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ABSTRACT

We present the experimental evaluation of an internal heat exchanger or suction-line/liquid-line heat
exchanger in a CO, subcritical refrigeration plant with gas-cooler. The plant, driven by a 1.5kW CO, semi
hermetic compressor, uses brazed plate heat exchangers as condenser, evaporator and internal heat
exchanger, an air finned tube gas-cooler and an electronic expansion valves. The evaluation (77 steady-
states) covers evaporating temperatures from -40 to -25 °C and condensing temperatures from -15 to
0 °C, always at the nominal speed of the compressor. Here, the effect of the internal heat exchanger on
the main energy parameters is analysed, i.e., cooling capacity, COP and heat rejection at gas-cooler and
condenser. Also, the effect of the internal heat exchanger in a cascade cycle is analysed theoretically. It
has been concluded that the internal heat exchanger does not improve the performance of the subcritical

cycle, but it could improve the energy performance if it is used inside a cascade refrigeration system.
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NOMENCLATURE

COP coefficient of performance
Cp specific isobaric heat, kJ-kg"-K-!
h specific enthalpy, kJ-kg'
m, CO:, refrigerant mass flow rate, kg-s!
My gt R134a refrigerant mass flow rate, kg-s
P pressure, bar ; power consumption, kW
qo specific cooling capacity, kJ-kg!
0 heat transfer rate, kW
SH superheating degree, °C
SUB subcooling degree, °C
T temperature, °C
Vg secondary volumetric flow rate in evaporator, m3-s-!
VG compressor displacement, m3-s-!
GREEK SYMBOLS
p density, kg:m3
£ thermal effectiveness
Ny volumetric efficiency of the compressor
A increment
v specific volume, m3-kg!
SUBSCRIPTS
C compressor
casc referred to a cascade system
g9 secondary fluid in evaporator
gc gas cooler
HT high temperature cycle
i inlet
IHX internal heat exchanger
K condenser
l liquid
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1. Introduction

The Internal Heat Exchanger (IHX) or suction/liquid heat exchanger is generally used in refrigeration
plants to ensure a proper function of the system and protect the integrity of the components. Its use avoids
the risk of flashing gas at the inlet of the expansion device caused by pressure losses or heat transfer,
since with the IHX the expansion device is fed with subcooled liquid. In addition, the IHX reduces the
possibility of liquid entering to the compressor suction, as if liquid is present at the exit of the evaporator, it
is evaporated in this heat exchanger. The IHX causes an increase on the specific suction volume, on the
discharge temperature, a reduction of the refrigerant mass flow rate, an increase of the specific cooling
capacity and pressure losses. But from the point of view of energy efficiency (COP), its effect can be
positive or negative, depending on the considered refrigerant [1]. Using a theoretical approach and
neglecting pressure drop, Domanski et al. [2] concluded that it is beneficial for refrigerants with high heat
capacity. Mastrullo et al. [3], considering pressure losses, obtained similar conclusions about the heat

capacity, but they added that the IHX is more recommended for refrigerants that provide low COP.

The IHX is optional for plants working at high evaporating temperatures, but its use is highly
recommended for applications at low evaporating temperatures, those evaporating below -20°C,
approximately. In fact, compressors manufacturers recommend to operate the plants with a minimum gas
superheat at suction of 20 K to avoid problems related with lubrication and to extend the useful life of the
compressor. To achieve it two possibilities exist, increasing the degree of superheat at the evaporator with
the expansion device, which turns usually in a decrease of energy efficiency, or using the IHX, which

influence on the energy efficiency will depend on the considered refrigerant.

