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ABSTRACT

The potential health and environmental effects of the
depletion af stratospheric ozone from refrigerants containing
chlorine have resulted in international treaties, laws, and
nonbinding agreements to phase out and eliminate many
common refrigerants. R-22 is one of these compounds. A
stiedy was conducted to evaluate the potential of 22 chlo-
rine-free compounds in refrigerant mivtures of up 1o three
components as substitwtes for R-22. The selection or
screening of blends was based on vapor compression cycle
COP ar the 95°F (35°C) cooling condition, the volumeiric
cooling capacity of the blend, evaporator and condenser
temperature glides, and the "estimated " flammability of the
blend. Promising results were obtained for nine rernary
blepds containing E-125 and eleven ternary blends that
exclude E-125. Recommendations are made fo obtain
Surther experimental data on E-125 since the mixtures with
the best performance contain that compound. Results from
this study will be used in an in-depth follow-on analysis.

INTRODUCTION

The role of chlorine in the destruction of stratospheric
ozone and the resulting health and environmental risks have
led to the Montreal Protocol to Protect the Stratospheric
Ozone Layer, the London Amendments (o the Protecol, and
the U.S. Clean Air Act and the eventual total phaseout of
chlorofluorocarbon (CFC) and hydrochlorofluorocarbon
(HCFC) refrigerants. Although a great deal of work has
been done to identify and develop replacements for R-11
and R-12 in centrifugal chillers, household refrigerators,
and automotive air conditioners, relatively little effort to
date has been directed toward finding substitutes for R-22
in heat pumps and residential air conditioners (Radermacher
and Jung 1993). This paper reports on a praject o identify
blends of refrigerants that meet or exceed the performance
of R-22 based on cycle efficiency, volumetric capacity,
operaling pressures, low (=10 F® [5.6 C"]) temperature
glide, and flammability from a very large group of potential
refrigerant mixtures.

REFRIGERANTS, BELENDS, AND COMPOSITION

Twenty-two different refrigerants (Table 1) were
selected for analysis as possible components in binary and
ternary blends to replace R-22. These refngerants were
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chosen based primarily on their normal boiling points,
although the selection criteria also included whether data are
available for their critical temperatures and pressures.
Some, like R-134a, R-152a, and R-290, have been studied
extensively and a large body of information is available for
them. Others, like the fluorinated ethers (e.p., E-125,
CE-225¢a), are relatively new and untested materals. All
of the compounds in Table 1 are chlorine and bromine free,
so all of them have ozone-depleting potentials of zero. It is
also important that replacement refrigerants have low
global-warming potentials (GWP); the GWP of a compound
depends on its infrared absorption spectrum and its atmo-
spheric lifetime. Longer atmospheric lifetimes significantly
increase the GWP and the environmental liability of a
chemical species. Some measured and estimated atmospher-
ic lifetimes for the fluids screened in this analysis are
shown in Table 1.

Nomenclature—and the intended meanings of a few
specific words and phrases—is a problem in discussing
mixtures of refrigerants and particular aspects of the
mixtures. Terminology can be confusing since there is no
clear way of referring o mixtures containing two or thres
components at specific weight percents or compositions and
mixtures of fluids without any particular regard to the
amounts of each. This discussion uses the terms blend and
mixture to refer to a combination of refrigerants without
regard to the percentages of cach in the total and the term
composition to refer to a combination of refrigerants at
fixed or specific weight percentages of each.

The compositions of ternary blends are frequently
illustrated using equilateral triangles, as shown in Figure 1.
Each vertex represents 100% of one component and 0% of
the other two; each edge shows binary mixtures (0% of the
component on the opposing vertex) with compositions
inversely proportional to the distances from each vertex.
The points along the right edge of the triangle in Figure 1
represent 100 % of the first component (at the top vertex),
a 90%f10% blend of the first and second components (0%
of the third), 80%/20%, 70 %/30%, etc., down to the lower
right vertex, which is 100% of the second component. The
only truly termary blends, non-zero percentages of each
component, are in the interor region, In this study, each of
the ternary blends that can be formed from the 22 refriger-
ants listed in Table 1 was investigated and the weight
percents of each component in each blend were varied in
10% increments as pictured 1n Figure 1.
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TABLE 1

