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ABSTRACT

The laminent phassour of R.11, R-11, and E-115 becaiuse of cheir high ozona
deplacion porentials has Prompted =any independent invescigations of alternacive sc
substitute refrigerancs, sither A% PuTe compounds or as mivtures of twe or mare
environmencally acseptabla Fluids. Thare are several motivatlons for fovestigacing
miktures. There ars vary few pure compounds which can be used for refrigerancs that
4re non-coxic. nton-flammable. snd also have vary low oazone deplecing potancials
[ODP) and greenhouss warming potencials (GUP). Mixcuces composed of chree or more
componencs offer a distine: advantags 1n chat careful selsction of the componants
coule permic o flonmable refrigarant o be used in & blend thac femaing pon-flamsable
under all concelvable conditions.  Alse. Companent concentrations (n EErRATY or
higher order mixcures can e adjusted to linesciza che taoparature-enthalpy profile
of a mizture making Lc more suttabls for applications vhare secondary flulds are
hmaced or cooled through large cempsrature glides (i.e., refrigararion and air
condizioning) .

The computer model LEPSIN was constricted from subroutines wriceen by ULE Plécker
and incorporaced Ince & Lorens eyele rafrigaracor/freszer simularipn model for
Blnary rafrigerant mixtures devalopad ac the Universicy of Hanhover, Hodificacions
wera made to the Hannover routines =o compute charmodynanle propertiss for sixcures
of three or more componencs, the 1ise of available refrigsrants was expanded from L1
ta 17 posnible cholces, and o new correlacion vas developed for computing Che inter-
action cosfficientd for mixcures of halocarbon refrigerants. Tablaes of reirigecant
molecular welghts, critieal Lemperatures and pressures, normal bolling polncs,
acenicic factors, and coefficiencs for fies to the ldaal gac heac capacicy for sach
refrigevanc are bullr Inte a menu-driven data inpur routine for mase of use

Results of caloulations of saturated and superhented vapor propactias from che
LETSIN program vers compared with exparimancal data and wich computations uslag the
Carnahan-Scarling-DeSancis (C5D) equacion of stace (EOS) for pure refrlgerants and for
binary and cernary mixtures of refrigecuncs. Thete fs excellen: agrosmen: botwesn
the caleulacions and the published daca for pure rafrigerancs that are wall chacac-
terized (e.g., R-12, R-22) with greacer discrepancies bertwesn LKPSIN and data from
ochear sources for newer compounds (e.g., B-14Fa, R-1847., ‘Galeulacions ware also
performed to validace the progran for mimctures. LKPSIM caleulations Agreed more
closaly with observed sacuracion propecrtiss for mixtures of B-14%a and B-174 over a
rangs of operating eondicions and ailxturs cospositions than did those of the C30
E0S. It also gave very close sgresmsnc wich daca from a marufacturer of & cernary
vlend of rafrigarance.

The CYCLE-7 program from che Narional Inseicuce of Standards and Technolegy (NIST)
was adapted To uge the LEP subroutines with mixtures of zhres or sare coSponeantcs
{McLinden). CYCLE-7 is 2 chermodymasic model For a Bankine cycle with countecflow
neat exchangers using specifisd Pressure drops and log mean AT's for che condenser
and svaporater  The =modified program ([CYOLE-10) was tested agafnst known secs of
data for pure cefrigarants and blends of two and cthres compononcs and will Be used
in soreening coscte of blends of flulde wich low ODPs end GWPs For spplizacions in
heat pumps and refrigerating aquipment.
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INTRODUCTION

Environmental concerns have promped an internaticnal effort by privace induscey
anc gevernmant laboratories to ldencify new compounds that can be used as refrigerants
¢hich do not pass & threat co scratospheric ozons and would mot coneribute to global
waralng, The search for new cefrigecants has led to extensive Investigations of
pure compounds that ceuld be used In refeigeracion systems (Nelinden 1987). Werk (s
also baing done on combining fluids co form mixcures of two and three compounds {Bivans,
158% and Vineyard, 198%). The tromendous nusber of conblnacions of Flufds that
could be used {n & mimture requires that sodels be used to scrash cthe alternatives
analvzically and chat only che most promising blends be examined in ths labarazory

