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Performance Evaluation of Two
Azeotropic Refrigerant Mixtures of
HFC-134a With R-290 (Propane)
and R-600a (Isobutane)

The reduction in chlorofluorocarbon (CFC) and hydrochlorofiuorocarbon (HCFC)
production and the scheduled phase-out of these ozone-depleting refrigerants require
the development and determination of environmentally safe refrigerants for use in
heat pumps, water chillers, air conditioners, and refrigerators. This paper presents
a performance evaluation of a generic heat pump with two azeotropic refrigerant
mixtures of HFC-134a (1,1,1,2-tetrafluoroethane) with R-290 (propane) and R-
600a (isobutane); R-290/134a (45/55 by mass percentage) and R-134a/600a (80/
20 by mass percentage). The performance characteristics of the azeotropes were
compared with pure CFC-12, HFC-134a, HCFC-22, and R-290 at the high tem-
perature cooling and heating conditions including those using liquid-line/suction-
line heat exchange. The coefficient of performance of R-290/134a is lower than that
of HCFC-22 and R-290, and R-134a/600a shows higher coefficient of performance
than CFC-12 and HFC-134a. The capacity for R-290/134a is higher than that for
HCFC-22 and R-290, and R-134a/600a exhibits higher system capacity than CFC-
12 and HFC-134a. Experimental results show that the discharge temperatures of the
studied azeotropic mixtures are lower than those of the pure refrigerants, CFC-12

and HCFC-22.

1 Introduction

In the search for alternative refrigerants, emphasis has been
put on finding safe (i.e., nonflammable and nontoxic), chlor-
ine-free, single-component fluids with saturation pressures
similar to those of the refrigerants which are replaced. The
most successful, to date, has been the development of HFC-
134a as an alternative to CFC-12. However, even this alter-
native has its limitations if it is intended as a *‘drop-in’’ for
existing CFC-12 machines. Most significant is the lack of min-
eral oil solubility with this or any other chlorine-free refriger-
ant. Although ester-based lubricants have been developed
recently, in the drop-in application (i.e., one in which an al-
ternative would be used in existing equipment originally de-
signed for a CFC), a thorough flushing of the mineral oil would
be necessary, which may prove difficult if not impractical in
many cases. Also, this ethane-based alternative refrigerant has,
inherenity, a lower evaporator vapor pressure and a less steep
liquid saturation pressure curve on a pressure-enthalpy dia-
gram than the methane-based CFC-12. Theoretically, this im-
plies more flash gas during the expansion process and a lower
suction gas density, thus a loss in capacity relative to CFC-12.
The HCFC-22 alternative search has been far more difficult,
with no known single component fluid having a reasonably
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close saturation pressure curve. As a result, mixing of two or
more components to obtain all the desired working fluid prop-
erties has become important. Several zeotropic mixtures of
compositions resulting in vapor pressures similar to HCFC-22
are the only possible drop-ins known at the present time (Do-
manski and Didion, 1993). These are being evaluated by in-
dustry rather reluctantly because of the inherent complexity
of maintaining the design composition in the field during leak-
age and partial recharging operations.

Among the different types of mixtures, azeotropes are pre-
ferred because they retain both vapor and liquid at the same
composition throughout the phase change; consequently, they
are no different from single-component refrigerants for all
practical purposes. However, virtually all of the halogenated
hydrocarbon azeotropic pairs have been identified (Morrison
and McLinden, 1993), and so it is interesting to explore hal-
ogenated hydrocarbon and hydrocarbon pairs to determine if
any of their azeotropes can match the performance of the fluids
slated for elimination. Such a search has a high likelihood of
success because azeotropes are most likely to exist between
molecules with large differences in polarity.

Hydrocarbons are natural refrigerants which are environ-
mentally safe and will not have to be recycled. Incorporating
a hydrocarbon within an azeotrope is also likely to offer the
additional advantage of making the mixture soluble with min-
eral oil. Thus, if this type of azeotrope has a similar perform-
ance to the refrigerant it is replacing, it could act as a true
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Fig. 1 Schematic diagram of the mini-breadboard heat pump test rig

drop-in. Of course, the disadvantage of using a high percentage
of hydrocarbon in any mixture is that it is likely to be flam-
mable. Although current practice does not include the use of
flammable refrigerants for residential or commercial appli-
cations, many industrial applications do. Furthermore, the
presence of the halogen atoms will certainly mitigate the
flammability hazards, by reducing the combustion energy and
flammability limits, compared with the pure hydrocarbons.

