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ABSTRACT

A critical review of U.S. and foreign literature on the
use of a mixture of refrigerants rather than a single one in a
refrigeration unit indicates that energy can be conserved in
properly arranged systems. An independent analytical study
performed under the current contract using a 50 percent mixture
of R-12 and R-114 in a two-evaporator refrigerator typical of
domestic refrigerators showed an energy saving of 12 percent.
The c¢ycle explored was a non-optimized one, so greater energy
savings are theoretically possible.

The application of refrigerant mixtures to domestic
refrigerators would not be a panacea, but would require a redesign
of the refrigeration circuit and a resizing of the compressor.
There would be a number of problems to be explored and solved
before a successful application could be achieved, but the
prospects look favorable at this time.

One of the most useful next steps would be to continue to
expand the knowledge base on refrigerant mixtures that would be

- made available to the manufacturers of refrigerators.






SCOPE OF WORK

In the proposal from the University of Illinois dated

19 May 1978 to the Department of Energy, we proposed the following:

1. Make a critical review of the refrigerant-mixture literature,

2. Establish the necessary thermodynamic properties for a
subsequent analysis,

3. Conduct cycle analyses to prove or disprove potential
energy savings, and

4, Based on Tasks 1 and 3 recommend either continuation or
termination of future consideration of refrigerant mixtures.

In the report that follows, we have responded to each of
these proposed tasks in the following manner:

1. Reviewed all papers listed in the bibliography starting
on page 56, presented a synopsis of each of these papers in
Appendix A starting on page 61, and incorporated the findings
from these papers at appropriate points throughout the body
of the report.

2. Presented a review of thermodynamic properties of binary
mixtures and developed equations for one mixture combination,
R-12/R-114 which was used as the sample mixture.

‘5. Chapters 3, 4, and 5 describe the predictions of energy
effectiveness of four different cycles utilizing techniques
of steady-state system simulation to isélate the influences
of changes in concentrations of the mixture used.

4, Based both on the analyses in this report and the experience
of other researchers, there is a potential for energy
conservation, and some recommended next steps are proposed

in Chapter 6.
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1. HOW REFRIGERANT MIXTURES PERFORM

1-1. Application of mixbtures in a refrigeration system.

Although the attempts to use a mixture of substances as the
working medium in refrigeration units dates back at least to

1888 (Pictet), the early attempts did not fully sppreciate the
requirements for the mixtures that would result in cycle improve-

ments. CarrB

in 1949 wrote one of the good early papers that was
sound from a thermodynamic standpoint to show the possibility of
conserving power by taking advantage of the change in temperature
during evaporation of a mixture. Carr recognized that the
potential existed when the refrigeration duty comnsisted of cool-
ing a fluid stream through a large change in temperature. Carr's
study was purely analytical, and he used a mixture of hydrocarbons
as the working substance since the properties of hydrocarbon
mixtures were more well-known at that time in comparison to mix-
tures of halocarbons.

Little research is reported in the 1950's, but various
workers in the 1960's and so far in the 1970's have explored the
use of refrigerant mixtures primarily for two objectives:

(1) achieving a low evaporator temperature with a moderate
pressure ratio during single-stage compression, and (2) conserving
energy when the refrigeration duty consists of cooling a fluid
gstream through a large temperature range.’

The refrigeration duty in a two-evaporator refrigerator might
be considered the counterpart of cooling a fluid stream through

a large temperature range since some refrigeration is required at
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a moderate temperature and additional refrigeration at a low
temperature. In the proposal that resulted in this current
study of refrigerant wmixtures, one of the tasks proposed was to
critically review the literature and the thermodynamic principles
to be certain that at least theoretical possibilities exist for
conserving energy. A companion task is to provide an explanation
of why a refrigeration system with a mixture of refrigerants
might have superior energy characteristics. This chapter attempts,
then, to explain the behavior of a system using a amixture and to
illustrate the validity of its potential for saving energy.
Achieving this energy conservation impoces some other requirements
(perhaps larger heat-transfer areas), and the reasons for these
requirements will be pointed out.

Any evaluation will be facilitated by a basic understanding
of how a binary mixture performs in a refrigeration system, so
the next several sections review the properties of these mixtures.

1-2. Binary solutions. A binary solution consists of two

separate substances which are capable of forming a liquid solution

together. If a vessel, as in Fig. 1l-1, contains a binary solution

Vapor

Substances A and B
b N e A AN AP AL
Liquid

Substances A and B

Fig. 1-1. A binary solution.
of Substances A and B, both A and B exist in both the liquid

and vapor phases. In general the fraction
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of Substance A in the vapor is different from the fraction of
Substance A in the liquid. There are cases where the composition
of the vapor is the same as that of the liquid, and such a
solution is called "azeotropic." Azeotropic solutions are very
important in refrigeration practice (the 500-series, including
R-502), but the azeotropes are not the subject of this study. An
azeotropic mixture behaves as a separate pure substance and
mixtures that are definitely non-azeotropic are the subject of
this current study.

1-3, Temperature-concentration-pressure characteristics

of binary mixtures. Figure 1l-2 shows for a given pressure the

Vapor
boiling
temperature
of pure B
o
§ boiling temperature
g of pure A
()]
o
=
(O]
4o
_0 _ fraction of 4, x, 1.0
1.0 fraction of B, X 0

Pig. 1~2. Temperature-concentration diagram of a binary
solution at a constant pressure.

temperature~concentration (t-x) graph of a binary mixture. The

abscissa is the "fraction of material A" and the complementary scale

is the "fraction of material B." There are three distinct
regions displayed in Fig. 1-2: the liquid region, the liquid-
vapor regioﬁ; and the vapor region. These regions are separated

by the saturated liquid and saturated vapor lines. The saturated
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liquid line is sometimes called the "bubble-point line," and the
saturated vapor line is sometimes called the "dewpoint line."
On the saturated liquid line the mixture is 100 percent liquid and
below the line the liquid is subcooled. On the saturated vapor line
the mixture is 100 percent vapor and above the line the vapor is
superheated. The "dewpoint line" refers to the boundary at which
saturated liquid begins to form if superheated vapor is cooled at
constant pressure. The "bubble-point line" is the boundary at
which saturated vapor begins to form if subcooled liquid is heated
at constant pressure.

Sometimes the abscissas are expressed in mass fractions and
sometimes in mol fractions. The mol fraction of A, for example, is

mol of A

mol fraction of A mol of A + mol of B

(mass of A, kg)/(MwA)
(mass of A, kg)/(MwA) + (mass of B, kg)/(MW

B’
where MWA and MWB are the molecular weights of substance & and

B, respectively.

The bulging curves in Fig. 1-2 are typical of an ideal binary
mixture, and there are many combinations of substances that behave
ideally. On the other hand, many substances combine in a non-ideal
'way, and a t-x curve as shown in Fig. 1-3 may result. The satu-
rated liquid and saturated vapor curves are close together and
there is only a small temperature differencé between them., A
binary mixture of R-12 and R-22 behaves in this fashion. At one
point the curves in Fig. 1-3 touch, and the significance of
this point is that it marks an azeotropic mixture (R-501). The

characteristics shown in Fig. 1~3 are not the most desired ones
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azeotropic j
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concent:atiﬁn\*‘

0 1.0
Fraction R-22

Fig. 1-3. Non-ideal binary mixture: R-12/R-22.

for the combination that will be sought for the two-evaporator
domestic refrigerator.

l-4, Effect of pressure. The curves shown in Fig. 1-2 are

applicable to a given pressure. There is a different set of
curves for each pressure, and curves describe higher temperatures

as the pressure increases, as shown in Fig. l-4. For idesl binary

_high
,_//pre ssure

P
.~~~ low pressure
/

X 1.0
a
Fig. 1-4. Effect of pressure on t-x diagrams.
solutions the temperature spread between the saturated liquid and
vapor lines narrows as the pressure'increases.

1-5., Evaporation of a binary mixture. A special property

possessed by binary mixtures that has potential application to the
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utilization of mixtures of refrigerants is that the temperature
changes during a constant-pressure evaporation. This behavior
is in contrast to a pure substance that boils at constant temper-
ature if the pressure remains constant. If an evaporator con-

sists of a single tube, as shown in Fig. 1-5, and subcooled liquid

1 2 3 4 5
— B ® » ® )
subcooled boiling all superheated
liquid begins vaporized vapor

Fig. 1-5. Evaporation of a binary mixture.
enters at statepoint 1 in Fig. 1-6, the solution is heated at

constant concentration until point 2 is reached at which position

0] 1.0
X

Fig. 1-6. Statepofhts during evaporation.

the solution begins to vaporize. As the mixture proceeds along
the evaporator, progressively more liquid evaporates, and even
though the combined state is indicated by point 3, the fluid con-
gigts of a mixture of liquid at 3L and'vapor at 3V. The fraction

of liquid at point 3 is represented by the equation

Xy = X
fraction in liquid form = N3
*zv T ¥ag,
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The temperature of the solution progressively increases in both

the subcooled liquid and the superheater vapor regions, just as for a
pure substance, but the unique feature of the binary sclution is

that the temperature changes during the boiling process also.

1-6. Ideal refrigeration cycle using binary mixtures. To

lead toward a comparison of the performance of a refrigeration
system that utilizes a mixture as the working substance with the
performance of a single-refrigerant system, an ideal system will
be proposed with the equipment shown in Fig. 1-7. The corres-
ponding t-x-p diagram is shown in Fig. 1-8 and the temperature-
entropy diagram in Fig. 1-9.
N T2 B @)
<%§D Condenser phigh ‘“l”j

Work & Expansion
Engine <;\\’///
1
) Prow %ED

Compressor

(:) @:ﬁ Evapdrator
' AN AN——

T82 Tel

Fig. 1-7. Refrigeration system.
2 Phigh

Fig. 1-8. Temperature-concentration-pressure diagram.
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50"

Temperature, K

entropy

Fig. 1-9, Temperature-entropy diagram of ideal cycle
using a refrigerant mixture.