Equations-of-scace (EOS) are used to esclmate the enchalpy, entropy, density, and
spacific volume of liquid and wapor  under ssturated, subcooled, and superheaced
condizions. The Carnahan-Scarling-DeSantis (C5D), Bepedicc-Webb-Rubin [BUR), Peng-
Boblnson, Lee-Kesler-Pldcker (INF). and Redlich-Weong-Soave (RK5) models are all
used for these purposss and each has Lcs advantages and disadvantages (Gerdsmevar,
1938). Onme advantage the LEP EOS has in the scresning -of cosponents for aixturss {s
that Lt does net require an extsnsive body of experimental data to gilve accurate
essults. The LEF equation of state requires data for the critical cemperacure,
pressure, and molar wvoluma of asch component in che aslxture, molecular welghts,
normal bolling points, and corpelactions for ideal gas heat capacities as fupctions
af tha absoluce tesperature (actually che differsnce bectween the desired cesperdture
ard & refsrance Cemperature). The LKP EOS alsce uses an acentric factor for each
component which can be specified from experinental daca or coppuced from the cricical
propectien of that compound.

The LEF EOZ is a corresponding scaces model which relares the properties of a £luid
to frs criclcal remperatuce, pressurs. and volume, Llts molecular welght, and to a
Fav other fundamental properties. The C50 and RES equations of scace are based on &
harc sphare theory of moléculsr structure, and while they give very good results for
pure fluids rhey requlre sxperimencal data on the Lnteraction of che compounds whes
they are applled to mixtures. This requiremen: for axperimancally dacarmined intac-
action cosfficlencs mares it difficulr to estimate thermodynamic propercies for
mixcures using smome of che newer compounds. The LKP sethod can be used sore easily
for new compounds becsuse Flocksr developed a computer corralation %o supply this
patasetar

One of the refinenents that Plocker made to the work of Lee and Kasler was co
corralate the interaction coefficients for a large number of binary systems co the
critical temperatures and molar volumes of the rwo components [Placker, 1978 and
Plockar, 19773, Figure 1 shows Plécker's correlation for the interaction coefficlients
for hydrocarbon-hydrocsrhen mixtures (solld line) and the experimental data polnts chat
he used to generate this curve. His corrslatlon vorks very well in predicting che
chernedynasic propecties of mixcures of halecarbon refrigerants in che absence of
edperimencally decernlned inceraction coefficiencs (boch the LEF and G50 models are
aluays sore accurate whan sxparimencally  detarmined inceracclonm cosfficlencs ars
avajlable), Conaeguencly computer routines based on the LEP EO05 could ba valusable
for evaluating mixcures of new compounds in cthe efforc to find environmenzally safe
blends of refrlgarancs for use as alternacives to H-12 and R-3502.

APPROACH

A computer program was chtained from M. Kauffeld and H. Kruse of the Upniversicy
of Hannover, Fedesral Republic of Cermany which used Plécker's subroutines to simulate
the parformance of & refrigeracor/freezer using che Loremz eoyecle wich & binary
mixture of refrigerants (Kauffeld 1989). The subroutines for the cthersodynamic
caléulations weére extracted from chis Program and modlified so they could be uzed for
mixrures with more than tue compopents.

Further changes wvere made so the program would ba more accurace for mixturss of
halocarben refrlgerants. Flgure 1 includes data used to develop the (ncecactlion
cosfficient correlation for & lacge se: of hydrocarbons wich high melecular weights
A subser of chis informacion was chosen which Inciuded only the mixtures of compounds
that are simllar in solecular structure and weipght to the halocarbon refrlgerants.



Inceractior coafficlencs chat Mruse and Mauffeld added zo Pléckes's subroutines were
also included {n cthis sec and then & curve was fit to thess daca and the corrss-
ponding equation wan lacorporsted lnto the code.
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Flg 1. Interaccion coefficlents for binary mixtures of hydrocarbon-hydrecarbon
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The original code allowed the user to choose from u lisc of 11 possible refrige-
rants (8-11, R-11, R-13, R<1381, R-14, R-22, @-23, B-113, ®-114, R-1%%a, and R«lk2b)
Fropercies were added to the subroutines for alx additional rafrigerancs (R-11,
2-113, R-123, R-124, R-1)4s, and R-183a). The LEF subroucines can be modified to
include addlcional tefrigetants by providing:

* the critical tespsrature, pressurs, and molar voluma,

¢+ che molecular weight,

+ cthe normal boiling peint (only used to sort che compenencs
by wolacilicy and to compuce an acentric factor. for cha
Eluid Lf one Lls not specified), and

* & fupction for che {deal gas heat capacity, £, Typically

the Ldeal gas heat capacley Ls given by an squation such
ax:

4
C-pﬂﬂ".l = &y * agT + a5T? + a1 & - o

It is alse helpful co be able to provide s correlacion for che saturation tenperaturs
a5 a function of the pressure. If C % iz given by Eq, 1. then enchalpy and entropy
deparcture functions H“:T.Thfj and EN(T Tpar) are given by:
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These modified subroutines were incorparaced into & progras named LepsIM! which
provides convenlent menu driven imput for :lllf_:.l.ns 'L']ffis-fl.n.ﬂ.l. the type of calcu-
lstlen to be performed, a cholee of unlts between 51 and English unlcs, and & printer
satup routine . LKPSIH allows che user te choose bhacwean savaluating liquid and vaper
saturatlon propecciss for a single specified cemparsturs or prossurs or CO genATace
a table of saturation propercies for a rangs of temperatures. Other epcions permic
the user to compute the proparties of superheated vapor at & single condicion, to
generate tables of superhear daca, or te calculare the performance of an ideal wvapor
comprassion cwele for specified condensing and evaporating temperatures and superheat
and subeoeling condicions.

RESULTS

For walldacion, LKPSIN wasz used to compute Tables of daca for pure cefrigeranta
ang binary and cernary mixtures of refrigerancs, Table 1 shows & comparison betwesn
the results of the LEP calculations and daca published by ASHBAE (198%9) for saturated
K12 liguid and vapor. Similar results were obtalined for R-22

Comparisons were also made for azeotroplec and penagectropie binary mixtures of
cefrigerancs. The solid lines im Fig, 2 show che sacuraced lligquid and vapor snthalpies
far R-302 (an azecstrope of R-12 and R-115% that were computed using LEPSIM and che
discrece poincs published by ASHRAE (1989). There is good agresment betwesn these
sets of dara, chough not as good as thar for R-1% wie diffsrances ranging from -1.19
o 3,87 klskg for sscuraced liguid and -9.23 go -11.79 K/kg for the vapor. Table 2
presents a4 conparison of data from LXKFSIN and routines using che CS0 equation of
scace for nonazectroplc mixtures of R-143a and R-124. Laboracory tests with these
blends in a breadboard heat pump system rig vere controlled to glve wet vaper leaving
the evaporater (po superheat). When experimentally saasursd CempaTacurds and pressurds
from che breadboard Tig ars used with the CSD and LXPF roucines co calculace che
stace of the refrigerant leaving the evaporator. the LEF results show lover suparheat
than those computed using che C5D routines. Flgure } showa the enchalpies of saturaced
liquid and vapor for a blend of R-22| E-152a, and R-124 where the solld lines sgain
represent the date computed using the Les-Kesler-Flicker sguacion of state and where
the discrece poinzs show ths data provided by one of tha refrigerant manufactuters
(Blvens, 1989). The agreement Lls actually berter for this termary blesd chan f{c s
for R-502:

The enthalpy of superheaced vapor for & cerpary blend are shovn Im Flg. & at
0.069 HPa ard I,413 HPs and che differences range from 0.6 te +2_ Bv. This agressant
is noc as close as desived and further work is planned to resolve chis discrepancy

L writeen in Hicrosofr QuickBasic for use on IBM PC cospacible computers
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CYGLE ARALYSES

The LKP subtoutines have been developed to provide tools for evaluacing refeigerant
mixzures and fdentifying che acceptabla hlends which promiss co parfors best in
cefrlgerating equipmenz. Although the thesmedynamic propertles caleulaced with
LEPSIN can be used to compute cheorecical evels efficiencies, the most usaful analycical
results would take fnto account some of the non-ldeal conditlons in ceal esquipment.
This is parcicclarly lmportant for cosparing sixturss of refrigerancs. CYOLE.?
itelinden, 1985) 45 & pystem simulation wodel developed at tha Nacional Imapizute of
Szandards and Technolegy (NIST) which incorporates heat sxchanger prassure drops and
usas an LHTD mechod for heat exchanger loading. & copy of the source cods for CYCLE.
7 far ‘binary mixtures was cbtained from RIST and modified co use the LKP subrontines
for zersaty and higher order mivrures.
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Fig. 1. Comparison of liguid and vapor senchalpies for s mixcurs of R-22. R-1%2a. and
R-114
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Fig. 4. Comparlson of enchalpy of superheated vapor coaputed using the LKP 205 (selisd
linea} and daca from che mamufacturer for a mizcurs of R-32, R-1%2a, and R-134,