Properties of Fluids Used in Screening Analysis

i
Critical Normal A cephari
o Chismical Bormts | TOWBSEARIS Boiling Point Molecular l_ifct[;me
e lcolen | ) Weight {yrs)
R-32 CF,H, 1732 78.4 | <610 | -51.7 S202 6.1
R-125 CHF,CF, 1513 663 | 554 | 486 120003 281
R-143a CFCH, 163.6 731 | 532 | 473 B4.04 41.0
R-2%0) C5Hy 206.0 967 | 437 | 421 44.09 7
E-125 CF~0-CFH 1773 | 807 | 435 | 419 | 13602 21
R-218 CFCFCEF; 161.5 719 | -382 | -390 188.03 > 1000
CE-216 ~CFCE-0-CFy 191.1 BE4 | -191 | -284 166.02 —
R-134a CH,LFCF, 2140 | 1011 | -151 | -262 10203 15.5
R-152a CHF,CH, 2364 | 113.6 | -124 | 247 66,10 1.7
E-143a CFH-0-CFH, 2208 | 1049 | -108 | -238 100,04 34
R-134 HCF,CFH 246.1 | 1189 47 | -19.8 102.03 155
R-245¢h CF;CF,CH,4 2273 | 1085 .9 | -183 134.04 1.8
R-227ca CF,CF,CF,H 2233 | 1063 | 27 | 2163 | 17000 15
R-22T7ea CF;CFHCE; 2183 | 103.5 46 | -152 170.03 30
E-227ca CFO-CF,CHF, | 2384 | 1147 | 264 | -3.1 | 185603 =
R-236ch CF,CF,CFH, 2662 | 1301 | 204 | -14 | 15204 32
R-2360a CF,CH,CF,; 267.1 | 130.6 30.0 -L.1 152.04 6.4
R-254ch CF.HCF,CH;4 2950 | 1461 30.6 0.8 11606 1.6
CE-225ca | -CE,CHFCF~O- | 2772 | 1362 | 382 | 34 | 14803 =
R-236ca HCF,CF.CF.H 2821 | 1389 | 411 3.1 152.04 —
E-134 HCF~0-CFH 2968 | 1471 43.1 6.2 118.03 28
R-236ea CF,CFHCEH 2671 | 1306 | 437 6.5 152.04 12
100% This exhaustive approach to the calculations resulted in
COMPONENT A a very large number of compositions. The number of
possible blends can be computed using Equation 1 where
N=the number of pure fluids considered as components for
a0% Component A a mixture and k=the number of components in each blend
40% Component B (k=3 for ternary mixtures, k=2 for binary mixtures):
0% Component G
l'.l.?lmbc-l‘ of blends e N! (1)
withkcomponents  (N-k)! X k!
== Consaquently, there are 1,540 unique ternary blends
B that can be formed using the 22 refrigerants listed in Table
T e W BN A N 1, and for each of these bleads, calculations were per-
e — e formed for the 36 unique compositions in the interior of
LN N N Ml g _x.';u.'?_.\...".l_...f :' Figure 1, There are also 231 unique binary blends (0% of
ATET QTSN EWEY IS the third component) with 9 different compositions of each
o = and, of course, 22 pure refrigerants to be considersd. All
i S told, then, 57,541 different compositions were evaluated in
COMPOMENT G COMPOMENT B this study (1540%36 + 231 %9 + 22). The large volume of

Compaositions of three companents.,

Figure 1

information coming out of these calculations was stored in
a data base for screening and evaluation,



LEE-KESLER-PLOCKER EQUATION OF STATE

Computer caleulations were used in this study to reduce
the huge number of possible blends and compositions to a
manageable number for more detailed study and experimen-
tal evaluation. The Lee-Kesler-Placker (LEP) equation of
state was chosen for calculating refrigerant thermodynamic
properties primarily because it is a corresponding states
method (Plocker 1977; Placker et al. 1978; Reid et al.
1986). The importance of this is that very little experimen-
tal data are required for each pure fluid in order to make
reasonably accurate caleulations of saturation and super-
heated vapor properties. In this case, the only information
required for each of the 22 refrigerants listed in Table 1 are

e the critical temperature and pressure,
the molecular weight,
an acentric factor that is a measure of the acentricity or
nonsphericity of the refrigerant molecules,

® correlations for the saturation temperature as a function
of the reduced pressure (pressure divided by the eritical
pressure) and the saturation pressure as a function of
the reduced temperature (absolute temperature divided
by the critical temperature).

