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Abstract: Coupling R1233zd(E) with flash tank vapor injec-
tion enhances refrigeration performance and compensates
for its inherently low volumetric refrigeration capacity. A
thermodynamic mathematical model based on mass and en-
ergy conservation was developed for a flash tank vapor in-
jection refrigeration system utilizing R1233zd (E). Key per-
formance parameters, including the coefficient of perfor-
mance (COP) , cooling capacity, and compressor power
consumption, were systematically analyzed across an evapo-
ration temperature range of =30 to 5 C, a condensation tem-
perature range of 20 to 40 C, and a first-stage compression
ratio range of 1. 1 to 6. 5. Furthermore, a fitted equation for
the optimal first-stage compression ratio was derived based
on operating temperatures. Results indicated that the system
COP increased with rising evaporation temperature. In par-
ticular, at a fixed condensation temperature of 40 C, the
COP increased from ~1. 86 to 4. 53 as the evaporation tem-
perature increased from —30 to 5 ‘C. Conversely, the COP
decreased with increasing condensation temperature; when
the evaporation temperature was maintained at —20 C, the
COP decreased from ~3. 58 to 2. 29 as the condensation tem-
perature increased from 20 to 40 C. An optimal intermedi-
ate pressure existed for maximizing the system COP. The
deviation between the values calculated by the derived corre-
lation for the optimal first-stage compression ratio and the
theoretical model was predominantly within +3%. This pro-
vided theoretical guidance for operational parameter setting
and intelligent control of the system.
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Refrigeration techniques that achieve low tempera-
tures are widely used across various industries, such
as gas liquefactionm . chemical® s food"® , and construc-
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tion'* industries. However, “dual carbon goals” have
been proposed to solve environmental problems*’. GPT
efficiency and environmental concerns in refrigeration
are becoming increasingly important'®. As a result of the
Kigali Amendment to the Montreal Protocol, HCFC re-
frigerants, despite their good performance in the thermal
cycle, are being phased out'’”. Hydrofluoroolefins
(HFOs) with a low global warming potential (GWP) are
considered the fourth generation of environmentally
friendly refrigerants and have become the research hot-
spot in refrigeration and heat pump replacement'*’.

R1233zd (E) has shown potential in various thermody-
namic cycles, including solar-assisted heat pumps,
where it demonstrated a flexible solar collector efficiency
of 40% across different weather conditions'®’. In organic
Rankine cycles, it has replaced HFC-245fa, achieving
higher isentropic efficiency''”. In ejector refrigeration,
Mwesigye et al. "''! found that the ejector accounted for
46% to 56% of the exergetic losses, emphasizing the
need for optimal generator conditions and performance
improvements. Despite its effectiveness, R1233zd (E)
has a low volumetric refrigeration capacity, requiring
relatively large compressors or high mass flow rates,
which  can  affect system  compactness and
cost-effectiveness.

A single-stage vapor refrigeration system may not
meet the needs of relatively high temperatures or low am-
bient conditions due to its high compression ratio, which
12130 Techniques such
as vapor injection, two-stage compression, and inverter
frequency control have been explored to improve system
performance''*'®'. Vapor injection systems, in particu-
lar, have been shown to enhance the coefficient of perfor-
mance (COP) under extreme conditions. Refs. [17-18]
demonstrated substantial COP improvements of 16% to
32% in systems utilizing vapor injection. Furthermore,
vapor compression cycles with vapor injection can
achieve relatively high condensation temperatures or op-
erate efficiently at relatively low ambient tempera-
tures' . Theoretical studies by Qi et al. " reported an
ejector-integrated hybrid configuration to improve the
COP of air-source heat pumps by 2. 8% to 3. 1%, while
Jung et al. *') experimentally determined an optimal in-
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ternal heat exchanger configuration to maximize COP for
a vapor injection system. These advancements further
highlight the potential for optimizing system performance
through innovative configurations.
search has further highlighted the benefits of combining
vapor injection with R1233zd(E) in improving thermody-
namic performance. However, most studies have fo-
cused on optimizing intermediate pressure for specific
conditions, with limited guidance on how to select it
across varying temperatures'>?*'. Therefore, developing
a general correlation for the first-stage compression ratio
based on operating temperatures is vital for system de-
sign and optimization.

