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Highlights

o The relationship between working fluid properties and limiting LVSERC is derived.
o COPiimiting is governed by As;, ;//As, ;,» and As, ,//As; .

o Graphical analysis is employed to reveal how fluid dryness/wetness affects COP.

o The effects of vapor quality and fluid composition are analyzed.

ABSTRACT: To address the growing number of variable-composition ejector refrigeration cycles, this study proposes
analyzing the matching performance between working fluids and cycles through 3D (Temperature-Entropy-Mass
fraction) Thermodynamic Diagrams. The ejector refrigeration cycle is decoupled into a driving module and a refrig-
eration module, and a theoretical upper-bound model (COPyipiting) that depends only on working-fluid properties is
derived from the T-s diagram. Graph-theoretic analysis yields an explicit relation between COPjjpiting and fluid-specific
parameters such as As,_;//As, ;s and As,_/As; . Definition of ky (ATy_7/As,_,r) and k, (AT5_4/As,, ) reveals that wet
fluids favour the refrigeration module, whereas dry fluids favour the driving module. The influence of different mixtures
has been also analyzed. The mixture of R227ea/R152a, R245fa/R134a, and Isobutane/pentane achieved their maximum
COPiimiting values at x = 0.5, 0.4, and 0.2, respectively. These optimal compositions all falling within the high-slope
region of k,. Additional parameters (x, £, f.) are evaluated: At MF; = 0.5, increasing x from 0.1 to 0.2 raises the limiting
cycle COP from 0.08 to 0.18 and elevates ¢, from —~79.24°C to —35.15°C. Raising , from 85°C to 95°C lowers the limiting
cycle COP from 0.1269 to 0.1235 while lifting ¢, from —56.00°C to —49.18°C. Increasing t. from 30°C to 40°C boosts
the limiting cycle COP from 0.1216 to 0.1285 and raises t, from —60.84°C to —44.26°C.

KEYWORDS: Ejector refrigeration cycle; limiting cycle; zeotropic mixture; graph theory

1 Introduction

According to estimates by the International Energy Agency, approximately 41% of global electricity
consumption is attributed to the industrial sector [1]. Moreover, in heavy industries such as iron, steel,
and chemical production, an estimated 20% to 50% of primary energy input is directly released into the
environment as waste heat [2]. Consequently, over the past decade, governments worldwide have actively
promoted sustainable energy development [3]. The ejector refrigeration cycle (depicted in Fig. 1a) has
attracted research interest because it utilizes industrial waste heat as the driving source, thereby reducing
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electricity consumption during the refrigeration process. Nevertheless, the COP of ejector refrigeration
cycles is generally low, which undoubtedly constrains their widespread adoption [4].
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Figure 1: The ejector refrigeration cycle: (a) the traditional ejector refrigeration cycle (ERC); (b) the liquid-vapor
separation condensation ejector refrigeration cycle (LVSERC).

Working fluid is crucial to the cycle performance, responsible for the transmission of power and the
conveyance of energy within the system. Consequently, the thermophysical properties of the working fluid
are of paramount importance to cycle performance. Sun [5] investigated the ejector refrigeration cycle utiliz-
ing various working fluids (water, R11, R12, R113, R123, R142b, R134a, and R152a) and comparatively evaluated
their cycle performances, among which R152a demonstrated superior thermodynamic performance. Bellos
and Tzivanidis [6] comparatively assessed the performance of R141b, R123, R245fa, R600a, and R134a in a
solar-driven ejector refrigeration cycle, revealing the descending COP ranking: R141b > R123 > R245fa >
R600a > R134a. Khaldi et al. [7] conducted a comparative analysis of R134a and R1234yf, demonstrating
that R1234yf exhibits a significantly higher entrainment ratio. Kareem et al. [8] conducted a comparative
simulation of twelve working fluids (R134a, R290, R1234yf, R600a, R1234ze, R410A, R152a, R227ea, R245h,
R236fa, R407C, and Rl143a) in an ejector refrigeration cycle. The results indicated that R152a and R410A
delivered the highest cycle performance, with R152a yielding a COP approximately 12.2% greater than that
of R134a and 8.5% greater than that of R410A.

