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Refrigeration systems are major consumers of electrical energy in many process industries. Hydrocarbons
have regained interest as refrigerants because of the increasing restrictions applied to halogenated fluids.
In this work, the use of hydrocarbons mixed refrigerants and an alternative flash tank with vapor in-
jection (FTVI) refrigeration cycle were combined. Five different binary mixed refrigerants involving R170
(ethane), R290 (propane), R600 (n-butane) and R600a (isobutane) were studied. Using different refriger-
ant compositions, the cycle was simulated and optimized for maximum COP, considering a fixed refrig-
eration capacity in the evaporator to reduce the temperature of a secondary thermal fluid from 281.55K
to 269.15K. Parameters analyzed were: coefficient of performance, temperature glide in the evaporator
and refrigerant mass flow rate. The use of a FTVI led to a COP improvement from 4% to 36% when com-
pared to the traditional vapor compression cycle (VCC). The pair R290/R600 with 60/40 wt% presented
the maximum COP of 4.88.

© 2018 Elsevier Ltd and IIR. All rights reserved.

Optimisation d’un cycle frigorifique a injection de vapeur en utilisant un mélange
de frigorigénes hydrocarbures

Mots-clés: Froid; Simulation; Injection de vapeur; Mélange de frigorigénes; Hydrocarbures; Optimisation

1. Introduction

formance might have a significant impact in energy consumption
also affecting the costs involved in their acquisition, maintenance

Refrigeration systems are intensively present nowadays so-
ciety in domestic, commercial and industrial applications. Es-
timates show that there are roughly 3 billion of refrigeration,
air-conditioning and heat pump equipment in operation in the
world and they are responsible for the consumption of almost 17%
of electrical power worldwide (IIR, 2015). For this reason, constant
efforts have been made towards increasing the efficiency of these
systems, since even relatively small improvements in their per-
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and operation. Energy savings in refrigeration systems can be
accounted through its coefficient of performance (COP), which
is the ratio between the cooling capacity and the total energy
demanded by the system.

The most common refrigeration cycle is the conventional vapor
compression cycle (VCC) and one approach to search for refrig-
eration cycles with higher performance is the use of alternative
cycles. These cycles might differ from the VCC in their operational
principles - as the absorption cycle - or simply introducing
variations like the ejector, cascade and refrigerant injection cycles.
However, altering the cycle tends to increase not only its COP but
also capital costs and operational complexity of the refrigeration
system. Computational simulations allow comparison between
possible alternatives in a faster and cheaper way, exploring dif-
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Nomenclature

a; parameter “a” of the PR-EOS for the pure com-
ponent “i” (m6 kPa mol~2)

Apmix parameter “a” of the PR-EOS obtained by mixing
rules (m® kPa mol~2)

biix parameter “b” of the PR-EOS obtained by mixing
rules (m3 mol-1)

COPgyin relative increment in the COP of a FTVI cycle
compared to the one of a VCC (%)

h; specific enthalpy of stream “i” (k] kg=1)

ki; binary interaction parameter for PR-EOS mixing
rule

m; mass flow rate of stream “i” (kgs=1)

Muysys the value of a property taken from Aspen Hysys®
databank

MReference ~ the value of a property taken from the
REFPROP®

Pitical critical pressure (kPa)

P; pressure of stream “i” (kPa)

Qevaporator rate of heat exchange or cooling capacity in the
evaporator (kW)

RTG refrigerant temperature glide (K) or (°C)

T temperature (K) or (°C)

Teond temperature at the condenser outlet stream (°C)

Teritical critical temperature (K)

Tgischarge compressor discharge temperature (°C)

Tevap temperature at the evaporator outlet stream (°C)

T; temperature of process stream “i” (K) or (°C)

Tsat_liq saturated liquid temperature (K)

Tsat_vap saturated vapor temperature (K)

Veritical critical volume (m3 kmol~1)

V'\/compressor compressor power input in the VCC (kW)

Wcomm compressor power input in the first stage of the
FTVI (kW)

Wcompz compressor power input in the second stage of
the FTVI (kW)

X; molar fraction of component “i”

Xinj injection ratio - ratio between molar flows

Z critical critical compressibility factor

w acentric factor

Ahyap specific evaporation enthalpy (k] kg~1)

ATevaporator TefTigerant temperature difference - evaporator
inlet and outlet streams (K)

ATyxr temperature variation of the heat exchange fluid
in the evaporator (K)

ATmin minimum temperature approach adopted in heat
exchangers (K)

Acronyms

CcoP coefficient of performance

CR compression ratio in a compressor

ER expansion rate in a valve

FTVI flash tank vapor injection refrigeration cycle

GWP global warming potential

HC hydrocarbon

HXF heat exchange fluid

HYSYS process simulation software Aspen Hysys® version
8.4

oDP ozone depletion potential

PR-EOS Peng-Robinson equation of state

VCC vapor compression cycle

VLE vapor-liquid equilibrium

ferent options, helping to decide if further investigations of some
studied refrigeration systems are worthwhile.

The alternative cycle studied in this work is the flash tank
with vapor injection (FTVI) refrigeration cycle, which differs from
the VCC by the addition of a second compression stage and a
flash tank that allows vapor injection between compression stages.
Many authors have reported that injection cycles present better
performance than the VCC. For example, Heo et al. (2010) com-
pared a conventional cycle with a vapor injection one for heat
pump application. The utilization of the vapor injection enhanced
heating capacity and COP by 10% and 25%, respectively. Xu et al.
(2011) and Park et al. (2015) presented reviews on the benefits
and advantages of an FTVI (among other injection cycles) in
comparison to the VCC.

