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Continuous tuning of ejector parameters
via zeotropic component migration for
optimising high-temperature heat pump
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As the temperature lift increases, heat pump performance declines due to rising throttling losses in
expansion valves. Ejectors present a promising alternative, enabling power recovery from the
throttling process. However, fixed-geometry ejectors suffer performance degradation under off-
design conditions. Here we propose leveraging the component migration characteristics of zeotropic
refrigerants to continuously adjust critical ejector parameters by modulating the quality. This approach
enables optimal performance across varying conditions without mechanical modifications. A vapor-
injection heat pump cycle incorporating a component-adjustable ejector with three tunable
parameters is developed. The concept of equivalent ejector efficiency was introduced, and the
adjustment capability of typical high-temperature refrigerant mixtures was investigated, such as
mixtures of butane (R600) and synthetic refrigerants (R245fa). Results show that, at a nominal heating
capacity of 100 kW, R600/R245fa achieves a lower adjustable limit of —5%, compared to —2% for
R1224yd(2)/R1233zd(E) (synthetic refrigerant mixtures). These findings demonstrate the feasibility of
efficient operation of fixed-geometry ejectors under variable conditions. The proposed system and
regulation strategy offer a promising design alternative for industrial high-temperature heat pump

applications.

Energy, as the cornerstone of human civilization, is undergoing a paradigm
shift in supply models under carbon emission constraints. Extensive energy
utilization has resulted in annual CO, emissions exceeding 12 billion metric
tons"”. Maintaining current emission trajectories would elevate the global
average temperature by 6.1°C by 2100, severely threatening ecosystem
stability and sustainable development’. Notably, electricity generation and
industrial processes contribute 67.4% of global carbon emissions, making
decarbonization in these sectors essential for mitigating temperature rise
and advancing sustainability"’. Fossil fuel combustion in industrial boilers
to meet the high-temperature heat demands of industrial processes results in
the generation of large amounts of harmful gases such as CO, and SO..
Waste heat, an abundant byproduct in most industrial processes, is typically
discharged directly into the environment. By implementing staged con-
version and upgrading of waste heat with different temperatures, it is
expected that recovering 40% of industrial waste heat®. High-temperature
heat pumps can replace coal-fired boilers, consuming less than one-third of
the primary energy of electric boilers, which is remarkable for decarbonizing

industrial process heating and achieving efficient electrification’. However,
most industrial applications require high steam temperatures and large
heating capacities, which conventional heat pumps cannot meet, and the
cycle design, working fluid selection, and operational control of high-
temperature heat pumps remain immature. Therefore, developing high-
temperature heat pumps that meet industrial production demands is a key
issue in reducing fossil fuel dependence and promoting decarbonization’.
The primary challenge in applying heat pump technology in high-
temperature scenarios lies in the heat pump’s compression process and
refrigerant. High-temperature supply in industrial production processes
leads to excessive compression ratios, reduced compression efficiency, and
decreased heating capacity. Moreover, exceeding the compressor’s dis-
charge temperature limit may trigger thermal cracking of the lubricant,
thereby increasing mechanical wear and the risk of failure. From a ther-
modynamic cycle perspective, conventional heat pump cycles are con-
strained by the limitations in compressor pressure ratio and elevated
discharge temperatures. Vapor injection technology has been demonstrated
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as an effective method to address insufficient heating capacity and
overheating issues, with its efficacy manifested in reducing entropy gen-
eration during the compression process and enhancing refrigerant
mass flow'*". Large temperature differentials in conventional heat pump
systems induce remarkable irreversible thermodynamic losses during the
expansion process. Integrating components such as economizers, expan-
ders, and ejectors can enhance thermodynamic performance. Among
these, ejectors are particularly effective in mitigating irreversible losses and
compression ratios, primarily by elevating compressor inlet pressure'”.
Despite the promising application prospects of vapor injection technology
and ejectors, their practical implementation remains constrained by com-
pressor material, structural, and control issues, as well as challenges related
to the modeling and manufacturing of ejectors with two-phase
characteristics.

According to existing research, vapor injection technology can be
categorized into two types: sub-cooler vapor injection cycle (SVIC) and
flash-tank vapor injection cycle (FVIC). Specifically, under design condi-
tions, SVIC achieves peak COP), and heating capacity improvements of
5.02% and 10.11%, respectively, compared to conventional heat pump
cycles”. In contrast, FVIC demonstrates heating capacity and COP,
improvements over SVIC in the ranges of 3.2%-13.0% and 0.1%-18.2%,
respectively'“"*. Ejectors can be classified into constant-pressure mixing
ejectors and constant-area mixing ejectors based on the nozzle position. The
constant-area ejector has a theoretical advantage as it can accurately predict
the actual performance of the ejector. However, when supersonic flow
occurs, it is prone to choking phenomena'®. For two-phase ejectors, internal
condensation shocks do not exist, and the constant-area mixing model is
more advantageous than the constant-pressure mixing model’. Fingas et
al." compared the performance of a throttling valve and a two-phase ejector
as expansion devices. Experimental results showed that under identical
operating conditions, the two-phase ejector exhibited a 38% performance
improvement over the throttling valve. Vapor injection technology and
ejectors, as two typical performance enhancement methods, play crucial
roles in addressing issues such as heating capacity degradation, excessive
discharge temperature, and high compression ratio. Mateu-Royo et al.”’
compared two heat pump systems employing an ejector and a parallel
compression configuration (similar to vapor injection). The results showed
that at a heating temperature of 140 °C, the COP);, and volumetric heating
capacity of the parallel compression configuration increased by 36.5% and
44%, respectively, compared to the ejector-based system. Additionally,
many researchers have combined ejectors with steam injection technology
and added additional components to optimize the compression and
expansion processes in heat pump cycles”'. Compared to conventional
cycles of single optimization measures, these improvements can achieve a
COP;, enhancement of 7.7% ~ 36.6%.

Currently, the main factors affecting vapor injection are injection
pressure and the superheat degree of the make-up gas. Existing studies have
employed real-time control strategies such as extremum-seeking control
and expansion valve stage control to address this issue””. A similar situa-
tion is that the low entrainment performance of the ejector and the narrow
operating conditions limit the application of the ejector in practical
scenarios™. The performance of ejectors is highly sensitive to structural
parameters. When operating conditions deviate from the design point, the
entrainment ratio remarkably decreases, potentially leading to complete
failure of the entrainment effect”™. Therefore, structurally adjustable ejectors
are considered a viable solution for stabilizing system operation and
expanding operational boundaries. Theoretically, by dynamically adjusting
key geometric parameters such as primary nozzle position, area ratio
(throat-to-mixing chamber diameter ratio), mixing chamber length, and
convergence angle, the ejector can be optimized to achieve peak perfor-
mance under current conditions™. Common adjustment methods include
spindle regulation (via a conical plug in the nozzle throat), nozzle outlet
position regulation (via axial displacement), and mixing chamber throat
diameter modulation. These approaches dynamically reconfigure the nozzle
and mixing chamber geometry, enabling adaptation to a broader range of

operating pressures and flow rates”. Compared to fixed-geometry ejectors,
nozzle outlet position adjustment and adjustable spindle regulation
demonstrate 16% and 400% performance improvements, respectively,
under primary flow under-expansion conditions”. To achieve optimal
geometric control of ejectors, Chen et al.*” employed a subcooling control
method to modulate the ejector throat area, achieving the highest entrain-
ment ratio and reducing system power consumption by 6.99%, though the
pressure ratio enhancement remained limited. In summary, adjustable-
geometry ejectors exhibit advantages in energy efficiency and operational
flexibility, yet face challenges including complex fluid dynamic design,
leakage risks, and precision manufacturing requirements for dynamic
components like spindles and nozzles.