The quantification of the relative performance factors, par-
ticularly coefficient of performance (COP) and capacity of
two such azeotropes, is the subject of this paper.

2 Laboratory Performance Evaluation

The experimental mini-breadboard heat pump test setup was
comprised of compressor, condenser, expansion device, and
evaporator, as shown in Fig. 1, and is described in detail by
Pannock and Didion (1992). A reciprocating open compressor
was driven by a variable-speed motor and a shaft torquemeter
was installed between the compressor and the motor., The con-
denser and the evaporator were tube-in-tube, concentric-type,
counterflow heat exchangers. The refrigerant flowed inside the
inner tube of the heat exchangers and a water/ethylene glycol
mixture was pumped through the annulus. As an expansion

Nomenclature

device, a manually adjusted needle valve was used in the system
to control the flow rate of refrigerant and the pressure levels.
A liquid-line/suction-line heat exchanger was installed so that
the refrigerant could flow either to the expansion device directly
or through this heat exchanger to the expansion device. The
liquid-line/suction-line heat exchanger was used to subcool the
condensed liquid refrigerant by superheating the low-temper-
ature refrigerant vapor leaving the evaporator.

The test conditions in this study are based upon the high-
temperature cooling or heating conditions described in ASH-
RAEstandard 116 (ASHRAE, 1983). For the high-temperature
cooling condition, the inlet temperatures of the heat transfer
fluids (HTF) were chosen as in the ASHRAE standard and
the choice of outlet temperatures of the heat transfer fluids
were based on previous experiments (Pannock and Didion,
1992). These temperatures are shown in Table 1. For the high-
temperature heating condition, inlet temperatures were chosen
as in the ASHRAE standard and outlet temperatures were
obtained based on the same flow rates of the heat transfer
fluids as used in the high-temperature cooling tests. The heating
mode tests were conducted with reversed heat transfer fluid
flow rates; that is, the evaporator flow rate for the heating
condition was the same as the condenser flow rate for the
cooling condition, and the condenser flow rate for the heating

COP = coefficient of performance = Q/W
Q = transferred heat per unit time (W)
W = compressor power (W)

Journal of Energy Resources Technology

Subscripts
h _
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Table 1 High-temperature cooling and heating conditions

Position Temp High Temp
Cooling Condition (*C) Heating Condition (*C)
Condenser Inlet 5.0 211
Condenser Outiet a2 VFRE
Evaporator Talet 26.7 83
Evaporasor Outlet 14.4° VFRC

VFRC : Volume flow rate of heat transfer fluid in condenser
VFRE : Volume flow rate of heat transfer fluid in evaporstor
® : Selected value

Table 2 Mini-breadboard heat pump test results (high-temperature
cooling condition)

Table 3 Mini-breadboard heat pump test results (high-temperature
heating condition)