Recently, Qi et al. (2017) have studied a novel hybrid vapor
injection cycle with subcooler and flash tank for air-source heat
pumps, applying an ejector to combine both advantages of the
subcooler and the flash tank vapor injection. Simulations indicated
that the COP of this system, operating with R290 can be increased
around 3% when compared to a conventional subcooler vapor
injection cycle and around 1.5% when compared to an FTVI. Xu
et al. (2017) performed an experimental investigation on heating
performance of an FTVI using R32, R1234yf and their 20/80 wt%
mixture, concluding that COP can be improved from 13% to 16%
when compared to a system with no vapor injection. Xu et al.
(2018) reported the use of a newly designed vapor-injected heat
pump using injection subcooling, which was developed from
the conventional FTVI, operating with R32 and heating COP was
increased around 13% when compared to a system operating
with liquid injection. Tello-Oquendo et al. (2018) presented a
comprehensive study of two-stage vapor compression cycles with
vapor-injection for several pure refrigerants considering that the
heat sink has a limited capacity.

The choice of the refrigerant fluid is also important since it is
related not only to the thermodynamic performance of the cycle
but also to its environmental impact, which is commonly evaluated
by metrics like ODP (Ozone Depletion Potential) and GWP (Global
Warming Potential). However, as the operation of the refrigeration
cycle itself also impacts on global warming by demanding electri-
cal energy, the thermodynamic cycle efficiency given by its COP
is closely related to the environmental impact. Alternative refrig-
erants, like hydrocarbons (HC), have regained attention for having
low environmental impact and thermodynamic characteristics that
contribute to consider them as potential and efficient fluids to re-
place halogenated refrigerants (Calm, 2008).

Palm (2008) evaluated the thermodynamic and physical prop-
erties of some HCs in comparison with halogenated refrigerants,
concluding that HCs present better characteristics, such as higher
vaporization enthalpy and thermal conductivity and lower viscos-
ity. These characteristics contribute to improve the performance of
the refrigeration systems and reduce the size of the equipment in-
volved, especially heat exchangers. In addition, hydrocarbons have
zero ODP, low GWP and are non-toxic. The main drawback of this
refrigerant class is its high flammability, which limits the refrig-
erant charge in the system and increases safety requirements of
building and operation.

The use of mixed refrigerants is one way to achieve some nec-
essary operating condition. Refrigerant mixtures may be azeotropic
or zeotropic (non azeotropic). The phase change behavior of the
first is similar to that of a pure component, but zeotropic mixtures
present temperature and phase composition variation during
evaporation, which has a great influence on the thermodynamic
performance of the cycle. Didion and Bivens (1990), Heberle et
al. (2012) and Deethayat et al, (2015) showed that the use of
zeotropic mixtures as refrigerants can contribute with the reduc-
tion of irreversibility during heat transfer in heat exchangers. This
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is due to the temperature glide occurred during the phase change
at a constant pressure, allowing manipulation of composition to
better match the temperature profile between heat exchanging
streams.

Mohanraj et al. (2009) performed an experimental study ana-
lyzing the substitution of R134a by a mixture of propane (R290)
and isobutane (R600a) for a domestic refrigerator. They concluded
that the blend of R290/R600a 45.2/54.8 wt% presented lower
energy consumption than R134a and a COP improvement of 3.6%.
Park and Jung (2007) studied the replacement of R22 for pure
hydrocarbons and mixtures. The mixture composed of
R1270/R290/R-E170 45/40/15wt% presented the best perfor-
mance, with a COP 5.7% higher than R22. More recently, Zheng
and Wei (2018) have realized a performance analysis of a novel
vapor injection enhanced by a cascade condenser for zeotropic
mixtures to liquefy the separated vapor stream in the flash tank.
They have performed simulations based on R290/R600a 50/50 wt%
mixed refrigerant indicating that their cycle obtained a COP 2.6%
higher than the one of a traditional FTVI.

Although comprehensive literature exists about the use of FTVI
as alternative refrigeration cycle and HC mixtures as alternative re-
frigerants, there are not many works dealing with the combination
of these both alternatives. The use of non azeotropic mixtures in
a cycle with a flash separation tank leads to different refrigerant
composition along the cycle and may present interesting conse-
quences over the cycle’s efficiency and operation depending on the
application.

A parametric analysis of an FTVI cycle operating with
propane/isobutane mixtures was presented by d'Angelo et al.
(2016), where the evaporator and condenser temperatures were
fixed at —23.3°C and 54.4 °C, respectively and the compositions
with 30-50 wt% of propane has presented the best COP and the
injection cycle presented gains in COP between 16% and 32% when
compared to the conventional VCC.

Aratjo et al. (2016) performed an exergetic analysis of the same
system and reported that the evaporator accounted for almost 24%
of the exergy losses for the best performing refrigerant mixture.
These studies, however, did not considered an optimization of the
cycle temperatures around the demands of a specific application.
The matching of the temperature profiles between the refrigerant
and the thermal fluid in the heat exchanger can reduce the ex-
ergy losses in heat exchangers, contributing to a better cycle per-
formance.

In this work, VCC and FTVI were simulated operating with bi-
nary mixtures of hydrocarbons as refrigerant fluids. Mixed refriger-
ants studied are: R170/R290; R170/R600; R170/R600a; R290/R600
and R290/R600a.

The use of natural refrigerants to retrofit and modify exist-
ing cooling and heating systems requires extensive investigations
before proceeding with these modifications. There are not so
many works dealing with mixed refrigerants involving hydrocar-
bons (HCs), so this work may bring a contribution to understand
and explore the performance of some mixed refrigerants using
HCs. The choice of these natural refrigerants was based mainly on
the fact that they form non-azeotropic mixtures (except R600 and
R600a) and because of their availability, low cost and low environ-
mental impact.