After the adoption of the new F-Gas regulation in Europe [4], the systems which are attracting more
attention for commercial refrigeration at low evaporating temperatures are cascade plants using CO; as
low temperature refrigerant [5, 6], which operate with an evaporating temperature of -30 °C or below. For
this system, the use of the IHX is recommended, however, to the knowledge of the authors no results
have been published in literature about its energy performance in CO- subcritical cycles at this operating
conditions. The only results available are the ones presented by Zhang et al. [7], who evaluated
theoretically the effects of the IHX in a single-stage subcritical CO- refrigeration plant for evaporating
temperatures from -20 to -10 °C with condensing temperatures from 10 to 20°C. They observed COP was
slightly reduced by the use of the IHX in subcritical operation, but they pointed out it is convenient for
transcritical operation. About the use of the IHX in transcritical plants some experimental research has
been published. Torrella et al. [8] for evaporating temperatures from -15 to -5 °C and gas-cooler outlet
temperatures from 31 to 34 °C verified experimentally that the IHX enhanced the energy performance.
They measured increments of COP and cooling capacity up to 12%, and observed the improvement was

better at low evaporating temperatures. Also, Sanchez et al. [9], under a different experimental analysis
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and with different locations of the IHX in the transcritical cycle, observed it improved the performance. The
unique drawback pointed out by the authors was the increase of the compressor discharge temperature
due to the use of the IHX, which reached up to 20°C.

As mentioned, the influence of the IHX in CO, subcritical cycles has only been addressed theoretically for
operating conditions over -20 °C of evaporating temperature and for condensing temperature higher than
10 °C [7]. Also, the usual criterion to determine the possible advantage of adopting this heat exchanger
(Domanski et al. [2], Aprea et al. [10] and Klein et al. [11]) do not offer coherent results for subcritical CO,
cycles, since the condensing temperatures of the CO2 subcritical cycles are lowest than the considered for
establishing the criterions. Accordingly, the objective of this work is to cover this lack of research
presenting the experimental evaluation of the energy implications of the use of the IHX in a CO, subcritical
refrigeration plant for low evaporating temperatures and discussing its energy implication. The evaluation,
made with an experimental plant driven by a semi hermetic compressor, covers evaporating temperatures
from -40 to -25 °C and condensing temperatures from -15 to 0 °C, the usual temperature range in

commercial refrigeration at low temperature.

2. Experimental plant and measurement system

The results analysed in this work are based on the experimental results obtained with an experimental
CO; subcritical refrigeration plant whose scheme is presented in Figure 1. The plant is driven by a CO;
semi hermetic compressor for subcritical applications, with a displacement of 3.48 m3/h at 1450 rpm and a
nominal power of 1.5 kW that is controlled by an inverter. The used lubricant oil is POE C55E. The
compressor absorbs the vapour at suction (point 1) and compresses it to the high pressure (point 2), then
the lubricant oil is separated. Following, the refrigerant gets into a gas-cooler (point 3) where the CO; is
desuperheated with an air cooler heat exchanger before entering to the condensers (point 4), since
generally the discharge temperature is higher than the environment temperature. This cross flow heat
exchanger, driven at its nominal speed with a fan of 75 W of power consumption, has a heat transfer area
of 0.6 m2in the refrigerant side and of 3.36 m2 in the air side. Next, CO- flow is divided and condensated it
in two plate heat exchangers (points 5 and 6) with a total heat transfer area of 3.52 m2. CO- leaving the
condensers (points 7 and 8) is joined and its mass flow rate is measured with a Coriolis mass flow meter
(m,.). Then, it enters to the receiver. Following, the refrigerant is subcooled in the IHX (points 9 to 10),
which is a brazed plate heat exchanger with a heat transfer area of 0.096 m?, and then it feeds the

expansion valve of the cycle (point 11), an electronic expansion valve that controls the evaporating



process in a brazed plate evaporator with a heat transfer area of 2.39 m2. This valve regulates the degree
of superheat at the evaporator exit (point 13) with a NTC and a pressure gauge. Finally, the vapour
refrigerant is superheated in the IHX (points 14 to 15). As depicted in Figure 1, the vapour line

incorporates a bypass that allows operating with and without the IHX..
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Figure 1. Experimental diagram of the test plant and measurements in each point

