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PREFACE

This work inQestigates the performance of vapor compression
cycles with non-azeotropic refrigérént mixtures (NARM'S) as the
working fluids. Two pure refrigerant and foﬁr non-azeotropic
refrigerant mixture vapor compreééion cycle\models have been
developed. These models were used to evaluate and compare the cycle
performance for the temperature range of air conditioner and chiller
applications to/ideﬁtify combinations of mixtures and cycles which
promise to perform best in these épplications.
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CHAPTER I
INTRODUCTION
1.1 Overview

The concept of a vapor compression refrigeration cycle, sometimes
referred to as a reversed Rankine cycle, was iniEiated and demonstrated
in 1834 with éthyl ether (3). The cycle is based on the circulation of
a phase-changing working fluid to transport heat from a low temperature
heat source to a higher temperatﬁre heat sink. The flow diagram of an
ideal cycle for a vapor compreséion cycle is shown in Figure 1. As heat
is absorbed isothermally by the evaporator, the working fluid is
evaporated at constant pressure and leaves the evaporator as saturated
vapor. The saturated vapor enfers the compressor and undergoes a
reversible adiabatic cémpressién to a témperature (and pressure) level
from which heat is rejected in a constant pressure process. The working
fluid leaves the condenserlas saturated liquid at high pressure and is
then flashed to evaporator pressure across an expansion device to
complete the cycle.

This process provides significant advantages over other known
cooling technologies such as those based on the circulation of working
fluids without phase change. Chlorofluorocarbon (CFC) and
hydrochlorofluorocarbon (HCFC) working fluids were invented in the
early 1930s by General Motors (42), which was seeking an efficient and

safe home refrigerant to replace toxic materials like ammonia and
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sulfur dioxide. The CFC's were among the most useful chemical compounds
ever developed. Ihis invention’provided nev motivation to this already
established technology and gave rise to an ever-expanding spectrum of
useful applications. With CFC as the working fluid, vapor compression
cycles are used to refrigerate food and medical supplies, and air
condition homeé, cars, hospitals, and public buildings etc. In the
United States, about 30 perceﬁf of the utility powervdemand is used to

drive refrigeration and air-conditioning equiﬁment (50).

T Qout
Condenser
N 1
Expansion ' Compressor
Device
1
N
EQaporator
ray,

Figure 1. Conventional Vapor Compression Cycle

At the present time, the development. of air conditioning and
refrigeration services is threatened by external constraints related to
environmental protection. During the past decade, researchers have

discovered that cholorofluorocarbons migrate to the stratosphere and



chlorine released from CFCs destroys ozone molecules. The stratospheric
ozone layer acts as a shield against harmful ultraviolet solar
radiation. The direct consequence of the depletion of the ozone layer
is that more UV radiation is ingidenf upon the earth’s surface, causing
a host of problems. Recogniziné\thét the ozone layer depletion is a
global problem, the United Stagés and 23 other countries signed the
Montreal Protocol to regulate the production and trade of the ozone
depleting substances. Fully halogenated CFCs, R—ll, R-12, R-113, R-114,
and R-115 are covered by the Montreal Protocol as Group 1 (3), (42),
and (50). '

The elimingtion of fully héiégenéted.chlorofluorocarbons, which
are the basic vapor compression’cfclé refrigerants used in home
appliances, commercial refrigetation, mobile air conditioning, and
central air—conditioning systems for large buildings is an additional
reason to acceléréte reseé;ch for vapor compression\cycles and safer
refrigerants.

The air-conditioning and refrigeration industry faces the
simul taneous challenges of energ& conservation, preservation of the
environment, and economic constraints.

Non-azeotropic refrigerant mixtures (NARM's) are a miscible
combination of two or more substéncés; they, have been of intérest for
many years because they offer properties different from those of the
limited number of pure refrigerants. NARM’S, at saturation, exhibit
different mixture compositions . in tbe liquid and vapor phases. The
composition of the vabor and the liquid phases varies continuously as
the quality changes. This behavior gives NARM’s several characteristics

which make their use as working fluids in vapor compression cycles



very attractive. The interest in non-azeotropic mixtures of
refrigerants for vapor compression systems was stimulated in the 1970s
by concern for the availability‘of fossil energy. Analysis and modeling
of refrigeration cycles predicted that significant energy savings are
potentially available. This is éspecially important at the present time
wvhen energy and environmental concerns reduce or eliminate from
consideration most of the widely used fully-halogenated refrigerants.
Although some substitute pure refrigerants have beenyidentified, their

availability and commercial acceptance remain to be established.
1.2 Literature Survey

Lorenz and Meutzer (1975) proposed a two-evaporator refrigeration
cycle including two additional interﬁal heat exchangers. They were the
first to use intercooling to furtﬁer enhance energy efficiency. From
the experimental results, they reported energy savings of‘20% using
0.50 R-11/0.50 R-12 mixture compared with pure R-12.

Stoecker (1978) developed a simulation model for a two-evaporator-
with-two-intercooler domestic refrigerator and found an improvement of
12% in the COP with 0.50 R-12/0.50 R-114 mixture compared with pure
R-12. However, these imprerments wvere not confirmed by experimental
measurements.

Dhar and Gadhi (1980) performed a theoretical analysis of a window
air conditioner using non—azeotropic refrigerant mixture R-12/R-13. The
performance was evaluated for a simple vapor compression cycle. They
reported that the use of 0.20 R-13/0.80 R-12 mixture in the existing

air-conditioner gives a marginally (3.5%) lower capacity than that with



pure R-22. However, the compressor power was reduced by more than 18%
compare with pure R-22 refrigerant system.

Stoecker and Walukas‘(1981) simulated single and two evaporator
refrigerators with R-12/R-114 mixtures. The objective of the simulation
studies was to ;ompare the performance of the refrigeration system |
using a single refrigerant with one ﬁsing a mixture, both
experimentally and analytically. The prime reason for choosing
R-12/R-114 were thét both R-12 and R-114 are non-polar compounds and
form an ideal m{xturé. Therefore, Raoult and Dalton’s laws can be
applied for vapor-liquid equilibrium calculations and the coefficient
of performance.of R-12 and R—il4\is about the same when operating under
identical conditioné.

The simulation was ideal in natﬁre such that §atura§ed liquid left
the condenser while saturated vapor entered the compressor. The
temperatures of the source fluids entering and leaving the evaporator
and condenser were specified. With the requirement of constant cooling
load in the evaporakor, mass flpw rate of the source fluid in
evaporator was fixed while}thaf of the sink side in the condenser
varied to account for the different amount of condenser heat
discharged. All heat exchangers were specified by the product of an
overall heat traﬁsfer coeffiéienf and area (UA). The unknown state
variables resulting from the steady state“simulation were solved hy
employing the Newton—Raphsoﬁ iterétion method. The simulation indicated
that at 0.5 mass fraction of R-114, the pover requirement is 11.47 less
than the mixture at 0.01 mass fraction of R-114. Because the computer
program was designed for mixtures only, it could not simulate the case

for pure components. In the simulation of two-evaporator refrigerators,



two thirds of the refrigeration load was assuméd to be at the low
temperature evaporator while the remainder was at high temperature
evaporator. The results showed a power saving of 12% at 0.5 mass
fraction of R-114. The major drawback of the simulation was the
inability. to investigate vari;ﬁs pure and mixed refrigerants. This
study, however, was the first of its kind and demonstrated a general
procedure for thé/simulation of steady state thermal systems.

Kruse (1981) has done experimenfal wérk to simulate a NARM vapor
compression heat pump. He reported a maximum 25% imérovement in
coefficient of performance for heating of the 0.50 R-22/0.50 R-114
mixtures in comparison to pure R-22. However, 0.60 R-12/0.40 R-114
mixture exhibited only 15% improvement in coefficient of performance
for heating compafed wvith pure R-12.

Stocker (1984) has developed a simulafion model to determine
energy saving thrdugh the use of refrigerant mixtures for heat pump and
refrigerator application. A simulation model was developed for a two-
evaporator, two-intercooler refrigerator. The simulation predicted an
8% saving in compressor power for 0.32 R-12/0.68 R-114 mixture in
comparison to pure R-12 as the working fluid. However, the experimental
results‘showed only 2% saving in compressor pover for the R-12/R-114
mixture in the range between 0.85 to 0.90 R-12. They showed the lower
condensing heat transfer contributed to the discrepancy between
simulation and experiment.

Kruse et al. (1985) improved the previous simulation model by
applying the RKS equation of stége for vapour-liquid-equilibrium in the
prediction of thermodynamic properties of mixtures. The simulation

model was used to predict the performance of a heat pump operating with



R-22/R-114 mixtures. The simulation model predicted the heat pump
operated with 0.70 R-22/0.3 R-114 mixture had an increase of COP of
about 3% when compared to pure R—ZZ. An experimental set up for
simulation of tap;water heat pumps was bﬁilt to compare the prediction
and experiment data. With 0.70 R-22/0.30 R-114, the experiment showed
an increase in COP of 7% But a decrease in heat ‘output of about 15%
when compared to pure R-22. The simulation model with the RKS equation
of state was also used to calculate the performance for a two-
evaporator refrigerator with R-22/R-114, and R-13B1/R-114 mix&ures as
working fluids. The model predictéd for 0.40 R-22/0.60 R-114 mixture an
improvement of\lSZ in coefficient of performaﬂce vhen compared with
pure R-12. With 0.70 R-13B1/0.30 R-114 mixture an improvement 20% in
COP when compared with pure R-12 was predicted. The corresponding
temperature difference in the evaporator was 18°K and 27.5°K for
R-22/R-114 and R-13B1/R-114 mixtures respectively. But the high
temperature evaporator area was increased by 35% and 58% for R-22/R-114
and R-13B1/R-114 mixtures respectively.

Djourshari and Radermacher (1986) evaluated the performance of two
vapor compression heat pump cycles, one with a single stage solution
circuit and one with two stage solution circuit using a mixture of R-22
with another candidate refrigerant in order to propdée a éafe and
nontoxic mixture. It is indicated that both cycles show a signifirant
increase in COP (up to 58% for the two stage cycle) compared to pure
R-22. The two stage cycle shows a pressure ratio which is only 45% of
the one for pure R-22, resulting in increased mass flow rate but

reduced capacity.



Didion and Mulroy (1986) reported the results of laboratory
measurements of the change in performance of a substantially unmodified
residential heat pump designed for R-22 when charged with a NARM of
R-113B1/R-152A. The meaéuremen;$of;perfo£mance for various sizes of
fixed expansion devices showéd that the effect of gliding temperature
in the saturation zone is small and the effect of composition shift by
flash distillation in the accumﬁlator improves low temperature heating
performance.

Cloud et al. (1986) showed that a NARM, c;upled with appropriate
modification to the basic vapor compressioﬁ réfrigeration cycle, can
save up to 20% of the electric power required for the best sihgle
refrigerant system. The mixture is also shown to require less heat sink
flow - approximately 14 percent for the example given of a long-range
patrol aircraft.

Quast and Kruse (1986) have done experimental work with a
reciprocating compressor to analyze the compressor behavior with
various blends of R—22/R—114.’Measurements wvere made with an open type
reciprocating compressor run by;a variable speed DC electric motor. The
refrigerant mass flow rate, calculated by an energy balance at the heat
exchangers, the shaft power and the P-V diagram were measured to
compare the influence of different mixture concent;ations on the
isentropic efficiencies. The result of the experiment indicates that
the efficiency decreases slightly with decreasing R-22 concentrations.
At R-22 concentrations of less than AOZ‘this effect is greater than at
higher R-22 concentrations.

McLinden and Radermacher (1987) developed a program and presented

methods for comparing the performance of pure and mixed refrigerants in



the vapor compression cycle. Even though it was designed for heat pump
applications, it still can be used for célculating and comparing
refrigeration COP and capacity. All thermodynamic properties needed for
the simulation were cémputed by Carnahan-Starling-DeSantis (CSD)
equation of state developed by,Mb}rison and McLlinden. The program
called CYCLE7 is capable of siﬁulating the\ideal vapor compression
cycle for pure and mixed refrigeraﬁts.

Radermacher and Lavell (1988) used CYCLE7 to compare the
performance of an R-22/R-142B mixture against that of R-12. The results
showed increases in both COP and pressure ratio of up to 12 and 16%
respectively and decrease in capécity of 8% for an optimized mixture.

Mulroy et. al (1988) measured a 32% efficiency improvement on an
experimental, water-to-water, breadboard heat pump apparatus when the
non-azeotropic mixture of Ri22/R~114 replaced R-22.

Parent and Larue (1989) developed a simulation model for a water-
to-air heat pump operating with a non-azeotropic refrigerant mixture.
The mixture properties were based ‘on CSD equation of state and
performance was evaluated for é conventional cycle. This model has been
validated with experimentél results for three non-azeotropic mixtures
R—13B1/R—152a, R-22/R-114, and R-23/R-22. These experiménts were used
to check the accuracy of a general model using non-azéofropic mixtures.
Mixtures were chosen to validate the simulation, rather than to
optimize performance. The resulfs indicated the model showed an
accuracy of around 5% to 6% on,thérmodynamic behavior for all
refrigerants tested.

Troxel and Braven (1989) developed a computer model to estimate

the performance of a liquid-liquid heat pump system using nonazeotropic



refrigerant mixtures as the working fluid. The NARM properties were
based on the Carnahan-Starling-DeSantis (CSD) equation of state. To
examine the poteﬁtial of these mixtures and associated equipment
constraints, only the basic vapor compression cycle was considered.
R-11/R-22, R-114/R-22 and R-152a/R-22 mixtures were used in this study.
They reported for the R-114/R-22 mixtures, the éomposition in the range
of 0.30 to 0.60 mole fraction R-114, the coefficignt‘of performance for
the mixture working fluid was 18% increased over a system using a
working fluid of pure R-22. ‘ J

Vineyard (1989) used\O.60vR—22/0.4O R-142 mixture (mass fraction)
for a domestic gefrigerator designed: for pure R-12 without any
modifications. He reported that refrigerator with R-22/R-142b mixtﬁre
required 8.6% more energy than for pure R-12 system.

Grzyll and Silvestri (1990) discussed metering problems, caused by
the thermostatic expansion valves (TXV). These valves aré spring
preloaded to provide a constant amount of superheat at the evaporator
outlet. Until now, TXV bulbs are usually charged with some standard
refrigerant such as R-11,R-12,R-22 etc. If the NARM heat pump uses a
standard TXV, system performance is extremely unpredictable. It is
possible tﬁat the system will not operate at all. A computer model has
been used to simulate the "true" effects of adding fefrigerant,mixtures
to heat pump systems containing commoﬁ TXV’s. Using R-22 as the base
line system, the performance of systems using mixtures of R-115/R-22,
R-13B1/R-22,R-12/R-22, and R-200/R-22 was estimated. The result
indicated th;t only R-13B1/R-22 could operate over the entire
concentration range, with a decrease in system capacity. R-115 and R-12

mixture can operate only over specific concentration ranges and with a
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decrease in system capacity. Mixtures of R-22 with either R-12 or R-11
can not operate in any concentration.