Zeotropic mixtures expand the working-fluid design space by virtue of their composition-dependent
thermophysical properties. The use of zeotropic mixtures in ejector refrigeration systems can effectively
reduce internal irreversibilities in heat exchange, thereby improving system efficiency [9]. In prior work [10],
an ejector refrigeration cycle as shown in Fig. Ib employing R245fa and R134a as working fluids was
proposed. The performance of this cycle is enhanced by varying the compositions of the primary and
secondary flow. Yu and Yu [I1] compared the cycle performances of R134a/R236fa and R1234yf/R245fa
mixtures. They reported that the former raised the COP by 88.34% relative to the latter, underscoring the
pronounced influence of mixture selection on COP. Liu et al. [9] evaluated eight mixtures (R123/R245fa,
R245fa/R141b, R141b/RC318, R245fa/R134a, R245fa/R22, R141b/R134a, R245fa/R143a, and R141b/R22) in an
ejector refrigeration cycle. The study identified the composition R245fa/R22 (0.3/0.7) as optimal, yielding
a maximum COP of 0.293. Liang et al. [12] proposed a novel two-stage dual-temperature ejector refrig-
eration cycle employing R1234yf/R1234ze as the working fluid. The COP has enhanced by 5.64% when
R1234yf mass fraction is 56.2%. Dai et al. [13] investigated a two-stage ejector refrigeration cycle utilizing
R134a/R32 and R600a/R290 as working fluids; the maximum COP attained were 0.126 and 0.11, respectively.
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Yan et al. [14] analyzed a modified ejector-expansion refrigeration cycle charged with R290/R600a; under
identical operating conditions, the COP was elevated by 56%. Mosaffa and Garousi Farshi [15] proposed
a parallel-connected combined ejector refrigeration and power system driven by geothermal energy. The
two subsystems employed R601a/R600a and CO2/R32 as working fluids, respectively. Results demonstrated
that the novel system achieved improvements of 3.9% and 4.8% in energy efficiency and exergy efficiency,
respectively, compared to the basic system. Ye et al. [16] proposed a two-stage dual-temperature ejector
auto-cascade refrigeration cycle (TEARC) driven by hot wastewater and low-pressure waste steam from
chemical plants. The cycle employed R236fa/R236EA as the working fluid and was subjected to multi-
objective optimization. Shi et al. [17] proposed a dual-ejector-enhanced two-stage auto-cascade refrigeration
cycle for ultra-low temperature refrigeration. The cycle employed a ternary mixture of R600a/R41/R1150 as
the working fluid. Compared with the baseline cycle, the new cycle achieved a COP improvement of 16.07%.

Furthermore, a number of researchers have systematized the criteria governing working-fluid selection.
Kasperski and Gil [18] comparatively evaluated nine working fluids and concluded, from the perspective of
the expansion process, that dry fluids are beneficial to cycle performance. This is attributed to the fact that a
steeper slope of the saturation curve facilitates expansion into the superheated-vapor region; the steeper the
saturation curve, the drier the fluid. Chen et al. [19] categorized working fluids into dry, wet, and isentropic
fluids and performed numerical simulations for each; the results demonstrated that R600, classified as a dry
fluid, delivered the optimum cycle performance. Mwesigye and Dworkin [20] emphasized that working-fluid
selection must be tailored to the specific evaporation and condensation temperatures of the cycle. With the
aim of mitigating irreversible losses induced by the pump, Xu et al. [21] proposed that working fluid screening
should incorporate the dimensionless parameter ay/(pc,). Fu et al. [4] argued that cycle performance is
governed by the parameters 3 and As,_;, within the wet-fluid group R152a was identified as optimum, whereas
R123 was superior among the dry fluids.

The selection of working fluids for conventional ejector refrigeration cycles has primarily relied on
empirical matching of local thermodynamic processes, while the influence of the fluid on the remaining
cycle processes is often neglected. To further enhance the matching between the working fluid and the
cycle, numerous researchers have proposed ejector refrigeration cycles with variable-composition working
fluids based on refrigerant screening, utilizing fluids with different compositions to match different processes
within the cycle. Yu and Yu [11] proposed a flash separation working fluid ejector refrigeration cycle
(FSRC). Simulation results showed that the FSRC using R290/R600a and R134a/R236fa achieved maximum
COP improvements of 26.7% and 18.6%, respectively. Dai et al. [13] proposed a novel two-stage ejector
refrigeration cycle (TSERC) utilizing a liquid-gas separator to separate low-boiling-point and high-boiling-
point refrigerants, which outperforms conventional single-stage cycles. Zhao et al. [22] proposed an ejector
refrigeration cycle with flash evaporation. When using R600a/R60la mixture as the working fluid, the
maximum thermal efficiency reached 21.74%. Compared with pure R600a or R601a as working fluids, the
performance was improved by 22.81% and 20.39%, respectively.

In summary, working fluid screening for ejector refrigeration cycles has traditionally focused on
scenarios with fixed composition. However, the variable-composition characteristics of zeotropic mixtures
significantly broaden the range of available working fluids, undoubtedly providing possibilities for matching
fluid properties with individual cycle processes. Although numerous scholars have proposed various cycles
with variable-composition working fluids, determining the appropriate composition to match thermody-
namic processes in different components remains a challenge. Conventional thermodynamic methods, as
shown in reference [4], typically employ two-dimensional temperature-entropy analysis, which is unsuitable
for cycles with variable composition. By introducing additional dimensions such as composition and mass
flow rate, the limitations of a single working fluid can be overcome, enabling multi-dimensional collaborative
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optimization in the T-s-composition domain, thereby providing new insights for constructing efficient cycles
under complex heat source conditions.

Therefore, to fundamentally reveal the thermodynamic mechanism governing how the working fluid
influences cycle performance and to provide theoretical criteria for subsequent working fluid selection and
system optimization, this study constructs a limit cycle model subject solely to the thermodynamic property
constraints of the working fluid. This model serves to characterize the thermodynamic limit performance of
the system (limiting COP) achievable at a given heat source temperature through working fluid characteristic
optimization alone. Subsequently, based on graph theory and multi-dimensional thermodynamic surface
theory, thermodynamic analytical expressions for the driving module and refrigeration module are derived
separately within the three-dimensional state space. By calculating the projected areas of the two modules
on the diagram, the thermodynamic contribution of the working fluid in the ejector refrigeration cycle is
quantitatively characterized, thereby clarifying the thermodynamic-level criteria for working fluid selection.

