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Abstract---We investigate the performance of an integrated
cascade (IC) refrigeration system which uses environment friendly
zeotropic mixtures. Computational calculation has been carried out
by varying pressure level at the evaporator and the condenser of the
system. Effects of mass flow rate of the refrigerant on the coefficient
of performance (COP) are presented. We show that the integrated
cascade system produces ultra-low temperatures in the evaporator by
using environment friendly zeotropic mixture.
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NOMENCLATURES
COP:  Coefficient of performance )
h: Enthalpy T kg™
1C: Integrated cascade )
m; :  Liquid mass flow rate (kg s
m,: Total mass flow rate (kg s
my:  Vapor mass flow rate (kg s
P Pressure (Pa)
Q Heat rate W)
T: Average temperature (K)
U: Circulation ratio )
W Compressor power (W)
X Liquid composition )
y Vapor composition ()
V4 Initial composition )
y-X Difference in composition )
Greek Symbols

ATvp:  Difference between the boiling point temperatures
The refrigerant temperature glides (difference between dew

AT point and bubble point) in the heat exchanger
Subscripts

B: Bottle

C: Condenser

Cp: Compressor
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E: Evaporator

E-C:  Evapo-condenser
H: Height

L: Low

V: Valve

1. INTRODUCTION

worldwide interest is considered to develop low cost

vapor compression systems at cryogenic refrigeration. It
consists to the integrated cascade system that can reach
temperatures as low as -200°C in a single stage, with
acceptable pressure ratio, using a mixture of refrigerants.
These systems are also known as "auto-cascading" systems,
and sometimes they are referred to as one-flow cascade or
mixed refrigerant cascade systems. The refrigerant working
fluid is a zeotropic mixture, normally between 2 and 5
refrigerants, with progressively low normal boiling points
related to the temperature difference between the cold source
and the hot sink of the considered system [1]. The specific
characteristic of the zeotropic refrigerant mixtures is the
occurrence of temperature pinch points in condensers and
evaporators. The pinch point is due to the temperature
difference between the mixture's isobaric dew points and
bubble points [2]. The main characteristic of the integrated
cascade (IC) system is the difference between the composition
of the mixture charged into the system and the refrigerant
mixture flows (liquid formed and residual vapor) through the
complete cycle. The compositions of the residual vapour and
liquid formed are identified at the partial condenser witch is
considered as a fractional composition part with one inlet and
two outlet. The range of mass composition fraction is related
to the pressure and temperature levels at the partial condenser.
There will be three different compositions of the working fluid
of the IC system, the vapor charged with composition z, the
liquid formed at the condenser enriched with the lowest
volatile component with composition x and the residual vapor
enriched with the more volatile component with composition
y. A little range of works has been concerned by the
performances investigation of IC cycles with or without phase
separators [1], [3]-[13]. Missimer [1] presented a brief history
of auto-cascading systems. He described auto-refrigerating
cascade systems converted from a multi-component zeotropic
CFCs working fluid to a CFC free mixture. Clodic [3]
presented the design of an integrated cascade system
permitting the low temperature CO, frosting. The energy
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consumption and the coefficient of performance of this
refrigerating system are calculated. Dewitte [4] performed an
integrated cascade system with two refrigerants. Kim and Kim
[5] investigated the performance of an auto-cascade
refrigeration system using zeotropic refrigerant mixtures of
R744/R134a and R744/R290. The effect of the high-boiling
component mass fraction, on the cooling capacity, the
compressor power and the coefficient of performance (COP)
of the cycle are presented. It was found that the agreement
between the theory and experiment was perfect and that the
auto-cascade refrigeration cycle has a merit of low operating
pressure as low as that in a conventional vapour compression
refrigeration cycle. In our precedent works, a performance
analysis of combined refrigeration cycles was established [6],
[7]. Indeed, we presented a theoretical survey, which was
based on finite time thermodynamic (FTT) analysis. The
operating performance of two different combined vapor
compression cooling cycles, the conventional cascade (CC)
and the integrated cascade (IC), was investigated. It was
founded that, at fixed condensing and evaporating
temperatures and for same intermediate heat-exchanger
temperature ratio, the IC is more efficient than the CC system.
Q. Wang et al. [8] proposed a new approach to investigate the
performance of a single-stage auto-cascade refrigerator
operating  with two  vapor—liquid separators and
environmentally benign binary refrigerants. They show that the
main factors affecting COP are the pressure ratio and the
composition of mixed refrigerants. Three stage auto
refrigerating cascade (ARC) system was studied by [9]. The
zeotropic mixture of environment friendly refrigerants (HC’s
and HFC’s) was studied using two combinations (R290/R23/
R14, R1270/R170/R14). Several performances of the system
among them the Coefficient of Performance (COP), exergy
lost and exergic efficiency were investigated for different mass
fractions in order to verify the effect of mass fraction on them.
G. Yan et al. [10] proposed an internal auto-cascade
refrigeration cycle (JARC) operating with the zeotropic
mixture of R290/R600a or R290/R600 for domestic
refrigerator-freezers. Performances of the IARC are evaluated
by using a developed mathematical model, and then compared
with that of the conventional refrigeration cycle. Zhang et al.
[11] proposed a small-sized auto-cascade refrigeration cycle
using COs/propane as refrigerant. The effect of fractionation
heat exchanger on the performance of the cycle was analyzed.
The theoretical results are compared with the experimental
data which validates the precision of numerical simulation. X.
Xu et al. [12] investigated theoretically and experimentally the
effect of throttle valves opening on the working refrigerant
composition of auto-cascade refrigeration system. The
variation of refrigerant composition under different valves
opening was obtained. A new ejector enhanced auto-cascade
refrigeration cycle (EARC) using R134a/R23 refrigerant
mixture is proposed in [13]. The performance of the EARC
and the basic auto-cascade refrigeration cycles is compared by