Stanger et al. (1990) using a computer model to investigate the
effects of constant heat‘exéhénger area on ‘the coefficient of
performance for‘liqﬁid—liquid heat pumps'énalyéed systems which use
nonazeotropic mixtures. Two computer models Qere developed to estimate
the heat exchangér area based on two methods. In the first method, log
mean temperature differences (LMTDs) through the heét exchangers were
specified, and were held constant for all refrigerant compositions. In
the second method the heat exchanger UA product was kept constant, thus
approximating constant heat exchanger area over a range of refrigerant
compositions. Two NARM’s, R-22/R-11, and R-22/R-114 vere used as the
working fluids, and the results indicated only one percent difference
in COP prediction between the two methods.

Ro et al. (1990) used the Peng-Robinson equation of state to
estimate ‘the thermodynamic properties of the refrigerant mixtures.
Their heat pump model was based on conventional vapor compression
cycle, and two types of simulations (modulation of heating capacity
with a constant volumetric flow rate and performance enhancement with a
constant heating capacity) were carried out to éhapacte;ize the
performance of fhe heat pump using R-22/R-152a, R—22/§—142b, R-22/R-114
and R—13b1/R—152abas Qorking fluids. They reported that it was possible
to modulate heating capacity in a heat pump with a displacement type
compressor and to increase coefficient of perfdrmance in case of a
constant heating capacity.

Smith et al. (1990) used NIST’s thermodynamic property subroutine

to develop a simulation model for a two-evaporator refrigerator with
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two intercoolers. The simulation were used to locate the limitation of
NARM system. Three NARM’s, R-22/R-142b, R-22/R-123, R-32/R-142b vere
studied. The results indicated that:'an ideal NARM system (constant air
temperature) had a 1ihiting cogfficient of performance that was less
than that of the best perfonhing pure refrfgefant component. With a
non-ideal NARM system (gliding air temperature), the NARM-based had a
higher limiting coefficient of perfdrmance than a system running on
either pure constituent of the NARM. The effects of the intercoolers to
the COP of NARM system were significant.

Jung (1990) created a simulatgon model to predict the performance
for a conventional domestic refrigerator, with the refrigerant
thermodynamic properties based on CSD equation of state. The objectives
of the study were identify the best substitutes for R-12. The results
indicated that only R-22/R-142b and R-32/R-142b mixtures yielded an
increase in COP (up to 3%)’with the same capacity as that of R-12.

Mokadam et al. (1991) created a simulation model for a NARM
advanced vapor compression‘cycie. The cycle operated with a flooded
evaporator and a two-phase ouflet\condenser. The NIST’s thermodynamic
properties program was used for simulation./Mixtures R-113/R-22 and
NH3/H20 were siﬁuléted and thef repéfted that the system operated with
these NARM's could get a high coefficient of performance with a low
compressor pressure ratio. However the comparison of performance with
pure refiigerant system was not reported.

The summary of the liferature survey is giVen in Table I.

The above review indicates that most of the studies of NARM vapor
compression cycles concentrated on the refrigerator and heat pump

applications and the performance of system usually evaluated on the



LITERATURE SURVEY SUMMARY

TABLE I

Author Year | Ref. Applications | Working fluids System E.0.S|Experi. [Model

Lorenz 1975 25 Refrigerator R11/R12 Two-evaporator X

Stoecker 1978 54 Refrigerator R12/R114 Two-evaporator ’ X

Dhar 1980 9 J|Air conditioner| R13/R12. Conventional . X

Stoecker 1981 55 Refrigerator R12/R14 Conven. & two-evap.|Ideal X

Kruse 1981 | 20 Heat pump R22/R114 Conventional X

Stoecker 1984 56 Refrigerator R12/R14 Two-evaporator Ideal X

Kruse 1985 21 Heat pump R22/R114 Conventional RKS X X

Djourshari | 1986 11 Heat pump R22/DEGDME 1,2 Stage Solution X

Didion 1986 10 Heat pump R113B1/R152a Conventional - X

Cloud 1986 6 Cooling 2-stage compressor X

Quast 1986 44 Refrigerator R22/R114 ‘Conventional | RKS

McLinden 1987 28 Conventional

Radermacher|{ 1988 -46 R22/R142b X

Mulroy 1988 41 Heat pump R22/R114 X

Parent 1989 43 Heat pump R13B1/R152a,R22/R114

‘ ‘ 'R23/R22 CSD X X

Troxel 1989 57 Heat pump R11/R22,R114/R22 Conventional CsD X
R152a/R22 .

Grzyll 1990 18 Heat pump R115/R22,R13B1/R22 Conventional CSD X
R12/R22,R290/R22 ’

Stanger 1990 53 Heat pump R22/R11,R22/R114 Conventional CsD X

Ro 1990 47 Heat pump R22/R152a,R22/R142b Conventional PR
R22/R114,R13B1/R152a

Smith 1990 48 Refrigeration | R22/R142b,R22/R123, Two-evaporator CSD X
R32/R142b

Jung 1990 19 Refrigeration | R22/R142b,R32/R142b Conventional CsD X

Mokadam 1990 35 |Cooling/heating| R113/R22,NH3/H20 2-phase eva outlet | CSD X

£l



conventional vapor cycle suitable for pure refrigerants. There was very
little work done on the performgnce of advanced cycles for air
conditioner or chiller application. Further, most of the previously
investigated NARM' s contained at least one fefrigerant vhich belongs to
group 1 of the Montreél Protocol. The literature survey indicatés a
lack of research in the area of NARM vapor compression cycles and safe
working fluids to .take advantage of non-azeotropic refrigerant mixture

’

properties in the chiller and air conditioner applications.
1.3 Objectives

In the United States, the National Appliance Energy Conservation
Act (NAECA) was enacted in 1987, which established energy efficiency
standards for several consumer appliances including refrigerator-
freezers. The NAECA requires the Departmenf of Enefgy to determine
acceptable standards for refrigerator-freezers, starting January
1,1990. At the same time, the Environmental Protection Agency (EPA)
issued a proposed rule to freeze production of R-11, R-12, R-113, and
R-115 at 1986 levels due ts their relative ozone depletion potential.
This freeze will be followed in mid-1993 by a 20 percent reduction from
1986 levels, and in mid-1998 by a 50 percent reduefion from 1986 levels
(8). “

The air-conditioning and refrigeration industry is faced with the
problem of trying to reduce power consumpgionkin the same time period
in which it must begin using replacement refrigerants that may increase
energy consumption. Adding to this dilemma, most changes in
refrigeration system design require long lead times to implement in

production.
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Demand KW of conventional HVAC equipment for an average commercial

building are distributed as follows :

Refrigeration equipment

e

Compressor . 58

Cooling tower fan 8
Air>side system :

Total fan : 27 %
Pumping system :

Chiller water 3%

Condenser water 4

R

Two main items, the refrigerant compressor and the air side fans
consume 85 percent of the total electric power. Increasing the
performance of vapor compression cycle can reduce the power consumption
and demand KW of these components.and has a gréat effect on the
economics of the cooling system. ‘

The application of non-azeotropic refrigerant mixtures to vapor
compression cycles can‘redppé the pdwer required by these systems. A
NARM differs from a single refgigerant in that, for a constant pressure
evaporation and condensation, the NARM saturation temperature varies,
causing by the composition change of the liquid and vapor phases which
occur during the phase change process. This is the so-called ’‘gliding
temperature interval’, while the temperature of a single substance
remains constant during a constant pressure phase change process.

The change in temperature during the phase change process can be
shown to have thermodynamic benefits in terms of higher coefficient of

performance COP in a refrigeration cycle because of:
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- smaller mean temperature differences between heat absorption and
heat rejection.

- a reduction in irreversible heat transfer losses owing to lower
mean temperature gradients jn the evaporator and condenser (between the
refrigerant and heat source 6r sink fluid), and

- because the refrigerant mixture can be tailored to a given
application to minimize pressure ratio and component size. In‘addition,
the temperature change in the condenser éllows a large change in the
heat sink temperature, which gubstantialiy reduces heat sink flow rate
requirements for a given heat load. This reduces the powver draw for the
condenser fan in system using air as the heat sink.

The application of NARM vapor compression cycles can be improved
further with the development of advanced cycles with features such as
two-phase refrigerant at the exit of the evaporator and condenser. By
changing these conditions (two phase refrigerant qualities), the
pressure ratio of the compressing process can be reduced and the COP
can be increased. |

With the application of non-azeotropic refrigerant mixtures for
vapor cycle systems, another variable is added, mixture composition. To
gain the most benefit'from NARM, the selection of the NARM and the
applied c&cle must be taken into consideration in analysis and design
of systems.

The design of an energy efficient vapor cycle system requires
consideration 6f a spectrum of system design variables. These include
selection of the refrigerant, the arrangement of components
(thermodynamic cycle), the cycle states and the component design. All

of these variables have a direct impact on the system performance
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(power and heat sink demands) and system weight (weight is important
for aircraft application). For commercial or industrial applications,
the benefit criterion would most 1ikeiy be defined in direct economic
terms such as cost of ownershipg Its‘componénts would include
acquisition and operating costs with the factors of size (weight) and
efficiency. i

Other important factors include safety of refrigerant, pover
draw, heat exchanger sizes as well as complexity‘whiéh vill have an
impact on cost and reliability.

In considering the interrelationship between these variables, it
is useful to examine the thermodynamic characteristics of the
refrigeration cycle.

For the vapor combressionxkgfrigeration cycle, to get maximum COP,
the temperature at which heat is absorbed by the refrigerant in the
evaporator should approach the heat source temperature and the
temperature at which heat is rejected by the refrigerant in the
condenser should approach that ofithe heat sink fluid; i.e., the cycle
temperature ratio should be minimized.

The thermodynamically desirable objective for small temperature
differences acrgSs the evaporator and condenser ha% to be traded with
the resulting heat exchanger sizes which increase with decreasing
témperature difference. In the case of the condensef, the temperature
difference across the heat sink fluid itself will be affected by the
refrigerant-to-sink AT. If the heat.sink is air, clearly the condenser
air flow rate will be affected. Within the cycle itself, there are

other design variables which influence weight and performance. The
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larger (more effective) the subcoolers, the higher the system COP but
the higher the weight/cost.

The refrigeration cycle, the wprking fluid, and the states at
which the refrfgerant operates in tHe cycle have to be selected
carefully in’order to obtain ag optimum system from the user
standpoint.

Over the past several decades, there has beéﬁ a considerable
amount of research in the use of refrigerant mixtures in vapor cycle
systems. However, most of the studiés of NARM vapor compression cycles
concentrated on refrigerator and heat pump applications and the
performance of system usually evaluated on the conventional vapor cycle
suitable for pure refrigerants;,There was very little work done on the
performance of advanced cycles for air conditianer\or chiller
application. Further, most of the previously investigated NARM's
contained at least one refrigerant from group 1 of the Montreal
Protocol. (Group 1 includes R-11, R-12, R-113, R-114 and R-115)

The above review indiéa;es a lack of safe working fluids and vapor
compression cycles that take advantége of NARM properties in the area
of chiller and air conditioner, and therefore, research needs to be
continued to identify an arrangement of the components énd appropriate
refrigerant mixtdres‘to improve the performance of the vapof cycle and
to identify blends which have acceptably low ozone depletion potential.

The objectives of this sfudy are:

1. To examine and evaluate alternative cycles designed to take

advantages of unique NARM properties.

2. To develop methodology to select safe non-azeotropic

refrigerant mixtures for various cycles.



3. To develop a simulation model to predict the performance of
various vapor compression cycles using NARM as a working fluid.

4. To identify the most promising combination of non-azeotropic
refrigerant mixtures ada‘cycles for various operating
conditions in the temperature ranges of air conditioner

and chiller application..

The cycles considered for thislgtudy are given in Figure 2. and
they are:

- Cycle 1, Figure 2a. This cycle is a conventional vapor
compression cycle‘and used as a base case to compare the performance
with other cycles. The working fluids are pure refrigerants or
azeotropic refrigerant mixtures. The 'system consists of a condenser, an
evaporator, a single stage compressor and an expansion valve. Saturated
or slightly superheated vapor exits the evaporator and the saturated or
subcooled liquid exits the condenser.

-~ Cycle 2, Figure 2b. The system consists of a condenser, an
evaporator, a 2-stage compressor, a subcopler, and two expansion
devices. Saturated or élightly superheated vapor exits the evaporator
and saturated or subcooled liquid exits the condenser. The working
fluids are pure refrigeranté or azeotropic refrigerant mixtures.

- Cycle 3, Figure 2c. The system is simila; to the Cycle 1, except
the system operates with a non-azeotropic refrigerant mixture.

- Cycle 4,\Figﬁre 2d. The system consists of a condenser, an
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evaporator, a 2-stage compressor, two intercoolers, and three expansion

devices. Saturated or slightly superheated vapor exits the evaporator
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and saturated or subcooled liquid exits the condenser. A NARM is the
working fluid.

- Cycle 5, Figure 2e. The system'consists of a cbndenser, an
evaporator, a siﬁgle stége compressor, two subcoolers, and two
expansion devices. Low pressure‘two—phase‘refrigerant exits the
evaporator and the high pressure two-phaée reﬁrigerant exits the
condenser. A NARM is the working fluid.

- Cycle 6, Figure 2f. The system consists of a condenser, an
evaporator, a single stage compressor, three subcoolers, and two
expansion deviceé, a separator and a liquid pump. Low pressure two-
phase refrigeranf«exits the evaporator and high pressure two-phase
refrigerant exits the condenser. A NAﬁM is the working fluid.

The constituents of the NARM’s used‘for this study are selected
the from the safe refrigerants of National Institute of Standards and
Technology database (16);

The NIST Thermodynamic Properties of Refrigerants and Refrigerant
Mixtures Database (version 2.0) is used to calculate the cycle
performance (16).

Performances are evaluated for application in the operating

temperature ranges of chillers and éir—conditipning.
1.4 Terminology

Heat source side: Hot side fluid in the evaporator.
Heat sink side: Cold side fluid in the condenser.

NARM: Non-Azeotropic Refrigerant Mixture.
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CHAPTER II

DESCRIPTION OF NARM PROPERTIES

AND NARM CYCLES

Mixtures‘of refrigerants offer special characteristics that are
not possessed by the individuai pure refrigerant. Vapor compression
systems with refrigerant mixtures as the working fluid can help reduce
the power consumption in refrigeration and air conditioning. At the
same time, it can help relieve global climatic change in two ways :
decreased electrical consumptionucompared to conventional compression
vapor cycle systems (hence decreaged pover plant emissions and
greenhouse gases), and using refrigerant mixtures,)we can increase the
choice of working fluid caﬁdidates for the vapor compression cycle to
operate with safer refrigerants which have acceptably low ozone
depletion potential.

In this chapter we reyiew the thermodynamic properties of
refrigerant mixtures, describe the equations of state (E0S) used to
predict the properties of refriéeran£ mixtures, consider the behavior
of non-azeotropic refrigerant mixtures in the vapor compression cycle,
and describe the cycles considered in fhis study. The mixtures are

limited to binary mixtures.
2.1 Properties of Refrigerant Mixtures

The references for section 2.1 are from (1),(31),(49) and (59).