The processes consist of the following:
l. a reversible and adiabatic compression at constant
entropy from point 1 to 2,
2. constant pressure condensation from 2 to 3,
3. reversible and adiabatic expansion where the work is
recovered and used, 3~4, and
4. constant pressure evaporation for the refrigeration
process from 4 %o 1.
Point 2 is arbitrarily placed on the saturated vapor line and
point 3 on the satursted liguid line which corresponds to the usual
convention of showing a Carnot refrigeration cycle in classical

thermodynamics, &as in Fig. 1-10. 1In order to arrive at point 2

i
g 5t/ p; . ; 520
32
©
£
(]
& 4 Prow 1
[}
&=
Entropy

Fig. 1-10. Temperature-entropy disgram of ideal refrigeration

cycle using a single substance.
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following the isentropic compression it is necessary to begin
the compression at point 1 with a small fraction of liquid
present, Jjust as is true in the single-substance cycle in Fig.
1-10. Similarly, when the expansion takes place through the
engine the state of the refrigerant leaving the engine will be
in the mixture region--both at points 4 and 4°'.

1-7. Using the T-s diagrams to compare efficiencies. The

key to determining whether Fig. 1-9 or Fig. 1-10 displays a cycle
of highest COP depends upon the comparative temperatures occurring
during the high pressure and during the low pressure condensation
and evaporation processes. This decision in turn depends upon the
temperatures of the condenser cooling medium and the temperature
of the fluid being cooled. The condenser is assumed to reject
heat to a fluid changing temperature, and the evaporator is
assumed to receive heat from a fluid changing temperature. The
terminal temperatures of these two fluids are indicated in Fig.

1-7 and are shown on the composite T-s diagram in Fig. 1-11. The

bt T B 3! 2',2
~ Tec2 .A
(] —
3| Te1 3
@
B Teo[" 4% 1'
@ 2
X
entropy

Fig. 1-11. Composite temperature-entropy diagram.
condenser and evaporator fluids are configured in counterflow to
the refrigeraﬁf in their respecti?e heat exchangers. In an

evaporator or condenser where a single refrigerant boils
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or condenses, and where there is no subcooling or superheat-
ing or subcooling, it is immaterial whether counterflow, parallel-
flow, or cross-flow is provided. TFor the effective use of the
mixed-refrigerant cycle it is crucial to provide counterflow.
Figure 1-11 shows that in order to cool the evaporator fluid to
‘I‘e2 in the single refrigerant system it is necessary that the
evaporating temperature be equal or below TeZ' In order to reject
heat to the cooling fluid at Tc2 the condensing temperature in
the single-refrigerant system must be Tc2 or above.

For the mixed refrigerant system, on the other hand, the

requirements are that Tl < Tel, '1‘4 < Te2’ Tez Tcg’ and

~

T5;5{Rﬂj The latter requirements are less restrictive from a
thermodynamic standpoint than those for the single-refrigerant
system. Because the processes in both refrigeration cycles are
reversible, areas on the T-s diagram represent energy quantities.
Designate the triangular areas as A and B, as shown in Fig. 1-11,
and for the single-refrigerant system designate the refrigeration

energy as Qs and the net work to operate the cycle as ws. The

COP's of the two cycles are

Q
COP of single-refrigerant system = ws
: 8
Qs + B
COP of mixed-refrigerant system = —mp——p1—p
s

The COP of the mixed-refrigerant system is thus higher than that
of the single-refrigerant system.

The COP of the mixed-refrigerant system will be higher than
that of the siﬁgle~refrigerant system only if one or both the

fluid being cooled in the evaporator or the fluid being
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heated in the condenser change temperature. A refrigeration
system operating between a constant-temperature source and a
constant-temperature sink would be more efficient if a single
refrigerant were used. It is expected that in the conversion
from ideal to real systems that the magnitude of temperature
change must be appreciable in order to achieve a higher COP with
the mixed~refrigerant system.

1-8. Comparative heat-transfer areas. The improvement in

energy effectiveness provided by the mixed-refrigerant system
occurs by virtue of reducing the irreversibilities in the external
heat-transfer process, but at the expense of mean temperature
difference between the refrigerant and the external fluid. As

the mean temperature difference is reduced, the heat transfer

area would have to be increased correspondingly. To make a fair
comparison between the two systems, the same mean temperature
difference must be provided. As Fig. 1-12 shows for an evap-

orator the lowest temperature of the mixed refrigerant must be

refrigerant

- heat-transfer area

Fig. 1-12. Maintaining same mean-temperature

differences for both systems.

‘lower than the single refrigerant evaporator temperature in
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contrast to that shown in Fig. 1-11 in order to maintain the same
mean-temperature difference for both systems.

1-9., Potential application to two-evaporator domestic

refrigerator. Since cooling the evaporator fluid through a large

temperature range is a crucial property of those applications where
the mixed-refrigerant system would seem to have advantages, it is
appropriate to assess whether the two-evaporator domestic refrig-
erator meets that criteria. The cooling ranges of the air through

the evaporators are not expected to be large, as Fig. 1-13 shows,

an’t
refrl%er

—P heat-transfer area
Fig. 1-13. Temperature changes in a two-evaporator refrigerator.
but a portion of the refrigeration load occurs at
a relatively high temperature such that the tail of the evaporating
process of the refrigerant mixture will be of sufficiently low

temperature to perform this refrigeration.
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2. THERMODYNAMIC PROPERTIES OF REFRIGERANT MIXTURES

2-~1. Thermodynamic properties needed for amalyses. In order

to perform cycle analyses of refrigerant mixtures in refrigerators
the following relationships are needed: (1) p-x-t equations

at saturated conditions, (2) h-x-t at saturated conditions for
both liquid and vapor, and (3) relationships to compute the change
in enthalpy during an isentropic compression,

where

]

pressure, kPa (psia)

fraction of one constituent on a mass basis

i

P
x
t temperature, °C ( °F )
h

]

enthalpy, kJ/kg (Btu/1lb)

2~2. Conversion to British units. Most of the calculetions

in this report are performed in SI units, but in most cases the key
values are presented in British units as well. Should there be a
need for conversion of the properties or energy flow rates, the

following operation may be performed:

to convert in to operation
pressure kPa psia multiply by 0.1450
temperature °c i) multiply by 1.8, add 32.0
enthalpy (in SI the kJ/kg | Btu/lb subtract 200 from h in

kJ/kg, then multiply by
0.4299. Finally add h

base is 200 kJ/kg for

saturated liquid at at 32 °F from Btu/lb
0 °C) table.
heat transfer rate kW Btu/hr | multiply by 3412.

mass flow rate " kg/s 1b/hr | multiply by 7937
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2-3, Choice of refrigerant mixture: R-12/R-114. In order

to compute values in the cycle analyses of Chapters 3% through 5,
some certain combination of two refrigerants had to be chosen.

That choice was R-12/R-114. This combination is not necessarily

a recommendation that the mixture is the most advantageous, but

it may be a good choice. Only further investigation will confirm
or refute the desirability of this combination. The following
reasoning favored the temporary selection of the R-12/R-114 mixture.

Refrigerant-12 would seem to be a legical choice for the base
refrigerant, because it is the commonly-used refrigerant in
domestic refrigerators at the present time. This refrigerant
remains miscible with oil at the low temperatures experienced in
refrigerators. Also comparisons with the performance of conventional
refrigerators would be more nearly achieved.

Probably the most common refrigerants in residential appli~
cations are R~12 and R-22, so that mixture should be a candidate.
The reason for not choosing this combination is that there is not
a wide spread between the temperatures on the t-x-p diagram (as
gshown in Fig. 1-3. In fact, such references as Kandlikarl7,
Kriebelz3, Loefflerao, Neilson56, and Spauschusuo, point out the
possibility of forming an azeotrope with this combination.

Lorenz31 urged choosing refrigerants with widely different
boiling temperatures at a given pressure in orderito achieve & large
maximum At, as illustrated in Fig. 2-1. Lorenz found from a study
of 30 mixtures that

At = O.04(ar)t:616
so’ the other refrigerant to be mixed with R-12 should ideally have

a boiling point much higher or much lower than R-12.
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Fig. 2-1. Large difference in boiling points needed.
Among the lower-boiling temperature refrigerants would be
included R~1% which has been studied by Agarwall, Arora5

18 54, and Tschaikovsky42 and 44. The R-13 com=-

$

Kazackl™™, Makorov
bination was not chosen because of its low critical temperature
of 28.8 °C (83.9 F¥). This concern may not truly be sufficient
cause to permanently reject R-13, and R-13 does have the advantage
of being more dense than R-12 which is favorable from the standpoint
of the required compressor displacement rate.

Among the high boiling refrigerants R-11l is one to be
considered, as has been done by Bondarev6 and Lorenz52. One reason

for ruling out R-12/R-11 is that the standard COP of R-11 (page 15.7,
ASHRAE Handbook of Fundamentals, 1977) is 5.03 in comparison to

that of R-12 which is 4.70 at the evaporating temperature of -15 °C
(5 F) and condensing temperature of 30 °C (86 F). Since this study
investigates potentiél improvements attributable to mixtures,
improvements in COP resulting from gradual substitution of a high-
COP refrigerant were eliminated.