2 Methodology
2.1 Derivation of the Limiting Efficiency for a Three-Dimensional Ejector Refrigeration Cycle

As previously discussed [23], in the ERC the working fluids of the driving module and the refrigeration
module are mixed within the ejector and subsequently separated at the condenser outlet, whereas in the
LVSERC fluids of differing composition are blended in the ejector and then fractionated in the vapor-liquid
separator. Consequently, the conventional T-s diagram shown in Fig. 2 represents merely the projected
trajectories of the two modules. To rigorously capture the thermodynamic evolution of the fluid, the ejector
cycle is first re-conceptualized as a coupling between a refrigeration module and a driving module, giving
rise to a three-dimensional thermodynamic cycle. Leveraging this 3-D construct together with graphical
analysis, closed-form expressions for the limiting cycle efficiencies of zeotropic-fluid ERC, zeotropic-fluid
LVSERC, and pure-fluid cycles are derived in this section.

T

ol rigeration

MF; MF;

Figure 2: T-s-MF; thermodynamic cycle schematic diagram of ERC.

Analogous to the limiting organic Rankine cycle [24,25], the limiting ejector refrigeration cycle
derived in this study is intended to quantify the extent to which working-fluid properties constrain overall
performance; consequently, it defines the theoretical upper bound attainable when the cycle is operated with
a given fluid. It serves to quantify the thermodynamic role of the working fluid within the cycle. To expose
this bound, the following idealizations are adopted:
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(I) As previously established [23], the irreversible losses attributable to the pump, ejector, vapor-liquid
separator, and throttling valve are negligible compared with other factors; consequently, all compo-
nents are assumed to operate isentropically (efficiency = 1), and pressure drops as well as heat losses
within equipment and piping are disregarded.

(II) Having neglected internal irreversibilities in both the ejector and the vapor-liquid separator, the
physically mixed flow (the flow between the ejector outlet and the separator inlet) is conceptually
decomposed into two thermally-interacting but compositionally distinct flow.

(III) 'The heat exchanger surface area is assumed to be infinite, thereby eliminating the irreversible loss
associated with finite temperature differences during heat transfer.

(IV) The temperature profiles of the heat source and heat sink are assumed to track those of the working
fluid exactly, eliminating any thermal mismatch irreversibility.

(V)  Irreversibilities arising from the superheating of wet fluids and from the subsequent desuperheating
of vapor inside the condenser are disregarded; the discarded exergy is illustrated by the shaded areas
in Fig. 3a, and the thermodynamic path of the limiting cycle after this omission is shown in Fig. 3b.

T dry T isentropic T wet
working fluid working flaid working fluid- ‘
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|
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dry | isentropic wet -
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|
|
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Figure 3: (a) The T-s diagram of ERC cycle for dry working fluid, isentropic working fluid and wet working fluid; (b) the
T-s diagram of ERC limit cycle for dry working fluid, isentropic working fluid and wet working fluid.

2.1.1 COP of the Limiting Zeotropic LVSERC

For the limiting zeotropic LVSERC, the 3D T-s diagram is depicted in Fig. 4. To facilitate understand-
ing, Fig. 5. presents the decoupled T-s diagram.

The driving module accelerates the primary flow (MF,) through the nozzle, entraining the secondary
flow (MF,) from the refrigeration module; the two flows merge into a mixture of overall composition MF;.
After the first condensation, this mixture enters the vapor-liquid separator, where it is split into two flows of
distinct compositions that are respectively recycled to the driving and refrigeration modules. Additionally,
auxiliary points 4g and 4e are defined at the same pressure as Point 4, with entropies matching those of Points
3 and 7, respectively.
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Figure 4: The 3D schematic for the LVSERC.
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Figure 5: The T-s diagrams of the zeotropic mixtures LVSERC limit cycle after thermodynamic decoupling: (a) Driving
module with dry fluid; (b) Driving module with isentropic fluid; (c) Driving module with wet fluid; (d) Refrigeration
module with dry fluid; (e) Refrigeration module with isentropic fluid; (f) Refrigeration module with wet fluid.
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Consequently, the driving and refrigeration modules are coupled through the principles of energy and
mass conservation:

p=mefmg 0
mgqg+meqe = mgqgcl'i'meqecl-i-meqecz (2)
Me ¥ Mg = 1M (3)

where the left-hand side of Eq. (2) represents the heat absorbed by the evaporator and generator, and the
right-hand side represents the heat rejected by the condenser.