The application studied is the cooling rate needed between fer-
mentation and maturation stages in the brewing process. This ap-
plication was chosen as a reference to evaluate refrigeration sys-
tem requirements. The main objective of this work is to find the
best mixed refrigerant composition and operating conditions of the
FTVI cycle, that lead to the maximum COP value. This work brings
additional contributions to the previous work done by d’Angelo
et al. (2016), including two different refrigerants (R170/ethane
and R600/n-butane) and performing an optimization procedure for
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Fig. 1. Scheme of a vapor compression cycle (VCC) and its P-h diagram.

maximum COP and not only a parametric analysis like in the for-
mer work.

2. Methodology
2.1. Cycle description

Fig. 1 presents the scheme of a conventional vapor compres-
sion cycle (VCC) with its four basic components (condenser, expan-
sion valve, evaporator and compressor) and its respective pressure-
enthalpy diagram. In this conventional cycle, refrigerant composi-
tion is the same in all process streams. The main difference from
a VCC operating with pure and mixed refrigerants is that when a
refrigerant mixture is used it will present a temperature variation
along evaporation and condensation processes, while for pure re-
frigerants temperature is constant when a phase change occurs.

In the VCC cycle a saturated liquid stream (#5) at the condenser
outlet expands producing a two-phase (liquid-vapor) stream (#8)
that feeds the evaporator. In the evaporator, heat is removed from
a secondary thermal fluid to the refrigerant, vaporizing it. Evapo-
rator outlet stream (#1) is saturated vapor, which feeds the com-
pressor, where temperature and pressure are increased, producing
a superheated vapor stream (#4), that feeds the condenser, closing
the cycle (the sequence of the numbers 1-4-5-8 is due to the ones
used in the FTVI as will be explained).

The flash tank with vapor injection (FTVI) refrigeration cycle
consists in a modification of the VCC where a flash separator is in-
troduced in the cycle after the expansion valve, as shown in Fig. 2.
The liquid-vapor mixture generated in the expansion process is
separated in the flash tank, which has two output streams: a vapor
stream (#9) and a liquid stream (#2). When a mixed refrigerant is
used, stream #9 will be more concentrated in the lighter compo-
nent and stream #2 will be more concentrated in the heavier one,
so they will present a distinct composition, differently when a pure
refrigerant is used. In Fig. 2 the pressure-enthalpy diagram of an
FTVI for a pure refrigerant is presented together with the scheme
of the cycle, identifying all process streams. As can be seen, this
cycle uses two compression stages and two expansion valves. The
top stream of the flash tank (#9) is saturated vapor and it is mixed
with the vapor stream that comes from the first compression stage
(#2) before feeding the second compression stage. This mixture
between streams #9 and #2 contributes to reduce the tempera-
ture, causing a decrease in the total compression power required
in both the compressors.

Fig. 3 shows the pressure-enthalpy diagram of a FTVI cycle op-
erating with a zeotropic mixed refrigerant. Considering that for
each composition of the zeotropic mixed refrigerant at stream #5
there is a specific phase composition for a fixed temperature and
pressure at the outlet streams in the flash tank, the pressure-
enthalpy diagram of the FTVI cycle needs to take into considera-
tion that there are three different composition ranges in the cycle:
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Fig. 2. Scheme of a FTVI refrigeration cycle and its P-h diagram for a pure refrigerant.
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Fig. 3. P-h diagram of a FTVI cycle operating with zeotropic refrigerant mixture.

one from streams #3 to #6, another from streams #8 to #2 and
stream #9.
The FTVI cycle can be described by the following steps:

e a saturated liquid stream (#5) of mixed refrigerant under-

goes through an isenthalpic expansion producing stream #6, a

liquid-vapor mixture at an intermediate pressure that feeds the

flash tank;

vapor and liquid phases in stream #6 are separated in the flash

tank at constant pressure, producing a saturated vapor stream

in the top (#9), which is enriched in the lighter component and

a saturated liquid stream in the bottom (#7) enriched in the

heavier component; both streams are at the same pressure and

temperature;

o stream #7 is expanded through a second isenthalpic valve lead-
ing to a new partial vaporization, lowering pressure even more,
producing a new liquid-vapor stream (#8), reaching the lowest
temperature of the cycle as well;

o stream #8 is fed into the evaporator producing the desired re-
frigeration effect over a secondary thermal fluid that exchange
heat with the mixed refrigerant. Temperature variation along

this evaporation process depends on both initial refrigerant
composition (the basis of calculation is taken at stream #5) and
the expansion ratio in the first isenthalpic valve. Stream #8 is
evaporated turning into a saturated vapor stream (#1);

e stream #1 is compressed in the first compression stage from
the lowest pressure to an intermediate one reaching a state of
superheated vapor at stream #2;

o streams #2 and #9, both at the intermediate pressure, are
mixed in a chamber, generating stream #3, reestablishing the
original mixed refrigerant composition of stream #5. Stream #3
is superheated vapor at the same pressure of streams #2 and
#9 and it is fed into the second compression stage;

o the second compression stage raises temperature and pressure
of stream #3 reaching the highest pressure level of the cycle,
producing an outlet stream of superheated vapor (#4);

e stream #4 is fed into the condenser being cooled by a cold util-
ity. Mixed refrigerant condenses at constant pressure while un-
dergoing a temperature decrease, which depends on the refrig-
erant composition, producing stream #5, closing the cycle.

Due to the flash separation at intermediate pressure and an ad-
ditional expansion stage of the liquid phase, the liquid-vapor mix-
ture entering the evaporator has a lower enthalpy when compared
to a single-stage refrigeration cycle as in the case of a VCC. The
increase in the enthalpy variation along the evaporator decreases
refrigerant mass flow rate for a fixed cooling capacity. In this case,
for a fixed compression ratio (taken as the ratio between the high-
est and the lowest pressures in the cycle), the compression done
in two stages, instead of using only one (as is the case of a VCC),
requires a lower total compression power.

