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Abstract

Refrigeration and heat-pumping systems are shifting to natural, environmentally-
friendly refrigerants like CO4 to combat global warming. Ejectors are often used in
these systems for expansion work recovery to enhance efficiency. However, ejector
design is complex due to interdependent parameters and flow complexity, necessi-
tating advanced models and tools. This thesis aims to improve CO5 ejector model-
ing for robust design optimization and a better understanding of system operation.

To create a fundamental background for this work, key knowledge gaps on this
topic are reported in an exhaustive review of COs two-phase ejector flow model-
ing. An overview of different available ejector models is reported and highlights
the strengths and weaknesses of the different approaches. Other aspects, such as
turbulence, non-equilibrium conditions, experimental data, and model applications
are thoroughly reviewed. Different models are implemented into the ANSYS Flu-
ent computational fluid dynamics(CFD) framework, and a comparative study of
these models is performed. An experimental test campaign is conducted to val-
idate models implemented in this work. To explore novel ejector concepts and
develop improved ejector design methodologies, an algorithm for automated CFD
model setup was developed to generate a database of CFD results. The Gaussian
Process Regression (GPR) machine learning model is applied for modeling ejector
performance trained on this database. Additionally, a numerical investigation of a
novel swirl bypass concept for performance improvements of ejectors at off-design
conditions is conducted.

Based on the review of current COs ejector models, it is found that significant
discrepancies between experiments and model prediction are still found. These are
typically attributed to non-equilibrium thermodynamics and turbulence modeling.
Based on CFD model comparisons, it was found that stable and accurate model-
ing of COy ejectors with a numerically efficient CFD method is challenging and
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requires further development, especially for low motive-pressure conditions. The
novel two-fluid model presented in this work can predict COs ejector performance
with appropriate parameter selection, but potential challenges for further studies
include the complexity of experimental tuning and numerical instabilities. The ho-
mogeneous equilibrium CFD model was experimentally validated and reproduced
mass flow rates within 2-12% and 3-50% error for the motive and suction flow rates,
respectively.

The GPR machine learning model algorithm was applied for modeling ejector per-
formance with various ejector geometries and at various operating conditions with
mean errors in entrainment ratio below 0.1 [-]. The algorithm was able to map
ejector performance for off-design conditions, explore and optimize ejector designs,
and predict local flow structures. The numerical investigation of the swirl bypass
ejector indicated that designing such a concept is sensitive to the specific ejector
design and operating conditions. A reduction in entrainment ratio of 2-20% is
obtained when operating with a swirl bypass inlet. The flow structure inside the
ejector with a swirl bypass is also investigated in detail.

In conclusion, it is found that CO2 ejector modeling using CFD is a valuable tool
for their design. These models in combination with machine learning have been
shown to be applicable for ejector design algorithms and performance mapping.
Exploration of the novel ejector concepts using CFD is considered a key way to
discover novel ejector improvements. Improved modeling approaches have a direct
impact on design tool accuracy, and further experimental studies and numerical
developments are valuable to enhance COs ejector models in terms of accuracy,
speed, and stability.
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1 Introduction

“It’s not worth doing something
unless someone, somewhere, would
much rather you weren’t doing it.”

— Terry Pratchett

1.1 Motivation

In 2015, the 193 countries in the United Nations general assembly presented 17
sustainable goals for 2030. This agreement presents common global goals for our
future, with focus areas such as (1) poverty, (2) world hunger, (13) climate change,
and (16) world peace. Immense efforts will be required from people, industries,
and policymakers worldwide to achieve these goals. The Heating, Ventilation,
Air-conditioning, and Cooling (HVAC) industry is in an opportune position to
take on several of these challenges. Environmentally friendly, affordable, and effi-
cient developments within this field can target the goals of (2) world hunger, (8)
green employment and economic growth, (9) innovation of industries, (11) sustain-
able cities and transport, (12) improved cycles for consumption of goods and (13)
climate-friendly and sustainability, shown in Figure 1.1.

Global warming is one of the most pressing issues humanity has faced in the last
decades urging the need for immediate and disruptive changes to our societies to
adopt clean, robust, and resilient technological and behavioral solutions. Large-
scale restructuring of industries will be required if the Intergovernmental Panel
on Climate Change (IPCC) goal of less than 1.5-degree warming compared to
pre-industrial levels is to be met [1]. The growing concern about climate change
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has incited a shift in the HVAC sector, towards adopting more efficient and clean
technologies to help deliver societal, economic, and health goals as defined by the
UN sustainable development goals.

Historically, the first refrigeration systems (1830-1930) were operated with working
fluids that appear naturally in the environment, such as COs and ammonia. Due
to safety and durability concerns, new synthetic refrigerants - chloro-fluoro-carbon
(CFC) and hydro-chloro-fluoro-carbons (HCFC) - were introduced in the 1930s
[2]. In the 1980’s it was revealed that these refrigerants caused a breakdown of
the ozone layer. Emphasis was put on reducing the usage of ozone-depleting re-
frigerants with the introduction of the Montreal Protocol. This shifted refrigerant
usage from CFCs and HCFCs to the new synthetic refrigerant hydro-fluoro-carbons
(HFC). HFCs have no ozone depletion effect, however, several of the HFC working
fluids have a large GWP when released into the atmosphere. As an example, the
HFCs R22 and R404A have GWP values of 1760 kgco2 eqv / kgRefrigerant and 3943
kgco2 eqv / KgRefrigerant, respectively. According to Gullo et al. [3], yearly leakages
of the total charge can range from 15-20% in modern systems and up to 30% in
lower-quality systems. This amounts to large yearly emissions of greenhouse gases.
Furthermore, such synthetic gases have unknown consequences for the natural en-
vironment, similar to the then-unknown ozone depletion effects of synthetic CFC
gases. To combat these emissions, significant legislative action has been ratified,
such as the Kigali amendments to the Montreal Protocol and the EU F-gas Reg-
ulation [4], to remove high GWP working fluids and replace them with low GWP
alternatives.
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In recent years, hydro-fluoro-olefins (HFOs) have been presented as an alternative
synthetic working fluid replacement for the current generation of HFCs. HFOs are
characterized by a lower GWP than the previous HFCs, however, are also found to
be less chemically stable and therefore decompose more rapidly in the atmosphere
[5]. Recent studies [5, 6] indicate that the decomposition of some common HFOs
and HFCs can result in Tri Fluoro acetic acid (TFA). These substances are reported
to contaminate drinking water through rainfall and their further decomposition in
the atmosphere is hypothesized to result in aerosols that have a large impact on
climate change.

The alternative to synthetic refrigerants is natural working fluids, such as ammonia,
hydrocarbons, water, and COs. As they are found abundantly in nature, natural
refrigerants have fewer unknown effects on the environment. These natural alter-
natives are affordable, widely available, clean, and sustainable which contributes
towards achieving society’s goals for greenhouse gas (GHG) emissions reduction. A
large number of works have been published during the last decades on the design of
high-performance natural refrigeration systems operating under different ambient
conditions. Within this context, COy (R744) is considered a low GWP working
fluid offering a long-term solution to reduce the climate impact of refrigeration.
The proven technological performance and low climate impact of COg9 refrigera-
tion systems have allowed CO; refrigeration to take a central role in the European
supermarket segment [7]

The demand for refrigeration and air-conditioning uses today about 17% of the
world’s current electricity consumption. Energy consumption accounts for 80% of
the total emissions of the refrigeration sector [8]. Therefore, significant efforts must
be put toward the development of energy-efficient and sustainable systems that can
be economically viable, technically implemented, and applied globally. To this end,
the European Union has committed to cut greenhouse gas emissions by more than
40% compared to 1990 levels by 2030, and achieve at least a 32.5% improvement
in energy efficiency by 2030 [9]. To reach these energy efficiency targets, significant
improvements in all sectors and industries are required. Further research into
improved refrigeration cycles and their components is therefore motivated, as a
step toward these goals.

A conventional vapor compression refrigeration system is comprised of a loop of
circulating refrigerant (working fluid) that absorbs heat at a low temperature and
releases heat at a high temperature. This is done by compressing and expanding the
working fluid to appropriate temperatures compared to the required cooling and
ambient temperature. This refrigeration cycle is comprised of four components; a
compressor, a condenser or gas cooler, an expansion device (typically an expansion
valve), and an evaporator. The compressor compresses the working fluid, increasing
its temperature and pressure. At this high temperature, heat is released to ambient
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air through a condenser or gas cooler. After the condenser, an expansion device
is used to reduce the pressure and temperature. At the lower temperature, the
working fluid absorbs heat in the evaporator. In the standard refrigeration cycle,
a simple expansion valve is used as the expansion device. However, this throttling
process causes expansion loss that may be significant for refrigeration cycles.

The limited performance of COg refrigeration systems in high ambient temperatures
has been widely reported in previous studies [3]. This is largely attributed to
expansion losses when the system operates above the critical temperature of CO+
(31.1°C'). Considerable efforts have been put in by researchers to support the
global adoption of natural refrigerants to assure available low-emission solutions
in all climates. Advanced technological solutions are demonstrated in order to
improve the efficiency of these systems also in warm countries, achieving promising
results. For a complete overview of these technologies, the reader is referred to the
work by Gullo et al. [10, 7]. Currently, the most up-to-date solution is systems
supported by two-phase ejectors.

Ejectors are simple and affordable devices that can recover lost expansion work,
improving efficiency, mainly when operating under high ambient temperatures.
A number of studies indicate that the adoption of the ejector technology could
achieve improvements in the system efficiency in the range of 10-30% for trans-
critical operation [11, 12]. Furthermore, COy ejector refrigeration systems were
found to consume 25% less energy when compared to HFC-based systems [7]. This
shows the potential of the technology to be adopted by low-income economies in
order to meet simultaneously their economical, societal, and health development
goals.

Reaching the previously mentioned sustainable goals is dependent on the adapta-
tion of environmentally friendly and efficient cooling systems in developing coun-
tries. Many of these countries are situated in warm climates, which further moti-
vates research into technologies that can provide better efficiency, lower cost, and
more reliability such as ejector-supported COs2 systems.

Over the last decade, intensive research has been put toward the design of efficient
COg2 ejector systems. Novel devices have been proposed, such as the multiblock
ejector [13], the needle-controlled ejector [14, 15] and the suction bypass ejector
[16]. Many of these devices have also seen significant commercial interest, and
have been successfully commercialized. Ejectors for R744 refrigeration are still
a very actively researched topic to achieve improved COs system efficiency. It
should be noted that ejector efficiency is sensitive to the specific ejector design
and operating conditions. Nakagawa et al. [12] found that a 34 to 82% reduction
in system coefficient of performance (COP) can occur when operating an ejector
system at off-design conditions. Consequently, standardized ejectors which are not
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designed to operate for that specific application may limit system performance. The
availability of accurate tools and methodologies will help in providing ejector design
for each specific application. The development of ejector performance maps would
describe the optimal operation of the device under different operating conditions.
This will consequently lead to the improvement of the system’s performance and
be useful to optimize its operation.

Accurate numerical modeling is essential for high-performing CO; ejector design.
Small changes in the ejector geometry or operating condition can have significant
impacts on the ejector performance. Therefore, a reliable model is a cost-effective
way to run experiments that may involve expensive components and measurement
devices. This will also overcome the technical and financial challenges associated
with testing different ejectors with specific optimal design conditions for various
applications [17, 18]. This has prompted research efforts to be placed towards the
development of advanced models for CO5 ejectors, such as the 0D and 1D models
[19, 20, 21, 15, 22, 23], which have been applied for system-level calculations and
ejector design. The main limitation associated with numerical modeling using the
thermodynamic or 1D approaches is their inability to predict multidimensional phe-
nomena such as flow separation or shock-wave patterns. Furthermore, transport
and interaction between the suction and motive flow are explicitly handled which
typically involves simplified modeling of mixing and turbulence which may limit
model accuracy, especially outside the range of designs and operating conditions
where the model was tuned. This problem becomes important when exploring
novel ejector designs. Furthermore, new geometric ejector designs that are not
within conventional ejector design space are not possible to investigate with such
approaches. In recent years, emphasis has therefore been put toward developing
accurate and fast multiphase computational fluid dynamics (CFD) models for COq
ejectors, where the full 2D or 3D ejector physics are resolved, allowing for more
exploratory investigations of ejector designs. CFD modeling has the added benefit
of allowing detailed insights into ejector physics as all flow variables are available.
However, CFD models are, in general, more complex and more computationally
costly, and their limitations and underlying assumptions must be considered when
applied to a large range of flow conditions. Both numerical modeling and experi-
mental validation data are required to achieve better next-generation ejectors.

This thesis is a part of the HighEFF - Centre for an Energy-Efficient and Compet-
itive Industry for the Future, an 8-year Research Centre under the FME-scheme
(Centre for Environment-friendly Energy Research,257632/E20). HighEff focuses
on technologies and processes with the potential for a large reduction in specific
energy use. This work will focus on research into improved components for natural
refrigeration systems, with special emphasis on CO2 ejectors.
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1.2

Aim of study

The aim of this work is to contribute to the improvement of natural refrigeration
systems by investigating the design of CO4 ejectors. This is to be done through the
exploration and validation of numerical models, investigations into novel ejector
concepts, and the development of new methodologies for component design. The
objectives of the work are summarized as follows:

1.3

Investigate and identify current state-of-the-art approaches to numerical mod-
eling of CO2 ejectors and relevant experimental methods for model validation.

Implement and compare available COs ejector models in terms of accuracy
and speed.

Investigate and implement novel ejector models for improved speed and ac-
curacy.

Conduct experimental measurements on CO3 ejectors and validate the results
against numerical models.

Investigate novel ejector concepts for efficiency improvements using numerical
modeling

Develop improved ejector design methodologies using automated model ap-
proaches and data analysis.

Contributions

The main novel contributions of this thesis can be summarized:

e Presented a review of CO2 ejector modeling and its specific modeling chal-

lenges filling a significant knowledge gap in the research field.

e Experimental measurement data of a novel COs ejector geometry collected

at varied operating conditions and made openly available.

e Development of a novel Eulerian two-fluid model for CO2 ejectors, which

was, to the best of the author’s knowledge, the first presented in the open
literature.

e Development of an automated ejector meshing and CFD database generation

tool for ejectors, which was among the first made openly available.
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e Implementation of machine learning Gaussian Process Regression model for
ejector performance prediction. To the best of the author’s knowledge, this
was the first use of the GPR machine learning approach for CO2 ejectors.

e Development of an optimization tool using machine learning for CO4 ejec-
tors, to the best of the author’s knowledge, among the first tools of its type
implemented for CO» ejector optimization.

e Designed a new ejector for an industry client, implemented in new CO4 heat
pumps.

e Presented first numerical investigation of a novel swirl bypass ejector concept
for CO4 ejectors.

1.4 Structure of thesis

The structure of the thesis is comprised of eight chapters and a collection of three
journal publications. The main content is described as follows:

e Chapter 1 contains the introduction to the main topics and motivation for
the thesis work. The objective and scope of the research work are presented,
followed by a list of the scientific publications

e Chapter 2 gives the technical background information on ejectors within re-
frigeration and their design, control, and history.

e Chapter 3 summarizes the background information and the details of the dif-
ferent models discussed in this thesis. Furthermore, experimental validation
and verification (mesh refinement study, equation of state refinement study)
are presented.

e Chapter 4 gives the details and results of the experimental test campaign
conducted during the thesis work.

e Chapter 5 contains the details of the ejector design tool that has been de-
veloped in this thesis work. Relevant background information regarding the
machine learning model employed is also given.

e Chapter 6 summarizes the research articles presented in this thesis work. The
chapter is organized into sections where each journal publication is summa-
rized.

e Chapter 7 contains the conclusions and main results from the doctoral work.
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e Chapter 8 presents suggestions for further work within COs ejectors, and
their modeling and design methodologies and discusses the thesis in a wider
context.

1.5 List of publications

The author of this thesis contributed to three journal articles and five conference
papers on the subject of ejector modeling and design. All papers are attached in
the appendix.

1.5.1 Journal publications

Article I

Ringstad, Knut Emil; Allouche, Yosr; Gullo, Paride; Ervik, Asmund; Banasiak,
Krzysztof; Hafner, Armin. (2020) A detailed review on CO2 two-phase ejector flow
modeling. Thermal Science and Engineering Progress. vol. 20.

Author Contributions: Conceptualization, K.E.R., A.H., AE, Y.A., P.G. and
K.B.; Methodology, K.E.R., A.H., AE, Y.A., P.G. and K.B. ; Investigation,
K.E.R., A.H., AE. , Y.A., P.G. and K.B.; Data curation, K.E.R.; ; Writing - Original
draft preparatlon K E. R ; Writing - Rev1ew and editing, K.E.R., A.H., A. E., Y.A,

P.G. and K.B.; Vlsuahzatlon K.E.R., A. E.; Supervision, A.H., A. E., Y. A P. G
and K.B; PI‘OJGCt administration, A.H., Fundlng acquisition, A.H.

Article 11

Ringstad, Knut Emil; Ervik, Asmund; Banasiak, Krzysztof; Hafner, Armin. (2021)
Machine learning and CFD for mapping and optimization of CO2 ejectors. Applied
Thermal Engineering.

Author Contributions: Conceptualization, K.E.R., A.H., A.E. and K.B.; Method-
ology, K.E.R.,A.E.; Software, K.E.R.; Validation, K.E.R.; Investigation, K.E.R.;
Data curation, K.E.R.; Writing - Original draft preparation, K.E.R.; Writing - Re-
view and editing, K.E.R., A.H., A.E. and K.B.; Visualization, K.E.R.; Supervision,
AH., AE. and K.B.; Project administration, A.H.; Funding acquisition, A.H.

Article IT1

Ringstad, Knut Emil; Ervik, Asmund; Banasiak, Krzysztof; Hafner, Armin. (2022)
Swirl-Bypass Nozzle for COy Two-Phase Ejectors: Numerical Design Exploration
Energies.
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Author Contributions: Conceptualization, K.E.R., A.H., A.E. and K. B.; Method-
ology, K.E.R. A E. and K.B.; Software, K.E.R. and A. E Validation, K E.R. and
K.B.; Investigation, K.E.R., A.H.7 A.E. and K.B.; Data curatlon, K.E.R. and K.B.;
Writing - Original draft preparation, K.E.R., A.H., AE. and K.B.; Writing - Re-
view and editing, K.E.R., A.H., A.E. and K.B.; Visualization, K.E.R.; Supervision,
AH., AE. and K.B.; Project administration, A.H.; Funding acquisition, A.H.

1.5.2 Conference articles

Conference article I

Ringstad, Knut Emil; Hafner, Armin; Allouche, Yosr. (2019) Investigation of CFD
models for ammonia ejector design. 8th Conference on Ammonia and CO2 Refrig-
eration Technologies, Proceedings.

Conference article IT

Ringstad, Knut Emil; Allouche, Yosr; Gullo, Paride; Banasiak, Krzysztof; Hafner,
Armin. (2019) CO2 ejector modeling using CFD: current status. Proceedings of
the 25th IIR International Congress of Refrigeration. Montréal, Canada, August
24-30, 2019.

Conference article 111

Ringstad, Knut Emil; Hafner, Armin. (2020) Two-fluid CEFD model for 2 two-phase
ejectors. Proceedings of the 14th IIR-Gustav Lorentzen Conference on Natural Re-
frigerants - GL2020.

Conference article IV

Ringstad, Knut Emil; Hafner, Armin. (2021) Comparative study of R744 ejector
CFD models. Proceedings of the IIR, - 10th International Conference on Compres-
sors and Coolants.

Conference article V

Ringstad, Knut Emil; Banasiak, Krzysztof; Hafner, Armin. (2021) CFD-based de-
sign algorithm for CO2 ejectors. 9th Conference on Ammonia and CO2 Refrigera-
tion Technologies, Proceedings.




Introduction

1.6 Open access

The sharing of research data and research methods is considered a key part of the
furthering of science. To this end, all software and data that are not proprietary to
other research groups or companies are shared open access. All journal publications
that have been developed in this thesis work are openly available.

The ejector design tool, EjectorDesigner, is made available with open access,
and the documentation is added as an appendix to this thesis. The code for 2D
and 3D ejector meshing in ANSYS ICEM, the scripts for full automation of CFD
database generation, post-processing, and the data results from the ejector design
algorithm are all made available open access at the github depository:

https://github. com/knutringstad/EjectorDesigner

Data from the experimental test campaign and scripts for analysis of the swirl-
bypass ejector modeling are available at the github depository:

https://github.com/knutringstad/Swirl_bypass_ejector
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2 Background

“Wisdom comes from experience.
Ezperience is often a result of lack
of wisdom.”

— T. Pratchett

2.1 CO2 refrigeration

The first CO4 based refrigeration system was invented by Alexander Twinning in
1850. As one of the first working fluids used in refrigeration systems, COs as a re-
frigerant was very popular. Later, with the growth of CFC gas-based refrigeration
in the 1950s-60s, CO2 was slowly phased out as a refrigerant [24]. COgq refriger-
ation was still considered a niche solution up until the 1990s when the significant
greenhouse effects of HFCs were emphasized [24]. Consequently, the interest in
environmentally friendly and natural refrigerants has increased, and CO3 has been
reintroduced as a clean and sustainable alternative refrigerant, largely promoted
by Gustav Lorentzen [25, 26, 27, 28]. Early investigations on COq systems were
focused on automobile air conditioning [26, 27] and heat pumps for water heating
[27, 28, 29]. Over the last decades focus on environmental impact has increased.
Legislative agreements aiming at the phase-out of high GWP working fluids, such
as the Kigali Amendment to the Montreal Protocol and the EU F-gas Regulation
517/2014 [4], have been in force since 2015. This increase in the policymakers and
public awareness about the environmental impact of the commonly applied refrig-
erants at that time was the main driver for the uptake of deep investigations on
COgy refrigeration solutions. This has allowed COq to take a leading role in the
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refrigeration and heat-pumping sector.

The favorable thermo-physical properties of CO4 as a refrigerant have largely con-
tributed to its popularity. COs is often referred to as a "near-ideal” working fluid
[27]. It is characterized by negligible GWP (GWP of 1), non-flammability, non-
toxicity, low cost, availability, and favorable thermophysical properties for efficient
heat transfer [30]. Additionally, the higher operating pressures than other working
fluids yield a higher volumetric heating capacity which allows COg2 systems to be
built more compactly, useful when subjected to space constraints [24]. Compared
to most other working fluids, CO2 has a low critical temperature of 31.1 °C and
high critical pressure of 73.8 bar. Therefore CO5 systems are designed and operated
differently from most other working fluids. Their associated cycles are often oper-
ated at super-critical conditions. In these cycles, the condenser is exchanged with
a gas cooler. When operating at sub-critical conditions, the gas cooler operates
as a condenser and has a constant condensation temperature. However, at super-
critical conditions, the CO4y behaves similarly to a gas and is cooled at a gliding
temperature.

CO3 based refrigeration and heat-pumping systems have been used for many ap-
plications, such as supermarkets [3, 31], heat pump units [32, 33, 34], vehicles [35,
36, 37], light commercial refrigeration [38, 39], tumble dryers [40, 41], chillers [42],
air-conditioners [43], and integrated systems for hotels [44]. However, due to the
fluid’s thermodynamic properties, expansion losses in super-critical COg refrigera-
tion systems are higher than those occurring in conventional refrigeration cycles.
This is considered to be the main limitation of CO3 refrigeration cycles, and would
consequently reduce COs system efficiency significantly, especially when the system
is operating at high ambient temperatures leading to supercritical conditions. The
limitation of CO2 high-temperature coined the term “the COy equator”, being a
theoretical geographical line crossing central Europe, south of which CO5 systems
could not compete with HFC-based systems [45, 10].

Several research works have addressed the expansion loss challenges aiming to im-
prove system efficiency mainly when operated under higher ambient temperatures
[46, 47]. Some of the developed solutions are the implementation of parallel com-
pression [46], mechanical subcooling [48] and overfed evaporators [49]. Other al-
ternatives are using expanders and ejectors (discussed further in Chapter 2.2) for
work recovery. The potential of expanders has been investigated for CO4 systems
in several studies [50, 51, 52], however, these are currently considered not econom-
ically competitive in comparison to ejectors, when integrated into COs systems
applied to, for example, supermarkets [3]. Compared to the expanders, ejectors
are financially affordable, have no moving parts (i.e. improved reliability), and
have the ability to handle two-phase flows without risks of damage. Consequently,
Lawrence and Elbel [11] claimed that the adoption of an ejector should be favorable
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to use for HVAC&R units. Considering these advantages, the adoption of ejectors
to improve the efficiency of COg refrigeration cycles has become a hot research
topic over the last decade. Because of these technological improvements, it is now
possible for COq refrigeration systems to compete with those using HFCs even in
central Africa [3], removing the "CO3 equator.
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2.2 Ejectors

The use of ejectors dates back to its invention by Henry Giffard in 1858, as shown
in Figure 2.1. The first design was a condensing steam ejector (called injector)
applied for pumping liquid water to steam-engine reservoirs [53, 54]. Since then,
the device has been regarded with much interest due to its simple design and,
previously considered, paradoxical physics.

“Seldom has an invention caused so much astonishment and wild spec-
ulation among mechanics, and even among scientists, as the injector
did... It was regarded as a case of perpetual motion-the means of do-
ing work without power, or, as the Americans expressed it, by the same
means a man could raise himself by pulling on his bootstraps.” - Angus
Sinclair, Locomotive Engine Running and Management, 7th ed. (New
York, 1887)

Figure 2.1: The injector design by Henry Giffard [53]

Over the years, the ejector has been used for many applications, such as nuclear and
chemical engineering, where reliability and low maintenance are a priority [53]. In
recent years, ejectors have been applied to new systems such as hydrogen fuel cells
[55], and boil of gas pumping for liquefaction [56]. A key application of ejectors has
been for refrigeration purposes. It was first introduced for expansion work recovery
in refrigeration by Gay [57] and studied in detail by Kornhauser [58]. Since then,
extensive research has been put toward ejectors in refrigeration systems for different
working fluids such as air, steam, COs, hydrocarbons, ammonia, HFCs, HCFC, and
HFOs [59]. The topic of ejectors in vapor compression systems has been extensively
reviewed in terms of cycles and applications [7, 11, 60, 61, 62, 59], thermodynamic
modeling [11, 63, 64, 62, 61, 53] geometric design [62, 59] and historic developments
[59, 53, 65].
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Figure 2.2: (a) Schematic of a standard transcritical ejector cycle (b) Pressure-enthalpy
diagram of the transcritical ejector cycle [71].

Special emphasis has been given to ejector applications in super-critical COs9 re-
frigeration and heat pump systems. The large expansion losses discussed in the
previous section (Section 2.1) can then be partially recovered, reducing compressor
power consumption. Ejectors for CO4 refrigeration systems have been extensively
reviewed in previous works [53, 11, 3, 66], high potential of ejectors to improve the
system efficiency has been demonstrated. Elbel et al. [11] summarized that for
super-critical COgq cycles, system COP improvements with ejector support ranged
from 15-30% [67, 68, 69, 12, 15, 70], while also emphasizing some important chal-
lenges involved in ejector cycles that need to be carefully addressed, such as high-
side pressure control, liquid-vapor separator design, and compressor oil return.

2.2.1 The CO, ejector working principle and the efficiency definition

The following section is based on the review article by the author [71]. The ejector
is a device that has two inlets, named the motive (or primary) and suction (or
secondary) inlets, and one outlet. The main objective of an ejector is to expand
a high-pressure flow and to recover that work in the form of compressing a lower-
pressure suction flow. The conventional trans-critical COs cycle with ejector and its
idealized pressure-enthalpy (P-h) diagram is shown in Figure 2.2a and Figure 2.2b,
respectively. The refrigerant flow and an idealized pressure and velocity profile are
presented in Figure 2.2 (a).

Assuming thermodynamic equilibrium, the high pressure at the motive inlet accel-
erates the flow in the motive nozzle converging section to sonic conditions (Ma=1)
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at the throat of the nozzle. The flow accelerates further in the motive nozzle diverg-
ing section to a super-sonic flow (Ma>1). As the flow is accelerated, the pressure
is reduced, which initiates a phase change process from liquid to gas in the noz-
zle, called flashing, when entering into the two-phase dome [72]. The motive flow
continues from the divergent part of the nozzle into a low-pressure region (thermo-
dynamic state 4) which drives the CO2 from the secondary inlet (thermodynamic
state 9) into the suction chamber (thermodynamic state 5). The primary and sec-
ondary streams are then mixed in the mixing chamber (thermodynamic state 6).
The flow is then decelerated in the diffuser, converting a part of the kinetic energy
into a pressure increase (thermodynamic state 7, identifying the intermediate pres-
sure). In total, parts of the energy losses in the expansion process of the motive
flow are recovered and used to compress the suction flow to produce the desired
pressure lift.

Two advantages of equipping a vapor compression system with an ejector when
compared to the conventional COq cycle are: (I) the compressor energy consump-
tion is reduced as a consequence of pre-compression of the flow from the low evap-
orator pressure (thermodynamic state 9) to the intermediate one (thermodynamic
state 1); (II) increased refrigerating capacity since vapor quality and enthalpy of
the flow entering the evaporator is lowered. Two-phase ejector performance is gen-
erally evaluated using the following indicators: the mass entrainment ratio (w),
the suction pressure ratio (II), the pressure lift (Pjg), and the ejector isentropic
efficiency (n). The mass entrainment ratio (w) is defined as the ratio of the suction
(or entrained) mass flow rate (1hg) to the motive mass flow rate (r3):

My
= — 2.1

where the subscript indicates the thermodynamic state referred to in Figure 2.2.

The suction pressure ratio (II) is used to evaluate the compression ratio between
the ejector outlet pressure and the ejector suction pressure. The pressure lift (Pjg)
is used to evaluate the difference between the ejector outlet pressure and the ejector
suction pressure:

Pr
II=— 2.2
Pt = Pr — Ps (2.3)

Lastly, the ejector efficiency (ngper) according to Elbel [15] is the ratio between the
actual amount of work recovered by the ejector (W;) and the total work recovery

potential for an isentropic process (Wr, max) [15]:
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W " h(P7,59) — hg
"Elbel = Wr,max = hs — h(Pr, 53)

(2.4)

h is the specific enthalpy.

The efficiency according to Elbel [15] has become a commonly used indicator to
compare COy ejector performance. However, there are several other performance
metrics available in the literature. Lawrence et al. [73] compared different two-
phase ejector efficiency metrics and discussed their advantages and limitations. The
study covered the proposed efficiencies by Nakagawa and Takeuchi [74], Butrymow-
icz et al. [75], Elbel and Hrnjak [15], and Ozaki et al. [76], given by:

2
(ring + 1ing) P — ring 53
TITakeuchi = . (25)
m3(h3 — h(P7, 83))
P, P
" o ) 2.6
B wicz — B P 1 o .
utrymowic: PBp;P7 + %UZ
h(P7,s9) — hg
gaki =W+ ——2 ¢ 2.7
T1Ozaki = W ha — h(PG, 83) ( )

- _ 1ig(hy — h(Py, s7))
THaider = mg(hg _ h(Pg, Sg)) (28)

Here, u is the local velocity, p is the density and s is the specific entropy. The ef-
ficiencies of Nakagawa, Butrymowicz, and Ozaki require knowledge of the internal
mixing pressure (Ps) for the evaluation of the ejector efficiency. This parameter is
often difficult to obtain for experimental studies where the mixing pressure is not
readily available. They are therefore mostly used to compare ejectors in analytical
models. In comparison, the Elbel efficiency only depends on inlet and outlet param-
eters (suction and motive inlet enthalpy and mass flow rates) that are often easy
to obtain. However, some limitations to this efficiency metric are highlighted by
Lawrence et al. [73], where the Elbel efficiency calculation assumes isentropic com-
pression, corresponding to the maximum possible work recovery. Consequently, the
Elbel efficiency metric was concluded to underpredict the actual ejector recovery
efficiency.

Recently, Haider et al. [77] presented an efficiency-based assumption for a separate
expansion of suction and motive streams, Eqn. (2.8). The motive stream is here
expanded down to suction conditions, and the suction stream is assumed to be
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isentropically compressed to the outlet pressure. They found that this efficiency
definition balances pressure recovery and entrainment ratio for liquid pumping.

Alternative methods for predicting efficiency can be based on entropy generation
or exergy destruction in suction flow. Lawrence et al. [73] found large differences in
calculated efficiencies for the same operating condition. This makes performance
comparison difficult to perform as long as no consistent and validated efficiency
metric yet exists. Therefore in this thesis, because of the non-availability of the
pressure data at different locations of the mixing chamber, and because the effi-
ciency definition by Elbel is commonly applied to evaluate ejector performance in
previous literature [78, 3, 79|, the Elbel efficiency is used to calculate ejector effi-
ciency. The Haider efficiency was not considered for this thesis, as the study [77]
was published after the main work was completed.

2.3 Ejector design

An ejector is commonly comprised of four sections; the motive nozzle, the mixing
chamber, the diffuser, and the suction nozzle. The different ejector design param-
eters are illustrated in Figure 2.3.

Dm—in DthroatIDm

. It o= T : |
frm- ot 95 Og " mix

Figure 2.3: Sketch of the different ejector design parameters. The ejector’s inner walls
are colored according to the different ejector sections. Red: Motive nozzle, green: mixing
chamber, purple: diffuser, blue: suction nozzle. Ilustration based on the image from
Ringstad et al. [80].

The motive nozzle is typically designed as a converging-diverging nozzle, to pro-
duce a supersonic flow towards the outlet. The motive flow is determined both
by the nozzle operating conditions and the throat diameter (Diproat). The nozzle
diverging section is designed such that it further accelerates the motive flow beyond
sonic velocities. The nozzle outlet diameter (Dy, oyt) therefore impacts the poten-
tial expansion of the motive flow. The nozzle outlet (D out) should be precisely
designed in order to avoid the under- and overexpansion of the motive flow at the
ejector design conditions so as to avoid irreversible losses in the jet. The mixing
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chamber should be designed long enough to accommodate the mixing process of
the motive and suction streams, but the length should be optimally designed in
order to avoid unnecessary losses associated with shock waves and wall friction.
Furthermore, the mixing chamber diameter must also be optimized such that the
available flow area after the expansion of the motive flow is large enough to entrain
a maximum amount of suction flow, discussed in more detail in Ringstad et al. [18].
Several studies on ejector geometry design have reported that an appropriate mix-
ing chamber design is critical to achieving high ejector performance [17, 69, 12, 80].
In fact, improper sizing of the ejector mixing chamber has been reported to reduce
the COP of ejector-based refrigeration systems by up to 10% [12]. The diffuser
must be designed to recover as much pressure as possible and reduce the mixture
velocity. Here, the outlet diameter (Dg;s) must be optimized for the appropriate
pressure range and the diffuser angle should be designed to avoid flow separation
and shock trains. For more details on ejector design, the reader is referred to the
book by Grazzini et al. [81].