In fact, the correlation for saturation pressure is only used
to find a starting point for an iteration, and an adequate
correlation can be derived for the saturation pressure if one
is known for the saturation temperature. Extensive effort
has been made during the course of other projects to
validate the resulls of calculations using the LKP equation
of state. These are documenied in Sand et al. (1991),
Fischer and Sand (1990), and Fischer (1952).

There were two other principal reasons for the selection
of the LKP equation of state for this study. First, computer
subroutines had been obtained from Plocker (1977) and
Kruse and Kauffeld (1989) that were readily adaptable for
use in this project and, second, a correlation was built into
the subroutines for computing an interaction coefficient for
binary pairs of pure components (Fischer and Sand 1950).
This latter feature was virtually essential to the calculations
in this study because of the extremely small amount of
information available on some of the 22 refrigerants.
Wherever possible, however, this correlation was supple-
mented with interaction coefficients determined by experi-
mental data.

CYCLE CALCULATIONS

An important simplification was made in the refrigera-
tion cycle analysis in order to reduce the magnitude of the
computations performed. MecLinden and Radermacher
(1987) showed that the results of ideal cycle calculations for
mixtures are highly dependent on the assumptions for how
the refrigerant-side conditions are determined. The pre-
ferred calculation is one where heat transfer fluid tempera-

ture differences and total heat exchanger loading are
specified instead of refrigerant-side temperatures. This
approach, however, requires iterations that increase the
computational overhead to a point that was deemed unac-
ceptable for the 57,000 blends considered in this screening
study. Even an evaluation using specified mid-point temper-
atures in the heat exchangers requires an iteration that was
considered excessive in this analysis. Consequently, this
paper presents intermediate results from a simplified
calculation: as such, it serves a primary purpose of reduc-
ing the number of blends to consider for further analysis.
Refrigerant temperatures were selected that are appropriate
for & high-efficiency air conditioner at a 95°F (35°C)
ambient air temperature, These are

s 120°F (48.9°C) dew-point temperature entering the

condenser,

= 50°F (10.0°C) dew-point temperature leaving the
evaparator,

«  60°F (15.6°C) return gas temperature (10 F® super-
heat), and

e 105°F (40.6°C) liquid line (15 F® subcooling for R-22
and less subcooling for gliding mixtures).

An approach such as this that relies on dew-point tempera-
tures will give slightly higher values for calculated COPs
and lower values for capacity than calculations based on
mean heat exchanger temperatures (McLinden and Rader-
macher 1987). The low-glide mixtures identified by this
screening as attractive alternatives to R-22 need to be
evaluated at both the heating and cooling rating conditions
using a rigorous cycle model that can do a more accurate
simulation of changes in heat exchanger and compressor
performance resulting from gliding refrigerant temperatures
during evaporation and condensation (Domanski and
McLinden 1990; Rice and Sand 1990; Jung and Rader-
macher 1991a, 1991b; Radermacher and Jung 1993).

The simulated performance of R-22 at these conditions
is 122 Btu/ft* (4550 J/L) volumetric cooling capacity with
a COP of 6.30 (100% iseatropic compression). Quantities
resulting from the calculations are

e the COP and volumetric cooling capacity at 95°F
(35°0),

s  the high- and low-side refriperant pressures,

e the liguid-line and return gas specific volumes, and

e the flammability index! (FI<0 for nonflammable
blends, FI> 1 for flammable blends, and 0=FI=1) for
indeterminant flammability.