Refrigeraat HCFC-22 R-290 R-290/1348

LSHX NO YES NO YES NO YES
Composition “wiss9 %S
Cooling COP om 7% $.19 s s o
Cooling capacity, W 27433 I3 U2 BRT 27573 2.2
Compressor spesd, rpm 10002 1000.4 10010 1000.2 1000.2 999.9
Compressor power, W §79.6 584.9 13 9.4 6.1 620.9
Evap. HTF inlet T, °C 2.7 267 267 267 2.7 267
Evip. HTF outlt T, °C 14.4 144 144 144 144 144
Cond. HTF inlet T, °C 3.0 35.1 35.0 3.0 35.0 5.0
Cond. HTF outiet T, °C 432 a2 Q2 Qa3 al a2
Comp. suction P, bar (%) 6.74 659 6.61 7.84 785
Comp. discharge P, bar 17.34 17.39 15.49 15.35 19.15 18.94
discharge Piauction P 2.581 2571 2351 2321 2.043 2413
Comp. discharge T, °C 7.9 9.6 6.0 72 65.4 LX)
Cond. sbcoal, *C 21 23 21 2.5 24 2.2
Evap. sperheat, *C 14.3 146 13.4 13.6 .1 14.0
Cond. P drop, bar 0.47 0.3 0.8 0.26 038 0.40
Evap. P drop, bar 0.53 o8 0.28 0.25 049 o4
Refrigerant CFC-12 HFC-134 R-1343/6008
LSHX NO YES NO YES NO YES
Composition SLINLY RA1TE
Cooling COP 4259 4533 30 .60 4.406 4748
Cooling capacity, W 1657.0 17550 18077 1899.7 1926.1 2071
Compressce speed, rpm 1006.2  1003.6 10022 1001.1 1002.5 1000.6
Compressor power, W 9.1 w2 as 405.0 Cam2 . 17
Evap. HTF inlat T, °C 267 26.7 267 267 26.7 2.7
Evap. HTF owdet T, °C 143 144 14.4 144 143 144
Coed. HTF iniet T, °C 331 5.0 35.0 5.0 35.0 3.0
Cond. HTF outlet T, °C 433 a2 a2 ©a2 al a2
Comp. suction P, bar 416 420 4l 414 X “
Comp. discharge P, bar 10.97 10.97 11.44 1138 12.60 ne v
discharge P/suction P 2.637 2.610 2.785 2751 2.601 2.618
Comp. discharge T, *C 67.1 73 65.2 7.0 616 05
Cond. subcoot, °C 17 3.0 20 34 25 23
Evap. ssperheat, °C 13.2 132 0.7 13.8 127 12.9
Cond. P drop, bar 03 0.30 032 031 031 0.4
Evap. P drop, bar 0.38 0.37 0.36 0.31 0.9 0.3

condition was the evaporator flow rate for the cooling con-
dition.

In order to obtain comparable test data, condenser sub-
cooling was adjusted as close to the saturation as possible,
which ranged from 1.7 t0 4.6 °Cin practice, as shown in Tables
2 and 3. Also, evaporator superheating was maintained at 14
°C for the cooling tests and 8 °C for the heating tests. To
obtain these conditions, the expansion valve opening as well
as the refrigerant charge were adjusted. The compressor speed
was kept constant at 1000 rpm for all tests in order to simulate
relative drop-in performance in a constant speed compressor
system. The operating conditions and test results are given in
Tables 2 and 3 for the high-temperature cooling and heating
conditions, respectively.

The refrigerant mixture composition was measured by ex-
tracting a small amount of vapor from the compressor dis-
charge line during steady-state operation. The sample was
evaluated with a gas chromatograph.

3 Performance Test Results and Discussion

3.1 Thermodynamic Properties. The search for azeo-
tropes among the multitude of possible candidates from two
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Retrige HCFC-22 R-290 R-290/134a
LSHX NO YES NO YES NO YES
Composition “wS5T 40860
Heating COP 5.338 S.a14 5.625 s.xs 5.100 5.4
Heating capacity, W 24041 24068 21687 22267 2824 18720
Compressor speed, rpm 10015 10005 1000.7  1000.5 1000.3 1001.2
Compressoe power, W 430.6 “w.e 385.6 3 6.7 aLs
Evap. HTF it T, °C 83 83 83 83 3 83
Evap. HTF outles T, *C 31 30 30 29 31 29
Cond. HTF st T, °C FIRY 21 211 211 IR 211
Cond. HTF outit T, °C 319 37 39 7 22 319
Comp. suction P, bar 0% on an o 5.6 5.63
Comp. discharge P, bar 12.90 12.74 11.61 11.48 14.58 14.19
Discharge P/suction P 2710 2.663 2.455 2.420 2588 2.519
Comp. discharge T, °C @9 n2 528 634 522 6.1
Cond. subeool, °C 23 23 28 28 29 25
Evap. superheat, *C 8.4 83 79 7.9 8.2 84
Cond. P drop, bar 0.35 0.33 0.28 0.24 0.31 0.33
Evap. P drop, bar 037 0.0 0.19 0.17 0.34 0.31
g CFC-12 HFC-134a R-1344/6008
LSHX NO YES NO YES NO YES
Composition L2188 BLINLS
Heating COP 4755 5.004 R S.114 s 8318
Hoating capacity, W 4646 IS140 15561 1570.7 1697.1 17469
Compressor speed, rpm ~ 1003.3 10033 10020 10025 1001.9 1000.8
Compressor power, W 308.0 302.6 3212 307.2 3413 3287
Evap. HTF inlet T, °C 83 83 13 $3 83 83
Evap. HTF outit T, *C 10 32 12 30 32 3.0
Cond KTF il T, °C 2311 201 2.1 211 211 21.1
Cond. HTF outlet T, °C 319 318 38 n3 320 s
Comp. suction P, bar 294 2.98 2.82 283 3.43 341
Comp. discharge P, bar 199 8.00 8.16 811 9.39 9.24
Discharge P/suction P 2714 2.683 2.89% 2.867 278 2713
Comp. discharge T, *C 584 686 548 625 509 $9.7
Cond, subeool, *C 41 “6 31 2.1 38 2.5
Evap. wperheat, °C 84 81 8.0 79 77 7
Cond. P drop, bar 0.25 0.23 0.26 025 0.23 024
Evap. P drop, bar 0.28 0.27 0.21 0.20 027 0.24

