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AN ANALYTICAL SCREENING
OF ALTERNATIVES FOR R-502
IN LOW-TEMPERATURE
REFRIGERATING APPLICATIONS

S.K. Fischer

ABSTRACT

R-502 is used as the working fluld of low-temperature
refrigerating systems with evaporating remperatures as low
as —40°F (—40°C). It was selected as the refrigerant of
choice for these applications because it is both nonflam-
mable and nontoxic and has an acceptable compressor
discharge temperature when used in a high-efficiency
vapor-compression sysiem. Replacement fluids are going to
be needed for use in place of R-502, however, because of
the provisions of the Montreal Protocol. R-502 is an
azeoirapic blend of R-22 and R-115, and R-115 is a
chlorofluorocarbon (CFC) thar is comributing to the
destruction of stratospheric ozone. The provisions of the
Montreal Protocol curremtly require a total phase-out of the
production of all fully halogenated CFCs, including R-115,
by the year 2000. Consequently, replacement fluids will be
needed for new and existing equipment.

One alternative is to use R-22, but this requires major
design and hardware changes in order to keep the compres-
sor discharge temperature below the point where the
lubricant begins to break down. This can be done with
staged compression using liquid reinfection or other
modifications to the compressor, but it is expensive, par-
ticularly for adapting existing equipment.

This study was initiated to identify other possible fluids
that can be used either in new or retrofit applications for
low-temperature refrigeration. It includes an evaluation of
predicted cycle efficiency, system capacity, pressure ratio,
Sluid flammability, and compressor discharge temperature.
Eight different chemical compounds are considered for use
as pure refrigerants as well ar components in binary and
ternary mixiures: R-134a, R-134, R-125, R-143a, R-152a,
R-32, R-124, and R-22. An exhaustive study of the com-
position of blends was performed 1o determine the mass
JSractions of each component in the mixiures that are most
promising on the basis of efficiency, flammability, low
discharge temperature, and acceprable capacity and
pressure ratio. Several blends are idemified for further
laboratory and analytical evaluation.

INTRODUCTION

This project was initiated to identify refrigerants and
mixtures of refrigerants that could be used as the working
fluid in low-temperature refrigerating equipment in place
of R-502. R-502 is used extensively in commercial refrig-
eration for display cases for fresh and frozen foods. It is an
azeotropic blend of R-22 (48.8%) and R-115 (51.2%). R-
115 is a chlorofluorocarbon (CFC) that is regulated by the
Environmental Protection Agency (EPA) to keep the United
States in accordance with the Montreal Protocol. As such,
production of R-115 is restricted and will be gradually
phased ocut by the year 2000. Consequently, a replacement
fluid will be needed, either for maintaining existing
equipment or for use in new systems, and this project was
initiated to identify promising alternatives for further
analytical and experimental analysis,

Few experimental data are available for many of the
chemical compounds that could be used either alone or in
mixiures as substitutes for R-502, so this work was
structured as an analytical study based on & '*corresponding
states'" equation of state and a relatively simple refrigera-
tion cycle model. The Lee-Kesler-Plocker (LKP) equation
of state was chosen because

* computer subroutines were available (Kruse and
Kauffeld 1989),

* few experimental data were required to add new com-
pounds to the list of refrigerants available in the
existing programs (e.g., molecular weight, critical
temperature and pressure, and normal boiling point),

* correlations were available for calculating acentric
factors for each refrigerant and interaction parameters
for mixtures of refrigerants, and

*  the calculations could be improved by making use of
any available data on saturation temperatures and
pressures 1o refine the choices of acentnic factors and
interaction parameters.

The CYCLE-7 model (Domanski and McLinden 1992;

McLinden 1987) was chosen for the cycle calculations
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because it provided an existing mechanism for computing
system performance from refrigerant properties, secondary
fluid temperatures (e.g., air temperatures eatering the
evaporator and condenser), and LMTD and pressure drops
for each heat exchanger. This program was adapted to use
the LKP routines, and new choices of refrigerants were
added.

CYCLE MODEL

The cycle model that was used in these analyses was
deliberately kept simple and did not account for many
factors such as temperature or pressure drops in the
suction, liquid, and discharge lines. The intent of this study
15 10 evaluate many different combinations of refrigerants
in binary and ternary mixtures in order to identify the most
promising blends for further analytical and experimental
evaluation. Compromises were consequently made to
reduce the amount of computer time required for the
calculations at the expense of the absolute accuracy of the
results. That should not be a problem, however, since the
final product of this study is a relative ranking of refriger-
ants and mixtures rather than precise system performance
simulations. For want of & better name, the modified
program has been called *‘CYCLE-10.""

Some of the key points from CYCLE-10 are shown in
the cycle diagram in Figure | on s pressure-enthalpy
diagram for a hypothetical refrigerant. This figure indicates
superheated vapor entering and leaving the compressor and
eatering the condenser (points 1, 2, and 3), subcooled
liquid leaving the condenser (point 6), and saturated vapor
leaving the evaporator (point 8). Point 2" corresponds to an
isentropic compression efficiency (9, = 100%) and
point 2° to the specified 5, (56.5% in later calculations).
The compressor input power is the mass flow rate, m,
times the enthalpy change between point 2' and point 1.
The rate of compressor shell heat loss is assumed to be a
specified fraction, v, 5. of the input power:

Qinett = Nanett "My~ (hy =Ry ). )

An ileration is performed to determine the compressor
discharge temperature (the temperature at point 2) that
corresponds to the refrigerant pressure and enthalpy. The
evaporator capacity is computed from the enthalpy of the
saturaled vapor, hy, and the eathalpy at the evaporator
inlet, h;. The system refrigerating efficiency is then given
by

COP = 'hf—_gl"

The operating temperatures, pressures, and enthalpies are
calculated using the LKP equation of state and specified
data for the

*  overall LMTDs for the evaporator and condenser,
®  Jiquid line and suction gas temperatures,
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Figure 1  Cycle diagram wsed for low-temperature
refrigeration system simulation.