2.3.1 Ejector operation control

The need for improved ejector control devices and strategies was reported by Elbel
et al. [11]. A static ejector design quickly drops off in efficiency as soon as the
operating conditions are different from the design point. This is generally asso-
ciated with the motive nozzle and mixing chamber geometry design. First, the
motive nozzle throat diameter is not variable for conventional designs, this means
that for a supersonic ejector, the motive flow is choked, and the mass flow rate
is primarily defined by the upstream pressure. The flow expansion process inside
the nozzle is primarily determined by the nozzle outlet diameter. The relationship
between the nozzle inlet and outlet diameter must therefore be established for a
specific pressure design point in the mixing chamber. Consequently, at off-design
conditions, the motive nozzle outlet pressure and mixing chamber pressure do not
coincide, leading to losses due to the under-expansion or over-expansion of the mo-
tive flow. Second, the mixing chamber geometry has a fixed design. It is reported
that both the mixing chamber length and diameter would have a significant im-
pact on the ejector performance as it defines the suction flow behavior [69, 12, 80].
Incorrect engineering of the mixing chamber at off-design conditions was found to
significantly reduce the ejector entrainment ratio [80].

For applications such as commercial transcritical CO4y systems, ejectors typically
operate under different pressure and mass flow rate operating conditions for both
motive and suction flows. For a static ejector design without active control, these
two variables are not possible independently control due to the flow being choked.
Hence, consistent control strategies should be implemented for capacity control.
Different capacity control techniques with ejectors have recently been reviewed by
Gullo et al. [66], for more details see their review article.
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To the best of the authors’ current knowledge, four capacity control solutions for
COz ejectors have been reported in the literature: the needle-controlled ejector [15],
the multi-block ejector [13], the swirl-controlled ejector [82], and the pulse width
modulation (PWM) ejector [47]. These approaches are typically compared to a
baseline system with a static ejector and a parallel expansion valve to control the
flow rate and high side pressure. The different ejector capacity control solutions
are illustrated in Figure 2.4.

Multiejector
(A) Swirl control (C)
1
_'__L/E[\?/T/ s
_[h
Pulse width modulation
Needle control
=l
R N
Flow

(B) Time (D)

Figure 2.4: Illustrations of the ejector concepts for three ejector control solutions [71].

As can be seen in Figure 2.4 (B), the needle-controlled ejector is controlled by
moving a needle towards and out from the motive nozzle throat to change the
flow area of the motive nozzle and consequently the flow rate. Elbel and Hrnjak
[15] investigated this approach and found that the needle-controlled ejector can
be implemented to control the high-side pressure and improve COP by up to 7%.
However, the authors have reported some limitations associated with this control
strategy [11], such as the increased friction induced by the needle and the high pre-
cision of the needle positioning needed for accurate control and high performance.
Gullo et al [66] reported the importance of an accurate design of the needle for ca-
pacity control. Liu et al. [83, 14] studied the performance of a CO3 air-conditioner
with a needle-controlled ejector and reported a maximum improvement in COP of
up to 147%.

Figure 2.4 (A) shows the multi-ejector concept which consists of several ejectors of
different sizes arranged in parallel (typically 4-6 ejectors). The ejectors are activated
using solenoid valves. The ejector sizes are activated and combined in such a way
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as to control the ejector motive mass flow rate. The concept was initially proposed
and investigated by Hafner et al. [13] and has since then been thoroughly studied
for supermarket and heat pump applications [84, 7]. The device has also been
implemented commercially in the Danfoss Multiejector block [85]. The application
of the multi-ejector concept to control the motive flow rate has shown a COP
improvement of up to 7% [86]. However, as for the needle-controlled ejector, the
control strategy of the multi-ejector block is quite complex to quickly control the
different solenoid valves to achieve the intended flow rate and the multi-ejector
block is obviously more expensive than using a single ejector [66].

The swirl-controlled ejector (also referred to as a vortex ejector) is shown in Figure
2.4 (C) and the ejector control is performed by adjusting the swirl component of the
motive flow before the nozzle. The control strategy is based on the swirl intensity
limiting the maximum flow rate through the nozzle. The motive flow is split into
two flows, one flow entering the motive nozzle in the normal direction, and the
second flow entering in a tangential direction to generate swirl motion. The motive
swirl intensity is then controlled by a valve (shown at the top of the nozzle in Figure
2.4 (c) ) which regulates the tangential component of the motive flow. The swirl-
controlled ejectors are often preferred to the needle-controlled ejectors as it offers
a reduced risk of clogging, less maintenance as it includes no moving parts, and
lower cost [66]. This design was initially suggested for an R134a ejector by Zhu and
Elbel [82], who claimed that the swirl component could be used to limit the motive
flow by up to 36% compared to a no swirl ejector. Later on, Zhu et al [19] studied
the influence of various geometry parameters on swirl ejector performance. Their
findings have shown that the length of the nozzle diverging section is critical for the
swirl control mechanism to function [19]. The vortex-controlled ejector has been
further investigated by Zhu and Elbel [87] for COq refrigeration systems achieving
a COP improvement of 8.1%. The achieved COP improvements were found to be
very similar (0.2% lower COP for swirl controlled) to those obtained by needle-
controlled ejectors. The swirl-controlled ejector is still undergoing experiments at
a laboratory scale [66].

A pulse-width modulation (PWM) controlled device was proposed by Gullo et
al. [47]. This concept modulates the ejector capacity by opening and closing the
motive nozzle for a specified period of time corresponding to a specified capacity
requirement. E.g. if 70% ejector capacity is required, the motive nozzle of the PWM
ejector will be opened for 70% of a given time window. This concept is illustrated
in Figure 2.4 (D). PWM ejectors were found to achieve up to 5% improvement
in COP compared to a passive ejector system, which is higher than the 2-4%
improvement found for needle and vortex ejectors. However, this solution requires
that the evaporator flow is stopped intermittently with the pulse frequency, which
may reduce system efficiency. Similarly to the swirl-controlled ejectors, the PWM
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control design technology is still in early-stage investigations, and further work is
needed to qualify it as a competitive solution.

Another potential concept for ejector control is variable-area radial ejectors. Such
ejectors have the motive nozzle in a radial configuration, which allows the motive
flow area to be controlled by increasing or decreasing the separation of the two discs
that define the motive flow duct. The concept has been numerically investigated for
air ejectors by Rahimi et al. [88]. They found that increases in entrainment ratio
up to 30% are possible by controlling the separation between the motive nozzle
discs. Radial ejectors are still in the early stages of research and further work is
needed to further verify the concept. Further investigation into its application for
COs ejectors and comparison with other variable area flow control mechanisms are
suggested.

2.3.2 Suction bypass ejectors

Another way to improve the ejector performance is the active control of the suction
flow. One device based on such a design is the suction bypass design [79], shown
in Figure 2.5. This ejector has an additional inlet connected to the suction line
placed along the mixing section. The functionality of this additional inlet is to
entrain additional suction flow when the system operates at off-design conditions.
At off-design operating conditions, the pressure distribution in the mixing section
of the ejector is so that a low-pressure zone typically occurs near the end of the
ejector. This bypass inlet is then placed near this low-pressure zone such that
additional suction flow enters the ejector, consequently increasing the entrainment
ratio. The bypass concept was found to improve ejector performance as it reduces
entropy production caused by supersonic shocks and increases entrainment ratio
[79]. Suction bypass ejectors have been explored for COgz ejectors by Bodys et
al. [16, 79]. Bodys et al. [16] have further discussed the possibility of exploring
bypass swirl to further improve the ejector efficiency. The optimal axial placement
of the bypass inlet for the highest efficiency at varied operating conditions is still
a challenge with such concepts that need further exploration.

~ R
— -

Figure 2.5: Illustration of an ejector with an installed bypass inlet colored in red.
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The swirl flow component has a theoretical benefit for flow mixing, as the motive-
and suction flows exchange momentum over a longer path. Moreover, the increased
turbulence induced by the swirl may improve mixing. Bodys et al. [89] numerically
investigated the effects of the swirl component in both the motive and suction nozzle
inlet conditions of a two-phase CO» ejector. It was concluded that a 3% increase in
the entrainment ratio could be achieved when including an inlet swirl component
at the motive nozzle inlet. However, including a swirl component in the suction
flow was found to negatively affect the suction flow rate and consequently reduced
the entrainment ratio. A novel concept combining swirl flow generation with the
bypass concept is further presented in this thesis based on numerical simulation.
This design could be applied both for increasing off-design operation with suction
flow bypass or for control of motive mass flow rate, illustrated in Figure 2.6 (A)
and (B), respectively. For detailed information, the reader is directed to Ringstad
et al. [18].

Suction flow A Suction flow B

Outlet Outlet

Motive flow
]
Motive flow

Figure 2.6: Illustration of the two swirl-bypass concepts (A) and (B). Concept (A) is a
suction swirl bypass ejector. Concept (B) is a motive swirl bypass ejector.
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3 Thermo-fluid dynamic models

"It’s still magic even if you know
how it’s done.”

— T. Pratchett, Wee Free Men

This chapter presents background theories for the methodologies applied in the
Thesis. Multiphase fluid dynamics, thermodynamics of CO4, turbulence, and nu-
merical modeling are here discussed. The models used in this work are presented
in detail in Section 3.2. The model validation and mesh independence studies are
also presented in Section 3.4.

For a complete review of two-phase COs ejector modeling the reader is referred to
Ringstad et al. [71].

3.1 Background theory

3.1.1 Multiphase fluid dynamics

Fluid dynamics involves empirical and semi-empirical laws describing the flow of
fluids in order to understand their behavior under applied forces. The field is
comprised of several challenging problems that are actively studied. Some of the
more investigated topics are super-sonic and compressible flows, turbulence, fluid-
structure interactions, multiphase flows, and reacting flows. The underlying as-
sumption of fluid dynamics is that fluids are continuous, disregarding molecular
dynamics. From this, a set of fundamental conservation equations for mass, mo-
mentum, and energy, which collectively are referred to as the Navier-Stokes equa-
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tions, can be derived. The Navier-Stokes equations are, however, defined within
a single continuous fluid and are therefore ill-posed at the discontinuous interface
between two phases, such as liquid and gas. Therefore special attention must be
dedicated to defining models that handle the conservation equations with moving
interfaces at various length scales. The most commonly used models for multiphase
flows are derived from integral averaging, to reduce the interface discontinuities to
source terms, in an averaged set of the continuum equations [90].

Flows where more than one phase exists, such as liquid-gas or gas-solid, are referred
to as multiphase flows. Multiphase flows are characterized by the regime (flow
pattern) that develops in the flow. These flow regimes are classified according to
how the different phases are distributed and flow. Common classifications that are
referred to in the literature are shown in Figure 3.1.

Film flow Annular flow
Droplet flow Bubbly flow

Jet flow Cap, slug or churn flow
p o
-/

Figure 3.1: Illustration of different two-phase flow regime classifications, based on more
detailed classifications by Ishii and Hibiki [90]

Modeling of the CO4 two-phase ejector is highly challenging due to the coupled
flow dynamics, two-phase flow with different types of flow regimes (atomization
jet flow, bubbly flow, droplet flow), nucleation and phase change, super-sonic and
compressible flow, turbulence in a two-phase system, and complex thermodynamics
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(super-critical and non-equilibrium conditions). The limited availability of experi-
mental data is another challenge, as this makes the results difficult to assess. The
challenges associated with the CO5 two-phase ejector modeling are described in the
following sections. For further details the reader is referred to Ringstad et al. [71].

3.1.1.1 Models of two-phase flow

The large variation of flow phenomena in two-phase flows requires different models
to be employed. To this end, several multiphase models have been described in the
literature with different levels of complexity and underlying assumptions. These
models are based on an averaging procedure, such as over space or time, of the
single-phase Navier-Stokes fluid flow equations:

0 .
5Pkt V- (orti) =0, (3.1)
o .
PRk + V- (prtiyiiy) = =V - Py +V - 7, (3.2)
o . u LU .
aﬂk(lk + 7) + V- (prtix (i + ?)) =V -Qr+ V- (T - uy) (3.3)

One way of classifying the different models is proposed by Linga et al. [91]. Fol-
lowing this classification, the multiphase models are organized according to the
degree of non-equilibrium between the phases accounted for by the model. Phys-
ically, the phases exist at different pressures (Fy), temperatures (7%), velocities
(ig), and Gibbs free energy (gx). These non-equilibriums are typically simplified
for the sake of tractability and reduced complexity. The different models can then
be classified according to the combination of variables in disequilibrium that are
accounted for. The most simplified models are the 3-equation homogeneous equi-
librium models that assume full equilibrium for all variables. By accounting for
chemical disequilibrium in the Gibbs free energy, g, the 4-equation homogeneous
models are obtained. These models can account for meta-stable thermodynamic
states, which is a preferred property for applications with rapid depressurization
such as ejectors. Two-fluid models (or Eulerian-Eulerian models) allow for non-
equilibrium in velocity, temperature, and chemical potential, where the phases are
considered co-existing interpenetrating flows with their own set of flow equations
that are coupled by several sub-models. Table 3.1 presents an overview of current
R744 models and which non-equilibrium states are considered in each model.

Each disequilibrium included increases complexity and, consequently, requires ad-
ditional sub-models. To account for chemical disequilibrium, model equations for
the phase change process must be supplied. Similarly, to account for the velocity
disequilibrium of the phases, appropriate models for the velocity slip are needed.
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Table 3.1: Overview of the considered disequilibrium of different models

Non-equilibrium Chem Mom Temp Press

HEM [92],[93],[94]
HRM [95],96]

Mixture [97]
Mixture [98]
Two-Fluid [99]

ANENE NN
NN X X X
N X X X X
X X X X X

The main challenges with increasing model complexity are the increased model
uncertainties and the introduction of additional parameters which often require
experimental tuning.

3.1.1.2 Phase change models

For CO4 two-phase liquid-gas ejectors, the primary flow is subject to a rapid ac-
celeration in the motive nozzle. Typically, the pressure drops below the saturation
pressure near the nozzle throat or in the nozzle diverging section (see Figure 2.2).
This process initiates a phase change from liquid to gas. The phase change process
occurs in two stages: bubble nucleation and bubble growth. Bubble nucleation is
the process where the first bubbles are nucleated in the liquid, and bubble growth
is a phase change occurring on the bubble-liquid interface. Due to the rapid pres-
sure drop, the timescales where the liquid COs is in a metastable superheated state
become comparable to the flow time-scale, discussed below.

To nucleate a stable bubble, energy is required to overcome the necessary surface
tension- and expansion energy of the bubble. By analyzing the work required to
nucleate a bubble as a function of bubble size, it can be shown that any bubble
below a certain size will spontaneously collapse. Similarly, any bubble larger than
this size will spontaneously grow and remain stable [81]. This size scale is referred
to as the critical radius, r., and is reduced with increased superheat. The larger
the bubble, the higher the required work necessary to generate the bubble. The
work required to produce such a bubble is also higher for larger bubbles. The
nucleation of a stable bubble will therefore occur if a random fluctuation of energy is
larger than this required work. The models used to predict nucleation are therefore
often stochastic and based on kinetic theory. Another factor for nucleation is the
presence of surfactants and nucleation sites, such as on walls, which can reduce
the required work [81]. After nucleation, bubble growth is typically analyzed with
bubble dynamic equations, such as the Rayleigh-Plesset equations [100]. Here,
heat, mass, and momentum exchange between the bubbles and the surrounding
liquid are important to predict. In literature, simplified models accounting for the
phase change in COs ejectors simplified models for phase change are often reported.
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These models are popular because of the high complexity of the problem.
3.1.2 Thermodynamic equation of state

Appropriate prediction of the thermodynamic properties is important for simula-
tion accuracy. This is especially applicable for COy two-phase ejectors that typi-
cally operate at supercritical and near-critical conditions. To close the equation set
of thermo-fluid flow an equation of state is needed that relates the thermodynamic
states, such as temperature and pressure, to the thermodynamic properties, such
as density, speed of sound, or thermal conductivity. An equation of state (EoS) is
an equation of the form:

F(P,V,T) =0. (3.4)

The Span-Wagner EoS (SW-EoS) [101] is considered the most accurate and reliable
equation of state for COy [102]. Due to the high computational costs of the Span-
Wagner method [101], pre-calculated look-up tables for thermodynamic properties
have been applied in the literature to provide simulation models with lower com-
putational cost [103, 94, 92, 97]. The thermodynamic properties are interpolated
based on the look-up tables, which introduces an error. Using more points in the
pre-calculated look-up table will increase the accuracy of the method, however, will
also increase the computation time and required computational storage capacity of
the method. As an example, Giacomelli et al. [97] found errors in the properties
estimates up to 1.6% in their coarse lookup table. However, the smaller-sized look-
up table was preferred to reduce computation time. Alternatively, look-up tables
based on variable step size are preferred, such as those implemented by Fang et
al.[103]. This is especially important near the critical point of COq, where large
variations in properties occur. Following the work by Span and Wagner [101], fur-
ther efforts have been put toward improving the modeling of CO5 properties. The
modeling of e.g. the liquid phase and near-critical viscosity has been improved by
more accurate experimental measurements [104, 105, 106], however, uncertainties
up to 3-4% in liquid viscosity are still observed in the latest correlations. The
effect of bulk viscosity (volume viscosity) can be significant for compressible flow
with poly-atomic gases. Fang et al. [94] studied the effect of bulk viscosity on a
converging-diverging nozzle with CO9 using CFD. It was concluded that the bulk
viscosity had no noticeable effect on the flow. Furthermore, it has been reported by
Awad et al. [107] that appropriate averaging laws should be considered for mixture
properties. The EoS used in this work is further discussed in Section 3.3.4

3.1.2.1 Non-equilibrium effects

Knowledge of non-equilibrium effects is critical for a proper understanding of two-
phase ejectors. In a two-phase flow, non-equilibrium states can be divided into
thermodynamic and transport non-equilibriums. Thermodynamic non-equilibrium
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corresponds to the superheated or subcooled state of a liquid or gas, respectively.
Transport non-equilibrium corresponds to differing temperatures, pressures, or ve-
locities of the phases [91].

During rapid depressurization, as in the motive nozzle of a COy ejector (see Figure
2.2), the saturation temperature will drop below the liquid temperature, superheat-
ing the liquid. The liquid starts to evaporate until the equilibrium state is reached.
The degree of superheat is therefore limited by the phase change mechanism. Be-
yond the homogeneous nucleation line (HNL), shown in Figure 3.2, any perturba-
tion will rapidly induce a phase change, imposing the upper limit on superheating.
Even so, the speed of this phase change can be non-negligible in comparison to the
rate of transport at high velocities in ejector motive flows. Three cases of ejector
motive conditions are plotted with an illustrated isenthalpic expansion process in
Figure 3.2, which corresponds to the expansion process in the motive nozzle. Case 1
is a near-critical expansion, and cases 2 and 3 are off-critical expansions, in terms of
the notions established in Ringstad et al. [99]. From Figure 3.2 one may note that
as the degree of sub-cooling at the motive nozzle inlet increases (lower enthalpy)
and moves towards off-critical expansion, the theoretically achievable superheat in-
creases, and so do the relevance of Gibbs free energy non-equilibrium. It is clear
that for near-critical expansion the possible thermodynamic non-equilibrium is very
small as the path almost immediately crosses the HNL, and therefore the phase
change occurs rapidly. The figure is generated based on the framework established
by Wilhelmsen et al.[108] and Aursand et al. [109].

3.1.2.2 Speed of sound

The speed of sound through a fluid is the speed at which a pressure disturbance
can propagate and is defined as:

c= (g) " (3.5)

This property is a well-defined thermodynamic property in single-phase flows. For
multiphase flows, the speed of sound will depend on the flow characteristics and
mathematically on the chosen model assumptions. In general, the speed of sound
is lower for a two-phase mixture than the speed of sound for either phase in isola-
tion. Each equilibrium condition enforced in the modeling assumptions reduces the
two-phase speed of sound [110]. When assuming full equilibrium between the two
phases, the speed of sound drops significantly and is discontinuous as a function
of vapor fraction. As discussed by Brennen [111], the calculation of the two-phase
speed of sound increases rapidly in complexity as more multiphase effects are in-
cluded. The choice of two-phase speed of sound for CO, two-phase ejectors is
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Figure 3.2: P-h plot of the saturation- and homogeneous nucleation lines based on the
framework by Wilhelmsen et al. [108] and Aursand et al. [109]. The phase envelope is
shown as blue and orange lines indicating the liquid and vapor sides, respectively. These
lines meet at the critical point. The red and green lines are the limits where homogeneous
nucleation will occur, of bubbles in the liquid phase (crossing the green line from the left)
or droplets in the vapor phase (crossing the red line from the right). The magenta lines
indicate isenthalpic expansion for three different initial state points with near-critical and
off-critical expansion. The grey lines are isotherms, as labeled at the top.

further discussed by Giacomelli et al. [112] and De Lorenzo [113]. In this work,
the speed of sound model is calculated from interpolation between points in the
equation of state.

3.1.3 Turbulence

An accurate description of the mixing phenomenon and the flow structure inside
the ejector is highly dependent on accurate modeling of the turbulent flow. Due to
the complexity and lack of insight into multiphase turbulence, accurate turbulence
modeling in CO2 two-phase ejectors is more complex than for single-phase ejectors.
Multiphase turbulence has therefore often been ignored in current COs ejector
models.

To model compressible multiphase turbulence, fluctuations in velocity, density, and
mass fraction, as well as interface effects must be considered. Different averaging
procedures are therefore considered to reduce the need for excessive sub-modeling.
A common approach is to use ensemble- and phase averaging. Model complexity
can then be reduced to modeling a few additional terms in the momentum and
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energy equations. Most prominent is the non-linear momentum fluctuation u;u;,
typically modeled by a Boussinesq approximation, Eqn. (3.6), where turbulent
fluctuations are treated as a diffusive turbulent viscosity.

0ui 8uj 2

U; = l/t(

Where, v’ is a turbulent fluctuation in the velocity field, and v; is the turbulent
viscosity. Commonly, a set of transport equations for turbulent kinetic energy, k,
Eqn. (3.7), and the turbulent energy dissipation € Eqn. (3.7), is solved to close the
relation for turbulent viscosity relation, according to vy = CV%.

ot (91'1 N ox 7

A(pme) N d(pmeu;) 0 [Mtaf

ot dr;  Oz; | C. Ox;

(pmk) X (pmkus) e OF + Grm — pme+ Yem (3.7)
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where the subscript, m, indicates mixture properties based on mass or volume-
weighted averaging. Gy, p, is the strain rate production of k, Gy, n, = p(Ouj/0x; +
Ou;/0x;)?. Interfacial turbulence interactions are included in the terms Yy, and
Yem, which are further sub-modeled [114]. Additional multiphase effects, such as
bubble-induced turbulence, dispersion forces, and the influence of other neglected
terms have so far not been discussed in any of the current CO4 ejector models.

Multiphase turbulence modeling is made challenging for ejectors due to the vari-
ation of operating conditions and geometry. As one ejector can have different
turbulent characteristics and length scales, flow regimes, and velocities, multiphase
turbulence models will have to make assumptions that may improve prediction ac-
curacy for only a subset of ejectors. In addition, these interactions will then depend
on the multiphase formulation used. Lastly, validating these models with local mea-
surements is highly challenging due to the difficulties in obtaining and analyzing
the data in terms of multiphase turbulence. For further details on multiphase tur-
bulence see the texts by Ishii and Hibiki [90], Coutier-Delogosha et al.[115], and
Morel [116].

3.1.3.1 Turbulence models

The commonly used CO3 ejector models consider pseudo-fluid turbulence, i.e. as-
suming that the turbulent structures behave similarly to single-phase turbulence.
Already, a large set of turbulence models have been studied for CO4 ejector mod-
eling, as shown in Table 3.2. The latest research articles recommend the use of the
k-w SST model due to its better predictions of local and global flow parameters for
single-phase flows [117, 118, 119]. A comparison of turbulence model performance

32



Chapter 3

for CO4 ejectors was conducted by Haida et al. [78]. In this work, the authors com-
pared four commonly used turbulence models, namely the k-¢ Realizable model, the
k-w SST model, the Transition SST model, and the Reynolds stress model. It was
found that the Transition SST model and the Reynold stress model were best at
predicting the local wall temperatures. Furthermore, the global entrainment ratio
was found to be best predicted by the k-e¢ Realizable and the Transition SST. The
authors noted a significant dependence on the near-wall turbulence formulations
for the Reynolds stress model and the k-¢ Realizable model. Recently, Bodys et al.
[120] investigated the effect of turbulence models on a CO; ejector performance.
They concluded that the most accurate formulations were the k-w standard and
the transition k-kl-w model.

The disagreements in the literature indicate that further research is needed into
appropriate turbulence models for two-phase ejector flow. Two-phase turbulence
effects have largely been neglected in current literature and will require detailed
investigations. Furthermore, it is highlighted that the interaction between the
specific two-phase and turbulence model is important. This implies that the most
accurate turbulence model may be different for different two-phase models.

Table 3.2: Presentation of the different turbulence models used for CO; ejector modeling
and the corresponding multiphase model.

Study Turbulence model Model

05] k—e HRM

[98] k —w SST Mixture

92]  k—e¢RNG HEM

[121] & —eRNG HEM

03]  k—w SST HEM

[122] Kk — € Realizable HEM

[17] & — e Realizable HEM & HRM
[123] Kk —e¢RNG HEM

[124] &k —w SST HRM

[125]  k — € Realizable HEM

[97] k —w SST Mixture & HEM
[78] Comparative (4 models) HRM

[94] Comparative (2 models) HEM

[120]  Comparative (5 models) HNB

3.1.3.2 Wall models

The near-wall flow structures occur on different length scales in a boundary layer.
By non-dimensionalizing the boundary layer velocity profile by the wall shear pa-
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rameters, Eqns. (3.9-3.11), the turbulent boundary layer can be characterized
according to the mechanisms that dominate at that length scale.

wy — \/? (3.9)

Ur
yt = yy (3.10)
=Y (3.11)

Close to the wall (y+<5) the viscous forces dominate, this region is referred to
as the viscous sublayer. In this region, the velocity increases linearly with wall
distance and the following relation holds:

Ut =y (3.12)

Further from the wall (5<y*<30), the flow structures transition into a turbulence-
dominated region referred to as the buffer region. Beyond this (y* > 30) turbu-
lence dominates the boundary layer. This region is referred to as the logarithmic
sublayer as the velocity varies logarithmically with wall distance according to the
relationship:

1
Ut = Eln(yﬂ + B, (3.13)

where x is the Karman constant, and B is a constant typically set to 5.2.

To solve the flow in this region, two approaches are commonly used; the Low
Reynolds Number (LRN) approach and the wall model approach [126, 99]. The
LRN method involves resolving the local structures to the wall. This necessitates
the use of high-resolution meshes that resolve the turbulent length scales down
to y* ~ 1. Alternatively, wall models such as Eqn. (3.13) can be used if the
mesh is resolved down to the logarithmic sublayer (y* ~ 30). In most commercial
software there are scalable wall functions available. These wall functions will use
the LRN and wall models were applicable based on the local y* value of the mesh.
These approaches are best applied to industrial cases or for CFD simulations where
detailed knowledge of the flow structure is not available prior to meshing.

The effect of two-phase flows and nucleation is not considered in any of the turbu-
lence models currently implemented, though several are available in the literature
[127, 128]. However, their associated effects can be significant. Further work is
then needed for further model improvements.
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3.2 CO; ejector models and model development

As a part of this work, several models were developed and tested. Some of these
models are also compared by Ringstad et al .[129]. Several of the models used
and developed in this work are based on previous work at international research
laboratories at the Silesian University of Technology - SUT and the Universita
Degli Studi di Firenze - UniFI.

3.2.1 Homogeneous Equilibrium Model

A homogeneous equilibrium model (HEM) based on the formulation by Smolka
et al. [92] was developed and tested in this work. The version used in this work
was developed with the guidance of the research group at SUT, adopting the same
mathematical structure and numerical implementation [92, 122, 79].

The HEM assumes that both phases are at full mechanical, thermal, and thermo-
dynamic equilibrium, hence the flow can be described using a single velocity-(),
temperature- (T), and pressure-field (P). The HEM is therefore classified as a
pseudo-fluid or single-fluid approach where a single set of transport equations are
solved for the mixture mass and momentum, respectively:

0
O V- (i) = 0, 14
om + V- (o) =0 (3.14)
g L,
—pnU+ V- (ptit)) = -V -P+V -7, (3.15)

ot

In this model, the mixture energy equation is reformulated to an equivalent en-
thalpy formulation:

0 ) . .
&pmhm + V- (pﬂhm) =V- (Eefthm) + Shl + Sh? + ShS (316)

Here, the subscript m indicates the pseudo-fluid mixture properties: p, u, p, h, ¢

refer to the density, velocity, pressure, enthalpy and heat flux, respectively. The

effective stress tensor 7;; o is the laminar (Newtonian) and turbulent stress tensors

combined, 7;jef = Tij + Tijturb. In this equation, Y.g is the effective diffusion
coefficient, defined as:

Kt A

Y = — + — 3.17

eff Pr + Cp, ( )

where p; is the turbulent viscosity, Pr is the Prandtl number, ¢, is the mixture

specific heat capacity, and A is the thermal conductivity. The source terms Sp1 23 in

Eqn. (3.16) describe the mechanical energy (Eqn. 3.18), the irreversible dissipation
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of the kinetic energy variations (Eqn. 3.19), and the dissipation of the turbulent
kinetic energy (Eqn. 3.20), respectively [92].

oP

Sp1 = u; oz, (3.18)
. _ 8u1 8Uj 2 8uk 2
Sha = (14 pr) 0z * ox; 3 7 0xy SPk (3:.19)
: ok
Shs = —pu; oz, (3.20)

The enthalpy and pressure can then be used to uniquely identify the thermodynamic
equilibrium state, from which the thermodynamic properties can be calculated.
Properties are typically divided into thermophysical (Eqn. 3.21) and transport
(Eqn. 3.22) properties.

al| = f(p,h), (3.21)

m = g(P,h), (3.22)

where p, a, 1, A, ¢p, s are the pseudo-fluid density, vapor volume fraction, kinematic
viscosity, thermal conductivity, heat capacity, and entropy, respectively.

The properties of liquid and gas are evaluated by the pressure and enthalpy, inter-
polated from a look-up table. The CoolPack library [130] for CO2 is based on the
Span-Wagner equation of state.

This CFD model was implemented into Fluent 2020 R1. The model was developed
using user-defined functions for energy equation source terms and thermophysical
properties, in addition to user-defined scalars for the mixture enthalpy.

3.2.2 User-Defined Real Gas - Mixture Model

The user-defined real-gas mixture model (UDRGMM) was developed in a previous
work by Giacomelli et al. [112].

The mixture model is based on the standard formulations of pseudo fluid mixture
models, with the mixture continuity and momentum equations as defined in Eqns.
(3.14 - 3.15) and the energy equation is formulated as:
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0 0

a (mem) + % [pmuijm + Uijm + Qmj - UmiTmij] =0, (3-23)
J

At equilibrium, the pressure and enthalpy define the vapor quality of the flow. How-

ever, at non-equilibrium, an additional transport equation for the vapor fraction

with a phase change model is needed, defined as:

Opa O _

— =1 .
5 + u; oz, , (3.24)

where I' is a phase source term modeling the phase change. The transport equation
for the volume fraction (Eqn. 3.24) is solved with the mass transfer terms for
evaporation and condensation explicitly included:

r=r,-r,, (3.25)

where I'. and I'. are the mass transfer sources due to evaporation and condensation,
respectively. Such an improved estimation of the phase composition allows for a
more accurate estimate of the mixture properties. The properties are calculated
based on mass-weighted averaging (Eqn. 3.26) for the thermodynamic variables,
e.g. enthalpy or total energy, or volume-weighted average (Eqn. 3.27) for the
variables mixture density, molecular viscosity, or thermal conductivity :

Em = Bi& + (1 = B1)év, (3.26)
VYm = arxi + (1 — o)X, (3.27)

where &, and i are generic properties, o and 3 are the volume and mass fractions
respectively. The subscripts [, v, and m correspond to the liquid, vapor, and mixture
properties, respectively.

Giacomelli [97] considered a mass transfer model based on the Clausius-Clapeyron
and Hertz-Knudsen equations, referred to as the Lee model [114]:

T — Tsat

Ie = Acaypy T (3.28)
T-T,

.= Acavvam’ (3.29)
sat

The main novelty in this approach is that the thermodynamic look-up tables are
included for all variables and their derivatives through the ANSYS Fluent user-
defined Real Gas Model. This allows more accurately calculated thermodynamic
properties at the cost of additional computation time.
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3.2.3 Two fluid model

Based on a combination of code from both the UDRGMM and the HEM ap-
proaches, a two-fluid model was implemented into the ANSYS Fluent Eulerian
model. In comparison to previous pseudo-fluid approaches, a two-fluid model
(TFM) allows for the full disequilibrium of velocity, temperature, and phase fraction
(thermodynamic state). The two-fluid model solves one set of transport equations
for each phase, ¢, with the surrounding phase, p. An equation for the mass (Eqn.
3.30), momentum (Eqn. 3.31), and energy (Eqn. 3.32) is solved for each of the
two phases, liquid, and gas. Thus, 6 transport equations are solved, not including
turbulence models. The pressure, P, is assumed to be equal for both phases.

Aagp 0
S+ 5 [agpggi] + Top = 0, (3.30)
j
9t (atgpquqi) + e [agpquqitiqj — Tqis] + Rpg,i
J
ap (3.31)
—Vpg,il'gp + — ;i — Fyi d; =0,
prq,t- qp q 8x] () 1SPETSEA,T
0 0
ot (agpghq) + D, [pquqsihg + Qqj — UqiTi]
J op (3.32)
+Qpg — Hepl'gp + aqT: =0,
The phase strain tensor is defined as:
Oug;  Oug;
Taij = Qqhq( &,Ejl + 6;7 ) (3.33)

The heat flux in each phase, ¢, and interfacial heat transfer @),,, need special
treatment as discussed below. Several phase interaction terms are included in this
model. Rp,; is the momentum interaction term. Phase change models for the
interfacial mass transfer I',, are discussed in Section 3.2.3.1. Phase change will
also introduce additional transfer of energy, H,,, and momentum, v,,, which are
the latent heat and drift velocity. Here, vy, is the velocity if phase ¢ for I'y, > 0,
and velocity of phase p for I'y, < 0. Similarly, Hy, is defined depending on the
direction of mass transfer:

h+L, ifT, >0

, (3.34)
hy+ L, if Ty <0

HW:AHw:—AHM:{
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where L is the latent heat.

In this work, the Span-Wagner EoS was used by a look-up table, generated based
on REFPROP software [112]. Different available phase interactions were not in-
cluded in this model setup for the sake of simplicity. However, further work should
investigate other interactions such as particle lift, wall lubrication, and virtual mass
forces.

For a successful implementation of this model into ANSYS Fluent, some simpli-
fying limitations of the software had to be overcome using user-defined functions
(UDFs). Firstly, Fluent only allows for relations for specific heat as a function of
temperature, ¢, = f(T'). Secondly, the interface enthalpy, H,p, must be defined as
a single constant, here referred to as hg. The latent heat of evaporation is lower for
higher pressures than for lower pressures, and as the pressure changes significantly
through the ejector, this difference must be taken into account.