When a zeotropic mixture is used as refrigerant, phase tran-
sitions under constant pressure do not occur at constant tem-
perature. The observed temperature glides in the heat exchangers
of the VCC and FTVI depend on the temperature levels between
which the cycle operates and on the initial refrigerant composi-
tion chosen. In the FTVI evaporator, the glide also depends on the
expansion ratio in valve 1, since it is directly related to the com-
position of the liquid and vapor streams that are separated in the
flash tank.

In addition, due to the refrigerant temperature glide, in order to
compare the thermodynamic performance of cycles operating with
zeotropic mixtures, it is necessary to define not only evaporation
and condensation temperatures, but also where they will be speci-
fied (Mclinden and Radermacher, 1987). In this work, the reference
points chosen were evaporator inlet stream (#8) and saturated va-
por temperature inside the condenser.
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2.2. Modeling

The refrigerant cycles were studied by means of simula-
tions, using software Aspen HYSYS® version 8.4 from AspenTech
(2018) and the following assumptions were considered in the sim-
ulations of both VCC and FTVI cycles:

« steady state operation;

o negligible pressure drop in pipes, heat exchangers and in the

flash tank;

all equipment are adiabatic, with no heat losses to the sur-

roundings;

saturated liquid state at condenser outlet stream (#5);

saturated vapor state at evaporator outlet stream (#1);

streams #7 (liquid) and #9 (vapor) are in thermodynamic equi-

librium at the same temperature and pressure;

a cooling capacity of 1kW (3600k]h~1) is fixed to allow easier

scale changes;

an isentropic efficiency of 80%, based on recommended values

by Campbell (1992) and Oh et al. (2016), is adopted for all com-

pression stages;

expansion valves are isenthalpic;

heat exchanger fluid (HXF) in the evaporator (also referred to

as secondary refrigerant or thermal fluid) was considered a so-

lution of water/ethanol 75/25 wt%. This fluid enters the evapo-

rator at 281.55K (8.4 °C) and leaves it at 269.15K (—4 °C). These

temperatures were defined based on the ones needed between

fermentation and maturation stages in a brewing process;

condenser is refrigerated by water, which is fed at 298.15K

(25°C) leaving at 308.15K (35 °C);

e a minimum temperature approach of 5°C is adopted in both
heat exchangers. This choice was based on the recommendation
given by Heggs (1989) and Oh et al. (2016).

Input variables defined in this work are: expansion ratio in
valve 1; evaporation and condensation temperatures and refriger-
ant composition (in wt%). Several scenarios with different refrig-
erant composition were simulated, while the ER and temperatures
were optimized for each scenario. Expansion ratio (ER) in the up-
per stage valve is calculated by Eq. (1), where P is the pressure
of the stream indicated in the subscript. ER was calculated in the
range from 10 to 80% because higher ER values are not feasible,
while lower ones make FTVI tend to VCC.

ER(%) = (u) « 100 (1)
Ps

Mixed refrigerants studied are composed exclusively by hydro-
carbons within a homologous series (ethane, propane, isobutane
and n-butane). Methane was excluded because its critical temper-
ature is too low for the defined system and temperatures, which
would require a different cooling strategy. Pentane, for its turn,
leads to pressures under the atmospheric at the evaporator tem-
perature, which would demand significant changes in the sys-
tem. Except for the system (butane/isobutane) which forms an
azeotropic mixture, all other binary combinations between the
chosen refrigerant were tested. For each pair, composition was var-
ied with intervals of 10%, ranging from one pure fluid to another.

As mentioned before, simulations of both VCC and FTVI were
developed using process simulator Aspen Hysys® and the thermo-
dynamic package chosen was the Peng-Robinson equation of state
(PR-EOS), which is specially indicated for hydrocarbons (Peng and
Robinson, 1976). This simulator was chosen because of its reliabil-
ity and potential to evaluate the performance of complex industrial
processes, also allowing optimization procedures using some soft-
ware built-in tools.

The binary interaction parameter (k;) was estimated in-
ternally from the process simulator databank and the mix-
ing rules used are the standard ones for PR-EOS, i.e. ayy =

Table 1

Binary interaction parameters of studied refrigerant pairs (Aspen Hysys®).
k;.10° Ethane Propane Isobutane n-Butane
Ethane - 1.260 4.570 4.100
Propane 1.260 - 1.040 0.819
Isobutane 4.570 1.040 - 0.470
n-Butane 4.100 0.819 0.470 -

Sy Y xixj(0;a;) 03 (1 — ki) and by, = YL x;b;, where i and j
are the pure components of the mixture constituted of n compo-
nents, x; and x; are the mole fraction of components i, j and a;, b;
are the PR-EOS parameters for pure components. Table 1 presents
the values of the binary interaction parameters for the systems
studied in this work.

The coefficient of performance was calculated from Eq. (2) for
the VCC and (3) for the FTVI cycle, while Eq. (4) allows the cal-
culation of mass flow rate of refrigerant, considering the specific
enthalpies of streams #1 and #8 and the fixed cooling rate at the
evaporator, which was fixed as 1kW. Refrigerant temperature glide
(RTG) is defined by Eq. (5).

COP = Qevaporamr (2)
compressor
COP = — Q.evapora.tor (3)
Wcompl + WcompZ
Qevuporator = Ti‘l] (h1 - h8) (4)
RTG = Tsat,vap - Tsa[_liq (5)

2.3. Model validation

The model used in this work was validated using three differ-
ent criteria: checking pure components properties of the simula-
tor databank; comparison of calculated vapor-liquid equilibrium
data with literature experimental data and comparison of thermo-
dynamic cycle performance obtained in simulations with the ones
reported in the literature.

