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The aim of this study is to investigate the effect of low global warming potential
refrigerants on the optimum intermediate pressure (Poprin) and performance (COP)
values of a refrigeration system with flash intercooling. For realize, the optimum
operating parameters of system were determined in low temperature applications
through a theoretical analysis according to the different refrigerants (R290, R404A4,
R407C, R5074, and R22). The theoretical modelling of system is done by optimizing
the intermediate pressure at given evaporation (Tg) and condensation (T¢) tempera-
tures for selected refrigerants. After optimization, the maximized values of COP
and Second law efficiency are computed from the predicted values of Poprin:. The
linear regression method is then used to derive three correlations of Poprn, max-
imum values of COP and Second law efficiency according to Ty and T.. Hence,
the Popri values maximizing the system performance are found from various Tg
and Tcvalues for each refrigerant. Due to calculations, increasing Tg and T¢ cause
the increase in Poprin: in low temperature applications. The R507A system has the
highest Popri values and R22 system has the lowest Popr,, values. Although R22
system has slightly more efficient than R290 system, it is being phased out world-
wide because of the risk of ozone depletion potential and global warming potential
considerations. Therefore, it is important to evaluate the R22 replacement options.
The R290 was discovered to have better performance than the R404A4, R407C and
R507A4 systems in terms of COP,,.. (1.81), global warming potential (11), and ozone
depletion potential (0) when Ty and T¢ are -35°C and 40 °C.

Key words: optimization, low temperature applications, COP,
Second law efficiency, exergy loss

Introduction

In many refrigeration applications, the pressure difference between evaporation and
condensation is low for the simple vapor compression systems. For high temperature or pres-
sure difference, the multi-stage systems (either staged compression or cascade system) should
be suggested medium and low temperature applications (LTA). In particular, two-stage systems
use one refrigerant to optimize the inter-stage conditions. The previous thermodynamic models
show that two-stage cycles with flash tank have better performance than the single-stage cycles.
Their performance depends significantly on the intermediate pressure, P;,, corresponding to the
minimum compressor work. Therefore, it is important to determine the optimum intermediate
pressure, Poprin, fOr different operating conditions to improve the performance of the two-stage
cycles with flash tank [1-4].

* Author’s e-mail: emancuhan@marmara.edu.tr
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In literature, there are many theoretical and experimental studies about two-stage cy-
cles with different configurations to improve their performance. Mbarek et al. [5] analyzed
theoretically three different configurations of R134a two-stage refrigeration system. All three
systems have the same main components, but they differ in the arrangement of the flash tank to
improve energy efficiency. It is determined that the place of the flash tank is an important pa-
rameter for computation of the system performance. Jiang et al. [6] analyzed six different con-
figurations of two-stage compression systems using the refrigerants R22 and ammonia. They
evaluated the role of the parameters that influence the optimum P;, in the design of different
systems. Yuan and Xia [7] investigated experimentally the performances of a heat pump with
a flash-tank and a heat pump with a sub-cooler using R22. At low ambient temperatures, the
heat pump system with the flash tank is more efficient than the sub-cooler system for heating
performances. Arora and Dhar [8] determined the P;, of the two-stage compression system.
They found that the different configurations and various operating conditions of optimum P,
are important to improve the performance of two-stage flash intercooler system. Torrella et al.
[1] analyzed experimentally the inter-stage working conditions of a R404A two-stage compres-
sion system which operates with two different configurations in medium and low refrigeration
applications. They showed that the P;, pressure depends on the cycle configuration and the
operating conditions.

In literature, there are many theoretical studies which analyze the effects of various
operation parameters on the COP of cascade systems using the natural and synthetic refrigerant
pairs for LTA. Lee et al. [9] evaluated theoretically the optimal condensing temperature of the
cascade heat exchanger and the COP for evaporating levels between —45 °C and —55 °C. Dopaza
et al. [10] also theoretically analyzed the influence of the cycle parameters on its efficiency and
evaluated the optimal condensing temperature. Calculated results show that the COP increases
70% when the evaporation temperature varies from —55 °C to =30 °C. Getu and Bansal [11]
analyzed theoretically cascades of CO, with ammonia, propane, propylene, ethanol, and R404A
concluding that the best couple from an energy point of view was ethanol/CO, followed by NH;/
CO,. Yilmaz et al. [12] examined the effect of operating conditions on a CO,/R404A cascade
system’s performance in terms of the COP and the #;;. Kilicaraslan and Hosoz [13] determined
and compared the COP and irreversibility of the cascade system using a large family of envi-
ronment friendly refrigerant pairs. Dokandari et al. [14] theoretically investigated the ejector
utilization’s effect on the performance of the conventional CO,/NHj; cascade system. They in-
dicated that the employment of the ejectors has considerable effect on the performance of the
conventional cascade system. Yilmaz et al. [15] examined mathematically the performance of a
two-stage subcritical CO,/NH; cascade refrigeration system for different operating conditions.
They proposed correlations to predict the maximum COP for given operation parameters.

