abandonefr Tern-1 and R515Bbecausé became cleathatthe
refrigerantmass fluxand pressure droperetoo high to represent realistic conditions for a
system withoptimizedevaporator and condenser refrigerant tcibeuitry.

The targeted capacities were achieved by adjusting the compressorT$geedndenseand
evaporator HTF inlet temperaturé$TF flowrates,and number oéctivetubes werdixed for all
testsat the values established in the baseline t&éktsfixed HTF flowrates and number of heat
exchangetubeswerenecessaryor validatingCYCLE_D-HX because the modassumes a

fixed HTFside thermal resistancBurther,refrigerant comparisons aneost fair when done

with equalcapacity per heat exchange afgd], Q/A, (idedly the compressor efficiency would
alsobe the same, but that was poissiblein these testsfor each tegherefrigerant charge as
adjustedo achieve the target subcooligl fluids were tested with and without the LLSHX.
Energy imbalance between the refrigerant and HTF in the condenser and evaporator was less
than 5%.

Table4.3-1. MBHP: HFC-134abaseline tesbperatingtargetsand control parameters

# Operating parameter target Value | Control Parameter Value
Avg. saturation tempcond 40°C | HTF inlet temp cond. 32.7°C
2 Avg. saturation tempevap. 8°C | HTF inlet temp evap. 28.0°C

3a Cooling capacity (wd LLSL-HX) 1.5kW | Compressospeed(w/o LLSL-HX)  14.5Hz
3b  Cooling capacity (w/ LLSEHX)  1.5kW | Compressospeed(w/ LLSL-HX) 13.5Hz

Dewpoint tempdrop- cond. 2K Number of tubescond. 16

Dewpoint tempdropi evap. 2K Number oftubes: evap. 10
6 Subcooling 5K Refrigerant charge 1420g
7a  Superheat w/o LLSL-HX 15K | EEV opening -
7b  Superheat w/ LLSL-HX 8K EEV opening -
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Table4.3-2. MBHP: Test targetand parameters

Parameter Unit Tol. Value

Cooling @pacity kW 2% 13 15 17 19 2.0
HTF temperature change: evap. K £0.02| 8.67 10.00 11.33 12.67 13.33
HTF inlet temp: cond. °C 0.2 32.7

HTF inlet temp: evap. °C 03 27.9

HTF flowrate: cond. g/s 0.3 97.6

HTF flowrate: evap. g/s 0.3 56.3

Number oftube circuits cond. - - 1

Number oftube circuits evap. -- - 1

Number oftubes: cond. - - 16

Number oftubes: evap. -- - 10

Subcoaing: cond. out K +0.5 5

Superheat: evap. out (w/ LLSHX) K +1.0 15

Superheat: evap. out (w/o LLSHX) K +1.0

Energy imbalance: cond. % +5

Energy imbalance: evap. % +5

Table4.3-3. MBHP: Executedestmatrix

Cooling capacity kW]

13 15 1.7 1.9 2.0
Fluid Number of tests: withut (with) LLSL-HX
HFC-134a 4(4) 4(4) 4(4) 4(4) 3(2)
R-513A 3(2) 3(2) 3(2) 3(2) --
R-450A 4(3) 4(3) 4 (3) 1(0) --
Tern1 4(3) 4(3) 4 (3) - --
R-515B 4(3) 4(3) 4(3) - -

4.3.3. Model simulation of tests

CYCLE_D-HX is a semitheoretical moddhatsimulates performance of a vapmmpression
cycle for specified temperature profiles of the heat source and heatlsen&vaporator and
condenser refrigerant saturatioonditions (e.g.temperature, pressureanoptionallybe
predictedbased ormphysical models of thievo-phaseheat transfer and pressure drop.utilize
this feature, CYCLE_EHX requires, as a preliminary step, simulating éfeference casdo
calculate the thermal resistance on the HTF side and to establish correlatiofreggknard heat
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transfer and pressure drop in the heat exchafp@rd1] The inputs for the reference case
simulation are based on meastidata for the reference fluid and also include the geometry
parameters characterizing the evaporator and condenser: refrigerant tube inner diameter and
length, number of tubes, number of circuits, and indicadfomhether the tubaside surfaces
smodh or enhance(k.g.,the microfins shown ifrigure4.3-3). Further, the model can leverage
this feature to optimize refrigerant tube circuitry for each fluid, englthie equitable

comparison of fluid performance potential shown in the lim#edpe projeci6].

Each experimental test was simulated uSiMCLE _D-HX to verifyt h e mpredetived s
capability.Model inputs included measurements for: HTF inlet and outlet temperatures,
refrigerantsuperheat and subcooling, compressor volumetric and isentropic efficiencies, pressure
dropsin thesuctionand dischargénes, and the target obng capacity. The model then

predictedthe cycle thermodynamic statasd the resulting COP and volumetric capadyoi.

The model 6s t ub deatarewascnatisedforsipulation bf tha éxpeonmental

tests since theests hadixed evarator and condenser tube circui(fyable4.3-2).

The baseline tests listedTable4.31wer e t he basis for two Orefere
cycle with and withoutthe LLSHX. The use of two Oreference ce
different superheats, 15 K and 8r€spectivelyused in the cycle without and with LLSHX.

Relying on a single O0reference cased could re
CYCLE_D-HX, as a simplification, estimates the pressure drop and heat transfer in the superheat
section based on¢hvalues calculated for theo-phase section. The effect of the superheat

section is partially c eidetherntl eesistahce and riefrigeranh e o6 r1 e
side pressure drop multiplication factor. However, the accuracy of this corrdotionshes if
the superheat is different than that wused to

6referencesd for tesHXs with and without t he L

4.3.4. TestResultsandCYCLE D-HX Model Validation

It is critical to note that thIBHP measuremeareported hergveretakenprimarily for
validating theCYCLE_D-HX simulationresultsfrom the limitedscope project6], rather than to
provide the absolute performance potentiahefcanilatelow-GWPfluids. While the MBHP
tess were controlled t@chieve asimilar heat flux through the evaporatarkey requirement for
a fairexperimemtbasedcomparison oflifferent fluids[74]), all MBHP hardwarevasfixed for

all testswhich constituedé d rionpd t Saichtesting gay not affect theresultssignificanty
for fluids havingsimilar volumetric capadis however, is effecton resultamayincrease
exponentiallyfor large disparities ifQvol. In such a casehesystemperformanceanbe
impacted ta significantdegreethrougha performancealegradatiorof the compressor and heat
exchangerswhich wereoptimized for the reference refrigeramhe CYCLE D-HX validation
conceptrelieson theassumptiorihat if the model ancorrectlypredicttheMBHP O d Fionpd t e st
results  predicteoonsfrom the limitedscope projector optimized systemsanbe considered
asverified.

Test ResultsThe HFG134a replacement candidatperformancewereevaluated based on
cooling COR(Figure4.3-4) andQuol (Figure4.3-5). The COP andQvo data were correlated to
capacitywith a linear regressigrand the figures show the individual measurements (symbols)
curve fits (shorddashed lines), 9% confidence intervals of the fit (loradashed lings When

fluid is describedchereas havindhighertestedCOP (or Quvol) thananotherfluid, thecurve fi
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valueis higher,and the confidence intervadso roetlap.If the confidence intervals overlap,
the average performarsef the fluids hae no statisticaldifference(NSD).

The following results sumary applies to bottests without and with the LLSHX:

1 COP Figure4d.3-4)
0 HFC-134a had higher COP than all replacement candiflatedl capacities

o0 R-515B had lower COkhanall otherfluids for all capacities
0 At 1.3 kW,R-513A R-450A,andTern1hadNSD in COP
0

At (1.5and 1.7kW, R-513AandTern1 had NSD in COP, but both had higher
COP than R450A

1 Qua (Figure4.35)
0 HFC-134a and F513A hadthe highesQuo (NSD between them), followed by

Tern1, R-450A, andR-515B.
For all tests the LLSIHX increased COP ar@o by about (8 to 10) %

Thelower performance oR-450A and R515B can be mostly related to théawer Quol, 13.3 %
and26.2 %, respectivelyin relationto HFC-134a The COPlines for R-450A and R5158
(Figure4.3-4) reflect thetrendsin compressorisentropicefficiency (Figure4.3-6). The lower
Quol, and sometimes Wer compressor volumetric efficienclyigure4.3-7), required higher
compressor speeds ford50A and R515B Figure4.3-8). The associated increase ircfional
lossescaused the compressor isentropic efficiency to be Tive MBHP measurementalso
showael a larger pressure drop foete two blendsompared to the other fluids tedtespecially
in the evaportor. Note hese data do not constitute theabte potential for R450A and R
515Bsince the MBHP hardware was not optimized foséh#uids.The approach used in the
limited scopesimulationstudy[6] gavea morefair comparison of fluid performance potential
sinceall fluids were evaluated with the sam@mpressorsentropic efficiencyandthe heat
exchanger circuitryvasoptimizedfor each fluid Figure4.3-7 shows significant differences in
compressor efficiency, but plotted vs. compressor speed (not shown) the values are very similar.
Thereforejt is reasonable to assume that with proper design the compressor efficrendies
be equal for all these refrigerants.
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ModelValidation. The CYCLE_DHX simulation COP an@\. predictions were also correlated

to capacity using linear regression (solid lineg-@ure4.3-4 andFigure4.3-5). For the tests
without the LLSI-HX, the modelpredicted values were within the corditte intervals of the
experimental results, within abotit.5 % of the curve fit. The predictions fbern1 were an

exception, where the model overpredicted the experimental data by &boEbBthe tests with
the LLSL-HX, the CYCLE_DHX predicted the OP andQvo within the confidence intervals at

1.3kW capacity. At 1.kW, the COP an@@.o were overpredicted by (0 to 3) %, and atk\W
the COP an®Q.o were overpredicted by (1 to %).

Differences between the test data and the CYCLHEXDprediction are primarily attributed to

the refrigerant heat transfer and pressure drop in the condenser and evaporator, since the
thermodynamic property data for the tested fluids are well established and the other hardware

performance parameters are input to tteeleh based on each experimental testlgding

compressor efficiency, LLSHX effectiveness, suction & discharge line pressure drop, HTF
temperatures, see Sectih3.3. Using the RA50A tests without the LLSHX as an example,

the pressure drop in the condenser and evaporator were predicted withinSa¥%o{iRigure

4.3-8(al)), the condenser saturation and outlet temperatures were underpredicted by at©©ut 0.3
(Figure4.3-8(b1)), and the evaporator saturation and outlet temperatures were overpredicted by

about 0.6°C (Figure4.3-8(cl)). Overpredicted evaporator temperaturgicatean
undeestimationof overall heat transfer resistance between the HTF and the refrigerant.

error is not likely in the thermal resistances of the tube wall conduction and HTF conyvection
since théheat exchanger size and flovere fixed ane&empirically determinedrom the baseline

i n.Soveinfemtbedcelpritwasaa f er enc e
underpredicted refrigerant flooiling heat transfer resistance. The overpredicted condenser

tests

and incl

uded

saturation temperature watribued to arunderprediction of refrigerant condensation heat
transfer resistance, for similar reasons given for the evaporator. Some of the condenser saturation
temperature differends related to the difference in measured and predicted @@ieh

determires the amount of heat rejected in the condengeigh this effect appears to be small
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since forR-450Athe underpredicted condenser saturation temperature persists despite the nearly
exact prediction of COP at8lkW (Figure4.3-4(a)).

The R-450Atests with the LLSEHX highlight the effects of an underprediction in evaporator
pressure drop. The evaporator pressure drop is predicted witPtnat (1.3 and..5) kW (Figure
4.35(a2)), and the evaporator saturation temperature was overpredidegi’By(Figure

4.35(b2)). In contrast, at 1.KW capacity the pressure drop was underpredicted 19g, End

the evaporator saturation temperature was overpredicted B¢ 1P2essure drop in the

evaporator causes a reduction in saturation temperature that is unfavorable to countercurrent heat
exchange, requiring a lower saturation temperature to drive the heat transfer. So underpredicting
pressure drop results in overpredid saturation temperature and a subsequamprediction of

COP Figure4.3-4(b)) asexpected from the Carnot efficiency of a heat pump operating with a
underpredited temperature lift. This overprediction of COP occurred despite an overprediction

of condenser pressure drop of (0 to 4g)indicating the evaporator pressure drop is more
important for determining the cycle COP.

In summarythe CYCLE_DHX modelpredcted thesame relative€OP andQvol ranking as the
experimental datagiving confidence téhe HFC-134a replacement candidate screening
performed in théimited-scope projectAll four low-GWP candidateare acceptable fdesting
in the ECU as nonleadsignificant deviatios from modeled performan¢excessive discharge
temperatures, or othbardwarerelated problems.
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4.4. Task 4:Refrigerant Forced-ConvectionHeat-Transfer Testing

Measuredefrigerantflow boiling heattransfer coefficientsvithin a micrefin tubeare presented
in this sectionfor threelow-GWP HFC/HFOrefrigerant blendsR-513A, R-450A, and R515B.

A new correlation of the flow boiling hetransfer coefficient, including data for previously
measured HF@.34a[75], is presentedlhe micrafin tube is a good choice for experimentation
because thig/pe of enhancement is ubiquitous in unitary equipniMaasurements aremadeto
validate and improve the existing NIST evaporation correlation to in¢lkd&HFO blenddor
application in heat exchanger and-@nditioning system simulation tools.

4.4.1. TestApparatus

Figure4.4-1 shows aschematiof the experimental apparatus used to establish and measure
convective boiling heat transfer coefficients. Bxperimental test facility consisted of two main
systems: the refrigerant loop and the water |dty refrigerant flow rate, pressure, and quality

were fixed at the inlet to the test section. The water flow rate and the inlet temperature were

fixed to esablish the overall refrigerant quality change in the test seditomwater temperature

drop, the tube wall temperature, the refrigerant temperatures, pressures, and pressure drops were
measured at several axial locations along the test settiese mesurements were used to

calculate the local he#aitansfer coefficient for the micfin tube.

The test section consisted of a pair Af 3.34
fixed test pressure was maintained by balancing the refrigangnbdtween the subcooler, the

test section, the prehegtand the condensers.magnetically coupledear pump delivered the

test refrigerant to the test section as saturated, near zero quality Aigatiermagnetically

coupledgear pump supplied aestdy flow of water to the annulus of the test seciitwe inlet
temperature of the water loop was held constant for each test with echidiet heat exchanger

and variable electric heatefihe refrigerant and water flow rates were controlled by vgrifie

pump speeds using frequency invert&sdundant flow rate measurements were made with

Coriolis flowmeters and with turbine flowmeters for both the refrigerant and water sides.
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Figure4.4-1. Schematic of flow boiling test apparatus
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Figure4.4-2 shows a cross section of the test section with a detail of the-fimidudoe
geometryThe testefrigerant flowed inside a mictiin tube, while distilled water flowed either
in parallel flow or counterflow to the refrigerant in the annulus that surrounded thefmicro
tube.Conductingsome tests in parallel flow and others in counterflow (as shoWwigure4.4-3)
produced a broad range of heat fluxes at both low and high flow qualiiesannulus gap was
2.2 mm, and the micrbn tube wall thickness was OrBm. The micrafin tube had 60, 0.2 mm
high fins that rifled down the axis of the tube at a helix angjjef 18 with respect to the tube
axis.For this geometry, the crosgctional flow area was 60.8 mngiving an equivalent smooth
diameter De) of 88 mm.The root diameter of the micffion tube was 8.91 mm. The inside
surface area per unit length of the tube was estimated to be 44 Bhamydraulic diameter

(Dn) was measured with a polar planimeter from a scaled drawing of the tube cross section and
determined to be approximately 5.45 mrhe ratio of the inner surface area of the miftmo

tube to the surface area of a smooth tube of the Bamweas 1.6.

15.9 mm OD
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~2.2 mm

High Velocity
water

annulus

9.5 mm OD space

micro-fin

Wall temperature
measurement ——__

Test

Fluid temperature
refrigerant

measurement

L DETALL

\P=50
\\\ 1
.

@=0.2 mm

1
= 0.25 mm

DETAIL

Figure4.4-2. Cross section of floviboiling test section

Figure4.4-3 provides a detailed schematic of the test seclibe.annulus was constructed by
connecting a series of tubevith 14 pairs of stainlesgeelflanges.This construction permitted

the measurement of both the outer miftnowall temperature and the water temperature drop as
discussed in the following two paragraphke design also avoided abrupt discontinuisiesh

as unheated portions of the test section andwalkfifinso between thermopile ends.
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Figure4.4-3. Detailed schematic of test section (counterflow)

Figure4.4-3 shows that thermocouple wires pass between 12 of the gasketed flange pairs to

measur e

t he

refr.i

gerant

tube

wal

temperatur e

tube wall.These locations were separated by 0.6 m on average, and they were located near the
intersection of the shell flangds. addition to these, thermocouples were also mounted next to

the pressure taps near the middle of each test section [€hgtthermocouplginction was
soldered to the outside surface and was sanded to a thickness of approximately Dh® mm.

|l eads were strapped to

a

thin non el ectri

of 14.3 mm before they passed between a pair of #lefnges.The wall temperature was
corrected for a heat flux dependent fin eff@dte correction was typically 0.05 Kigure4.4-3
also shows that a chain of thewpiles was used to measure the water temperature drop between
each flange locatiorEach thermopile consisted of ten thermocouples in series, with the ten
junctions at each end evenly spaced around the circumference of the aBactuse the
upstream jactions of one thermopile and the downstream junctions of another enter the annulus
at the same axial location (except at the water inlet and outlet), the junctions of the adjacent piles

were alternated around the circumferende. s e r |
refrigerant tube centered the tube in the anndlus.e

e s

half

o hgsaftactied to the irmer | f
rings were ¢C

mix the water flowMixing was further ensured by a turbulent water Reynolds nufiibgr

As shown inFigure 4.4.3six refrigerant pressure taps along the test section allowed th
measurement of the upstream absolute pressure and five pressure drops along the test section.
Two sets of two water pressure taps were used to measure the water pressure drop along each
tube.Also, a sheathed thermocouple measured the refrigerant teorpeatieach end of the two
refrigerant tubes, with the junction of each centered radialyy the thermocouple at the inlet

of the first tube was used in the calculatiofise entire test section was wrapped with 5 cm of
foam insulation to minimize he#&ransfer between the water and the ambient.

4.4.2. DataAnalysis and Correlation Development

The convective boiling heditansfer coefficient based on the actual inner surface h#gavas

calculated as:
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h, = (4.41)

wherethe measured wall temperatur@g)(were fitted to their axial positiof@istance along the
test sectionjo reduce the uncertainty in the measurement.

Theaverageestimated expanded uncertainty of the wall temperature fit for all the measurements
a the 95 % confidence level, was approximately 0.42 K and 0.3& khe counterflow and the
parallel flow datarespectivelyThe median of the uncertainty T, was approximately 0.4 K.

The water temperaturd@sj was determined from the measured temperature change obtained
from each thermopile and the inlet water temperature measurement. The water temperature
gradient (d/dz) was calculated with secosmder finite difference equations using the measured
water temperatures and their locations along the tube lengtie water temperature gradients
were then fitted with respect to the tube lengtie measured water temperastypically

agreed with the integrated fit of the water temperature gradient to within 0.2 K.

The fitted, local, axial water temperature gradiefit/(f), the measured water mass flow rate
(), and the properties of the watwere used to calculate the local heat fiyl§j fo the micre
fin tube based on the actual inner surface area:

Qi 34 —a&, iz 4z (4.4-2)

ma dr, de
P¢

wherep is the wetted perimeter of the inside of the mifinatube. The specific heatcfs) and the

specific volumerts) of the water were calculated locally as a function of the water temperature.

The water pressure gradienP{ftliz) was linearly interpolateddbween the pressure taps to the

location of the wall thermocoupleBhe pressure gradient term was typically less than 3 % of the

temperature gradient termhe heat flux obtained yq. (4.4-2) was reduced by the amount of

heat lost to the surroundingkhe heat loss to the surroundings was obtained by calibration of

singlephase heatransfer testsand it was based on the temperature difference between the room

and the test fluidTypically, the heat loss correction was less than a 0.1 % of that abfedne

EQ. (4.4-2). The relative uncertainty of the heat flux measuremastless than 40 % of the

measured value, while the average uncertainty for the counterflow and the parallel flovaslata

approximately 7 % and 20 % of the measured value, resphctiv

The local Nusselt number (Nu) was calculated using the hydraulic diameter and ttrartsfat
coefficient based on the actual inner surface area of the tube as:

h2¢Dn
Ki
The uncertainty of Nu was between roughly 1@8d 40 %Measurements of Nu with

uncertainties greater than 30 % were discarBeduction in the uncertainty can be achieved
with repeat measurements for the same operating conditiomgever, repeat measurements are

Nu=

(4.4-3)
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difficult to obtain due to the chdotnature of twephase flow and the many fixed parameters that
need to be matched between measurements.

The432measured local convective boiling Nusselt numbers (NURBL5B, R450A, R513A,
andHFC-134awere compared to the puaed azeotropicefrigerant Nup) version ofthe
Hamilton et al. correlatiofv7]:

[
Nu, = 482.18R&° Ptz>

Bo ¢ |019% IM,= (4.4-4)

O Qo
Tﬁm'U

c

where

C, =0.51x,

C,=557x, -5.2%

C,=0.54 -1.56, +.4%

C,= 0.81 125& 11.08

C,;=0.25 -0.035%

Here, the alliquid Reynolds number (Re), the Boiling number (Bog, fiquid Prandtl number
(Pr), the reduced pressui®/Pc), and the qualityx) are all evaluated locally at the saturation

temperatureThe alHiquid Reynolds number and the Nusselt number are based on the hydraulic
diameter Dn). The Nusselt number &so based on the actual inner surface area of the tube.

Figure 4.44 plots thepresenmeasirements versus predicted values of the Nusselt number for
R-515B, R450A, and R513A. Previously made measurementsRad50A[78] , R-513A[75]

and HFC-1344a[75] are also included in the comparis@ime Hamilton et al. correlatiof77]
predics approximatelyt3 % measurement® within + 20 %.
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Figure4.4-4. Comparison between measured Nusselt numbers and those predicted by the
Hamilton et alcorrelation[77]
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A new correlation was developed to more accurately represent the currebbilow heat
transfer measurements:

O o @2m "njg o 8 (4.4-5)

The new correlationHqg. 4.4-5) predicts approximatelyl % of the measured convective boiling
Nusselt numbers for-815B, R450A, R513A, and HFG134ato within approximately = 20 %
(Figure 4.4-5). Bng is the dimensionless Bond numi&8], which includes fin geometry
parameters and the surface tension as defined in the Nomencletereorrelation is valid for
Re between 1000 and 14000, Bo betw@®©0002 and 0.001, anddetween 0.002 and 0.05.
Equation 4.4-5) was developed with data where the refrigerant reduced temperature ranged
between approximately 0.71 and 0.94.
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Figure4.4-5. Comparison between measured Nusselt numbers and those predicted by the new
correlation given by Eq4(4-5)
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4.5. Task 5: Selection ofFinal Blends for Testing inMilitary ECU

4.5.1. Preliminary Selection of FouBlends

Beforecarrying out fullscale ECU tests in environmental chambers, we atdthe limited-
scopesimulation results by measuremetaken inthe NISTMini-BreadboardHeatPump. For
this validationwe identified four blendsjudged to be mosi p ri osniwitlgadlanto selectthree
of themfor the ECU testsThis preliminary selectioalsoconsideredhermophysical properties,
flammability, andheat transfemeasurementdhe criteria for blend selection consisted of the
following parameters:

o Nonflammability @ Tt

o Minimum GWP

o Maximum coefficient of performance (COP)

o The volumetriccapacity Qvol) matching that of the baseline HAG4a

We also consideremharket availability as a practicattributeinfluencing our decisiarThe
following four blends, based dtFC-134g HFO-1234yf HFO-1234ze(EpndHFC-227eawere
selected

o R-513A [R-134a/1234yf (44/58], GWP=573. R-513A was identified in our limitedcope
study (blend #2). A1 ASHRAE safety classification

o R-450A: [R-134a/1234ze(E) (42/58, GWP = 547. R-450A was not specifically identified
in the limitedscope study; however, its makp and performance are similar to those for
blend #9. A1 ASHRAE safety classificatian

o Ternl:[R-134a/1234yf/1234ze(E) (49.2/33.9/16]9GWP= 640. This blend was identified
in ourlimited-scope studyblend #4) The Ternl nameadogedfor convenience.

o R-515B:[R-1234ze(E)/227ea (91.1/8)8 GWP = 344.R-515B was not identified in the
limited-scope studyAl ASHRAE safety classificatiarSignificantly lower GWP than those
of other fluids. According to our detailed cycle simulations, the COR®ESBIs within
2.6% of HFC-134a. The volumetricapacity is 27 % lower

452. Evaluation of #ANewo FIluids

While carrying outmeasurements and analysigleérmophysical propees, flammability, heat
transfer andmini-breadboardeat pump testsye continually monitored technical developments
in low-GWP fluids to make sure that we chdt overlookanypromising newefrigerants

A review of ASHRAE Standard 34 shedthreenew singlecompound refrigerants that were
classifiedsince the completion @he analysis for thimited-scope project in 201

o HFO-1336mzz(E) (CECH=CHCER), safety classification A1, NBP = 7°€
o HFO-1132a (CE=CH,), safety classification A2, NBPE83°C
o R-13I1 (CRl), safety classification A1, NBP 21.9°C

As indicated by its relatively high NBP, HFC336mzz(E) is a lovpressure refrigerant and not
suitable for application in mediwpressure AC equipment, even as a blend componkeatvery

" Composition stated in maaction (%)
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low NBP of HFQ1132a, on the other hand, makes it unsuitable aittie¥ extreme; in a blend it
would result in high pressures and a significant temperature glide-14B@x is also flammable.

Consideration of C. The NBP of CEl, on the other hand, is close to that of HE&a

(1 26.1°C), which makes CdF, thermodynamically at least, a fluid warranting consideration. Its
GWP is also very |l ow; a rel atlikelydolbgveny $nall, st udy
lessthan5 . [8D] The appeal o€Fsl is further increased by its flarsuppression characteristics.

A drawback of CHl is its reactivity, which would require the application of proprietary chemical
stabilizers not available on the open market.

We spent a considerable analytical efforfdiomulate, within the constraints of publicly
available data, a statd-the-art representation of thermodynamic properties of both the pure
fluid and blends containing GIF This effort was summarized by Bell and McLind8&d]. We
also added CdFto the screening developed under lingted-scope project in a search for the
best performing C#-based blends. Although the COP and volumetric capacity of the pgre CF
was poor compared to HFC34a, these simulations identified some blends af ®@fh HFC-
152a and HFE32 as havingotentally favorable performance. The higlerforming blends,
however, contained a low fraction of £FSpecifically, forR-152a/CEl blends a ma fraction

of HFC-152a of 0.80 (mass fraction of 0.57) yielded the same COP aslBAC For blends
with HFC-32, the corresponding mefraction was 0.75 (mass fraction of 0.32). This led us to
guestion whether such blends were still nonflammabile.

The flame inhibition characteristics of g€fRave been studied. We could find no information on
the specific mixture of HE-152a/CEl, but Yang et aJ82] report that CH is substantially more
effective than HFEL25 in inhibiting the flammability of HFG2 (a minimum concentration of
0.0536kg-m'2 for CRsl versus 0.0984g-m'2 for HFC-125).We can use information on the

blend R410A (the blend of HFE32 and HFE125 at anass composition ¢60.0/50.0)and the
blend R466A (the blend of HF&2, HFG125, and CH at a mass composition of
(49.0/11.5/39.9)to formulate an informed guess on the flammability of HFS2a/CERl) with

the following reasoningoth R-410A and R466A areclassified as Al (i.e., nonflammablend
contain about 506 of the flammable HFG2 with a50 % content of flane suppressing agents
(i.e., HFG125 and/or CH). In the detailed report of flammability testing contained in the
application to the Standard 34 commit{88] it is seen thaR-466A exhibits a flame angle as

|l arge as 40e in the ASTM E681 test protoco
under the E681 protocol (which defines naf
does indicate that-B66A was formulted close to the border of flammability. Given that HFC
152a is more flammable than HR32, a CEl fraction greater than 5% would likely be

required to suppress flammability, i.e., compositions that showed lower performance in the
simulations.

I u
amm

There aralso stability and toxicity concerns aroundsCRIthough having a safety
classificationof A1, CH has a relatively |l ow Arefrigerant
2000ppm (i.e., a concentration in air of @2by volume)84]. This compares to an RCL of

50000ppm for HFG134a[33. The RCL consi der s aintendedtge of haz
reduce the risks of acute toxicigsphyxiation, and flammability hazards in normally occupied,
enclosed space$33]. The RCL impacts the maximum charge allowed in a particular system.

We also note that in a review of the toxicity of:Che National Research Council
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recommended thatlite used (as a fire suppressant) only in unoccupied sigijeshe

chemical stability of the GFmolecule is substantially lower than typical HFC refrigerants, and

it would require stabilizers for use in a refrigeration system. Such stabilizers have been
developed, butheyare proprietar. NIST engaged with a refrigerant manufacturer that was
pursuing the development of gfecontaining refrigerant blends, such agl&6A, in an attempt

to obtain samples of GFand the necessary stabilizers. These negotiations were not successful.

Afr otuamldl e di s c us ghe March 20g@1luidsue B SHRAEJournglB6] illustrates

that industry disagreed about the futafeCRsl and CRl blends.One compang t at ed t hat i
emerging nonflammable (ASHRRclass Al) <750 GWP candidate4B6A, is under heavy
consideration by a Andtmbae#466fkuldhaanidéabirdetimr er s. 0O
solution é wuntil further innovation could | ea
In contrasta secod companystated that RIG6A wasfin our opinion, questiable for stability

and for compatibility with materials as a result of potential acid formation. This can lead to

reliability, durability and performance problems over tiomend fiNo major North Anerican

equipment or compressor manufacturers have announced or shared that they are developing
equipment and component parts around this refrigerant. This suggests it is not presently viewed

as a viable candidate.

We also note@ conferencgpaperpublished in June 20487], which reporédresults from
chemical stability tests of R66A with optimized materials aradditives The paperconcluced
that this blend isx viable option for usédowe\er, the availability ofCRsl and chemical
stabilizers remained an isst&kingall the above in its totality, we concluded that it was not
feasible to include blend containin@ Rl in the ECU testing At the time ofwriting of this

final reportwe arestill not aware abowinyannouncements regarding prospective use-of R
466A. The ultimate utility of CEl as a refrigerant remains an open research question.

Consideration o0HFO-1132(E) In addition to the fluids noted above that were added to the
ASHRAE standard another isomer of difluoroethene is currently being studied for use as a
refrigerant:

o HFO-1132(E) {rans-1,2-difluoroethene), safety classification not assigned, NBB3C

Thei53e C boi | i ng-1183ZH) is similar fo thet Bf&10A(151.5¢e C) , maki ng it
high commercial interest. Limited data on this fluid are now becoming avai&}Ig39]. HFO-

1132(E) was one of the fluids identified in the comprehensive screening of McLinddAGit al.

that was in the cat egor yewdatacduld lmevoerddd mbH e caid &Isyoc
of McLinden et al. was based on a predicted critical temperature of B7@bich resulted in a

low volumetric capacity relative to-B®1L0A (which was the baseline for that study); this contrasts

the recently measured critical temperature of 348[89], which is similar to R410A. Much of

the research on HRD132(E) remains proprietary, makj detailed simulations of its

performance impossible at this time. Furthermore, it is flammable (likely ASHRAE classification

of A20) and not commer ci al-1182(Eawaa drdpret flom . For t
further consideration in this project.

4.5.3. Selectionof Three Blend$or Testing inECU
The tests conducted in the mitireadboard heat pungm HFC-134a andhefour blends
validated theprediction capabilityof the CYCLE_D-HX model used in thimited-scope project
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thus confirminghe relativepeformanceof blendsestabishedearlier.Lacking new lowGWP
options, the selection of the three blends centengtlefour blendstested in the mini
breadboard heat pump.

RegardingsafetycharacteristicsR-513A, R450A, and R515B havethe ASHRAE safety
designatiorAl (low toxicity, no flame propagationyVhile Tern-1 does not have ASHRAE
classfication, it can also be considered A&l blend since itshonf | a mmawas ¢omnfitmgdd
by the ASTME861testprescribedn ASHRAE Standard4, and itsthreecomponents are

cl assi f iomidtydthurls by thiostandardt is uncertan at this timevhetherthe ASTM
E861 test is stringent enoudr military requirementssince this issue has not been determined
yet, we decidetb usethe ASHRAEflammability criteriain this study

Ultimately, weselected R513A, Ternt1, and R515Bfor testing in theeCU. Table4.5-1
provides selectepropertiesof the selected blends he presentedatios of COP/COR 134aand
Quol /Qual, rR-134aWere obtained from CYCE_D-HX simulations with optimized heat exchangers.

Table4.51. Selected properties of blentssedin ECU

NBP  COP/ oll Cos” k" W
Blend (°Q CORkiza QVOQI,VR-134a GWP  3/moltk?) (WmiKY) (mPas)
HFC-134a -26.1 1 1 1300 136.8 0.092 0.266
R-513A -29.6 0.988 1.027 573 142.3 0.067 0.226
Ternl -27.8 0.987 0.989 640 143.8 0.079 0.239
R-515B -19.0 0.974 0.738 344 152.8 0.080 0.250
"at0.0 °C from REFPROA8]

R-513A[R-134a/1234yf (44/56] possesses verygood conbination ofthree important
attributes: its GWHs second to théoweston ourlist (Table3.1-1); its COP isl1.2 % below
CORk-1345 Which makest the secondop COPof blendswith GWP< 75Q and its volumetric
capacity ighehigheston our list, 2.7 % betterthan that ofHFC-134a In addition, this blend is
an azeotrope and mommerciallyavailable

Tern1 [R-134a/1234yf/1234ze(E) (49.2/33.9/16]9compaedto R-513A, comprises.2 %
more HFG134a andncludes 16.9 %FO-1234ze(E), which is less flammal§lewer burning
velocity) than HFG1234yf.As a resultTern-1 is expected to barther away from the
flammability boundary than F513A (seeSection4.2.4) and is a more conservative choice
shouldmilitary criteriawith respecto flammability becomenore rigorougsee Sectiod.2.5).
The simulatedCOPof Ternlis 13 % belowCORk 1342 The1.1% lower volumetriccapacity
than that for HFE€L34ais a trivial difference

R-515B[R-1234z¢E)/227ea91.1/8.9°] was selectebecausef its significantly lower GWP
thanthoseof otherblendschosenPer CYCLE_DHX simulations with optimized heat
exchangerghe COPof this blends isower thanCORk-134aby 26 %, and thevolumetric capacity
is lower tharmQuol, r-134aby 26.2 %, which will have to be mitigated by a larger compressor and
some efficiency enhancing featur&be data presented in Section 4.2.4 indicate tHat 3B is
closer to the flammability boundary than the other bleBéspitetheseshortfdls, it is o

“Composition statedsmassfraction (%)
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interestto explorethe peformance potentiabf thislow-pressireblendin casdower-GWP
fluids becomestronglypreferredn the future R-515B isanazeotrope and is commercially
available.