The properties of the pure components checked were criti-
cal data (temperature, pressure, volume and compressibility fac-
tor), acentric factor and saturation pressure at some tempera-
tures. These data were extracted from Aspen HYSYS® databank and
compared to data taken from REFPROP® version 9.11, which is con-
sidered a reliable reference for refrigerant data and widely used
in works dealing with refrigeration systems simulations. Table 2
presents the values of these properties for both databanks and
the deviation between them, which is calculated by Eq. (6), where
M represents a generic property. All compared values were fairly
close, with maximum deviation around 2.5% which was considered
very satisfactory.

|Mreference - MHysys |

Deviation(%) = x 100 (6)

M reference

Data for saturation pressure of pure components at the temper-
atures of —50, —25, 0, 25, 50, 75 °C (when pertinent) was also eval-
uated and again compared to the ones taken from REFPROP®. Max-
imum deviation found was less than 2% as can be seen in Table 3.
Once again thermodynamic data calculated by Aspen Hysys® can
be considered very satisfactory, indicating that the behavior of
pure fluids will be correctly simulated.

The second step of the validation process was a comparison
of vapor-liquid equilibrium (VLE) data estimated by the PR-EOS,
which was the thermodynamic package chosen for the simula-
tions and VLE data taken from the literature. An appropriate VLE
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Table 2
Comparison of pure refrigerants critical data and acentric factor between Aspen Hysys® v.8.4 and REFPROP® v.9.11 databanks.
Component Databank Tartticar (K) Peitical (kPa) Vasitical (m? kmol 1) ® Zeitical
Ethane HYSYS 305.43 4884.0 0.1480 0.0986 0.285
REFPROP 305.32 4872.2 0.1458 0.0995 0.280
Deviation 0.04 0.24 148 0.90 1.69
Propane HYSYS 369.90 4257.0 0.2000 0.1524 0.277
REFPROP 369.89 42512 0.2000 0.1521 0.276
Deviation 0.00 0.14 0.00 0.20 0.13
n-Butane HYSYS 425.15 3797.0 0.2550 0.2010 0.274
REFPROP 42513 3796.0 0.2549 0.2010 0.274
Deviation 0.00 0.03 0.03 0.00 0.05
Isobutane HYSYS 408.05 3648.0 0.2630 0.1848 0.283
REFPROP 407.81 3629.0 0.2577 0.1840 0.276
Deviation 0.06 0.52 2.04 0.43 2.51
Table 3
Saturation pressure (kPa) for pure refrigerants at different temperatures obtained by Aspen Hysys® v. 8.4 and REFPROP® v. 9.11.
Component Databank Temperature (°C)
—-50 -25 0 25 50 75
Ethane HYSYS 552.5 1237.3 2401.1 4209.5 - -
REFPROP 551.8 1233.5 2386.7 4190.3 - -
Deviation 0.13 0.31 0.60 0.46 - -
Propane HYSYS 71.0 203.3 473.5 952.3 17204 2868.4
REFPROP 70.6 203.4 4745 952.1 1713.3 2849.3
Deviation 0.64 0.08 0.20 0.03 0.41 0.67
n-Butane HYSYS 9.6 36.0 102.8 2419 493.8 905.9
REFPROP 9.5 359 103.2 243.3 495.8 906.2
Deviation 173 0.25 0.40 0.55 0.39 0.03
Isobutane HYSYS 171 58.5 156.0 348.0 681.3 1209.6
REFPROP 16.8 58.4 157.0 350.7 684.9 1210.7
Deviation 1.87 0.12 0.63 0.76 0.52 0.09
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Fig. 4. Vapor-liquid equilibrium data for the system ethane/propane at T=13.15°C
obtained from Aspen Hysys® and from literature (Clark and Stead, 1988).

prediction is critical for the simulation of cycles operating with
mixed refrigerants. To validate these data, bubble and dew points
of the mixtures were calculated for the entire range of composi-
tion for pressures found in experimental works described in the
literature: Clark and Stead (1988) for the systems ethane/propane,
ethane/n-butane and propane/n-butane; Besserer and Robinson
(1973) for the system ethane/isobutane; Hipkin (1966) for the sys-
tem propane/isobutane. A comparison between simulated and ex-
perimental data was done and a good agreement was observed for
all systems studied.

00 01 02 03 04 05 06 07 08 09 1.0
Ethane

Fig. 5. Vapor-liquid equilibrium data for the system ethane/isobutane at T=38.1 °C
obtained from Aspen Hysys® and from literature (Besserer and Robinson, 1973).

Figs. 4 and 5 present the results for the systems ethane/propane
and ethane/isobutane, respectively. As can be seen, vapor-liquid
equilibrium data of the studied binary mixtures were well modeled
by the thermodynamic package of PR-EOS using Aspen HYSYS®
since simulated and experimental data are very close to each
other. Fig. 5 presents vapor-liquid equilibrium data for the system
ethane/isobutane at 38.1°C and since this temperature is above
the critical temperature of pure ethane, it was not possible to ob-
tain VLE points in the region close to pure ethane (as reported by
Besserer and Robinson (1973)).
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Table 4

Input data and outputs of a FTVI operating with R290 from Red6n et al. (2014) and this work.