The temperature field used by Fluent is normally calculated using specific heat as
a function only of temperature, c,(7"), which may lead to large errors for flashing
flow. To correct this, a separate temperature field, 7”7, is calculated using UDFs.
The temperature field is calculated using a REFPROP look-up table in the liquid
and gas regions up to the saturation point, such that 77 = f(P,h). Beyond the
saturation point, the non-equilibrium temperature is estimated by:

h—nh
Tsluperheated = Tsaturated + Cisat (335)
P

To address the second issue, an additional source term, S, is added to the enthalpy
equation:
Spq = [qu - qu](Hpq(P) — hr) (3.36)

such that the energy balance is compensated for the difference between the actual
and Fluents constant latent heat, hr. Due to the change in the temperature field,
the interfacial heat exchange models would not give physical results. Therefore, the
interfacial heat exchange is assumed to be zero, Q,; = 0. Thus, all heat transfer
is done by phase change. Furthermore, heat conduction is assumed negligible,
Qqk = /\% = 0. These limitations should be addressed in further work.

3.2.3.1 Phase change modeling

A simplifying reformulation of the Hertz-Knudsen equations is the Lee model, Eqns.
(3.28) and (3.29). Here, several parameters are reformulated into two mass-transfer
coefficients, A, and A.. This mass transfer model has been previously used for CO4
ejector modeling by Giacomelli et al. [97] [112]. Numerical investigations of the
CO2 ejector using the UDRGMM [97] found the evaporation and condensation
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constants that best fit experimental results were A, = 100000 and A, = 0.1.
3.2.3.2 Momentum interaction
The interaction between liquid and gas is treated according to Eqn. (3.37).

Ryp = —Rpq = FJZOm(qu — Upi) (3.37)

This is closed by a relation for Fy;°™, which takes the form:

mom __ pbfmom
R (3.38)

where the subscript b indicates the particulate matter. The particle relaxation
time is defined as 7, = fgiiq. The friction factor, f™°™ has a large set of available
sub-models. Several of these models are complex and require a more in-depth
knowledge of the flow regime. This information is not known in the case of the
COg ejector. Therefore the symmetric variation of the Schiller-Neumann relations
was used. This model assumes a dispersed flow of bubbles or droplets. This is valid
for the regions of the ejector where the flow is predominantly a low gas void fraction
bubbly flow or a high gas fraction droplet flow. Due to the high turbulence typical
in ejectors, this is often valid, however, is dependent on the ejector operation.
The most important region is here the pre-mixing and early mixing sections of the

ejector where significant velocity slip may occur.

The Schiller-Neumann model is formulated as follows:

CpRep
wom _ D2 3.39
/ % (3.39)
where Rep = pp|(upi — ugi)|dp/ g is the Reynolds number, and Cp is the friction

factor defined as:

14 0.15Re? 987 /R, if Rey, < 1000
D:{ + 0.15Re, ™ /Rey, - if Rey < (3.40)

0.044, if Rey, > 1000

3.2.3.3 Recent literature review

Available models for two-phase CO4 ejectors are reviewed in the previous sections
and assessed in Ringstad et al. [71]. Since the paper’s submission, additional
models have been developed and reported in the literature. A new set of models
are reported in this section to complement the review paper by Ringstad et al. [71].

A homogeneous nucleation boiling model (HNB), was developed by Bodys et al.
[131] to cover very low-pressure motive conditions (between 50 and 70 bar). This
mixture model treats non-equilibrium conditions similar to the model by Haida et
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al. [124]. The model accounts for non-equilibrium void fractions considering the
phase change process. The phase change process is governed by the phase change
model based on kinetic theory [131]:

o 1
A may 2
I'— — P — Pou). 41

_(2 — A) (27TCcTsat> ( t) (3 )

This model is calibrated extensively with experimental measurements through a
mapping procedure to produce accurate motive nozzle predictions. The results
were compared to 150 experimental data points with less than 8% motive mass
flow rate prediction error for 70% of the simulations. The suction mass flow rate
was poorly predicted by the model with a 20-80 % error in suction mass flow
rate. Therefore, there is still a need for further development of accurate and stable
modeling approaches for COy two-phase ejectors.

The effect of turbulence on motive nozzle cavitation as well as suction flow mixing
was further investigated by Bodys et al. [120]. Five turbulence models were com-
pared for their impact on suction flow rate and distribution of turbulent kinetic
energy. In addition, the impact of including a turbulence formulation in the phase
change model was investigated. They concluded that the most accurate formula-
tions for their impact on motive flow prediction were the two-equation models.

Sampredro et al. [132] presented a two-fluid model accounting for the interfa-
cial area density for CO2 two-phase ejectors. This allows the calculation of phase
change terms with high accuracy as long as appropriate sub-models for the area
density are applied. Here, a non-symmetric area density formulation was used to
account for the variation of area ratio with phase fraction. The Peng-Robinson
equations of state were used for liquid and gas properties. The results were com-
pared with the experimental measurements by Haida et al. [124]. The motive mass
flow rate prediction error was below 2%, however, the suction mass flow rate was
less accurately reproduced with errors ranging from 1-30%. Still, the accuracy of
this formulation is promising and indicates that the accuracy of non-equilibrium
property prediction (not accounted for by the authors) may be less important than
the model formulation.

3.2.4 Model comparison and discussion

The different models available have different benefits and limitations in terms of
accuracy and calculation stability. The HEM is among the most popular mod-
els in literature for simulating CO9 two-phase ejectors [71]. It is characterized by
its simplicity in development and implementation. The HEM also has compara-
tively better stability and convergence properties. These models are very accurate
in motive MFR prediction for super-critical motive conditions corresponding to a
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near-critical expansion, discussed in Section 3.1.2.1. To mitigate the larger motive
mass flow rate error for off-critical expansion paths, CFD model development were
focusing on the prediction of thermodynamic non-equilibrium conditions. These
increase the model complexity, however, can be tuned such that the mass-flow
rates are accurately predicted. Of these models, the UDRGMM has reported the
highest accuracy [71] in both suction and motive mass flow rate prediction. Still,
the model is very sensitive to mesh quality, and initial- and boundary conditions.
Furthermore, the model was found to have a too-slow iterative convergence rate
(up to weeks per simulation) for many practical applications [80] and is therefore
not used for ejector design analysis in this work. Alternative formulations of the
UDRGMM, the HRM, and the TFM have been developed. A challenge with the
development of new models is numerical stability. One of the more stable configu-
rations was the TFM presented by Ringstad et al. [80]. This TFM was found to
be more stable than the UDRGMM, however, would in some cases generate tran-
sient oscillations in pressure in the motive nozzle. These oscillations are believed to
be caused by the implementation of the non-equilibrium thermodynamics and the
numerical stiffness of the phase change model. Several limitations in the ANSYS
Fluent framework were overcome by the implementation of user-defined codes. In
conclusion, a large number of parameters and submodels in the TFM would re-
quire extensive tuning based on experimental data which is today not available.
Therefore, the research and further development of the TFM were discontinued
and left for further work. However, as demonstrated by Sampedro [132], a TFM
approach can accurately reproduce the ejector physics even with EoS formulations
not including non-equilibrium effects.

In total, the ejector design investigations done in this work are based on the HEM,
due to its stability, accuracy, and no necessity for parameter tuning. Furthermore,
the cases investigated in this work are covered in the region where the HEM accu-
racy is acceptable.
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3.3 Numerical considerations

3.3.1 Meshing

In this work, mesh generation was performed using the ANSYS ICEM software.
This software can produce high-quality structured meshes with a high level of
control over the mesh details. For stable and accurate simulation of CO4 ejectors,
high mesh quality is required due to the large gradients in flow variables and sharp
corners in the geometry. An appropriately structured mesh is more aligned with
the major flow direction. This can reduce numerical diffusivity improving accuracy
[133, 134], especially in high gradient zones typically occurring in ejectors. Similar
meshing strategies are used for both 2D and 3D meshes. The 3D meshing strategy
is described in this chapter, as it is not presented in detail in the published works.
The 2D meshing strategy is similarly defined, however, uses an axis-symmetric
mesh and therefore does not need the O-grid blocking structure. The meshing
steps are automated by the use of a Python algorithm that generates the ICEM
meshing instructions as .RPL files. These scripts are found open-access available
online, see Section 1.6. Meshing automation is further discussed in Section 5.3.3.

3.3.1.1 Meshing strategy

The full 3D mesh of the ejector geometry is generated using the ICEM block
meshing method. This method produces structured hexahedral meshes with low
skewness, which minimizes numerical viscosity. The blocking structure for three-
dimensional meshing of the ejector geometry is illustrated in Figure 3.3. The ejector
is blocked using four layers of O-grid blocks, describing corresponding from the in-
side to outside: 1) the inner motive nozzle flow chamber, 2) the outer motive nozzle
flow chamber, 3) the solid motive nozzle construction (neglected in the CFD anal-
ysis), and 4) the suction flow chamber. The blocking zones 2-4) are then radial
hexahedral meshes while the blocking zone 1) is a core of square hexahedral mesh,
illustrated in Figure 3.4.

The meshes are refined toward the ejector walls with a constant refinement ratio of
r=1.3. The x-direction cross-sectional mesh for different cross-sections is illustrated
in Figure 3.5. The wall mesh distance is defined such that the corresponding
turbulence wall models are resolved, i.e. y* ~ 1 — 30 for the £ — w SST and
yT ~ 30 — 300 for the k — € standard wall models [114]. ANSYS Fluent allows for
transitional turbulent wall models that mix the resolved and unresolved turbulence
wall models according to the local y™ resolution. This approach was applied for
the fully automated approaches where a lack of prior knowledge of velocities does
not allow for the LRN wall model approach to be employed.
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<L

Figure 3.3: The blocking structure implemented in ANSYS ICEM, illustrated with motive
nozzle construction (red) and flow chamber (green). Top: motive and suction nozzle inlets.
Middle: premixing chamber, mixing chamber, and bypass inlet. Bottom: diffuser. The
numbers correspond to the blocks: 1) inner motive nozzle, 2) outer motive nozzle, 3) solid
Eﬁftive nozzle construction, 4) suction chamber
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Figure 3.4: Cross section of mesh with O-grid blocking structure shown. Figure best viewed

in electronic PDF version.
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Figure 3.5: Different X-direction cross-sectional view of the 3D ejector mesh in the motive
nozzle, suction nozzle, and mixing chamber. Figure best viewed in electronic PDF version.
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L.

Figure 3.6: Z-direction cross-sectional view of the 3D ejector mesh layout. Figure best
viewed in electronic PDF version.

The mesh for the swirl inlet bypass is discussed by Ringstad et al. [18]. The
mesh of this domain is generated using an extruded block from the mixing section
according to the geometry parameters 60;, 0, and 6,, described in Ringstad et al.
[18]. Depending on the angle of the bypass inlet, the zone near the intersection
between the mixing and bypass chamber contains cells with high skewness. It is
critical to produce a high-quality mesh for this zone, especially as the inclination
angle, 6;, is increased. This has a significant impact on the modeling of turbulence
in this region, and poor mesh quality can produce instability. Therefore, a higher
yT-value ( 30) was used for stability considerations. For more details on the layout
of the bypass inlet geometry, the reader is referred to the article by Ringstad et al.
[18].

3.3.2 Boundary conditions

The boundary conditions used in this work are defined using the ANSYS Fluent
"Pressure-boundary” boundary conditions. The static pressure is supplied at inlets
and outlets. The enthalpy, void fraction (non-equilibrium models), and turbulent
quantities are defined as constant inlet Dirichlet boundary conditions. The turbu-
lence at the inlets is defined by the turbulent intensity and turbulent viscosity ratio.
The prediction impact of turbulent inlet boundary conditions is commonly found
to be negligible [120] due to the turbulence generated in the ejector typically being
more significant than that occurring at the inlet. The outlet boundary conditions
for void fraction and enthalpy are defined as zero-gradient Neumann conditions at
the ejector outlet. The outlet is extended at the end with a straight section to avoid
gradients in the outlet direction. The ejector walls are defined as adiabatic no-slip
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walls with a constant wall roughness height of H = 2um, commonly applied for
ejector simulations [135, 78]. The assumption on adiabatic walls was investigated
by Haida et al. [78] concluding that heat transfer through the converging-diverging
nozzle wall has some influence on ejector flow. However, due to additional modeling
complexity and limited influence this was neglected in this work.

3.3.3 Numerical solution schemes

The CFD model problem is solved using a steady-state pressure-based coupled al-
gorithm in ANSYS Fluent 2020R2. The transient solution is often neglected in
simulations for CO» ejectors. The assumption of steady-state CO5 ejector flow has
been considered in multiple studies [92, 112, 96, 135]. This assumption has still not
been fully investigated for CO4 ejectors and further work is needed. Still, due to the
very high velocities of ejector flow, the time step required for a reasonable temporal
resolution is often prohibitively low which limits calculation speed. Therefore, in
this work, the steady-state approach was considered. The numerical schemes used
were the second-order upwind scheme for the momentum, density, enthalpy (UDS),
and turbulence transport equations. Second-order schemes were chosen to reduce
the influence of numerical viscosity, while higher-order discretizations were disre-
garded due to numerical stability concerns near the swirl bypass inlet. Higher order
accuracy will improve gradient estimation, which has an impact on shock resolution.
The pressure was calculated using the PRESTO scheme, and gradients were evalu-
ated with the Green Gauss node-based or the Least-squares gradient discretization
scheme. These gradient schemes are considered to be higher-order accuracy than
the cell-based approach for regions of high mesh non-orthogonality [114]. This is
primarily a concern in the vicinity of the swirl-bypass inlet in the swirl-bypass ejec-
tor design (Ringstad et al. [18]), as the baseline mesh has otherwise high orthogonal
quality. The discretization schemes are summarized in Table 3.3.

Table 3.3: Discretization schemes used in the CFD models.

Discretization Scheme
Pressure PRESTO!
Pressure-velocity coupling Coupled
Gradient Green Gauss node-based

/ Least squares

Momentum Second order upwind
Density
Enthalpy ——
Turbulent kinetic energy

Turbulent energy dissipation
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3.3.4 Thermodynamic look-up tables

The Span-Wagner EoS [101] is based on the Helmholtz equation for the determina-
tion of CO4 properties. This EoS is widely considered for its high accuracy [102],
however, it is highly CPU intensive. Thus, the published works have used look-up
tables for more efficient simulations [103, 94, 92, 97].

In this work, a look-up table approach is used to reduce the computation time of the
CFD calculations. The look-up tables were pre-generated using the CoolProp [130]
software implemented in the Python programming language. The number of points
in the thermodynamic look-up table has a significant impact on computation time
and accuracy. To understand the impact of the look-up table density a comparative
study is presented here. A thermodynamic look-up table for mixture density is
generated with the number of tabulated points for enthalpy N, and pressure Np
varied between 20 to 200. The error is calculated based on a comparison between
the interpolated values and the real function values calculated with 5 times the
density of the interpolation table. The results are shown in Table 3.4 and visualized
for the different look-up table densities in a P-h diagram in Figures 3.7(a)-3.8(d).

Table 3.4: Comparison of the accuracy of different look-up table densities.

Ny x Np Max error (%) Mean error (%)

20x20 224.8 2.319
50x50 84.4 0.524
100100 47.8 0.147
200x200 29.9 0.039

From Table 3.4, the accuracy of the lookup table procedure depends on the res-
olution of the look-up table. While the best accuracy is found for the 200x200
table, acceptable mean errors (below 1%) are observed for all tables with 50 or
more entries in each variable. The errors are visualized in a P-h diagram in Figures
3.7(b), 3.7(d), 3.8(b), and 3.8(d). For the 100x100 table, errors above 1% only
occur for pressures below 40 bar and at low specific enthalpy (150-200 [kJ/kg]) or
very close to the phase envelope. The accuracy of the thermodynamic tables in
this low-pressure region is neglected in this study as the operation of ejectors at
these operating conditions is uncommon and the HEM model has been shown to
have poor predictive power in this range. In total, the look-up table with density
100x 100 is selected for the current work, for computational costs considerations.
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Figure 3.7: Density interpolated heat map in a P-h diagram (left - a) and ¢) ) and absolute
percentage error in property interpolation heat map plotted in the same P-h diagram
(right - b) and d)). Number of points in the tables: top - N = 20, Np = 20, bottom
- N, = 50, Np = 50. The red/light blue box indicates the intended zone of operating
conditions where the assumptions of the HEM are valid.
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Figure 3.8: Density interpolated heat map in a P-h diagram (left) and absolute percentage
error in property interpolation heat map plotted in the same P-h diagram (right). Number
of points in the tables: top - Nj, = 100, Np = 100, bottom - Nj, = 200, Np = 200. The
red box indicates the intended zone of operating conditions where the assumptions of the
HEM are valid.
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3.4 Model validation

In this section, the validation of the HEM CFD model is presented. It is based
on acquired background from previously published experimental and numerical
studies [92, 93, 17, 135, 124, 94, 136, 137, 138]. Additionally, the model results
are compared to the experimental results obtained by the author. In general, the
motive flow rate prediction error for near-critical operating conditions is typically
around 6%, however, it increases quickly to more than 30% as the motive pressure
is reduced. The suction mass flow rate is much more difficult to predict due to the
complex physics involved. Typically, the errors for suction range from 20-100%,
depending on operating conditions. For a complete overview, the reader is referred
to Ringstad et al. [71].

3.4.1 Experimental validation of the CFD model

In this work, an experimental test campaign was conducted to investigate the
performance of a novel ejector design and validation of the different modeling ap-
proaches. The experimental work is presented in more detail in Chapter 4. Both the
experimental work and model validation are described in more detail in Ringstad
et al. [18].

Four data points will be used for validation of the CFD model corresponding to
different motive conditions at 90 bar, 80 bar, 75 bar, and 83 bar and pressure lifts
of 2.1 bar, 3.6 bar, 1.5 bar, and 2.5 bar, respectively. These cases will be referred
to as cases I-IV, corresponding to the experimental data points 49, 59, 62, and 79
in Tables 4.2-4.4, respectively. The ejector geometry is presented in Table 3.5.

Table 3.5: Main dimensions of the ejector geometry with dimensions as defined in [80].

Parameter Diyroat Lyen L ix D yix Dy Odit  Om-conv  Osuction

Value 0.85mm 3mm 34 mm 3. 1mm 10mm 5° 30° 38°

Experimental data and the difference between numerical and experimental results
are shown in Table 3.6. The experimental measurements were calculated from a
time series close to a steady state. The standard deviation over the measurement
period is also shown in Table 3.6.

It can be seen in Table 3.6 that good agreement between experimental measure-
ments and CFD results is found for the motive MFR for the high motive pressure
operating conditions. Errors less than 6% in predicted MFR for cases I, II, and IV
were observed. The motive MFR is increasingly underpredicted as the pressure and
temperature are reduced by the model and for case III is underpredicted by 12%.
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Table 3.6: Comparison of experimental and CFD results at different operating conditions.
0 = MFRcrp - MFREyp. The MFR measurements are shown with the standard deviation
over the experimental measurement period. Subscript exp refers to an experimentally
obtained value.

Pm T Py T P, MFRm,exp 6m MFRs,exp 58
[bar] [°C] [bar] [°C] [bar]  [g/s]  [g/s] [g/s] [g/s]

I 90.3 29.2 342 79 363 339+02 -09 44.0+£05 +1.2
IIr 799 293 319 146 356 260+£05 -1.5 6.74+£0.05 +42.15
Imr 746 243 343 86 357 293+£12 -36 366=+19 +5.0
IV. 828 345 343 91 370 216402 -11 263+£07 +134

This is in agreement with previous findings with the HEM and is in the literature
attributed to non-equilibrium phase change [135].

The suction MFR is over-predicted by 3%, 31%, 14%, and 50.7% for cases I, 11, III,
and IV respectively. The prediction accuracy is thought to be more accurate for the
high motive pressure (I, II) cases than the low motive pressure case (IV) due to the
accuracy in the local flow pattern when operating closer to the validity range of the
HEM model [139]. Accurate prediction of the suction flow is a common challenge
in modeling CO4 ejectors, and errors up to 100% are not uncommon which is often
attributed to inaccurate turbulence modeling [71].

3.4.2 Mesh independence

Ensuring mesh independence is an important part to achieve accurate CFD results.
Commonly, CFD simulations for CO2 ejectors were found in the literature to be
conducted using a 2D mesh. Depending on the requirements of the model accuracy,
mesh independence was reported for coarse mesh resolutions, e.g. 140k cells for 3D
and 9k for 2D reported by Palacz et al. [17]. Bodys et al. [131] claim mesh
independence is reached at 40k cells for 2D simulations. Though these ejectors
did not have the same ejector dimensions, this discrepancy highlights the large
variations in flow conditions found in ejectors.

Various authors have concluded that mesh independence is achieved using signif-
icantly different mesh resolutions. These differences can originate from different
dominant ejector physics (e.g. differences in shock patterns) or differences in mod-
eling approach (e.g. turbulence- and wall models). These deviations may also
originate from the mesh independence study refining to a mesh size where further
refinement would start resolving additional or different physics. An example of the
latter is mesh refinement resolving unsteady turbulent structures at a small enough
scale.
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Two mesh independence studies have been conducted in this work for the HEM
model. These are reported in this section and presented in detail in the works by
Ringstad et al. [18, 80].

3.4.2.1 2D mesh independence

A mesh independence study with a 2D ejector geometry was conducted to ensure
optimal mesh refinement and independent results. The main ejector geometry
parameters are presented in Table 3.7. This ejector geometry is intended as an
open-access geometry for simulations as sharing of this geometry is not limited by
proprietary restrictions (which is often the case).

Table 3.7: All main ejector dimensions of the new proposed open design.

Parameter Value
Motive Inlet diameter (Dp-in) 10.0 [mm]
Motive Throat diameter (Dinroat) 1.41 [mm)]
Motive Outlet diameter (Dpout) — 1.52 [mm)]
Nozzle tip thickness (Lyip) 1.2 [mm]
Pre-mixer length (Lycp) 4.2 [mm)]
Mixer length (Lmix) 26.0 [mm)]
Mixer diameter (Dmix) 4.0 [mm]
Diffuser diameter (Dgif) 12.0 [mm]
Diffuser angle (64) 6 ]
Motive converging angle (6, ¢) 35 [
Motive diverging angle (6y,_q) 3 o]
Suction angle (6s) 42 [l

This mesh independence study was intended to find the mesh characteristics that
capture the main ejector physics. The intention was to use this mesh for geometry
optimization, which depends on a low mesh cell count for low computational costs.
Mesh counts as low as 9k cells have been used for previous optimization studies
[135] with a close-to-equivalent model setup. In this work, the ejector simulations
were performed with five different mesh densities, A, B, C, D, and E that consisted
of 2.2k, 8k, 26k, 60k, and 100k cells, respectively. The refinement was applied
uniformly for all cells, halving/doubling the mesh size in each dimension. Better
mesh refinement could be achieved by using adaptive mesh refinement methods,
as long as appropriate refinement criteria are used. The boundary conditions of
the ejector were: P,,=85 [bar|, P;=33 [bar], P,=38 [bar], h,,=290 [kj/kg], hs=432
[kJ/kg]. This corresponds to a reasonable operating condition for the CO2 ejectors
using the HEM. The required mesh refinement could be different for other oper-
ating conditions, especially as the type of shock structure changes with pressure.
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More detailed mesh independence analysis would be beneficial when simulating
ejectors under highly varied operating conditions. The calculated mass flow rates
are presented in Table 3.8.

Table 3.8: Mesh independence study with different mesh sizes in 2D.

Mesh  Cells OP1 [kg/s]
MFR,, MFR;

2.2k 0.0824 0.0538
8.0k 0.0812 0.0615
26k  0.0799 0.0613
62k  0.0795 0.0662
100k  0.0791  0.0609

o QW=

The motive mass flow rate tends to reduce with mesh refinement, however, the
differences in predicted flow rate were less than 5%. The suction mass flow rate
error had more variance and, in general, the suction flow rate was decreased as
the mesh was more refined. It was found that the prediction of the suction mass
flow rate was less accurate when applying mesh A when compared to the most
refined case (11% difference to mesh E). While for mesh B and C, the difference
in predicted flow rate is less than 1% away from the results with the most refined
mesh. Mesh C was chosen as a compromise between computational cost and similar
results to the more refined simulations.

3.4.2.2 3D mesh independence

A mesh study was conducted by Ringstad et al. [18] to assure that the 3D physics
effects are well represented in the model. More details are given in the publication.
The mesh independence study was conducted at operating conditions corresponding
to the four validation points, I, II, III, and IV discussed in Section 3.4.1, and the
ejector geometry was previously presented in Table 3.5. The meshes A, B, and C
were generated with 700k, 1000K, and 2000K cells, respectively. Two additional
meshes D and E were generated with higher resolution in the premixing chamber
and along the ejector walls, respectively.

The motive and suction MFR predicted at different resolutions of mesh quality for
the different cases are shown in Table 3.9. The findings of this study were that the
motive mass flow rate was close to independent of mesh resolution, varying with
less than 1% between the coarsest and finest meshes, which is in agreement with
previous results in the literature [71]. The suction mass flow rate prediction varied
for the different meshes and the different cases. For cases I, III, and IV the suction
flow rate prediction varies less than 5% between the coarsest and finest meshes.
For mesh E (2500k) the accuracy of the suction MFR is for cases I, II, and IV
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close to the experimentally obtained data points. This study would be improved
by verifying mesh independence with an even more refined mesh.

Table 3.9: Mesh independence study with different mesh sizes in 3D.

Mesh Case Cells MFR,, [kg/s] MFR; [kg/s]

A I 700k 0.0333 0.0473
B I 1000k 0.0331 0.0468
D I 1400k 0.0330 0.0448
E I 2500k 0.0330 0.0452
A II 700k 0.0245 0.0105
B II 1000k 0.0245 0.0101
E IT 2500k 0.0245 0.0089
A II1 700k 0.0257 0.0417
B IIT 1000k 0.0257 0.0417
C IIT 2000k 0.0257 0.0416
D IV 1400k 0.0205 0.0396
E IV 2500k 0.0206 0.0397

The numerical results obtained with meshes A, B, C, and E were compared for the
resolution of the motive flow shock train. The pressure distribution along the center
ejector axis for case I is shown in Figure 3.9. It was found that the shock strength is
underpredicted by the coarser meshes (mesh A and B) in comparison to the finest
mesh (mesh E). Figure 3.10 shows the Mach number distribution in the ejector for
case IV for mesh D and E. The Mach number lines for Mach 1 are illustrated with
a red contour line. It can be clearly seen from the figure that mesh refinement to
2500k cells improved the detailed resolution of the shock train. The results with
mesh E shows that the high-velocity core is extended by refining the mesh. This
is attributed to the reduction of numerical viscosity from mesh refinement. Based
on this study it was decided for this thesis to use Mesh E including 2500k cells for
3D simulations.
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4 Experimental work

"Always be wary of any helpful item
that weighs less than its operating
manual.”

— T. Pratchett

This chapter will summarize the experimental activities conducted to produce val-
idation data for the ejector simulations.

4.1 Description of system

An experimental test campaign was set up at the NTNU/SINTEF energy research
laboratory in Trondheim-Norway. The experimental rig is a COy system with one
base-load compressor and two parallel compressors, two COq gas coolers for heat
rejection to a glycol and a water loop, two evaporators, and an expansion device
test section where a novel ejector was installed. The detailed system description
can be found in the work by Banasiak et al. [140]. The system was equipped with
pressure-, temperature, and mass flow sensors shown in Table 4.1.

Based on the measurement devices’ accuracy and the deviation from steady state
during the measurement periods the mean value of the measurement uncertainty
was £0.42[°C] for temperature measurements, £6.5E-4 [kg s-1] for mass flow mea-
surements, +0.06 [bar| in the differential pressure measurements, and +0.6 [bar]
in the motive pressure measurements. The effect of motive pressure and tem-
perature uncertainty on motive mass entrainment was calculated using the es-
timated steepest gradient in the data set. The uncertainties calculated were:
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Figure 4.1: Simplified illustration of the system layout with new ejector and sensors in-
stalled.

APm%mTT’: ~ 4.3F — 4]kg/s] and ATm%mT:; ~ 5.3F — 4]kg/s]. This indicates that
uncertainty in pressure and temperature sensors have an effect on the uncertainty
of mass flow rates, but that is less than 2% uncertainty for the collected data points.
The uncertainty in suction mass flow measurement due to uncertainties in the dif-
ferential pressure measurements is estimated to be ADP ggl]g ~ 2.8E — 4lkg/s].
For measurements with higher pressure lift and the lowest suction mass flow rate,
this uncertainty can be close to 10%.

The deviation from steady state for each data point can be found in the repository:
https://github.com/knutringstad/Swirl_bypass_ejector. As all model validation
results are directly compared against the measured data (mass flow rates, pressure,
and temperature), error propagation in calculation steps is not considered.

The system was installed with a CO4y two-phase ejector not previously tested de-
signed for low pressure-lift and high entrainment ratio intended for heat pump
conditions. The main ejector dimensions are listed in Table 3.5. The ejector was
produced in stainless steel with provided wall roughness class Ra0.8 (roughness
average 0.8 micrometers). To evaluate ejector performance, additional pressure,
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Table 4.1: Characteristics of the measuring devices

Parameter Device Accuracy
P Cerabar PMP71 +0.25% of span
AP Deltabar PMD75 +0.25% of span
T PT 1000 +0.15°
MFR Rheonik RHM 08 +0.1% of reading

Coriolis meter

temperature, and mass-flow rate sensors have been installed as shown in Figure
4.1.

4.2 Test campaign

The tested operating conditions in the rig were the motive conditions from T,, =
12°C (minimum in system) to 7,, = = 35 °C, and motive pressures between P, =
65 and 95 bar (maximum safety pressure). The outlet (liquid receiver) pressure was
maintained at P, = 34.6 bar. The conditions on the ejector suction side (suction
accumulator) were approximately in the pressure range P= 33-34 bar. The pressure
at the suction side was adjusted by manually closing the valve at the suction inlet.
Three to four data points were collected at each motive pressure and temperature by
varying suction pressure, thereby changing the pressure lift. A maximum pressure
lift, with a fully closed valve, was also found for each condition. The data were
collected over a span of 6 to 12 minutes. The data points were averaged over
the period under steady state operation. The data was post-processed using a
Python script, and the statistically averaged values and the corresponding standard
deviation were calculated for each data point. All 130 data points are shown in
a temperature-pressure diagram in Figures 4.2(a) and 4.2(b). All experimental
results are shown in Tables 4.2-4.4.

4.3 Results

The ejector entrainment ratio at different pressure lifts and motive pressures is
shown in Figure 4.3(a). Based on this figure, it can be seen that the maximum
pressure lift was larger for higher motive pressures. This is more clearly visualized
in Figure 4.3(c) where the data for a constant motive temperature are shown. In-
creasing motive pressure at a constant motive temperature increased the maximum
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achievable pressure lift. For a motive pressure of 65 bar, the maximum pressure lift
was 3 bar, however by increasing the motive pressure to 95 bar the ejector could
pump the secondary flow at pressure lifts above 5 bar, illustrated by red lines in
the figure. The effect of increasing motive pressure at low pressure-lifts was less
relevant, and a nearly equivalent entrainment ratio was reached at 1 bar pressure
lift for motive pressures above 80 bar. An approximately linear drop in entrainment
ratio with the pressure lift was observed. The linear decrease was more rapid for
lower motive than for higher motive pressures.

It noted that the pressure lift is a function of both suction pressure and outlet
pressure. Therefore, different results could be expected by varying the outlet pres-
sure at constant suction pressure. This could be due to the influence of the motive
flow expansion, depending on the outlet pressure. Thus, the ongoing discussion is
primarily valid for a constant outlet pressure condition, which is common for some
ejector-based systems, such as for modern super-market applications.

The ejector entrainment ratio at different pressure lifts and motive temperatures
is shown in Figure 4.3(b). Based on this figure it can be noted that the maximum
entrainment ratio was primarily governed by the motive temperature. This can
be more clearly observed in Figure 4.3(d) where the data for a constant motive
temperature is shown. By increasing the temperature at a constant pressure the
maximum achievable entrainment ratio for a given pressure difference increased.
At a 2 bar pressure lift, the entrainment ratio can be increased by approximately
40% by increasing the motive temperature from 12 to 32 °C. This is illustrated
with a vertical line in Figure 4.3(d). The difference was more significant for low
pressure-lifts than for high pressure-lifts and converges to the same point as the
pressure lift is increased to the maximum achievable pressure lift.

Using Eqn. 2.4 the ejector efficiency was calculated at all data points. The efficiency
at different pressure lifts at varied motive pressures is shown in Figure 4.4.

The ejector can achieve an efficiency > 30% for all motive pressures if operated
at the pressure lift with the best performance. For low motive pressure operation,
the optimum operation is for low pressure lifts around 1 bar. As motive pressure
is increased the optimum efficiency is moved to higher pressure lift conditions. For
motive pressures up to 80 bar, the highest efficiency is found with a pressure lift
between 1 and 2 bar. For motive pressures between 80-90 bar, the best efficiency
is reached near a 2 bar pressure lift. Above 90 bar motive pressure, the highest
efficiency is recorded at a pressure lift of 2.5-3 bar.

The motive mass flow rate is solely dependent on the upstream motive conditions
(pressure and temperature). The motive mass flow rate for different operating
conditions is shown in Figure 4.5(a). From this figure, a close to linear trend of the
motive mass flow rate with motive pressure can be observed. Similarly, the motive
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mass flow rate is reduced as the motive temperature is decreased.

The suction mass flow rate was primarily dependent on both the motive flow and
the pressure lift. The suction mass flow rate was plotted against differential pressure
(pressure lift) and motive pressure. A close to linear decrease in suction mass flow
was observed when increasing differential pressure at constant motive pressure,
shown in Figure 4.5(b). When increasing the motive pressure, the suction mass
flow and maximum pressure lift increased, shifting the suction mass flow data to
higher differential pressures.
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Table 4.2: Experimental test results, Part 1.