On the basis of Eqs. (1)-(3), the entrainment ratio (¢) and the limiting coefficient of performance
(COPrimit_rvserc) for the zeotropic LVSERC are obtained as:

pe @
qecl + qecz - qe
cop= e 9= ds)
dg (qect + Gec2 — qe)
_ 9. (9¢ -~ 950)
(Qecl"'QecZ_Qe) 9dg
_ qe ‘(1_ Qgcl) )
(QECIJ"QecZ_Qe) qg

Thermodynamic Analysis of the Driving Module

As shown in Fig. 5a—c, whether a dry, wet, or isentropic fluid, the specific heat absorbed per unit mass in
the driving module is adopted-equals the area of pentagon (a-b’-4¢-3-2-1-5-a), obtained by subtracting the
area of triangle (1'-2-1-1") from that of quadrilateral (a-b’-4g-3-2-1"-1-5-a). Owing to the negligible magnitude
of pump work relative to the heat absorbed, the former is disregarded in the present analysis. Thus, the
specific heat input to the driving module is expressed by Eq. (6):

qg = Aa-br-4g-3-2-1-1-5-a — Av-2-5-1 (6)

Although the straight line between point 2 and point 5 does not coincide exactly with the saturated-
liquid curve, the deviation is negligible; consequently, it is approximated herein and assigned a slope f.
Similarly, the line (1'-2-3) is characterized by a slope . Thus, the area A, 4 45.3.5.17.1.5., can be expressed solely
in terms of temperature and entropy, whereas A,/ , 5 ;- is expressed as a function of temperature, entropy,
and the slope 3, as given by Eqs. (7) and (8):

_ (THfout + THJn) A

Aafb’f4g737271’71757a = B Sa-b’ (7)
1
Ay g5y = ﬁ (T = Ts5) (Ty_our — T5) (8)

Based on the definitions of f and & [Eqs. (9) and (10)], an expression for f3 solely in terms of temperature
and entropy is obtained as Eq. (11):

1

ﬁ=(Tz—Ts)-A 9)

Sa—c
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1 1

“:(TZ—TH_out)'A :(T3_Tl’)' S
a—c a-b’

_ (T = T5) (Tr_in — TH_out) 1
(TZ - TH?out) Asa—h’

(10)

B (11)

Consequently, the area A/, 5 ; can be expressed as a function of temperature and entropy, as shown
in Eq. (12):

,-T T - T
Al’—2—5—1’ _ ( 2 Hﬁout)( H_out S) 'Asa—b’ (12)

2 (TH_in - TH_out)

The specific heat absorbed per unit mass in the driving module can therefore be expressed as:

_ (TH_out + TH_in) _ (TZ - TH_out) (TH_out - TS)
2 2 (TH_in - TH_out)

dg “AS,_pr (13)

The specific heat rejected per unit mass in the condenser of driving module corresponds to the area of
quadrilateral (a-b'-4g-5-a) minus that of quadrilateral (a-b-4-5); it is therefore given by Eq. (14):

T + T. T, + T,
oo = (5_2%) Aoy w sy (14)

Thermodynamic Analysis of the Refrigeration Module

_ (TL_in + TL_out)

e 2 . ASd_el (15)
Ts + T, T. T.
Gecl + Gec2 = @ - As —e’ T % : Ase—e’ (16)
COP = e : (1 - qu)
(Qecl"'q“z_qe) qg
(TL_in ';TL_out) . Asd—e’
T (Ts + T Tye + T. Ty in+ T
( 57 + 4e) 'ASd,el + ( 4e T 4) s,y — ( L int L_aut) 'ASd,el
2 2 2
(T5 + T4g) (T4 + T4g)
L Asgpy = ——— - Asy_yy
- 2 2
(TH_out + TH_in) _ (TZ - TH_out) (TH_aut - TS) . As )
2 2 (TH_out - TH_in) “
_ (TL_in + TL_out)
- A
(TS’ + T4e) + (T4e + T4) . Ase = - (TL_in + TL_out)
_e’
Asy_p
(Ts + Tug) = (Tu + Tag) - Asb h,
J1- a—b 17)

(TZ - TH_out) (TH_out - TS)
(THfout - TH?in)

(TH_out + TH_in) -
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As depicted in Fig. 5d-f, whether a dry, wet, or isentropic fluid is adopted, the refrigeration capacity per
unit mass of the working fluid equals the area of quadrilateral (d-f-¢’-7-6-d). The total heat rejected in the two
condensers is given by the sum of the areas of quadrilateral (d-f-e-7-4e-5-5'-6-d) and quadrilateral (¢'-e-4-4e-
7-¢'), with the latter also representing the heat absorbed by the refrigeration fluid in the ejector. Consequently,
the specific refrigeration capacity and the aggregate condenser heat rejection can be expressed as:

In summary, substituting Eqs. (5) and (13)-(16) yields the closed-form analytical expression for the
limiting COP of the zeotropic LVSERC, given by Eq. (17).

Eq. (17) indicates that, once the operating conditions are fixed, the limiting COP of the zeotropic
LVSERC is governed by Tyg, Ty, T2, Asyy/As, y and As, /As; . Among these, Tyg, Tae, As, /Asy
and As,_/As,,; depend on the fluid composition at state 4 and on the component split between primary
and secondary streams in the vapor-liquid separator, whereas T, is determined by the primary-stream
composition.

2.1.2 COP of the Limiting Zeotropic ERC

The conventional zeotropic ERC cycle differs from the LVSERC in that no composition separation
occurs; it can therefore be regarded as a limiting case of the LVSERC where the quality at the condenser
outlet is zero. For the limiting zeotropic ERC, the 3D T-s diagram is depicted in Fig. 6. To facilitate
understanding, Fig. 7 presents the decoupled T-s diagram.