Input Data Output data
Redén et al. (2014) This work Deviation (%)
Teona (°C) = 65 Xinj 0.2844 0.2991 5.2
Tevap (°C) = -8 Shine(°C) 6.8 6.12 10.0
Ts (°C) = 60 Tgischarge (°C) 74.5 73.99 0.7
T; (°C) = -3 COP (kW) 3.888 3.868 0.5
P; (kPa) = 1037
ncomp(%) =100
Qy (kW) = 15.98

After validating thermodynamic data and properties for pure
refrigerants and binary systems, the results of the simulated cy-
cle itself were compared to the ones reported by Redon et al.
(2014) that have presented results for ideal compressors and for
real systems as well. For the validation of the simulation of the
FTVI cycle, we have compared the results for the case of ideal com-
pressors. Among several different scenarios, these authors modeled
a FTVI heat pump operating with pure propane (R290) as refriger-
ant, in the conditions described on Table 4.

The evaluated results were COP, compressor discharge temper-
ature (Tgjscharge), intermediate superheating — which is the differ-
ence between the temperature in stream #3 and the saturation
temperature at the same pressure (Sh;,.), injection ratio - which is
the ratio between molar flows of streams #8 and #5 (x;p,;). Results
for the COP and Tgischarge Obtained from Aspen Hysys® presented
a deviation less than 1% from the ones presented by Redon et al.
(2014). Deviations of the x;,; and Sh;, were, respectively, 5.2% and
10%. Even with slightly higher deviations for the last two prop-
erties, the results obtained with the simulation in Aspen Hysys®
were considered in good agreement with the ones from the litera-
ture. Divergences could be due to the thermodynamic model used
by Reddn et al. (2014) or other modeling considerations not speci-
fied in their paper.

Considering all the results obtained from the model validation
process, the simulator and the thermodynamic package chosen to
simulate both VCC and FTVI cycles operating with hydrocarbons
were considered reliable for the purpose of this work. Therefore,
simulations and optimization of several operating scenarios were
performed and the results are presented as follow.

3. Optimization

In order to find the most efficient operating configuration for
the FTVI, an optimization algorithm was followed for each evalu-
ated composition. The methodology used in the optimization pro-
cedure consisted of the following stages: 1 - a fixed cooling rate
was determined for the application studied; 2 - a heat exchange
fluid was chosen (water/ethanol solution) and its temperatures in
the evaporator were also fixed (inlet temperature was 8.4 °C and
outlet temperature was —4.0 °C); 3 - a specific composition for the
mixed refrigerant was chosen and finally, 4 - an optimization pro-
cedure seeking a maximum COP was performed, considering these
initial conditions. In this optimization procedure, manipulated vari-
ables were: mixed refrigerant temperature at stream #8 (Tg), sat-
urated vapor temperature in the condenser (T4 ysa¢) and expansion
ratio in the first valve.

The closer the condenser temperature is from the one in the
evaporator, the highest the cycle efficiency. However, due to the
defined constraint of minimum temperature approach in both heat
exchangers (5 °C) and the specific temperature glide of each refrig-
erant composition, the feasible closest temperatures varied from
one scenario to another.

The objective function was defined as the maximization of
the coefficient of performance (COP), calculated by Eq. (2) for
the VCC and Eq. (3) for the FTVL Qevaporamr is the cooling ca-
pacity of the system; Wcompressoris the compressor power, which
in the case of the FTVI is divided in two compression stages
(Weompressor =Weomp1 +Weomp2)-

Optimization was carried out using Matlab® version R2013a,
which allows online communication with the simulation built in
Aspen Hysys®. Fmincon (constrained nonlinear minimization) was
selected as the most suitable among the available optimization
functions in Matlab® because it allows objective function mini-
mization and constraint addition. As there is no correspondent
maximization function, COP with a negative sign was minimized
to find the maximum cycle performance. The only constraints were
minimum temperature approach of 5.0 °C in both heat exchangers.

The Interior Point algorithm was selected since it presented a
better convergence for a wider boundary range when compared
to the SQP algorithm. The input parameters for the optimization
set up were: maximum iterations (400), maximum function eval-
uation (108), function tolerance, step tolerance (X) and constraint
tolerance (10-6), finite differences perturbation between (10~2 and
10). For the other parameters, default values were used.

All the results presented in the next item of this work are for
the optimized operating configuration of the FTVI. For comparison,
VCC was evaluated at the same conditions of the optimized FTVI
for each refrigerant composition.

Besides COP results, refrigerant glide temperature in evapora-
tor was analyzed as well, aiming to evaluate the adequacy of
the refrigerant to the industrial application chosen. The more the
temperature profiles of fluids exchanging heat are similar, the
smaller the mean temperature difference, leading to a reduction
in irreversibility related to heat transfer (Mulroy et al., 1994;
Radermacher and Hwang, 2005; Heberle et al., 2012). In this work,
temperature glide matching was evaluated by comparing the re-
frigerant temperature glide with the Heat Exchange Fluid (HXF)
temperature difference along the evaporator. HXF inlet and outlet
temperatures are defined as a function of the application and in
this work they are 8.4 °C and —4 °C (ATuyr = 12.4 °C).

The third parameter evaluated is the refrigerant mass flow rate.
The smaller it is, less refrigerant will be charged in the system and
circulate in it, reducing the effects of explosions or fire due to its
flammable nature and the necessity of higher compressor power
and greater heat exchangers’ areas. Pressure drop in pipes and heat
exchangers will also be decreased if refrigerant mass flow rate is
reduced (Corberan et al., 2008).

4. Results and discussion

For all results presented in this section, composition refers to
the mass fraction of the lightest (more volatile) component in
mixed refrigerant in stream #5, defined as the basis of calcula-
tion. Results for COP, temperature glide in evaporator and mass
flow rate are presented and analyzed as a function of this com-
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Fig. 6. COPg,, of FTVI related to VCC for each HC pair and composition.

position. For the systems involving ethane, missing points corre-
sponding to pure ethane are due the fact that it is not feasible to
use it as a refrigerant because its critical temperature is below the
output temperature of the cooling water in the condenser.