Another challenge in the application of high-temperature heat pumps
is the selection of suitable refrigerants. Existing literature indicates that the
global warming potential (GWP) of HFC refrigerants is generally high, and
they are currently being phased out. The flammability of HC refrigerants
limits their widespread application, with the maximum allowable charge in
commercial heat pump systems limited to 500 g*°. HFO refrigerants have
inherent chemical stability issues and can cause contamination of
groundwater and soil. Wang et al.” believe that R718 offers high economic
viability, safety, stability, critical temperature, vaporization latent heat, and
operating performance, making it well-suited for high-temperature appli-
cations. However, compared to other refrigerants, R718 has a lower volu-
metric heating capacity, and its practical application still faces challenges
such as oversized compressors and pressure corrosion issues, necessitating
further development of steam compressor technologies™'. To balance eco-
nomic viability, environmental friendliness, and cycle performance,
refrigerant mixtures with temperature glide characteristics are considered a
potential optimal solution for high-temperature heat pumps™. Obika et al.”
used a cyclohexane/cyclopropane mixture as a refrigerant in a traditional
heat pump cycle. Under a temperature rise condition of 100 °C, the cycle
COP), of this mixture was 7.19% higher than that of the pure refrigerant
(R1233zd(E)). The mixture refrigerant showed improvement in cycle per-
formance. However, there are also studies that have shown the opposite
results. Brodal et al.’s™ research results indicate that in heat pump systems
with ejectors, the cycle performance using blends of CO, and propane is
inferior to that of pure refrigerants. This is because the mixing of substances
is an irreversible entropy-increasing process, and using a refrigerant mixture
may cause additional losses related to ejector efficiency or system heat
exchange losses. This indicates that the composition and mixing ratio of the
refrigerant mixture have a remarkable impact on its cycle performance. In
addition, Ganesan et al.” introduced CO, into the high-pressure sub-cycle
using butane and the low-pressure sub-cycle using pentane, respectively.
Under a temperature lift of 70 °C and a CO, concentration of 5%, the cycle
COP), of the refrigerant mixture was improved by 20% compared to the
original cascade system. To achieve a higher temperature lift, the CO,
concentration in the mixture can be increased to 10%, at which point the
cycle COP), decreases by 16.6% compared to the original cascade system.
This study indicates that differences in refrigerant type or composition
between different sub-cycles in a cascade system can impact the overall
system performance. At the same time, changes in the refrigerant mixture
composition remarkably affect the effectiveness of the ejector and the
compressor. Variations in the composition of the primary and secondary
flows will lead to a shift in the ejector design point, while the dryness and
composition at the gas-liquid separation point will determine the mass flow
rate and state of the vapor injection™. Therefore, studying the refrigerant
composition and the system’s irreversibility losses is crucial for improving
the cycle performance of refrigerant mixtures. In the aforementioned study,
the performance of an ejector is typically represented by the entrainment
ratio and the pressure lift ratio, which exhibit a certain trade-off and cannot
accurately evaluate the ejector’s capability in recovering expansion work.
Elbel et al.” proposed the ejector efficiency, defined as the ratio of the actual
recovered energy to the maximum obtainable power from the primary flow.
Ejector efficiency performs well in assessing the efficiency of expansion work
recovery; however, this literature does not provide further discussion on the
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topic. Therefore, further research is needed on how to accurately and
intuitively assess the performance of ejectors.

Based on the above discussion, in order to select appropriate refrigerant
mixtures and enhance the performance of heat pump systems, this paper
proposes two main innovations targeting the accurate assessment of ejector
performance and the improvement of ejector adaptability: (1) a cycle
equivalence analysis method; and (2) ejector optimization based on com-
ponent migration. Their contributions lie in (1) clarifying the expansion
work recovery mechanism of the ejector and the meaning of ejector effi-
ciency; and (2) overcoming the issues of high implementation cost and
structural complexity associated with adjustable ejectors. Specifically, the
ejector can be regarded as an expander with a certain isentropic efficiency.
On the other hand, by adjusting the dryness at the vapor-liquid separator
inlet, the composition of the refrigerant mixture can be correspondingly
adjusted. This operation allows the ejector to adapt to certain changes in
operating conditions while maintaining a fixed structure, thereby expanding
its working range and ultimately achieving the synergistic optimization of
vapor injection and the ejector. The objective of this study is to accelerate the
use of high-temperature heat pumps as a substitute for highly polluting
boilers, ultimately enhancing the level of industrial electrification.

Methods

System description

Figure la—d illustrates the system diagrams and pressure-enthalpy (P-h)
diagrams of a typical ejector-enhanced cycle and its equivalent cascade cycle,
respectively. In this study, we further introduce the cycle equivalence ana-
lysis method in conjunction with these figures. As shown in Fig. la, the
gas-liquid separator and the ejector achieve the separation and mixing of the
working fluid, respectively. Specifically, in the ejector-enhanced cycle sys-
tem, the two-phase ejector receives the fluid from the condenser outlet at
point 3, expands it, and mixes it with the fluid from the evaporator outlet,
with the final separation occurring in the gas-liquid separator. Figure 1c
intuitively represents the functions of the two-phase ejector and gas-liquid
separator shown in Fig. 1a. Unlike the traditional cascade heat pump, the
high-pressure sub-cycle here uses an expander as the expansion device, with
the recovered expansion work driving the compressor of the low-pressure
sub-cycle. In comparison, the ejector is equivalent to the intermediate heat
exchanger, expander, and low-stage compressor in the cascade cycle. Here,
the isentropic efficiency of the expander during the expansion process is
equal to the efficiency of the ejector. By employing the cycle equivalence
method, the ejector-enhanced cycle is transformed into a cascade cycle,
allowing the separation of refrigerant mixture components to be intuitively
presented from the perspective of the cascade cycle. Meanwhile, this method
provides a more intuitive interpretation of the abstract ejector efficiency,
which is remarkable for assessing the actual expansion work recovery
capability of the ejector and understanding the impact of non-azeotropic
refrigerant composition changes.