For clear understanding of the behaviour of the experimental plant (Figure 1) working with and without the
IHX, the operation of the plant at an evaporating temperature of -35 °C, a condensing of -5.6 °C and an

environment temperature of 20 °C is presented in a Temperature-Entropy diagram in Figure 2.
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Figure 2. Ts diagram of the plant working with and without IHX (To =-35 °C, Tk = -5.6 °C)

The heat load to the evaporator is provided with a loop working with a tyfoxit-water mixture (84 % by
volume) which allows to operate up to -45 °C. This loop allows regulating the inlet temperature of the
secondary fluid to the evaporator (point 16) and varying its volumetric flow rate (I'(g). Heat rejection at the
condensers is performed through the evaporation of a high-temperature refrigeration cycle which operates
with the refrigerant R134a. This evaporation process is controlled in each condenser with individual
electronic expansion valves that maintain the degree of superheat of the R134a in 9 °C, approximately.
The refrigerant mass flow rate of the R134a (1, ;1) is measured with a Coriolis mass flow meter. Speed

regulation of the compressor of the R134a cycle is used to modify the condensing conditions of CO».

The experimental plant is fully instrumented to analyse its energy performance. The location of sensors is
presented in Figure 1. It incorporates 19 T-type thermocouples with an uncertainty of +0.5 °C, 3 pressure
gauges (0-60 bar) for the CO, at low pressure with an uncertainty of +0.18 bar, 4 pressure gauges (0-100
bar) for the high pressure of CO, with an uncertainty of +0.3 bar and 2 pressure gauges for the R134a (0-
10 bar) with a measurement error of +0.03 bar. The CO2 and R134a coriolis mass flow meters have an

uncertainty of £0.15 % of lecture, and the secondary volumetric flow meter (V) has an uncertainty of

+0.33 %. Power consumption of the compressor is obtained with a digital watt meter with a measurement



error of 0.5 %. All the information obtained from the sensors is gathered by a cRIO data acquisition
system (24 bits of resolution) and handled online with an own developed application based on LabView
[12].

3. Experimental procedure and data validation

The test campaign used to evaluate the performance of the subcritical CO; refrigeration system working
with and without IHX covered evaporating temperatures from -40 to -25 °C and condensing temperatures
from -15 to 0.7 °C. The speed of the CO, compressor was maintained at its nominal value of 1450 rpm
and the test were done fixing a degree of superheat in the CO, evaporator of 9.3 + 0.2 °C, with
environmental temperatures of 20 + 3.2 °C. The fan of the gas-cooler was always kept on, that consuming

a constant value of 75 W.

The plant was analysed operating at a fixed evaporating temperature (-40, -35, -30 and -25°C) for different
condensing levels, operating with and without the IXH. In total, 38 steady-states of the plant without IHX
and 39 with IHX were performed. Each steady-state lasted at least 20 minutes, with 5 seconds sampling
rate, with maximum oscillation of the phase-change temperatures of 2 %. Table 1 summarizes the

experimental test range evaluation and the variation of the main energy parameters of the plant.

Experimental data was validated comparing the heat transfer rates in the evaporator and in the condenser.
In the evaporator, the cooling capacity provided by the cycle, Equation (1), was contrasted with the heat
transfer rate of the secondary fluid, Equation (2). Their difference in average was of 2.4 % working without
IHX and of 3.3 % with IHX. In the condenser, the heat rejection of CO; in the condenser, Equation (3),
was compared with the cooling capacity of the R134a cycle, Equation (4). Their difference in average was
of 2.7 % working without IHX and of 2.9 % with IHX. To evaluate these heat transfer rates, Tyfoxit
properties provided by the manufacturer [13] and Refprop 9.1. [14] database were used for the
calculations. The expansion processes were considered isenthalpic. Heat transfer rates validation is
presented in Figure 3 for the operation with and without IHX. Also, the uncertainty of the main energy
parameters has been evaluated using Moffat's method [15], being the uncertainty of the cooling capacity
of 0.675% without IHX and of 0.495% with IHX, and of the COP of 1.103% without IHX and 0.998% with
IHX.