Finally the combination of R-12 and R-114 was chosen because
(1) the COP's at standard conditions are sbout the same--4.70 for

R-12 andl4.67‘for R-114, and (2) the combination behaves as an

11

ideal mixture. Eiseman states that mixtures of two polar
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refrigerants, such as R-22 and R-21 or two non-polar refrigerants,

24 also

such as R-12 and R-114 behave as ideal mixtures. Kraus
supports this contention. The advantage of using an ideal mixture
for the objectives of this study is that the calculated properties
will be more accurate. The mixture was used by Arora3 who stated
that adding R-114 to R-12 increases the COP, but decreases the
capacity (with a given compressor displacement rate).

The important criterion in the choice of mixtures for this
study is to find one which will show possibilities of energy
savings. If one such mixture can be found, it is possible that

there may be other even more-favorable mixtures.

2-4, Developing t-x-p relationships. The tools for

developing the saturated liquid and saturated vapor data (such as
in Fig. 1-2) are (1) saturation pressure vs temperature relation-
ships of the two substances, (2) Raoult's law, and (3) Dalton's law.

2-5. Saturation pressure-temperature relationships. A simple

and fairly accurate form to relate the saturation pressure to the
temperature is
In(p) = C + D/T (2-1)

where C &and D are constants

H

P saturation pressure
T = absolute temperature
For the two refrigerants chosen, the equations arev
R=12: In(p) = 14.861 - 2498.3/T (2-2)
R-114: In(p) = 15.407 - 2993.2/7 (2-3)
whepe p = saturation pressuré, kPs

T = temperature, K

The comparison of the pressure values calculated from Egs. 2-2 and 2-3
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with data from the 1977 ASHRAF Handbook of Fund. appears in Table 2-1.

Table 2-1. Comparison of tabular values with Egs. 2-2 and 23 .

Saturation Pressure
Refrigerant Temperature Table ! Equation Percent Error
R-12 ~50 °C 39.15 kPa 39.07 kPa -0.20
0 308.61 | 303,31 -1.72
50 1219.30 1248.,77 2,42
R-114 ~-50 7.23 734 1.60
0 87.53% 85.53 -2.28 g
50 445,41 466.11 ‘ 4.65 ;

2-6. Raoult's law. Raoult's law declares that the vapor

pressure of one component in a mixture, Pa

Py = (7,,1)(®y) (2-4)
where Pa = vapor pressure of substance A in the mixture, kPa
Ya.1, = mol fraction of substance A in the liquid,

b

dimensionless

saturation pressure of pure A at the existing

e
o
i

temperature, kPa
The molecular weights of R-12 and R-114 are, respectively, 120.93
and 170.94. The mol fraction of R-114, Yi14 @S & function of the
. mass fraction of R-11l4, Xq149 is
xll4/170'94
Xy14/170.94 + (1 - x114)/120.93

=

Y114

X114 (2-5)
1.4135 - 0.4135 X)q,

1.4135 3
and Xa = - 114
‘ 114 I+ 0.41%5 T114

or V114 <

(2-6)
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2-7. Dalton's law. Dalton's law states that the total

pressure of the vapor mixture is the sum of the partial pressures

of the constituents

b, = P, + P (2-7)
where Py = total pressure,
and that the partial pressures are proportional to the mol fraction,

Pa = Ta,v Py (2-8)
With a given temperature, Eqs. 2-2 and 2-3 can be used to compute
the saturation pressures of R-12 and R-114, designated Pqo and P1140
respectively. If the pressure Py is stipulated, combination of
Eqs. 2-4 and 2-7 permits computation of the mol fraction of R-114
in the liquid

Py = P12

T114,1 % Tpi1a - P1o e

and for the vapor _ (2314094, 1) (2-10)
J114,v < Py

The mol fractions in Egs. 2-9 and 2-10 can then be converted to mass
fractions by use of Eq. 2-6.

The saturated liquid and vapor curves for several different
pressures calculated using the above relationships are shown in
Fig. 2-2.

2-8, Enthalpy of ligquid. The enthalpies of liquid nixtures

_are computed by proportioning on a mass basis the enthalpies of
liquid of the two constituent substances at the given temperature.
Least-squares fits were applied to tabular data for R-12 and R-114
in the range of -40 to +40 °C to arrive at the following equations,

2

R-114: hf 114 = 200.0 + 0.9545% + 0.00l11l6t™ + O.OOOOOOBt5 (2-11)
L] . .

2

R~-12: hf lé = 200.0 + 0.9251t + 0.00081t" + O.OOOOO48t5 (2-12)
: b

where h, = enthalpy, kd/kg

t = temperature, °C
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50
40

pressure = 400 kPa
(58 psia)

20 +

°C

pressure = 100 kPa
(14.5 psia)

Temperature,

i i 5 i §

0 0.5 1.0
Mass fraction of R-12

1.0 C.5 0.0

Mass fraction of R-114

Fig. 2-2. Temperature-concentration diagram of R-12/R-114

nixture.
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The maximum error of Eq. 2-11 is 0.12 percent and of Eq. 2-12
0.03% percent in the range of temperatures shown.

2-9. Enthalpies of saturated vapor. The enthalpies of vapor

mixtures were also computed by means of a mass proportioning of the
saturated vapor enthalpies of the individual substances. A least-
squares fit of a cubic equation to tabular data in the -40 to

40 °C temperature range provided the following equations

R-12: hv 12 = 351.48 + 0.4283t - O.OOO?lt2 - O.OOOOOBlt5
b
R-112; hv 114 = 337.41 + 0.6234t + 0.000086t2 - 0.000003851:5
3
where hv = enthalpy of saturated vapor, kJd/kg
t = temperature, °C

The maximum percent deviations of the equations from the tabular
data on which they were based was 0.003 percent.

2-10, Isentropic work of compression. A simple, but reasonably

accurate form of equation that is applicable for isentropic com-

pression close to the saturated vapor region is of the form

Ah = c¢(1 - Tl/T2>
where ¢ = constant
Ah = isentropic work of compression
Tl = saturation temperature at start of compression
T2 = saturation temperature at end of compression

For the two refrigerants, the numerical values of ¢ are introduced

and the saturation temperatures expressed in terms of pressures:
, ( 15.407 - 1n p2> ( )
R-12: Ah, kdJ/kg = 15811 =~ 2~13
’ 15.407‘~ in Py
14.861 - 1n Po
- I5VA07 - 1In Py

R-114: Ah, kJ/kg = 188 <l (2-14)
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3. SINGLE TRAIN SYSTEM WITH SINGLE EVAPORATOR

3-1. The system. The refrigeration system shown in Fig. 3-1

is the basic single-refrigerant configuration, and the first cycle

analysis is one of replacing the single refrigerant, R-12, with a

25 o AN NN 32 °o¢

4)
= NNV

{ Evaporator i

=25 °C - =15 °C

Fig. 3-1. Single-train, single~evaporator system.

mixture of R-12 and R-1l4. To make a fair comparison of the
system performance when using a mixture with that of the pure
refrigerant the same heat transfer characteristics of the con-
denser and evaporator must be used. An improvement in COP will
normally result from an increase in heat-transfer area, so the
heat-transfer areas should remain constant in the comparison.
The system shown in Fig. 3-1 is called single-train to

distinguish it from a cycle presented in Chapter 5 where the
refrigerant streams follow parallel paths through a portion of
the cycle.

System parameters that were stipulated and apply for the

various concentrations of R~114 in the R-12 were:
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#
H

UACOND 0.05 kW/K

0.05 kW/K

94.8 Btu/(hr) (°F)

UAEVAP 94.8 Btu/(hr)(°F)

where UA refers to the product of the U-value and heat-transfer
area, and COND refers to the condenser, and EVAP refers %o
the evaporator.

A refrigeration load of 0.2 kW (682.4 Btu/hr) was chosen and
this refrigeration load was used in cooling a stream from -15 °C
to =25 °C (5 °F to -13 °F). The condenser cooling fluid entered
at 25 °C and left at 32 °C (77 °F to 89.6 °F). It may be
observed that the fluid being cooled changes temperature over
an appreciable range. This choice was made intentionally %o
provide the framework for showing the potential benefit of the
refrigerant mixture.

3-2. Refrigerant conditions specified. Figure 3-2 shows

the t-x-p diagram with numbers corresponding to the cycle diagram

2
o
5 3
H
[
8
o 1
)
= 4V
1.0

oY
Fraction R-114 <—-
Fig. 3~-2. Temperature~concentration-pressure diagram.

of Fig. 3-1. The condition leaving the evaporator was assumed to
be saturated vapor. For purposes of establishing the temperature,

point 2 leaving the compressor is assumed to be saturated vapor.
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The state of this vapor will actually be superheated, but

often the effect of the superheat is ignored in computing the

mean temperature difference. The energy associated with the
superheat must, of course, be included in the calculation. Point 3
leaving the condenser is assumed to be saturated liquid. Point 4
following the expansion valve will be a mixture of liquid and
vapor.

3-%, Simulation. To achieve a fair comparison between the

system using mixtures with that of pure R-12 it would not be
appropriate or possible to select identical refrigerant temperatures
because thege change with the concentration. A fairer comparison
would be to perform a simulation holding the heat-transfer
characteristics for the condenser and evaporator constant
throughout. Such a simulation required the simultaneous solution
of 18 algebraic equations, most of which were non-linear.