4.1. Comparison FTVI versus VCC

Cycle performance between FTVI and VCC was compared for
each composition studied, taken at their optimum temperatures
and ER (when applicable). COPg,, is given by Eq. (7) and the re-
sults are shown in Fig. 6.

o COPgry; — COPycc
COPygain (%) = (Tvcc) « 100 7)

For all scenarios evaluated, FTVI always presents a better COP
when compared with the VCC at the same fixed operating con-
ditions, but no correlations of the results obtained could be de-
tected for the systems studied. For the composition range studied,
the great majority of the results for COPg,, are between 5% and
15%. These values are below the ones reported by d’ Angelo et al.
(2016) and indicate that a more detailed evaluation is required in
order to determinate if the FTVI refrigeration system would be also
economically viable, since it presents higher equipment cost and
more complex operation control.

The improvement observed with the use of the FTVI cycle is
due to the expansion in the upper stage valve, followed by the
flash tank, which allows a fraction of the total refrigerant flow
to skip the first compression stage, leading to a reduction of
the total required work. The relative improvement reached with
FTVI, though, varied from one composition to another. The great-
est difference observed was 36% for the mixture ethane/propane
90/10 wt%.

4.2. Comparison between refrigerant pairs

4.2.1. Coefficient of performance

Results for the COP as a function of mixed refrigerant mass
composition for the five studied pairs of refrigerants are presented
at Fig. 7, only for FTVI. Missing points correspond to pure ethane,
which is not feasible as a refrigerant in the proposed scenario be-
cause its critical temperature is below the output temperature of
cooling water in the condenser. The system with the highest COP
is R290/R600 60/40 wt% presenting a COP of 4.88. When this sys-
tem was used in a VCC, COP was 4.49, representing a COPgy,, of
8.7% as calculated by Eq. 7 when a FTVI is used.
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Fig. 7. Maximum COP for each refrigerant composition in FTVI.

According to McLinden and Radermarcher (1987), when tem-
peratures of evaporator inlet and saturated vapor in the condenser
are the ones fixed and chosen as reference, the curve of COP as a
function of mixed refrigerant composition should present a maxi-
mum behavior for any system at a constant expansion ratio. How-
ever, in this work only the minimum temperature approach of
5°C at the heat exchangers was fixed in the simulations, allow-
ing temperature variation at the points mentioned before and the
expansion ratio as well. Therefore, the results do not exhibit the
same trend because, depending on the combination of the vari-
ables, the behavior of COP may vary between the studied pairs.
Refrigerants mixtures leaded to a better COP when comparing to
their pure components for pairs formed by subsequent compo-
nents of the homologous series: ethane/propane, propane/n-butane
and propane/isobutane.

Heat source and sink temperatures are key-variables for the
maximum efficiency of a thermodynamic cycle and different
for each of the systems and compositions studied. This ac-
counts for part of the COP relative deterioration, especially for n-
butane/ethane and isobutane/ethane mixtures. Ethane vapor pres-
sure is significantly higher than butane’s, which leads to a wide
temperature glide along the mixture evaporation. ATeg (Ty - Tg)
in evaporator was greater than 30 °C for some compositions (see
Fig. 8), which makes the evaporator inlet temperature too low in
order to not violate the constraint of AT.;,>5°C. The same ap-
plies for the condenser, demanding high outlet temperatures at
the second compression stage. For this reason, the minimum pos-
sible temperature difference between heat source and sink is much
higher for the zeotropic mixture than for the pure refrigerant, lead-
ing to a significant decrease in COP.

The best COP (4.88) was observed for the mixed refrigerant
propane/n-butane 60/40 wt%, with an expansion ratio of 37% in the
upper stage valve. Values for temperature, pressure, enthalpy and
other variables for each stream in this scenario are presented in
Table 5. When compared to other mixtures, propane/n-butane has
presented a higher efficiency along all the composition range. Op-
timal ER for this refrigerant pair are between 37% and 53%.

4.2.2. Temperature glide

Temperature glide, that is the difference between refrigerant in-
let and outlet temperatures in evaporator (ATevaporator =T1 — Tg) is
compared to that of the heat exchange fluid (ATyxr=12.4°C) in
Fig. 8. Ethane/propane and propane/n-butane mixtures, both with
30 to 70wt% of propane, presented a temperature glide in the
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Table 5

Results for FTVI cycle process streams with mixed refrigerant 60/40 wt% propane/n-butane at optimal operating conditions, with ER =37%.

Evaporator Heat load (k] h—1) Power (k] h=1)
Cond
ondenser 3600 Compressor 1 432
4337 Compressor 2 305
Process stream 1 2 3 4 Aysat 5 6 7 8 9
Temperature (°C) 3.38 3316 30.97 50.10 4211 30.05 13.89 13.89 —-9.40 13.89
Pressure (kPa) 234 501 501 791 791 791 501 501 234 501
Flow rate (kg h-1) 10.13 10.13 1145 1145 1145 1145 1145 10.13 1013 1.32
Composition (wt%) 57 57 60 60 60 60 60 57 57 83
Vapor fraction 1.00 1.00 1.00 1.00 1.00 0.00 0.12 0.00 015 1.00
Specific enthalpy (k] kg~') —2320 —2277 —2286 —2259 —2275 —2638 —2638 —2675 —2675 —2357
Specific entropy (kJ kg=! °C-1) 2.87 2.90 2.92 2.94 2.89 1.71 1.72 154 155 3.10
50 + } f } t f } i ; t Table 6
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Fig. 8. Temperature glide in evaporator for each system and for the HXF.
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Fig. 9. Comparison between temperature profiles in the evaporator of FTVI cycle.