)

different chemical families and the various possible compo-

. sitions, of each of the candidates selected, quickly becomes

unwieldy. Therefore, several ground rules for selection must
be established even if only binary pairs are to be considered,
as was the case here. First, only simple molecules were con-
sidered so as to keep the specific heat relatively close to that
of the CFC; otherwise, the amount of flash gas and superheat
in the fluid’s basic vapor compression cycle will render for
performance so low in COP that the system will be noncom-
petitive (McLinden and Didion, 1987). Both fluids to be
matched together should have reasonably close or slightly higher
normal boiling points (NBP) to the CFC. This is because when
azeotropes do occur in these fluids, they are usually high-
pressure (i.e., low-temperature) azeotropes. An acceptable
drop-in candidate should have a vapor pressure as close as
possible to that of the CFC to achieve a similar capacity in
the same machine. Using these simple rules and the thermo-
dynamic property program (Gallagher et al., 1991), it was
possible to determine the candidate binaries and the compo-
sitions at which they form azeotropes.

Figure 2 presents bubble and dew point pressures with respect
to composition for the R-290/134a mixture at several different
temperatures. In Fig. 2, a maximum in pressure for each con-
stant temperature curve, that is, a point higher in pressure than
either of the two pure fluids of which the mixture is comprised,
is observed. It is also observed that at the maximum, the point
of azeotropic composition, the dew and bubble lines touch
and are tangent. At this point, the compositions of the vapor
and liquid phases are identical; that defines the azeotrope
(Morrison and McLinden, 1993). For the temperature range
of refrigerating, air conditioning, and heat pumping appli-
cations, the azeotropic point is approximately 45 percent pro-
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pane by weight. As the temperature increases, the azeotropic
composition shifts to the lean R-290, i.e., rich HFC-134a di-
rection, which means the azeotropic composition changes as
the pressure or temperature changes; but it is regarded as a
near-azeotrope (Didion and Bivens, 1990) for engineering ap-
plications.

Figure 3 shows the bubble and dew point pressures with
respect to composition for the R-134a/600a mixture at several
different temperatures. Each constant temperature curve dis-
plays a pressure maximum. For each temperature considered,
the azeotropic composition is approximately 80 percent HFC-
134a by weight. As the temperature increases, the azeotropic
composition shifts to the rich HFC-134a direction.

The compositions of the azeotropes in this study were de-
termined by measuring the saturation pressures at known tem-
peratures, two-phase densities, and compositions near the
azeotropic point (maximum pressure being at the azeotropic
point). The binary interaction coefficients regressed from this
data were then used in the property calculation program (Gal-
lagher et al., 1991).

The saturation pressure curves of the refrigerants are shown
in Fig. 4. As indicated in the previous figures, these fluids
form high-pressure azeotropes; thus the saturation pressure of
R-290/134a is higher than that of either HCFC-22 or R-290,
and the saturation pressure of R-134a/600a is higher than that
of CFC-12, HFC-134a, or R-600a. Theoretically, a higher sat-
uration pressure implies a working fluid with a higher volu-
metric capacity. This trend was reflected in the test results (see
Figs. 8 and 9).