Table4.51 providesselectedhermophysical datavhichcomplement the COP arf@o
information. The normal boiling poirbrrelats with Qvoi: R-515B haghe highest NBP and the
lowest volumetric capacity.he molar heat capacity of liqu{g,,) affects heshape of the two
phase domand the slope of the saturated liquid line on the temperaturepy diagramand
higher values o€, correspond t@ less steep slope aladigerthrottling loses in the expansion
device.In this respect, HF@34a has a slight adviage over thélends Regardinghermal
conductivity andriscosity, HFC-134aalsohas @& advantagén a betterconductivityalthoughits
higher viscosityis adisadvantage

By theabove selection of threedsldswe dropgpedR-450A fromfurther testiig. The volumetric
capacity of R450Ais abouthalf the way betwee®o), r-132a8NdQvol, R5158, 13.3 % lower than
Quol, R-134a HOwever testing R515 insteadof R-450A provide moreusefuldatafor validating
the ECU modeWith abroal spectrum d measurementgperformance of a lovpressure fluid)
The model then can be used poedicting performance of other fluitlsat were not included in
the ECU tests.
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4.6. Experimental Evaluation of Blend Performance in ECU

4.6.1. Military ECU Specifications and Operation

Thetestedsystemwasa military HFC-134aair conditionerwith a 19.9kW (68000Btu/h) rated
cooling capacityFigure4.6-1). It wascomprisedf a208 VAC, 3-phase, scroltompressor,
finned-tube evaporator and blower, microchannel condearsgfan and controls, all tightly
packaged in one assembly. The unit was designed to run continuously at part load by modulating
its capacity using a haas bypass with a temperingoaxsion valve and an evaporator pressure
regulating valveigure4.6-2). This arrangement of components and controls would have made
it impossible to execute a tesbgram with different refrigerants. Therefore, for the purpose of
this study, we disabled the hgas bypass and fully opened the evaporpatessureegulator

(EPR) valve to produce a basic vagpompression cycle, as shownRigure4.6-2. We made

these modifications in consultation with the ECU manufacturer.

N Condenser

a) i ’

Figure4.6-1. ECU before installation (a). The condenser protective grid and the covers for
evaporator coi l and bl owsdeinpauredh) r e mov e d
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Compressor

Hot Gas
Valve Closed t

D€ [ votimeter
Stepper Tempering

EPR Valve

Sight Glas

)

s @
Expansion

Evaporator
P Valve

Figure4.6-2. ECU schematic with installed instremtation. SymboK designates the disabled
valve on thehot-gas bypass. P and T designate pressure and temperature.sensors

4.6.2. Test Facility

The test facility consisted of a system of two adjacent environmental chaiigenre4.6-3).

The ECU was installed in the outdoor chamber and supplied the conditioned air to the indoor
chamber through the attached ductwaiigure4.6-4 shows the nozzle chamber setup used to

measure the volumetric flow rate of air. A constant static pressure was maintained in the air

supply duct at the inlet to the nozzle chamber by using the nozzle chambtarban, which

was powered by a variable frequency drive. The ECU pulled return air from the indoor chamber
and back through its evaporator before expel]l
nozzle air measurement apparailise measurementsave performe@ccording tdhe

applicable standard&NSI/ASHRAE Standard 5 (111); AHRI 216240 (112)].

Indoor Chamber Outdoor Chamber
AIRFLOW ECU
# <— ",‘
N
BOOSTER FAN NOZZLE CHAMBER

Figure4.6-3. Schematic of ECU installation in environmental chambers
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Figure4.6-4. Connecting ducts and nozzle chamber located in the indoor environmental chamber

The primary measurement of ECU capacity weesair enthalpy methgdand he refrigerant

enthalpy methodervedas the secondary measurem@ihie air enthalpy method relied on
measurements of the entering and exiting airo
airflow rate measured in the nozzle chamber.
dewpoint temperatures were measured witype thermocouple grids (5xand chilled mirror
hygrometers, respectively. The conditioned supply air passed through mixers and straighteners
before entering the thermocouple grid to ensure no stratification aactarate measurement of

the average temperature. All ductwork was thoroughly insulated, and leak tested before testing
began.

On the refrigerant sid@ressure transducers andype thermocoupkwereattachedt the inlet
and exit of everfeCU component taneasureefrigerant pressure anemperature (Figre4.6-

2). The refrigerant mass flow rate was also measured usdogiais-type flow meter mass

flow rate combined witlpressure and temperature measureseefore and after the evaporator
allowed refrigeranside capacity calculation as a secondary check on ts@daiicapacity
Additionally, outdoor fan power, indoor blower power and total power were measured for
calculation of the coefficient of perfoance (COP).

All measurements were recorded by a data acquisition system, which allowtoheeal
monitoring of collected measuremenksgure4.6-5).
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Figure4.6-5. Data acquisition screen for data monitoring

Table 4.61 lists uncertainties of the major quantities measured during this work. Reported
values and uncertainties with an (XXX£YY) representation agi@n average of multiple
measurements with the variation given as two standard deviations of the measurement (k=2
coverage factor).

Table4.6-1. Measurement uncertainties

Measurement

Range

Total Uncertainty athe
95 % Confidence Level

Individual Temperature

-18 C t0 93°C (0 F to 200 F)

°0.44C (08 F)

Temperature Difference

0 Cto28C (0 Fto50F)

°044 C (08 F)

Air Nozzle Pressure

0 Pato 1245 Pa
(0 in HO to 5.0 in HO)

°1.0 Pa{0.004 in HO)

Refrigerant Mass Flow
Rate

136 kg/h to 544 kg/h
(5 Ib/min to 20 Ib/min)

°0.10%

Dewpoint Temperature

0 Cto 38°C (32 °F to 100°F)

°0.4°C(0.72°F)

Drybulb Temperature

2 Cto 49 C (35°F to 120 °F)

°0.44 C (0.8°F)

PowerDemand 0O W to 8000W 0.5%
Total Cooling Capacity] (15 000 Btu/h t&0 000 Btu/h) 4.0%
Latent Cooling Capacity (3 000Btu/h t012 000 Btu/h 8.5 %

COP 20t0 6.0 5.5%

4.6.3. TestProtocol and Metrics
Breakin Tests

Once the ECU was installed in teevironmental chambgthe refrigerant circuit was modified

to prevent hegas bypass and evaporator pressure control, and all instrumentation was installed.

At the outset, we verifiethe airside sensible capacity calculations involvitagzle chamber air
e cetand c

flow andthermocoufe grids measuremeniy operating h e

58

ECUOG s
measuringts power. The heat balance between these measurements was witiatiBe

el

r

es



outdoor condition of 35.8C (95°F), Also, we checkedlewpoint sensors by placing them imeo
location (return duct) and verifying their readings at the dewpoint condition of C3@&0.5°F).

This was done to ensure proper calculation of latent capacity, whesddewpoint temperature
measurements

After breakin tests, the testing prograrmaged with HFC134a, followed by Teri and R515B
tests, and a reest with HFC134a to verify the stability of the measurement setup. Then we
proceeded to tests with-&RL3A, for which it was necessary to install a larger size TRN13A
has ahigher rdio of vapor density at the compressor suction to liquid density at the TXYV inlet
andthe original TXV was too restrictivier theR-513A flow ratedeliveredby theECU
compressor.

For each refrigerant, the ECU was charged with refrigerant per the ananufu necemniesded
chargingprocesawhile operating at 26.7C (80.0°F) indoor drybulb, 15.8C (60.5°F) indoor
dewpoint, and 35.8C (95.0°F) outdoor drybulb. In this process, the TXV and refrigerant charge
were adjusted to produce an evaporator yperheaand condenser subcoolipgr

ma n u f a dnstwatieniVé efertotlkset e st s -iansd Otder sotps .

Test Metrics
The project plan stipulated evaluation of ECU performance at four tests points prescribed by the
indoor condition 0£6.7°C (80.0°F) drybulb and 15.8C (60.5°F) dewpoint and four outdoor
conditions:

- 27.8°C (82°F)

- 35.0°C (950°F)

- 46.1°C (1150°F)

- 51.7°C (1250°F).

The repeatability of tests at a given outdoor condiwvasusedto determine the combined tbta
uncertainty (measurement uncertainty and repeatability uncertastgported in later figures.

4.6.4. ECU TestResults

ECU Performance afestConditions

Tables4.6-2 to 4.6-5 show representative test déda eachof therefrigerantsThese araverage
values of eachparametemeasureaver a steadgtate test period for one test at a given outdoor
ambient temperature. Thetal capacity(Qair) isthemeasured capacity on the air siddaich
includesthe heat added by the blowdRefrigerantside capacity@rer) has also been adjustémt
theb | o we r (the elebtreca ¢nergy delivered to the blower is transformed td. heat
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Table4.6-2. RepresentativECU testdata for HFC134aat four outdoor temperatures

HFC-134a
27.8°C 35.0°C 46.1°C o o
Parameter (82°F) (95°F) (115°F) 51.7°C (125°F)
. 12644 11664 9323 7500
Total Capacity, W (BWh)|  3166) | (39821 (31829) (25605)
. \ 2723 2290 1386 876
Latent Capacity, W (Btu/h) (9296) (7816) (4733) (2991)
Compressor Power, W 5139 6038 7687 8572
Indoor Blower Power, W 1965 1922 1970 1952
Condenser Fan Power, W 355 352 343 336
COP 1.685 1.402 0.936 0.692
Evaporator Exit Refrigeran 298.9 311.8 335.0 360.9
Pressure, kPa (psia) (43.4) (45.2) (48.6) (52.3)
Evaporator Exit Refrigeran 8.7 8.3 13.7 14.8
Temperature, °C (°F) (47.6) (47.0) (56.7) (58.7)
Evaporator Exit Refrigeran 0.6 1.8 3.8 5.9
Sat. Temperature, °C (°F) (33.0) (35.2) (38.8) (42.6)
Evaporator Exit Refrigeran 8.1 6.6 10.0 8.9
Superheat, °C (°F) (14.6) (11.9) (17.9) (16.1)
Condenser Inlet Refrigeral  1388.6 1650.9 2130.0 2374.5
Pressure, kPa (psia) (201.4) (239.4) (308.9) (344.4)
Condenser Inlet Refrigerar 75.4 83.3 108.6 121.2
Temperature, °C (°F) (167.8) (181.9) (227.5) (250.2)
Condenser Inlet Refrigerar 52.1 59.2 70.3 75.2
Sat. Temperature, °C (°F] (125.8) (138.6) (158.5) (167.4)
Condenser Inlet Superhesg 24.0 24.4 37.8 451
°C (°F) (43.2) (44.0) (68.1) (81.1)
Condenser Exit Refrigeran] 1274.6 1537.0 2042.1 2290.6
Pressure, kPa (psia) (184.9) (222.9) (296.2) (332.2)
Condenser Exit Refrigerar 41.3 48.6 57.3 61.9
Temperature, °C (°F) (106.3) (119.5) (135.2) (143.5)
Condenser Exit Refrigerar 48.7 56.2 68.4 73.6
Sat.Temperature, °C (°F) (119.6) (133.2) (155.1) (164.4)
Condenser Exit Refrigerar 7.4 7.6 111 11.6
Subcooling, °C (°F) (13.3) (13.7) (19.9) (20.9)
Indoor Air Volumetric 3060 2948 3034 3020
Flow Rate, ri/h (scfm) (1801) (1735) (1786) (1777)
Refrigerant Mass Flow 97.025 100.50 96.10 92.97
Rate, g/s (Ib/min) (12.83) (13.29) (12.71) (12.30)
1238% 11756 10225 21
Qrer, W (Btu/h) (42263) (40113) (34889 (31464)
(Qair T_Qren)/ Qre 0.021 -0.008 -0.089 -0.187
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Table4.6-3. RepresentativECU testdata for R515Bat four outdoor temperatures

R-515B
27.8°C 35.0°C 46.1°C 51.7°C
Parameter (82°F) (95°F) (115°F) (125°F)
. 10635 9315 7403 6479
Total Capacity, W (Btw/h)| - 36315 (31807) (25277) (22122)
, ] 1525 1027 1116 767
Latent Capacity, W (Btu/h] (5207) (3505) (3809) (2618)
Compressor Power, W 3762 4354 5459 6130
Indoor Blower Power, W 1962 1974 1904 1901
Condenser Fan Power, W 358 352 346 340
COP 1.735 1.391 0.965 0.778
Evaporator Exit Refrigerar 233.7 243.4 263.4 278.5
Pressure, kPa (psia) (33.9) (35.3) (38.2) (40.4)
Evaporator Exit Refrigeran 14.1 15.7 8.8 10.2
Temperature, °C (°F) (57.3) (60.3) (47.8) (50.3)
Evaporator Exit Refrigerar 2.3 3.4 5.6 7.2
Sat. Temperature, °C (°F] (36.2) (38.2) (42.1) (45.0)
Evaporator Exit Refrigeran 11.8 12.3 3.2 3.0
Superheat, °C (°F) (21.2) (22.1) (5.7) (5.4)
Condenser Inlet Refrigeral 992.8 1169.4 1478.9 1687.1
Pressure, kPa (psia) (144.0) (169.6) (214.5) (244.7)
Condenser Inlet Refrigeral 65.8 74.8 81.1 88.8
Temperature, °C (°F) (150.4) (166.7) (178.0) (191.8)
Condenser Inlet Refrigeral 50.1 56.6 66.5 72.3
Sat. Temperature, °C (°F] (122.1) (133.9) (151.7) (162.2)
Condenser Inlet Superheg 15.7 18.2 14.9 16.6
°C (°F) (28.2) (32.8) (26.9) (29.9)
Condenser Exit Refrigerar 880.5 1066.0 1372.1 1581.7
Pressure, kPa (psia) (127.7) (154.6) (199.0) (229.4)
Condenser Exit Refrigerar, 37.2 45.0 59.4 65.2
Temperature, °C (°F) (98.9) (113.0) (138.9) (149.4)
Condenser Exit Refrigerar 454 52.8 63.3 69.4
Sat. Temperature, °C (°F] (113.7) (127.1) (145.9) (157.0)
Condenser Exit Refrigerar, 8.3 7.9 3.9 4.2
Subcooling, °C (°F) (14.9) (14.2) (7.0) (7.6)
Indoor Air Volumetric 3041 3036 3019 3021
Flow Rate, n¥h (scfm) (1790) (1787) (A777) (1778)
Refrigerant Mass Flow 86.66 88.03 95.22 98.15
Rate, g/s (Ib/min) (11.463) (11.644) (12.596) (12.983)
10206 9516 7865 7385
Qrer, W (Btu/h) (34824) (32469) (26835) (25199)
(Qair T Qref)/Qret 0.042 -0.021 -0.059 0.122
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Table4.6-4. RepresentativECU testdata for Ternl at four outdoor temperatures

Tern1 [R-134a/1234yf/1234ze(E) (49.2/33.9/1609455%)]

27.8°C 35.0°C 46.1°C o o
Parameter (82°F) (95°F) (115°F) 51.7°C (125°F)
. 13508 12526 10485 9253
Total Capacity, W (B/h)| 5154 (42769) (35799) (31594)
, | 2585 1970 1120 674
Latent Capacity, W (Btu/h) (8825) (6728) (3825) (2303)
Compressor Power, W 5037 5952 7575 8534
IndoorBlower Power, W 1963 1963 1961 1957
Condenser Fan Power, W 356 350 341 336
COP 1.822 1.513 1.064 0.857
Evaporator Exit Refrigeran 302.0 322.0 346.8 366.1
Pressure, kPa (psia) (43.8) (46.7) (50.3) (53.1)
Evaporator Exit Refrigeran 12.9 13.3 16.7 17.9
Temperature, °C (°F) (55.3) (56.0) (62.1) (64.2)
Evaporator Exit Refrigeran -0.2 1.7 3.8 5.4
Sat. Temperature, °C (°F) (31.7) (35.0) (38.9) (41.8)
Evaporator Exit Refrigeran 13.1 11.7 12.9 12.4
Superheat, °C (°F) (23.6) (21.0) (23.3) (22.4)
Condenser Inlet Refrigerat 1377.6 1644.4 2120.8 2391.1
Pressure, kPa (psia) (199.8) (238.5) (307.6) (346.8)
Condenser Inlet Refrigerat 73.2 81.4 101.9 112.0
Temperature, °C (°F) (163.7) (178.6) (215.5) (233.6)
Condenser InleRefrigerant 51.8 59.2 70.4 75.9
Sat. Temperature, °C (°F) (125.2) (138.6) (158.7) (168.7)
Condenser Inlet Superheg 21.3 22.2 31.5 36.1
°C (°F) (38.4) (40.0) (56.7) (65.0)
Condenser Exit Refrigerar 1245.9 1521.0 2013.3 2287.0
Pressure, kPa (psia) (180.7) (220.6) (292.0) (331.7)
Condenser Exit Refrigerar 39.9 47.8 56.9 62.3
Temperature, °C (°F) (103.9) (118.0) (134.5) (144.1)
Condenser Exit Refrigerar 47.4 55.7 67.8 73.7
Sat. Temperature, °C (°F]  (117.4) (132.2) (154.1) (164.6)
Condenser Exit Refrigerar 7.5 7.8 10.9 11.4
Subcooling, °C (°F) (13.5) (14.1) (19.6) (20.5)
Indoor Air Volumetric 3041 3045 3038 3038
Flow Rate, i¥h (scfm) (1790) (1792) (1788) (1788)
Refrigerant Mass Flow 102.65 107.06 105.41 105.46
Rate, g/s (Ib/min) (13.578) (14.162) (13.944) (13.950)
12178 11518 10112 9296
Qrer, W (Btu/h) (41553) (39301) (34502) (31718)
(Qair T Qref)/Qret 0.109 0.088 0.037 -0.005
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Table4.6-5. RepresentativECU testdata for R513A at four outdoor temperatures

R-513A
27.8°C 35.0°C 46.1°C 51.7°C
Parameter (82°F) (95°F) (115°F) (125°F)
. 12833 11583 9459 8587
Total Capacity, W (Btw/h)| - 5517 (39548) (32298) (29320)
, ] 3217 2647 1539 1263
Latent Capacity, W (Btu/h] (10984) (9038) (5256) (4314)
Compressor Power, W 5508 6511 7971 8907
Indoor Blower Power, W 1970 1911 1953 1944
Condenser Fan Power, W 363 346 347 341
COP 1.637 1.324 0.924 0.770
Evaporator Exit Refrigerar 313.0 328.9 373.0 386.1
Pressure, kP@psia) (45.4) (47.7) (54.1) (56.0)
Evaporator Exit Refrigerar 9.7 10.8 11.6 15.0
Temperature, °C (°F) (49.4) (51.4) (52.8) (59.0)
Evaporator Exit Refrigerar -1.1 0.3 4.1 5.1
Sat. Temperature, °C (°F] (30.1) (32.6) (39.3) (41.2)
Evaporator Exit Refrigeran 10.7 10.4 7.5 9.9
Superheat, °C (°F) (19.3) (18.8) (13.5) (17.8)
Condenser Inlet Refrigeral 1452.7 1766.4 2200.1 2466.9
Pressure, kPa (psia) (210.7) (256.2) (319.1) (357.8)
Condenser Inlet Refrigeral 73.7 84.8 96.1 108.4
Temperature, °C (°F) (164.6) (184.7) (205.0) (227.1)
Condenser Inlet Refrigeral 52.2 60.6 70.4 75.8
Sat. Temperature, °C (°F] (126.0) (141.0) (158.8) (168.5)
Condenser Inlet Superheg 21.9 24.4 25.5 31.9
°C (°F) (39.5) (43.9) (45.9) (57.5)
Condenser Exit Refrigerar 1334.8 1654.7 2079.5 2357.3
Pressure, kPa (psia) (193.6) (240.0) (301.6) (341.9)
Condenser Exit Refrigerar, 38.7 45.2 58.4 63.2
Temperature, °C (°F) (101.6) (113.4) (137.1) (145.8)
Condenser ExiRefrigerant 48.7 57.7 67.8 73.7
Sat. Temperature, °C (°F] (119.7) (135.9) (154.1) (164.6)
Condenser Exit Refrigerar, 10.1 12.6 9.4 104
Subcooling, °C (°F) (18.1) (22.6) (17.0) (18.8)
Indoor Air Volumetric 3079 2978 3077 3062
Flow Rate, i¥h (scfm) (1812) (1753) (1811) (1802)
Refrigerant Mass Flow 110.10 112.43 122.33 119.55
Rate, g/s (Ib/min) (14.564) (14.872) (16.182) (15.814)
12518 11875 10515 9670
Qrer, W (Btu/h) (42713) (40520) (35878) (32996)
(Qair T Qref)/Qret 0.025 -0.025 -0.100 -0.112

The tablesnclude theenergybalancebetweerQair andQrer. In a typical setup for testing an air
conditioner, the refrigerargide capacity measured across the evaporasoniewhahigher
(typically within 5 %) than the akside capacity dut theheat gain in the ductworka our tess
theenergy balance was affected by thedoor temperater(temgrature in the outdoor chamber
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where the ECU was insked) showinga significant rduction of the akside capacityvith
respect toefrigerantside @pacityatincreaseutdoor temperatures

To verify theeffect of ambient temperature on the energy balameperformed energy balance

tests on the ECU and its ductwork in the outdoor charfwidegre theECU was located)We

operatedch e bl ower and the unitbés electric resista
temperaturesf 27.8 °C (82F), 35.0°C (95°F), 46.1°C (115°F), and 51.7PC (125°F), while
supplyingair from the indoor chamber at 26.7 °C e80)drybulb.

These tests showed that heat transfer between
ductwork was occurrin¢Figure 4.66). The ductwork was insulated with 16@m fiberglass

insul ation while the unitdés supmnoffoamrand r et ur n
12 mm of fiberglass. The heat transfer effect was magnified during the cooling mode operation at
high ambient tedsconditions, which affected heat balance between the refrigerant side and the air

side during ECU performance tests.
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Figure4.6-6. Heat transfeto theECU andductworkat different outdoor ailremperatures

We alsoobtainedatypicalenergy balance fd&ECU measurements with the Tetrshowng

higher airside capacity than the refrigerasitiecalculationgTable4.6-4). It was hypothesized
that composition shifting could have occurred due to solubility of the blend in the compressor
polyolester{POE)oil. Discussions with other researchers revealedHR&-1234ze(E) haa
highersolubility with POE oilthan other blend component® evaluatéhis effect ve used a
theoreticalCYCLE_D cycle mode[91] to investigatea possible change in refrigerasitle

capacity due téiFO-1234ze(E) bing preferentially dissolved in the POE oil. Simulations were
run with thenominalmass fraction oHFO-1234ze(E) and with 6 % reduced mass fractio(an
estimated reasonable value for this analydikg volumetric capacity of the circulating
refrigerant increases by 1% thus increasing refrigeraside capacity. This change is consistent
with the observed trend in energy balance thatigbes not fully explain the magnitudetbé

heat balanceeportedn Table 4.64.

Figures4.6-7 to 4.6-10 show absolute values of ECU total cooling capa@tysideg, latent
cooling capacity, total power demand, and COP for the tested refrigerants. The error bars
indicate thecombined totalincertainty at 95 % confidence level of trehown measurements
including testto-test repeatability
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Figure4.6-7. ECU ftal air-sidecapacityat outdoor temperates 27.8°C (82 °F), 35.0°C
(95°F), 46.1°C (115°F), and 51.PC (125 °F) (center of bars)
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Figure4.6-8. ECU latent capacityat outdoor temperatur@y.8°C (82 °F), 35.0°C (95°F),
46.1°C (115°F), and 51.7PC (125 °F) (center of bars)
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Figure4.6-10. ECU COPat outdoor temperatur@y.8°C (82 °F), 35.0°C (95°F),
46.1°C (115°F), and 51.7PC (125 °F) (center of bars)
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4.7. Modeling of Blend Performance in an Optimized ECU

TheECU tests conductdd the environmental chambersovided information onthe ECU
performancewith tested refrigeras producingdifferent capacitiesTo determine performance
meritsequitably foreach fluid,performance comparisons need to be carried out at the same
capacity prducedby each fluid74]. It would bearather complexaskto carry out
experimentallyputit is practical teexecutdt using simulation models. In this wgmwe used the
heat exchanger model EVAPOND [92] and a system model ACSIiith the same capacity
imposed at th85.0°C (95°F) rating point Compressr isentropic efficienciefor these
simulations were deulatedby the HFO-134a compressor masing the suctioand discharge
saturation temperaturestablished in a cycle fargiven individual blend.

EVAP-COND is a software package that contains NIST's simulation models EVAP and COND
forfinnedt ube evaporators abyd udsemldtiennrsshemesisédthiesee At ub
models allows for specifying complex refrigerant circuits, modeling refirgetistribution

between these circuits, and accountingoioedimensionahir maldistribution. EVARCOND

includes acomputational intelligenebasednodulefor optimizinga h e at erefegaranhger 0 S
circuitry. ACSIM is the NIST irhousemodel of an aiconditionerlt includes models of a

compressor, evaporatagndenser] XV, and connecting tubindt uses th&aVAP-COND

routines forsimulatingperformance ofhe evaporator and condenser

4.7.1. Modding Methods

Compresor
The compressovasmodeled using compressor magrrelationgn the formatdefined by the

ANSI/AHRI Standard 540

X = BlTs+ BIA BAA BAA BHA BILA B8+ BIo9AA2+
B1 A

where:

X = designatd performanc@arametefe.g, power consumption, mass flow, etc.)
B1-B10 = correlation coefficients

Ts = compressor suction depoint temperaturéF)

Tq = compressor discharge dgwint temperature?lt)

Compressor map coefficients are derived from calorimeter tests and cdirelatenpressor
performance at prescribed values of the suction superheat and condenser subcooling used during
the calorimeter test. To allow simulationgddferent conditionsthe following assumptionand
stepswereemployed:

o It wasassumed that the isentropic efficiency is not affected by the legelctbn vapor
superheaftThecompressorsentropic efficiencyascalculated using the compressoap
correlationdor saturatbn temperatureis thecompressor suction and dischaegel at the
superheat and subcooling levels used during the calorimeter tests.

o When calculating the refrigerant mass flow rateyasassumed that the compressor
volumetric efficiency and speed (réutions per minute) are not affected by the suction vapor
superheat. Consequently, the refrigerant mass flow ratgigensuctionsuperheat equals the
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value of mass flow rate at the superheat set during the calorimetexdjessted foa different
speific volume of the suction vapalue toa different superheat.

The mapdor the HFG134a compressor usadthe ECUwere provided by the compressor
manufacturerThese mapserved as the referenperformance characteristics for the
compressorsimulatedwith all four fluids. We implemented two options to the compressor
simulation moduldor the purpose of this study

o Use of theHFC-134acompressor performance maps for other refrigerants. Under this option,
the compressaimulationmodule calcudtes theisentropic efficiency andolumetric flow
rate forHFC-134ausingthecompressor saturation suction and dischatgetperatures
established durinthe cycle simulatiorfior the newrefrigerant Then using these values, the
compressor power amdass flow ratefor the newrefrigerantis calculated usings
thermodynamic properties

o A multiplying parameter for modifying the refrigerant mass flow rate pumped by the
compressor. With this adjustment we could match HMB@a capacity at a selected mgti
point with each alternative fluid.

The ECU test matrixncluded twoextremeoutdoor temperature46.1°C (115°F) and 517 °C
(125°F), which wee outside the compressor magevelopedy the manufactureForthis
reasonwe evaluategredictions ocompressopower input andefrigerant mass flow rate
against those meared duringystentests inthe environmentathambersThe predictions of
refrigerant mass flow rat®ereconsistent through the whole operation racgeered by the
compressor mapsoweverthe prediction oEompressor powawasoverpredicted byas much
as26 % atthetwo highest outdoor temperaturd®y applying a multipliery to thecompressor
map predicted valysvhere y=(0.0044Ts(°F) +0.0066(4 - Ts), the discrepancyvasreduced to
within 2.1% over the tested range of operating conditidrss multiplier was developed by
fitting the compressor map predictions and the laborat@mgsurements.

Evaporator
The evaporatowas oriented a45° angle relative to the grour{@figure 4.71). It was a finned

tube heat exchanger consisting of 72 copper tubes placed in four depth rows, 18 tubes per depth
row. The tube spacing and the depth row spacing were 25.4 mm (1 inch). The tubes were of the
microfin type withanoutside diameter of 7:@m (5/16in) and a wall thickness of OrBm

(0.012in). The tube length wagd0mm (27.6in), and the coil finned height was 460n

(18.1in). The heat exchanger used wdsgiced aluminum fins spaceti2.5mm (11fins/in)

with a thickness of 0.07%m (0.003n) (Figure 4.72).
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Dist= 1.0 Trefl = 20.0 €= 0.95

Figure4.7-1. Right side of the evaporator in the ECU package (a) with infrared i(bage

Figure4.7-2. Evaporator firspacing (cm scale)

The coil had a symmetrical refrigerant circuitry arrangement. It used 18 parallel refrigerant
circuitry branches, each consisting of four tubes located in four depth rows, one tube after
another to produce a cressunter flow with thendoor air moving up from the bottom face
(inlet) of the evaporator. The refrigerant wiiveredto the coil byl8 feeding tubes connecting
the thermostatic expansion valve (TXV) with the inlet tube of each individual ojFgégiire
4.7-3). The indicatecoil tubes(tubesl, 2, 3 and 4¢omprise one atheeighteercircuits
Refrigerant ented by Tube 1 and ke by Tube 4. The air floowasfrom the bottom to theop.

Tube 1
Tube 2
Tube 3

Tube 4

Figure4.7-3. Evaporator refrigerant circuitry

Figure4.7-4 shows an infrared image of the-aiit side of the evaporator. The image was taken
looking down on the image shownhigure4.7-1 and 47-3. The colors are white/red (hottest @
26.8°C) to coolest (blue @ 21%€). The inlet aitemperature wa6.7 °C (80°F). Thepictures
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were takerfor thesystem charged with HFC34a, but thg areexpected to represent the
evaporator operation with other tested refrigerastaell

The variation of colors shown by the infrared image indicates significant differences in
temperatures in the tubes of the top depth &iwce the entryefrigerant condition and mass
flow rate in these tubes can be assumed to be similar (fed by identical distributor tubes), the
infrared image indicates a significant maldistribution of air in the evaporator.

Air velocity profile measurements verifiedetmaldistribution of the inlet aiasshown n Figure

4.7-5. Themeasurementseretaken 1.5cmfrom the coil face.Themeasurementseretaken
1.5cmfrom the coil face in an evenly dividedk% grid, whose corners were Z& away from
horizontal &ad vertical edges of the finned fagehot wire anemometer with a single hot wire
sensor was used to measuredhespeegdtotal uncertainty of this instrument was %bof the
reading.The average air velocity was 5281/s (103%t/min) with a standardeViation of

267cm/s (526&t/min). The maximum velocity occurred near the geometric center with a value of
1389cm/s (2734t/min); the minimum velocity occurred at the edges and was208

(400ft/min). The air in the centawasmoving 6.8 times fastehan the air at the edgékhis
significant twedimensional air maldistribution is a combined effect of the compact installation
of the evaporator slab in the package and the upstream locattobidwer in the proximity of

the slabThesignificantlydifferent amounts ddir seen by differentefrigerantcircuitshad a
detrimentalkeffect on the evaporatperformancei.e., poorly matched refrigeradistribution

and air flow makes some tubes have long sections with superheated vapor with little heat transfer
and high pressure drop, and other tyleth two-phase refrigerant exitinipe evaporator
representing a loss in capacity. The net effeatlss incapaity andlower efficiency.

Spot~25.3
Circle

Ai/ v
‘

a) y |0 i 1.0 Trefl =200 < = 0,95

Figure4.7-4. Infrared image of evaporator air side exit (view from the top, looking down). The
left side of the image (a) corresponds to the 1séd& edge of the coil shown in
Figure4.7-1, (b) shows further right in the same picture
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Figure4.7-5. Evaporator air velocity profile measured at air inlet to. (inifriqerant feeding
tubes are on the right 'sidehe grid origin is athe top of the coll.

Figure4.7-6 shows the conceptusgpresentation of finnedtubeheat exchanger in EVAP

COND. The red and blue circles denote the inlet and outlet tubes, respectively, the solid
connecting lines denote return bends on the near side, and the broken lines denote return bends
on the far (hidden) sid®©n the rightof the heat exchanger schemasia onedimensional inlet

air distrbution
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Figure4.7-6. Conceptual representationaheat exchanger in EVABOND

Figure4.7-7 shows a graphical representation of the ECU evaporator witdiorensional inlet
air velocity profile approximating the twdimensional air maldistribution ¢figure4.7-5. This
inlet air velocity profile was used in ECU simulations.
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Figure4.7-7. EVAP-COND sde-view representationf the ECUevaporator with one

dimensional inlet air velocity prdé

Condenser

The condenser consisted of 51 aluminum microchannel tubes, whicl4#3em (58 inch)

long, 27mm (1.1 inch) wide, 3hm (0.12 inch) thick, and were spaced vertically byrt@ (0.5
inch). The vertical spacing between tubes was filled with wlamged aluminum fins, which

were soldetbonded to the flat microchannel tub&se condensewras formed in a k$hape
(Figure4.7-8) and fitedtightly in the packageThe fan, located at the top, pulled the ambient air
into the condenser through two identical openings on two opposite sides=@theackage.

This air was then exhausted through a vertical opening

Air Out
) on Top
Air IN Air IN
D

Figure4.7-8. Configuration of the condensesi€¢w from the top
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Figure4.7-9 shows the lefside opening in the package with the air inlet face of the condenser
and its infared image, which reflects the refrigerant flow path. Thedfagerant vapoentered
the condenser through a manifolchichdistributedthe refrigeranto the top microchannel tubes
while flowing from right to lef(shown by the red arrows) and baek ko right (orange arrows).
Then, thepartially condensed or subcooled refrigeramtered the remainingpttom

microchannel tubes (yellow arrowesihd continued to the exiThe infrared image implies that
the microchannels located at the vboftomof the heaexchangemay not fully condense the
refrigerant while the other exit microchannls/ea different level of subcooling-he
temperature scale goes frahe hottest (red@ 42.8 °C) tahecoolest (blue @ 36 °C). Resolution
in this imageas approximately 0.2 °C. The ambient was at@%95°F). The ECU was charged
with HFC-134a.

Figure4.7-9. Infrared image of condenser aideinlet

Air velocity measurementsith a hot wire anemometeveretaken 1.5cm above the surface of
theprotective grid at the air inlet to the condengasides the spaces obstructed by the protective
grid (seeFigure4.6-1, grid in place, the airdistributionat the inlet to the condenser cagas
relatively uniformwith slightly highe air velocityat the top louvered entrances and the lowest at
the bottom ofthe coil due to the relative distances from the suction action of the condenser fan
(Figure4.7-10). On theleft condenseside the velocityaveraged 292 cm/s (574.8 ft/min) with a
standard deviation of 27 cm/s (53.1 ft/mi@nthe opposite (right) sideheair velocity averagd

292 cm/s (574.8 ft/min) with a standard deviation of 31 cm/s (61.0 ft/Baged on these
measurementshe air flow through the condenser was estimated t874#83 + 85 m*h (1600+

50 cfm).
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Figure4.7-10. Condenser righsideair velocity measuredt the protective grid

Theair distribution at the inlet face of the condensauld notbe measuredbecause of space
constrains. The air distributionwasexpectedo be symmetric between the left and rigiatesof

the heat exchangerith theair flow at the center part of the hexchager beingsignificantly
reduced due tproximity of thewall separatinghe condenser section and the compressor located
within theAUo space of theondenserRegardlessf themaldistrbuted airin the horizontal
plane(along the tubesvhich werdaid out horizontally), there was no significant air
maldistribution in thevertical planej.e., each tube saasimilar amount o#ir flow.