Building on these insights, this study investigated a va-
por injection refrigeration system using R1233zd (E).
Performance was assessed in terms of the COP, dis-

Experimental re-

charge temperature, cooling capacity, and compressor
input, as functions of the evaporation and condensation
temperatures and the compression ratio. A correlation for
the optimal compression ratio was formulated and experi-
mentally validated, providing guidance for the design
and control of refrigeration systems in applications such
as industrial cold storage and commercial freezing.

1 System Description

1.1 System architecture and operational mechanism

Fig. 1 presents a schematic diagram of the refrigeration
cycle using intermediate vapor injection via a flash tank.
This system consists of an evaporator, compressor, con-
denser, flash tank, two expansion devices, and several
auxiliary = components that together  accomplish
phase-change heat transfer of the refrigerant throughout
the cycle.

{9-<} 5 4

Expansion valve 1#

Condenser

6 8

Flash tank Compressor

7/ \!
kg )

Expansion valve 2#

Evaporator

Fig. 1 Schematic diagram of flash tank vapor injection refrig-
eration system

Fig. 2 shows the P-h diagram of the low-temperature
refrigeration cycle with flash tank intermediate vapor in-
jection, clearly illustrating the refrigerant states in the
various components of the system. First, the superheated
vapor discharged from the compressor to the condensing

pressure (state point 4) entered the condenser to reject
heat to the surroundings. During condensation, the re-
frigerant was converted into liquid (state point 5), which
was then expanded through expansion valve 1# into a
two-phase mixture with moderate temperature and pres-
sure before entering the flash tank for vapor—liquid sepa-
ration. Part of the liquid flashed into saturated vapor
(state point 6) and was injected into the compressor
(state point 8) to provide vapor injection and enthalpy
lift, thereby improving the compressor’s thermodynamic
performance. The remaining liquid refrigerant (state
point 6’ ) was expanded through expansion valve 2#
(state point 7) and then flowed into the evaporator,
where it absorbed heat and evaporated into superheated
vapor (state point 1). This vapor was subsequently com-
pressed to the intermediate pressure in the compressor
(state point 2), mixed with the vapor separated from the
flash tank (state point 3), and further compressed to the
condensing pressure, thereby completing the entire re-
frigeration cycle.

P

o h
Fig. 2 P-h diagram of vapor injection refrigeration system
with flash tank

1.2 Alternative low-GWP refrigerant R1233zd(E)

In the field of refrigeration cycles, R32 and R134a
have long been widely used: R32 is favored in
small-scale residential air conditioning systems for its
high refrigeration capacity and relatively low GWP com-
pared to older refrigerants, while R134a has dominated
medium-temperature refrigeration applications due to its
moderate thermodynamic properties and nonflammable
safety class. However, both refrigerants face increasing
substitution demands: R32 exhibits a high saturation
pressure that requires strict pressure-resistant system de-
sign, and its GWP (675) fails to meet the latest
low-carbon regulatory standards; R134a, with a high
GWP-100 of 1 300, has been phased out in many regions
because of its considerable greenhouse effect.

R1233zd (E) is a type of safe and environmentally
friendly refrigerant, belonging to hydrochlorofluorocar-
bons. Properties of refrigerants R1233zd (E), R32, and
R134a are listed in Table 1. Although chlorine is present
in the molecular structure of R1233zd (E) , this refriger-
ant’ s ODP of 3.4x10™* is very close to zero, and its
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Table 1 Main characteristics of different refrigerants

Parameter R1233zd(E)  R32 R134a
Molecular weight/(g+-mol ™) 130.50 52.02 102.03
Critical temperature/C 166.45 78.11 101.06