The sodiffied code, CYCLE-10, is written for use on IBH PC's and PCrcoapatible
computars and Includes an {nceractive subroutine for data imput. The user is required
ta spaclfy
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TABLE 1. SATUBATION PROPERTIES FOR R-11 FROM LEPSIN AND ASHRAE TABLES

TEMPERATURE LXP ASHRAE  DEVIATION % ASHEAE  DEVIATION

R | - Ll kel feliegl fel/kel kgl
50 128.85 129,59 0. 74 536,45 337.07 061
-1 1L5.95 146,51 .83 L5 8% 346 40 .51
& 163,53 163,86 0.13 433,33 555.77 0,64
+20 181, 54 181.61 Q.07 564,58 563,01 (N

[#] 200. 00 200,00 0,00 37340 371,51 0.3l
20 Z19.00 219,18 0,18 58147 382.21 0.69
Bl 2I8.T] 219 .79 0.5 588.58 589,49 091
&0 23051 260 58 1.07 ¥931.12 585.02 L.70
L] 282.10 181.70 160 596.07 397 .20 1013

v, e e
a0

A8 i R ] 2 40 5 8
TEMPERATURE M}

Flg. 2 Enthalpy of sacurated R-502 cosputed using LEP equation of stats (selid Lines)
and daza published by ASHEAE (discrete polnts),

TABLE 3. CALCULATED SUPERHEATS USING LKF AND CSD MODELS AT LABORATORY CONDITIONS

EVAPORATOR

TEST FRACTION  FRACTION  PRESSURE ATURE 1xp = 1]
MMEER  _R-ldda  _R:138 0 __(kPa) [4d 3] L6 el
i 0.33 0,67 183 12.0 1.8 i.0
z 0.13 0.&7 a1 14.7 i 3.3
1 3. 64 0.4 543 13.4 2.2 1.4
& 0.64 0. 38 558 14,4 2.2 1.4
5 0,84 0.36 596 i7.9 2 4.9
& 0,77 0.83 L1 1.8 1.8 |
7 Q.72 0.33 639 14.0 2.9 1.9
] 0.77 0,23 LR 6.9 - ! 6.1
] o:r¥ 2.23 £82 16.1 2.9 1.8




CYCLE ANALYSES

The LKF subroucines have been develeped to provide tools fotf avaluating refrigerant
mixtures and Ldenti{fying cthe acceptable blends which promiss to perform best in
refrigerating equipment Althoogh rthe chermodvnamle propercies calculacted with
LEPSIN can'be uaed to compute theoretical eyele efficlenclas, the most useiul analycical
resulcs would take inte account soms of the non-ldeal condiclons in ceal equipment.
This i particularly Cfmperzant for comparing mixtures of refrigerants. CYCLE-T
(MeLinden, 1985) 1s & syscem simulacion podel developed at the Nazional Inaticuce of
Standards and Techrology (HIST) which incorporates haeat exchanger pressure drops and
uses an LMTD method for heat exchanger loading. & copy of cthe source cods for CYCLE-
? for bimary mixtures was obtalned from NIST and mcdified to ume the LEP subroutines
for tornary and higher ordar aixtures
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Fig. 1. Coamparison of liquld and vapor enthalples for a mixcure of R-22, R-157a, and
R-124
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Fig & Cooparison of enthalpy of supsrheaced vapor computed using the LKP E05 (solid
lines) and data from the sanufactursr for & aixture of K-22, R-157a, and R-124

The modified code, CYCLE-10, s wrictcen For use on IBM PO's and PC-cospatible
compucars and ilncludes an {ntersctive subroutine for data fnpus. The user ls required
zo specify!
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L. cthe nusher of gomponents in the sidcure (ssxiaus of 4%,