QO,T =My - (ho,o - hO,i) (1)

QO,g = Vg "PgCpg- (Tg,i - Tg,O) (2)
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Figure 3. Heat transfer rates validation in condenser and evaporator

4. Discussion of experimental results

In this section, we discuss the experimental results of the modifications that implies the use of the IHX in
the CO- subcritical refrigeration cycle. First, we discuss the thermal effectiveness of the heat exchanger
and the modifications it causes on the compressor temperatures, then, we analyse the modifications on
the capacity, COP and heat rejection.

4.1. Suction and discharge temperatures

The use of the IHX in the refrigeration cycle introduces modifications in the temperature at the inlet of the

expansion device and at the compressor suction. These temperature differences, neglecting the superheat
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in the evaporator and the subcooling previous entering the IHX, can be related with the thermal
effectiveness of the IHX, Equation (5), and evaporation and condensing temperatures, with Equation (6)

for the superheating degree, and with Equation (7) for the subcooling degree in the IHX.

T =T ; 5
E11ix (%) _ lHXv0 IHX Vi 100 ( )
Trax i — Tinxvi
SHinx = Tinxwo — Tinxw,i = €mx - (Tx — To) (6)
~ Cpv
SUB1ux = Tinxi — Tinxo = €mx - (Tx — To) C__z (7)
P,

If Equations (6) and (7) are contrasted, it can be observed that both temperature differences are related
between them with the ratio of specific capacities of vapour and liquid. For CO, this ratio ranges from
0.34 to 0.56 in the test range. Accordingly, the superheating degree in the IHX is higher than the
subcooling degree, being the first which influences most the behaviour of the plant, since it modifies the

suction conditions at the compressor.

Equation (5) was used to determine the experimental thermal effectiveness of the IHX, whose variation
range is presented in Table 1, its values ranging from 68.0% to 98.4%. And Equation (8) presents an
adjusted polynomial of the measured thermal effectiveness of the IHX as a function of the evaporating and
condensing temperatures. In Equation (8) temperatures are expressed in K and presents a maximum
uncertainty of 5.36%. The application range of Equation (8) is for evaporating temperatures from -40.00 to
-25.00 °C and condensing temperatures from -15.67 to 0.47 °C.

€1x (%) = —1599 — 32.25 - Ty + 0.145 - T? + 51.56 - T, — 0.1938 - Ty, - Ty (8)

From Equation (8) and Table 1, it can be observed that the thermal effectiveness is higher at lower
evaporating levels and increases when the condensing temperature rises. Both effects are related with the
refrigerant mass flow rate in the cycle, when lowest the refrigerant mass flow rate is, the thermal

effectiveness of the subcooler is higher.

This superheating degree in the IHX is translated to the compressor suction temperature. The
experimental evolutions of this temperature when the IHX is used and when not are presented in Figure 4.
In Figure 4, it is also represented the condition in which the suction temperature equals to the condensing
temperature, which would be the situation when the thermal effectiveness of the IHX is of 100%. As it can
be observed for the operation without IHX, the suction temperature and the degree of superheat at
compressor suction are below the value recommended by the compressor manufacturer (20 °C), which

could introduce problems with the lubricating oil. However, the use of the IHX increases this superheating
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to admissible values. As it can be observed in Figure 4, the suction temperature when the IHX is used is
not much dependent on the evaporating level. The reason of this is that the thermal effectiveness
decreases at high evaporating levels but rises at low evaporating temperatures, which is the operating
condition when highest superheating degree at suction is needed.
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Figure 4. Compressor suction temperature with and without IHX

The superheating degree is directly translated to the compressor discharge temperature. In Figure 5, the
experimental discharge temperatures of the CO, compressor are presented. The maximum increase of
the discharge temperature by the use of the IHX ranged from 10.2 °C at -25.0 °C to 14.7 °C at -40.0 °C.
Discharge temperatures are inside the range recommended by the manufacturer and pose no problem,
but as it is analysed in subsection 4.5 the increase of this temperature supposes an improvement of the
subcritical cycle when it is a part of a cascade system.
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Figure 5. Compressor discharge temperature with and without IHX