Since EVARCOND dbes not have the capability to model microchannel évezttangersye
designedh finnedtube condenser, which hadnilar performance characteristics as
microchannel condenser used in the EChis was accomplishikby selectinghetube and fin
material @luminum), tube diametetubepattern,anditeratively selecing the number of tubes in
a row, tube length, and fin spacirithe performance similarity was confirmed bglidating the
finnedtubecondenser against the measurements takehe ECU witithefour tested
refrigerants.

Thedesigned finnedube condenser ogisted otwo tube rowswith 60 tubes perrow. Sincea
uniform air distribution between tubes could be assumed and the design was symmetrical, we
usedthe EVAP-COND option allowing to simulate a subsection of the heeltamgerassembly,

in this casenethird of the heat exchangeas shown inFigure4.7-11. Figure4.7-12is an
EVAP-COND screeshotwith thecondensedesign data.

74



& EVAP-COMD 5.0 - COND_SERDP_35_TERN-1.dat - O bt

File Edit Operating Conditions Run Simulation  Simulation Results  Circuitry Optimization View Window Help

D|@|n|§| ?l ﬁ| §|y:|v’| J % RTern-1
COMND_SERDP_35 TERMN-1.dat EI@

& & & & & & & & & &
21 g2 23 #4 25 #2728 ggﬁ 31 Q/ﬁg 332/33, 35ﬁ Q/ﬁg ﬁ
I - B R oo &oooe- &ooo- - - e e

;

kT a9
2 3 4 5 6 7 2 9 m N 12 13 14 15 16 17 18 19 20

Velocity

—

Location v
< >

Ready NUM

Figure4.7-11. EVAP-COND sde-view representation of thequivalentfinned-tube condeser
used inECU simulations

Coil Design Data
[ ata for a section
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Mo. of tubes in depth row #5: 'Ui Mumber of slabs a
Tube data Fin data
Tube length | mm |1??3 Thickness | ram |EI.B
Iriner diameter [ rorn [37 Pitch | rorn [1.5
Outer diameter | mm |5.? Tepe Lanced =
Tube pitch | mm |‘I 5 Material Alurninum
Depth raw pitch [mm 18 Thermal conductivity | kw//mCl  [0.237
Inner suface ’m Yolumetric: flow rate |reé i |45.3052
I aterial ,WI — |W' |D
Thermal conductivity | K m.C) |D. 237
Cancel | ,Tl

Figure4.7-12. Design data of the of the equivaldimnedtube condenser used in ECU
simulations

4.7.2. ModelingProcedure

Modeling objective

A given rdrigerant can provide a range @OP valueslepending otherelative size of the
compressocomparedo the sizes afhe evaporator and condenser as this affeaturatio
temperatures in thieeatexchangers and thpressure lifiagainst whictihe compressarperats.
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In generalfor given sizes of the evaporator and compressor, employing a larger compressor will
resultin a higher capacitgnda lowerCOP, and vice vers8ecause of this capacity vs. COP
fundamental tradeff, the objedwe of this simulation task was to generpggformance datm a
modified ECU for each fluido they would providéhe same capacigs HFGC134aat the35 °C

rating point

Considerindixed sizes of the heat exchangensour simulationsve adjusted the size of the
compressofor each fluidto acheve a match witlthe HFC-134acapacity Thisresulted in the
same heat fluin the evaporator for both fluidédjustingthe size of the compressiorachieve
the target evaporator capacityl chot exactlyachieve the matching dfeat flux in thecondenser
however,a small mismatclwould have a negligible effect. Mching the heat flu the
evaporator isnore importanfrom thermodynamic considerati®n

The following is the outline of theppliedsimulation process

1. TuneEVAP-COND to theexpermentalmeasurementmkenon the ECU evaporator and
condenseduring ECU tests dour ECU operating condition§27.8°C, 35.0°C, 46.1°C,
and 51.7C outdoor temperaturgsThe tunng depeneédon adjustingparameter$or air-
side heat transfe refrigerantsheat transfer and pressure dfopthe evaporator and
condenser to achievmest(close)predictions of capacity of these heathangerss
measured during the tes@nce aset ofadjusting parametergasselectedor eachheat
exchanger wdiing with each fluid, these sets were usethefollowing system
simulations.

2. Use AGSIM to simulate the EClperformancefor eat fluid (HFC-134a, R515B, Tern
1, and R513A) at each test conditioreported inTables 4.62 to 4.6-5. Usethe measured
perfaomance parametealuesandcorresponding simulation predictions to determine
correction parameters ftine ACSIM simulationresultsat all individual test conditions.
TablesA.4-1 to A4-4 list themeasuredalues, simulated valugand the discrepancy
between them.

3. PerformECU simulations for each fluid d@he 35.0°C test conditiomsing theHFC-134a
compressor isentropic efficieney this condition and adjusting the displacement of the
compressor to matctheHFC-134acapacity These simulations established the size
the compressor used for each fluid.

4. Perform ECUsimulationsfor each fluid at the reaining test conditionssing the
compressor size determinatithe 35.0C test conditionUsetheisentopic efficiencyof
HFC-134a at each condition.

We applied thisimulationprocesdo developcapacity and CORaluesfor the four operating
conditionsfor R-515B, Ternl, and R513A, which we thenelated them tdéhe capacity and
COP of HFG134a.Thelisted valus wereobtained from ACS¥Y simulations and adjustdxy
correction parametsrobtained in step @able A.46).

4.7.3. Optimization of Heat Exchangers

We explored the possibility to improvee performance of th&CU through optimization of
refrigerant circuitry in the heat exchangers, i.e., by modifying the path the refrigerant flows from
inlet to outlet to achieve a higher capacity. There are three considerations related to refrigerant
circuitry, which can impro& the heat exchanger performance.
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o For heat exchangers with multiple parallel circuits and several exit tubes, it is beneficial
to ensure that refrigerant leaves each exit tube with a similar degree of vapor superheat. If
the overall superheat (needed totpct the compressor) is achieved by mixing highly
superheated vapor with twzhase refrigerant leaving different tubes, the portion of tubes
with superheated vapor do not transfer much heat and contribute little to the heat
exchanger capacity. A commonusa for uneven refrigerant superheat is uneven
distribution of air over the face of the heat exchanger, which was not addressed by the
circuitry design.

0 Selection of the number of parallel circuits affects the refrigerant mass flux. A higher
mass flux enhaces the refrigerant heat transfer coefficient but brings a penalty of
additional pressure drop. With an optimized circuitry desagnoptimum mass flux can
be achieved where capacity of the heat exchanger is enhaitextceptablgressure
droppenalty

o Itis beneficial to establishsemicounterflow alignment betweehetemperature othe
air flowing through the heat exchanger and the temperatuhe téfrigerant in the tubes
the air flows over. The temperature of air changesashanges heat with the coll.

Within the twephaseregion refrigerant temperature changes due to pressure drop. For
zeotropic mixtures, it also changesaassult of a phase change. Typically, this third
consideration hathe smallest effect in aito-refrigerant heat exchangers.

EVAP-COND is equipped with a machitearningbased module for optimization of refrigerant
circuitry. It is based on the evolutionary principle and involves genetic algarghchsymbolic
learning sukmodules. We used this optization capability to develop new circuit designs that
would offer a higher capacity compared to the original ECU designs. We set the evolutionary
process to consist of 400 generations with 20 members (designs) per a generation following
earlier computatinal experiments and recommendatif8. Hence, ireach optimization run
EVAP-COND evaluated 8000 circuitry architectures.

Optimization of evaporator

Figure4.7-13 shows the best refrigerant circuitry obtained fronitipke optimization runs for
R-515A, Ternl, and R513A evaporators. This design maintained the same number and
locations for inlet and outlet tubes and used several longttdiode connectiosito provide
most circuits with a balandeexposure to coil &as with high air velocity and low air velocity.
This eliminated significant floodinthatexistedin the original design at the exit tuiddkand 18.

Medium-pressure refrigerants, such as HE&la and the candidate replacement blends, have a
larger dropm saturation temperature for a given pressure drop tharphegisure refrigerants,

e.g., propane orR10A. It appears that this increased penalty prevented the optimization
schemdrom findinga good circuit architecture with a smaller number of pareiltedits.

The improvement of capacity at a fixed evaporator saturation temperatureBwasol.R-515B,
2.1% for Ternl, 1.9% for R513A, and 1.3 % for HF€134a When installed in a system, these
evaporators wouldperate at a somewhat higher saturatemperature than the original
evaporatoprovidingabout 1/3 of theapacity improvemerghown by simulationat the fixed
saturation temperature. Considering the small impact on system capacity of the more complex
circuitry and its higher manufacturimgst we decided to use the original evaporator in system
simulations mostly becausthe effect of the optimized circuitry was very similar for the three
candidate blends and would not affect their relative ranking.
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Figure4.7-13. Optimized refrigerant circuitry designs ford15B, Ternl, R-513Aand HFC-
134aevaporator

Our analytical evaluation also included £@ee Section 4.8.3). For thisasonwe performed
optimizationof refrigerant circuitry for C@evaporator as welFjgure4.7-14). In this case, the
optimization module returned a design with seven parallel circuits (ingtdainthecase of R
515B, Ternl, and R513A). The improvement of capacity at a fixed evaporator saturation
temperature was 6%. We implemented this circuitry design in £B8CU simulations.

Evap-CO2.DAT
"~

4?
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Figure4.7-14. Optimized refrigerant circuitry design for G@&vaporator
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Optimization of Condenser

Our optimization runs yielded circuitry designgh capacitieshatwere just a fractioof a

percent better than that of the current condenser while being much mgrkexdor

manufacturing. Consequently, we opted to use the current condenser in ECU simulations. The
condenser used in the ECU was significantly oversized compared to conventionad, deglgn

for this reason the attempts to optimize it were ineffective.
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4.8. Comparison of Performanceof Alternative Fluids

Here we present two comparative performance evaluabbribe tested refrigerantsy two

evaluatiorscenariosSection 4.8.tontains resultfom laboratoryii d r o measurementsf the

acquiredECU where the testetefrigerants produced different capacitigsa contrastSection
4.8.2presentperformancan a modified ECUswhereeach refrigeraniatched the capacity of
HFC-134a at th&5.0°C (95°F) rating point.These resultaiere obtainedhrough simulations.

While ECU laboratory measurements produce performance results on the air side and the
refrigerant sideECU simulationsare based on the refrigerant saidy. For this reasongtavoid

the uncertaintyassociated witheat transfer betwegheu n i t 6 s, ductwaorkemditheutdoor
ambient, all results presented here are basé¢desefrigerant sidelata

4.8.1. Performancef Three Blend$n Original ECU (fidrop-ino testsin environmental
chambery

Figure4.8-1 andFigure4.8-2 showdifferences in capacity and CQét the tested blends thi

respecto the values foHFC-134a(Table A.45). R-513A is asomewhat highepressure fluid

than HFG134aandprovides a higher capacityt all test conditiondts COP idower than thaof

HFC-134aCOP & 27.8C and35.0°C outdoor temperaturénowever it is betterat the51.7 °C

outdoor temperaturevenasR-513A deliversa higher capacity.

Tern1 performances similar to thatof HFC-1343 both in terms of capacity and CCiRey are
within 2.6 % of the HFE€L34a vdues.On the other handR-515Bis a much lowepressure fluid
andprovidessignificantly lower capacity by as much as%a3In this dropin applicationwith a
much lower capacitythe COP of 513 is comparable to that of HFC34a.

0.10 | mR-5158 mTem-1 @R-513A]

0.00 —A

o

o

S
o

. Q/IQHEG134Ia-1
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27.8 35.0 46.1 51
Outdoor temperature ¢C)

Figure4.8-1. Capacitydifferencefor R-515B, Ternl, and R513Aversus HFC1343 referencd
to HFC-134a capacity, based on ECU tesdtsutdoor temperatures 2P@,
35.0°C, 46.1°C, and 51.7C
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Figure4.8-2. COP difference for ®15B, Ternl, and R513A versus HF€134a, referenced to
HFC-134a COP, based on EQGébtsat outdoor temperatures 2P@, 35.0°C,
46.1°C, and 51.7C

4.8.2. Performancef ThreeBlendsin Modified ECUsMatchingHFC-134aCapacityat 35°C
Test
In this evaluation scenari®-513A requires &it smaller compressao match the capacity of
HFC-134a.For a lower refrigerant mass flux, tdew-point temperature in the evaporator
increased and thdew-point temperature in theondensedecreased, whickesultedn an
increased COR b o v e t-ihred oOedw aol pOwerdlj Re543A s ansatractive alternatiye
in particular for application ihotterclimates it has acompetitive performance a@7.8°C and
35.0°C conditionsandhasbetter capacity and COP at haglambienttemperatures.
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Figure4.8-3. Capacity difference for $15B, Ternl, and R513A versus HF€134a, referenced
to HFG134a capacityfor ECUs with capacitymaching that oHFC-134a at the
35.0°C test condition based on ACSIM simulatioreg outdoor temperatures
27.8°C, 35.0°C, 46.1°C, and 51.7C
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Figure4.8-4. COP difference for B15B, Ternl, and R513A versus HF€134a, referenced to
HFC-134aCOP, for ECUs with capacity matching that of HAG4a at the 35.8C
test condition; based on ACSIM simulations at outdoor temperature827.8
35.0°C, 46.1°C, and 8.7°C

Tern1 capacity isat leastequalto that of HFC1343 the simulatios show thait can provide a
few percentages higher capacityhagh outdoor temperatures thalFC-134a.Regarding COP,
Tern1 lags behind HF@ 34a by 1% or 2% over the whol¢estingrange

The lowpressurdr-515B can provideHFC-134a capacity if equipped withi@ge compressor
however, its COP would be at led§t% below that of HF€L34a.Clearly, R515B would
requiresignificant efficierry improvement measures be competitive CORwise while
providing the target capacity.

4.8.3. Performance&arbonDioxide in ECU HavingHFC-134a Gpacityat 35 °C Test
Condition

In response tarecommendationf the committeereviewing the project proposal, wenducted

an exploratoryevaluationof carban dioxide (CQ). SinceCO; has dow critical temperature

(30.1°C) and much higher pressure than HE8g we could not carry out ECU tests willO».

We limited our assessmertb analyticalevaluation using EVARZOND and a modified ACSIM

mode| which we will refer to as ACSIM.CO

Forthis evaluation, we modifiedCSIM to model a transcritical cycle, in whitte high
pressure heat exahger(condenser) operates above the critical panit becomes a gas cooler.
To account for gubstantiathange in CO; properties ACSIM.CQO includesa CO; specific
correlation fo heat transfeabove the critical poirf®4]. Another important chage to AGIM
was the incorporatioaf an iteration scheme faptimizingpressuren the gas coolewhile
seeking thdest coefficient of performance of the transcritical cydietwithstanding the above
modifications, we need to emphasize the exploratory charaddieis CQ evaluation.

We considered a basic ECU amde2CU equipped with &LSL-HX of 60% effectiveness-or
both systerathe compressor size wadjustedo provide cooling capacity matching that of the
HFC-134a ECU at the35.0°C test conditionWe included a systemuith aLLSL-HX in
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recognitionof significantthrottling irreversibilities in the basic cycle and the neegravide
some measures to redubem.Thesimulation results witthe LLSL-HX indicatewhat
efficiency improvements can be achidvilost likely, aLLSL-HX will not beviabledue tothe
resultinghigh dischargéemperatureshowever, comparable efficiency improvemepéssibly
can beachievedwith othermeasures, e.g.,teo-phaseejector

The simulations indicate that the €€ystem requireconsiderableesearch and develogmito
bring its COP to the level of the HFt34a ECU.
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Figure4.8-5. Capacity differencef CO2in basicECU and ECU with.LSL-HX versuscapacity
of HFC-134a, referenced to HFC34a capacity, for ECUs with capacity matching
that of HFG134a at the 35.9C test condition; based on ACSI®, simulations
at outdoor temperatures 2P@, 35.0°C, 46.1°C, and 51.7PC
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Figure4.8-6. COP difference of CQin basic ECU and ECU withLSL-HX versusCOPof
HFC-134a, referenced to HFL34aCOP, for ECUs with capacity matching that of
HFC-134a at the 35.9C test condition; based on ACSIM.g€mulations at
outdoor temperatures 2728, 35.0°C, 46.1°C, and 51.7C
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5. Conclusionsand Implications for Future Research/Implementation

Task 1.Experimental Measurements of Blend Properties and Development of Mixture Equation
of State

We have carried out measurements on the thermophysical properties of refrigerant blends
identified in thelimited-scope projeci6] and of interest in the current projediccurate property
data are the backbone of any project to identify and verify new refrigerants; they are essential for
cycle analysis, heat transfer ayms$, and the analysis of system tests. idw@data have allowed

us to improve the refrigerant mixture models needed for conductimgitindreadboardeat
pumptests (Task B refrigerant twephase hedtransfer test§Task 4), and ECU tests and

detaile simulations (Task)7While the improved property modelgereimportant for these

tasks, no major deficiencies were identified in the models used in the lscibge project; in

ot her wor ds, tdbendsnmatledncthe linttescopefproj@ emains validAll

data taken under this projeatl be incorporated into future versions of REFPR@Pand, thus,

be made available to the entire HVAC industry.

Task 2.Flammability Testing

The fourcandidateHFC-134a replacememiends R-513A, R-450A,R-515B, andTern1, were
nonflammable by the ASTM 681 test. While R-515Bis nonflammable by the E681 test is
close to the border of flammability that testif a Class Tlammability rating viaASHRAE
Standard4 (i.e., based on the ASTM E681 teistacceptablehen R515B may beof great
interestsince it hashelowest GWPTern1, R-513A, and R450A are of similar flammability
and are farther from the border of flammability. Thiig,more stringet flammability test than
the E681 test is required, théern-1, R450A, or R513A would be mor@romising candidates.
This depends upon how the lifiee test compares to the E6&dst

A new parameter has been developed for characterizing the flammability. The overall reaction
rate is a fundamentally basedameter that can be used to correlate experimental flammability
results between test methods, or with-Bdhle test resultslt is easily calculated for any

arbitrary mixtures of interest and can be used to predict their flammability. In the preskent w

a detailed kinetic model has been developed and validated, and used to estimate the overall
chemical reaction rate of the candidate blends. Both the E681 flame propagating/non
propagating boundary, as well as the JHPGL test explosion pressure wererreédted with

the calculated overall reaction rate for each blefuke calculated overall reaction rate predicts
that for the candidate blends, the effect of humidity in the air will be small for an increase from
0 to 50% r.h., but large for 58 r.h. to 100% r.h. Thus, levels of humidity above 0.014 moles
H>O/mole air (50% r.h. at 23C) may have large effects on the flammability of the blends.

HFC-134a should be tested at high ambient temperature and high humidity as a benchmark.

We suggest livdire tests of HFEL34a with increasing amounts of added HEZ34yf to enable
correlation to the sma#icale experimental and numerical resul@sce that is done, either
explosion pressure tests or numerical calculations of overall reaction rate caul liertrse
candidate blends tested hererfew blendyto predict their behavior in the livige
experiments.Finally, these candidate blends should be tested in théife/gests.
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Task 3.Testing of Selected Blends in a MiBreadboard Heat Pump

TheMini-Breadboard Heat Pump (MBHP) was used to experimentally evaluate B#Cand
four candidate lowGWP blends: F513A, R450A, R515B, and Terl. The purpose of these
tests was to(1) validate the CYCLE_DHX simulation mode[10, 11]used in the limitegcope
project[6], and (2)qualify the thredi b e ldends for testing in a military ECU (Task Qycle
performance of each fluid waneasureaver a range atapacityincluding (13, 1.5, and 1.7)
kW, wherel.5kW was the rating point. Thearying capacityprovided measuremeriis verify
t he model d@alilitypveradange tinass and heat fles in the condenser and
evaporato. Each capacity poinwas testedboth without and with &quid-line/suctionline heat
exchangerl(LSL-HX). The testto-test variation, largely driven by compressor efficiency,
yielded representative avera@®P andQvo values with (0.5 to 1.0% confidence intervaldNo
tests haexcessive discharge temperatures or other harehgbated problems.

All 121 experimental tests wetteensimulatedusingCYCLE_D-HX. For R-513A, R450A, and
R-515B inthebasic cycle tests wihout the LLSI-HX), the modelpredicted values were within
the confidence intervals of the experimental results, within about4hbthe curve fitFor
Tern1, the model overpredicted the experimental dgtabout 3%. For the tests with the
LLSL-HX, at 1.5kW, the COP an@.o were overpredicted by (0 to 3).nportantly, he
modelprovided the same relati@OP andQvo ranking as the experimental dag@ving
confidence tahescreeningstudyperformed in théimited-scope project.

Task 4.Refrigerant ForcedConvection Heaf ransfer Testing

An experimental apparatus was used to measure conweciiigg heattransfer coefficientat

432 conditiondgor R-515B, R450A, R513A, and HFE134a in a micrdin tube.The

measurements were used to develop an improved correlation for the local Nusselt number for the
micro-fin tube. The new correlation predict88.8% of the measured convective boiling Nusselt
numbers for B515B, R450A, R513A, and HFE134a towithin £20 %. Thedata taken and the

new correlatiorweretailoredfor usein Task 7of the project fosimulatiors of theECU system

Task 5.Selection of three blends for testing in military ECU

We selectedrR-513A[R-134a/1234yf (44/56), Tern-1 [R-134a/1234yf/1234ze(E)
(49.2/33.9/16.9], andR-513B [R-1234ze(E)/227ea (91.1/89for ECUtestingin the NIST
environmental chambgrEach of these blends hie potential ofbeing a fluid of choice
dependingon the weighs appliedto the selection criterigGWP, COPQvol, flammability
characteristigs The main merits oR-513A (GWP=573)andTern1 (GWP = 640)was their
performanceFor R-515B (GWP = 344), we made itselectionbased on ittow GWP, which
may gain insignificanceshouldfluids with alower-GWP become mandateth theabove blend
selectionwe adoptedhe ASTME681 test method as stipulated AgHRAE Standar@®4 for
qualifyingd n -flammabilityd of r efri ger ant s.

Task 7 Examination of Blend Performance in ECU

This taskincluded experimenal and simulation componetin theexperimentaéffort, NIST
procuredinstalled and instrumemda 3ton military ECU in the NIST environmental chambers
and condu&d performance tes according to the AHRI Standard 210/248]. HFC-1343 R-
513A, Ternl, and R515Bwere tested ahe indoorcondition 0f26.7°C drybulb and 18 °C
dewpoint andour outdoor temperatures of 278, 35.0°C, 46.1°C and 51.7C. These tests

" Compositions stated as mdszction (%)
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referred to addropi ntestswere conducted with the same heat exchangers and compressor for
all fluids butincluded fisoft optimizatioro of the ECU, which entagdda modification of the
expansion device and optimization of the refrigerant charge

Within thesimulaion effort, we extrapolatedidrop-ino testrestlts to evaluation of performance

in a systenwith a compressaizeadjusted for each fluid to achieve the same capacity at the
ratingpoint of 35.0 °Coutdoor temperatureCompressor isentropic efficiencies for these
simulations were calculated by the HA®4a compressor map using the suction and discharge
saturation temperatures established in a cycle for a given individual blend

Based oraboratorymeasurements the environmental chamiseiTern1 and R513A showed
comparable performae to HFG1343a with Ternl havingl % to 2% lower capacity andery
close COPRwithin 2 %. R-513A hadcapacity higher than HRC34a byl % to 5%, and COP
4 % lower to2% higher R-515B providedower capacityby as much as 1% to 24% and
comparable COP tihat ofHFC-134a

For ECWs equipped with a compressimrmatchthe HFG134a capacity é€85.0 °C, the
performance of Teri paralleled that of HF@34a, with a small COP degradation ¢¥lo
2 %. R-513A provideda similar performancat27.8°C, 35.0°C outdoor temperatures and
higher capaciésat higrer outdoortemperaturewvith a better COP thamat of HFG134a.R-
515B providel a comparableapacity but its COP waslegraded by at least 0. Hence the
testedfluids present aange of choicewhich can be maddepending otheimportance othe
low-GWP criteria. The above thrééendsprovide the followingapproximateGWP reduction
with respect to HF€l34a:Tern11 51 %; R-513A71 66 %; R-515Bi 74 %.

In conclusionR-513A andTern1 are good replacemebiendsfor HFC-134a offeringGWP
reduction of66 % and51 %, respectivelyThey do not presemignificant application
difficulties.

If agreatereductionin GWP is desirable, £15B (74 % GWP reductiongan be considerdalit
it requires furtherresearch andevelopmental workexploratory simulations with carbon
dioxide also indicated need forsignificant developmental woto deliver competitive
performance.

While all testedblends passdthe ASTM E681ltest method as stipulated by ASHRAE Standard
34 for qualifyingfinonf | a mma &f refrigetantspsome pass more easily than others, as
determined from the other tests and modelirigere is a tradeff betweerfinonf | ammabi | i t y o
and GWP. If military requirements fénon-flammabilityd are more stringent than the E681
standard, the less flammable of the three (‘leamd R513A) might still pass a more stringent
criterion while R515B would likely fail.Nonetheless, if the ASHRA#Eammability criterion

also meets the needs of the military5E5B would be acceptabléf better flammability

behavior than Terl and R513A is requiredthe less flammablblends identified in the earlier
phase of the projeetould need to be selecteuhd then tested experimentally to verify their
performance and flammability; these compounds would hasrealler reduction of GWP
although the GWP would still be about a factor of two lower thdr38&a

A live-fire test program in conjunction with modsadi should be carried out to establish a
representative test for assessingnf | a mma forithe mititarydenvironment.
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Appendix A: Details of Experiments and Modeling

A.l. Task 1- Details of Thermophysical PropertiesMeasurements and Modeling

A schematic of the instrument used to make the measurements is shown in Figliré 5.an
updated version of the instrument described by Outcalt and Lerf@bphhe heart of the
instrument was a cylindrical sté@éss steel measuring cell with a sapphire window on each end
so that the liquid level in the cell was visible. The cell had an internal volume of approximately
30 mL. The operating range of the apparatus was 270 K to 360 K, with pressures to 7 MPa.

Vacuurm

sample
Mixture
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ﬂ trim \\m

heaters

anno cartridge
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Figure A.E1. Schematic of instrument for vapor liquid equilibria measureméfds
components include a stainless steel equilibrium cell housedtireanostated
aluminum block, standard platinum resistance thermometer (SRRJ two
oscillating quartz crystal pressure transducers (PT1 and PT2) with maximum
pressure ranges of 0.7 MPa and 7 MPa

The cell was fitted inside a temperata@entrolled, insulated aluminum block. The valves for

filling the system were installed ihe aluminum block to limit the sample volume outside the
temperatureontrolled zone. Cooling fluid from an external refrigerated circulator flowed
through channels drilled into the aluminum block. Cartridge heaters installed in the aluminum
block providedheat for operation above ambient temperature.-filmmtype heaters were

adhered to the outside of the block for fine control of the temperature. Temperature control was
automated with the modified PID algorithm of Hust €9él}

Temperature was measured with a standard platinum resistance thermometer (SPRT) installed in
a thermowell adjacent to the measuring cell. The pressure was measured with one of two
oscillatingquartzcrystl pressure transducers connected to the system through one of the ports

at the top of the cell. These transducers haesfidle ranges of 0MPa and 7.0MPa; the low
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range transducer had the higher sensitivity, and it was used whenever possibleisthedra
were thermostatted in separate thermostats maintained &t 313

For loading, the sample bottle was connected to the system in an inverted position so that the
liquid phase was loaded into the cell. Prior to loading a sample into the systenstéme was
evacuated and cooled to approximately 270 K, and the pressure reading under vacuum was
recorded. The sample was then quickly loaded into the system until only a small vapor space
remained in the equilibrium cell. Stirring of the sample was effidoyea stir bar inside the cell

that was magnetically coupled to an external motor.

By loading the sample from the liquid phase of the sample bottle and filling the measuring cell
nearly full, the liquidphase composition in the cell was nearly that efliblk composition of

the sample bottle. Small corrections to the composition were made using the mixture model in
REFPROP and assuming equilibrium between the liquid and vapor phases in both the sample
bottle and measuring cell.

Measurements commence®&0K. After temperature and pressure equilibrium were obtained,

the conditions were recorded. The temperature was then increased by an increméntAd 10

the temperature was increased, the liquid expanded, eventually filling the cell with compressed
liquid. As a result it was necessary to periodically release a small amount of liquid from the
bottom of the cell to maintain a vapor space; this was done by opening a pneumatically actuated
valve. Repeat measurements were conducted at a minimum of twodeimg®e These repeats
established the repeatability of the measurements and also helped to determine whether the loss
of small amounts of the liquid phase affected the sample composition to the extent that duplicate
measurements at a given temperaturklgek different bubblgooint pressures. In almost all

instances this was not the case.

The principal sources of uncertainty in these measurements arose from the measurement of
temperature, pressure, and sample composition as well as repeatability oftbeemeats. The
SPRT was calibrated with fixgabint cells, and the standaki< 1) uncertainty in temperature,
including calibration, repeatability and possible temperature gradients was estimated to be
20mK. The pressure transducers were calibrated avglston gage, and the zero of the
transducers was regularly checked. The uncertainty in the pressure wa%000te fullscale
pressure (i.e., 0.038a or 0.3%Pa for the two transducers). As described in section A.1.6, the
uncertainty in the compsition due to the weighings was less than 0.000le fraction. Because

of the twephase nature of the liqujphase samples and because the weighings could determine
only the overall (bulk) composition of the sample, it was necessary to estimate theinhange
composition caused by the liquid/vapor fractionation inside the cylinder. This change was less
than 0.0005 mole fraction, and its standard uncertainty was estimated to be less tham6l©001
fraction. Thus, the combined, expanded uncertainty in ceitipo of the liquidphase samples

was estimated to be less than 0.00028e fraction. In addition to these uncertainties, the
standard deviation in repeat measurements were added in quadrature to arrive at the overall
uncertainty, which is stated in tkebles of VLE data presented below.

For all of the property measurements presented here deviations of the experimental data from the
models developed in this project are expressed as relative deviations:
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30 PpPIMTIAW W o (A.1-1)

wherezwis the elative deviationew is a measured property, aad is the value predicted
by the model

Table A.E1. Measured vapeliquid equilibria (VLE) data for the system
R-1234yf/134a at a molar composition of (0.320/0.680)

Listed for Tables A.41 through A.112 are temperatur€, bubblepoint pressurg@su,, combined
expandedK = 2) state point uncertainty in the bublpleint pressuré&Jc, and relative deviation
from the mixture EO®puun. The standard uncertainty in temperature isn®0 and the standard
uncertainty in composition is 0.00028 mole fraction. Two replicate measuatsrare given for
most temperatures.