The necessary equations were derived from the following
relationships:
l. %t-x-p relations at Point 1
2. t-x-p relations at Point 2
3, t-x-p relations at Point 3
4, Enthalpy at Point 1 as function of concentration and temperature
5. Enthalpy at Point 3 as function of concentration and temperature
6. t~x-p relations for liquid at Point 4
7. t-x-p relations for vapor at Point 4
8. Enthalpy of liquid at Point 4
9. Enthalpy of vapof at Point 4
'~ 10. TFraction of liquid at Point 4 as a function of concentration

of liquid and vapor at 4 and concentration in the system.
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11. ZEnthalpy of liquid-vapor mixture at 4
12. Equating enthalpy at 3 to that at 4
13. Rate equatvicn for condenser heat transfer
14, Heat balance about condenser
15. Rate equation for evaporator heat transfer
16. Heat balance about evaporator
17. Compressor power as function of flow rate and pressures
18. Energy balance: evaporator heat transfer plus compressor
power equals the rate of heat transfer at condenser
These 18 equations permitted solution for the 18 unknown
variables which were the temperature and enthalpies at Points 1,
2, 3, and 4, the high- and low-side pressures, the fraction of
liquid at Point 4, the concentrations of R-114 in the liquid and
vapor at Point 4, the mass rate of flow, the compressor power,
and several other incidental conditions.
Following the simulation the COP's were computed for each
of the concentrations,

COP = 0.200 kW refrigeration
a compressor power, kW

The results of these simulations for wvarious concentrations
are shown in the tables:

Table 3-1 O percent R-114 (100 percent R-12)

3-2 20 " "
3-3 40 " "
3.4 50 1 "

3-5 60 t "



Table 3-1.

Concentration =

Refrigeration load =

25—

0.0

percent R~114

Product of U~value and area of condenser

Product of U-value

and area of évaporator

0.2 kW (682.4 Btu/hr)

H]

0.05 kW/K

Single-train, single evaporator system.

94,8 Btu/(hr)(°T)

0.05 kW/K

4,8 Btu/(hr)(°T)

610}

Mass rate of flow 0.00186 kg/s 14,74 1b/hr
High~side pressure 848 .4 kPa 123,0 psia
Low-side pressure 116.4 kPa 16.9 psia

5y -25.9 °C -14.,6 °F

ta 34,6 og 94,3 op

5 3.6 oG 9.3 ox
ﬁ; -25.9 °C ~14.6 °F

hy 340.9 kI/kg| 76.1 Btu/1Ib
h2 377.8 kd/keg 92.0 Btu/1b
hy 233.2 kJ/ kg | 29.77 Btu/lb
n, 233.2 XI/kg | 29.77 Btu/1b
Fraction of liquid at 4 0.65513 o

Comégéssor power ~ 0.06865 %) 0.06865 Ky

2.913
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Table 3-2. Single--train, single evaporator systewm.
Concentration = 20 percent R-114

Refrigeration load = 0.2 kW (682.4 Btu/hr)

]

Product of U~value and area of condenser 0.05 kW/X
94.8 Bbtu/(hr)(°)
0.05 kW/X

94,8 Btu/(hr)(°F)

i

Product of U-value and area of evaporator

i

H

Mass rate of flow 0.00184 kg/s 14.6 1b/hr

High-side pressure 696.7 kPs. 101.0 psia

Low-side pressure 93,4 kPa 13.55 psia

6y -21.7 °C ~7.1 °F

o, 36.5 °c 97.7 o°

t5 31.2 °C 88.1 °F

ty, -27.1 eC -16.8 °F

n, 338.7  kJ/kg|  75.1 Btu/1b |

h, 373.8 kJ/kg 90.2 Btu/1b
B hy 230.0 kJ/kg 28 .k Btu/1b

hy, 230.0 kJ/kg 28 .4 Btu/1b

Fraction of liquid at 4 0.661

Conpressor power 0.0646 ¥y 0.0646 kW

cop 5.097




Table 3-3.

Concentration =

Refrigeration load =

Single~train,

-2

40

percent R-114

Product of U-value and area of condenser

Product of U-value and area of evaporator

OQ2 k..i’! (682.4‘ BtU/hr>

-4

4

[

it

0.05 kW/XK

ingle evaporator system.

94.8 Btu/(hr)(°F)

.05 kW/X

9% .8 Btu/(hr)(°F)

cop

5.128

Mass rate of flow 0.00187 kg/s 14,84 1b/hr

High-side pressure“ 583%.6 kPa 84,6 psia

Low-side pressure 72.5 kPa 10.5 psia
A -20.5  ©°0 4.8 °F

ts 38,1 °C 100.5 °F

tﬁ 29.6 °C 85.2 °F

tq -27.8 °C -18.1 °F

hl 335,6 xJ/ke 73.8 Btu/1b

h, 369.7 kJ/kg 88.4 Btu/1b
E 228.6  ki/kg| 27.8  Btu/ib |

h, T " 228.6  kd/kz| 27.8  Btu/lb

Fraction of liquidiat_A 0,65;m. o

Conpressor pover 0.0637 £y 0.0637 [ T
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Table 3-4. Single-train, single evaporator system.
Concentration = 50 percent R-114
Refrigeration load = 0.2 kW (682.4 Btu/hr)
Product of U~veluve and area of condenser = 0.05 kW/K
94.8 Btu/(hr)(°F)
0.05 kW/X
94.8 Btu/(hr)(°F)

#

i

Product of U-value and area of evaporator

n

Mass rate of flow 0.0019 kg/s 15.066 1b/hr
High~-side pressure 532.6 kPa 77,2 psia-mw
Low-gide pressure 63,2 kPa 9.16 psia
tl -20.5 °C 4.9 °F
Wt""g 38,5 °Q 101.2  °F
Tty 29.3 °g 84.7 o
%, -27.8 °C -18.1 °F
hy 333 .8 I/ ke 73.0  Btu/lb
'''' hy h 3674 KJ/Kes 87.5  Btu/1b
by 228k KJ/kg 27.7 Btu/1b |
by, 228 .4 kJ/%g 27.9 Btu/1b
[ vraction - £ 1iquid ot 4| 0.654 N
vCompEE;;Qr pbwer ”MMWNWWM‘6T6é59 kW 1 0.06%9 kW ijj
- cop | 330




Table 3-5, Single-train,

Ccncentration

Refrigeration load = 0.2 kW (682.4 Btu/hr)

-29-

= 60

percent R-114

Product of U-valye and area of condenser

Product of U-value and &rea of evaporator

=

H

|

0.05 kW/XK

single evaporator system.

4.8 Btu/(hr)(°F)

0.05 kW/K

94 .8 Btu/(hr)(°®)

Masg rate of flow 0.00194 kg/s 15.37 1b/hr
High-side pressure 48%,1 kPa 70.0 psia
Low-side pressure 54.5 kPa 7.91 psia
tl -20.9 °C -5.6 °F

ts 38.5 °C 101.3  °F |
tB 29.2 °C 84,6 °F

ty, -27.6 °C -17.6 °F

hl 331.76 kI/ kg 72.2 Btu/1b
by ' 365.0  kJ/kg 86.5  Btu/lb
h5 228.5 kJ/kg 27.8 Btu/1b
h, 228.5 kJ/ kg 27.8 Btu/lb
Fraction of ligquid at & 0.650

Conpressor powernr ' 0.0644 KW kW

00644

cop

3.107
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3-4, COP improved through use of mixture. The major

gignificance of Tables 3~1 through 3-~5 is that they show that
energy can be conserved by using a mixture of refrigerants. The
COP of the system using pure R-~12 was 2.913, and this COP
increased progressively with the addition of R-114 until the
maximum COP of 3.138 was achieved with a 40 percent concentration
of R~114. The maximum improvement was therefore approximately
7.7 percent. Increasing the R-114 concentration above 40
percent resulted in a reduction of the COP.

Tables 3~1 through 3-5 also show the change in temperature
of the refrigerant through the evaporator. With 100 percent R-12, as
expected, the refrigerant remains at a constant temperature. That
value is -25.9 °C (~14.62 F). With an R-114 concentration of
40 percent--the concentration that results in the maximum COP--
the change in refrigerant temperature in the evaporator is 7.3 °C
(13.4 °F) from -27.8 °C to -20.5 °C.

3-5. Single evaporator cycle with heat exchanger. Almost

all of the recent analytical and experimental studies of mixed
refrigerant systems have been directed toward cycles that employ

a liquid-to~suction heat exchanger. Figure 3-3 shows the flow
diagram of a cycle that includes a heat exchanger that subcools
liquid coming from the condenser before the ligquid passes through
the expansion valve., The fluld on the cold side‘of this heat
exchanger 1s still-boiling refrigerant which leaves the evaporator.
The net effect of insertion of the heat exchanger is shown on the
temperatu;e—concentration diagram in Fig. 3-4#, The change of
'refrigerant temperature is approximately the same for a given

load on the evaporator whether or not the heat exchanger is employed.
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Fig. 3-3. Single-evaporator system with heat exchanger.

However, the presence of the heat exchanger results in a lower
temperature and enthalpy entering the expansion valve. The
fraction of liquid entering the evaporator at Point 4 is thereby

increased. The overall effect of the heat exchanger is to lower

S& withput heat exchanger

\\\
with E"“ —~

—~

Temperature

Concentration
Fig. 3-4. Effect of heat exchanger on refrigerant

temperatures in the evaporator.

the refrigeranf temperatures in the evaporator, or conversely to
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achieve the same refrigerant temperatures in the evaporator
with a higher suction pressure than is possible in the system
without the heat exchanger. When the suction pressure is
elevated the compressor work is reduced.

Tebles 3-6 through 3-10 present the results of simulating
the system in Fig. 3-3 for various concentrations of R-114.