* compressor isentropic efficiency and the fraction of the
inpulunm'ﬂrujuhdfmmﬂmcumpmﬁd].q:w
and v, respectively, and

*  source and sink conditions specified by inlet and outlet
temperatures for the secondary fluid stream,

CYCLE-10 snd measured field performance and
compressor calorimeter data (Walker and Deming 1989)
were used to determine input parameters for the screening
analysis. A combined motor efficiency and compressor
isentropic efficiency of 56.5% was calculated by taking the
ratio of the measured calorimeter with the
cycle COP compuied from the ASHRAE tables for R-502
at the calorimeter test conditions. Data were available for
the inlet water temperature and condensing pressure for
baseline tests of field performance using a water-cooled
condenser. The outlet water temperature and condenser
LMTD were estimated by varying them during iterations
with CYCLE-10 at the specified inlet water until the
calculated condensing pressure matched the observed value,
The rate of compressor shell heat loss, 7, was es-
timated to be 0.15 by adjusting it until the calculated
compressor discharge temperature matched the observed
value of 225°F. Validation of the CYCLE-10 model
against field performance is summarized in Table 1.

LEE-KESLER-PLOCKER EQUATION OF STATE

As mentioned earlier, the LKP equation of state is able
to calculate fairly sccurate thermodynamic properties from
a very small amount of experimental data. The minimum
amount of data required consists of the critical temperature
and pressure (7, and P,), the molecular weight, the
acentric factor (w), and an analytical expression for the
ideal gas heat capacity ICP} as & function of the absolute
lemperature.
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TABLE 1

C]rdl-'l_ﬂ Modal Validation
Parameter Cyele-10 Field Test
Input Data:
evaporator inlet air temperature -152°F (-262°C) MIA (NIA)
evaporator discharge air temperature <200 (-28.9) -20.0°F (-2859*C)
condenser inlet air temperatire 60,0 (15.6) 600 (15.6)
condenser discharge air temperaiure 850 (18.3) N/A (MIA)
suclion gas temperature 174 (B.1) 17.4 (8.1)
liguid line lemperature 80.2 (26.8) B0.2 (26.8)
compressor efliclency 56.5% (56.5%) S6.3% (56.5%)
compressor shell heat loss 150 (15) NIA [N/A)
Cutput Data:
cop 1.16 (1.16) 1.05 (1.05)
evaparating tempersture -36.0°F (-31.8) -33L0"F (-34.1)
condensing temperature B5.S5'F (29.7) MIA (N/A)
i?dlm pressure 19.2 paia (132 kPa) 19:2 psin (132 kPa)
discharge pressute 191.9 paia (132 MPa) 191.9 paia {1.32 mPa)

Acentric Factors

The LKP equation of state computes thermodynamic
properties of a fluid using the properties of a “‘simple’
fluid and a *‘reference’” fluid. The acentric factor, w, is
more or less a weighting factor used in combining the
known values. The acentric factor can be calculated if the
normal boiling point (T,) is specified (Reid et al. 1987):

-ln P, -5.97214 + 6.09648 x § !
+1.28862 X In @ - 0.169347 x 65 | (4

- 13.4721 x In 6 +0.43577 x §°

15.2518 - 15.6875 x 8! J

where © = T, /T, and P_ is the critical pressure (in
atmospheres). This estimate can be improved if there are
any measured data for saturation pressure, (Prar ) at
known temperatures (7). Then a least-squares analysis can
be performed to find w,,, which minimizes the sum of the
squares of the differences between the measured and
:Ilmlunduhmﬁmpfmm:

fl:W] = E I dI[TE .I: c:f:{TE'”]F {‘}

It is usually much easier to calculate w, ;. **‘manually"’
than it is to set up a computer program to do it. This is
dmuhymhnglnhtiti:lg\mfuru.clkuh&nghf
safuration pressures (using a compuler program), and
computing the corresponding sum of the squares using the
known saturation pressures. The process is repeated for a
second guess for w, a third, etc., until little improvement
is found in the sum of squares.

Interaction Coefficients

One of the advantages of using a corresponding states
method such as the LKP equation of state is that the
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interaction coefficients for mixtures of refrigerants can be
correlated with some of the fundamental properties of each
component. Plocker et al. (1978) presented data for
experimentally determined interaction coefficients for 142
pair-wise mixtures of hydrocarbons, nitrogen, carbon
dioxide, hydrogen, argon, oxygen, carbon monoxide,
kryplon, hydrogen sulfide, nitrous oxide, water, and
ammonia. Figure 2 shows Placker's data (discrete poinis)
for hydrocarbon-hydrocarbon mixtures plotted against the
ratio of the products of the critical temperature (T,) and
critical volume (V) for the two components (i and j). This
figure also contains a solid line indicating the least-squares
polynomial fit to the data. Kruse and Kauffeld (1989)
reduced the information in Figure 2 1o a Fortran subroutine
for use on computers and added information for interaction
coefficients for several mixtures of halocarbon refrigerants.