Based on the equivalent analysis method, this study constructs a novel
cycle with active composition regulation of zeotropic refrigerants, namely
the flash-tank vapor injection heat pump cycle with a component-adjustable
ejector (FVIC-CAE), as illustrated in Fig. 1e or Supplementary Note 1. This
system integrates and modifies the conventional ejector-enhanced com-
pression cycle with the flash-tank vapor injection cycle to adapt it to high-
temperature operating conditions. After heat rejection in the condenser, the
saturated liquid (Point 3) is divided into two streams. One stream undergoes
pressure reduction through expansion valve 3 before entering gas-liquid
separator 1 (Point 4). The other stream enters gas-liquid separator 1, where
it releases heat and becomes subcooled (Point 6) before serving as the
primary flow in the ejector. The fluid entering the gas-liquid separator 1
(Point 4) absorbs the heat released from the subcooled stream, increasing its
vapor quality (Point 5) and undergoing phase separation. The separated
vapor-phase fluid (5 g) is injected into the compressor, while the liquid-
phase fluid (51) enters the intermediate heat exchanger, where it releases
heat and becomes subcooled (Point 11). The subcooled liquid then

undergoes pressure reduction through expansion valve 2 (Point 12) before
entering gas-liquid separator 2, where it is mixed at constant pressure with
the ejector outlet fluid (Point 9), reducing the vapor quality in gas-liquid
separator 2 (Point 10). After passing through gas-liquid separator 2, the
fluid (Point 10) undergoes phase separation. The liquid-phase fluid (Point
101) is further expanded through expansion valve 1 (Point 13) and enters
the evaporator, where it absorbs heat and evaporates into a gaseous state
(Point 14). The resulting vapor is subsequently entrained by the primary
flow. Meanwhile, the vapor-phase fluid (Point 10 g) enters the intermediate
heat exchanger, where it absorbs the subcooling heat released by the liquid-
phase fluid (51) from gas-liquid separator 1, becoming superheated
(Point 1). The superheated fluid (Point 1) then enters the low-pressure
chamber of the compressor, where it undergoes the first stage of com-
pression (Point 15). The compressed fluid is mixed with the intermediate
vapor injection (5 g), cooled to an intermediate state (Point 16), and then
undergoes the second stage of compression in the high-pressure chamber of
the compressor (Point 2). The high-temperature, high-pressure vapor then
enters the condenser, where it releases heat and condenses into liquid
(Point 3), thereby completing the cycle.

The cycle described in this study exhibits the following design char-
acteristics: (1) In conventional regenerative cycles, superheat from sub-
cooling is directly utilized to heat the compressor inlet fluid. The large heat
exchange temperature difference results in remarkable irreversible heat
transfer losses. In contrast, this study adopts a stepwise subcooling heat
exchange approach, where the high-pressure stage subcooling heat is
released to the medium-pressure stage, and the medium-pressure stage
subcooling heat is used to superheat the compressor inlet fluid, thereby
reducing heat exchange losses. (2) At present, most commonly used high-
temperature refrigerants have a saturated vapor line with a positive slope (As
shown in Fig. 4a). In conventional flash-tank vapor injection cycles, the
vapor quality at the flash separation point is relatively low, leading to a lower
mass flow rate of injected vapor and a limited COP,, improvement. This
system utilizes subcooling heat to heat the flash tank, increasing the
separation vapor quality and overcoming the issue of low vapor quality in
vapor injection with high-temperature refrigerants. (3) Three possible
pathways exist for the high-temperature, high-pressure fluid at the con-
denser outlet. The first fluid stream utilizes thermal energy via subcooling
and pressure energy via the ejector. The second and third fluid streams
undergo throttling and heat absorption in expansion valve 3, after which
they are separated. The second stream serves as the supplementary refrig-
erant for the compressor, reusing its pressure and thermal energy. The third
stream undergoes subcooling in the intermediate heat exchanger and ulti-
mately flows toward the evaporator. The pressure reduction process from
the condenser outlet to the evaporator inlet adopts staged expansion,
minimizing irreversible losses. (4) This cycle does not make remarkable
alterations to the traditional ejector-compressor cycle or vapor injection
superheating cycle, allowing it to meet the needs of high-temperature heat
pumps with relatively simple piping. It effectively reduces the exhaust
temperature and compressor pressure ratio, while enhancing the heat
supply and meeting the superheating requirements of refrigerants with high
critical temperatures™. Although this paper introduces innovations in the
cycle structure, it also focuses on using vapor quality regulation to alter the
composition of the primary and secondary flows in the ejector, ultimately
achieving effective operation of the ejector with a fixed structure under
varying operating conditions.

Ejector model

This paper uses a constant-area mixing model to simulate the two-phase
ejector in the system, considering the impact of its structural parameters
while calculating the thermodynamic properties of the internal fluid.
Therefore, the ejector model here is divided into a thermodynamic model
and a structural design model. To simplify the calculations, the following
assumptions are made for the constructed ejector model:

(1) The velocities of the fluid entering and leaving the ejector are neglected.
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Fig. 1 | System and pressure-enthalpy diagram. a Ejecter enhanced heat pump cycle; b corresponding P-h diagram; ¢ equivalent cascade cycle, d corresponding P-h
diagram; e Flash-tank vapor injection heat pumps cycle with a component-adjustable ejector (FVIC-CAE); f corresponding P-h diagram.

(2) The fluid flow outside the mixing chamber in the ejector is assumed to
be one-dimensional and uniform.

(3) The losses within the ejector are approximated by an isentropic
efficiency.

(4) Heat exchange between the ejector and the external environment is
neglected.

(5) The pressures of the primary and secondary flows at the interface at the
inlet of the mixing chamber are assumed to be equal.
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Table 1 | Thermodynamic model of ejector’’

Parameter Formula Auxiliary

Pressure lift ratio rp =Pg/Pyy ©

Definition of entrainment ratio p=Mgs /My 7)

Nozzle

Outlet enthalpy of the nozzle h; = hg — n,(hg — h7s) (t3)] n, = 0.85 ()]
Outlet velocity of the nozzle u; = /2(hg — h7) (10)

Outlet cross-sectional area of the nozzle A, = pTi (11)

Suction chamber

Pressure of the suction chamber Py =P; (12)

Ehthalpy of the suction chamber hiy = hyy — ng(hys — hygis) (13) s = 0.85 (14)
Cross-sectional area of the suction chamber A = p,}:Lu':,, (15

Mixing chamber

Cross-sectional area of the mixing chamber Ag=A; + A (16)

Mass conservation equation my(1+ p) = pgigAg an

Momentum theorem Uy + iy + PyAq = Ug (1 + ) (1 n %é) + PyAg (18)

Energy conservation equation he + uhyg = (1 + p)(hg + Sud) (19)

Coefficient of friction resistance \/;f: = 2Ig(Re\/ﬂ) -08 (20) Re — “a%ﬂa 21)
Outlet velocity of the mixing chamber pglg = pglUg (22) ug = ug (No shock wave) (23)
Outlet pressure of the mixing chamber pgU3 +Pg = pg ug, + Py (24) Pg = Pg (No shock wave) (25)
Outlet enthalpy of the mixing chamber hg + 33 = hy + U2 (26) hg = hg (No shock wave) @7
Diffuser

Outlet enthalpy of the diffuser he = hy + % (28) 1y = 0.85 (29)
Outlet enthalpy of the diffuser Py = f(hg ;s,Sg') (30) hg ;s = hg + 114(hg — hg') 31)
4, g is the dynamic viscosity of point 8.