The refrigeration load, the temperatures of the fluid being
cooled, and the temperatures of the condenser cooling fluid are
the same as the system in Fig. 3-1 for which the results in
Tables 3-1 through 3-5 apply. Point 3 in Fig. 3-3 is assumed
to be saturated liquid and Point 1 leaving the cold side of

the heat exchanger is saturated vapor. The zero concentration
of R-114 (pure R-12) is not presented, because the computer
simulation program using equations intended for mixtures went
unstable with zero percent R-114. The data for 1 percent R-114
are presented in Table 3-6.

Some pertinent data are extracted from the complete tables
and are presented in Table 3-11 in summary form. In the cycle
with the heat exchanger the maximum COP of 3.310 occurs when
the R-~114 concentration is 50 percent. This maximum COP is
approximately 5.5 percent higher than the maximum COP of the
cycle without the heat exchanger. The combined improvement by
adding the heat exchanger and utilizing mixtures is 13.6 percent.
The addition of the heat exchanger does not help the COP of the
system using pure R-12 at all. If additional heat transfer area
were available for the.R-lE system 1t Qould probably be used in

the evaporator. But it should be noted that the additional heat
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Table 3-6. Single~train, single evaporator, with heat exchenger
Concentration =1.0 percent R-114
Refrigeration Load = 0.2 xW (682.4 Btu/hr)
Products of U-value and area

evaporator 0.05 kW/K

94,8 BYu/(ar)(°F)
04,8 Btu/(hr)(°F)
heat exchanger 0.003 kW/K = 5.69 Btu/(hr)(°F)

condenser 0.05% kW/K

4

Mass rate of flow 0.00185 kg/s 14,72 1b/hr B
High~side pressure 839,2 kPa 121.7 psia
Low-side pressure 115.6 kFPa 16.8 psia

ty -25,5 °C -13%.9 °F

%y 34,7 °C 94.5 °Rp

t5 3,3 °C 93.8 °F i
baa -14.9  °C 5.2 o

by -25.9 °C ~-14.6 °F

t5 ~25.8 °C -14 .4 f?_

hl 340.8 kJ/kg 76.0 Ltw/1b
h, 377.7 ki/ks | 91.8  Buu/lb
hy 232.9  kJ/kg | 29.7 7  Btu/lb
hBa ' 186.4 kd/ kg 9.65 Btu/1b
by, 186.4  kJ/kg | 9.65 Btu/1b
h5 294.2 1d/keg 56.0 Btu/1b
Fraction of liguid at 4 0.940

Fraction ofmiiquid at 5| 0.28%

;Compréséor power 0.0682 gw 0.0682 }r:w~

cop - | 2.932 B
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Table 3-7.Single-train, single evaporator, with hest exchanger

Concentration

= 20 percent R-114

Refrigeration Load = 0.2 kW (682.4 Biu/hr)

Products of U-~value and area

evaporator  0.05 kW/K = 94.8 Btu/(hr)(°F)
condenser 0.05 kW/K = 94,8 Btu/(br)(°F)
heat exchanger 0.003 kW/K = 5.69 Btu/(hr)(°F)
Mass rate of flow 0.00183 kg/s 14.51 1b/hr
High-side pressure 696.0 kPa 100.9 psia
Low~side pressure 99,2 kPa 14,38 psia
t -20.3 °C -4.6 °F
t2 3%6.5 °C Q7.7 °F
t5 31.1 °C 88.0 °F
t}a -12.9 °C 8.8 °F
ty -26.6 °C ~15.9 °F
t5 -23.1 °C ~9.5 °F
hy 339.3  kJ/kg 75 4 Btu/1b
hy 37%.5 kJ/kg | 90.1 Btu/1b
b, 229.9 kJ/kg | 28.4°  Btu/ib
h3& 188.1  kJ/kg 10.4 Btu/1b i
by, 188.1 kJI/kg 10,4 Btu/1b i
hS 297.5 kJ/kg 57 4 Btu/1b
Fraction of liquid at 4 0.923
Fraction of 1iquidwét 5 0.255
Comprg;&oﬁ power 0.0626 kW 0.0626 kI
| coe N 3,194
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Table 3-8.Single-train, single evaporator, with heat exchanger
Concentration = 40 percent R~114
Refrigeration Load = 0.2 kW (682.4 Btu/hr)
Products of U-value and area

evaporator 0.05 kW/K

#

94.8 Btu/(hr)(°F)
94,8 Btu/(hr)(°F)
heat exchanger 0.003 kW/X = 5.69 Btu/(hr)(°F)

condenser 0.05 kW/K

#

“ﬁass rate of flow 0.00185 kg/s 14.68 1b/hr
Bigh-side pressure 582,.5 kPa 84,5 psia
Low~side pressure 80.0 kPa 11.6 bsia
tl -18.2 °C -0.8 °F
t2 38.0 °C 100.4 °F
t3 29.5 °C 85;1 °F
t}a -11.1 °C 12.0 °F
ty -27+5 °C -17.5 °F
t5 -21.0 °C -5.7 op
hy 326.7 kJ/kg 743 Btu/1b
h2 369.5 kJ/kg 88.4 Btu/1b

“ﬁg 228.6  xJ/xg | 27.8 Btu/1b
by, 189.7 xJ/Kg 11.1 Bygi}b
hy, 189.7 kd/ kg 11.1 Btu/1b
hy 297.8  xi/kg | 57.6 Btu/lb
Fraction of liquid at 4 0.906 a

MFraction of liguid at 5". 0.243
‘EomprSSor power 0.0606 kW 0.0606 kW
cor 3,301 ,
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Teble 3-9, Single~train, single evaporator, with heat exchanger
Concentration = 50 percent R-114
Refrigeration Load = 0.2 kW (682.4 Btu/hr)
Products of U-value and area
evaporator 0.05 kW/K = 94.8 Btu/(hr)(°F)
condenser 0.05 XW/K = 94,8 Btu/(hr)(°F)
heat exchanger 0.003 XW/K = 5.69 Btu/(hr)(°F)

Mass rate of flow 0.00187 kg/s 14.88 1b/hr
High-side pressure 531.6 kPsa 77.1 psia
Low-gide pressure 70.49 kPa 10.22 psia
tl -18.0 °C ~O4 °F
t2 38.4 °C 101.1 °F
ty 29.2 °C 84.5 °F
tsg -10.0 oQ 12.9 oR
ty -27.8 °C -18.1 °F
t5 -20.4 °C -4.8 °F
hy 335.0 kJ/kg 7%.6 Btu/1b
h2 367.3 kJ/kg 87.5 Btu/1b
| By 2284 xJ/kg 27.7  Btu/lb
by 190.1  xJ/ke 11.3 tu/1b B
hy, 190.1  kJ/kg | 11.3  Btu/ib
h5 296.8 kJ/kg 57.1 Btu/1b
Fraction of liguid at 4 0.900
Fracti;n of 1iqd§a at 5 0.242 o
”Egmpressgr'poweﬁ 0.066;’ kW  0.0604 ki
Leor L3310 i L
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Table 3-108ingle-train, single evaporator, with heat exchanger
Concentration = g0 percent R-114
Refrigeration Load = 0.2 kW (682.4 Btu/hr)

Products of U-~value and area

evaporator  0.05 kW/K 04,8 Btu/(hr)(°F)
94 .8 Btu/(hr)(°F)
heat exchanger 0.C03 kW/K = 5.69 Btu/(hr)(°F)

H]

condenser 0.05 xW/K

Mass rate of flow 0.00191 kg/s 15.16 1b/hr
High-side pressure 482,1 kPa 69.9 psia
Low-side pressure 61.4 kPa 8.90 psia
ty -18.3 °C -0.9 °F
s 38.4 °C 101.2 °F
ts 29.2 °C 84,5 °F
tsq -10.2 °C 13.65 °F
Uy -27.9  °C -18.3 °F
t5 -20.3 °C 4,5 °F
hy 333.1  kJ/kg 72.8  Btu/lb
h, 364.8  kJ/kg 86.4  Btu/1b
h, 228.4  kJ/kg 27.9  Btu/lb |
by 190.5  kJ/xg 11.4  Btu/lb
In, 190.5  xi/rg 11.4  Btu/ib
be 295.2 kdJ/kg 56.5  Btu/lb
Fraction of liquid at 4 0.895
‘Fraction of liquid at 5| 0,244
;pompreééor pd;gr 0.0606 kW 0.0606 kW
1C0P N 3.2992
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Table.?-11. Evaporator temperatures and COP's.

f Without heat exchanger j With heat exchanger
. Percent éTemp. ent. Temp. lvg. COP [Temp. ent. Temp. 1lvg. COP
| R-114 fevap., °C evap., °C evap., °C evap., °C
0 -25.9 -25.9 2.913%
1 ~25.9 ~-25.8 2,932
10 -26.5 -23.3 3.029 -26.2 -24.5 %2.078
20 -27.1 -21.7 3.097 -26.6 -23.1 3,194
20 -27.6 ~20.8 3.129 -27.1 -21.9 3,265
40 -27.8 -20.5 %.138 -27.5 -21.0 3.301
50 ~27.8 ~20.5 5.130 ~-27.8 -20.4 3.310
60 -27.6 -20.9 %.107 -27.9 =20.3 3,300
70 -27.1 -21.7 3.069

transfer capacity of the heat exchanger is relatively small--
a UA of 0.003 kW/K in comparison to the UA of the evaporator of
0.05 kW/K.

In the evaporator, condenser, and heat exchanger counterflow
has been assumed. The achievment of counterflow is important for
the refrigerant mixtures which are experiencing temperature changes
during condensation and evaporation. With pure refrigerants where
there is no superheating or subcooling, the counterflow config-
uration is immaterial.

