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A Study on Autocascade Refrigeration System Using
Carbon Dioxide and R134a Mixture
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Abstract

Investigation of the performance of an autocascade refrigeration system using the refrig-
erant mixtures of R744 (carbon dioxide) and R134a (1,1,1,2-tetrafluoroethane) has been car-
ried out by simulation and experiment. Cycle simulation using a constant UA model in heat
exchangers has been performed for R744/134a mixtures of the compositions ranging from
10/90 to 30/70 by weight. Variations of mass flow rate of refrigerant, compressor work,
refrigeration capacity and COP with respect to mass fraction of R744/134a mixture were
presented. Performance test has been executed in the autocascade refrigeration system by
varying secondary fluid temperatures at evaporator and condenser inlets. Experimental re—
sults match quite well with those obtained from the simulation.

Nomenclature ————— hy ° Latent heat of vaporization [ki/kg]
A Heat transfer area [n) m . Clearance volume ratio
COP : Coefficient of performance m  Mass flow rate [kg/s]
€,  Specific heat [kJ/kgK] P Pressure [kPa] _
. Tube diameter [m] Q, : Volumetric cooling capacity [k}/m’]
4  : Enthalpy [k]/kg] or heat transfer Q.  Heating capacity (kW]
coefficient [W/m'K] . : Refrigeration capacity [kW]
T : Temperature [°’C]

* Institute of Advanced Machinery and . . .
Design, Seoul National University, Seoul ATyuro: Log mean temperature dlfference[ Cl
151-742, Karea T, : Secondary fluid temperature [*C]

** School of Mechanical and Aerospace AT,  Secondary fluid inlet and outlet
Engineering, Seoul National University, * )
Seoul 151-742, Korea temperature difference [*C]
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U/ Overall heat transfer ceefficient
[W/mK]

Veomp - Compressor displacement rate [m’/s]

v Specific volume {m3/kg]

W : Compressor power consumption [kW]
x * Quality

X  : Liguid compesition

Y ! Vapor composition

Greek symbols

7 sen- Isentropic efficiency

7,  Volumetric efficiency

Subscripts
b : Brine
c : Condenser
e : Evaporator
f . Saturated liquid
g > Saturated vapor
isen @ Isentropic process
r * Refrigerant

sat ° Saturation
sub : Subcooled
sup : Superheated
tn  : Two-phase

1. Introduction

Environmental safety and energy utilization
efficiency in thermal systems have drawn lots
of attention. Refrigerants used in refrigerators,
air conditioners and heat pumps are one of the
key factors in this discussion’” ™. As CFC
(chlorofluorocarbon} refrigerants were known
to influence .ozone laver depletion and global
warrning, they have been almost phased out
in accordance with international agreements.
In addition to this, the use of HCFC (hvdroch-

lorofluorocarbon) refrigerants are being regu-
lated in the future. Therefore, many research-
es are trying to find or develop new environ-
mentally acceptable refrigerants. Even though
HFC (hydrofluorocarbon) refrigerants have no
influence on the ozone layer depletion, they
are believed to have some effects on the glob-
al warming, which represents it is not best
alternative refrigerant. It must be a better so-
lution to use naturally occurring and environ-
mentally harmless substances as alternative
refrigerants. Among these natural refrigerants,
carbon dioxide (CQ,) is environmentally friend-
ly, nonflammable, nontoxic, easily available, and
has excellent thermophysical properties. How-
ever, it is a disadvantage that the operating
pressure of the refrigeration system using pure
carhon dioxide is too high. One method to
overcome this can be a choice of autocascade
refrigeration system where CO, is used as a
main working fluid and other refrigerant with
lower vapor pressure is used to cool main
working fluid. By doing so, the operating pres-
sure can be reduced.

So far, a few papers on refrigeration sys-
tems using carbon dioxide have been pub-
lished® " These studies have compared tran-
scritical cycles using carbon dioxide with con—
ventional vapor compression cycles using hal-
ocarbon refrigerants and showed that the
adoption of carbon dioxide as working fluid
reduces the size of the system and enhances
a compression efficiency with low compres-
sion ratio. However, little work is carried out
for an autocascade refrigeration system using
Co; .

This paper investigates the performance
variations of an autocascade refrigeration cy-
cle using carbon dioxide and Rl34a. Simu-
lation and Experimental results will be pro-
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vided for several mass fractions of R744 in
the R744/134a mixtures and for different
secondary fluid temperatures entering evapo-
rator and condenser, The choice of HFC re-
frigerant, R134a as a component in the mix-
ture 1s at our convenience. In order to make
the working fluid purely natural, some other
fluid such as hydrocarbon or other natural
refrigerant should be considered.