the simulation method, in terms of energetic and exergy
aspects.

This paper reports the modelling of an integrated cascade
(IC) system. Heat and materiel balances are developed for the
considered cycle. Then, the performance investigation of an
integrated cascade refrigeration system using refrigerant
mixtures of R744/R134a, R23/134a, and R170/R290 is
presented. The study of the coefficient of performance of the
IC system for an operating point source/sink (-60°C/20°C) is
presented.

II. A TwWO STAGE VAPOR COMPRESSION PLANT WITH
ENVIRONMENT FRIENDLY ZEOTROPIC MIXTURES

The integrated cascade (Fig. 1) is similar to the
conventional cascade system.
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W/ 1
B2 (Ps, 2)
(Pu z})h‘ @ oD > ®s )
d [~ ®6 (Pr . x)
—— 4 (fH’y) -
QA C " E-(' Qe

I
—— Qrd

Pu.%)3 Y vV,
LERS . = 8(Ps.
Teasen "L Ps.x)5 17 (Ru.y) _ Ceen
Te Tg Tgm)
Stage 2

Cp: Compressor V: Valve

C: Condenser E-C: Evapo-condenser

E: Evaporator B: Bottle

Fig. 1 Integrated cascade system with two stages

The IC system is divided into two stages and the number of
stages is related to the temperature difference between the cold
source and the hot sink. Fig. 1 illustrates an integrated cascade
with two fluids. The integrated cascade architecture is
composed by six elementary components which are: a
compressor Cp, an evaporator E, a partial condenser C, an
evapo-condenser E-C (the main component), a Freezer B, and
tow throttling valves V; and V..

An example of binary fluid (R23/R134a) integrated cascade
cycle is represented, in Fig. 2, by a temperature- composition
diagram for the most volatile pure fluid.

An important integrated cascade (IC) system characteristic,
which must not be overlooked, is the difference between the
composition of the mixture charged into the system and the
refrigerant mixture flows through the complete circuit.
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Fig. 2 Representation of an integrated cascade cycle by a T-x diagram
using the R23/R134a mixture. (10— 1 Freezer, 3—5 and 7—8
Trotting valve, 8—9 Evaporator, 5—6 Evapo-condenseur
(Evaporation), 4—7 Evapo-condenser (Condensation), 6—10 and
9—10 Bottle, 1 =2 Compressor, 3—3-4 and 4—3-4 Condenser)

III.  INTEGRATED CASCADE CYCLE SIMULATION

The refrigerated efficiency of a bi-fluid IC system COP is
defined as:

cop- QutQ (D
W

Another important parameter for the IC working is the
circulation ratio:

U= v @

Expressions of U and COP have been established by matter
and energy balances applied on the quasi-totality of the IC
cycle components. These balances and the necessary relations
for the calculation are summed up in Table I.

Table T shows that the COP expression depends on the
specific refrigerating effect and circulation ratio. The behavior
of the COP is analyzed billow.

IV.NUMERICAL APPRECIATION

A. Working Conditions and IC Characteristics

The binary zeotropic fluid is supposed evolving between the
source temperature -60°C and the sink temperature 20°C.

The working conditions of the IC (refrigerated power, COP,
intermediated heat exchanger temperatures, etc) depend on the
following parameters:

— Average condensing temperature of the evapo-condenser,
— Average evaporating temperature of the evapo-condenser,
—  Nature and composition of the refrigeration mixture.

The influence of these parameters on working conditions of
the IC system is developed subsequently in next paragraph.

B. Simulation Results of the Integrated Cascade Operation

The simulation results of an integrated cascade with three
different mixtures R744/R134a, R23/R134a, and R170/R290
are shown in Figs. 3-5. Thermodynamic properties were
computed using the database NIST REFPROP 6.01 [14]. The
variations of coefficient of performance (COP) are shown in
Fig. 3 according to the total molar fraction of pure most
volatile.