The conclusion reached from this analysis is that when the
fluid being cooled in the evaporator and the condenser cooling
fluid change temperatures, it is possible to conserve energy by
utilizing refrigerant mixtures. A further improvement in COP

results from the installation of a liquid-suction heat exchanger.
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4. SINGLE-TRAIN, TWO EVAPORATOR SYSTEM.

4-1, The two-evaporator system. The data presented in this

chapter is the central analysis of the entire study, because it
applies to a two-evaporator system that would be appropriate for
a domestic refrigerator. Furthermore, the cycle, as shown in

Fig. 4-1, is the one proposed by Lorenz and Meutzner55 which
25 °C — AN N 32 °C (5
- =/

(31 Gondenser = |

@ ondens

: L g ‘i :
@ L
‘ Heat /
% g Exchanger 1 /

v T High-temperature

. o % <Qt:3‘ evaporator
® :,,,&@ Oékw

§ < . - 20 °C
T HE. 1 ' Freezer evaporator
g % B %@:»’0.2 KW
x: |
L l
p -25 °C

© g4C
Fig. 4~1. Single-train, two-evaporator system.

reported energy savings up to 20 percent. The following speci-

fications apply to tﬁe system:

1. Refrigeration load at low-temperature evaporator, 0.200 kW

2. Refrigeration load at high-temperature evaporator, 0.100 kW

3. Temperature of fluid being cooled by low-temperature evaporator,

-20 to 25 °C
4, Prodﬁct of“UA of evaporator, 0.05 kW/K
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5. Product of UA of condenser, 0.05 kW/K

6. Temperature of condenser cooling fluid, 25 to 32 °C
7. Product of UA of Heat Exchanger 1, 0.003 kW/K

8. Product of UA of Heat Exchanger 2, 0.003 kW/K

9. BSaturated vapor at Point 1

10. Point 2 is at the temperature of saturated vapor
1ll. Point 3 is saturated liquid.

4-2. Simulation of system. To simulate the system in

Fig, 4-1 with various R~1l1l4 concentrations 44 simultaneous equations
were needed. These equations included properties of the refriger-
ant mixtures, performance characteristics of heat exchangers,
material balances and energy balances. These equations appear in
Appendix B as they were used in the Equations Subroutine. The

form of the equations correspond to the system-simulation computer

program described in the paper:
Stoecker, W. F.: A Generalized Program for Steady-State Systenm
Simulation, Trans. ASHRAE, vol. 77, Part I, pp. 140-148, 1971.

The results of the simulation are summarized in Tables 4-1
through 4-5. Because of the ambiguity of the COP when there are
two temperature levels of evaporation, the compressor power is

the quantity that indicates the expected energy requirements. The
| refrigeration loads are the same for all cases.

4-%3, Tevels of evaporating temperature. The freezer evaporator

transfers 0.2 kW (682.4 Btu/hr) from fluid that is dropping in
temperature from -20 °C to =25 °C (-4 to =13 °F). The refrigeration
load at the high-temperature evaporator is 0.1 kW (341.2 Btu/hr),

but no UA of this evaporator nor temperature of fluid being chilled



Table 4-1., Single-Train, Two-Evaporator System

4=

Concentration = 1,0 percent R-114

Mass rate of flow 0.00286 kg/s 22.71 1b/hr
High-side Pressure 898.99 kPa 130.35 psia
Low~side Pressure 110.46 kPa 16,02 psia
ty ~26.6 °C -15.9 °F

Ty 373 °C 99.2 °F

ti 37.0 °C 98.6 °F

Yy ~27.0 °C -16.7 °F

t5 ~27.0 °C -16.5 °F

tg -26.9 °C -16.5 °F

tr) -26.9 °C -16.3 °F

tg -5.4 °C 22.2 oF

by -20.2 °C 43 °F

by 340 .4 kJ/kgl 729 Btu/1b
h, 379.1 kJ/kgl 92.5 Btu/1b
b, 235.6 kJ/kg| 308 Btu/1b
by, 181.6 kJ/kg| /%0 Btu/1b
hg 251.5 kI/kg| 276 Btu/1b
he 2649 kI/kg] D4 Btu/1b
h7 299,8 kJ/kg 58 .4 Btu/1b
hg 195.0 kJ/kg] - 13.3 Btu/1b
hy 181.6 kJ/kg| 7.6 Btu/1b
Fraction of Liquid at 4 0.9628

Fraction of Liguid at.5 0.5390

Fraction of Liquid at 6 0.4579
“Fraction of Liquid at 7 o.2461v

Compressor power 0.1108 kW 0.1108 kW
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Table 4-2. Single-~Train, Two-Evaporator System

Concentration 20 percent R-114
Mass rate of flow 0.00283 kg/s | 22.42 1b/hr
High-side Pressure 750,77 kPa 108.9 psia
Low-~side Pressure 95.6 kPa 13%.86 psia
ty -21.2 °c -6.1 °F
ts 39.2 °c 102.6 °F
t; 339 °C 93.0 °F
Ty -27.6 °C -17.6 °F
t5 -25.9 °C ~-14.6 °F
tg -25.4 °C -13.,7 °F
t7 ~-23.7 °c -10.6 °F
t8 -4.0 °C 24.8 °F
t9 -18.9 °C -2.1 °F
h, 538.9 kJ/kgl 75.2 Btu/1b
h, 374.9 kJ/kg{ 90.7 Btu/1b
by 232.8 kJ/kg| 29.6 Btu/1b
b, 182.6 kxJ/kg| 8.05 Btu/1b
hg 2534 kJ/kg| 38.5 Btu/1b
he 267.1 kJI/kg| 44.3 Btu/1b
by 302,.5 kJ/kg| 59.6 Btu/1b
hg 196.3 kJ/kg| 13.9 Btu/1b
h9 182.6 kd/kg| 8.05 Btu/1b
Fraction of Tiquid at 4 0.9522
Fraction of Liquid at % 0.520%
Fraction of Liquid at 6 04374
Fraction of Liquid at 7 0.,2222
Compressor power 0.1020 kW 0.,1020 kW
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Table 4-3. Single-Train, Two-Evaporator Systenm

Concentration = 40 percent R-11%
Mass rate of flow 0.00286 kg/s 22.67 1b/hr
High-side Pressure 629.,2 kPa 91.2 psia
Low-side Pressure 77.8 kPa 11.3% psia
ty ~18.9 °C -1.9 °F
ts 40,7 °c 105.2 °F
by 32,3 °C 90.1 °oF
t4 -28 .4 °C -19.1 °F
t5 -24.,7 °C -12.5 °F
t6 -2%.8 °C -10.8 °F
t7 -2l.2 o¢C -6.2 °F
tg -2.6 °C 27.3 oF
t9 -17.5 °Q 0.6 o
by 336 .4 kJ/kg] 74-16 Btu/1b
h2 370.7 kJ/kgl 88.9 Btu/1b
hy 231 .4 kJ/kg] 29-0 Btu/1b
h, 183.9 k3/kg| 8-61 Btu/1b
hg 253.9 kJ/kg| 287 Btu/1b
he 267.6 kJ/kg| *4+© Btu/1b
B, 302.6 kJ/kg] 27+ Btu/1b
hg 197.6 kI/kg] 1¥? Btu/1b
hy 1 183.9 kJ/kg| 8.61 Btu/1b
Fraction of Liquid at 4 0.9378
Fraction of Iiquid at 5 0.5100
'Fraction of Liéuid at 6 0.4266
Fraction of Liquid at 7 0.2111
Compressor power 0.09824 kW 0.09824  xw
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Table 4-4, Single-Train, Two-Evaporator System

Concentration = 50 percent R-114
Mass rate of flow 0.00290 kg/s 22.99 1b/hr
High~side Pressure 5oL 4 kPa 8%.3 psia
Low~side Pressure 68.5 kPa 9,93 psia
tl -18.7 °C -1.6 °F
ts 41.1 °C 105.9 °F
t3 %1.9 °C 89.5 °F
Yy -28.8 °C -19.8 °F
t5 -a24.2 °C -11.6 °F
t6 -23.2 °C -9.79 °F
by ~20.7 °C =53 °F
tg -2.1 °C 28.2 °F
tg ~16.8 °C 1.7 oF
hy 334.,7 kJ/kgl 73.4 Btu/1b
h, 368.5 kJ/kgl 87.9 Btu/1b
h5 231.1 kJ/kgl 28.9 Btu/1b
by, 184.5 kJ/kgf 8.8 Btu/1b
h5 25%,5 kJ/kgl 38.5 Btu/1b
be 267.1 kJ/kg] H4.4 Btu/1b
h,7 301.6 kJ/kgl 59.2 Btu/1b
hg 198.0 kJ/kgl 14.7 Btu/1b
hg 184.5 kJ/kg] 8.84 Btu/1b
Fraction of Liguid at 4 0.9310
Fraction of Tiquid at 5 0.5088
Fraction of Liquid at 6|  0.4252
Fraction of Liquid at 7 00,2101
Compressor power 0.09799 kW 0.09799 kW
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Table 4-5. Single-Train, Two-Evaporator System
Concentration = 60 percent R-114

Mass rate of flow 0.00296 kg/s 2%.46 1p/hr
High-side Pressure 521.6 kPa 75.6 psia
Low~side Pressure 59.% kPa 8.60 psia
ty ~19.1 °¢ -2.3 °F

ty 41.1 °C 106.1 °F

by 31.9 °C 89.4 °F

Ty -29.1 °C ~-20.3 °F

tg -2%.9 °C ~11.1 °F

tg -23.0 °C =9.3 °F

t7 -20.8 °C =54 oF

tg -1.8 °Q 28.9 op

t9 -16,3% oq 2.63 oF

by 332.7 kJ/kg| 72-6 Btu/1b
h2 366.0 kJ/kg 86.9 Btu/1b
By 231.2 kJ/kg| <9-0 Btu/1b
h, 184.,9 kJ/kg| 9,03 Btu/1b
h5 252,5 kJ/kg 38.1 Btu/1b
he 266.0 kJ/kg| 43.9 Btu/1b
ho, 299.9 kJ/kg| 58.5 Btu/1b
hg 198.4 kJ/kg| 14.8 Btu/1b
h9 185.9 kJ/kg| 9.02 Btu/1b
Fraction of Liquid st 4 0.9256

Fraction of ILigquid at 5 0.5101

_Fraction'of Liquid at & 0.4260

Fraction of Liquid at 7 0.2118

Compressor power 0.09864 kW 0.09864 kW
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could be specified. The attempt to specify the load at the
high~temperature evaporator in this way was unsuccessful, because
the system was then over-specified, and conflicted with the require-
ment of saturated vapor at Point 1. The behavior of an actual
system where the heat-transfer characteristics would have to be
satisfied would normally result in the condition at Point 1
being something other than saturated vapor--either liquid-vapor
mixture or superheated vapor.