@mq@m»&ww»—x#

P [bar]

79.7
79.8
80.4
85.0
84.9
85.2
89.9
90.2
90.0
94.9
95.2
95.1
65.0
69.7
74.9
65.2
70.1
74.8
64.9
70.1
75.1
65.0
69.6
74.5
64.7
70.3
74.9
64.9
69.7
75.4
70.3
4.7
80.0
85.0
90.0
94.9
69.9
75.3
80.0
85.1
89.8
94.9
70.0
75.1
79.9
84.9
89.8
95.1

Tm[°C]

24.7
24.1
23.1
24.2
24.4
23.7
23.8
23.9
23.4
244
23.5
241
12.0
11.5
11.9
11.9
11.7
11.9
11.9
11.9
11.9
14.5
15.4
13.5
14.6
14.8
14.4
15.3
14.8
14.6
19.1
20.3
20.0
19.3
19.2
19.5
19.3
19.0
19.2
18.8
19.3
19.7
18.6
18.4
18.8
19.2
19.4
19.1

P, [bar]

34.5
34.5
31.5
34.5
33.7
30.8
34.3
33.6
30.6
34.4
32.7
30.2
34.4
34.4
34.4
33.6
32.8
33.0
33.0
32.2
314
34.2
34.5
34.5
33.5
33.5
33.0
32.9
32.9
31.6
33.9
34.0
34.5
34.4
34.1
33.9
33.5
32.9
33.8
33.1
33.5
32.9
32.7
31.8
31.6
30.5
30.6
29.5

T,[°C]

14.6
9.6
9.8
13.2
11.6
9.6
10.1
9.2
8.1
9.6
8.3
7.5
12.1
11.0
9.4
13.2
9.6
8.3
16.0
9.4
8.3
13.7
11.1
10.9
13.7
11.9
9.7
14.2
14.1
9.7
10.3
12.5
10.1
9.4
7.5
7.4
11.3
11.2
9.9
8.0
6.7
7.6
16.0
11.1
11.4
6.9
8.5
6.7

AP [bar]
1.5
1.9
3.9
1.6
2.0
4.3
1.7
2.0
4.6
1.8
2.8
5.2
1.2
1.0
1.0
1.9
24
2.1
2.5
3.0
3.7
1.3
1.1
1.1
2.0
2.1
2.1
2.6
2.8
3.5
1.6
1.2
1.2
1.2
1.3
1.5
2.0
2.3
1.9
2.2
2.0
2.4
2.8
3.5
3.9
4.4
4.8
5.4

Po[bar]

36.0
36.4
35.5
36.2
35.7
35.1
36.0
35.6
35.2
36.2
35.4
35.4
35.5
35.4
35.4
35.5
35.2
35.1
35.4
35.2
35.0
35.5
35.6
35.5
35.5
35.5
35.1
35.5
35.7
35.1
35.5
35.2
35.8
35.6
35.5
35.4
35.5
35.2
35.7
35.3
35.4
35.3
35.5
35.3
35.5
34.8
35.4
34.9

MFR.,[kg/s]
0.0322
0.0331
0.0346
0.0361
0.0357
0.0368
0.0390
0.0391
0.0395
0.0409
0.0418
0.0414
0.0315
0.0342
0.0367
0.0319
0.0348
0.0370
0.0321
0.0352
0.0379
0.0311
0.0331
0.0361
0.0312
0.0340
0.0365
0.0315
0.0339
0.0373
0.0324
0.0340
0.0369
0.0394
0.0415
0.0434
0.0320
0.0354
0.0373
0.0398
0.0415
0.0435
0.0328
0.0360
0.0380
0.0404
0.0423
0.0447

MFR;[kg/s]
0.0414
0.0337
0.0062
0.0431
0.0371
0.0073
0.0450
0.0410
0.0086
0.0476
0.0345
0.0070
0.0258
0.0327
0.0374
0.0142
0.0145
0.0220
0.0079
0.0073
0.0058
0.0237
0.0320
0.0370
0.0124
0.0180
0.0228
0.0062
0.0083
0.0073
0.0264
0.0380
0.0426
0.0430
0.0442
0.0452
0.0193
0.0205
0.0305
0.0296
0.0364
0.0351
0.0086
0.0067
0.0071
0.0071
0.0072
0.0060
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Table 4.3: Experimental test results, Part 2.

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

P [bar]
90.3
95.1
90.2
95.0
90.3
95.4
79.7
84.7
80.0
84.8
79.9
85.1
71.2
74.6
69.9
75.3
69.7
4.7
72.8
73.2
72.9
80.0
79.9
80.2
80.0
85.1
84.9
85.0
79.9
84.8
82.8
83.1
82.8
86.3
85.7
85.9
64.9
65.2
65.2
94.9
95.0
90.7
85.5
80.1
94.9
95.0
94.8
94.9
89.9

Tw[*C]
29.2
28.3
29.0
28.1
29.2
27.5
28.6
30.1
29.5
28.8
29.3
28.2
244
24.3
24.6
23.7
23.4
244
15.2
14.7
14.8
14.8
14.1
14.1
13.9
14.6
15.1
14.2
23.7
23.9
34.5
34.6
34.6
34.3
34.7
33.8
19.8
19.5
19.3
19.6
19.0
18.8
19.1
18.1
13.0
12.9
12.6
12.4
12.6

P [bar]

34.2
33.8
324
32.5
30.8
30.3
34.4
34.5
34.8
324
31.9
30.8
34.2
34.3
33.4
33.5
32.1
32.2
34.1
33.3
314
34.3
33.0
31.2
324
34.3
33.4
30.4
32.5
32.2
34.3
324
31.7
34.4
33.4
31.3
33.9
33.5
32.6
32.2
30.9
32.1
32.1
32.2
34.2
33.0
31.9
29.4
34.2

Ts[°C]
7.9
6.9
7.0
6.6
7.0
6.4
8.0
8.0
8.7
7.9
14.6
7.0
8.8
8.6
9.3
8.4
9.9
13.2
11.8
11.1
10.7
9.2
8.3
8.6
8.2
10.6
9.7
8.2
8.0
74
9.1
8.5
9.6
9.1
8.2
7.9
11.7
11.9
12.9
6.8
6.2
6.8
7.1
7.3
8.1
7.2
6.3
5.4
8.9

AP [bar]
2.0
2.0
3.2
3.1
4.6
5.0
1.9
2.1
2.1
3.1
3.7
4.1
1.4
1.5
2.2
2.1
2.9
3.3
1.3
2.0
3.5
1.1
2.2
4.1
2.9
1.2
1.9
4.6
2.8
3.1
2.7
3.5
3.9
2.3
3.0
4.1
1.6
2.0
2.7
3.2
4.3
3.5
3.2
3.1
1.4
2.2
3.3
5.4
1.2

P,[bar]

36.3
35.8
35.6
35.6
35.5
35.3
36.3
36.6
36.9
35.5
35.6
34.9
35.7
35.7
35.6
35.6
35.0
35.4
35.4
35.3
34.9
35.4
35.2
35.3
35.3
35.5
35.3
34.9
35.4
35.3
37.0
35.9
35.6
36.7
36.4
35.3
35.5
35.5
35.3
35.4
35.2
35.5
35.3
35.2
35.6
35.2
35.1
34.7
35.4

MFR.,.[kg/s]
0.0339
0.0377
0.0340
0.0378
0.0338
0.0384
0.0270
0.0290
0.0259
0.0306
0.0260
0.0315
0.0262
0.0293
0.0247
0.0305
0.0266
0.0291
0.0350
0.0355
0.0363
0.0384
0.0388
0.0397
0.0391
0.0407
0.0406
0.0420
0.0335
0.0364
0.0216
0.0217
0.0217
0.0244
0.0235
0.0248
0.0281
0.0286
0.0291
0.0438
0.0443
0.0424
0.0402
0.0382
0.0450
0.0454
0.0457
0.0466
0.0432

MFR;[kg/s]

0.0440
0.0476
0.0249
0.0310
0.0063
0.0078
0.0343
0.0370
0.0308
0.0198
0.0067
0.0076
0.0336
0.0366
0.0161
0.0257
0.0068
0.0070
0.0310
0.0223
0.0055
0.0414
0.0260
0.0061
0.0173
0.0440
0.0338
0.0061
0.0184
0.0195
0.0263
0.0122
0.0053
0.0332
0.0225
0.0077
0.0193
0.0128
0.0049
0.0257
0.0146
0.0199
0.0186
0.0147
0.0480
0.0374
0.0255
0.0073
0.0466
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Table 4.4: Experimental test results, Part 3.

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

P [bar]
89.9
90.1
89.9
85.0
84.9
84.8
84.9
80.0
80.0
80.0
80.0
89.9
89.9
90.1
89.9
94.9
95.0
94.8
94.9
89.9
90.2
90.2
89.8
94.6
94.8
95.3
95.1
90.5
90.4
90.0
95.0
94.9
94.8

Tw[*C]
12.7
12.6
12.6
12.0
12.2
12.5
12.5
12.9
12.5
12.4
11.9
12.6
12.7
12.6
12.6
13.0
12.9
12.6
12.4
14.5
14.9
14.8
14.6
14.9
14.6
14.4
14.4
33.8
33.6
33.7
33.8
34.7
33.2

P [bar]
33.1
32.1
30.5
34.3
33.0
31.9
30.5
34.1
33.4
32.2
31.0
34.2
33.1
32.1
30.5
34.2
33.0
31.9
29.4
34.0
33.1
32.1
30.1
34.1
32.7
31.7
29.8
34.4
32.5
30.9
34.1
33.1
30.8

Ts[°C]
8.3
7.1
6.6
10.2
9.0
8.2
8.1
11.7
11.0
10.1
9.7
8.9
8.3
7.1
6.6
8.1
7.2
6.3
5.4
13.1
11.9
10.6
9.3
11.2
9.5
8.2
7.1
9.7
7.7
6.9
9.4
8.9
7.6

AP [bar]
2.1
3.1
4.6
1.1
2.1
3.3
4.6
1.5
2.0
3.2
4.1
1.2
2.1
3.1
4.6
14
2.2
3.3
5.4
1.4
2.2
3.2
5.0
1.4
2.6
3.6
5.1
2.6
3.3
4.4
2.7
3.6
4.5

P, [bar]

35.2
35.2
35.1
35.5
35.1
35.1
35.0
35.6
35.4
35.3
35.1
35.4
35.2
35.2
35.1
35.6
35.2
35.1
34.7
35.4
35.3
35.3
35.0
35.6
35.2
35.2
35.0
37.0
35.8
35.3
36.8
36.7
35.3

MFR,, [kg/s]
0.0434
0.0437
0.0442
0.0412
0.0415
0.0417
0.0423
0.0389
0.0392
0.0396
0.0402
0.0432
0.0434
0.0437
0.0442
0.0450
0.0454
0.0457
0.0466
0.0426
0.0428
0.0431
0.0438
0.0444
0.0448
0.0453
0.0459
0.0286
0.0286
0.0282
0.0318
0.0306
0.0321

MFR; [kg/s]
0.0355
0.0242
0.0097
0.0441
0.0311
0.0175
0.0065
0.0347
0.0282
0.0149
0.0063
0.0466
0.0355
0.0242
0.0097
0.0480
0.0374
0.0255
0.0073
0.0431
0.0338
0.0219
0.0064
0.0469
0.0333
0.0227
0.0088
0.0344
0.0229
0.0081
0.0378
0.0243
0.0118
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5 Ejector design methodology

“Real stupidity beats artificial
intelligence every time.”

— T. Pratchett, Hogfather

5.1 Motivation for design tool

Ejector design is challenging due to the number of interdependent parameters in-
volved. Ejector geometry parameters have a significant effect on the ejector oper-
ation. Furthermore, each design has a limited range of operating conditions where
the ejector provides the highest efficiency. However, because of the wide range
of operating conditions (e.g. motive mass flow rate, pressure lift, entrainment),
available standardized ejectors cannot be used without compromising on ejector ef-
ficiency. This makes individual ejector designs for each system specification one of
the few viable options. In this section, only static non-controlled ejectors are con-
sidered. One limitation to the use of individual optimization of ejectors is the cost.
Mass-produced ejectors for commercial purposes are obviously less expensive. This
limitation can potentially be overcome by investigating alternative manufacturing
methods such as 3D printing. A second limitation is the lack of efficient, accurate,
and easy-to-use design methodologies for CO9 ejector design. In this work, a design
tool is performed in order to bridge this gap.

Most ejectors are currently designed based on 0D or 1D models and iterative design.
Such models cannot accurately account for multi-dimensionality and are sensitive
to experimental tuning data. On the other hand, CFD models are more accurate
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as they take into account the multidimensional geometry in the description of the
fluid domain [71]. The major limitation of CFD is the computational time, which
may be found costly depending on the problem’s complexity.

Optimization algorithms for ejector design have been previously investigated. Palacz
et al. [17] used an evolutionary optimization algorithm for COg2 ejector design.
This approach has some limitations when used without a response surface map-
ping method. It requires a large number of design evaluations at new data points
which consequently requires significant CFD resources. Secondly, the data from
previous simulations cannot be readily implemented into the algorithm.

In this chapter an alternative machine learning-based concept is presented for de-
sign exploration, mapping, and optimization, to overcome several of the previous
limitations. The proof-of-concept and results from initial investigations are pre-
sented in Ringstad et al. [80]. This chapter includes an introduction to Machine
learning (ML) with a focus on the Gaussian Process Regression approach in Sec-
tion 5.2. Section 5.3 discusses the algorithms and systems used in the automated
database generation tool.

5.2 Machine learning

The field of machine learning is rapidly growing and developing. Several easy-
to-use computational tools are becoming readily available. This allows for rapid
adoption and implementation of the technology. Over the last 20 years, the number
of publications in the field of mechanical engineering using Machine Learning has
been growing exponentially, as shown in Figure 5.1.

Several approaches are available to machine learning, depending on the application
requirements. Due to the wide and complex field of learning, it is challenging to
give a simple overview of the field. Shalev-Shwartz and Ben-David [142] classified
machine learning algorithms according to four aspects:

e Supervised or non-supervised
e Active versus Passive Learners
e Active versus Passive teacher

e Online versus Batch Learning Protocol

Supervised or unsupervised learning is a primary classification method in ML and
Al Supervised learning is the approach where the observations are labeled, and
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Figure 5.1: Number of publications on Machine learning based on key-word and abstract
in the field of mechanical engineering. The data included are derived from Clarivate Web
of Science. (©) Copyright Clarivate 2021. All rights reserved. [141].

the algorithm identifies the underlying reason for that label. Unsupervised learning
then tries to find patterns and connections regardless of a specific output or label.
Active or passive learning is associated with the algorithm’s interaction with the
learning process. Active learning is involved in the learning process by querying
and experimenting with the learning data. Active teaching, on the other hand,
involves feeding the learning model with examples and data that best improve the
model. Their last distinction is in whether the learning is occurring in batch from a
large data set, or whether the algorithm is learning while responding continuously.

There is a large set of available machine learning models available. A few com-
mon types are classification, clustering, regression, Bayesian (statistical) models,
decision trees, artificial neural networks (ANN), and deep neural networks. In
this work, a statistical non-linear non-parametric (infinitely parametric) machine
learning approach was applied to the problem, referred to as Gaussian Process
Regression.
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5.2.1 Gaussian Process Regression

The Gaussian Process Regression (GPR) approach is a popular supervised machine
learning method. GPR is a Bayesian non-parametric regression approach, that
works well on smaller data sets and can account for uncertainty in the results.
This is an ideal approach when analyzing problems with significant uncertainties
and where the computation of a single data point is costly. Alternatively, ANN
ML models have previously been used for ejector design and performance analysis
[143, 144, 145]. Still, GPR models offer certain advantages over ANN methods,
including more efficient data usage, lower overfitting risk, ease of use, and better
explainability [146].

Gaussian Process Regression is a probabilistic supervised machine learning tool
based on Bayesian regression to generate surrogate models. Essentially, the Gaus-
sian Process ( GP) infers a probability distribution of functions p(f(-)) based on
assumptions given about the underlying functions, referred to as the prior. The
training data is a set of labeled data (y;, X;), where y; is the observations, and X; is
the vector of inputs for datapoint i. Assuming that our observations are of an un-
observable underlying function f with a zero mean Gaussian noise, n; = N(0,0y,),
where o, is the constant standard deviation, the input-output relationship can be
written as:

y=f(X)+n. (5.1)

Where y is the vector of outputs and X is the matrix of inputs. The inference of
possible functions happens by considering Bayes theorem (conditional probability
distribution) using the data y and X:

p(f()IX,y) =L (5.2)

The prior, p(f(-)) = GP(M, K) is a Gaussian process. The noise term, p(y|f(X)),
specifies how likely a function value f(X) is with the data y. The marginal likeli-
hood, p(y|X) is a normalizing term. The posterior, p(f(-)|X,y), is another Gaussian
process defined by a new mean function and kernel, that is conditioned on the data

set. An illustration of the GPR method before and after training is shown in Figure
27

The Gaussian Process (GP) can then be written as (Eqn. 5.3):
y =GP (M(X),K(X,X';()) (5.3)

The GP has a mean function, M = E[f(X)], where E is the expected value, a co-
variance function K(X, X’) = E[f(X)f(X")], and a set of model hyper parameters,

C.
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The assumption on the possible functions is specified through the choice of the ker-
nel and mean function. The choice of the kernel can change the possible solutions.
For an overview of common kernels the reader is directed to the work by Duvenaud
[147]. The most common kernel which is applicable for most applications is the
squared exponential kernel. The squared exponential kernel, or Radial Basis Func-
tion, is considered the de-facto default kernel for GPR [147]. The kernel has two
hyperparameters; oy and [, which are the signal standard deviation and the kernel
length-scale, respectively. The parameter o is a scaling parameter for the standard
deviation in the data. The length-scale [ governs the length over which two points
X and X'’ are correlated. The correlation dies off as the squared exponential of the
distance between the points in comparison to this length scale. Larger values of [
enforce that f varies more smoothly. The length scale is in this work implemented
as a dimensional parameter, which allows the model to optimize different length
scales for each dimension of the input data (also referred to as feature). Noise
in the observations can be accounted for by adding a White Noise kernel with a
constant noise level o, optimized in the algorithm. The combined kernel function
is then defined as (Eqn. 5.4):

K(X,X';¢,0) = ojexp (- (X — X’)Q) + 021 (5.4)

1
21
where, I is the identity matrix.

The probability of a dataset given a set of hyperparameters p(y|¢) can be calculated
in closed form. By maximizing the log marginal likelihood of different hyperparam-
eters the best set of hyperparameters can be obtained, Eqn. (5.5). In the Sklearn
algorithm, the optimizer is a quasi-Newton L-BFGS optimizer [148] as:

arg max log p(y|¢) (5:5)

The model can be used for the prediction of unknown function values f* evaluated
at location X* by drawing from a joint distribution of the training data y and test

data f.
[JZJ*] :qu\ﬂﬂ ’ [II{{ [IED (5.6)

For a more detailed description of Gaussian Process Regression the reader is referred
to the thesis of Duvenaud [147].
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Figure 5.2: Illustration of samples of possible GPR function (top) before -prior distribution-
and after -posterior distribution- conditioning based on data. The black line is the mean
of the GPR solutions, the gray area represents the width of 1 standard deviation from the
mean, the blue points are the test data, and the dashed lines are sampled functions from
the Gaussian Process. Figure recreated based on Pedregosa et al. [148].
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5.3 Database generation

The proposed machine learning method is based on a semi-large set of labeled
data (supervised learning). The ejector shape dimensions, operating conditions,
or a combination of these are used as the ML model inputs. For designing high-
performing ejectors, different performance metrics are used as the predicted values.
To collect a significant database, an automated approach to generating data points
is necessary. In this work, a fully automated approach to generating such large
databases is presented.

5.3.1 Automated CFD algorithm

The program is organized into cases, and each of them includes a folder structure
to store CFD data, output files, and the database itself. The database is stored
as a .csv file with columns for each potential model and shape parameter. In
addition, the database stores the main post-processing results such as mass flow
rates and outlet flow uniformity, described below. Each case is organized with its
own case settings. Settings for sampling, meshing, CFD, and folder structure are
stored. The input data dimensions (number of model parameters) used in the ML
model are referred to as features. The data features and the number of data points
are selected in the sampling settings. The design space defined by the features is
then sampled by a sampling algorithm, see Section 5.3.2. The data points to be
calculated are stored in the database, and the algorithm starts iterating over the
data points. The algorithm is described below in Algorithm 1 and visualized in
Figure 5.3:

Algorithm 5.1: Algorithm sequence for automated CFD workflow

Start;
Sampling feature space see Section 5.3.2;
for Datapoint in Number of samples do
Generate mesh in ICEM, see Section 5.3.3;
Generate journal file, see Section 5.3.4;
Run ANSYS Fluent N iterations;
if Converged CFD results then

‘ Post processing KPIs, see Section 5.3.5;
else

| Run ANSYS Fluent N iterations;
end
Post-processing KPIs, see Section 5.3.5;

end
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Figure 5.3: Layout of the Machine learning - Automation program, from Ringstad el al.
[80]

5.3.2 Sampling

The feature space is sampled using a sampling algorithm. The main sampling al-
gorithm used in this work is the Latin Hyper Cube (LHC) approach [149], which
is a specific form of Monte Carlo sampling. LHC sampling is a statistical ap-
proach that samples N points from a statistical distribution in equiprobable zones.
This approach ensures good sampling of a higher dimensional subspace with fewer
data points than random or equidistant sampling. The LHC design gives an N-
dimensional mapping to fill a space with low overlap. The design points x; are
chosen from the range (0,1) and are transformed to a chosen sub-space, XZ All
variables are sampled evenly (uniform distribution) from the hypercube space ac-
cording to Eqn. (5.7), using given maximum and minimum values.

Xi = Xi * (amax - amin) (57)
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In the example used in Ringstad et al. [80], the minimum and maximum ranges
(amin and apayx) for the feature lengths were defined according to Table 5.1. A
special sampling sequence was implemented when a sample range was defined by
another feature. As an example, Lyix was defined as a multiple of Dyix. In ad-
dition, these transformations had to account for impossible shape configurations
such as when the motive nozzle collides with the suction chamber. The operat-
ing condition sampling ranges were selected based on common operating ranges
for ejectors in heat-pumping and super-market applications. The design sampling
ranges were chosen based on previous knowledge of ejector design for the given
operating conditions. However, these ranges were further refined during the study
to better resolve the physics of ejectors close to a high-performance design.

Table 5.1: Available features and their parameter sampling range for LHC-sampling algo-
rithm.

Parameter Qmin Qmax

D m-out {mm] D throat 1.5 D throat

Lpix, [mm] 0 50 Dmix
Dhix, [mm] Dinroat 10 Dinroat
Dout7 [mm] Dmix 10 Dmix
Ga, [°] 1 90
P,,, [bar] 75 140
P, [bar] 28 55
P,, [bar] P, Ps+15
him, [kJ/kg] 250 340
hs, [kJ/kg] 380 460

5.3.3 Automated Meshing

The automated meshing algorithm is based on a Python program to generate an
instruction file (.RPL) for the ANSYS ICEM meshing software. ANSYS ICEM
generates structured meshes with high mesh quality. The algorithm uses a specified
baseline cell size, Ay, that is used for the generation of the entire mesh. Together
with the number of cells in boundary layers (Npp ceis) the number of cells in the
different ejector sections is calculated. An illustration of different ejector meshes
the algorithm generates is presented in Figure 5.4.

The mesh generated by the method is generally of high quality in terms of mesh
quality metrics such as mesh skewness and orthogonal quality. A limitation of this
approach is distributing the number of cells between the suction and motive chan-
nels in the y-direction, as illustrated in Figure 5.4, where only 4 cells are used in the
motive nozzle y-direction. A compromise between the mesh resolution in the two
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Figure 5.4: Tllustration of produced meshes by the meshing algorithm. G1-G3 are three
random samples of meshes generated by the meshing algorithm.

nozzles was found by having a slightly higher weighted mesh resolution in the mo-
tive nozzle than in the suction chamber. With the large range of ejector geometry
dimensions used in the study, the number of cells in each calculation dramatically
varied. As an example, an ejector with twice the length would have double the
number of cells. These effects made some data points extremely computationally
costly, as the number of cells could reach several hundred thousand cells. Further
work should consider these effects, and consider computational load balancing or
accounting for these effects in the meshing algorithms without reducing accuracy.
In this work, the problem was considered by keeping a constant number of cells in
the mixing chamber y-direction.

Different turbulence models are available in the ANSYS Fluent software, and as
discussed in Ringstad et al. [71], there is no consensus on the most suitable turbu-
lence model for CO2 two-phase ejectors. One prominently used turbulence model
is the k-w SST model. This model is preferred when the turbulence boundary layer
can be resolved down to a small y* value near 1 by the mesh. However, to simplify
the wall resolution treatment in the meshing algorithm the k-¢ Realizable turbu-
lence model was chosen, and the wall turbulence model is treated by the scalable
wall function, discussed previously in Section 3.1.3.2. This significantly reduces
the complexity of the meshing algorithm and reduces some of the stability issues
experienced with the k-w models when using this method.
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5.3.4 CFD setup

The CFD model is set up using the journal file scripting tool for ANSYS Fluent. A
journal file is written automatically for each data point, with the defined boundary
conditions and geometry parameters written into the journal file. To run multiple
instances of ANSYS Fluent at the same time, the tasks are run in parallel using a
multi-threading call in Python. The numerical schemes are used according to Table
3.3 defined in Section 3.3.3. The journal file pseudo code is presented in Algorithm
2. After the simulations, the Fluent output files are read and post-processed, and
the results are stored in the database.

Algorithm 5.2: Journal file pseudo code used in the CFD automation.

Read and compile UDFs;

Read mesh, MeshID from Data;

Read boundary conditions from Data;

Set initial conditions based on boundary conditions;
Define under-relaxation factors;

Set numerical scheme to first order;

Run N/2 iterations;

Increase under-relaxation factors;

Run N/2 iterations;

Set numerical scheme to second order;

Run N iterations;

Write mass flow, entropy, and uniformity to file;
Write pathline variables to file;

5.3.5 KPIs

The post-processing was based on a few Key Performance Indicators (KPIs): motive
and suction mass flow rate (entrainment ratio), ejector efficiency, mixing entropy
generation rate, and ejector outlet flow uniformity for velocity and vapor fraction.
Mass flow rates were calculated by Fluent at the inlets and outlets of the ejector.
These were reported and post-processed by the algorithm. Using the mass flow
rates and boundary conditions, the ejector efficiency was calculated from Eqn.
(2.4) using calls to the CoolPack software [130]. Entropy generation was found
by calculating the mass-weighted average of the incoming and outgoing entropy in
each section. The ejector outlet flow uniformity was calculated using the Uniformity
Index defined in ANSYS Fluent, Eqn. (5.8):

S (161 — dal) A
2|¢a| 2?21 Ai

Yo =1- (5'8)
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Ejector design methodology

where ¢, is the averaged value of the field variable ¢. Here, the uniformity index is
calculated for the vapor fraction « and the axial velocity u. These two KPIs indicate
to well the flows are mixed at the outlet of the ejector, which would indicate if a
lowered efficiency is caused by poor mixing in the ejector. It is not a direct indicator
of ejector performance.
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6.1 Background for articles

The research started with identifying key gaps in the field of CO5 ejector modeling.
First, while review papers on COs ejectors were previously published [7, 11, 60,
63, 64, 62, 61, 53, 59, 53, 65|, only limited attention was dedicated to two-phase
ejectors models. To bridge this knowledge gap an extensive literature study was
performed, covering all main aspects of COy two-phase ejector modeling in detail.
This literature study is published in Article I - A detailed review on COy two-phase
ejector flow modeling and Conference article IT - C'Oy ejector modeling using CFD:
current status.

Within the framework of this thesis, two main focus areas regarding ejector design
research were identified: (A) development of accurate and fast multiphase models
for CO2 ejector modeling, and (B) development of efficient and useful tools and
concepts for the design of future ejectors.

Multiphase model development work (A) was conducted in several stages. First, to
ensure appropriate knowledge of ejector CFD modeling, an investigation of an am-
monia ejector (R717) was conducted. This work is presented in Conference article
I - Investigation of CFD models for ammonia ejector design. The conclusions were
that additional experimental measurements are necessary for appropriate validation
of the CFD models. One year into the thesis, after a visit to the Silesian University
of Technology and the Universita Degli Studi di Firenze, began an extended pe-
riod of work on improvements and developments with the current state-of-the-art
CFD models from these labs. One outcome from this work is presented in Con-
ference article III - Two-fluid CFD model for R7/4 two-phase ejectors, where a
novel two-fluid model for CO4 ejectors was presented. Due to model complexity
and computational limitations, further developments with this model are left for
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future work. A key finding of the review work was the lack of experimental vali-
dation data for COg ejectors in the literature. Therefore, an experimental study
with an ejector design not yet presented in literature was conducted and used for
further validation of the HEM CFD model in Article III - Swirl-bypass nozzle for
COs two-phase ejectors: Numerical design exploration.

Articles I, and Conference article I, II, III, and IV are intended to contribute
to the completion of the stated thesis objectives: implementing and comparing
available COy ejector models, and investigating novel ejector models for improved
speed and accuracy. The experimental campaign and model validation conducted
in Articles III is intended to contribute to the objective of conducting experimental
measurements on COs ejectors and validate the results against numerical models.

This thesis has also explored the development of improved design tools in terms
of speed, ease of use, and accuracy, and investigated novel concepts for CO4y two-
phase ejectors (B). A limiting factor in using CED models for ejector design is the
requirement for high-level manual setup for each computation, such as setting up
models, designing the mesh, and post-processing. Therefore, a fully automated
script for the CFD workflow for COq ejectors was developed in Python. This
tool allows for easy collection of CFD data with any ejector design and operating
condition. This database tool was first presented in Conference article V- CFD-
based design algorithm for COZ2 ejectors, where an ejector was designed for a heat
pump application for an industry partner using the automated algorithm. The
work was extended to investigate the application for large database generation
and machine learning. By generating large databases with hundreds of CFD data
points, a Gaussian Process Regression (GPR) machine learning model was trained
to predict ejector performance while varying ejector shape design and operating
conditions. The work gave excellent results, being able to optimize ejector geometry
and operating conditions accurately, and was presented in Article II - Machine
learning and CFD for mapping and optimization of COs ejectors. Lastly, this thesis
explores a novel concept for COy ejectors, namely a swirl-inducing bypass inlet.
This concept has applications for motive flow rate control or off-design performance
improvements. A detailed CFD analysis and design space exploration are conducted
in Article III - Swirl-bypass nozzle for COs two-phase ejectors: Numerical design
exploration.

Articles II and III, and Conference article V are intended to contribute to the
completion of the stated thesis objectives: investigating novel ejector concepts for
efficiency improvements, and the development of improved ejector design method-
ologies using automated model approaches and data analysis.
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The journal articles are summarized in Sections 6.2-6.4, and the conference article
abstracts are stated in Section 6.5:

e Article I - Section 6.2
- A detailed review on COsy two-phase ejector flow modeling

e Article IT - Section 6.3
- Machine learning and CFD for mapping and optimization of COy ejectors

e Article III - Section 6.4
- Swirl-bypass nozzle for COy two-phase ejectors: Numerical design explo-
ration

e Conference article I - Section 6.5.1
- Investigation of CFD models for ammonia ejector design

e Conference article IT - Section 6.5.2
- COy ejector modelling using CFD: current status

e Conference article III - Section 6.5.3
- Two-flutd CFD model for R744 two-phase ejectors

e Conference article IV - Section 6.5.4
- Comparative study of R744 ejector CFD models

e Conference article V - Section 6.5.5
- CFD-based design algorithm for CO2 ejectors
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6.2 Article I - A detailed review on CO, two-phase ejector
flow modeling

6.2.1 Statement on co-authorship and contribution

The article was compiled and written over the course of 10 months. The primary
work of compilation of references, summarizing, and writing was conducted on my
part. Significant contributions in supervision, conceptualization, reference sugges-
tions, proofreading, and article composition were done by the co-authors.

6.2.2 Summary of article

The contents of this article are to a degree repeated in Section 3. Therefore, a short
description of the main topics, discussions, and findings are recounted here.

Abstract: Ejector-equipped vapor-compression systems for refrigeration
and cooling, relying solely on COy (R744) as a natural working fluid, are
perceived to be an eco-friendly and highly efficient solution for many ap-
plications. However, the complexity of two-phase ejector flows makes it
very challenging to find reliable and efficient ejector designs. Improved
design methods are necessary to achieve higher performance in R744
units compared to the traditional compressor-based systems with refrig-
erants that put a high strain on the environment. Consequently, the
development of advanced models and tools for an accurate design of the
R744 ejectors has been a highly prioritized research topic. To the best of
the authors’ knowledge, the current status of R7/4 ejector models and
their limitations has not been thoroughly evaluated yet. To summarise
the current state of the art and knowledge gaps, this work presents an
exhaustive overview of the available numerical models applied to R744
two-phase ejectors, i.e. multiphase flow modeling, turbulence aspects,
numerical solution methods, applications of models, to further encour-
age the adoption of R7/4 vapor-compression solutions. Finally, a thor-
ough discussion of different focus points for future research as well as
the main challenges in the field is presented.

An overview of relevant two-phase ejector physics is presented discussing relevant
topics such as two-phase flow topology and non-equilibrium conditions. Addition-
ally, important non-dimensional numbers are defined and discussed.

Available multiphase models for CO2 ejectors are presented and critically discussed.
Each model’s treatment of non-equilibrium conditions is emphasized, as this is iden-
tified as a key point for successful multiphase modeling of ejectors. The available
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models discussed in this article are compared based on their advantages and dis-
advantages. A summary of the comparison is presented in Table 6.1. Based on
published results the model accuracies are compared for the motive mass flow rate.
This is illustrated in Figure 6.1. Some key findings were that motive mass flow rate
predictions were well represented at supercritical pressures, however, to account for
low-pressure conditions additional ejector physics must be considered. Addition-
ally, the severe lack of accuracy in terms of suction mass flow rate accuracy and
possible reasons were highlighted.

Table 6.1: Overview of currently available R744 two-phase ejector models, their limitations,
and advantages.

Model Advantages Challenges and limitations

HEM

[92], -Simplicity and stability -Does not consider meta-stability
[93], -Accurate at supercritical conditions (underestimates flashing flows
[123] -Extensively tested in literature at low motive pressures)

94]

HRM

[95], -Considers meta-stability, -Empirically based parameters
[135], -Extended with variable relaxation time  for relaxation time,

[124] for subcritical conditions -Requires tuning of parameters
Mixture

[98], -Considers meta-stability, -Increased complexity,

[112] -Can more accurately evaluate the phase -Requires tuning of model parameters,

fractions by mass transfer modeling
-Highly accurate results for motive flows

-Less profound literature database
on R744 ejectors
-Not yet tested for low motive pressure

The use of turbulence models for CO4 ejectors is reviewed, some turbulence models
are further discussed and some potential future developments are highlighted.

Different numerical solution methods are presented for CFD models. Additionally,
the differences between lower and higher-dimensional models ( thermodynamic, 1D,
CFD ) are considered.

Available experimental validation data from the literature are discussed and re-
viewed. The main findings were that a lack of local experimental data (tempera-
ture, pressure, velocity) is limiting the validation and development of COg ejector
models. Some challenges regarding experimental data collection are highlighted
and a compiled dataset of experimental data from several sources is presented.

Different applications of CO, two-phase ejector models are discussed and previous
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Figure 6.1: Relative discrepancy of motive mass flow rate plotted at the corresponding
motive condition. Downward triangle - Mixture model [112], Upward triangle - HEM
[135], Circle - modified HRM [96].

model applications are reviewed, such as reduced-order modeling, design optimiza-
tion, and entropy production modeling.

Lastly, the future outlook of COy ejector models is summarized, highlighting the
need for more experimental data, improved ejector CFD models, and more design
tools for ejectors.
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6.3 Article II - Machine learning and CFD for mapping and
optimization of CO, ejectors

6.3.1 Statement on co-authorship and contribution

The work of producing the database generation tool was done over the course of
6 months. Integration with the GPR tool took approximately one month. The
generation of data and data analysis were conducted over a period of 4 months.
Writing the article was done over the course of 3 months. The author’s contri-
bution to this article was the primary manuscript writing, data analysis, and pro-
gramming/development of the design tool. Significant contributions on supervision,
proofreading, and suggestions for applications were done by the co-authors.