In literature, there are few theoretical and experimental studies to evaluate the alterna-
tive refrigerants with respect to performance and environmental considerations in refrigeration
applications [16-18]. Spatz et al., [16] studied three alternatives such as hydrofluorocarbon
(HFC) (R404A, R410A) and HC (R290) to replace R22 for LTA. As a result, R410A was dis-
covered to be an efficient and environmentally acceptable option. Lopis et al. [17] presented
the experimental evaluation of refrigerants R404A and R507A in the double-stage refrigeration
plant. They determined that the performance of R404A system is slightly higher than R507A
system’s when the plant operates without inter-stage system at low evaporation temperatures.
Pansulla and Allgood [18] reported the results of a study comparing R449A with R22 in low
and medium evaporation temperatures. Modelling and experiment results of the system suggest
that R449A can replace R22.
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Previous work in this area mainly focused on the theoretical and experimental anal-
ysis of two-stage cycles with different configurations. These studies found that the different
configurations and various operating conditions of Popr;, Were important to improve the perfor-
mance of two-stage flash intercooler system. However, the impact of some refrigerants, which
have low GWP, on the Popriy and COP,,, values were not sufficiently analyzed. This work
will investigate the effect of low GWP refrigerants on the Popr;y, and COP,,,, values of system
through the thermodynamic analysis.

This study proposes a theoretical model of a two-stage refrigeration system with
flash intercooling for different refrigerants at LTA. In LTA (=20 °C to —40 °C), the perfor-
mance of the system is theoretically investigated for the replacement of synthetic refrigerants
(R404A, R507A, R407C, and R22) with the natural alternative (R290). In LTA, the theoret-
ical models suggest three correlations that are function of 7 and T for all refrigerants. The
first one determines the Popriy and the second one determines the COP,,,, corresponding to
the Poprin. The third one determines the #y ., corresponding to the Popr;y. Therefore, the
effects of 7 and Tcon the system Poprin, COP oy, 1max are evaluated for LTA’s refrigerants.
Furthermore, the harmful environmental effects of applications are compared across all re-
frigerants. The models of all refrigerants could be used to develop data for the future exper-
imental refrigeration applications.

Background

Properties of selected refrigerants

Natural refrigerants are increasingly used in LTA. In order to make a decision the best
refrigerant in the applications, significant characteristics for instance ozone depletion potential
(ODP), global warming potential (GWP), toxicity, flammability, efc. should be analyzed with
the operating conditions. The ODP values, GWP values and the physical properties of refriger-
ants that are subject to this study are given in tab. 1.

Table 1. The physical and environmental properties of refrigerants used in this study [19]

Retigerns | Reftemnts | Molealbrwidt| T | o | NP | opp | qup | Saey
R404A HFC 97.60 72.12 | 3.765 | —46.5 0 3921 Al
R507A HFC 98.60 70.5 3.70 —46.7 0 3985 Al

LTA | R407C HFC 86.20 86.11 4.63 —42.0 0 1600 Al
R22 HCFC 86.47 96.14 499 | —40.81 | 0.05 1810 Al
R290 HC 44.09 134.6 423 | —42.09 0 11 A3

The ODP and GWP values show that the correct selection of environment-friendly
refrigerant is essential to reduce their harmful effects on the environment. The R22 contains
chlorine and it is considered one of the worst refrigerants which deplete the ozone layer.
Major advantage of R507A, R404A, R407C, and R22 is that they fall in A, safety class. They
are non-flammable refrigerants although they have high GWP. The R290, on the other hand,
has negligible GWP and high flammability which puts this natural refrigerant into the safety
rating A; [20]. Hence, using R290 requires additional safety measures. Therefore, this study
investigates possible alternatives of R290. R404A, R507A, R407C, R22, and R290 are also
investigated and compared in detail in order to decide the environment friendly and efficient
refrigerant in LTA.
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Two-stage refrigeration system
with flash intercooling

The two-stage refrigeration system with flash intercooling is selected to investigate
in detail for different refrigerants. In two-stage refrigeration cycle, the-flash tank is located be-
tween the high and low pressure (HP and LP) cycles. The schematic diagram of a two-stage cy-
cle with flash intercooling is shown in fig. 1(a). At the exit of the condenser — 5, the refrigerant
is saturated liquid. Then the refrigerant is throttled to the P, and enters to the flash intercooler
which cools the refrigerant to state — 7. It is then throttled to the evaporator pressure at state — 8.
The superheated vapor from the evaporator at state — 1, is compressed in the LP compressor to
state — 2, when it enters the flash intercooler. De-superheating of the vapor takes place in the
flash intercooler by evaporation of liquid refrigerant. Flash intercooler increases the mass-flow
rate of refrigerant to HP compressor and reduces the mass-flow rate of refrigerant coming to the
evaporator. Saturated vapor from the flash intercooler at state — 3, is compressed to the state — 4,
and superheated vapor is cooled in the condenser.