4.2. Cooling capacity

The IHX has two opposite effects on the refrigeration capacity of the cycle, Equation (9): First, the
increase of the suction temperature causes an increment of the specific suction volume, whose
consequence is a reduction of the refrigerant mass flow rate, Equation (10), which tends to reduce the
refrigeration capacity. Second, the subcooling in the IHX increases the specific cooling capacity, which
tends to increase the refrigeration capacity of the cycle. The variation of the refrigeration capacity will
depend on both effects.

QO,r =m, - qo (9)
. Ny (10)
m, = %

" Vsuc ¢

Regarding the modification of mass flow rate, their experimental evolutions with and without the IHX are
represented in Figure 6. It can be observed the use of the IHX always reduces the refrigerant mass flow
rate. This reduction varies between 3.83 to 5.5 % at -25 °C and 3.70 to 5.76 % at -40 °C. The main reason
of this reduction is the increase of the specific suction volume, since the volumetric efficiency of the
compressor is not modified according to experimental data.
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Figure 6. Refrigerant mass flow rate with and without IHX

On the other side, the experimental specific cooling capacities are represented in Figure 7 for the
operation with and without IHX. As it can be observed, the specific cooling capacity is always increased
due to the subcooling of the liquid in this heat exchanger. Inside the test range, the increase of the specific
cooling capacities vary between 2.0 to 2.8 % at -25 °C and 3.2 to 5.3 % at -40 °C. It needs to be

mentioned that the increase of the specific capacity is higher at high condensing temperatures.
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Figure 7. Specific cooling capacity with and without IHX

And finally, the combination of the above mentioned effects is presented in Figure 8. As it can be
observed, the effect of reduction of refrigerant mass flow rate overcomes the increase of specific cooling
capacity, resulting in a decrease of capacity in all the measured range. The reductions of capacity vary
between 1.1t0 3.7 % at -25 °C and 1.6 to 3.5 % at -40 °C. This evolution of the capacity in CO, subcritical
plants is different from the observed in CO; transcritical cycles, where the use of the IHX provides
increases of capacity up to 12 % [8]. In this case, although the reductions on capacity are small, the

strongest are at high evaporating temperatures.
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4.3. COP

The next energy parameter in importance to be analysed is the COP of the plant and its variations when
the IHX is used. The COP depends on the cooling capacity, the compressor power consumption and the
power consumption of the fan of the gas-cooler, as presented by Equation (11).

QO,T (11)
P+ By

COP =

About the power consumption, the power consumption of the fan of the gas-cooler has a constant value of
75W, whereas the variations of the compressor power consumption are for all the tests below 0.5 %, in the

same way as analysed for transcritical CO2 plants [8]. Accordingly, variations of COP are more bonded to
variations of capacity.

The COP experimental evolutions over the test range are presented in Figure 9. As it can be observed the
reductions on COP when the IHX is used are small and they can be also positive at low evaporating
temperatures and low condensing temperatures. For the experimental data, the reductions in COP vary
from 1.58 to 3.29 % at -25 °C and from 1.06 to an increase of 0.45 % at -40°C.
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4.4. Heat rejection

Finally, although not usually considered in works related with the performance of the IHX, it is worth
analysing the variations on the heat rejection induced by the use of this heat exchanger. As presented in
Figure 5, the compressor discharge temperatures are always higher than the environment temperature (20
+ 3.2 °C). Due to this reason, this refrigeration plant incorporates a gas-cooler heat exchanger previous
entering the condensers of the plant (Figure 1) to reject the possible heat to the environment (points 3 to 4
in Figure 1) and avoid pumping it to the high temperature cycle. Accordingly, the heat transfer we analyse
is the sum of the heat transferred to the environment in the gas-cooler and the heat transfer during

condensation of CO; in the condensers.