T(K)

Figure 6: The 3D schematic for the ERC.
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module with dry fluid; (b) Driving module with isentropic fluid; (¢) Driving module with wet fluid; (d) Refrigeration
module with dry fluid; (e) Refrigeration module with isentropic fluid; (f) Refrigeration module with wet fluid.

In this configuration, the driving module accelerates the primary flow (m;) through the nozzle,
entraining the secondary flow () from the refrigeration module.

Consequently, its entrainment ratio and COP can be expressed as:

g — 9gc
p=—— (18)
qec - Qe
cop e (e~ sc)
9dg (Gec — qe)

de dgc
S CEN— 19
(dec — qe) ( qg) )
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The specific heat absorbed per unit mass in the driving module can thus be expressed as:

_ (TH_out + TH_in) _ (TZ - TH_out) (TH_out - TS)

. ASa_h/ (20)
qg 2 2 (TH_in - TH_out)

The specific heat rejected per unit mass in the driving module’s condenser can be expressed by Eq. (21):

(Ts + Tag) (T + Tig)
Qge = ~————= Asqpy — ————=As_p» (21)
2 2
The refrigeration module is equipped with a single condenser whose outlet temperature is identical to
that of the driving-module condenser. Consequently, the specific refrigeration capacity and the specific heat
rejection per unit mass of the refrigeration module can be expressed as:

_ (TLJH + TL?out)

2 . ASa_bn (22)

e

Ts+ T. Tye+ T
o= BT o Tt D) (23)
2 2
cop= 1= _. (1 - @)
(qec — 4e) dg

= (TLJ‘V! + TLiout) . ASu_bu
(Ts + Tye) - Asqprr + (Tye + Ty) - Asy_yr — (Tr_in + To out) - Asa_pr

(T5 + T4g) . Asa_hr - (T4 + T4g) : Asb_h,

(TZ - TH out) (TH out — TS)
T +TH in) — = = ~As
[( H_out H_zn) (THiout _ THJ‘n) Sa-b

(TL_in + TL_out)

1-

- AS N
(Ts + T4e) + (T4e + T4) : Sb L (TL_in + TL_out)
a-b"
Asy_pr
(Ts + Tag) — (Tu + Tag) - Ash 2
J1- azb’ (24)

(TZ - TH_out) (TH_out - TS)
(TH_out - TH_in)

(THfout + THJn) -

In summary, substituting Eqs. (19) and (20)-(23) yields the closed-form analytical expression for the
limiting COP of the zeotropic ERC, given by Eq. (24).

2.1.3 COP of the Limiting Pure-Fluid ERC

Owing to the temperature glide of zeotropic mixtures, state 4e in the refrigeration module and state 4g
in the driving module share only the same pressure, but not the same temperature. In contrast, for a pure
fluid cycle, the temperatures at 4e and 4g are also identical.

Consequently, the specific heat absorbed per unit mass in the driving module of the limiting pure-fluid
ERC can be expressed as:
1

qg=Th - Asg_p — 3B (T~ Ts) (25)
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The specific heat rejected per unit mass in the driving-module condenser is given by Eq. (26):
dgc = Ts - Asgpy (26)

The specific refrigeration capacity and the specific heat rejection per unit mass in the refrigeration
module can be expressed as:

qe=Tr Asg_pr (27)
Gec = Ts - Asgpr (28)

In summary, substituting Eqs. (19) and (25)-(28) yields the closed-form analytical expression for the
limiting COP of the pure-fluid ERC, given by Eq. (29):

cop= 4 . (1 _ @)
(qec — q.) g

T T:
== LT J1- : > (29)
57 4L Ty—————  (Tyg - T: 2
H 2ﬁ~ASa_b, (H 5)

2.2 Working Fluid Selection

Working fluid is crucial to the cycle performance and it should match the cycle. This study used the
working fluid previously studied [23] (a mixture of R245fa and R134a as the working fluid). The driving
module absorbs heat from the source, expands in the ejector, and drives the refrigeration module. Dry fluids
are more suitable for this main process. R245fa is a typical dry fluid whose effectiveness has been verified in
ERC experiments, so it is selected as one component of the mixture. In contrast, the refrigeration module
involves throttling and evaporation, processes for which wet fluids are preferable. R134a is a typical wet fluid
that has been extensively studied in numerous simulations and experiments on ejector refrigeration cycles,
and it is therefore chosen as the other mixture component. The thermodynamic properties of the fluids are
the primary consideration. The property of the mixture components is listed in Table 1.

Table 1: The property of R245fa and R134a.

Fluid P.. (MPa) t: (°C) Boiling Point (°C) OoDP GWP
R245fa 3.65 153.86 15.05 0 950 [26]
R134a 4.06 101.06 -26.07 0 1300 [26]

2.3 Model Validation

To validate the accuracy of the predictions by the model, the experimental results with R141b reported
by Li et al. [27] are used. 11 different ejectors with different isentropic efficiencies of the diffuser and mixing
section are compared in Table 2. Besides, the error with respect to the experimental results are also in Table 2.