The phase rule for a nonreacting PVT system is described by:
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F-2_-Pa+n ‘ (2.1)
' Where F : number of degrees of freedom of the mixture
P : phase existing in fhe mixture
n : number of chemical species in the mixture

For a nonreqcting PVT system containing two chemical species
(n=2), the phase rule F = 2-P+n becomes F=4-P, and the maximum number
of independent intensive variables required ‘to specify the
thermodynamic state of the stable system is therefore three,
corresponding to the case of a single phase (P=1). If the three
intensive variablés are chosen as pressure (P), temperature (T), and
one of composition (x), then all equilibrium states of the system can
be represented in three-dimensional P-T-x space. Within this space, the
state of pairs of phases, define a surface. Similarly, the state of
three phases in equilibrium is represented as a curve. Two-dimensional
phase diagrams, such as temperature-composition at a constant pressure
(T-x phase diagram), are useful to describe phase equilibrium
conditions of a binary mixture. Two-dimensional phase diagrams are
obtained from intersections of the three-dimensional surfaces and
planes of constant pressure or constant temperature. The curve in a
two-dimensional phase diagram represents the states of saturated liquid
mixtures; it is called the boiling or "bubble-point" curve. Similér,
the condensing or "dew-point" curve, represents states of saturated
vapor. In a T-x phase diagram of a binary mixture, an example of which
is shown in Figure 3, the region above the dew-point curve is
superheated vapor and the region below the bubble point curve is
subcooled liquid. The region between the bubble point curve and the dew

point curve is the two-phase zone. In a P-x phase diagram of a binary
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mixture, an example of which is shown in Figure 4, the region below the
dew-point curve is superheated vapor and the region above the bubble
point curve is subcooled liquid. The region between the bubble point
curve and the dew point curve is the two-phase zone.

Ideally, when two refrigerants A and B are combined in a A-B
binary solution, the mixture properties will show a proportional
relationship with the concentration x of the mixture. For example the
vapor pressure of each component in a liquid solution for instance,
called the partial pressures P,, P,, are proportional to the
corresponding mixture concentration for an ideal mixture (Raoult’s
law).

Application of Raoult’s law to each component gives:

X,Psat, = y,P (2.2)

XgPsaty =‘yBP (2.3)

The mole fractions in each phase sum to unity

| Xp + X5 = 1. (2.4)

Ya + Vg ; 1. (2.5)
where X,,x, : mole fraction of components A,B respectively in the
mixture A-B liquid.

YasYg ¢ mole fraction of components A,B respectively in the
mixture A-B vapor.

Psat,,Psat, : saturation pressure of pure components A,B
respectively at the same temperature T.

If the total pressure is not very high, Dalton’s law will also be
obeyed and the total pressure will equal the sum of the partial
pressures.

In the case of the Dalton model, the properties of each component
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are considered as though each component existed separately at the
volume and temperature of the mixture. Consider this model for the
special case in which both the binary mixture A-B and the separated

components A,B can be considered as ideal gases.

For the mixture : .PV = nRT (2.6)
n = n,+n, (2.7)

For the component : P,V = ﬁART ’ (2.8)
P,V = n,RT (2.9)

On substituting we have
P = P,+P, (2.10)
The P-x phase diagram of an ideal binary mixture following Raoult’s
lav is given in Figure 5a which shows that the bubble-point curve of a
system which obeys Raoult’s law is linear. Similarly, the partial
pressures P,=y,P, P = y,P of the two components are proportional to the
X,, Xp composition, resﬁectively, as shown by the two dashed 1lines.
This figure gives the composition of the liquid phase corresponding to
a given vapor pressure. The T-x phase diagram is shown in Figure 5b.

In general, however, the composition of the vapor in equilibrium
with the liquid will be richer in the more volatile component than will
be the combosition in the liquid phase. Some specia1<cases, such as
mixtures for which the bubble-point and partial pressure curves lie
above the Raoult’s law lines as in Figure 6a, are said to exhibit
positive deviations from Raoult’s law. Similarly, if these curves fall
below the Raoult’s law lines as show in Figure 7a, the mixtures show
negative deviations from Raoult’s law. When the deviation from Raoult’s
lawv becomes very large (this may be a result of polarity differences),

causing the total vapor pressure curve to pass through a maximum or



minimum. Significant deviation from Raoult’s law is often manifested by
azeotrope formation at a composition called azeotrope composition.

The bubble;point curve and T-x phase diagram of a binary solution
with a positive deviation from Raoult’s law that passes through a
minimum boiling-point azeotrope are given in Figures 6a and 6b.

The bubble-point curve and T-x phase diagram of a binary solution
with a negétive deviation from Raoult’s law that basses through a

maximum boiling-point azeotrope are given in Figures 7a and 7b.

> The highest possible vapor pressure in a mixture occurs as the

sum of the individual vapor pressures at a particular temperature when
two liquid phases coexist, and which are completely immiscible with
each other. A mixture with immiscible liquids in a certain
concentration range is shown in Figure 8.

The binary refrigerant mixture types can be selected as fluids for
vapor compression cycles as follows:

- Azeotropic mixture: A mixture of two or more different fluids is
called "Azeotropic" if the composition of its components in the vapor
is the same as that of the liquid in the équilibrium condition at a
given pressure.

The azeotropic state of a binary system is special in that it
possesses only a single degree of freedom, rather than two as required
for normal two-component, two-phase equilibrium. Thus specification of
any one of the coordinates T,P or composition for a binary azeotropic
mixture fixes the other two, provided that the azeotrope actually
exists. Binary azeotropic mixtures are therefore similar to the
saturation states of pure components. The transition of an azeotropic

mixture from liquid to vapor (or vice-versa) occurs at constant
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temperature and pressure without any change in composition.

An important characteristic of the azeotropic state is the
occurrence of a minimum or a maximum on the phase diagram at the
azeotropic composition on both bubbie point and dew point curves. As
mentioned earlier, the behavior of an azeotropic refrigerant mixture in
boiling and condensing is similar to an individual pure refrigerant.
But they may be used for different boiling point requirements or to
advantageously modify the properties of pure refrigerants. The most
successful commercially available azeotropes to date in the
refrigeration industry are the R-500 series which contain one fully
halogenated and one partly halogenated CFC such as R-500(R-12/R-152a),
R-501(R-22/R-12), R-502(R—22/R—115), R-503(R-23/R-13), R-504(R-32/R-
115), R-505(R-12/R-31) and R-506(R-31/R-114).

————_t>= Non azeotropic mixtures: Mixtures that do not form an azeotrope
at any concentration, ie., mixtures whose total pressure curve does not
pass throughya@fminimum or maximum value, are defined as "non-
azeotropic" mixtures.

To understand the behavior of a non-azeotropic binary mixture we
use an imaginary experimenf and a temperature versus composition
diagram. Figure 9 shows a piston-cylinder arrangement containing a non-
azeotropic binary liqﬁid mixture A-B with a composition of constituent
A, x,. The piston has a fixed mass and is frictionless so that the
pressure of the mixture is always constant. Figure 10 is the T-x
diagram for the mixture with the initial subcooled liquid mixture state
shown as point 1. As heat is slowly transferred to the mixture, it
reaches the bubble point curve at point 2, and vapor will begin to form

and collect under the piston as shown in Figure 9a. If the experiment
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is stopped at some point above this temperature, such as at state point
3 ve find the composition of the constituent A in the liquid might be
at point 3L while the composition of the constituent A in the vapor is
at point 3V. The composition of constituent A in the vapor x,, is
larger than composition of constituent A in the liquid phase x,;,. As
more heat ié added, the remaining liquid phase becomes richer in the
less volatile component B which raises the boiling point of the
remaining liquid. Continued heating of the’mixture will gradually
vaporize all of the liquid to saturated vapof at state point 4, at
point 4, x,=x,. Further heating will superheat the vapor to point 5.
When the superheated vapor mixture is cooled at constant pressure, the
entire process will be reversed. Additional experiments carried out at
different compositions at the same pressure will establish the bubble-
point curve and dew point curve. Unlike a pure substance, non-
azeotropic mixtures do not have a single saturation temperature for
each pressure, because the saturation temperature is a function of the

composition of the mixture.
2.2 Equation of State

Equation of state are used for three major purposes:

- Prediction of the equilibrium values in phase behavior
calculations.

- Calculation of the pressure-volume-temperature relationships,
density and other physical properties of mixtures.

-~ Determination of the values of enthalpy and entropy.

The simplest of all equations is the perfect gas law,

Z = PV/RT = 1. (2.11)
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It is appropriate only for gases at very low pressure (less than

15. psia). At a higher pressure, the virial equation of state is used

Z =1. + B(T)/V + C(T)/V?+ .... (2.12)
WVhen this equation is truncated at the second virial coefficient, B(T),
it is appropriate to 150. psia in the vapor phase.

Although the virial equation of state can in principle be used to
fit gas-phase isotherms to any required accuracy, experimentally
determined virial coefficients beyond the third are scarce because very
extensive and precise PVT data are required for their evaluation.
Unfortunately, simultaneous description of both the liquid and vapor
portions of subcritical isotherms cannot be accomplished with a
truncated virial equation of state and a single set of virial
coefficients. Therefore, prediction and correlation of the volumetric
properties of fluids at high densities and in the liquid region are =
usually done with empirical equations of state.

All PVT equations of state are empirical equations. The
coefficients and the arrangement of variables in equations were found
based on a particular data set available to the investigator.

Equations of state are well-known in the literature. The equations
are simply repeated here for the completeness of this study.

P : absolute pressure

T : absolute temperature

v ¢ molar volume

a : temperature gnd composition-dependent parameter
b : composition-dependent parameter

subscript i,j for each component
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2.2.1 Peng-Robinson Equation of State

The references for P-R equation of state are from (39),(47)

- RT a(T)
P = _ (2.13)
v-b v(v+b)+b(v-b)

For each pure component, i, the parameters are

a;(T) = a_; (T_,) o (T) (2.14)
(R.T ;)? |
a.;(T.,) = 0.45724 ——m— (2.15)
P
As usual, o (T) is express;é as follows
T T
o(T) =1+ (1 - —)(m + n —) (2.16)
Tci ci
R.T_,
b; = 0.07780 ———— (2.17)
‘ p

ci

By using the compressibility factor Z, a cubic equation of the

following form is obtained.

Z3 - (1-b)22 + (A-3B2-2B)Z - (AB-B2-B3) = 0. (2.18)
Pv aP bP

Where 2Z = 3 A = 3 B = (2.19)
RT R2T? RT

Two parameters, m and n in o, (T) can be determined from the
experimental data for saturated states. Experimental data for vapor
pressure can be taken from ASHRAE’s vapor pressure relation for pure
refrigerants and the fugacity equality can be used to find m and n.
The equation of state for mixtures can be completed by assigning

the proper mixing ﬁarameters for the components. The conventional
mixing rules can be applied.

a = LL; (x;xa;;) (2.20)

i%3%i;

b = ZI; (%;%;b; (2.21)

i%3 1j)



a;,= (1-k; ;) (a;a )-® (2.22)
by,= (1-kk; (b, +by)/2. (2.23)

The formula for enthalpy, h and fugacity coefficient are:

b, | | A[(2IZ (% a;,)/a-b, /b]2"
In(#,)= — (2-1) - 1n(Z-B) - (2.24)
" b 2.828/B
o . [T(da/dt)-a]z*
— - (2-1) + (2.25)
RT 2.828/B
Vhere Z* = 1n[(Z+2.414B)/(Z-.414B)] | (2.26)

2.2.2 Redlich-Kwong-Soave EOS

The references for RKS EOS are from (22),(39), and (63)
Soave version of the Redlich-Kwong EO0S is as follows:
RT a(T)

P = _ (2.27)
v-b v(v+b)

For each pure component, i, the parameters are

ai(T) = aci(Tci)a:L(T) (2.28)
(R.Tci)2
a,, (T,,)=0.42748 — (2.29)
P

ci

As usual, o (T) is expressed in (2.16)
' R.T,,
b; = 0.08664 ——— (2.30)
Pci
By using the compressibility factor Z, a cubic equation of the
folloving form is obtained.
23 - 2?2 + (A-B-B,)Z - AB = 0. (2.31)
Pv aP bP

Where 27 = 3 A = H
RT R2T? RT

(2.32)
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Two parameters, m and n in o, (T) and mixing parameters can be
determined by the same method in 2.2.1.
The formula fugacity coefficient are:

b, A

In(® )= —(2-1) - In(2-B) - —[(25L, ;(x,a;4)/a-b;/b]2" (2.33)
b B

Where Z* = 1n(1+B/Z) (2.34)

2.2.3 Carnahan-Starling-DeSantis E0S (CSD)

The CSD equation of state has been shown by Morrison and McLinden
(1985) to be capable describe both the liquid and the vapor properties,
including those under the vapor dome, of refrigerants as well as
refrigerant mixtures, with a single equation of state. Carnahan and
Starling (1969) proposed the form and DeSantis et al. (1976) used the
same form to describe the phase behavior of mixtures of simple fluids.
This modification, referred to as the Carnahan-Starling-DeSantis (CSD)

equation of state (15),(16),36),(37):

Pv 1 +‘y + y2 - y3 a(T)
] _ (2.35)
RT (1-y)3 RT[v+b(T)]

Where y = b/4v. The first term on the right side of equation
is the Carnahan-Starling representation of the behavior of a system of
rigid, noninteracting spherical molecules; the parameter b is related
to this hard-sphere
volume and proposed by DeSantis et al.

For each pure component, i, the parameters are
a;(T) = a,; EXP(a,,T + a,; T?) (2.36)

b,(T) = by; + by, T + b,,T? (2.37)
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The coefficients a,;, a,;, a,;5 bg;s byys» b,; are estimated based on

empirical data for a given refrigerant.
2.3 NARM Behavior in a Vapor Compression Cycle

To understand the behavior of a NARM in a vapor compression cycle,
we use as a base line a conventional vapor compression refrigeration
system having an evaporator, a condenser, a compressor and an expansion
device. The compressor receivgé low pressure and temperature
refrigerant from the evaporator and compresses it to a high pressure.
This compression process is associated with an increase of refrigerant
temperature. The‘high temperature and pressure vapor enters the
condenser. The refrigerant, passing through the condenser, rejects heat
to a high temperature heat sink apd condenses to a subcooled liquid.
Then, the refrigerant flows through the expansion device undergoing a
drop in pressure and temperature. Finally, the low pressure, low
temperature, and low quality refrigerant enters the evaporator, where
it picks up heat from the low temperature heat source, reaching a
superheated (or high qualiti) vapér at the evaporator exit. When this
cycle is applied in a air conditioning system, the low temperature heat
source is the indoor envifonment and the high temperature heat sink are
the outdoor environment.