2. Cylce simulation of autocascade
refrigeration system

2.1 Operation principles

Schematic diagram of an autocascade re-
frigeration system is represented in Fig. 1, and
the cycle is shown on the pressure- enthalpy
diagram in Fig. 2. This autocascade refrig-
eration cycle consists of a compressor, a con-
denser, expansion valves, an evaporator and
heat exchangers, and additional components
such as a phase separator and an evaporative
condenser (aftercondenser).

The refrigerant (point 2) which has been
compressed to high temperature and pressure
by compressor rejects heat to secondary fluid
at condenser and becomes two phase fluid
(point 3). In the phase separator, the re-
frigerant from the condenser is separated into
a vapor where the composition of R744 is
relatively high, and a liguid where the com-
position of R134a is relatively high. The liq-
uid refrigerant (point 4) from the separator
undergoes a pressure drop through an ex-
pansion valve and becomes a low temperature
fluid {point 5) by an isenthalpic expansion
process. It evaporates to saturated vapor (po-
int6) by absorbing heat from the vapor
refrigerant coming from the phase separator
(point 8), which is condensed into saturated
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Fig. 1 Schematic diagram of an autocascade

. . 11
refrigeration system( !

Fig. 2 Pressure-enthalpy diagram of an auto-
cascade refrigeration system.

liquid {point 9} in the evaporative condenser.
The condensed refrigerant of CO, -rich mix-
ture is expanded to be a low pressure and
low temperature fluid (point 10). It becomes a
superheated vapor (point 11) by a heat ex-
change with secondary fluid at evaporator and
1s mixed with R134a-rich refrigerant {point 6)
coming from evaporative condenser. The tem-
perature of the mixed refrigerant rises (point
1) through a heat exchange with the vapor
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refrigerant coming from the separator. The
compressor receives the low pressure refrig-
erant from the heat exchanger, and it forms a
complete cycle

2.2 Component modeling

2.2.1 Compressor

Compression process is modeled to have a
constant isentropic efficiency of 08, Enthalpy
of refrigerant after compression and the com-
pressor work is expressed as in Eqs. (1) and
(2).

ho =hl+w (1)
Visen
W = ni,(hz— h]) (2)

Subscripts 1 and 2 represent inlet and
outlet, respectively. Compressor displacement
rate is assumed constant. The mass flow rate
of refrigerant is calculated considering the fol-

. . . (2
lowing volumetric efficiency™”.

7 = 1=m{ 1) @
m, = —Lamly 4

L3}

Here, m is a clearance volume ratio to have
a constant value of 0.04. From compressor
work and volumetric flow rate, COP and 9,

are expressed as in Eqgs. (3} and (6).

Q.
COP =— (5)
__ 8.

2.2.2 Condenser and Evaporator

During condensation process, the refrigerant
undergoes desuperheating, two phase conden-

sation, and subcooling. Alse in the evapo-
ration process, the refrigerant experiences two
phase evaporation and superheating. There-
fore, condenser and evaporator can be divided
into several regions. Mean temperature differ-
ence of condenser and evaporator with coun-
terflow is shown in Eqgs. (7) and (8) with an
assumption of constant UA for each heat ex-

(13
changer .

1 = _ qug c - Q £ (7)
AT, QAT 0. QAT 4.

1 @pe . Qupe (8
AT,  GAT,. QAT .

Transferred heat from the condenser and to
the evaporator is calculated by using mean
temperature difference, which are expressed
as in Eqgs. (9) and (10).

Q. =(UA) AT, )

Q. =(UA) . 4T. (10)

2.2.3 Expansion device

Expansion device has functions of control-
ling mass flow rate of refrigerant and decreas-
ing the pressure of refrigerant. Expansion
device is modeled to be isenthalpic.