Critical pressure/MPa 3.62 5.78 4.06

Normal boiling point (NBP)/C 18.26 -51.65 -26.07
Triple point temperature/C -78.00 -136.81 -103.30
Condensing pressure at 40 T/MPa 0.22 2.48 1.02
Vapor pressure at 25 C/MPa 0.018 1.689 0.665
Latent heat of vaporization at
212.95 344.03 21291
-20 T/(kJ-kg™)
Latent heat of condensation at
183.06 237.10  163.02
40 C/(kI-kg™)
Suction density at =20 C/(kg-m™) 1.15 11.16 6.78
Ratio of hqul‘d density to vapor 105.02 12,18 22.89
density at 40 C
Ratio of 11qu‘1d. specific heat to 142 108 157
vapor specific heat at 40 ‘C
Ratio of lquTl(.i specific heat to |42 1.80 151
vapor specific heat at =20 C
ODP 3.4x107™ 0 0
GWP-100 7 675 1 300
ASHRAE 34 safety classification Al A2L Al

GWP is extremely low. As it has excellent performance,
is non-combustible, and has low toxicity and high ther-
mal cycle efficiency, R1233zd (E) is recommended for
use under high-temperature conditions and is the main al-
ternative refrigerant for
water-cooled chillers and high-temperature refrigeration

next-generation centrifugal

systems.

The saturation absolute pressure at various tempera-
tures is shown in Fig. 3. This figure also presents the satu-
ration pressures of different refrigerants at the working
temperatures of the refrigerating system, ranging from
-40 to 100 C. Among the evaluated working fluids, R32
exhibited the sharpest increase in saturation pressure with
increasing temperature: its pressure exceeded 5 MPa at
80 C, reflecting strong temperature-dependent pressure
sensitivity that might impose stringent pressure-resistance
requirements on system components. R134a showed a
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Fig. 3 Saturation pressure under various temperatures of

R1233zd(E), R134a, and R32

moderate pressure increase, reaching about 4 MPa at
100 C. In distinct contrast, R1233zd (E) demonstrated
the mildest pressure-temperature correlation, with a satu-
ration pressure remaining below 1 MPa even at 100 C.
This low and stable saturation pressure profile made
R1233zd(E) particularly well-suited for refrigeration sys-
tems, particularly operating in relatively
high-temperature environments. Therefore, it exhibited
very favorable thermodynamic properties for the design
of system pipelines and equipment, making it a promis-
ing application for refrigeration systems.

those

2 Thermodynamic Analysis

2.1 Assumptions

To establish a mathematical model suitable for the ther-
modynamic analysis of the system, the following simpli-
fying assumptions were adopted for the operating condi-
tions: (1) The refrigeration cycle operated under
steady-state and steady-flow conditions. (2) Heat ex-
change between the evaporator, condenser, associated
piping, and the surrounding environment was negligible,
and the pressure losses in the pipelines were ignored.
(3) Changes in kinetic and potential energy of the work-
ing fluid during flow were neglected. (4) Adiabatic effi-
ciencies of both the compressor and the throttle valve
were set to constant values, which were representative of
achievable performance levels in practice and were re-
garded as independent of operating conditions. (5) Mix-
ing processes at the compressor suction port and inside
the flash tank were treated as isobaric processes. (6) The
refrigerant leaving the flash tank was assumed to be in a
saturated state, with the vapor phase regarded as satu-
rated vapor and the liquid phase regarded as saturated lig-
uid.

The thermophysical properties of the working fluid
R1233zd (E) used in this study were obtained from
REFPROP 9. 0. To cover the typical operating range of
refrigeration and low-temperature freezing applications,
the evaporating temperature was varied from —30 to 5 C,
while the condensation temperature was set between 20
and 40 C. The degrees of superheating and subcooling
were both fixed at 5 C. The compressor’s isentropic effi-
ciency was maintained at 0. 75. Under all operating con-
ditions, the first-stage compression ratio & ranged from
1.1 to 6.5. Detailed operating conditions are summa-
rized in Table 1. The parameters used for the system’ s
energy analyses are listed in Table 2, which also speci-
fies the boundary conditions of the refrigeration system
for subsequent model solution and performance evalua-
tion.