As shown in the P-h diagram in fig. 1(b), there are evaporation or low pressures
(Pr = P,= Py), condensation or high pressures (Pc= P,= Ps) and intermediate pressures
(Pin= P= Ps;= Ps= P;) between the two compression stages. The HP corresponds to the 7 and
the LP corresponds to the 7.
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Figure 1. Schematic of the system with flash intercooling (a) and the system P-k diagram (b)

Thermodynamic analysis

The thermodynamic model of the two-stage refrigeration system with flash intercool-
ing is developed based on First and Second laws of thermodynamics. Mass, energy and exergy
equations are derived for both low and high pressure cycles. The COP,,,, and the 7., values are
computed for various operating conditions for all investigated refrigerants [21]. In this section,
the equations are developed for the analysis considering the state points of figs. 1(a) and 1(b).
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In the analysis, the following assumptions are taken into account:
— heat gains and pressure and other losses are ignored in all system components,
— potential and kinetic energy changes are neglected,
— isentropic compressor efficiencies are assumed to be 0.80 in low and high pressure cycles,
— isenthalpic expansion of refrigerants is in expansion valves,
— saturated vapor state at the exit of evaporator, AT, is 7 °C,
— saturated liquid state at the exit of condenser, AT, is 0 °C, and
— the evaporator cooling capacity of the systemm, Qeyap, is 6 kW.

Thermodynamic analysis is carried out using EES software [22]. The EES is a general
equation solving program that can numerically solve coupled non-linear algebraic and differen-
tial equations. It is also capable to perform optimization studies.

Mass and energy analysis

The cooling capacity of the LP evaporator is defined:

Ocvap = ey (11 = ) (1)
The refrigerant mass-flow rate of LP cycle is defined:
: Oeva
Meyap = m 2
Compressor power consumption for LP and HP compressors:
Wibc = titeyay (hy =1y 3)
Wi = Meong (hs = h3) “4)

Energy balance for the HP expansion valve I:
hs =h(P=P.,x=0) (5)
e = e ©6)

The intermediate pressure between the two compression stages is calculated from the
derived correlation of Popr;y for the selected refrigerant.
Energy balance for the LP expansion valve II:

hy =h(P=Py,x=0) (7)
hy =g (8)

The mass-flow rates of refrigerants through the condenser and evaporator are different
for system with flash inter-cooling. The ratio mass-flow rates can be obtained from an energy
balance on the flash intercooler. Energy balance of flash intercooler is defined as:

mcondhé +m h, = h7 + mcondh3 (9)

evap D = evap

The mass-flow rate ratio is determined:
_ mcond _ (h2 _h7)
= =" (10)
Meyap (hS - h6 )
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The heat transfer rate into the flash intercooler is determined:

QFC :mcond (hé h’S) evap (h2 h’7) (11)
The refrigerant mass-flow rate of HP cycle is defined:
. (=t
cont evaj 12
m, d=m p ( h h6 ) ( )
The heat transfer rate of the HP cycle condenser is defined:
Qcond cond (h4 h5 ) (13 )
And finally, the overall COP of the system with flash intercooling is determined:
' h
COP= — Qevap. _ evap( 1 hS) (14)

WLPC + WHPC mevap (h2 - hl ) + mcond (h4 - h’3 )

Exergy analysis

The exergy loss rate for the LP cycle evaporator:

T
evap evap [ ):| + Qevap [ TO j (1 5 )
E
The exergy loss rate of the LP and HP compressors:
XLPC - evapﬂ) (SZ S1)+WLPC (16)
Xigpe = TigonaTp (s ( —hy)+ Wipc (17)
X total,C = Xipe + Xupc (18)
The exergy loss rate for the condenser of HP cycle:
T
cond cond [ + 72) SS :I Qcond ( 0 j (19)
The exergy loss rates for expansion valves I and II:
Xy, = ttgona T (55 =56) ] (20)
Xy, = e [ To (57 =55 )] (21)
X tota EV = X ey, T X EV, (22)

The exergy loss rate in the flash intercooler:
XFC evap |:(h2 _h7)_72)(s2 —87 )]+mcond |:(h6 h3) 7E)( —S3 ):| (23)

Total exergy loss rate of the system:
X lost,total — X evap + X cond +X total, EV +X total,C +X FC (24)
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The Second law efficiency is used to measure the system performance in egs. (25) and (26):

WRev
T = W (25)
Act
. T
Wrey = Qevap [T_O - 1] (26)
E

In eq. (26) is the reversible power. The 7 and 7§ are the dead and evaporation tem-
peratures, respectively.