2.2.4 Evaporative ¢condenser

Evaporative condenser is used to condense
high pressure refrigerant using latent heat of
vaporization of relatively low pressure refrig-
erant. Evaporative condenser is idealized to
have an effectiveness of one,

2.3 Simulation conditions

In the autocascade refrigeration system, e-
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vaporating temperature, condensing tempera-
ture, dryness at condenser outlet, the ratio of
mass flow rate at the hbranch circuit, and the
mass fraction of the refrigerant are important
variables. In order to mvestigate the effects
of the variation of these variables on the sys-
tem performance, secondary fluid temperature
at condenser and evaporator, degree of super-
heat and isentropic efficiency are assumed to
be constant. Condensing pressure is defined
as mean value between dew point pressure
and bubble point pressure at condenser outlet
temperature, Temperatures and compositions
are selected to avoid the difficulty caused by
the low critical temperature of R744 in cal-
culating thermodynamic properties near the
critical point using REFPROP™. Dependence
of the performance on the varation of the
secondary fluid temperature at evaporator in-
let and the mass fraction of R744 is inves-
tigated under aforementioned simulation con-
ditions. Simulation conditions in this study is
shown in Table 1.

2.4 Simulation results

When the mass fraction of R744 whose spe-
cific volume is smaller than that of Rl34a
increases or secondary fluid temperature at
evaporator inlet increases, the specific volume
of the refrigerant mixture entering the com-
pressor decreases, which results in an in-
crease of the mass flow rate as shown in
Fig. 3. The power required by the compressor
is calculated as the product of mass flow rate
and enthalpy change during compression. Any
increase of mass fraction of R744 requires
more compression work since the saturation
pressure of R744 is much higher than that of
R134a, and therefore power consumption in-
creases as shown in Fig. 4.

Table 1 Simulation conditions of antocascade
refrigeration cycle using R744/134a

mixtures
Variables Value
Mass fraction of R744 in 10, 15, 20,
R744/134a mixture (wt2%) 25, 30, 35
UA of condenser (KW/°C) 0.3
UA of evaporator (kW/°C) 0.2
Secondary fluid temperature -10, -5, 0,
at evaporator inlet {"C) 5, 10
dary fluid te
Secondary fluid temperature 20, 25, 30

at condenser inlet (°C)

Temperature difference of
secondary fluid between inlet 10.0
and outlet at condenser {°C)

Temperature difference of
secondary fluid between inlet 80
and outlet at evaporator (°C)

Degree of superheat (°C) 50

Effectiveness of heat exchangen 1.0

Isentropic efficiency of
COMPTressor

0.8

40.0
Secondary fluid temp. at evaporator inlet,°C

420 |- —®—T=10 --k-- T=0 --¥--T=10

24.0

™, gls

160 . ..-- &7

8.0

0.0
0.10 0.15 0.20 0.25 0.30 0.38

Mass fraciton of R-744

Fig. 3 Variations of mass flow rate of refri-
gerant with respect to mass fraction of
R744 (T 4,c0n=20TC, Tweor=30T,
ATy =8T ).
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2.0

Secondary fluid temp. at evaporator inlet, °C
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Fig. 4 Variations of compressor work with re-
spect to mass fraction of R744 ( T w .

=0T, Tweon=30C, 4Ty.=8C),

As the mass fraction of R744 increases, the
refrigeration capacity which is the product of
refrigerating effect and mass flow rate in-
creases due to the increase of mass flow rate
and higher latent heat of R744 than that of
R134a during evaporation. Also, the refrig-
eration capacity increases with the elevation
of secondary fluid temperature at evaporator
inlet due to an increase of the mass flow rate.
Fig. 5 shows the effects of the mass fraction
of R744 and the secondary fluid temperature
at evaporator inlet on volumetric cooling ca-
pacity when secondary fluid temperature enter-
ing condenser is 20T and Fig. 6 shows the
COP. The volumetric cooling capacity is the
refrigeration capacity divided by specific vol-
ume of the suction vapor entering the com-
pressor. As the mass fraction of R744 or the
secondary fluid temperature at evaporator in-
let increases, the refrigeration capacity in-
creases and the specific volume of R744/134a
mixture decrease. Therefore, the volumetric
cooling capacity increases with these varia-
tions. The COP is the refrigeration capacity
divided by the power required by compressor.
As shown in Fig. 6, when the mass fraction
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Secondary fluid temp. at evaporator inlet,"C
—8— T1=-10 --&-- T=0 --¥--T=10

Q, kJim®

v

1000 F 4
500

0
0.10 0.15 0.20 0.25 0.30 0.35
Mass fraciton of R-744

Fig. 5 Variations of volumetric cooling capacity
with respect to mass fraction of R744
(Twen®20C, Tucor=30T, 4Ty =
8C).