The thermodynamic parameter equations for each component of the .

two-phase ejector are summarized in Table 1. When the fully mixed fluid N = J 014(s,—s)° x<0.14 (5)
velocity at the mixing chamber exit exceeds the speed of sound, it indicates 1,x20.14

the onset of shockwaves, and the post-shock fluid state is denoted as 8. The
speed of sound in a two-phase gas-liquid flow can be calculated using the
following equation:

1
%=1 1=n ¢y
1+ x P
-1
c= kRgT<0c§+txv(1—txv) %) (2

Building upon the established thermodynamic model of the ejector, the
critical structural parameters of the ejector are calculated. Due to the
metastable phenomenon occurring in the liquid-phase primary flow of the
two-phase ejector during rapid depressurization (serving as an expansion
device), this study employs the Henry-Fauske model that incorporates non-
equilibrium metastable effects”. The formulas for calculating the critical
pressure P, and critical mass flux G, are derived as follows:

_ N d (sh) 3
Gor =y | (=) S — 5 d(P) @
_p VG 4

P, =Ps——= 4)

Where v, and s, represent the specific volume and specific entropy of the
working fluid at the primary nozzle inlet, respectively; v,, and s,, denote the
specific volume and entropy of the vapor phase at the nozzle throat, while v;,
and s, correspond to the liquid phase at the throat. The units for specific
enthalpy and entropy are m3 K—1 and kj kg—1 K-1,respectively.

The ejector structural design model involves equations summarized in
Table 2.

It is noteworthy that if P, < P,,, a convergent-divergent (Laval) nozzle
must be selected for the primary nozzle, necessitating additional calculations
for the throat diameter. Conversely, if P, > P, a convergent nozzle suffices,
where the exit diameter of the convergent-divergent nozzle is equivalent to
its throat diameter.

System model

This study performs an energy analysis of the components of the described
system based on the mass conservation and energy conservation equations,
and combines the second law of thermodynamics to analyze the relevant
energy parameters of each component. To simplify the analysis, the fol-
lowing assumptions are made for the system model:

(1) The heat loss, flow friction, and pressure drop in the system are
neglected.

The system operates under steady-state conditions, with no considera-
tion of transient effects on the system.

The isentropic efficiency of the compressor is linearly related to the
pressure ratio.

2
€)
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(4) The vapor-liquid separator has ideal separation efficiency, achieving
complete separation of vapor and liquid.

(5) The temperature difference at each pinch point in the system is
assumed to be 5 °C.

The heating coefficient of performance (COP;,) of the system can be
calculated using the following equation:

QCU?I

com

cop, = (43)

The isentropic efficiency of the compressor can be calculated using the

following equation””:

Neom = 0.85 — 0.0467r, (44)
com,out
ro=—"" (45)
P com,in
Table 2| Structural design model of ejector'”*
Parameter Formula
Nozzle
Outlet diameter of the nozzle D — 4m, (32)
10 =\ np; /2(06—h7)
Diameter of the nozzle throat /4 33
Dp = ngg ©3)
i Ds-D,
Length of the nozzle narrowing segment Lo = s (34)
i D,-D,
Length of the nozzle expansion segment Ly = W (35)
Angle of the nozzle narrowing segment 0,, = 36°* (36)
Angle of the nozzle expansion segment 0,6 = 3°" 37)
Suction chamber
Area of the suction chamber A;=8A,, (38)
Angle of the suction chamber narrowing segment 0, = 45° 39)
Length of the mixing chamber L, =10D,, (40)
Diffuser
Length of the diffuser L, = Do=Dn 41)
d 2tan(%")
Angle of the diffuser Oy =7 (42)

The ratio of flow splitting of the system can be calculated by the fol-
lowing equation:

(46)

The ambient temperature and pressure are 25°C and 101 kPa,
respectively.

The mass conservation equations and energy conservation equations
calculation formulas for components within the system are summarized in
Table 3.

Equivalent cascade method

This study approximates the ejector-enhanced cycle to a cascade cycle. The
following assumptions are made for the application of the equivalent
method:

(1) In the equivalent cascade cycle, isothermal heat transfer occurs in the
intermediate heat exchangers.

The isentropic efficiency of compressor 2 is calculated using the same
formula as for compressor 1.

The intermediate temperature of the equivalent cascade cycle is
assumed to be the same as the temperature of the fluid at the ejector
outlet.

The isentropic efficiency of the expander is not a fixed value as in the
traditional case.

2
€)

4)

For the equivalent cascade cycle, the actual power output of the
expander is equal to the power consumed by the hypothetical compressor 2.
Therefore, the isentropic efficiency of this expander can be calculated by the
following formula:

_ g (hs - hs)

Wcomz =y
my (ha - h4,is) my (hs - h41is) o

I/Iexpander = (47)

The equivalent coefficient of performance (COP,, ,) is calculated as:

chn

com1

CoP,, (48)

For the ejector-enhanced cycle, the overall performance of the ejector
within the system can be evaluated using the ejector efficiency, which is

Table 3 | Equations for the conservation of mass and energy of the components of the system, and the formula for the

destruction of exergy**

Components The conservation of mass equation The conservation of energy equation

Compressor my + Mgy = m, (50) Weom = my (hys — hy) +(my + msg)(hy —hyg) (51)
Separator 1 My +Mgg = Msg + Mg + Mg (52) myhy + mgghg = Mgghsg + Mg hg + mghg (53)
Separator 2 Myp + Mg = Mygg + Myg (54) Mghg +Myh15 = Mygghygg (55)
Expansion valve 1 My = Myy (56) myghyg = Myzhys (57)
Expansion valve 2 myy =My, (58) myihyy = Myshyy (59)
Expansion valve 3 My, =my (60) mg 4hy = myh, 61)
Condenser my, =m;, (62) Qcon = mMy(hy, —h3) (63)
Evaporator Mqz =M1y (64) Qera = My3(h14 — hy3) (65)
Ejector Mg + My =My (66) See Table 1

IHX Mygg + Mg = My + Myy 67) Mygghiog + Msihsy = Myhy +mqihyy (68)
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calculated as™:

- my (h(Py,s14) — hyy) .
eje mpf (h6 _ h(pg, 56)) expander

(49)

The calculations for the other components are the same as those in
Section 3.2 of the system model.

The equivalent cascade system intuitively presents the role of the
ejector as an expansion device and completely separates the gas-phase and
liquid-phase fluids at the outlet of the vapor-liquid separator into two dis-
tinct streams. The compositional differences between the gas and liquid
phases of the zeotropic refrigerant are thereby transformed into the
refrigerant differences between the high-pressure and low-pressure sub-
cycles in the cascade cycle.
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Fig. 2 | Ejector and system thermodynamic model validation". In the model
verification of this paper, the ejector coefficient, the compression ratio of the com-
pressor, and the system performance coefficient were used as verification indicators,
and the errors of all of them exceeded 10%.

Table 4 | Structural design model validation of the ejector

Model validation

To ensure the accuracy of the ejector model used in this study, the constant-
area mixing thermodynamic model and the structural design model of the
ejector are respectively validated. The validation results are shown in Fig. 2
and Table 4. As shown in Fig. 2, under the five boundary conditions as
shown in Table 5", the maximum error of the ejector entrainment ratio
under five different boundary conditions is only 3.5%, and the minimum
error is less than 0.01%. The ejector thermodynamic model adopted in this
study can maintain low errors under varying boundary conditions,
demonstrating the validity of the model. In addition, when the condensation
temperature of the system gradually increases from 30 °C to 55 °C, both the
coefficient of performance (COP,) and the compression ratio (CR) will
continue to rise (cooling capacity ratio:1.5, T,,,,; = -5 °C, without subcooling
and superheating, refrigerant: R134a). As shown in Fig. 2, the model used in
this study shows good agreement with the reference values, with maximum
errors of 8.91% and 9.17% for COP;, and CR, respectively, further verifying
the effectiveness of the constant-area mixing thermodynamic model.

