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Abstract
The Heating, Ventilation, Air Conditioning, and Refrigeration (HVAC&R) indus-

try is a notable contributor to both global warming and ozone depletion. To address
these environmental concerns, there is a growing inclination toward adopting car-
bon dioxide (CO2) as refrigerant fluid because it is an eco-friendly alternative. How-
ever, the inherent challenges of low critical temperature and high critical pressure
of CO2 lead to predominant operation in transcritical mode, characterized by a high
pressure ratio in traditional expansion valves. This elevated pressure ratio results in
significant irreversibility during the expansion process.

The introduction of an ejector as a substitute for conventional expansion valves
in the transcritical CO2 heat pump cycle involves the acceleration of high-pressure
fluid through a converging-diverging nozzle. This process enables the entrainment
and mixing of low-pressure vapor from the evaporator, leading to substantial im-
provements in pressure recovery. The resultant reduction in compression work has
been scientifically validated, establishing this ejector-based configuration as an effec-
tive alternative with superior system efficiency compared to conventional expansion
valve cycles.

Despite their potential advantages, ejectors introduce complexities related to two-
phase flow and sonic shock waves. Consequently, understanding the intricate flow
field within the ejector is crucial for enhancing performance in heat pump cycles.
Therefore, simulation and experimental studies are deemed necessary.

This thesis comprehensively investigates the ejector expansion CO2 heat pump
cycle across different scales. It commences with a detailed review of state-of-the-art
technology and historical trends in refrigerants. A systematic comparison of ejector
technology with alternative enhancement methods is presented, followed by the in-
troduction and validation of thermodynamic models. Key aspects such as isentropic
efficiency are addressed, and novel data post-processing techniques are proposed.

In the realm of theoretical exploration, this study delves into the cycle scale,
where various 0-D thermodynamic models of the ejector expansion heat pump cycle
are comparatively examined and validated using independent data. Specifically, a
1-D homogeneous equilibrium model for the ejector region is introduced, validated,
and applied for parametric analysis and geometry design. This 1-D model is fur-
ther compared with 0-D thermodynamic models of the ejector. Finally, a dedicated
experimental test facility is established, providing valuable insights into ejector per-
formance and working modes across varying evaporation pressures.

In essence, this research significantly contributes to the understanding of CO2

heat pump cycles, with a specific focus on ejector technology. The integration of the-
oretical models and experimental studies provides essential insights for optimizing
ejector design and cycle operation parameters, addressing the evolving needs of the
HVAC&R industry and promoting sustainable refrigeration applications.
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Résumé
L’industrie du chauffage, de la ventilation, de la climatisation et de la réfrigéra-

tion (CVC&R) est une contributrice notable au réchauffement climatique et à la
destruction de la couche d’ozone. Pour faire face à ces préoccupations environ-
nementales, le dioxyde de carbone (CO2) est de plus en plus utilisé comme fluide
frigorigène car il représente une alternative plus respectueuse de l’environnement.
Cependant, sa basse température critique et à sa haute pression critique du CO2

conduisent à une utilisation prédominante de ces cycles en mode transcritique, car-
actérisée par un rapport de pression élevé dans le détendeur. Ce rapport de pression
élevé entraîne une irréversibilité significative lors du processus de détente.

L’utilisation d’un éjecteur en remplacement des détenteurs conventionnels dans
le cycle frigorifique au CO2 transcritique implique l’accélération du fluide à haute
pression à travers une tuyère convergente-divergente. Ce processus permet l’entraîne-
ment et le mélange de la vapeur basse pression provenant de l’évaporateur, con-
duisant à des améliorations substantielles de la récupération de pression. La diminu-
tion du travail de compression a été scientifiquement validée, conduisant à une
meilleure efficacité de ces systèmes à éjection par rapport aux cycles conventionnels.

Malgré leurs avantages potentiels, les éjecteurs introduisent des complexités liées
à l’écoulement diphasique et aux ondes de choc soniques. Par conséquent, la com-
préhension du champ d’écoulement complexe à l’intérieur de l’éjecteur est cruciale
afin d’améliorer les performances des cycles frigorifiques. Des études de simulation
et une étude expérimentale sont donc jugées nécessaires.

Cette thèse entreprend une investigation approfondie du cycle frigorifique avec
éjecteur au CO2 à différentes échelles. Un état de l’art en matière de frigorigènes est
tout d’abord présenté. Une comparaison systématique de la technologie de l’éjecteur
avec d’autres méthodes d’amélioration des performances des systèmes frigorifiques
est ensuite présentée, suivie de l’introduction et de la validation de modèles thermo-
dynamiques. Des aspects clés tels que les rendements isentropiques sont abordés, et
des techniques novatrices de post-traitement des données sont proposées.

Dans le domaine de l’exploration théorique, cette étude se plonge à l’échelle
du cycle, où divers modèles thermodynamiques à zéro dimension du cycle frigori-
fique à éjection sont examinés et validés de manière comparative à l’aide de don-
nées indépendantes. Plus précisément, un modèle d’équilibre homogène mono-
dimensionnel pour la région de l’éjecteur est introduit, conduisant à sa conception
géométrique. Ce modèle est ensuite comparé avec des modèles thermodynamiques
à zéro dimension. Finalement, un banc d’essai dédié à l’étude de l’éjecteur a été de-
veloppé, fournissant des perspectives précieuses sur les performances de l’éjecteur
et les modes de fonctionnement à travers des pressions d’évaporation variables.
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En résumé, ce travail de recherche contribue de manière significative à la com-
préhension des cycles frigorifiques au CO2, avec un accent spécifique sur la tech-
nologie de l’éjecteur. L’intégration de modèles théoriques et d’études expérimen-
tales offre des perspectives essentielles pour optimiser la conception de l’éjecteur et
les paramètres opérationnels du cycle, répondant aux besoins évolutifs de l’industrie
CVC&R et promouvant des applications de réfrigération durables.

Mots-clés : Cycle frigorifique, Dioxyde de carbone, Éjecteur, Thermodynamique,
Modélisation, Validation expérimentale
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1

Introduction

Climate change is a global concern with the potential to threaten human survival,
and its two main causes are the greenhouse effect and the depletion of the ozone
layer. Fig. 1 and Fig. 2 depict the trends in global warming effects and ozone layer
destruction, respectively. In 2022, annual global CO2 emissions surpassed 35 billion
tons, a staggering increase from the pre-1950 levels of less than 5 billion tons. Despite
efforts to phase out ozone-depleting substances, the area of the Antarctic ozone hole
remains at a high level compared to the early 1980s.

A
n

n
u

a
l 
C

O
₂
 e

m
is

s
io

n
s
(b

il
li
o

n
 t

)

1750 20221800 1850 1900 1950
0

5

10

15

20

25

30

35
International
aviation
International
shipping
Oceania
Asia (excl. China
and India)

China

India

Africa
South America
North America
(excl. USA)

United States

European Union
(27)
Europe (excl.
EU-27)

Year

FIGURE 1: Annual CO2 emissions by world region, emissions from
fossil fuels and industry are included. Source: Global Carbon Budget

(2023)

In the Heating, Ventilation, Air Conditioning, and Refrigeration (HVAC&R) in-
dustry, a major source of CO2 emissions and ozone-depleting substances, the use of
CO2 to replace traditional refrigerants can effectively mitigate the impact on the cli-
mate. As a natural refrigerant, CO2 is environmentally friendly with 0 ODP (Ozone
Depletion Potential) and 1 GWP (Global Warming Potential).

Within the normal temperature range for the condensation of heat pump or re-
frigeration cycles (30 to 60 ◦C), CO2 will reject heat in a supercritical state (the critical
temperature of CO2 is 31 ◦C). Considering the high critical pressure of CO2 (approx-
imately 7.4 MPa), the pressure ratio for the expansion process in the transcritical
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FIGURE 2: Annual maximum and mean Antarctic stratospheric ozone
hole area, resultant from the emission of ozone-depleting substances.

Source: NASA Ozone Watch (2023)

CO2 heat pump or refrigeration cycle is very high, causing a significant amount of
irreversibility.

To recover the expansion losses in the transcritical CO2 heat pump and refriger-
ation cycle, using an ejector to replace the traditional expansion valve has proven to
be a promising method.

In 1858, the French inventor Henry Giffard patented a condensing ejector de-
signed to pump liquid water into a tank within a steam engine boiler [1]. In 1910,
Leblanc proposed the first ejector jet refrigeration system, utilizing an ejector to cre-
ate a low-pressure vessel where water vaporized, producing a cooling effect by har-
nessing low-grade energy sources. This system found initial success in ships due
to the availability of cool seawater, its simplicity, and ruggedness. It was widely
adopted for air conditioning in factories, large buildings, and trains during the early
1930s [2].

However, ejectors involve the complex merging of two separate flows, a com-
mon feature in most heat pump and refrigeration applications where two-phase
flow phenomena are prevalent. Moreover, the flow velocity routinely surpasses the
local speed of sound, leading to the development of shock waves throughout the
flow path. Due to the intricate nature of the flow field within the ejector, our con-
temporary understanding of the complex flow dynamics, optimization strategies for
ejector design, and the nuanced configuration of boundary conditions for the ejector
remains, as of now, incomplete.

On the other hand, for the actual operation of the ejector expansion heat pump
cycle, modeling of the cycle is necessary to predict key performance indices and ad-
just the operational conditions based on the working modes of the ejector. Balancing
the accuracy and time consumption of the cycle modeling is essential for practical
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implementation in industrial systems.
Motivated by the promising prospects and numerous challenges associated with

ejector expansion heat pump cycles, as well as the complex flow field of the ejector,
this thesis is dedicated to conducting comprehensive numerical and experimental
investigations into the ejector expansion transcritical CO2 heat pump and refrig-
eration cycles. The overarching objective is to enhance our understanding of the
fundamental working principles and intricate flow dynamics governing the ejector
system. Additionally, at the cycle scale, the aim is to optimize the modeling, finding
a balance between complexity and accuracy.

The thesis is divided into four chapters. It is organized as follows:
Chapter 1: Overview and Introduction

In this chapter, we present a thorough review of the state-of-the-art ejector expan-
sion transcritical CO2 heat pump cycle. We briefly examine the historical evolution
of refrigerants used in heat pump and refrigeration cycles, followed by a compar-
ative analysis of the advantages of ejector technology in contrast to other perfor-
mance enhancement methods. The introduction delves into the intricacies of ejector
composition and classification, elucidating working modes and simulation meth-
ods. Furthermore, we delve into experimental research on the ejector expansion
cycle, providing a comprehensive exploration that includes the depiction of novel
ejector expansion cycles.

Chapter 2: Thermodynamic Modeling and Validation
This chapter introduces three 0-D thermodynamic models and conducts a compar-
ative validation using two sets of independent data. A sensitivity analysis is per-
formed to study the influence of input isentropic efficiency for both the ejector com-
ponents and the compressor. A novel method for data post-processing is proposed
to eliminate the liquid mass imbalance issue during actual cycle operation, a key
factor contributing to simulation deviations in 0-D thermodynamic models.

Chapter 3: 1-D Homogeneous Equilibrium Modeling
A 1-D homogeneous equilibrium model for the ejector region is proposed based on
the Finite Volume Method. The model is validated with experimental data and used
for parametric analysis of ejector operation. Additionally, the proposed model is
employed for geometry design and comparison with various 0-D thermodynamic
models introduced in Chapter 2.

Chapter 4: Design and Prototype of Test Facility
To investigate ejector performance and working modes, a test facility for the ejec-
tor expansion heat pump cycle is established. System configuration and parame-
ter regulation enable control over both ejector inlet and outlet pressures, providing
flexibility for ejector studies. The test facility is designed to operate across a wide
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range of evaporation pressures, ensuring a comprehensive understanding of ejector
expansion cycle performance for various applications.
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Chapter 1

State of the art review

This chapter presents a state-of-the-art review of ejector enhanced transcritical CO2

heat pump cycle. The initial focus is on introducing the heat pump cycle, highlight-
ing its advantages over other systems, and providing a basic schematic. Following
this, a historical retrospective on refrigerants utilized in the heat pump cycle is sub-
sequently presented, tracing their evolutionary trajectory and driving motivations
behind. The analysis then turns to comparing common refrigerants in the market,
including the fourth generation and natural refrigerants like CO2, with a particular
emphasis on their environmental impact.

Then the basic working principle of an ejector enhanced transcritical CO2 heat
pump cycle will be explained. More details about the ejector will be presented, such
as its classification, modeling method, and a comparison with traditional expansion
valve heat pump cycles.

Finally, some novel configuration of ejector expansion heat pump cycle will be
presented, aiming at providing an optimization orientation of the ejector expansion
heat pump cycle.

1.1 Introduction of heat pump system using CO2 as refriger-
ant

Heat pumps stand out as the most efficient alternative to fuel combustion and elec-
tric systems within the realm of heating, ventilation, air conditioning, and refrig-
eration (HVAC&R). In contrast to systems relying on combustion processes, heat
pumps are not only more cost-effective but also boast enhanced safety during oper-
ation. Moreover, their extended life-span, averaging at 15 years, underscores their
exceptional reliability as a heating and cooling source, requiring comparatively less
maintenance [3]. The concept of a heat pump is often credited to Lord Kelvin, but he
did not demonstrate the concept. The first commercial heat pump installation was
in the Equitable Building of Portland, Oregon in 1948 [4].

Various types of heat pumps exist, with some requiring external mechanical
work and others relying on external thermal energy. Commercially, heat pumps
based on the vapor compression or absorption cycle are prevalent in different in-
dustries [5]. In Fig. 1.1, the schematic and corresponding P-h diagram of a typical
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6 Chapter 1. State of the art review

heat pump cycle is illustrated, featuring a mechanical vapor compressor. This cycle
facilitates the transfer of heat from a low-temperature heat source in the evaporator
to a high-temperature heat sink in the condenser. The heat source can encompass air,
water, ground, waste heat, and more. A power supply is essential for the compressor
to execute the heat transfer.
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FIGURE 1.1: Schematic and P-h diagram of a typical heat pump cycle

The operational mode of a heat pump is contingent upon its intended purpose,
functioning either in heating or refrigeration mode. In the mode of heating, the heat
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1.1. Introduction of heat pump system using CO2 as refrigerant 7

is absorbed to the cycle in the evaporator from the environment, and the refrigerant
will evaporate into saturated vapor (or super heated vapor). The absorbed heat will
be discharged into the space where there is demand by the condensing of the refrig-
erant in the condenser. The condensing temperature is higher than the evaporation
temperature, and the corresponding pressure is also higher than the evaporation
pressure. Therefore, the compressor will play the role of raising the pressure of the
refrigerant from evaporation pressure into condensing pressure. After condensing
in the condenser, the refrigerant will pass through an expansion valve and the pres-
sure will decrease to the evaporation pressure. The heat pump will sustain this cycle,
ensuring a consistent and reliable delivery of heat. For the mode of refrigeration, the
working principle is similar to the heating mode but the circulating direction of the
refrigerant is reversed, which means the heat will be absorbed in the space where
there is a demand of refrigeration and discharged into the environment with higher
temperature. Therefore, a heat pump cycle can work at two different modes, just the
location of the evaporator and condenser will be opposite for different modes.

1.1.1 Traditional refrigerant used in heat pump cycle

Since the inception of the heat pump cycle, the refrigerants employed have under-
gone a discernible evolution, progressing from the first generation to the early stages
of the fourth generation. The progression in the refrigerants over time is shown
in Fig. 1.2. The history of refrigerants begins with the use of natural refrigerants
(1800s) and, in 1930, they were replaced by synthetic refrigerants, considering the
performance, safety and durability as major indicators [6]. After that the evolution
is markedly influenced by international protocols addressing climate change as fol-
low:

FIGURE 1.2: Progression in the refrigerants over time [7]
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8 Chapter 1. State of the art review

• Montreal Protocols: Adopted on 16 September 1987, the landmark multilat-
eral environmental agreement that regulates the production and consumption
of nearly 100 man-made chemicals referred to as ozone depleting substances
(ODS).

• Kyoto Protocol: Adopted on 11 December 1997, committing industrialized
countries and economies in transition to limit and reduce greenhouse gases
(GHG) emissions in accordance with agreed individual targets.

• Kigali amendments: Reached on 15 October 2016, an amendment to the Mon-
treal Protocol, agreed to add hydrofluorocarbons (HFCs) to the list of con-
trolled substances and approved a timeline for their gradual reduction by 80-85
% by the late 2040s.

Concurrently, governmental initiatives aimed at mitigating environmental con-
cerns, such as the depletion of the stratospheric ozone layer (ozone depletion po-
tential, ODP) and global warming (global warming potential, GWP), have played a
vital role in steering this trajectory [8].

Historically, chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)
dominated the landscape as primary refrigerants for an extended period. Currently,
the market features a diverse array of heat pumps employing various refrigerants.
Notable among these are R410A, R134A, R32, R404A, R407C, and R22 [9, 10]. De-
tailed information on these common refrigerants used in heat pump cycles is pro-
vided in Table. 1.1, with emphasis on their ODP and GWP values. It is essential to
note that GWP values are referenced to CO2 and represent a 100-year impact on the
environment.

TABLE 1.1: Summary of common refrigerants used in heat pump cy-
cle

Refrigerant Composition Chemical formula Tcrit (◦C) Pcrit (MPa) ODP GWP

R410A HFC CH2F2 72.13 4.93 0 2100

R134A HFC CH2FCF3 101.08 4.06 0 1430

R32 HFC CH2F2 78.35 5.82 0 675

R404A HFC C2HF5/CH2FCF3/C2H3F3 72.07 3.73 0 3800

R407C HFC CH2F2/CHF2CF3/CF3CH2F 86.74 4.62 0 1610

R22 HCFC CHClF2 96.15 4.99 0.05 1700

Analysis of Table. 1.1 reveals that the commonly used refrigerants in contem-
porary heat pump cycles predominantly belong to the third or second generation,
characterized by negligible ODP. However, it is crucial to address the substantial
GWP associated with these refrigerants.

Among them, R410A and R404A exhibit the most significant GWP effects. De-
spite this, they are extensively employed as medium-low temperature refrigerants in
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1.1. Introduction of heat pump system using CO2 as refrigerant 9

various applications, including domestic air conditioners, small and medium-sized
commercial air conditioners (such as unitary and house-type central air condition-
ers, multi-connected units), mobile air conditioners, dehumidifiers, refrigerated dry-
ers, marine refrigeration equipment, and industrial refrigeration. These applications
have a direct impact on our daily lives and are in high demand.

The environmental implications arising from the use of traditional refrigerants
have become a focal point in both the industrial and research sectors. This grow-
ing concern underscores the need for sustainable alternatives and environmentally
friendly practices in the field of refrigeration.

1.1.2 CO2 as refrigerant in heat pump cycle

To mitigate the environmental impact of traditional refrigerants in heat pump cycles,
there is an urgent demand for environmentally friendly alternatives. In order to re-
spond to this need, after 2010 the fourth generation refrigerants were introduced
with the prime motive to focus on low GWP, 0 ODP and short lifetime [7]. The
fourth generation refrigerants are often referred to the re-enablement of natural re-
frigerants, the hydrofluoro-olefins (HFOs) and mixed refrigerants [7, 11]. Table. 1.2
listed the main fourth generation refrigerants used in the heat pump cycle. Among
which R600A and R290 are hydrocarbon (HC) refrigerant, they are one of the most
climate-friendly and cost-effective refrigerants used in the heat pump cycle, but all
hydrocarbon refrigerants are classified as highly flammable.

TABLE 1.2: Summary of main fourth generation refrigerants used in
heat pump cycle

Refrigerant Composition Chemical formula Tcrit (◦C) Pcrit (MPa) ODP GWP

R1234ze HFO C3F4H2 109.4 3.64 0 < 1

R1234yf HFO C3H2F4 94.7 3.38 0 < 1

R600A HC C4H10 135 3.65 0 3

R290 HC C3H8 96.7 4.25 0 3.3

R744 Natural CO2 30.98 7.38 0 1

R717 Natural Ammonia 132.4 11.42 0 0

R718 Natural Water 374.15 22.1 0 0

Table. 1.2 illustrates that fourth-generation refrigerants exhibit significantly lower
GWP values compared to second and third-generation options, especially R1234ze
and R1234yf, with a GWP lower than 1.

In recent years, there has been a resurgence of interest in natural refrigerants,
such as ammonia, water, and carbon dioxide, driven by environmental concerns.
Ideally, a refrigerant should possess attributes like low GWP, non-toxicity, non-flamm-
ability, and zero ODP. While ammonia and water both have a GWP and ODP of 0,
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10 Chapter 1. State of the art review

ammonia raises toxicity concerns, and water exhibits thermophysical disadvantages
in heat pump cycles.

As a natural fluid, CO2 emerges as a promising alternative to traditional refrig-
erants. It offers the advantage of minimal impact on climate change, with zero ODP
and a GWP of 1. Additionally, it is non-toxic, non-flammable, and non-corrosive
[12].

Thermodynamic properties of CO2

Despite the environmental advantages of using CO2 as a refrigerant in the heat
pump cycle, its exceptional thermodynamic performance have also contributed to
the widespread use.

Fig. 1.3 illustrates the phase distribution of CO2. It is evident that within the
traditional temperature range for cooling (-25 to 5 ◦C) or heating (usually above 20
◦C) applications, the corresponding pressures for the vapor and liquid states are
high.
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FIGURE 1.3: Phase diagram of CO2

Fig. 1.4 presents the thermodynamic properties of CO2 as a function of tempera-
ture at different pressures. Among which Fig. 1.4a shows the specific heat capacity
distribution in the temperature range between -30 and 120 ◦C, within the pressure
range between 3 to 13 MPa. The specific heat capacity indicates the ability of an ob-
ject to absorb or dissipate heat. At each pressure level, the peak value occurs at the
phase change point (liquid and vapor). When comparing the specific heat capacity at
the same temperature but different pressures, it is observed that, for the vapor state,
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1.1. Introduction of heat pump system using CO2 as refrigerant 11

higher pressure generally results in higher specific heat capacity values. Fig. 1.4b,
Fig. 1.4c and Fig. 1.4d shows the distribution of the density, viscosity and thermo-
dynamic conductivity of CO2. All these properties have the similar distribution. For
lower temperature and higher pressure, the value is higher.
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FIGURE 1.4: Thermodynamic properties of CO2 as a function of tem-
perature at different pressures

To make a comparison between CO2 and other refrigerants, Table. 1.3 to Ta-
ble. 1.5 present the thermodynamic properties of major environmentally friendly
refrigerants at the temperature of -20 ◦C, 0 ◦C and 20 ◦C. At the temperature of
-20 ◦C, the saturated pressure of R1234ze and R600A is below the atmosphere pres-
sure, while R1234yf is just above. In this case, when using these refrigerants in the
heat pump cycle for heating or refrigeration application, there will be a challenging
problem of maintaining a vacuum for the system. However, in the higher temper-
ature case, for example at 20 ◦C, the saturated pressure of CO2 is around 5.7 MPa,
which is a relative high pressure and may bring higher requirements for the pressure
resistance of pipelines.

Table. 1.3 to Table. 1.5 also present the other thermodynamic parameters such as
density, specific heat capacity, thermal conductivity and viscosity. With higher spe-
cific heat capacity and thermal conductivity, the refrigerant has better heat transfer

Thèse accessible à l'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0029/these.pdf © [C. You], [2024], INSA Lyon, tous droits réservés
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performance. With lower viscosity, the refrigerant has better transportation prop-
erty. Comparing all the listed refrigerants, for the saturated liquid state, CO2 has the
best thermal conductivity at 0 ◦C and 20 ◦C, the best specific heat capacity at 0 ◦C
and 20 ◦C. For saturated vapor state, CO2 has the best specific heat capacity at 0 ◦C
and 20 ◦C, and best thermal conductivity for all the temperature range. At the same
time, the viscosity of CO2 is better for saturated liquid state at -20 ◦C and 20 ◦C.

As to the latent heat of all the refrigerants, even compared to R600A and R290, the
latent heat at all the temperature range is lower. However, consider the difference
of density, for the volume limited heat exchanger, the latent heat per unit volume
of CO2 is still general higher than other refrigerants at both saturated liquid and
saturated vapor state. This advantage has practical implications: in systems with
the same geometric size, the refrigeration or heating capacity is significantly higher
for CO2 compared to other environmentally friendly refrigerants. Conversely, for
the same capacity, the required volumetric size of CO2 is much lower. Owing to
this characteristic and the environment-friendly as well as the inflammable property,
CO2 is particularly suitable for heating and cooling heat pump systems with space
limitations. An example application is the refrigeration and heating system designed
for electric vehicles [13].

TABLE 1.3: Summary of thermodynamic properties of main refriger-
ants at the temperature of -20 ◦C

Refrigerant Pressure

Saturated liquid Saturated vapor

Latent heat
MPa

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s KJ/kg

R1234ze 0.097 1296.40 1.28 90.57 347.64 5.47 0.83 10.04 10.39 196.21

R1234yf 0.151 1236.30 1.22 78.22 268.94 8.71 0.85 10.02 9.34 175.18

R600A 0.072 602.88 2.18 106.65 251.90 2.07 1.50 12.45 6.38 372.31

R290 0.245 554.45 2.36 116.62 154.73 5.50 1.58 13.63 6.89 400.77

R744 1.970 1031.70 2.17 134.64 139.33 51.70 1.29 15.09 13.12 282.44

TABLE 1.4: Summary of thermodynamic properties of main refriger-
ants at the temperature of 0 ◦C

Refrigerant Pressure

Saturated liquid Saturated vapor

Latent heat
MPa

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s KJ/kg

R1234ze 0.217 1240.10 1.32 83.06 268.95 11.71 0.88 11.58 11.20 184.18

R1234yf 0.316 1176.30 1.29 71.47 208.33 17.67 0.93 11.63 10.07 163.29

R600A 0.157 580.58 2.28 98.63 198.56 4.26 1.62 14.30 6.86 354.34

R290 0.474 528.59 2.49 105.97 125.59 10.35 1.74 15.74 7.45 374.87

R744 3.485 1031.70 2.54 134.64 139.33 97.67 1.86 19.67 14.79 230.89
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1.2. Transcritical heat pump cycle using CO2 as refrigerant 13

TABLE 1.5: Summary of thermodynamic properties of main refriger-
ants at the temperature of 20 ◦C

Refrigerant Pressure

Saturated liquid Saturated vapor

Latent heat
MPa

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s

Density
kg/m3

Cp
kJ/(kg · K)

Therm Cond
mW/(m· K)

Viscosity
µPa· s KJ/kg

R1234ze 0.427 1179.30 1.37 75.93 211.49 22.61 0.95 13.17 12.02 170.63

R1234yf 0.592 1109.90 1.37 65.08 163.73 32.80 1.02 13.39 10.87 149.29

R600A 0.302 556.86 2.40 91.07 159.34 7.91 1.76 16.29 7.37 334.33

R290 0.836 500.06 2.67 96.07 102.29 18.08 1.95 18.24 8.09 344.31

R744 5.729 773.39 4.26 85.68 66.15 194.20 4.56 33.94 18.19 152.00

1.2 Transcritical heat pump cycle using CO2 as refrigerant

As a natural fluid, refrigerant R744 (CO2) stands out as an excellent alternative to
HFCs, owing to its ODP and minimal GWP, and favorable fluidity under low tem-
peratures. However, the critical temperature of CO2 is 30.98 ◦C. This implies that
sub-critical operation, as known from common refrigeration technology, is only pos-
sible when the average heat sink temperature is rather low. On the other hand,
when CO2 is used in a conventional sub-critical cycle, the efficiencies are extremely
low and are not cost effective [14].

At higher average heat sink temperatures and for better cycle efficiency, trans-
critical operation is necessary. Transcritical CO2 technology, operating as a highly
efficient thermodynamic cycle with a pure natural fluid and utilizing aerothermal
energy, offers substantial advantages in terms of energy consumption, equivalent
carbon content, and environmental benefits. It emerges as a crucial technological so-
lution for global carbon neutrality and the transformation of the renewable energy
structure. Notably, CO2 has been introduced into high-temperature heating applica-
tions with requirements ranging from 80 to 120 ◦C, demonstrating enhanced cooling
and heating performances with the transcritical operating mode [14].

A typical transcritical heat pump cycle using CO2 as a refrigerant, along with the
corresponding P-h diagram, is illustrated in Fig. 1.5. The cycle involves compress-
ing the saturated or superheated CO2 from the evaporator into a high-pressure and
high-temperature supercritical state in the compressor. Subsequently, it moves to the
heat sink (gas cooler) for heat rejection. After this step, the high-pressure and low-
temperature CO2, still in a supercritical state, passes through the expansion valve,
transitioning into a two-phase flow. The low-pressure and low-temperature CO2

then travels through the heat source, evaporating in the evaporator, completing the
loop.

In contrast to conventional heat pump cycles where both high-pressure heat re-
jection and low-pressure heat absorption processes occur in the subcritical region,
the transcritical CO2 cycle encompasses both supercritical heat rejection and sub-
critical heat absorption processes. When the CO2 vapor is compressed beyond the
critical pressure, it can deliver higher heat rejection enthalpy through sensible cool-
ing.