of R744 or the secondary fluid temperature at
evaporator inlet increases, the increasing rate
of the refrigeration capacity precedes that of
required compressor power and thus COP
increases. In general, it is known that the vol-
umetric cooling capacity increases and the
COP decreases as the composition with high-
er saturation pressure increases. But in this
autocascade refrigeration cycle, both of the

4.0
Secondary fluid temp. at evaperator inlet, °C
—8—T=10 --&-- T=0 --¥--T=10
30F ®W—T=5 --¢- T=6

cCoP

0.0 L 1 | |
a.10 0.15 0.20 0.25 0.30 0.35

Mass fraciton of R-744

Fig. 6 Variations of COP with respect to mass
fraction of R744 (T 4 cn= 20T, Tu coou

=30T, 4Tw.=8T)
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volumetric cooling capacity and COP increase.
This is explained as below. As the mass
fraction of R744 increases, dryness at con-
denser outlet also elevates, so the mass flow
rate of CO, rich line from the phase sep-

arator increases. Because the increase rate of
mass flow rate in CO, rich line from the

phase separator is larger than that of total
mass flow rate as the mass fraction of R744
increases, the increasing rate of refrigeration
capacity precedes that of required compressor
power and thus COP increases.

3. Performance experiment

3.1 Experimental setup

Experimental setup consists of a compres-
sor, a condenser, two expansion valves, an e-
vaporator, an evaporative condenser, and a
phase separator as shown in Fig. 7. The com-
pressor, which has two cylinders, is hermet-
ically sealed reciprocating type. The diameter
of the cylinder is 39.7mm and the stroke is
238 mm. The condenser and the evaporator are
manufactured as counterflow type heat exchan-
gers with dual concentric tubes where the
refrigerant flows inside the inner tube and the
secondary fluid flows through the annulus.
Inner tube has inner diameter of 7.5mm and
outer diameter of 9.5mm and those for outer
tube are 13.9mm and 159 mm. The length of
the tubes is 10m in the evaporator and 15m
in the condenser. Metering valves, which can
regulate the flow rate, were used as expan-
sion valves. A plate-type heat exchanger was
installed as an evaporative condenser. The
temperatures at inlet and outlet of condenser
and evaporator were measured with T-type
thermocouples which were directly inserted

Fig. 7 Schematic diagram of experimental setup
for autocascade refrigeration system using
carbon dioxide and R134a.

into the tubes. The pressure was measured
with absolute pressure transducers with an
accuracy of *0.2%. The secondary fluid tem-
perature was kept constant by a PID tem-
perature controller. The mass flow rate was
measured by mass flow meters with an accu-
racy of about *=0.5%. The power required by
the compressor was measured with a power
meter,

3.2 Test conditions

The performance test was carried out for
the refrigerant mixtures of R744/134a (24/76,
36/64 wt%) with secondary fluid temperatures
of 25°C and 35T at condenser inlet, and those
of 0T, 5%, and 10T at evaporator inlet. Tem-
perature difference of secondary fluid between
inlet and outlet at condenser is controlled to
be 10C and that at evaporator is adjusted to
8T. When the wvariations of temperatures,
pressure and mass flow rate were within *
03T, £5 kPa, and %02 g/s, respectively, the
system was assumed steady and data were
collected. The refrigerant mixture was pre-
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Fig. 8 Variations of mass flow rate of refri-
gerant with respect to secondary fluid
temperature at evaporator inlet ( T o c.i

=95C, Tuecox=35C, 4Ty.=8C)
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Fig. 9 Varations of compressor work with re-
spect to secondary fluid temperature at
evaporator inlet { T w e = 25T, Tw.coon
=357, 4Tw.=8TC1

pared before the test and the mixture was
injected to the evacuated system as liquid
phase, The composition of circulating refrig-
erant mixtures was checked with gas chro-
matograph, and the accuracy is within £0.005
of mole fraction.

3.3 Test results

The mass flow rate and the compressor
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Fig. 10 Variations of volumetric cooling capac-
ity with respect to secondary fluid
temperature at evaporator inlet ( T o .
=50, Tewecar=39C, 4T,.=8C)

2.0
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- -# - - R-T44/134a (24:78 wt%)
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Fig. 11 Variations of COP with respect to sec-
ondary fluid temperature at evaporator
inlet ( Ty.cn=25C, Tuwcou=30TC,

AT, .=8C).