The calculated values for exch mixture are stored in a large
{five-megabyte) data base for subsequent screening and

L Flammability index”™ is an undocumented parameter derived
from confidential business information provided as a courlesy by
4 tefrigerant manufaciurer,



evaluation. Data are filed for ali blends a
without any pre-screening to reduce the magnitude of
information. The flammability index is the "softest”
quantitative property calculated for each mixture, and any
conclusions based on it must be supported with laboratory
tests on the limits of flammability.

nd composition

RESULTS

The calculated performance information in the comput-
er data base was screened to identify nonflammable compo-
sitions that have predicted COPs and capacities close to or
greater than that of R-22 with temperature glides less than
10 F* (5.6 C®). Many of these could be grouped as
different compositions of mixtures of the same three
components; these data were plotted on triangular diagrams
as shown in Figures 2 and 3 for graphical evaluation,
Figure 2 indicstes the regions of flammable (heavily
shaded) and nonflammable (lightly shaded) blends of R-32,
R-134a, and R-227ea (a region of indeterminant flammahili-
ty is also indicated). This example also shows contours of
constant COP at 95°F (35°C) ranging from 98% to more
than 132% of the COP of R-22. There is also a single bold
contour where the cooling capacity is the same as that for
R-22. Figure 2 shows that there are combinations of
R-227ea and R-32 where the capacity is nearly the same as
that of R-22 with COPs as much as 32% higher (along the
left edge). What it does nol show is that there is a larpe
evaporator glide for these compositions and that the cCompo-
sitions with evaporator glides of less than 10 F® (5.6 C")
are all either in a narrow band along the bottom of the
triangle in Figure 2 or up in the flammable region. Figure

3 displays results for mixtures of R-32, R-125, and R-134a
and is similar to Figure 2 except that it also includes
diagrams showing contours for cooling capacity, high-side
pressure, and evaporator temperature glide. [talso identifies
five different mixtures that are being considered by other
investigators as R-22 replacements. Graphs of this type
were used to select the "best" blends for future in-depth
evaluation.

This preliminary screening identified 13 blends with
temperature glides of less than 10°F at some composition
(i.e., specific weight percents of each component) that are
altractive with regard to efficiency, capacity, operating
pressure, and flammability.

= B-143a / E-125 / R-227¢a

* R-32 / CE-216 / E-143a

* R-32 / E-125 / R-218

* R-32 / E-125 / R-227ca and R-32 / R-125 / R-227ca
*® R-32 / E-125 { R-227ea and R-32 / R-125 / R-227ea
* R-32 / E-125 / R-245¢ch

= R-32 / E-125

* R-32 / R-125 / R-134a

* R-32 / E-125 / R-134a and R-32 / E-125 / R-134

* R-32 / E-125 / CE-216

In some cases both COP and capacity are predicted to be
higher than those for R-22.

The frequency of the R-32/E-125 pair in these promis-
ing blends emphasized the need for resolving any uncertain-
lies about the toxicity of E-125 (Simons et al. 1977) and for
additional physical property measurements on this potential-
ly useful refrigerant (Wang et al. 1991). Laboratory data,

Figure 2

Lines of constant COP relative to R-22 for mixtures of R-32, R-

134a, and R-227ea with flammable and

nonflammable regions of increased and decreased capaciy,
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Figure 3 COP, cooling capecity, evaporator temperature glide, and condensing pressure for mixiures of R-32, R-125,

and R-134a.

particularly measurements that can be used to calculate
interaction coefficients for E-125 with other refrigerants,
would be extremely valuable in refining these predictions.

Other atiractive blends excluding E-125 from the
composition include:

* R-143a / R-218 / CE-216
» R-143a / R-218 / R-134a
e R-32 / CE-216 / R-134

» R-32 / R-125 / E-143a

= R-32 / R-125 / R-245ch
s R-32 / R-134a / R-134

= R-125 / R-143a / R-218

In general, these seven blends have lower efficiencies,
higher pressures, or are more likely to be flammable than
those listed in the first set of blends. Table 2 lists some
general observations for “feasible compositions™ (i.e., less
than 10 F® [5.6 C°] glide, nonflammable) of 18 of the 20
blends listed above (the R-32/E-125 binary is excluded
because it is covered by the temaries including R-32 and
E-125; the one blend containing B-218 is excluded because
of computational problems like those described in the next
section).