This base line cycle helps to explain the reason for using a non-
azeotropic refrigerant mixture in a vapor compression cycle. The
refrigerant absorbs heat in the evaporator at low temperature, and
after compression, rejects heat in the condenser at high temperature.
If the refrigerant is a pure substance, the temperature of the

refrigerant will remain constant in the evaporator as long as two-phase
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refrigerant is present. The temperature of the heat source fluid will,
however, decrease in temperature over the flow length of the
evaporator, as shown in Figure 1la. Similarly, in the condenser, the
temperature of the refrigerant will remain constant in the presence of
liquid and vapor phase refrigerant while the temperature of the heat
sink fluid will increase over the flow length of the condenser as shown
in Figure 12a.Z&he interest in using nonazeotropic mixtures of
refrigerants stems from the fact that constant pressure evaporation or
condensation of a NARM occurs with a change in temperature. When
counterflow evaporators or condensers are used in a system with a NARM,
the temperature profile will be more parallel than they would be in a
conventional system . Using parallel temperature profiles lowers the
thermodynamic irreversibility of the system::7

[;Reversible heat transfer occurs if the temperature difference
between the two fluids is zero and the surface area approaches
infinity. Large temperature differences result in large
irreversibilities. A second law analysis of these heat transfer
processes suggests that the irreversible energy losses can be minimized
by maintaining a constant temperature difference between the two heat
transfer fluids Qver the flow lengths of the condenser and evaporator.]
If the temperature difference between the heat traﬁsfer fluids is held
constant, the mean temperature difference required to transfer a given
amount of heat will be less than the mean temperature difference
required for the same duty using single component refrigerants. Thus,
by using NARM'’s, the mean evaporation temperature can be increased, and
the mean condensation temperature can be decreased. From theoretical

considerations, it can readily be shown that an increase in evaporation



Temperature

T

T4

Temperature

PURE REFRIGERANT

Lsngth of svaporator

Temperature

T2
TIN

Figure 11. Temperature Profile in

PURE REFRIGERANT

<J

Nt

Length of condenser
a

T3

Temperature

T4N

50‘“\(;g

Length of evaporator
b

a Counterflow Evaporator

o

Length of condenser
b

Figure 12. Temperature Profile in a Counterflow Condenser

T2N

T3N

39



40

temperature and a decrease in condensation temperature will yield an
increase in the coefficient of performance. To illustrate the above
idea, Figures 11b 'and 12b show a comparison between refrigerants when
the required refrigeration ddty is the same. The source fluid enters
and exits at the same temperatures in both cases. But’in the case of
the pure refrigerant, there is a large difference betveen the inlet
temperature of source fluid and the exit temperature of the evaporating
refrigerant. The condensing process is similar to the evaporating
process. The sink fluid enters and exits at the same temperatures in
both cases. But in the case of pure refrigerant, there is a large
difference between the inlet temperaturé of sink fluid and the exit
temperature of the condensing refrigerant.

Through choice of refrigerant composition and mass flow rates, it
is theoretically possible to maintain a constant temperature difference
between the refrigerant and. the seéond fluid over the flow length of a
counterflow heat exchanger. Assuming the evaporators for both pure
refrigerantkand NARM ﬁave the same area A, heat transfer rate Qyap?
and over all heat transfer coéfficient U, this constant temperature

difference for NARM is given by:

ATNARM = Tso in 7 TN out™ (Tso out TN in (2.38)
Where T,  ,, : source inlet temperature
T.o out source outlet temperature
Ty 1n : NARM inlet temperature
Ty out ° NARM outlet temperature
for pure refrigerant, let AT, =T, 6 ,, - TP out (2.39)
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6T, = Ty out = Tp in (2.40)
where T, in : pure refrigerant inlet temperature
T, out ¢ pure refrigerant outlet temperature
and T, in = T, out (2.41)
(4T, -4T,)
0T yyre = (2.42)

1n [4T,/AT,]

In order for the refrigeration duties in the two cases to be
identical, the following must be true:
BT ure = BTyarm (2.43)

It is easy to prove that

AT, + 4T, AT, - AT,
> = 4T
2 In [AT,/0T,]

NARM (2.44)

The inequality 2.44 show that the mean temperature of the source
and NARM (left side of Inequality 2.44) is less than the average
temperature difference between the source and pure refrigerant. In
other words, the mean temperature of NARM evaporation is higher than
the evaporation temperature for .a pure refrigerant. The left side of
Inequality 2.44 is equal the right side only if A4T,=4T, (the
refrigerant and the source have constant temperature difference).

Similarly, for the condenser, we can prove the mean temperature of
NARM condensation is lower than the condensation temperature for a pure
refrigerant. If we look at both refrigeration cycles on a temperature-
entropy diagram (assuming isentropic compression and expansion in both
cases) and include the condensation processes, we can compare

efficiencies by comparing the areas in Figure 13. The cycle for the
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Refrigerant Cycles

pure refrigerant is a Carnot cycle, while the cycle for the mixture is
a Lorenz cycle. A measure of refrigerating efficiency is the
coefficient of performance. It is defined as the area under the cycle

divided by the area of the cycle , the coefficients of performance

would be calculated as

Area under 1-2
cop

(2.45)

Carnot

Area (1-2-3-4)

Area under 1N-2N
COP,.ronz = (2.46)
Area (1N-2N-3N-4N)
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performance, the condensing temperature change of the NARM in the
condenser allows a large temperature change in the heat sink fluid to
be thermodynamically acceptable, and greatly reduced heat sink flows

are allowed for a given heat rejection. This results ih’féaﬁééd fﬁé>

pover consumption‘requifed to pump the heat siﬁk flow through the
condenser.[ip addiiion, it has been shown that mixtures of refrigerants
can result in lower volumetric flowrates and pressure ratios for a
given application, resulting in redﬁced;compressor size.{However, the
heat transfer coefficient for NARM may be lower than for pure

refrigerants.Jij
2.4 Description of NARM Vapor Compression Cycles

A literature search of material related to this topic indicates
that most of the published papers evaluate the performance of NARM
vapor compression cycles based on a conventional cycle suitable for
single refrigerants. Very few published papers evaluate the performance
of special cycles for NARM’s.

This study involves the arrangement of components in the
thermodynamic cycle, comparative analysis of the performance and the
hardware requirements for domestic and industrial applications for a
wide range of acceptable refrigerant mixtures. To identify cycles and

mixtures, six cycles are evaluated in this study. They are :
2.4.1 Cycle 1

The flow diagram is given in Figure l4a. This is a conventional
cycle can operate with a pure refrigerant or an azeotropic mixture .

The cycle is used as a base line to compare the performance of other
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cycles. The conventional vapor compression refrigeration system has an
evaporator where energy from the source heat load boils and slightly
superheats the refrigerant at essentially constant pressure (state
point 1). The superheated vapor is compressed to a temperature (and

pressure) level (state point 22) from which heat from the evaporator

and compression process can be rejected to a heat sink by the condenser

at constant pressure, Hesuperheating, condensing, and slightly
subcooling the working fluid (state point 7). From the subcooled
condition, the refrigerant is flashed to evaporator pressure (state
point 5) across an expansion valve to complete the cycle. The cycle
state points on a pressure-enthalpy diagram (P-H diagram) are shown in

Figure 14b for a pure refrigerant or azeotropic mixture refrigerant.
2.4.2 Cycle 2

The flow diagram is given in Figure 15a. This cycle uses a pure
refrigerant or an azeotropic refrigerant mixture as the working fluid.
An improvement over the base line cycle is achieved by including a
direct expansion subcooler HX operating at interstage pressure. The
subcooler significantly subcools the condensate leaving the condenser
(state point 4) by using a part of the condenéate (state point 24),
flashed to interstage pressure (state point 18) as the heat sink. The
subcooled refrigerant liquid leaving the subcooler HX (state point 7)
flows through the expansion device undergoing a drop in pressure and
temperature. The low pressure, low temperature, and low quality
refrigerant enters the evaporator (state point 5), picks up heat from

the low temperature heat source, reaching superheated vapor at the
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evaporator exit (state point 1). The superheated vapor at the
evaporator exit is then compressed to interstage pressure (state point
2) by the first stage of the comﬁressor and mixes with the low
temperature two-phase refrigerant exit from the subcooler HX (state
point 20) to give a slightly superheated vapor at the suction inlet of
the second stage of the compressor (state point 21). The mixed
superheated refrigerant is compressed by the second stage of the
compressor to a temperature (and pressure) level (stafe point 22) from
which heat from the evaporation and compression processes can be
rejected to a heat sink by the condenser at constant pressure,
desuperheating, condensing, and.slightly subcooling the working fluid
(state point 4). The cycle state points on the P-H diagram are shown in
Figure 15b. Thermodynamically, the subcooler HX functions in a manner
similar to that of a vapor liquid separator by removing the essentially
saturated vapor existing at interstage conditions, which cannot
contribute effectively to heat absorption in the evaporator, and
directing it to the second compression stage. Thus, less flow at lower
quality is admitted to the evapgrator, and less work is required in the
cycle. This arrangement is available only in multistage compressor

designs.
2.4.3 Cycle 3

The arrangement of Cycle 3 is similar to Cycle 1 except a NARM is
the working fluid for this cycle. The flow diagram is shown in Figure

l6a and the state points on a P-H diagram are shown in Figure 16b.
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2.4.4 Cycle 4

The thermodynamic configuration of the vapor cycle is shown in
Figure 17a and was specifically designed for a system using a NARM.
Liquid refrigerant leaving the condenser (state point 4) enters the
subcooler HX I where it is further subcooled by evaporating two—phase
refrigerant at approximately interstage pressure. Because the NARM
evaporates with a rising temperature; the flow for this two-phase
cooling is tapped from the subcooled liquid leaving the subcooler HX I
(point 7), passes through an expansion device to a low temperature and
interstage pressure (state point 18) and flows through the subcooler HX
I which is of counterflow heat exchanger configuration . The two-phase
NARM that leaves the subcooler HX I (state point 20) is then injected
into the superheated Vaporfleaving the first éompressor stage (state
point 2). This interstage cooling increases the efficiency of the
overall compression process and reduces the second stage outlet vapor
temperature to within ‘the safe operating limits for the refrigerants
used in the NARM. The subcooled liquid leaving subcooler HX I (state\
point 7) enters subcooler HX IT for further subcooling. The high
pressure subcooled liquid leaving the subcooler HX II (state point 6)
is divided into two streams, the main portion is flashed through an
expansion device and routed to the evaporator (state point 5) agh a
small portion being used for two-phase cooling in subcooler HX II. The
outlet of heat exchanger HX II (state point 26) is merged with the
outlet of the evaporator (state point 1) to provide a minimum
superheated vapor to the inlet of the compressor first stage (state
point 11) and then compressed to interstage pressure (state point 2) by

the first stage of the compressor. After mixing, the slightly
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superheated NARM (state point 21) is compressed by the second stage of
the compressor to a temperature (and pressure) level (state point 22)
from which heat from the evaporation and compression processes can be
rejected to a heat sink by the condenser at constant pressure,
desuperheating, and condensing the NARM to saturated liquid at the
outlet of the condenser (state point 4) to complete the cycle. The
cycle state points on P-H diagram are shown in Figure 17b.

It should be noted that the subcooling obtained in subcooler HX II
is of advantage only to a NARM system allowing a reduction in
evaporator minimum’temperature without a reduction in evaporator
pressure. This is due to the slope of the constant temperature lines in

the two-phase region of the NARM.
2.4.5 Cycle 5

This cycle is based on the fact that the isotherms in the two-
phase region of certain NARM’s are inclined with considerable downward
slope to the isobars. The thermodynamic configuration of the vapor
cycle is shown in Figure 18a and was specifically designed for a system
using a NARM. Two-phase refrigerant leaving the condenser (state point
4) enters subcooler HX I where it is further cooled by evaporating two-
phase refrigerant from the outlet of the evaporator (state point 2).
The hot stream NARM leaving subcooler HX I at nearly saturated liquid
(state point 7) enters subcooler HX II for further subcooling to the
subcooled condition (state point 6). A portidn‘of the subcooled
refrigerant leaving subcooler HX II is flashed across an expansion
device and returned to the other side of heat exchanger HX II and used

for two-phase cooling in subcooler HX II. The remaining subcooled
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refrigerant leaving subcooler HX II is then flashed to evaporator
pressure across .an expansion valve to the evaporator (state point 5).
The selection of evaporator outlet quality and temperature is based on
the heat source temperature. The pefrigerant cold stream at the outlet
of subcooler HX iI (state point 26) joins Qith the refrigerant at the
outlet of the evaporator (state point 1) and then the mixed flow (state
point 2) passes though the subcooler HX I to get a minimum superheated
vapor to the suction port of the coﬁpressor (state point 21). The
superheated vapor is compressed to a temperature level (state point 22)
at which heat can be rejected to a heat sink by the condenser to
complete the cycle.The cycle stéte‘points on a P-H diagram are shown in

Figure 18b
2.4.6 Cycle 6

The flow diagram is given in Figure 19a. Cycle 6 is similar to
Cycle 5, except, instead of the cold NARM leaving the subcooler HX I
(state point 8) as dry vapor it is now designed to leave as wet vapor.
Wet vapor leaving the subcooler HX I passes though a separator-
receiver, saturated vapor and liquid with different composition are
separated, then the separéted liquid (state point 10) is pumped to the
pressure level of the condenser inlet (state point 14) and the
separated vapor (state point 21) is compressed and then mixed with the
separated liquid at the inlet of the condenser (state point 23). The
cycle state points on a P-H diagram are showﬂ in Figure 19b.

The characteristics of the cycles are summarized in the Table II.
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TABLE II

SUMMARY OF CYCLES

Cycle 1[Cycle 2|Cycle 3{Cycle 4|Cycle 5|Cycle 6
Working Fluid| Pure Pure NARM NARM NARM NARM
N° Compressor 1 2 1 2 1 1
Stage
N° Expansion 1 2 1 3 2 2
Device
Evaporator Dry Dry Dry Dry |Flooded|Flooded
Inlet 2-phase|2-phase |2-phase|2-phase |2-phase |2-phase
Outlet Sat/Sup|Sat/Sup|Sat/Sup|Sat/Sup |2-phase|2-phase
vapor | vapor | vapor | vapor
Condenser
Inlet Sup. Sup. Sup. Sup. Sup. Sup.
OQutlet Sat/Sub|Sat/Sub|Sat/Sub|Sat/Sub|2-phase|2-phase
liquid| liquid| liquid| liquid
Additional
Heat 0 1 0 2 2 2
Exchangers
Liquid Pump 0 0 0 0 0 1
Sat/Sup : Saturated or superheéted vapor

Sat/Sub

Saturated or Subcooled liquid.
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CHAPTER III
NARM SELECTION
3.1 Requirements of Refrigetants

A desirable refrigerant shbuld possess the'chemigal, physical, and
thermodynamic properties that provide the potential for high
thermodynamic efficiency within the constraints of the heat source and
heat sink temperatﬁre levels, within which the vapor compression cycle
must operate. Several criteria are considered in the process to select
pure refrigerants as well as refrigefant mixtures. These criteria can
be broken down into three groups: safety and environmental
requirements, physical and chemical characteristics, and thermodynamic

characteristics.

3.1.1 Safety and Environmental Requirements

- Toxicity: There should be no danger to health or property due to
leaks or other malfunctions in a refrige;ating system.

- Flammability: For safety reasons, flammable fluids should be
excluded from consideration, depending on the application and necessary
safety precautions . |

- Ozone Depletion Potential (ODP) and Global Warming Potential
(GWP): This new enviroﬁmental requirement must now be added to the

traditional health and safety criteria. A refrigerant should not
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contribute to ozone depletion, low level smog formations or greenhouse

warming.

3.1.2 Physical and Chemical Characteristics

—— 7% _ The dielectric strength of the vapor should be high. This
permits its use in hermetically sealed compressors vhere vapor comes in
contact with motor windings.

7 #_ Instability: Breakdown of the refrigerant generally occurs at

the compressor discharge port where the discharge temperature is the

hottest part of the working cycle. Thenselection of a working fluid of

a heat pump is more critical than the selection of a fluid for

refrigeration or air conditioning, because heat pumps must be run at

temperatures which are sometimes substantially higher. Therefore,
chemical stability is of great importance to the heat pump designer.

- Heat transfer characteristics: The refrigerant should have
thermophysical properties causing high heat transfer coefficients.
These related properties are density, specific heat, thermal
conductivity, and viscosity.