3.2 High-Temperature Cooling Test Results. In this test,
the inlet temperature of the heat transfer fluid entering the
condenser was maintained at 35.0 °C, and that entering the
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Fig. 5 Cooling COP with respect to cooling capacity at the high-tem-
perature cooling condition (by experiment)

evaporator was kept at 26.7 °C. The outlet temperatures, cho-
sen based on the previous experiment (Pannock and Didion,
1992), were 43.2 °C and 14.4 °C, respectively. The test results
for all fluids are presented in Fig. 5. The cooling capacity is
the amount of heat (Q,) that is removed from the water/eth-
ylene glycol stream within the evaporator per unit time. The
cooling capacity was calculated by measuring the temperature
difference across the evaporator and the mass flow rate of
secondary heat transfer fluid. The coefficient of performance
(COP) is defined as the capacity (Q,) divided by the actual
shaft work input to the compressor per unit time (W). Detailed
test data are presented in Table 2.

It is reasonable to categorize the fluids into two capacity
groups for comparison, of which the first is HCFC-22 and its
replacements, R-290 and R-290/134a, and the second is CFC-
12 and its replacements, HFC-134a and R-134a/600a.

The cooling capacity of R-290/134a is greater than that of
HCFC-22 or R-290 as would be expected of a higher pressure
refrigerant. The cooling capacity is closely related to the prod-
uct of the density of the vapor entering the compressor and
the latent heat at the evaporator pressure, which is the greatest
for R-290/134a. The cooling capacity of R-134a/600a is greater
than that of CFC-12 or HFC-134a.

The coefficient of performance for R-290/134a is smaller
than that for HCFC-22 and R-290, which is mainly due to the
increased compression work per unit time as shown in Table
2. The work required in compression per unit time is closely
related to suction pressure, volume flow rate of suction gas,
pressure ratio, etc., among which suction pressure is a dom-
inant factor at the test condition in this study. In spite of the
increased cooling capacity, the COP is smaller for R-290/134a
mixture. For R-134a/600a, the coefficient of performance is
greater than that for CFC-12 and HFC-134a.
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The discharge temperature and pressure are important fac-
tors because they influence lubricant life and system design.
As shown in Table 2, the discharge temperature of R-290/134a
is lower than that of HCFC-22 and slightly higher than that
of R-290. R-134a/600a shows lower discharge temperature
than CFC-12 and HFC-134a. Since the suction temperature is
almost the same for all tests, the discharge temperature is
largely a function of the specific heat of the vapor. For ex-
ample, the specific heat of R-290/134a is larger than that of
HCFC-22, so the discharge temperature is lower, which is a
desirable condition.

The discharge pressure of R-290/134a is higher than that of
HCFC-22 and R-290, and R-134a/600a shows slightly higher
discharge pressure than CFC-12 and HFC-134a. Because the
condensing temperature is almost the same for all tests, the
discharge pressure is primarily related to saturation pressure
(Fig. 4). Because the saturation pressure of R-290/134a is higher
than that of HCFC-22 and R-290, and that of R-134a/600a is
higher than that of CFC-12 and HFC-134a, the discharge pres-
sures are higher for these azeotropic mixtures. The discharge
pressures for all cases were lower than the commercial design
pressure limit of approximately 2.6 MPa.

3.3 High-Temperature Heating Test Results. In this test,
the inlet temperature of heat transfer fluid into the condenser
is maintained at 21.1 °C and that into the evaporator is kept
at 8.3 °C. In this heating mode test, the outlet temperatures
are determined by reversing the heat transfer fluid flow rates
between condenser and evaporator; that is, the evaporator flow
rate for the heating condition is the same as the condenser
flow rate for the cooling condition and vice versa. The main
reason for doing this is that the flow rates of indoor and
outdoor units in commercial heat pumps typically do not change
when the operating mode (cooling or heating) is changed. De-
tailed test results are shown in Table 3.

The coefficient of performance for R-290/134a is lower than
that for HCFC-22 and R-290, as is also shown in Fig. 6. For
R-134a/600a, the coefficient of performance is higher than
that for CFC-12 and HFC-134a.