COMPUTATIONAL PROELEMS

The brute force approach toward the screening analysis,
where tens of thousands of calculations are performed
exhaustively without a great deal of forethought about the
practicality of evaluating some blends, will almost inevita-
bly run into some computational problems, In this particular
analysis, "unresolved errors” occurred in almost 1,500 of
the more than 57,000 compositions evaluated. These
problems were experienced very early in the project, and a
conscious decision was made to keep track of which
compositions were not evaluated successfully but not to put
forth any effort at this time to correct the problems.

A cursory examination of a few blends with computa-
tional problems revealed two sources of numerical difficul-
ties, both of which are illustrated in Figure 4. This figure
shows the cycle diagram for a high-efficiency air condition-
er superimpased on the p-h diagram for R-218. In this case,
the vapor dome is tilted sufficiently that the specified
operating conditions result in two-phase compression, an
obvious problem. Although it would have been possible to
adapt the cycle calculations to accommodate or avoid this
kind of situstion, these modifications were not made.
Changing the computer programs to handle two-phase



Salacted Refrigorant Blends That Have Potential Applications as R-
Comparabla or Better Cooling COP and Capacity, and Predicted Nonflammable Compositions

TABLE 2

27 Substitutes Due to Low Temparature Glides,

- a —
First Second Third Obrial

Component | Component | Component ki

1. R-32 R-125 R-134a up ta 4% increase in COP with up to 20% erease in sty broad
regica of feasibie compasitions

i R-32 E-125 R-13da 6 to B% Increase in COP with up 1o 30% increase in mpacity; broad
regioa of feasible compositions with lower glides than RANR-125R-
134a

i R-32 E-125 R-134 7 to 10% increase in COP with 10 10 30% increase in capocity; higher
glides than R3LE-125R-134a

4. R-32 CE-116 R-134 very few pon-flammable compositions with low glides, extremely smtall
pon-(amnmabie region; -10 1o +6% change in COF with 2 1o W
decrease in capacity

5. R-32 R-125 E-143z 2 10 4% decreass [n COF with 10 10 0% oreiss in capadity

& R-32 R-125 R-245ch very fow feasible compositions; generally high lempesature glides; 4 10
+2% change In OOP with 10 to 50% higher capacity

7. R-32 R-134a R-134 penerilly bigh tempernture ghides; low concentration of R-32 essential
for pon-flammability; kigh ks In eapadty with ks n COP

B.R3z E-125 CE-216 6 10 204% increass in COF with <10 t0 +30% changs In capadity;
gimost ll eomaltings have kK9S than 10+ F glides; broad region of
fensible composdtions

9. R-32 E-125 R-245ch & 1o 12% increass in COF with 10 to 309 incresse in copacity

10. R-32 E-125 R-22Tea up 10 20% incresss in COP with up Lo 3% fncresse in capaeity =

1L R-32 E-125 R 5 10 2% increass in OOP with up to 30% increase in Syacity

12 R-32 R-125 k-7 up 1o 10% increass in COF with 10 10 20% mercmse in capacity

13, R-32 CE-216 E-143a no chearly noa-Nammabis leraries; up 1o 10% inorexse in COP with
an Jeast @ 40% ks in capadty

14, B-143a | E-125 R-22Tea £45 change in OOP with up 10 15% boss in capacity; COF increase
eorresponds (o capacily decreass

15. R-143a | R-213 CE-216 keses in COP and eapacity relative to R-22; up 1o 30% ks in
eapadty and 4% loss in COP

16, B-143a | R-218 R-134a 2 ta 4% ke B COP wilth § 10 25% koss In capacity; broad range of
feasible compealtions; all compasitions hive glides Jess than 10°F

17. R-32 R-134a R-22Ten 2 to 6% increase in COF with large decrease in capasity

18. R-32 R-125 R-XZTca .2 decrease to B% Increase in COP with 20 to 50% increase in
capacity

compression would have increased execution time for all
57,000 compaositions evaluated in order to avoid problems
with a small percentage of cases. The problem blends were
noted so that they can be handled individually if they seem
to merit further altention.