- 0il miscibility: The refrigerant should have good miscibility

with oil, particularly at low temperatures.

3.1.3 Thermodynamic Characteristics

- The critical temperature: The critical temperature should be
above the highest condensing temperature that might be encountered.
With air-cooled condensers, in general, this would be above 130°F, and

must always exceed the temperature of the heat sink.
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- Latent heat of evaporation: A refrigerant should have a high
latent heat of evaporation per unit of weight so that the amount of
refrigerant circulated to produce a given refrigeration effect will be
minimal. However, in small capacity systems, too low a flow rate may
actually lead to probiems such as the difficulfy encountered in
accurately controlling its flow through the regulating valve.

- Evaporating pressure: Evaporating pressures above atmospheric
pressure is desirable to avoid leakage of moisture-laden air into the
refrigerating system and permit easier detection of leaks. To satisfy
this condition, the normal boiling temperature must be lower than the
heat source temperature.

- Condensing pressure: Condensing pressure should be low to allow
construction of light-weight equipment, which affects power
consumption, compactness, and installation.

- Low freezing temperature: The refrigerant must not solidfy
during normal operating conditions.

In addition to the above characteristics, the refrigerant should
satisfy basic economic requirements, including commercial availability
and low cost

NARM’s which are selected as the working fluids for VCS not only
need to meet the above requirements for pure refrigerants but the
refrigerant mixture should not form an azeotrope and require special
thermodynamic properties to operate at high performance. In this study,
the temperature range of the heat éink and heat source is limited to
air conditioning, heat pump, and chiller applications.

In this section, emphasis is placed on the selection of binary

mixtures based on the thermodynamic properties of mixtures.

’
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3.2 NIST Refrigerants Database

In this study, working fluids of vapor compression cycles are
chosen from the The National Institute of Standards and Technology
(NIST) database. Currently the NIST Thermodynamic Properties of
Refrigerants and Refrigerant Mixtures'Databése (version 2.0) (16)
consists of-18 refrigerants and includes the promising refrigerants
with zero or low @epletion ozone potential such as R134, R134a, R142b,
R123, and R124 to replace the refrigerants banned by the Montreal
Protocol. Refrigerant mixtures selected as vorking fluids for vapor
compression cycles need to show they can operate at higher performance
levels compared to pure refrigerépt systems. In order to evaluate the
performance (energy efficiency, capacity etc...) of the cycles and
working fluids, a complete set of\thermodynamic properties is required.

The equation-of-state is used to estimate the enthalpy, entropy,
density, and specific volume of liquid and vapor under saturated,
subcooled, and superheated conditions. The Carnahan-Starling-DeSantis
(CSD), Benedict-Webb-Rubin (BWR), Peng-Robinson, Lee-Kesler-Plocker
(LKP), Redlich-Kwong-Soave (RKS),‘and other models are used for this
purpose. Each model has its advantages and disadvantages. The NARM
properties developed by The National Institute Qf Standards and
Technology (NIST) based on the Carnahan-Starling-DeSantis (CSD)
equation of state.

,wﬁﬁwThe Carnahan-Starling-DeSantis (CSD) equation of state has been
applied to refrigerants, particularly refrigerant mixtures. The
attributes of a strong theoretical basis and relative simplicity allow
the CSD equation to represent a fluid with minimum data. Morrison and

McLinden have shown that saturation data alone (i.e., liquid and vapor
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density and vapor pressure) produce nearly the optimal function for
correlating all the thermodynamic properties. They have also shown that
the CSD equation of state does not represent the region near the
critical point well (37). However, this deficiency does not affect -the
application to vapor compression ﬁycles because the cycles do not
operate near the critical region.

Eighteen refrigerants in the NIST database are given in Table III
and Figure 20. A éomparison of Ozone-Depletion Potential (ODP) and
Global Warming Pﬁtential (GWP) of the refrigerants is also shown in
Table III. The data of this table found frdm’the NASA Panel for
Scientific Assessment.

The pure refrigerant properties found from (16),(27),(29),and
(52). Some characteristics of main refrigerants are:

R-11 has a boiling point of 74.9°F and has wide usage as a
refrigerant in indirect industrial and commercial air conditioning
systems employing single or multistage centrifugal compressors. The
refrigerant is also used in ‘centrifugal chillers for commercial
buildings. R-11 is banned bééause of the concern about the depletion of
the ozone layer.

R-12 has a boiling point of -21.7°F, and has been used as a
refrigerant in domestic reffigeréfors for more than 60 years. The
refrigerant has suifable thermodynamic proﬁerties, chemical stability,
non-toxicity, non flammability, and low cost. R-12 is also used in
freezers, automobile air conditioners, refrigeréted vending machines,
food display cases, and a variety of small home and business appliances

(e.g., dehumidifiers, water fountains). It is also used in centrifugal



TABLE III

REFRIGERANTS IN THE NIST DATABASE

CRITICAL
CHEMICAL ——
REFRIGERANT NAME . FORMULAR | TEMP PRESS ODP GWP
(F) (Psia)

R11 Trichlorofluoromethane CC13F 388.4 | 639.5 1. 1.
R12 Dichlorodifluoromethane CC12F2 233.6 | 596.9 .9-1.0 (2.8-3.4
R13 Chlorotrifluoromethane CC1F3 83.9 | 561.0
R13B1| Bromotrifluoromethane CBrF3 152.6 | 575.0 10.0
R14 Tetrafluoromethane CF4 -50.2 | 543.0 0.0 S
R22 Chlorodifluoromethane CHC1F2 204.8 | 721.9 .04-.06 |.32-0.37
R23 Trifluoromethane CHF3 78.1 701.4 0.0,
R113 1,1,2-trichlorotrifluoroethane CCl2FCC1F2| 417.4 | 489.9 0.83 1.46
R114 | 1,2-dichoro-2,2,2-trifluoroethan CC1lF2CC1F2| 294.3 | 473.0 0.71 4.92
R115 | Chloropentafluoroethane CC1F2CF3 175.9 | 457.6 | 0.3-0.5 | 7:4-7.6
R123 1,1-Dichloro-2,2,2-trifluoroethane| CHC12CF3 363.0 |- 523.0 }.013-.022}.017-.02
R124 | l1-chloro-1,2,2,2-tetrafluoroethane| CHC1FCF3 294.3 514.0 0.02 0.10
R125 | Pentafluoroethane CHF2CF3 154.0 | 499.0 0.0
R134 | 1,1,2,2-tetrafluoroethane CHF2CHF2 237.0 | 497.0 0.0 0.0
R134a| 1,1,1,2-tetrafluoroethane CH2FCF3 214.0 | 589.8 0.0 .24-0.29
R142b| 1l-chloro-1,1-difluoroethane CH3CC1F2 278.8 | 598.0
R152a| 1,1-difluoroethane CHF2CH3 236.3 | 652.0 0.0 0.02
RC270| Cyclopropane CH2CH2CH2 | 256.7 0.0
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Figure 20. Refrigerants in the NIST Database

chillers for commercial buildings. R-12 has also been banned because of
the concern about the depletion of the ozone layer.

R-13 has a boiling point of -114.6°F and is used in low-
temperature épecialty applications employing reciprocating compressors

and generally in cascade with R-12 or R-22.



R-14 has boiling point of -198.3°F, Because R-14 has a very low
critical temperature (-50.2°F), pure R-14 cannot be selected as a
working fluid in this study.

R-22 has a boiling point of -41.4°F. This refrigerant is widely
used in chillers, air conditioners, and heat pumps for domestic and
commercial applications. R-22 has not been used for refrigerators and
freezers. Thg outstanding thermodynamic properties of R-22 permit the
use of smaller equipment than the sizes required by similar
refrigerants, making it especially suitable when minimal size is
essential. R-22 is not regulated by the Montreal Protocol, as it has
not yet been considered a significant part of the ozone depletion
problem by the Protocol or the EPA. However, several bills pending in
Congress have been intpoduced to regulate R-22.

R-113 has a boiling point of 117.6°F. It is used in commercial and
industrial air-conditioning as well as process water and brine cooling
with centrifugal compression. The refrigerant is especially useful in
small-tonnage applications. R-113 is also banned by the Montreal
Protocol.

R-114 has a boiling point of 38.§°F. For high condensation
temperatures, R-114 is considered an éxtremely stable refrigerant.
R-114 is used as a refrigerant in fraction;l;horsepower household
refrigerating systems and drinking-water coolers employing rotary vane-
type compressors. The refrigerant is also used in industrial and
commercial refrigerating systems to cool industrial process water and
brine to -70°F, employing cascaded refrigeration systems with

multistage centrifugal-type compressors. These systems involve 100 tons
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refrigerating capacity and larger. It is also used in shipboard
chillers for the Navy. R-114 is also banned.

R-115 has a boiling point of -37.7°F . The refrigerant is
especially stable, offering a particulérly low discharge temperature in
reciprocating compressors. Its capacit& exceeds that of R-12 by as much
as 50 percent in low temperature systems. R-ilS is also banned.

R-123 has a boiling point of 81.7, and has been suggested as a
substitute for R-11. However, R-123 is more toxic than R-11. R-123 is
non flammable. |

R-124 has a boiling point of 10.4°F and 'is the leading candidate
to replace R-114 as a refrigerant for marine refrigeration and
stationary‘chillers. With a low ODP‘ana GWP, R-124 offers attractive
environmental properties.

R-125 has a boiling point of -55.3°F. R-125 may possibly be used
for low temperature applications. Little information is available for
R-125.

R-134 has a boiling point of -3.5°F and is non-flammable. It is
currently under development. Studies indicate R-134 has better
thermodynamic properties (for a‘conventional vapor compression cycle)
than R-134a. ) ﬂ

R-134a has a boiling point of —15.7°F.‘As a nev refrigerant, R-
134a has been suggested as a substitute for R-12 in refrigerators and
chillers. The characteristics of R-134a include the zero value of ODP,
non-flammability andtstability. The temperature of the boiling point
and critical point are very close to that of R-12. However, development

risks include compatibility issues with oils and materials. In



addition, the toxicity of this substitute has not been fully
investigated.

R-142b has a boiling point of 14.4°F, and is one of the new
refrigerants recently made available on the market . R-142b may be used
for medium temperature applicétions,‘The reffigerant is also suggested
to replace R-12 and has the same advantageé as R—i34a. However, R-142b
is moderately flammable. The application of a flammable refrigerant
with good thermodynamic properties is still being discussed in the
literature and by manufacturers.,

R-152a has a\boiling point of -13.°F, R-500 was invented in 1950,
and is comprised of R-12 and R-152a (26.2 percent R-152a by weight) to
create an azeotropic refrigerant mixture. Currently, R-152a is
suggested to repiace R-12 and also has the same advantage as R-134a.
However, R-152,is similar to R-142b in that it is moderately flammable.

RC270 has a boiling point of -28.3°F. Flammable cyclo-propane is
also a candidate to replace R-12 in refrigeration and automotive
applications.

3.3 NARM Selection Based on Thermodynamic
Properties

As mentioned earlier,. to reduce the irreversibility to get the
most benefit out of NARM vapor compression cycles, fhe temperature
difference between the source side and NARM side in the evaporator must
be designed constant or nearly constant. That is, the temperature
profiles of the source and the NARM through the evaporator should be
parallel, with the temperature difference is as small as possible. To
provide a fair comparison between the cycle and the working fluid, the

— ¢ pinch point temperature of the evaporator is assumed to be at least



5°F. In this study, applications are considered with the source outlet
temperature kept at 40°F and the source temperature loss is assumed
15°F and 30°F. From the above conditions, the maximum inlet temperature
of NARM will be 35°F.

Like the evaporator, the tehperatufe difference between the sink
side and NARM side in the condenser must be kept nearly constant and as
small as possible. In this study, applications are considered with the
sink temperature at 100°F. The éink flow rate can be increased or
reduced to get nearly parallel temperature profile through the
condenser. The refrigerant condensing temperature can be selected to
get at least 5°F pinch point temperature in the condenser. The power
consumption to pump the sink fluid through the céﬁdenser is
proportional with the sink flow rate for the same sink fluid pressure
drop. Therefore the design sink flow rate effects to the overall system
pover consumption (total power consumption of the compressor, fan or
pump source side and fan or pump for sink side)condenser system or of
the pump for a liquid cooled condenser system.

There are two types of NARM evaporators: Type I and Type II.

- Type I (dry evaporator) is used for Cycle 3, and Cycle 4 which
requires a saturated vapor or slightly superheated vapor at the outlet
of the evaporator.

- Type II (flooded evaporator) is used for Cycle 5, and Cycle 6,
vhich requires two-phase NARM exit at the outlet of the evaporator.

Each type of evaporator requires a different characteristic of

NARM to operate with a high performance.

3.3.1 Type I Evaporator Thermodynamic Properties
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For the Type I evaporator, the NARM changes from low quality two-
phase at the inlet of the evaporator to saturated vapor or slightly
superheated vapor at the exit of the evaporator. To reduce the
irreversibility in the evaporator, a NARM must be selected with
constituents and compositions such that its "gliding temperature
interval” is equal to the temperature loss of the source. The "gliding
temperature interval" is defined as the temperature difference between
saturated vapor and saturated liquid at the working pressure. Figure 21
shows the gliding temperature interval of an A-B mixture as a function
of composition of A. As shown in this figure, the gliding temperature
intervals of these mixtures are less than the temperature loss of the
source side and-are not matched with the source side. Therefore, if
these mixtures are used as the working fluid for the cycles with the
Type I evaporator, the h}gpest performance will be expected from the
composi?ioniwpich yields the highest gliding temperature interval

(composition is nearly 0.50A/0.50B). However, the cycles which operate

—

with A-B mixtures, still cannot achieve the highest performance. Figure
22 shows the gliding temperature interval of a C-D mixture as a
function of composition of constituent C. As shown in this figure,
there are two NARM’s with compositions Cl and C2 that have gliding
temperature intervals equal to the source temperature loss. The gliding
temperature interval of mixtures with the composition between zero to
Cl and between C2 to 1.0 are less than the temperature loss of the
source side. The behavior of these mixtures are similar to the mixtures
A-B above. The pinch point temperatures occur at the inlet of the

evaporator. The gliding temperature interval of mixtures with the
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composition between Cl and C2 are greater than the temperature loss of
the source side. If these mixtures are use for the Type I evaporator,
the pinch point occurs at the exit of the evaporator and the average
temperature difference between the source and the mixtures is greater
than 5°F. The cycles will not operate at the highest possible
performance. Using mixtures with compositions around Cl or C2 for the :7
cycles with the Type I evaporator will have a nearly parallel ;’ e
temperature profile through the evaporator'anﬁ satiéfy the requiredy//
pinch point temperature. These mixtures are éxpected‘to have the>
highest performance. The saturated pressure of liquid mixtures
(preferred higher than atmospheric pressure) and latent heat of
evaporation (preferred high) are also factors for selecting mixtures.
To help select a possiﬁle NARM, saturated pressure of NARM liquid at
35°F, the latent heat of evaporation and the maximum gliding
temperature interval of available NARM'’s from the NIST database are
given in Figure 23 (for mixtures of R-11) and appendix A. Note that, on
these figures, the mixtures with zero maximum gliding temperature are
azeotropic mixtures. To eliminate NARM’s which do not satisfy the
gliding temperature requirement for the cycles with a Type I
evaporator, a computer program has been written to‘select the possible
non-azeotropic binary refrigerant mixtures (composition and ﬁ
constituents) for a specified temperature loss of the source side. The
computer program flow chart is shown in appendix B. The result of the
survey is given in Figure 24 for a 15°F gliding temperature, in Figure
25 for a 30°F gliding temperature, and in Figure 26 for a 60°F gliding

temperature. The data in Figures 24, 25 and 26 are shown the saturated
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pressure of liquid NARM at 35°F and the mole fraction x of the

constituent which indicated on the horizontal axis of these figures.