The temperature of evaporating refrigerant in the high-
temperature evaporator is of the order of -20 °C (-4 °F) which is
sufficiently low for the high-temperature evaporator (and perhaps
even lower than desired).

4-4., Energy requirements, The primary focus of the study

was on energy conservation, so the compressor power at the various
refrigerant concentrations is of crucial interest. Table 4-6

summarizes the power requirements. Because of the instability of

Table 4~6. Compressor power requirements of two-evaporator system

Percent R-114 ] Compressor power, kW

0.0 é 0.1113 (est.)
1.0 5 0.1108

10 ) 0.1059

20 0.1020

30 0.0995

40 0.09828

50 A 0.09799

60 0.09864
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the computer program at zero percent R~114, the lowest R-114
concentration examined was 1 percent. The minimum power was
required for a 50 percent mixture of R-114 and R-12. The power

at this concentration was 12 percent less than that for pure R-12.
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5. SEPARATING CYCLE IN A TWO-EVAPORATOR REFRIGERATOR

5-1. Two-condenser system. Kazackil9 and the brief patent
description by Labochnik29 both outline a cycle applicable to
a two-evaporator refrigerator wherein a separation of the mixture
into a lighter and a heavier fraction occurs. The low-temperature
fraction performs the refrigeration in the freezer, and the high-
temperature fraction in the high-temperature evaporator. The

cycle is shown in Fig. 5-1. Suction vapor at Point 1 is compressed
O

s

i { -
High~-temperature

condenser
S ]

]
L~
5 &)
ANANN— «%—~¢-QghE;High—temp.
e  AAAA ] Evap. B
Low-temperature @;3 fbo W

condenser <§>

% ? Heat exchanger
4r o

¥ e

@ @ Low~temp.
X~ Evap. N [T

200 W

Fig. 5~1. Separating cycle with two evaporators.

@

to Point 2 where it enters the high-temperature condenser.
Following a partial condensation, liquid that is rich in high

boiling-temperature refrigerant leaves at Point 4 and vapor that
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is rich in the low boiling-temperature component leaves at
Point 3. 1In the low-temperature condenser the vapor condenses by
virtue of heat removal by evaporating liquid at Point 5. A heat
exchanger cools the low-boiling-temperature liquid from Point 8
to Point 9. This liquid then passes in sequence through the
expansion valve, the freezer evaporator, and the cold side of the
heat exchanger. Three streams of low-pressure vapor mix to form
the combinations at Point 1.

The temperature-concentration diagram for the cycle is

shown in Fig. 5~2. The t-x diagram further shows certain

Temperature

R-114 Conc, <=
Fig. 5-2. Temperature-concentration diagram for

separating cycle.
conditions that have arbitrarily been specified in the cycle,
namely saturated liquid at Point 8 and saturated vapor at Points
7 and 12. |

5-2. Energy analysis of the separating cycle. An analysis

wasg conducted on this system and the refrigeration loads of the

high~-temperature and freezer evaporators were the same as used in
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the single-train system of Chapter 4. It was not possible to
duplicate the temperature conditions that prevailed in the single-
train system, because the two cycles are unrelated. Instead, then,
an analysis of this cycle was performed by selecting the high-

side and low-side pressures and by stipulating the temperatures:

t

= t, = 30 °C (86 °F) and t.= 0 °C (32 °F). With those variables

3 9
specified, it is possible to calculate sequentially through the
system and determine all other properties and mass flow rates.

By repeated choices of different high-side pressures a satisfactory
separation between Points 3 and 4 could be achieved, and by
repeated choices of low-side pressures a value that provides
satisfactory freezer evaporator temperatures was found. The
results of the analysis of one such cycle with 500 and 100 kPa
pressures on the high and low side, respectively, are shown in

Teble 5-1.

5~3,., Energy characteristics of the separating cycle. The

power required by the cycle is 0.1259 kW which is actually
greater thasn the power required by a c¢ycle using pure R-12. The
R-12 cycle that was the basis of comparison performed the full
0.3000 kW of refrigeration at an evaporating temperature of

-27 °C (-~17 °F) and required 0.1096 kW compressor power. The
results are therefore discouraging, but it still may be profit-
able to investigate the cycle further.

In the first place the separation process assumed in the
high temperature condenser is the poorest possible. Kazacki
recommends a reqtifyinglcolumn, and Laﬁochnik shows a rectifying
column where the top section is cooled and the bottom section

heated by appropriate refrigerant streams.. Such a column
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Analysis of separating cycle.

High-side pressure

Low~side pressure

Fraction R-114
| Fraction R-114

Fraction R-114

Mass flow rate
+ Mass flow rate
E Mass flow rate

Mass flow rate
. ',

t5 =%,

t5 = tg

7

bg

%9

10

11

t12

at

Compressor power

500 kPa
100 kPa
0.4944
0.3254
0.5884

36.1
30.0
~14.5
~7.2
22.3
0.0
-22.2
-17.1
-15.5
0.1259

0.004742 kg/s
0.002139 kg/s
0.00091 kg/s
0.00169 kg/s

°C
°C
°C
°C
°C
°C
°C
°C
°C
kW

72.5 psia
14.5 psia
37.6 1b/hr
17.0 1b/hr

7.2 1b/hr
13.4 1b/hr
97.0 °F
86.0 °F
5.9 °F
19.0 °F
72.1 °F
%2.0 °F
-8.0 °F
1.2 °F
4.1 °F
0.1259 kW
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resembles a distillation column in the process industries and

would be capable of shifting Point 4 further to the left on

Fig. 5-2 and the liquid further to the right. One result of this
wider separation of concentrations would be that the high-temperature
evaporator would operate at a higher temperature. Since this
evaporator is now operating between -l4 °C and -7 °C (7 °F and

19 °F), this higher temperature would be permissible. What is
important for the energy requirement is that the freezer evaporator
would shift to a lower temperature, or instead the suction pressure
could be elevated to maintain the same temperatures and thus reduce
the power required by the compressor.

The temperature of the liquid at Point 9 was arbitrarily
fixed at O °C (32 °F). A lower temperature at this point should
be possible which would improve the performance further.

There is no assurance that the circuiting in the cycle shown
in Fig. 5-1 is the most favorable. It may be more effective, for
example, to perform the condensation in the low-temperature con-
denser using evaporating and even superheating refrigerant that
flows from the freezer evaporator.

The most compelling reason for suggesting continued consid~
eration of the separating c¢ycle is a thermodynamic one. The cycle
is capable of performing part of the refrigeration at the low temp-
erature needed for the freezer and the other portion at a higher
temperature for the fresh food compartment. Such a cycle would
seem to have advantages even over the single-train system of
Chapter 4 where a 1owerltemperature thén necessary prevails in the

high~temperature evaporator.
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6. CCNCLUSIONS AND RECOMMENDATIONS

6-1. Go or no-go decision. The essential task of the

contract on which this report is based is to arrive at a recom-
mendation on whether to proceed further in the study of using
refrigerant mixtures in domestic refrigerators or to abandon the
effort. The basis of this recommendation was to be a critical
review of the U.S. and foreign literature and independent cycle
analyses. The results of this preliminary study are favorable
enough to suggest proceeding. In a cycle analysis of a two-
evaporator system using a 50 percent mixture of R-12/R-114, the
analysis indicated that the compressor power could be reduced by
12 percent and still perform the specified rate of refrigeration.
The figures are based on & non-optimized cycle, so the saving
could theoretically be higher.

6-2. Caution urged. While energy savings seem to be possible

it is urged that only cautious claims be made so that any program
that might follow would not be saddled with unrealistic
expectations.

In the first place, it will not be possible simply to replace
the R-12 currently used in most refrigerators with a mixture of
refrigerants. For éxample, the required compressor displacement
rate must be altered. Also, two additional heat exchangers would
have to be inserted in the cycle.

It is possible that the heat-transfer coefficients will be
less when a mixture of refrigerants is used. Haselden14 reported

this to Be thé‘case, although this particular test of Haselden

seems to be somewhat coarse.
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0il problems will have to be investigated. 0il is quite
soluble in R-12 at the low temperatures experienced in domestic
refrigerators, however little information is reported about the
characteristics of o0il and mixtures of refrigerants.

To take advantage of the changing temperature of the refrig-
erant in the evaporator and condenser, strict counterflow heat
transfer between the refrigerant and external fluid should be
sought. There will be physical problems in configuring the
heat exchangers in domestic refrigerators tc achieve strict
counterflow.