6.3.2 Summary of article

Abstract: In this study a novel simulation-based algorithm for COy ejec-
tor design and performance evaluation is presented. The algorithm is
based on an automated Computational Fluid Dynamics (CFD) workflow
that can account for different ejector geometries and operating condi-
tions. The CFD data points are used to train a Gaussian Process Re-
gression (GPR) machine learning model to predict the ejector perfor-
mance indicators; efficiency, mass flow rates, outflow uniformity, and
entropy growth. Two use cases are investigated using this methodology:
1) performance mapping for off-design operating conditions of a given
ejector and 2) design mapping of ejector performance with 5 geometry
variables investigated. The results show that this algorithm can be used
to efficiently explore ejector design and look for optimized geometries,
as well as produce ejector performance maps.

6.3.2.1 Underlying models

The machine learning model is based on a GPR surrogate approach, a description
can be found in Section 5.2.1. Gaussian Process Regression (GPR) is a supervised
machine learning tool based on Bayesian regression to generate surrogate models.

The CFD model is based on the homogeneous equilibrium model (HEM), described
in detail in Chapter 3.2.1. This model is accurate for supercritical operating con-
ditions, which this article is limited to. However, the approach is easily extendable
to use other CFD models. The CFD model validation is discussed in the article,
and a mesh study was conducted using the new meshing algorithm.
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6.3.2.2 Database generation

The GPR modeling approach requires a significant database to improve surrogate
model accuracy. The database is generated using a novel automated CFD work-
flow. The algorithm includes automatic meshing, pre- and postprocessing of results,
and running simulations. The design space is sampled using a Latin Hyper Cube
approach. More details on the database generation tool are given in Section 5.3.4.

6.3.2.3 Results

Three use cases were investigated using this methodology: 1) performance map-
ping for off-design operating conditions of a given ejector, 2) design mapping of
ejector performance with 5 geometry variables investigated, and 3) flow structure
prediction along pathlines in the ejector.

For the first use case, the database size was discussed and a comparison of three
different-sized databases (100, 300, and 600 data points) was conducted. The
accuracy was estimated using 15% of the data as hidden test data that is left
out of the model training and 85% as training data. The comparison showed that
increasing the database size directly improved model accuracy for most of the KPIs.

The feature length-scales were analyzed for cases 1) and 2). In case 1), some impor-
tant relationships in the dataset were identified and discussed, such as a negligible
dependence on suction enthalpy on the performance KPIs, and relationships be-
tween pressure and flow uniformity. Similarly, for the second use case, the model
found relationships between motive mass flow rate and nozzle geometry, as well as
the importance of diffuser geometry for flow outlet uniformity.

Surrogate model heat maps were generated for cases 1) and 2) using two features.
An example from case 1 is shown in Figure 6.2(a) using motive pressure and en-
thalpy as the independent variables. Similarly, in Figure 6.2(b) a heat map of
ejector efficiency is shown using mixing chamber length and diameter as plotting
variables. These plots illustrate the performance mapping that can be generated
using the algorithm.

Using the surrogate model mapping, an optimization algorithm was used to identify
high-efficiency designs. The optimization algorithm is based on a gradient descent
method. An illustration of the optimization paths is shown in Figure 6.2(c). The
results show that the model can find an optimal operating condition for the ejector.
A similar optimization was done for the shape design parameters. The optimized
design lies very close to the initial ejector design, showing that the algorithm can
find good designs with limited manual work. The suggested designs were compared
to new CFD calculations which confirmed the high accuracy of the GPR surrogate
model.
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Figure 6.2: (a) GPR predicted efficiency (Eqn. 2.4) heat map in a P-h diagram for motive
conditions at different pressure lifts. The saturation line for CO; is plotted in orange.
Conditions: hs= 430 [kJ/kg], Ps = 38 [bar], P;g=7 [bar]. (b) GPR predicted efficiency
heat contour plot in a Dyyix-Lmix design space. (c¢) Optimization paths in a P-h diagram
of ejector efficiency from randomized starting positions. The optimization path is colored
black, and every tenth iteration is plotted with a circle colored according to the iteration
number to illustrate convergence. (d) Predicted velocity distribution (line plot) along the
central suction pathline with a mixing chamber diameter of D, = 0.004 [m]. CFD data
are marked with circles. The colored area corresponds to the predicted velocity +— 1
standard deviation.
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The significance of mixing chamber geometry on flow structure was investigated
with the GPR approach. The findings were that the flow structure was represented
with decent accuracy, with a mean error of 2.2 [m/s] and 0.13 [bar]|, however, flow
gradients were challenging to resolve accurately. An example is shown in Figure
6.2(d), where the velocity along a suction flow path line is predicted using the
methodology.
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6.4 Article ITI - Swirl-Bypass Nozzle for CO, Two-Phase Ejec-
tors: Numerical Design Exploration

6.4.1 Statement on co-authorship and contribution

The model setup, experimental test campaign, model simulation, article produc-
tion, and result analysis was conducted over 18 months. The author’s contribution
to this article was the primary writing, conducting the experimental tests, model
setup, and simulation. Significant contributions on supervision, proofreading, guid-
ance, setup of the experimental test rig, and help in analyzing the results were done
by the co-authors.

6.4.2 Summary of article

Abstract: In this work, a novel ejector design concept of a swirl-bypass
nozzle is proposed to improve the off-design performance of COs two-
phase ejectors. The swirl-bypass nozzle allows part of the flow to bypass
into the ejector mizing chamber to generate swirl. The design of such a
device is investigated using a 3D multiphase CFD model. An extensive
experimental test campaign is conducted to validate the baseline homo-
geneous equilibrium CFD model. The model’s prediction motive mass
flow rate was within a 2-12% error and the suction mass flow rate was
predicted with a 3-50% error. Based on the tested ejector geometry,
simulations of different ejector swirl-bypass inlets are conducted. The
results show that, for the current design, total entrainment of the ejec-
tor is reduced by 2-20% with the swirl-bypass inlet. The axial position
of the bypass inlet plays a primary role in the bypass inlet flow rate,
and, consequently, in suction flow reduction. This is found to be due to
the bypass flow blocking off the suction mass flow rate, which has a net
negative impact on performance. Finally, several design improvements
to improve future designs are proposed.

6.4.2.1 Swirl bypass concept

The article proposes a novel ejector design concept where a secondary inlet is
introduced in the mixing section of the ejector. This secondary inlet is designed to
generate a swirl component to the mixing process in the ejector. Theoretically, the
swirl component allows for better mixing of the primary and secondary flow. The
specific design of such a swirl port is not yet discussed in the literature. Several
possible applications of such a port exist. One example is to use it to allow for the
flow of additional suction flow, this allows the port to function as a bypass inlet for
off-design operation. Alternatively, the port can be used for control of the primary
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Figure 6.3: Generic ejector geometry with geometry parameters. Gray color signifies solid
parts.

flow by allowing a part of the motive flow to enter through the swirl inlet.

As opposed to the standard bypass, the novel swirl bypass nozzle is angled with
a tangential component to the ejector. The effect of such a design is investigated
in detail in this study. Several studies have shown that positive efficiency effects
can be gained by increasing mixing by the use of swirl flow. To the best of the
authors’ knowledge, the bypass injection for swirl generation in ejectors has not
yet been explored in the literature. For this design, a compromise has to be made
between moving the swirl bypass inlet downstream for better off-design performance
or upstream in the mixing chamber for optimal mixing performance. The swirl-
bypass port is illustrated with the main parameters shown in Figure 6.3.

6.4.2.2 Model setup and experimental validation

The model was set up using the 3D two-phase HEM for CO2 ejectors described
in Section 3.2.1. The mesh was generated using a 3D ejector meshing script in
ANSYS ICEM, and the mesh independence study was presented in Section 3.4.2.2.

An experimental test campaign was conducted to gather validation data for the
ejector model. The results with the HEM are compared against experimental data,
discussed in detail in Section 4. The comparison between the experimental and
computational results indicates that the motive flow rate can be well predicted at

90



Chapter 6

super-critical pressures, however, accuracy drops at lower-pressure motive condi-
tions. This agrees well with previous literature on COg CFD ejector modeling [71].
This part of the study was restated in Section 3.4.1.

6.4.2.3 Results and discussion

A study of the swirl bypass position, the swirl inclination and tangential angle,
and the pressure lift parameters was conducted. The results were compared to a
baseline simulation without a bypass inlet. The results are shown in Table 6.2.
The findings of the study were that for the presented baseline ejector geometry,
the swirl bypass inlet caused a decrease in ejector performance for all geometry
configurations of the swirl bypass inlet. The decrease in performance was found to
be more significant for higher flow rates of the bypass flow. This was attributed
to the bypass flow blocking the suction flow illustrated Figure 6.4. The bypass
flow rate was relatively insensitive to the tangential- (a;) and inclination angle
(cv;), however, was primarily governed by the inlet position. For an inlet position
close to the start of the mixing chamber (z ~2-4 Dpx), a larger bypass flow was
generated, while for an inlet position further back, the bypass flow was reduced to
nearly no flow.

The flow structure of the swirl mixing process in the ejector was studied in detail in
the article. Different possibilities for improvements to this concept are suggested
that could bring up the efficiency of this ejector design concept. These design
improvements include:

e Increase in mixing-chamber diameter.

e Reduction in bypass inlet size.

e Optimization of bypass inlet opening shape.

e Adding additional bypass inlets with a constant offset.

Additionally, several directions for future research have been presented that can
potentially improve future generations of the swirl-bypass ejector design:

e Combined design optimization of ejector and swirl bypass inlet.

Identification of optimal operating ranges.

Designing for simple and low-cost manufacturing.

Exploration of the combination of different ejector concepts.

Definition of appropriate control strategies.
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Figure 6.4: Flowpath illustration of the flow coming from the bypass inlet. Different cross-
sectional contour plots of the tangential velocity are shown for locations along the axial

direction after the bypass inlet.

Table 6.2: Parameter study of the different geometric features of the bypass inlet on by-
pass performance. Simulations are identified by the simulation ID Sim, where the prefix
N indicates no bypass. The column named Diff is defined as the difference in percent-
age between the total entrainment (bypass and suction) compared to the same operating

condition without bypass.

Case Sim @« [[] a;[°] ¢ [°] Pug [par] MFR, MFR, Diff [%)]
kg/s] kg/s]

Case IV 1 2 0 90 2.5 0.0295 0.0016 —21.3
2 4 0 90 2.5 0.0321 0.0015 —15.0
3 7 0 90 2.5 0.0375 0.0006 —-3.6
4 10 0 90 2.5 0.0385 0.0003 —1.8
5 4 20 90 2.5 0.0324 0.0015 —14.2
6 4 45 90 2.5 0.0328 0.0012 —-13.9
7 4 0 40 2.5 0.0303 0.0027 —16.5
8 4 0 60 2.5 0.0308 0.0025 —15.7
9 4 45 90 2 0.0395 0.0019 —20.0
10 10 0 90 1 0.0454 0.0025 —14.0

Case I 11 2 0 90 2 0.0328 0.0021 —22.8

- 12 4 0 60 2 0.0320 0.0039 —20.6

13 4 0 90 2 0.0335 0.0021 —21.3
14 4 20 90 2 0.0340 0.0020 —20.5
15 7 0 90 2 0.0357 0.0015 —17.7
16 4 20 90 1 0.0378 0.0024 —18.8
17 4 20 90 0.5 0.0426 oscillating

No bypass

Case IV N1 - - - 2.5 0.0395 -
N2 - - - 2 0.0518 -
N3 - - - 1 0.0557 -

Case I N4 - - - 2 0.0452 -

92 N5 - - - 1 0.0495 -

N6 - - - 0.5 oscillating
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6.5 Collection of conference articles

6.5.1 Investigation of CFD models for ammonia ejector design - 2019

Ringstad, Knut Emil; Hafner, Armin; Allouche, Yosr. (2019) Investigation of
CFD models for ammonia ejector design. 8th Conference on Ammonia and CO2
Refrigeration Technologies, Proceedings.

Abstract: In this work, the flow structures inside a transonic- single-phase ammo-
nia ejector are investigated using CFD. The efficiency of ammonia (R717) vapor
compression cycles can be improved by including an ejector component in the sys-
tem. A good understanding of the flow phenomena inside the ejector is required for
the proper design of these components. In the present work, a 2D azisymmetric
CFD model using ANSYS Fluent software is used to investigate the flow charac-
teristics of the ejector. The model uses a steady-state coupled pressure-based solver
together with the k-omega SST turbulence model. A mesh refinement study has been
done to investigate grid independence. Results indicate that the model can predict
the correct trends of ejector operation, however, fails to accurately reproduce the
experimental results. The results suggest that more advanced multiphase models
may be required to accurately model super-sonic ammonia ejectors.

6.5.2 CO, ejector modelling using CFD: current status - 2019

Ringstad, Knut Emil; Allouche, Yosr; Gullo, Paride; Banasiak, Krzysztof; Hafner,
Armin. (2019) CO2 ejector modelling using CFD: current status. Proceedings of
the 25th IIR International Congress of Refrigeration. Montréal, Canada, August
24-30, 2019.

Abstract: This article reviews the current status of CFD models for two-phase COq
ejectors. The models that are most prominent in the literature are the HEM, HRM,
DEM, and mizture models. These are similar modeling approaches, but treat the
prediction and properties of phase change inside the motive nozzle differently. The
accuracy of the different approaches and their challenges and benefits are highlighted
in this work.

6.5.3 Two-fluid CFD model for R744 two-phase ejectors - 2020

Ringstad, Knut Emil; Hafner, Armin. (2020) Two-fluid CFD model for R74/
two-phase ejectors. Proceedings of the 1/th IIR-Gustav Lorentzen Conference on
Natural Refrigerants - GL2020.

Abstract: This paper presents early results from a novel two-fluid Eulerian-FEulerian
multiphase model for R744 two-phase ejectors, which to the authors’ knowledge
has not previously been presented in the literature. As opposed to previous R744
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ejector models, this formulation includes non-equilibrium states for temperature,
momentum, and chemical potential. The model is implemented into ANSYS Fluent
using user-defined functions and can achieve converged results faster than previous
non-equilibrium formulations. Results are compared with experimental results. The
mesh and model parameters are studied for their impact on accuracy.

6.5.4 Comparative study of R744 ejector CFD models - 2021

Ringstad, Knut Emil; Hafner, Armin. (2021) Comparative study of R744 ejector
CFD models. Proceedings of the IIR - 10th International Conference on Compres-
sors and Coolants.

Abstract: This work presents a comparative study of four different R744 ejector
CFEFD models at a wide range of operating conditions. The models compared are
the homogeneous equilibrium model, the UDRGM mixture model, a homogeneous
relazation model, and an FEulerian two-fluid model. The results are also compared
to experimental data available in the literature. The models are tested for high
and low operating pressures, and the effects of non-equilibrium are discussed. The
results are discussed and recommendations for model development are suggested.

6.5.5 CFD-based design algorithm for CO2 ejectors- 2021

Ringstad, Knut Emil; Banasiak, Krzysztof; Hafner, Armin; (2021) CFD-based de-
sign algorithm for CO2 ejectors. 9th Conference on Ammonia and CO2 Refriger-
ation Technologies, Proceedings.

Abstract: In this work, a novel CFD-database generation algorithm for CO2 ejec-
tors is presented. The algorithm is explained and its details are discussed. A case
for CFD database generation is then performed based on an ejector design for an
industry client. The ejector design is investigated with different design parameters
around the suggested design. Design improvements are suggested based on the nu-
merical results, and a final design is suggested. The final design had a high ejector
efficiency of simulated to be 6% at the design point, and the ejector performance
1s evaluated and discussed for off-design conditions.
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7 Conclusions and suggestions for further
work

“The presence of those seeking the
truth is infinitely to be preferred to
the presence of those who think
theyve found it.”

— T. Pratchett, Monstrous
Regiment

7.1 Conclusions

The innovative aim of this thesis was to identify and implement novel methods for
an improved design of two-phase ejectors to be integrated into natural refrigeration
systems. In this work, an exhaustive study on appropriate design methodologies,
accurate flow modeling, and novel design concepts was carried out. The main
findings clearly show that the application of ejectors can significantly improve the
performance of refrigeration systems by the recovery of expansion losses, conse-
quently increase of COP, when properly designed. Ejector CFD modeling was
found to be the key tool for an accurate ejector design due to the large complexity
and interdependence of the ejector design parameters.

7.1.1 Literature review and CFD modeling

In this thesis, a fundamental background about ejector modeling was built based on
a thorough literature review and numerical studies. Different models were evaluated
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and compared in terms of computation time and accuracy. The main conclusions
reported from the literature review and the conducted CFD model comparisons are
summarised as follows.

It was established that the non-equilibrium thermodynamics of CO4 is a key fea-
ture to accurately model the CO4 ejector at motive temperatures and pressures
below the critical point. However, clear evidence that this is the main effect caus-
ing the discrepancies in motive mass flow rate prediction at low pressures needs to
be demonstrated. The ejector motive mass flow rate can be accurately predicted
using CFD models (within 10% error) with equilibrium models at high operating
pressures (above or near critical pressure), however, the suction mass flow rate
is less accurately modeled (20-100% error). This is generally associated with the
complexity of multiphase turbulence and the lack of an accurate prediction of the
mixing process. In addition, the accuracy of suction flow rate prediction is depen-
dent on accurate multiphase formulations and phase change. In the literature, it
is found that though several advanced and accurate CFD models have been pre-
sented, their computational costs are prohibitively high. A need for engineering
accurate models with low computational costs is often reported as important for
future design algorithms. Furthermore, a lack of experimental validation data with
measurements inside the ejector is often reported. Such data is difficult to obtain
due to the high velocities taking place inside the ejector and the small size scales
of the ejector geometry. More experimental data is needed to compare different
modeling approaches on other data than just mass flow rates.

The results of the CFD investigations conducted in this work agree well with these
findings. An experimental test campaign was conducted to obtain data for vali-
dation of the CFD models used in this work. These experiments were carried out
for a large range of operating conditions and with an ejector geometry designed for
low pressure lift, which had not yet been reported in the literature, which makes
the results valuable for future model validation. It was found that the HEM model
predicted the experimental results with errors within the range of 2-12% for the
motive mass flow rate and between 3-50% for the suction mass flow rate. Re-
duced accuracy of the motive mass flow rate predictions (12% error) was found
for the lower motive pressure conditions, while more accurate results (2% error)
were observed for the high motive pressure conditions. These observations agree
in accuracy in comparison to previous literature on COs ejector modeling. In this
thesis, a comparison of several of the most commonly used CFD model approaches
was conducted. The findings were that the HEM model was the most accurate
approach at high-pressure operating conditions, and less accurate at low-pressure
operating conditions. It was also found that the computation time requirements
and simulation stability characteristics for the most advanced model (UDRGM
mixture model) made simulations prohibitively slow.
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This work has also included extensive investigations of different CFD models and
formulations for two-phase CO2 and ammonia ejectors. A two-fluid model formu-
lation in ANSYS Fluent 2019 was implemented. The model includes a pressure-
dependent formulation for latent heat modeling. Furthermore, this model is able to
account for non-equilibrium thermodynamic properties of liquid and gaseous COs.
It was found that the model could predict the motive flow rate within 15% error in
motive mass flow rate when selecting appropriate model parameters, however fur-
ther developments are needed to identify more accurate sub-models. A numerical
instability caused by oscillations in the pressure in the motive nozzle was identified.
This caused the model to be difficult to converge for some boundary conditions. In
addition, the validation of these models requires a large amount of experimental
data with varied ejector designs and operating conditions.

The main novelties presented in this thesis on the topic of CFD modeling for CO4
ejectors are:

e An extensive literature review of modeling of CO2 two-phase ejectors is con-
ducted.

e A novel two-fluid model for COy two-phase ejectors with non-equilibrium
properties is presented.

e Different CFD models for CO2 two-phase ejectors are compared.

7.1.2 Ejector design tool

A way to efficiently design and optimize ejectors through CFD simulations and
performance mapping has been explored in Ringstad et al. [80]. A surrogate re-
sponse surface model based on a GPR-machine learning approach was implemented
using a large database compiled from CFD simulations using a novel automated
approach. The CFD database included hundreds of data points at various oper-
ating conditions (temperatures and pressures) and with different ejector designs
(5 design parameters). This database may further be used for future design op-
timization and is therefore made available open access. The high accuracy of the
presented GPR machine learning method (average absolute error in entrainment
ratio prediction less than 0.1 ) was established for ejector performance maps for dif-
ferent ejector design parameters. It was found that the prediction error was reduced
with an increased number of data points, and a large number of CFD simulations
was required for high-accuracy model prediction. The databases can be efficiently
generated by automated CFD calculations, which accelerate computations and im-
prove data reliability. Using the surrogate response surface model, optimization
of the ejector shape dimensions and operating conditions was conducted. Lastly,
the GPR model was used to map the flow structures inside the ejector using the
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detailed CFD data. However, further developments will be necessary to implement
these models on a larger scale due to the sharp gradients in ejector flow variables.

Main novelties presented in this thesis on the topic of machine-learning-based design
optimization:

e A machine learning approach was used for performance mapping of CO,
ejectors in terms of design and operating conditions.

e An automated CFD model script was developed and presented (openly avail-
able)

e Prediction and optimization using a gradient descent method on the response
surface mapping was demonstrated.

e This new design tool was used to design a high novel performance ejector for
industry partner [129].

7.1.3 Swirl bypass ejector

A novel concept for ejector design with two potential applications was proposed in
this thesis. The ejector was designed with an additional inlet that was placed in
the mixing chamber of the ejector. This bypass inlet was oriented such that it was
entering tangentially through the ejector wall. The flow that enters through this
port generates a swirl motion, intended to improve ejector mixing. The port can
be open to the suction flow to increase entrainment at off-design conditions or to
motive flow for capacity control. The swirl-generating suction bypass ejector was
numerically investigated using CFD with various bypass inlet geometries.

The flow structure was analyzed and discussed in detail in terms of swirl motion.
Furthermore, key observations about ejector performance and suggestions to im-
prove future swirl bypass designs were given. The swirl bypass inlet concept has
the potential for improving ejector efficiency, however, it is found that the bypass
geometry and overall ejector design need to be integrated to achieve higher per-
formance. Performance drops between 2-20% in terms of total entrainment ratio
(suction + bypass flow) were predicted for the different ejector bypass inlet de-
signs. This reduction in performance was attributed to the bypass flow blocking
the flow path of the suction flow. Consequently, the total entrainment ratio was
reduced in the initial suction swirl bypass ejector design. Some possible solutions
to address this issue are: increase the mixing-chamber diameter, reduce the bypass
inlet diameter, optimize the bypass inlet opening shape and axial position, and
add additional bypass inlets with a constant angular offset from each other. The
mixing-layer thickness was defined by the ratio of velocity difference over the max-
imum velocity gradient. The thickness of this layer was analyzed with and without
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the swirl bypass. The bypass flow was found to force the motive flow to divert its
path off-center. This off-center motive flow was found to influence the mixing layer
thickness to be thicker near the bypass outlet and thinner on the opposite side of
the ejector mixing chamber.

The main novelties presented in this thesis on the swirl bypass ejector concept:

e A novel ejector design concept was proposed that can be used for off-design
performance improvements and motive capacity control

e A numerical design exploration of the suction swirl bypass design was con-
ducted.

e A detailed flow structure analysis was undertaken.

e Several design improvements for future swirl bypass devices were suggested.

7.2 Suggestions for further work

Several suggestions for ways to improve and further investigate knowledge gaps
identified in this work are given in the following sections.

7.2.1 Integrated ejector design optimization

The response surface approach to ejector design presented in this work is demon-
strated to be able to perform accurate geometry optimization. Experimental test-
ing of the optimized ejector shapes should be conducted to test the optimization
tool’s accuracy for real applications. Further improvements to the design tool are
suggested to be studied in detail. Investigating the use of robust design optimiza-
tion approaches (optimization with statistical variation in design parameters, e.g.
[150]), the use of alternative machine learning approaches such as physics-informed
neural networks or symbolic regression [151], and the use of larger databases by for
instance including previous numerical and experimental work, is topics that may
bring significant improvements to the tool. Producing system-specific ejectors to
achieve COP improvements may be possible at an affordable price. This could be
achieved by combining low-cost and easy-to-use optimization algorithms, such as
the one presented in this work together with low-cost production methods for low-
quantity production such as additive manufacturing (3D printing), especially for
the suction chamber geometry. The flexibility of additive manufacturing techniques
furthermore allows for more detailed ejector design, enabling novel designs with im-
proved ejector efficiencies for instance by applying topology optimization methods.
Multi-disciplinary optimization of the ejector to not only improve efficiencies but
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also to look at production cost, material costs, environmental impact, and total
system efficiency is suggested for further studies. Applying the optimization meth-
ods discussed to other ejector devices (e.g. mneedle position in needle-controlled
ejectors), or investigations of other components or ejectors with different working
fluids is left for future work. Lastly, it is suggested to integrate the operating con-
dition performance maps developed here with system simulation tools, allowing for
easier system design with optimized ejectors given the system operating conditions.

7.2.2 Swirl bypass design

The novel concept of the swirl bypass ejector design was proposed in this thesis
work. The two concepts of suction swirl bypass flow for off-design improvements
and motive swirl bypass for capacity control both need extensive investigation to
bring to their full potential. Several design improvements were found and are high-
lighted in Ringstad et al. [18], however further work is needed to find general design
recommendations. Future studies should investigate using a holistic approach to
device design, and optimization of all ejector design parameters is expected to
bring significant performance improvements. The swirl bypass design is expected
to perform best when operated at pressure lifts lower than the design point. The
work conducted by Ringstad et al. [18] implemented an ejector designed for low
pressure-lift, therefore further study of the design concept with ejectors designed
for high pressure-lifts is suggested. Finally, the exploration of potential applica-
tions, control strategies, experimental testing, and integration with system and
manufacturing methods is left for further work.

7.2.3 Accurate modeling

Further research should be focused on the development and validation of accu-
rate and computationally fast models for COy two-phase ejectors. The key areas
for further development of accurate modeling are highlighted in the conclusions.
Models such as two-fluid models can account for more non-equilibrium effects than
pseudo-fluid models, which will increase model accuracy if properly integrated and
should be further studied. Further investigation into the phase change process is
still needed, and models accounting for bubble nucleation and bubble growth may
improve model accuracy. Further work on the prediction of the liquid-vapor in-
terface could provide key insights for the future development of ejectors. Indeed,
further work on the use of multiscale models for the prediction of bubble and droplet
scales and their interactions could be of high value for model accuracy. Detailed
investigations into the suction flow and mixing process are suggested, and intro-
ducing more advanced turbulence models for multiphase flows may be necessary.
Looking toward DNS or LES turbulence modeling for CO2 ejectors can be valuable
to gain a detailed understanding of the mixing process, though the computational
costs for this for a full ejector geometry are estimated to be prohibitively high.
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Turbulence models such as the GEKO model in ANSYS Fluent [114] that have pa-
rameters that can be tuned for different physics could improve mixing predictions
and should be further explored. Alternative ways of post-processing data, such
as entropy analysis or using machine learning on CFD data, is a promising and
not well-explored field for CO4 ejectors. Further study towards understanding the
role of transient flow phenomena in ejectors, both turbulent and inherent, and the
required temporal resolution to resolve these is needed. Improved accuracy can be
obtained by using density-based solvers to better capture the shocks dynamics in
the ejector [94]. The differences between density and pressure-based CFD solvers
for COg ejectors are still not fully understood and need further investigation. High-
quality experimental measurement data collected inside the ejector are required for
validating the different model predictions locally. Though global measurements,
such as mass flow rates, can effectively be used for comparing model accuracy, it
is of limited use for comparing models where the mass flow rate can be tuned by
different model parameters. Advances in flow visualization techniques such as PIV
or high-speed imaging in combination with local pressure and temperature mea-
surements can give insight into the phenomena occurring in the ejector. Validation
of CO2 ejector models under diverse operating conditions and geometries is crucial
for model calibration and a better comprehension of ejector flow physics. Conse-
quently, conducting experimental studies involving various ejector geometries and
operating conditions is still necessary.
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ARTICLE INFO ABSTRACT

Keywords: Ejector-equipped vapor-compression systems for refrigeration and cooling, relying solely on CO, (R744) as a
CFD natural working fluid, are perceived to be an eco-friendly and highly efficient solution for many applications.
Expansion work recovery However, the complexity of two-phase ejector flows makes it very challenging to find realiable and efficient
Multiphase flow ejector designs. Improved design methods are necessary in order to achieve higher performance in R744 units
gl(')azns—critical compared to the traditional compressor-based systems with refrigerants that put a higljl strain on the en.viron-
Vapor-compression system ment. Consequently, the development of advanced models and tools for an accurate design of the R744 ejectors
Ejector has been a highly prioritized research topic. To the best of the authors’ knowledge, the current status of R744
ejector models and their limitations has not been thoroughly evaluated yet. To summarise the current state of the
art and knowledge gaps, this work presents an exhaustive overview of the available numerical models applied to
R744 two-phase ejectors, i.e. multiphase flow modeling, turbulence aspects, numerical solution methods, ap-
plications of models, to further encourage the adoption of R744 vapor-compression solutions. Finally, a thorough
discussion of different focus points for future research as well as the main challenges in the field is presented.

1. Introduction

Growing concern for human impact on the environment has brought
about a major shift in the field of Heating, Ventilation, Air
Conditioning, and Refrigeration (HVAC&R). The transition from high
global warming potential (GWP) working fluids, e.g. hydro-fluor-
ocarbons (HFCs), to environmentally friendly refrigerants is a critical
milestone to achieve carbon neutrality. Legislative agreements aiming
at HFC phase-down, such as the Kigali Amendment to the Montreal
Protocol and the EU F-gas Regulation 517/2014 [1] (European Com-
mission, 2014), have been in force since 2015 and apply for both de-
veloped and developing countries. Particular emphasis has been placed
on developing solutions using natural refrigerants as these are cheap,
available, and have no unknown bi-effects on the atmosphere.

Vapor compression refrigeration systems consist of a circulating
refrigerant (working fluid) that absorb latent and sensible heat at a low
temperature and releases it at a higher temperature. This is possible by
compressing and decompressing the refrigerant to reach appropriate
temperature levels. A compressor supplies mechanical work, increasing
the refrigerant temperature and pressure. At the higher temperature,
the heat is released to the ambient air through a condenser or gas-

* Corresponding author.
E-mail address: knut.e.ringstad @ntnu.no (K.E. Ringstad).
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cooler. The refrigerant is then reduced in pressure and temperature in
an expansion device and collects heat through an evaporator. In the
simplest cycles, the expansion device is a simple expansion valve.
However, these devices do not recover any of the supplied mechanical
energy and therefore impose a throttling loss. Alternatively, work-re-
covery devices, such as expanders or two-phase ejectors are used. This
is especially important for refrigerants that operate at high pressures
(such as CO,).

Of the natural and environmentally friendly refrigerants, CO,
(R744) stands out as an efficient, long term solution. R744 is char-
acterized by negligible GWP, non-flammability, non-toxicity, low cost,
favorable thermophysical properties [2]. Additionally, the R744 cycle
can use smaller and more compact components due to its thermo-
dynamic properties. These characteristics make R744 refrigeration
systems a hot research topic. Significant work is currently being carried
out, highlighting the benefits of R744 for many applications, such as
supermarkets [3,4], heat pump units [5-7], vehicles [8-10], light
commercial refrigeration [11,12], tumble dryers [13,14], chillers [15].
R744 HVACR&R systems are rapidly becoming widely accepted for many
purposes worldwide. The wide recognition of this ascending technology
is furthermore a consequence of its high performance in any operating

2451-9049/ © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Schematic of a standard transcritical ejector cycle (b) Pressure-enthalpy diagram of the transcritical ejector cycle. Illustration from Elbel and Hrnjak [18].

mode, such as at high ambient temperatures (in warm climates). The
high efficiency of R744 HVAC&R systems is highly dependent on sup-
port by a two-phase ejector. It has been shown that the recovery of part
of the available expansion work allows energy savings up to 25%
compared to HFC-based systems in supermarkets [16].

Compared to the expanders, two-phase ejectors are characterized by
low cost, absence of moving parts (i.e. great reliability), and the ability
to handle two-phase flows without risks of damage. Consequently,
Lawrence and Elbel claimed that the adoption of an ejector should be
favored for HVAC&R units [17].

The conventional trans-critical R744 cycle with ejector and its
pressure-enthalpy (P-h) diagram are shown in Fig. 1a and b, respec-
tively. Furthermore, the refrigerant flow and a qualitative pressure and
velocity profile are presented in Fig. 1 (a). In this solution, CO, exiting
the gas cooler as vapor (thermodynamic state 3, identifying the high
pressure) is referred to as the primary or motive flow.

The high pressure at the motive inlet accelerates the flow in the
motive nozzle converging section to sonic conditions (Ma = 1) at the
throat and further accelerates it to super-sonic flow (Ma >1) in the
motive nozzle diverging section. The acceleration is coupled to a
pressure reduction, which initiates a phase change process of the liquid
CO, in the nozzle, called flashing [19]. The motive flow fans out from
the divergent part of the nozzle creating a low-pressure region (ther-
modynamic state 4) which drives the CO, from the secondary inlet
(thermodynamic state 9) into the suction chamber (thermodynamic
state 5). The entrained CO, stream is generally referred to as the sec-
ondary or suction flow. The primary and secondary streams are then
mixed in the mixing chamber (thermodynamic state 6) due to the ex-
change of mass, momentum, and energy (heat). As the flow subse-
quently decelerates in the diffuser, a part of the residual kinetic energy
is converted into a pressure increase (thermodynamic state 7, identi-
fying the intermediate pressure). Thus, the energy lost due to the ex-
pansion of the motive flow is recovered and used to increase the
pressure of the suction flow to produce the wanted pressure lift of the
suction flow.

An ejector-equipped vapor compression system presents two main
advantages when compared to the conventional R744 cycle: (I)
Reduction in energy consumption thanks to pre-compression of R744
through the ejector from the low evaporator pressure to the inter-
mediate one; (II) Increase in the refrigerating capacity, as the R744
enters into the evaporator with a lower vapor quality and enthalpy. The
performance of a two-phase ejector is generally evaluated using the
following indicators: the mass entrainment ratio (w), the suction pres-
sure ratio (I1), the pressure lift (P;) and the ejector isentropic

efficiency (7eor)- The mass entrainment ratio (@) is defined as the
ratio of the entrained mass flow rate (1) to the motive mass flow rate
and describes the ability of the ejector to entrain the low-pressure
secondary flow:

y

1y (€3]

where the subscript indicates the thermodynamic state referred to in
Fig. 1.

The suction pressure ratio (IT) is used to evaluate the compression
ratio between the ejector outlet pressure and the ejector suction pres-
sure. The pressure lift (Pg) is used to evaluate the difference between
the ejector outlet pressure and the ejector suction pressure.