Optimization method

The conjugate direct method (or the direct search method) in the EES software is
used to find the maximum/minimum value of a decision variable within a certain range for
design variables. In this study, the objective of optimization is to find the best possible system
performance of each refrigerant for different operating conditions. Therefore, the P, is initially
optimized for different values of Pc/Pg and T¢/Tz. The COP and 7y values are maximized by
various Popriy Values that are determined from the former optimization. Model equations can be
expressed as a function of two operating or design parameters for various refrigerants.

Maximize COP (7¢, Tx) and #y (T¢, T%). Subject to:

— for all refrigerants

25°C<T <45°C and B, 4 T.=25°c < Fo S Rapair. =450 (27)
— for R290 and R407C
—35°C<Ty <-20°Cand Ryy7,-350c <P < Ratarr,--20°c (28)

— for R404A, R507A, and R22

~40°C<T; <-20°C and Byar __yooc <P < Paurr —pc (29)

The lower and upper bound of saturation vapor pressure are specific to the studied

refrigerants in constraints (28) and (29). The constraint (27) is for 7¢ and it is general for all the
refrigerants.

Results and discussion

The mathematical model of a system is implemented in EES in order to estimate the
performance parameters such as the COP, the #; and the Popr;, values for LTA’s refrigerants
(R290, R404A, R507A, R407C, and R22).

The system’s operating conditions are chosen based on both the conditioned space and
the ambient conditions. In case studies of the ambient conditions, the 7 values are varied from
25-45 °C for all refrigerants. Concerning the conditioned space, the 7% values are considered
in general to be between —20 °C and —40 °C. In this temperature range, the lowest temperature
that R404A, R507, and R22 can reach is —40 °C whereas the lowest temperature that R290
and R407C can reach is =35 °C. As seen in the figs. 2 and 3, all refrigerants can be used at the
evaporation temperatures —35 °C, since it is the only applicable temperature for all refrigerants.
The T% values of —35 °C are chosen as reference point for comparison of LTA refrigerants (the
vertical dotted line at —35 °C). In calculations, the degrees of subcooling and superheat are cho-
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sen to be 0 °C and 7 °C, respectively. The evaporator cooling capacity is kept constant at 6 kW
as in a medium scale supermarket.

Optimization study results

The linear regression method is applied in two-variable optimization calculations us-
ing EES software. Three correlations are computed for each refrigerant from the two operating
condition variables 7% and T¢. First, the Popr;y is calculated from the given 7% and 7c. Then, the
COP,..x and 7y s are calculated from the former Popr;, values. The computed correlations are
presented in tab. 2. The unit used in the calculations is Kelvin.

Table 2. The correlations obtained for different refrigerants

R290

Poptint Popting, r2oo =—3970 + 7.09187% + 9.08577¢ R*=99.67%

COP ax COP ax. k200 = 3.5739 + 0.0466T; — 0.04107¢ R>=98.85%

it max Nitmax k200 = 34.6534 + 0.014727% + 0.06067¢ R?2=90.61%

R507A

Poprin Poptin gsora = 55752+ 9.102T; + 13.3197 R2=99.46%
ﬁ COP ax COP ax. r507a = 3.954 + 0.03868 7% — 0.03655T¢ R>=99.13%
; iLmax Niima r507a = 44.143 +0.0387% + 0.0056 ¢ R?=98.16%
é R404A
q;:n Poptint Popring, raoaa = —5297.7 + 8.7774T: + 12.596 T R?>=99.58%
% COP ax COP rax. ravan = 3.8127 + 0.03817; — 0.0357T¢ R*=99.11%
o - HMimacrioss = 35.512 + 0.02216T; + 0.0441 7T R*=93.66%

R407C

Poprint Poprin, raorc = —4870.4 + 8.5734T; + 10.9743T¢ R*=99.63%

COP ax COP ax. ravic = 2.8501+0.03987 — 0.03417¢ R*=99.07%

Mitmex Himen. raore = 34.510 + 0.01057; + 0.054 7 R*=97.85%

R22

Poprint Popring g =—3787.72 + 9.9696 T, + 5.97481¢ R>=99.33%

COP x COP s k22 =3.7735 + 0.0523 7% — 0.046 ¢ R?*=96.60%

i1.max Mimax, k22 = 39.996 + 0.01694 7% + 0.042347¢ R>=99.41%

The proposed correlations are used to predict the Poprint, COPinax, and #yms values
from different operating parameters 7c and 7. Table 3 presents these predictions for LTA's re-
frigerants. The reference point of 7 to compare different refrigerants is set to be —35 °C in LTA.