[

edch component by name (curser keys are used to welec: from che lizc of
available refrigarancs),

¥, che mass fractien of wach companent in the mixture,
-, the log mean tepperature differsance (LMTD) for sach heac exchangar,
5. the pressure drep In each héat axchanger,

E. the compressor lilﬂ:i‘upi: officiancy, and

. the secondary fluid tesperatures encering and leaving sach hear muchanger

Default valuws are bulle ints the progras for sach of thess parametars so they
Uo noc all have to be spacifled, and values are “sricky® in che sense thac the numbers
sncered by che user concinue to be used from ons set of caleulacions to the next
until chey are changed. The iteracive loops In the program can be somewhat Cime
consuming S0/ Intermadiace resulcs are displayed on che scresn so the user cin monitor
the progress of the calculacions.

The printed sutput from & typical run of CYCLE-1D is shown in Fig. 5 for a cecnary
blend of refrigerants undar typical conditions far a refrigarator/freszer. This ligcing
gives a complete summary of the {nput dats and the ealeulated refrigarant capacities,
teoperature glides, COPs, compressor discharge Ctemperacture, diacharge suparnesc, and
pressure raclc. A table of cthe thermodynamic propercies and refrigerant zompasizion
4t each of flve state poincs in cthe cyele ls printed at the botcom of che oREpUL

FUTURE WORE

Elight mediflcaclons will be made to the model to simulate the oparacing featuras
of a commercial rafrigeration svscem and the revised CYCLE-10 progran will be used te
screen a broad lisc of refrigerant mixcures to ldentify blends which have the petencial
of being emvirenmentally acceptable alternacives to R-507 and #-12, Refrigerancs
that ara likely candidates as components of mixtures in thess analyses are R-32,
E-136, R-125, R-134, R-152a. R-134a, and B-14%a, CVCLE-10 will be ren sxhaustively
for conbinations of these compounds In binary and Cernary blends and the regulcs
will be examined for high COF and acceptable dischacge teaperatures, pressure ratios,
and volunetcic capaclty (data on flammabllicy and “composice” ODF and GWP will be
used in evaluating che resulzs from the cycle model),

Praliminary work has been done on this scresning snalysls and the caleulaced COPs
for ternary blends of R-22, B-152a, and R-124 are shown in Fig: &. The percentige
(masz fraction) of each compound {n the mixcure ls varied from 0% to 100% in 10w
incrementa. The zop of aach column s labaled wich the concencracion of R-152a, each
tow 1s labeled on the cighc with the parcencags of B-27 in the mixtirs. and each
diagonal is labeled on the lefr with rche fracclon of R-124. Thus a refrigaracion
cyele using pure R-152a would have a COF of 1.3% (top right corner) for the condicions
summarized at che bottem of chis figure, pure R-22 a COP of 1.40 (bottom square),
and pure E-134 a COPF of 1.1% (tap lefe). Each colunm shows a constant percentage of
R-152a, so the COP of solucions with 508 B-152a would incresse from 1.297 to 1 394
as che pareentage of R-27 is increased from 0% to 50% (and R-1%24 decreamss from S04
to M) . Likewlse each row represents a fixed percentage of B-22 and each diagonal a
fimed percenctage of R-124. Flgure & alic contains shaded areas that indicats the
mixture compositions that are Flammable and compositions that have excessive discharge
cemperatures (theorstical discharge cemperaturss above 11E°C). Thus the maxisus COP
for non-flammable mixcures wich “acceptable” discharge cemperstures is abour 1. 3%
with » composition srcund &0% E-124, 184 R:22, and 2%W §-1%2a (depending on how
cloze the compositlon can be to the flasmable region, varlacions of isencropic
efficlency with prassure racio, etc.)

These screening analyses are Just beginning and it (s too early o drav any
conclusions from tesults obrafined rchus far., However, we expact that LEPIIM and
CYCLE-10 will be valusble and convenlent cools that can reduce the asount of futurs
laboratory effore (n the screening and selection of altermacive refrigazant blends,
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Fig. 5. Sample output from CYCLE-10 for a cermary blend of refrigerants.
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Fig. &. Refrigerating COPs for ternary mixtures of R-152a, R-22, and R-17e
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