Plicker's data included interaction coefficients for
mixtures of heavy hydrocarbons, so the correlation ob-
tained from Kruse and Kauffeld was modified to be more

i '%;l:\ oy '|de I-l-lil:l l:ll;:'”
Tﬂ 1\".
e T 3
T,, ¥,
(O
Figure 2 Binary interaction coefficients for hydrocar-

bon-hvdrocarbon mixtures.
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TABLE 2

Validation of Saturstion Proparties for R-12
Liqust Enthalpy Vapor Enthaipy
Temperature
LEP ASHRAE % 4 LKP ASHRAE

JJUIF | 200 K 15208 Brufo | 35350 klkg | 19224 Brodb | 35387 WAy | 000 | 23070 Baafn | D548 kg | 23108 Baf | 53707 kiag
E =0 18951 IMTH 15958 1054 004 | 23489 Lz nam S48.40
I8 240 167,14 388 51 167.08 388.% A4 | 2389 151 410 3577
8 260 17498 Ail s 174,80 3 009 | 289 64,58 43m 85
dd 280 -1 43530 1aie 1R 008 | 24564 7340 24690 ms
L1 300 19124 dad 53 19120 bl A3 407 | 5048 58151 04T smn
118 120 199 86 LR 001 A B ood | 24321 $88.50 80 SERAY
152 a0 x9.01 BS54 209,39 4571 018 | 2555 3.0 25554 sesm
158 350 19,08 Sopaz 2877 1084 038 | 25444 598,017 249 59720

appropriate for the methane- and ethane-based halocarbons
used as refrigerants. The calculated binary interaction

coefficients are now given by
.l'fj = (0.97593011 « 0.00130196 ‘o o)
+ 0.00860429 +o®
where
T, -V
- (]
a TV, (6)

J i

Specified interaction coefficients are still used for the
binary mhmmfurwhichlhnymhm.mdtﬁmbn
derived using a least-squares fit when saturation data are
available for a mixture,

Validation

Extensive effort was put into validating the LKP
calculations for pure refrigerants, azeotropes (e.g., R-502),
and ternary mixtures using property values from public and
private sources (private industry sources were required for
some of the new refrigerants) (ASHRAE 1985; Bivens
1950; Hughes 1990). Table 2 shows some results for the
enthalpies of saturated R-12 liquid and vapor and the
percent difference between the reference value and that
computed using the LKP equation of state (reference value
— LKP value)/reference value),

The differences between the reference values and those
from the LKP equation of state for other thermophysical
properties (e.g., entropy, specific volume) of R-12 are of
the same magnitude as the differences for the enthalpies in
Table 2, as are the properties of the most commonly used
refrigerunts (e.g., R-11, R-22). Figures 3 and 4 show the
percent deviations between published data and wvalues
calculated using the LKP equation of state for saturated
properties for R-502 (an azeoltropic mixture of R-22 and R-
115) and a ternary blend of R-22, R-152a, and R-124. A
companson of COPs for three different application opera-
ting conditions 1s shown in Table 3 using both properties
from ASHRAE publications and the LKP equation of state.
Although the results from the LKP equation of state are not
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as precise as property values computed from the

LKP values are reasonable considering how little has
information is required to estimate values for each refrig
ant. This makes it useful in identifying refrigeranty or
Hmdifutmuihnmqhupmmulmduﬂ ical
evaluation.

FLAMMABILITY INDEX
Dmoflhﬂpmumnmuﬂn“hu (

considered that contained one or more flammable
ponents, although it was acknowledged that the mixiu
itself must be nonflammable. It was not possible to o

a definitive statement on the flammability of refrigeran
this analysis, but it was possible to make the less pre
statements that some proposed blends are probably f
mable or nonflammable. The goal, consequently,

probably nonflammable and would be good substitutes
R-502. Once a refrigerant or mixture is identified, then
laboratory testing must be done to establish the limits of
flammability as well as to verify its performance ip
refrigeration system.
A fluorocarbon manufacturer provided an algorithm
that estimates & flammability index of a pure compoiind
from its constituent elements and for & mixture from [the
flammability indices of its components. Althuughcu :
o!ﬁcu.ls were willing to shnm the mfmmuuu, Ires

than 0 would probably be nonflammable, greater th
would be flammable, and between 0 and 1 would b
indeterminant flammability.

SCREENING ANALYSIS

The combined CYCLE-10 model and LEKP subroutihes
were used o estimate the performance of mixtures|of
refrigerants in & freezer system at low-temperature refrigEr

"
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equation of state (100% % (ASHRAE-LKP)/ASHRAE),
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TABLE 3

 a —
Comparison of Cycla Cslculstions Using ASHRAE Tables and LKP Equation of State
- &kulsgg Cycle

Application Refrigerant | coadensing | Evaporating Liquid Return Gas

Temperature | Temperature | Temperature | Temperature ASHRAR | LkF
Refrigeratos R-12 130*F «10*F o0*F Q0°F 173 175
Freezer (54.4°C) (-23+C) (322-C) [32.2:C)
Alr-Conditioner R-22 110*F 30°F 95°F 50°F {10°C) 5.14 321

(43.3°C) {-1.1°C) (350°C)

Commercial R-502 105°F <0F 100-F 65F 1.98 202
Refrigeration {40.6°C) (40-C) (37.8°C) (183-C)

ating conditions. Eight different refrigerants were used in
the analysis—five nonflammable and three flammable.
These are listed in Table 4. The decision to include R-125
in the candidate refrigerants presented a problem because
of its relatively low critical temperature. Operating con-
ditions had to be selected that were acceptable both in a
practical sense (i.e., the condensing temperature had to be
below the pseudo-critical temperature for the refrigerant or
mixture) and in a computational sense (i.e., there were
convergence and stability problems as the estimated
condensing temperatures approached the critical tempera-
ture). Eventually two sets of operating conditions were
selected for the screening analysis—one with an air-cooled
condenser and one with & walercooled condenser, The
specified input data for the cycle calculations for these two
cases are shown in Table 5.

The analysis was performed for pure refrigerants and
mixtures of two or three components. No work was done
on mixtures containing more than three components. There
are 56 different combinations of the eight refrigerants listed
in Table 5, taken three at & time, and each unique com-
huhmwwﬂmmdmdltbemﬁ-mnnofmhof
the three components ranging from 100% to 0% in 10%
steps. Figure 5 is a diagram illustrating the 66 different

mass fractions of esch refrigerant evalusted for three
hypothetical compounds—*‘a,"" *'b," mnd “‘c." Besides
noting the triangular nature of this diagram, it is worth
mentioning that there is a constant mass fraction of com-
pound **a’" in each column, & constant percentage of “‘b"’
in each block of three rows, and constant values of *‘¢'’ on
the disgonals. Figure 6 shows the results of some of the
calculations for R-22, R-125, and R-152a with the col-
umns, rows, and diagonals labeled with the corresponding
pﬂmugu of each compound and the intersection of
“‘coordinate lines'’ labeled with the calculated refrigerating
COP.