Quadha et al. [23] performed a detailed energy and exergy analysis of a two-stage re-
frigeration cycle using R290 and ammonia. The calculated COP of both refrigerants decreases
with the increases of 7T between 30 °C and 60 °C by choosing the 7% constant at —30 °C. The
predicted COP values of R290 can be seen in detail in tab. 3.
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Table 3. Predictions of Popriny COP iy, and #y1 max for LTA with different refrigerants
R290 R290 [23] RA04A R507A

Te | Te o — Popr; Poprs

[K] | [K] kpa] | COPmex ’7[22] COPnux | “epa] | COPmox | M [%]| “pat” | COPonx | o [%]
263 NA | NA | NA - NA | NA | NA | NA | NA | Na
258 | NA | NA | NA - NA | NA | NA | NA | NA | NA
253 | 7135 | 230 |57.65| - 928.5 | 2.09 | 55.14 | 963.1 | 2.12 | 55.54

318 | 248 | 6780 | 207 |57.57| - 884.6 | 190 | 5503 | 917.6 | 1.92 | 5535
243 | 6426 | 1.83 |57.50| 20 | 8407 | 171 | 5491 | 8721 | 1.73 | 55.16
238 | 607.1 | 1.60 |57.43| - 7969 | 1.52 | 54.80 | 826.6 | 1.54 | 54.97
233 NA | NA | NA - 753.0 | 133 | 5469 | 781.1 | 134 | 54.78
263 NA | NA | NA - NA | NA | NA | NA | NA | NA
258 | NA | NA | NA - NA | NA | NA | NA | NA | NA
253 | 668.1 | 2.50 |5735| - 8655 | 225 | 5492 | 896.5 | 230 | 5551

33048 [ 6326 | 227 | 5727 - 821.6 | 2.05 | 5480 | 851.0 | 2.11 | 5532
243 | 597.1 | 204 |5720] 22 | 7778 | 186 | 5469 | 8055 | 1.91 | 55.13
238 | 5617 | 1.81 | 5712 - 7339 | 1.67 | 5458 | 760.0 | 1.72 | 54.94
233 NA | NA | NA - 690.0 | 149 | 5447 | 7145 | 153 | 5475
263 NA | NA | NA - NA | NA | NA | NA | NA | Na
258 | NA | NA | NA - NA | NA | NA | NA | NA | Na
253 | 6226 | 271 |57.04| - 802.6 | 245 | 5470 | 8299 | 2.48 | 55.48

3081 4s | 5872 | 248 |s697| - 7587 | 225 | 5458 | 7844 | 229 | 5529
243 | 5517 | 224 |5690| 24 | 7148 | 206 | 5447 | 7389 | 2.10 | 55.10
238 | 5163 | 2.01 |56.82| - 6709 | 1.87 | 5436 | 693.4 | 1.90 | 54.91
233 NA | NA | NA - 627.0 | 1.68 | 5425 | 647.9 | 1.71 | 5472
263 NA | NA | NA - NA | NA | NA | NA | NA | Na
258 | NA | NA | NA - NA | NA | NA | NA | NA | Na
253 | 5772 | 292 |s5674| - 739.6 | 2.62 | 5447 | 7633 | 2.67 | 5545

3031 248 | 5417 | 268 | 56.67 - 695.7 | 243 | 5436 | 717.8 | 247 | 5526
243 | 5063 | 245 |5659| 261 | 6518 | 224 | 5425 | 6723 | 228 | 55.07
238 | 4708 | 222 |5652| - 607.9 | 2.05 | 54.14 | 626.8 | 2.09 | 54.88
233 NA | NA | NA - 5640 | 1.86 | 54.03 | 5813 | 1.89 | 54.69
263| NA | NA | NA - NA | NA | NA | NA | NA | NA
258 | NA | NA | NA - NA | NA | NA | NA | NA | NA
253 | 5318 | 3.12 | 5644 | - 676.6 | 2.80 | 5425 | 696.7 | 2.85 | 55.43

298 1948 | 4963 | 289 |5636| - 6327 | 2.61 | 54.14 | 6512 | 2.65 | 55.24
243 | 4609 | 2.66 |5629| - 588.8 | 242 | 54.03 | 6057 | 246 | 55.05
238 | 4254 | 242 |5622| - 5449 | 223 | 53.92 | 560.2 | 227 | 54.86
233 NA | NA | NA - 501.0 | 2.04 | 53.81 | 5147 | 207 | 54.67
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Table 4. Prediction values (Poprnty COP iy, and, #11max) and experimental data for LTA’s refrigerants