T/IK pou’kPa Ud% Dpou/%
269.99 282.7 0.83 -0.108
279.99 399.3 0.61 -0.152
279.99 399.6 0.61 -0.077
289.99 549.3 0.47 -0.204
289.99 549.6 0.47 -0.150
299.99 739.7 0.36 -0.080
299.99 739.8 0.36 -0.067
309.99 975.1 0.29 -0.057
309.99 974.5 0.29 -0.118
319.99 1262.0 0.23 -0.085
319.9 1261.8 0.23 -0.101
329.99 1609.3 0.19 -0.028
329.99 1608.6 0.19 -0.072
339.99 2024.3 0.16 0.028
339.99 2023.2 0.16 -0.026
349.99 2516.9 0.11 0.097
349.99 2515.1 0.11 0.026
359.99 3098.6 0.10 0.139
359.99 3095.7 0.10 0.045
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TableA.1-2. Measured vapeiquid equilibria (VLE) data for the system
R-1234yf/134a at a molar composition of§87/0.353)

T/IK pou’kPa Ud% Dpbu/%
269.99 289.9 0.28 -0.219
269.99 290.0 0.28 -0.185
279.99 406.9 0.22 -0.234
279.99 407.0 0.22 -0.209
289.99 557.8 0.17 -0.042
289.99 556.5 0.17 -0.275
289.99 556.5 0.17 -0.275
299.99 745.2 0.17 -0.175
299.99 745.2 0.17 -0.175
309.99 977.0 0.15 -0.212
309.99 976.8 0.15 -0.232
319.99 1259.8 0.15 -0.171
319.99 1259.3 0.15 -0.211
329.99 1599.0 0.13 -0.186
339.99 2005.3 0.11 -0.074
339.99 2003.8 0.11 -0.149
349.99 2482.2 0.10 -0.130
349.99 2482.9 0.10 -0.101
359.99 3047.8 0.09 -0.075
359.99 3047.6 0.09 -0.082

TableA.1-3. Measured vapeiquid equilibria (VLE) data for the system
R-134d1234ze(E)t a molar composition 00(334/0.66%

T/IK pou’kPa Ud% Dpbu/%
269.99 222.3 0.35 -1.312
279.99 318.1 0.26 -1.178
289.99 442.8 0.20 -1.052
299.99 601.4 0.16 -0.951
299.99 601.1 0.16 -0.990
309.99 799.6 0.17 -0.828
319.99 1043.7 0.17 -0.676
319.99 1043.0 0.17 -0.745
329.99 1339.6 0.15 -0.540
339.99 1694.3 0.13 -0.405
349.99 2115.3 0.17 -0.293
359.99 2614.9 0.11 -0.071
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TableA.1-4. Measuredraporliquid equilibria (VLE) data for the system
R-134d1234ze(E)xt a molar composition 00(663/0.33Y

T/IK pou’kPa Ud% Dpbu/%
269.99 244.0 0.29 -0.806
279.99 348.6 0.22 -0.736
289.99 484.6 0.18 -0.669
289.99 484.3 0.18 -0.738
299.99 657.0 0.15 -0.669
309.99 872.8 0.15 -0.574
309.99 872.5 0.15 -0.608
319.99 1138.3 0.16 -0.447
329.99 1460.0 0.14 -0.334
339.99 1846.1 0.12 -0.199
349.99 2304.5 0.11 -0.090
359.99 2843.2 0.10 -0.080

TableA.1-5. Measured vapediquid equilibria (VLE) data for the system
R-1234yf/1234ze(Ext a molar composition 00(324/0.67%

TIK pou’kPa Ud% Dpoun/%
270.00 229.5 0.36 -0.439
270.00 229.5 0.36 -0.439
280.00 325.4 0.27 -0.386
280.00 325.5 0.27 -0.355
290.00 449.1 0.21 -0.374
290.00 449.2 0.21 -0.352
300.00 605.7 0.17 -0.334
300.00 605.4 0.17 -0.383
310.00 799.6 0.17 -0.382
310.00 799.1 0.17 -0.444
320.00 1038.6 0.18 -0.240
320.00 1037.1 0.18 -0.384
330.00 1325.4 0.15 -0.269
330.00 1324.7 0.15 -0.321
340.00 1669.5 0.13 -0.195
340.00 1667.8 0.13 -0.297
340.00 1668.5 0.13 -0.255
350.00 2077.0 0.11 -0.132
350.00 2076.2 0.11 -0.171
360.00 2556.7 0.10 -0.076
360.00 2557.1 0.10 -0.060
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TableA.1-6. Measured vapeiquid equilibria (VLE) data for the system
R-1234yf/1234ze(Eat a molar composition 00(638/0.362

T/IK pou’kPa Ud% Dpbu/%
270.00 258.9 0.58 0.448
270.00 258.0 0.58 0.098
280.00 363.5 0.42 0.282
280.00 362.9 0.42 0.117
280.00 362.8 0.42 0.089
290.00 497.8 0.31 0.202
290.00 497.1 0.31 0.061
290.00 497.0 0.31 0.041
300.00 666.3 0.24 0.097
300.00 665.7 0.24 0.007
300.00 665.6 0.24 -0.008
310.00 874.6 0.21 0.032
310.00 873.8 0.21 -0.060
310.00 873.7 0.21 -0.071
320.00 1128.8 0.20 0.030
320.00 1127.8 0.20 -0.058
320.00 1127.7 0.20 -0.067
330.00 1435.4 0.16 0.085
330.00 1434.0 0.16 -0.012
330.00 1434.0 0.16 -0.012
340.00 1800.0 0.14 0.098
340.00 1798.8 0.14 0.031
340.00 1799.1 0.14 0.048
350.00 2229.1 0.12 0.033
350.00 2231.3 0.12 0.131
360.00 2734.0 0.11 -0.009
360.00 2738.9 0.11 0.170
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TableA.1-7. Measured vapeiquid equilibria (VLE) data for the system
R-125/1234yfat a molar coposition of 0.349/0.65)

T/IK pou’kPa Ud% Dpbu/%
270.00 393.4 0.27 0.005
270.00 393.8 0.27 0.106
280.00 542.2 0.21 0.057
290.00 729.5 0.20 0.098
300.00 959.9 0.16 0.013
300.00 960.4 0.16 0.065
310.00 1240.8 0.14 -0.010
315.00 1401.0 0.15 -0.093
315.00 1401.8 0.15 -0.036
320.00 1577.9 0.14 -0.051
325.00 1770.1 0.13 -0.050
330.00 1979.7 0.12 -0.020
330.00 1980.8 0.12 0.036
335.00 2206.6 0.11 -0.020

TableA.1-8. Measured vapdiquid equilibria (VLE) data for the system
R-125/1234yfat a molar composition 00(664/0.33%

TIK pou’kPa Ud% Dpoun/%
270.00 494.0 0.37 -0.062
270.00 494.6 0.37 0.059
280.00 677.4 0.28 0.083
290.00 905.9 0.23 0.058
290.00 907.0 0.23 0.179
300.00 1186.1 0.19 -0.045
310.00 1525.9 0.16 -0.120
310.00 1527.6 0.16 -0.009
315.00 1721.4 0.16 -0.099
320.00 1935.0 0.14 -0.072
325.00 2167.5 0.13 -0.054
330.00 2421.0 0.12 -0.007
330.00 2423.6 0.12 0.101
335.00 2695.5 0.12 0.012
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TableA.1-9. Measured vapeiquid equilibria (VLE) data for the system
R-1234ze(E)/227eat a molar composition 00(337/0.663)

T/IK pou’kPa Ud% Dpbu/%
270.00 183.2 0.36 -0.323
280.00 264.2 0.26 -0.190
280.00 264.4 0.26 -0.114
290.00 370.0 0.21 -0.125
300.00 505.5 0.17 -0.027
300.00 506.0 0.17 0.072
310.00 674.8 0.14 -0.045
320.00 884.2 0.20 0.012
320.00 883.9 0.20 -0.022
330.00 1139.5 0.17 0.109
340.00 1445.8 0.14 0.138
340.00 1445.5 0.14 0.117
350.00 1812.4 0.12 0.251
360.00 2249.2 0.11 0.453

TableA.1-10. Measured vapsdiquid equilibria (VLE) data for the system
R-1234ze(E)/227eat a molar composition 00(680/0.20)

T/IK pou’kPa Ud% Dpou/%
270.00 189.7 0.33 -0.450
270.00 190.0 0.33 -0.292
280.00 273.3 0.25 -0.249
290.00 382.3 0.19 -0.158
290.00 382.5 0.19 -0.106
300.00 521.8 0.16 -0.036
310.00 695.9 0.17 -0.047
310.00 696.0 0.17 -0.032
320.00 911.4 0.19 0.050
330.00 11735 0.16 0.136
330.00 1173.3 0.16 0.119
340.00 1488.9 0.13 0.236
340.00 1488.3 0.13 0.196
350.00 1863.7 0.12 0.279
360.00 2309.0 0.10 0.402
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TableA.1-11. Measured vapdiquid equilibria (VLE) data for the system
R-1234yf/152aat a molar composition 00(3653/0.6347)

T/IK poun’kPa Ud% Dpbut/%0
270.00 268.2 0.26 -0.290
270.00 268.3 0.26 -0.253
280.00 378.2 0.20 -0.121
290.00 519.2 0.17 -0.066
290.00 519.4 0.17 -0.027
300.00 697.3 0.17 0.054
310.00 917.0 0.15 0.062
310.00 916.8 0.15 0.040
320.00 1185.7 0.15 0.134
330.00 1508.8 0.13 0.155
330.00 1509.5 0.13 0.201
340.00 1895.1 0.11 0.233
350.00 2352.5 0.10 0.323
360.00 2889.9 0.09 0.376

TableA.1-12. Measured vapdiquid equilibria (VLE) data for the system
R-1234yf/152aat a molar composition 00(685/0.3149)

TIK pou’kPa Ud% Dpoun/%
270.00 283.3 0.24 -0.318
270.00 283.4 0.24 -0.283
280.00 397.5 0.19 -0.141
290.00 543.2 0.16 -0.075
290.00 543.3 0.16 -0.056
300.00 726.2 0.16 0.018
310.00 951.1 0.14 0.009
320.00 1225.3 0.15 0.069
320.00 1225.6 0.15 0.094
330.00 1555.0 0.13 0.134
340.00 1947.4 0.11 0.189
340.00 1947.0 0.11 0.168
350.00 2411.0 0.10 0.232
360.00 2956.9 0.09 0.264
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A.1.2.Density(_ p , }Measdrements)

Instrument descriptionThe present measurements utilized a-swdker densimeter with a

magnetic suspension coupling. Thipdyof instrument applies the Archimedes (buoyancy)
principle to provide an absolute determination of the density. This general type of instrument is
described by Wagner and Kleinralitd] and our instrumt is described in detail by McLinden
and Loschwill. [15] Briefly, two sinkers of nearly the same m&s60g) and same surface area
(~41.5cm?), but very different volumes, were each weighed with a-pigitision balance while
they were immersed ithhe samplef unknown density. Theasic form of the working equation

for this type of instrument gives tlfleid densityr as:

” , (A.1-2)

wheremandV are the mass and voluroéthe sinkersW arethe balance readisgand the

subscripts refer to the two sinke@ne sinkewas made of tantalunm(= 60.0946339,

V =3.60 872cn?) and the other of titaniunm(= 60.0753864, V = 13.315284 cnr). A

magnetic suspension coupling transmitted the gravity and buoyancy forces on the sinkers to the
balance, thus isolating the fluid sample from the balaneth the twasinker methogd

systematic errors in the weighing and from othersesiapproximately cancéligure A.:2

shows the entire instrument and Figure-8.4hows the two sinkers inside the cell.

Figure A.:2. Two-sinker densimeter

The main part of the instrument is to the right of center thighvacuum thermostat below and
balance above; the instruments are on the left side; a vacuum system for both evacuating the
measuring cell and maintaining the vacuum thermostat is aigtite A separate system for
calibrating sinker volumes sits to thight of the instrument rack.
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Figure A.23. Sinkers in the twsinker densimeter (shown removed from the measuring cell)

The titanium sinker is on the bottom, with the tantalum sinker above. The magnetic suspension
coupling is at the top of the image; this comprises the electromagnet, which hangs from the

bal ance; and the permanent magnet, which pick
measuring cell passes between the electromagnet and permanent magisgphioto, the

titanium sinker is suspended off of its rest and is being weighed.

In addition to the sinkers, two calibration masses (desigmatgdndmare Were also weighed
by placing them directly on the balance paéhis provided a calibration d¢iie balance and also
the information needed to correct for magnetic effects as described by McLind¢®7é(Tdde
four weighings(two sinkers and two calibration massgigld a sebf four equations thatvere
solved to yield a balance calibration factband a parametercharacterizing the efficiency of
the magnetic suspension coupling. With these additional terms, the fluid density is

" a4 9 — ® o (A.1-3)

whererg is the indicated density when the sinkers are weighed in vacuum. In other ngosds,
an Nnapparatus zer &q.@.1-3) tompensates $or theynagnetivedfacts df y
both the apparatus and the fluid being measured. The difference of the valuenofl

indicates the magnitude of the force transmission ¢ir.

Thedensimetewas thermostated by means of a mlalier, vacuurrinsulated thermostag\
copper shield with heaters at the top and side surrounded the measuriAg adtlitional
isothermal shield vilh heaters at the top and sidesl a fluid cobng channel at the top
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surrounded thé@ i n n e r; it was mantaohed at a temperature approximatéybklow the
measuringcell temperature. A chillethatcirculated ethanolwas used at temperatures below
room temperature.

The temperature was measiiseith a 25W standard platinum resistance thermometer (SPRT)
and an AC resistance bridge referenced to a thermostated standard f@sestemperature

inside themeasuring celvas constant withid mK. Pressures were measured with one of three
vibrating-quartzcrystal type pressure transducers havingduoéle pressure ranges of R1®a,
13.8MPa, or 69MPa. The transducers and pressure manifold were thermostdted3aB.15K

to minimize the effects of variations in laboratory temperature.

Densitymeasurement sequeidckquid and supercritical state®\ combination of measurements
along isochores ammlongisothermsvascarried out. Thevacuateaneasuring cell was cooled
andthen the gaphase samplffom the sample bottleras condensed into the measuring cell;
higher pressures were obtairt®dclosing the valve to the sample bottle and tineneasinghe

cell temperature in stedonga pseudoisochorénce a new setpoint temperature and pressure
was reached an additidrequilibration time of 3060 minutes was allowed; four replicate

density determinations were then carried Wdhen the maximum desired pressaleng a
pseudoisochoreas reached, a portion of the sample was vented into a waste bottle to decrease
the pressure; measurements were made in this manner along an isotherm to a minimum pressure
of approximately MPaor slightly above the bubblgoint pressure, whichever was higher
Measurements then resumed at increasing temperatures along the nexdelosigr
pseudoisochore. This procedure did not require any pump and thus avoidzoighs

contamination that a pump might introduce.

Betweeneach of the measured blend compositiand also before and after all of the testing,
the densimeter cell was evacegfor a minimum of 36 h. This was done to clear the previously
measured sample and to checkzbeo of the pressure transducers and-thef the apparatus

(Eq. A.1-3). Thero varied by less thaf.0011kg@n'3. These data are presented in Tablesi81
through A.118.

Vaporphase( p , jand déw, poindThedensity in the vapor phase was measured along
isotherms at temperatures from 253Kl 283.15K. Each isotherm started at a low pressure
(40 to 100kPa); the pressure was increased in steps @ingytwo pneumatic valves piped in
series to introduce additional gaseous sample. The dew point was determined by continuing the
vaporphase isotherms into the tvphase region. As the pressure reached the dew point the
value of the coupling parametéin Eq. (A.:3) increased dramatically because of adsorption
and condensation onto the sinkers; the intersection of lines fitted to the [@agke and two

phase data yielded the dew point. This effect and its exploitation for the measurement of dew
pointsis discussed by McLinden and Richf@8] With this technique the filling/pressure line

was completely vapor filled up to the dg@eint pressure, minimizing uncertainties in the
composition. Each isotherm started with fresh sanifie.dew pointsletermined in this manner
are presented in Tabfe1-19.

(_p ., jmeasdrement yncertaintieBhe measurement uncertainty of the experimental density
data measured with the tvginker densimeter has been evaluated in previous WBk§9]
[100] Only a brief description of the main uncertainty sources is given Tieeemain sources of
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the uncertainty in density, in order of significance, arose frasitiker volumes\Mi, V>), the
weighings of the sinkers and calibration mas¥eés >, Wca, Wiare) and their massesn(, n,

Mcal, Mare), and the apparatus zer@ The variance in the replicate balance readings was also
included The standard uncertainty in the density measurement is given by

0" JEQ 2 CY ™Y+ cwo T@Oi-0A T PRVJEC: mimpn
(A.1-4)

where the term in brackets is from the uncertaimtye sinker volumesand the final, constant
term includes all other uncertainties.

The SPRT used to measure the temperature of the mixture was calibrated in our laboratory on
ITS-90 from 83K to 505K by use of fixedpoint cells. The standard uncertaiotythe

temperature, including the uncertainty in the fixed point cells, drift in the SPRT and in the
standard resistor, and any temperature gradientsnis.he pressure transducers were
calibrated with one of two gasperated piston gages. Wstimatedhe standard uncertainin
pressure to b0 10 °-p + 0.08 kPa) for thevaporphase measuremerasd (53 10 %-p +

1.0kPa) for thdiquid-phase measurements. To the above uncertainty estimates we added the
standard deviations actually observed in thétipla temperature, pressure, and balance readings
made over the 12 minutes necessary to complete a single density determination.

For mixtures a considerable fraction of the overall density uncertainty was due to uncertainty in
the composition. This aro$em the gravimetric preparation of the gas mixture used to charge

the densimeter, but a larger contribution arose from possible adsorption of sample onto the inner
walls of the sample cylinder, filling lines, measuring cell, etc. In other words, theosdmp in

the measuring cell was not necessarily a simple ratio of the component masses loaded into the
sample cylinder.

For purposes of comparing, (-, T, X) measurements to a model, it is customary to assume that
the temperature, pressure, and composition are known exactly, and to lump all uncertainties into
a single value for the density, acalled statgoint uncertainty. This value is tabulated in the

data tables for each measured point.
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TableA.1-13. Measuredp, }, T, X) data for the systeiR-1234yf/134a at a molar composition of
(0.336340.66366)

Listed for Tables A.1.13 through A.1.18 are temperafupgressure, dengy }, standard
uncertainty in pressungp), relative combined, expanddd= 2) statepoint uncertainty in the
densityUc, and relative deviation from the mixture E@8. The standard uncertainty in
temperature is B1K. Data are presented in the sequence measiwedage values for the
replicate measurements at ea€hp) state point are given.

T/IK p/MPa  r/kgtn'® u(p)/kPa Ud% Dr/%
Vaporphase
293.154 0.0645 2.847 0.03 0.139 0.009
293.156 0.1202 5.369 0.03 0.078 -0.040
293.156 0.1813 8.215 0.03 0.054 -0.030
293.156 0.2435 11.203 0.03 0.037  -0.008
293.156 0.3038 14.196 0.03 0.031 0.016
293.154 0.3601 17.079 0.03 0.027 0.009
293.157 0.4207 20.292 0.03 0.024 0.008
293.157 0.4801 23.564 0.03 0.021 0.011
293.157 0.5407 27.045 0.03 0.020 0.019
293.154 0.5781 29.102 0.53 0.172 -0.558
283.158 0.0616 2.819 0.03 0.154 0.063
283.158 0.1024 4,733 0.03 0.086 -0.003
283.156 0.1513 7.084 0.03 0.057 0.008
283.155 0.1844 8.710 0.03 0.047 -0.018
283.156 0.2242 10.712 0.03 0.039 0.021
283.159 0.2682 12.975 0.03 0.036  -0.007
283.159 0.3068 15.018 0.03 0.031 0.003
283.158 0.3406 16.850 0.03 0.027 0.007
283.157 0.3810 19.100 0.03 0.025 0.024
283.158 0.4105 20.780 0.03 0.024 0.004
273.156 0.0591 2.806 0.03 0.145 -0.012
273.157 0.0854 4.087 0.03 0.099 0.028
273.158 0.1103 5.314 0.03 0.079 -0.053
273.157 0.1557 7.609 0.03 0.055 -0.018
273.156 0.1557 7.609 0.03 0.055 -0.019
273.157 0.1864 9.198 0.03 0.052 -0.025
273.158 0.2055 10.205 0.03 0.042 -0.016
273.158 0.2323 11.640 0.03 0.038 -0.016
273.156 0.2569 12.982 0.03 0.034 -0.014
273.155 0.2866 14.639 0.03 0.031 0.007
273.157 0.3006 15.435 0.03 0.030 0.019
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TableA.1-13. Measuredp, }, T, X) data for the systeiR-1234yf/134a at a molar composition of
(0.336340.66366) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Vaporphase
273.156 0.3038 15.614 0.03 0.029  -0.007
273.154 0.3099  15.790 0.57 0.364  -1.093
263.157 0.0460 2.260 0.03 0.197 -0.144
263.158 0.0604 2.986 0.03 0.136  -0.006
263.157 0.0803 3.993 0.03 0.103  -0.078
263.160 0.1010 5.060 0.03 0.083 -0.040
263.157 0.1207 6.089 0.03 0.072 -0.041
263.159 0.1410 7.166 0.03 0.061 -0.024
263159 0.1603 8.206 0.03 0.057 -0.014
263.157 0.1800 9.285 0.03 0.047 0.007
263.155 0.2014 10.472 0.03 0.042 -0.024
263.155 0.2082  10.855 0.03 0.040 -0.021
253.155 0.0439 2.247 0.03 0.188 -0.086
253.157 0.0615 3.169 0.03 0.140 -0.079
253.156 0.0764 3.964 0.03 0.104 0.030
253.155 0.0908 4.738 0.03 0.089 0.016
253.157 0.1064 5.585 0.03 0.083 -0.021
253.157 0.1214 6.410 0.03 0.105 -0.065
253.158 0.1310 6.949 0.03 0.065 -0.014
Liguid-phase and supercritical states
230.018 1.0576 1377.826 1.15 0.015 -0.010
240.013 4.0960 1357.442 1.88 0.020 -0.002
240.015 2.5156 1353.415 1.77 0.019 -0.002
240.017 1.4521 1350.630 2.11 0.021  -0.002
249.999  10.5097 1346.407 1.72 0.018 0.002
250.005 8.7756 1341.986 1.63 0.018 0.002
250.005 7.1237 1337.663 1.67 0.018 0.002
250.00 5.5507 1333.409 1.34 0.016 0.002
250.008 4.0542 1329.242 1.48 0.017 0.002
250.007 1.5142 1321.869 1.60 0.018 0.002
260.006 9.9755 1318.072 1.88 0.019 0.006
260.007 9.9631 1318.033 1.31 0.015 0.006
260.009 8.4079 1313.584 1.72 0.018 0.006
260.006 5.5221 1304.933 1.65 0.018 0.005
260.008 4.1796 1300.704 1.54 0.017 0.005
260.007 1.6895 1292.499 1.40 0.016 0.005
269.996 9.5068 1288.959 1.36 0.015 0.004
269.999 8.1305 1284.487 1.30 0.015 0.003
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Table A.213. Measuredp, }, T, X) data for the systeiiR-1234yf/134a at a molar composition of
(0.336340.66366) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
269.998 5.5605 1275.750 1.47 0.016 0.003
270.000 4.3640 1271.459 1.24 0.015 0.002
269.999 2.1260 1263.066 1.52 0.016 0.002
280.001 9.3445 1259.774 1.45 0.016 0.002
280.002 8.1204 1255.273 1.53 0.016 0.001
280.004 6.9504 1250.820 1.56 0.017 0.000
280.002 4.7596 1242.075 1.53 0.016 0.000
280.002 3.7348 1237.760 1.38 0.015 -0.001
280.002 1.8254 1229.313 1.40 0.016 -0.001
295.002 11.6641 1224.821 1.70 0.017 -0.003
295.004 9.4725 1215.562 1.44 0.016 -0.005
295.002 7.4648 1206.491 1.39 0.015 -0.006
295.005 5.6265 1197.556 1.45 0.016 -0.008
295.003 3.9356 1188.754 1.27 0.015 -0.009
295.006 2.3904 1180.086 1.23 0.015 -0.009
309.994  10.9362 1175.984 1.56 0.016 -0.013
309.995 10.0282 1171.275 1.39 0.015 -0.014
309.994 8.3387 1162.044 1.43 0.016 -0.015
309.994 6.0523 1148.363 1.38 0.015 -0.017
309.994 4.0423 1134.895 1.32 0.015 -0.018
309.994 3.4279 1130.444 1.18 0.014 -0.018
325.000 10.8843 1126.954 1.30 0.015 -0.021
325.003 8.7589 1112.710 1.35 0.015 -0.022
325.000 6.3017 1093.916 1.22 0.015 -0.023
325.000 4.2422 1075.416 1.35 0.016 -0.022
325.002 2.5328 1057.236 1.17 0.015 -0.022
339.995 8.5374 1054.188 1.26 0.015 -0.021
339.995 6.7027 1035.338 1.25 0.015 -0.018
339.996 5.1479 1016.459 1.15 0.015 -0.014
339.998 4.1584 1002.423 1.10 0.015 -0.013
339.995 2.5732 974.714 1.19 0.015 -0.018
344.995 4.1226 973.807 1.12 0.015 -0.006
349.993 5.6823 972.933 1.13 0.015 0.001
354.997 7.2507 972.074 1.12 0.015 0.003
359.997 8.8219 971.227 1.16 0.015 0.004
359.997 7.5859 952.038 1.09 0.015 0.013
359.998 6.1084 923.683 1.10 0.015 0.025
360.000 4.8366 890.821 1.11 0.015 0.030
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Table A.213. Measuredp, }, T, X) data for the systeiR-1234yf/134a at a molar composition of
(0.336340.66366) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
359.998 3.5802 839.396 1.05 0.015 -0.008
364.997 4.5968 838.736 1.05 0.016 0.033
369.997 5.6301 838.098 1.05 0.016 0.050
375.000 6.6755 837.453 1.08 0.016 0.055
379.995 7.7284 836.812 1.06 0.016 0.053
379.996 6.8786 805.893 1.10 0.016 0.050
379.996 6.2346 774.666 1.05 0.016 0.042
379.997 5.1658 681.598 1.05 0.017 0.063
384.996 5.8202 681.229 1.04 0.017 -0.001
389.995 6.4842 680.854 1.05 0.017 -0.051
394.995 7.1547 680.450 1.05 0.017 -0.082
400.001 7.8310 680.027 1.05 0.017 -0.101
400.000 7.0690 616.988 1.06 0.018 -0.190
399.998 5.9665 460.146 1.05 0.021  -0.254
400.000 5.0347 305.067 1.07 0.028 -0.001
400.000 3.8496 183.201 1.09 0.043 0.019
400.000 2.9176 121.603 1.10 0.043 -0.017
400.003 1.7421  63.903 1.12 0.127 -0.110

TableA.1-14. Measued(p, }, T, X) data for the systeiR-1234yf/134a at a molar composition of
(0.66759/0.332411

T/IK p/IMPa  r/kgin® u(p)/kPa Ud% Dr/%
Vaporphase
293.156 0.0660 3.024 0.03 0.126 0.232
293.155 0.1241 5.762 0.03 0.074 0.224
293.154 0.1874 8.833 0.03 0.047 0.218

293.155 0.2418 11.555 0.03 0.037 0.244
293.157 0.3059 14.865 0.03 0.030 0.257
293.155 0.3654 18.045 0.03 0.026 0.247
293.155 0.4237 21.280 0.03 0.023 0.266
293.155 0.4801 24.530 0.03 0.021 0.286

283.1% 0.0625 2.968 0.03 0.134 0.239
283.155 0.1042 4.999 0.03 0.081 0.183
283.156 0.1422 6.894 0.03 0.060 0.212
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Table A.21 4 . Measured (p,
(0.66759/0.33241) (continued)
T/IK p/MPa  r/kgn'®  u(p)/kPa

Vaporphase

283.158 0.1879 9.226 0.03
283.157 0.2286 11.356 0.03
283.157 0.2648 13.299 0.03
283.156 0.3048 15.499 0.03
283.155 0.3462 17.841 0.03
283.155 0.3815 19.892 0.03
283.155 0.4209 22.247 0.03
273.153 0.0674 3.327 0.03
273.152 0.0932 4.638 0.03
273.153 0.1291 6.498 0.03
273.152 0.1513 7.670 0.03
273.151 0.1823 9.331 0.03
273.152 0.2106 10.885 0.03
273.151 0.2449 12.804 0.03
273.151 0.2755 14.567 0.03
273.152 0.2965 15.794 0.03
263.156 0.0442 2.252 0.03
263.156 0.0696 3.581 0.03
263.156 0.0818 4.224 0.03
263.156 0.1050 5.469 0.03
263.155 0.1269 6.663 0.03
263.155 0.1476 7.807 0.03
263.156 0.1671 8.903 0.03
263.154 0.1854 9.953 0.03
253.154 0.0413 2.189 0.03
253.153 0.0569 3.040 0.03
253.155 0.0718 3.859 0.03
253.153 0.0861 4.650 0.03
253.154 0.1014 5.514 0.03
253.154 0.1161 6.352 0.03
253.153 0.1302 7.164 0.03
Liquid-phase and supercritical states
230.002 0.9128 1336.222 2.22
239.998 1.0653 1309.005 1.27
239.998 1.0651 1309.002 1.19
249.997 5.6266 1294.295 1.88
249.998 4.1645 1290.030 1.93
249.999 1.6129 1282.245 1.77
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Ud%

0.045
0.037
0.033
0.029
0.026
0.024
0.022
0.121
0.088
0.063
0.055
0.046
0.040
0.035
0.031
0.029
0.182
0.114
0.097
0.076
0.063
0.054
0.049
0.044
0.191
0.137
0.108
0.090
0.076
0.066
0.060

0.023
0.016
0.016
0.020
0.020
0.019

Dri%

0.215
0.216
0.238
0.256
0.269
0.273
0.278
0.163
0.193
0.237
0.249
0.218
0.256
0.235
0.271
0.245
0.086
0.214
0.156
0.216
0.229
0.209
0.205
0.258
0.054
0.238
0.239
0.168
0.229
0.228
0.194

-0.194
-0.185
-0.185
-0.175
-0.177
-0.179
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Table A.114. Measuredp, }, T, X) data for the systeiiR-1234yf/134a at a molar composition of
(0.66759/0.3324)1(continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
259.997 9.4759 1278.562 1.63 0.018 -0.167
259.999 7.9770 1274.037 1.50 0.017 -0.169
259.997 5.2635 1265.460 1.30 0.016 -0.172
260.000 3.9996 1261.256 1.28 0.015 -0.173
259.999 1.6694 1253.139 1.43 0.017 -0.175
269.994 8.9006 1249.632 1.88 0.019 -0.166
269.997 7.5847 1245.109 1.42 0.016 -0.167
269.997 6.3403 1240.695 1.54 0.017 -0.168
269.998 4.0550 1232.170 1.49 0.017 -0.171
269.998 1.9836 1223.903 1.44 0.016 -0.174
280.001 8.6323 1220.574 1.52 0.017 -0.165
280001 7.4700 1216.029 1.43 0.016 -0.166
280.001 5.3396 1207.255 1.40 0.016 -0.169
280.003 3.4024 1198.696 1.27 0.015 -0.172
280.003 1.6537 1190.428 1.49 0.016 -0.174
295.003  10.5573 1185.253 1.40 0.016 -0.163
295.004 9.5150 1180.602 1.42 0.016 -0.164
295.003 7.5910 1171.564 1.33 0.015 -0.167
295.006 5.8284 1162.653 1.37 0.015 -0.170
295.003 4.2089 1153.864 1.55 0.017 -0.173
295.003 2.0563 1141.048 1.29 0.015 -0.177
309.994 9.9069 1137.041 1.29 0.015 -0.164
309.999 8.2737 1127.710 1.36 0.015 -0.167
309.996 6.0974 1114.100 1.39 0.016 -0.171
309.997 4.1899 1100.709 1.35 0.015 -0.175
309.995 2.0299 1083.314 1.55 0.017 -0.182
325.002 8.6630 1079.822 1.25 0.015 -0.163
325.003 8.0388 1075.113 1.26 0.015 -0.164
325.001 5.8320 1056.789 1.30 0.015 -0.168
325.002 3.9881 1038.780 1.29 0.015 -0.172
325.002 2.1196 1016.673 1.29 0.016 -0.181
339.997 7.5364 1013.684 1.22 0.015 -0.149
339.997 5.9387 995.131 1.11 0.015 -0.149
339.997 4.0328 967.738 1.17 0.015 -0.150
339.996 2.6131 940.709 1.12 0.015 -0.161
344.995 4.0305 939.822 1.08 0.015 -0.137
349.994 5.4565 938.943 1.13 0.015 -0.121
354.994 6.8882 938.074 1.11 0.015 -0.110
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Table A.114. Measuredp, }, T, X) data for the systeiiR-1234yf/134a at a molar composition of
(0.66759/0.3324)1(continued)

T/IK p/MPa  r/kg'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
359.998 8.3244 937.210 1.13 0.015 -0.102
359.998 6.4863 904.331 1.14 0.015 -0.089
359.998 5.0076 867.437 1.07 0.015 -0.075
359.999 3.5874 807.728 1.05 0.016 -0.073
364.998 45146 807.093 1.04 0.016 -0.041
369.998 5.4569 806.464 1.05 0.016 -0.038
374.998 6.4088 805.823 1.06 0.016 -0.041
379.998 7.3671 805.162 1.06 0.016 -0.044
379.997 6.5403 772.196 1.07 0.016  -0.049
379.998 5.5548 711.581 1.05 0.017 -0.026
384.998 5.2432 595.068 1.04 0.018 0.254
389.997 5.7522 594.705 1.04 0.018 0.023
394.997 6.2656 594.329 1.05 0.018 -0.117
399.999 6.7830 593.964 1.05 0.018 -0.209
400.002 5.8987 475.041 1.05 0.021 0.143
400.001 49852 322.447 1.07 0.027 0.698
400.001 3.U472 203.238 1.09 0.040 0.603
400.001 2.7048 115.490 1.10 0.040 0.368
400.003 1.7401 66.680 1.11 0.117 0.204

TableA.1-15. Measuredp, }, T, X) data for the systeiR-134d1234ze(E)at a molar
composition of 0.3350/0.66750

T/IK p/MPa  r/kgn'® u(p)/kPa Ud% Dr/%
Vaporphase
293.156  0.0577 2.640 0.03 0.160 -0.008
293.156  0.0577 2.640 0.03 0.136  -0.008
293.157 0.1025 4.739 0.03 0.086  -0.033
293.159 0.1415 6.606 0.03 0.057 -0.018
293.159 0.1817 8.574 0.03 0.045 0.036

293.157 0.2212 10.545 0.03 0.038 0.029
293.158 0.2624 12.649 0.03 0.033 0.032
293.157 0.3013 14.681 0.03 0.028 0.022
293.157 0.3417 16.848 0.03 0.027 0.049
293.159 0.3807 18.98 0.03 0.024 0.061
283.155 0.0603 2.864 0.03 0.129 0.000
283.156 0.0947 4.540 0.03 0.082 0.012
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Table A.:15. Measuredp, }, T, X) data for the systeiR-134d1234ze(E)xt a molar
composition of 0.3350/0.6675Q (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Vaporphase
283.157 0.1255 6.070 0.03 0.062 0.036
283.155 0.1532 7.466 0.03 0.051 0.007
283.155 0.1838 9.042 0.03 0.043 0.050

283.157 0.2107 10.449 0.03 0.038 0.044
283.158 0.2430 12.172 0.03 0.034 0.042
283.157 0.2700 13.645 0.03 0.031 0.072
283.156 0.3015 15.394 0.03 0.029 0.065
283.157 0.3218 16.544 0.03 0.027 0.072
283.157 0.3241 16.674 0.03 0.027 0.063

273.158 0.0496 2.438 0.03 0.154 -0.064
273.155 0.0751 3.720 0.03 0.108 -0.057
273.155 0.1059 5.298 0.03 0.072 -0.028
273.154 0.1269 6.393 0.03 0.060 -0.026
273.155 0.1524 7.744 0.03 0.056 -0.004
273.155 0.1754 8.986 0.03 0.044 0.036

273.158 0.2011 10.397 0.03 0.040 0.057
273.160 0.2238 11.666 0.03 0.039 0.063

263.161 0.0376 1.917 0.03 0.235 0.072
263.161 0.0628 3.225 0.03 0.122  -0.059
263.158 0.0860 4.454 0.03 0.086  -0.048
263.156 0.1004 5.231 0.03 0.082 0.016
263.156 0.1206 6.333 0.03 0.062 0.047
263.158 0.1452 7.697 0.03 0.052 0.038
263.160 0.1565 8.337 0.03 0.054 0.085
253.167 0.0361 1.913 0.03 0.202 -0.061
253.163 0.0455 2.419 0.03 0.159 -0.107
253.163 0.0606 3.244 0.03 0.125 -0.031
253.163 0.0760 4.094 0.03 0.102  -0.047
253.164 0.0905 4.906 0.03 0.081 -0.025

Liguid-phase and supercritical states

230.011 0.9398 1379.400 2.12 0.021  -0.087
230.011 0.9410 1379.400 2.10 0.021  -0.087
230.010 0.9419 1379.406 1.66 0.018 -0.087
245.008 14.0799 1368.702 1.80 0.018 -0.077
245.008 14.0811 1368.706 1.76 0.018 -0.077
245,013 11.8531 1364.114  1.63 0.017 -0.072
245.011 7.7630 1355.310 1.92 0.019 -0.063
245.012 4.0499 1346.804 1.78 0.018 -0.055
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Table A.:15. Measuredp, }, T, X) data for the systeiR-134d1234ze(E)xt a molar
composition of 0.3350/0.6675Q (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
245.015 1.3039 1340.152 1.63 0.017 -0.048
259.998 15.4284 1335.162 1.96 0.019 -0.051
260.001 13.4515 1330.555 1.46 0.016  -0.047
260.000 11.5563 1326.008 1.68 0.017 -0.043
260.000 8.0156 1317.092 1.35 0.015 -0.035
260.001 3.2734 1304.149 1.75 0.018 -0.025
260.002 1.8344  1299.957 1.25 0.015 -0.022
279.999 18.6289 1294.065  1.58 0.016 -0.031
280.001 15.1498 1284.619 1.56 0.016  -0.025
280.002 11.9530 1275.346 1.40 0.015 -0.019
280.002 7.6361 1261.735  1.47 0.016 -0.012
280.002 3.8418 1248.486  1.55 0.016  -0.005
280.004 1.5807 1239.867 1.48 0.016 0.000
304.997 19.1999 1233.418 1.48 0.015 -0.013
304.998 16.3852 1223.766 1.64 0.016  -0.009
304.998 125771 1209.525 1.39 0.015 -0.005
304.997 8.1740 1190.906  1.50 0.016 0.000
304.997 44491 1172.670 1.63 0.016 0.004
304.997 1.3206 1154.826  1.48 0.016 0.007
309.996  4.0730 1153.572 1.41 0.015 0.006
319.988 9.5781 1151.337 1.38 0.015 0.004
329.988 15.0585 1149.270 1.26 0.015 0.003
339.994 20.5178 1147.397 1.50 0.016 0.004
339.994 15.6051 1122.887 1.48 0.016 0.009
339.994 12.3123 1103.560 1.40 0.015 0.013
339.994 8.2775 1074.984  1.43 0.016 0.021
339.997 42837 1037.485  1.12 0.015 0.032
339.994 2.4419 1014.334 1.20 0.015 0.033
349.993 6.0374 1012.627 1.14 0.015 0.044
359.995 9.6560 1011.043 1.10 0.015 0.037
369.995 13.2786 1009.529 1.13 0.015 0.030
379.994 16.8942 1008.053 1.16 0.016 0.026
379.994 13.7847 978.472 1.20 0.016 0.032
379.994 10.9640 944.282 1.17 0.016 0.043
379.996 8.1076 895.878 1.09 0.016 0.067
379.996 5.0537 795.139 1.09 0.016 0.128
384.994 5.9657 794.626 1.06 0.016 0.102
389.994 6.8886 794.099 1.06 0.016 0.080
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Table A.:15. Measuredp, }, T, X) data for the systeiR-134d1234ze(E)xt a molar
composition of 0.3350/0.6675Q (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
394.993 7.8191 793.564 1.06 0.016 0.064
399.997 8.7563 793.013 1.07 0.017 0.054
399.998 7.2821 727.654 1.08 0.017 0.050
399.998 6.1369 629.406 1.08 0.018 0.001
399.998 5.0684 399.697 1.10 0.022  -0.003
399.998 3.8715 206.293 1.12 0.037 0.008
399.998 2.5928 110.897 1.13 0.037  -0.087