Figure 7 is an adaptation of the data in Figure 6,
although in this case lines of constant COP have been
drawn by interpolating between the data points in Figure 6
in order to show the dependence of COP on the fraction of
each component in the mixture (note that the COPs have
been “‘normalized’” so they show 100% of the COP of R-
502, 105%, etc.). In this case there is some curvature to
the COP contours, although not much, and they go down
us the concentration of R-125 increases. Similar contour
plots can be drawn showing lines of constant pressure
ratio, volumetric capacity, discharge temperature, and
flammability.

TABLE 4
TIr
Rafrigerants Used in R-502 Screening Analysis
Critical ODP 500 Year GWP
Molecular Temperature Flammability | (relative (relative
Refrigerant | Weight {'F) Index to R-11) to CO,)
R-134a 102.03 214.0 (3743°K) -0.006 g 420
R-134 10203 237.2 (387.1'K) -0.006 0 420
R-125 120,03 149.0 (338.1°K) -1.35 a 860
R-124 136,475 2525 (395.6°K) -1.40 < 0.02 150
R-22 B6.49% 205.1 (369.3°K) -1.486 0.02 510
R-152a 66.05 236.3 (386.6°K) 3.82 0 47
R-143a 4041 163.7 (346.3°K) 1.58 0 1,000
R-32 52,023 173.2 (351.6"K) 138 o 47
* estimated
Reference: [PCC 1990,
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TABLE §

Cycle-10 Operating Conditions
Alr-Cooled Water-Cooled
Condenser Condenser
Evaporalor:
inlet air temperature 152°F (-262°C) 15.2°F (-262°C)
outlet air lemperature 20.0°F (-299°C) -200°F (-289°C)
refrigerant-side AP 2.0 paia (13.8 kPa) 20 psia (13.8 kPa)
LMTD 180°F (10° C) 18.0°F (10°C)
Condenser:
inlet air tempersture 15.0°F (23.9°C) 60.0°F (156°C)
outlet air 90.0°F (32.2°C) 65.0°F (183°C)
refrigerant-side AP 20 paia (13.8 kPa) 2.0 paia (138 kPa)
LMTD ZL6*F (-128"C) 16.0°F (B9°C)
Liquid Line Temperature: BO.2*F (268°C) B0.2°F (26.8°C)
Suction Gas Temperature; ITAF (B.1°C) 17T4°F (4.1°C)
(hmpmnorﬂliﬂhmr 56.5% 36.5%
% loput Power 1o Shell
Heat Loss 15.0% 15.0%
0%a 10%a 208 30%a 40%2 S0%a 0%as 7%a H%a 9W%a
0% b % b 0% b % b 0% b 0% b 0% b 0% b 0% b 0% b
I%e HW%ec B0%ec N%ec %c W%e %e W0Bec WWe Wke
e 10%a 20%a 0% 40%a %2 60%a F%a B0%a Y%
0%k 10%b 10%b 10%b 10%mb 0% b 10%bL 1I0%b 10%b 10r% b
W%c BI%c W%: 0%c 0% 4%:c 3I0%e WHe 0% 0% c
0%a 10%a 20%a 0% 40%a S0%a 60%a T%a BI%a
0%b W%b WEbL W%b WRbL WEbL WL b W%b
B0%c TW%c 0%c 0%e 0% e W% W%e 10%c % c
0%a 10%as 20%: 0%s 40%a S0%a 0% 0%
%L 30%b 0%bL %L %L 0%b WL IWONb
To%c 60%c S0%ec 409 W%ec 2%c 10%ce 0% ¢
0%a 10%a 20%a 0%as 40%a S50%a 60% a
W%b %L 40%D %L W% A%h  40% b
60%c 50%c 40%Bec WHe Whc 105% ¢ 0% c
0%a 10%a 20%a 0% 40D%a 50%a
0%b S0%b 50%b S0%BL S0%bL S0%b
S0 c 4d%ec WRe WRe 0% 0% ¢
0%a 10%a 20%a 30%a 40%a
60%b 60%b G0%bL G0%b G0 bL
A%e W%Be Whc 0% c 0% ¢
Cha 10%a 20%a 30%a
%L THD WEL %D
W0%e WRc 10%c 0% ¢
O%a 10%a 20%a
B% b B0%b BO%b
%c I0%c 0% ¢
0% a 10% a
MEb WEbL
10% ¢ 0% ¢
0% a
100% b
0% c

Figure §

Mass fractions of components “'a,"" **b,"" and "'¢'" in R-502 screening analysis.
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blends of R-125, R-22, and R-152a.

Although all of the combinations of compositions
shown in Figures 5 through 7 are physically possible, they
are not all practical. As mentioned earlier, the composi-
tions of interest are those that will probably be nonflam-
mabie. There should also be a limit placed on the compres-
sor discharge temperature; the lubricant in a hermetic
system begins to break down at about 300°F. The analyses
performed in this study allowed a safety margin by restric-
ting the discharge temperature to be at or below the values
calculated by the model for R-502 (225°F for a water-
cooled condenser and 256°F for an air-cooled condenser).
Consequently, a line of constant discharge temperature
(256°F) has been superimposed on the COP contours in
Figure 8, as have two lines of constant flammability

(flammability index of 0 and of 1). The compositions of
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Refrigerating COPs corresponding 1o the triangular layour of component mass fractions shown in Figure 5 for

interest are those that lie to the right of the line for 0
flammability index and below the line for 256°F discharge
lemperature.