RA407C R22 R22EXP [7]
Tc[K] | Te[K]
Poprini [kPa] | COPpu | Numax[%] | Porrint [KPa] | COPpax | #1max [7%0] ClOP e
263 NA NA NA NA NA NA -
258 NA NA NA NA NA NA -
253 788.5 2.08 54.34 634.6 2.38 57.75 2.1
318 | 248 745.6 1.88 54.29 584.7 2.12 57.66 1.8
243 702.8 1.68 54.23 534.9 1.85 57.58 -
238 659.9 1.48 54.18 485.0 1.59 57.49 -
233 NA NA NA 4352 1.33 57.41 -
263 NA NA NA NA NA NA -
258 NA NA NA NA NA NA -
253 733.6 2.25 54.07 604.7 2.61 57.53 2.2
3314 690.8 2.05 54.02 554.9 2.35 57.45 1.9
243 647.9 1.85 53.96 505.0 2.08 57.36 -
238 605.0 1.65 53.91 455.2 1.82 57.28 -
233 NA NA NA 405.3 1.56 57.20 -
263 NA NA NA NA NA NA -
258 NA NA NA NA NA NA -
253 678.8 2.42 53.80 574.8 2.84 57.32 -
3081 o4 635.9 2.22 53.75 525.0 2.58 57.24 -
243 593.0 2.02 53.69 475.1 231 57.15 -
238 550.2 1.82 53.64 4253 2.05 57.07 -
233 NA NA NA 375.4 1.79 56.98 -
263 NA NA NA NA NA NA -
258 NA NA NA NA NA NA -
253 623.9 2.59 53.53 545.0 3.07 57.11 -
303 | 248 581.0 2.39 53.48 495.1 2.81 57.03 -
243 538.1 2.19 53.42 4453 2.54 56.94 -
238 495.3 1.99 53.37 395.4 2.28 56.86 -
233 NA NA NA 345.6 2.02 56.77 -
263 NA NA NA NA NA NA -
258 NA NA NA NA NA NA -
253 569.0 2.76 53.26 515.1 3.30 56.90 -
298 1 oug 526.1 2.56 53.21 465.2 3.04 56.81 -
243 4833 2.36 53.15 415.4 2.77 56.73 -
238 440.4 2.16 53.10 365.5 2.51 56.65 -
233 NA NA NA 315.7 2.25 56.56 -
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Yuan and Xia [7] investigated and compared experimentally the performances of a
heat pump with a flash-tank and a heat pump with a sub-cooler using R22. For the system with
flash-tank, they determined that increasing the 7y from —25 °C to —7 °C increases the COP
values. In addition, increasing the 7¢ from 42-45 °C reduces the COP values of R22. In tab.
4, when T% and T¢ are —20 °C and 45 °C, the R22’s predicted COP and the R22’s experimental
COP are 2.38 and 2.1, respectively.

Effects of operation parameters
Effect of Ty on Popr iy and maximized COP

The Ty is considered in general to be between —40 °C and —20 °C by keeping the 7¢
constant at 40 °°C. In LTA, T% values range from —40 °C to —20 °C for R507A, R404A, and
R22. For R290 and R407C, T% values change from —35 °C to —20 °C. The influence of 7 on the
COP,,..x and Popr;y, 1s examined for different refrigerants of system. Figure 2 depicts the effect
of Ty on the calculated Popr;e Values which maximize the COP. It is seen that decreasing the
Ty decreases the Popr;, for all the refrigerants. For LTA, the largest Popr;y Values are observed
when R507A is used as refrigerant whereas the lowest Popriy Values are found when R22 is
used. The Poprin values of R290 system lie within the values of R407C and R22 systems. In
fig. 3, decreasing the 7 in LTA from —20 °C to —40 °C decreases the COP,,,, values of refrig-
erants (R290, R404A, R407C, R507A, and R22). The R290 and R22 have the highest COP,,,,
values among all five refrigerants at —35 °C. In addition, R290 and R22 have approximately
same COP,,,, values at =35 °C. The COP values with refrigerant of R290 are higher than with
the other HFC’s refrigerants between —35 °C and —20 °C. R404A, R507A, and R22 are the only
refrigerant options that could be used below —35 °C in LTA.
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Figure 2. The Poprn values vs. Tg Figure 3. Effect of 7 on COP,,,,

Effect of T¢ on Popr and maximized COP

In figs. 4 and 5, the variation of Popr;, and COP,,, in function of the 7¢ is observed
from 25 °C to 45 °C. In the previous section, we determined the 7} to be —35 °C as it was the
only applicable 7} for all refrigerants. Figure 4 depicts the effect of T¢ on the calculated Poprin
values which maximize the COP for LTA. It is seen that increasing the T¢ raises the Popr;y for
all the refrigerants.

In LTA, the largest values of Popr;n are observed when R507A is used whereas the
lowest values of Popr;y are calculated when R22 is used. The Popr; values of R290 are located
within the values of R407C and R22. The R507A and R404A have approximately same Poprn
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values between 25 °C and 45 °C. Figure 5 reveals that increasing the 7¢ reduces the COP,,,,
values for all studied refrigerants. In LTA, the COP,,,, values of R290 are higher than the
COP,,,x values of R404A, R407C, and R507A. For HFC refrigerants, the predicted COP
values are approximately same from 25 °C to 45 °C. The R290 and R22 have nearly same
COP,,, values between 35 °C and 45 °C. On the other hand, R290 has the predicted COP,,
values 2.42 and 1.60 when the condensation temperatures are 25 °C and 45 °C, respectively.