In Figure 10, the heat rejection in the gas-cooler and in the condensers is presented, this evaluated with
Equation (12). This heat rejection would be the one to be transferred to the high-temperature cycle if the
gas-cooler is not used. In this case, the use of the IHX produces a reduction of this heat transfer, caused
by the reduction of the refrigerant mass flow rate (Figure 6) but attenuated by the increase of the
compressor discharge temperature (Figure 5). The measured reductions of this heat transfer rate vary
from 0.77 to 3.41 % at -25 °C and 2.12 to 2.45 % at -40 °C. Since over all the operating range this heat
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transfer rate is reduced, it corresponds to a beneficial effect of the IHX, since the high temperature cycle
would have less load to be absorbed.

h¢io + hCZ,o] (12)

QK,r + Qgc,r =m, hgc,i - 2
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Figure 10. Condenser and gas-cooler heat rejection with and without IHX

Considering only the heat rejection at the condenser, this evaluated from experimental data with Equation
(3), its evolutions are presented in Figure 11. Again, the use of the IHX reduces the heat to be transferred
in the condensers, in this case because of the reduction of the refrigerant mass flow rate, since the inlet
temperature of the refrigerant to the condensers (points 5 and 6) practically coincide for the operation with
and without IHX, as it can be appreciated in Figure 2. This coincidence of the inlet temperature to the
condensers is caused by the gas-cooler. In this case, the reductions of the condensing heat transfer vary
from 4.78 to 4.91 % at -25 °C and from 3.71 to 4.82 % at -40 °C.
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4.5. Effect on a cascade system

As mentioned before, the use of the IHX with the combination of a gas-cooler in the subcritical cycle
reduces the heat to be transferred to the high temperature cycle. To analyse the effect of the IHX on the
whole cycle, that is a combination of the subcritical cycle with a high temperature cycle (cascade
refrigeration system), the COP of the whole system must be considered.

The COP of the cycle combinations, denoted as COP s, is expressed by Equation (13), being it obtained
dividing the cooling capacity provided by the subcritical cycle (Qo_r) by the power consumption of the
subcritical compressor (P¢) and of the gas-cooler (P,) of the subcritical cycle and the power consumption
of the high temperature cycle (P ). This last can be related with the COPyr of the high temperature
cycle with Equation (14), where it is considered that the condensation heat transfer of the subcritical cycle
(Qx.) is equal to the refrigeration load of the high temperature cycle. The combination of Equations (13)
and (14) results in Equation (15). If Equation (15) is analysed, considering the COPyr constant, it can be

observed that the COP s would be improved if Q'K,r is reduced.

QO,T

COP.gse =
A€ Pe+ Pye + Pepr
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Qk,r

P, =— 14
Qo,
COP.gqc = L 15
P P QK,r ( )
¢t hge+ coPy

To quantify the effect of the IHX on the cascade system, the percentage variation of the COPcasc When
using the IHX is evaluated with Equation (16), where the COP.sc is obtained with Equation (15). To
evaluate COP s, the presented experimental data of the CO, cycle was used. For the evaluation, it was
considered a constant temperature difference in the cascade heat exchanger of 3°C, corresponding to an
average value obtained from the experimental evaluation of a R134a/CO; cascade plant [16], and a linear
dependent COPr relation for the high temperature cycle (COPxr=2.5-0.05151-Tour), in this case, also
obtained from the experimental R134a/CO; cascade plant [16] for a constant condensing temperature of

the high temperature cycle of 40°C.
COPcaSCIHX - COPcasc

ACOP,4. = “op -100 (16)
casc

Accordingly, in Figure 12 the COP.sc modifications of the cascade cycle due to the use of the IHX in the
CO, cycle are presented for different evaporating levels, different low temperature condensing
temperatures (Tk in Figure 12) at a constant condensing temperature of the high temperature cycle
(Tkur=40 °C). As it can be observed in Figure 12, the use of the IHX has a positive effect on the COP of
the cascade plant, ranging the improvements between 0.15 to 2.91 %. It can be observed that the
improvements are higher at lower evaporating temperatures, especially at -40 and -35 °C, where the IHX

is more necessary, and thus, more convenient.
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Figure 12. Variation of the COP of the cascade system with the use of the IHX (Tk+r=40°C)