_
P @
Pig = P, — P 3)

Lastly, the ejector efficiency (7jec,) is the ratio between the actual
amount of work recovered by the ejector (W) and the total work re-
covery potential for an isentropic process (W may) [181:

W a)'h(P% s9) = hyg
W max hy — h(Py, s3) ()]

nejector =

Here, h is the specific enthalpy. The importance of the two-phase
ejector for R744 systems was highlighted by Elbel and Lawrence [17],
who showed that the adoption of a two-phase ejector is much more
beneficial to R744 systems compared to HFC-based units. The R744
ejector efficiency generally ranges between 0.2 and 0.4 [20], whereas
the efficiency that of both R410A and R134a ejectors is normally less
than 0.2 [17]. Therefore, the characteristics of R744 favorable for ex-
pansion recovery, combined with the high energy efficiency offered by
the adoption of a two-phase ejector, are further promoting the appli-
cation of R744 refrigeration system at an industrial scale [21-26].
However, due to the significant complexity of ejector flow, connected to
the interactions between the motive and entrained flow, the perfor-
mance of a two-phase ejector is highly dependent on its mechanical
design. Furthermore, R744 ejector designs are significantly different
from ejectors with other working fluids, due to different thermo-
dynamic properties and component size.

Experimental work is the most reliable approach to identify the
optimal design of the ejector and has so far been the most used design
methodology. However, it is characterized by some limitations.
Primarily, the large time- and resource costs of experimental design are
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prohibitive for large scale test campaigns since the performance of each
ejector is defined for at least 5 degrees of freedom: motive nozzle
pressure and density, suction nozzle inlet pressure, and density, and
outlet pressure.

Extensive experimental work has been carried out to investigate
efficient ejector designs, looking into the geometry of the mixing sec-
tion [27,28], motive nozzle [29,18], diffuser [28,18], adjustable nee-
dles [30,31]. However, as stated by Elbel and Lawrence [17] the spe-
cific geometry obtained in each study is only optimal for that specific
case and operation. Furthermore, Elbel and Lawrence [17] point out the
need for studies that cover generalized ejector geometries. However, it
is costly to produce results with large variations in operating condi-
tions, ejector design, and system layout.

Fortunately, many of these limitations can be bridged using ex-
perimentally validated numerical modeling. Additionally, such models
can provide a better understanding of the flow patterns. Such a solution
can allow identification of optimal operation and ejector design based
on optimization algorithms.

The first interest in two-phase ejector modeling started in the 1990s
using a one-dimensional approach [32] and has since then been ex-
tended with additional experimental data and newly developed models
to achieve better prediction of two-phase ejector flow. The current state
of the art within fluid flow modeling involves solving the full equations
of fluid motion in three dimensions, i.e. the Navier-Stokes equations,
using computational fluid dynamics (CFD). Computational fluid dy-
namics is a powerful numerical tool that can capture the local flow
behavior realistically and can yield more accurate predictions and more
physically realistic solutions than simpler models. Furthermore, CFD is
not dependent on extensively tuned parameters based on experiments,
which improves the applicability of the models.

For literature on the modeling of other flows with relevance for
R744 ejectors, the authors refer to research investigating atomizers
[33], diesel injector [34], and accidental leaks in devices such as nu-
clear reactors, engines or hazardous gas containers [19].

Even though two-phase ejector technologies has been thoroughly
reviewed in the past, covering such topics as cycles and applications
[16,17,35-38], thermodynamic modeling [17,39,40,37,36,41] geo-
metric design [37,38] and historic developments [38,41,42], to the best
of the authors’ knowledge limited attention was given to the determi-
nation of appropriate modeling approaches for two-phase ejectors [43].
R744 two-phase ejectors models have been previously reviewed by
Nowak et al. [43], however, several modeling aspects were not covered
by this overview. This work attempts to further detail modeling aspects
previously left untouched, such as in-depth multiphase modeling, tur-
bulence approaches, model applications, new experimental validation
data, numerical methods, and model accuracy comparisons. This work
intends to fill this knowledge gap by providing a complete state of
knowledge, summarizing the recent progress within R744 ejector
modeling.

In this review, first, the state of the art of multiphase flow models
are presented and compared. A thorough discussion about the available

Thermal Science and Engineering Progress 20 (2020) 100647

turbulence models such as different two-equation models and more
advanced multiphase models for R744 ejector models is given. Different
numerical methods and their significance for accuracy and convergence
are examined, and currently available experimental data for model
validation is exhaustively reviewed. Lastly, the available modeling
strategies and suggestions for further work are summarised.

2. Two-phase ejector flow physics
2.1. Flow characteristics

The fluid flow in an R744 two-phase ejector is characterized by
multiple two-phase flow regimes in the different sections of the ejector.
These flow regimes are dependent on operating pressures and ejector
design. Due to this complexity, there is a lack of knowledge of these
flow regimes, which poses a modeling challenge.

The flow characteristics in the motive nozzle depend on the nozzle
inlet conditions. Two types of expansion paths can be identified: ex-
pansion from a supercritical state that intersects the phase envelope
close to the critical point, and an expansion that intersects the phase
envelope far away from the critical point. The former will be referred to
as “near-critical” expansion and the latter as “off-critical” expansion. At
near-critical conditions bubble nucleation in the motive nozzle is al-
most instantaneous, while the phase change is delayed at off-critical
conditions due to non-equilibrium effects, discussed in Section 2.2. The
bubbles quickly reach the velocity of the surrounding liquid flow. As
the bubbly flow leaves the motive nozzle, the flow is supersonic and can
go through a series of two-phase shocks. At some point, the flow be-
comes predominantly vapor and the flow regime inverts from a bubbly
flow to a droplet flow. An illustration of such a jet flow is presented in
Fig. 2 (Jiang et al. [44]).

Dimensionless numbers are commonly used to evaluate flow char-
acteristics in fluid mechanics. These numbers help in quantifying the
scales of different flow phenomena in the flow. A limited number of the
most relevant dimensionless numbers will be presented below.

The Reynolds number, Eq. (5), is defined as the ratio between in-
ertial and viscous forces, and is commonly used to quantify turbulent
flows. The Weber number, Eq. (6), is defined as the ratio between in-
ertia and surface tension, and is used for discussing the breakup and
coalescence of bubbles and droplets. The Ohnesorge number, Eq. (7), is
a combined dimensionless number that describes the effects of surface
tension, inertia, and viscous forces. The Prandtl number, Eq. (8), is
defined by the ratio between momentum and heat diffusion. The gas
and liquid Prandtl numbers of R744 vary from Pr = 1.5 — 6 in the
temperature range 0-30 °C. The Biot number, Eq. (9), is a number
compare the heat transfer within and at the surface of a bubble or
droplet. For low Biot numbers, Bi < 1 the temperature inside a bubble
or droplet can be assumed homogeneous. The Nusselt number, Eq. (10),
is similarly defined, however, compare convective and conductive heat
transfer at the surface.
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Table 1
Estimates values in Motive nozzle and Mixing chamber based on values from Smolka et al. [45].
U [m/s] B -] P [MPa] 1 [m] plkg/s] o [N/m] u [Pas]
Motive nozzle 128 0.3 4.7 0.001 342.7 2.5.1073 5.2.10~5
Mixing chamber 35 0.4 0.003 305.0 211073 6.1:10~5

Here, U is the characteristic velocity, [ is a characteristic length, o is
the surface tension, c, is the specific heat,  is the fluid viscosity, h, is
the convective heat transfer coefficient, and p is the density. k is the
thermal conductivity. Subscripts are used for numbers where two
bodies are in contact, i.e. bubbles or droplets, i and e denote internal
and external heat transfer for that body, respectively.

Based on numerical values for an R744 ejector by Smolka et al. [45],
the dimensionless numbers were calculated at two locations; the cen-
terline after the motive nozzle exit and the end of the mixing chamber/
start of the diffuser. The presented quality, pressure, and velocity plots
in Smolka et al. [45] were used to estimate the dimensionless numbers.
The REFPROP library [46] is used to calculate the viscosity and surface
tension. The operating conditions presented by Smolka et al. [45],
correspond to B,=95 MPa, T,=363°, h=4.8 MPa,
Ty = 15.1°C, B, =52 MPa. The estimated variables are presented in
Table 1: where B is the vapor mass fraction defined as
G = Mgas/(Miiquia + Mgqs). The characteristic lengths were chosen to be
the mixing chamber diameter and the nozzle throat diameter. Based on
these estimations the dimensionless numbers are calculated in Table 2.

From these calculations the estimated Reynolds numbers are very
high due to the high velocities in the flow, indicating that the flow is
highly turbulent, both in the mixing chamber and in the motive nozzle.
Furthermore, the very high Weber numbers indicate that bubble break-
up will happen very rapidly.

2.2. A discussion on non-equilibrium

Knowledge of non-equilibrium effects is critical to properly under-
stand two-phase ejectors. In a two-phase flow, there exists non-equili-
brium states can be divided into thermodynamic and transport non-
equilibriums. Thermodynamic non-equilibrium relates to the super-
heated or subcooled state of a liquid or gas, respectively. Transport non-
equilibrium relates to differing temperatures, pressures, or velocities of
the phases.

During rapid depressurization, as in the motive of an R744 ejector,
the saturation temperature will drop below the liquid temperature,
superheating the liquid. The liquid starts to evaporate until the equili-
brium state is reached. The degree of superheat is therefore limited by
the phase change mechanism. Beyond the homogeneous nucleation line
any perturbation will instantly force the phase change, imposing the
upper limit on superheating. This is illustrated in Fig. 3, where the
saturation and homogeneous nucleation lines of R744 are illustrated.
Three cases of ejector motive conditions are plotted with an illustrated
isenthalpic expansion process, corresponding to the expansion process
in the motive nozzle (points 3-4 in Fig. 1). Case 1 is a near-critical
expansion, and cases 2 and 3 are off-critical expansions, in terms of the
previously established notions. This figure demonstrates that as the
degree of sub-cooling at the motive nozzle inlet increases (lower en-
thalpy) and moves towards off-critical expansion, the theoretically

Table 2
Dimensionless numbers in a R744 ejector based on numerical estimates [45]

Motive nozzle Mixing chamber

Re 7.2:10° 6.1-10°
We 2.3-10° 1.8-10%
Oh 0.072 0.028

achievable superheat increases, and therefore the relevance of chemical
potential non-equilibrium. As mentioned in Section 2.1, it is clear that
for near-critical expansion the possible thermodynamic non-equili-
brium is very small, and therefore the phase change will occur very
rapidly. The figure was generated based on the framework established
by Wilhelmsen et al. [47] and Aursand et al. [48].

Transport (or mechanical) non-equilibrium relates to flow char-
acteristics, as well as fluid properties. The commonly considered dis-
equilibria are velocity, temperature, and pressure. Thermal non-equi-
librium refers to a state where the phases exist at differing
temperatures. In this case, heat transfer between the bubbles and the
surrounding liquid must be considered. These states can also affect the
thermodynamic non-equilibrium as two phases can co-exist at ther-
modynamic equilibrium, however at different temperatures.
Furthermore, within a bubble or droplet the temperature is not
homogeneously distributed. A droplet or a bubble may, for example,
contain regions where the fluid is at equilibrium and other regions
where it is at non-equilibrium. For low Biot numbers, the heat transfer
inside a bubble or droplet is much faster than heat transfer to the
surrounding fluid. In this case, the temperature within the particulate
can be assumed homogeneous. Still, limited knowledge is available on
the Biot number for R744 ejector flows, and further research is needed.
This was investigated by Bartosiewicz and Seynhaeve [49], where it is
shown that a non-equilibrium temperature front may in some cases only
penetrate a short distance into a droplet. This is illustrated in Fig. 4,
where different control volume resolutions and the corresponding re-
solved temperature distributions are presented. The effects of pressure
non-equilibrium are often neglected due to the very short time scale of
these disequilibria.

A summary of the currently available experimental literature dis-
cussing the importance of non-equilibrium modeling in R744 ejectors is
given in this paper. Firstly, measurements of wall pressure in a con-
verging—diverging nozzle with R744 were conducted by Nakagawa
et al. [50]. It was found that the observed pressures were close to
equilibrium conditions. However, for low operating temperatures, the
experiments suggested the occurrence of non-equilibrium phase change
as pressures lower than saturation pressures were observed in the
nozzle. Secondly, shock waves in the nozzle were further discussed by
Berana et al. [51]. They put forward that equilibrium flow is an ideal
limiting case, and that for some conditions dispersed and pseudo shocks
were observed. These shocks are weaker and thicker than equilibrium
shocks. Berana et al. [51] suggested that velocity non-equilibrium could
significantly impact shock solutions due to its effect on the speed of
sound. Thirdly, Li et al. [52] used the wall pressure and a visualization
technique to investigate the phase change point for different operating
conditions in an R744 ejector. Also here, the measurements showed
conditions approximately at equilibrium conditions. The aforemen-
tioned studies were conducted at supercritical motive pressures. These
investigations agree that the expansion in a nozzle is in general at
homogeneous equilibrium. However, non-equilibrium effects have been
suggested by the aforementioned authors to be important to capture
transcritical flow at certain operating conditions.

3. Multiphase flow models for R744 ejectors

Accurate multiphase flow modeling is generally considered as the
most challenging aspect of R744 ejector modeling and the key factor for
successful modeling of R744 ejectors. Compared to single-phase flows,
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Fig. 3. P-h plot of the saturation- and homogeneous nucleation lines based on framework by [47] and Aursand et al. [48]. The phase envelope is shown as blue and
orange lines indicating the liquid and vapor sides, respectively. These lines meet in the critical point. The red and green lines are the limits where homogeneous
nucleation will occur, of bubbles in the liquid phase (crossing the green line from the left) or droplets in the vapor phase (crossing the red line from the right). The
magenta lines indicate isenthalpic expansion for three different initial state points with near-critical and off-critical expansion. The grey lines are isotherms, as
labelled at the top. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Illustration of the effect of mesh refinement on resolved temperature
field in two-phase flows. The colors signify increasing temperatures as follows:
blue, green, yellow and red. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

multiphase flows introduce complex interactions at the interface be-
tween the liquid and vapor phases. In addition, R744 ejector flow in-
volves sudden and complex phase change through flashing. The reader
is referred to Polanco et al. [53] and Liao and Lucas [19] for additional
information on flashing flow modeling. As previously mentioned, R744
ejector modeling is not yet fully explored, thus many simplifying as-
sumptions are used in the available models. Assumptions such as
equilibrium of velocity i.e. homogeneous flow (assumed in most cur-
rently available models), thermal equilibrium (assumed in mixture and
equilibrium models), thermodynamic/chemical equilibrium (assumed
in Equilibrium models) and pressure equilibrium (assumed in all cur-
rently available models) are considered to achieve well-posed and
consistent models.

Ejector models are predominantly based on inputs of operating
conditions, i.e. temperature and pressure, at the motive, suction, and
outlet of the ejector. The two primary objectives of an ejector are to
provide pressure lift and entrainment of the secondary fluid. Therefore,
most models attempt to predict the entrainment ratio (w) from the
pressures and temperatures at the boundaries. These variables can ea-
sily be obtained experimentally, and are the variables used for control
of most refrigeration systems.

The accuracy of current R744 ejector models varies significantly
based on operating conditions, ejector geometry, and model com-
plexity. As an example, thermodynamic relation models (0-D) can
achieve accuracy within a 10-15% error in the motive mass flow rate
[54]. However, such models have typically a narrow range of validity in
terms of varying ejector geometry and operating conditions, and are
based on tuning from previous experimental data. On the other hand,
more complex models (CFD) can achieve higher accuracies with a much
wider range of validity, at the expense of much higher computational
costs.

The understanding of two-phase ejector models is further compli-
cated by their high sensitivity to the model inputs. Smolka et al. [45]
discussed the effects of small changes in the numerical boundary con-
ditions. Changing the boundary conditions within the experimental
uncertainty had a large impact on the model’s predicted mass flow rate.
This result is summarised in Table 3, and highlights the importance of
improved models and high accuracy experimental data. The reason for
the motive mass flow rate being easier to predict is due to the flow
becoming choked when reaching supersonic speeds. A chocked flow is

Table 3

Percentage point (pp) of error change in the secondary and primary flow rate,
myg, m,, respectively, when model inputs is changed by the measurement un-
certainty.

Varied parameter Uncertainty Difference [%]
g iy

Inlet suction temperature 1.1°C 1.0

Inlet suction pressure 0.01 MPa 10.0 -

Inlet motive pressure 0.048 MPa 0.6 1.0
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Fig. 5. Classification of current two-phase R744 ejector models.

insensitive to the downstream conditions and is, therefore, easier to
predict. On the other hand, the prediction of the suction mass flow rate
is highly sensitive to downstream conditions. This is because the
downstream conditions, such as mixing chamber pressure, is one of the
main driving mechanism of the suction flow. It is therefore hard to say
whether the low model accuracy for suction flow is due to wrong
modeling of the mixing process, i.e. turbulence, or the wrong modeling
of the motive flow downstream of being chocked. This will be further
discussed in the following sections.

An illustrative overview of models found in R744 ejector literature
is presented in Fig. 5. The models are classified according to the mul-
tiphase aspects considered. Firstly, the models are classified according
to the number of fluid flow equation sets solved; in the two-fluid ap-
proach, one set of equations is solved for each phase, while in the
pseudo-fluid approach the equations of both phases are averaged into
one set. Thus far, all currently available ejector models fall under this
latter category. Secondly, the models are classified according to whe-
ther or not the pseudo fluid transport properties are evaluated assuming
equilibrium or not. Thirdly, the models are classified according to their
treatment of velocity non-equilibrium. Only one study has thus far
evaluated velocity slip [55], and most models consider the flow as
homogeneous.

3.1. Homogeneous flow models

In multiphase flow modeling, a commonly used assumption is that
of homogeneous flow. This approach assumes the phases to be at me-
chanical equilibrium, i.e. both phases are described with a single ve-
locity-(ﬁ’) and pressure-field (P) in order to reduce the complexity of
the model, as it neglects 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. This
pseudo-fluid will be governed by the equations of fluid motion, Eqgs.
(11)-(12) as well as an energy equation, Eq. (13).

9 3
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Here the Einstein notation is used with subscript-indexes i and j, and
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the subscript m indicates the pseudo-fluid mixture properties.
p, u, p, E, h, q refer to the density, velocity, pressure, total energy,
enthalpy and heat flux, respectively. The effective stress tensor 7. is
the laminar (Newtonian) and turbulent stress tensors combined,
Tijeff = Tj + Try-

The homogeneous flow approach is prevalent in R744 two-phase
ejector models and will, therefore, be a focal point of this review.
However, the transport properties of a mixture of two phases have to be
defined as they are derived from the averaging of the equations.
Therefore, estimates of these properties must be carefully considered.
For example, the mixture viscosity is typically defined as a volume-
weighted average of the two phases y, and u,. In this case, the mixture
viscosity, u,,, is a function of the liquid and vapor viscosities and the
vapor fraction:

M = £ (0, s 1) a4

To evaluate this property (Eq. 14), three factors must be considered:
(I- Phase-fraction) The evaluation of phase fraction of the mixture, a (II-
Properties) The fluid properties of the phases, &, and u, in Eq. (14). (III-
Averaging) Mixture averaging procedure i.e. the function f in Eq. (14).
As an example is a volume-weighted average presented below (Eq. (14)

U = o, + (1 — o)y (15)

These three factors will be discussed in terms of each model. Factors
(II- Properties) and (III- Averaging) are discussed further in Section 3.3.

3.1.1. Homogeneous equilibrium

One simple, yet reasonable solution to evaluate the phase fraction
(I- Phase-fraction) and the fluid properties (II- Properties) is to assume
thermodynamic equilibrium of the phases at all points in the flow. This
is the main concept adopted in the Homogeneous Equilibrium Model
(HEM). This model has been extensively used in the literature to model
R744 ejector flow structure and characteristics [31,45,56,57].

Bulinski et al. [58] conducted an early exploratory investigation in
2010 to investigate two different multiphase CFD models for an R744
ejector. A heterogeneous model, similar to the mixture model, and a
temperature-based homogeneous model was implemented into the
ANSYS Fluent software and tested. Unfortunately, the models per-
formed poorly and the model results could not reproduce the experi-
mental data. This led to investigating a homogeneous equilibrium
model formulation based on total enthalpy.

One preferable property of equilibrium flow is that the pressure and
enthalpy uniquely define the thermodynamic state, and thus the
properties in the two-phase dome. Properties are typically divided into
thermophysical- (Eq. 16) and transport (Eq. 17) properties.

p, e, T=f(p, h), (16)
u, k=f(p, h), a7

where p, @, i, k, c, are the pseudo-fluid density, vapor volume fraction,
kinematic viscosity, thermal conductivity and heat capacity, respec-
tively. In general, to achieve the most accurate thermodynamic rela-
tions, it is preferred to use density-energy formulations as they always
conserve mass and energy, however these are less practical for com-
parisons with experimental results and require more computations.

This property was exploited in the work by Smolka et al. [45].
Furthering their previous work [58], a full 3D steady-state CFD model
for R744 ejectors was implemented such that all properties were de-
fined using the pressure and total enthalpy. To obtain the total en-
thalpy, an alternative formulation of the energy equation, Eq. (18), was
implemented using user-defined functions in the ANSYS Fluent soft-
ware [59].

iph + V‘(pﬁ’h) = V‘[FeHVh] + Sp1 + Spa + Sia
ot (18)

In this equation, h is the specific enthalpy, i is the velocity vector,
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L the effective diffusion coefficient. The source terms S, 3 describe
the mechanical energy, the irreversible dissipation of the kinetic energy
variations, and the dissipation of the turbulent kinetic energy, respec-
tively [45].

The two-phase mixture properties were evaluated in Smolka et al.
[45] using the REFPROP library [46]. The results were validated with
experimental data obtained from a lab-test campaign carried out by the
SINTEF Energy Research laboratory in Trondheim (Norway) [60-62].
The experimental results were obtained using an ejector implemented
in an R744 transcritical heat pump system under varied conditions. It
was found that the non-symmetries were significant and that 3D flow
modeling should be performed, in contrast to previous investigations
with 2D flow [63]. The disagreeing results indicate that the significance
of 3D effects depend on the ejector design and should be verified on a
case to case basis. This is further discussed in Section 5.2. The authors
found that global parameters (e.g. mass flow rate) were well approxi-
mated by the HEM approach for operation near the critical point, i.e.
for near-critical expansion. The average deviation from experimental
data was 5.6% and 10.1% for the motive and suction mass flow rates
(MFR), respectively.

Later, Lucas et al. [57] presented a similar CFD model using the
total enthalpy HEM approach. This model was implemented in the
OpenFOAM framework [64] with the TEMO-media library. The in-
vestigations compared the results of the pressure recovery with those
carried out by Lucas et al. [65] in earlier experimental work. When
operating without suction flow up to 10% deviation in pressure dis-
tribution between model and experimental results were observed.
However, this error increased to 20% when the suction flow was in-
cluded. It was concluded that the larger deviation when simulating with
the suction flow was due to inaccurate modeling of the pressure losses
associated with flow mixing.

Furthermore, a HEM was implemented in Giacomelli et al. [66,67
using look-up tables implemented into ANSYS Fluent from the RE-
FPROP library. They conclude that the HEM is an efficient tool for
achieving reasonable results. Still, they state that further model de-
velopment, in terms of meta-stable properties, is required to properly
describe the flow physics.

Recently, Fang et al. [68] implemented a HEM based on a ther-
modynamic look-up table [69] with an inviscid density-based solver in
the OpenFOAM framework, (discussed in Section 5), to model con-
verging-diverging (CD) nozzle with R744. The results were compared
to the wall pressure profile [27] with reasonable accuracy for the larger
expansion angle. Interestingly, the model performed similarly for the
sub-cooled as for the super-critical motive conditions. They state that
work is ongoing for an R744 ejector simulation.

Following their previous work [45], Palacz et al. [56] investigated
the application range of the HEM approach within typical supermarket
refrigeration conditions. The model was validated with experimental
results for 24 running modes. The results showed that for operating
conditions close to or above the critical point of R744, the HEM ap-
proach can accurately reproduce the experimental results (within 5%
error of mass flow rate). However, as the temperature and pressure are
reduced below the critical point, to off-critical expansion, the HEM
approach accuracy is reduced to approximately 50% deviation in mo-
tive mass flow rate. The significant errors were attributed to the non-
equilibrium effects that are not considered by the HEM approach,
which had been argued for in previous ejector models [70].

3.1.2. Homogeneous relaxation

Palacz et al. [56] concluded that non-equilibrium modeling is ne-
cessary to model the whole range of common supermarket R744 ap-
plications. At equilibrium the pressure and enthalpy define the vapor
quality of the flow. However, at non-equilibrium an additional trans-
port equation for the vapour fraction, Eq. (19), with a phase change
model is needed to evaluate (I- Phase-fraction).
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where I' is a phase source term modeling phase change. One potential
extension to the HEM for non-equilibrium conditions is the homo-
geneous relaxation model (HRM) introduced by Bilicki and Kestin [71].
Similarly to the HEM, the HRM assumes homogeneous multiphase flow.
The HRM treats the phase change as a relaxation process toward the
equilibrium vapor-quality:
re_ptFa
6 (20)

where 6, is a relaxation factor, o is the mixture density, 8 is the in-
stantaneous vapor mass fraction and Eeq the time-averaged equilibrium
vapor mass fraction. The discussed relaxation introduces a delay to the
onset of phase-change with a time-scale referred to as the relaxation
time, 6,. In relation to the previously established notation, this yields a
more accurate description of the phase fraction (I- Phase-fraction). This
improvement is, however, based on an appropriate estimate of the re-
laxation time scale.

Downar-Zapolski et al. [72] defined the relaxation time as described
in presented in Eq. (21), validated for the case of flashing water.

6, = B¢, @1)

where 6, is the initial relaxation, a and b are empirical coefficients, and
a is the mixture void fraction parameter defined as:

_Pu—P
P~ P (22)

where p , o, are the saturated liquid and vapor density.

This formulation was extended for R744 by Angielczyk et al. [70],
who investigated a formulation of ¢, the pressure parameter in Eq. (21),
more appropriate for supercritical conditions, Eq. (23):

_ Puat (smotive) ~ P

s

P~ Psat (smotive)

(23)

where p, is the critical pressure at the given conditions and the subscript
sat indicates saturated conditions. The mentioned authors found that
the appropriate empirical coefficients
a=—0.54, b = —1.76, 6y = 2.14e — 07.

Such an HRM was implemented by Colarossi et al. [63] into a 2D
CFD model using the OpenFOAM framework [64] for R744 ejectors.
The study aimed to investigate the presence of non-equilibrium effects.
As an initial approach, the authors used the relaxation time for flashing
water [72]. A comparison with the experimental results obtained for
the pressure recovery performed by Nakagawa et al. [27] revealed an
average error of 18.6% and a maximum error of 50%. It was also stated
that the expansion follows a path of equilibrium states, and concluded
that non-equilibrium effects were negligible. The study was evaluated
at supercritical conditions so these results are not contradicting the
results of Palacz et al. [56].

In a later study, Palacz et al. [73] compared an HRM and a HEM
approach. The constant relaxation time parameters suggested by An-
gielczyk et al. [70] was employed. The investigation showed that the
HRM outperformed the HEM for operating regimes distant from the
critical point. However, the HEM was more accurate than the HRM
approach at supercritical conditions. Overall up to 5% improved ac-
curacy was observed for the HRM only in the sub-critical range. This
improvement was found unsatisfactory, and it was concluded that
further investigation into the relaxation time parameter should be
conducted to achieve higher accuracies.

Recently, Colombo et al. [74] presented an HRM approach based on
the relaxation parameter of Angielczyk et al. [70] and compared with
the experimental results by Palacz et al. [75]. Relatively low errors
were observed for the three operating points (2-14% error in motive

were,
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MFR, 2-16% error in suction MFR), however, investigations with at
wider operating ranges are needed for further validation.

The investigations carried out by Palacz et al. [73] revealed that the
assumption of a constant relaxation time parameters decreased the
model accuracy for some operating conditions. To generalize the HRM
for a wider range of operating conditions investigation into a variable
relaxation time parameters was conducted by Haida et al. [61]. The
parameters in Eq. (21), ie. 6y, a and b, were thoroughly investigated to
understand their impact on the flow. Furthermore, an optimization
algorithm was used to construct an optimal set of relaxation time
parameters for different operating ranges, to better replicate experi-
mental results and achieve higher accuracy. The motive nozzle condi-
tions were divided into a high, a medium, and a low-pressure range. In
each pressure range, the parameters were optimized to minimize the
discrepancy in the results. The empirical coefficients that best re-
produced the experimental results were identified as follows:

a=0, b=0, 6 =1010" if p, > 73.77 bar
a=-067, b=-173, 6,=90-10"° if 59 < P, < 73.77 bar
a=-067, b=-20, 6,=1510" if p, <59 bar

The optimization was based on a set of operating conditions and
validated with experimental results outside this set. The modified HRM
was able to produce similar accuracy to the HEM approach for tran-
scritical operating conditions while retaining the benefits of the HRM
for sub-critical conditions. However, further work is needed to validate
the transferability of this model to other geometries.

3.1.3. Mixture models

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 (Eq. 19) is solved with the
mass transfer terms for evaporation and condensation explicitly in-
cluded:

r==r-r, 24)

where T, and I; are the mass transfer sources due to evaporation and
condensation, respectively. Such an improved estimation of the phase
composition, i.e. (I- Phase-fraction), allows for a more accurate estimate
of the mixture properties. The properties are calculated based on a mass
weighted average (Eq. 25) for the thermodynamic variables, e.g. en-
thalpy or total energy, or volume weighted average (Eq. 26) for the
variables mixture density, molecular viscosity or thermal conductivity:

fm = B{{[ +1- ﬁ[)gvs (25)

X =g + (1 — any,, (26)

where &, and y are generic properties, « and 8 are the volume and mass
fractions respectively. The subscripts I, v, and m correspond to the li-
quid, vapor and mixture properties, respectively.

Different approaches have been proposed to model the phase
change mechanisms. Yazdani et al. [55] implemented a mixture model
into the ANSYS Fluent framework to model the R744 ejector. Here, two-
phase transfer mechanisms were considered (I- Phase-fraction), ie. in
the terms I, and I, of Eq. (24); a cavitation model adopted from the
work by Singhal et al. [76], and a boiling model based on kinetic theory
[77,78]. However, as noted by Giacomelli et al. [62] the superposition
of these two phase-change mechanisms is not justified during flashing,
as cavitation and boiling cannot be considered as two independent
mechanisms.

Yazdani et al. [55] implemented different methods to estimate the
thermodynamic fluid properties that enter the interpolation schemes,
Eq. (25)-(26). The thermal conductivity and viscosity were set as a
constant mean value for each phase, the liquid and vapor specific heats
were set at saturated conditions, and the density of the liquid and vapor
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phase were estimated based on the REFPROP-database [46] and a Peng-
Robinson equation of state. Additionally, this paper introduced a drift
flux model to account for velocity-slip between the phases. This will be
further discussed in Section 3.4.

Recently, a more extensive mixture model was presented by
Giacomelli et al. [67] to model the nozzle flow in the R744 ejector
([501). In this work, the full set of thermodynamic fluid properties for
both phases were found through look-up tables based on the NIST
REFPROP library. This was implemented by introducing two non-in-
teracting “species”, where one represents the R744 vapor phase and one
represents the R744 liquid phase. This allows for each phase to be de-
fined with a User Defined Real Gas Model (UDRGM). Giacomelli et al.
[67] considered a mass transfer model based on the Clausius—Clapeyron
and Hertz—Knudsen equations, referred to as the Lee model [59]:

T — T
L = qop——%,
Tsar 27)
T - T;
L = g.a,p,——%.
Tsar (28)

The two parameters o, and o, require tuning, and can be analogously
compared to the relaxation time. This model is similar to the boiling
model employed by Yazdani et al. [55], through the Clausiu-
s-Clapeyron equation.

The phase change models used Yazdani et al. [55] and Giacomelli
et al. [67] indirectly assume an interface area, A;, given the form:

_ 6a(l — o)

A
dg

ie. assuming spherical bubbles or droplets of uniform diameter dg
modified by the phase fraction. This assumption is likely to become
invalid, especially in the motive nozzle. Giacomelli et al. [62] state that
further work will be devoted to including interface density tracking to
overcome the limitation of this assumption. Similar mixture models
have also been implemented for flashing steam in converging-diverging
nozzles [79], two-phase R600a [80] and LNG-BOG [81] ejectors.

The discussed mixture model was recently applied to simulate an
R744 ejector by Giacomelli et al. [62]. Only a 2% error was observed
for the motive mass flow rate showing the high accuracy of the model,
however, significant deviations are still observed for the suction mass
flow rate (10-17%). The parameter o, was found to have a significant
impact on the model accuracy in terms of mass flow rate. The para-
meter o, was found to have a negligible impact on the mass flow rate,
however, up to 11% higher values of outlet volume fraction were ob-
served as this value was varied from o, = 0.1 to g. = 10000. Giacomelli
et al. [62] compared their results with those obtained using a HEM and
found that the mixture model performed significantly better (19% error
for the mixture compared to 48% error for the HEM in terms of en-
trainment ratio). The difference is flow pattern prediction is depicted in
Fig. 6, where the difference between the density field predicted by the
HEM and mixture is highlighted. This illustrates the effect of relaxing
the phase transition, where the HEM shows sharp discontinuities in
density, the mixture model produces a smoother transition. However,
the model by Giacomelli et al. [62] displayed problems with numerical
stability and slow convergence. Giacomelli et al. [62] reported con-
vergence times up to 8-10 days on a 12-core workstation, which was
close to ten times higher than a similar HEM. This slow convergence
rate is prohibitively high for applications such as optimization.

3.1.4. Delayed equilibrium

The mixture model allows for the existence of meta-stable and sa-
turated states of liquid and vapor phases, whereas the HEM allows only
for saturated conditions of both phases. An alternative approach is the
Delayed Equilibrium Model (DEM), where the liquid phase is treated as
a combination of saturated and meta-stable liquid. This coexistence is
supported by the assumption is that only a fraction of the liquid is held
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Fig. 6. Density contours comparison of the HEM (top) and mixture (bottom) in a sub-critical R744 ejector — Giacomelli et al. [62].

at a superheated temperature, and the other fraction is at saturation

temperature, which is discussed by Bartosiewicz and Seynhaeve [49].

The fractions are typically defined by a vaporization index y, defined as:
My + Myg

Mgy + Mt + Mg (29)

where the subscripts s, m, I, and g indicate saturated condition, meta-
stable condition, liquid, and gas, respectively. This approach has been
used in 1D modeling in an R744 converging—diverging nozzle to predict
the critical mass flow rate by Angielczyk et al. [82] and to model an
R744 ejector by Banasiak and Hafner [83]. Angielczyk et al. [82]
compared the pressure distribution of the HEM and DEM in a con-
verging—diverging nozzle. Their results showed that the non-equili-
brium introduced in the DEM reduced the model accuracy, however,
the limiting case of equilibrium (the HEM approach) still revealed
significant discrepancies.