Thèse accessible à l'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0029/these.pdf © [C. You], [2024], INSA Lyon, tous droits réservés



14 Chapter 1. State of the art review

CompressorExpansion valve

1

2

3

4

M

Evaporator

Gas cooler

(A) Schematic of transcritical heat pump cycle

50 100 150 200 250 300 350 400 450 500 550 600
0

2

4

6

8

10

12

Pr
es

su
re

 (M
Pa

)

Enthalpy (KJ/kg)

1

2
3

4

-40°C

-20°C

0°C

20°C

40°C

60°C

80°C

100°C

Tcrit

(B) P-h diagram

FIGURE 1.5: Schematic and P-h diagram of transcritical CO2 heat
pump cycle
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1.3. Performance enhancement of transcrtical CO2 heat pump cycle 15

On the other hand, in traditional subcritical cycle, the enthalpy value of con-
denser outlet is just the function of temperature (or pressure), without the case of
subcooling. That is to say, as long as evaporation temperature and condensing tem-
perature are determined, the performance of this cycle can be basically defined.
However, in supercritical region of CO2 transcritical cycle, temperature and pres-
sure are two independent variables. When the outlet temperature of gas cooler is
constant, the high pressure of the system also affects fluid enthalpy. Therefore, when
the outlet temperature of the gas cooler is fixed, the cycle can be optimized based on
the heat rejection pressure [15].

Numerous studies have delved into the transcritical heat pump cycle utilizing
CO2 as a refrigerant. Among which, few scholars conducted a general review on the
advanced transcritical CO2 heat pump system [4, 14, 16–19].

Concluded from the reviews, the research into the performance and benefits of
a transcritical heat pump cycle using carbon dioxide began in the early 1990s [19].
The operating pressure of the transcritical CO2 heat pump is so high that the security
cannot be guaranteed in the early devices. Thus, the transcritical CO2 heat pump are
not promoted extensively until the sharp deterioration of environmental issues oc-
curred around the world [14]. Followed by Japan, which is one of the first countries
where the policies are pushed to promote the employment of transcritical CO2 heat
pump. Europe, USA and China pushed similar policies and standards to cater the
introduction of transcritical CO2 heat pump as a new and promising technology on
traditional application fields [17].

Nowadays, plenty theoretical and experimental research, as well as commercial
system development, has improved transcritical system performance to a level simi-
lar to that of conventional heat pump systems [4]. The transcritical CO2 heat pumps
have found worldwide applied because of the environmental friendliness and other
thermodynamic advantages, however, the inefficiency of the CO2 cycle has been the
most issue blocking its popularization [16–18].

1.3 Performance enhancement of transcrtical CO2 heat pump
cycle

The heat pump cycle utilizing CO2 as the refrigerant demonstrates clear advantages
in terms of environmental considerations and efficiency improvements when com-
pared to other fuel combustion and electric systems in the heating, ventilation, air
conditioning, and refrigeration field. However, in the traditional CO2 heat pump
cycle employing a throttling valve as an expansion device, a significant amount of
irreversibilities occurs during the expansion process, leading to a decrease in cycle
COP. These irreversibilities become even more pronounced in the transcritical CO2

cycle, given the higher pressure ratio during expansion compared to other fluids
such as R134a, R245fa, or R1233zd. Currently, an emerging research topic focuses on
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enhancing the performance of refrigeration and heat pump systems through cycle
modifications.

The improvement of overall cycle performance in a transcrtical CO2 heat pump
cycle generally requires consideration of the system as a whole. The interactions
between the components do not always allow for isolated improvements to a single
component. Still, each component or process in the cycle plays a role in dictating the
overall performance of the system [4].

1.3.1 Internal heat exchanger modifications

An internal heat exchanger (IHX) is a heat exchanger introduced to utilise the heat
available from the outlet of the CO2 gas cooler to superheat the gas in the compressor
suction line. A typical transcrtical CO2 heat pump cycle with internal heat exhcnager
along with the corresponding P-h diagram, is illustrated in Fig. 1.6. Compared to the
basic transcritical cycle, the IHX enhances subcooling at the entrance of the expan-
sion device, reducing the amount of flash gas production. Simultaneously, the IHX
increases superheating at the compressor inlet, thereby decreasing the compressor’s
work consumption.

The installation of an IHX is normally aimed to increase the system cooling ca-
pacity and improve the COP. The IHX typically increases the system efficiency. How-
ever, the benefit of installing an IHX to improve the system performance is affected
by the system operating conditions.

The ambient temperature of the working system has an great influence on the
benefit of the internal heat exchanger. Rigola et al. [20] present the influence of using
an internal heat exchanger (IHX) in order to improve the cycle performance under
real working conditions by both numerical and experimental comparative study. It
was found that for ambient temperature of 35 ◦C, the COP increase adding IHX is
around 20 % on both numerical results and experimental data.

The disacharge pressure is another parameter which influence the performance
of the internal heat exchanger. Cao et al. [21] experimentally investigated a transcrit-
ical CO2 heat pump water heater prototype with IHX. The results showed that the
optimal discharge pressure reduced with the application of IHX, and this reduction
could be amplified by the decrease of the ambient temperature, the increase of the
water inlet temperature and the increase of the water outlet temperature. From the
energy point of view, under the optimal discharge pressure, the coefficient of perfor-
mance (COP) increased by up to 6.65 % and the total power consumption decreased
by up to 6.22 % via using IHX.

The trend was validated by more research. Qin et al. [22] investigated the effect
of internal heat exchanger based on a novel evaluation method in the transcritical
CO2 heat pump system. The results show that the internal heat exchanger greatly
reduces the exergy efficiency under the discharge pressure of 7.31 MPa and the am-
bient temperature of 15 ◦C, and the difference value between the system with and
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FIGURE 1.6: Schematic and P-h diagram of transcritical CO2 heat
pump cycle with internal heat exchanger
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without internal heat exchanger reaches 39 %. However, the influence of the in-
ternal heat exchanger on exergy efficiency decreases with the increase of discharge
pressure and ambient temperature, the minimum difference value is only 0.1 % at 11
MPa and 30 ◦C.

1.3.2 Compression process modifications

Efficiency of a transcritical CO2 heat pump cycle can be improved by various mod-
ifications of the compression process. The most basic compressor modification is
two-stage compression. By separating compression into two stages, each compres-
sor will have a lower pressure ratio which in turn improves the isentropic efficiency.
Further improvements in cycle efficiency can be obtained by cooling the refrigerant
between the compression stages.

Cecchinato et al. [23] conducted thermodynamic evaluation and optimisation of
different two stage transcritical carbon dioxide cycles. Five different two stage cycles
(shown in Fig. 1.7) are studied:

• Basic single stage cycle: : the basic cycle with a single-throttling valve and a
single compressor

• Single-Throttling, Double-Compression (STDC): the cycle with a single-throttling
valve and two-stage compression with inter-cooling of the vapour at the inter-
mediate pressure

• Double-Throttling, Double-Compression, Split Cycle (DTDC_SC): The high
pressure fluid after the gas cooler is split into two streams; one of them is throt-
tled down to the intermediate pressure and is used to cool the residual stream
of high pressure gas, before the throttling valve that feeds the evaporator

• Double-Throttling, Double-Compression, Open Flash Tank (DTDC_OFT): the
high pressure gas after the gas cooler is throttled down to the intermediate
pressure and enters a vessel from which the vapour is sucked by the high pres-
sure compressor; the stream of the vapour produced by flashing is used to cool
the high pressure gas exiting from the gas cooler. The liquid collected inside
the open flash tank is throttled down to the evaporation pressure

• Double-Throttling, Auxiliary Compressor Cycle (DTAC): after the gas cooler,
the gas undergoes a further cooling process, provided by an auxiliary circuit,
using an Internal Secondary Heat exchanger (ISHX). The gas is then throttled
down to the evaporation pressure

Each basic cycle is analysed for the effect of internal heat transfer between dif-
ferent streams of refrigerants. In the case of two-stage compression, intermediate
cooling between the compressor stages is present. Each cycle is optimised with re-
gards to energy performance, calculating the optimal values of both the upper and
the intermediate pressures.
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(A) STDC (B) DTDC_SC

(C) DTDC_OFT (D) DTAC

FIGURE 1.7: Schematic of two stages transcritical carbon dioxide cy-
cles [23]
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The analysis has shown that, unlike traditional cycle, staged compression with
inter-cooling carried out with an external fluid for the heat rejection plays a major
role in improving energy efficiency. Since this heat rejection depends heavily on the
value of the intermediate pressure, the optimal value of this parameter is a crucial
choice; for the same reason, an effective heat exchanger between the suction line
and the line before the throttling valve often allows a significant benefit in energy
efficiency.

The most elaborate cycles (DTDC_SC and DTDC_OFT) present the greatest im-
provement, especially for the heaviest operating conditions (the lowest evaporat-
ing temperature and the highest external temperature); for -30/+35 ◦C (evapora-
tion temperature/external temperature) both cycles behave similarly and give rise
to 70 % increase in energy efficiency against the simplest solution (Single-Throttling,
Single-Compression). Being the double-compression mandatory for limiting the
temperature at the compressor outlet in such conditions, the only alternative is Single-
Throttling, Double-Compression (roughly 50 % increase in energy efficiency). The
final choice therefore results from the best trade-off between increased installation
costs and decreased operating costs, taking into account also the reliability and the
safety characteristics of the system.

For less severe operating conditions, probably a cheaper system design can be
preferable; for example at +4/+30 ◦C operations, the best cycles (again DTDC_OFT
and DTDC_SC) improve energy efficiency by 16 % against the cheapest solution
(single throtting, single compression), while the system with an auxiliary compres-
sor (DTAC) is quoted for 12 % improvement. Since the last system is rather simple,
reliable and cost effective, this solution is worth considering.

As follows from the results of the present analysis, it is not always easy to choose
the best system for a definite application and this problem is often complicated by
the need of finding the optimal values for one or two independent operating vari-
ables.

Cho et al. [24] experimentally investigated the performance and operating char-
acteristics of a two-stage CO2 cycle with gas injection, as shown in Fig. 1.8. The
discharged refrigerant from the first-stage compressor flows into the mixing box,
and mixes with the cold vapor refrigerant from the flash tank, and then the cooled
refrigerant from the mixing box enters the second stage compressor. However, when
the pressure at the exit of the first-stage compressor is higher than that at the flash
tank, it is not possible to inject the gas refrigerant into the mixing box, resulting in
reverse flow from the mixing box to the flash tank. Therefore, a check valve was
installed between the mixing box and the flash tank to prevent the reverse flow. The
pressure at the flash tank was controlled by adjusting the electrical expansion valve
(EEV) openings. Based on the measured data, the cooling COP of the two-stage
gas injection cycle was maximally enhanced by 16.5 % over that of the two stages
non-injection cycle in the experiments. In addition, the discharge temperature of the
second-stage compressor in the two-stage gas injection cycle decreased by 5 ◦C to 7
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◦C from that in the two-stage non-injection cycle due to inter cooling effects.

FIGURE 1.8: Schematic of two-stage CO2 cycle with gas injection [24]

1.3.3 Expansion process modifications

In the traditional transcritical CO2 heat pump cycle, the expansion device serves two
primary functions: maintaining the pressure difference between the gas cooler and
the evaporator and ensuring proper flow distribution to the evaporator. Achieving
optimum system performance relies on maintaining the ideal pressure in the gas
cooler, underscoring the pivotal role of the expansion device in efficient system op-
eration [25]. However, due to the large pressure difference between high and low
pressures of CO2 cycle, the recovery of expansion work has always been one of the
most problems for a long time. According to the current researches, the most promis-
ing ways to achieve the industrialization of expansion work recovery included the
following four methods: vortex tube, capillary tube, expander and ejector [4, 14].

The vortex tube technology

Vortex tube was a throttling device to recover the pressure energy of high-pressure
fluid. The schematic diagram of vortex is illustrated in Fig. 1.10. It can convert high-
pressure fluid into two low-pressure fluids by utilizing the complicated heat and
mass transfer between the internal bidirectional vortexes, one of which was a stream
with high-temperature (high enthalpy) and the other was that with low-temperature
(low enthalpy), and those two streams flowed out from the two outlets, respectively
[26]. It should be noted that, if the fluid state at the cold outlet happened to be in the
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two-phase region, the saturated vapor and saturated liquid would flow out from the
near wall region and the central region respectively under the centrifugal action of
high-speed vortex.

FIGURE 1.9: The schematic diagram of the standard CO2 vortex tube
[14]

The vortex tube technology has been developed in the field of compressed air
throttling and has been introduced into the vapor compression cooling cycles with
conventional refrigerants for years. According to study, the employment of vortex
tube in the CO2 cycle always performed better among different fluid types, due to
not only the large pressure difference potential but also its high molecular weight
and low specific heat ratio. Relevant theoretical research results indicated that the
system COP of the transcritical CO2 cycle can be improved by about 10 % for refrig-
eration and 5.8 % to 13.9 % for heat pump in varying conditions under the premise
of proper vortex tube design. The gas-cooler outlet temperature has a great impact
on the system performance, there is a higher COP improvement when the cycle at
lower evaporation temperature or higher gas-cooler outlet temperature [14, 27].

Luo et al. [28] proposed a general parameter matching method for transcritical
CO2 cycles with vortex tube by using the self-defined functional blocks that can eas-
ily and quickly realize the parameter matching of components in refrigeration cycles
with diverse architectures. Based on this new method, simulation and optimization
of existing transcritical CO2 systems with or without vortex tube are implemented.
A two-stage compression transcritical CO2 system with serial vortex tubes is pro-
posed and proven to have a high cooling performance and less exergy loss in com-
parison with existing transcritical CO2 systems.

Aghagoli et al. [29] conducted thermodynamics analysis of a novel transcritical
CO2 vortex tube heat pump cycle. The results show that by partially replacing the
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vortex tube, the coefficient of the performance is improved by 8 % and with increas-
ing the gas cooler pressure, COP decreases for the vortex tube heat pump system.
In addition, employing vortex tube produces greater gas cooler and evaporator heat
load than conventional heat pump cycle. Similar thermodynamic analysis was also
conducted by Mansour et al. [30]. It was found that the heating coefficient of per-
formance of the vortex tube heat pump is improved by a maximum of 43.7 % when
compared to that of the conventional heat pump.

Although the feasibility of using vortex tube in the transcritical CO2 cycle has
been widely accepted, considering that the idea has not been put forward for a long
time, there was still no relevant detailed experimental verification can be found, and
the actual effect of the CO2 vortex tube sample was also unknown, which needed to
be further studied [14].

The capillary tube technology

The capillary tube stands out as the most preferred expansion device in small vapor
compression refrigerating and air conditioning systems due to its simplicity, low ini-
tial cost, and the ability to minimize the starting torque of the compressor. The com-
monly favored configuration involves a non-adiabatic capillary tube, as illustrated
in Fig. 1.10, where the capillary tube is soldered to the outer surface of the suction
line, forming a counter-flow heat exchanger known as a capillary tube-suction line
heat exchanger between the evaporator outlet and the compressor inlet. This pro-
vides superheated vapor to the compressor.

FIGURE 1.10: Section of a non-adiabatic capillary tube heat exchanger
[31]

Small refrigeration and heat pump units using conventional refrigerants com-
monly incorporate capillary tubes for expansion control, but there has been uncer-
tainty about the effectiveness of capillary tubes in transcritical CO2 systems. In or-
der to ensure that a capillary tube can maintain the optimum gas cooler pressure
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and achieve optimal overall system performance theoretical studies have been con-
ducted [4].

In a transcritical CO2 heat pump cycle, the capillary tube is typically positioned
between the gas cooler and evaporator, traversing three distinct regions: supercriti-
cal, transcritical, and subcritical two-phase. The optimal location of thermal contact
between the capillary tube and the suction line plays a crucial role in ensuring op-
timum system performance. Non-adiabatic capillary tubes contribute to enhancing
system performance by increasing refrigeration capacity and preventing liquid entry
into the compressor through the superheating of suction vapor.

Madsen et al. [32] carried out the first theoretical and experimental studies to
investigate the effects of using adiabatic capillary tube as an expansion device in
a transcritical CO2 refrigeration system. Various configurations of capillary tubes
having length of 0.5 to 4 m and diameter of 1 to 2 mm were tested and employing
a static model, it was indicated that the COP of a system with capillary tubes gen-
erally is better than that using fixed high pressure but is not as good when variable
optimal high pressure is used. Capillary tubes are especially interesting in applica-
tions where the evaporation pressure is constant and the temperature out of the gas
cooler varies no more than ±10 K from the design condition. The reduction in COP
is more significant at low temperatures out of the gas cooler.

Agrawal and Bhattacharyya [33] developed a steady state simulation model to
evaluate the performance of a capillary tube based transcritical CO2 heat pump sys-
tem for simultaneous heating and cooling at 73 ◦C and 4 ◦C, respectively against
optimized expansion valve systems. Capillary tubes of various configurations hav-
ing diameters of 1.4, 1.5 and 1.6 mm along with internal surface roughness of 1–3
µm have been tested to obtain the optimum design and operating conditions. It is
observed that the capillary tube system is quite flexible in response to changes in
ambient temperature, almost behaving to offer an optimal pressure control. System
performance is marginally better with a capillary tube at higher gas cooler exit tem-
perature. Capillary tube length turns out to be the critical parameter that influences
system optimum conditions.

Song et al. [34] experimentally investigated a transcritical CO2 heat pump system
using a capillary tube as an expansion device. The comparison with the transcritical
CO2 heat pump using an electronic expansion valve at different gas cooler outlet
temperatures showed that the transcritical CO2 heat pump using the capillary tube
is promising and could achieve performance close to the heat pump using electronic
expansion valve. Over the entire experimental gas-cooler outlet temperature range,
the capillary tube based heat pump achieved a COP higher than 80 % of the COP of
the system using electronic expansion valve. At the gas-cooler outlet temperature
above 42 ◦C , the capillary tube based transcritical heat pump has almost the same
performance as the expansion valve cycle. Experimental study was also conducted
under different outdoor and indoor temperatures. The results showed that the sys-
tem cooling capacity and coefficient of performance (COP) dropped by 22 % and 24
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%, respectively as the outdoor air temperature increased from 30 to 40 ◦C and in-
creased by 12 % and 15 %, respectively as the indoor air temperature increased from
22 to 32 ◦C.

The expander technology

Using an expansion valve, vortex tube or capillary tube results in energy losses as no
useful work is done during the expansion process. While these losses are generally
small in heat pumps using conventional refrigerants, they become more significant
in transcritical CO2 cycles due to the greater pressure difference. This increased
pressure difference makes work recovery more feasible and beneficial.

The expander can recover the pressure of the high pressure fluid at the expander
inlet and convert it into shaft work with a certain isentropic efficiency, replacing part
of the compressor power consumption, so as to improve the overall efficiency of the
cycle, as shown in Fig. 1.11.

FIGURE 1.11: Schematic of transcritical CO2 cycle with an expander
[35]

Yang et al. [35] conducted a comparative study on transcritical carbon dioxide re-
frigeration cycles with a throttling valve and with an expander, considering the first
and second laws of thermodynamics. The study revealed that in the throttling valve
cycle, the largest exergy loss occurs in the throttling valve, accounting for approx-
imately 38 % of the total cycle irreversibility. In the expander cycle, irreversibility
mainly stems from the gas cooler (about 38 %) and the compressor (about 35 %).
The Coefficient of Performance and exergy efficiency of the expander cycle are, on
average, 33 % and 30 % higher than those of the throttling valve cycle, respectively.

Hua et al. [36] designed an expander to recover expansion power in CO2 tran-
scritical cycle. A test facility is used to test the designed expander. The theoretical
analysis and calculation show that 14–23 % of input power of compressor can be
recovered. The experimental results show that the recovery ratio and expander effi-
ciency are affected by rotational speed, inlet temperature and mass flow of expander.
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The highest recovery ratio can reach up to 0.145, which means 14.5 % of input power
of compressor can be recovered. The expander efficiency can reach to 45 %.

There exist numerous devices that can potentially serve as expanders for work
recovery in a transcritical CO2 heat pump cycle. Apart from turbines, various ex-
pander types include rotary, reciprocating, scroll, screw, and vane. Each design
comes with its own set of advantages and limitations. Both experimental and theo-
retical research has been conducted on a wide variety of systems, as documented in
studies [37–41].

The ejector technology

Due to no moving parts, low cost, simple structure and low maintenance require-
ments, two-phase ejectors have emerged as a promising cycle modification for ex-
pansion recovery for trancrtical CO2 heat pump cycle in recent years [25, 42].

The application of ejectors as an alternative to classic expansion devices has been
considered for several decades.The steam jet refrigeration systems were initially de-
veloped in the early 1900s, and the use of ejectors in vapor compression systems
for performance improvement gained attention in the next years. Kornhauser [43]
first proposed the use of ejectors in the expansion refrigeration cycle, analyzing the
thermodynamic performance with R12 as a refrigerant.

Incorporating a two-phase ejector in the heat pump cycle to replace the tradi-
tional expansion valve offers a significant advantage by recovering the expansion
work typically wasted in throttling processes. This approach proves to be an efficient
means of reducing throttling losses or expansion irreversibility in refrigeration/heat
pump cycles. A typical schematic of the CO2 ejector expansion heat pump cycle,
along with the corresponding pressure-enthalpy diagram, is depicted in Fig. 1.12.
The main components in the cycle include the compressor, gas cooler, ejector, vapor-
liquid separator, expansion valve, and evaporator. Auxiliary pipes and valves are
not presented in the diagram. In comparison to traditional heat pump cycles, the
ejector replaces the expansion valve to recover expansion energy.

As depicted in Fig. 1.12b, the refrigerant at state 1 is compressed into a super-
critical fluid (state 2) in the compressor, then cooled down in the gas cooler (state 3).
Following expansion in the ejector, the main flow is divided into saturated vapor and
saturated liquid in the separator (states 1 and 7). The saturated liquid then passes
through the expansion valve (state 8) and enters the evaporator. After evaporation
(state 9), the vapor from the evaporator is entrained at the ejector’s inlet, completing
the cycle.

In the ejector expansion transcritical CO2 heat pump cycle, the high-pressure
motive flow operates in a supercritical state, characterized by pressures and tem-
peratures exceeding the refrigerant’s critical point. Conversely, the low-pressure
suction flow consists of either saturated or superheated vapor from the evaporator.
These two distinct flows are then combined within the ejector, where they mix and
exit as a two-phase flow. The mixed flow is subsequently separated in the separator,
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FIGURE 1.12: Schematic and P-h diagram of ejector expansion trans-
critical CO2 heat pump cycle
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with each component directed separately into the compressor and the evaporator,
respectively.

Comparing the ejector expansion cycle to the traditional valve expansion heat
pump cycle depicted in Fig. 1.5a, both operating at the same evaporation tempera-
ture or pressure, reveals key advantages for ejector cycle. In the ejector expansion
cycle, the inlet pressure of the compressor (pressure at state 6 and 1) is higher than
that in the traditional heat pump cycle (pressure at state 9) when both cycles share
identical heat sink temperature and pressure conditions. As a result, the pressure
ratio in the compressor is smaller in the ejector expansion cycle, leading to lower
power consumption.

The entrainment effect of the high-pressure flow in the motive nozzle of the ejec-
tor plays a crucial role in recovering entropy loss in the expansion valve of the tra-
ditional heat pump cycle. This pressure recovery contributes to an improved COP
for the cycle. Literature studies indicate that the COP improvement for refrigeration
applications in the ejector expansion cycle can reach up to 22 % compared to the
traditional valve expansion heat pump cycle [42].

Experimental studies conducted by Lee et al. [44] further support these find-
ings, revealing that the coefficient of performance of the system using an ejector was
approximately 15 % higher than that of the conventional system.

1.3.4 Conclusion

In the traditional CO2 heat pump cycle with a throttling valve as the expansion de-
vice, significant irreversibilities occur during the expansion process, leading to a
decrease in cycle coefficient of performance. This issue becomes more pronounced
in transcritical CO2 cycles, where the pressure ratio of the expansion is higher than
that of other fluids.

Several methods have been explored to mitigate expansion losses and reduce
irreversibilities in the expansion valve of the traditional transcritical CO2 heat pump
cycle. These methods include vortex tube and capillary tube expansion, replacing
the expansion valve with an expander, or utilizing a two-phase ejector. Among these
options, the use of a two-phase ejector stands out due to its lack of moving parts, low
cost, simple structure, and low maintenance requirements. Recently, it has become a
promising cycle modification. The theoretical and experimental evidence supports
the improvement of COP for the ejector expansion cycle compared to the traditional
valve expansion heat pump cycle.

1.4 Detailed introduction of ejector

The ejector stands out as the most crucial component in the ejector expansion heat
pump cycle. Fig. 1.13 offers a detailed view of a typical ejector used in the heat
pump cycle, segmented into distinct sections: the motive nozzle, suction nozzle, a
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pre-mixing section, a constant-area mixing section, and a diffuser. The ejector’s oper-
ation involves the blending of two distinct flows, with the two-phase flow typically
originating from the throat of the motive nozzle.

motive nozzle

suction nozzle

mixing section
diffuser

motive flow

suction flow

pre-mixing

FIGURE 1.13: Structure of a typical ejector

1.4.1 Classification of ejector

In addition to the typical structure of the ejector shown in Fig. 1.13, various ejector
configurations exist. Motivated by the design of the motive nozzle, ejectors can be
classified into two main groups: those equipped with a convergent-divergent (C-D)
type motive nozzle, as depicted in Fig. 1.13 [45–47], and those with a convergent
(C) type motive nozzle, shown in Fig. 1.14 [48–50]. In the motive nozzle, the high-
pressure flow enters the convergent part, where the section area decreases, causing
the velocity to increase. During actual operation of the ejector cycle, the flow typ-
ically reaches local sound speed, with Mach number (Ma) equals 1 at the throat
section of the nozzle. Subsequently, for C-D type nozzles, the flow continues to ac-
celerate in the divergent part, and the pressure continues to decrease until the exit
of the nozzle, reaching a supersonic state. However, for C type nozzles, due to ge-
ometric limitations, the exit velocity can only reach local sound speed (Ma = 1) or
remain in a subsonic state (Ma < 1). In most cases, ejectors with C-D type motive
nozzles achieve higher exit speeds and lower pressures, benefiting the entrainment
effect.

On the other hand, depending on the exit position of the motive nozzle, ejec-
tors can be categorized into two groups: constant area mixing ejectors (CAM) and
constant pressure mixing ejectors (CPM), as illustrated in Fig. 1.15. In the former,
the exits of the motive nozzle and suction nozzle are positioned exactly at the inlet
of the constant-area mixing section, eliminating the need for a separate pre-mixing
section. The mixing of the motive and suction flows occurs within the constant-area
mixing section. Conversely, in the latter, the exit of the nozzle is located before the
inlet of the constant-area mixing section, incorporating a pre-mixing section. Here,
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FIGURE 1.14: Ejector with convergent nozzle

the mixing of the motive and suction flows commences. Both types of ejectors are
present in current studies and actual ejector expansion cycles.

nozzle exit

mixing section

(A) constant-area mixing ejector

nozzle exit

pre-mixing

mixing section

(B) constant-pressure mixing ejector

FIGURE 1.15: Schematic view of an ejector

Investigations into the performance disparity between CAM and CPM ejectors
have yielded valuable insights. Kumar et al. [51] conducted a comprehensive review
on constant area mixing (CAM) and constant pressure mixing (CPM) ejectors. This
review examines ejector development freezing systems using a combination ejector
with constant pressure and constant area mixing as an expansion mechanism. It
was summarized that constant pressure mixing improves the cooling effect, overall
efficiency, and coefficient of performance and reduces power consumption.

Other research also suggest that the constant pressure mixing ejector is more
widely utilized due to its superior performance compared to the constant area mix-
ing ejector [42, 52]. However, it’s noteworthy that the theory of constant area mixing
is better understood, and its performance can be predicted with a higher degree of
accuracy [53].
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Interestingly, contrary to prevailing conclusions, Atmaca [54] theoretically in-
vestigated the ejector expansion refrigeration cycle to compare the constant pres-
sure mixing and constant area mixing ejector theories making use of thermodynamic
models. The findings reveal that at higher condenser temperatures and lower evap-
orator temperatures, similar performance improvement ratios are observed for both
mixing assumptions. And when optimum performance values under both of the
mixing assumptions were compared, CAM assumption offers slightly higher per-
formance results for the ejector expansion refrigeration cycle.

1.4.2 Working modes of ejector

For a fixed geometry and constant ejector input conditions, the working modes of the
ejector can be categorized into three types based on the ejector outlet pressure [55,
56], as illustrated in Fig. 1.16. The entrainment ratio of the ejector, denoted as w, is
defined as the ratio between the mass flow rate of the suction flow (ṁs) and the mass
flow rate of the motive flow (ṁm), as given by Eq. (1.1). The critical pressure and
breakdown pressure of the ejector are associated with both the ejector geometry and
the ejector input conditions. Correlations for the critical pressure and breakdown
pressure have been investigated both theoretically and experimentally [55–60].

Ejector outlet pressure

E
n

tr
a
in

m
en

t 
ra

ti
o

double choking

critical pressure

single choking

breakdown pressure

critical mode sub-critical mode back flow mode

no choking

FIGURE 1.16: Working modes of the ejector

w =
ṁs

ṁm
(1.1)

The choking state of the motive flow occurs when the flow attains the speed of
sound at the throat of the motive nozzle. With a fixed ejector geometry, the mass
flow rate of the motive flow reaches its maximum value under this condition. As
the back pressure (ejector outlet pressure) continues to decrease, the mass flow rate
remains constant. In the case of the suction flow, choking typically occurs in the pre-
mixing or mixing section, and the underlying principle is analogous to that of the
motive flow.
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Critical mode

When the ejector back pressure is below the critical pressure, the ejector operates in
the critical mode. In this mode, both the motive flow and suction flow are in a chok-
ing state, wherein their mass flow rates reach their maximum values. Consequently,
the entrainment ratio of the ejector also attains its maximum value.