The *‘best’’ mixture of these three components was
found by examining the pressure ratios and the volumetric
capacities of the mixtures represented by this boundary
line. (It can be observed intuitively that the highest COP
must lie along the boundary of the feasible region.) Figure
9 is a graph of the **normalized’’ pressure ratio, COP, and
volumetnic capacities moving along the edge of the feasible
region going ‘‘up’’ the flammability line to where it
crosses the line for discharge temperature and then fol-
lowing the 256° contour over to the diagonal edge of the
diagram (the honzontal axis in Figure 9 is the frachion of
the total length of the boundary). The COP incresses

ASHRAE Transactions: Resaarch
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Contours of flammability index and 256°F
discharge temperature superimposed on lines
of constant COP for blends of R-125, R-22,
and R-152a.
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Figure 9  Normalized values of pressure ratio, COP,
and volumetric capacity along the boundary
of the feasible region for blends of R-125, R-
22, and R-152a.

slightly from about 98 % of the COP for R-502 to around
102% going up the flammability line until it meets the 256°
line; it is fuirly constant along the 256° line. Likewise, the
pressure ratio starts at shout 110% of the pressure mtio for
R-502 and increases to about 115% befors dropping off
along the 256° line. The volumetric capacity drops slightly
from 84 % before increasing rapidly along the 256° line.
A high priority was placed on maintaining volumetric
t}rmuchnfthamwﬂwnd Consequently, the
“best”’ point is a compromise between obtaining the
highest COP (as a percentage of that for R-502) while at
the same time having nearly the same volumetric capacity
and *‘acceptable’” pressure ratio. The mass fractions and
coordinates used for locating the boundary in Figure 9 are
listed in Table 6. The *‘distances™ from one point to the
next, shown in the fourth column, are computed using the
standard **Euclidean norm'’ from plain geometry using the
horizontal and vertical coordinates x and y:

d= \[Ur '-"r-|11+(}'p'3’f-111 ' ™

The fifth column in Table 6 is the cumulative sum of
the preceding distances in the fourth column, and the sixth
column is the values for the cumulative sums for the
distance of each point from the first point divided by the
distance of the last point from the first point (0.355), the
total distance. The data in the last four columns are what
is used to create the plot in Figure 9. The corresponding
data for flammability and discharge temperature are given
in Table 7. In this case it can be seen from the tables and
graph that the best composition is 69% R-125, 27% R-22,
and 4% R-152a.

Results

Similar analyses were performed for each of the 56
combinations of refrigerants mentioned earlier for both the
aircocled condenser operating conditions and the water-
cooled condenser conditions. These results are listed in
Tables 8 and 9. The best of the results for air-cooled
condensers are summarnzed in Table 10 and those for
evaporative condensers in Table 11. These two tables give
the composition of each promising mixture, the normalized
COP, pressure ratio, and volumetric capacity; the ozone-
depleting potential for the mixture (ODP); the global
warming potential (GWP); and what has been identified as
the azeotropic AT.

Pure compounds boil (evaporate) or condense at a
constant temperature for any given pressure; the dew-point
temperature and the bubble-point temperature are the same.
Azeotropic mixtures are blends of two or more compounds
that condense or evaporate at fixed temperatures like pure
compounds. The columns labeled **Azeotropic AT in
Tables 10 and 11 show the difference between the dew-
point and bubble-point temperatures across a range of
pressures from 10 to 300 psia (68.9 to 2070 kPa), Cal-
culations for R-502 across this same pressure range show
differences between the dew-point and bubble-point
temperatures of 0.01° to 0,19°F (0.00° 1o 0.11°C), essen-

TABLE 6
_Emmnmvmmuunmumrmm
for Blends of R-125, R-22, and R-152a In Figura 8
M M Muss Distance Distance Fraction Mormalized
Fraction | Fraction Fraction | from Previous Along of the Distance Normalized | Presaure Normalized

R-115 R-22 R-152a Point the Boundary | Along the Boundary | Capacity Ratio cop
0795 0.000 0205 0,000 0,000 0L000 038 1113 0941
0T 0068 0.209 0.09% 0099 D.I7% 0829 1125 0,994
0708 019 .059 0.126 0228 L634 @940 148 0,994
0,706 0.200 (LOSs 0.007 0.232 654 LS4l 1045 0,994
0700 0228 0.072 0.029 0.261 0.735 0972 1.027 0995
el 0259 0.0a0 D.042 0303 08353 1.01% 1000 0,956
684 0300 0.016 0032 0335 0.943 L0586 0.97% 0.994
0.680 0320 0.0 0,020 0355 1,000 1053 0.964 0995
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TABLE 7

Mass Franctions of R-125, R-22, and R-152a Used in Figure 9
Mass Mass Mass Discharge Normalized
Fraction | Fraction | Fraction Flammability Temperature Normalized Pressure Normalized

R1235 | R2Z2 | R-152a Index “F Capacity Ratio COoP
0.785 0,000 0205 0,000 2489 (120.5°C) 0838 1113 0,981
073 0.068 0.209 0.000 256.0 (124.4*0) 0.829 1.125 0.594
0.708 0.193 0.099 0.000 2560 (124.4°C) 0.940 1.048 0,954
0,706 0.200 0.094 -1.402 256.0 (1244°C) 0.944 1.045 0,994
0,700 0228 0072 0815 2560 (124.4°C) 0972 1027 0.995
0.691 0269 0.040 -1.267 236.0 (124.4°C) LO019 1.000 0,996
0.684 0300 0.016 256.0 (124.4°C) 1056 0.979 0.996
0680 0320 0.000 256.0 (124.4°C) 1.083 0.9 0.995

tially the same, so R-502 is an azeotropic mixture of R-22
and R-115.