The relative parameters used to analyze the system’ s
energy properties are given in Table 2. Furthermore, the
boundary conditions of the refrigerating system were con-
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Table 2 Working parameters of the refrigerating system with
flash tank

Parameter Value
Evaporation temperature 7./C -30to5
Condensation temperature 7,/C 20 to 40
Superheating degree AT,/C 5
Subcooling degree AT,/C 5
Mass flow rate in the first-stage compressor m . /(kg- s 1.0
Atmosphere pressure P /kPa 101.325
Atmosphere temperature 7,/C 25
Compression efficiency n_ 0.75
Valve efficiency 7, 0.8
First-stage compression ratio & 1.1t0 6.5

tained as follows.

2.2 Mathematical modeling

A mathematical model was developed based on the pre-
ceding assumptions, with its equations grounded in the
fundamental conservation laws of mass, energy, and mo-
mentum for the system’ s primary components. Selected
equations are presented in the following section.

As shown in Fig. 1, the compressor in the refrigera-
tion system underwent two compression processes during
each cycle. The first was the precompression of the suc-
tion vapor, and the second was the polytropic compres-
sion after vapor mixing. The mass flow rate of the in-
jected vapor from the flash tank could be calculated by
fitting the following equation:

The first-stage compression process before vapor injec-
tion could be expressed as follows:

P,=P, =P =gP, (1)
where P,, P,, P,, and P represent the pressures at the
corresponding state points, respectively; and & denotes
the first-stage compression ratio.

The energy balance equation in the flash tank could be
expressed as follows:

(mfirst + mﬂush)hS = mﬂashhS + mfirsth6’ (2)

where my,, and mg,, represent the mass flow rates of the
first-stage compression and the flash tank, respectively;
hs, he , and hgrepresent the enthalpies at the correspond-
ing state points, respectively.

The vapor mass flow rate could be calculated as fol-
lows:

e = (s = he Imgeg
flash hg — h

The relative injected vapor mass could be calculated as

follows:

(3)

¢ =T 009 (4)

mfirsl

The total power of the compression process and the en-
thalpy after compression could be calculated as follows:

Wcom :(l +mﬂash)(hA_h3)+mﬁrst(h3_hl) (5)

_ h2,is B hl _ h4.is B h3
MNeom = h2 _hl - h4—h3

(6)

where W, denotes the total power of the compressor;
7., indicates the isentropic efficiency of the compres-
sor; hy and h, represent the enthalpies at the correspond-
ing state points, respectively; and h, ; and &, ,; stand for
the enthalpies the corresponding state points after an isen-
tropic process of the first-stage and second-stage com-
pressions, respectively.

The total condensing heat capacity could be calculated

as follows:

Qevap = mfirst(hl - h7) (7)
where Q. denotes the total cooling heat released from
the evaporator.

The coefficient of the system could be expressed as fol-
lows:

_ Qevap
=W

com

(8)

where 7 represents the COP of the system.

2.3 Modeling verification

Liu'?* studied the variation in key performance param-
eters of the flash-tank system for a two-stage rolling pis-
ton compressor with a relative intermediate pressure
working with R410A. The mathematical model de-
scribed in this paper was adopted to verify and calculate
the theoretical model for the single-stage heat pump sys-
tem and the vapor injection system. The calculation pa-
rameters were selected as follows: condensation tempera-
ture of 35 C and evaporation temperature of 5 C at rela-
tive intermediate pressures of 1. 1P,, 1.2P,, and 1. 3P,,
where P, denotes the evaporation pressure. The calcu-
lated results and the experimental values are compared in
Table 3. 7, and 7, represent the experimental and calcu-
lated COP values, respectively; the difference denotes
the absolute deviation; the percentage indicates the rela-
tive deviation of the difference with respect to 7,.

Table 3 Comparison of literature data and model calculation

data
Int;::::iizte . 7. Difference ~ Percentage/%
1.1P, 3.76 3.747 0.013 0.35
1.2P, 3.54 3.536 0.004 0.11
1.3P, 3.30 3.381 -0.081 -2.45

Calculation results showed that the difference between
the COP of the theoretical circulating system of the refrig-
eration system calculated by the model described in this
paper and the experimental results reported in the litera-
ture was less than 0. 1; the highest percentage of the dif-
ference was only 2.45%, which proved that the pro-
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posed model was feasible for a performance analysis of
the vapor injection refrigeration system enhanced with a
flash tank.