Later, Banasiak and Hafner [84] combined the DEM with both
homogeneous and heterogeneous nucleation theory to model an R744
ejector. The authors divided the flow path of the expanding refrigerant
into three sections, based on the fluid’s thermodynamic state and de-
gree of thermal equilibrium reached: (i) the thermodynamically stable
single-phase section (containing either pure liquid or pure vapor), (ii)
the metastable two-phase section (containing a mixture of the me-
tastable fluid, saturated liquid, and saturated gas), and (iii) the equili-
brium two-phase section (containing only the equilibrium liquid-gas
mixture). The fluid bulk temperature in the different regions was de-
fined and calculated according to the fluid properties except in the two-
phase metastable zone, where two temperatures should be dis-
tinguished: the metastable liquid temperature and the equilibrium
temperature. The authors replaced the isentropic expansion of the li-
quid as formulated in the work by Banasiak and Hafner [85], with a
more general approach, independent of any transition trails, allowing
for a more realistic assumption for the non-isentropic expansion pro-
files.

3.2. Modeling non-equilibrium

A full compressible two-phase model introduces seven degrees of
freedom, independent of the turbulence modeling [86]. Such a model
allows for disequilibrium of pressure (subscript p), velocity (subscript
u), temperature (subscript T) and chemical potential (subscript 1) [87].
The time scale to reach equilibrium for each of these variables is often
denoted 6. The relaxation time discussed for the HRM and mixture
model is the chemical potential relaxation time, 6,. An analysis of the
magnitudes of these time scales [88,89] for flashing water found that
the thermal and chemical relaxation times were dominant in compar-
ison with velocity and pressure relaxation times.

The complexity of the model and the required sub-models increase
as additional non-equilibrium are introduced. The models are typically
arranged into a hierarchy [90], describing the different combinations of
relaxation models available. Model choice also changes the predicted
speed sound [90,87]. The introduction of a velocity disequilibrium is
discussed in Section 3.4. Pressure non-equilibrium is often neglected in
most multiphase flow models, due to the rapid response of pressure
waves. However, it is considered a challenge to show that problems
with pressure non-equilibrium can be well-posed [91]. Thermal non-
equilibrium is treated in the two-fluid models, where one energy
equation is solved for each of the phases, and coupled by sub-models for
heat transfer. The effects of thermal non-equilibrium are dependent on
the mesh resolution (i.e. the control volume size). If the mesh is refined
up to a resolution where each cell contains primarily one phase, see
Fig. 4, thermal disequilibrium can be neglected. Potentially, it may be
that both liquid and vapor phase exist in chemical potential equilibrium,
however at differing temperatures (i.e. thermal non-equilibrium). Such
a flow exists at equilibrium however will be poorly described by any
current R744 model. Table 4 presents an overview of current R744
models and which non-equilibrium states are considered in each model.

3.3. Two-phase mixture properties

Different models and data sets for R744 properties are available, for
a thorough overview see Banasiak and Hafner [92]. When approx-
imating the fluid properties of R744 (II- Properties), the property li-
brary REFPROP [46] has been extensively used. REFPROP uses the
equation of state (EOS) by [93] based on the Helmholtz equation for the
determination of R744 properties. This EOS is widely regarded for its
high accuracy [92], however, it is highly CPU intensive. Thus, the
published literature has used look-up tables for more efficient simula-
tions [69,68,45,67]. The accuracy of these tables must be considered,
which is a trade-off between storage size and accuracy. As an example,
Giacomelli et al. [67] found errors in property estimate up to 1.6% in
their coarse look-up table. This look-up table was, however, preferred
to reduce computation time. Alternatively, look-up tables based on

Table 4
Overview of the considered disequilibrium of different models, a) not yet stu-
died.

Non-equilibrium Chem Mom Temp Press
HEM [45,57,68] X X X X
HRM [63,61] v X X X
Mixture [67] v X X X
Mixture [55] v v x x
Two-Fluid® v v v X
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variable step size is preferred, such as implemented by Banasiak and
Hafner [69]. This is especially important near the critical point of R744,
where large variations in properties occur. Since the work by Banasiak
and Hafner [93], further work has improved upon the modeling of fluid
properties of R744. Especially on the modeling of liquid and near-cri-
tical viscosity has been improved [94-96], however uncertainties up to
3-4% in liquid viscosity are still observed in newer correlations. The
effect of bulk viscosity (volume viscosity) can be significant for com-
pressible flow with poly-atomic gases. Fang et al. [68] studied the effect
of bulk viscosity on a converging—diverging nozzle with R744 using
CFD, concluding that the bulk viscosity had no noticeable effect on the
flow. When mixture properties are considered, it is important to con-
sider appropriate averaging laws for the mixture properties [97], which
corresponds to (III- Averaging) in the previously established notion.

Due to the high velocity and often supersonic flow in the ejector, the
evaluation of the speed of sound can significantly impact model results
and/or convergence. A recent discussion on critical two-phase speed of
sound for different models in pipe-flow was presented by De Lorenzo
et al. [89], Fang et al. [69], and Lund [90]. In density-based models
[68], the speed of sound directly modifies the propagation speed of
acoustic waves and is critical for proper model results. On the other
hand, for pressure-based solvers, such as the mixture model [67] and
HRM [61], the speed of sound does not explicitly enter the solution
algorithm. However, improper speed of sound models can still cause
slow convergence or instabilities [62]. In the mixture model presented
by Giacomelli et al. [67], the speed of sound could not be set as an
independent variable due to limitations in the ANSYS Fluent software
[59]. In this software, the Wallis speed of sound model is built into the
UDRGM approach [98]. Giacomelli et al. [67] compared the Wallis
model with a model by Brennen [99] by calculating the solution speed
of sound in post-processing. Their investigation suggests that the
Brennen model may be more accurate than the Wallis model.

Zhu and Elbel [24] state that the presence of fluids other than R744
in an ejector can dramatically affect the flow physics. As an example, oil
flow through the ejector could impact ejector performance. Numerical
simulations can be useful to model these effects and can help develop
novel solutions to the treatment of oil in R744 ejector systems.

3.4. Velocity slip models

In Section 3 the homogeneous flow assumption, where all phases
move with the same velocity, was considered. However, velocity slip
(velocity non-equilibrium) can have a significant impact on the speed of
sound [100,90], two-phase turbulence [101], and shock-wave pressure
distribution [55].

To incorporate velocity slip, the models can be extended by in-
cluding additional terms in the void-fraction (Eq. 19) and momentum
equations (Eq. 12) to model the phase velocity slip. Velocity slip is
considered in terms of the drift velocity, ie. the relative velocity be-
tween a phase (p) and the mixture (m). This is formulated as:

- _ - -
Varp = Vp = Vi, (30)
. . Py b d - -
or formulated in terms of relative velocities, v,q = v, — Vj; :
z Ak
— — k—
Vdr,p = Vpg — Z Vig-
k=1 Pm 31

where subscript k is the phase index 1 to n, subscript m referres to the
mixture velocity. Several relations have been presented to estimate the
velocity slip in the literature on flashing flows, see the review by Liao
and Lucas [19]. Typically the velocity slip models account for drag
related forces, neglecting other two-phase interactions.

Still, research considering the phase velocity slip condition is very
limited. Yazdani et al. [55] introduced a simple velocity slip model
based on the formulation for mixture models proposed by Manninen
et al. [102]. The drag formulation used was based on the relations of
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Schiller and Naumann [103], where drag is considered as a modified
Stokes drag coefficient for low particle Reynolds number Re, < 1000,
and a constant drag coefficient at Re, > 1000. The particle Reynolds
number is the Reynolds number, Eq. (5), based on the slip-velocity and
particle diameter. Yazdani et al. [55] demonstrated that the slip model
produced pressure waves at the nozzle exit, which were smoothed by
the homogeneous flow model. However, the slip model was found to
only have a minor effect on global ejector performance.

The relative importance of velocity slip depends on the velocity
relaxation time, 6,. An estimate of this time scale can be found by
considering Stokes drag on a spherical particle. The relevant time scale
for velocity slip is the drag relaxation time, ie. the time to accelerate a
particulate to the surrounding fluid velocity. Considering the
Newtonian (laminar) flow regime at a constant drag coefficient, Cp,
yields [102]:

2p,d,p
v 30,Cpuy

(32)

Hence, the ratio of the particulate to continuum density is critical
for velocity slip. For bubbly flows, where the particulate is at a lower
density than the surrounding fluid, this ratio is low and bubbles will
quickly be accelerated to the velocity of the surrounding liquid. As the
flow inverts from a bubbly flow regime with increasing vapor fraction,
the flow regime turns into a droplet flow. Compared to bubbles, dro-
plets, on the other hand, will be largely independent of the surrounding
gas velocity.

3.5. Advanced two-phase modeling

The models presented so far (HEM, HRM, mixture, DEM) have
considered the two-phase problem by treating the phase change and
phase slip indirectly using supplementary models, coupled to the
pseudo-fluid solver. Alternatively, these issues can be treated more di-
rectly through the use of a two-fluid model (TFM) [91]. The two-fluid
model treats each of the two phases as a separate fluid. This involves
the use of separate equations for mass, momentum, and energy transfer
for both fluids. In 3D CFD models, this yields a set of 10 equations; 2 for
mass, 6 for momentum (one for each direction and phase), and 2 for
energy. Such an approach has the benefit of being able to capture non-
equilibria (such as temperature and velocity) between the phases di-
rectly. However, additional modeling is required to capture the inter-
actions between the phases. The TFM was tried by Menegay [104] in
1998 for R134a ejectors, however, the CFD model was eventually sig-
nificantly simplified due to its complexity.

Many additional effects of two-phase flow have not yet been thor-
oughly investigated for R744 ejectors, such as the effects of bubble and
droplet collisions, interphase drag, and jet break up (atomization). As
an example, the breakup process after a nozzle displays a complex flow
pattern, illustrated in Fig. 2. Furthermore, these effects are inter-
dependent with multiphase turbulent effects, which increases problem
complexity. Additionally, the close relationships for multiphase flows
are strongly dependent on the flow regime, as discussed in Section 2.1.
Unfortunately, more advanced investigations will typically require
more accurate experimental data for validation. Such experimental data
is not yet available, see Section 6.

3.6. Comparison of multiphase models

This paper has mainly discussed three approaches for advanced
modeling of R744 ejectors: HEM, HRM, and the mixture approach. A
comparison of the errors is presented in Fig. 7 and summarized in
Appendix A. These data are compiled from the studies carried out by
Giacomelli et al. [62], Palacz et al. [73], and Haida et al. [61]. To the
best of the authors’ knowledge, no such comparison has been done in
the literature. Ejector geometry has not been considered in this
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Fig. 7. Relative discrepancy of motive mass flow rate plotted at the corre-
sponding motive condition. Downward triangle — Mixture model [62], Upward
triangle - HEM [73], Circle — modified HRM [61].

comparison and could potentially have a significant impact on model
accuracy.

In Fig. 7 the modeling error, i.e. the discrepancy between model and
experimental data, is presented for the different studies. The points are
color-coded according to the percentage model error in the motive
MFR. Fig. 7 illustrates that current R744 ejector models are able to
reasonably capture near-critical motive flow conditions. The recently
developed mixture model [62] shows a very low motive MFR dis-
crepancy (error 0.1-2%). However, as can be observed in Fig. 7 this
model has not yet been tested for pressures below critical. Moreover,
the method shows promise for future development. The motive MFR
errors increase for lower motive pressures, as the expansion moves from
near-critical to off-critical. As previously discussed in this review, this is
likely due to the increased effect of non-equilibrium conditions during
off-critical operation.

The average errors of the mentioned models are shown in Table 5
and organized into three categories. Similarly to the choice in Haida,
three categories are used to compare the models; supercritical pressures
(Buotive > Byir), intermediate pressures (59bar < Bpoive < Boyi) and low
pressures (Bnotive < 59bar). The lowest average MFR error was observed
for the mixture model both for suction and motive flow rate at super-
critical conditions. Nevertheless, this approach should be further tested
for sub-critical pressure conditions for a full comparison. Currently, the
modified HRM formulation has demonstrated the best accuracy in the
sub-critical pressures. However, this approach still significantly de-
viates from experimental measurements, especially for suction MFR at
low pressures.

From Appendix A and Table 5 it is clear that the suction MFR is still
not well described by any current model. The relative error in suction

Table 5
Averaged discrepancy in motive and suction MFR observed with available R744
ejector CFD models. P, = 59 bar.

Study P > Ryit Pp < P < Frit P <Py
Average error motive MFR

HEM - [73] 5.5% 11.0% 30.5%

HRM - [73] 5.4% 9.4 % 27.7%

Modified HRM - [61] 3.3% 5.4% 23.2%

Mixture — [62] 1.1% - -
Average error suction MFR

Modified HRM - [61] 20.1% 21.2% 64.1%

Mixture — [62] 14.4% - -
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MFR varies from 20-100%. The challenge of correctly capturing the
suction mass-flow rate stems from its complicated governing mechan-
isms. Firstly, the suction mass flow rate is induced by the motive flow,
which means that errors in the motive flow compound for the suction
flow. The motive flow rate can be predicted by a wide range of models,
as it is primarily affected by the upstream and downstream pressures. In
comparison, the suction flow is more sensitive to local flow phenomena,
such as the local velocity, vapor quality, turbulence, and pressure. This
means that even if the global mass flow rate of the motive flow is well
predicted, if the local solution of the motive flow is not correctly re-
produced, it will give cause errors for the suction flow. Secondly, the
physics that produces the motive and suction flow is very different. The
motive flow is decided primarily by thermodynamics, phase-change,
and the motive pressure. While the suction flow is entrained by the
motive flow, which is governed primarily by turbulence, the local ve-
locity field, and multiphase momentum interaction.

A summary of the main advantages and challenges of each of these
approaches is presented in Table 6. The more recently implemented
methods (Modified HRM and mixture model) have been less extensively
tested in the literature than the classic HEM. The HEM is generally
regarded to produce reasonably accurate results at super-critical con-
ditions. Furthermore, the simplicity of the HEM helps the stability of
the model, which is important for use in optimization algorithms.
However, this model fails to describe the ejector operation at low-
pressure motive conditions. This effect is thought to be connected to
relaxation effects. Two ways to deal with this non-equilibrium relaxa-
tion is presented in the literature; the relaxation approach (HRM) and
the mixture approach. The HRM applies the equilibrium properties of
R744, similarly to the HEM, but introduces a time-delay depending on
the flow conditions. The studies show that a single relaxation parameter
is not suitable for a wide range of operating conditions. By using three
different zones for the relaxation time formulation fairly reasonable
results can be achieved for most motive conditions. The mixture ap-
proach treats the phase change mechanisms explicitly and uses prop-
erties in meta-stable conditions for gas and liquid. While the mixture
model can produce highly accurate motive MFR results for super-cri-
tical pressures, validation at low pressures has yet to be conducted.
Taking into account the phase change mechanisms in the model, such
as done in the mixture model and TFM, allows for a more realistic and
physical description of the flow. This approach makes the model less
dependent on experimental data, but it requires more extensive sub
modeling. Still, this model suffers from numerical stability issues that
can cause slow computations.

4. Turbulence

An accurate description of the mixing phenomenon and the flow
structure inside the ejector is highly dependent on accurate modeling of
the turbulent flow. Due to the complexity and lack of insight into
multiphase turbulence, modeling turbulence in R744 ejectors is sig-
nificantly more challenging than for single-phase ejectors. Multiphase
turbulence has therefore often been left disregarded in current R744
ejector models.

To model compressible multiphase turbulence, fluctuations in ve-
locity, density, and mass fraction, as well as interface effects must be
accounted for. Thus, different averaging procedures of the flow fields
are considered to reduce the need for excessive sub-modeling. A
common approach is to use ensemble- and phase averaging. Model
complexity can then be reduced to modeling to a few additional terms
in the momentum and energy equations. Most prominant is the non-
linear momentum fluctuation u;uj, typically modelled by a Boussinesq
approximation, Eq. (33), where turbulent fluctuations are treated as a
diffusive turbulent viscosity.
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Table 6
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Overview of currently available R744 two-phase ejector models, their limitations and advantages. Presented in previous work [105].

Model

Advantages

Challenges and limitations

HEM

Smolka et al. [45],
Lucas et al. [57],
Giacomelli et al. [66]
Fang et al. [68]

HRM

Colarossi et al. [63],
Palacz et al. [73],
Haida et al. [106]

Mixture
Yazdani et al. [55],
Giacomelli et al. [62]

-Simplicity and stability
-Accurate at supercritical conditions
-Extensively tested in literature

-Considers meta-stability,
-Extended with variable relaxation time
for subcritical conditions

-Considers meta-stability,

-Can more accurately evaluate the phase
fractions by mass transfer modeling
-Highly accurate results for motive flows

-Does not consider meta-stability
(underestimates flashing flows
at low motive pressures)

-Empirically based parameters
for relaxation time,
-Requires tuning of parameters

-Increased complexity,

-Requires tuning of model parameters,
-Less profound literature database

on R744 ejectors

-Not yet tested for low motive pressure

ujuj = vt(aui + %) - zkﬁij
ox;  Ox; 3 (33)

Here, u’' is a turbulent fluctuation in the velocity field, and v is the
turbulent viscosity. Commonly, a set of transport equation for turbulent
kinetic energy, k Eq. (34), and the turbulent energy dissipation € Eq.
(34), is solved to close the relation for turbulent viscosity relation, ac-

. K2
cording to: v, = cy

(p,, k ;
M+M=i[&%]+ak‘m_w+nm

ot ox; 0x; | o 0x; 34)
dpe)  dpeu) 0 |4 € €
——+ ———"=—|—— |+ —[CGim — Cocp,] + i
ar " ax| oy | Tk CieCm = Cachul + Tl
(35)

where the subscript, m, indicates mixture properties based on mass or
volume weighted averaging. Gy, is the strain rate production of
k, G,m = p,(Qu;/3x; + du;/dx;)*. Interfacial turbulence interactions are
included in the terms I, and Il ,, which are further sub-modelled
[59]. Additional multiphase effects, such as bubble induced turbulence,
dispersion forces, and the influence of other neglected terms have so far
not been discussed in any of the current models. For further details on
multiphase turbulence see Ishii and Hibiki [91], Coutier-Delgosha et al.
[107], and Morel [108].

The current state of the art R744 ejector models consider pseudo-
fluid turbulence, i.e. assuming that the turbulent structures behave si-
milarly to single-phase turbulence. Already, a large set of turbulence
models have been studied for R744 ejector modeling, as shown in

Table 7
Presentation of the different turbulence models used for R744 ejector modeling
and the corresponding multiphase model.

Study Turbulence model Model
Colarossi et al. [63] k—¢€ HRM
Yazdani et al. [55] k — w SST Mixture
Smolka et al. [45] k — € RNG HEM
Banasiak et al. [113] k — € RNG HEM

Lucas et al. [57] k — w SST HEM

Palacz et al. [56] k — € Realizable HEM

Palacz et al. [60] k — € Realizable HEM & HRM
Giacomelli et al. [66] k — € RNG HEM

Haida et al. [106] k —w SST HRM
Giacomelli et al. [114] k — € Realizable HEM
Giacomelli et al. [67] k — @ SST Mixture & HEM
Haida et al. [112] Comparative (4 models) HRM

Fang et al. [68] Comparative (2 models) HEM

Table 7. The latest approaches recommend the use of k-w SST models
due to its better predictions of local and global flow parameters for
single-phase flows [109-111].

Recently, a comparison of turbulence model performance for R744
ejectors was conducted by Haida et al. [112]. In this work, the authors
compared four commonly used turbulence models, namely the k-e
Realizable model, the k-w SST model, the Transition SST model, and the
Reynolds stress model. It was found that the Transition SST model and
the Reynold stress model were best at predicting the local wall tem-
peratures. Furthermore, the global entrainment ratio was found to be
best predicted by the k-€ Realizable and the Transition SST. The authors
noted a significant dependence on the near-wall turbulence formula-
tions for the Reynolds stress model and the k-¢ Realizable model.

The disagreements in the literature indicate that further research is
needed into appropriate turbulence models for two-phase ejector flow.
Two-phase turbulence effects have largely been neglected in current
literature and will require detailed investigations.

A more accurate, however computationally costly, turbulence
model is the Large Eddy Simulation (LES). LES resolves more of the
turbulent spectrum by using a very fine mesh and only modeling the
effects of the smallest turbulent length scales (Kolmogorov length
scale). For further literature on LES turbulence modelling for multi-
phase flows and atomization see the reviews by Sher et al. [33], Jiang
et al. [44], Gorokhovski and Herrmann [115], Balachandar and Eaton
[116], and Fox [117]. Current work is planned on LES simulation for
R744 ejectors [68]. However, this model is considered immature for
multiphase flows and not well established for ejectors. Furthermore, a
good understanding of the bubble size distribution, as well as the Kol-
mogorov length scales, is critical for the appropriate use of the LES
models [44]. Further work is needed for such models to be accurately
applied for two-phase ejectors.

Looking forward, with the current developments in computational
speed and massive parallelization, it will likely be possible to achieve
full Direct Numerical Simulation (DNS) of the two-phase ejector within
the next decade. DNS simulation a turbulence approach that fully re-
solves all turbulent length scales in a flow. This approach has already
seen use for multiphase atomization [118].

5. Solution methods
5.1. Numerical solution methods

While model equations can provide highly accurate descriptions of
the two-phase flow, the correct solution of these equations needs con-
sideration. Among other things, achieving accurate numerical solutions
involves choosing appropriate meshing, solver settings, and con-
vergence strategies. Therefore, this section treats the applied numerical
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approaches in modeling of R744 ejectors using CFD.

Numerical solutions to fluid dynamic problems are actively re-
searched. For an introduction to numerical fluid mechanics and heat
transfer see e.g. the books by Patankar [119] and Pletcher et al. [120].
In the available literature on R744 ejectors, the most extensively used
CFD frameworks are ANSYS Fluent and OpenFOAM. This section will
therefore just discuss the numerical procedures used available in these
software-frameworks. Solution algorithms in CFD have traditionally
been divided into density-based and pressure-based solvers. The den-
sity-based solvers were initially developed for highly compressible
flows and shock solutions, where the pressure-based were intended for
low-speed incompressible flows. These solvers have since been ex-
tended to be able to handle most ranges of flow conditions. However, it
is generally agreed that density-based solvers have an advantage for
highly compressible flows, though good results for compressible mul-
tiphase flows with pressure-based solvers have been presented in the
literature [121]. The pressure-based solvers typically use the coupled
approach in ANSYS Fluent, combined with the PRESTO! pressure in-
terpolation scheme and a second-order upwind [61] or a third-order
QUICK [67] scheme.

So far, the R744 ejector models available in the literature have
primarily been based on segregated or coupled pressure-based solvers
[45,73,62,55]. This has been necessary as density-based solvers are
incompatible with multiphase solvers in the ANSYS Fluent CFD soft-
ware. Recently, an alternative numerical approach was considered by
Fang et al. [68] for R744 converging-diverging nozzles. Their approach
uses the rhoCentralFoam density solver which is based on the KT
(Kurganov and Tadmor [122]) and KNP (Kurganov et al. [123]) second-
order spatial scheme. Boundary conditions based on in- and outgoing
characteristics was applied for improved stability of the solution.
Higher-order schemes for investigations of flashing R744 was con-
ducted in the study by Gjennestad et al. [124]. Here, a higher-order
CFD method based on the third-order Weighted Essentially Non-Oscil-
latory method and Span-Wagner EOS at equilibrium was presented.

The transient solution is often neglected in simulations for R744
ejectors. The assumption of steady-state R744 ejector flow has been
considered in multiple studies [45,73,61,62]. This assumption has still
not been fully investigated for R744 ejectors and further work is
needed. Transient effects may be significant for other ejector geome-
tries and CFD models and should be verified for each model case.

5.2. Model dimensionality

The simplicity of the ejector geometry makes a low dimensional
model an attractive option. Ejector flow is commonly considered a 1D
problem, as it primarily involves one flow direction. The one-dimen-
sional models are typically divided into true 1D models and pseudo-1D
models (also referred to as 0D models or thermodynamic models). The
pseudo-1D models use empirical coefficients for the different sections of
the ejector (nozzle, suction chamber, mixture chamber, diffuser) and
connect these to predict performance. Such models have been ex-
tensively proposed in the available literature [24,125,126,18]. Among
the first two-phase ejector models is that of Kornhauser [32], which has
been extensively utilized and developed in later works [127,31]. Re-
cently, Taslimi Taleghani et al. [54] presented a thermodynamic R744
ejector model able to reproduce both single choking and double
choking conditions. Taslimitaleghani et al. [22] also used such a model
to study the benefits of R744 ejectors in different cycle configurations.
The authors concluded that the greatest benefits of ejectors were gained
when used for expansion work recovery, noting an improvement of up
to 23% in COP compared to throttling. The benefit of these simplified
models is that design optimization comes at a much lower computa-
tional cost.

On the other hand, true 1D models treat the flow as two interacting
1D streams, one representing the motive flow and one representing the
suction flow. Banasiak and Hafner [83] combined such an approach
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with multiphase models to account for meta-stable effects.

However, 1D models offer limited insight into the local flow field
inside the ejector and are derived from assumptions that limit their
range of validity. 3D models may have a significant effect on model
fidelity as noted by Smolka et al. [128]. This is especially true for non-
axisymmetric suction chambers and high swirl flows. Mazzelli et al.
[109] supported this by investigating 2D and 3D CFD models for ejec-
tors, showing that for off-design conditions 2D models would fail to
yield acceptable results. While full three-dimensional simulations of
ejectors are fully feasible with CFD, the computational cost can be
drastically reduced by assuming 2D flow. Ejector CFD models have
extensively used a two-dimensional flow approach. The 2D flow as-
sumption can give results with reasonable accuracy [67,62,57,68],
which makes it suitable for model development as well as optimization
algorithms where computational costs are limiting.

6. Experimental validation data

Experimental investigations on R744 ejector systems have been
extensively reviewed in previous work [37,17]. In this section, some
recent developments and future opportunities for model validation will
be explored. Furthermore, a compiled data set used in some previous
works for validation purposes will be presented. Extensive literature is
available for ejectors with other working fluid. However, these are not
applicable for validation purposes as R744 ejectors are significantly
different from ejectors with other fluids. Specifically, in terms of ejector
size, operating conditions (supercritical motive conditions), refrigerant
properties, multiphase effects, and non-equilibrium flow, R744 ejectors
deviate from other working fluids.

Ideally, to properly validate a model a large set of accurate ex-
perimental data for different flow variables, such as velocity profile,
turbulence intensity, vapor quality, and pressure distribution, is re-
quired. Nonetheless, the typical R744 ejector dimensions are of mag-
nitude millimeters, which heavily restrict the available experimental
measurement techniques that can unobtrusively be applied. As an ex-
ample, a common way to measure local velocity, even for supersonic
flows, is using hotwire anemometers [129]. However, these devices
typically still have a wire length of 1.2 mm [129], where the size of an
R744 ejector mixing section can be 3 mm [113].

To date, the most common validation parameter is the mass flow
rates (MFR) and the entrainment ratio. These have been extensively
measured for different R744 ejectors at different operating conditions
[73,65,18]. A compiled data set of some of the investigations conducted
at SINTEF Energy Research (Trondheim, Norway) [60-62] that has
been used for R744 ejector models in previous studies is presented in
Table Appendix A for ease of use in future model validation and com-
parison to other models. The operating conditions of the different in-
vestigations are illustrated in a P-h diagram in Fig. 8 and include both
near-critical and off-critical flows.

Even though the prediction of global parameters is an important
validation parameter, proper validation of model results should be as-
sessed based on local parameters. Local parameters give insight into the
physical realism of the applied model, which is critical for reliable
ejector models at large ranges of operating conditions and ejector de-
signs. Some literature has been presented that considers local para-
meters are discussed below and summarized in Table 8.

An experimental study that has been extensively used for model
validation is that of Nakagawa et al. [50]. A converging-diverging
nozzle, similar to those used in ejectors, was equipped with pressure
sensors. While this can be used to validate the expansion process in the
nozzle, the full ejector was not considered. A visualization technique
was used in the study by Berana et al. [51]. Here, the con-
verging—diverging nozzle with transcritical R744 was investigated
using direct photography and pressure measurements. This work fol-
lowed up on the study by Nakagawa et al. [50] and further discussed
the observed shock waves.
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Fig. 8. Collected data points from Palacz et al. [73], Haida et al. [61] and
Giacomelli et al. [62]. Points on the right are suction inlet conditions, top left
are motive inlet conditions, corresponding to thermodynamic state 9 and 3,
respectively.

Table 8

Experimental studies where local parameters in an R744 ejector
or converging diverging nozzle have been measured. * indicates
an ongoing study.

Study Messurement
Ejector

Elbel [41] Ryall

Banasiak and Hafner [83] Byan

Zhu et al. [130] Visual, Byan

Haida et al. [112] Tall

Li et al. [52]131 Visual, Byan

Haida et al. [132]* PIV
Converging — Diverging Nozzle

Nakagawa et al. [27]51 Byaii, Twanl

Haida et al. [61] presented experimentally obtained wall tempera-
ture data for an R744 ejector. Temperature probes were introduced into
the ejector outer walls. However, validating a model using wall tem-
perature data requires that the model includes wall heat transfer effects,
adding additional model complexity.

Recently, visualization techniques have been used for imaging of the
flow inside an R744 ejector. Such investigations were conducted by Zhu
et al. [130] and Li et al. [52]. Using a direct photography visualization
technique, the images identify the expansion angle of the primary flow.
Zhu et al. [130] analyzed the different operating conditions and iden-
tified the expansion angle at different primary and secondary pressures.
An example-image is included in Fig. 9. Furthermore, assuming an
isentropic expansion with an irreversibility efficiency a liquid fraction
in the suction chamber was estimated and compared with the observed
grayscale in the images. The experiments showed that low primary flow
pressure increased the expansion angle. The larger flow area caused by
the increased expansion angle blocks the suction flow, limiting the
entrainment.

Li et al. [52]131 used a high-speed camera as well as pressure
sensors to investigate the phase change position for different operating
conditions in an R744 ejector. Their findings indicate that the location
of the phase change is largely dependent on the motive pressure. Fur-
thermore, the obtained grayscale values were analyzed, and, under the
assumption of a set bubble diameter, a qualitative bubble number
density distribution was presented, shown in Fig. 10.

Looking forward, certain techniques not yet applied to two-phase
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Fig. 9. Image of the flows in the suction and
pressure B, = 7.69 MPa — Zhu et al. [130].
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Fig. 10. Qualitative bubble number density distribution curves for various
operating conditions. -Li et al. [52].

ejectors may give more detailed insights into the ejector flow. As an
example, Particle Image Velocimetry (PIV) is a velocity measurement
technique that involves seeding particles into the flow and tracking
these. The PIV method has already been used in single-phase-
[133,134] and multiphase ejectors [135] with good results. Such an
approach is, however, more challenging in the case of R744 ejectors
due to their small size and high pressure. Currently, Haida et al. [132]
are performing the first particle image velocimetry (PIV) measurements
for a circular R744 ejector. Such an investigation could provide detailed
insights into the local velocity field within a circular R744 ejector.

7. Applications of models
7.1. Generation of entropy

One primary interest in ejector modeling is the understanding of the
origins of irreversibilities. The ejector is a theoretically isentropic ex-
pansion device, however, due to irreversible viscous forces, supersonic
shocks, and turbulence, isentropic expansion is physically unobtain-
able. It is therefore of interest to examine how entropy is generated in
ejector flows. Such an investigation was conducted by Banasiak et al.
[113], where the CFD model of Smolka et al. [45] was used to identify
zones of entropy generation in the R744 ejector. The results indicate
that the largest production was located in the mixing section, primarily
due to turbulent and shock losses. The authors argue that geometry
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optimization should be conducted with respect to the interdependency
of the geometric parameters, i.e. that optimization of one parameter in
isolation does not in general yield optimal results. Further investigation
of entropy can be found in the study by Sierra-Pallares et al. [136]. In
this work entropy generation was evaluated for an R134a ejector by
direct entropy method, solving a differential equation for entropy
transport. This investigation supported that the primary contributor to
irreversibilities in an ejector is turbulent viscous dissipation produced
near the nozzle exit, as claimed by Banasiak et al. [113].

7.2. Shape design and optimization

Model-based design approaches have been extensively been used for
design improvement for R744 ejectors. The studies based on modern
CFD approaches are presented here. The HEM presented by Smolka
et al. [45] has been extensively applied for R744 ejector shape design.
One such study was conducted by Palacz et al. [60], where an R744
ejector was optimized using the EjectorPL software. This software was
designed to automate parts of the CFD workflow, such as geometry
generation and meshing, allowing for the rapid development of a large
set of CFD results. This set can then be fed into an optimization algo-
rithm to search for optimized geometry designs. In the work by Palacz
et al. [60], six geometric dimensions were investigated to optimize for
the maximal ejector efficiency. This was done using both an evolu-
tionary and a genetic optimization algorithm. Later, Palacz et al. [75]
furthered this study by investigating additional ejector geometries and
geometric parameters, achieving up to 6% (percentage points) increase
in ejector efficiency. The findings of these studies show that CFD
models can be used to improve ejector efficiency robustly and reliably.

An interesting prospect for model design optimization is the im-
plementation of adjoint methods [137,138]. Adjoint methods attempt
to optimize an objective by looking at small changes in the design
parameters. Adjoint methods then solve simultaneously the flow solu-
tion and the solution with different design parameters. However, ad-
joint methods are not sufficiently developed for complex multiphase
flow, such as two-phase ejector flows.

7.3. Ejector flow control

An ejector can be used to control the high-side pressure in a re-
frigeration system and to regulate to achieve the optimal cooling ca-
pacity. The capacity control strategy of two-phase ejectors, i.e. the
control of ejector pressure lift and entrainment, plays a pivotal role in
guaranteeing high overall energy efficiency [20]. Therefore, different
concepts have been proposed for flow control in ejectors. The methods
which have gained to the most attention are the multi-ejector block
[139], the adjustable needle design [31,18], and motive swirl control
[140], see Fig. 11. CFD models have been a useful tool for investigating
these solutions.

A comparative study between the fixed geometry ejector, used in a
multi-ejector block solution, and the controllable needle ejector was
conducted by Smolka et al. [128]. In this work, the two designs were
modeled with the HEM CFD model and compared. The fixed geometry
ejector showed good performance for all investigated operating con-
ditions. The adjustable geometry design was able to outperform the
fixed geometry design. The drawback of such an approach was that
identifying the needle positions that yielded the best efficiency at a
given flow rate were found difficult to asses, making the efficiency
using such an ejector less predictable.

A numerical study of a full-scale multi-ejector module using the
HEM approach was presented in Bodys et al. [141]. Their results in-
dicated the high importance of properly designing outlet collectors.
From this study, the authors considered the regulation capabilities of
the multi-ejector block suitable for industrial refrigeration. Further-
more, Bodys et al. [142] looked into the swirl motion generation for
multi-ejector applications. The study suggests that at high motive
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Fig. 11. Illustration of ejector layout for three ejector control solutions.

rotational speeds increased mass entrainment ratios could be achieved,
independent of ejector size.