Sub-critical mode

When the ejector back pressure falls within the range of the critical pressure and
breakdown pressure, the ejector operates in the sub-critical mode. In this mode,
only the motive flow is in a choking state, while the mass flow rate of the suction
flow decreases as the back pressure increases. Consequently, the entrainment ratio
decreases with the back pressure in this operational regime.

Back flow mode

When the ejector back pressure surpasses the breakdown pressure, the ejector op-
erates in the backflow mode, where choking does not occur within the ejector, and
the working fluid flows back towards the suction flow inlet. In this state, the ejector
cannot operate normally.

In general, the ejector achieves optimal performance when operating at critical
back pressure. Therefore, it is crucial to control the ejector to operate in the critical
mode, near the critical point. This ensures both steady operation and high-efficiency
performance, as emphasized in the experimental work by Wang et al. [56].

1.4.3 Simulation of ejector

The ejector is a complex device in which the flow involves the mixing of two distinct
flows: high-pressure motive flow and low-pressure suction flow. The flow pattern in
the ejector is complicated because it involves two-phase flow as well as trans-sonic
issues. As discussed in the section above, the phase change starts from the throat
of the motive nozzle, and the flow velocity also reaches the critical state (Ma=1).
Then, the flow becomes two-phase flow and supersonic along the motive nozzle. In
the mixing section, after the mixing with the low-speed suction flow, the supersonic
flow will be slowed down and turn into subsonic. So, the trans-sonic flow will cause
shock waves inside the ejector, increasing the complexity of the flow pattern.

To have a better and more detailed understanding of the flow pattern inside the
ejector, simulation of the ejector is necessary. Based on the dimensionality and com-
plexity, the modeling of the ejector can be classified as:

• 0-D/ pseudo 1-D thermodynamic models

• 1-D models based on the Finite Volume Method (FVM)

• 2-D / 3-D CFD simulations
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Classification of the modeling assumptions of two-phase flow

Since the ejector involves two-phase flow, the modeling can be classified into several
groups based on the assumptions used for two-phase flow, as shown in Fig. 1.17.

Two phase flow

modeling

Two fluid method Pseudo fluid method

Thermodynamic

equilibrium

Thermodynamic non-

equilibrium

Homogeneous

flow
HEM

Drift flux

method

DEM HRM Mixture

FIGURE 1.17: Classification of typical modeling methods of two-
phase ejector

Firstly, the models are classified based on the fluid numbers assumption dur-
ing modeling. For the two-fluid method, each phase has a set of equations. In the
pseudo-fluid method, both phases are averaged based on mass or volume fraction,
and a single set of equations is used to describe the two-phase flow.

Moreover, in a two-phase flow, non-equilibrium states exist between vapor and
liquid phases. This non-equilibrium can be divided into thermodynamic and trans-
port (or mechanical) non-equilibriums. Thermodynamic non-equilibrium is related
to the superheated or subcooled state of a liquid or vapor, respectively. Transport
non-equilibrium is related to differing temperatures, pressures, or velocities of the
phases.

In multi-phase flow modeling, a commonly used assumption is homogeneous
flow. This approach assumes the phases to be at mechanical equilibrium, meaning
both phases are described with a single velocity and pressure field to reduce the
complexity of the model by neglecting the modeling of the slip velocity. Essentially,
the two phases can then be treated as a single pseudo-fluid with transport properties
derived according to an averaging procedure [61]. The Homogeneous Equilibrium
Model (HEM) assumes thermodynamic equilibrium of the phases at all points in the
flow. Consequently, the temperatures and pressures of both phases are equal. It also
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assumes that phases are uniformly distributed (perfectly mixed), resulting in equal
velocities and mechanical equilibrium.

Different from HEM, Delayed Equilibrium Model (DEM) assumes the existence
of three fractions: the meta-stable liquid phase, the saturated liquid phase, and
the saturated vapor phase. The meta-stable fraction is assumed to have the same
pressure as the saturated phases but a higher temperature. Therefore, DEM takes
into account thermal non-equilibrium effects but does not include mechanical non-
equilibrium effects. An index is used to denote the fraction of vaporization, which
is the sum of the mass fraction of saturated liquid and saturated vapor.

Similar to HEM, Homogeneous Relaxation Model (HRM) assumes homogeneous
multi-phase flow. However, HRM treats the phase change as a relaxation process to-
ward equilibrium. A relaxation factor is used to denote the delay of the equilibrium.
In relation to the previously established notation, this yields a more accurate descrip-
tion of the phase fraction. This improvement is based on an appropriate estimate of
the relaxation time scale.

A modeling approach that has recently garnered attention from the research
community is the mixture model. These 4-equation models aim to model the phase
change mechanisms in the flow. Here, the transport equation for the volume fraction
is solved with the mass transfer terms for evaporation and condensation explicitly.
Such an improved estimation of the phase composition allows for a more accurate
estimate of the mixture properties. The properties are calculated based on a mass-
weighted average for the thermodynamic variables, e.g., enthalpy or total energy, or
a volume-weighted average for the variables mixture density, molecular viscosity,
or thermal conductivity [61].

Notably, all 0-D or pseudo 1-D models rely on the assumption that two-phase
flow is based on HEM. The listed different assumptions are only applicable in 1-D
modeling and CFD modeling.

0-D / pseudo 1-D modeling of ejector

0-D/pseudo 1-D models are employed for simulating ejectors in refrigeration sys-
tems. These models focus on thermodynamic simulations at critical sections along
the flow path, including the inlet and outlet of the motive and suction nozzles, the
throat of the motive nozzle, and the inlets and outlets of the mixing section and
diffuser. The 0-D/pseudo 1-D models assume that the two-phase flow is in a ho-
mogeneous equilibrium state, where the saturated vapor and saturated liquid share
the same pressure, temperature, and velocity. Thermodynamic parameters, such as
specific enthalpy and density, are determined based on mass fraction averages and
void fraction averages, respectively.

The development of these models began with Kornhauser in 1999 [43] and has
since been advanced by numerous researchers.

Li and Groll [62] established a similar pseudo 1-D model based on constant pres-
sure mixing method. The effect of the entrainment ratio and the pressure drop in
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the suction nozzle of the ejector on the relative performance of the ejector expansion
transcritical CO2 cycle was investigated for typical air conditioning operation con-
ditions. It was found that the COP of the ejector expansion transcritical CO2 cycle
can be improved by more than 16 % over the basic transcritical CO2 cycle.

Deng et al. [63] developed a similar pseudo 1-D model but it was assumed there
was no pressure drop in the suction nozzle and the mixing pressure is identical to
the inlet pressure of suction flow, which was assumed as evaporation pressure. It
was concluded that for the working conditions studied, the ejector expansion sys-
tem maximum cooling COP is up to 18.6 % better than the internal heat exchanger
cycle cooling COP and 22.0 % better than the conventional vapor compression re-
frigeration cycle cooling COP.

A more intricate pseudo 1-D model was proposed by Atmaca et al. [54]. In
this model, the outlet pressure of suction nozzle, the pressure at the inlet and outlet
of the mixing section are unknown values to be calculated by iteration. Among
which the outlet pressure of the suction nozzle is obtained with an iteration loop
until the ejector outlet pressure reaches the peak value, which means the ejector has
the optimum performance under the working condition.

Another typical pseudo 1-D model was presented by Ameur et al. [64]. This
model emphasizes that the design of primary and secondary nozzles is performed
by maximising the mass flow rate at their respective throats, thus circumventing the
approximate determination of the velocity of sound and the Mach number in a two-
phase flow environment. In the mixing chamber, the flow is handled in such a way
as to account for the wall friction in the momentum balance equation. The result of
computations by the present model agrees fairly well with experimental data from
a dedicated test bench as well as with those found in the available literature.

More 0-D / pseudo 1-D thermodynamic models of ejector applied in the trans-
critical CO2 heat pump cycle and the main remarks are listed in Table. 1.6.

1-D modeling of ejector

0-D or pseudo 1-D models offer advantages such as rapid results generation, com-
patibility with cycle models, and widespread use among researchers. However, they
come with limitations, including inaccuracies in simulating ejector performance and
dependence on adiabatic efficiency input.

To obtain a more precise understanding of the flow patterns inside the ejector, a 1-
D model is developed to capture complete flow profiles along the flow path. Unlike
0-D models, a 1-D model allows for tracking the evolution of flow patterns, includ-
ing phase transitions and crossing the critical point (where Ma = 1). However, this
model requires a detailed definition of two-phase flow and how two distinct flows
interact in the mixing process. To simplify the simulation, various assumptions are
applied in the modeling process. Two-phase flow models can be classified based on
different simplifications and assumptions.
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The 1-D Homogeneous Equilibrium Model has been widely used in the literature
to model CO2 ejector flow structure and characteristics [74–76]. Palacz et al. [77]
investigated the application range of the HEM approach within typical supermarket
refrigeration conditions. The results showed that for operating conditions close to or
above the critical point of CO2, the HEM is accurate ( within 5 % error of mass flow
rate prediction). However, as the temperature and pressure are reduced below the
critical point, to off-critical expansion, the deviation of the prediction on the mass
flow rate of motive flow reaches up to 50 %. The significant errors were attributed
to the non-equilibrium effects that are neglected by HEM.

In addition to the HEM, the Homogeneous Relaxation Model (HRM) and De-
layed Equilibrium Model (DEM) have also been studied in the 1-D modeling of ejec-
tors by scholars [75, 78–81]. Both models account for non-equilibrium effects during
phase transition. However, the accuracy of each model is closely tied to the corre-
lation of the additional introduced index quantifying non-equilibrium—specifically,
the vaporization index for DEM and the relaxation factor for HRM.

A more detailed summary of the existing 1-D models will be presented in the
third chapter.

CFD modeling of ejector

Compared to 1-D modeling of ejectors, Computational Fluid Dynamics (CFD) is a
robust and powerful tool for their modeling. CFD is a branch of fluid mechanics that
employs numerical methods and algorithms to solve and analyze problems related
to the behavior of fluids, encompassing both liquids and gases. It involves the use
of computer simulations to explore fluid flow and associated physical phenomena,
such as heat transfer, chemical reactions, and turbulence.

In CFD, the mathematical equations governing fluid flow, known as the Navier-
Stokes equations, are discretized and solved using computational methods. Dif-
ferent CFD models can also be classified based on the two-phase flow modeling
method (HEM, DEM, and HRM). A summarized table is provided in Table. 1.7, fo-
cusing specifically on the ejector expansion cycle using CO2 as the refrigerant.

From Table. 1.7, it is evident that CFD studies are predominantly carried out us-
ing the commercial software ANSYS FLUENT, a widely adopted platform for CFD
simulations. Additionally, some scholars utilize the open-source platform Open-
FOAM.

Except for the difference of simulation tools, there is significant variability in the
applied multiphase modeling methods, and researchers have undertaken compar-
isons between different methods.

For instance, Palacz et al. [88] conducted a comparative analysis of the accura-
cies of the Homogeneous Equilibrium Model (HEM) and Homogeneous Relaxation
Model (HRM). Their study focused on simulating carbon dioxide flow in ejectors
designed for supermarket refrigeration systems. The observed discrepancies for se-
lected operating regimes ranged from 0.3 % to 43.3 % for HEM and 0.7 % to 42.0
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% for HRM. Notably, HRM exhibited higher accuracy than HEM at lower pressures
and temperatures, with errors approximately 5 % lower.

In another study, Angielczyk et al. [89] compared the prediction accuracy of
critical mass rate and pressure distribution for flashing carbon dioxide flow in a
convergent-divergent nozzle using HEM and Delayed Equilibrium Model (DEM)
approaches. The results indicated that, without an appropriate correlation for the
DEM approach, the prediction accuracy of critical mass flow rate and pressure dis-
tribution was even worse than the HEM approach. However, the performance of the
DEM approach improved with a better definition of the mass fraction evolution of
the metastable flow, and traditional correlations for water did not apply to CO2.

1.4.4 Conclusion

In conclusion, the traditional CO2 heat pump cycle utilizing a throttling valve as
an expansion device suffers from significant irreversibilities during the expansion
process, leading to a decrease in cycle COP. The replacement and cycle modification
with an ejector can substantially reduce expansion losses.

The ejector is a complex device involving the mixing of two flows, especially
considering the inclusion of two-phase flow. 0-D / pseudo 1-D modeling based
on thermodynamics remains the primary approach for ejector simulation due to its
simplicity and high computational efficiency. However, 1-D modeling based on Fi-
nite Volume Method and CFD simulations can provide a more detailed flow pattern
along the ejector’s flow path. The 1-D and CFD models also vary depending on as-
sumptions about two-phase flow, with thermodynamic equilibrium being a crucial
consideration during modeling. Noting that the CFD simulation is more intensive in
terms of computational resources, therefore 1-D modeling based on Finite Volume
Method is a compromised choice between simulation efficiency and accuracy.

1.5 Experimental study on transcritical ejector expansion heat
pump cycle using CO2 as refrigerant

In addition to numerical analyses of ejectors and heat pump cycles using ejectors
as expansion devices, numerous scholars have conducted experimental studies. Ta-
ble. 1.8 listed the experimental study on the system performance and Table. 1.9 listed
the study on the geometric parameters of the ejector and visualization study of ejec-
tor.

From Table. 1.8, it can be concluded that the main studied parameters influencing
the performance of the ejector expansion transcritical CO2 heat pump cycle include
the pressure of the gas cooler and evaporator, the back pressure of the ejector and the
compressor rotating speed. The effect of the internal heat exchanger is also a focus
for the performance improvement of the cycle.
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From Table. 1.9, to achieve the optimal performance, the ejector need to be well
designed. Efforts have been contributed to the ejector geometric design, the main ge-
ometric parameters include the position and angle of the motive nozzle, the diameter
and length of the constant area mixing section, the length and angle of the diffuser.
Substantial efforts have been devoted to visualizing the flow patterns within ejec-
tors.

The experimental test facilities vary in terms of system schematics, size, and re-
frigeration capacity. Scholars have examined different types of ejectors, with the
convergent-divergent nozzle ejector emerging as the primary choice. This type of
ejector, capable of reaching supersonic states, exhibits superior pressure recovery
potential. Nevertheless, some researchers have also opted for ejectors with converg-
ing nozzles in their investigations.

1.5.1 Conclusion

In conclusion, ongoing experimental research on the ejector-enhanced transcritical
CO2 heat pump cycle remains crucial. Despite the commercial validation of this
technology, the intricate flow patterns within the ejector underscore the need for
additional laboratory validation. This is imperative not only for enhancing system
performance but also for delving into additional possibilities for cycle configura-
tions.

1.6 Novel system of transcritical ejector expansion CO2 heat
pump cycle configuration

The conventional configuration of an ejector expansion heat pump cycle is illus-
trated in Fig. 1.12a. In addition to this typical system arrangement, researchers have
proposed numerous novel configurations aimed at enhancing cycle performance, in-
cluding improvements in COP, exergy efficiency, and ejector efficiency. While some
of these innovative systems have undergone experimental validation, a significant
portion remains in the theoretical design and analysis stage.

1.6.1 two-stages evaporation cycle

In the realm of actual vapor-compression refrigeration or heat pump systems with
variable-temperature heat reservoirs, a two-stage evaporation cycle stands out as an
effective method to enhance the coefficient of performance. However, its application
is constrained by the requirement for two separate suction pressures, necessitating
two cylinders or compressors.

To address this limitation, Cao et al. [106] propose a two-stage evaporation cycle
with a shared single-stage compressor. An ejector is employed to elevate the lower
evaporation pressure to the higher evaporation pressure or the compressor suction
pressure, as depicted in Fig. 1.18. A thermodynamic model is developed to analyze
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the performance of this innovative system. Numerical results reveal that the COP of
the novel cycle surpasses the one-stage ejector cycle by 12.1 %, outperforms the two-
stage evaporation cycle by 6.9 %, and exceeds the basic refrigeration cycle by 22.0 %
under underrated operating conditions. The exergy analysis further indicates that
the novel cycle can reduce exergy loss in the expansion process by 49.6 % and in the
heat transfer process in evaporators by 21.5 % compared to the basic refrigeration
cycle.

FIGURE 1.18: Schematic and P-h diagram of the ejector-assisted two-
stage evaporation single-stage vapor-compression cycle [106]

A new two-stage configuration of an ejector-expansion transcritical CO2 refrig-
eration cycle is introduced by Yari et al. [107], shown in Fig. 1.19. This configuration
incorporates an internal heat exchanger and an inter-cooler to enhance the cycle’s
performance. The theoretical analysis of the performance characteristics was con-
ducted based on the first and second laws of thermodynamics. Simulation results
reveal that, in comparison to the conventional two-stage transcritical CO2 cycle, the
new two-stage cycle exhibits approximately 12.5 % to 21 % higher values for both
COP and second law efficiency. The study concludes that the performance of this
innovative two-stage transcritical CO2 refrigeration cycle can be significantly im-
proved, making it a promising refrigeration cycle from both thermodynamic and
technical perspectives.

1.6.2 Traditional CO2 ejector cycle with an additional feed back loop

For the traditional ejector expansion cycle, the primary flow from the gas cooler and
the secondary flow from the evaporator pass through the nozzle, mixing, and dif-
fuser sections of the ejector. They then separate into vapor and liquid, and this ratio
should match the inlet ratio of primary and secondary flows. This regulation limits
the operation of the cycle. To mitigate this limitation, Li and Groll [62] proposed a
modified cycle with an additional feedback loop, as shown in Fig. 2.25. The main
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FIGURE 1.19: Schematic and P-h diagram of the two-stage evapora-
tion single-stage vapor-compression cycle [107]

difference from the conventional ejector cycle is that some part of the vapor from the
separator is fed back to the evaporator through a throttle valve to regulate the vapor
quality of the evaporator inlet. This modification allows the ejector cycle to operate
over a wider range of working conditions.

FIGURE 1.20: Modified cycle with an additional feed back loop [62]

1.6.3 Transcritical CO2 refrigeration cycle with an adjustable ejector

The fixed ejector has to work under a restricted operating condition to keep its pos-
itive effectiveness on the transcritical CO2 refrigeration cycle, and a controllable
ejector will be helpful. A schematic diagram of an adjustable ejector is shown in
Fig. 1.21. A needle is installed in the motive nozzle to control the throat diameter.
The control of the needle can be manual or by a step motor as shown in Fig. 1.21.
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FIGURE 1.21: A schematic diagram of an adjustable ejector [108]

In the study by Smolka et al. [109], the performances of fixed-geometry ejec-
tors of various sizes were simulated and compared with the corresponding perfor-
mances of controllable-geometry ejectors at several needle positions. For both types
of ejectors, the global efficiency as a function of the mass flow rate is presented and
discussed. The results indicate that each fixed-geometry ejector configuration ex-
hibits high efficiency over the entire range of operating conditions. In the case of
controllable-geometry ejectors, the efficiency was, in most cases, 25 % higher than
that in the fixed-geometry case when the motive nozzle throat was reduced by ap-
proximately 35 %. Similarly, Liu et al. [110] found through experimental validation
that the ejection ratio and coefficient of performance can significantly increase as the
ejector motive nozzle throat diameter decreases. It was also concluded that the ejec-
tion ratio, suction pressure ratio, cooling capacity, and COP reached their maximum
levels when the distance between the ejector motive nozzle exit and mixing section
constant-area entry was equal to 3 times the mixing section diameter.

However, some researchers have reached a different conclusion regarding the
comparison. He et al. [111] compared the performance of adjustable and fixed ejec-
tors with the same key structural sizes using exergy flux distribution analysis. The
results revealed that the main exergy transfer (interaction between the primary and
secondary flows) occurs in the suction chamber. Furthermore, higher exergy loss
was observed in the suction chamber of the adjustable ejector due to flow separation
along the needle and higher viscous dissipation of oblique shock waves, resulting
in a 5 % to 11 % lower entrainment ratio than that of the fixed ejector. On the other
hand, the higher velocity in the fixed ejector led to increased friction on the wall and
more intense flow separation in the diffuser, causing higher exergy loss in the mixer
and diffuser. Consequently, the exergy efficiency of the adjustable ejector is only 0.5
% lower than that of the fixed ejector.

1.6.4 Conclusion

In the realm of transcritical ejector expansion CO2 heat pump cycles, a departure
from traditional configurations has given rise to innovative cycle designs with the
overarching goals of enhancing efficiency and adaptability to varying operational

Thèse accessible à l'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0029/these.pdf © [C. You], [2024], INSA Lyon, tous droits réservés



46 Chapter 1. State of the art review

conditions. Diverse cycle modifications have been introduced, each tailored to spe-
cific application conditions. While both numerical simulations and experimental
investigations have been undertaken to validate the efficacy of these modifications,
a crucial aspect yet to be addressed comprehensively is their economic viability for
real-world commercial operations. A more holistic analysis, grounded in economic
considerations, is imperative to gauge the practical feasibility and financial implica-
tions of implementing these advancements in the field.

1.7 Conclusions of the State-of-the-Art Review

In this chapter, a comprehensive state-of-the-art review of the ejector enhanced tran-
scritical CO2 heat pump cycle has been conducted. The working principle of the
cycle, the rationale behind the evolution of refrigerants, and system configurations
have been elucidated. Key achievements in this research domain have been suc-
cinctly presented. In summary, further research is warranted in the following areas:

• Despite being the primary modeling method identified in the literature review,
there is a scarcity of comparisons between different 0-D/pseudo 1-D models
of ejectors. Detailed analyses are required to understand the impact of simpli-
fications and assumptions in different models on modeling accuracy.

• 1-D modeling based on Finite Volume Method is relatively uncommon com-
pared to the abundance of CFD modeling. Considering the computational
cost of CFD modeling, 1-D modeling offers a compromise solution between
modeling accuracy and efficiency.

• Although the CO2 ejector expansion system has been commercialized, its pi-
oneering nature necessitates more laboratory experimental validation. This is
crucial for gaining a comprehensive understanding of the complex flow pat-
terns within the ejector.
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Chapter 2

Thermodynamic-based simulation
of transcritical CO2 ejector
expansion heat pump cycle

Despite being the primary modeling method identified in the literature review, there
is a scarcity of comparisons between different 0-D/pseudo 1-D models of ejectors.
Detailed analyses are required to understand the impact of simplifications and as-
sumptions in different models on modeling accuracy.

In this chapter, we will replicate three zero-dimensional thermodynamic models
of the ejector, increasing in complexity based on existing literature [54, 62, 63]. These
models will then be integrated into a transcritical CO2 heat pump cycle.

Following this, a sensitivity analysis will be performed for the input isentropic
efficiencies of the ejector components. The effect on the cycle COP, ejector outlet
pressure and ejector efficiency will be quantitatively analyzed.

Subsequently, the experimental validation of the three zero-dimensional ther-
modynamic models will be conducted using two independent sets of data from the
literature [112, 113]. The simulation accuracy concerning the ejector outlet pressure,
entrainment ratio, and the cycle COP will be compared.

Finally, we will identify the source of simulation deviation and introduce a data
processing method aimed at eliminating the primary deviation arising from the liq-
uid imbalance issue in the cycle. The simulation accuracy will then be compared for
the cycle before and after implementing the modification.

2.1 Key definitions of 0-D/pseudo 1-D thermodynamic mod-
els of ejector

The ejector consists of five main parts: the motive and suction nozzle, the pre-mixing
section, the constant-area mixing section, and the diffuser, as shown in Fig. 2.1. The
motive flow, entering at high pressure and in a supercritical state from the gas cooler
outlet, passes through the motive nozzle. The suction nozzle inlet typically receives
saturated or superheated vapor from the evaporator outlet. The motive flow ex-
pands in the nozzle and entrains the low-pressure suction flow. These two flows
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mix in the pre-mixing and constant-area mixing sections before passing through the
diffuser. Due to the combination of the two flows and geometric design, the outlet
pressure exceeds the evaporation pressure, providing a pressure boost to the suc-
tion flow. The brief pressure and velocity profiles along the flow path of the ejector
are also presented in Fig. 2.1. The shock wave occurs when the flow velocity sur-
passes the local sound speed from the supersonic state, resulting in a steep pressure
increase and velocity drop. Noting that this pressure and velocity curves are just
a typical abbreviated schematic, the actual pressure and velocity curves will vary
depending on the modeling assumptions.

The pressure lift Pli f t of an ejector is defined as the pressure difference between
the ejector outlet and suction flow. The entrainment ratio of the ejector is defined
as the ratio between the mass flow rate of the suction flow and the motive flow, as
introduced in the first chapter (Eq. (1.1)).

In 0-D/pseudo 1-D thermodynamic models, the focus of modeling is directed
towards the inlets and the outlet of these distinct sections. Notably, the geometric
parameters such as diameter, convergent and divergent angles, etc., are not included
as input parameters for the modeling of each section. Instead, isentropic efficiency
of the motive nozzle, the suction nozzle and the diffuser, defined by Eq. (2.1) to
Eq. (2.3), are utilized as inputs to assess the performance and optimize the geometric
design and operation of these sections.

ηm =
ham − ham,is

hm − ham
(2.1)

ηs =
has − has,is

hs − has
(2.2)

ηd =
hd,is − hc

hd − hc
(2.3)

Here, ham, has, hc, and hd denote the specific enthalpy at the outlet of the motive
nozzle, suction nozzle, mixing section, and diffuser. ham,is, has,is, and hd,is represent
the specific enthalpy for an isentropic process at the outlet of the motive nozzle,
suction nozzle, and diffuser sections. hm and hs represent the inlet specific enthalpy
of the motive and suction nozzle. In an isentropic process, the entropy gain is zero,
indicating no irreversibility loss. The isentropic efficiencies, expressed by equations
Eq. (2.1) to Eq. (2.3), serve as a measure of proximity to the ideal isentropic process.

Ejector efficiency ηeje, a crucial performance metric, is defined as the ratio of the
amount of expansion work recovered by the ejector to the maximum possible ex-
pansion work rate recovery potential (Eq. (2.4)). The specific enthalpy hs,is for an
assumed isentropic change of state from the suction flow inlet condition to the ejec-
tor outlet pressure is vital for this calculation. Likewise, hm,is represents the specific
enthalpy for an assumed isentropic change of state from the motive flow inlet con-
dition to the ejector outlet pressure [100, 113, 114]. Ejector efficiency is influenced
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not only by the geometric design of the ejector but also by operational conditions,
making it a key metric for evaluating ejector performance.

ηeje =
ṁs

ṁm
· hs,is − hs

hm − hm,is
(2.4)

Fig. 2.2 presents the ejector expansion process on the P-h diagram of CO2. The
points m, s, and d represent the inlet of motive flow, suction flow, and the ejector
outlet flow. δh = 0 and δs = 0 represent the isenthalpic and isentropic processes, re-
spectively. One of the advantages of using ejector efficiency as a performance index
for the ejector is that, in this situation, the ejector can be assumed as a black box. The
efficiency can be calculated based only on the inlet and outlet parameters without
knowing the detailed process happening inside the ejector.

2.2 Modeling methodology

Based on current literature, it is evident that zero-dimensional (0-D) and pseudo one-
dimensional (pseudo 1-D) models, relying on thermodynamic equilibrium states,
have been extensively studied. However, the accuracy of these models in predicting
various parameters, such as ejector outlet pressure and entrainment ratio, across
diverse operating conditions requires validation through additional experimental
data.

The impact of simplifications made during the 0-D modeling process remains
unclear. Furthermore, there is a notable scarcity of studies dedicated to the compar-
ative analysis of different 0-D models. In this section, we present three representative
0-D thermodynamic models of ejectors, each characterized by increasing complexity
(Deng et al. [63], Li et al. [62], Atmaca et al. [54]).

The 0-D thermodynamic models are classified into two categories based on the
variation of pressure before and after the mixing process inside the ejector: the first
group neglects the pressure variation during the mixing process and for the second
group the pressure variation is considered. In this section, the two groups of models
are named as constant pressure mixing model [63] and variable pressure mixing
model [54, 62]. Noting that this classification is based on the assumptions during the
modeling, distinguished from the constant area mixing (CAM) ejector and constant
pressure mixing (CPM) ejector discussed in the first chapter which is based on the
geometry character of the ejector.

Some common assumptions are applied to simplify the simulation for all the 0-D
thermodynamic models [54, 62, 63]:

(1) Pressure drop along the pipe and in the main components is neglected.

(2) The system is adiabatic except for heat exchange with the environment in the
gas cooler and evaporator.

(3) Kinetic energies of the refrigerant at the ejector inlet and outlet are negligible.
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(4) The flow through the throttle valve is isenthalpic.

(5) The friction losses in the mixing section is neglected.

2.2.1 Constant pressure mixing model of ejector [63]

The constant pressure mixing model of ejector is referred to Deng et al. [63]. For
the constant pressure mixing model, the pressure variation in the mixing section
is neglected. The motive flow expands to the evaporation pressure at the motive
nozzle outlet and the pressure keeps unchanged until the inlet of the diffuser.

Modeling of motive nozzle

Within the ejector, the motive flow undergoes acceleration with a pressure drop from
Pm to Pa before mixing. Here, Pa is assumed to be the suction nozzle outlet pres-
sure and equals to the inlet pressure of the suction nozzle Ps in the model of Deng
[63]. The specific enthalpy of the motive flow at the nozzle outlet is determined
by Eq. (2.5), where ηm represents the isentropic efficiency of the motive nozzle, and
ham,is is the ideal specific enthalpy for an isentropic expansion.

The flow velocity of the motive flow (uam) at the nozzle outlet is determined
through an energy balance between motive nozzle inlet and outlet, utilizing Eq. (2.6),
where ham represents the specific enthalpy of the motive flow at the nozzle outlet. It
is important to note that, in this analysis, the inlet velocity of the motive nozzle is
neglected and assumed to be zero.