3 Results and Discussion

A performance analysis was conducted on the flash
tank vapor injection refrigeration system across a range
of first-stage compression ratios from 1. 1 to 6. 5. Based
on the calculation of Eqs. (1) to (4), the vapor mass
flow rate supplied by the flash tank under varying
first-stage compression ratios (i. e. , intermediate pres-
sures) was determined, as shown in Fig. 4.

© T.=-30°C, T, =40 °C

so. -+ T.=0°C,T,=40°C

Y5l * T=-10°C.T=40°C

ST R0C Lm0 L - spec 1= 40°C
o T.=-20°C, T,=35°C

> T.=-20°C, T,=30°C

- T.=—20°C, T, =25 °C

o T.==20°C, T, =20 °C

1.01.520253035404550556.06.5
€

Fig. 4 Variation of relative injected vapor mass from the flash
tank with the first-stage compression ratio at different evapora-
tion and condensation temperatures

The relative mass of vapor injected from the flash tank
decreased as the first-stage compression ratio increased
before injection, suggesting that it decreased with el-
evated intermediate pressure—a behavior governed by
the thermophysical properties of R1233zd (E). Under
lower-pressure conditions, the working fluid exhibited a
lower dryness fraction and a correspondingly higher
evaporation enthalpy, resulting in greater vapor genera-
tion for the compressor. When the first-stage compres-
sion ratio was held constant, the relative injected vapor
mass dropped with rising evaporation temperature. This
occurred because an increase in the evaporation tempera-
ture correspondingly increased the evaporating pressure.
Consequently, both the compressor inlet pressure and the
discharge pressure from the first compressor stage in-
creased, resulting in higher intermediate pressure.
Hence, the relative mass of vapor supplied by the flash
tank decreased. Using the relative injected vapor mass as
a key parameter, we computed the system condensation
heat, total compressor power consumption, and the sys-
tem COP based on the parameter’ s value across various
operating conditions.

Fig. 5 presents the variation of COP of the vapor injec-
tion refrigeration system with a flash tank. We observed
that system performance was significantly influenced by

operating temperature. For example, at a fixed condensa-
tion temperature of 40 C, the COP increased from about
1. 86 to about 4.53 as the evaporation temperature in-
creased from —30 to 5 C. Conversely, the COP reduced
with increasing condensation temperature. When the
evaporation temperature was maintained at —20 C, the
COP decreased from 3.58 to 2.29 as the condensation
temperature increased from 20 to 40 C. Within a spe-
cific cycle, the COP initially increased and then de-
creased as the first-stage compression ratio increased.
Therefore, an optimal intermediate working pressure ex-
isted, which made the vapor injection refrigeration sys-
tem with a flash tank using R1233zd (E) achieve the
maximum performance coefficient. The first-stage com-
pression ratio parameter that yields the best COP in-
creases with increasing condensation temperature. The
optimal first-stage compression ratio and the correspond-
ing maximum COP for different condensation and evapo-
ration temperatures are listed in Table 4.
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Fig. 5  Variation of performance coefficient with the

first-stage compression ratio at different temperatures. (a) Dif-

ferent evaporation temperatures (7, = 40 C) ; (b) Different

condensation temperatures (7, = —20 C)

As the first-stage compression ratio increased, the sys-
tem’ s cooling capacity decreased at a less pronounced
rate than the compressor power consumption. Conse-
quently, the COP exhibited an upward trend with increas-
ing compression ratio. Along with the pressure ratio be-
ing larger, the system’s intermediate pressure increased,
gradually decreasing the injected vapor mass flow rate,
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Table 4 Optimum first-stage compression ratio with the maxi-
mum COP calculated with different methods