3.3.2 Type II Evaporator Thermodynamic Properties

For the Type II evaporator, thevrefrigerant mixtures change from
low quality two-phase at the inlet of the evaporator to higher quality
two-phase at the outlet of the evaporator (approximately 0.5). In this
study, the term "0.5 quality gliding temperature" is defined as the
difference of the NARM temperature between a saturated NARM liquid and
a 0.5 quality NARM at the same pressure. For this type of evaporator,
it is necessary to select a NARM (constituents, and compositions) and a
design evaporator outlet quality to allow the gliding temperature of
the NARM in the evaporator to be equal to the temperature loss of the
source.[Note that the two-phase NARM temperature change is non-linear
with the quality} Figure 27 shows the temperature of an E-F non-
azeotropic binary refrigerant mixture at working pressure as a function
of quality for the mixtures with composition E1, E2, and E3 (E3 NARM
has the highest gliding temperature interval). As shown in this figure,
with exit quality 0.5, the 0.5 gliding temperatures of all mixtures are
less than the temperature loss of the source side. Therefore, if these
mixtures are used as the working fluid for the cycles with a Type II
evaporator, the cycles will not operate at the highest possible
performance. However, a NARM with a composition near E2 can be selected
to operate for the cycles with a Type I evaporator. Figure 28 shows the
temperature of 5 G-H non-azeotropic binary refrigerant mixture at
working pressure as a function of quality for mixtures with composition

Gl, G2, G3, G4. As shown in this figure, at exit quality 0.5, the
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mixture with composition between G3 and G4 can be selected as the
working fluid for a Type II evaporator because the 0.5 quality gliding
temperature of these mixtures is nearly equal to the temperature loss
of the source side. NARM’S with composition between Gl and G2 can be
selected as the working fluid for a Type I evaporator. To eliminate
NARM’s which are not suitable for the cyEles with Type II evaporator,
a computer program has been written to select the possible non-
azeotropic binary refrigerant mixtures for cycles operating at a
specified pressure and for a specified temperature loss of the source
side. 15°F and 30°F source temperature losses are included in this
study. The result of the survey is given in Figure 29 for a 15°F of 0.5
quality gliding temperature, and in Figure 30 for a 30°F of 0.5
quality gliding temperature. The data in Figures 29 and 30 are shown
the saturated pressure (P) of liquid NARM at 35°F and the mole fraction
x of the constituent which indicated on the horizontal axis of these
figures.

The results in Figures 24, 25, 29 and 30 are based on a saturated
NARM liquid existing at the inlet of the evaporator. In actuality, a
subcooled liquid NARM is flashed through an expansion device and a low
quality two-phase NARM exists at the evaporator inlet. Furthermore a
NARM has a nonlinear temperature/enthalpy characteristic which affects
the performance of the system. Therefore, the above study is only a
guideline for selecting the constituents and composition of NARM’s. The
results in Figures 24, 25, 29 and 30 will be used as starting points
for the simulation models in order to determine optimal selection of

refrigerant, compositions, and cycles.
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CHAPTER IV
THERMODYNAMIC ANALYSIS AND SIMULATION TECHNIQUE
4.1 Component Thérmodynamic Ahalysis

In this section, the thermodynamic ‘characteristics of the
components of vapor compression cyclés will be analyzed.

The irreversibility (I) of a body is defined as the difference
between the reversible work (ideal work) for a given change of state

and the actual work that results in the same change of state.

I= w::e‘v_wc.v. (4'1)
Where W __, : reversible work
W. ,. : work across control volume

To estimate the irreversibility of the cycle, the irreversibility
for individual components of the vapor compression cycles must first be
analyzed. The continuity equétion and the first and second law of
thermodynamics are applied for each component. The symbols for the

analysis are as follows:

m Mass flow rate)

P : Absolute pressure

T Temperature

h : Enthalpy

s Entropy

X @ Refrigerant mixture mole fraction
y Quality
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T, : Surrounding absolute temperature
The subscripts 1,2,... are for state point 1,2,...
The subscripts h and ¢ are for hot and cold stream of a heat

exchanger, respectively.

The irfeversibility analysis is based on References (1) and (59)

4.1.1 Expansion Device

In order to contgol the flow of liquid refrigerant between the low
and high side of a vapor compression cycle, some form of an expansion
device must be used. Most of existing expansion devices are designed
for pure refrigerant systems. These deyices need to be modified to
operate with NARM systems. In this study, only thermodynamic
characteristics of expansion device are emphasized. The three main
expansion and control devices used to obtain automatic control for a
pure refrigerant system are:

- Automatic expansion valve
- Thermostatic expansion vglves
- Capillary tubes.

Automatic expansion valvé. The function of an automatic expansion
valve is td maintain a constant pressure in the evaporator. These
valves are usually employed on a direct—expansionlrefrigerator because
the system will usually operate in 'the constant heat sink and heat
source temperature mode. Automatic expénsion valves are not
satisfactory in air conditfonfng due to the heat sink temperature and
load fluctuations (31),(64).

Thermostatic expansion valve (TXV). The function of a thermostatic
expansion valve is to regulate the flow of refrigerant into the

evaporator in exact proportion to the rate of evaporation of the
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refrigerant in the evaporator, to achieve a specified amount of
superheat thus preventing the return of liquid refrigerant to the
compressor. \

For a pure refrigerant cycle, the thermostatic expansion valve is
a hermetically séalea device that regulates the refrigerant to the
evaporator using a thermal sensing element to monitor superheat. The
saturation properties of the fluid in the bulb (and a spring preload)
determine the evaporator pressure, thus control the evaporator
saturation temperéture.

Thermal expansion valves are satisfactory for air conditioning and
heat pumps which operate with load and heét sink temperature
fluctuations (31),(64).

Capillary tubes. A capillary-tube consists of a tube with an
extremely small bore and aﬂvery\long length. The reduction in pressure
from the condenser to the evaporator is not achieved with a valve, but
by the pressure drop through the tube. The subcooled liquid is flashed
in the capillary tube.

Because of the gliding temperature of the NARM in the evaporator,
all the above devices need to be modified to operate with a NARM vapor
compression cycle. For a required fixed degree of sdperheat at the
evaporator, an electronic TXV may be installed. An electronic TXV uses
a microprocessor to store values of the superheated NARM vapor
temperature as a function of pressure for a required fixed degree of
superheat. Using a senéing element to measure temperature and pressure
at the required point (e.g., the inlet to the compressor) to regulate
the TXV opening and therefore control the flow rate through the

evaporator.



4.1.1.a Thermodynamic and Irreversible Analysis

Qin=0' .
m,Py,Tyshy,yy,s,; - my,P,,T5,h,,¥,,s,
Expansion device : >

Figure 31. The Throttling Process

The throttling process is shown schematically in Figure 31. The
continuity equatign gives:
m=(m) = (m,) (4.2)
First lav of thermodynamics: (A steady-state, steady-flow process)
(m;h,) = (m,h,) | (4.3)
or hy = h, (4.4)
Second law of thermgdynamics:
(m,s,) 2 (mys,;) (4.5)
or s, > s, , (4.6)
Reversible work of the throttling valve Voo kor the cﬁange of
state from state (1) to state (2)is found by:

w = m{(h;-h,) - T (s,-s,)) (4.7)

rev)

or (W = mT (s,-s,) C ‘ (4.8)

rev)
Work across control volume W_ , for the throttling valve is equal
to zero.
Thus the irreversibility of expansion device is:

I= (VW )-0. = mT_(s,-s;) (4.9)

rev
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4.1.1.b Expansion Device Model

Input Odfput

my My =My

P, h,=h,

P, Expansion T2=f(P2,h5)
T, device y,=£(P,,h¢)
h, model sy ,=£(P,)
Sy Sv2=f(P2)

S, =(1-y,)%s, ,+y,*s,,

Figure 32. Expansion Device Model

The expansion device is modeled as an isenthalpic process and the

model is shown in Figure 32
4.1.2 Liquid Pump

A liquid pump is employed in Cycle 6 to pump the low pressure
subcooled liquid to high pgessure.'Addition of the liquid pump to the
system results in increased total weight, and system cost. However, the
total power consumption of the system may be reduced because the‘power
consumption for a pump is much less than for a compressor. Furthermore,
the liquid pump can be used in a "free cooling" mode. Free cooling mode
occurs when the heat sink temperature is lower than the heat source
temperature. For this mode; only the liquid pump needs to circulate
refrigerant through the condenser and the evaporator. Because the

compressor is turned off in a free cooling mode, the system power
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consumption in a free cooling mode is significant less than during a

normal mode. The liquid pump is modeled with an isentropic efficiency

", and an electric motor efficiency n.

4.1.2.a Irreversibility Analysis’

m,P,,Ty,hy,s, m,,P,,T,,h,,s,

TV,

Figure 33. Pumping Process

The pumping process is shown in Figure 33. The continuity equation
gives:
m=(m) = (m,) (4.10)
First law of thermo&ynamics: (A steady-state, steady-flow process)
(mhy) = (myh,) + W : T (4.11)
or mh; = mh, + W, (4.12)
Second law of thermodynamics:«the process is adiabatic for the
control volume around the liquid pump
(mys,) 2 (mysy) . : (4.13)
or s, 2 s; (4.14)

Reversible work of the pump W, _, for the change of state .

v

(V.ey) = m{(hy-h,) - T (s,-5,)] (4.15)
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From Equation (4.12), the work across control volume W_ , for the

pump is:

Wi, = m(hy-h,) (4.16)

in
Thus, from Equation (4.15) éqd Equation (9.16), the
irreversibility of the liquid: pump is: |

W, = mT (s,-8,) (4.17)

rev) ~ "in

I= (W

4.1.2.b Thermodynamic Model

Liquid pump ﬁodel is shownlin Figure 54. A #ubcooled liquid in the
pump at state 1 at pressure P,, temperaturé Tl; enthalpy h; and entropy
s,, the isentropic process yields:

S,; = S | (4.18)

With the ouflet pressure P, and entropy s,; at state 2i, the
enthalpy is then obtained from working fluid properties data.

From the definition of isentropic efficiency, YE for a pump:

n, = (hy,-hy)/(h,-hy) (4.19)

The pump outlet enthalpy, h2 is obtained by:

h, = r‘p(hzi‘hl)+h1 (4.20)

With the outlet pressure P,, and enthalpy hz, then temperature T,,
and entropy s, of the subcooled liquid at the pump outlet are obtained
from working fluid properties. The work input to the‘pump is given by:

Wy = my(h,-h;) (4.21)

Considering the pump electric motor efficiency, n,, the electric

pover input to the pump, W, , is obtained from
Vep = Win/ My (4.22)

The power consumed by the pump will be included in the total power

consumption to calculate the system performance.
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Input Output

ml m2 =m1

Py o S2.=5;

P, Liquid h,;=£(P,,s,,)

T, pump h, =np(hzi—h1)+h1

h, T, =f(P,,h,)

Sy s, =f(P2,T,)
Vin=m (hy-hy)
wep— :.n/

Figure 34. Liquid Pump Model

4.1.3 Separator

Cycle 6 needs a separator to separate the two-phase NARM into a
saturated liquid aﬁd saturated vapor at different compositions. The
regular receiver can be used as a separator. Because of the different
densities, NARM vapors and NARM liquids can be separated by the gravity
force and then a subcooled NARM liquid is pumped from the bottom of the
receiver, and saturated vapor is drawn out at the top of the receiver.
The separating process is shown in Figure 35. The continuity equation
gives:

m, = m; + m (4.23)

First law of thermodynamics: (A steady-state, steady-flow process)

(mh); = (mh), + (mh), . (4.24)
my my

let X = = (4.25)
m;, + m, my

Dividing Eq. (4.24) by m; gives h; = xh; + (1.-x)h, (4.26)

1
Second law of thermodynamics: (ms), + (ms), 2 (ms); (4.27)
or xs;, + (1.-x)s, > s, (4.28)

Reversible work of the separator W, _, for the change of state is:

v



m Py, Tyuhyys,,y,
S

my,P;,Ty0hy,s;,y;
—) Separator
>

my,P,,Ty,h,,8,,y,

Figure 35. Separating Process

(V,oy) = {m(h-T_ s)},-{m(h-T s)},-{m(h-T s)}, (4.
or =m, {x(h-T,s),+(1-x) (h-T,s),-(h-T,s),} (4.
=mT (s,+s8,-8,.) (4.

Work across the control volume W_ for the separator is
Therefore, the irreversibility is:

I = (W

).’EV)

4.1.3.b Thermodynamics Model

Separator model is shown in Figure 36. In this study, the
drop in the separator is assumed to be zero and the separator
efficiency is 1.0.

The refrigerant is in equilibrium. Thus,

P, =P, =P , (4.

1

T, =T, = T, (4.

1

-0.= m, T (s;+5,-5;) (4.

29)
30)
31)

Zero.

32)

pressure

33)
34)

From the inlet quality y,;, the outlet saturated vapor flow rate m,

is given by

m = my, (4.
The outlet saturated liquid flowrate m, is given by
m, = m(1l.-y,;) (4.

35)

36)

From the composition x;, the temperature T,, and the pressure P;

at the inlet of the separator, the composition of the saturated vapor
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Xy and saturated liquid x? are obtained from the mixture properties.
The enthalpy h, and entropy s, of the saturated vapor are obtained from
the working fluid properties for composition x; at temperature T, and
pressure P,. Similarly, the enthalpy h, and entropy s, of the saturated

liquid are obtained from the working fluid properties for composition

X, at temperature T? and pressure P2.

Input Output
ml P1 = PZ = P].
Py ’ T, =T, =T,
T, Vap/Liq m, = y,*m m, = m -m,
h; separator x, = £(?P,,T,) x, = £(P,,T,)
s; h, = £(?,,T,) h, = £(P,,T,)
Vi s, = £(p,,T,) s, = £(P2,T,)

Figure 36. Separator Model

4.1.4 Adiabatic Mixing

The mixing process of two flows is shown in Figure 37. The mixing
of two dissimilar streams of fluids may differ with regard to the
thermodynamic states, phases or chemipal composition. An example is the
mixing of two liquid refrigerants at the same pressure bﬁt not at the
same temperature. The continuity equation gives:

m, +m, = m (4.37)

First law of thermodynamics: (A steady-state, steady-flow process)

(mh); + (mh), = (mh), (4.38)
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Qin=0'

my s Py Tyshyysyhx,y,
>

Mixing |m_,P_,T ,h ,5.,%.,Y,
>

> 1 chamber
my,Py,Ty,hy,8,,%,,Y,

Figure 37. Mixing Process

m, :
let x = = ' (4.39)
m, + m, ‘m .

e
Dividing Eq. (4.38) by m_ gives xh, + (1.—>;)h2 = h, (4.40)
Second law of thermodynamics: the process is adiabatic for the

control volume around the mixing chamber

(ms)e » (ms), + (ms), (4.41)
or s, 2 xs;, + (1.-x)s, (4.42)

for the change of

v

The reversible work of the mixing flow W _

state is:
(V,ey) = {m(h-T_ s)};+{m(h-T s)},-{m(h-T s)}, (4.43)
or = m,{x(h-T s),+(1-x)(h-T s),-(h-T s)_} (4.44)
= m,T,(s,-S;-S,) (4.45)

The work across the control volume W, , for the mixing chamber is
zero. Therefore, the irreversibility of the adiabatic mixing is:

I=(V -0.=m T (s.,-5,-5,) (4.46)

rev)

4.1.4.b Thermodynamic Model

Two binary streams at the same pressure with different
concentration, enthalpy and temperature and/or different phases mix in
a steady flow process is shown in Figure 38.