The significance of azeotropes in refrigerating equip-
ment is that if there are any leaks in the system, sach of
the components in the refrigerant mixture will escape at the
same rate and the overall composition of the blend will
remain the same. This requirement places another con-
straint on the screening analysis. Not only must the blend
have a high COP, the same volumetric capacity, acceptable
discharge temperature, and flammability, it must also have
a small “‘azeotropic AT."" Although none of the blends
listed in Tables 10 and 11 is a true azeotrope, several of
them do have very small differences between their dew-
point and bubble-point temperatures, and consequently
these "“near azeotropes’' may be of interest.

Oil Retum

An additional problem that must be addressed concerns
the return of oil back to the compressor in a large refriger-
ating system. The velocity of the refrigerant, particularly
the vapor in the suction risers, must be high enough that it
sweeps the lubricant along and retumns it to the compressor.
The refrigerant velocities can be adjusted to some extent by
the selection of pipe sizes, and this is perhaps more of a
problem in the modification of an installed system than it
is in new equipment. Although it has not been looked at
yet, an evaluation of the refrigerant demsities of the
proposed alternatives should be made to determine how
they compare with that of R-502 to see if there are sig-
nificant differences that could affect oil return.

CONCLUSIONS

Several refrigerant mixtures have been identified that
are promising alternatives to R-502 in both new and
existing low-temperature refrigerating systems. This
preliminary analytical evaluation shows that they should
exhibit comparable properties with R-502 with regard 1o
their operating efficiency, compressor discharge tempera-

ASHAAE Transactions: Research

ture, flammability, pressure ratio, and volumetric capacity.
These conclusions are based only on calculations from the
existing property data. Further work needs to be done,
primarily in the laboratory, to support or refute the
findings from this screening study. This work should be
focused on R-32 and R-125, both as pure compounds and
in binary mixtures with R-22 and in ternary blends with R-
22, and either R-134a or R-134,

ACKNOWLEDGMENTS

This research was sponsored by the Office of Building
Technologies, U.S. Department of Energy, under contract
No. DE-ACO5-840R21400 with Martin Marietta Energy
Systems, Inc.

REFERENCES

Bivens, D. 1990, Personal communication of unpublished
thermodynamic properties for a blend of refrigerants
R-22, R-152a, and R-124.

Domanski, P., and M. McLinden. 1992. A simplified
cycle simulation model for the performance rating of
refnigerants and refrigerant mixtures. [nfernational
Journal of Refrigeration 15(2): 81-88.

Hughes, M. 1990. Personal communication of unpublished
thermodynamic properties of refrigerant R-134a.
IPCC. 1990. Climate change: The IPCC scientific as-
sessment, p. 60. City: Intergovernmental Panel on

Climate Change.

Kruse, H., and M. Kauffeld. 1989. Computer program
simulating a two-temperature refrigerator working with
non-azeotropic mixtures. Hunnover, Germany: Univer-
sity of Hannover, Institut fiir Kiltechnik und An-
gewandte Wirmetechnik.

McLinden, M. 1987. Theoretical vapor compression cycle
model, CYCLE-7 (unpublished). Gaithersburg, MD:
National Bureau of Standards.

Plécker, U., H. Knapp, and J. Prausnitz. 1978, Calcula-
tion of high-pressure vapor-liquid equilibria from a

199



TABLE 8

Complets Results for Low-Temparature Refrigeration Using a Water-Cooled Condenser

Mixture Composition Normal ized Values
First Second Third Volumetric Pressure

Component Component Component Capacity Ratio coe
R-32 13.8% R-125 59.4% R-143a 24.8% 12z 95% 985
R-32 0.0x R-125 &T.4% R-22 12.8% 108% bl 100%
R-125 26.3% R-1463a 45.2% k-22 2B.5% 111x 95X 100%
R-32 g.3% R-125 0.7 R-152a 10.0% 102% 103x 9%
R-125 &0.3% R-22 29.5% R-134a 10.2% 100% 100% 100%
R-143a 0.0% R-22 0.0% R-134a 100.0% 8% 149% 10%
R-125 T0.3x R-22 20.3% R-152a 9.4% B5X 11z ¥R
R-125 T9.5% R-143a 0.0% R-132a 20.5% S0% 107 f6x
R-32 1.8x R-125 66.5% R-1348 21.7% 100% 106X 9%
R-32 13.7X R-125 80.%% R-134 5.4% 1nzx 100% 98%
R-125 43.0% R-134a 57.0% R-134 0.0% &T% 127% T
R-125 20.0% R-134 13.3% R-124 66.T% Nx 182% Sax
R-125 10.0% R-134a 24.5% R-124 65.5% 1% 183% 98X
R-12% 65.4% R-22 30.0% R-124 4. 6% 101% 101% 9%
R-13ia 38.7X R-134 0.0x R-124 61.3% 1= 183% fax
R-125 62.9% R-22 30.1x R-134 7.0% 100% 102% F9%
R-22 5.2% R-134a 54.8% R-134 4£0.0% La% 145% 101%
R-22 0.8% R-134 70.0% R-124 29.2% 32x 182% 98%
R-22 2.0% R-134a B80.0% R-124 168.0% 8% 149% 101%
R-143a 100.0% R-152a 0.0% R-134 0.0% L8% 150% 101%
R-125 w.5% R-152a 20.5% RE-134 0.0% Bix 1M1% PBX
R-134a 90.0% R-152a 0.0% R-134 10.0% 4TX 147% 101%
R-125 50.8% R-143a 36.2% R-134a 13.0% 100% -l Fax
R-125 71.5% R-134a 10.0% R-152a 1B.5% 84X 111% 8%
R-143a 0.0% R-134a 100.0% R-134 0.0% LB% 145% 101%
R-32 0.0% R-134a 100.0% R-134 0.0% 1.+ 149% 101%
R-22 R-152a R-134 no acceptsble blends