Furthermore, the density of the motive flow at the nozzle outlet is determined
using the equation of state available in REFPROP, as outlined by Eq. (2.7).

ham = hm − ηm · (hm − ham,is) (2.5)

1
2
· uam

2 = hm − ham (2.6)

ρam = f (ham, Pa) (2.7)

Applying the conservation of mass, the area occupied by the motive flow at the
nozzle outlet per unit total ejector flow rate (aam) is determined by Eq. (2.8), where
w represents the entrainment ratio of the ejector as defined by Eq. (1.1) in the first
chapter.

aam =
1

(1 + w) · ρam · uam
(2.8)
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Modeling of suction nozzle

In Deng’s model [63], there is no expansion in the suction nozzle. The outlet pa-
rameters of the suction nozzle (Eq. (2.9) to Eq. (2.11)) remain identical to the inlet,
representing the flow from the outlet of the evaporator.

has = hs (2.9)

uas = us = 0 (2.10)

ρas = ρs (2.11)

Modeling of pre-mixing section and constant area mixing section

The motive flow and suction flow then mix in the pre-mixing section and constant
area mixing section. In the mode of Deng [63], it is assumed that the mixture pres-
sure in the ejector equals the evaporator pressure, as the small pressure difference
can be neglected in the transcritical CO2 cycle.

Furthermore, the analysis assumes the conservation of fluid momentum in the
mixing section and the velocity of the mixed flow uc can be obtained by Eq. (2.12).

uc = uam/(1 + w) (2.12)

The specific enthalpy of the mixed flow hc can be calculated by the overall energy
balance equation by Eq. (2.13):

hc = hm/(1 + w) + hs · w/(1 + w)− 1
2
· u2

c (2.13)

Note that all calculations are based on the assumption that the total mass flow
rate of the ejector is normalized to unity.

Modeling of diffuser

An isentropic efficiency ηd is assumed to determine the isentropic outlet specific
enthalpy of the ejector (Eq. (2.14)). The ejector outlet specific enthalpy hd is ob-
tained through the energy balance between the inlet and the outlet of the ejector
(Eq. (2.15)). Subsequently, the outlet pressure is determined using equation of state
with the known outlet specific enthalpy and entropy for an isentropic process.

hd,is = ηd · hd + (1 − ηd) · hc (2.14)

hd = 1/(1 + w) · hm + w/(1 + w) · hs (2.15)
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After obtaining the ejector outlet pressure, along with the calculated actual spe-
cific enthalpy at the outlet, more thermodynamic parameters, such as entropy and
vapor quality, can be acquired through the equations of state.

2.2.2 Variable pressure mixing models of ejector [54, 62]

For the variable pressure mixing models of ejector, the pressure variation during the
mixing section is considered. An extra unknown pressure Pc is introduced and an
additional loop is used to obtain the pressure after mixing process. The other main
assumptions regarding pressure drop in the pipe, friction losses, etc., are the same as
those in the constant pressure mixing model. Two variable pressure mixing models
of ejector are introduced [54, 62].

Variable pressure mixing model proposed by Li and Groll [62]

The modeling of Li’s ejector [62] is fundamentally consistent with Deng’s model [63].
However, being a more complex model, Li’s approach introduces some distinguish-
ing features.

In Li’s model, a slight expansion is assumed in the suction nozzle. The calcula-
tion of the outlet specific enthalpy and flow velocity in the suction nozzle is analo-
gous to that of the motive flow, as given by Eq. (2.16) to Eq. (2.19).

has = hs − ηs · (hs − has,is) (2.16)

1
2
· uas

2 = hs − has (2.17)

ρas = f (has, Pa) (2.18)

aas =
w

(1 + w) · ρas · uas
(2.19)

Here, Pa is slightly lower than the inlet pressure of the suction nozzle Ps. The
pressure difference between the inlet and outlet of the suction nozzle is expected to
vary with the operating parameters. Li and Groll [62] investigated the effect of vari-
ous pressure differences (0.01 MPa, 0.03 MPa, and 0.05 MPa) on the ejector entrain-
ment ratio and system COP, but they did not provide a correlation. Additionally,
there is no available methodology in the open literature to calculate the pressure
difference. Therefore, we set 0.03 MPa as the default value in this section.

Another difference in the model of Li [62] is the mixing section. For the mixing
process, an unknown pressure Pc is introduced. According to the conservation of
momentum before and after the mixing of the motive and suction flows, Eq. (2.20) is
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obtained, where uc is the flow velocity of the mixed flow. According to the conserva-
tion of energy, the specific enthalpy of the fluid after the mixing can be determined
by Eq. (2.21).

Pa · (aam + aas) + 1/(1 + w) · uam + w/(1 + w) · uas = Pc · (aam + aas) + uc (2.20)

(1 + w) · (hc +
1
2
· uc

2) = ham + w · has (2.21)

Besides the features mentioned above, the rest of the ejector modeling remains
identical to Deng’s model [63].

Variable pressure mixing model proposed by Atmaca et al. [54]

As the most complex 0-D thermodynamic model studied in this chapter, Atmaca’s
model [54] determines the value of Pa iteratively. The iterative loop continues until
the outlet pressure of the ejector reaches its peak value, signifying that the ejector
has achieved optimal performance.

Apart from the difference mentioned above, the rest of the ejector modeling in
the model of Atmaca [54] is identical to the model of Li [62].

2.2.3 Modeling of other components

After expansion in the ejector, the mixed flow proceeds through the separator. Here,
the saturated vapor undergoes compression in the compressor, while the saturated
liquid expands through the valve and enters the evaporator. In this section, the
modeling of different components in the system is introduced sequentially, drawing
references from the literature by [54, 62, 63].

A brief cycle schematic of the ejector expansion heat pump cycle is presented
in Fig. 2.3. It is important to note that, due to the absence of pressure drop along
the pipe and the adiabatic nature of the ejector, the pressure, enthalpy, and other
properties at the inlet of the motive nozzle (state m) are identical to those at the
outlet of the gas cooler (state 3). Similarly, the same principle applies to the suction
nozzle, where the properties at the inlet (state s) are identical to those at the outlet of
the evaporator (state 9). Considering the end part of the ejector after the diffuser as
a constant area tube, the properties at the outlet of the diffuser (state d) are identical
to the outlet of the ejector (state 6).

For the modeling of the compressor, compression is assumed to be adiabatic,
and an isentropic efficiency ηcomp is introduced to characterize the performance of
the compressor. With the isentropic efficiency and a fixed outlet pressure of the com-
pressor, the outlet specific enthalpy can be calculated using Eq. (2.22), where h1 and
h2,is represent the inlet specific enthalpy and outlet specific enthalpy of an isentropic
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FIGURE 2.3: Schematic of an ejector expansion heat pump

process for the compressor. The model of Deng [63] incorporates an empirical cor-
relation expressed by Eq. (2.23) [115], where P1 and P2 are the inlet and outlet pres-
sures of the compressor. In Li’s model [62] and Atmaca’s model [54], the isentropic
efficiency of the compressor is a fixed value of 0.75.

ηcomp =
h2,is − h1

h2 − h1
(2.22)

ηcomp = 1.003 − 0.121 · (P2/P1) (2.23)

The remaining thermodynamic parameters can be determined using equations
of state. The power consumed by the compressor is expressed by Eq. (2.24).

Ẇcomp = ṁm · (h2 − h1) (2.24)

After compression in the compressor, the motive flow undergoes cooling in the
gas cooler. The outlet pressure and temperature are known during modeling, and
the outlet specific enthalpy can be determined using state equations. Using the inlet
and outlet enthalpies, the gas cooler capacity is calculated using Eq. (2.25).

Q̇heating = ṁm · (h2 − h3) (2.25)

After exiting the separator, the saturated liquid flows through a throttle valve
and is then heated to the saturated or superheated vapor in the evaporator. The
expansion through the valve is considered isenthalpic in the modeling (h8 = h7).
The cooling capacity of the evaporator is then expressed by Eq. (2.26), where h9 is
known from input values of temperature and pressure.
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Q̇cooling = ṁs · (h9 − h8) (2.26)

In the referenced literature [54, 62, 63], the heat pump is employed for cooling
applications. Therefore, the COP of cooling is chosen as the system evaluation indi-
cator and is calculated using Eq. (2.27).

COPcooling =
Q̇cooling

Ẇcomp
(2.27)

2.3 Resolution of the 0-D thermodynamic models

To solve the 0-D thermodynamic models presented in this chapter, coding in Matlab
involves various iteration loops. The properties of CO2 are obtained using equations
of state from the NIST REFPROP database, version 9.1. The flow charts illustrating
the modeling sequence of the ejector models are shown from Fig. 2.4 to Fig. 2.6.

The closure of the simulation is based on the tolerated deviation (ϵ) of the iter-
ated parameters. In the constant pressure mixing model, there is only one unknown
parameter: entrainment ratio w which needs to be found by an iteration based on the
mass balance of the vapor between the inlet and the outlet of the ejector, as depicted
by Eq. (2.28), where x6 is the vapor quality at the ejector outlet, which is acquired by
the equation of state.

x6 = 1/(1 + w) (2.28)

In the variable pressure mixing models, besides entrainment ratio, the pressure
value after the mixing of the motive and suction flows is also unknown and needs to
be found by an iteration. The closure criteria is the mass conservation of the mixed
flow (Eq. (2.29)), where ρc is the density of the mixed flow.

ρc · (aam + aas) · uc = 1 (2.29)

In the model proposed by Atmaca et al. [54], it is assumed that the ejector op-
erates under optimal conditions. This implies that the outlet pressure of the ejector
reaches its peak value based on the iteration of the nozzle outlet pressure. The initial
value of Pcheck will be set to the value of the ejector outlet pressure P6 for the first
iteration of the suction nozzle outlet pressure (Pa).

The output parameters of the ejector model include pressure and specific en-
thalpy values at the entrance and exit of each section, the outlet vapor quality, the
entrainment ratio of the ejector and the ejector efficiency. After obtaining these pa-
rameters and running the models for the remaining components, as described in the
above section, the modeling of the ejector expansion heat pump cycle is terminated.
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FIGURE 2.4: Flow chart of modeling sequence for the ejector model
of Deng [63]
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FIGURE 2.5: Flow chart of modeling sequence for the ejector model
of Li [62]
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FIGURE 2.6: Flow chart of modeling sequence for the ejector model
of Atmaca [54]
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Upon reproducing the three models based on the original works [54, 62, 63], the
simulated entrainment ratio, ejector outlet vapor quality, and cycle COP are com-
pared with the original simulation values from the respective articles [54, 62, 63].
The comparison shows good agreement, as depicted in the Appendix.A. As a result,
the models are validated and can be used to compare with each other using inde-
pendent experimental data, a comparison that has never been done in the literature
before.

2.4 Sensitivity analysis of isentropic efficiencies in ejector
components and compressor

After reproducing the three 0-D thermodynamic models, the influence of the input
isentropic efficiencies of ejector components and the compressor can be numerically
analyzed.

2.4.1 Boundary conditions for sensitivity analysis

The efficiencies of the ejector components depend on various factors, including the
ejector geometry, flow path design, working fluid, as well as pressure and temper-
ature values. The choice of isentropic efficiency for each section lacks a universal
standard. In most of the literature studied, individual ejector component isentropic
efficiencies are assumed to range from 0.5 to 0.95 [54, 62–73]. To investigate the im-
pact of these efficiencies on the ejector and system performance, this section presents
a sensitivity analysis of the isentropic efficiencies of the ejector components and the
compressor using the reproduced models. Throughout the sensitivity analysis, all
models operate under identical working conditions, as shown in Table. 2.1. The
default efficiencies for the nozzle, diffuser, and compressor are 0.8, 0.8, and 0.75,
respectively.

TABLE 2.1: Input parameters for sensitivity analysis

Gas cooling pressure Evaporation pressure Gas cooler outlet temperature Evaporation temperature

101.3 bar 25.4 bar 48.1 ◦C 0.3 ◦C

The results of the sensitivity analysis of the 0-D thermodynamic models are pre-
sented in Fig. 2.7 through Fig. 2.9. For each model, the influence of the isentropic
efficiencies of ejector components on the ejector outlet pressure and the cycle COP is
examined. Additionally, the impact of the compressor efficiency on the cycle COP is
also investigated.

2.4.2 Results of sensitivity analysis for model of Deng [63]

For Deng’s model [63], where there is no expansion in the suction nozzle, only the
efficiencies of the motive nozzle, diffuser, and compressor are studied. As depicted
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in Fig. 2.7a, the ejector outlet pressure increases with the efficiencies of the ejector
components. Specifically, the outlet pressure rises from 29.8 bars to 42.3 bars (ap-
proximately a 42 % increase) when the motive nozzle efficiency increases from 0.3 to
0.9. Similarly, for the diffuser, the trend is the same, and the outlet pressure increases
from 30.0 bars to 42.1 bars (about a 40 % increase). The impact of the motive noz-
zle and diffuser efficiencies is nearly identical, with the ejector outlet pressure being
slightly more sensitive to changes in motive nozzle efficiency.

As shown in Fig. 2.7b, the cycle COP increases as the efficiency of the compo-
nents improves, and the correlation is nearly linear. Among the three component
efficiencies, the COP is most sensitive to the efficiency of the compressor. When the
isentropic efficiency of the compressor increases from 0.3 to 0.9, the COP rises from
0.50 to 1.49, resulting in a relative change in COP of around 200 %. For the motive
nozzle and the diffuser, the two curves almost overlap, indicating that the isentropic
efficiency of the motive nozzle and the diffuser has nearly the same effect on the sys-
tem COP in this model. The sensitivity related to the motive nozzle and the diffuser
is much lower than for the compressor, with the relative change in COP being nearly
37 %.

2.4.3 Results of sensitivity analysis for the model of Li [62]

For Li’s model [62], as the model considers that the suction flow also slightly ex-
pands in the nozzle, an extra efficiency is added to the analysis. As illustrated in
Fig. 2.8a, the ejector outlet pressure also increases with the efficiencies of the ejector
components. The outlet pressure is most sensitive to the motive nozzle efficiency,
increasing from 29.6 bars to 35.9 bars (a 21.4 % augmentation) in the interval from
0.3 to 0.9. The second most sensitive component is the suction nozzle efficiency, re-
sulting in a pressure lift from 32.0 bars to 35.4 bars (a 10.4 % augmentation). The
least sensitive component is the diffuser, with a pressure lift from 34.0 bars to 35.2
bars (a 3.5 % augmentation).

As observed in Fig. 2.8b, the isentropic efficiency of the compressor also has the
most significant impact on the system COP for Li’s model [62], compared to the
individual components of the ejector. Among the ejector components, the system
COP is more sensitive to the motive nozzle efficiency, followed by the suction nozzle,
and lastly, the isentropic efficiency of the diffuser. Specifically, when the isentropic
efficiency of each component increases from 0.3 to 0.9, the corresponding relative
changes in COP are 200 %, 17 %, 10 %, and 3 %, respectively.

2.4.4 Results of sensitivity analysis for model of Atmaca [54]

For Atmaca’s model [54], the trend is generally similar to the two models above.
As shown in Fig. 2.9a, the correlation is generally linear, except in the range of high
isentropic efficiency of the motive nozzle. Quantitatively analyzed, the relative in-
crease in ejector outlet pressure when component efficiencies rise from 0.3 to 0.9 is 49
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FIGURE 2.7: Sensitivity analysis for the ejector components and com-
pressor efficiencies, model of Deng [63]
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FIGURE 2.8: Sensitivity analysis for the ejector components and com-
pressor efficiencies, model of Li [62]
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%, 14 %, and 13 % for the motive nozzle, suction nozzle, and diffuser, respectively.
The ejector outlet pressure is most sensitive to the motive nozzle efficiency, followed
by the suction nozzle and diffuser, with almost the same effect.
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FIGURE 2.9: Sensitivity analysis for the ejector components and com-
pressor efficiencies, model of Atmaca [54]
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In Fig. 2.9b, it can be concluded that the isentropic efficiency of the compressor
also has the most significant impact on the system COP for Atmaca’s model [54],
followed by the motive nozzle, suction nozzle, and diffuser. The relative increase in
COP is 200 %, 39 %, 14 %, and 13 %, respectively.

It’s noteworthy that when the motive nozzle increases from 0.87 to 0.88, the ejec-
tor outlet pressure increases, but the cycle COP decreases. This decrease is attributed
to the change in entrainment ratio, dropping from 0.25 to 0.24 (while the entrainment
ratio remains the same at 0.25 for the rest of the simulation). Therefore, even though
the compression work in the compressor per unit mass flow decreases, the cycle
COP decreases due to the worsened entrainment effect of the ejector.

2.4.5 Conclusion

In the above analysis, it is observed that for the ejector, the performance is most sen-
sitive to the motive nozzle efficiency in Li’s model [62] and Atmaca’s model [54],
compared to the suction nozzle and diffuser. However, for Deng’s model [63], the
effects of the motive nozzle and diffuser are nearly identical. Additionally, the COP
of the system is much more sensitive to the isentropic efficiency of the compressor
than to that of the individual components of the ejector for all three models [54, 62,
63]. Therefore, when conducting 0-D simulations of the ejector expansion cycle, it is
crucial to verify the accuracy of the input efficiency of the compressor to avoid sim-
ulation failure. While approximate performance curves provided by manufacturers
often serve as a reference for compressors during simulations, there is no accurate
calculation formula in the available literature that is universally applicable for all op-
erating conditions for the ejector components. Hence, deviations in the efficiencies
of ejector components during the modeling process can lead to significant cumula-
tive simulation errors.

2.5 Experimental validation of 0-D thermodynamic models

Two sets of independent experimental data, compiled from current literature sources
[112, 113], are employed to compare and validate the models. The accuracy of the
two models can be analyzed and compared by comparing the simulation results
with the experimental data under the same operating parameters.

2.5.1 Experimental setup from Haberschill et al. [112]

The first set of experimental data is derived from a prototype of an air/water re-
frigeration machine that employs CO2 as a refrigerant [112]. The simplified cycle
schematic is depicted in Fig. 2.10. The system consists of three independent circuits.
The first circuit is dedicated to CO2, the second is an auxiliary water circuit with con-
trolled temperature and flow rate to simulate variations in the hot source, and the
third is an air circuit with regulated temperature and humidity to simulate changes
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in climatic conditions. A Bock RKX26/31-4 brand 6-cylinder semi-hermetic radial
piston compressor, powered by a Danfoss variable-speed driver operating from 0
to 1450 rpm, is employed. Additionally, a coaxial high-pressure water exchanger is
installed to cool the vapor.
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FIGURE 2.10: Schematic of the test bench from Haberschill et al. [112]

In Fig. 2.10, an internal heat exchanger is integrated into the system, allowing the
supercritical flow at high temperatures from the gas cooler to preheat the saturated
vapor exiting from the separator. As an adjustment to the model, the temperature
of the heated vapor is considered an additional input, and the outlet parameters
of the cooled fluid are calculated based on energy balance. The input pressure and
temperature values, along with the mass flow rates for the motive and suction flows,
fall within the ranges specified in Table. 2.2.

TABLE 2.2: Range and measurement accuracy of the input parame-
ters, data from Haberschill et al. [112]

Mass flow rate (ṁm/ṁs) Input pressures (Pm/Ps) Input temperatures (Tm/Ts)

Range
139.7 to 185.3 kg/h
36.4 to 62.8 kg/h

7.8 to 10.3 MPa
2.2 to 3.0 MPa

33.5 to 52.1 ◦C
-9.5 to 4.3 ◦C

Accuracy 0.5 % ± 0.25 % ± 0.5 ◦C
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2.5.2 Experimental setup from Zhu et al. [113]

To further validate the accuracy of the models, an additional set of experimental
data, obtained from Zhu et al. [113], is briefly outlined here. The experimental rig
schematic is depicted in Fig. 2.11. In the ejector expansion refrigeration cycle, the
compressor used is a DORIN CD180H equipped with a 7.5 kW inverter for compres-
sor speed control. The gas cooler is a counter-flow plate heat exchanger rated at 7.5
kW, using water as the coolant. The evaporator features a parallel flow microchannel
heat exchanger with a variable-speed fan to control the super heat of the evapora-
tor outflow, and its capacity is 5 kW. Additionally, a fan heater with a maximum
capacity of 3 kW is positioned near the evaporator to maintain room temperature.

FIGURE 2.11: Schematic of the test bench from Zhu et al. [113]

The input pressure and temperature values, along with the mass flow rates for
the motive and suction flows, are within the ranges specified in Table. 2.3.

TABLE 2.3: Range and measurement accuracy of the input parame-
ters, data from Zhu et al. [113]

Mass flow rate (ṁm/ṁs) Input pressures (Pm/Ps) Input temperatures (Tm/Ts)

Range
60.0 to 109.5 kg/h
13.3 to 65.1 kg/h

8.1 to 9.9 MPa
3.0 to 3.7 MPa

34.9 to 35.8 ◦C
20.5 to 24 ◦C

Accuracy ± 0.1 % ± 0.1 % ± 0.2 ◦C
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2.5.3 Results and analysis of the comparatively experimental validation
of 0-D thermodynamic models

To validate the 0-D thermodynamic models presented in this paper, the required
input parameters include the temperatures and pressures of the motive and suc-
tion flows. When utilizing the dataset from Haberschill et al. [112], the outlet tem-
perature of the internal heat exchanger for the heated flow is considered an addi-
tional input parameter. Considering its significant impact on system performance,
the compressor efficiencies for both test units are extracted from the corresponding
experimental data to prevent substantial deviations.

The input isentropic efficiency of the motive nozzle, suction nozzle, and diffuser
is set at 0.6 for the ejector of Haberschill et al. [112] due to the low COP and entrain-
ment ratio concluded from the experimental data. For the ejector of Zhu et al. [113],
the isentropic efficiencies are set at 0.8. In the model of Li [62], the fixed pressure
drop in the suction nozzle is set as 0.03 MPa.

The three 0-D models undergo verification using the two chosen sets of indepen-
dent experimental data, focusing on key performance indicators such as ejector out-
let pressure and COP for refrigeration applications. For each model, the simulated
entrainment ratio of the ejector is compared to the value derived from the measured
flow rates of the primary and suction flows. Additionally, other parameters, includ-
ing vapor quality at the ejector outlet, are cross-verified with the experimental data.

Validation results based on the experimental data of Haberschill et al. [112]

Fig. 2.12 to Fig. 2.15 show the comparison between the simulated parameters by
three 0-D thermodynamic models with the measured values or calculated values
based on measured data from Haberschill et al. [112]. These parameters include the
outlet pressure, entrainment ratio, outlet vapor quality of the ejector, as well as the
cycle COP for the refrigeration application.

From Fig. 2.12, all three models [54, 62, 63] predict the ejector outlet pressure with
satisfactory accuracy; the absolute relative deviation is mostly below 10 % for all
three models [54, 62, 63]. However, for the models of Li and Atmaca, the deviation
can reach up to 20 % in some cases. In general comparison, the model of Deng [63]
has the most accurate prediction for the ejector outlet pressure.

Moving to Fig. 2.13, the simulation values show a large deviation from the mea-
sured data. The models of Deng and Li demonstrate similar accuracy, with devia-
tions generally below 30 %, though in some cases, it can reach close to 50 %. For
the model of Atmaca [54], the deviation is much larger, exceeding 50 % for high
entrainment ratio cases.

The prediction accuracy for the ejector outlet vapor quality is similar for all three
models [54, 62, 63], with simulated values agreeing well with the experimental data,
showing an absolute relative deviation below 5 %. It is worth noting that for the
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FIGURE 2.12: Simulated ejector outlet pressure versus measured data
from Haberschill et al. [112]
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FIGURE 2.13: Simulated ejector entrainment ratio versus measured
data from Haberschill et al. [112]
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FIGURE 2.14: Simulated outlet vapor quality as a function of the va-
por quality calculated with experimental data from Haberschill et al.
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FIGURE 2.15: Simulated cycle COP as a function of the COP calcu-
lated with experimental data from Haberschill et al. [112]
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model of Atmaca, the simulated vapor quality is higher than the value calculated
with experimental data, as concluded from Fig. 2.14.

Regarding the cycle COP, the results mirror those of the entrainment ratio. For
the models of Deng and Li, the absolute relative deviation is generally below 30 %,
while for the model of Atmaca [54], in some cases, the deviation can exceed 50 %.

Validation results based on the experimental data of Zhu et al. [113]

Fig. 2.16 to Fig. 2.19 shows the comparison between the simulated parameters by
three 0-D thermodynamic models with the measured values or calculated values
based on measured data from Haberschill et al. [113].
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FIGURE 2.16: Simulated ejector outlet pressure versus measured data
from Zhu et al. [113]

From Fig. 2.16, the model of Atmaca [54] shows a less accurate prediction of
the ejector outlet pressure compared to the models of Li and Deng. However, the
absolute relative deviation is mostly below 10 % for all three models [54, 62, 63].
Therefore, the 0-D thermodynamic models predict the ejector outlet pressure well.

When validating the three 0-D models using the dataset from Zhu et al. [113], all
three models [54, 62, 63] show similar accuracy in predicting the ejector entrainment
ratio, vapor quality, and cycle COP, as concluded from Fig. 2.17 to Fig. 2.19. In more
detail, the simulated outlet vapor quality agrees well with the value calculated from
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FIGURE 2.17: Simulated ejector entrainment ratio versus measured
data from Zhu et al. [113]
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FIGURE 2.18: Simulated outlet vapor quality as a function of the va-
por quality calculated with experimental data from Zhu et al. [113]
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FIGURE 2.19: Simulated cycle COP as a function of the COP calcu-
lated with experimental data from Zhu et al. [113]

measured experimental data, with an absolute relative deviation below 10 %. How-
ever, the deviation between the simulated entrainment ratio and cycle COP is much
larger, exceeding 50 % in some cases.

Ejector efficiency analysis

Ejector efficiency is a crucial performance metric defined as the ratio of the amount of
expansion work recovered by the ejector to the maximum possible expansion work
rate recovery potential (Eq. (2.4)). Fig. 2.20 and Fig. 2.21 show the calculated ejector
efficiency change based on the results simulated by three thermodynamic models
with the measured entrainment ratio by Haberschill et al. [112] and Zhu et al. [113].

Concluding from Fig. 2.20 and Fig. 2.21, for all three 0-D thermodynamic models
and both datasets, the ejector efficiency is nearly linearly correlated to the entrain-
ment ratio. The ejector efficiency shows a higher value based on the simulation re-
sults of the model of Atmaca [54], followed by the model of Deng [63], and then the
model of Li [62]. Moreover, by comparing Fig. 2.20 and Fig. 2.21, it can be observed
that the ejector of the test facility from Zhu et al. [113] has a higher value of ejector
efficiency than the ejector of the test facility from Haberschill et al. [112], indicating
that the ejector performs better with the geometry configuration of the ejector and
operational conditions of Zhu et al. [113]
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FIGURE 2.20: Simulated ejector efficiency as a function of the mea-
sured entrainment ratio of ejector from Haberschill et al. [113]
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FIGURE 2.21: Simulated ejector efficiency as a function of the mea-
sured entrainment ratio of ejector from Zhu et al. [113]
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2.5.4 Conclusion

Concluding from the above validation and analysis of the three 0-D thermodynamic
models, it can be inferred that these models offer satisfactory predictions for the
outlet pressure and vapor quality of the ejector (absolute relative deviation below 10
%). However, for the entrainment ratio and cycle COP, the simulation deviation is
substantial (absolute relative deviation as high as 50 %). In a general evaluation, the
model of Deng [63] shows better performance, indicating that the simplification of
the pressure variation during the mixing section has no significant effect on simula-
tion accuracy.

Ejector efficiency is a crucial index for evaluating ejector performance. It is lin-
early correlated with the ejector entrainment ratio and varies significantly between
different ejectors.

2.6 Liquid mass balance in the separator

In the ejector expansion cycle, the motive flow mixes with the suction flow, exiting
the ejector as a two-phase flow. Subsequently, in the separator, the liquid at the
ejector outlet is separated and directed to the evaporator. Conversely, the vapor
emerging from the ejector outlet is divided, with a portion entering the compressor,
as illustrated in Fig. 2.22.

From ejector

Two-phase ow

Vapor

Liquid

To evaporator

To compressor

FIGURE 2.22: Liquid mass balance before and after the separator

During steady-state operation of the system, there is a general mass balance for
the separator, as defined by Eq. (2.30), which is maintained. In addition, the liq-
uid mass balance is defined by Eq. (2.31). Under this equilibrium, the mass flow of
liquid entering the separator precisely matches the mass flow exiting the separator,
resulting in a constant liquid level within the separator. The liquid portion at the
ejector outlet flow is entirely separated by the separator and directed towards the
evaporator. All three 0-D models under study are based on such a liquid balance
state.
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ṁmix = ṁm + ṁs (2.30)

ṁmix · (1 − x6) = ṁs (2.31)

2.6.1 Definition of liquid imbalance

It is evident from the analysis based on two sets of experimental data [112, 113] that
maintaining liquid balance in the actual system operation is challenging in most
cases. In actual system operation under steady-state conditions, considering mass
balance, momentum conservation, and energy conservation, it is observed that the
liquid level in the separator continually changes—either rising or falling. This oper-
ating state of the actual system is termed pseudo-steady state to differentiate it from
the steady state with liquid balance in the 0-D models.

Although the general mass balance for the separator remains valid under pseudo-
steady state, the liquid balance (Eq. (2.31)) before and after the separator is dis-
rupted, and the liquid level undergoes constant changes during operation. In prac-
tice, experimental test facilities often use larger separator volumes to prevent com-
plete filling with vapor or liquid and ensure a stable operation period [112, 113].