The concentration x_, and the enthalpy h, of a mixing flow are:
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Input Output

m, ,m, m, = m,+m,

P, =P, P, =P, =P,

T,,T, Adiabatic he = (m; *h,+m,*h,)/m_
h, ,h, mixing Xo = (my*x,+m,*x,)/m,
S:1S, T, = £(P_,h, ,x,)
Yi9Y2 Ye = f(Pe,he,Xe)
Xy9%; S, = f(Pe’ye)

Figure 38. Adiabatic Mixing Model

X

e

X, + (mg/m ) (x,-%,) (4.47)
h

e

h; + (m;/m_)(h,-h;) (4.48)
Assuming the inlet pressure P; = P,, then the mixing pressure is
P, =P, =P, “ (4.49)
The temperature T, and the entropy s, of the mixing flow are then
obtained from the working fluid properties concentration x_, at the

pressure P, and the enthalpy h,_.

4.1.5 Compressor Model

4.1.5.a Irreversibility Analysis

Qin=0‘
m,,P,,T;,hy,s .mz,Pz,Tz,hz,sg

Compressor

T Win

Figure 39. Compressing Process
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Compressing process is shown in Figure 39. The continuity equation
gives:
m=(m) = (m,) (4.50)
First law of thermodynamics: (A steady—state, steady-flow process)
(myh, ) = (myh,) + W, , (4.51)
or mh;, = mh, + W, - (4.52)
Second law of thermodynamics: the prbcess is adiabatic for the
control volume around the compressor.
(m,s,) 2 (ms,) (4.53)
or s, 2 S, (4.54)
Reversible work of the compressor W.,,  for the change of state is
(W.o,) = m{(h,-h,) - T (s,-s,)]} (4.55)
From Equation (4.52), the wbrk across the control volume W_ . for
the compressor is W, = m(h,-h,) (4.56)
Thus, from Equation (4.55) and Equation (4.56) the irreversibility
of the compressor is: |

I=(V.,,) -V, =nT,(s,-s,) (4.57)

rev in

4.1.5.b Thermodynamic Model

The compressor was modeled for simulating a non-isentropic process
with isentropic eﬁficiency n.. The compressor model is shown in Figure
40. For superheated vapor at state 1 at, pressure P,, temperature T,,
enthalpy h;, and entropy s,, the isentropic process gives

S,y = S, (4.58)

With the discharge pressure P, and entropy s,;, at state 2i the

enthalpy is then read from working fluid properties data.

From the definition of isentropic efficiency, h., of a compressor:

n = (h,;-h;)/(h,-h,) (4.59)
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Input Output

ml m2 =m1

P S21=5;

P, |Compressor h, =£f(P,,s,;)

T, h, =n(h,;-h;)+h,

h, T, =f(P,,h,)

s, s, =£(P2,T,)
Win=m1 (hZ_hl )
wepzwin/r‘m
Py =f(P1 9T1 )
CFM= m,/p,

'Figure 40. Compressor Model

The discharge enthalpy, h,, is obtained from:
h, = h;+(h,;-h;)/n (4.60)
Using the discharge pressure, enthalpy, and working fluid
properties data, the temperature, enthalpy and entropy at the discharge
are defined. Therefore, the work input to the compressor is:
Vin = my(hy-hy) (4.61)
With the compressor electric motor efficiency n , the power
consumption input to the compressor W, _ is obtained from
Voo = W, ./n, (4.62)
Suction volumetric flow rate (CFM) at state point 1 is calculated

based on the mass flowrate and specific volume of refrigerant prior the

compression process.

4.1.6 Motor Cooling

The compressor motor is assumed to be cooled and lubricated by the

high pressure two-phase or subcooled liquid refrigerant. The maximum
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outlet quality of refrigerant is assumed to be 1.0. The compressor

motor losses are included in the estimated COP of the system.

4.1.6.a Irreversibility Analysis

+Q

in

my,Py,Tyhhyysyyy, m,,Py, T,

Motor cooling

Figure 41. Motor Cooling Process

yhyys,,y,
>

For the compressor and motor cooling considered together, the heat

transfer rate to the surroundings is equal to zero. Q,,

is considered

to be the internal heat transfer rate from the electrical and

mechanical losses to the cooling flow. The motor cooling process is

shown in Figure 41. The reversible work, W, _.,

state 1 to state 2 is:

W = mT_ [(s,-s,)-(h,-h,)/T)

rev

V,, = 0.

Therefore, the cooling flow irreversibility is

I = T, [(s,-s,)-(h;-h,)/T)

4.1.6.b Thermodynamic Model

The compressor motor losses, Q,,, are determined

for the change from

(4.63)
(4.64)

(4.65)



94
Qin = mcomp*(hcut—hin)*(1'_rh)/rh (4.66)
wvhere m : Compressor flow rate

comp’®

h;, : Compressor inlet enthalpy

h : Compressor outlet enthalpy

out
N : Electric motor efficienc&

The heat transfer rate to the motor cooling flow is equal the
losses in the compressor motor (Q;, = Q,.). Therefore, the outlet
enthalpy is obtained from :

h, =h, +0,,/m _ (4.67)

Assuming the pressure drop of cooling flow is DP, the outlet
pressure is : |

P, =P, - DP . (4.68).

At the outlet pressure P,, and enthalpy h,, the temperature T,,

quality y, and entropy s, at the outlet of the motor cooling flow is

obtained from the refrigerant properties. The motor cooling model is

shown in Figure 42.

Input Output
m, m, = m,
P, P, = P,-DP
DP | Motor &h = W 0 10ss/My
T, cooling h, = h1+Aﬁ
h, - T, = £(P,,h,)
S s, = £(P2,T,)
y1 y2 =

£(P,,T,)

Figure 42. Motor Cooling Model.



4.1.7 Heat Exchanger Model

The evaporator, condenser, and subcoolers are modeled as counter

flow heat exchangers.

4.1.7.a Irreversibility Analysis

Heat exchangers involve heat transfer with bodies at a temperature
above or below the temperature of the surroundings. The irreversibility
of the heat exchanger is obtained by:

(4.69)

I‘= ImTs, - IZmT's, - Q.-
With the assumption of no heat transfer from the heat exchanger to

the surroundings, Q = 0.. Theréfore,

cv
I = To*{[m(se—sl)]h+[m(se—si)]c] (4.70)

For the condenser and evaporator, the change of the entropy
between the outlet and>the inlet of the single phase side is estimated
as follows: |

- for the liquid heat source or heat sink, the entropy is
obtained from property data.
- for the air heat source or heat sink, the entropy difference is

determined by:

8s = C, In (T,/T;) (4.71)

4.1.7.b Thermodynamic Models

- Evaporator model. The evaporating. process in the evaporator is
shown in Figure 43. The evaporator model requires the refrigerant inlet
conditions.

For a NARM working fluid: pressure P,, temperature T,.
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m,Py Ty ohyysy,yy, m,yP,,Ty0hy,8,,y,
S S

7

Evaporator

Source out Source in

Figure 43. Evaporating Process

For a pure refrigerant: temperature T,, enthalpy h,.

The enthalpy h,, the entropy s, and the quality y, at the inlet to
the evaporator are obtained from’the working fluid properties. The
refrigerant outlet pressure is P, = P,-DP (4.72)

where DP is the refrigerant pressure drop in the evaporator.

The evaporator quel is shown in Figure 44. The model
requires the refrigeraﬁt ouflet quality y, (e.g., y, 2 1. for the
cycles required saturated or superheated vapor exits from the
evaporator (evaporator type I) or y, < 1. for the cycles required two-
phase refrigerant exits from the evaporator (evaporator type II) .

At the exit pressure P, and quality y,, the exit temperature T,,
enthalpy h, and entropy s, are obtained from the working fluid
/properties.

The flow rate of the working fluid is obtained from:

m = Q;,/(h,-h,) . (4.73)
where Q;, is the design heat load.

- Condenser Médelf The condensing process in the condenser is
shown in Figure 45. The condenser requires the refrigerant pressure P,

and temperature T, at the outlet of the condenser for a NARM working
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Input Output

0, P, = P,-DP
P, h, = £(P2,y,)
DP Evaporator| m; =m, = Q; /(h,-h;)
T, |refrigerant| T, = f(P,,h,)
h, side s, = £(P,,h,,y,)
Sy .
Yi4Y,
Figure 44. Evaporator Model
Sink in sink out
> >
Condenser
mys Py Ty5hy,8,,Y, mysPysTyohyysyny,

Figure 45. Condensing Process

fluid. For pure refrigerants, the temperature T, and the degree of
subcooling at the condenser outlet must be known. The enthalpy h,, the
entropy s, and the quality y, at the outlet of the condenser are
obtained from the working fluid properties. The refrigerant inlet
pressure is defined by P, = P,+DP (4.74)
wvhere DP is the pressure drop of refrigerant in the condenser.

The inlet conditions of the condenser is defined by the flowrate

My, the temperature T!, the enthalpy h!, entropy s!, quality y! and

composition x;, are calculated from the previous steps of the cycle

simulation model. Therefore, the heat rejected in the condenser is:
Q,. = my*(h,-h,) (4.75)

The condenser model is shown in Figure 46.



Input Output

m, m, = m

P, P, = P,-DP

DP Condenser T, = £(P,,h,)

T, refrigerant Q,.= my*(h,-h,)
h,yh,| side y. = £(P,,h,)

53 s, = £(?,,T,,¥,)

Y1

Figure 46. Condenser Model

- Subcooler Model. The subcooler is used in refrigeration cycles
to reduce the temperature of the high pressure hot refrigerant by
evaporating the low pressure cold refrigerant. Depending on the cycle,
the high temperature refrigerant may be subcooled liquid or two-phase
refrigerant. The spbcooling procéss‘is shown in Figure 47.

The subcooler model requires the inlet conditions (state point 1
and 3), the pressure, temperature or enthalpy, as well as the pressure
drop for the hot and cold sides of the‘heat exchanger. In addition, the
model requires the outlet conditions of one side to be either hot or

cold side ( point 2 or 4). The subcooler model is shown in Figure 48.

\

(cold side)
m3’P3’T3’h3’s37y; m4,P4,T4,h4,S4,yg

Subcooler

m,,P,,T,,h;,5,,Y, m,P,Tyyhyys,y,
(hot side)

Figure 47. Subcooling Process
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Input ' Output
hot cold hot cold
my my my, =m My =My
P, P, P, =P,-DP, P,=P3-DP,
DP,  DP_| Subcooler | T, =f(P,,h,) &h=Q_, /m,
T, Ty Qey= my*(h,-hy) hy=h,+h
h;,h, h, . y, = £(P,,h,) T,=£(P,,h,)
5 S3 - S, '= f(PzaTsz2) Y4=f(P4’h4)
i Ya B . Sq=f(P4 yh4’}'4)

Figure 48. Subcooler Model

- Model to check the pinch point temperature and estimate the
conductance of heat exchanger. Many NARM’s have a nonlinear
temperature-enthalpy behavior in the two phase region. The shape of the
curves in this type of diagram can have a large influence on the
effective mean temperature difference in the heat exchanger for a given
effectiveness. Undef certain conditions, a pinch point may occur which
limits the potential of decreasing the temperature differences at the
inlet or outlet of an evaporator or condenser. Or given an
effectiveness, the pinch poipt will fequire an increased heat transfer
area to achieve a desire heat load. Under other conditions, avoiding
pinch points will result in a moré desirable thermal performance of the
heat exchanger. The performance of the heat exchanger is specified in
terms of an average effective temperature difference and refrigerant
pressure drop. The conductance value (UA) of the heat exchanger will
allow a preliminary determiﬁation to be made concerning the size of the
heat exchangers required.

In the calculation the conductance value, UA, of the heat

exchangers, the vapor and liquid phases are assumed to be in



equilibrium with one another at any flow cross-section of the heat
exchanger and the heat transfer coefficient is constant. The above
assumptions’represent an approximation because many factors affect the
heat transfer coéfficient as indicated in Reference (4). These factors
may be two-phase quality, flow regime, the phase maldistribution, the
mass transfer, and mass flowrate maldistribution of two-phase
refrigerant to the channels of evaporator, etc. However, it becomes too
complicated to consider the above effects in this study.

The conductance UA of each heat exchanger is calculated by
dividing the heat exchangers into a number of finite difference
segments, each of equal size &g as shown in Figure 49. The heat
exchanger conductance is then obtained by summing the quantity of the
heat transferred over each segment divided by log ﬁean temperature
difference at that segment as shown below.

Calculate the temperature difference between the hot side and the
cold side at segment i, AT, = T,,; - Ty (4.76)

Calculate the femperature difference between the hot side and the

cold side at segment i+l

BT; 1 = Thisa- Tein (4.77)
Thl Thi+1
(hot stream)
> : : : : : : : —>
1:2:3: HE S S :
(cold stream)
Tci ITc.i+1

Figure 49. Heat Exchanger Model
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The log mean temperature difference at segment i is obtained from

LMTD, =(AT,,,-4T, )/Ln(AT,,,/4T,) (4.78)

i+1

The conductance of heat exchanger is determined by:

UA = I (0g/LMTD) (4.79)

where the subscripts h and ¢ refer to the -hot and cold streams
respectively.

The pressure drop for each fluid is assumed to be evenly
distributed for each segment of the heat exchanger.

The heat exchanger model computes the difference of temperature

between two fluids, conductance and the pinch point temperature of the

heat exchanger. If required, a temperature profile will be drawn.

4.1.8 Condenser Fan

For applications such as air conditioning or heat pumps, the power
consumption for the condenser fan is an important factor in total power
consumption of the system. Even liquid-cooled condenser chillers
require power for the cooling tower fan.

In this study, the powér consumption is estimated for one ton
cooling load. The inlet and outlét temperatures of the sourcé side are
considered constant. As the result of the fixed cooling %oad and source
temperature, the power required to pump heat source fluid (liquid or
air) through the evaporator is the same for every cycle and for any
refrigerant. Therefore, the power consumption for the evaporator fan or
pump is not inciuded in this study.

For the condenser, only the inlet sink temperature is constant.
The outlet temperature of the sink side depends on required heat
rejection in the condenser which depends on the performance of vapor

compression cycle and the temperature of the refrigerant in the
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condenser. Therefore, the sink flow rate can vary to meet the pinch
point temperature requirement. The power consumption for the condenser
fan or pump is varied for each cycle and the working fluid. The power

consumption W for the condenser fan is estimated by

fan
Mair * DPair
Wean = (4.80)
Payr * nfan
vhere :
DP,,, : air side pressure drop
Paiy ¢ air density

Neon ¢ fan efficiency (include electric motor)
4.1.9 Cycle

The irreversibility of the cycle is the sum of the irreversibility
of the components. The irreversibiiity of the components is calculated
based on the dead state temperature of 537°R (298°C) and air is heat
sink and heat source. Summary of component irreversibility is given in
Table IV.