For the ejector design model, the structural parameters of the ejector
are calculated under the boundary conditions of a condensation tempera-
ture of 40 °C, refrigerant of R134a, subcooling degree of 5 °C, evaporation
temperature of —5 °C, superheat degree of 7 °C, total cooling capacity of
15 kW, and a cooling load ratio of 1.5. According to Table 4, except for the
nozzle throat diameter, the calculated dimensions of other ejector compo-
nents show good agreement with the reference values. Although the error in
the calculation of the nozzle throat diameter is 14.5%, the absolute deviation
is only 0.27 mm. This small-scale characteristic leads to an amplified per-
centage error. In actual manufacturing, the error in the structural design
model of the ejector remains within an acceptable range. The calculations in
this study are conducted using MATLAB and REFPROP 10.0, and the
overall model computation flowchart is shown in Fig. 3.

Results and discussion

Analysis of refrigerants

In high-temperature applications, the selection of heat pump working fluids
is constrained by their critical temperatures, further narrowing the range of
environmentally friendly refrigerants available. To explore environmentally
friendly refrigerants suitable for high-temperature applications and com-
ponent regulation, preliminary calculations were conducted for the high-
temperature refrigerants listed in Table 6. To make the system applicable to
most common industrial scenarios, the typical operating conditions in this
study are as follows: an evaporation temperature of 50 °C, a condensation
temperature of 125 °C, a heating capacity of 100 kW, an Initial component
of refrigerant of 0.5, and a flow splitting ratio of 0.5. These refrigerants were
then mixed to form refrigerant mixtures, and their performance is illustrated
in Fig. 4b. As can be seen from the figure, the highest COP}, (3.39) occurs at

Dy/mm _ Dp/mm _ Dn/mm _ L,/mm La/mm_ (R4,R4),while thelowest COP}, (2.47) occurs at the combination of (R1, R9).
Ref.” 1.86 4.60 10.00 100.00 49.00 Selecting the refrigerant with the best performance as the operating fluid for
Calculated 1.59 4.64 9.92 99.15 49.74 the system is an important criterion. However, the data in the figure show
Error 14.5% 0.9% 0.8% 0.85% 1519  that the performance of most refngerant mixtures does not hgve a perfor-
mance advantage over one of their own components. The maximum COP},
of the refrigerant mixture (3.33) occurs at (R3, R4). From a long-term
Table 5 | The boundary conditions in ref. 17
Parameters Case 1 Case 2 Case 3 Case 4 Case 5
Condenser outlet temperature (°C) 48.70 48.80 48.70 48.20 48.00
Outlet subcooling of condenser (°C) 2.90 3.30 4.00 4.70 5.10
Inlet temperature of LT evaporator (°C) -1.60 1.00 3.10 4.90 7.20
Outlet superheat of LT evaporator (°C) 23.90 20.90 18.60 16.40 13.30
Cooling capacity of HT evaporators (kW) 1.93 1.85 1.79 1.72 1.61
Cooling capacity of LT evaporators (kW) 0.12 0.32 0.48 0.69 0.91
Refrigerant R134a R134a R134a R134a R134a
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Fig. 3 | Flowchart of system simulation calculation. The calculation flowchart of the system can be divided into three parts, namely the thermodynamic model calculation of
the ejector, the system model calculation, and the structural design calculation of the ejector.

Table 6 | Physical properties and performance of refrigerants (order of boiling points)

Number Refrigerant t,/(°C) t./(°C) L,/(kJ/kg) (t=100 °C) GWP COP,, U

R1 R365mfc 40.09 186.86 154.04 804 3.35 1.02
R2 R1336mzz(2) 33.45 171.35 127.07 <10 3.29 0.97
R3 R245ca 25.26 174.42 154.66 716 3.37 1.04
R4 R1233zd(E) 18.26 166.50 142.25 1 3.39 1.06
R5 R245fa 15.10 154.00 135.59 1030 3.21 0.94
R6 R1224yd(2) 14.62 155.50 117.12 <1 3.24 0.95
R7 R1234ze(2) 9.73 150.10 144.44 <1 3.28 0.99
R8 R236ea 6.19 139.29 102.32 1200 2.89 0.84
R9 R600 -0.60 153 258.26 0.1 3.22 0.97

application perspective, R3 (R245ca) is a high-GWP, non-environmentally-
friendly refrigerant. Therefore, it is more reasonable to choose the refrig-
erant mixture (R4, R6) with the second-highest COP}, (3.32). In addition, the
entrainment ratio of the ejector is also one of the factors we consider. The
combination of (R4, R7) has a slightly lower performance than (R4, R6) but
has a higher entrainment ratio. From a short-term practical application
perspective, R245fa, one of the most widely used refrigerants in high-
temperature heat pumps, urgently needs to be replaced. Using R245fa-based
refrigerant mixtures can reduce the use of R245fa. Meanwhile, to test the
separation characteristics of the refrigerant mixture, the (R5, R9) combi-
nation was chosen. It has a large boiling point difference (15.7 °C), and its
two components respectively have the characteristics of high boiling point
and low latent heat, as well as low boiling point and high latent heat.

Therefore, it was selected as a potential ideal working fluid for the refrigerant
composition regulation research in this paper. Therefore, the refrigerant
combination of (R1, R9), which has the largest boiling point difference
(40.69 °C) and meets the characteristics of the (R5, R9) combination, also
has research significance.

Table 7 presents the further calculation results of the four refrigerants
mentioned above. From the perspective of refrigerant properties, the low-
boiling-point components in R600/R245fa and R600/R365mfc exhibit
relatively high latent heat of vaporization, with remarkable differences in
both boiling points and latent heat of vaporization (as shown in Table 7),
which are expected to provide a considerable range for composition reg-
ulation. In the R1224yd(Z)/R1233zd(E), the difference in latent heat of
vaporization is greater than the difference in boiling points. Notably, the
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Fig. 4 | Refrigerant characteristics. a Pressure-enthalpy diagrams; b performance of pure refrigerants and mixtures.
Table 7 | Calculation results for two typical refrigerant mixtures
Refrigerant mixtures COP, u mp; Heje (70) m, zg zg Aty AL,
R600/R245fa 2.78 0.75 0.35 36.02 0.84 0.54 0.5 15.7 122.67
R600/R365mfc 2.42 0.95 0.29 34.96 0.61 0.41 0.5 40.7 104.22
R1224yd(Z)/R1233zd(E) 3.32 0.99 0.46 44.65 0.91 0.49 0.5 3.7 25.13
R1234ze(Z)/R1233zd(E) 3.28 1.00 0.40 43.82 0.80 0.488 0.5 8.5 2.19