The liquid imbalance primarily arises due to discrepancies between the entrain-
ment ratio of the ejector and the vapor quality at the ejector outlet. In actual op-
eration, for a chosen ejector, the entrainment ratio w and vapor quality x6 satisfy
Eq. (2.28) (equivalent to Eq. (2.31)) only under specific operating conditions, which
are difficult to maintain and predict. However, in the actual operating system,
Eq. (2.28) does not consistently hold because operating parameters, such as pres-
sures and temperatures, deviate from specific values for steady state, and the sys-
tem lacks self-regulation. As a result, the liquid level in the separator dynamically
changes. This is why some researchers have proposed improved ejector refrigeration
systems to control the liquid level of the separator [62, 69, 116].

A new expression for the coefficient of liquid mass imbalance [113] for the vapor-
liquid separator, denoted as β, is defined by Eq. (2.32). β can be used to quantify the
deviation of the separator from pseudo-steady state during actual operation com-
pared to the ideal steady state in 0-D models.

β = (ṁmix · (1 − x6)− ṁs)/ṁs (2.32)

The liquid imbalance coefficient signifies the presence of excess vapor or liquid
at the separator outlet, resulting from the disparity between the ejector inlet entrain-
ment ratio and the ejector outlet vapor quality. A negative value of β indicates a
surplus of liquid at the separator outlet, while a positive value suggests an excess of
vapor at the outlet.

Fig. 2.23 and Fig. 2.24 show the correlation between the relative deviation of the
simulated cycle COP and the coefficient of liquid imbalance based on both datasets.
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It can be concluded that the simulation deviation of the cycle COP is linearly corre-
lated with the coefficient of liquid mass imbalance. This implies that the liquid mass
imbalance occurring in the actual operation of the cycle is the main source of the
simulation deviation of the cycle COP.
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FIGURE 2.23: The relative deviation of simulated cycle COP as a func-
tion of coefficient of liquid imbalance based on data from Haberschill

et al. [112]

2.6.2 Elimination of liquid imbalances through data post-processing

For all the 0-D models available in the literature, the liquid balance (Eq. (2.31)) is
one of the core criteria for loop iteration to obtain the entrainment ratio of the ejector
[54, 62–73], which means during the 0-D modeling, the cycle works at a steady state
and the liquid level in the separator will keep constant. However, for real operation
system, the liquid imbalance is a common issue and hard to eliminate. There are
currently no scholars who have built an actual experimental system with liquid level
regulation control device [113].

In order to validate the 0-D models using the available experimental data [112,
113] based on steady state (without liquid imbalance), a data post-processing method
based on a hypothetical system is introduced (inspired by the new theoretical con-
figuration of the ejector expansion refrigeration system from He et al. [116]). The
schematic of the hypothetical corrected system is depicted as Fig. 2.25. The method
is not a restructuring of the actual operating system but rather an extrapolation of the
system’s performances if it operated without liquid imbalance. Then, the processed
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FIGURE 2.24: The relative deviation of simulated cycle COP as a func-
tion of coefficient of liquid imbalance based on data from Zhu et al.

[113]

experimental data can be used to validate the three 0-D thermodynamic models that
operate at steady state without liquid imbalance, as described in the modeling.
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FIGURE 2.25: Schematic of the hypothetical optimized system for
the data post-processing. β is the coefficient of liquid mass balance

(Eq. (2.32))

From Fig. 2.25, there are two cases for data processing based on the value of β.
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To offset the excess liquid (β is negative), it can be assumed that an additional evap-
orator is installed to evaporates the liquid into saturated vapor. The saturated vapor
mixes with the vapor from the separator outlet and then flows into the compres-
sor. For the case of excess vapor at the outlet (β is positive). It can be assumed that
there is a bypass loop to mix the excess vapor at the outlet of the separator with the
two-phase flow exiting after the expansion valve. The mixture then enters into the
evaporator.

The mass flow rates of the motive and suction flows after data post-processing
are determined by the vapor quality at the ejector outlet. The unit mass flow rate of
motive and suction flows (ṁm,unit,ṁs,unit) can be expressed by Eq. (2.33) and Eq. (2.34),
where wnew is the new entrainment ratio after data post-processing. The unit mass
flow rate is based on the basis that the total flow rate is 1.

ṁm,unit = 1/(1 + wnew) = x6 (2.33)

ṁs,unit = wnew/(1 + wnew) = 1 − x6 (2.34)

After data post-processing, for the compressor, the inlet and outlet temperatures
and pressures are unchanged, so the variation of compression work is only related
to the correction of the mass flow rate.

The capacity of the evaporator will change accordingly to the value of β. When β

is negative, besides the change due to the mass flow rate correction, the capacity of
the extra evaporator has to be considered. The modified capacity of the evaporator
for unit total mass flow rate is calculated using Eq. (2.35) and Eq. (2.36). Where
ṁs,unit · β is the mass flow rate in the extra evaporator, h1 − h7 is the specific enthalpy
change in the extra evaporator and h9 − h8 is the specific enthalpy change in the
main evaporator.

Q̇cool,extra,unit = ṁs,unit · β · (h1 − h7) (2.35)

Q̇cool,unit = ṁs,unit · (h9 − h8) + Q̇cool,extra,unit (2.36)

When β is positive, in addition to the correction of the flow rate, the specific
enthalpy of the evaporator inlet also changes due to the mixing of the two fluids
(fluid from the outlet of the separator and the exceed vapor from the bypass loop of
compressor inlet). The new capacity of the evaporator for unit total mass flow rate
is calculated by Eq. (2.37) and Eq. (2.38), where h8,new is specific enthalpy value of
mixed fluid at state 8.

h8,new = (ṁs · h8 + ṁs · β · h1)/((ṁm + ṁs) · (1 − x6)) (2.37)

Q̇cool,unit = ṁs,unit · (h9 − h8,new) (2.38)
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With such recalculation applied to the obtained experimental data, the liquid
imbalance during the operation of the actual system can be theoretically eliminated,
then the corrected experimental data allows to validate the models under a steady
state (without liquid imbalance), which is consistent to the state in all the 0-D ther-
modynamic models.

2.6.3 Validation of 0-D models with post-processed data

After the post-processing of the obtained experimental data, the liquid imbalance
during the operation of the actual system can be theoretically eliminated. The sim-
ulated entrainment ratio of the ejector and cycle COP are then validated again with
the modified entrainment ratio and cycle COP.

Fig. 2.26 and Fig. 2.27 display the simulated ejector entrainment ratio as a func-
tion of entrainment ratio with post-processed data from both datasets. It is con-
cluded that after the post-processing of the obtained experimental data to eliminate
the liquid imbalance during the actual operation of the test facility, all three 0-D
thermodynamic models demonstrate good accuracy on the prediction of the ejector
entrainment ratio. The relative deviation of the entrainment ratio is generally below
10 % for the dataset of Haberschill et al. [112], and is below 5 % for the dataset of
Zhu et al. [113].
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FIGURE 2.26: Simulated ejector entrainment ratio as a function of en-
trainment ratio with post-processed data from Haberschill et al. [112]
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FIGURE 2.27: Simulated ejector entrainment ratio as a function of en-
trainment ratio with post-processed data from Zhu et al. [113]

Fig. 2.28 and Fig. 2.29 depict the simulated cycle COP as a function of the COP
with post-processed data from both datasets. Upon comparing the relative devia-
tion before and after data processing, we conclude that by eliminating the liquid
imbalance, all three 0-D thermodynamic models can predict the cycle COP with sat-
isfactory accuracy. The relative deviation of COP generally remains below 10 % for
all the 0-D models in both datasets. In a few instances, the relative deviation reaches
around 30 %.

2.6.4 Conclusion

Liquid mass imbalance in the separator is a common phenomenon that occurs dur-
ing the actual operation of the test facility. The liquid mass imbalance does not con-
flict with the overall conservation of mass, momentum, and energy for the ejector.
The cause of the imbalance is due to the mismatch between the liquid mass fraction
at the ejector outlet and the entrainment ratio of the ejector. However, for all the
0-D thermodynamic models, the link between the liquid mass fraction (vapor qual-
ity) at the ejector outlet and the entrainment ratio is a core closure equation for the
modeling.

The relative simulation deviation of the cycle COP exhibits a linear correlation
with the coefficient of liquid imbalance. Introducing a novel approach to data post-
processing, the relative deviation of the ejector entrainment ratio remains below 10 %
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FIGURE 2.28: Simulated cycle COP as a function of COP with post-
processed data from Haberschill et al. [112]

0.4 0.8 1.2 1.6 2.0 2.4
0.4

0.8

1.2

1.6

2.0

2.4

 Model of Deng [63]
 Model of Li [62]
 Model of Atmaca [54]
 y=x
 +/- 10%
 +/- 30%

Si
m

ul
at

ed
 C

O
P 

(-)

COP with data post-processed (-)

FIGURE 2.29: Simulated cycle COP as a function of COP with post-
processed data from Zhu et al. [113]
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with the post-processed experimental data. Additionally, the simulated cycle COP
aligns well with the new COP value after data post-processing, with the general
relative deviation decreasing from 30 % to 10 %.

2.7 Conclusion of the thermodynamic-based simulation

In this chapter, three 0-D thermodynamic models (one constant pressure mixing
model and two variable pressure mixing models) with an increasing complexity of
the ejector are studied. Two independent datasets are used for the validation of the
0-D models. Sensitivity analysis is conducted to study the influence of the input
isentropic efficiency of the ejector components and also the compressor on the ejec-
tor outlet pressure, ejector efficiency, and cycle COP. A novel method of data post-
processing is introduced to eliminate the liquid mass imbalance in the separator. The
main conclusions are:

• The ejector performance is most sensitive to the motive nozzle efficiency, com-
pared to the suction nozzle and diffuser. Additionally, the COP of the system
is much more sensitive to the isentropic efficiency of the compressor than to
that of the individual components of the ejector for all three models [54, 62,
63].

• The simplification of neglecting the pressure variation during the mixing sec-
tion has no obvious effect on the modeling accuracy. Under specific conditions,
the simpler model even shows better accuracy.

• All the 0-D thermodynamic models predict well on the ejector outlet pressure
and vapor quality; however, the prediction on the ejector entrainment ratio
and cycle COP is not satisfactory.

• Liquid imbalance is a common phenomenon during the actual operation of
the ejector expansion heat pump cycle and is the main cause of the simulation
deviation of the cycle COP.

• Through a novel data post-processing method, the liquid imbalance effect can
be eliminated, and the simulation deviation of the ejector entrainment ratio
and cycle COP can be reduced remarkably.
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Chapter 3

1-D modeling of transcritical
two-phase CO2 ejector

While 1-D modeling using the Finite Volume Method is less common compared to
the widespread use of CFD modeling, it emerges as a viable compromise between
modeling precision and computational time when considering the computational
expenses associated with CFD modeling and the limited informativeness of 0-D
modeling.

In this chapter, a 1-D homogeneous equilibrium model (HEM) for the ejector is
presented. The model is partitioned into various sections based on the geometric
configuration, each employing distinct assumption and modeling method.

Firstly, a comprehensive summary of existing one-dimensional ejector models
available in the literature is provided. Building upon this review, a 1-D HEM for the
ejector is established.

Next, the 1-D ejector model is experimentally validated using data from the lit-
erature. The modeling accuracy is quantitatively analyzed.

Subsequently, the 1-D ejector model is applied for parametric analysis, ejector
geometry design and comparison analysis with 0-D models.

3.1 Summary of 1-D models of two-phase ejector

The 0-D or pseudo 1-D model proves to be a valuable tool for swiftly predicting
crucial parameters such as pressure, temperature, and velocity at key cross-sections
within the ejector. When integrated into a simplified system model, it facilitates
rapid predictions of system performance indices, including COP, pressure lift ratio,
and others.

However, it is essential to acknowledge the limitations of the 0-D model. Specif-
ically, its simulation of the ejector may lack the necessary accuracy and specificity.
Additionally, its dependence on the predefined isentropic efficiencies of ejector com-
ponents as input parameters means the model has a large degree of randomness.
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To address this limitation of 0-D modeling and provide more detailed informa-
tion about the flow field inside the ejector, 1-D modeling of two-phase ejector is pro-
posed. As introduced in the Chapter 1, the 1-D modeling can be divided into three
groups based on the assumptions of the two-phase flow: HEM, DEM and HRM.

Fig. 3.1 depicts an abbreviated P-h plot illustrating the saturation and homoge-
neous nucleation lines of CO2. Observing Fig. 3.1, we can determine when CO2

begins to evaporate from the saturated liquid state or condense from the saturated
vapor state. Notably, homogeneous nucleation does not occur immediately. For
evaporation, bubbles appear after a certain degree of superheating for the liquid.
Prior to the formation of bubbles, the liquid exists in a meta-stable state. Similarly,
in the condensation process, before homogeneous nucleation occurs, the vapor is in
a meta-stable state. Only after reaching a certain degree of subcooling do droplets
appear in the vapor phase.

saturated liquid
saturated vapor

homogeneous nucleation occurrence 

h

P

meta-stable

evaporation condensation

critical point

meta-stable 

FIGURE 3.1: P-h plot of the saturation and homogeneous nucleation
lines

Considering the 1-D modeling of ejector, for Homogeneous Equilibrium Model
(HEM), the meta-stable state is neglected. When the evaporation happens around
the throat of the motive nozzle, the two-phase flow is considered as the mix of satu-
rated liquid and saturated vapor. Both phases share the same pressure, temperature
and velocity, all the thermodynamic properties are calculated based on the mass
fraction average or void fraction average.

For the Delayed Equilibrium Model (DEM) of an ejector, it permits the existence
of meta-stable and saturated states of liquid. The assumption is that only a fraction
of the liquid is maintained at a superheated temperature, while the other fraction
is at saturation temperature. This model recognizes three states for the two-phase
flow: the meta-stable liquid, saturated liquid, and saturated vapor.
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In the case of the Homogeneous Relaxation Model (HRM), akin to the HEM, it
assumes that two-phase flow is a mixture of saturated liquid and saturated vapor.
However, HRM treats the phase change as a relaxation process towards equilibrium
vapor quality. During the modeling, two vapor qualities are considered: one is the
instantaneous vapor quality, and the other is the time-averaged equilibrium vapor
quality. The relaxation introduces a delay to the onset of phase change with a relax-
ation time.

Banasiak and Hafner [75] devised a one-dimensional model for a two-phase flow
ejector. Notably, the motive nozzle segment is modeled using the DEM, adding com-
plexity compared to the HEM. The suction nozzle and pre-mixing portion employ a
0-D model based on thermodynamics. For the constant-area mixing section and the
diffuser, the model adopts HEM with the mixing of two flows.

Subsequently, the DEM for the motive nozzle underwent enhancement by incor-
porating two distinct nucleation approaches: solely homogeneous nucleation and a
superposition of homogeneous and heterogeneous nucleation [80]. Homogeneous
nucleation is determined solely by fluid properties and actual superheat or subcool-
ing. On the other hand, the heterogeneous nucleation mechanism involves two ad-
ditional effects: the influence of the walls’ structure, typically expressed by surface
roughness, and the molecular interaction between solid and liquid, characterized
by a parameter known as the contact angle. The homogeneous equilibrium model
served as a reference case in this study. A correlation for the reduction factor in het-
erogeneous nucleation work was developed and validated across a typical range of
operating conditions. The simulation results demonstrated good consistency with
experimental findings, particularly for the critical mass flux.

Accordingly, Angielczyk et al. [78] developed a homogeneous relaxation model
(HRM) for the CO2 supersonic two-phase flow through the ejector motive nozzle.
This model demonstrates greater consistency than the HEM concerning propagation
velocity and, consequently, the prediction of speed of sound. Pressure distributions,
derived from this model, were compared with experimental data. The results exhibit
reasonable agreement with measurements downstream of the throat.

Nevertheless, it was identified that a more comprehensive assessment of the
model requires additional experimental data. Specifically, having pressure taps along
the entire length of the nozzle (including convergent and divergent sections), along
with supplementary information such as temperature profiles, quality profiles, and
critical flow rate, is crucial to properly evaluate the model and propose a suitable
correlation for the relaxation time.

In recent years, Angielczyk et al. [79] also introduced a 1-D DEM for CO2 convergent-
divergent nozzle transonic flashing flow. The study highlighted that the direct ap-
plication of DEM, equipped with the original saturation index evolution law and
Lockhart-Martinelli approach, is insufficient for accurately predicting CO2 transonic
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flow. Additionally, it was observed that the Darcy friction factor approach signif-
icantly influences simulation results. In this work, these challenges have been ad-
dressed by presenting a new law for the evolution of the saturation index and a
novel approach to frictional pressure gradient for CO2 transonic two-phase flows.
The proposed models were subjected to experimental validation, and the obtained
data were discussed in detail.

To compare the different 1-D modeling method, Wilhelmsen et al. [76] devel-
oped a new HRM to describe the two-phase transition in the motive nozzle. And a
new 1-D HEM for the entire ejector region based on the work of Banasiak [75]. The
performance of HRM was compared to the HEM, which assumes full equilibrium
at all times. For experiments where evaporation in the throat of the motive nozzle
limits the critical mass flow rate, HRM gave an average deviation of 2.6 %. This was
significantly more accurate than HEM, which gave an average deviation of 8.4 %
for the experiments considered. They also presented new experimental data where
the critical mass flow rate in the ejector was governed by condensation in the throat
of the motive nozzle. In this case both HRM and HEM were in excellent agreement
with the experimental data, with average deviations below 0.9 %. The reason for this
is that the limit of metastability in the liquid-phase is much closer to the coexistence
curve than the corresponding limit in the vapor-phase, which leads to very similar
results for HRM and HEM.

Rather than simulating the whole ejector region, Atmaca et al. [74] focused on
the motive nozzle part of the ejector and developed a simplified one-dimensional
HEM for converging-diverging motive nozzle. This model aims to compute pres-
sure, temperature, velocity, and Mach number distributions. The 1-D nozzle model
is established by employing the conservation equations of mass, momentum, and
energy, along with the equation of state. The model operates under steady, fric-
tional, and adiabatic flow assumptions, maintaining the homogeneous equilibrium
condition.

From the literature review, it is evident that one-dimensional modeling of ejec-
tors or motive nozzles is still relatively scarce, especially when considering the mod-
eling of the entire ejector domain rather than focusing solely on the trans-sonic mo-
tive nozzle zone.

In comparison to DEM and HRM, the HEM involves the fewest equations for de-
scribing the flow inside the ejector. Notably, DEM heavily relies on the evolution of
the saturation index, which can vary significantly among different DEM. Similarly,
HRM introduces complexity with the correlation of relaxation time. In cases where
these parameters are not precisely defined, the modeling accuracy can be compro-
mised, and in some instances, it may be less accurate than the HEM approach. There-
fore, HEM stands out as a balanced choice, taking into account the trade-off between
modeling complexity and accuracy.

Furthermore, HEM is commonly considered as a pragmatic choice, particularly
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for supercritical conditions. This is attributed to the minimal thermodynamic non-
equilibrium expected during near-critical expansion, leading to rapid phase change.
The simplicity of the HEM contributes to the stability of the model, a crucial aspect
for its application in optimization algorithms [61].

In conclusion, there is a scarcity of studies on the 1-D modeling of the entire
ejector region, especially with the HEM approach, in comparison to DEM and HRM.
In this section we introduce a novel 1-D ejector model using the HEM approach to
investigate the flow field inside the ejector. We validate the model experimentally
and conduct a parametric analysis of the boundary conditions and ejector design
using the established 1-D HEM of the ejector.

3.2 A novel 1-D homogeneous equilibrium model of two-
phase ejector

In the 1-D HEM of the ejector, the two-phase flow comprises only two elements:
saturated vapor and saturated liquid. Unlike the DEM, there is no thermal non-
equilibrium, eliminating the presence of a meta-stable state. Furthermore, the HEM
approach assumes that both phases can be described with a single velocity and pres-
sure field, simplifying the model by neglecting the modeling of slip velocity. This
simplification allows treating the two phases as a single pseudo-fluid, with transport
properties derived through an averaging procedure.

3.2.1 Computational zones division of the ejector

The ejector is a sophisticated and complex device, as previously described, consist-
ing of multiple components. Consequently, the 1-D modeling of the ejector is con-
ducted in discrete sections. The simulation strategies applied differ across these
sections, guided by factors such as the presence of phase transition and the combi-
nation of motive and action flows. The classification into distinct regions is shown
in Fig. 3.2.

(1) Motive nozzle : 1-D HEM, phase transition, single flow

(2) Suction nozzle : 0-D modeling, single phase, single flow

(3) Pre-mixing section : 0-D modeling, two-phase flow, double flows

(4) Constant-area mixing section and diffuser : 1-D HEM, two-phase flow, double
flows

For a well-geometrically designed suction nozzle, one-dimensional modeling
may be suitable. However, in the case of most ejectors employed in the heat pump
cycle, the flow path and geometric design of the suction nozzle are not one-dimensional
and cannot be numerically defined in a 1-D simulation. Consequently, a 0-D model-
ing approach is employed for this zone.
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FIGURE 3.2: Simulation zones division of ejector

In the pre-mixing section, a 0-D modeling method is selected because it entails
the transient mixing of two distinct flows (motive and suction flow). The mixing
process is transient, and currently, there is no mature 1-D modeling method available
to describe the intricacies of this transient process.

As for the motive nozzle, constant-area mixing section, and diffuser, a 1-D HEM
approach is employed for modeling. The specifics of this modeling approach will be
presented in detail in subsequent sections.

3.2.2 Modeling of motive nozzle

The 1-D homogeneous equilibrium model for the motive nozzle is defined based on
the conservation of mass, momentum, and energy. In this study, given the small size
and high velocity of the fluid within the motive nozzle, it is assumed that the wall
is adiabatic. Additionally, since the motive nozzle is positioned horizontally, the in-
fluence of gravity is negligible. The fluid is considered viscous, and shear stress is
taken into account between the tube wall and the fluid. In summary, the mathe-
matical equations governing the 1-D HEM for the motive nozzle can be outlined as
follows respectively for the conservation of mass, momentum, and energy:

d(Acs · ρ · u)
dz

= 0 (3.1)

d(Acs · ρ · u2)

dz
+ Acs ·

dp
dz

= τlt · Clt (3.2)

d(Acs · ρ · u · (h + 1
2 · u2))

dz
= 0 (3.3)

In the above equations, ρ and h represent the volume fraction averaged density
and mass fraction averaged specific enthalpy, while u and p denote the velocity and
pressure of the flow. Acs, Clt, and τlt represent the cross-sectional area, lateral section
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area, and shear stress coefficient, respectively. The variable z denotes the flow path
direction.

The independent variables chosen for the simulation include pressure, velocity,
and specific enthalpy. Density can be expressed as a function of pressure and specific
enthalpy based on the equations of state. The simulation is conducted using Matlab,
and the thermodynamic parameters of CO2 are obtained from the NIST REFPROP
database, version 9.1. After transformation, the equations (Eq. (3.1) to Eq. (3.3)) and
the equation of state are expressed as follows:

1
u
· du

dz
+

1
Acs

· dAcs

dz
+

1
ρ
· dρ

dz
= 0 (3.4)

Acs ·
dp
dz

+ Acs · u · ρ · du
dz

+ f · u2

2
· dAlt

dz
= 0 (3.5)

dh
dz

+ u · du
dz

= 0 (3.6)

∂ρ

∂p
· dp

dz
+

∂ρ

∂h
· dh

dz
− dρ

dz
= 0 (3.7)

In the equation, f represents the friction factor used to calculate the friction loss of
the flow.

The aforementioned equations can be formulated as a system of nonlinear first-
order ordinary differential equations, as shown in Eq. (3.8). Here, X is the vector
of independent variables for the system (ordered as u, p, h), encompassing velocity,
pressure, and specific enthalpy. The vector A (Eq. (3.9)) comprises system variables
that are solely functions of the independent variables, while B (Eq. (3.10)) is addi-
tionally correlated to the spatial coordinate.

A(X) · dX
dz

= B(z, X) (3.8)


1/u 1/(ρ · ∂ρ

∂p
) 1/(ρ · ∂ρ

∂h
)

ρ · u · Acs Acs 0

u 0 1

 (3.9)


− 1

Acs
· dAcs

dz

− 1
2 · f · ρ · u2 · dAlt

dz

0

 (3.10)

The derivatives
∂ρ

∂p
and

∂ρ

∂h
are numerically evaluated to account for density
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changes corresponding to infinitesimal pressure variations at constant specific en-
thalpy and density changes resulting from infinitesimal specific enthalpy changes at
constant pressure, respectively.

The friction factor f is estimated using the model developed by Churchill [117],
a model validated for all fluid-flow regimes.

f = 8 ·
[

8
Re

+
1

(A f + B f )3/2

]1/12

(3.11)

A f =

[
2.457 · ln · 1

( 7
Re )

0.9 + 0.27·εw
DC

]16

(3.12)

B f =

[
37530

Re

]16
(3.13)

Here, Re denotes the Reynolds number, calculated as given in Eq. (3.14). The pa-
rameters A f and B f are defined parameters utilized in the calculation of the friction
factor. Additionally, εw and Dc represent the surface roughness and diameter of the
flow path of the motive nozzle.

Re =
ρ · u · Dc

µ
(3.14)

Here, µ stands for the coefficient of dynamic viscosity, and it is defined according
to Eq. (3.15) for the case of homogeneous equilibrium two-phase flow, as per the
model developed by Awad and Muzychka [118].

µ =0.25 · ((3 · x − 1) · µv + (3 · (1 − x)− 1) · µl+√
((3 · x − 1) · µv + (3 · (1 − x)− 1) · µl)2 + 8 · µv · µl)

(3.15)

In this context, x represents the vapor quality for two-phase flow, while µv and µl

denote the dynamic viscosity of saturated vapor and saturated liquid, respectively.
These values can be obtained through the equations of state in REFPROP.

To solve the one-dimensional partial differential equations, the motive nozzle
undergoes discretization along the flow direction, dividing it into sufficiently small
meshes. The boundary conditions encompass the temperature, pressure, and mass
flow rate at the inlet of the motive nozzle. Additionally, geometrical parameters
serve as input data for solving the motive nozzle model.

Prediction of critical mass flow rate of motive nozzle

In the motive nozzle, the fluid at the inlet is typically in a supercritical state. It un-
dergoes acceleration at the convergent part and reaches the critical state at the throat,
where the flow velocity equals the local speed of sound (Mach number, Ma = 1, as-
sumption). Subsequently, it continues to accelerate at the divergent part and exits
the motive nozzle at supersonic speed. For a motive nozzle with a defined geometry

Thèse accessible à l'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0029/these.pdf © [C. You], [2024], INSA Lyon, tous droits réservés



3.2. A novel 1-D homogeneous equilibrium model of two-phase ejector 93

and specified inlet pressure and temperature, there exists a corresponding critical
mass flow rate, ensuring that the motive flow reaches the critical state precisely at
the nozzle throat.

To predict the critical mass flow rate of the motive nozzle and verify the input
mass flow rate, this section introduces a solution algorithm that incorporates the
Possible-Impossible Flow (PIF) algorithm and Cramer’s rule.

Cramer’s rule
Cramer’s rule is a fundamental method utilized in the solution of systems of

equations. This method involves the calculation of variable values through the de-
terminants of matrices, earning it the designation of the determinant method.

Considering a system of n linear equations, each with n unknowns, represented
in matrix multiplication form as follows:

AnXn = Bn (3.16)

In the context where the n × n matrix An possesses a nonzero determinant, the
system admits a unique solution, and the values of the unknowns can be determined
by:

xi =
det(Ai)

det(A)
i = 1, ......, n (3.17)

In this context, Ai is the matrix obtained by substituting the i-th column of An

with the column vector of Bn.
Possible-Impossible flow algorithm (PIF)
The system of ordinary differential equations represented by Eq. (3.8) constitutes

an initial-value problem. A solution to these equations is a trajectory denoted as
X(z) within the 4-dimensional phase space. At each point along this trajectory, the
vector [dz, dp, du, dh] is tangent to X(z). Consequently, vector X is defined as per
Eq. (3.18) by applying Cramer’s rule.[

dz
dt

,
du
dt

,
dp
dt

,
dh
dt

]
= [D, A1, A2, A3] (3.18)

In this context, D denotes the determinant of the matrix A, and Ai represents the
determinants of matrices created by replacing the corresponding columns of An with
the column vector of Bn. The parameter t serves as a dummy parameter, facilitating
the transition from Eq. (3.17) to Eq. (3.18).

By definition, the speed of sound c is the speed of propagation of an infinitesimal
disturbance in a continuous medium. A comprehensive definition of the speed of
sound is provided by Eq. (3.19) in scenarios where the disturbance is infinitesimal
and the process is isentropic.

c2 =
∂p
∂ρ

(3.19)
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In the HEM approach, the density of the fluid, whether single-phase or two-
phase, can be determined using the equations of state in REFPROP, employing pres-
sure and specific enthalpy values. When the fluid reaches the local speed of sound
(Ma = 1) in the motive nozzle, the flow velocity can be obtained from Eq. (3.19)
using pressure and density values. Consequently, the velocity can be expressed as
a function of pressure and specific enthalpy values. In such a case (critical state,
Ma = 1), the velocity is no longer an independent variable in the system of ordinary
differential equations in Eq. (3.16) but is associated with the other two independent
variables (pressure and specific enthalpy). In matrix terms, the determinant of the
matrix An becomes zero, i.e., the value of D in Eq. (3.18) is zero.

When the pressure and temperature at the inlet of the motive nozzle remain con-
stant, altering the mass flow rate of the fluid only changes the velocity at the in-
let. Fig. 3.3 illustrates the projection of trajectories corresponding to flows through
a converging-diverging nozzle on the pressure-spatial coordinate plane. The inlet
conditions related to these flows differ only in the velocities.