The other difficulty illustrated in Figure 4 appears
where the top of the vapor dome has been lopped off. The
computer subroutines obtained from Kruse and Kauffeld
(1989) imposed limits so that saturation properties could not
be calculated for conditions "close to” the entical tempera-
ture, "close” being within 90% or 95% on an absolute
scale. This limit was imposed because of the poor perfor-
mance of the LKP equation of state close to the eritical
temperature, and the judgment of the original authors of
those subroutines was accepted and used in this analysis.

Figure 5 summarizes information on the blends of
refrigerants that experienced computational difficulties.
There is a triangle plotted for each of the 22 refrigerants
considered in the study. The horizontal axis is the critical
temperature for each refrigerant, and the vertical axis is the
number of compositions containing that refrigerant that had
computational errors. Several of the points are also labeled
with the corresponding refrigerant numbers. There is an
almost obvious connection between "low” critical tempera-
ture and computational difficulty indicated by the sharp
break between the points in the upper left of the graph and
those in the lower right. Although this figure seems (o
explain some of the problems, it also poses some unan-
swered questions: why do CE-216 and R-134a have less
than half the number of problems than compositions
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Figure 4 Pressure-enthalpy diagram for R-218 with

superimposed air-conditioning cycle.

containing R-290, which has a higher eritical temperature?
Interestingly, only one of the nearly 1,500 compositions
with computational errors does not contain any of the six
refrigerants in the upper lefi of Figure 5 (i.e., R-125,
R-218, R-143a, R-32, R-290, and E-125) and only 241
compaositions contain just one of those six refrigerants. The
other compositions contain two or more of the six refriger-
ants with "low" critical temperatures.

As mentioned earlier, it is possible to put further effort
into examining and correcting the computational problems
with some or all of these hlends, although it would be
prudent to focus attention on a select few. Of particular
interest would be compositions containi ng R-32 and R-218
since one fluorocarbon manufacturer is interested in an
azeotrope of these refrigerants. Effort toward understanding
the problems with R-290 would also be worthwhile since
this refrigerant is mentioned by another manufacturer as a
component of quaternary blends it is studying. None of the
other "problem” blends appear interesting at this time.

CONCLUSIONS AND RECOMMENDATIONS

Several promising blends of chlorine-free refrigerants
with low dew-point to bubble-point glides have been
identified as potential alternatives for R-22. Several of these
refrigerant mixtures contain E-125, one of the components
that highlight the necessity of additional physical property
and toxicity measurements for this refriperant. Many of the
potential alternatives contain  hydrofluorocarbon (HFC)
components that are scheduled for commercial production,
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Figure 5 Occurvences of computational problems in the

R-22 screening analysis and refrigerant criti-
cal temperatures.

Further analytical studies are planned for interesting
blends arising from this broad-based screening. Initially,
more elaborate computer models will be used that are better
for simulating Rankine cycle performance at heating and
cooling conditions other than 95°F (35°C) cooling. Addi-
tionally, these models can also emulate heat exchanger
performance with pure and zeotropic refrigerants more
accurately,

System performance tests, where these blends are used
as “drop-in" replacements for R-22 in existing equipment or
as R-22 alternatives in breadboard loops where operaling
conditions and circuit configurations can be more easily
modified to suit individual refrigerant characteristics, are
required to support these analytical results. As with R-134a,
transport properties could have an important influence on
relative refrigerant performance, Laboratory testing in a
breadboard test loop is planned for several of the more
efficient and accessible blends.

Additional analytical screening is planned for refriger-
ant blends with larger refrigerant glides in the heat ex-
changers (> 10°F; 5.6°C). Zeotropic refrigerants with
larger gliding temperatures can be used to improve cycle
efficiencies compared to pure refrigerants if appropriate
hardware modifications are incorporated into the vapor
compression system (Kauffeld et al, 1990).