Effect of Ty and T, on the total exergy loss

In fig. 6, the system exergy loss is computed from —40 °C to —20 °C for LTA. During
these computations, the 7¢ is kept constant at 40 °C for all refrigerants. Increasing 7i reduces
the total exergy loss of the system for all investigated refrigerants. In LTA, it is found that R22
system has the lowest total exergy loss whereas R404A system has the highest total exergy loss
when the 7% varies from —40 °C to —20 °C. Total exergy loss value of R290 system is located
within the values of R404A and R407C systems for the 7% between —35 °C and —20 °C.

In fig. 7, the effect of 7 on the system’s total exergy loss is calculated from 25-45 °C
for all refrigerants. The evaporation temperatures are kept constant at —35 °C for LTA’s refriger-
ants. Increasing 7¢ increases the total exergy loss of system. For LTA, R22’s total exergy loss is
predicted to be lowest while R404A’s total exergy loss is predicted to be highest.
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Figure 6. Effect of Ty total exergy loss Figure 7. Effect of 7¢ total exergy loss

Effect of Popr i, on maximized COP and total exergy loss

The influence of the Popr;, on the COP,,,, and the system total exergy loss is investi-
gated and compared for different refrigerants. In fig. 8, the COP,,,, values of the system increase
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for different refrigerants when the Popr iy rises. In the same Popr;y intervals of fig. 9, the system
total exergy loss is diminished for different refrigerants. The decrease in the total exergy loss of
the system implicitly yields the increase in the system COP,,,.

In LTA, the increase in Popr;, value changes the system COP,,,, for all systems. When
this increase is approximately same (around 175 kPa) for both R404A and R507A, the system
COP,,,, increases from 1.49-2.25 and from 1.53-2.30, respectively. It is found that the increase
in Poprine value (around 100 kPa) causes the increase of system COP,,, from 1.81-2.50 for
R290. It is also realized that the increase in Popriy Value (about 150 kPa) causes the increase of
system COP,,,, from 1.82-2.61 for R22. As a result, it is concluded that the lowest increase of
Popr;n value provides the highest increase of COP,,,, value for R290.
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Results of thermodynamic analysis

Table 5 summarizes the thermodynamic analysis results of the refrigeration system
with flash intercooling. In the computations, the 7% was chosen to be —35 °C for LTA and 7¢
was set to 40 °C.

Table 5. Summary of the thermodynamic analysis for various refrigerants

Operating Parameters M " W ¥
Refrigerants %SS r?. 10 total lost,min ”I(I),max COPmax
Te[°C] | Te[°C] | Popr [kPa] (my/myg) [kW] [kW] [%]

R22 =35 40 455 1.48 3.30 1.32 57.28 1.82

R290 -35 40 562 1.50 3.31 1.42 57.12 1.81

LTA| R407C =35 40 605 1.59 3.64 1.71 53.91 1.65
R404A -35 40 734 1.65 3.58 1.63 54.58 1.67
R507A =35 40 760 1.66 3.53 1.59 54.94 1.72

Given Tt and T¢ are —35 °C and 40 °C for R290, the computed Popr;y, Was 562 kPa.
Torrella et al. [1] determined experimentally that the increase of inter-stage pressure is a con-
sequence of the increase of refrigerant mass-flow rates ratio, ni;/m;. In this study, calculations
predicted that the increase in the m1,/m; increases the Popry for all studied refrigerants. In LTA,
the calculated COP,,,, and #yma values of R290 system are better than the values of R507A,
R404A, and R407C systems. For R290 and R22, the predicted COP,.y, 71max Values are nearly
same. Its COP ., and 7y mq, values are 1.81 and 57.12%, respectively.
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Table 6 compares some important system parameters such as COP,.., #ima, total
exergy lost and total work input of system within each other for the LTA. We tested using
R290 instead of R404A, R507A, R407C, and R22 in LTA. The diferences between the various
refrigerant alternatives are calculated for all the former parameters in both applications. If the
difference is positive for the tested refrigerants worsen the performance.

Table 6. Comparison of parameters between the systems using natural and synthetic refrigerants

Alternatives Difference [%]
Parameter
R290 | R404A | R507A | R407C | R22 | R404A | R507A | R407C | R22
COP,... 1.81 1.67 1.72 1.65 1.82 | -71.73 497 | -8.84 | 0.55
Ttimax [%0] 5712 | 54.58 5494 | 5391 | 5728 | 445 382 | -5.62 | 0.28
Xiosemin [KW] | 1.42 1.63 1.59 1.71 1.32 14.79 1197 | 2042 | -7.0
Weu [kKW] | 3.31 3.58 3.53 3.64 3.30 8.48 6.97 1030 | -0.30

In LTA, it is revealed that R290 system has better performance than the R404A,
R507A, and R407C systems in terms of COP,,,, and GWP. The R404A, R507A, and R407C
systems’ COP,,,, are lower than the R290 system’s COP,., by 7.73%, 4.97% and 8.84%, re-
spectively.