The irreversibility of the cycle is obtained from:

I LI, (4.81)

cycle =

j=1,n
4.2 Cycle Thermodynamic Analysis

The performance of a refrigerating system is expressed in terms of

the coefficient of performance (COP), which is defined as:

useful refrigerating effect
COP = (4.82)
Net energy input
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SUMMARY OF COMPONENT IRREVERSIBILITY ANALYSIS

COMPONENT SCHEMATIC IRREVERSIBILITY
1 2
Expansion device — - mT (s,-s,)
)
Liquid Pump — — mT_ (s,-s;)
1
i -
Separator — m; T (s;+s,-5;)
—_
2
1
Adiabatic e e
mixing — m,T,(s,-5,-5;)
1 2
Compressor — —> mT, (s,-s,)
2
Motor cooling — -— mT, (s,-s,-(h,;-h,)/T)
1 2
Condenser h—| ——f—>
Evaporator T, {m,(s,-s,)+m_(s3-54)}
Subcooler —|——]—c
3 4
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The following cycle performances aré evaluated for a unit mass
flow rate of refrigerant flow through the evaporatof. For simplicity,
pressure drops in the heat exchangers and connecting piping are

neglected .

4.2.1 Cycle 1 and Cycle 3

The flow diagram with the state points are given in Figures l4a
and 16a, and the P-H diagrams are given in Figures 1l4b and 16b.
Refrigerant entering the compressor is saturated or slightly
superheated vapor at the evaporator pressure. The compression process
1-22 is assumed téﬂbe non-isentropic with isentropic efficiency n_, and
is continued until the condenser pressure is reached. Point 22 is a
superheated vapor. The process 22—4‘is at nearly constant pressure,
with the temperature of the superheated vapor decreasing until the
saturated vapor condition is reached. The process is in both constant
pressure and constant temperature for a pure refrigerant or constant
pressure process fof a NARM. The working fluid leaves the condenser at
point 4 as a saturated or subcooled liquid. It is then expanded through
a throttling valve whefelpartial evaporation occurs as the pressure
drops across the valve. The throttling process 4-5 is irrgversible with
an increase in entropy. The enthalpyvat‘the“exit and inlet valves are
equal. A part of the liquid from the outlet of the condenser point 4 is
used to cool the compressor drive motor before it is mixed with the
existing slightly supe&heated vapor ffom the evaporator outlet and
drawn into the compressor inlet to coﬁpléte‘the cycle.

The useful refrigerating effect is :

Qyap = Uy = h;- hg (4.83)

Net energy input to the compressor
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wcomp = w1—22 = h22 - hl (4'84)
Therefore the coefficient of performance is :

0 h, -h,

evap

COP = - (4.85)

comp

4.2.2 Cycle 2

The description of Cycle 2 is given in Chapter 2, the flow diagram
with the state points are given in Figure lsa, and the P-H diagrams are
given in Figures 15b. Furthermore, the two phase cooling stream leaving
the subcooler HX (state point 20) at the interstage pressure level is
used to cool the compressor drive motor before it is mixed with the
first stage exiting vapor stream (state point 2).

The useful refrigerating effect is :

Quyap = Q-3 = hy- hyg (4.86)
The net energy input to the first and second stage of the
compressor is:
wcomp =W, + Wy 5, (4.87)
WVhere W, _, =h, - h;
Vai1-22 = m(hyy - hyy)
m_ : refrigerant flow rate through the condenser
Therefore
h, -h,

COP = (4.88)
hy-h;+ m_(h;,-hy,)

An energy balancé for the subcooler HX yields
(h,-h;) = (m_-1.)(h,,-h,4) (4.89)
At points 3,18, and 24 h;=h,,=h,,. Substitute to Equation (4.88)
yields

(h,~h,) = (m_-1.)(h,o-h,) (4.90)
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An energy balance for mixing of flow 2 and flow 21 yields:
m.h,,=h,+(m_-1.)h,, » (4.91)
Solving Equations (4.88) and (4.89) for the mass flow rate m_
( h, - hy)

m =
( hyy- hq)v

c

(4.92)

Substituting m. into Equation (4.86). The coefficient of
performance is:

( h;-hy)
COP = : (4.93)
\ (hy,-hy,)(hy-hy)

( hyy-hy)

(h,-h; )+

Without the subcooler HX, h, approaches h,, h,, approaches h,, and

the COP of Cycle 2 approaches the COP of Cycle 1.
4.2.3 Cycle 4

To get the benefif of NARM’s, Cycle 4, Cycle 5 and Cycle 6 need a
newv component, a heat ‘exchanger called "SUB 2". Cycle 4 is used to
explain the basic function of the heat exchanger "SUB 2".

Figure 17a shows a flow diagram of a vapor compression Cycle 4,
and the P-h diagrams are given in Figures 17b. In addition to the
evaporator and the condenser, this cycle uses two more heat exchangers,
SUB 1 and SUB 2.

The thermodynamic configuration of the vapor cycle was
specifically designed for a system using a NARM. Liquid refrigerant
leaving the condenser at point 4 enters subcooler I where it is further
subcooled by evaporating a two-phase fefrigeran£ at approximately the
interstage pressure. Because the NARM evaporates with a rising

temperature, the flow for this two phase cooling is tapped from the
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subcooled liquid leaving the subcooler SUB 1 at point 7. Refrigerant
then passes through an expansion device to the cold side of the
subcooler SUB 1 which is a counterflow heat exchanger configuration.
The two phase NARM leavgs the subcooler SUB 1 at point 20 and provides
further two phase cooling for the compressor motor before being
injected into the superheated vapor leaving the first compressor stage
at point 2. This interstage cooling increases the efficiency of the
overall compression process and reduces the second stage outlet vapor
temperature to within the safe operating limits for the refrigerants
used in the NARM.

The hot subcooled liquid leaving subcooler SUB 1 at point 7 enters
the subcooler SUB 2 for further subcooling, and is then routed to the
evaporator. A small portion of subcooled refrigerant liquid leaving the
subcooler SUB 2 is flashed through an expansion device and used as a
cooling source for two phase cooling in subcooler SUB 2. The outlet of
subcooler SUB 2 at point 26 is merged with the outlet of the evaporator
point 1 to provide a slightly superheated vapor to the inlet of the
compressor first stage at point 11. It should be noted that the
subcooling done in the subcooler SUB 2 is only advantageous to a NARM
system, allowing a reduction in the evaporator minimum temperature
without a reduction in evaporator pressure. Thié is due to the slope of
the constant temperature line in the two phase region of the NARM. This
allows a lower overall compressor pressure ratio and may get higher
cycle efficiency.

The exchanger, SUB 2, is a new element in the system, and it is
like another evaporator in parallel with the "main" evaporator. It

provides subcooling of the condenser liquid from T, to T,.
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HEAT SINK = -
CONDENSER
4 « 22
1\
‘ COMPRESSOR
N .
20 » ~ 121
I 12
SUBCOOLER 1 N
’7 118 : , COMPRESSOR
$ TXV 11
. R
¥
5
TXV ' 1
EVAPORATOR
« < HEAT SOURCE

Figure 50. Cycle 4 without Subcooler SUB 2

The heat exchanger, SUB 1, is used to reduce the compressor work
input and the maximum cycle temperature (at the compressor exit). To
understand the effect of the subcooler SUB 2 in the cycle 4, the
performance of cycle 4 without the heat e*changer SUB 2 must be
calculated. The flow diagram and state point is given in Figure 50.

The useful refrigerating effect is :

Quvap = Q5.3 = hy- hy | (4.94)

The net energy input to first and second stage of the compressor
is:

Veowo = Wiy + Voy ) (4.95)

comp
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Where W,_, =h, - hy (4.96)
Waroa2 = m( hyy - hyy) (4.97)
m. : refrigerant flow rate through the condenser
Therefore
h, -hg .
CoP = 1 (4.98)

h,-h;+ m_(h,,-h,,)

An energy balance for subcooler SUB 1 gives
(h,-hy) = (m_-1.)(h,,-h,,) (4.99)

Through the expansion device, h,=h;,. Substituting into Equation

(4.99) yields
(h,-h;) = (m_-1.)(h,,-h,) (4.100)
An energy balance for the mixing of flow 2 and flow 21 yields:
m.h,;, = h,+(m_-1.)h,, (4.101)
Solving Equations (4.99) and (4.100), for the mass flow rate
(h, - h;)

m e ——————
(hy;- hy)

c

(4.102)

Substituting m_ into Equation (4.98), the coefficient of
performance of Cycle 4 without the subcooler SUB 2 is:
(h;-h;)
COP = - - (4.103)
h;,-hy1)(hy-hy)

(hy,-hy)

(h,-h, )+

Now, the performance of Cycle 4 is calculated including ‘the
subcooler SUB 2

Let m_, is the total flow rate of NARM hot side to the heat
exchanger SUB 2 (state 7) or the flow rate to the first stage of the
compressor.

An energy balance in heat exchanger SUB 2 yields:
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m., (h,-h,) = (m_,-1.)(h,-hg) (4.104)
across the throttling valve 6-5
hg=h, ; T,>T; and T >T,
Thus,
m., = (hl—hs)/(hl—h75 ‘ (4.105)
The energy balance for the heat exchanger SUB 1 yields
m_(h,-h;) = (m_-m_,)(h,,-h,,) (4.106)
across the throttle valve 7-18 yields h,=h,,. Substituting into
Equation (4.106)
m,(h,-hy) = (m_-m_,)(h,o-h;) (4.107)
The energy bélance for the mixing of flow 2 and flow 21 yields:
“ m.hy,, = m ,h,+(m_-m_,)h,, (4.108)
Solve Equations (4.107) an& (4.108) provides
m (h, - hy)

c

M.y (hy,- hy)

(h,-h;) (hy-hy)
m, = : (4.109)
(hy,-h,)(h;-hy)

The COP of the system is

(hl"h5)
COP = : . ’ (4.110)
m,; (hy-hy)+m_(hy,-h,,)

Substituting m_, from Equation (4.105) and m_ from (4.109), the

coefficient of performance of the cycle with the subcooler SUB 2 is
given as
(h,-h,)
COP = (4.111)
(h;;-hy;)(hy-hy)
(hy,-hy)

(h,-h, )+




Note that the exchanger SUB 2 affects the cycle in the follnwving
vays :

(a) The COP (Equation (4.103) for Cycle 4 without the subcooler
SUB2 and Equation (4.111) for Cycle 4 with Fhe subcooler SUB2) does not
directly depend ;pon‘exchanger SUB 2 . \ ‘

(b) Figure 51 shows' the cyclé on aypressure—enthalpy (P-h)
diagram. The saturation dome of the P-h diagram is qualitatively the
same regardless of whéther the working fluid is a single refrigerant or
a binary mixture of a constant composition. As shown in this figure,
the distinguishing feature is the_fact that T,=T,=T, for a single
refrigerant while T5<'f8<T1 for a binary nonazeotropic refrigerant
mixture. Without the exchanger'SUB 2, The fluid enters the evaporator
at T, rather than at T;. Since T.=T,=T, for a single fluid, the
exchanger SUB 2 has no effect upon the pressure ratio and the
refrigerant temperature in the evaporator. In summary, heat exchanger
SUB 2 is useless in a system using a single refrigerant. /

(c) For a NARM with T,<T,<T,, the exchanger SUB 2 allows a
reduction in temperature (from Tslto T,) at the evaporator entry for
the same pressure ratio and COP as cycle without the heat exchanger.
Alternatively, a decrease in the pressure ratio and increase in the COP
are obtained with the use of eichanger SUB 2 for an evaporator inlet
temperature of T,. Thus the exchanger SUB 2 is essential for an
efficient or effective use of a NARM.

For a pure refrigerant,,héat is rejected from the cycle in the two-
phase region at a constant temperature (T4). For a NARM, this process
occurs over a temperature range from T4 to T22, which provides the

benefit of a reduced cooling flow rate or decrease in condenser size.
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Figure 51. P-h Diagram

4.2.4 Cycle 5

The description of Cycle 5 is given in Chapter II. Figure 18a
shows the flow diagram for Cycle 5. This cycle uses two heat
exchangers, SUB 1 and SUB 2. SUB 1 is used to further condense the high
pressure two-phase refrigerant leaving the condenser (state point 4).
This is accomplished by evaporating the fwo—phase refrigerant leaving
the evaporator (state point 2) to a higher quality. The two-phase
refrigerant leaving the éubcooler SUB 1 at point 8 is used to cool the
compressor drive motor prior entry into the compressor at point 21.
This exchanger allows an increase in the specific cooling effect (i.e.

cooling effect per unit mass flow of the refrigerant). But the same
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result can be achieved if the superheating of vapor within the
evaporator is permissible. The adverse effect of exchanger I is an
increase in the maximum cycle temperature T,,. Similar to cycle 4, the
exchanger SUB 2 is a new elemen; in the system, and it is like any
other evaporator configured in parallel with the "main" evaporator. The

additional exchanger provides subcooling of the condenser liquid from

T to TS.
Assuming steady-state flow and neglectiné the potential and the
kinetic energy, an energy balance on heat exchanger SUB I yields:
m_(h,,-h,) = m_(h,-h,) or
(h,,-h;) = (h,-hy) ; T,>T,, , T,>T, (4.112)
For heat exchanger SUB 2
m.(hy-hg) = (m_-1.)(h;-h;) (4.113)
Across the throttling valves,
h,=h, ; ’i‘7>T1 and T, >T, (4.114)
Thus,
m_= (h,-h,)/(h,-h,) (4.115)
The compressor work input, Wih,;is given by
Win = W,, _,, = m_(h,,-h,,) (4.116)
The cooling effect Qin is given by
Qin = (h;-hg) = (h;-hy) - (4.117)
From Equations (4.116) and (4.117), the coefficient of the

performance, COP, is given by

Qevap (hl—hs) '
COP = = (4.118)
wcomp (hl“hs)
‘""’_—_'(hzz‘h21)
(hl“h7)

or



(hl‘h7)
COP = ——M8MM (4.119)
(hy5-hyy)
The effects of the subcooler SUB 2 on Cycle 5 is similar to its
effects on Cycle 4.

In this study, the compressor motor efficiency (h,) is included to

estimate the total power consumption for the vapor compression cycle.
4.3 Simulation Techniques

FORTRAN simulation models were constructed to predict the cycle
performance using pure refrigerants or binary non-azeotropic
refrigerant mixtures as the working fluids. The electrical power
consumption is estimated for all electrical motors including the
compressor, pump, and fan (except the pumping power required for the
heat source). The compressor motor is assumed to be cooled and
lubricated by the refrigerant and any losses are included in the
estimated system COP. The pfogram includes models for the expansion
device, compressor,' liquid pump, separator, condenser.fan as well as
the heat transfer processes in the condenser, eQaporator, and
subcoolers. Depending on the cycle, the refrigepgnt exits the
evaporator as either a. two-phase or super-heated vapor. The refrigerant
exits the condenser as a two-phase mixture, saturated liquid or
subcooled liquid. Two values of system performance are evaluated. The
first for vapor compréssion cycle alone, while the second includes the

condenser fan (or pump).

4.3.1 Overall Description of Cycles

The required input parameters for the simulation models are:
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