TableA.1-16. Measuredp, }, T, X) data for the systeiR-134d1234ze(E)xt a molar
composition of 0.663%/0.33644

T/IK p/MPa  rlkgn'® u(p)/kPa Ud% Dr/%
Vaporphase
293.154  0.0537 2.364 0.03 0.152  -0.022
293.157 0.1002 4.458 0.03 0.083 -0.041
293.158  0.1512 6.808 0.03 0.059 -0.035
293.160  0.2037 9.290 0.03 0.042  -0.030

293.159 0.2550 11.783 0.03 0.034 -0.023
293.159 0.3029 14.175 0.03 0.030 -0.008
293.158 0.3501 16.597 0.03 0.026  -0.006
293.157 0.4017 19.330 0.03 0.024 0.017
293.159 0.4503 21.986 0.03 0.023 0.023
293.158 0.4808 23.807 0.03 0.021 0.019

283.154 0.0511 2.329 0.03 0.175 -0.124
283.155 0.1060 4.903 0.03 0.078 -0.075
283.157 0.1536 7.203 0.03 0.054 0.006
283.157 0.2028 9.644 0.03 0.041 0.007

283.158 0.2510 12.108 0.03 0.034 0.020
283.158 0.3013 14.762 0.03 0.029 0.023
283158 0.3528 17.573 0.03 0.026 0.004

273.158 0.0489 2.313 0.03 0.168 -0.125
273.156 0.0815 3.895 0.03 0.101 -0.076
273.156 0.1208 5.844 0.03 0.067 -0.053
273.155 0.1640 8.046 0.03 0.048 -0.019

273.157 0.2017 10.021 0.03 0.048 -0.008
273.158 0.2410 12.141 0.03 0.035 0.019
263.158 0.0468 2.302 0.03 0.168 -0.094
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Table A.116. Measuredp, }, T, X) data for the systefR-134d1234ze(E)t a molar
composition of .663%/0.33644 (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Vaporphase
263.157 0.0780 3.880 0.03 0.105 -0.029
263.156 0.1066 5.359 0.03 0.073 0.018
263.154 0.1329 6.745 0.03 0.058 0.008
263.154 0.1571 8.047 0.03 0.055 0.017
263.154 0.1722 8.874 0.03 0.046 0.036
253.162 0.0449 2.301 0.03 0.205 -0.021
253.159 0.0651 3.361 0.03 0.129 -0.085
253.158 0.0933 4.875 0.03 0.091 -0.034
253.155 0.1108 5.835 0.03 0.077  -0.007

Liquid-phase and supercritical states

230.010 0.9663 1402.623  4.57 0.037  -0.050
230.008 0.9667 1402.628 5.59 0.044  -0.051
230.009 09687 1402.626  4.20 0.034 -0.051
245.011 12.0546 1386.704  1.59 0.017 -0.039
245.011 12.0502 1386.694 1.78 0.018 -0.039
245.015 9.9508 1382.143  1.49 0.016 -0.035
245.013 7.9659 1377.720 151 0.017 -0.032
245.012 4.2868 1369.139 1.61 0.017 -0.024
245.015 1.4248 1362.070 1.84 0.018 -0.018
260.002 15.7691 1356.809 1.70 0.017 -0.022
260.003 14.0267 1352.679 1.40 0.016 -0.020
260.005 12.1367 1348.071 1.71 0.017 -0.016
260.003 8.6023 1339.042 1.84 0.018 -0.010
260.004 3.8613 1325.928 1.66 0.017 -0.001
260.007 1.368B 1318456 1.17 0.015 0.005
280.000 18.3310 1312.269 1.91 0.018 -0.009
280.001 14.9348 1302.734  1.58 0.016 -0.004
280.003 11.8171 1293.387 1.54 0.016 0.000
280.002 7.6042 1279.684 155 0.016 0.007
280.003 3.8966 1266.338  1.45 0.016 0.015
280.008 1.6837 1257.638 1.28 0.015 0.020
304.999 195685 1250.996 1.42 0.015 -0.003
304.999 154975 1236.449 1.53 0.016 0.001
304.999 11.8883 1222.160 1.32 0.015 0.005
304.999 7.7059 1203.446  1.40 0.015 0.012
304.999 41635 1185.110 1.32 0.015 0.019
304.999 1.8789 1171.601 1.17 0.014 0.025
314.993 7.4883 1169.120 1.19 0.014 0.011
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Table A.116. Measuredp, }, T, X) data for the systefR-134d1234ze(E)t a molar
composition of .663%/0.33644 (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liguid-phase and supercritical states
339.999 214741 1164.055  1.37 0.015 -0.008
339.996 15.6947 1134.447 1.48 0.016 -0.003
339.996 11.8006 1110.170 1.28 0.015 0.003
339.998 8.0476 1081.430 1.19 0.015 0.016
339.998 3.9440 1038.952 1.15 0.015 0.037
339.997 2.3054 1015.611 1.16 0.015 0.045
349.993 5.8381 1013.890 1.09 0.015 0.038
359.998 9.4056 1012.324 1.09 0.015 0.021
369.995 12,9837 1010.853 1.18 0.015 0.006
379.996 16.5642 1009.426 1.14 0.016 -0.006
379.997 14.1225 984.560 1.21 0.016 0.002
379.997 11.0710 945.135 1.11 0.016 0.018
379.998 7.9933 886.503 1.08 0.016 0.042
379.998 5.1088 765.284 1.07 0.016 -0.043
384.995 5.9414 764.838 1.05 0.016 -0.030
389.995 6.7865 764.396 1.06 0.016 -0.026
394.995 7.6408 763.955 1.06 0.017 -0.024
399.999 8.5025 763.500 1.07 0.017 -0.022
399.998 6.0366 536.798 1.78 0.026 -0.474
400.003 3.7066 175.446 1.12 0.042 -0.180
400.001 1.5024 54.037 1.14 0.131 -0.222

TableA.1-17. Measuredp, }, T, X) data for the systeiR-1234yf/1234ze(E)t a molar
composition of .33584/0.66416

T/IK p/MPa  r/kgn'® u(p)/kPa Ud% Dr/%
Vaporphase
293.153  0.1061 5.092 0.03 0.075 -0.018
293.154  0.1509 7.323 0.03 0.060 -0.054
293.158  0.2004 9.856 0.03 0.042  -0.022

293.159 0.2535 12.651 0.03 0.035 -0.017
293.158 0.3023 15.303 0.03 0.029 0.011
293.156 0.3517 18.067 0.03 0.026 0.005
293.156 0.3755 19.431 0.03 0.025 0.001
293.156 0.4052 21.172 0.03 0.023 0.029
293.158 0.4144 21.715 0.03 0.023 0.026
293.159 0.4193 22.010 0.03 0.023 0.040
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Table A1-17. Measuredp, }, T, X) data for the systeR-1234yf/1234ze(E)t a molar
composition of §.33584/0.66416(continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Vaporphase
283.150 0.0765 3.784 0.03 0.104 0.018
283.150 0.1235 6.190 0.03 0.064 -0.001
283.150 0.1635 8.289 0.03 0.049 -0.040

283.150 0.2026 10.400 0.03 0.040 0.015
283.150 0.2436 12.667 0.03 0.034 0.008
283.150 0.2626 13.743 0.03 0.032 0.028
283.152 0.2826 14.887 0.03 0.031 0.018
283.153 0.3025 16.048 0.03 0.028 0.051
283.153 0.3172 16.913 0.03 0.027 0.047
283.154 0.3319 17.791 0.03 0.026 0.065

273.157 0.0565 2.884 0.03 0.143  -0.098
273.156 0.0813 4.182 0.03 0.098 -0.111
273.1% 0.1041 5.396 0.03 0.076  -0.068
273.158 0.1251 6.533 0.03 0.068 -0.021
273.157 0.1506 7.934 0.03 0.055 -0.003
273.157 0.1789 9.520 0.03 0.045 0.009

273.158 0.2038 10.942 0.03 0.041 0.016
273.159 0.2259 12.228 0.03 0.036 0.019

263.155 0.0592 3.149 0.03 0.129  -0.048
263.153 0.0824 4.421 0.03 0.093 -0.016
263.154 0.1038 5.616 0.03 0.077 0.010
263.155 0.1236 6.739 0.03 0.063 0.033
263.156 0.1420 7.797 0.03 0.054 0.017
253.155 0.0395 2.173 0.03 0.191 -0.067
253.152 0.0631 3.506 0.03 0.119 -0.018
253.153 0.0849 4.760 0.03 0.091 -0.044
253.153 0.1050 5.942 0.03 0.071 0.002

Liguid-phase and supercritical states

230.007 0.8784 1338.848 1.23 0.016 -0.054
230.004 0.8783 1338.855 1.25 0.016 -0.054
240.002 6.0634 1325.128  2.10 0.022 -0.042
240.004  4.2970 1321.033  1.40 0.017 -0.039
240.008 2.6142 1317.007 1.46 0.017 -0.037
240.003 1.2209 1313598 1.48 0.017 -0.035
240.001 1.2191 1313.601 1.61 0.018 -0.035
250.000 10.2447 1310.027 1.48 0.017 -0.032
250.002 8.6454 1306.194  1.48 0.017 -0.030
250.001 5.2840 1297.786  2.08 0.021  -0.025
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Table A1-17. Measuredp, }, T, X) data for the systeR-1234yf/1234ze(E)t a molar
composition of §.33584/0.66416(continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase andupercritical states
250.001 2.2462  1289.697 1.78 0.019 -0.021
250.001 1.2160 1286.830 1.75 0.019 -0.020
259.997 9.4609 1283.176 1.74 0.018 -0.019
259.999 7.8656 1278.858  1.38 0.016 -0.017
259.999 6.3383 1274.596 1.54 0.017 -0.016
259.997 3.4945 1266.270  1.65 0.018 -0.013
259.999 1.2243  1259.202 1.74 0.019 -0.010
269.995 8.9145 1255.977 1.66 0.017 -0.011
269.996 7.4945 1251.634 1.30 0.015 -0.009
269.999 6.1360 1247.333  1.48 0.016 -0.008
269.995 3.5968 1238.910 1.52 0.017  -0.006
269.998 1.3080 1230781 1.45 0.016 -0.003
280.000 8.3907 1227.760 1.35 0.015 -0.005
280.003 7.1400 1223.389 1.35 0.015 -0.004
280.002 47940 1214.791 1.48 0.016 -0.002
280.004 2.6525 1206.367 1.24 0.015 0.000
280.004 1.6537 1202.235 1.43 0.016 0.001
295.003 11.4293 1198.217 1.32 0.015 -0.002
295.003 9.1249 1189.218 1.32 0.015 -0.001
295.005 6.0230 1175.988 1.24 0.015 0.000
295.006  4.1645 1167.315 1.20 0.014 0.001
295.005 1.6701 1154.569 1.25 0.015 0.001
310.001 10.1305 1150.870 1.28 0.015 0.002
310.003 8.2970 1141.824 1.12 0014 0.002
310.002 5.8188 1128.430 1.21 0.015 0.001
310.005 4.3376 1119.616 1.20 0.015 0.001
310.000 1.7391 1102.274  1.25 0.015 -0.003
314.997 4.1433 1101.096  1.16 0.014 0.001
319.994 6.5521 1100.014 1.10 0.014 0.004
324.992 8.9552 1098.971 1.16 0.014 0.007
324.993 6.8863 1085.356  1.13 0.014 0.007
324.994 5.0663 1071.889 1.17 0.014 0.007
324.994 3.4730 1058.570 1.17 0.015 0.006
324.995 1.6643 1041.020 1.09 0.014 0.002
329.991 3.6505 1040.015 1.12 0.014 0.012
334.990 5.6441 1039.089 1.14 0.015 0.018
339.997 7.6437 1038.200 1.15 0.015 0.020
339.998 6.1682 1024.498 1.10 0.014 0.025
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Table A1-17. Measuredp, }, T, X) data for the systeR-1234yf/1234ze(E)t a molar
composition of §.33584/0.66416(continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
339.999 48763 1010.886  1.11 0.014 0.029
340.000 3.4110 992.892 1.10 0.015 0.035
339.999 1.9412 970.611 1.15 0.015 0.041
349.995 5.1155 968.963 1.09 0.015 0.054
359.999 8.3222 967.480 1.08 0.015 0.045
360.000 7.2697 953.571 1.11 0.015 0.055
360.001 6.0691 935.147 1.08 0.015 0.073
360.002 5.0693 916.771 1.07 0.015 0.097
360.001 4.0665 893.911 1.08 0.015 0.138
370.001 6.5744 892.621 1.06 0.015 0.090
379.996 9.1111 891.418 1.07 0.015 0.051
379.997 7.5159 858.682 1.10 0.016 0.077
380.000 6.0718 816.850 1.07 0.016 0.136
379.998 5.0507 770.576 1.07 0.016 0.242
380.000  4.0343 659.766 1.07 0.017 0.965
384.996  4.6155 659.407 1.05 0.017 0.507
389.997 5.2102 659.054 1.05 0.017 0.254
394.994 5.8136 658.681 1.05 0.017 0.095
400.001 6.4252 658.305 1.08 0.018 -0.007
400.001 5.4776 532.489 1.06 0.019 -0.113
400.002 4.1094 250.120 1.09 0.033 0.069
399.997 2.7673 127.701 1.10 0.033 0.048
400.005 1.6855 67.553 1.11 0.115 -0.100
400.002 0.9735 36.215 1.52 0.405 -0.281

TableA.1-18 Measuredp, }, T, X) data for the systefR-1234yf/1234ze(Et a molar
composition of .66660/0.3330)

T/IK p/IMPa  r/kgin® u(p)/kPa Ud% Dr/%
Vaporphase
293.149 0.0630 2.989 0.03 0.129 -0.086
293.149 0.1234 5.943 0.03 0.066 -0.039
293.150 0.1856 9.084 0.03 0.051 -0.002

293.150 0.2442 12.136 0.03 0.035 -0.032
293.151 0.3014 15.222 0.03 0.031 -0.004
293.153 0.3596 18.472 0.03 0.025 0.003
293.153 0.4200 21.977 0.03 0.025 0.003
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Table A.118. Measuredp, }, T, X) data for the systemR-1234yf/1234ze(E)t a molar
composition of .66660/0.3330) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Vaporphase
281.157 0.0508 2.512 0.03 0.194  -0.029
281.157 0.1027 5.151 0.03 0.089  -0.040
281.157 0.1533 7.806 0.03 0.052 -0.016

281.156 0.2005 10.359 0.03 0.040 0.009
281.158 0.2515 13.204 0.03 0.038 -0.017
281.161 0.3025 16.160 0.03 0.032 0.016
281.160 0.3251 17.506 0.03 0.027 0.027
281.160 0.3451 18.717 0.03 0.025 0.034

273.156 0.0564 2.879 0.03 0.173 -0.039
273.155 0.0900 4.640 0.03 0.088 -0.084
273.156 0.1201 6.254 0.03 0.069 -0.050
273.156 0.1595 8.420 0.03 0.050 0.009

273.155 0.1933 10.320 0.03 0.048 -0.026
273.158 0.2131 11.461 0.03 0.039 0.019
273.153 0.2310 12.503 0.03 0.038 0.009
273.154 0.2511 13.692 0.03 0.033 0.011

263.154 0.0523 2.775 0.03 0.149 -0.010
263.155 0.0770 4.120 0.03 0.099 -0.039
263.155 0.1069 5.786 0.03 0.077 0.025
263.154 0.1207 6.567 0.03 0.063 0.027
263.152 0.1401 7.678 0.03 0.055 0.009
263.152 0.1637 9.054 0.03 0.049 0.006
263.151 0.1799 10.015 0.03 0.043 0.010
253.155 0.0368 2.019 0.03 0.212 -0.170
253.152 0.0614 3.408 0.03 0.126 0.001
253.152 0.0842 4714 0.03 0.095 -0.078
253.152 0.1051 5.941 0.03 0.071  -0.013
253.154 0.1102 6.246 0.03 0.074 0.027
253.157 0.1202 6.842 0.03 0.063 0.025

Liguid-phase and supercritical states

230.014 0.9578 1320.352 1.63 0.019 -0.040
230.012 0.9575 1320.359 1.50 0.018 -0.040
230.010 0.9583 1320.366  1.67 0.019 -0.040
240.008 5.5444  1305.661 1.48 0.017 -0.030
240.011 5.5463 1305.663 1.34 0.016 -0.030
240.013 3.9585 1301.686  2.17 0.023 -0.028
240.011 2.4590 1297.830 1.40 0.017 -0.026
240.010 1.2698 1294.682  4.02 0.038  -0.025
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Table A.118. Measuredp, }, T, X) data for the systemR-1234yf/1234ze(E)t a molar
composition of .66660/0.3330) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase andupercritical states
250.004 9.6755 1290.781 1.79 0.019 -0.023
250.006 8.0610 1286.603 1.34 0.016 -0.022
250.004 5.0435 1278.444  1.66 0.018 -0.019
250.007 2.3030 1270.555 1.40 0.017 -0.016
250.007 1.2491 1267.385  2.25 0.023  -0.015
260.000 9.0427 1263.765 1.52 0.017 -0.015
260.001 7.6043 1259.563 1.21 0.015 -0.014
260.004 6.2283 1255.416  1.37 0.016 -0.012
260.002 2.4583 1243.330 1.86 0.019 -0.009
260.003 1.3290 1239.466  1.25 0.015 -0.008
269.998 8.5423 1236.120 1.58 0.017 -0.010
269.999 7.2638 1231889 1.38 0.016 -0.008
270.001 6.0400 1227.696 1.54 0.017  -0.007
269.997 3.7481 1219.475  1.49 0.017  -0.005
270.002 1.6598 1211.443 1.28 0.015 -0.003
279.999 8.3244 1208.371 1.50 0.016 -0.006
280.003 7.1923 1204.103  1.22 0.015 -0.006
280.001 5.0620 1195.688  1.30 0.015 -0.003
280.004 3.1089 1187.411 1.25 0.015 -0.002
280.001 1.3268 1179.339 1.58 0.017 0.000
295.004 10.4177 1175.186 1.34 0.015 -0.005
295.003 8.3964 1166.449 1.41 0.016 -0.003
295.004 7.4455 1162.109 1.23 0.015 -0.003
295.004 5.6599 1153.532 1.25 0.015 -0.001
295.005 3.2518 1140.885 1.25 0.015 0.001
295.004 2.5156 1136.726  1.22 0.015 0.002
309.998 10.5000 1132.914 1.34 0.015 -0.003
310.002 8.8111 1124.052 1.32 0.015 -0.002
310.000 6.5191 1110.918 1.36 0.016 0.000
310.001 4.4981 1097.962 1.23 0.015 0.002
310.004 3.2886 1089.421 1.17 0.015 0.003
310.000 1.6602 1076.765  1.49 0.017 0.003
314.996 3.8770 1075.564 1.36 0.016 0.003
319.993 6.0927 1074.429 1.22 0.015 0.003
324.992 8.3118 1073.367 1.26 0.015 0.002
324.994 7.0981 1064.512 1.35 0.016 0.0
324.994 49574 1046.987 1.30 0.015 0.009
324.996 3.5777 1033.973 1.22 0.015 0.012
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Table A.118. Measuredp, }, T, X) data for the systemR-1234yf/1234ze(E)t a molar
composition of .66660/0.3330) (continued)

T/IK p/MPa  r/kgn'® u(p)kPa Ud% Dr/%
Liquid-phase and supercritical states
324.994 1.6530 1012.488 1.45 0.017 0.016
329.990 3.4644 1011.475 1.16 0.015 0.019
334.990 5.2816 1010.507 1.16 0.015 0.019
339.996 7.1043 1009.576  1.10 0.014 0.016
339.998 5.8662 996.239 1.10 0.015 0.023
340.000 5.1260 987.381 1.19 0.015 0.028
339.999 3.5439 965.403 1.21 0.015 0.042
339.999 2.0871 939.259 1.15 0.015 0.063
349.997 4.9567 937.639 1.13 0.015 0.056
360.000 7.8541 936.080 1.14 0.015 0.035
360.002 7.2613 927.025 1.13 0.015 0.043
360.001 5.9880 904.517 1.17 0.016 0.064
360.001 4.9740 882.133 1.09 0.015 0.093
360.001 4.0423 855.376 1.06 0.015 0.140
364.999 5.1397 854.591 1.05 0.015 0.103
369.997 6.2494 853.933 1.08 0.016 0.070
374.999 7.3667 853.266 1.06 0.016 0.040
379.996 8.4858 852.569 1.13 0.016 0.017
379.998 7.5529 829.783 1.09 0.016 0.021
380.001 7.0689 815.792 1.05 0.016 0.023
380.000 6.0517 778.564 1.06 0.016 0.035
379.999 5.0385 718.365 1.05 0.017 0.073
384.997 4.7731 602.491 1.05 0.018 0.017
389997 5.2796 602.119 1.05 0.018 -0.241
394.994 5.7916 601.753 1.05 0.018 -0.399
399.998 6.3086 601.368 1.05 0.018 -0.496
400.002 5.5254 486.233 1.06 0.020 -0.658
400.003 5.0718 394.718 1.07 0.023 -0.575
400.002 4.3633 273.239 1.08 0.031 -0.002
400.004 3.8560 213.394 1.09 0.038 0.133
400.002 3.1672 153.911 1.10 0.039 0.109
400.005 2.7375 124,515 1.10 0.039 0.045
400.004 2.2406 95.385 1.11 0.039 -0.021
400.005 1.6796 67.018 1.11 0.115 -0.072
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TableA.1-19. Dew points derived from vap-phase measurements

For a given blend, with composition in mole fraction, listed are temperBtaepoint
pressur@gew, standard uncertainty in depoint pressuré(pdew), dewpoint density} dew,
standard uncertainty in depoint densityu(s dew), rdative deviation of dewpoint pressure from
the mixture EO®p4en, and relative deviation of depoint density from the mixture EQY gew.

T Pdew U(Pdew) Fdew  U(/ dew) Dodev  Drdew
K) P T MPA)T T T T T T (kg@d)T T T T T 96T i
R-1234yf/134a at a molar composition of (0.33634/0.66366)
283.157 0.4464 0.0178 22.597 0.031 072 -0.43
273.156 0.3197 0.0095 16.243 0.015 1.17 -0.45
263.158 0.2195 0.0089 11.310 0.017 0.30 -1.30
253.156 0.1484 0.0096 7.774 0.015 1.34 -0.60

R-1234yf/134a at a molar composition of (0.66759/0.33241)

283.156 0.4540 0.0143 23.951 0.208 051 -0.52
273.152 0.3277 0.0116 17.365 0.016 099 -0.35
263.155 0.2304 0.0034 12.272 0.009 1.65 -0.53
253.154 0.1574 0.0061 8.453 0.010 274 -0.54

R-134a/1234ze(E) at a molar composition of (0.33250/0.66750)

283.156 0.3452 0.0144 17.895 0.022 -1.27  -1.32
273.156 0.2425 0.0083 12.723 0.018 -1.55 -1.69
263.158 0.1654 0.0099 8.833 0.013 -1.80 -1.91
253.164 0.1088 0.0048 5.946 0.010 -2.08 -2.22

R-134a/1234ze(E) at a molar composition of (0.66356/0.33644)

281.158 0.3710 0.0088 20.308 0.014 -1.14 -1.28
273.155 0.2825 0.0195 15.564 0.026 -1.40 -1.65
263.152 0.1959 0.0037 10.943 0.007 -1.64 -1.86
253.154 0.1314 0.0126 7.514 0.014 -2.00 -2.32

R-1234yf/1234ze(E) at a molar composition of (0.33584/0.66416)

283.156 0.3822 0.0119 19.231 0.015 -056 -0.71
273.157 0.2693 0.0086 13.687 0.012 -068 -0.82
263.155 0.1841 0.0180 9.517 0.020 -095 -0.99
253.156 0.1214 0.0047 6.408 0.007 -113 -1.29

R-1234yf/1234ze(E) at a molar composition of (0.66660/0.33340)

281.158 0.3710 0.0088 20.308 0.014 -0.46 -0.51
273.155 0.2825 0.0195 15.564 0.026 -0.63 -0.85
263.152 0.1959 0.0037 10.943 0.007 -0.77 -1.11
253.154 0.1314 0.0126 7.514 0.014 -0.86 -0.94
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A.1.3. Liquid-Phase Speed of Sound

Speed of sound instrument descriptidbhe speed of sound was measured over wide ranges of
temperature and pressure in a doath, pulseechotype instrument. In thissthnique, a

piezoelectric transducer is located within a sample volume of the test fluid. It is excited with a
sinusoidal burst, near the crystal resonance frequency, thus emitting ultrasonic pulses from each
face of the crystal, which travel through thad sample, reflect off planar surfaces at each end

of the sample volume, and return to the transducer, which also serves as the detector. The
difference in the arrival times of the echo signals give the speed of sound by

0 5 (A.1-5)

wherew is the speed of sounld, andL; are the path lengths, abtlis the time difference. The
differential nature of this technique cancels end effects and improves the accuracy.

A quartz crystal with a diameter of 24m, thickness of 0.3Gm, and resonant frequency of

8.000MHz served as the ultrasonic transducer. The quartzcwyasdl Xc ut , 6 whi ch mea
that its thickness expands and contracts when a voltage is appliedrodeleon opposite faces

of the crystal. It was excited with a-t§cle sinusoidal burst from an arbitrary function

generator. The fluid path lengths on the opposite faces of the crystal wara a6d 12nm

(ratio of 2.5:1); these separations of the @alyahd the reflectors were provided by tubular

spacers fabricated of a machinable ceramibigh-speed switch connected the crystal to the

function generator during the input sinusoidal burst and then, after a delag of\Bitched the

crystal to the iput of a threestage amplifier (5 per stage for a total of 12) which then fed

into a digital storage oscilloscope. The echo signals were recorded-fmeadhalysis.

Figure A.:4. Duatpath, pulseecho, speed of soundstrument

Shownarethe thermostat (left of center, which contains the measuring cellparfthid
manifold and pressure transducer; a vacuum system for evacuating the measuring cell is to the
left of the thermostat

The measuring cell holding the crylstad fluid sample was contained in a pressure vessel rated
to 93MPa. This, in turn, was held in a thermostdtedid bath operating from45e C t ¢ C1 50

127



A photo of the bath and associated fthi@hdling manifold is shown &gure A.:4. A photo of
the instruments (whictvere located in the adjacent room) is showifrigsire A.15. A
schematic of the measuring cell is showiriggire A.16.

The temperature of tHéuid bath was measured with a leagem 250hm standard platinum
resistance thermometer (SPRT); the temperatensing portion of the SPRT was located
immediately adjacent to the pressure vessel, as indicakégure A.16. The resistance of the
SPRT was rdoed to a standard resistor with an AC resistance bridge. The pressure was
measured with a vibratinguartzcrystal pressure transducer with a maximum pressure of
138MPa. The transducer was held at room temperature.

Figure A.E5. Instrument rack for the pulsscho speed of sound instrument

Speed of sound measurement sequéiEentire experiment was controlled by a PC running a
custom control program. At eack, p) state point multiple echo signals were recorded and
analyzd. The pressure of the fluid sample and the temperature of the thermostat bath were
scanned every 38 The approach to equilibrium conditions was determined by monitoring three
guantities: (1) the difference of the average temperature computed ovesuioeip eight scans
compared to the s@int temperature; (2) the

128



Figure A.E6. Schematic diagram of the measuring cell inside the pressure vessel

standard deviation of the previous eight temperature scans; (3) the rassgé ©f pressure

with time, computed with a linear fit of the previous eight pressure readings. When all three of
these were within preset tolerances a Aconver
measurements commenced following an additionailiegation time of 20 minutes. A single
measurement set comprised recording three echo signals and the four temperature and pressure
readings made at the start and end of the set and between the recording of the echoes. Four such
sets, spaced 10 minutgsaat, were recorded before moving to the n&xpj state point. These

raw data were analyzed with a separate program to generale phe/( data points.

When measurements at the first temperature were completed, the temperature was increased by
an inadement of 5 K or 1K; since the cell was completely filled with liquid, the increase in
temperature also increased the pressure. Measurements continued along this pseudoisochore (line
of nearly constant density) until either the desired maximum tempe@timnaximum pressure

was reached. The bath was then cooled to the starting temperature of the next isochore, and a
portion of the sample in the measuring cell was vented to a waste bottle to achieve a starting
pressure for the next isochore d¥iPa or tle saturation pressure (whichever was greater). The

next isochore then commenced. This process was repeated to cover the liquid surface.

Speed of sound calibrations and measurement uncertaiitiegdifference of the path lengths in
the measring cell, i.e., (27 L1) in Eqg. (A.24), was calibrated as a function of temperature and
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pressure with measurements on propane over the temperature rang&db2EDK, with

pressures to 5BlPa. The propane speed of sound, as calculated with the equation of state (EOS)
of Lemmon et aJ101], was taken as the known quantity in the calibration. The EOS, in turn,
represents the highccuracy propane measurements of Maret Kabela¢102] with an average
absolute deviation of 0.0X%. The RMS deviation of the calibration equation from the
measurements was 0.0%) Combining, in quadrature, the deviation of the EOS from the data of
Meierand Kabela¢102] with the deviation of the patlength calibration equation from the

present measurements yields an estimated combined standard uncerdiyp e arising

from the calibration

The SPRT, standard resistorgdaesistance bridge were calibrated as a system over the range of
234.316K t0 429.74K (i138.834e C t o d G) . \Bi9foimt célls (meralry triple point,
water triple point, and indium freezing point). The standard uncertainty in the
SPRT/resistobridge system was estimated ank. The shorterm (minuteto-minute)

variations in thdluid-bath temperature werenZK or less. No londerm (hourto-hour) variation

was observed. The temperature gradients in the bath were less that @/&r the regin of the
pressure vessel. The combined standardl) uncertainty in the temperature measurement,
including the effects of the SPRT, standard resistor, resistance bridge, calibration standards,
stability of thefluid bath, and temperature gradientsha bath was sK.

Thepressurd@ransducer was calibrated by the manufacturer with piston gages; this calibration
included a temperatu@mpensation term. The zero of the transducer was checked regularly
(while the system was evacuated between samplesgadohgs were corrected for any drift in
the zero. The standard uncertainty in pressure was MB@7

When reporting the uncertainties in experimental data it is customary to combine the effects of
the statepoint uncertainty (i.e., the effects of thecertainties in temperature, pressure, and
composition) with those in the uncertainty of the primary measurand (i.e., the speed of sound):

YO ¢ pmmd 0 — 0 Y — o6 n 0, (A.1-6)

where thau(x) are the standard € 1) uncertainties in the different measurands (temperature,
pressure, and speed of sound), the derivatives of the speed of sound with temperature and
pressure are computed with an equation of state. The coverage factor of 2 correspond$ to a 95
confiderce interval, and the factor of 100 converts the relative deviation to a percentage
deviation. ThdJ¢(w) is the relative, combined, expand&d=(2) uncertainty in the speed of

sound; it averaged 0/(®%o for the present measurements.

Speed of sound resulsn example of the measurements carried out are depicted in Figt2e 3.1
The measured data, as well as the relative, combined, expd&eddl {ncertainty in the speed

of sound for each point, are reportedables A.120through A.225. As indicated aha, the

data in these tables are the averages of four sets of three replicates each.
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TableA.1-20. Measured speed of sound data for the sy&etfi34yf/134a at a molar
composition of (0.38340.66366)

Listed forTables A.120 through A.125 are temperaturg pressure, speed of sound,

relative combined, expandekl£ 2) state point uncertainty in the speed of sdugdnd relative
deviation from the mixture EOS. Average values for the replicate measurements at pach (
state point are given.