Meanwhile, this study analyzes the applicability of the main working fluids (R134a and R245fa) in ejector
refrigeration cycles. The comparison between the simulation results and the experimental data of R134a [27]
is completed. As shown in Table 3, the results show that the maximum entrainment ratio error is 5.58%. The
simulation results are compared with experimental data of R245fa [28], as shown in Table 4. The results show
that the cycle COP error is 3% and the entrainment ratio error is 6.52%.
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Table 2: Summary of calculated results and errors compared with experimental data of Li et al. [27].

o a T, T, P, Entrainment Ratio Er (%) Ar Er (%)
°C  °C kPa Exp. cal. Exp. cal.

0.86 0.81 95 8 142.3 0.1859 0.1936 —4.14 6.44 6.3169 1.91
0.86 0.83 90 8 122.2 0.2718 0.2741 -0.85 6.99 6.6478 4.90
0.85 0.81 95 8 1173 0.2814 0.3052 -8.46 8.28 8.0601 2.66
0.84 0.82 95 8 106.9 0.3457 0.3765 -8.91 9.41 8.9425 4.97
0.88 0.8 95 8 126.8 0.2552 0.273 -6.97 7.73 7.5036 2.93
0.81 0.84 95 8 127.6 0.2273 0.2341 -2.99 7.26 6.9519 4.24
0.87 0.81 95 8 120.5 0.2902 0.307 -5.79 8.25 7.9056 4.17
0.85 0.82 95 8 109.2 0.3505 0.3701 -5.59 9.17 8.776 4.30
0.84 0.83 95 8 104.7 0.3937 0.4048 -2.82 9.83 9.1561 6.86
0.85 0.82 95 8 137.3 0.2042 0.2128 -4.21 6.77 6.5476 3.29
0.85 0.82 95 8 98.6 0.4377 0.4615 -5.44 10.64 9.947 6.51

Table 3: Summary of calculated results and errors compared with experimental data of R134a [27].

Entrainment Ratio

T, (°C) T. (°C) T. (°C) Er (%)
Exp. Cal.
75 10 33.7 0.1933 0.1875 -3.00
75 12.5 341 0.2209 0.2266 2.58
75 15 34.8 0.257 0.2617 1.83
80 10 36.6 0.1411 0.1484 517
80 12.5 36.9 0.1757 0.1855 5.58
80 15 37.9 0.2055 0.207 0.73

Table 4: Summary of calculated results and errors compared with experimental data of R245fa [28].

fn Hm Ha T, (°C) T. (°C) T. (°C)
0.9 0.9 0.9 95 8 35
CcopP Er (%) Entrainment Ratio Er (%)
Exp. Cal. Exp. Cal.
0.33 0.346 4.85 0.46 0.4358 5.26

Additionally, regarding the accuracy of the limiting cycle model, this study conducts a comparative
investigation into the accuracy of the limiting cycle model when using different mixtures, as shown in Fig. 8
(t; = 90°C, x = 0.15).

As can be seen from Fig. 8 the largest errors occur in g and g, which are attributed to the neglect of
entropy generation during the fluid mixing process.
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Figure 8: The accuracy of the limiting cycle model when using different mixtures. (a) R245fa & R134a; (b) Isobutane
& pentane; (c) R227ea & R152a.

In addition, the manuscript also investigates the errors associated with the limit cycles for different

working fluids. As shown in Fig. 9, when ;, = 90°C and ¢, = 35°C, the errors are less than 10% in the vast
majority of cases.
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Figure 9: Errors with different working fluids.

3 Result and Discussion
3.1 Influence of Fluid Composition

Owing to its capability of regulating fluid composition, the LVSERC is selected as the exemplar for the
first comparison between its limiting and actual cycles. The entrainment ratio of the ejector is associated
with the thermodynamic states of the primary fluid, the secondary fluid, and the fluid at the ejector outlet.
Notably, in the present study, it is also related to the separator. Accordingly, the state of the secondary fluid is
determined from the fixed entrainment ratio, the primary fluid state, and the ejector outlet state. With respect
to the ejector calculation, the same methodology as in previous studies is employed herein: an iterative
approach. The calculation accounts for conservation of momentum, energy, and mass, as well as the Mach
number, pressure, and area ratio, as that calculated in previous study [23]. For t; = 90°C (the generator
temperature) and f. = 35°C (the condensation temperature), Fig. 10 shows that the limiting COP reaches a
maximum of 0.1267 at a fluid composition (R245fa mass fraction) of approximately 0.4, while f. attains its
minimum value of —52.88°C at the vapor quality x = 0.5.
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Figure 10: Effect of fluid composition on the limiting cycle COP and ¢,
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As illustrated in the Fig. 11, the temperature drop of the heating fluid has been taken into account. As the
component mass fraction increases from 0.1 to 0.9, the temperature glide in the vapor generator rises from
2.66°C t0 10.26°C and then falls to 3.80°C, reaching its maximum at a mass fraction of 0.5. In addition, the
latent heat of vaporization of the working fluid in the vapor generator initially increases and subsequently
tends to level off. This behavior results from the combined effect of the temperature glide and the variation in
composition. Therefore, a working fluid mass fraction of approximately 0.5 is optimal for the vapor generator,
as it provides both a relatively large latent heat of vaporization and a large temperature glide.
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Figure 11: Effect of fluid composition on the temperature drop of the heating fluid.