The discharge temperature shown in Table 3 presents a sim-
ilar pattern to the previous test condition. The discharge tem-
perature of R-290/134a is lower than that for HCFC-22 and
slightly higher than that for R-290. The discharge temperature
of R-134a/600a is lower than that of CFC-12 and HFC-134a.
Because the suction temperatures are almost the same for all
tests of the same test condition, a higher discharge temperature
is obtained for refrigerants with a lower vapor specific heat as
is the case.

The discharge pressure of R-290/134a is higher than that of
HCFC-22 and R-290, and that of R-134a/600a is slightly higher
than that of CFC-12 and HFC-134a, as shown in Table 3. All
the discharge pressures of this test condition are lower than
those of the previous high-temperature cooling tests.
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3.4 Liquid-Line/Suction-Line Heat Exchange. The high-
temperature cooling and heating test results with liquid-line/
suction-line heat exchange (LSHX) are shown in Figs. 5 and
6. The LSHX subcools the liquid from the condenser with the
suction vapor from the evaporator. The benefit of LSHX de-
pends on both operating conditions and refrigerant properties
(Domanski et al., 1992); it is an advantage when the vapor
specific heat is high and the lost work of expansion is com-
paratively large. All the test conditions with LSHX are main-
tained the same as the previous cases without LSHX.

The application of LSHX increases cooling or heating ca-
pacity in both high-temperature cooling and heating tests, but
the magnitude of the increase is different for the different
fluids in this study. For the R-290/134a mixture, the vapor
specific heat is greater than that of HCFC-22 or R-290; thus,
the increase in cooling or heating capacity is greater than that
of HCFC-22 or R-290 at both test conditions. For R-134a/
600a, which has a greater vapor specific heat than CFC-12 and
HFC-134a, the capacity increase at the high-temperature cool-
ing condition is greater than that of CFC-12 or HFC-134a,
but almost the same as that of CFC-12 at the high-temperature
heating test. The COP increase of R-290/134a is greater than
that of HCFC-22 or R-290 for both the high-temperature cool-
ing and heating tests. For the R-134a/600a mixture, the in-
crease in COP is significant compared with CFC-12 and HFC-
134a. The COP increase with respect to specific heat of the
saturated vapor at constant pressure is shown in Fig. 7. As
shown in Fig. 7, COP increase is almost proportional to the
specific heat of the vapor phase, which corresponds with the
simulated result in the reference (Domanski et al., 1992).

The discharge temperature is higher for all tests with LSHX,
which is expected when any refrigerant’s superheat is increased.
The results show that the highest discharge temperature is
obtained for HCFC-22 in every case, which is a result of its
having the lowest vapor specific heat., The discharge temper-
atures for other refrigerants are lower than that of HCFC-22
because they are more complex molecules, and, therefore, have
a higher specific heat. The discharge pressure is almost the
same for all tests with LSHX as for those without LSHX. As
shown in Tables 2 and 3, the average difference between the
two cases is less than 2.5 percent for all test conditions.

3.5 Performance Simulation. Cycle performances were
also simulated on the computer using the program CYCLE11
(Domanski and McLinden, 1990). This computer model sim-
ulates a vapor compression cycle that takes the thermodynamic
deviations from the ideal cycle into account. The simulated
cycle is prescribed in terms of inlet and outlet temperatures of
the external heat transfer fluids with the heat exchangers gen-
eralized by an average effective temperature difference. An
isenthalpic expansion process is assumed. The program also
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includes a rudimentary model of a compressor and a repre-
sentation of a liquid-line/suction-line heat exchange. Ther-
modynamic properties of the refrigerants are calculated using
the property program (Gallagher et al., 1991). Experimental
data were used as input to simulate cycle performance including
compressor speed, pressure drops through heat exchangers,
condenser subcooling, evaporator superheating, compressor
polytropic efficiency, and overall compression efficiency. The
temperatures of the heat transfer fluid entering and exiting the
heat exchangers were taken from Table 1.