T/C TJC &, £ Difference  Percentage/%
20 3.21 3.173 6 0.036 4 1.13
25 3.66 3.6849 -0.024 9 -0.68
-30 30 417 41961 -0.026 1 -0.63
35 4.67 47074 -0.037 4 -0.80
40 5.31 52186 0.091 4 1.72
20 233 23274 0.002 6 0.11
25 2.63 26775 -0.047 5 -1.81
-20 30 295 3.0277 -0.0777 -2.63
35 3.31 33779 -0.067 9 -2.05
40 372 37281 -0.008 1 -0.22
20 1.75 1.708 9 0.0411 2.35
25 195 19451 0.004 9 0.25
-10 30 2.18  2.1814 -0.001 4 -0.06
35 243 24177 0.0123 0.51
40 2.7 2.6539 0.046 1 1.71
20 1.35 1.318 1 0.0319 2.36
25 1.5 1.487 6 0.012 4 0.82
0 30 1.67 1.657 1 0.0129 0.77
35 1.85 1.826 6 0.023 4 1.26
40 2.04 1.996 1 0.043 9 2.15
20 1.2 1.208 2 -0.008 2 -0.68
25 1.34  1.3620 -0.022 0 -1.64
5 30 1.49 1.5158 -0.025 8 -1.73
35 1.63 1.669 6 -0.039 6 -2.43
40 1.81 1.823 4 -0.013 4 -0.74

and the cooling capacity increased because of the in-
crease in the vapor-injected mass flow rate. The compres-
sor power decreased gradually due to a decrease in the
vapor-injected mass flow rate, which reduced the com-
pressor power’ s decreasing tendency. Therefore, the
COP of the system first increased with increasing
first-stage compression ratio, and then showed a decreas-
ing trend.

As shown in Fig. 6, with a constant condensation tem-
perature and a fixed first-stage compression ratio, in-
creasing the evaporation temperature increased the inter-
mediate system pressure. Consequently, the flash gas
mass flow rate decreased, which in turn reduced both the
system cooling capacity and the compressor power con-
sumption. However, the decrease in cooling capacity
was smaller than that in compression power, thereby in-
creasing the performance coefficient of the refrigerating
This
was mainly because the refrigerating capacity of the sys-

system with increasing evaporation temperature.

tem increased as vapor injection increased, thereby si-
multaneously increasing the power consumption of the
second compressor stage. When the evaporation tempera-
ture remained constant, and the condensation tempera-
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Fig. 6 Variations of system parameters with the first-stage

compression ratio under different evaporating and condensation
temperatures. (a) Pressure in the flash tank (7, = 40 C) ; (b)
Total cooling capacity (7, = 40 C); (c) Compressor power
consumption

ture increased, the mass flow rate of the injected vapor
decreased with increasing first-stage compression ratio,
leading to a reduction in both heat absorption and com-
pression power. Meanwhile, the rise in condensation
temperature increased the power consumption of the
second-stage compressor. Therefore, it was necessary to
increase the first-stage compression ratio to achieve a
relatively low vapor-injected mass flow rate and reduce
the power consumption of the second-stage compression,
thereby increasing the system’s COP.

As shown in Fig. 7, the relationships between the opti-
mum first-stage compression ratio and the maximum
COP were calculated using the mathematical model; the
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resulting data were fitted with quadratic and linear poly-
nomials. Based on the calculated data and fitting curves,
the relationship between the optimum first-stage compres-
sion ratio for maximum COP and the system’ s evaporat-
ing and condensation temperatures was obtained; the
equation could be expressed as follows:

£ =(0.064013 + 0.03397,) - (0.01041 + 8. 638 x
10T )T, + (2.0 x 107"+ 4.7 x 10°T )T  (9)

m  7,=40°C (calculated data)

55 T, =40 °C (fitted curve)
A T,=35°C (calculated data)

5.0 - -~ T,=35°C (fitted curve)
45 v T,=30°C (calculated data)

’ -= T, =30 °C (fitted cuve)

40F-
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©30F
25
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Fig. 7 Variation of first-stage compression ratio of vapor in-

jection refrigeration system with the best COP along with differ-

ent temperatures at various condensation temperatures. (a) Dif-

ferent condensation temperatures; (b) Different evaporation

temperatures

To verify the accuracy of Eq. (9) , the optimum
first-stage compression ratio corresponding to the maxi-
mum COP can be calculated using Eq. (9) and the math-
ematical model in this work. The results are presented in
Table 4. Here, e,
first-stage compression ratios, with the maximum COP

and g, represent the optimum

calculated using the mathematical model and Eq. (9), re-
spectively; the difference denotes the absolute deviation
between them, and the percentage indicates the relative
deviation of the difference relative to &,