Another requirement for achieving good heat transfer is
that the liquid and vapor remain in equilibrium during the evapo-
ration and condensation processes. In two-phase flow there is
always a tendency for the vapor and liquid to move at differing
velocities~-usually the vapor moves faster than the liquid.

This "slip" should be avoided and possible methods of maintaining
equilibrium are noted by Haselden (1958).

6~3. Possible future steps. While the precautions mentioned

above should be observed, they should not deter continued work,
since almost any improvement in energy characteristics now comes
~only through struggle.. The manufacturers of domestic refrig-
erators have a multitude of considerations that must be reviewed
before they are able to introduce a new conéept, even one that
has some energy advantages. Among other considerations are the
economic, manufacturing, and reliability ones. Probably the
most useful next. step is to continue expanding the knowledge base

for refrigerant mixtures in order %o pernit the manufacturers to
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move more rapidly to their own unique and sometimes proprietary
studies and decisions. The expansion of the knowledge base should
include:

1. At least one experimental study with the facility designed
to verify the analytical results presented in this and other reports.
The system should conform to Fig. 4-1 and should be configured to
achieve accurate measurements and not necessary be constricted by
the space requirements of a refrigerator. The facility should have
the capability of measuring thermal flow rates and heat-transfer
coefficients in the heat exchangers. Varying mixtures of several
combinations of refrigerants of refrigerants should be studied, and
procedures should be developed to charge the system with precise
mixtures.

2. Optimization studies of the cycle should be conducted, and
these could start even before data are available from the experi-
mental study, although no firm conclusions should be drawn until
the information from the experimental study is factored into the
optimization,

3., Various combinations of refrigerants should be investigated.
The mixture used in this report combines a low-vapor-density
refrigerant, R-114, with R-12. Another immediate possibility to
consider is R~1l which is a low-vapor-density refrigerant, or R-13
which has higher vapor densities than R-12. The property equations
of the mixtures should also be refined.

4. Refrigerators do not operate on a steady-state cycle, but
are virturally always in a pump-down mode during which operation the
evaporating temperatures are progressively dropping. The dynamic
performance of the system using refrigerant mixtures should be
explored both analytically and experimentally.

5. The separating cycle (described in Chapter 5) did not show
favorable results in this initial study, but further analytical
work would seem to be warranted before a decision to drop the
idea or to proceed with experimental studies would be undertaken.
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11.

12.

13.

14,
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APPENDIX A. SYNOPSIS OF LITERATURE

Agarwal (1975). Gives some property data for R-12/R-13.
Recommends Redlich~Kwong equation to express the non-ideality
of the wvapor phase.
Arora (1967). Analytical and experimental study of R-22/R-114
system. Experiments indicate maximum improvement of COP
of 20 percent using 10 percent composition of R-114.
Arora (1971). Experiments with R-12/R-13% show improvement of
COP with peak at 30 percent R-13% in R-12.
Arora (1971). Paper directed toward mixtures of refrigerants
applicable to absorption machines.
Bijlani (1971). Concentrates only on azeotropic mixtures.
Bondarev (1971). Applications of mixtures to heat pumps. Found
an improvement in both capacity and COP with R-143/R-142 mix-
ture in comparison to pure R-~12.
Bougard (1975). Uses activity coefficients to compute inter-
molecular interactions in determining p-x-T and h-x-T relations.
Carr (1949). Theoretical study using three-substance mixture
of ethane, propane, and butane. With the mixture the required
power would be 71 percent of that needed if ammonla were used.
Certok (1974). Exploration of adding R-12 to R-143 to improve
the oil solubility characteristics of R-143%.
Dmitriev (1974). Reports tests on R-143/R-12 mixture. Directed
toward using R-143 as predomant component. Advantage of R-143
is that it can absorb more water than R-12.
Eiseman (1965). Emphasis of paper is on azeotropes, but does
make some useful comments about non-azeotropes (which combinations
behave as perfect mixtures).
Fuderer (196%). Almost exclusively devoted to azeotropes.
Etherington. Uses mixtures to vary the refrigerating capacity
of a refrigeration system.
Haselden (1958). Analytical and experimental study of mixtures
using butane and propane. Showed 15 percent reduction in power
for a given refrigeration rate. Heat transfer coefficients

- with mixture seem lower.
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15. Heller (1971). Enthalpy-concentration diagrams for saturated
liquid and saturated vapor. Found R-13B1/R-12 behaved as
perfect mixture.

16, FKaiser (1976). Ten percent less power consumed when using
a mixture of methane, ethylene, and propane to cool an
ethylene stream from -30 to -90 °C.

17. Kandlikar (1975). Complete thermodynamic data for R-12/R-22.

18. Kazacki (1976). Shows T-x-p diagram for R-12/R-13. Cites a
report written by author that gives properties of a variety
of combinations of mixtures.

19. Kazacki (1977). Discusses a cycle having two evaporators
operating at different temperature levels served by refrigerants
separated into high- and low-boiling point fractions.

20. Klimenko (1976). Application of Starling-Han correction to
refrigerant mixtures gives an appreciable improvement in
accuracy.

21. Klimek (1959). Review of paper written with Haselden (14).

22. Knudsen (1971). Application directed toward achieving low
temperatures with a moderate compression ratio.

2%. EKriebel (1967). Concentrates on R-12/R-22. Seems to give a good
review of eguations. Provides references to activity coefficient
data which might be useful.

24. EKraus (1975). PStates that ideal mixture relationships apply to
R-143/R-142, R-12/R-11, R-12/R-114, and R-22/R-21.

25. Kruse (1977). Directed toward the possible use of mixtures in
heat pumps.

~26. Kruse (1977). Continuation of heat pump work from (25) and
concentrates on R-12/R-11 mixture. Describes laboratory
equipment to verify p-v-t relations of this mixture. ;

27. EKuznetsov (1975). Cites work indicating that energy character-
istics of domestic refrigerators are improved by a R-12/R-143
mixture over that experienced with pure R-12.

28. Kuznetsov (1973). Presents graph computed through the use of
activity coefficients for the enthalpies of R-22/R-13Bl.



29.

50,

51.

52.

3%

54.

35.

560

37.

38,

39.

63

Labochnik (1975). Two evaporator domestic refrigerator using
a separating cycle with the low-boiling point fraction serving
the freezing evaporator.

Loffler (1960). Directs paper toward the precise concentration
at which R-12 and R-22 form an azeotropic mixture.

Lorenz (1973). Reviewed 30 mixtures to develop an expression
relating the maximum temperature difference between saturated
liquid and saturated vapor as a function of the difference

in boiling points.

Lorenz (1975). Experimental tests of single-evaporator refriger-
ator using R-12/R-11 showing improved COP with an 85 percent
fraction of R-12.

Lorenz (1975). Two-evaporator domestic refrigerator using a
mixture of R-22/R-11 and showing that the power savings were
as high as 20 percent with a 50-50 mixture in comparison %o
pure R-12.

Makorov (1977). Presents p-x-T and h-x-T diagrams of a 30-
percent mixture of R-13/R-12. ‘
MeHarness (1961). Experimental tests of R-22/R-12, R-13B/R-12,
and R-13B/R-22 mixtures and found improvements in COP with the
mixtures in comparison to pure refrigerants. .
Neilson (1959). Describes a calorimeter for measuring heats
of vaporization. Ran tests on R-12/R-22 and found that
proportioning the latent heats according to the mass fraction
prevailing in the mixture is a good first approximation.

Saluja (1978). Cycle calculations using R=-22/R-114 show

15 percent improvement in COP.

Schwind (1962). Use of refrigerant mixtures to provide
capacity adjustment in a refrigeration system that has a
constant compressor displacement.

Smirnov (1975). Shows a 4 percent difference in condensing
coefficient with two different concentrations of R-12 in

an R-12/R-22 mixture.



40,

41.

4'21

450

45,

46.

47.

48.

49,

Bl

Spauschus (1962). Pulls together some of the previously
published data on the vapor pressures of R-12/R-22.

Swenson (1972). Uses nitrogen with a spectrum of hydrocarbons
as the refrigerant in an LNG system. Firm has four in operation.
Tschaikovsky (1963). Experimental tests using 30 percent R-13
in R-12/R-1%. 0il characteristics satisfactory down as low

as - 60 °C.

Tschaikovsky (1963). Uses R-12/R-22 mixture. In process of
tests some condensing heat~transfer data were accumulated.
Tschaikovsky (1967). A two-compressor system applied to a
separating condenser cycle to achieve extremely low temperatures.
Tschaikovsky (1972). Shows drop in condensing coefficient

in mixture of R-12/R-22 at about 20 percent R-12. The drop

is most noticeable when experiencing high heat fluxes.
Tschaikovsky (1972). Uses R-12/R-23% in the compression cycle
using two compressors. Shows an improvement in COP with the
R-12/R-23% mixture over pure R-22 with an evaporating temperature
of - 70 °C.

Tschaikovsky (197%). The mixture of R-12/R-22 has a lower

heat transfer coefficient than either constituent, although

the degradation is least at high At's.

Tschaikovsky (1976). Shows how to use data of (47) to compute
condenser area.

York-Shipley (1957). Similar to Schwind (38) in that through
the use of refrigerant mixtures it is possible to vary the
refrigerating capacity of a system using a constant displacement
compressor.
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EQUATIONS SUBROUTINE FOR COMPUTER PROGRAM

USED IN CHAPTER 5.

APPENDIX B.

Equations are of the form

£(V(3), V(k))

R(1i)
where the equation is satisfied when R(i) is driven to zero.

The V( )'s refer to variables as listed below.
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