T/IK p/MPa wm@!  Ud% DwW/%

230.013 0.353 790.84 0.041  -0.037
235.007 0.658 769.59 0.041 -0.019
240.004 0.678 746.67 0.042 -0.009
245.004 0.690 723.74 0.044  -0.002
250.005 0.704 700.89 0.046 0.002
254.995 1.231 682.11 0.047 0.019
259.987 5.247 689.09 0.045 -0.027
264.996 9.178 695.40 0.044  -0.060
254.993 0.651 677.79 0.048 0.026
259.986 4.420 683.24 0.046  -0.017
264.996 8.392 690.07 0.045 -0.056
269.993 12.399 697.15 0.043 -0.086
259.986 1.278 659.86 0.049 0.025
264.995 5.122 666.92 0.047  -0.023
269.993 9.068 674.67 0.046  -0.062
274996 12.964 681.96 0.044  -0.088
264.994 1.260 637.06 0.052 0.032
269.991 4.977 644.66 0.050 -0.018
274.995 8.710 652.21 0.048 -0.058
279.999 12.442 659.66 0.046  -0.088
269.991 1.167 613.65 0.055 0.043
274.995 4.716 621.41 0.053 -0.008
280.000 8.276 629.11 0.050 -0.049
285.001 11.853 636.78 0.048 -0.085
274.993 1.193 591.14 0.059 0.049
279.999 4.586 599.13 0.056 0.000
285.000 7.981 606.95 0.053 -0.042
290.003 11.378 614.61 0.051 -0.077
279.998 0.890 565.36 0.064 0.061
285.000 4.124 573.74 0.060 0.009
290.003 7.359 581.87 0.057 -0.032
294.998 10.590 589.77 0.054 -0.065
284.998 1.183 545.28 0.068 0.063

131



Table A.220. Measured speed of sound datathar systenR-1234yf/134a at a molar
composition of (0.38340.66366) (continued)

T/IK p/MPa wm@!  Ud% Dw/%

290.001 4.259 553.65 0.064 0.014
294.997 7.347 561.90 0.060 -0.026
299.998 10.440 569.91 0.057  -0.059
290.000 1.199 522.32 0.074 0.065
294.997 4.134 531.05 0.069 0.020
299.999 7.087 539.59 0.065 -0.017
304.998 10.041 547.87 0.061 -0.048
294.996 1.213 499.13 0.081 0.061
299.998 4.004 508.17 0.075 0.032
304.998 6.801 516.85 0.070 -0.001
310.000 9.603 525.24 0.066  -0.031
299.997 1.313 476.73 0.089 0.059
304.996 3.957 485.96 0.082 0.036
309.999 6.613 494.84 0.076 0.011
314.995 9.266 503.35 0.071  -0.013
304.995 1.397 453.89 0.099 0.046
309.998 3.908 463.47 0.091 0.037
314.995 6.420 472.55 0.084 0.022
320.004 8.941 481.25 0.078 0.002
309.997 1.503 431.03 0.111 0.025
314.994 3.859 440.71 0.101 0.036
320.004 6.236 450.01 0.092 0.033
325.009 8.608 458.78 0.085 0.020
314.992 1.733 409.82 0.124 0.002
320.002 3.960 419.66 0.112 0.027
325.008 6.201 429.07 0.102 0.035
330.000 8.441 437.99 0.094 0.032
320.002 1.827 386.04 0.142 -0.051
325.008 3.924 396.35 0.127 0.013
330.000 6.023 405.99 0.115 0.041
335.004 8.112 414.85 0.105 0.050
325.006 2.025 363.70 0.164 -0.095
329.999 3.980 374.21 0.145 0.009
335.002 5.935 383.73 0.130 0.045
340.007 7.905 392.88 0.118 0.062
329.998 2.229 341.01 0.191 -0.208
335.002 4.041 351.53 0.167 -0.051
340.007 5.877 361.47 0.148 0.022
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Table A.220. Measured speed of sound data for the systel@3Ryf/134a at a molar
composition of (0.33634/0.66366) (continued)

T/IK p/MPa wm@!  Ud% Dw/%

345.013 7.718 370.79 0.134 0.067
335.001 2.392 317.01 0.230 -0.294
340.006 4.087 328.15 0.198 -0.093
345.013 5.792 338.36 0.173 0.018
340.006 2.607 293.45 0.282  -0.418
345.012 4.167 304.49 0.237  -0.265
345.012 2.910 271.59 0.345 -0.597
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TableA.1-21. Measured speed of sound data for the syRet34yf/134a at a molar
composition of 0.66759/0.332411

T/IK p/MPa wm@!  Ud% Dw/%

235.007 0.663 746.03 0.043 -0.026
240.002 0.672 723.28 0.044 -0.019
245.003 0.694 700.73 0.046  -0.007
250.004 0.708 678.16 0.048 -0.002
254.995 0.720 655.72 0.050 0.008
259.987 2.996 651.70 0.050 0.011
264.997 6.626 658.38 0.048 -0.019
269.993 10.288 665.31 0.046  -0.042
260.001 0.801 633.95 0.053 0.039
264.995 4.338 640.85 0.051 0.002
269.993 7.925 648.05 0.049 -0.027
274995 11.487 654.98 0.047  -0.048
264.994 1.250 615.38 0.055 0.041
269.992 4.705 622.85 0.053 0.004
274.995 8.164 630.22 0.050 -0.024
280.000 11.622 637.48 0.049 -0.045
269.990 1.132 591.90 0.059 0.035
274.995 4.413 599.48 0.056 0.007
279.999 7.714 607.04 0.053 -0.023
285.001 11.008 614.44 0.051 -0.044
274.994 1.218 570.34 0.062 0.051
279.999 4.366 578.19 0.059 0.014
285.001 7.517 585.89 0.056  -0.016
290.002 10.656 593.38 0.054 -0.032
279.998 1.243 548.15 0.067 0.060
284.999 4.239 556.18 0.063 0.026
290.003 7.244 564.05 0.060 -0.002
294998 10.251 571.77 0.057 -0.026
284.998 1.205 525.15 0.073 0.061
290.002 4.071 533.56 0.068 0.029
294.998 6.933 541.67 0.064 0.001
299.998 9.802 549.61 0.061 -0.021
290.000 1.169 501.82 0.080 0.034
294.997 3.881 510.45 0.074 0.015
299.999 6.601 518.81 0.070  -0.001
304.997 9.317 526.84 0066  -0.017
294.995 1.281 480.27 0.087 0.045
299.998 3.860 489.10 0.081 0.029
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Table A.121.Measured speed of sound data for the syRet34yf/134a at a molar
composition of 0.66759/0.3324)1(continued)

T/IK p/MPa wm@!  Ud% Dw/%

304.998 6.446 497.61 0.075 0.010
309.999 9.038 505.86 0.071  -0.009
299.996 0.972 452.68 0.099 0.009
304.996 3.395 461.90 0.091 0.009
309.999 5.829 470.77 0.084 0.001
314.994 8.257 479.23 0.079  -0.005
304.995 1.420 435.21 0.107  -0.003
309.998 3.733 444,58 0.098 0.003
314.994 6.045 453.48 0.091 0.006
320.004 8.354 461.92 0.084 0.015
309.996 1.406 411.00 0.123 -0.011
314.994 3.578 420.69 0.111 0.017
320.003 5.762 429.89 0.101 0.029
325.009 7.944 438.60 0.094 0.031
314.992 1.632 390.16 0.137 -0.035
320.001 3.686 400.08 0.124 0.011
325.008 5.741 409.38 0.112 0.035
329.999 7.794 418.17 0.103 0.042
320.001 1.869 369.14 0.156 -0.114
325.008 3.802 379.36 0.139 -0.033
330.000 5.728 388.77 0.126 0.012
335.006 7.635 397.31 0.115 0.043
325.006 1.989 345.81 0.182 -0.168
329.998 3.782 356.19 0.161  -0.055
335.003 5.578 365.68 0.144  -0.007
340.008 7.384 374.72 0.131 0.022
329.998 2.169 323.07 0.218 -0.266
335.003 3.829 333.61 0.188 -0.083
340.008 5.503 343.40 0.167 -0.004
345.013 7.185 352.57 0.150 0.035
335.001 2.323 299.00 0.266  -0.402
340.004 3.868 309.86 0.226  -0.259
345.013 5.424 320.37 0.197 -0.033
340.005 2.580 277.01 0.327 -0.523
345.013 3.999 288.20 0.272  -0.250
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TableA.1-22. Measured speed of sound data for the syRet4d1234ze(Ext a molar
composition of .329160.67084

T/IK p/MPa wm@!  Ud% Dw/%

235.008 0.525 812.57 0.039 0.481
240.003 0.537 789.62 0.040 0.454
245.004 0.541 766.62 0.041 0.417
250.004 0.549 743.64 0.042 0.369
254.994 0.553 720.81 0.044 0.332
259.987 0.559 698.02 0.046 0.295
269.992 1.140 657.06 0.050 0.246
274.995 4.782 663.40 0.048 0.227
280.000 8.458 669.98 0.046 0.200
285.001 12.144 676.62 0.45 0.170
290.003 15.823 683.20 0.044 0.140
294998 19.487 689.68 0.043 0.110
299.999 23.144 696.07 0.042 0.083
304.997 26.739 702.09 0.041 0.060
310.000 30.316 707.98 0.040 0.039
314.994 33.894 713.91 0.040 0.020
320.004 37.460 719.74 0.039 0.005
325.010 41.009 725.47 0.038 -0.010
330.000 44.515 731.03 0.038 -0.021
335.004 47.984 736.38 0.038 -0.031
340.009 51.440 741.68 0.037 -0.039
274.989 1.010 633.32 0.052 0.206
279.995 4.674 641.29 0.050 0.179
284.997 8.321 649.02 0.048 0.151
290.000 11.947 656.43 0.047 0.117
294995 15.574 663.80 0.045 0.086
299.996 19.173 670.85 0.044 0.058
304.995 22.769 677.82 0.043 0.032
309.998 26.350 684.61 0.042 0.010
314.993 29.899 691.17 0.041 -0.010
320.005 33.452 697.64 0.040 -0.030
325.008 36.980 703.96 0.040 -0.045
329.999 40.468 710.07 0.039 -0.057
335.004 43.903 715.84 0.039 -0.068
340.008 47.327 721.56 0.038 -0.075
345.014 50.738 727.19 0.038 -0.081
279.994 0.983 610.28 0.056 0.164
284.996 4.446 618.17 0.053 0.134
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Table A.122. Measured speed of sound diiathe systeniR-134d1234ze(Ext a molar
composition 0f .329160.67084 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

289.998 7.896 625.79 0.051 0.100
294994 11.388 633.58 0.049 0.061
299.996 14.861 641.10 0.047 0.030
304.995 18.318 648.38 0.046 0.001
309.997 21.756 655.44 0.045 -0.024
314.993 25.181 662.33 0.043  -0.046
320.003 28.593 669.03 0.043 -0.064
325.009 31.978 675.51 0.042 -0.081
330.000 35.346 681.89 0.041 -0.094
335.003 38.647 687.82 0.040 -0.104
340.008 41.950 693.72 0.040 -0.116
345.012 45.243 699.54 0.039 -0.124
284.995 1.030 587.84 0.060 0.116
289.997 4.364 596.15 0.056 0.081
294.994 7.702 604.29 0.054 0.047
299.996 11.081 612.50 0.052 0.008
304.995 14.423 620.29 0.050 -0.019
309.997 17.750 627.78 0.048 -0.049
314.992 21.047 634.96 0.046 -0.071
320.001 24.301 641.73 0.045 -0.087
325.008 27.528 648.23 0.044  -0.107
329.999 30.759 654.73 0.043 -0.124
335.003 33.970 661.02 0.042 -0.139
340.008 37.171 667.20 0.041 -0.151
345.013 40.356 673.25 0.041 -0.161
289.996 1.161 566.13 0.064 0.053
294.992 4.345 574.65 0.060 0.021
299.994 7.543 583.01 0.057 -0.011
304.994 10.731 591.05 0.054  -0.040
309.996 13.911 598.82 0.052 -0.068
314992 17.077 606.34 0.050 -0.092
320.003 20.248 613.69 0049 -0.115
325.008 23.442 621.11 0.047  -0.133
329.999 26.574 628.01 0.046  -0.150
335.003 29.665 634.47 0.045 -0.172
340.006 32.755 640.89 0.044 -0.188
345.014 35.827 647.15 0.043 -0.197
294.991 0.899 540.26 0.070 -0.026
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Table A.122. Measured speed of salidata for the systeR-134d1234ze(Ext a molar
composition 0f .329160.67084 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

299.994 3.918 549.04 0.065 -0.047
304.993 6.942 557.56 0.062 -0.069
309.996 9.974 565.85 0.059 -0.093
314.991 12.986 573.78 0.056 -0.112
320.001 15.983 581.33 0.054 -0.131
325.007 18.972 588.66 0.052 -0.152
329.999 21.942 595.75 0.050 -0.171
335.003 24.877 602.46 0.048 -0.188
340.007 27.825 609.15 0.047  -0.205
345.013 30.764 615.69 0.046  -0.220
299.991 0.756 515.11 0.077  -0.120
304.993 3.626 524.27 0.072 -0.121
309.995 6.506 533.14 0.067 -0.128
314.991 9.373 541.58 0.063 -0.137
320.001 12.244 549.72 0.060 -0.150
325.007 15.100 557.52 0.057 -0.164
329.998 17.941 565.04 0.055 -0.181
335.002 20.767 572.22 0.053 -0.201
340.008 23.590 579.25 0.051 -0.219
345.013 26.400 586.06 0.049 -0.237
304.991 1.377 498.72 0.081 -0.199
309.994 4.125 507.93 0.076  -0.180
314.990 6.876 516.79 0.071  -0.169
320.001 9.632 525.29 0.067 -0.169
325.007 12.380 533.43 0.063 -0.175
329.998 15.115 541.25 0.060 -0.187
335.003 17.824 548.60 0.057 -0.205
340.008 20.519 555.69 0.055 -0.220
345.013 23.229 562.73 0.053 -0.243
309.993 1.253 473.32 0.091 -0.314
314.989 3.848 482.89 0.084 -0.253
320.000 6.456 492.03 0078 -0.217
325.006 9.061 500.75 0.073 -0.201
329.997 11.654 509.07 0.069 -0.197
335.002 14.232 516.91 0.065 -0.205
340.007 16.806 524.47 0.062 -0.220
345.012 19.379 531.84 0.059 -0.239
314.990 1.546 453.04 0.100 -0.412
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Table A.122. Measured speed of sound data for the syReti4d1234ze(Ext a molar
composition 0f .329160.67084 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

319.999 4.024 462.90 0.092 -0.314
325.005 6.490 472.10 0.085 -0.248
329.997 8.953 480.84 0.079 -0.216
335.002 11.402 489.00 0.074 -0.211
340.008 13.858 496.96 0.070  -0.217
345.013 16.312 504.64 0.066 -0.231
319.999 1.756 431.60 0.111 -0.501
325.005 4.078 441.42 0.101  -0.352
329.997 6.412 450.80 0.093 -0.268
335.001 8.742 459.60 0.087 -0.227
340.007 11.076 468.04 0.081 -0.212
345.013 13.404 476.10 0.076  -0.216
325.005 1.948 409.78 0.125 -0.573
329.997 4.146 419.95 0.113 -0.385
335.001 6.350 429.46 0.104 -0.279
340.007 8.553 438.42 0.095 -0.224
345.012 10.760 44698 0.089 -0.207
329.998 2.044 386.06 0.144  -0.663
335.002 4.096 396.26 0.129  -0.437
340.006 6.157 405.92 0.117  -0.296
345.013 8.225 415.07 0.107 -0.229
335.000 2.385 366.39 0.163 -0.697
340.006 4.329 377.01 0.145 -0.415
345.013 6.278 386.87 0.130 -0.261
340.005 2.348 338.90 0.199 -0.781
345.013 4.140 349.93 0.174 -0.421
345.010 2.550 315.54 0.238 -0.802
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TableA.1-23. Measured speed of sound data for the syReti4d1234ze(Ext a molar
composition of 0.671020.32899

T/IK p/MPa wm@!  Ud% Dw/%

229.997 0.131 829.10 0.039 0.476
235.007 0.589 808.34 0.039 0.478
240.004 0.609 785.19 0.040 0.466
245.006 0.605 761.97 0.041 0.455
250.005 0.609 738.83 0.043 0.433
254.994 0.618 715.85 0.044 0.416
259.988 0.611 692.86 0.046 0.411
269.993 5.812 685.99 0.045 0.335
274.995 9.842 693.24 0.044 0.287
280.000 13.884 700.47 0.043 0.243
285.001 17.913 707.56 0.042 0.204
290.003 21.919 714.46 0.041 0.168
294.998 25.905 721.19 0.040 0.135
299.999 29.876 127.77 0.039 0.106
304.998 33.823 734.20 0.039 0.080
310.000 37.736 740.43 0.038 0.057
314.995 41.622 746.51 0.038 0.034
320.004 45.494 752.47 0.037 0.014
269.993 3.174 666.80 0.048 0.367
274.995 7.130 674.44 0.046 0.309
280.000 11.085 681.95 0.045 0.257
285.001 15.028 689.29 0.043 0.211
290.003 18.959 696.46 0.042 0.170
294999 22.863 703.42 0.041 0.135
299.999 26.745 710.16 0.040 0.101
304.998 30.611 716.76 0.040 0.072
310.000 34.457 723.21 0.039 0.046
314.993 38.265 72945 0.039 0.024
320.004 42.025 735.38 0.038 0.003
325.008 45.773 741.24 0.038 -0.018
269.987 1.099 650.78 0.050 0.393
274.991 4.970 658.61 0.048 0.330
279.996 8.848 666.34 0.046 0.272
284998 12.716 673.89 0.045 0.221
290.001 16.573 681.26 0.044 0.177
294996  20.399 688.35 0.043 0.137
299.998 24.212 695.26 0.042 0.101
304.997 28.005 702.00 0.041 0.070
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Table A.223. Measured speed of sound data for the syRetB4d1234ze(Ext a molar
composition of §.671020.32898 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

309.999 31.782 708.59 0.040 0.042
314.996 35.538 715.02 0.039 0.016
320.004 39.328 721.55 0.039 -0.007
325.009 43.044 727.69 0.038 -0.027
330.000 46.700 733.54 0.038 -0.044
335.004 50.316 739.13 0.037 -0.063
274.990 1.038 627.36 0.053 0.382
279.995 4.733 635.34 0.051 0.313
284.997 8.434 643.22 0.049 0.252
290.000 12.131 650.91 0.047 0.198
294,995 15.817 658.41 0.046 0.149
299.997 19.484 665.63 0.044 0.107
304.995 23.137 672.69 0.043 0.071
309.998 26.772 679.54 0.042 0.038
314.994 30.385 686.21 0.041 0.010
320.004 33.986 692.71 0.040 -0.016
325.009 37.562 699.04 0.040 -0.039
330.000 41.101 705.15 0.039 -0.060
335.003  44.595 710.97 0.039 -0.080
340.007 48.088 716.76 0.038 -0.098
279.994 1.100 604.88 0.057 0.363
284.996 4.633 613.08 0.054 0.292
289.999 8.175 621.14 0.051 0.229
294995 11.707 628.97 0.049 0.174
299.996 15.229 636.54 0.048 0.125
304.996 18.740 643.90 0.046 0.082
309.997 22.215 650.90 0.045 0.045
314.994 25.689 657.82 0.044 0.012
320.003 29.154 664.55 0.043 -0.018
325.009 32.599 671.10 0.042 -0.045
330.000 36.014 677.47 0.041 -0.068
335.004 39.380 683.47 0.040 -0.090
340.008 42.752 689.47 0.040 -0.110
345.013 46.114 695.38 0.039 -0.128
284.995 1.402 584.62 0.060 0.339
289.997 4.794 593.04 0.057 0.267
294.995 8.187 601.25 0.054 0.205
299.996 11.580 609.23 0.052 0.148
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Table A.223. Measured speed of sound data for the syRetB4d1234ze(Ext a molar
composition of §.671020.32898 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

304.994 14.949 616.85 0.050 0.100
309.997 18.320 624.30 0.048 0.057
314.992 21.683 631.61 0.046 0.020
320.002 25.028 638.61 0.045 -0.013
325.009 28.354 645.41 0.044  -0.043
330.000 31.643 651.94 0.043 -0.069
335.003 34.896 658.15 0.042 -0.094
340.009 38.152 664.32 0.041 -0.116
345.013 41.393 670.37 0.041 -0.136
289.996 1.173 559.27 0.065 0.318
294.993 4.392 567.96 0.061 0.249
299.994 7.623 576.43 0.058 0.187
304.994 10.850 584.61 0.055 0.133
309.996 14070 592.50 0.053 0.084
314993 17.273 600.08 0.051 0.042
320.002 20.478 607.48 0.049 0.003
325.008 23.661 614.60 0.047 -0.031
330.000 26.822 621.49 0.046  -0.061
335.002 29.939 627.95 0.045 -0.091
340.007 33.106 634.64 0.044 -0.119
345.012 36.236 641.04 0.43 -0.141
294.991 1.056 534.63 0.071 0.286
299.994 4.110 543.54 0.066 0.226
304.993 7.173 552.18 0.063 0.169
309.996 10.239 560.54 0.059 0.118
314.991 13.297 568.59 0.056 0.072
320.003 16.348 576.32 0.054 0.032
325.008 19.388 583.79 0.052 -0.006
329.997 22.381 590.80 0.050 -0.042
335.002 25.368 597.59 0.048 -0.075
340.009 28.359 604.32 0.047 -0.104
345.012 31.341 610.89 0.046 -0.131
299.992 1.274 513.38 0.077 0.249
304.992 4.193 522.57 0.071 0.198
309.995 7.123 531.46 0.067 0.148
314.992 10.048 539.99 0.063 0.105
320.001 12.974 548.17 0.060 0.061
325.007 15.890 556.02 0.057 0.020
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Table A.223. Measured speed of sound data for the syRetB4d1234ze(Ext a molar
composition of §.671020.32898 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

329.999 18.784 563.55 0.055 -0.017
335.002 21.654 570.67 0.052 -0.053
340.007 24.524 577.65 0.051 -0.086
345.013 27.388 584.46 0.049 -0.116
304.992 1.802 495.84 0.082 0.209
309.995 4.602 505.21 0.076 0.171
314.990 7.403 514.17 0.071 0.131
320.001 10.211 522.77 0.067 0.092
325.007 13.007 530.95 0.063 0.053
329.998 15.788 538.80 0.060 0.015
335.002 18.543 546.15 0.057 -0.026
340.008 21.304 553.38 0.055 -0.062
345.013 24.059 560.42 0.053 -0.096
309.994 1.809 472.09 0.091 0.162
314.990 4.450 481.66 0.084 0.146
320.002 7.105 490.82 0.078 0.123
325.006 9.758 499.55 0.073 0.090
329.999 12.400 507.86 0.068 0.057
335.003 15.021 515.63 0.065 0.015
340.007 17.643 523.20 0.061 -0.024
345.013 20.252 530.47 0.059 -0.056
314.990 1.964 449.98 0.101 0.109
319.999 4471 459.83 0.092 0.125
325.006 6.981 469.12 0.085 0.116
329.998 9.484 477.92 0.079 0.094
335.003 11.973 486.12 0.074 0.057
340.007 14.470 494.12 0.070 0.020
345.013 16.965 501.84 0.066 -0.016
319.999 2.064 426.84 0.114 0.062
325.006 4.432 436.97 0.103 0.103
329.997 6.793 446.45 0.094 0.115
335.002 9.139 455.13 0.087 0.096
340.007 11.502 463.64 0.081 0.070
345.013 13.861 471.75 0.076 0.037
325.004 1.764 396.62 0.136  -0.038
329.997 3.937 406.94 0.122 0.060
335.002 6.104 416.39 0.111 0.106
340.007 8.292 425.54 0.101 0.112
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Table A.223. Measured speed of sound data for the syRetB4d1234ze(Ext a molar
composition of §.671020.32898 (continued)

T/IK p/MPa wm@!  Ud% Dw/%

345.013 10.485 434.26 0.093 0.096
329.996 2.021 374.75 0.155 -0.123
335.001 4.057 385.21 0.138 0.031
340.007 6.114 395.14 0.124 0.097
345.013 8.179 404.50 0.113 0.117
335.001 2.355 354.21 0.177 -0.179
340.007 4.283 365.13 0.155 0.004
345.013 6.220 375.25 0.139 0.094
340.007 2.528 330.08 0.211  -0.286
345.012 4.316 341.30 0.182  -0.048
345.013 2.760 306.71 0.253  -0.390

144



TableA.1-24. Measured speed of sound data for the sy&etfd34yf/1234ze(Ejat a molar
composition of .33584/0.66416

T/IK p/MPa wm@!  Ud% Dw/%

229.999 0.263 806.07 0.039 0.280
230.014 0.267 806.10 0.039 0.290
235.008 0.521 784.77 0.040 0.266
240.003 0.542 761.96 0.041 0.211
245.003 0.534 739.27 0.043 0.187
250.004 0.543 716.62 0.044 0.145
254.995 0.542 694.03 0.046 0.109
259.987 0.551 671.60 0.048 0.080
264.995 0.547 649.01 0.051 0.052
269.992 2.854 645.90 0.050 0.075
269.991 2.931 646.50 0.050 0.072
274.995 6.403 652.94 0.049 0.075
279.999 9.895 659.50 0.047 0.065
269.991 1.097 631.33 0.053 0.052
274.994 4.515 638.06 0.051 0.056
279.999 7.939 644.80 0.049 0.048
285.000 11.337 651.32 0.047 0.034
274.993 1.131 609.30 0.056 0.017
279.998 4.419 616.37 0.054 0.016
285.000 7.667 623.04 0.052 0.003
290.002 10.969 630.08 0.050 -0.017
279.997 1.194 587.52 0.059 -0.022
285.000 4.323 594.65 0.057 -0.029
290.002 7.458 601.75 0.054 -0.045
294.998 10.584 608.69 0.052 -0.063
284.999 1.104 564.22 0.064 -0.073
290.001 4.108 571.77 0.061 -0.082
294.997 7.105 579.14 0.058 -0.096
299.999 10.097 586.32 0.055 -0.113
290.000 1.075 541.34 0.069 -0.134
294.997 3.934 549.11 0.065 -0.140
299.999 6.792 556.67 0.062 -0.150
304.997 9.651 564.09 0.059 -0.161
294.995 1.063 518.44 0.075 -0.215
299.998 3.801 526.62 0.071  -0.205
304.996 6.527 534.46 0.067 -0.203
309.999 9.236 541.90 0.063 -0.204
299.996 1.352 498.92 0.081 -0.291
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Table A.124. Measured speed of sound data for the sy&etfd34yf/1234ze(E)at a molar
composition of §.33584/0.66416(continued)

T/IK p/MPa wm@!  Ud% Dw/%

304.996 3.965 507.27 0.076  -0.265
309.999 6.596 515.51 0.071  -0.249
314.994 9.206 523.32 0.067 -0.238
304.994 1.235 474.32 0.090 -0.399
309.998 3.713 483.04 0.084 -0.338
314.994 6.188 491.40 0.078 -0.297
320.003 8.666 499.42 0.074 -0.272
309.997 1.379 452.78 0.100 -0.490
314.993 3.723 461.69 0.092 -0.391
320.004 6.073 470.18 0.086  -0.325
325.009 8.419 478.31 0.080 -0.285
314.992 1.642 432.89 0.110 -0.558
320.002 3.877 442.08 0.101  -0.420
325.008 6.112 450.77 0.093 -0.333
329.999 8.337 459.02 0.087 -0.282
320.001 1.562 407.47 0.127  -0.657
325.007 3.651 416.91 0.115 -0.457
329.999 5.740 425.83 0.106  -0.338
335.003 7.817 434.09 0.098 -0.272
325.006 1.684 384.70 0.145 -0.719
329.998 3.647 394.49 0.131 -0.464
335.003 5.598 403.39 0.120 -0.313
340.007 7.566 412.01 0.110 -0.241
329.998 1.945 364.29 0.165 -0.703
335.002 3.785 374.11 0.148 -0.417
340.007 5.635 38335 0.134 -0.265
345.013 7.491 392.12 0.123 -0.191
335.001 2.049 340.38 0.197 -0.696
340.006 3.780 350.84 0.174  -0.360
345.012 5.516 360.52 0.155 -0.193
340.006 2.260 318.25 0.235 -0.612
345.012 3.869 328.91 0.204 -0.258
345.012 2.476 295.80 0.286  -0.475
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TableA.1-25. Measured speed of sound data for the sy&etfd34yf/1234ze(Ejat a molar
composition of 0.66660/0.3330)

T/IK p/MPa wm@!  Ud% Dw/%

229.998 0.450 777.99 0.041 0.161
235.008 0.591 756.13 0.042 0.164
240.004 0.607 733.50 0.043 0.145
245.003 0.616 710.97 0.045 0.133
250.005 0.624 688.51 0.047 0.124
254.994 0.792 667.55 0.049 0.135
259.987 4.524 674.41 0.047 0.138
269.993 11.961 687.78 0.045 0.121
259.986 1.160 648.25 0.051 0.129
265.003 4.628 654.24 0.049 0.126
269.990 8.269 661.67 0.047 0.116
274995 11.836 668.41 0.046 0.102
264.994 1.127 625.75 0.054 0.121
269.991 4572 633.05 0.052 0.110
274.995 8.070 640.62 0.049 0.093
280.000 11.531 647.83 0.048 0.078
269991 1.128 603.60 0.057 0.111
274.994 4.428 611.11 0.054 0.094
280.000 7.740 618.59 0.052 0.076
285.001 11.049 625.95 0.050 0.056
274.993 1.123 581.33 0.061 0.096
279.999 4.282 589.10 0.058 0.077
285.000 7.446 596.77 0.055 0.055
290.002 10.608 604.28 0.053 0.034
279.997 1.130 559.12 0.065 0.076
285.000 4.140 567.06 0.061 0.054
290.003 7.161 574.92 0.058 0.032
294997 10.166 582.50 0.056 0.012
284.999 1.148 536.92 0.070 0.045
290.001 4.005 545.01 0.066 0.032
294.998 6.873 552.95 0.062 0.010
299.999 9.747 560.75 0.059 -0.009
290.000 1.030 513.07 0.077 0.012
294.997 3.758 521.57 0.072 -0.001
299.998 6.487 529.78 0.068 -0.015
304.998 9.212 537.70 0.064 -0.030
294.995 1.070 490.76 0.084 -0.037
299.998 3.690 499.76 0.078 -0.044
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Table A.125. Measued speed of sound data for the syskiR34yf/1234ze(Ejat a molar
composition of .66660/0.3330) (continued)

T/IK p/MPa wm@!  Ud% Dw/%

304.997 6.300 508.33 0.073  -0.047
309.998 8.904 516.52 0.069 -0.054
299.996 1.030 467.14 0.093 -0.099
304.996 3.494 476.27 0.086 -0.079
310.000 5.961 485.01 0.080 -0.071
314.993 8.401 493.16 0.075 -0.063
304.995 1.196 446.00 0.103  -0.157
309.998 3.530 455.33 0.095 -0.110
314.994 5.869 464.26 0.088 -0.086
320.004 8.211 472.78 0.082 -0.074
309.997 0.984 418.91 0.119 -0.235
314.993 3.165 428.60 0.108 -0.148
320.005 5.351 437.71 0.100 -0.097
325.008 7.532 446.32 0.092 -0.077
314.991 1.535 403.52 0.129 -0.254
320.002 3.623 413.31 0.116  -0.151
325.008 5.715 422.57 0.107  -0.093
329.999 7.793 431.19 0.098 -0.069
320.002 1.614 380.30 0.148 -0.301
325.008 3.572 390.39 0.133  -0.159
329.999 5.527 399.80 0.121  -0.085
335.004 71.472 408.44 0.111  -0.057
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A.1.4. Liquidphase Viscosity Measurements

Instrument descriptiarDynamic viscosity measurements utilized a commeansaillating
piston viscometer (OPVThe instrument employs a variant of the fallbmgpytechnique where
theviscosity is determined from the time it takes a sensing element to treaelaular distance
in a measurement chamber filled with sample ligaidchematic of the main body of the
instrument is shown ikigure A.17.

Thermal
Inlet Jacket

Piston Outlet
/

\
\ / Measurement

Coils Chamber

RTD
Figure A.E7. Schematic othe main body of the OPV instrument

The measuremenhamber has an inner diameter of 7.963 mm. The outer diameter of the 0.02
0.2mPd3sensing piston is 7.925 mm. The time it takes the piston to travel adistadce Dx =

5 mm) during a complete vgown (or rightto-left) cycle is related to the dynamitscosity of

the fluid in the chamber.

The cylindrical measurement chamber is made of Inedb@l. It hasan inner diameter of 7.963
mm andan internal volume of approximately 8 mL and is rated to 137.NlfAaically, the
measurement chamber is inclined 4§ainst the direction of gravity, but for measurements
employing the particular sensing piston used in this work, the chamber was oriented horizontally.
The measurement chamber is surrounded by two magnetic coils that are used to magnetically
drive the bw-mass piston back and forth in the sample fluid. Specifically, one coil pulls the
sensing piston towards it, while inducing a voltage in the second coil. The mutual inductance
between the two coils makes it possible to accurately determine the pokttiersensing

piston. A full cycle of the piston is achieved by reversing the actuation of the coils. The time
required for the piston to travel a fixed distanog) (of approximately 5 mm during a complete
cycle is related to the dynamicscosity of the fluid in the chambef) according to EgA.1-

7.[103]

O —Oun &

_ — (A.1-7)
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In Eq.A.1-7, F is the magnetic forceg andrp are the radii of the measurement chamber and the
sensing piston, respectively,andd are the times it takes the cylinder to travel from one end of
the chamber to the other and back again,lgnsithe length of the piston.

The sensing piston is constructed of stainless steel and has a length of 24 mm, a diameter of
7.925 mm and is rated for viscosities from 0GRS to 2mP4d3. It should be noted that the

highest viscosities measured in thigrk exceed the upper limit of the sensing piston. Ideally,

the lower temperature (higher viscosity) measurements would have been performed using a
second sensing piston rated for viscosities from 0.2@1tB2 mP®. However, doing so would

have requireé second sample loading, which, given the limited available sample volume and
concerns regarding potentially significant changes in the bulk sample composition, was deemed
undesirable. Therefore, all measurements were made using a single piston glecetbe was

made that it would be less problematic to extend measurements above the upper range of the
sensing piston than below the lower range.

FigureA.1-8. Experimental setup for viscosity measurements. It includes: \(&guum system,
(2) a circulator, (3) a syringe pump, (4) the OPV, (5) a sample cylinder mount, (6)
various instrument readouts and controls, and (7) a computer.

The full experimental setup is shown in Figiéd-8. It includesavacuum systerfor

instrument and sample manifold evacuatiamirculatorfor temperature contrph syringe pump

for sample loading/pressurizatiaihe OPV asample cylinder mountarious instrument

readouts and contrglanda computerfor automation and data collectiddignificant

modifications have been made to improve thermal insulation, calibration, sample loading, cell
pressurization, and instrument automation. A more detailed description of these changes can be
found in Laesecke et f104]
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The cell temperatur@ascontrolled between 270 K and 450 K via use of a small laboratory

circulator that pumps polydimethylsiloxane heat transfer liquid through the surrounding thermal
jacket.Cell temperature waveasuredwithda 0 0 q pl atinum resistance t
(RTD) that was calibrated and mounted on the outside of the pressure vessel by the manufacturer
(see Figuré\.1-8). Unfortunately, the RTD walocated in a sealed space preventsigemoval

and independent verification of its calibratidihe manufacturequoted uncertainty of the

temperature measuremendid K

Thecell pressure is controlleglith a highpressure syringe pump rated to 137 MR#h a
maximum sample volume 65 nL. Pressureavasmeasured with gibrating-quartzcrystal type
pressurdransducewith a full-scale pressure range of 69 MPa arfdll-scale uncertainty of
0.01%, or0.007MPa

Viscositycalibration andmeasuremergrotocols The OPV instrument underwent an initial
calibration by the manufacturer during which the strength of the electromagnetic coupling was
adjusted for each sensing piston and the cycling periods were correlated to dynamic viscosity
using certified viscosity ahdards at room temperature and atmospheric pressure. However, it is
also necessary to calibrate each sensor for the effects of temperature and pressure. The critical
physical parameter that determines the viscosity is the annular spacing betweenrrengisto

the measurement chamber walls (see Figuie7). When the temperature and/or pressures
changes, the annular spacing also changes, and must therefore be accounted for. The
manufacturer recommends applying the following temperature and pressuré@arrec

) p 0 o>2% (A.1-8)
0 p UL O & and (A.1-9)
- - x »® (A.1-10)

wherepcorr andteorr are the corrections for pressure and temperature, respectiveiyne
measured pressure in MFais the measured temperature inkg,andK> are calibration
coefficients,/imeasis the uncorrected, measured viscosity, And is the corrected viscdgi
Therefore, it was essential to calibrate the 0002mPa-s sensor over the full temperature,
pressure, and viscosity ranges covered in this work.

For this work, R134a was chosen as a reference liquid because there is an accurate viscosity
correlationavailable within REFPROP; estimated uncertainties for the correlation range from 0.5

% to 3 %[105] A total of 200 state points were measured fdkFa spanning viscosities from

0.013 mPa-s to 0.410 mPa:s, temperatures from 272.5 K to R9ar@l pressures from 1.146

MPa to 40.084 MPa. These measurements were dispersed throughout the measurement campaign
and the data were fit using E4.1-10 to obtain the calibration coefficieri{s andK.. Two

separate sensing pistons with a @@2 mPa-s range were used in this work; each was

individually calibrated. After calibrating, the maximum deviations from the reference correlation
ranged from 1.1 % to 5.6 % for the two pistons.
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Degassedaturated liquid refrigerant blends were prepared in 300 mL stainless steel cylinders as
described in sectioA.1.6. The sample cylinder was inverted and mounted to the inlet of the
viscometer manifold; inverting the cylinder facilitates sample loading from the liquid phase. The
instrument and manifold were then evacuated overnight or longer. The syringe pump piston was
repeatedly cycled during evacuation to ensure the removal of any residues from previous
samples from the walls of the syringe pump cylinder.