low-boiling-point component R1224yd(Z) has a latent heat of vaporization
of 117.12 kJ/kg, which is lower than that of the high-boiling-point com-
ponent. The R1234ze(Z)/R1233zd(E) mixture has a relatively small differ-
ence in latent heat of vaporization, only 2.19 kJ/kg, and its boiling point
difference is also not remarkable. From the operational characteristics,
except for R600/R245fa, the decrease in z; relative to z; for the other three
refrigerant mixtures ranges from 2.2% to 18.6%. This indicates that the low-
boiling-point component evaporates more in the gas-liquid separator 1, and
the high-boiling-point refrigerant content in the liquid phase is dominant.
In contrast, for R600/R245fa, z5; increased by 8.6% compared to zs, sug-
gesting that the high-boiling-point component evaporates more, while the
low-boiling-point component (R600) is dominant in the liquid phase. This
appears to contradict the characteristic of low-boiling-point components
being more easily evaporated. However, it is important to note that the latent
heat difference for R600/R245fa is much greater than its boiling point dif-
ference, and the high latent heat of vaporization of R600 may hinder its
evaporation. To further investigate the component separation character-
istics of refrigerant mixtures and select efficient, environmentally friendly
refrigerants, this study focuses on R600/R245fa, where the low boiling
component has high latent heat, and R1233ydz/R1233zd(E), where the high
boiling component has high latent heat. At the same time, R245fa, a widely
used high-temperature refrigerant, has a critical temperature and critical
pressure similar to those of R600, making it a feasible option for the practical
application of the findings of this study.

Influence of the initial composition and high-pressure subcooling
To further determine the ideal initial composition and adjustable range of
the selected refrigerant mixtures, this study investigates the initial compo-
sition of two refrigerant mixtures, with results shown in Fig. 5a. As shown in
Fig. 5a, with the increase in the initial composition, the D,,, of R600/R245fa

exhibits a decreasing trend, while D,, first increases and then decreases,
reaching its peak at Z, = 0.3. D,,, follows a trend of first decreasing and then
increasing, with its lowest value occurring at Z, = 0.7. Under constant high-
pressure subcooling, compressor inlet superheat, and injection pressure,
changes in the initial concentration led to variations in the composition of
the refrigerant mixture at the ejector inlet, ultimately affecting the structural
design parameters of the ejector. Taking z, = 0.5 as the reference, the fluc-
tuation ranges of D, D,,,, and D, with the initial composition are —9.55%
to —3.18%, —5.76% to —19.75%, and —1.56% to —18.36%, respectively,
with D,, being adjusted downward by less than 2%. If the initial injection
concentration is reduced to 0.4, the adjustment range of D,, changes to
—4.64% to 14.67%, but this simultaneously limits the upward adjustment
range of D, to less than 1% (0.78%). Conversely, increasing the initial
injection concentration will lead to a further decrease in D,,. For
R1224yd(Z)/R1233zd(E), the three key design parameters of the ejector
gradually increase with increasing z,, exhibiting an overall trend opposite to
that of R600/R245fa. Taking Z, = 0.5 as the reference, the variation ranges of
D,;, D,,, and D,, are —4.34% to 4.10%, —1.65% to 2.79%, and —0.11% to
1.19%, respectively, with the downward adjustment of D,,, being only 0.11%.
At this point, if the initial injection concentration is increased to 0.6, the
adjustment range of D,, becomes —0.25% to 10.48%, representing a relative
increase of 0.15%, while the decrease in COP;, is 0.3%. To balance the
adjustment range and performance of the initial concentration for the two
refrigerant mixtures, this study adopts Z, = 0.5 as the baseline for further
investigation of the regulation capabilities of the two refrigerant mixtures.

Adjustments to system parameters not only affect the structure of the
ejector but also influence the system’s performance. Consequently, Sup-
plementary Notes 2—>5 investigate the impact of initial concentration, high-
pressure subcooling, superheat, and injection pressure on the system’s
performance.
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Fig. 6 | Effect of compressor inlet superheat on the structural parameters of the ejector. a R600/R245fa; b R1224yd(Z)/R1233zd(E)).

High-pressure subcooling, compressor inlet superheat, and injection
pressure are key parameters affecting system performance and the design
values of the ejector structure, and they exhibit a certain degree of variability.
In the system discussed in this paper, these three parameters play a crucial
role in regulating the inlet and outlet states of the ejector as well as the
composition of the refrigerant. This part investigates the impact of high-
pressure subcooling on system performance and the ejector’s structural
design parameters, with the calculation results shown in Fig. 5b. As shown in
Fig. 5b, for both refrigerant mixtures, an increase in subcooling simulta-
neously leads to a reduction in the three key dimensions of the ejector.
Taking a subcooling of 5 °C as the baseline, the adjustment ranges of D,,,
D,,,and D,, for R600/R245fa are —8.07% to 11.09%, —3.91% to 4.81%, and
—0.84% to 1.05%, respectively; while for R1224yd(Z)/R1233zd(E), the
corresponding ranges are —4.82% to 5.03%, —0.31% to 0.26%, and —0.12%
to 0.09%. In terms of subcooling regulation, R600/R245fa exhibits a wider
adjustment range than R1224yd(Z)/R1233zd(E), with a particular advan-
tage in adjusting D,,,.

The adjustable range of the compressor inlet superheat

For high-temperature heat pumps, the selected refrigerants are all con-
sidered wet refrigerants (as defined by Yu et al.’*®), and a certain degree of
superheat is required at the compressor inlet to prevent the compression
process from entering the two-phase region. Figure 6 shows the three key
design dimensions of the ejector for R600/R245fa and R1224yd(Z)/

R1233zd(E) under different compressor inlet superheat conditions. Taking
10 °C as the reference baseline, the adjustment ranges of D,,,, D,,, and D,,,
for R600/R245fa are —29.45% to 13.20%, —29.58% to 13.36%, and —5.53%
to 2.39%, respectively; for R1224yd(Z)/R1233zd(E), the corresponding
adjustment ranges for D,,, D,,,, and D,, are —31.61% to 2.91%, ——31.61%
t0 2.91%, and —5.49% to 0.32%, respectively. Compressor inlet superheat is
advantageous for adjusting D,,, and D, ,, but the upward adjustment cap-
ability for both refrigerant mixtures is insufficient, particularly for
R1224yd(Z)/R1233zd(E).

The adjustable range of injection pressure

Due to differences in evaporation and condensation pressures among var-
ious refrigerants and the pressure boosting characteristics of the ejector, the
range of intermediate injection pressures in the compressor also varies. As
shown in Fig. 7a, the D,,, and D,,, of both refrigerant mixtures are minimally
affected by changes in injection pressure. Compared to the design para-
meters at the baseline injection pressure, the adjustment ranges of D,, and
D, for R600/R245fa under different injection pressure are —5.69% t0 9.35%
and —5.69% to 4.56%, respectively; for R1224yd(Z)/R1233zd(E), the
adjustment ranges for both D,,, and D,,, are —3.98% to —0.05%. Figure 7b
displays the trend of the ejector mixing chamber diameter (D,,,) for the two
refrigerant mixtures under different injection pressures. It can be observed
that D,, follows the same trend as COP,, with R600/R245fa reaching a
maximum D, of 22.20 mm at an intermediate pressure of 1800kPa, and
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Fig. 7 | The impact of compressor discharge pressure on the ejector. a Structure; b performance.