R-22 R-152a R-124 no acceptable blends

R-125 65.1% R-152a 20.3% R-124 14.6% &8% 125% 98X
R-134a $0.0% R-152a 1.9% R-126 8.1% LEX 145% 101%
R-22 1.3% R-134a GB.7TX R-152a 0.0% 48% 149% 101%
R-152a 0.0% R-134 TO.0% R-124 30.0% 32x 182% 8%
R-125 &9.0% R-143a 41.5% R-124 9.5% 5% 100% #ix
R-143a 0.0% R-22 0.0% R=134 100.0% iz 180% f8%
R-143a  40.9% R-22 0.0x R-124 59.1% 56% 1408 e
R-143a 34.0% R-134 0.0% R-124 66.0% #3% 161X PEX
R-143a 34.0% R-134e 0.0% R-124 &5.0% L0% 155% TR
R-32 R-22 R-134 nc scceptable blends

R-32 0.0% R-22 0.0% RE-134s 100.0% &BX I 149% | 107%
R-32 R-22 R-124 no acceptable blends

R-32 13.5% R-125 82.6% R-124 .o 1Mz 100% 983
R-32 0.0% R-134 60.0% R-124 40.0% 3z 182x 8%
R-32 0.0% R-134a 80.0% R-124 20.0x 4.4 149% 1015
R-143s 0.0% R-152a 0.0% R-134 100.0% 32% 181% S8%
R-32 0.0x R-152a 0.0% R-134 100.0% 32% 181% 8%
R-32 0.0% R-143a 0.0% R-134 100.0% 3% 181% 983
R-143a 0.0% R-134a 100.0% R-1528 0,0% LB% 150% 101%
R-32 D.0% R-134a 100.0% R-152a 0.0% w8 169% 101%
R-32 0.0% R-143a 0.0% R=134a 100.0% 48% 1474 101%
R-143a 33.5% R-152a 1.2% R-124 60.3% &% 153% P4%
R-32 R-22 R-152a no scceptable blerds

R-143a R-22 R-152a no acceptable blends

R-32 0.0% R-143a  40.46% R-124 596X &5% 151% | S4%
R-32 R-152a R-124 no acceptable blends

R-32 E-143a R-22 no acceptable I:s}md:

¥
R-32 R-143a R-152a no acceptable hll.end:
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Complate Results for Low-Temparaturs Rafrigarstion Using an Air-Cooled Condasnser

TABLE 8

Mixture Composition

Normal jzed Values

First Second Third Volumetric Pressure
Component Companant Component Capacity Ratio coe
R-32 14, 8% R-125 B5.4% R-143a 0.0% 119% 5% w83
R-32 0.0% R-125 &68.0% R-22 32.0% 108% o 100%
R-125 58.0% R-143a 0.0% R-22 32.0% 108% 9T 100%
R-32 B8.3% R-125 80.0% R-152a 1.7 100% 104% 9%
R-125 60.6% R-22 2B.8% R-13a 10.8% 100% F9% 100%
R-143a 0.0% R-22 0.0% R-134a 100.0% 4.4 157% 101%
R-125 &8.0% R-22 32.0% R-152a 0.0% 106% 8% 100%
R-125 &0.8% R-143a 30.1% R=152a 9.3% oy 101% 6%
R-32 13.2% R-125 76.8% R-134a 10.0% 110% 100% L
R-32 13.4% R-125 ao.ox R-134 &.6% 110% 100% sax
R-125 8e. 2% R-134a 0.0% R-134 10.8% 965 102% e
R-125 92.0% R-134 0.0% R-124 8.0% 1% 105% 95%
R-125 a7.1x R-134a 12.9% R-124 0.0% b+ 103% Q3%
R-125 66.2% R-22 30.0% R-124 3.Bx 102% 100% e
R-134 20.0% R-134 B.9% R-124 T1.1% 363 183% PYE
R-125 B4 . 6% R-22 Ip.ox R-134 5.4% 102x 100% F9x
R-22 1.5% R-1348 60.0% R-134 35.5% 48X 157% 101%
R-22 R-134 R-124
R-22 1.9% R-134a T70.0% R-124 28.1x LBX 157% 101%
R-1342 18.7% R-152a 0.1% R-134 a1.2x 36% 182% 9%
R-125 663X R-152a 17.1% R-134 16.6% 3% 121% PEX
R-134a 18.7X R-152a 0.1% R-134 81.2% 36% 1822 PR
R-125 42.5% R-143a 23.3% R-134a 34.2% a8 1112 PEX
R-125 55.4% R-134a 30.2% R-1528 14.4% Ti% 122% %
R-143a 10.0% R-134a 8.5% R-134 81.5% 35% 183% e
R-32 0.0% R-134a 100.0% R=-134 0.0% I 176% b d
R-22 R-152a R-134 no acceptable blend
R-22 R-152a R-124 no acceptable blend
R-143a R-22 R-134 no acceptable blend
R-143a 0.0% R-22 0.0% R-134a 100.0% RBX 157% 101%
R-143a  41.6% R-22 &.6% R-124 53.8% 3% 140% 98%
R-143a  146.0% R-134 82.8% R-124 1.2% 3ax 180% o
R-143a 21.1% R-134a 0.0x R-124 78,95 348 190% §TR
R-143a R-22 R-134 no acceptable blend
R-143a  41.6% R-22 &.6% R-124 53.8% 53% 148% 8%
R-143a  20.0% R-134 Z2.2% R-124 77.5% 2% 1z 98X
R-143a 21.1% R-134a 0.0% R-124 78.9% 3K 190% 9Tx
k-32 R-22 R-134 no acceptable blend
R-32 0.0% R-22 0.0% R-134a 100.0% 48% 157X 101%
R-32 R-22 R-124
R-32 13.3% R-125 82.2% R-124 £.5% 110% 100% 8%
R-32 R=134 R-124 no scceptable blend
R-32 0.7% R-134a 70.0% R-124 29.3% &48% ! 157% | 1015
R-143a R-152a R-134 no scceptable blend
R-32 R-152a R=134 no sccegtable h%-nd A