REFERENCES

Domanski, P.A., and M.O. MeLinden, 1990, A simplified
eyele simulation model for the performance rating of



refrigerants and refrigerant mixtures. Proceedings of
the 1990 USNC/IIR-Purdue Refrigeration Conference,
ASHRAE-Purdue CFC Conference, July 17-20, David
Tree, ed., pp. 466-473.

Fischer, S.K. 1992. An analytical screening of alternatives
for R-502 in low-temperature refrigerating applications.
ASHRAE Transactions 98(2).

Fischer, 5., and 1, Sand. 1990, Thermodynamic calcula-
tions for mixtures of environmentally safe refriperants
using the Lee-Kesler-Placker equation of state. Pro-
ceedings of the 1990 USNC/HR-Purdue Refrigeration
Conference, ASHRAE-Purdue CFC Conference, July
17-20, David Tree, ed., pp. 373-382.

Jung, D., and R. Radermacher. 1991a. Simulation of
single-evaporator domestic refrigerators with pure and
mixed refrigerants. International Journal of Refrigera-
tion, July, pp. 223-232.

Jung, D., and R. Radermacher 1991b. Performance simula-
tion of a two-evaporator refrigerator/freezer charged
with pure and mixed refrigerants. Inrernational fournal
of Refrigeration, September, pp. 254-263.

Kauffeld, M., W. Mulroy, M. McLinden, and D. Didion.
1990. An experimental evaluation of two nonazeotropic
refrigerant mixtures in a water-to-water, breadboard
heat pump. NISTIR 90-4290. Gaithersburg, MD:
Mational Institute of Standards and Technology, U.S.
Department of Commerce,

Kruse, H., and M. Kauffeld. 1989, Computer program
simulating a two-temperature-refrigerator working with
non-azeotropic mixtures. Institit fir K3ltetechnik und
Angewandte Wirmetechnik, University of Hannover,
Germany. Unpublished work provided as a personal
communication.

McLinden, M.O., and R, Radermacher. 1987. Methods for
comparing the performance of pure and mixed refriger-
ants in the vapour compression cycle. Inrernational
Journal of Refrigeration 10(Nov.): 318-325,

Plocker, U. 1977. Calculation of high-pressure phase
equilibria by means of a correspondence method under
special consideration of asymmetric mixtures. Doctoral
dissertation at the Technical University of Berlin,
August.

Placker, U., H. Knapp, and I, Prausnitz, 1978, Calculation
of high-pressure vapor-liquid equilibria from a corre-
sponding-states correlation with emphasis on asymmet-
ric mixtures. Industrial Engineering Chemical Process
Design Development 17(3).

Radermacher, R., and D. Jung. 1993. Theoretical analysis
of replacement refrigerants for R-22 for residential
uses, ASHRAE Transactions 99(1).

Reid, R., I. Prausnitz, and B. Poling. 1986. The properties
af gases and liquids, 4th ed. New York: McGraw-Hill
Book Company.

Rice, C.K., and J.R. Sand. 1990. Initial parametric results
using CYCLEZ—An LMTD specified, Lorenz-Meut-
wer cyele refrigerator-freczer model. Proceedings of
the 1890 USNC/IIR Purdue Conference, July 17-20,
D.L. Tree, ed., pp. 448-438.

Sand, ILR., 5.K. Fischer, and P.A. Joyner. 1991. Modeled
performance of non-chlorinated substitutes for CFC-11
and CFC-12 in centrifugal chillers. Proceedings of the
1991 International CFC and Halon Alternatives Confer-
ence, December 3-5, Baltimore, MD, pp. 406-415.

Simons, C.W., G.J. O'Neill, and J.A. Gribens. 1977.
United States patent application 714,522,

Wang, B., J.L. Adcock, 5.B. Mathur, and W.A. Van
Hook. 1991. Vapor pressures, liquid molar volumes,
vapor non-idealities, and cntical properties of some
fluorinated ethers: CF4OCF,0CF,, CF;0CF,CF,H, c-
CF,CF,CF,0, CF;0CF,H, and CF;0CH;; and of
CCLF and CF,CIH. Journal of Chemical Thermody-
namicy 23: 699-710,