5. Conclusions

In this work the effect of the Internal Heat Exchanger (IHX) in a CO, subcritical refrigeration cycle has
been analysed from an experimental point of view. The evaluation has been performed with a subcritical
single-stage CO; cycle driven by a semi hermetic compressor with a refrigeration plant that incorporates a
gas-cooler previous entering the condensers. The experimental evaluation has covered evaporating
temperatures from -40 to -25 °C and condensing temperatures from -15 to 0 °C, the usual temperature

range in commercial refrigeration.

It has been observed that the IHX operated with high thermal effectiveness, those ranging from 68.0 to
98.4 %, being its effectiveness higher at lower evaporating levels. This dependence of the effectiveness
on the evaporating level resulted in compressor suction temperatures independent on the evaporating
level, assuring in all the evaluation range a degree of superheat at suction higher than 20 °C. The
maximum measured discharge temperature increment were of 14.7 °C, and occurred at low evaporating

levels.

Regarding the effect of the IHX on the energy parameters of the subcritical cycle, it has been observed a

reduction of the capacity provided by the plant, which ranged from 1.1 to 3.7 %. This reduction was mainly
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induced by the reduction of the refrigerant mass flow rate through the CO, cycle. About the effect on the
COP of the CO2 cycle, reductions from 1.8 to 3.29 % were measured at -25 °C of evaporation

temperature, but small improvements up to 0.45 % were observed at -40 °C.

Nonetheless, the use of the IHX with a combination of a gas-cooler in the CO. subcritical cycle resulted in
reductions of the heat to be transferred in the cascade condenser, reductions which were more important
at low evaporating levels. This reductions of the heat transferred to the high temperature cycle in cascade

systems produced increments on the COP of the cascade system from 0.15 to 2.91 %.

Accordingly, it can be concluded that despite the reductions of capacity and COP in the CO- subcritical
cycle, the use of an IHX in the CO2 cycle introduces beneficial effects, since it assures a minimum degree
of superheat at the suction of the compressor, allows avoiding problems with the lubricant oil and can

increment the COP of the whole cascade system.
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TABLES

Operation with IHX

-25.00 0.06 -4.70 to -0.11 9.08 68.0t079.5 0.030t00.033  7735t08776 1810102029 8065t09383 1143101556 19910289  3.691t04.65 8

-30.01 0.10 -9.86 t0 -0.73 9.31 77410940 0.024100.028 6240t07792 1678102036 6541108419 968t0 1546 14610287  2.98t04.44 9

-34.93 0.12 -12.67 to -5.67 9.44 86.9t096.8 0.020t00.022  5333t06350 1593 to 1826 5564 t06889 924101358 14910260  2.811t03.80 1"

-40.00 0.07 -15.67 10 -8.39 9.33 82.8t10984 0.016t00.018 4321105188 1503101727 4623105665 864101172 14410204  2.41103.28 10
Operation without IHX

-25.00 0.14 -4.37 10 0.47 9.15 - 0.029100.034 7253108901 1831102042 804510 9688 944 to 1311 - 3.45t04.64 9
-30.05 0.13 -9.30to -1.53 9.37 - 0.025t00.029  6302to 7851  1706t0 1995 6816t0 8733 789 to 1333 - 3.05t04.37 10
-35.02 0.07 -12.20 to -4.42 9.28 - 0.021t00.023  5302t0 6449  1631t0 1901 6006 to 7202  812to 1107 - 2.69103.78 10
-40.04 0.05 -15.40 to -7.99 9.35 - 0.017100.019 4394 t0 5210  1540to 1764  48651t0 5823 811 to 1108 - 240103.22 10

Table 1. Experimental test range
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