I L]
R-32 R-143a R-134 no acceptable blend
R-143a 0.0% R-134a 100.0% R-152a 0.0% (3.4 157% 101%
R-32 0.0% R-134e 100.0% R-152a 0.0% &8% 157% 1%
R-32 0.0% R-143a 0.0% R-134a 100.0% L83 157% 101%
R-163a 34.7X R-152a ) R-124 &2.2% L5% 158% faX

! T
R-32 R-22 R-152a no acceptable blend
R-143a R-22 R-152a no scceptable blend
R-32 1.5% R-143a 39.3% R-126 S9.2% Lo 154% | -2
R-52 R-152a R-124 no acceptable blend
R-32 R-143a R-22 no acceptable hEend |

1 T
R-32 R-143a R-152a no acceptable hllen:!
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TABLE 10

Detailed Results for the Most Promising Blends for Use with an Alr-Cooled Condenser

Composition Normalized Values
First Second Third Azeotropic AT ODP | GWP bicdiian | Vlasade
Component | Component Component i Ratio Capacity
146% R-32 | 85.4% R-125 | 0.0% R-143a 02 - 0.7 *F (0.1-0.4°C) 0 | 740 | 098 | 095 125
68.0% R-125 | 320% R-22 0.0% R-32 03 -0.7 "F (0.2-04°C) 0.02 750 LOO Q.97 1.08
60.6% R-125 | 28.6% R-22 10.8% R-134a 12 -34 "F (0.7-1.9*C) 0ot 710 1.00 0.99 1.00
64.6% R-125 | 30.0% R-22 | 54% R-134 1.4 - 3.4 *F (08-1.9°C) 002 | 730 | 099 | 100 102
132% R-32 | 768% R-125 | 10.0% R-134a 1.7 - 28 *F (0.9-1.6°C) 0 710 | 0% | 100 L10
663% R-125 | 30.0% R-22 A8% R:124 1.8 - 42 *F(10-23°C) 0.01 730 | 099 1.00 1m
134% R-31 | B0.0% R-125 | 4.6% R-134 21-37"F(1221°C) o 720 | 098 1.00 L10
133% R-32 | B22% R-125 | 4.5% R-124 26 - 4.7 "F (1.4-26°0) 0.01 720 | 098 1.00 110
83% R-32 | B0.0% R-125 | 1.7% R-152a 32-59"F(1813'C) 0 00 0.9 1.04 L00
TABLE 11
Detalled Results for tha Most Promising Blands for Use with a8 Watar-Cooled Condonser
Compasition Normalized Values
First Second Third Azotropic AT ODF | GWP |\ \p | Pressure | Volumetric
Component Component Component Ratio Capacity
138% R-32 | 59.4% R-125 268% R-143a 0.0 - 0.4°F (0.002°C) 0 790 | 098 0.95 s ]
61.4% R-125 | 32.6% R-22 0.0% R-32 03 - 0.7°F (02-04°C) 00z | 750 | LOO 0.97 1.08
263% R-125 | 452% R-143a | 285% R-22 03 - 0.7°F (0.2-04°C) 0.01 T30 1L.00 0.95 L1
603% R-125 | 29.5% R-22 10.2% R-134a 1.2 - 32°F (0.7-1.8°C) 0.01 850 1.00 1.00 1.00
508% R-125 | 36.2% R-143a | 13.0% R-134a 12 -3.7"F (0.7-1.8'C) 0 &350 0.94 097 1.00
61L9% R-125 | 30.1% R-22 T% R-134 L7 - 42°F (0.9-23°C) 0.01 720 0.99 Loz 1.00
13,7% R-32 | B0.9% R-115 34% R-134 1.9 - 31"F (1.1-L.7°Q) 0 720 098 1.00 Li2
654% R-125 | 30.0% R-22 4.6% R-124 11-50°F (1.2-28°C) 0.02 720 0.99 L0l 1.01
13.5% R-32 | B2.6% R-125 3.9% R-124 23 -4.1°F (13-23°C) 000 | 720 | 098 1.00 1.12
93% R-32 | BO.7% R-125 10.0% R-152a 29 - 51°F (1.6-28°C) a 700 | 099 LO3 Lo
11.8% R-32 | 66.5% R-125 2L.7% R-134a 29-59F (1.6-13°C) a 670 | 099 L.06& 1.00

corresponding-states correlation with emphasis on

asymmetric mixtures. Indusirial Engineering Chemical

Process Design Developmenr 17(3).

McGraw-Hill Book Co.

Reid, R., J. Prausnitz, and B. Poling. 1987. The properties
of gares and liguids, 4th ed., p. 23. New York:

Stewart, R., R. Jacobsen, and S. Penoncello.

Atlanta: Amencan Society of Heating, Refrigerating,
and Air-Conditioning Engineers, Inc.

Walker, D.H., and G.I. Deming. 1989. Supermarker
refrigeration modeling and field demonstration. EPRI
CU-6268, Research Project 2569-2. Prepared for
Pacific Gas & Electric Company and the Electnc

1986. Power Research [nstitule,
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DISCUSSION

S.A. Klein, Professor, Department of Mechanical
Engineering, University of Wisconsin, Madison: Please
provide more details on the LKP model and how it handles
nonidealities in the liquid phase.

Steven K. Fischer: The intricacies of how nonidealities are
handled in the liquid phase of the LKP code are covered in
a paper by Lee and Kesler (AICRE J. 1975, 21(3): 510)
and Plicker's doctoral dissertation from the University of

ASHRAE Transactions: Aesearch

Berlin (1977). A detailed explanation of the mathematics is
best left to a physical chemist, but the LKP code uses a
fugacity value for the liquid phase that is represented in a
similar manner to that used for the gas. A Pitzer accentric
factor, w, is used to quantify deviation functions relative to
two reference fluids for reduced values of the liguid
volumes in addition to enthalpies, entropies, etc. An
English translation of Plocker's dissertation is available
from either myself or Jim Sand.
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