Once sufficiently evacuated, the cell temperature was set to the desired loading temperature,
typically 273 K, andhe sample cylinder was warmed with a heat lamp to increase the internal
cylinder pressure. To load sample, the syringe pump piston was set to the desired volume, the
vacuum system and measurement chamber were isolated from the manifold, and the syringe
pump cylinder was filled with liquid sample by opening the sample cylinder valve. Ideally, the
sample would be loaded simultaneously into the syringe pump and the measurement chamber to
avoid any potential shifts in sample composition. However, large, papgsure changes could
damage the sensing piston; in an effort to avoid this, sample was slowly introduced into the
measurement cell via a series of small pressure increases until the pressure no longer increased
with additional valve cycles, indicatinge cell was filled with liquid. This was then verified by
closing the sample cylinder valve and running the syringe pump at a low rate of volume change;
a rapid increase in pressure indicates a liduled cell.

Once sample loading was completee cel waspressurized to the desired starting pressure and

the sensing pistowasset into motion t@nsure sample mixing andhelp with temperature
equilibration.A customLabView progranmwas used to automate instrument control and data
collection. For eacmeasurement seriessequencef target pressures and corresponding
measurement perisdvere entered in the interface paaeld annitial waiting period ofat least

six hourswas seto allow for sufficient temperature equilibration prior to startingasurements.

For the binary refrigerant blends, measurements were made at eight pressures for each of five
isotherms (273 K, 303 K, 333 K, 363 K, and 393 K). Pressures varied by sample and isotherm

and were chosen such that each step repess@mtapproxinately constant change in density. At

each isotherm, a series of eight pressures were measured for at least 15 minutes at each pressure,
after which the instrumentas slowly depressurized and then allowed to sit for four hours before
repeating the previaupressure series. For each sample, two pressure series are completed for
each of the five isothermfollowed by measurements af leastwo additionalpressure series at
several temperatures (typically 3 Kand333 K, andsometimes93 K). In this work averaged
temperature, pressure, and viscosity values are reported; averages are determined for the last five
minutes of data at each pressure step.

Upon completion of measurements for a given refrigerant blend, the sample was removed by
cryopumping intaa waste cylinder. The instrument, syringe pump, and sample manifold were
then evacuated for a minimum of overnight to remove any remaining sample prior to loading the
next sample fluid.

Viscositymeasurement uncertainti€he relative combined, expandéd=2) uncertainty on the
viscosity measurement,_(») , is estimated using equatiénl-11.
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. — 1= — 1 — 17
Y- ¢Ppnna- 0 (A.1-11)
— 70 — 70 7= — 1w

Contributions t6Y — include uncertainties associated with the travel time of the piston,
measured pressure, measured temperature, the pressure and temperature correctiemsoeffici
the reference fluid used for calibration, and the mixture composition. The largest contributions to
Y — arose from the measurement of travel time, specifically repeatability of the viscosity
measurement{ ), and the uncertaintysaociated with the reference data used for the
calibration & ). The next most significant contributionss — arose from the uncertainty
associated with the pressure and temperature correction coefficients. Overall, the combined
expanded uncainty in the viscosity ranged frol014mPa-s to 0.023 mPa-s.

Viscosityresults The measured dynamic viscosity data, as well as the relative combined,
expandedK = 2) uncertainties, are reportedTiables A.126 through A.131.As previously

discussed, the reported temperatiie ffressuref), and calibrated viscosity?] values are

averages calculated from the last five minutes of data at each pressure in a measurement series.
The data are presented in order of increasingpéeature and complete measurement series are
separated by blank lines.
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TableA.1-26. Measured viscosity data for the systerdZ34yf/134a at a molar composition of
(0.3194/0.6806)

Listed in Tables A.226 through A.131 are tenperatureTl, pressurg, dynamic Viscosity’.
Results for each measurement series are separated by blank lines.

TIK p/MPa hlmPd3 T/IK p/MPa AlmPd3
273.06 1.85 0.237 273.02 5.38 0.265
273.06 2.47 0.239 273.02 6.93 0.270
273.06 3.91 0.246 273.03 8.56 0.277
273.05 5.38 0.252 273.02 10.24 0.284
273.06 6.93 0.258 273.02 12.00 0.289
273.06 8.56 0.264 273.03 1.85 0.246
273.06 10.24 0.270 273.03 2.48 0.247
273.05 12.00 0.275 273.04 3.90 0.251
273.02 1.84 0.240 273.04 441 0.251
273.02 2.46 0.243 273.05 6.92 0.259
273.02 3.91 0.248 273.06 8.56 0.265
273.02 5.38 0.253 273.05 10.24 0.270
273.03 6.93 0.258 273.06 11.99 0.274
273.03 8.56 0.263
273.03 10.23 0.268 273.03 1.86 0.234
273.03 12.01 0.275 273.03 2.46 0.236

273.03 3.90 0.241
273.06 1.84 0.241 273.03 5.38 0.246
273.05 2.46 0.243 273.04 6.92 0.251
273.05 3.89 0.248 273.03 8.56 0.257
273.05 5.38 0.253 273.04 10.25 0.262
273.05 6.93 0.258 273.03 12.00 0.266
273.05 8.55 0.263 273.04 1.86 0.242
273.05 10.24 0.269 273.03 2.48 0.244
273.05 12.00 0.275 273.04 3.91 0.254
273.09 1.86 0.241 273.04 4.42 0.254
273.11 2.47 0.242 273.03 6.93 0.263
273.12 3.90 0.247 273.02 8.56 0.265
273.12 5.37 0.253 273.01 10.24 0.269
273.12 6.93 0.258 273.02 12.01 0.275
273.12 8.56 0.263
273.12 10.24 0.269 302.93 1.84 0.171
273.12 12.00 0.274 302.94 2.34 0.173

302.95 3.68 0.178
273.01 1.86 0.249 302.95 511 0.183
273.01 2.48 0.253 302.93 6.67 0.188
273.02 3.90 0.259 302.93 8.31 0.193
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TableA.1-26 (continued)

T/IK
302.91
302.83
302.97
302.97
302.98
302.98
302.99
302.99
302.99
303.00

333.00
333.03
333.08
333.11
333.10
333.12
333.11
333.11
333.05
333.05
333.06
333.08
333.06
333.01
332.93
332.82

333.02
33301
333.01
333.01
333.01
333.01
333.00
333.01
333.04
333.06

p/MPa hlmPd3
10.08 0.199
11.97 0.206
1.83 0.172
2.34 0.173
3.69 0.178
5.11 0.182
6.68 0.188
8.32 0.193
10.10 0.198
11.99 0.204
2.02 0.115
2.69 0.118
3.41 0.122
4.19 0.125
5.03 0.128
5.95 0.132
6.94 0.136
8.01 0.139
2.03 0.116
2.69 0.119
3.41 0.122
4.20 0.126
5.02 0.128
5.94 0.132
6.92 0.136
7.99 0.141
2.03 0.111
2.67 0.114
3.41 0.118
4.19 0.121
5.03 0.124
5.95 0.128
6.94 0.132
8.02 0.136
2.04 0.111
2.69 0.115

155

T/IK
333.06
333.06
333.06
333.06
333.06
333.05

362.99
362.92
362.89
362.90
362.91
362.92
362.94
363.03
362.96
362.93
362.93
362.92
362.93
362.94

392.26
392.50
392.70
392.85
392.99
393.10
393.19
393.26
392.35
392.54
392.71
392.85
392.98
393.08
393.18
393.26

p/MPa

3.40
4.18
5.04
5.95
6.94
8.02

3.61
4.06
4.59
5.25
6.00
6.89
7.93
3.62
4.06
4.59
5.24
6.00
6.90
7.94

5.57
5.75
5.96
6.23
6.56
6.96
7.44
8.05
5.57
5.75
5.96
6.23
6.54
6.96
7.45
8.03

AlmP&3
0.118
0.122
0.125
0.129
0.133
0.137

0.070
0.074
0.080
0.084
0.089
0.093
0.097
0.069
0.074
0.079
0.083
0.088
0.093
0.098

0.038
0.040
0.043
0.046
0.050
0.054
0.059
0.064
0.037
0.040
0.044
0.047
0.051
0.055
0.059
0.063



TableA.1-27. Measured viscosity data ftire system RL.234yf/134a at a molar composition
of (0.6469/0.353)L

T/IK p/MPa himP&3 T/IK p/MPa himP&3
273.04 1.85 0.253 302.99 8.57 0.200
273.04 3.16 0.258 303.00 10.23 0.205
273.03 4.48 0.262 303.00 11.99 0.210
273.03 5.86 0.267 302.98 1.89 0.176
273.03 7.29 0.271 302.98 3.04 0.180
273.03 8.80 0.276 302.98 4.29 0.184
273.03 10.35 0.280 302.99 5.61 0.190
273.@2 11.99 0.285 302.98 7.03 0.194
273.00 1.84 0.251 302.99 8.57 0.199
273.01 3.16 0.256 302.99 10.22 0.204
273.01 4.47 0.259 302.98 12.00 0.209
273.01 5.85 0.263
272.94 7.26 0.268 333.07 3.83 0.126
272.93 8.78 0.273 333.08 4.11 0.127
272.95 10.35 0.278 333.08 4.46 0.129
272.97 11.98 0.284 333.07 491 0.131

333.07 5.48 0.134
273.11 1.86 0.252 333.08 6.16 0.136
273.10 3.17 0.256 333.01 7.00 0.140
273.09 4.48 0.260 332.90 8.00 0.144
273.09 5.86 0.265 333.04 3.82 0.127
273.09 7.27 0.269 333.05 4.09 0.128
273.09 8.78 0.274 333.05 4.44 0.130
273.10 10.34 0.279 333.04 4.90 0.132
273.11 11.99 0.284 333.06 5.48 0.134
273.13 1.85 0.251 333.07 6.15 0.136
273.13 3.16 0.256 333.07 7.00 0.140
273.13 4.48 0.260 333.08 8.01 0.144
273.12 5.84 0.265
273.00 7.27 0.269 332.97 2.31 0.122
273.00 8.80 0.274 332.98 2.89 0.125
273.04 10.35 0.279 332.97 3.56 0.129
273.06 12.00 0.283 332.98 4.28 0.132

333.04 5.10 0.136
303.01 1.89 0.176 333.09 5.99 0.140
303.00 3.03 0.180 333.10 6.94 0.143
303.00 4.28 0.185 333.10 8.02 0.148
303.00 5.61 0.190 333.01 2.31 0.121
303.00 7.04 0.195 333.03 2.90 0.124
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TableA.1-27 (continued)

T/IK p/MPa himPd3 T/IK p/MPa himP&3
333.00 3.56 0.128 363.04 6.16 0.089
333.02 4.30 0.131 363.09 7.00 0.094
333.02 5.09 0.135 363.11 8.00 0.099
333.01 5.99 0.138
332.97 6.95 0.143 392.72 6.05 0.046
33296 8.03 0.147 392.80 6.21 0.048

392.90 6.41 0.050
362.97 3.82 0.070 392.97 6.62 0.053
363.01 4.09 0.073 393.02 6.87 0.056
363.05 4.45 0.077 393.10 7.20 0.059
363.08 491 0.081 393.17 7.57 0.061
363.13 5.47 0.085 393.22 8.03 0.065
363.17 6.15 0.089 392.48 6.04 0.047
363.19 7.00 0.094 392.57 6.21 0.052
363.21 8.00 0.099 392.68 6.41 0.053
362.88 3.82 0.070 392.77 6.63 0.055
362.83 4.09 0.073 392.85 6.89 0.058
362.84 4.46 0.077 392.91 7.21 0.061
362.91 491 0.081 392.99 7.58 0.063
362.98 5.46 0.085 393.05 8.03 0.067
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TableA.1-28. Measured viscosity data for the systemriRd1234ze(Eprt a molar
composition of §.3330/0.667D

T/K
272.59
272.58
272.58
272.57
272.57
272.59
272.60
272.60
272.54
272.52
272.52
272.51
272.52
272.52
272.53
272.52

273.03
273.04
273.03
273.04
273.04
273.04
273.04
273.04
273.09
273.09
273.09
273.09
273.08
273.08
273.07
273.07

272.99
272.99
273.00
273.00
273.00

p/MPa

1.73
4.98
9.47
14.42
19.93
26.00
32.65
39.97
1.73
4.97
9.44
14.40
19.91
25.97
32.63
39.93

1.86
5.11
9.59
14.55
20.06
26.13
32.77
40.08
1.87
5.11
9.60
14.57
20.07
26.11
32.78
40.09

1.85
5.10
9.58
14.56
20.06

AlmP&3
0.268
0.281
0.297
0.313
0.329
0.347
0.367
0.387
0.266
0.278
0.293
0.309
0.326
0.344
0.363
0.383

0.246
0.256
0.271
0.286
0.302
0.320
0.338
0.358
0.246
0.257
0.271
0.286
0.302
0.320
0.338
0.358

0.246
0.257
0.271
0.28
0.303
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T/IK
273.00
273.00
273.00
272.99
272.99
272.99
272.99
272.99
272.99
272.99
273.01

302.98
302.97
302.97
302.97
302.98
302.99
302.98
302.99
302.96
302.95
302.95
302.94
302.93
302.93
302.93
302.94

332.64
332.64
332.64
332.64
332.64
332.64
332.63
332.63
332.58

p/MPa

26.12
32.77
40.07

1.87

5.10

9.58
14.55
20.06
26.11
32.77
40.06

1.86
4.51
8.53
13.20
18.63
24.88
31.99
40.06
1.86
4.51
8.53
13.22
18.64
24.89
32.00
40.07

1.97
4.52
7.79
11.93
17.06
23.33
30.92
39.99
1.91

AlmP&3

0.320
0.338
0.358
0.246
0.257
0.271
0.287
0.303
0.320
0.339
0.359

0.190
0.198
0.211
0.225
0.242
0.257
0.273
0.291
0.191
0.200
0.213
0.226
0.240
0.254
0.271
0.287

0.131
0.141
0.152
0.164
0.177
0.193
0.210
0.230
0.128



TableA.1-28 (continued)

T/IK p/MPa himPd3
332.59 4.45 0.138
332.59 7.73 0.150
332.60 11.88 0.163
332.60 17.02 0.177
332.60 23.29 0.192
332.60 30.87 0.210
332.61 39.94 0.229
333.06 2.04 0.126
333.07 4.60 0.137
333.09 7.86 0.148
333.10 12.01 0.160
333.10 17.15 0.174
333.11 23.41 0.190
333.12 31.00 0.207
333.11 40.06 0.226
333.10 2.02 0.126
333.11 4.58 0.136
333.12 7.86 0.147
333.12 12.00 0.159
333.12 17.14 0.173
333.12 2341 0.189
333.13 31.00 0.206
333.13 40.10 0.225
333.09 2.03 0.127
333.09 4.60 0.137
333.11 7.86 0.148
333.12 12.01 0.160
333.12 17.14 0.174
333.10 23.41 0.189
333.11 31.00 0.206
333.12 40.07 0.225
333.12 2.04 0.125
333.12 4.58 0.134
333.13 7.86 0.146
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T/IK

333.14
333.14
333.14

362.75
362.85
362.92
362.96
363.14
363.29
363.37
363.41
363.06
363.14
363.18
363.24
363.26
363.27
363.28
363.30

392.82
393.06
393.24
393.40
393.54
393.64
393.72
393.78
392.78
393.00
393.22
393.42
393.55
393.62
393.46
393.9

p/MPa
12.01
17.16
23.41

3.23
4.56
6.70
9.86
14.40
20.61
28.97
39.98
3.32
4.66
6.79
9.95
14.46
20.67
29.01
40.02

5.28
5.71
6.53
8.17
11.22
16.61
25.61
40.09
5.28
5.71
6.53
8.17
11.22
16.59
25.61
40.07

AlmP&3
0.158
0.172
0.188

0.082
0.091
0.103
0.115
0.129
0.145
0.164
0.188
0.083
0.093
0.105
0.118
0.132
0.147
0.165
0.187

0.045
0.052
0.060
0.072
0.085
0.102
0.124
0.155
0.045
0.052
0.061
0.072
0.086
0.103
0.126
0.155



TableA.1-29. Measured viscosity data for the system3d1234ze(Eprt a molar
composition of .6622/0.3378

T/IK p/MPa himP&3 TIK p/MPa himP&s
273.07 1.13 0.258 302.81 24.79 0.258
273.08 511 0.273 302.80 31.92 0.279
273.07 9.57 0.291 302.80 40.05 0.301
273.06 14.53 0.310 302.83 1.13 0.169
273.06 20.02 0.331 302.84 4.49 0.181
273.06 26.09 0.353 302.84 8.48 0.196
273.06 32.75 0.376 302.87 13.16 0.212
273.06 40.06 0.401 302.92 18.56 0.226
273.06 1.15 0.260 302.94 24.81 0.244
273.08 5.13 0.275 302.95 31.95 0.264
273.09 9.59 0.292 302.96 40.06 0.286
273.09 14.55 0.311
273.10 20.04 0.331 332.79 2.17 0.114
273.11 26.09 0.354 332.81 4.63 0.123
273.11 32.75 0.376 332.83 7.85 0.134
273.10 40.06 0.400 332.83 11.94 0.148

332.84 17.05 0.162
273.18 1.15 0.240 332.84 23.30 0.179
273.18 5.13 0.254 332.84 30.90 0.197
273.18 9.59 0.272 332.84 40.05 0.219
273.15 14.54 0.288 332.83 2.18 0.113
273.02 20.01 0.307 332.84 4.64 0.122
273.04 26.07 0.327 332.85 7.86 0.133
273.06 32.73 0.350 332.84 11.93 0.146
273.08 40.05 0.372 332.79 17.04 0.161
273.11 1.13 0.240 332.78 23.28 0.179
273.10 5.10 0.255 332.85 30.91 0.197
273.11 9.56 0.270 332.93 40.06 0.219
273.10 14.52 0.288
273.10 20.00 0.306 362.73 3.64 0.071
273.10 26.07 0.327 362.84 4.87 0.079
273.10 32.72 0.347 362.90 6.87 0.088
273.09 40.05 0.372 362.93 9.06 0.101

362.98 14.31 0.115
302.83 1.13 0.177 363.01 20.47 0.133
302.83 4.49 0.190 363.02 28.86 0.153
302.83 8.47 0.204 363.03 40.08 0.177
302.81 13.13 0.219 362.80 3.63 0.072
302.81 18.55 0.240 362.91 4.87 0.079
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TableA.1-29 (continued)

T/IK p/MPa himPd3
362.98 6.87 0.089
363.04 9.93 0.100
362.89 14.30 0.114
362.84 20.47 0.132
362.84 28.86 0.154
362.84 40.09 0.178
362.61 3.61 0.072
362.70 4.85 0.079
362.78 6.85 0.089
362.81 9.90 0.101
362.83 14.29 0.115
362.82 20.45 0.132
362.83 28.85 0.153
362.82 40.06 0.177
389.80 4.50 0.022
391.50 5.04 0.028
392.11 5.40 0.034
392.44 5.93 0.042
392.76 7.25 0.055
393.02 10.86 0.074
393.17 19.92 0.102
393.22 40.09 0.147
389.90 4.49 0.02
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T/IK
391.62
392.23
392.56
392.86
393.12
393.23
393.31

392.20
392.41
392.63
392.72
392.86
392.94
393.03
393.06
392.00
392.21
392.45
392.64
392.86
393.05
393.17
393.23

p/MPa
5.04
5.40
5.93
7.24
10.86
19.90
40.08

5.74
6.21
7.11
8.77
11.81
17.12
25.95
40.07
5.70
6.17
7.08
8.73
11.81
17.13
25.95
40.06

AlmP&3

0.028
0.034
0.042
0.055
0.074
0.101
0.147

0.041
0.047
0.056
0.067
0.079
0.096
0.118
0.148
0.039
0.047
0.055
0.065
0.078
0.094
0.115
0.147



TableA.1-30. Measured viscosity data for the systerd Z34yf/1234ze(Eat a molar
composition of .3224/0.677%

T/K
273.07
273.08
273.07
273.08
273.08
273.08
273.08
272.96
273.10
273.10
273.11
273.10
273.10
273.11
273.10
273.10

272.96
272.96
272.96
272.96
272.96
272.96
272.99
273.01
273.05
273.05
273.04
273.03
273.02
273.01
273.01
273.02

302.92
302.92
302.92
302.93
302.93

p/MPa

1.89
3.19
4.53
5.91
7.35
8.85
10.39
12.00
1.88
3.18
451
5.89
7.34
8.83
10.38
12.00

1.92
3.20
4.54
5.91
7.37
8.85
10.40
12.02
1.91
3.19
4.52
5.91
7.35
8.85
10.39
12.03

1.88
3.08
4.34
5.70
7.13

AlmP&3
0.250
0.254
0.259
0.263
0.268
0.272
0.276
0.281
0.250
0.254
0.258
0.263
0.267
0.271
0.276
0.280

0.248
0.253
0.257
0.261
0.266
0.271
0.275
0.279
0.249
0.253
0.258
0.262
0.266
0.271
0.275
0.280

0.178
0.182
0.186
0.190
0.195
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T/IK

302.92
302.91
302.91
302.91
302.91
302.90
302.84
302.84
302.85
302.85
302.85

332.98
332.98
332.98
332.98

332.99
333.01
333.05
333.05

362.51
362.54
362.58
362.61
362.63
362.67
362.69
362.71

363.01
363.04
363.07
363.08
363.10
363.13
363.14
363.16

p/MPa
8.66
10.27
11.99
1.89
3.08
4.33
5.69
7.13
8.66
10.27
11.99

2.06
2.71
2.06
2.70

2.07
2.71
2.06
2.72

3.28
3.64
4.10
4.63
5.29
6.04
6.94
7.98

3.35
3.72
4.18
4.71
5.36
6.12
7.02
8.05

AlmP&3
0.200
0.204
0.209
0.178
0.182
0.186
0.191
0.195
0.200
0.205
0.209

0.145
0.146
0.148
0.148

0.145
0.145
0.148
0.148

0.111
0.113
0.115
0.116
0.119
0.121
0.122
0.125

0.113
0.116
0.118
0.121
0.123
0.125
0.125
0.126



TableA.1-30 (continued)

T/K
392.82
392.90
392.96
393.03
393.10
393.17
393.21
393.27
392.67
392.79
392.92
393.01
393.08
393.15
393.18
393.22

p/MPa

5.58
5.76
5.97
6.25
6.58
6.98
7.46
8.05
5.55
5.74
5.97
6.23
6.57
6.97
7.45
8.04

AlmP&3
0.072
0.075
0.078
0.082
0.086
0.090
0.094
0.098
0.071
0.074
0.078
0.082
0.085
0.089
0.092
0.096
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T/IK

392.73
392.79
392.87
392.92
392.99
393.04
393.10
393.16
392.81
392.81
392.70
392.71
392.83
392.92
392.99
393.06

p/MPa
5.58
5.75
5.97
6.24
6.57
6.97
7.46
8.05
5.57
5.75
5.97
6.23
6.56
6.97
7.45
8.04

AlmP&3
0.068
0.071
0.075
0.079
0.082
0.086
0.090
0.094
0.066
0.069
0.073
0.076
0.080
0.085
0.090
0.094



TableA.1-31. Measured viscosity data for the systerd Z34yf/1234ze(Eat a molar
composition of (.6418/0.358p

T/IK
273.03
273.03
273.03
273.04
273.03
273.03
273.03
273.03
273.02
273.01
273.02
273.02
273.03
273.03
273.02
273.04

273.04
273.04
273.04
273.04
273.03
273.03
273.03
273.02
273.04
273.04
273.04
273.03
273.02
273.02
273.01
273.01

272.97
272.97
272.99
272.98
272.98

p/MPa

1.84
3.11
4.45
5.82
7.28
8.79
10.36
12.01
1.84
3.11
4.44
5.83
7.27
8.78
10.34
12.00

1.85
3.12
4.45
5.84
7.29
8.79
10.35
12.00
1.84
3.10
4.43
5.82
7.27
8.78
10.35
12.00

1.86
3.13
4.46
5.84
7.30

AlmP43
0.268
0.272
0.276
0.280
0.284
0.289
0.294
0.298
0.268
0.272
0.274
0.272
0.274
0.278
0.283
0.287

0.254
0.259
0.263
0.267
0.272
0.277
0.281
0.286
0.254
0.258
0.262
0.267
0.272
0.276
0.281
0.286

0.263
0.268
0.272
0.277
0.281
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T/IK

272.98
273.00
273.02
272.98
272.98
272.98
272.97
272.97
272.96
272.96
272.97

302.95
302.95
302.95
302.94
302.94
302.94
302.94
302.93
302.98
302.97
302.97
302.98
302.98
302.97
302.96
302.97

333.02
333.02
333.02
333.03
333.02
333.02
333.02
333.03
333.05
333.04

p/MPa
8.80
10.37
12.02
1.85
3.13
4.46
5.84
7.30
8.80
10.36
12.00

1.84
2.99
4.26
5.59
7.05
8.58
10.23
12.00
1.84
3.00
4.27
5.61
7.05
8.57
10.24
12.00

2.16
2.78
3.46
4.22
5.03
2.16
2.78
3.48
4.22
5.04

AlmP&3
0.287
0.291
0.296
0.263
0.267
0.272
0.276
0.281
0.286
0.291
0.295

0.187
0.194
0.198
0.203
0.208
0.214
0.218
0.223
0.187
0.192
0.198
0.203
0.208
0.212
0.217
0.222

0.136
0.140
0.144
0.147
0.148
0.139
0.144
0.149
0.154
0.155



TableA.1-31 (continued)

T/IK p/MPa himPd3 T/IK p/MPa himP&3
332.62 2.11 0.135 363.22 6.11 0.102
332.62 2.73 0.139 363.24 7.00 0.107
332.63 3.41 0.143 363.26 8.06 0.113
332.63 4.16 0.146 362.75 3.54 0.080
332.67 4.99 0.147 362.78 3.85 0.084
332.69 2.12 0.140 362.81 4.26 0.088
332.69 2.75 0.145 362.86 4.76 0.092
332.70 3.44 0.150 362.90 5.36 0.097
332.71 4.19 0.154 362.92 6.10 0.102
332.71 5.01 0.156 362.93 6.99 0.107

363.00 8.05 0.113
333.09 2.19 0.130
333.10 2.80 0.134 392.92 6.08 0.056
333.12 3.48 0.138 392.99 6.25 0.058
333.11 4.24 0.142 393.04 6.46 0.061
333.11 5.05 0.143 393.10 6.71 0.063
333.14 2.18 0.137 393.14 6.97 0.065
333.14 2.80 0.141 393.18 7.28 0.068
333.14 3.48 0.146 393.21 7.64 0.071
333.13 4.23 0.151 393.25 8.06 0.074
333.14 5.06 0.153 392.90 6.07 0.057

392.93 6.24 0.059
363.07 3.57 0.080 392.99 6.44 0.061
363.11 3.88 0.084 393.03 6.69 0.064
363.15 4.27 0.087 393.07 6.95 0.065
363.18 4.77 0.092 393.11 7.26 0.068
363.21 5.38 0.096 393.15 7.63 0.071

393.10 8.04 0.074
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A.1.5.Liquid-phase Thermal Conductivity Measurements

The transient hot wire (THW) apparatus is an absolute technique used to measure the thermal
conductivity. The apparatus described in this dtL@§] can operate aemperatures ranging

from 60to 340 K and pressures up to 70 MPhe basisof the THW apparatuaretwo platinum
wires of differing lengthswhich function as both heating elem&ahd thermometer The

principle of the THW technique is to observe the temperature rise of thewring a step

power pulse through the wire over a short duration. The following equation,

Y'Y 3Y B1'Y —I1 1—0 (A.1-12)

relates the measured temperatuse DT to the ideal temperature ri§iq of an infinite line
sourcewhergi s t he applied power , Kisstheithermal diffasivitydh e r ma |
is the radius of the wir&; is theexponential oEuler's constant, artds the time. The agation

for the infinite line source is an ideal scenario assuming a witearzero diameter anafinite

lengthwith zero heat capacigndt h e i @is tmesulh of correctionthat are applied to the
measured temperature rise to accountegartures from the ideal cagemore indepth

explanation of each correction required is described in the work of Healf1677&l.

The apparatus consestof a measuring cell containinige hot wires situated ione arm ot
Wheatstone bridge to measure tlierence between the longire and shortvire resistances
increases during heating beryllium copper pressure vessel rated to 70 MPa and a cryostat to
maintain the temperatummmplete the basic apparatésgureA.1-9 shows the arrangement of

the long and short hot wires on the Wheatstone bridge. Thevingaarrangement used in this

THW apparatus alloedfor the elimination of end effects. During measurements, -aitun

calibration is performed to correlate the wire resistances to their temperature. The heating of the
platinum wireswas done using a 1000 Hz alt@ting current power source to avoid polarization
errors that may occur with ionic impurities in the refrigerants studiedbaith hot wires

Measurements/ere performed over a 1 s time period to minimize convective heat transfer and at
five temperatureisesto rule out any powelevel dependency. The dat@re measuredlong
isothermdrom 200 to 340 K in 20 K incrementsicreasinghe system temperature causes the
resistance of the long and short wiregnirease Therefore, prior to starting any nsesements

the Wheatstone bridgeas balanced using decade resistors so that the voltage measured across
the bridge read zer&aturated binary liquid refrigerant mixture samples of HR2Z34yf, HFC

134a and HFE1234ze(E) prepared in 300 mL transfer vesaelise used to load the haire

system. The mixtures were prepared in such a manner to minimize the vapor space in the transfer
vessel. When loading the sample the transfer vessel was inverted to load from the liquid phase.
Given the twephase nature of treample, flash calculations using REFPROP were performed to
correct for modest changes in the bulk sample composition as the sample was withdrawn. The
liquid phase composition changes were found to be between 0.0002 and 0.0005 mole fraction of
the bulk samle composition.For each fluidmeasurementst nine pressuresere performed

alongan isotherm starting from roughly 0.5 MPa abovelihigblepoint pressure to 50 MPBor
mixtures containingdFO-1234yf the pressure was limited 1& MPabecause this ecoponent

has the potential to polymerize at high pressuree.combined expanded uncertainty of the

thermal conductivity measurement for the liquid mixtures measured here was less than 1%.
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Figure A.210 shows the relationship between the thermal condtyctinid density for each
binary mixture.

Measured data are presented in Tables3& through A.137. For the sake of brevity, the tables
present a single measured point at each nominal pressure, rather than the five distinct
temperature rises actually maesd. All of the measured data will be presented in a forthcoming

journal papefl08]

i Cell Wall
Main Power Relay Groundl L
g Hot-Wire
. - Short
Dummy \' Bridge Hot
Wire

Load
Resistance

+V/2

ImBaIgnce
Voltage

-V/2

ml

FigureA.1-9. Circuit diagram of the Wheatstone bridge and long and short hot wire
arrangement
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Figure A.:10. Effect of density on the thermal conductivity fanary mixtures of RL234yf, R
134a, and RL234ze(E) at temperatures ranging from R0 340K

The mixtures are: (a)-R234yf/134a (0.320/0.680 molar); (b)IR34yf/134a (0.647/0.353
molar); (c) R134a/1234ze(E) (0.334/0.666 molar); (dLB4a/1234ze(H)0.663/0.337 molar);
(e) R1234yf/1234ze(E) (0.323/0.677 molar); (HIR34yf/1234ze(E) (0.642/0.358 molar).
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TableA.1-32. Representative thermal conductivity data meastoethe system
R-1234yf/134aat a molar compositioaf (0.320/0.680)

T/K p/ MPa / 1 WaniK?t T/K p/ MPa / | WanK?
201.920 2.155 0.11140 282.240 2.300 0.07806
201.919 2.152 0.11161 282.224 1.078 0.07749
201.893 3.573 0.11198 282.175 2.126 0.07834
201.891 3.573 0.11179 282.356 1.050 0.07758
201.557 8.921 0.11391 282.361 2.070 0.07789
202.247 11.885 0.11494 282.260 3.289 0.07888
202.271 10.415 0.11427 282.264 4.704 0.07995
202.347 7.678 0.11310 282.182 6.006 0.08076
202.344 5.055 0.11286 282.197 7.420 0.08166
202.353 0.950 0.11111 282.118 8.924 0.08273
222.435 12.026 0.10695 282.039 11.634 0.08412
222.516 10.314 0.10628 302.260 1.157 0.07035
222.472 9.034 0.10560 302.271 2.011 0.07119
222.504 7.633 0.10502 302.270 2.888 0.07171
222.514 6.297 0.10455 302.273 3.599 0.07206
222.560 4.869 0.10364 302.264 4.346 0.07273
222.573 3.656 0.10321 302.241 5.327 0.07347
222.559 2.334 0.10277 302.230 6.113 0.07382
222.593 1.040 0.10199 302.218 7.070 0.07485
242.683 11.940 0.09869 302.198 7.905 0.07525
242.739 10.479 0.09787 322.071 1.909 0.06311
242.757 8.972 0.09692 321.974 2.440 0.06397
242.764 6.293 0.09659 322.022 3.119 0.06467
242.741 7.673 0.09629 322.015 3.843 0.06512
242.782 5.024 0.09540 321.927 4.558 0.06579
242.799 3.483 0.09499 321.915 5.342 0.06625
242.801 2.154 0.09437 321.921 6.093 0.06671
242.826 0.969 0.09325 321.921 7.042 0.06820
262.143 11.959 0.09162 321.900 7.920 0.06890
262.172 10.621 0.09055 342.135 2.579 0.05605
262.188 8.969 0.08970 342.208 2.979 0.05646
262.159 7.513 0.08927 342.181 3.464 0.05722
262.192 6.185 0.08881 342.175 4.056 0.05812
262.226 4.808 0.08875 342.031 4.670 0.05902
262.208 4.829 0.08812 342.399 5.405 0.05956
262.233 3.524 0.08651 342.420 6.237 0.06018
262.240 2.081 0.08620 342.382 6.964 0.06089
262.218 0.990 0.08561 342.340 7.878 0.06236

169



TableA.1-33. Representative thermal conductivity data measured for the systt84yf/134a
at a molar composition of (0.647/0.353)

T/K p/ MPa / 1 Wik T/K p/ MPa / | WK
202.029 1.154 0.10308 281.872 3.306 0.07380
202.036 2.153 0.10403 281.818 4.506 0.07453
201.465 3.573 0.10469 281.905 6.008 0.07547
201.725 3.572 0.10469 281.875 7.681 0.07612
201.472 4.962 0.10517 281.809 7.700 0.07615
202.101 4.975 0.10469 281.128 8.935 0.07827
202.049 6.238 0.10480 282.007 10.353 0.07781
202.034 7.559 0.10495 282.028 11.999 0.07857
202.039 9.049 0.10585 302.464 1.299 0.06506
202.015 10.412 0.10713 302.105 1.997 0.06605
202.060 11.793 0.10701 302.248 2.737 0.06654
222.284 1.181 0.09488 302.133 3.483 0.06698
222.303 2.158 0.09514 301.907 4.298 0.06796
222.305 3.461 0.09616 301.874 5.131 0.06844
222.292 4.773 0.09669 302.199 6.288 0.06891
222.272 6.329 0.09752 302.105 7.096 0.06981
222.275 7.767 0.09758 302.176 8.035 0.07007
222.262 9.136 0.09832 322.289 1.638 0.05874
222.251 10.532 0.09885 322.225 2.316 0.05941
222.244 11.818 0.09926 322.172 2.976 0.06032
242.508 1.033 0.08689 322.219 3.707 0.06100
242.486 2.304 0.08751 322.121 4.434 0.06180
242.532 3.531 0.08780 322.001 5.249 0.06241
242.530 4.935 0.08832 322.139 6.155 0.06322
242.540 6.142 0.08895 322.083 7.072 0.06397
242.523 7.541 0.08974 322.045 8.031 0.06449
242.500 8.973 0.09024 342.621 2.401 0.05164
242.495 10.579 0.09077 342.534 2.847 0.05208
242.472 11.946 0.09184 342.736 3.460 0.05328
262.259 1.077 0.07923 342.613 3.980 0.05413
262.294 2.162 0.08018 342.476 3.966 0.05440
262.254 3.386 0.08084 342.501 4.729 0.05572
262.200 4.727 0.08119 342.640 4.770 0.05548
262.261 6.172 0.08160 342.474 5.410 0.05584
262.225 7.558 0.08285 342.357 6.220 0.05716
262.176 9.057 0.08327 342.474 7.052 0.05765
262.127 10.486 0.08422 341.938 7.035 0.05796
262.088 11.886 0.08514 342.045 7.968 0.05841
281.922 1.103 0.07236 341.993 7.955 0.05900
281.860 2.032 0.07294 342.226 2.698 0.05245
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TableA.1-34. Representative thermal conductivity data measured for the system
R-134d1234e(E)) at a molar composition of (0406.6656)