As shown in Table 4, the optimum first-stage compres-
sion ratio obtained from the fitting formula was very
close to that calculated using the mathematical model.
The differences between the two sets of results were gen-
erally small, with the percentage deviations mostly
within #3% (ranging from -2. 63% to 2.36%). In par-
ticular, at — 30 C , the maximum positive deviation
(1.72%) occurred at 40 C, while the minimum negative
deviation ( —0.80%) was observed at 35 C. For an
evaporation temperature of —20 C, the most significant
negative deviation (2. 63%) appeared at 30 C, and the
positive deviation was relatively small (up to 0. 11%).
At evaporation temperatures of —10, 0, and 5 C, the
percentage deviations remained at a low level (mostly
within #2.5%) , with only individual cases showing a
slight increase (e. g., 2.36% at 0 C evaporation and
20 C condensation).

Overall, the results from the mathematical model were
highly consistent with those obtained using Eq. (9), indi-
cating good agreement between the two methods and veri-
fying the reliability of the calculations. Eq. (9) can be
used to guide operating parameter settings for the vapor
injection refrigeration system during application, and the
thermodynamic model can be useful for intelligent con-
trol.

4 Conclusions

(1) The COP calculated using both the mathematical
model and the fitted correlation showed a clear positive
correlation with the evaporation temperature. As T, in-
creased from —30 to 5 C, the COP generally increased;
for instance, from about 1.86 at 7, = =30 C and T, =
40 C to about 4.53 at T, =5 C and T, = 40 C. Con-
versely, the COP decreased as T, rose. At a fixed 7, of
-20 C, the COP decreased from 3. 58 to 2. 29 as T, in-
creased from 20 to 40 C.

(2) When the condensation temperature and the
first-stage compression ratio were held constant, both the
system cooling capacity and the compressor power con-
sumption decreased with increasing evaporation tempera-
ture.

(3) For the flash-tank vapor injection system using
R1233zd(E), an optimal first-stage compression ratio ex-
isted to maximize the COP. Results obtained using the
detailed mathematical model and the simplified fitted
equation showed good agreement, with relative devia-
tions primarily within *3%,
=2.63% and 2. 36%.

(4) The system exhibited the maximum COP at the op-
timal intermediate pressure. A correlation was fitted to
directly calculate the optimal first-stage compression ra-
tio based on the evaporating and condensing tempera-
tures. This equation facilitates the determination of the

particularly between
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optimal operating parameter across different conditions

and provides valuable guidance for the intelligent control
of refrigeration systems.
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& IRNZHEN R12332d(B)ZE TN 519 R HERE T
BEAM 2 Rmrmy, WA, Ry, kb

(LLAAKFRREIRILFIE, BT 2100965 2. A NE8 AWM A FRAF], A2 230031 ; 3. & d K A8 A 2 5UER 3%
HEL ARG REF R IAEFE FS, BT 210096)

FE: K R1233zd(E) 5 A A HE R A ENF AR AL A 7T AR TT ) A A8 5F SR AN 2L AR ] A S ke R 2
A3t K A R1233zd(E) 0 N AFE R A EANR A A%, BITATRESRETEAR N FHFEN, SEKL
BEA-30~5 C,ARIBE A 20~40 T, —BIEG A 1. 1~6. 58, R% it 547 T 4k 2 & (COP) 4] 4
FRIEGNHAEFLS R TN E RNHETATEABEGRE—REGMESTE, EREAN, 2
% COPRA AL BRIty m¥g R, S ABISE 4 40 C, R LR E H-30 CHHE5 TH,COPME 1.8632FF £4
4.53, COPLA 58 EFt 3w Ak, B K LR E A -20 T, A58 & 20 TH £ 40 CTH,COP M % 3. 58 %
2452.29, ZGABERETRENAKFRKCOP, I F R R — R EL% LRI X SR FEa) 1/ £
FREFELI% VAN, T A RGBT HABRE AT LIS AR B8 5

XK :R1233zd(E) ; W A&AHE ; A ENG A R 458 2 4(COP)

hE 43S TB61