R1224yd(Z)/R1233zd(E) achieving a maximum D,, of 28.59 mm at an
intermediate pressure of 900 kPa. Compared to the mixing chamber dia-
meter (D,,) calculated at the reference injection pressure, the variation
ranges of D,,, for R600/R245fa and R1224yd(Z)/R1233zd(E) under different
injection pressures are —2.50% to 2.08% and —2.85% to 0.04%, respectively.
Overall, the injection pressure has a minimal effect on the adjustment of
ejector design dimensions, particularly on the mixing chamber diameter.

Flow rate changes in the primary fluid

The preceding content elucidated the adjustable ranges of three parameters
concerning various structural aspects of the ejector. This section will
investigate the design values of ejector structures under varying condenser
heating capacity, corresponding to different primary flow rates of the
ejector. Simultaneously, by comparing the adjustable ranges of the afore-
mentioned parameters with the design value ranges under fluctuating
operating conditions, appropriate parameter adjustment methods are
selected. Figure 8 depicts the fluctuation ranges of ejector structural para-
meter design values and the adjustment ranges of tunable parameters for
R600/R245fa and R1224yd(Z)/R1233zd(E) under different condenser
heating capacities. As shown in Fig. 8a, the left side illustrates the design
values of ejector structural parameters under varying condenser heating
capacity. When the condenser heat release fluctuates within the range of
—5% to 5%, the design values of ejector structural parameters increase or
decrease accordingly, exhibiting a positive correlation. For R600/R245fa, the
fluctuation ranges for D,,, D,,,, and D,, are —2.55% to 2.47%, —2.58% to
2.47%, and —2.50% to 2.47%, respectively. The right side of Fig. 8a illustrates
the adjustable ranges of three key structural parameters when individually
tuning each parameter; the specific variation ranges have been introduced
earlier. This section focuses on comparing the fluctuation ranges of the
ejector structural parameter design values with their adjustable ranges. For
D,, and D, , the adjustable ranges of the three tunable parameters can cover
the fluctuation ranges due to load variations. Specifically, the adjustment
range of subcooling exceeds the upper and lower fluctuation limits of D,,, by
8.55% and 5.71%, respectively, and exceeds those of D,,, by 2.32% and
1.39%. The adjustment range of compressor inlet superheat exceeds the
upper and lower fluctuation limits of D,, by 10.62% and 27.72%, respec-
tively, and exceeds those of D,, by 10.69% and 27.69%. The adjustment
range of injection pressure exceeds the upper and lower fluctuation limits of
D,, by 6.74% and 3.26%, respectively, and exceeds those of D, , by 5.51% and

3.24%. However, for the adjustment of D,,,, subcooling regulation cannot
effectively cover the load fluctuation range; the lower limit of superheating
regulation exceeds the load fluctuation requirement by 3.11%, while the
upper limit is 0.09% lower than the fluctuation upper limit; the adjustment
lower limit of the injection pressure is the same as the fluctuation lower limit,
and the upper limit is 0.23% lower than the fluctuation upper limit. The
adjustment ranges of the three adjustable parameters still have slight dif-
ferences in covering the fluctuation range of D,,,. Considering the impact of
correction errors (1%), both superheating and injection pressure adjust-
ments can meet the regulation requirements for load fluctuations.

Figure 8b illustrates the fluctuation ranges of the ejector structural
design parameters D,,, D,,,, and D,, resulting from the heating capacity of
R1224yd(Z)/R1233zd(E). The fluctuations are —2.65% to 2.41%, —2.51% to
2.45%, and —2.55% to 2.45%, respectively. The right side of Fig. 8b indicates
that the three adjustable parameters for R1224yd(Z)/R1233zd(E) exhibit
limited adjustability, especially concerning the upper adjustment limits. For
high-pressure subcooling, it only shows an advantage in adjusting D,,, with
upper and lower adjustment limits exceeding fluctuation limits by 2.59%
and 2.23%, respectively. Superheating demonstrates advantages in adjusting
both D,, and D,,,, with upper and lower adjustment limits exceeding fluc-
tuation limits by 0.47% and 29.70% for D,,,, and 0.42% and 29.82% for D,,,..
Injection pressure has an advantage in the lower adjustment limit, but its
upper adjustment limits are lower than fluctuation limits by 2.35%, 2.46%,
and 5.77% for D,,, D,,, and D,,, respectively. Therefore, in terms of the
adjustable range for load fluctuation control in R1224yd(Z)/R1233zd(E),
the adjustment upper limit of injection pressure is insufficient to achieve the
desired +5% load fluctuation control. It is important to note that the ejector
structural parameters discussed in this and the previous section are design
parameters, representing the calculated values under specific conditions
(such as certain superheat or subcooling degrees). These parameters are
used to evaluate the adjustment capabilities (impact ranges) of different
adjustable parameters on the three key structural parameters of the ejector.

From the perspective of adjustable parameters, the high-pressure
subcooling degree satisfies the regulation requirements of D, and D,,, for
R600/R245fa, but only fulfills the D,, regulation requirements for
R1224yd(Z)/R1233zd(E). The superheat degree meets the regulation
requirements of D,, and D,, for both R600/R245fa and R1224yd(Z)/
R1233zd(E). Meanwhile, the injection pressure, within the allowable error
range, can address the D,, regulation requirements for R600/R245fa, but
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Fig. 8 | Comparison of the fluctuation range and adjustable range of the ejector. a R600/R245fa; b R1224yd(Z)/R1233zd(E)).

fails to reach the upper regulation limits for the three parameters (D,;, D,,,,
D,,) in R1224yd(Z)/R1233zd(E).

Component adjustment of refrigerant mixtures

In practical applications, ejectors typically have fixed structures, making it
challenging to adjust their design parameters in response to load fluctua-
tions. Although adjustable ejectors have been proposed to address this issue,
they still face numerous challenges, and further research is ongoing. When
an ejector operates under varying primary fluid flow rate conditions,
structural mismatches can lead to a 25%~30% performance decline, and in
severe cases, may result in operational failure. Therefore, this section
explores adjusting three controllable parameters to modify the refrigerant
mixture composition at the ejector’s inlet and outlet, thereby correcting the
ejector’s structural parameters to their design values. For example, if a
100 kW heating load decreases to 95kW, the design value of D, for an
R600/R245fa ejector changes from 3.77 mm to 3.68 mm. Since the actual
gjector’s D,, remains at 3.77mm and cannot be altered accordingly,
adjusting the three controllable parameters (subcooling degree, superheat
degree, and economizer pressure) can change the refrigerant mixture
composition at the ejector’s inlet and outlet, correcting the deviation caused
by load fluctuations (3.77 mm — 3.68 mm) back to the actual ejector’s
structural dimension (3.68 mm — 3.77 mm).