If the flow in the motive nozzle is subsonic in the entire region, its trajectory is
represented by the green curve in Fig. 3.3. Such a curve is termed a possible flow
(PF) as it can be solved using Cramer’s rule and has real physical meaning. For
the red curves in Fig. 3.3, the trajectories pass through the points where D = 0.
The flow velocity reaches the local sound speed, and after these points, D < 0, then
dz = dt · D < 0. The imaginary flow will move back to the inlet of the motive nozzle.
These red curves are termed impossible flow (IF) because they can be solved with
Cramer’s rule as Eq. (3.18), but they hold no physical meaning. For the transonic
flow aimed at, it will pass through the point S, where D = 0, and also Au, Ap, Ah are
zero. At this point, the ordinary differential equations have no solution, regardless
of the iterative algorithm used. Therefore, the point and this trajectory can never be
computationally found, but a value close enough to be within an acceptable error
can be obtained by PIF iteration.

The core of PIF is based on the understanding that the transonic trajectory is
located between PF and IF trajectories, as shown in Fig. 3.3. PF and IF are solvable
numerically with Cramer’s rule. Therefore, after a certain number of iterations, we
can obtain a trajectory that is sufficiently close to the transonic one. The iteration
proceeds as follows:

(1) Set the initial mass flow rate ṁPF and ṁIF for PF and IF.

(2) The initial input mass flow rate will be ṁ = (ṁPF + ṁIF)/2.

(3) Solve the initial problems of the ordinary differential equations with Cramer’s
rule and check the value and sign of D.

(4) If D changed the sigh before the end of the motive nozzle, then assign the value
of ṁ to ṁIF.
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FIGURE 3.3: Projection of solutions to the initial-value problems on p − z plane, S is
critical point, D is the determinant of matrix A, Ap is the determinant of the matrix of

A but replace the second column by the matrix of B

(5) If D deoes’t change the sigh before the end of the motive nozzle, then assign the
value of ṁ to ṁPF.

(6) Check the gap between ṁPF and ṁIF, if the absolute difference is lower than the
tolerant error, stop the iteration, otherwise start from the step 1.

After a certain number of iterations following steps 1 to 6, a reasonable mass
flow rate for the motive nozzle can be obtained within the tolerated deviation. At
this mass flow rate, the motive flow reaches the critical state (Ma = 1) at the throat
of the motive nozzle. In well-designed ejectors, the motive nozzle typically operates
at the critical state, and the mass flow rate of the motive flow can be numerically
simulated.

After determining the critical mass flow rate of the motive nozzle, other proper-
ties such as pressure, specific enthalpy, and velocity can be obtained based on Finite
Volume Method. The boundary conditions include the inlet temperature and pres-
sure of the motive flow, as well as the geometric parameters of the motive nozzle.

In comparison to other solving methods, such as the fourth-order Runge-Kutta
method applied by Banasiak and Hafner [75], where the calculation step is fixed at a
given value, the Cramer’s rule is applied in the solution algorithm for the ordinary
differential equation system. As a result, the calculation step along the flow direction
is variable. During the simulation, an initial step will be provided, and then the cal-
culation step depends on the determinants of D. Considering that D is smaller when
it’s close to the throat, meaning around the position of the motive nozzle throat, the
calculation step is smaller. Taking into account the critical change in this position,
the self-adjustable calculation step method can improve the accuracy and efficiency
of the modeling.
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By solving the ordinary differential equations along the flow path, the profiles
of pressure, specific enthalpy, and velocity can be obtained, and the density will
be given by the equations of state in REFPROP with pressure and specific enthalpy
values. At this point, the simulation of the motive nozzle is considered complete.

3.2.3 Modeling of suction nozzle

For the suction nozzle, the flow path is typically not one-dimensional, and the geo-
metric configuration is much more complex than that of the motive nozzle. There-
fore, utilizing a similar 1-D flow modeling method as the motive nozzle and defin-
ing the flow as one-dimensional is challenging. Banasiak and Hafner [75] define it
as 1-D flow like the motive nozzle, but there is a simplification of the geometric con-
figuration of the suction nozzle. Moreover, this 1-D modeling cannot apply to every
ejector due to the variations in the geometric configuration of the suction nozzle
among ejectors.

To enhance the model’s adaptability for most ejectors, a 0-D modeling method
is employed for the suction nozzle in this section. The inlet parameters of the suc-
tion nozzle, such as specific enthalpy, entropy, vapor quality, and density, can be
calculated based on input parameters (temperature and pressure of the flow out of
the evaporator) using equations of states with REFPROP. The input velocity can be
obtained with the known mass flow rate of the suction flow, the input diameter of
the suction nozzle, and the calculated density. The suction nozzle is assumed to be
adiabatic to the environment, meaning there is no heat loss in the suction nozzle.
Additionally, friction loss is neglected for the suction nozzle.

An iteration on the outlet pressure will be conducted for the simulation of the
suction nozzle. The modeling process is depicted in the flow chart in Fig. 3.4.

The outlet velocity of the suction nozzle is determined through the application
of momentum conservation, as expressed by Eq. (3.20) with an initial value of Pas.
Here, as represents the inlet cross-sectional area of the suction nozzle, and aas signi-
fies the cross-sectional area at the outlet of the suction nozzle. Both of these param-
eters are known and defined by the ejector’s geometry.

Subsequently, the density at the outlet of the suction nozzle is calculated with
mass conservation by Eq. (3.21). And the outlet specific enthalpy at the suction noz-
zle outlet is calculated with energy conservation by Eq. (3.22). Here the us can be
calculated by the mass balance at the inlet of the suction nozzle (Eq. (3.23)).

After obtaining the specific enthalpy and density, the outlet pressure can be ob-
tained using the equation of state in REFPROP.

Finally, the obtained pressure value (Pas,cal) is compared with the iteration value
(Pas) until the error falls within a tolerated range ϵ.

Ps · as = Pas · aas + ṁs · uas (3.20)
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FIGURE 3.4: Flow chart of suction nozzle simulation
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ρas · uas · aas = ṁs (3.21)

hs +
1
2
·us

2 = has +
1
2 ·uas

2 (3.22)

ρs · us · as = ṁs (3.23)

3.2.4 Modeling of pre-mixing section

For the pre-mixing section, it involves both motive and suction flows, and the flow
is multidimensional because the flow direction of the motive flow and suction flow
is not identical. To simplify the simulation, a 0-D approach based on the work of
Banasiak and Hafner [75] is utilized in this zone.

The key assumptions for pre-mixing section modeling are as follows:

(1) Both flows have the same static pressure at the outlet of the pre-mixing section.

(2) Both flows form a perfectly coaxial double-fluid flow at the outlet of the pre-
mixing section, where the motive flow is in the center and is annularly sur-
rounded by suction flow.

(3) The motive and suction flows do not mix together inside the pre-mixing section,
meaning the modeling is separately conducted for the two flows, but the control
volume is represented by the whole volume of the pre-mixing section.

(4) In the pre-mixing section, an isentropic expansion/compression is assumed,
meaning the outlet entropy of both flows is identical to their respective input
entropy.

The flow chart of the simulation of the pre-mixing section is shown in Fig. 3.5.
An iteration on the outlet pressure Pb will be conducted for the simulation of

the pre-mixing section. With the known pressure and entropy, the outlet specific
enthalpy (hbm, hbs) and density (ρbm, ρbs) of motive flow and suction flow will be
calculated separately using equations of state in REFPROP. The input parameters
of the motive nozzle exit (Pam and Tam) are acquired from the 1-D simulation of the
motive nozzle. Furthermore, aam and aas denote the cross-sectional areas, both of
which are determined by the geometric parameters. The values for Pas and Tas are
calculated in the subsequent section.

Then the velocities of motive and suction flow can be calculated based on energy
conservation by Eq. (3.24) and Eq. (3.25), respectively. Where the specific enthalpy
(ham, has) and velocity (uam, uas) of both flows at the nozzle exist are already calcu-
lated in the sections before.

ham +
1
2
·uam

2 = hbm + 1
2 ·ubm

2 (3.24)
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FIGURE 3.5: Flow chart of pre-mixing section simulation
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has +
1
2
·uas

2 = hbs +
1
2 ·ubs

2 (3.25)

The occupied section area will be calculated with mass conservation for both
flows by Eq. (3.26) and Eq. (3.27). Where the mass flow rate of the motive flow (ṁm

is calculated by the 1-D modeling of motive nozzle.

ρbm · ubm · abm = ṁm (3.26)

ρbs · ubs · abs = ṁs (3.27)

Finally, the sum of the occupied section area for both flows (asum,cal) will be com-
pared with the input geometric parameter (asum,real), and then the outlet pressure
will be updated based on the deviation until it falls within a tolerated range.

3.2.5 Modeling of mixing section and diffuser

For the mixing section and diffuser, it involves the mixing of motive flow and suction
flow, as well as two-phase flow, making it another challenging part of the simulation.
The 1-D HEM approach is utilized in this section, and the modeling is referenced to
the work of Banasiak and Hafner [75].

The key assumptions for this part of the simulation are introduced as follows:

(1) The motive flow and suction flow are perfectly coaxial double-fluid flow through-
out the passage of the mixing section and diffuser, where the motive flow is in
the center, and the suction flow circulates the motive flow annually.

(2) There is mass, momentum, and energy transfer between the motive and suction
flow.

(3) The static pressure for motive and suction flow is identical.

(4) Mass transfer in this system can be attributed to three distinct mechanisms: con-
densation, entrainment of the suction flow by the motive flow, and deposition
of the motive flow onto the suction flow.

(5) Momentum transfer may be described by the drag forces exerted at the inter-
face between the two flows and momentum gains/losses due to the transferred
mass.

(6) Energy transfer may be accounted for with the enthalpy and kinetic energy
gains/losses due to the transferred mass.

(7) Friction pressure drop may be accounted for not only at the wall boundary
layer but also for an imaginary, infinitely thin ‘mixing layer’ separating both
streams. The computational approach applied is identical to that used for the
wall friction factor case.
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(8) Metastability effects were neglected due to the presence of a fully-developed
two-phase area.

(9) The two phase flow is assumed to be in a homogeneous equilibrium state where
the properties of the flow is determined by a mass or volume fraction average.

Mass transfer between motive and suction flows

The mass transfer from suction flow to motive flow by the entrainment effect is given
by the following correlation, as referred to [119]:

dṀs→m

dz
=

1.175 · 10−4 · um
√

ρm · ρs·ηs · (Res − Rem) ·
dAint

dz
(Res ≥ Res,∞)

0 (Res ≤ Res,∞)
(3.28)

Where u, ρ, η and Aint are the velocity, density, kinematic viscosity and area of the
interface between two flows (the inner surface of the annular region of the suction
flow), respectively. The index m and s denote the motive flow and suction flow.
Res,∞ is the local equilibrium film Reynolds number, which is calculated as given by
Eq. (3.29), also referred to [119]:

Res,∞ = exp(5.8504 + 0.4249 · ηm

ηs
·
√

ρs

ρm
) (3.29)

The condensation mass transfer at the interface is given by Eq. (3.30):

dṀcond

dz
=

αint · (Tm − Ts)

hint − hl,sat
· dAint

dz
(3.30)

Where αint represents the heat transfer coefficient at the interface.
For the interface between the motive and suction flows, the definition of velocity

and specific enthalpy is contingent upon the temperature difference between the two
flows, specifically, on the direction of condensation.{

uint = um, hint = hm (Tm > Ts)

uint = us, hint = hs (Ts > Tm)
(3.31)

Mass transfer via the deposition mechanism is considered negligible in this sec-
tion.

dṀm→s

dz
= 0 (3.32)

Momentum transfer between motive and suction flows

The momentum transfer between the motive and suction flows involves the for-
mulation of friction forces for both interfaces: the passage walls and the imaginary
interface between the two flows.
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dW f ,int

dz
= 0.5 · fint · ρm · (um − us)

2 · dAint

dz
(3.33)

dW f ,wall

dz
= 0.5 · fwall · ρs · u2

s ·
dAwall

dz
(3.34)

Where Awall is the contact surface between the suction flow and the tube wall,
and f is the friction factor determined as described in the motive nozzle section. An
equivalent roughness of the mixing layer between the two flows is introduced in
this study. The roughness of the mixing layer is considered a parameter adjusted
individually for each two-stream computational zone (mixer and diffuser) based on
experimental results.

The momentum transfer at the interface is expressed as:

dTmom

dz
= 0.5 · ρm · Cm→s · |um − us| · (um − us) ·

dAwall

dz
(3.35)

Where Cm→s is the interface drag coefficient describing mechanical interactions
between the two coaxial flows. A correlation referred to [120] is adopted:

Cm→s = aeje · Re−0.25
m→s (3.36)

where

Rem→s =
ρs

ηs
· (um − us) · Dc ·

√
Am

Am + As
(3.37)

The coefficient of scale aeje is experimentally determined for each double flow
zone, namely, the mixing section and diffuser. Here, D represents the diameter of
the passage, while Am and As denote the occupied section areas by the motive and
suction flows along the flow path.

Conservation equations

After the definition of the mass and momentum transfer between motive and suction
flow, the conservation equations of each flow can be obtained.

The conservation of mass for the motive flow and suction flow is expressed by
Eq. (3.38) and Eq. (3.39):

1
um

· dum

dz
+

1
Am

· dAm

dz
+

1
ρm

· dρm

dz
=

− 1
Am · um · ρm

· (dṀc

dz
+

dṀm→s

dz
− dṀs→m

dz
)

(3.38)

1
us

· dus

dz
+

1
As

· dAs

dz
+

1
ρs

· dρs

dz
=

1
As · us · ρs

· (dṀc

dz
+

dṀm→s

dz
− dṀs→m

dz
) (3.39)
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The conservation of momentum for the motive flow and suction flow is ex-
pressed as Eq. (3.40) and Eq. (3.41):

Am · dP
dz

+ Am · um · ρm · dum

dz
=

− (uint − um) ·
dṀc

dz
+ (us − um) ·

dṀs→m

dz
− dTmom

dz
−

dW f ,int

dz

(3.40)

As ·
dP
dz

+ As · us · ρs ·
dus

dz
=

− (us − uint) ·
dṀc

dz
− (us − um) ·

dṀm→s

dz
+

dTmom

dz
−

dW f ,wall

dz

(3.41)

The conservation of energy for the motive flow and suction flow is expressed as
Eq. (3.42) and Eq. (3.43):

Am · u2
m · ρm · dum

dz
+ Am · um · ρm · dhm

dz
=

(hm − hint + 0.5 · (u2
m − u2

int)) ·
dṀc

dz
+ (hs − hm + 0.5 · (u2

s − u2
m)) ·

dṀs→m

dz

(3.42)

As · u2
s · ρs ·

dus

dz
+ As · us · ρs ·

dhs

dz
=

(hint − hs + 0.5 · (u2
int − u2

s )) ·
dṀc

dz
− (hs − hm + 0.5 · (u2

s − u2
m)) ·

dṀm→s

dz

(3.43)

Solving method

For the mixing section and diffuser, the solving method is akin to the motive nozzle;
however, the corresponding set of ordinary differential equations will have more
unknown variables due to the mixing of motive and suction flow in these two zones.

In this section, there are seven independent variables in the two zones, namely,
pressure (same for the motive flow and suction flow), velocity, specific enthalpy, and
the cross-sectional area of motive and suction flows.

Similar to the modeling in the motive nozzle simulation, the differential of den-
sity is expressed as a function of pressure and specific enthalpy.

The cross-sectional area occupied by the motive flow and suction flow is related
to the total cross-sectional area of the flow channel as follows:

dAm

dz
+

dAs

dz
=

dAcs

dz
(3.44)

Where Acs is the section area of the flow path. For constant mixing section, the
area remains constant, and for the diffuser, it varies along the flow direction. The
definition of the change is inputted with the known angle, length, and diameter
information of the ejector.
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After converting the above expressions into matrix form, the system of equations
can be solved using Cramer’s rule with a variable-step algorithm. A grid indepen-
dent analysis is conducted to eliminate the effect of the mesh refinements on the
results, as presented in Appendix B. All the coefficients used during the modeling
are listed in Appendix C.

Based on the presented model, profiles of pressure, temperature, and velocity
for both motive and suction flows can be obtained. Additionally, thermodynamic
parameters such as vapor quality, specific enthalpy, and entropy can be derived.
Distinguished from the 0-D model, the 1-D homogeneous equilibrium model pro-
vides a continuous change curve for all these parameters along the flow direction,
except in the suction nozzle and pre-mixing sections. This feature allows for a more
detailed understanding of the flow pattern inside the ejector.

3.3 Experimental validation of the 1-D HEM

In this section, the established 1-D ejector model is validated by using the experi-
mental data from Zhu et al. [113]. Other experimental data from the open literature
are also available; however, due to the lack of complete geometric information on
the ejector, they cannot be used for the 1-D model validation.

3.3.1 Introduction of studied ejector

The schematic of the tested ejector is shown in Fig. 3.6, and the geometric parameters
of the ejector are depicted in Table. 3.1.

The ejector studied in Fig. 3.6 features a convergent motive nozzle, which sets it
apart from the more commonly used convergent-divergent nozzle. The throat of the
nozzle is not simply a single point but rather a passage with a certain length. With
a convergent nozzle, the maximum velocity of the flow at the outlet is limited to the
local speed of sound, while a convergent-divergent nozzle can achieve supersonic
velocities.

TABLE 3.1: Geometric parameters of the tested ejector from Zhu et al. [113]

Dt (mm) Dm (mm) NXP (mm) Lm (mm) θd (◦) θm (◦) DP (mm) DS (mm) DB (mm)

0.8 2 3.4 18 7 40 8 8 7

3.3.2 Experimental validation of 1-D HEM for single case

To validate the 1-D HEM, the input parameters include the pressure and tempera-
ture values at the ejector inlets, as well as the mass flow rate of suction flow. The
validated parameters are the ejector outlet pressure. Meanwhile, the 1-D HEM can
also predict the mass flow rate of the motive flow and obtain the isentropic efficiency
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FIGURE 3.6: Schematic of the tested ejector from Zhu et al. [113]

of the motive nozzle. After simulating with the 1-D HEM, profiles of pressure, tem-
perature, velocity, and various thermodynamic parameters along the flow path are
obtained.

Fig. 3.7 illustrates the pressure curves for both the motive flow and the suction
flow as well as the measured pressure for ejector inlet and outlet ports. The input
parameters for the studied case are listed in Table. 3.2.

TABLE 3.2: Boundary conditions of ejector [113]

Pm (MPa) Ps (MPa) Tm (◦C) Ts (◦C) ṁs (kg/h)

8.4 3.6 35.2 22.8 57.5

The 1-D model furnishes a comprehensive pressure curve for both flows through-
out the entire flow path, demonstrating a close correlation between the measured
ejector outlet pressure and the simulated values. It’s noteworthy that, in the case of
the motive nozzle, a constant area section follows the throat of the convergent part,
contributing to the sustained pressure drop as illustrated in Fig. 3.7. As the mo-
tive flow approaches the critical state (Ma = 1), small variations lead to significant
changes in the thermodynamic properties of CO2. Consequently, the pressure curve
for the motive flow exhibits distinct fluctuations near the throat position.

For the studied case presented in Table. 3.2, the sum of the mass flow rates of
the motive and suction flows is 134.1 kg/h. The outlet value from the 1-D HEM is
133.3 kg/h, resulting in a relative error of 0.60 %. Additionally, the relative error of
the energy balance is 0.61 %. The small relative errors in mass and energy balance
indicate that the 1-D HEM is convergent, with a very small margin of error.
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FIGURE 3.7: Pressure profile of ejector simulated by 1-D HEM based
on ejector experimental results of Zhu et al. [113]

3.3.3 Validation of 1-D HEM with groups of data

Based on additional experimental data from Zhu et al. [113], the 1-D HEM is further
validated. The simulated values of ejector outlet pressure and the mass flow rate of
the motive flow are compared with the measured data.

Ejector outlet pressure validation

The simulated ejector outlet pressure is compared with the experimentally measured
pressure, as shown in Fig. 3.8.

From Fig. 3.8, the simulated data and experimental data agree well, with abso-
lute relative deviations generally within 5 %, except for rare cases where deviations
exceed 5 %. It can also be observed from the figure that the simulated ejector outlet
pressure is, in general, higher than the experimentally measured pressure.

Mass flow rate of motive flow validation

When the input pressure and temperature of the motive nozzle are set in accordance
with a well-designed ejector, the motive nozzle operates under choked conditions,
maximizing the mass flow rate of the motive flow. In this state, the motive flow
attains the local speed of sound at the nozzle throat, resulting in the peak mass flow
rate. Even though the exit pressure of the ejector continues to decrease, the mass flow
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FIGURE 3.8: Simulated ejector outlet pressure as a function of mea-
sured outlet pressure from Zhu et al. [113]

rate remains constant, reaching a value known as the critical mass flow rate of the
motive nozzle. This phenomenon is supported by the findings of the experimental
data source [113].

With 1-D HEM, a prediction of the critical mass flow rate of the motive nozzle
was conducted. This prediction is based on input pressure and temperature values
of the motive flow and geometric parameters of the ejector, using data provided by
[113]. The deviation between the actual mass flow rate and the predicted critical
mass flow rate was plotted in Fig. 3.9. Analysis of the figure reveals that, in general,
the actual mass flow rate is below the critical value, with a relative deviation of less
than 15 %.

After validating the 1-D homogeneous equilibrium model with experimental
data from the literature, it was observed that the 1-D HEM, based on Finite Volume
Method, exhibits good agreement with the experimental results. The predictions of
the ejector outlet pressure and critical mass flow rate of the motive nozzle are gener-
ally accurate, with deviations less than 5 % and 15 %, respectively.
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FIGURE 3.9: Calculated mass flow rate as a function of measured
mass flow rate of motive flow from Zhu et al. [113]

3.3.4 Comprehensive analysis of thermodynamic parameters by 1-D HEM

Beyond experimentally validated parameters like the ejector outlet pressure and mo-
tive flow mass flow rate, the 1-D HEM furnishes an extended array of thermody-
namic parameters, enriching the analysis of the internal flow field within the ejector.

Profiles of velocity of motive and suction flows

In Fig. 3.10, simulated velocity profiles for both the motive and suction flows along
the ejector’s flow path are presented. It is crucial to acknowledge that, given the
intricate geometric configuration of the suction nozzle, the expansion of the suc-
tion flow is disregarded in the studied case. This assumption implies a constancy
of thermodynamic parameters until the pre-mixing section, where the suction flow
undergoes expansion, resulting in an increase in velocity.

In the case of the motive nozzle, the velocity undergoes a continuous increase un-
til reaching the outlet of the pre-mixing section, exhibiting slight fluctuations around
the nozzle throat. Subsequently, within the constant area mixing section and dif-
fuser, the motive flow velocity steadily decreases.

Conversely, for the suction nozzle, there is a minor fluctuation in velocity within
the mixing section, followed by a significant drop in the diffuser. This decrease in
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FIGURE 3.10: Velocity profile of ejector, with input parameters listed
in Table. 3.2

kinetic energy elucidates the pressure recovery observed in the diffuser for both the
motive and suction flows.

In the 1-D HEM, the motive flow and suction flow are simulated separately, and
their interaction is governed by equations. As a result, the velocities of the motive
and suction flows do not reach the same value at the diffuser outlet. However, in the
final part of the diffuser, as it extends in length, the gap between the two velocities
decreases. When the diffuser is sufficiently long, the two velocities will eventually
merge and approach zero.

Calculation of isentropic efficiency of motive nozzle

In Fig. 3.11, the calculated values of the isentropic efficiency for the motive nozzle, as
expressed in Eq. (3.45), are presented. Here, hm and ha represent the calculated spe-
cific enthalphy of the flow at the inlet and outlet of the motive nozzle, respectively,
and ha,is is the outlet specific enthalpy for an ideal isentropic expansion process,
which is obtained by state of equation with known specific entropy and pressure
values.

ηm =
ha,is − hm

ha − hm
(3.45)
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FIGURE 3.11: Calculated isentropic efficiency as a function of motive
pressure [113]

The isentropic efficiency of motive nozzle serves as an input parameter for the
0-D thermodynamic models. In the cases examined, the motive nozzle efficiency
generally ranges between 0.94 and 0.96, with only a few exceptions where the value
exceeds 0.99. This discrepancy could be attributed to measurement deviations or
fluctuations in the operation of the ejector.

3.3.5 Conclusion

The simulated ejector outlet pressure and motive flow mass flow rate align well with
the measured data obtained from the literature [113]. The absolute relative deviation
of the ejector outlet pressure remains consistently below 5 %, while for the mass flow
rate of the motive flow, it stays within the range of 15 %. Furthermore, the 1-D HEM
exhibits its capability to furnish a comprehensive profile of the pressure and various
thermodynamic parameters along the entire flow path. This represents a significant
advantage over 0-D models, which are limited to provide data at only a few points
in the flow direction.
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3.4 Parametric analysis of ejector operation conditions

After experimental validation of the 1-D HEM, the model becomes a valuable tool for
the parametric analysis of ejector operating conditions. The examined parameters
encompass the inlet temperature and pressure of both motive and suction nozzles,
along with the mass flow rate of the suction flow. Key indices of the ejector include
the ejector outlet pressure, ejector efficiency (Eq. (2.4)), and the mass flow rate of the
motive flow. The parametric study is based on the ejector geometry outlined by Zhu
et al. [113], with default input parameters detailed in Table. 3.3.

TABLE 3.3: Boundary conditions of ejector for parametric analysis of
ejector operation conditions [113]

Pm (MPa) Ps (MPa) Tm (◦C) Ts (◦C) ṁs (kg/h)

9.6 3.6 35.4 21.2 48.0

3.4.1 Analysis of the inlet pressure of suction flow

The study focuses on the inlet pressure of the suction flow, with the pressure range
set between 3 and 5 MPa. It’s important to note that, within this range, the default
temperature for the boundary conditions in Table. 3.3 remains in a super-heated
state.

Since the suction nozzle pressure does not affect the mass flow rate of the motive
flow, and the mass flow rate of the suction nozzle is held constant at the default
value provided in Table. 3.3, the entrainment ratio of the ejector remains constant
throughout the analysis. The simulation results are illustrated in Fig. 3.12.

Analysis of Fig. 3.12 reveals a nearly linear correlation between the increase in
the inlet pressure of the suction flow and the subsequent rise in ejector outlet pres-
sure. Since the mass flow rate and inlet pressure of the motive flow are held constant,
the compression capacity remains almost uniform across all cases. As the inlet pres-
sure of the suction flow increases, with a constant mass flow rate, the suction flow
undergoes compression to a higher pressure, resulting in a corresponding elevation
in the ejector outlet flow, which is a mixture of the motive flow and suction flow.

Examining ejector efficiency, it exhibits an initial fluctuation followed by a de-
crease with the rise in the inlet pressure of the suction flow. Notably, an optimal
ejector efficiency of 0.415 is observed at an inlet pressure of 33 bar within the stud-
ied range.

3.4.2 Analysis of the inlet temperature of suction flow

The study focuses on the inlet temperature of the suction flow, with the temperature
range set between 2 and 30 ◦C. Other inputs remain consistent with those listed in
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FIGURE 3.12: Ejector outlet pressure and ejector effiency as a function
of inlet pressure of suction flow

Table. 3.3. Throughout the entire temperature range under consideration, the suc-
tion flow remains in a super-heated state, albeit with varying degrees of super heat.
The simulation results are depicted in Fig. 3.13.

Examining Fig. 3.13, initial fluctuations are observed for both the ejector out-
let pressure and ejector efficiency. Within the temperature range of 7 ◦C to 18 ◦C,
the ejector outlet pressure exhibits a consistent decline with increasing temperature.
Notably, the ejector efficiency reaches an optimal value of 0.392 at an inlet temper-
ature of 13 ◦C. Beyond this range, a linear decrease in ejector outlet pressure with
increasing inlet temperature is observed, accompanied by a linear increase in ejector
efficiency.

In practical operation, the degree of super heat depends on the evaporator de-
sign. The stable range of inlet temperatures identified by the 1-D HEM can serve as
a valuable reference for defining rated operational conditions.

3.4.3 Analysis of the mass flow rate of suction flow

For the analysis of the mass flow rate of the suction flow, the inlet pressure and tem-
perature values of both motive and suction flows are set to the default values listed
in Table. 3.3. The mass flow rate of the motive flow is also kept constant, calculated
by the 1-D HEM. The examined range for the mass flow rate of the suction flow
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FIGURE 3.13: Ejector outlet pressure and ejector efficiency as a func-
tion of inlet temperature of suction flow

spans from 15 kg/h to 100 kg/h, considering that the mass flow rate of the motive
flow is approximately 110 kg/h. The simulation results are depicted in Fig. 3.14.

Analyzing Fig. 3.14, it is observed that the ejector outlet pressure decreases with
the increasing mass flow rate due to the fixed compression capacity of the motive
flow. The ejector efficiency exhibits a rapid rise from 0.2 to 0.4 as the mass flow rate
changes from 15 kg/h to 45 kg/h. Subsequently, the ejector efficiency continues to
increase with the mass flow rate, but the margins become minimal, showing only
an 8 % relative increase when the mass flow rate is 100 kg/h compared to 45 kg/h.
Given the constant value of the mass flow rate of the motive flow, an increase in the
mass flow rate of the suction flow results in a higher entrainment ratio of the ejector.
These results underscore the existence of an optimal entrainment ratio range for the
actual operation of the ejector, considering the tradeoffs between ejector efficiency
and pressure boosts.