As indicated by Eq. (17), the COP is influenced by As,_,//As, , and As,_ /As, . As shown in Fig. 12,
both As;,_;//As, , and As,_/As, s increase as MF; (the mass fraction of R245fa in the total fluid) rises from
0.1to 0.9. The LVSERC limiting COP increases with As,_//As, ;s but decreases with As,_/As;_ .. When both
As, y/As,  and As, /As,; s increase simultaneously, the LVSERC limiting COP peaks at approximately
0.1267 for a fluid composition (R245fa mass fraction) of about 0.4.
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Figure 12: Effect of fluid composition on As.
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The limiting COP of the LERC increases with increasing As,_;//As, s, and decreases with increasing
As, s /Asy . As,  represents the entropy difference across the generator (between inlet and outlet), and
As, s represents the entropy difference across the evaporator (between inlet and outlet), as illustrated
in Fig. 13 of the manuscript. As, ;s is the entropy difference across the driving module ejector (between
inlet and outlet), and As,_ is the entropy difference across the refrigeration module ejector (between inlet
and outlet). Evidently, when the position of Point 4 changes, the variation in the entropy difference across
the ejector is significantly greater than that across the heat exchanger. Therefore, the cycle performance is
predominantly governed by the changes in the entropy difference across the ejectors (As,_, and As,_,).

Driver Refrigeration
Module Module

T T4
m,
ki
/
T .
Tioud ,
4e
5 i
TL_in _______ }
Trow| " 777 16 7} |
I , [
| |
s d e e s

(@ ()
Figure 13: The T-s diagram of k; and k,: (a) The T-s diagram of k,;(b) The T-s diagram of k;.

Therefore, to clarify the correlation between working fluid characteristics and cycle performance, slopes
k; and k, are defined on the T-s diagram, as shown in Fig. 13. Specifically, k; is defined as the ratio of AT,_;
to As,_.s, representing the slope of line 4-7 in the refrigeration module on the T-s diagram. k; is defined as
the ratio of AT5_4 to As,_, representing the slope of line 3-4 in the driving module on the T-s diagram.
Since the working fluid exits the heat exchanger as saturated vapor, both Points 3 and 7 lie on the saturated
vapor curve. As can be seen from the Eq. (17), an increase in As,_ leads to a decrease in the limiting COP,
and k; decreases accordingly. The saturated vapor curve also tilts in the same direction as k;. Conversely,
an increase in As,_;s leads to an increase in the limiting COP, while k, decreases. The saturated vapor curve
also tilts in the same direction as k,. Therefore, this is consistent with previous empirical conclusions: wet
fluids are evidently more suitable for the refrigeration module, whereas dry fluids are better suited to the

driving module.

Since the limiting cycle excludes every source of irreversibility except those intrinsic to the working
fluid, the resultant refrigeration temperature is necessarily lower than that achievable in an actual cycle.

Furthermore, as shown in Fig. 14, this study also compared the effects of different working fluid
combinations on cycle performance, as shown in Table 5. Three dry fluids (R227ea, R245fa, and Isobutane)
and three wet fluids (R152a, R134a, and Pentane) were selected for investigation. This study aims to investigate
the relationship between working fluid thermophysical properties and cycle performance. To ensure the
accuracy of the thermophysical property parameters of the employed working fluid combinations and the
universality of the observed trends, this study utilizes three classic working fluid combinations. Furthermore,
the effect of the working fluid’s dryness/wetness characteristics on the cycle performance is also considered
in this study. Accordingly, the working fluid is a mixture of dry and wet fluids.
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Table 5: Thermophysical properties of fluids [4].
Environmental and Safety Characteristics
Working Fluids ¥ Dryness/Wetness Characteristic
ODP GWP Safety Classification

R134a 0 1370 Al Wet
R152a 0 133 A2 Wet
R290 0 20 A3 Wet
R227ea 0 3580 Al Dry
R245fa 0 1050 B1 Dry
R600a 0 20 A3 Dry

When x is 0.5, the maximum COPjipiting of 0.1377 is achieved by using R227ea and R152a. When x is
0.4, the maximum COPjipiting of 0.1267 is obtained with R245fa and R134a. When x is 0.2, the maximum
COPiimiting of 0.0943 is reached using Isobutane and pentane. This trend is similar to that of k;, as shown
in Fig. 15, both falling within the high-slope region of k.
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Figure 15: Effect of different mixtures on k;.
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3.2 Influence of Vapor Quality

19

Vapor quality, defined as the mass fraction at the outlet of condenser I, governs the cycle entrainment
ratio. Its influence is illustrated in Figs. 16 and 17: at MF; = 0.5, raising x from 0.1 to 0.2 increases the limiting
cycle COP from 0.08 to 0.18 and raises t. from —79.24°C to —35.15°C. This is because as the vapor quality
increases, the cycle entrainment ratio also increases, which in turn raises the limiting COP. Furthermore, with

increasing vapor quality, the working fluid temperature prior to the throttling process rises. Consequently,

t. increases.

—=—x=02 —&—x=0.175
—eo— x=0.15 ——x=0.125
A —x=0.1

0.1 0.2 03 0.4 0.5 06 07 0.8 0.9

Mass Fraction(MF))

1.0

Figure 16: Influence of vapor quality on limiting cycle performance.
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Figure 17: Influence of vapor quality on the limiting cycle refrigeration temperature.