_ power consumption are shown in Figs. 8 and

9, respectively. The mass flow rate gradually
increases as the secondary fluid temperature
at the evaporator inlet increases. This is due to
the decreased specific volume at the com-
pressor inlet, as the mean evaporating tem-
perature is elevated. As stated in theprevious
section, when the composition of R744/134a
mixture increases, the mass flow rate in-
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creases. This is mainly due to the smaller
specific volume of R744 than that of

Rl34a for the same temperature and pres-
sﬁre condition, when displacement rate of com-
pressor is kept constant. Compressor power
consumption is increasing when the fraction
of R744 increases, which is due to the in-
creased mass flow rate and the higher inlet
pressure of refrigerant mixture. The variation
of volumetric capacity and COP with the
change of the mass fraction of R744 and the
secondary fluid temperature at evaporator in-
let are represented in Figs. 10 and 11, respec-
tively. The volumetric cooling capacity and
COP increase, as the temperature of second-
ary heat transfer fluid at evaporator inlet is
elevated and the fraction of R744 in the mix-
ture increases. It is noteworthy that the vari-
ation in COP is not so sensitive to the change
in secondary fluid temperature, which repre-
sents the mass flow rate of CO, -rich line
from the phase separator is also increased due
to the increased dryness when the fraction of

4000
3500 - Simulation (R7T44/134as25/7T5wi%)

. Exparimeant (RT44/134a=24/78wt%)
300¢

2500
> 2000
1500
1000

Q, kdint

T,

w.ain s

Fig. 12 Comparison of volumetric cooling ca-
pacity of experimental results and sim-
wlation results for autocascade refrig-
eration system with respect to second-
ary fluid temperature at evaporator
inlet ( Ty.cn=25TC, Tuweon=30C,
AT .= 8T ).

R744 increases.
4. Comparison of simulation and
experimental results

When mass fraction of R744/134a is 25/75
wt% for simulation and 24/76 wt%6 for ex-
periment, comparisons of simulation and ex-
perimental results have been carried out where
secondary fluid temperature at evaporator in-
let is kept from 0T to 10T and that at con-
denser inlet is kept at 25T or 3bT. Tem-
perature difference of secondary fluid between
inlet and outlet at condenser is controlled to
be 10T and that at evaporator is adjusted to
8T.

The volumetric cooling capacity with re-
spect to variations of secondary fluid temper-
ature at evaporator is expressed in Fig. 12.
The values measured in the experiment shows
lower values than those in the simulation. This
is partly due to pressure drop in the evapo-
rator. Pressure drop in evaporator induces high
specific volume in compressor and low mass
flow rate of refrigerant, therefore cooling ca-

30| _g—
——-- Simulation {R744/134a=25/75wtA)
Expariment {R744/134an24/76wt%)

S = /
8
________ -
| e--r---oT T -

1.0

i 1 1 ] 1 |
0.0

-2 0 2 4 as 8 10 12

T,

C

Fig. 13 Comparson of COP of experimental
results and simulation results for auto-
cascade refrigeration system with re-
spect to secondary fluid temperature
at evaporator inlet { T . .n=257T,

Tw.c.out = 35t, ATW,Q = 80(: )
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pacity and volumetric cooling capacity are re-
duced. Figure 13 shows COP where values
measured in the experiment aré lower than
those in the simulation. Experimental results
show similar tendencies with the results of
simulation. Volumetric cooling capacity and the
COP from the experiment are smaller in the
experiment than those in the simulation where
pressure drop in the evaporator and other ir-
reversible losses in the compressor including
friction loss were not considered.

5. Conclusions

Performance of autocascade refrigeration cy-
cle using carbon dioxide and R134a has been
mvestigated. Cycle simulation using constant
UA model for evaporator and condenser has
been performed. Variations of mass flow rate
of refrigerant, compressor work, refrigeration
capacity, volumetric cooling capacity and co—
efficient of performance (COP) with respect to
mass fraction of R744 in R744/134a mixture
were investigated. The volumetric cooling ca-
pacity and COP increase as the secondary flu-
id temperature at the evaporator inlet and
mass fraction of R744 increase.

Experiment has been carried out for R744
/134a (24776 and 36/64 wi%), where sec-
ondary fluid temperature at evaporator inlet is
kept from 0C to 10C and that at condenser
inlet is kept at 25T or 35C. The volumetric
cooling capacity and COP increase as the sec-
ondary fluid temperature at the evaporator
inlet and mass fraction of R744 increase but
the rate of increase of COP became smaller.
Experimental results for autocascade refrig-
eration cycle were compared with simulation
results. The variations of volumetric cooling
capacity and COP showed similar trend for
both cases.
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