3.4.4 Analysis of inlet pressure of motive flow

For the analysis of the inlet pressure of motive flow, the inlet pressure and temper-
ature values of suction flows as well as the mass flow rate of suction flow and inlet
temperature of the motive flow, are set to the default values listed in Table. 3.3. The
mass flow rate of the motive flow is calculated by the 1-D HEM and various with the
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FIGURE 3.14: Ejector outlet pressure and ejector efficiency as a func-
tion of mass flow rate of suction flow

inlet pressure of motive flow. The examined range for the inlet pressure of motive
flow is between 84 bar to 130 bar. The simulation results are depicted in Fig. 3.14.

Analyzing Fig. 3.15, it is observed that in general, the ejector outlet pressure and
mass flow rate of motive flow increase with the inlet pressure of motive flow except
few cases with small fluctuation. The ejector outlet pressure increases from 40.9 bar
to 50.8 bar (24.3 %), and the mass flow rate increase from 56.2 kg/h to 176.0 kg/h
(213.5 %). The trend of the mass flow rate is identical to the experimental data from
Zhu et al. [113], as shown in Fig. 3.16.

For the ejector efficiency, when the inlet pressure of motive flow changes, the
ejector efficiency varies in a small range (0.39 to 0.41), and no clear trend is con-
cluded, which means the ejector efficiency is an index influenced by multiple factors
and is not strongly affected to the inlet pressure of motive flow.

3.4.5 Analysis of inlet temperature of motive flow

For the analysis of the inlet temperature of motive flow, the inlet pressure and tem-
perature values of suction flows as well as the mass flow rate of suction flow and
inlet pressure of motive flow are set to the default values listed in Table. 3.3. The
mass flow rate of the motive flow is calculated by the 1-D HEM and various with
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FIGURE 3.15: Ejector outlet pressure, ejector efficiency and mass flow
rate of motive flow as a function of inlet pressure of motive flow

the inlet pressure of motive flow. Considering the cycle should work in a transcriti-
cal mode and when the inlet temperature of motive flow is too high, the flow will be
in superheated state after the expansion in the motive nozzle, the examined range
for the inlet temperature of motive flow is between 35 ◦C to 42 ◦C. The simulation
results are depicted in Fig. 3.17.

Analyzing Fig. 3.17, it is observed that in general, the ejector efficiency and mass
flow rate of motive flow decrease with the inlet temperature of motive flow. The
relative change of ejector efficiency and mass flow rate of motive flow is -8.7 % and
-32.4 %, respectively. For the ejector outlet pressure, in general the ejector outlet
pressure decreases with the inlet temperature, but when the temperature is 36 and
39 ◦C, there is an increase steeply, probably due to the shock wave in the mixing
section or pre-mixing section.

3.4.6 Conclusion

Five boundary conditions for the ejector operation are analyzed: the inlet temper-
ature and pressure of motive and suction flows, the mass flow rate of the suction
flow. The change of ejector outlet pressure, ejector efficiency and mass flow rate of
the motive flow are tracked for the parametric analysis. It is concluded that in gen-
eral, the ejector efficiency increases with a higher inlet temperature of suction flow,
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FIGURE 3.16: The measured mass flow rate of motive flow as a func-
tion of inlet pressure of motive flow, data from Zhu et al. [113]

and higher mass flow rate of suction flow. The ejector efficiency decreases with the
inlet temperature of motive flow and inlet pressure of suction flow. And no clear
correlation is found between ejector efficiency and inlet pressure of motive flow.

The ejector outlet pressure increases with the inlet pressure of motive and suction
flow. On the contrary, the ejector outlet pressure decreases with the inlet temperature
of suction flow, the mass flow rate of the suction nozzle and the inlet temperature of
motive flow.

When changing the inlet pressure and temperature of the motive flow, the mass
flow rate of motive flow will also change. It increases with the inlet pressure and
decreases with the temperature.

The trends above are in general for the studied range, however, major fluctua-
tion happens in some points, the most possible reason is due to the change of the
numbers of the shock wave inside the ejector. With shock wave, the flow velocity
will have a steep decrease and the pressure will have a steep increase.

3.5 Ejector design with 1-D HEM

The established 1-D homogeneous equilibrium model of the entire ejector region
proves versatile for ejector design applications. Fig. 3.18 illustrates the detailed ge-
ometric configuration and main parameters of a typical constant-pressure mixing
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FIGURE 3.17: Mass flow rate of motive flow, ejector outlet pressure
and ejector efficiency as a function of inlet temperature of motive flow

ejector with a convergent-divergent motive nozzle.
In this section, the analysis focuses on five parameters: the length of the constant

area mixing section (Lmix), the length of the diffuser (Ldi f ), the diameter of the mixing
section (Dmix), the diffuser angle (γdi f ) and the roughness of the wall. Given that the
primary function of the ejector in the heat pump cycle is the compression of the
suction flow through the expansion of the motive flow, key parameters during the
design process include the ejector outlet pressure and entrainment ratio.

However, it’s worth noting that the geometric parameters of the nozzle part are
not under consideration in this analysis. Additionally, with given inlet pressures
and temperatures, as well as the mass flow rate of the suction flow, the entrainment
ratio remains constant irrespective of variations in the mentioned geometric param-
eters. Therefore, this section delves into studying the impact of the five geometric
parameters on the ejector outlet pressure and ejector efficiency. The objective is to
optimize the design of the ejector using the 1-D HEM as a valuable auxiliary tool.

For all geometric studies, the reference ejector is chosen as the ejector from Zhu
et al. [113], and the boundary parameters are chosen as the configuration listed in
Table. 3.4.
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FIGURE 3.18: Geometric parameters of the ejector

TABLE 3.4: Boundary conditions used for ejector design based on
ejector from Zhu et al. [113]

Pm (MPa) Ps (MPa) Tm (◦C) Ts (◦C) ṁs (kg/h)

9.3 3.6 35.5 22.8 46.9

3.5.1 The length of the constant area mixing section

The relationship between the ejector outlet pressure and ejector efficiency in re-
sponse to variations in the length of the constant-area mixing section is illustrated in
Fig. 3.19.

As the mixing section length changes from 6 mm to 44 mm, the ejector outlet
pressure demonstrates an increase from 41.5 bars to 43.4 bars, reflecting a relative
change of 4.5 %. Simultaneously, the ejector efficiency undergoes a noticeable im-
provement, rising from 0.31 to 0.44, indicating a relative change of 40.7 %.

Analysis of Fig. 3.19 suggests that increasing the length of the mixing section
in an ejector can enhance the outlet pressure and ejector efficiency, up to a cer-
tain threshold. This phenomenon arises from the mixing section, where the high-
pressure, high-velocity motive fluid interacts with and blends into the low-pressure,
low-velocity suction fluid. The extended mixing section allows for more efficient
mixing and momentum transfer, resulting in a higher outlet pressure and higher
ejector efficiency.

However, there are limitations to this benefiting. An excessively long mixing
section may experience restricted pressure recovery due to friction losses or other
inefficiencies, hindering further increases in the outlet pressure[121]. Additionally,
the impact of mixing section length on the ejector outlet pressure is constrained by
the magnitude of the increase.
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FIGURE 3.19: Ejector outlet pressure and ejector efficiency as a func-
tion of the mixing section length

Similar findings were reported by Varga et al. [122]. They observed that the
length of the constant area section did not significantly influence the entrainment
ratio of the ejector within the studied range. Nevertheless, the critical back pressure
increased with the length, reaching an optimum at 155 mm. This allowed the ejector
to operate in double choking mode for higher condenser pressure (temperature).
Further lengthening did not improve the critical back pressure, making 155 mm the
optimal length. The increase in critical back pressure implies that, when the input
parameters of the ejector are fixed, the ejector outlet pressure will rise.

Contrastingly, Nakagawa et al. [123] investigated the effect of mixing length on
ejector system performance. Using mixing lengths of 5 mm, 15 mm, and 25 mm with
a constant rectangular cross-section, they found that mixing length significantly in-
fluenced entrainment ratio, pressure recovery magnitude, and profile. The 5 mm
and 15 mm types yielded the lowest and highest ejector efficiency and COP in all
conditions, respectively. The 15 mm type also provided the highest pressure recov-
ery.

Moreover, the optimum length of the mixing section depended on the inlet pres-
sure to the motive nozzle and ranged between 20 mm and 25 mm in the study by
Banasiak et al. [124].
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3.5.2 The length of the diffuser
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FIGURE 3.20: Ejector outlet pressure and ejector efficiency as a func-
tion of the diffuser length

Testing the ejector under the conditions specified in Table. 3.4 while varying dif-
fuser lengths provided results showcased in Fig. 3.20. The ejector outlet pressure
ranges from 42.8 bars to 43.0 bars, reflecting a minimal relative change of 0.3 %. Si-
multaneously, the ejector efficiency experiences a slight increase from 0.40 to 0.41,
indicating a relative change of 2 %, as the diffuser length varies from 24 mm to 60
mm.

While varying the length of the diffuser, it is important to note that the diffuser
angle (7◦) remains constant, leading to changes in the outlet diameter of the diffuser
with variations in length.

Analyzing the results presented in Fig. 3.20, it can be concluded that the length
of the diffuser has a limited impact. Although both the ejector outlet pressure and
ejector efficiency show increases with the diffuser length, the gains are relatively
modest. Consequently, the clear benefit of a longer diffuser length in the process of
ejector design remains uncertain. These findings align with the trend identified by
Wu et al. [125].
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3.5.3 The diameter of the constant area mixing section

Under the conditions specified in Table. 3.4, the ejector was tested with various di-
ameters of the constant area mixing section, and the results are illustrated in Fig. 3.21.
The ejector outlet pressure exhibits a range from 39 bars to 44 bars as the diameter
of the constant mixing section changes from 1 mm to 6 mm.

When altering the diameter of the constant area mixing section while maintain-
ing a constant length, the outlet diameter of the diffuser and the divergent angle of
the diffuser remain unchanged. However, the length of the diffuser varies with the
different diameters of the mixing section. Nevertheless, considering the analysis of
the effect of the diffuser length, the impact of the change in diffuser length during
the alteration of the diameter of the constant area mixing section can be considered
negligible.
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FIGURE 3.21: Ejector outlet pressure and ejector efficiency as a func-
tion of the mixing section diameter

Banasiak et al. [124] experimentally demonstrated that the best performance was
achieved with a 3 mm diameter (ranging from 2 mm to 5 mm with a step of 1 mm).
For smaller diameters, the ejector was unable to entrain the appropriate amount
of super-heated vapor from the evaporator at higher pressure values. This phe-
nomenon was likely caused by throttling of the secondary flow in the mixer and a
consecutive oblique-shock wave flow pattern. For larger diameters, the ejector was
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unable to achieve high values of either pressure lift or efficiency due to poorer mo-
mentum exchange, possibly as a result of intensified recirculation.

Analyzing Fig. 3.21, a general trend emerges where the outlet pressure of the
ejector and ejector efficiency tend to decrease with the increasing diameter of the
mixing section. This observation aligns with the findings from the experimental
analysis conducted by Banasiak et al. [124]. However, it’s important to note that this
trend is not entirely monotonic. At a diameter of 3.6 mm, there is a notable and steep
rise, followed by a subsequent decrease in the ejector outlet pressure with further
increases in the diameter of the constant mixing section. This trend is mirrored in
the ejector efficiency. An explanation for this abrupt pressure rise is attributed to
the presence of a shock wave in the mixing section, a phenomenon experimentally
observed by researchers [126, 127].

3.5.4 The angle of the diffuser

The diffuser angle stands as a pivotal parameter in ejector design, extensively scru-
tinized by researchers. Banasiak et al. [124] conducted experiments to explore op-
timum ejector geometry for a small-capacity R744 heat pump. Their findings indi-
cated that a diffuser angle of 5◦ yielded the best ejector performance among alter-
native options examined (7.5◦ and 10◦). Similar results were reported by Elbel and
Hrnjak [100], where small angles of 5◦ produced superior static pressure recovery
compared to angles of 10◦ and 15◦.

Numerical investigations further supported these findings. Levy et al. [128],
using their developed model, explored various design parameters of the ejector
as functions of the diffuser angle, concluding that better pressure recovery was
achieved with smaller diffuser angles (1◦, 3◦, 5◦, and 7◦ were studied).

Fig. 3.22 visually represents the ejector outlet pressure and ejector efficiency as
functions of the diffuser angle, ranging from 1◦ to 11◦. The results show a decrease in
the ejector outlet pressure from 44.5 bars to 42.4 bars (relative change of -4.8 %), and
a drop in ejector efficiency from 0.53 to 0.37 (relative change of -28.7 %), consistent
with findings from the literature cited above.

However, based on the findings in the literature, there appears to be a limit to
how small the diffuser angle can be made. Angles that are too small result in an ex-
tended section of small cross-sectional flow areas at the inlet of the diffuser. The in-
creased frictional pressure drop, which is proportional to the flow velocity squared,
reduces performance. On the other hand, if the angle is too large, boundary layer-
induced flow separation causes the formation of turbulent vortices, which lower
the static pressure recovery characteristics of the diffuser. This demonstrates the
trade-off between kinetic energy losses due to vortex formation and losses caused
by frictional pressure drop [129].
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FIGURE 3.22: Ejector outlet pressure and ejector efficiency as a func-
tion of the diffuser angle

This trend is not explicitly evident from the simulation results in this section,
possibly due to the simplifications in the modeling. Therefore, more detailed sim-
ulation and experimental studies need to be conducted to verify this trade-off and
understand the optimal range for the diffuser angle.

3.5.5 The roughness of the wall

Under the conditions specified in Table. 3.4, the ejector was tested with various
roughness of the wall (ϵwall), and the results are illustrated in Fig. 3.23.

From Fig. 3.23, it is evident that both the ejector outlet pressure and efficiency
decrease with an increase in wall roughness due to higher friction losses between
the fluid and the wall. However, given the small size of the ejector (less than 8 cm
along the flow direction), the impact of roughness is quite limited. Specifically, when
the wall roughness increases from 1 µm to 10 µm, the ejector outlet pressure drop is
less than 0.3 bar, resulting in a relative change of around 0.49 %.
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FIGURE 3.23: Ejector outlet pressure and ejector efficiency as a func-
tion of the roughness of the wall

3.5.6 Conclusion

In this section, five fundamental geometry parameters of the ejector (Lmix, Ldi f , Dmix,
γdi f , ϵwall) were systematically analyzed using the 1-D HEM. The quantitative im-
pact of these parameters on ejector performance, specifically the ejector outlet pres-
sure and ejector efficiency, is presented. Among these parameters, the diffuser angle
and the diameter of the constant area mixing section exhibit significant effects on
ejector performance, followed by the length of the mixing section. Both the diffuser
length and the roughness of the wall have an impact on the ejector performance,
albeit within limited extents. Achieving the optimal design of the ejector requires a
comprehensive analysis and valuation of these parameters.

3.6 Comparison with 0-D thermodynamic models

Fig. 3.24 presents simulation results of three 0-D thermodynamic models, along with
the results of the 1-D HEM, for comparison. The analysis utilizes the same ejector
studied by Zhu et al. [113], and the experimental data used in the validation section
of the 1-D HEM. For the three 0-D thermodynamic models, the input isentropic ef-
ficiency of motive nozzle, suction nozzle, diffuser is 0.85, 0.85 and 0.8, respectively.
The fixed pressure drop for the model of Li [62] is assumed to be 0.05 MPa.
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FIGURE 3.24: Comparison of 0-D thermodynamic models with 1-D
HEM in simulating ejector outlet pressure

From Fig. 3.24, it is evident that the 1-D HEM demonstrates better agreement
with the experimental data. The 0-D models exhibit cases where the relative error
can reach more than 10 %. Additionally, it is observed that, compared to the mod-
els proposed by Deng and Li [62, 63], the model from Atmaca [54] performs better.
However, the extent of this improvement is not substantial. Considering the increas-
ing complexity of the three models (Deng, Li, and Atmaca) in ascending order, the
benefit gained does not seem justified.

It is important to note that the input isentropic efficiencies of ejector components
differ from those discussed in Chapter 2 when validating all the 0-D models us-
ing the same experimental data from Zhu et al. [113]. In contrast to the findings
presented in Chapter 2, which focused on comparing various 0-D models and con-
cluded that the model proposed by Deng [63] exhibited the best performance, there
is a discrepancy in the conclusion drawn from Fig. 3.24. This observation leads to the
inference that the accuracy of 0-D thermodynamic models is significantly influenced
by the efficiencies of the input ejector components.

Fig. 3.25 illustrates the simulated ejector efficiency as a function of the measured
entrainment ratio for both 0-D thermodynamic models and the 1-D HEM. Analyz-
ing the figure, it is evident that, for 0-D thermodynamic models, the ejector efficiency
demonstrates a nearly linear correlation with the measured entrainment ratio, con-
sistent with the results presented in Chapter 2. On the other hand, for the 1-D HEM,
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the ejector efficiency increases with the entrainment ratio up to a certain point, af-
ter which it remains constant. This disparity suggests that the 1-D HEM, with its
increased complexity and incorporation of additional factors affecting ejector effi-
ciency—such as friction loss along the wall and the friction arising from the mixing
of two flows—produces a trend closer to reality compared to the simpler 0-D ther-
modynamic models.
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FIGURE 3.25: Comparison of 0-D thermodynamic models with 1-D
HEM in simulated ejector efficiency as a function of measured en-

trainment ratio

Fig. 3.26 displays the pressure profiles of the motive flow for all three 0-D models
and the 1-D HEM model. The input parameters for the studying case are listed in
Table. 3.5. The 1-D model, employing Finite Volume Method along the flow path,
provides a complete pressure curve. In contrast, the 0-D thermodynamic models
only calculate a few sections along the flow path.

TABLE 3.5: Boundary conditions of ejector [113]

Pm (MPa) Ps (MPa) Tm (◦C) Ts (◦C) ṁs (kg/h)

9.2 3.6 35.3 22.4 53.3

However, for the studied case, the relative deviation between the simulated ejec-
tor outlet pressure and measured outlet pressure of three 0-D models (in the order
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FIGURE 3.26: Pressure profiles of motive flow, with boundary condi-
tions from Table. 3.5 and ejector geomoetry from Zhu et al. [113]

of Deng, Li, and Atmaca) are 0.13 %, 3.77 %, 1.59 %, respectively. The relative devia-
tion of 1-D HEM is 1.13 %. Therefore, for 0-D models the accuracy of the prediction
on the ejector outlet pressure is acceptable. Under certain operation conditions, it is
even more accurate than 1-D HEM.

With the characteristic of quick response, 0-D models can be integrated into the
ejector expansion cycle modeling. However, for the ejector design and detailed para-
metric analysis, it is still not able to provide enough details on the flow field inside
the ejector. Moreover, taking into account the sensitivity analysis in the last chap-
ter, the simulation accuracy of the 0-D thermodynamic models rely heavily on the
proper input of isentropic efficiencies of ejector components. On the contrary, 1-D
HEM uses the geometric parameters to evaluate the ejector performance, which in-
troduces less contingency into the simulation.

3.7 Conclusion

In this chapter, a novel 1-D homogeneous equilibrium model (HEM) based on the
Finite Volume Method for the entire ejector region is introduced. Given the current
scarcity of 1-D models, it provides a reference and serves as an assistant tool for the
study of ejectors.
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128 Chapter 3. 1-D modeling of transcritical two-phase CO2 ejector

Validation of the 1-D HEM utilized experimental data from the open literature
[113], showcasing strong agreement between the simulated and experimental re-
sults. The relative deviations of the ejector outlet pressure and motive nozzle mass
flow rate were generally below 5 % and 15 %, respectively, indicating high accuracy
in the simulation results.

The established 1-D HEM serves as a valuable tool for the parametric analysis of
ejectors or ejector systems within heat pump cycles. This facilitates the optimization
of operational parameters and geometric design. The effect of the input temperature
and pressure values of the ejector, as well as the mass flow rate of the suction flow, on
the ejector performance was studied. Meticulous analysis was conducted on various
geometric parameters, such as the length and diameter of the constant area mixing
section, as well as the length and angle of the diffuser.

Comparison with three 0-D thermodynamic models, validated using experimen-
tal data, showcased the superior accuracy of the 1-D HEM. Additionally, the 1-D
HEM demonstrated the advantage of providing more detailed profiles of thermo-
dynamic parameters along the flow path compared to the 0-D models. The ejector
efficiency calculated by the 1-D HEM is closer to real-world scenarios. While the 0-
D models lack precision for ejector design, they are sufficiently accurate for system
modeling with the proper input of isentropic efficiencies of ejector components.
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Chapter 4

Design and prototype of an ejector
expansion heat pump cycle

In this chapter, we establish an experimental test facility dedicated to investigating
the performance of the ejector expansion heat pump cycle.

The test facility is designed with a two-phase ejector. The inlets and outlets of the
ejector are formed by a high-pressure pump, an evaporator, and a condenser. This
configuration enables precise control over both the inlet and outlet pressures of the
ejector.

4.1 Description of the experimental test facility

The test facility employed in this study is illustrated schematically in Fig. 4.1. A
photo of the test facility is shown in Fig. 4.2. The cycle comprises three circuits:
the cooling water circuit, serving as the cold source for the condenser; the heating
water circuit, functioning as the heat source for the evaporator; and the main circuit
housing the refrigerant.

As depicted in Figure 4.1, the refrigerant is circuit divided into two loops: the
motive flow loop and the suction flow loop, connected to the two input ports of the
ejector.

In the motive flow loop, the refrigerant is condensed from the ejector outlet and
flows into the main pump. The high-pressure refrigerant is then heated to saturated
liquid in the electrical heater before entering the ejector at the inlet port.

Regarding the suction flow loop, the refrigerant from the condenser outlet passes
through the expansion valve, where it expands to the evaporation pressure. Subse-
quently, it undergoes evaporation in the evaporator into saturated vapor or super-
heated vapor before entering the ejector.

At the ejector outlet, a condenser is used to condensate the two-phase flow from
the ejector outlet into saturated or subcooled liquid. A pressure stabilizer is used to
regulate the condensation pressure.
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4.2. Working refrigerant 131

FIGURE 4.2: Photo of the test facility

In the established test facility, both the inlet and outlet pressures of the ejector are
adjustable. The objective of the test facility is to investigate the performance of the
ejector under controlled inlet and outlet conditions. By manipulating the inlet and
outlet pressures of the ejector, various working modes of the ejector can be tested.

4.2 Working refrigerant

The refrigerant utilized in the test facility is R1234ze. In comparison to CO2, R1234ze
features a lower critical pressure (3.64 MPa) and a higher critical temperature (109.4
◦C) . For laboratory research purposes, lower pressures require less material en-
durance and provide a better guarantee of system safety. Therefore, employing
R1234ze as the working fluid allows the test facility to operate in the subcritical mode
across a wide range of temperature applications. The key properties of R1234ze are
listed in Table. 4.1.

TABLE 4.1: Properties of R1234ze

Refrigerant Composition Chemical formula Tcrit (◦C) Pcrit (MPa) ODP GWP

R1234ze HFO C3F4H2 109.4 3.64 0 5
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132 Chapter 4. Design and prototype of an ejector expansion heat pump cycle

4.3 Configuration of the test facility

The established ejector expansion heat pump cycle aims to investigate performance
and variations in working modes under different inlet conditions. Effective opera-
tion parameters must be carefully designed for the test facility.

For the test facility, R1234ze has been selected as the working refrigerant due
to the high-pressure risks associated with the CO2 system. However, it has been
observed that for two different refrigerants, they exhibit similar properties when the
pressure ratio to the critical pressure is the same.

Table. 4.2 presents the viscosity (µl,sat and µv,sat) and density (ρl,sat and ρv,sat) of
the saturated liquid and vapor states of both CO2 and R1234ze at specific pressure
ratios (0.31, 0.81). Analysis of the data in Table. 4.2 reveals that, when the pressure
ratio to the critical pressure is the same for both CO2 and R1234ze, the viscosity
and density of their respective saturated states is similar. Considering the Reynolds
Number (Eq. (3.14)), which is a function of density, velocity, viscosity, and character-
istic length (diameter for the flow in the tube), for CO2 and R1234ze, given the same
tube size and velocity, they have a similar Reynolds Number (Re). Therefore, when
the design of the R1234ze cycle is based on the same pressure ratio (P/Pcrit), it can
be analogies to CO2 cycle. This approach allows for the study of ejector performance
using R1234ze while drawing analogies to CO2.

TABLE 4.2: Comparison of the properties of R1234ze and CO2 at the
same pressure ratio

P/Pcrit Refrigerant P (MPa) Tsat (◦C) µl,sat (µPa·s) µv,sat (µPa·s) ρl,sat (kg/m3) ρv,sat (kg/m3)

0.81 R1234ze 2.96 98.82 69.02 19.46 790.12 215.18

CO2 6.00 21.98 62.71 18.84 751.03 210.88

0.31 R1234ze 1.13 54.94 139.26 13.75 1053.90 61.18

CO2 2.29 -15.00 128.29 13.47 1008.0 60.73

4.3.1 Configuration of the evaporator

The evaporation temperature is selected at -15 ◦C, -5 ◦C, and 15 ◦C for the CO2 cy-
cle, corresponding to evaporation temperatures of 54.94 ◦C, 66.89 ◦C, and 90.61 ◦C
for R1234ze. This choice is based on the pressure relation expressed by Eq. (4.1),
ensuring an identical pressure ratio between the evaporation pressure and critical
pressure for both R1234ze and CO2. The evaporation pressure for the CO2 cycle is
set at 2.29 MPa, 3.05 MPa, and 5.09 MPa, with corresponding values of 1.13 MPa,
1.50 MPa, and 2.51 MPa for R1234ze. The cooling capacity of the CO2 cycle’s evap-
orator is established at 10 kW. The cooling capacity (Q̇cool) of the R1234ze cycle is
calculated using Eq. (4.2), where hsat,v and hsat,l represent the specific enthalpies of
saturated vapor and saturated liquid at the evaporation pressure, respectively. It is
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4.3. Configuration of the test facility 133

assumed that the inlet specific enthalpy of the evaporator is equal to the specific en-
thalpy of the saturated liquid at the evaporation pressure (hsat,l). In real operation,
however, due to pressure drop and expansion in the expansion valve before enter-
ing the evaporator, the inlet specific enthalpy of the flow is higher than the assumed
value (hsat,l). Nevertheless, as the outlet flow normally has a certain degree of su-
perheat, this deviation can be somewhat compensated for, allowing the calculated
capacity to be used for sizing the evaporator. The calculated cooling capacity (Q̇cool)
of the R1234ze cycle shows slight variations with evaporation temperature, ranging
between 5.2 kW and 5.22 kW.

Pevap,R1234ze

Pcrit,R1234ze
=

Pevap,CO2

Pcrit,CO2

(4.1)

Q̇cool = 10 · (hsat,v,R1234ze − hsat,l,R1234ze)

(hsat,v,CO2 − hsat,l,CO2)
(4.2)

The mass flow rate of suction flow (ṁs) for the R1234ze cycle can be calculated
using Eq. (4.3). The calculated values vary between 133 and 204 kg/h.

ṁs = Q̇cool/(hsat,v − hsat,l) (4.3)

Based on the above calculation, the evaporator employed at the ejector outlet for
the test facility is the Lowara Brazed Plate Heat Exchangers, specifically the LBP400-
010 model, depicted in Fig. 4.3. This cevaporator has a maximum working pressure
of 30 bar and a temperature range spanning from -190 ◦C to 232 ◦C. Constructed with
ten plates made of stainless steel 316L and copper brazed material, the condenser
boasts a capacity of 7 kW.

F1 F2

F4 F3

AB

C

D

E

n*F

A B C D E nF

171.8 214.5 41.9 80.7 24.1 101.98

FIGURE 4.3: Schematic of the condenser at the ejector outlet (unit:
mm)

For the evaporation application, the brazed plates heat exchanger will be posi-
tioned in the vertical direction. The refrigerant in liquid state enters through port F4
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134 Chapter 4. Design and prototype of an ejector expansion heat pump cycle

and exits from port F1. The hot source enters through port F2 and exits from port F3.

4.3.2 Configuration of the condenser

The condensation pressure of R1234ze cylce is designed based on the fixed pressure
lift of the ejector, which means the pressure difference between the condenser and
the evaporator is fixed. For the design of the test facility, two cases of 0.5 bar and 5
bar are chosen as the pressure gap.

The outlet state of the condenser is saturated liquid at the pressure that is higher
than the evaporation pressure (0.5 bar and 5 bar). Then the capacity of the condenser
can be calculated by Eq. (4.4). Where ṁmix is the total mass flow rate of the motive
and suction flow, and heje,out is the specific enthalpy of the flow at the ejector outlet,
both will be calculated in the parameters settings of the ejector.

Q̇cond = ṁmix · (heje,out − hsat,cond) (4.4)

Based on the above calculation, the condenser at the ejector outlet for the test
facility is chosen as the same model (LBP400-010) for the evaporator in the suction
flow loop. The inlet port for the two-phase flow is labeled as F1, while the outlet
port is labeled as F4. Cooling water is directed into port F3 and exits through port
F2.

4.3.3 Configuration of the main pump

For the main pump in the motive flow loop, the inlet of the pump is saturated liq-
uid from the outlet of the condenser. The outlet pressure of R1234ze is 2.96 MPa,
corresponding to 6.00 MPa of CO2, which is a typical high pressure (heat rejector
pressure) for subcritical CO2 heat pump cycle. The isentropic efficiency of the pump
(ηpump) is assumed to be 0.6 for the design. And the outlet specific enthalpy hpump

can be calculated based on Eq. (4.5). Where hin is the inlet specific enthalpy of the
pump and hpump,is is the outlet specific enthalpy of the pump for an ideal isentropic
compression.