3.3 Influence of Generation Temperature

As shown in Figs. 18 and 19, the generation temperature (Z,) influences both the limiting cycle efficiency
and the refrigeration temperature (t,). When MF; = 0.5, increasing ¢, from 85°C to 95°C reduces the limiting
cycle COP from 0.1269 to 0.1235 and raises f, from —56.00°C to —49.18°C.
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Figure 18: Influence of generation temperature on limiting cycle performance.
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Figure 19: Influence of generation temperature on limiting cycle refrigeration temperature.

As previously mentioned, the ejector refrigeration cycle can be regarded as a coupling between the
driving module and the refrigeration module. The efficiency of the driving module is related to the
generator temperature (,) and the condensation temperature (f). As t, increases while . remains constant,
the efficiency of the driving module increases, and #, decreases correspondingly. Similarly, the efficiency of
the refrigeration module is related to #. and t,. As t, decreases while #. remains constant, the efficiency of the
refrigeration module increases. Consequently, the COP increases with the increasing efficiencies of both the
refrigeration module and the driving module.

In addition, as the generation temperature rises, the driving module exerts a stronger driving force on
the refrigeration module, enabling a higher evaporation temperature to be achieved.

3.4 Influence of Condensation Temperature

As the intermediate temperature between the driving and refrigeration modules, the condensation
temperature (f.) exerts a pronounced influence on cycle performance. As illustrated in Figs. 20 and 21, when
MF, = 0.5, increasing t, from 30°C to 40°C raises the limiting cycle COP from 0.1216 to 0.1285 and elevates
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t, from —60.84°C to —44.26°C. Higher condensation temperatures degrade the performance of the driving
module, reducing the overall cooling capacity of the cycle and increasing the refrigeration temperature.
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Figure 20: Influence of condensation temperature on limiting cycle performance.
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Figure 21: Influence of condensation temperature on limiting cycle refrigeration temperature.

Due to the function of the separator, the entrainment ratio remains constant. The cycle COP can be
expressed as COP = u x (q./q,). As t. increases, the inlet temperature of the generator rises. However, since
t, remains unchanged, the pressure inside the generator stays constant. Heat transfer within the generator
relies primarily on the vaporization process. The inlet of the vapor generator is liquid working fluid, and
the temperature rise of the liquid working fluid has little effect on g;. Moreover, as ¢, increases, t, also rises
accordingly, and the pressure inside the evaporator changes. Consequently, g, increases. In summary, COP
increases as f, increases.
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4 Conclusion

This study focuses on the cycle with variable components and adopts a three-dimensional analysis
method (temperature-entropy-mass fraction) for research. This study first decouples the factors influencing
system performance to obtain a limiting cycle model governed solely by working fluid properties, thereby
characterizing the theoretical performance bound attainable when only fluid characteristics are considered.
Subsequently, three dimensional analytical expressions for zeotropic mixtures on the T-s-MF,; diagram are
derived for both LVSERC and ERC systems through graph theoretic methods, quantifying the thermody-
namic contribution of the fluid segment in ejector refrigeration cycles and establishing clear thermodynamic
criteria for working fluid selection. Main conclusions are as follows.

(1) A limiting cycle framework for zeotropic-mixture ejector refrigeration is proposed. The cycle is
first decoupled into a driving module and a refrigeration module; subsequently, graph-theoretic analysis is
employed to derive the explicit relations between working-fluid properties and the limiting performance of
the LVSERC, the zeotropic ERC, and the pure fluid ERC.

(2) Formula derivation shows that COPjimiting is governed by both working fluid intrinsic properties
and operating temperatures. The fluid-specific contribution is captured by As,_,//As, ;s and As,_ /As; .
Introduction of the physical parameters k; (AT4_7/As,_ /) and k; (AT3_4/As, ) and inspection of their slopes
on the T-s diagram lead to the conclusion that wet fluids suit the refrigeration module, whereas dry fluids
suit the driving module.

(3) The mixture of R227ea/R152a, R245fa/R134a, and Isobutane/pentane achieved their maximum
COPiimiting Vvalues at x = 0.5, 0.4, and 0.2, respectively. These optimal compositions all falling within the
high-slope region of k;.

(4) Moreover, both the limiting cycle COP and the refrigeration temperature respond to #,, and x rises,
the COP falls and the refrigeration temperature drops, whereas an increase in t, raises both the COP and
the refrigeration temperature. Therefore, the maximum COPjjp;ting value with R245fa/R134a is at x = 0.2,
MF; = 0.4, t; = 85°Cand ¢, = 40°C.
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Nomenclature

Symbols

COP Coeflicient of performance

LVSERC Liquid-vapor separation condensation ejector refrigeration cycle
ERC Ejector refrigeration cycle

m Mass flow rate [kg-s™']

MF The mass fraction of R245fa
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s Specific entropy [kJ-kg™'-K™]

t Temperature [°C]

X Vapor quality

k Slope

q Unit heat exchange rate [k]-kg™']

Greek Letters

U Entrainment ratio

Subscripts

c Condenser or condensing

g Generator or generating

e Evaporator or evaporating

4g Ejector outlet of driving module

4e Ejector outlet of refrigeration module

gc Condenser (driving module)

ec Condenser (refrigeration module)

H Heat source

L Heat sink

t Total

cr Critical
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