Figure 9 illustrates the effects of high-pressure subcooling, superheat,
and injection pressure on the regulation of key parameters in R600/R245fa
systems, along with their respective adjustment ranges. In Fig. 9a, each small
square represents a specific operating condition, i.e., different condenser
heating capacity. Within each square, the vertical axis denotes the value of
D,;, while the horizontal axis indicates the level of high-pressure subcooling.
The central horizontal solid line within each square represents the reference
D,, value (D,, =3.77 mm) based on a 100 kW baseline, and the central
vertical dashed line indicates the baseline high-pressure subcooling
(ATgpe1 =5°C). When the condenser heating capacity decreases from
100 kW to 95 kW, the design value of the ejector’s D,, shifts from 3.77 mm

to 3.68 mm, as depicted in the first small square of Fig. 9a. At this point, the
design value of D,, corresponds to the vertical coordinate at the lower
boundary of the pink rectangular block. By reducing the baseline subcooling
from 5 °C to 3.7 °C, the composition of the refrigerant mixture at the ejec-
tor’s inlet and outlet changes, adjusting the design value of D,,, back to the
vertical coordinate at the upper boundary of the pink rectangular block, i.e.,
the reference D,,, value. This adjustment corrects the deviation in the design
value caused by load fluctuations, enabling the fixed-geometry ejector to
adapt to varying operating conditions. The vertical length of the pink rec-
tangular block represents the range of correction for the D,, design value,
while the horizontal length indicates the adjustment span of the high-
pressure subcooling. It’s important to note that changes in subcooling not
only affect the design value of D,,, but also influence the design values of D,,,
and D,,. Similarly, the correction of the D, design value here is not solely the
result of high-pressure subcooling; rather, it is the combined effect of all
three adjustable parameters. This differs from previous sections. In this
section, the joint action of the three parameters achieves the adjustment of
refrigerant mixture composition under certain operating conditions.

From the results, as the fluctuation amplitude of the condenser heat
release increases, the correction amounts of D, D,,, and D,, in the R600/
R245fa system also increase, and the adjustment ranges of the controllable
parameters correspondingly expand. Specifically: The adjustment range of
AT g is from 3.7 °C to 6.4 °C; The adjustment range of AT, is from
9.7°C to 10.55°C; The adjustment range of P; is from 1385.6kPa to
1585.6 kPa. Notably, when the condenser heat release is 100 kW, adjusting
the high-pressure subcooling degree, superheat degree, and vapor injection
pressure to 5.9 °C, 10.25 °C, and 1535.6 kPa, respectively, can achieve the
same design values of D,;, D, , and D,,. This phenomenon arises from the
combined effects of the three adjustable parameters and correction errors.
Therefore, in joint regulation, the sequence and method of adjusting dif-
ferent parameters are not unique. Additionally, variations in high-pressure
subcooling degree, superheat degree, and injection pressure themselves
impact the performance of the system and ejector.
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Fig. 9 | Adjustment of compressor injection pressure and corresponding change
in the structure of the ejector for each load (R600/R245fa). a Nozzle throat dia-
meter; b nozzle outlet diameter; ¢ mixing chamber diameter.

For R1224yd(Z)/R1233zd(E), the limited upper adjustment capacity of
the three adjustable parameters for D,, makes it challenging to meet the
variable load regulation requirements. When the condenser heating capa-
city decreases, the design value of D,, correspondingly decreases. To correct

the design value of D,,, an upward adjustment is necessary. However, the
upward adjustment range of injection pressure for D,, is only 0.84%.
Therefore, when the condenser heat release decreases to 97 kW, the com-
bined parameter adjustment cannot correct the design values of the ejector’s
structural parameters due to the limited upward adjustment capability for
D,,. As shown in Fig. 10, the combined control patterns for R1224yd(Z)/
R1233zd(E) are similar to those for R600/R245fa, with AT ., ranging from
4.9°Ct06.6 °C, AT .., ranging from 10 °C to 10.7 °C, and P; ranging from
800 kPa to 900 kPa. At 100 kW, adjusting the high-pressure subcooling,
superheat, and suction pressure to 4.9 °C, 10 °C, and 850 kPa, respectively,
can achieve the same design values for the ejector’s structural parameters as
the reference parameters.

Conclusions

To address the challenges faced by ejectors under variable loads, this study
proposes a novel approach to correct deviations in ejector structural para-
meter design values by adjusting the composition of refrigerant mixtures. A
parameter-adjustable high-temperature heat pump system is modeled to
evaluate the regulation capabilities of key parameters. The study also
introduces and elaborates on the concept of equivalent ejector efficiency.
The results show that the proposed concept offers a promising alternative
for advancing industrial waste heat recovery using high-temperature heat
pumps with ejectors under fluctuating load conditions. Several key findings
are summarized as follows:

1. The saturation vapor line of high-critical-temperature refrigerants
exhibits a positive slope, resulting in issues such as insufficient vapor
quality at the vapor injection separation point and compression
processes entering the two-phase region. The novel system design in
this study addresses these challenges by enhancing separation vapor
quality through subcooling heat utilization, while simultaneously
fulfilling the minimum superheat requirement.

2. In the R600/R245fa mixture, R600 (with a low boiling point and high
latent heat of vaporization) dominates the composition on the eva-
porator side, whereas R245fa (with a higher boiling point) demon-
strates greater evaporation propensity. The evaporation separation
characteristics of refrigerant mixtures are governed by both boiling
point and latent heat of vaporization, rather than being exclusively
dependent on boiling point.

3. For R600/R245fa, the maximum adjustment capabilities of high-
pressure subcooling, superheat, and vapor injection pressure are
observed in D,, (—8.07% to 11.09%), D,,, (—29.58% to 13.36%), and
D, (=5.69% to 9.35%), respectively. In R1224yd(Z)/R1233zd(E), the
maximum adjustment capabilities of these three parameters occur in
D,, (—4.82%~503%), D,/D,, (—29.58%~1336%), and D,,/D,,
(—3.98%~0.05%), respectively.

4. Under load fluctuations of —5% to 5%, the three adjustable parameters
fail to meet the upper D,, regulation threshold for R1224yd(Z)/
R1233zd(E). Even the superheat degree, which exhibits the highest
adjustability, still falls short by 2.08%. For R600/R245fa, the maximum
D,, adjustability of superheat degree is 0.09% lower than the upper load
fluctuation limit. Considering comprehensively, the high-pressure
subcooling, superheat, and intermediate pressure are respectively
responsible for adjusting D,,, D,,, and D,,,.

5. For R1224yd(Z)/R1233zd(E), the lower limit of actual load fluctuation
is 98 kW, and the three adjustable parameters demonstrate joint reg-
ulation behavior, where the sequence of adjustment and error cor-
rection methods is non-unique. For R600/R245fa, the COP), and 7,
vary within —1.18% to 0.96% and —2.49% to 1.19%, respectively, post-
regulation. For R1224yd(Z)/R1233zd(E), these ranges are —0.58% to
027% (COP,) and —0.13% to 0.77% (1) (From Supplemen-
tary Note 6).

According to the research results of this paper, the greater the differ-
ence in boiling points and latent heat of vaporization among the compo-
nents of the refrigerant mixture, the wider the adjustable load range.
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However, due to the high-temperature characteristics of high-temperature
heat pumps and limitations imposed by environmental factors, the selection
of working fluids is somewhat restricted. Further in-depth research is nee-
ded on the separation of different components within the refrigerant mix-
ture itself. In addition, the method of cycle equivalence analysis provides a
new perspective for analyzing the impact of refrigerant mixture component
migration on the system, but this study is very limited in this regard.

Data availability

The datasets generated and/or analyzed during the current study are
available within the paper. Other materials and data are available from the
corresponding author, Youcai Liang, upon reasonable request.
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