The predicted coefficient of performance with respect to
volumetric capacity at the high-temperature cooling condition
is shown in Fig. 8 and that at the high-temperature heating
condition is presented in Fig. 9. Assuming that volumetric flow
rates for different refrigerants are almost the same in the con-
stant compressor speed test, the simulated volumetric capacity
corresponds to the capacity in the experiment. Compared with
the experimental results of Figs. 5§ and 6, the capacities and
the coefficients of performance are well predicted by CYCLEI1.
The simulated results for the cases using a liquid-line/suction-
line heat exchanger show a similar pattern. Compared with
the pure refrigerants, the azeotropes in this study produce
comparable volumetric capacity. The coefficient of perform-
ance for R-290/134a is predicted slightly lower than that of
HCFC-22, and the COP of R-134a/600a is higher than that
of CFC-12 or HFC-134a when L.SHX is not used. By applying
LSHX, slightly higher volumetric capacities and COPs are
predicted.

Tests for this study have been performed using a constant
compressor speed criterion instead of the constant heat flux
criterion used in most previous NIST heat pump studies. In a
practical sense, the constant compressor speed test answers the
drop-in question of performance change in a system as a result
of changing only the refrigerant. Typically, constant heat flux
tests are performed with the capacity maintained constant by
varying the compressor speed; hence, they evaluate the effect
on system performance of two component changes: refrigerant
and compressor speed. Constant compressor speed tests ov-
erstate the efficiency of low volumetric capacity refrigerants
as a result of lower heat flux and commensurately reduced
refrigerant-to-heat sink temperature difference. Constant heat
flux tests tend to understate the efficiency of low volumetric
capacity refrigerants as a result of increased refrigerant pres-
sure drop (particularly on the low pressure side) with increased
compressor speed. The comparisons in this study are made in
two capacity groups, one near CFC-12 and the other near
HCFC-22. 1t is felt that the capacity range in each group is
sufficiently small that test results by either criterion would be
comparable since the two test criteria are identical when com-
paring refrigerants of identical volumetric capacity. However,
in interpreting the results, it is well to be alert to this bias in
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Fig. 9 Simulated heating COP with respect to volumetric capacity at
the high-temperature heating condition

favor of low-capacity refrigerants when comparisons are made
among more widely disparate refrigerants.

A final point should be made regarding the R-290 test results
relative to HCFC-22. Although the coefficient of performance
of R-290 is less than that of HCFC-22 in a simplified computer
simulation which generally ignores heat transfer, irreversibil-
ity, etc., the laboratory tests in this study show the opposite
results. We should note that the experimental data were used
in simulating cycle performance in this study, and all of the
tests were conducted with the constant compressor speed cri-
teria. The capacity of R-290 is lower than that of HCFC-22;
thus, the heat exchanger loading decreases and so does the
average temperature difference in the heat exchanger. The
liquid viscosity of R-290 is approximately 65 percent and the
vapor density is approximately 41 percent of HCFC-22 in the
test range; so R-290 has a significantly smaller pressure drop
(about half of HCFC-22) in the heat exchangers and the liquid
thermal conductivity of R-290 is approximately 10 percent
higher than that of HCFC-22. Therefore, the overall heat trans-
fer coefficient for R-290 is higher than that for R-22 and the
effective average temperature difference in the heat exchanger
for R-290 is lower. These factors result in higher COP values
than the simplified simulation results.

Although system performance is influenced by design op-
timization for a specific working fluid, the tests were conducted
in the same test rig and the same test conditions. Therefore,
a different system may give slightly different results, but the
major conclusions will not change.

4 Flammability Measurements

Flammability tests were performed to determine the flamm-
ability limits of the azeotropic mixtures in this study. The
flammability test apparatus is described in ASTM-E681
(ASTM, 1992). It is desirable that refrigerants be nonflamm-
able; however, recent studies suggest that pure propane (R-
290) has several merits as a refrigerant (Kramer, 1991), and,
of course, ammonia has been widely used in industrial appli-
cations throughout the history of refrigeration. Investigations
into the use of propane in domestic refrigerators have included
energy consumption tests, combustion tests, fire tests, etc.,
(James and Missenden, 1992). The conclusion is that a refrig-
erator with propane is capable of similar performance to one
with CFC-12 without design changes, and the explosion and
fire risks are small. Many industrial applications of heat pumps
have traditionally used hydrocarbons as refrigerants, partic-
ularly where other flammable materials are present and ex-
perienced personnel are available. Nevertheless, a minimization
of flammability is always desirable with all other characteristics
being equal.