T/K p/ MPa / 1 Wik T/K p/ MPa / | WK
202.306 1.006 0.11192 282.586 1.027 0.07981
202.356 6.092 0.11376 282.497 5.018 0.08243
202.339 11.496 0.11505 282.413 9.586 0.08472
202.328 17.141 0.11665 282.314 14.660 0.08730
202.325 23.189 0.11893 282.249 20.585 0.09057
202.319 29.514 0.12054 282.287 27.011 0.09311
202.317 36.292 0.12279 282.114 34.280 0.09661
202.210 42.843 0.12437 282.010 41.528 0.09871
202.207 50.101 0.12622 282.115 50.057 0.10198
222.169 1.056 0.10367 302.384 0.961 0.07264
222.565 5.931 0.10541 302.252 4.796 0.07501
222.552 11.136 0.10792 302.093 8.766 0.07760
222.536 16.705 0.10965 302.017 13.756 0.08079
222.523 22.545 0.11217 302.041 19.225 0.08340
222.502 29.147 0.11436 301.872 25.374 0.08657
222.490 35.966 0.11594 301.831 32.621 0.09001
222.477 42.648 0.11734 301.760 40.836 0.09354
222.474 50.056 0.12027 301.735 50.102 0.09730
242.282 1.066 0.09586 322.937 1.401 0.06497
242.262 5.686 0.09794 322.899 4.685 0.06805
242.240 10.677 0.09960 322.696 8.283 0.07091
242.230 16.211 0.10246 322.692 12.567 0.07383
242.205 22.160 0.10487 322.674 17.834 0.07684
242.183 28.493 0.10626 322.579 23.979 0.08026
242.162 35.235 0.10873 322.458 31.757 0.08405
242.135 42.241 0.11054 321.971 40.469 0.08811
242.117 50.302 0.11354 321.578 49.979 0.09222
262.459 1.107 0.08759 342.146 2.213 0.05862
262.412 5.364 0.08999 341.996 4.487 0.06087
262.317 10.428 0.09243 341.895 7.685 0.06391
262.270 15.664 0.09503 342.268 7.683 0.06405
262.217 21.652 0.09751 341.838 11.489 0.06754
262.170 27.658 0.09965 341.916 16.350 0.07034
262.124 34.362 0.10199 341.899 22.524 0.07403
262.079 42.081 0.10489 342.360 22.522 0.07416
262.023 50.155 0.10792 341.766 30.150 0.07793

341.625 39.113 0.08293
341.507 50.178 0.08820
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TableA.1-35. Representative thermal conductivity data measured for the system
R-134d1234e(E)) at a molar composition of (036.337)

T/K p/ MPa / 1 Wik T/K p/ MPa / | WK
202.414 0.987 0.11549 282.675 0.976 0.08186
202.412 6.060 0.11748 282.606 5.044 0.08448
202.410 11.549 0.11964 282.552 9.791 0.08700
202.411 17.236 0.12010 282.475 14.660 0.08946
202.418 23.225 0.12327 282.413 20.690 0.09308
202.342 29.496 0.12454 282.382 26.559 0.09525
202.352 35.981 0.12704 282.328 33.614 0.09844
202.367 42.732 0.12895 282.272 41.127 0.10155
202.367 49.945 0.12998 282.249 49.838 0.10511
222.064 1.065 0.10711 302.774 1.302 0.07414
222.214 5.868 0.10911 302.671 4.832 0.07664
222.257 11.181 0.11148 302.597 8.887 0.07975
222.241 16.618 0.11292 302.619 13.716 0.08232
222.216 22.787 0.11515 302.479 19.229 0.08542
222.202 28.987 0.11771 302.335 25.600 0.08900
222.192 35.725 0.11943 302.237 32.919 0.09191
222.017 42.464 0.12160 302.301 40.862 0.09563
221.978 50.005 0.12412 302.176 49.796 0.09927
242.597 1.100 0.09880 322.776 1.570 0.06657
242.565 5.653 0.10123 322.781 4.653 0.06924
242.536 10.781 0.10295 322.086 8.416 0.07251
242.521 16.107 0.10506 321.956 13.014 0.07611
242.498 22.116 0.10631 321.887 17.630 0.07869
242.473 28.225 0.10981 322.338 24.025 0.08251
242.456 34.938 0.11133 321.852 39.832 0.09054
242.437 42.219 0.11428 322.164 50.069 0.09430
242.419 50.130 0.11722 342.332 2.379 0.05897
262.970 1.072 0.08986 342.189 4.494 0.06231
262.931 5.384 0.09218 342.127 7.289 0.06531
262.887 10.105 0.09439 342.046 11.277 0.06809
262.853 15.441 0.09723 341.971 16.146 0.07184
262.800 21.204 0.09959 341.882 22.092 0.07578
262.758 27.697 0.10202 341.772 29.594 0.07943
262.703 34.550 0.10423 341.695 38.837 0.08415
262.666 41.737 0.10805 341.629 50.136 0.08911
262.612 49.833 0.11047
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TableA.1-36. Representative thermal conductivity data measured for the system
R-1234yf/1234ze(E)) at a molar composition of323/0.677

T/K p/ MPa / | WaniK?t T/K p/ MPa / | WK
202.374 1.088 0.10437 282.065 1.039 0.07407
202.342 2401 0.10476 282.045 2.153 0.07456
202.348 3.644 0.10480 282.055 3.428 0.07570
202.400 4.960 0.10560 281.981 4.771 0.07657
202.395 6.309 0.10606 281.991 6.062 0.07716
202.587 8.086 0.10660 281.947 7.336 0.07787
202.579 9.299 0.10688 282.026 8.962 0.07881
202.570 10.592 0.10694 281.959 10.640 0.07939
202.566 11.912 0.10731 282.001 12.325 0.08024
222.322 1.028 0.09612 302.454 1.118 0.06715
222.311 2.300 0.09663 302.396 1.865 0.06788
222.299 3.552 0.09710 302.422 2.697 0.06870
222.277 4.896 0.09752 302.393 3.469 0.06919
222.271 6.165 0.09839 302.370 4.307 0.06956
222.256 7.719 0.09877 302.562 5.164 0.07011
222.234 9.091 0.09904 302.512 6.104 0.07065
222.226 10.750 0.10019 302.479 7.129 0.07158
222.057 12.065 0.09975 302.441 8.075 0.07193
242.560 1.127 0.08892 322.230 1.463 0.06079
242.557 2.313 0.08932 322.256 2.145 0.06158
242.543 3.553 0.08959 322.219 2.828 0.06223
242.512 4.916 0.09007 322.138 3.480 0.06300
242.490 6.300 0.09110 322.182 4.418 0.06493
242.465 7.672 0.09171 322.150 5.293 0.06421
242.436 8.979 0.09241 322.123 6.224 0.06504
242.498 10.373 0.09297 322.113 7.045 0.06538
242.482 11.940 0.09308 322.105 8.047 0.06607
262.821 1.020 0.08055 342.054 2.207 0.05453
262.331 2.316 0.08159 341.934 2.733 0.05601
262.401 3.564 0.08212 341.986 3.349 0.05687
262.302 4.849 0.08288 341.960 4.033 0.05685
262.301 6.199 0.08343 341.881 4.655 0.05804
262.222 7.587 0.08538 341.812 5.465 0.05821
262.133 8.944 0.08527 342.373 6.254 0.05875
262.098 10.612 0.08587 341.873 7.094 0.06015
262.180 11.997 0.08652 341.901 8.002 0.06093
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TableA.1-37. Representative thermal conductivity data measured for the system

R-1234yf/1234e(E)) at a molar composition of §42/0.358)

T/K p/ MPa / 1 Wik T/K p/ MPa / | WK
202.210 1.019 0.10063 282.395 0.916 0.07010
202.133 2.678 0.10049 282.367 2.179 0.07087
202.191 3.759 0.10202 282.313 3.392 0.07173
202.197 5.086 0.10246 282.261 4.656 0.07257
202.226 6.239 0.10248 282.139 6.225 0.07349
202.196 7.850 0.10265 282.141 7.739 0.07467
202.180 9.424 0.10287 282.038 9.183 0.07596
201.797 10.729 0.10362 282.083 10.489 0.07641
201.801 12.035 0.10472 282.106 11.877 0.07667
222.731 1.046 0.09173 302.587 1.090 0.06385
222.719 2.361 0.09268 302.518 1.939 0.06494
222.702 3.690 0.09303 302.442 2.694 0.06512
222.688 4.991 0.09363 302.357 3.521 0.06579
222.672 6.293 0.09420 302.380 4.214 0.06629
222.659 7.651 0.09471 302.283 5.050 0.06706
222.506 9.142 0.09493 302.314 6.072 0.06753
222.479 10.635 0.09549 302.290 7.078 0.06838
222.458 12.078 0.09613 302.250 7.996 0.06877
242.358 1.133 0.08430 322.788 1.475 0.05775
242.363 2.377 0.08508 322.756 2.215 0.05866
242.389 3.632 0.08568 322.753 2.789 0.05912
242.259 4.942 0.08661 322.657 3.256 0.05958
242.286 6.294 0.08717 322.645 4.395 0.06051
242.307 7.642 0.08788 322.641 5.290 0.06141
242.242 8.910 0.08816 322.514 6.137 0.06193
242.208 10.456 0.08835 322.532 7.099 0.06279
242.189 12.002 0.08916 322.436 7.960 0.06353
262.665 6.173 0.07972 343.282 2.172 0.05105
262.630 1.147 0.07707 343.167 2.801 0.05272
262.645 2.253 0.07758 343.087 3.351 0.05326
262.596 3.544 0.07877 342.997 4.040 0.05464
262.543 4.833 0.07958 343.920 4.956 0.05526
262.556 7.515 0.08049 343.259 5.456 0.05596
262.513 9.047 0.08141 342.640 6.125 0.05670
262.471 10.549 0.08238 342.593 7.006 0.05736
262.415 11.983 0.08226 342.450 7.928 0.05830
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A.1.6. Mixture Preparation

All of the property measurements relied on preparation of the sample mixtures and accurate
determination of their composition. Tfg J, T, X) and speeaf-sound measurements utilized
gasphase mixtures, while the VLE, thermal conductivity, and viscoségsurements utilized
liquid-phase mixtures. The mixtures were prepared gravimetrically (by weighing) to achieve low
uncertainties in the composition.

The purefluid refrigerants used to prepare the mixtures wsiexl as receiveekcept that we

degassed them (prior to preparing the mixtures) by freezing the pure components in liquid
nitrogen, evacuating the vapor space, and thawing; this sequence was repeated until the residual
pressure over the frozen sample was less@@IPa We analyzed the pwftuid refrigerants

in-house using gas chromatography with mass spectromety&@nd found no significant
impurities.

Thegasphase blendwere prepared in aluminum gas cylinders of approxim#&tgly or 13L
internal volumedepending on the pressure of the blefitie sample mass was determinecby
double substitution weighing design as described by Harrig amds[109] with a nearly
identicalt ar e 0 or r edewingeasnticeanaic subsiitutiah enass. Furthexildedre
providedby Richter and McLindefl10] The uncertainty of the measured -gdmse mixture
compositions, arising from the weighings, was 0.0001 mole fradtltoesampleylinders were
loaded to pressures correspondioghe dewpoint pressure af = 293.15 K There may have
been a small amount of liquid in the sampjénders after filling, but they were heated
continuously tol > 313 K for the duration of the testibg ensure that onlginglephase vapor
was present. Due to sorption effects, the compositidghe sample in the measuring cell could
be different fronthat calculated from the sample masses loaded into the seyfiptter, and
this contributed an additnal uncertainty of 0.000&ole fraction. The combined, expanded
uncertainty was estimated to be 0.00022 mole fraction.

The liquidphase mixturesere prepared in 300 mL stainless steel cylinders. The fluid with the
higher boiling point was added firstgth the second component. The vapor space above the
mixture samples was degassed by freezing the sample with liquid nitrogen and opening the
cylinder to vacuum. After evacuation, the sample was then heated to drive volatile impurities
(such as air) into theapor space. The entire cycle (freezing, evacuation, and heating) was
repeated a minimum of three times for each sample. Mixtures were prepared with the goal of
filling the sample cylinder with about 280L of liquid at ambient temperature. Thus, in each
completed mixture cylinder there was a vapor space above the liquid phase.

A balance with a precision of 0.1 mg was used in the preparation of the pigaseg mixtures.

Utilizing the doublesubstitution weighing design of Harris and Toi839] measwement of the

mass of each component consisted of weighing four masses: (1) a reference cylinder of
approximately the same mass and volume as the empty sample cylinder, (2) the sample cylinder,
(3) the sample cylinder plus a 20 g sensitivity weight, ahth@lreference cylinder plus the 20 g
sensitivity weight. This weighing sequence was repeated four times for each mass determination.
The density of ambient air was calculated based on measurements of temperature, pressure, and
relative humidity, and theveighings were corrected for the effects of air buoyancy. The standard
deviation of the repeat weighings was at most 1.5 mg. The uncertainty in the composition due to
the weighings was less than 0.000ale fraction. Because of the tvphase nature of tHeuid-

175



phase samples and because the weighings could determine only the overall (bulk) composition of
the sample it was necessary to estimate the change in composition caused by the liquid/vapor
fractionation inside the cylinder. This change was lessQ@@005 mole fraction, and its

standard uncertainty was estimated to be less than Ond@I@lfraction. Thus, the combined,
expanded uncertainty in composition of the ligplthse samples was estimated to be less than
0.00028mole fraction.

A.1.7. Mixture Modeling

The multifluid modeling used in NIST REFPROP yields the most accurate mixture models
available today. This approach combines the most accurate pure fluid equations of state with
reducing and departure functions to correct for the chailgbéermodynamics caused by

mixture interactions. This approach forms the basis of the GEHRIB model, used for custody
transfer of natural gas mixtures, amongst many other uses. The refrigeration industry has been
using the multifluid modeling approacfor many years and will likely do so for many years to
come.

Pure fluid equations of stati this framework, the equation of state for a pure component is
given in terms of the Helmholtz energy, in terms of the Massieu potential, given Wi 'Y "8
Thermodynamic properties are obtained from combinations of the Helmholtz energy and its
derivatives. For instance, the pressure is obtainedfirom T @ U0The total is given as the
sum of idealgas (norAnteracting) and residual (interacting) cabtitions. The ideafjas portion
can in principle be obtained from theory for the given molecular species, and the residual
contribution is entirely empirical, fit to experimental data as well and constrained to have the
desired behavior at extremes in frature and pressure. For most pure fluids, the residual
Helmholtz energy can be expressed generically as

1° Bgy z Agbd s 1 R [z (A.1-13)

wheret "B aiYand  "T aawith 7Y and” sz Reing the reducing temperature and
reducing density, respectivelyllAemaining variables are empirical coefficieptaticular to the
given fluid.

Mixture equation of statd.he same thermodynamic identities hold for mixtures as for pure
fluids. The Helmholtz energy for a mixture is commonly obtained as the sum of a corresponding
states contribution and a departure term.

1 thhf | th Rf (A.1-14)

which becomes
| B o th B B  Ownw th , (A.1-15)

where the first summation arises from a compositieighted sum of the pure fluid EOS terms
and the double summation is the departure term, with th@ E Cok |

| B:t1 AGDPOCH:] (A.1-16)

176



where thesgn function is the sign of the value: zero for an argument of zero, and 1 for positive
arguments.

For mixturest “Y ofF'Yand "1 3a &d. The reducing functions are given by

¥ B B o il 5 —— "Yr iV (A.1-17)

— B B a& il - — — 8 (A.1-18)

Thus the reducing functions have four adjustable parameteijshieery pair.

The phase equilibrium pressure is the result of an iterative calculation to equate pressure,
temperature, chemical potentials of all species in all phases and amount afcassta

Parameter OptimizatiaWWe used the parameter optimization approach descrijédih The
parameters ; andl j were obtained for each binary pair individually, leaving the other
interaction parameters set to their default values. The experimental data were added to the
database of experimental data used in the fitting tool. Then the python script wasdauhiciine
carried out the optimization, doing a stochastic global optimization over the two interaction
parameters with the DEAP software package. The approach used is a classical evolutionary
optimization methodology with crossover/mutation, etc. This mexbehavior is ideal enough

that simpler optimization approaches could have been used, but this implementation has proven
to be reliable for fitting interaction parameters, particularly for fitting interaction parameters to
outputs of iterative routinesdhcan fail for a variety of different reasons. Failures of iterative
routines are handled by adding a large contribution to the cost function. Derivatives are not used
in the optimization approach, so the cost function to be minimized need not bentidfeee

The parameters thus obtained were given in the main text of the report in Tateen8.B.13.

Mixture viscosity modeln the extended corresponding states model used here, we represent the
viscosity of a pure fluid as a sum of a dilute gag amesidual contribution, and apply a
corresponding states principle to the residual contributior] by,

AT, r)=h"(T)+DA(T, r) =h"(T) +Dhy(Ty, 7,)F, (T, 1), (A.1-19)

where the superscript * denotes a dilute gas value, and the subscript 0 denotes a reference fluid
value. The viscosity of the reference fluid is evaluated at a conformal temperature andidensity
andj o given by

To=T/1 (A.1-20)

and
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ry=rh (A.1-21)

The quantities andh are called equivalent substance reducing ratios, and relate the reference
fluid to the fluid of interest using a ratio of critical parameters (denoted by the subscript ¢) and
functions of temperature and density knowrshape functiond andd ,

T
f=—2 A.1-22
T, q ( )
and
— rcO
h= p . (A.1-23)

C

The shape factors can be considered functions of both temperature and Défesignt can be
usedto determine shape factorereweu s e a f orm of t he fE3act o sha

The dilutegas viscosity in Eg. (1) igivenby the ChapmarEnskog theorji14],

5/mk; T

h U):W,

(A.1-24)
where the dilutegas viscosity isf*, mis the molecular masks is the Boltzmann constars, Is

the collision diametegndT is the absolute temperatuM/eassume that a Lennaddnes 15
potential applies, and usiee correlation ofNeufeld et a[21] for thecollision integral 22,

The factor» in Eq. (1) is foundy using the expression

1/2

F, = fVh 2/3? M S (A.1-25)

éM,

whereM is the molar mass of the fluid aiMb is the molar mass of the reference fluid. The
functionsf andh are found from thermodynamic datad are described in Klein et[aR].

The extension of the model to mixtures is similar to that presented for pure fluids but involves an
extra step. Fst, one represents the properties of the mixture in terms of a hypothetical pure fluid
(denoted here by the subscript x) that is obtained through the use of mixing rules

f,=h'a a XX fijhj
RS (A.1-26)

n n

h, = a a xx;h (A.1-27)
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and combining rules
f; = \ f £, 1K) (A.1-28)

(h1/3 + hj1/3)3
8

h, = @- ki)

! o (A.1-29)
wherekj,« @ndk; j argbinary interaction parameters we determinefitioyg mixture
experimental data
We assume that the viscosity of the mixture obeys a corresponding statgseri

h(T, fa X) :h*(T,X) + Dh(T’ /',X) :h*(T’X) + DhO(TO’ rO)Fh(T’ f'), (A 1_30)
where the factoFq for mixtures is found with
— §1U2-2/341/2
Fh - fx hx gx , (A1-31)
é é Xin fijZL/Zhi;l/SMiZjLIZ
gllz P O
X 1/2},4/3
foohy (A.1-32)
M. = 2 (A.1-33)
VUM UM, '
For the dilute gas viscosity, binary interaction paraméterandk ; amgused,
Sy = a- kij,s )ﬂsisj (A.1-34)
& ks =(1- kij,e)\/(ei Ikg)(e; k) - (A.1-35)

whereli andUk are the Lennardones size and energy parameters for the pure fluid. When there

are sufficient dilutegas viscosity data available, thimary interactiorparameters are obtained
by fitting expermental data. Otherwise, they are set to ZEhe. parameters are given in Table
A.1-35.

Mixture thermal conductivity model (EC®ccording tothe procedure of Ely and Han[@§]

andwe represent the thermal conductivity of a fluid as the sum of translational (from collisions

between molecules) and internal (due to internaione of the molecule) modes of energy
transfer,

/(T, ,,) - /int(T) + /tranS(T’ ,.). (A1_36)
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The translational contribution may be further divided intaaslationatilute-gas contribution
(denoted here by a superscript *) that is a function ontgraperature, a residual contribution,
and a critical enhancement,

[T, ) =1 () + (T, )+ (T, ), A137)
leading to the following expression for the thermal conductivity

[T, r)y=/™T)+/"(T)+/"(T,r)+/"(,r). (A.1-38)
We use an Eucken correlation for the internal contribution

i f.h e 5 R?
/int Jind? G2 A.1-39
QERHAS L (A1:39)

whereCy* is the idealgas heat capacity in J/(mol-Kg,is the molar gas constant (8.314 472
J/I(mol-K)), d* is the dilutegas viscosity (UPa-s) as given in Eq. (®)s set to 1.32-18, ande-
is in W/(m-K). If sufficient dilutegas thermal conductivity data are availableis fit to a
polynomial in temperature,

=3 taTl. (A.1-40)
For the dilutegas translational contribution (in W/(m-K)) we use
R 153 10°RA’
I (T)=——, A.1-41
(T) M ( )

where the dilute gas viscosidff is from the pure fluid correlation implemented in REFPROP.
The residual contribution is found using extended corresponding states:

/r(Taf):/ro(T01r0)F/’ (A1'42)
with
M, ‘G
F = fU2y 238 A.1-43
/ SM 0 ( )

The critical contribution is computed using a simplified crossover model developedinnw®Ic
and SengerR9, 30] that we will not discuss here.

The extension of the model to mixtures is similar to that presented for viscosity,
[(T,r,X)=1"(T,x)+/™(T,x)+D/"(T,r)+/"(T,r,X) (A1-44)
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and only the residual contribution is treated with corresponding states.

[(T,r,X)=1" (T, Q) +/™(T,X)+DI (T, 7,)F, (T, r)+/"(T, 7,X) (A1.45)

The internal and translational dilug@s contributions for the mixture are found with the
empirical mixing rule

v (/7)) + 17 (T))

(T3 + 1 (T = 8 S
= a X £
i=1 )
(A.1-46)
with
- ke o iy f
' CERIVIVIVE) & (A.1-47)

All quantities are evaluated ditet mixture temperaturg and the dilutegas viscosity is found
with the pure fluid equation implemented in REFPROFe parametds j is an empirical binary
interaction parameter for the dilute gas region determined by fitting experimental data.

The regdual contribution for the mixture requires calculation of a mixegwith

— £1/24-2/341/2
I:/ _fx hx gx ,

(A.1-48)
12 Mélz A (f )llzugl/z(h )4/3 (A.1-49)
=0 x X (f; i) -
Oy f12para .a: Ja:l i ULj 6;@_/ g +1/9; 0 !
with gi found with
2 ,r ~2
g = MO%M§ UL
“HURDL (A.1-50)

Similar to the procedure for the calculation of #ngosity, we use the combining rules

fij = 1’ fi fJ (1' kij,f/) (A1'51)
(h s 4 1/3)3
hi' :%(1- ki' )
i P i , (A.1-52)
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where binary interaction parametérs andk j can.be determined by fitting experimental data
when available. Otherwise, they are set to zero.

As observed for pure fluids, there also is an enhancement of the thermal conductivity observed
near the critical point; howevdheory for mixtures is not agell developed as for pure fluids.
We will not discuss that term here, further details can be found in Chichester an{Réuber

We fit experimental data as discussed below to obtain binary interaction parametens the
equationdor the ECS modeltor viscosity andhermal conductivityn REFPROP v10.0. The
parameters are summarizedliableA.1-38 below and are included in the HMX.BNC fiddso
included with this reporDetails on the data used and comparisons with data are in the following
paragraphs.

TableA.1-38. Binary interaction parameters ftire ECS modeldor viscosity and thermal
conductivityfor use with REFPROP v10.0

Mixture ki, c ki, O ki q kihd | Kio Ki,f o Kij.h o
R-134a/1234yf 0 0 -0.0614 | 0.0167 | O -0.094 0.092
R-134a/1234ze(E) | O 0 -0.0019 | -0.0204 | 0.05552 | -0.24518| 0.14319
R-1234yf/1234ze(E) 0.0248 | -0.4166 | 0.0373 |-0.0127|0 0.007 0.039

R-1234ze(E)/227ea| 0.0990 | -0.7885 | -0.0413 | 0.0005 | 0.01781 | 0.00834 | 0.01654
R-1234ze(E)/125 | 0.0990 | -0.7885 | -0.0413 | 0.0005 | 0.01781 | 0.00834 | 0.01654

Mixture viscosity and thermal conductivétgomparisons to data:

R-134a/1234yf.

Interaction parameters for the viscosity were fit to literature data of B{EL%ll. Yang et

al[116] and Liang et aJ117] The Biet al.[115] data are presented as kinematic viscosity and
were converted to absolute viscosity using densities calculated from RERRRO®total of
113points were found, covering both liquathd vapor phases near saturation. The data sover
different compositiond).25,0.32, 0.5, 0.60.77,and 0.8 mole fraction234a. The average
absolute deviation (AAD) wad.91%, with an estimated uncertainty at the 95 % leve.8fo.
Deviations as function of temperature are shown in Figlré-11. The thermal conductivity
model parameters were obtainedfibiing the NIST datathermal conductivity data obtained in
this work The AAD for 781 liquid phase pointsom NIST at pressures up to 12 MRa082%,
with and estimated uncertainty b#6% for the liquid phase. There was one additional very
limited set of data found in the literature, by Kim e}1dl8] The data cover compositions of
0.35, 0.50, and 0.68 mole fraction oflR4a. Ceviations as a function of temperature are shown
in Figure A.:12.
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R-134a/R-1234yf Viscosity
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FigureA.1-11. Deviation plot for viscosity of R34a/1234yf mixtures as a function of

tem peratu re
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FigureA.1-12. Deviation plot for thermal conductivity of-R34d1234yf mixtures as a function
of temperature
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R-134a/1234ze(E)

Interaction parameters for the viscosity were fit to literature data of B{®t%Jand Liang et
al[117] The Bi et al[115] data are presented as kinematic viscosity and were converted to
absolute viscosity using densities calculated from REFPRKDPA total of 69 points were
found, all liquid. The data are at a mole fractio®@&429,0.44 0.4982, and 0.7508-134a The
avelge absolute deviation (AAD) w89 %, with an estimated uncertainty at the 95 % level of
2.4%. Deviations as a function of temperature are shown in Fiyar&3. The thermal
conductivity datdrom NIST obtainedn this work, and the vapor points of Myla et a[119]
were fit to obtain the parameters in Tablé@'the AAD for 685 liquid phase points from NIST at
pressures up to 50 MPa is 0.7%, with and estimated uncertain896fdr. the liquid phase.
There was one additional very limited set of data found in the literature, by Mylond £9Rl.
that contained both vapor and liquid points near saturakioedata cover compositions of 0.32,
0.50, and 0.6 mole fraction of RL34a. Deviations as a function of temperature are shown in
Figure A.1-14.

R-134a/R-1234ze(E) Viscosity
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FigureA.1-13. Deviation plot for viscosity of R34a/R1234ze(E) mixtures as a function of
temperature
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R-134a/R-1234ze(E) Thermal Conductivity
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Figure A.:14. Deviation plot for thermal conductivity of-R34a/1234ze(E) mixtures as a
function of temperature

R-1234yf/1234ze(E)

Interaction parameters for the viscosity webtained byfitting theliterature data of Akhfash et
al.[120] and Liang et §L17]. A total of 69 points were fit covering liquidt pressures to 15
MPaand vapor states near saturation. The data are at a mole fradi@d67,0.5, and 0.7511
R-1234yf. The average absolute deviation (AAD) W&&%, with an estimated uncertainty at
the 95 % level of %. Deviations as a function of temperature are showFigureA.1-15. The
thermal conductivity datparameters were obtained fitging the NIST data in this worklhe
AAD for 693 liquid phase points from NIST at pressures up to 12 MP&8#4).with and
estimated uncertainty of&% for the liquid phaselhere was one additional very limited set of
data found in the literature, by Mylona e{HL9] The data cover compositions of 0.334, 0.50,
and 0.663 mole fraction of-R234yf. Deviations as a function @mperature are shown in
Figure A.1-16.
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R-1234yf/R-1234ze(E) Viscosity
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FigureA.1-15. Deviation plot for viscosity of R234yf/1234ze(E) mixtures as a function of
temperature.

R-1234yf/R-1234ze(E) Thermal Conductivity

=
= Mylona et al. (2019)

@ NIST data, this work

mm

Deviations, 100 (Zey, - 250/ A5t
N o
b
auipes &
TP® ©
0

_8 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L
200 250 300 350 400 450

Temperature (K)

FigureA.1-16. Deviation plot for thermal conduetty of R-1234yf/R-1234ze(E) mixtures as a
function of temperature
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R1234ze(E)/R227ea

We were unable to locate experimental data for thermal conductivity or viscosi 2R

mixed with R1234ze(E). In fact, we were unable to locatperimental viscosity or thermal
conductivity data of R27ea mixed witlanycompound! There are data for viscogi0] and
thermal conductivitjd 19] for mixtures of R125 and R1234ze(E)and theedata were fit to

obtain binary interaction parameters folR5/R1234ze(E). R?27ea (1,1,1,2,3,3,3
heptafluoropropane,#F7) and R125 (pentafluoroethane8Fs) are both highly fluorinated-n
alkanes that shodlhave similar interactionehaviorwith R-1234ze(E). These parameters should
provide a reasonable estimation for tha E84ze(E)/R227ea mixture. We estimate the
uncertainty in the liquid phase for viscosity and for thermal conductivity should be ordére o
of 5-10%.Figures A.117 and A.118 show the viscosity and thermal conductivity deviations for
the surrogate system®34ze(E)/125.

R-125/R-1234ze(E)

m Akhfash et al (2019)
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FigureA.1-17. Deviation plot for viscosity of R 25/R-1234ze(E) mixtures asfanction of
temperature
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R-125/R-1234ze(E)

= Mylona et al (2018)

100 (e - 26051
m

_5 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L
200 250 300 350 400 450
Temperature (K)

FigureA.1-18. Deviation plot for thermal conductivity of-B25/R-1234ze(E) mixtures as a
function of temperature

Mixture thermal conductivity model (Entropy Scaling)recent years it has become

increasingly clear that the transport properties momgly connected with the residual entropy

(i.e., the entropy of a fluid minus the contribution of the idgd, or zeralensity limit). This

result was first proposed by Rosenfeld in 18IZZ1] based on the limited molecular dynamics
simulations available at that time. The advent of modern computational resources has meant that
Rosenfeldds suggestion has Hdneecentyeasvibest i gat ed
LennardJones 155 fluid, one of the most popular molecular model fluids because it includes
physically reasonable attraction and repulsion contributions, has recently been shown to follow
entropy scaling for viscosity, thermal contluity, and selfdiffusion.[122] Additional studies

have demostrated that the general framework of modified residual entropy scaling allows for an
excellent collapse of the experimental transport data for other systems, including the viscosity of
propangl23], normal alkang424], and refrigerantgl25]

Other researchds26-129] have applied an older variant of entropy scaling to refrigerant
mixtures, but their overall approach of reducing by the dijate viscosity does not follow the
correct theoretical constraints in the liquidaphl, which is particularly problematic for small
molecules like methane and argon.

The approach of modified residual entropy scaling meets the required theoretical limits in the
liquid phase, does not diverge at zero density like the original Rosenfiidysgaproach, and

also allows for a formulation consistent with highly accurate dijat® measurements and
modeling.
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In this work we follow the modified residual entropy scaling approach. To begin, the residual
entropy is defined by

%% i ¥ {ECW (A.1-53)

wheresis the entropy per particle anéi Ss the idealgas entropy per particle, so the value of the
reduced scaled residual entropy is gibgri  k { FQ if i Cis on a pesparticle basisThe
residual entropy Cis a measure of thergtture of the fluid phase. Intermolecular interactions
have the impact of reducing the possible microstates}isagenerally negative, and therefore

i is positive.

The Rosenfelegcaled (or macroscopically scaled) thermal conductivity is definedl lnesieon
dimensionalizing the thermal conductivity by the appropriate length, time, and energy scales for
the liquid phase. This yields the definition

(A.1-54)

= x 7

As the number density "0 goes to zero at constant temperature, the valuediferges,

but this divergence can be repaired by taking advantage of the result noted by Rosenfeld for
inversepowerlaw (IPL) fluids of very low but finite density that scaled transport properties are
proportional to i 7 which allows for the definition of a term that breaks the -zienmsity
divergence:

T (A.1-55)

Thus /7 is a function of the reduced scaled residual entedpwith a factor including the molar
density”, Boltzmann constarks, Av 0 g adr 0 §temperaturd and mass of a
moleculemBAll dimensional quantities are expressed in Bakanits (kg, m, Pa, etc.).

In the case of mixtures, a mixing rule must be defined for the effective mass of one particle

In other works, the mass of the heaviest particle has beeflBBdMassfraction weighting of

the molecular masses of the components has proven to be the most successful scaling approach
in this case, slightly better than mdtaction weightingof the molecular masses. Otherwise, the
qguantities’ andi are obtained from an empirical equation of state. In this case, we have used
the updated interaction parameters fitted in this work.

In these scaled coordinates, the experimental mixturend#i@onductivity data fall very nearly
along a single curve, as shown in Figure-A9a). The curve is given by a simple polynomial
fitted to the experimental data by unweighted linear least squares:

Bwi (A.1-56)

where the coefficient® are given in Table A-B9, and the deviations are shown in Figure-A.1
19(b). The average absolute deviatioh.B2 % and the central 95.5 percentiles of the signed
relative errors (approximately equivalent to a&®%onfidence interval) span the range2 %

to 2.98%. This quality of fit is rather remarkable given that a total of six mixtures formed of
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three different components are collapsed to a single curve with no empirical tuning parameters.
While this interim correlation was fitted to only liquitigse data, with a diluigas model and a
critical enhancement model, its range of validity can be extended to the entire phase diagram,
from dilute gas to the melting line.

Table A.239. Coefficients for entropy scaling tfermal conductivity data (Eq. A36).

Ci
15.19495
-6.29123

2.74329
-0.12635

W N O] T

Figure A.219. Entropy scaling model for the thermal conductivity of the three blends studied
here; (a) pluscaled thermal conductivity I+ adunction of reduced scaled
residual entropy s+, the different symbols denote the different measured blends;
(b) relative deviations in I+

A.1.8. Mixture Parameter File for Use With REFPROP (HMX.bnc)
The following file contains the mixtuggarameters fitted in this work in the form needed for use
with the NIST REFPROP database.
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