The R404A and R407C systems have the approximately same COP,, values
(1.67 and 1.65). On the other hand, R404A system has the highest GWP (3922) and R407C
system has the lowest GWP (1600). Although R507A system has similar COP,,,, and GWP val-
ues, it slightly outperforms R404A and it is still worse than R290. Hence, R404A, R407C, and
R507A are the bad options among the considered LTA refrigerants in terms of the COP,,,, and
GWP. The R22 system is slightly more efficient (0.55%) than the R290 system. However, due
to the ongoing global phase out of R22, it is needed to be replaced by alternative refrigerants.
R404A, R507A, and R22 can be utilized for the evaporation temperatures down to —40 °C,
unlike R290 and R407C that could be utilized down to —35 °C. R290 is also in A3 safety class
while R404A, R407C, R507A, and R22 are in A1 safety class. The biggest advantage of R290
system over the other four alternatives is that it has negligible GWP (11), high COP,,, (1.81)
and 0 of ODP.

Conclusions

Different refrigerants are analyzed and compared theoretically in EES based on the

First and Second laws of thermodynamics for a refrigeration system with flash intercooling.

The theoretical modelling is done by optimizing the P;, at given T and 7 values for all LTA’s

refrigerants (R290, R404A, R507A, R407C, and R22). After optimization, the maximized val-

ues of COP and 7y, are computed from the predicted values of Popriy. The influence of 7% and Tt
on the system Poprin, COPpaxs #1max 1S €valuated for LTA’s refrigerants. From the results, it can
be concluded as follow.

e For all systems, the increase in Popriy Value causes the increase of system COP,,,. It is also
realized that the lowest increase of Popriy Value provides the highest increase of COP,,,
value for R290. In LTA, R507A system has the highest Popriy Values and R22 system has
the lowest Popriy Values at their respective 7¢ and T; values.

® Decreasing 7 reduces the COP,,,, of the system for all investigated refrigerants. However,
decreasing T} increases the total exergy loss of the system for all studied refrigerants. In
LTA, all systems have similar change trend in COP,,, within their respective 7% interval.



Mancuhan, E.: Comparative Evaluation of a Two-Stage Refrigeration System ...
THERMAL SCIENCE: Year 2020, Vol. 24, No. 2A, pp. 815-830 829

The COP,,,, values decrease with increasing 7¢ for selected systems. However, increasing 7¢
increases the total exergy loss of system for all refrigerants. In LTA, R22, and R407C have
the highest and lowest COP,,,, values from 25-45 °C. On the other hand, R290, and R22
have nearly same COP,,,, values between 35 °C and 45 °C.

In addition, the thermodynamic analysis includes the comparison of LTA’s refriger-

ants with respect to the significant system parameters such as COP,.x, 7i.max and total exergy
loss of system. In LTA, it is revealed that R290 (HC) system has better performance than the
R404A, R407C and R507A (HFC) systems in terms of COP,,,, (1.81), GWP (11), and ODP (0).
The R404A, R407C, and R507A systems COP,,,, are lower than the R290 system’s COP,,,,
by 7.73%, 8.84%, and 4.97%, respectively. The R22 (HCFC) system is slightly more efficient
(0.55%) than the R290 system. However, due to the ongoing global phase out of R22, it is nee-
ded to be replaced by alternative refrigerants in LTA.

Nomenclature

h — specific enthalpy, [kJkg™] EXP - experimental

m — mass-flow rate, [kgs™] EV  —expansion valve

P — pressure, [kPa or bar] evap — evaporator

Pcg  —critical pressure, [MPa] FC  —flash intercooler

0 — heat transfer rate, [kW] HPC - high pressure compressor

r — mass-flow rate ratio, [—] int  —intermediate

s — specific entropy, [kJkg'K™'] LPC - low pressure compressor

T — temperature, [°C or K] max — maximum

Tcr - critical temperature, [°C] 0 — environment

AT  —temperature difference, [—] OPT - optimum

W —power, [kW] Rev —reversible

X — rate of exergy loss, [kW] sub  —subcooling

sup  — superheating

Greek Letters

n — efficiency, [%] Acronyms

7 — second law efficiency, [%] COP - coefficient of performance, [—]

. GWP - global warming potential

Subscripts HP - high pressure

Act —actual HFC - hydrofluorocarbon

C — condensation HCFC — hydrochlorofluorocarbons

CR  —critical LP  —low pressure

cond - condenser NBR - normal boiling point, [°C]

E — evaporation ODP - ozone depletion potential
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