The main concept of our study of flammability is to add
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nonflammable HFC-134a to flammable hydrocarbons to re-
duce the flammability of the hydrocarbon and retain the ther-
modynamic and practical advantages. In this study, the
compositions of the mixtures were sought out so as to have
azeotropic behavior and the flammability tests are done for
those specific compositions.

The flammability limits were determined by visual obser-
vation of all the recorded flammability tests on videotapes. In
this study, the flammability limits of flammable mixtures are
represented by the composition range where the flame prop-
agates horizontally outward from the ignition source after
being mixed with air and ignited. The flammability limits of
R-290/134a (45/55 by mass percentage) are found to be 2.9-
11.0 percent by volume in a refrigerant/air mixture. Those of
R-134a/600a (80/20 by mass percentage) are 3.9-13.3 percent
by volume in a refrigerant/air mixture. These results may be
compared to the results for pure hydrocarbons R-290 and R-
600a, where the limits are 2.1-9.6 percent and 1.7-9.7 percent
by volume, respectively, (Richard and Shankland, 1992). It is
noteworthy that the lower limit is higher for both mixtures
than that for pure hydrocarbons. Although the azeotropic
mixtures remain flammable, they are less flammable than their
pure hydrocarbon compounds. It is well known that the pres-
ence of a halogen compound may show flame inhibition char-
acteristics (Biordi et al., 1973; Ho et al., 1992). One might
also reason that the presence of a relatively high specific heat
nonflammable halogen will reduce the combustion energy of
the hydrocarbon. While suppressing flammability, a drawback
to the addition of halogen compounds is their tendency to
produce toxic combustion products.

The heat of combustion can be calculated if the chemical
equations describing the combustion process are known. Un-
fortunately, the combustion processes of HFC refrigerants are
seldom known, and it was therefore difficult to predict the
final combustion products in this study. But from the chemical
features of the refrigerant mixture and the visual observation
of flame propagation and flame intensity in this study, the
released heat of combustion of the mixture seems less than
that of pure hydrocarbons.

5 Concluding Remarks

In this paper, heat pump performance tests were conducted
for two azeotropic refrigerant mixiures of HFC-134a (1,1,1,2-
tetrafluoroethane) with R-290 (propane) and R-600a (isobu-
tane): R-290/134a (45/55 by mass percentage) and R-134a/
600a (80/20 by mass percentage). The performance charac-
teristics of R-290/134a were compared with those of pure
HCFC-22 and R-290, and those of R-134a/600a were com-
pared with those of CFC-12 and HFC-134a at the high-tem-
perature cooling and heating test conditions, including those
cases using liquid-line/suction-line heat exchange.

The cooling or heating capacity of R-290/134a is greater
than that of HCFC-22 and R-290. The capacity of R-134a/
600a is also greater than that of CFC-12 or HFC-134a. The
coefficient of performance for R-290/134a is lower than that
for HCFC-22 and R-290, and R-134a/600a shows higher COP
than CFC-12 and HFC-134a. Resuits show that the discharge
temperature of R-290/134a is lower than that of HCFC-22
and slightly higher than that of R-290. The discharge temper-
ature of R-134a/600a is lower than that of CFC-12 and HFC-
134a. R-290/134a mixture has a higher discharge pressure than
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HCFC-22 and R-290, and R-134a/600a has a slightly higher
discharge pressure than CFC-12 and HFC-134a.

Even though the coefficient of performance of R-290/134a
is slightly lower than that of HCFC-22 and R-290, because of
its greater capacity and reduced flammability compared with
R-290, R-290/134a can be possible substitute for HCFC-22.
As regards the R-134a/600a mixture, it can be a possible sub-
stitute for CFC-12 because of its higher capacity and coefficient
of performance.

Although the simulation required a careful application of
the model because it generally ignores irreversibilities, by using
experimental data judiciously, as model input, the different
systems (i.e., working fluids) were more accurately simulated
10 account for friction, heat transfer, etc.
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