evaporator which is the closest to ATyxr. In order to better illus-
trate how temperature profiles in the evaporator are affected, three
of them were plotted in Fig. 9 and compared with the HXF's.
Mulroy et al. (1994) have shown that an improvement of the
COP of the refrigeration cycle can be achieved when tempera-
ture profiles of the refrigerant mixture and the heat transfer fluid
are matched. Indeed this can be seen in Fig. 9 that shows a
better temperature glide match for the system propane/n-butane
60/40 wt% which was the one with the greatest COP. This is also

side of the heat exchanger and increases until (AT, + ATyxr) at
the other side, considering a counter-current flow. Ethane/n-butane
50/50wt% presented the widest temperature glide in evaporator
and a nonlinear profile, as shown in Fig. 9. Both behaviors in-
crease irreversibility associated to heat exchange process, repre-
senting a negative contribution to the cycle’s performance. Accord-
ing to Domanski et al. (1993), temperature profiles should be as
parallel as possible, allowing the temperature difference between
fluids to be constant - as was observed for the mixture propane/n-
butane 60/40 wt%. For the same logarithmic mean temperature dif-
ference, parallel profiles correspond to the lowest entropy gener-
ation (Radermacher and Hwang, 2005). This example shows why
the use of non-azeotropic mixtures is positive when the appli-
cation requires sensible heat removal. Ideal temperature glide in
evaporator depends on the application. In refrigeration systems de-
signed to keep constant temperature, the use of pure refrigerants
is better; for processes in which a temperature stream must be sig-
nificantly reduced, mixtures with wider evaporation glide might be
more interesting.

4.2.3. Refrigerant mass flow rate

The third analyzed parameter was the total refrigerant mass
flow rate of the system and stream #5 was chosen once again as
the reference. As a 1kW refrigeration load was fixed, refrigerant
mass flow rate will depend on the specific evaporation enthalpy of
refrigerants. Table 6 presents the values of these specific evapora-
tion enthalpy for pure refrigerants at two different temperatures.
Fig. 10 presents the mass flow rate in stream #5 as a function of
mixed refrigerant composition in the FTVI cycle.

The specific evaporation enthalpy (Ahyap) of ethane is lower
than the one of the other hydrocarbons, demanding higher re-
frigerant mass flow rate of mixtures that involve this component.
However, from 30 to 90 wt% of ethane, ethane/isobutane mixture
is not the one with greatest values for this variable, even though
these are the components with lower Ahy,p of all. To understand
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Fig. 10. Mass flow rate in stream #5 as a function of mixed refrigerant composition
in FTVI cycle.

this result, the temperature glide in evaporator must be included
in the analysis. When the glide exists, the vapor fraction entering
the evaporator and vapor formed along it is heated to a higher
outlet temperature. As the temperature changes, heat is also ab-
sorbed by the refrigerant vapor, contributing to the refrigeration
capacity of the cycle. Both factors combined - specific evaporation
enthalpy and temperature glide - makes ethane/propane the re-
frigerant pair with higher mass flow rates for systems containing
more than 30 wt% of ethane.

As shown in Fig. 10, the refrigerant pair with the best results
for mass flow rate was propane/n-butane - the same with the best
COP. Total mass flow rate has shown a small variation as a function
of the composition for this pair. In addition, a minimum point be-
havior was observed for all refrigerant pair (blends require lower
mass flow rate than pure refrigerants), which is due to the non
azeotropic mixture temperature glide, as explained.

5. Conclusions

In this paper, a study of a FTVI refrigeration cycle operating
with a zeotropic mixture of natural refrigerants is presented trying
to determine the best mixed refrigerant composition and operating
conditions that lead to the maximum COP, through an optimization
procedure. The performance of a traditional VCC was compared to
the one of the FTVI at the same conditions.

Mixed refrigerants studied were binary mixtures involving four
different hydrocarbons: ethane, propane, n-butane and isobutane.
These systems were simulated and validated, concluding that the
simulator was suitable to evaluate the behavior of the cycles, al-
lowing finding the best operating condition after the optimization
procedure.

The following conclusions can be drawn from this study:

o Comparison between the coefficients of performance of both
cycles confirmed that the FTVI cycle always presents a COP
higher than the one of a VCC, at the same operating conditions
for a fixed cooling capacity.

o FTVI however shows some smaller disadvantages when com-
pared to the VCC, considering its greater complexity and equip-
ment required. A detailed economic analysis should be done in
order to define whether an FTVI system is economically viable.
This feasibility depends not only on the refrigerant used, but
also on the application considered.

 Among mixed refrigerants studied the pair propane/n-butane
60/40 wt% presented the greatest COP for both VCC and FTVI
cycles, respectively, 4.49 and 4.88. This refrigerant pair was also
the one that presented the lowest mass flow rate and it was
considered the most suitable for the application proposed in
this study.

Ethane/propane and propane/n-butane mixtures presented the
best temperature glide matching in the evaporator. It was ob-
served that when the temperatures of the secondary fluid in
the heat exchanger are fixed, refrigerant temperature glide be-
comes an important evaluation parameter for the cycle, influ-
encing the COP and the total mass flow rate required.

o The use of zeotropic mixed refrigerants allows a better temper-
ature glide match with the heat exchange fluid, as a function
of refrigerant composition, reducing irreversibilities during the
heat exchange process, increasing the thermodynamic perfor-
mance of the cycle.

Considering the fact that natural refrigerants present low en-
vironmental impact, together with their availability and low
cost, zeotropic mixtures of natural refrigerants present a great
potential to be used in refrigeration systems.

This study brings contributions towards understanding the ad-
vantages of using zeotropic mixtures of natural refrigerants
(hydrocarbons) in both conventional VCC and alternative FTVI
refrigeration cycle.
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