TABLE I
ENERGY AND MATTER BALANCES OF IC SYSTEM

Matter balances

Condenser
Global balance m, +m, = m, (3)
Balance related the higher refrigerant
ymy,+xm, =m, z )
Energy balances
Evaporator
Courant (8-9) Q; =my (h, —hy) )
Bottle
Courant (10-1)
QB = rh((hl _hIU) ©)
Compressor
Courant (1-2)
W=m,(h,-h,)) (7)

Evaporator-condenser
Courant (4-5-6-7)

(y_Z)z(h-l_h7) @®)
(z=x) (hy=hy)

Circulation ratio

U= (Z—X) (9)
(y-x)
Coefficient of performance
COP = (Z__X)M (10
(y_X) (hz _hl)
2 5 COP
1.8
1.6
1.4
1.2
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Fig. 3 Variations of the coefficient of performance (COP) with
composition z for three binary mixtures R744/R134a, R23/R134a and
R170/R290 at Tr=-60°C and Tu=20°C.

Table II presents the maximum COP values for three
different binary mixtures. It shows that maximum COP is
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reached at nearly equal concentration of both fluids. The
performed refrigerant mixture is R744/R134a which has the
high boiling point temperature difference and the greatest
difference in composition (y-x) in the partial condenser. The
performance of the evapo-condenser heat exchanger is
qualitatively measured by the difference ("T"C -"T"E) which must

be low to improve the efficiency.

Variations of COP are shown in Fig. 3 according to the total
mass fraction of the more volatile component. Fig. 3 and Table
II show that the binary mixtures studied can be classified into
two categories:

(a) The first category includes mixtures with a high glide AT .
(strongly zeotrope): R23/R134a and R170/R290. The
maximum COP of the IC system is obtained with the
refrigerant mixture R23/R134a. This COP. reaches
1.722 with initial composition z of 0.526 as showing in
Fig. 3 and Table II. Whereas with the refrigerant mixture
R170/R290 the COPuax (1.431) is obtained for a
composition z of 0.556 in R170.

(b) The second category consists of slightly zeotropic
mixtures (low glide temperature AT ;). Fig. 3 shows that
the mixture formed from 50% of R125 and 50% of R134a
leads to the maximum coefficient of performance of
1.012.

TABLE I
VALUES OF COPumax FOR THE THREE DIFFERENT BINARY MIXTURES

Binary T T (y-x) COP
mixtures ATwp[K] AT([K] 2 X Te-Te K] max _ max

R23/R134a 56,03 27 0,526 0,348 9,5 0405 1,722
RI70/R290 46,51 18 0556 0353 285 0311 1431
RI25/R134a 22,07 34 0464 0612 555 0,128 1012

The working of the integrated cascade is studied for three
types of mixtures for different conditions (T, P, x). The results
indicate that for the three binary mixtures the maximum value
of COP is reached approximately at the maximum difference
in composition between the vapor and liquid phases in partial
condenser (y-x). Table II shows that the maximum value of the
COP system R23/R134a is reached for a total composition of
about 0.526. This feature of COP due to the minimum

compression ratio (Rp=Paval/Pamont) is not reached for the

maximum value of (y-x), but it is reached for a value of (y-x)
slightly below the maximum value (Fig. 4).

C. Influence of the Zeotropic Mixture Composition on the
Occurrence of Pinch Point

The temperature distribution patterns in the evapo-
condenser according to the total composition for refrigeration
systems R23/R134a and R170/R290 are presented in Fig. 5.

Fig. 5 shows that the temperature profile in the intermediate
heat exchanger is strongly influenced by the composition of
the mixture. The pinch point at the evapo-condenser is lower
with R23/R134a mixture than with the R170/R290 one. For
both systems the pinch point (minimum "T“C-"I_"E) is obtained

with nearly equal concentrations of both fluids.
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Fig. 4 Variation of compression ratio R versus the difference in
composition (y-x) for R23/R134a system
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Fig. 5 Temperature profile in the E-C as a function of the total
composition (z) for refrigerant mixtures: (0) R23/R134a and (A)
R170/R290

IV.CONCLUSION

The integrated cascade system is modeled from the mass
and energy balances. This model leads to the coefficient of
performance and to the simulation of integrated cascade cycle.
We simulated the working of the integrated cascade system by
varying the liquid composition at constant temperatures of
condensation and evaporation for three refrigerant mixtures
(R23/R134a), (R170/R290) and (R125/R134a). This study
shows that the most efficient mixture is R23/R134a which has
a large boiling point temperature difference with highest
temperature glide. The efficient (R23/R134a) system
conditions are reached with important partial separation
composition (y-x) and lowest intermediate temperature
difference at the evapo-condenser. The maximum coefficient
of performance is obtained when (y-x) is approximately
maximum and with a total composition z of around 0.5. The
minimum temperature difference in the Evapo-Condenser is
obtained with nearly equal concentrations of the two
concerned mixture components. The study of the glide
matching (minimization of the temperature difference) of the
zeotropic mixtures in the condenser and evaporator of the
integrated cascade cycle is therefore necessary to improve the
performance of this cycle. This work is under way.
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