ηpump =
hpump,is − hin

hpump − hin
(4.5)

After obatainning the outlet enthalpy of the pump, the temperature and other
thermodynamic parameters can be obtained by the equations of state based on the
known pressure and specific enthalpy value.

The test facility is based on the assumption that the entrainment ratio (w) is 0.5,
so the mass flow rate of the motive flow, which passes through the main pump is
calculated by Eq. (4.6).

ṁm = ṁs/w (4.6)
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4.3. Configuration of the test facility 135

The pressure lift of the pump varies with the studied cases, ranging from 4.5 bar
to 18 bar. And the mass flow rate varies between 266 and 408 kg/h.

Based on the above calculation, the pump in the motive flow loop for the test fa-
cility is a horizontal orientation regenerative turbine pump, specifically the T51M
model in bronze fitted cast iron manufactured by MTH PUMPS, as depicted in
Fig. 4.4. The pump is driven by a 7.5 hp three-phase motor with a power supply
of 380V AC. It operates at a rated frequency of 50 Hz, and its rated speed is 3450
rpm (with a maximum speed of 5500 rpm). An inverter is equipped to regulate the
pump’s rotational speed. The working temperature range of the pump spans from
-29 ◦C to 110 ◦C. The pump has a maximum pressure lift of 21 bar, and its maximum
working pressure is 30 bar.

Motor Frame

Optional 90°

Position

Optional 270°

Position

Optional 180°

Position

1 NPT

DISCHARGE

23/4

11/4

D

3/8

11/8

11/4 NPT

INLET

A

31/8C-AH* 17/16

2F BA

Frame

1/8” SAE 

DRAIN PLUG

A D BA 2F

184TCZ 7 1/2 4 1/2 8 7/16 5 1/2

FIGURE 4.4: Schematic of the main pump in the motive flow loop
(unit: inch)

4.3.4 Configuration of the main heater

For the capacity design of the main heater, the subcooled high pressure liquid from
the outlet of the main pump will be heated to saturated liquid state in the main
heater. The saturated temperature can be obtained using equation of state based
on the pressure. The heater only works for the liquid case and no phase transition
happens in the heater. The maximum working pressure of the pump should be
higher than 2.96 MPa, which is the outlet pressure of the main pump. And the
maximum heating load of the heater is 5.20 kW when the evaporation temperature is
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136 Chapter 4. Design and prototype of an ejector expansion heat pump cycle

54.94 ◦C (-15 ◦C analogy to the CO2 cycle), and the pressure gap between condenser
and evaporator is 0.5 bar.

Based on the above calculation, the electrical heater in the motive flow loop is
an immersion heater consisting of a compact bundle of pin-shaped heating resistors
provided by VULCANIC, shown in Fig. 4.5. The heater has a power rating of 5.5
kW (3 W/cm2) and operates with a 400 V three-phase voltage. The main body is
constructed of stainless steel 316L, with a maximum working pressure of 31.5 bar.
The temperature range of the heater surface is between 5 and 210 ◦C. An integrated
thermostat is employed to regulate the temperature of the heater within the range of
0 to 300 ◦C. The heater has a volume of 3.8 L.

FIGURE 4.5: Schematic of the heater in the motive flow loop (unit:
mm)

4.3.5 Configuration of the ejector

After the parameters setting of the inlet ports of the ejector (the inlet temperature,
pressure values and mass flow rate of motive and suction flows, the ejector outlet
mass flow rate (ṁmix) and specific enthalpy (heje,out) can be calculated based on the
mass and energy conservation, respectively by Eq. (4.7) and Eq. (4.8).

ṁmix = ṁm + ṁs (4.7)

(ṁm + ṁs) · heje,out = ṁm · hm + ṁs · hs (4.8)
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4.4. Other components in the refrigerant circuit 137

The ejector utilized in the test facility is a product from the company Schutte &
Koerting, as depicted in Fig. 4.6. Featuring a streamlined body with threaded pipe
connections, the ejector is designed for versatility. The nozzle, threaded to the body,
can be easily removed for cleaning or replacement. Constructed from 316L stainless
steel, the ejector has a highest temperature limit of 300 ◦C and a pressure limit of 34
bar. Specifically designed for liquid-vapor applications, high-pressure liquid enters
from the motive nozzle, while low-pressure vapor enters from the suction nozzle.

K

K

J

J

B
A

D

G

E

H

C

F

Pressure

Suction

Discharge

Suction

Discharge

Pressure

A B C D E G KJHF

92.1 27.0 65.1 44.5 28.6 25.4 12.7 28.69.515.9

FIGURE 4.6: Schematic of the ejector (unit: mm)

Concluded from the configuration of the test facility, the operating parameters of
the test facility are based on three evaporation pressures for the evaporator (11 bar,
15 bar, and 25 bar), each with optional pressure differences between the condenser
outlet pressure and evaporation pressure set at 0.5 bar and 5 bar. The outlet pressure
of the main pump is a fixed value of 29.6 bar. The design entrainment ratio of the
ejector is 0.5, and the cooling capacity of the evaporator is approximately 5 kW for
all cases. Table. 4.3 details the main operating cases for the test facility. The cho-
sen components of the test facility match well with the parameters configuration in
terms of the capacity, temperature and pressure limits.

4.4 Other components in the refrigerant circuit

The other components of the refrigerant circuit are described as follows:

4.4.1 Expansion valve in the suction flow loop

Two manually-adjusted expansion valves are installed before the evaporator to reg-
ulate the pressure difference between the suction flow pressure and the ejector outlet
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138 Chapter 4. Design and prototype of an ejector expansion heat pump cycle

TABLE 4.3: Operating parameters of the test facility in various cases

Ps (bar) Ts (◦C) Pm (bar) Tm (◦C) Pcond (bar) Tcond (◦C) ṁm (kg/h) ṁs (kg/h)

11.3 54.9 29.6 59.0 11.8 56.7 265.8 132.9

11.3 54.9 29.6 72.6 16.3 70.5 265.8 132.9

15.0 66.9 29.6 70.4 15.5 68.3 293.6 146.8

15.0 66.9 29.6 81.6 15.5 79.8 293.6 146.8

25.1 90.6 29.6 92.6 25.6 91.6 407.6 203.8

pressure. Two valves are employed for regulation in the event of excessive mass flow
rates.

4.4.2 Stabilizer

The pressure stabilizer is employed to control the condensing pressure at the ejector
outlet. It consists of a double-layer tank made of stainless steel, as shown in Fig. 4.7.
The inner layer, connected to the refrigerant loop, maintains the liquid pressure
within a specific range. Meanwhile, the outer layer is filled with the heat transfer
fluid, and connected to a thermal bath. The thermal bath regulates the temperature
of the heat transfer fluid in the outer layer of the pressure stabilizer. As the refriger-
ant R1234ze in the inner layer exists in a two-phase state, both the temperature and
pressure are regulated in the stabilizer.

The thermal bath utilized in the test facility is a product of JULABO, model F32-
ME. It operates within a working temperature range of -35 ◦C to 200 ◦C, with a
precision of ±0.01 ◦C.

4.5 The circuit of the cooling water

The water circuit is designed to condense the two-phase flow from the ejector outlet
in the condenser. An open-loop water system is employed for condensation. Cooling
water is sourced from the tap and then directed to the drain system. Utilizing a
double-loop design and a plates brazed heat exchanger ensures there is no mixing
with the refrigerant. To regulate the mass flow rate of the cooling water, an electrical
valve depicted in Fig. 4.8 is employed.

4.6 The circuit of the heating water

The heating water circuit is designed to evaporate the two-phase flow following the
expansion valve in the evaporator, utilizing pressured water as the heating source.

A similar immersion electrical heater from VULCANIC is employed for water
heating. The heater has a maximum working pressure of 15 bar and a temperature
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FIGURE 4.7: Schematic of the pressure stabilizer (unit:mm)

FIGURE 4.8: Schematic of the electrical valve
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140 Chapter 4. Design and prototype of an ejector expansion heat pump cycle

limit of 200 ◦C. It maintains a minimum mass flow rate of 2700 kg/h and a minimum
volume flow rate of 2 m3/h. The heater operates at a rated power of 5 kW, supplied
by a 400 V three-phase power source.

For circulating the heating water, a similar regenerative pump from GemmeCotti
is utilized. The pump has a maximum working temperature of 160 ◦C, a maximum
pressure lift of approximately 2.5 bar, and a maximum volume flow rate of 32 m3/h.

4.7 Measurement instruments

According to the schematic of the test bench, the measurement instruments for the
cycle, including temperature and pressure sensors, as well as the mass flow meters,
are detailed in Table. 4.4.

TABLE 4.4: Measurement instruments employed in the test facility

Instrument Quantity Range Accuracy Description

Tempreture sensors 5 -40 to 225 ◦C ±0.2 ◦C Type K thermocouple

Pressure sensors 4 0 to 30 bar ±0.2 % KELLER series 35XHTT

Mass flow meters 2 0 to 2720 kg/h ±0.15 % MicroMotion F025S

Four absolute pressure sensors, sourced from the KELLER series 35XHTT, are
strategically placed in the cycle to monitor pressures at the inlets and outlet of the
ejector. Additionally, another pressure sensor of the same model is positioned at the
condenser outlet to ensure the proper functioning of the pressure stabilizer.

For temperature measurements, four Type K thermocouples are installed at the
inlet and outlet ports of the ejector, accompanied by an extra thermocouple at the
outlet of the stabilizer.

To measure the mass flow rates of the motive and suction flows, two Coriolis
mass flow meters are incorporated. Both meters operate in the liquid state with an
uncertainty of ±0.15 % of the measurement value. Utilizing two transmitters, specif-
ically the MicroMotion transmitters 1700 and 2700, the mass flow rate is displayed
directly and the data is transmitted to the LabVIEW data acquisition system.

4.8 Data acquisition system

The data acquisition system is built on hardware from NI Instruments, and the con-
trol panel interface is developed using LabVIEW software. For the experimental test
facility, the primary recorded data includes temperature and pressure values at the
inlet and outlet ports of the ejector, temperature at the outlet of the pressure stabi-
lizer, and mass flow rates of the motive and suction flows. Additionally, the opening
of the electrical valve in the tap water loop is recorded and regulated to control the
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4.9. Parameters regulations of the test facility 141

mass flow rate of cooling water, thereby regulating the condensing pressure and
temperature.

A LabVIEW interface is designed for data acquisition, system parameter mon-
itoring, and regulation. It can display real-time information from the test facility,
featuring key temperature and pressure values. Additionally, there are indicators
for the electrical heater, showing whether the heater is in the on or off state.

4.9 Parameters regulations of the test facility

The inlet and outlet parameters of the ejector need to be regulated to study the ejector
under different conditions.

4.9.1 Regulation of pressure and temperature of suction flow

The regulation of the evaporation pressure (Ps) is achieved by tuning the manually-
adjusting expansion valve at the inlet of the evaporator. Adjusting the opening of
the expansion valve allows the suction flow to reach the desired pressure.

Similarly, the regulation of the evaporation temperature (Ts) is accomplished by
adjusting the electrical heater in the oil loop. By controlling the temperature of the
oil entering the evaporator, the outlet temperature of the refrigerant in the main
loop can be adjusted to the target temperature. Monitoring the measured tempera-
ture and pressure values of the suction flow at the evaporator outlet allows for the
monitoring of the superheat degree of the suction flow.

4.9.2 Regulation of pressure and temperature of motive flow

The regulation of the high pressure of the main pump (Pm) is achieved by tuning an
auxiliary inverter assembled with the main pump. The rotation speed of the pump
is adjusted to attain the desired outlet pressure.

Similarly, the regulation of the temperature of the motive flow (Tm) is accom-
plished by adjusting the electrical heater in the motive flow loop. The outlet temper-
ature of the heater is controlled to ensure that there is no phase change in the heater,
and only liquid flows into the inlet port of the ejector.

4.9.3 Regulation of condensation temperature and pressure of ejector out-
let

The regulation of the condensation pressure (Pcond) is managed by the pressure sta-
bilizer, a double-layer tank where the temperature of the refrigerant is controlled by
a thermal bath. The tank is sealed, and the quantity of refrigerant inside is carefully
designed to prevent it from being filled with liquid or vapor-state refrigerant.

Similarly, the regulation of the condensation temperature (Tcond) is achieved through
the tap water loop. The electrical valve is adjusted to control the mass flow rate of the
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cooling water, ensuring the condensation temperature is maintained at the desired
value.

4.10 Conclusion

A test facility for the subcritical ejector expansion heat pump cycle has been estab-
lished to investigate the performance enhancement of ejector technology. The sys-
tem is configured to allow for regulation of both the inlet and outlet pressures of the
ejector.

The test facility is specifically designed for a liquid-vapor case of ejector oper-
ation, where the motive flow is high-pressure liquid, and the suction flow is low-
pressure vapor. Various evaporation pressures and pressure lifts of the ejector have
been designed to systematically study the impact on the ejector’s performance and
working mode.

The test facility is well established, however, due to the malfunction of the main
pump during the pressure test, the experimental study will be conducted after the
change of the main pump.
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Chapter 5

Conclusions and Perspectives

Conclusions

The exploration into the realm of ejector expansion CO2 heat pump cycles in various
scales has provided a comprehensive understanding of this cutting-edge technol-
ogy. The synthesis of insights from theoretical models, experimental validations,
and practical observations presents a multifaceted perspective on the intricacies in-
volved.

In Chapter 1, a comprehensive state-of-the-art review of the ejector enhanced
CO2 heat pump cycle has been conducted, elucidating the working principle, refrig-
erant evolution, and system configurations. The exploration has laid the foundation
for understanding key achievements in this research domain.

Identified research gaps underscore the need for further exploration. Firstly, the
scarcity of comparisons between different 0-D/pseudo 1-D models of ejectors calls
for detailed analyses to discern the impact of model simplifications on accuracy.
Additionally, the promotion of 1-D modeling, particularly using the Finite Volume
Method, offers a promising compromise between modeling accuracy and computa-
tional efficiency.

While the commercialization of the CO2 ejector expansion system marks a signif-
icant milestone, the pioneering nature of this technology necessitates more labora-
tory experimental validation. This validation is crucial for unraveling the complex
flow patterns within the ejector and ensuring a comprehensive understanding of its
behavior.

In essence, addressing these research gaps will contribute to a more robust and
optimized ejector enhanced CO2 heat pump cycle. This thesis, by shedding light on
the existing knowledge and identifying areas for further exploration, aims to foster
advancements in this field, ultimately contributing to the broader adoption and effi-
ciency of this innovative technology.

The second chapter focused on 0-D thermodynamic models for ejectors. Key
findings include the pivotal influence of motive nozzle efficiency and the significant
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impact of compressor isentropic efficiency on overall system COP. Simplifying mod-
els by neglecting pressure variation sometimes enhanced predictive capabilities.

While proficient in estimating ejector outlet pressure and vapor quality (devia-
tion less than 10 %), the 0-D models faced challenges in accurately forecasting ejector
entrainment ratio and cycle COP (deviation reaches up to 50 %). A notable opera-
tional challenge identified was liquid imbalance during ejector expansion, contribut-
ing to simulation deviation in cycle COP.

A significant contribution is the introduction of a novel data post-processing
method, effectively addressing liquid imbalance and substantially improving sim-
ulation accuracy (ejector entrainment ratio and cycle COP deviation less than 10 %
in general). These insights advance our understanding of ejector-enhanced systems,
providing valuable contributions to thermodynamic modeling and optimizing ap-
plications in transcritical CO2 heat pump cycles.

In the third chapter, a novel 1-D Homogeneous Equilibrium Model (HEM) based
on the Finite Volume Method is introduced for the entire ejector region, filling a gap
in the scarcity of 1-D models. Validation using experimental data demonstrates high
accuracy, with relative deviations below 5 % and 15 % for ejector outlet pressure and
motive nozzle mass flow rate, respectively. This robust validation establishes the
1-D HEM as a reliable tool for simulating ejectors in heat pump cycles.

The 1-D HEM proves crucial for optimizing operational parameters and geomet-
ric design in ejector systems. Extensive studies on input temperature, pressure val-
ues, and suction flow mass flow rate reveal their pivotal roles in determining ejector
performance. Positive correlations exist between ejector efficiency and higher in-
let temperature and mass flow rate of the suction flow, while negative correlations
are observed with the inlet temperature of the motive flow and the inlet pressure of
the suction flow. Meticulous parametric analysis is emphasized for optimal ejector
design in transcritical CO2 heat pump systems.

A detailed analysis of geometric parameters, including the constant area mixing
section’s length and diameter, wall roughness, and the diffuser’s length and angle,
provides crucial insights. The most influential parameters are the diffuser angle
and the diameter of the constant area mixing section, with the length of the mix-
ing section also playing a substantial role. The impact of diffuser length and wall
roughness on ejector performance is observed within limited extents. In summary,
attaining optimal ejector design requires a comprehensive analysis of these geomet-
ric parameters.

Comparison with three 0-D thermodynamic models, validated with experimen-
tal data, highlights the superior accuracy of the 1-D HEM. Moreover, the 1-D HEM
provides more detailed profiles of thermodynamic parameters along the flow path
compared to the 0-D models. While acknowledging the precision of the 0-D models
for system modeling, the 1-D HEM stands out as a more precise tool suitable for
ejector design. In essence, the introduced 1-D HEM addresses the scarcity of 1-D
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ejector modeling, offering enhanced accuracy and detailed insights, positioning it as
a valuable asset for researchers and engineers engaged in ejector system optimiza-
tion within heat pump cycles.

The last chapter introduces a dedicated test facility for the subcritical ejector ex-
pansion heat pump cycle, signifying a pivotal advancement in the exploration of
ejector technology performance enhancement. The facility’s meticulous configura-
tion allows for precise control of both the inlet and outlet pressures of the ejector.

Specifically tailored for a liquid-vapor case of ejector operation, where the mo-
tive flow involves high-pressure liquid and the suction flow consists of low-pressure
vapor, the facility is designed to accommodate various evaporation pressures and
pressure lifts of the ejector. This deliberate design enables a systematic investigation
into the impact on the ejector’s performance and operational modes.

The establishment of this test facility serves as a crucial foundation for empirical
exploration, offering the opportunity to gain practical insights into the behavior of
the ejector system under diverse operating conditions. Through this comprehensive
study, the chapter aims to contribute valuable knowledge to the field of ejector tech-
nology, paving the way for potential advancements and optimizations in subcritical
ejector expansion heat pump cycles.

In synthesis, the collective findings contribute to advancing ejector technology
within CO2 heat pump cycles. The integration of theoretical sophistication, empir-
ical validation, and practical applicability positions this body of work as a corner-
stone for future research and industry applications. Identified research gaps not only
delineate avenues for further scholarly inquiry but beckon industry practitioners to
leverage these insights for the optimization and sustainability of refrigeration and
heat pump systems.

This thesis represents a significant stride towards unraveling the intricacies of
ejector-enhanced CO2 heat pump cycles, steering the discourse towards increased
efficiency and reliability in contemporary refrigeration technologies.

Perspectives

The perspectives of this thesis can be divided into two parts: the numerical study
and the experimental study:

Numerical study

For the numerical study, few points are deserved to have a further study, both on the
0-D thermodynamic modeling and 1-D modeling of the ejector.

• Since there are all kinds of different assumptions made for the 0-D thermody-
namic modeling. More 0-D thermodynamic models can be summerized and
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compared to find an optimal model based on the compromise of model accu-
racy and model complexity.

• The accuracy of the 0-D thermodynamic models rely a lot on the input isen-
tropic efficiencies of ejector components, a more universal correlation of the
efficiencies need to be developed to reduce the inaccuracy due to the arbitrary
of the input efficiencies.

• For 1-D modeling of ejector, the suction nozzle and pre-mixing section is still in
0-D. A more comprehensive model can be developed to model the two sections
in 1-D.

• For 1-D Homogenous Equilibrium Model, the non-equilibrium is not included,
which brings deviation for the modeling of the incipient stage of the phase
transition, therefore, more research can be dedicated to improve the existing
DEM and HRM, by improving the accuracy and also the versatility.

• Comparing to the CFD modeling, the 1-D modeling shows advantages on the
simulation time consuming but shows disadvantages on the prediction on the
shock wave and vortex inside the ejector, as well as the flow separation. To im-
prove the 1-D modeling, these effects can be taken into account by introducing
the related equations.

• For the ejector design, the optimization should be conducted for multiple pa-
rameters, a combination of the 1-D model with the optimization algorithm can
be used to have a comprehensive optimization on all the geometry parameters
and to find the best configuration for the given operation conditions.

Experimental study

For the experimental study, due to the malfunction of the main pump for the estab-
lished test facility, the cycle can not be tested and the performance of the ejector have
not be studied. Therefore, to further investigate the ejector working mode and flow
field, more researchs can be conducted from the followed points:

• The test facility need to be repaired and tested under the designed working
conditions to realize the steady operation of the subcritical ejector expansion
heat pump cycle.

• By controlling the inlet and outlet pressure of the ejector, different working
modes can be studied by changing the back pressure of the ejector and measure
the entrainment ratio change. At the same time, the effect of the pressure of
the motive flow on the working mode curve can also be investigated.

• The experimental results obtained can be used to validate the 0-D thermody-
namic models and also the 1-D models to compare the simulation accuracy of
different modeling methods.
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• Different working refrigerant can be tested in the ejector expansion cycle, and
the ejector pressure lift as well as the cycle COP can be compared.

• Varying the geometry of the ejector and test under the same boundary con-
ditions, the optimal geometry configuration can be experimentally validated,
and also to validate the ejector design using the 1-D modeling.

• To study in detail of the flow field in the ejector, an ejector with transparent
flow path can be tested and the flow dynamics can be analyzed using the tech-
nology of high speed camera. The formation of the bubbles and the trans-
formation of two-phase flow patterns can be observed with the high speed
camera.

• The establishment of a transcritical ejector expansion heat pump cycle featur-
ing an additional evaporator and feedback loop, as described in Chapter 2,
aims to eliminate liquid imbalance between the inlet and outlet of the ejector
through appropriate parameter regulations.
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Appendix A

Reproduction of the ejector
expansion refrigeration models

A.1 Reproduction of the model of Deng [63]

For the model of Deng [63], the model is well reproduced and the simulation results
of the model are compared with the data from the original reference paper [63].
Fig. A.1 shows the entrainment ratio as a function of the inlet pressure of motive
flow. And Fig. A.2 shows cycle COP as a function of the entrainment ratio of the
ejector. All the input boundary conditions are listed and identical to the original
reference paper by Deng et al. [63]. Where Tsh is the superheat degree of the suction
flow. The trend of values of the simulations results match well with the data from
the reference [63].
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FIGURE A.1: Entrainment ratio as a function of inlet pressure of mo-
tive flow

Tm = 36 ◦C, Ts = 5 ◦C, Tsh = 0 ◦C
ηm = 0.7, ηd = 0.8, ηcomp = 1.003 − 0.121 · (Pm/Ps)
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FIGURE A.2: COP as a function of entrainment ratio of the ejector
Tm = 36 ◦C, Ts = 5 ◦C, Tsh = 0 ◦C

ηm = 0.7, ηd = 0.8, ηcomp = 1.003 − 0.121 · (Pm/Ps)

A.2 Reproduction of the model of Li [62]

For the model of Li [62], an extra evaluation parameter R (expressed by Eq. (A.1)) is
introduced, which is the ratio between the COP of ejector expansion cycle (COPejector)
and COP of basic heat pump cycle without ejector (COPbasic).

R =
COPejector

COPbasic
(A.1)

Different pressure drops in the suction nozzle are studied. Fig. A.3 shows the
relative performance ratio versus entrainment ratio for the cases of different pres-
sure drop in the suction nozzle. And Fig. A.4 shows the relative performance ration
change with the inlet pressure of motive flow for the cases of different entrainment
ratio of the ejector. For this study, the pressure drop in the suction nozzle is fixed at
0.03 MPa. All the input boundary conditions are listed and identical to the original
reference paper by Li et al. [62]. The trend of values of the simulations results match
well with the data from the reference [62].

A.3 Reproduction of the model of Atmaca [54]

In the Atmaca’s model [54], experimental validation was conducted using data from
Ersoy and Bilir [130], as described in the original reference paper. To assess the ac-
curacy of model reproduction, tests were performed under the same conditions as
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FIGURE A.3: Relative performance ratio versus entrainment ratio and
pressure drop

Tm = 40 ◦C, Ts = 5 ◦C, Tsh = 5 ◦C
ηm = 0.9, ηs = 0.9, ηd = 0.8, ηcomp = 0.75
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FIGURE A.4: Relative performance ratio versus inlet pressure of mo-
tive flow and entrainment ratio

∆P = 0.03 MPa, Pm = 10 MPa, Tm = 40 ◦C, Ts = 5 ◦C, Tsh = 5 ◦C
ηm = 0.9, ηs = 0.9, ηd = 0.8, ηcomp = 0.75
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Ersoy and Bilir’s experimental study [130]. The results are presented in Table. A.1.
The error, defined as the absolute relative deviation between the simulation result
and the value simulated by Atmaca from the reference [54], is 1.5 % for the entrain-
ment ratio and 0.7 % for the ejector outlet pressure. These results indicate a convinc-
ing reproduction of the model, and the small errors observed may be attributed to
differences in the used thermodynamic properties database for the refrigerant.

TABLE A.1: Comparion between simulation results of the model of
Atmaca and the original data from the reference [54]

Validation Parameters Experimental data Numerical by Atmaca Simulation Result Error (%)

Entrainment ratio 0.64 0.66 0.65 1.5 %

Outlet pressure (bar) 4.21 4.60 4.63 0.7 %
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Appendix B

Grid independence analyses for the
1-D HEM of ejector

In the Chapter 3’s 1-D Homogeneous Equilibrium Model (HEM) of the ejector, the
grid is dynamically adjusted during the modeling process. A grid independence
analysis is conducted to assess its impact on simulation accuracy.

The grid is divided along the one-dimensional flow path, encompassing the mo-
tive nozzle, constant area mixing section, and the diffuser. The suction nozzle and
pre-mixing section are assumed to be zero-dimensional due to the complex geomet-
ric characteristics of the suction nozzle and the abrupt change in the flow field for
the pre-mixing section.

presents various grid division cases for the 1-D HEM and the key outlet parame-
ters of the ejector. Here, dt serves as an initial input determining the minimum grid
size min(dz) during modeling using Cramer’s rule. After the initiation of dt, the
grid size dz adjusts automatically. The maximum grid size max(dz), mean grid size
mean(dz), and the total number of nodes are also listed in Table. B.1.

From the table, it is observed that for cases where dt = 10, dt = 1, and dt = 0.1,
the ejector outlet pressure Pout and ejector efficiency ηeje remain constant despite
variations in the initial dt.

Fig. B.1 illustrates the pressure profile of the motive flow. Since the suction noz-
zle is considered zero-dimensional, and after mixing in the pre-mixing section, the
motive flow and suction flow are assumed to have the same pressure, the pressure
profile of the suction flow is not presented. The boundary conditions are listed and
the ejector geometry is reffered to the ejector of Zhu et al. [113].

TABLE B.1: Grid independence analyses for the 1-D HEM of ejector

Initial dt Pout ηeje min (dz) max (dz) mean (dz) Number of the nodes

dt = 100 4.29 MPa 0.411 1.84e−06 m 6.60e−03 m 7.92e−06 m 8965

dt = 10 4.29 MPa 0.407 6.08e−08 m 6.63e−04 m 4.96e−06 m 14298

dt = 1 4.29 MPa 0.407 5.52e−09 m 6.63e−05 m 1.05e−06 m 67367

dt = 0.1 4.29 MPa 0.407 5.46e−10 m 6.63e−06 m 1.19e−07 m 597002
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Examining Fig. B.1, a slight difference is observed when the initial dt is 10, com-
pared to the cases dt = 1 and dt = 0.1. However, for the cases of dt = 1 and dt = 0.1,
the pressure profiles of the motive flow completely overlap, suggesting that the sim-
ulation is independent of the grid.

Based on the grid independence analysis, dt = 1 is chosen as the initial value to
determine the minimum grid size during the 1-D modeling of the ejector. For this
case, the average grid size is 1.05 µm, the maximum grid size is 66.3 µm, and the
total number of nodes is 67,367.
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FIGURE B.1: Grid independence analyses for the 1-D HEM of ejector
Pm = 9.3 MPa, Tm = 35.5 ◦C, Ps = 3.6 MPa, Ts = 22.8 ◦C,

ṁs = 46.9 kg/h, with ejector geometry from Zhu et al. [113]

Thèse accessible à l'adresse : https://theses.insa-lyon.fr/publication/2024ISAL0029/these.pdf © [C. You], [2024], INSA Lyon, tous droits réservés



155

Appendix C

Key coefficients used in the 1-D
HEM

The key coefficients used in the 1-D modeling of the ejector in the Chapter 3 is listed
in Table. C.1.

TABLE C.1: Key coefficients used in the 1-D HEM

Parameters Value Description

αint 5000 W/m2· K heat transfer coefficient at the interface of motive and suction flow

amix 1.329 coefficient of scale in the mixing section

adi f 1.519 coefficient of scale in the diffuser section

ε int,mix 4 µm roughness of the interface in the mixing section

ε int,di f 2 µm roughness of the interface in the diffuser section

εw 2 µm roughness of the wall along the flow path
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perspectives essentielles pour optimiser la conception de l’éjecteur etles paramètres opérationnels du cycle, répondant aux 
besoins évolutifs de l’industrie CVC&R et promouvant des applications de réfrigération durables. 
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