Bodys et al. [143] performed a numerical investigation on an R744
ejector with a bypass inlet [144], see Fig. 12. Different configurations of
bypass placement and inlet angles were analyzed using the HEM ap-
proach. According to this study, up to 39% increase in mass entrain-
ment ratio could be gained by using the suction flow bypass.

7.4. Model reduction

Besagni [42] emphasized the need for large reductions in model size
to achieve coupling between the local scale modeling (such as CFD) to
the large scale system simulations. The use of CFD models to approx-
imate reasonable component scale Lumped Parameter Models (LPM)
was indicated as an attractive prospect. However, large scale produc-
tion of high accuracy CFD results is in many cases unfeasible due to the
large computational and time costs. Nonetheless, advanced methods to
achieve CFD-level fidelity at much lower computational costs have re-
cently been presented in the literature. One such approach is the re-
duced-order models (ROM). ROM is a modeling approach where a set of
results are processed to establish a reduced basis which optimally re-
presents the previous results. Typically, high accuracy CFD and ex-
perimental results at a wide operating range are used as the input.

Such a ROM approach was applied for R744 ejector modeling by
Haida et al. [106,145]. In these studies, the HEM model was used to
create a set of results (referred to as snapshots) for the optimization of
the reduced model. These snapshots were used to generate ejector
performance maps [106] (such as those experimentally obtained by
Banasiak et al. [20]) and develop accurate system models [145] based
on the CFD model results. The model was implemented into a dynamic
system scale simulation for different climate zones in Haida et al. [132].
This ROM was compared with simpler 0- and 1D models, commonly
used in the literature. It was shown that the ROM predicted the ejector
performance with superior accuracy to the thermodynamic models and
could efficiently be implemented into system scale simulations. The
accuracy of a ROM is however, limited by the accuracy of the analyzed
input, and can therefore not be used to explore designs beyond the
given input data. Therefore, more accurate CFD models will improve
the ROM accuracy, which motivates further research into CFD
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Fig. 12. Illustration of the ejector bypass concept — Bodys et al. [143].

modeling.
8. Conclusions and future developments

This paper has presented a complete overview of the current state of
the art within two-phase R744 ejector modeling. The adoption of two-
phase ejector technology presents a substantial improvement in the
energy efficiency of R744 vapor-compression systems, potentially
leading the HVAC&R sector to have a future-proof solution for many
applications. However, a rigorous design of the R744 two-phase ejector
is necessary to achieve this target. As a consequence, the implementa-
tion of advanced models and tools for an accurate ejector design has
become one of today’s most important research topics. The im-
plementation of computer-assisted tools, such as CFD, can improve
R744 two-phase ejector design and operation. However, to the best of
the authors’ knowledge, no detailed review works have been carried out
yet despite the importance of the research.

Therefore, the purpose of this investigation has been to bridge this
knowledge gap by comprehensively evaluating all the aspects as well as
challenges related to R744 two-phase ejector models, i.e. multiphase
flow modeling, turbulence aspects, numerical solution methods, appli-
cations of models. This work has found that significant discrepancies
can be observed when comparing ejector-model results with experi-
mental measurements. The models are trending toward more advanced
two-phase models that can treat motive flows at a wide range of op-
erating conditions. The focus of recent research has been on the treat-
ment of non-equilibrium expansion that occurs at low-pressure motive
conditions. This review has shown that while the currently most ad-
vanced models can achieve reasonable accuracy at supercritical motive
pressures, the accuracy quickly drops at lower pressures. Furthermore,
current models still struggle to predict suction mass flow rates, likely
due to its dependency on other flow features as well as models for
turbulent momentum diffusion. Increasing model complexity does,
however, require detailed knowledge about the ejector flow conditions,
such as local pressures, velocity profile, turbulence intensity, and vapor
quality. Currently, this knowledge is very limited due to the challenge
of achieving accurate experimental measurements in the R744 ejector.

Future work should explore many aspects of ejector models. Special
interest should be devoted to better the understanding of basic two-
phase effects, ie. meta-stability, velocity slip, atomization of jets, two-
phase turbulence, and multiphase thermodynamic properties.
Additionally, exploration of the effects of various mixtures like 0il-CO,
in ejectors could uncover significant design improvements. More ad-
vanced modeling, such as two-fluid models, could enable better model

Appendix A. Tables

accuracy while being less dependent on experimental tuning. Further
development of thermodynamic and 1D models can be highly useful for
optimization procedures and system modeling. Accounting for different
non-equilibrium effects has been shown to improve accuracy in CFD
models, and should be investigated further for thermodynamic and 1D
models. 1D and thermodynamic models can also be supported by re-
duced-order models based on experiments and CFD modeling.
Improving post-processing tools, such as exergy tubes [146], may allow
for quantification of losses in ejectors and improve optimization tools.
Artificial neural networks could be introduced to improve flow models
by optimization of flow parameters [147], improving thermodynamic
libraries [96], or predicting flow characteristics [148]. Improved design
tools based on these models could provide an efficient way to explore
and optimize ejector geometries at a limited computational cost.
Modelling the near-wall flow is important for capturing important
turbulent structures as well as flow separation. Such effects have been
extensively discussed for single-phase ejectors [109,149-153,152,151],
however further work should be conducted for multiphase R744 ejec-
tors. Achieving high accuracy local experimental measurements should
also be highly prioritized as it can enable validation and tuning of fu-
ture advanced models. Further experimental work using PIV could give
insights into the local velocity- and turbulence fields. Additionally,
further research using tools such as Phase Doppler Interferometry or
high-resolution Schlieren imaging could help in understanding bubble
size distributions and temperatures. Adapting such techniques may aid
in achieving local experimental validation data, which will greatly
improve future R744 ejector models.
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Compiled set of operating conditions and observed mass flow rate errors for motive and suction flows. Data from Giacomelli et al. [62], Palacz
et al. [73] and Haida et al. [61]. Py, Ty, Ps, Ts, and Py refer to the motive pressure, motive temperature, suction pressure, suction temperature, and
outlet pressure, respectively. ER is the entrainment ratio, err,, ; MFR is the percentage of discrepancy between experiment and numerical results in
mass flow rate, where the subscripts s and m correspond to suction and motive flow mass flow rate. The subscript m, s, and o, refer to motive, suction
and outlet conditions, respectively. err MFR is the relative error in mass flow rate in the suction or motive flow.
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Py [MPa] Ty [K] Ps [MPa] Ty [K] Py [MPa] ER ern, MFR [%] erry; MFR [%]

Giacomelli et al. [62]

9.53 310.5 3.79 283.2 4.14 0.46 -0.7 —-12
9.52 310.9 2.929 286.8 4.02 0.2 0.6 —62
9.5 310.7 3.382 282.2 4.08 0.36 -0.1 -16.9
9.49 310.4 3.594 283.4 4.15 0.42 —-0.4 -12.1
9.48 310.1 3.859 282.9 4.13 0.48 -1 -9.8
9.48 310.6 2.417 287 3.87 0.12 0.3

9.47 310.7 2.643 287.1 39.95 0.14 1.3

9.47 310.6 3.114 281.5 40.34 0.27 1.8 -35
9.63 304 3.357 279 3.96 0.21 -17 -15.2
9.53 303.6 3.465 281.4 3.96 0.23 -2 -17.3
9.53 303.6 3.598 281.7 3.97 0.25 -2 -13
9.51 303.4 3.777 285.5 3.98 0.28 -2.1 —13.4
9.49 303.6 3.55 282.6 3.95 0.25 -1.8 -15.8
Palacz et al. [73]

5.393 279.53 3.357 279 3.423 0.3 23.4

5.841 283.2 3.465 281.4 3.483 0.07 24.4

4.782 282.99 3.598 281.7 3.189 0.08 43.3

5.93 290.87 3.777 285.5 3.387 0.15 30.3

5.843 290.89 3.55 282.6 3.101 0.33 31

6.179 293.47 2.993 276.78 3.387 0.26 22.4

6.479 295.29 2.801 275.68 3.377 0.22 20.8

6.662 295.58 2.787 274.98 3.288 0.31 15.6

6.651 295.61 2.821 275.41 3.485 0.19 15.9

7.51 296.9 3.201 279.18 3.734 0.28 27.5

8.062 299.45 3.158 278.54 3.848 0.28 7.2

8.786 301.6 3.155 278.71 3.829 0.33 3.4

7.845 301.76 3.172 278.91 3.828 0.36 4.1

7.579 301.27 2.817 275.78 3.68 0.28 2.2

9.191 304.18 3.141 278.48 3.824 0.35 0.3

7.656 301.54 2.733 274.06 3.287 0.42 1.5

8.604 304.53 2.732 273.66 3.29 0.42 -0.3

9.446 308.48 2.721 275.8 3.285 0.42 -29

Palacz et al. [73]

5.393 279.53 2.73 278.9 3.423 0.3 20.4

5.841 283.2 2.782 277.76 3.483 0.07 21.7

4.782 282.99 2.793 281.69 3.189 0.08 42

5.93 290.87 2.849 278.62 3.387 0.15 25.7

5.843 290.89 2.845 275.18 3.101 0.33 26.6

6.179 293.47 2.993 276.78 3.387 0.26 18.9

6.479 295.29 2.801 275.68 3.377 0.22 15.3

6.662 295.58 2.787 274.98 3.288 0.31 11.6

6.651 295.61 2.821 275.41 3.485 0.19 11.9

7.51 296.9 3.201 279.18 3.734 0.28 21.7

8.062 299.45 3.158 278.54 3.848 0.28 -0.7

8.786 301.6 3.155 278.71 3.829 0.33 -1.3

7.845 301.76 3.172 278.91 3.828 0.36 —-3.2

7.579 301.27 2.817 275.78 3.68 0.28 -0.8

9.191 304.18 3.141 278.48 3.824 0.35 -3.9

7.656 301.54 2.733 274.06 3.287 0.42 -39

8.604 304.53 2.732 273.66 3.29 0.42 —4.8

9.446 308.48 2.721 275.8 3.285 0.42 -8

Haida et al. [61]

9.435 309.12 3.069 277.61 3.586 -3 14
8.535 305.57 3.142 278.45 3.824 -1 20
8.069 299.97 3.097 278.15 3.439 4 16
7.656 301.49 2.733 274.01 3.287 2 22
9.039 307.67 3.122 278.45 3.727 -2 17
8.294 301.48 3.152 279.68 3.732 3 26
8.098 299.97 3.115 278.15 3.439 7 20
7.845 301.71 3.172 278.86 3.828 4 26
6.757 293.33 2.836 277.44 3.677 13 16
6.662 295.53 2.787 274.93 3.288 4 42
6.651 295.56 2.821 275.36 3.485 4 17
6.179 293.42 2.993 276.73 3.387 5 20
5.927 281.91 2.914 275.72 3.483 15 11
5.841 283.15 2.782 277.71 3.483 21 12
5.667 283.35 2.779 276.13 3.487 21 10
5.571 285.79 3.246 279.72 3.601 24 74
5.393 279.48 2.73 278.85 3.423 29 4
5.848 283.14 2.791 266.59 3.68 20 100
5.802 282.49 3.173 279.11 3.675 19 87
5.789 288.59 2918 272.45 3.679 26 100
5.771 282.94 3.17 279.21 3.717 20 90
5.308 284.49 2.786 270.83 3.485 29 100



K.E. Ringstad, et al.

References

[1]

[2]

[3:

[4]

[5

[6

[71

[8

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

European Commision, Regulation (EU) No 517/2014 of the European Parliament
and of the Council of 16th April 2014 on fluorinated greenhouse gases and re-
pealing Regulation (EC) No 842/2006, 2014.

M.-H. Kim, J. Pettersen, C.W. Bullard, Fundamental process and system design
issues in CO2 vapor compression systems, Progress in Energy and Combustion
Science 30 (2004) 119-174, https://doi.org/10.1016/J.PECS.2003.09.002 URL:
https://www.sciencedirect.com/science/article/pii/S0360128503000765.

P. Gullo, A. Hafner, K. Banasiak, Transcritical R744 refrigeration systems for su-
permarket applications: Current status and future perspectives, International
Journal of Refrigeration 93 (2018) 269-310, https://doi.org/10.1016/j.ijrefrig.
2018.07.001 URL: https://www.sciencedirect.com/science/article/pii/
S$0140700718302287?via%3Dihub.

M. Karampour, S. Sawalha, Energy efficiency evaluation of integrated CO2 trans-
critical system in supermarkets: A field measurements and modelling analysis,
International Journal of Refrigeration 82 (2017) 470-486, https://doi.org/10.
1016/J.1JREFRIG.2017.06.002 URL: https://www.sciencedirect.com/science/
article/pii/S0140700717302360.

R. Rony, H. Yang, S. Krishnan, J. Song, R.U. Rony, H. Yang, S. Krishnan, J. Song,
Recent advances in transcritical CO2 (R744) heat pump system: a review, Energies
12 (2019) 457, https://doi.org/10.3390/en12030457 URL: http://www.mdpi.
com/1996-1073/12/3/457.

B.T. Austin, K. Sumathy, Transcritical carbon dioxide heat pump systems: A re-
view, Renewable and Sustainable Energy Reviews 15 (2011) 4013-4029, https://
doi.org/10.1016/J.RSER.2011.07.021 URL: https://www.sciencedirect.com/
science/article/pii/S1364032111002607?via%3Dihub.

Z. Jin, T.M. Eikevik, P. Neksd, A. Hafner, Investigation on CO2 hybrid ground-
coupled heat pumping system under warm climate, International Journal of
Refrigeration 62 (2016) 145-152, https://doi.org/10.1016/J.IJREFRIG.2015.10.
005 Z. Jin, T.M. Eikevik, P. Neks8, A. Hafner, Investigation on CO2 hybrid ground-
coupled heat pumping system under warm climate, International Journal of
Refrigeration 62 (2016) 145-152. URL: https://www.sciencedirect.com/science/
article/pii/$0140700715002996. 10.1016/J.1JREFRIG.2015.10.005..

J. Yang, B. Yu, J. Chen, Improved genetic algorithm-based prediction of a CO2
micro-channel gas-cooler against experimental data in automobile air con-
ditioning system, International Journal of Refrigeration (2019), https://doi.org/
10.1016/J.1JREFRIG.2019.05.017 URL: https://www.sciencedirect.com/science/
article/pii/S0140700719302130.

C. Luger, R. Rieberer, Multi-objective design optimization of a rail HVAC CO2
cycle, International Journal of Refrigeration 92 (2018) 133-142, https://doi.org/
10.1016/J.1JREFRIG.2018.05.033 URL: https://www.sciencedirect.com/science/
article/pii/S0140700718301968.

H.G. Ozcana, H. Gunerhanb, A. Hepbaslia, H. Yaldirake, Environmental impact
and performance comparison of refrigerants (R744 and R134a) in a mobile air
conditioning system used for cooling buses, International Journal of Engineering
and Technology 7 (2014) 233-241, https://doi.org/10.7763/ijet.2015.v7.798.
B.Y. Kimura de Carvalho, C. Melo, R.H. Pereira, An experimental study on the use
of variable capacity two-stage compressors in transcritical carbon dioxide light
commercial refrigerating systems, International Journal of Refrigeration (2019),
https://doi.org/10.1016/J.1JREFRIG.2019.03.026 URL: https://www.
sciencedirect.com/science/article/pii/S0140700719301252.

R. Mastrullo, A.W. Mauro, A. Perrone, A model and simulations to investigate the
effects of compressor and fans speeds on the performance of CO2 light commercial
refrigerators, Applied Thermal Engineering 84 (2015) 158-169, https://doi.org/
10.1016/J.APPLTHERMALENG.2015.03.035 URL: https://www.sciencedirect.
com/science/article/pii/S$1359431115002586.

R.A. Sian, C.-C. Wang, Comparative study for CO2 and R-134a heat pump tumble
dryer - A rational approach, International Journal of Refrigeration (2019),
https://doi.org/10.1016/J.1JREFRIG.2019.05.027 URL: https://www.
sciencedirect.com/science/article/pii/S0140700719302269.

F. Mancini, S. Minetto, E. Fornasieri, Thermodynamic analysis and experimental
investigation of a CO2 household heat pump dryer, International Journal of
Refrigeration 34 (2011) 851-858, https://doi.org/10.1016/J.1JREFRIG.2010.12.
012 URL: https://www.sciencedirect.com/science/article/pii/
$0140700710002872.

N. Purohit, V. Sharma, B. Fricke, D.K. Gupta, M.S. Dasgupta, Parametric analysis
and optimization of CO2 trans-critical cycle for chiller application in a warm
climate, Applied Thermal Engineering 150 (2019) 706-719, https://doi.org/10.
1016/J.APPLTHERMALENG.2019.01.023 URL: https://www.sciencedirect.com/
science/article/pii/S1359431118349081.

P. Gullo, A. Hafner, K. Banasiak, S. Minetto, E. Kriezi, P. Gullo, A. Hafner,

K. Banasiak, S. Minetto, E.E. Kriezi, Multi-ejector concept: a comprehensive review
on its latest technological developments, Energies 12 (2019) 406, https://doi.org/
10.3390/en12030406 URL: http://www.mdpi.com/1996-1073/12/3/406.

S. Elbel, N. Lawrence, Review of recent developments in advanced ejector tech-
nology, International Journal of Refrigeration 62 (2016) 1-18, https://doi.org/10.
1016/j.ijrefrig.2015.10.031 URL: https://www.sciencedirect.com/science/
article/pii/S0140700715003266.

S. Elbel, P. Hrnjak, Experimental validation of a prototype ejector designed to
reduce throttling losses encountered in transcritical R744 system operation,
International Journal of Refrigeration 31 (2008) 411-422, https://doi.org/10.
1016/j.ijrefrig.2007.07.013 URL: https://www.sciencedirect.com/science/
article/pii/$0140700707001508.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

Thermal Science and Engineering Progress 20 (2020) 100647

Y. Liao, D. Lucas, Computational modelling of flash boiling flows: A literature
survey, International Journal of Heat and Mass Transfer 111 (2017) 246-265,
https://doi.org/10.1016/j.ijheatmasstransfer.2017.03.121 URL: https://www.
sciencedirect.com/science/article/pii/S001793101730460X.

K. Banasiak, A. Hafner, E.E. Kriezi, K.B. Madsen, M. Birkelund, K. Fredslund,

R. Olsson, Development and performance mapping of a multi-ejector expansion
work recovery pack for R744 vapour compression units, International Journal of
Refrigeration 57 (2015) 265-276, https://doi.org/10.1016/J.IJREFRIG.2015.05.
016 URL: https://www.sciencedirect.com/science/article/pii/
S0140700715001553.

P. Gullo, K.M. Tsamos, A. Hafner, K. Banasiak, Y.T. Ge, S.A. Tassou, Crossing CO2
equator with the aid of multi-ejector concept: A comprehensive energy and en-
vironmental comparative study, Energy 164 (2018) 236-263, https://doi.org/10.
1016/J.ENERGY.2018.08.205 URL: https://www.sciencedirect.com/science/
article/pii/S0360544218317419.

S. Taslimitaleghani, M. Sorin, S. Poncet, Energy and exergy efficiencies of different
configurations of the ejector-based CO2 refrigeration systems, International
Journal of Energy Production and Management 3 (2018) 22-33, https://doi.org/
10.2495/EQ-V3-N1-22-33.

S. Taslimi Taleghani, M. Sorin, S. Poncet, H. Nesreddine, Performance investiga-
tion of a two-phase transcritical CO2 ejector heat pump system, Energy Conversion
and Management 185 (2019) 442-454, https://doi.org/10.1016/J. ENCONMAN.
2019.02.004 URL: https://www.sciencedirect.com/science/article/pii/
S0196890419301578.

J. Zhu, S. Elbel, Application of vortex control to an automotive transcritical R744
ejector cycle, SAE Technical Paper Series 1 (2018) 1-6, https://doi.org/10.4271/
2018-01-0060.

J. Bodys, A. Hafner, K. Banasiak, J. Smolka, Y. Ladam, Design and simulations of
refrigerated sea water chillers with CO2 ejector pumps for marine applications in
hot climates, Energy 161 (2018) 90-103, https://doi.org/10.1016/J.ENERGY.
2018.07.126 URL: https://www.sciencedirect.com/science/article/pii/
S0360544218314245.

Z. Jin, A. Hafner, T.M. Eikevik, P. Neksa, Preliminary study on CO2 transcritical
ejector enhanced compressor refrigeration system for independent space cooling
and dehumidification, International Journal of Refrigeration 100 (2019) 13-20,
https://doi.org/10.1016/J.1JREFRIG.2019.01.027 URL: https://www.
sciencedirect.com/science/article/pii/S014070071930043X.

M. Nakagawa, A. Marasigan, T. Matsukawa, A. Kurashina, Experimental in-
vestigation on the effect of mixing length on the performance of two-phase ejector
for CO2 refrigeration cycle with and without heat exchanger, International
Journal of Refrigeration 34 (2011) 1604-1613, https://doi.org/10.1016/J.
IJREFRIG.2010.07.021 URL: https://www.sciencedirect.com/science/article/pii/
S0140700710001672.

K. Banasiak, A. Hafner, T. Andresen, Experimental and numerical investigation of
the influence of the two-phase ejector geometry on the performance of the R744
heat pump, International Journal of Refrigeration 35 (2012) 1617-1625, https://
doi.org/10.1016/J.1JREFRIG.2012.04.012 URL: https://www.sciencedirect.com/
science/article/pii/$014070071200093X.

J.S. Lee, M..S. Kim, M.S. Kim, Experimental study on the improvement of CO2 air
conditioning system performance using an ejector, International Journal of
Refrigeration 34 (2011) 1614-1625, https://doi.org/10.1016/J.JJREFRIG.2010.
07.025 URL: https://www.sciencedirect.com/science/article/pii/
S0140700710001714.

G.-M. Chen, L.-X. Liang, L.-M. Tang, X.-X. Xu, Z.-J. Zhu, Q. Chen, Experimental
investigation of an adjustable ejector for CO2 heat pump water heaters, Journal of
Zhejiang University - Science A 10 (2009) 1678-1682, https://doi.org/10.1631/
jzus.A0920116 URL: http://link.springer.com/10.1631/jzus.A0920116.

F. Liu, E.A. Groll, D. Li, Investigation on performance of variable geometry ejectors
for CO2 refrigeration cycles, Energy 45 (2012) 829-839, https://doi.org/10.1016/
j.energy.2012.07.008 URL: https://www.sciencedirect.com/science/article/pii/
S0360544212005385.

A. Kornhauser, The use of an ejector in a geothermal flash system, in: Proceedings
of the 25th Intersociety Energy Conversion Engineering Conference, vol. 5, 2005,
Pp. 79-84. URL: http://ieeexplore.ieee.org/document/747930/ doil: 10.1109/
iecec.1990.747930.

E. Sher, T. Bar-Kohany, A. Rashkovan, Flash-boiling atomization, Progress in
Energy and Combustion Science 34 (2008) 417-439, https://doi.org/10.1016/J.
PECS.2007.05.001 URL: https://www.sciencedirect.com/science/article/pii/
$0360128507000500.

G.J. Smallwood, O.L. Gulder, Views on the structure of transient diesel sprays,
Atomization and Sprays 10 (2000) 355-386, https://doi.org/10.1615/AtomizSpr.
v10.i3-5.70 URL: http://www.dl.begellhouse.com/journals/6a7c7e10642258cc,
1a3008e01332192¢,782209561899eba7.html.

J. Chen, S. Jarall, H. Havtun, B. Palm, A review on versatile ejector applications in
refrigeration systems, Renewable and Sustainable Energy Reviews 49 (2015)
67-90, https://doi.org/10.1016/J.RSER.2015.04.073 URL: https://www.
sciencedirect.com/science/article/pii/S1364032115003433.

K. Sumeru, H. Nasution, F.N. Ani, A review on two-phase ejector as an expansion
device in vapor compression refrigeration cycle, Renewable and Sustainable
Energy Reviews 16 (2012) 4927-4937. URL: https://www.sciencedirect.com/
science/article/pii/$1364032112003565. DOI: 10.1016/j.rser.2012.04.058.

J. Sarkar, Ejector enhanced vapor compression refrigeration and heat pump sys-
tems — A review, Renewable and Sustainable Energy Reviews 16 (2012)
6647-6659, https://doi.org/10.1016/j.rser.2012.08.007.

G. Besagni, R. Mereu, F. Inzoli, Ejector refrigeration: A comprehensive review,



K.E. Ringstad, et al.

[39]1

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[471

[48]

[49]

[501

[51]

[52]

[53]

[54]

[55]

[56]1

[57]

Renewable and Sustainable Energy Reviews 53 (2016) 373-407. URL: https://
www.sciencedirect.com/science/article/pii/S1364032115009223. DOIL: 10.1016/
J.RSER.2015.08.059.

B.M. Tashtoush, M.A. Al-Nimr, M.A. Khasawneh, A comprehensive review of
ejector design, performance, and applications, Applied Energy 240 (2019)
138-172. URL: https://www.sciencedirect.com/science/article/pii/
50306261919301588. DOI: 10.1016/J.APENERGY.2019.01.185.

Z. Aidoun, K. Ameur, M. Falsafioon, M. Badache, Z. Aidoun, K. Ameur, M.
Falsafioon, M. Badache, Current advances in ejector modeling, experimentation
and applications for refrigeration and heat pumps. part 2: two-phase ejectors,
Inventions 4 (2019) 16. URL: https://www.mdpi.com/2411-5134/4/1/16. DOI:
10.3390/inventions4010016.

S. Elbel, Historical and present developments of ejector refrigeration systems with
emphasis on transcritical carbon dioxide air-conditioning, International Journal of
Refrigeration 34 (2011) 1545-1561. URL: https://www.sciencedirect.com/sci-
ence/article/pii/$0140700710002720. DOIL: 10.1016/j.ijrefrig.2010.11.011.

G. Besagni, Ejectors on the cutting edge: The past, the present and the perspective,
Energy (2019) 998-1003. URL: https://www.sciencedirect.com/science/article/
Ppii/S0360544218325945. DOI: 10.1016/j.energy.2018.12.214.

A.J. Nowak, M. Palacz, J. Smolka, K. Banasiak, Z. Bulinski, A. Fic, A. Hafner, CFD
simulations of transport phenomena during transcritical flow of real fluid (CO2)
within ejector, International Journal of Numerical Methods for Heat and Fluid
Flow 26 (2016) 805-817, https://doi.org/10.1108/HFF-09-2015-0395 URL:
http://www.emeraldinsight.com/doi/10.1108/HFF-09-2015-0395.

X. Jiang, G.A. Siamas, K. Jagus, T.G. Karayiannis, Physical modelling and ad-
vanced simulations of gas-liquid two-phase jet flows in atomization and sprays,
Progress in Energy and Combustion Science 36 (2010) 131-167. URL: https://
www.sciencedirect.com/science/article/pii/S0360128509000458. DOIL: 10.1016/
j-pecs.2009.09.002.

J. Smolka, Z. Bulinski, A. Fic, A.J. Nowak, K. Banasiak, A. Hafner, A computational
model of a transcritical R744 ejector based on a homogeneous real fluid approach,
Applied Mathematical Modelling 37 (2013) 1208-1224. URL: https://www.sci-
encedirect.com/science/article/pii/S0307904X12002077. DOL: 10.1016/j.apm.
2012.03.044.

E.W. Lemmon, LH. Bell, M.L. Huber, M.O. McLinden, NIST: standard reference
database 23: reference fluid thermodynamic and transport properties-REFPROP,
Version 9.0, National Institute of Standards and Technology (2018) URL: https://
www.nist.gov/srd/refprop. https://doi.org/10.18434/T4JS3C.

@. Wilhel A. Aasen, G. Sk P. Aursand, A. Austegard, E. Aursand,
M.A. Gjennestad, H. Lund, G. Linga, M. Hammer, Thermodynamic modeling with
equations of state: present challenges with established methods, Industrial &
Engineering Chemistry Research 56 (2017) 3503-3515, https://doi.org/10.1021/
acs.iecr.7b00317 URL: https://pubs.acs.org/doi/10.1021/acs.iecr.7b00317.

P. Aursand, M.A. Gjennestad, E. Aursand, M. Hammer, @. Wilhelmsen, The spi-
nodal of single- and multi-component fluids and its role in the development of
modern equations of state, Fluid Phase Equilibria 436 (2017) 98-112. URL:
https://www.sciencedirect.com/science/article/pii/S0378381216306227. DOI:
10.1016/J.FLUID.2016.12.018.

Y. Bartosiewicz, J.-M. Seynhaeve, Delayed equilibrium model (dem) of flashing
choked flows relevant to loca, Multiphase Science and Technology 25 (2014)
117-131. URL: http://www.dl.begellhouse.com/journals/5af8c23d50e0a883,
576264641be74a20,2fa83d084a42b177.html. DOI: 10.1615/multscientechn.v25.
i2-4.50.

M. Nakagawa, M.S. Berana, A. Kishine, Supersonic two-phase flow of CO2 through
converging-diverging nozzles for the ejector refrigeration cycle, International
Journal of Refrigeration 32 (2009) 1195-1202. URL: https://www.sciencedirect.
com/science/article/pii/S0140700709000164. DOI: 10.1016/j.ijrefrig.2009.01.
015.

M.S. Berana, M. Nakagawa, A. Harada, Shock waves in supersonic two-phase flow
of CO2 in converging-diverging nozzles, HVAC and R Research 15 (2009)
1081-1098. URL: https://www.tandfonline.com/action/
journalInformation?journalCode = uhvc21. DOI: 10.1080/10789669.2009.
10390880.

Y. Li, J. Deng, L. Ma, Y. Zhang, Visualization of two-phase flow in primary nozzle
of a transcritical CO2 ejector, Energy Conversion and Management 171 (2018)
729-741. URL: https://www.sciencedirect.com/science/article/pii/
5$0196890418306319. DOIL: 10.1016/j.enconman.2018.06.022.

G. Polanco, A.E. Holdg G. Munday, General review of flashing jet studies, Journal
of Hazardous Materials 173 (2010) 2-18. URL: https://www.sciencedirect.com/
science/article/pii/S0304389409013090. DOI: 10.1016/j.jhazmat.2009.08.138.
S. Taslimi Taleghani, M. Sorin, S. Poncet, Modeling of two-phase transcritical CO2
ejectors for on-design and off-design conditions, International Journal of
Refrigeration 87 (2018) 91-105. URL: https://www.sciencedirect.com/science/
article/pii/S0140700717304279. DOI: 10.1016/j.ijrefrig.2017.10.025.

M. Yazdani, A.A. Alahyari, T.D. Radcliff, Numerical modeling of two-phase su-
personic ejectors for work-recovery applications, International Journal of Heat
and Mass Transfer 55 (2012) 5744-5753. URL: https://www.sciencedirect.com/
science/article/pii/S0017931012003924. DOI: 10.1016/j.ijheatmasstransfer.
2012.05.071.

M. Palacz, J. Smolka, A. Fic, Z. Bulinski, A.J. Nowak, K. Banasiak, A. Hafner,
Application range of the HEM approach for CO2 expansion inside two-phase
ejectors for supermarket refrigeration systems, International Journal of
Refrigeration 59 (2015) 251-258. URL: https://www.sciencedirect.com/science/
article/pii/S0140700715002030. DOI: 10.1016/j.ijrefrig.2015.07.006.

C. Lucas, H. Rusche, A. Schroeder, J. Koehler, Numerical investigation of a two-
phase CO2 ejector, International Journal of Refrigeration 43 (2014) 154-166.

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[781

Thermal Science and Engineering Progress 20 (2020) 100647

URL: https://www.sciencedirect.com/science/article/pii/S0140700714000504.
DOL: 10.1016/j.ijrefrig.2014.03.003.

Z. Bulinski, J. Smolka, A. Fic, K. Banasiak, A.J. Nowak, A comparison of hetero-
genous and homogenous models of two-phase transonic compressible CO2 flow
through a heat pump ejector, IOP Conference Series: Materials Science and
Engineering 10 (2014) 012019, , https://doi.org/10.1088/1757-899X/10/1/
012019 URL: http://stacks.iop.org/1757-899X/10/i=1/

a=012019?key = crossref.38d6e7a942f3ab537098b89531e492a4.

ANSYS, ANSYS fluent theory guide. Release 19.0., Canonsburg, 2018.

M. Palacz, J. Smolka, W. Kus, A. Fic, Z. Bulinski, A.J. Nowak, K. Banasiak, A.
Hafner, CFD-based shape optimisation of a CO2 two-phase ejector mixing section,
Applied Thermal Engineering 95 (2016) 62-69. URL: https://www.sciencedirect.
com/science/article/pii/$1359431115012478. DOIL: 10.1016/j.applthermaleng.
2015.11.012.

M. Haida, J. Smolka, A. Hafner, M. Palacz, K. Banasiak, A.J. Nowak, Modified
homogeneous relaxation model for the R744 trans-critical flow in a two-phase
ejector, International Journal of Refrigeration 85 (2018) 314-333. URL: https://
www.sciencedirect.com/science/article/pii/S0140700717303948. DOI: 10.1016/
j.ijrefrig.2017.10.010.

F. Giacomelli, F. Mazzelli, K. Banasiak, A. Hafner, A. Milazzo, Experimental and
computational analysis of a R744 flashing ejector, International Journal of
Refrigeration 107 (2019) 326-343, https://doi.org/10.1016/j.ijrefrig.2019.08.
007.

M. Colarossi, N. Trask, D.P. Schmidt, M.J. Bergander, Multidimensional modeling
of condensing two-phase ejector flow, International Journal of Refrigeration 35
(2012) 290-299. URL: https://www.sciencedirect.com/science/article/pii/
$0140700711002635?via%3Dihub. DOI: 10.1016/j.ijrefrig.2011.08.013.

H.G. Weller, G. Tabor, H. Jasak, C. Fureby, A tensorial approach to computational
continuum mechanics using object-oriented techniques, Computers in Physics 12
(1998) 620, https://doi.org/10.1063/1.168744 URL: http://scitation.aip.org/
content/aip/journal/cip/12/6/10.1063/1.168744.

C. Lucas, J. Koehler, A. Schroeder, C. Tischendorf, Experimentally validated CO2
ejector operation characteristic used in a numerical investigation of ejector cycle,
International Journal of Refrigeration 36 (2013) 881-891. URL: https://www.
sciencedirect.com/science/article/pii/S0140700712002952?via%3Dihub. DOI:
10.1016/j.ijrefrig.2012.10.035.

F. Giacomelli, F. Mazzelli, A. Milazzo, Evaporation in supersonic CO2 ejectors:
analysis of theoretical and numerical models, 9th International Conference on
Multiphase Flow, 2016 URL: https://www.researchgate.net/publication/
303689693.

F. Giacomelli, F. Mazzelli, A. Milazzo, A novel CFD approach for the computation
of R744 flashing nozzles in compressible and metastable conditions, Energy 162
(2018) 1092-1105. URL: https://www.sciencedirect.com/science/article/pii/
$0360544218315706. DOI: 10.1016/j.energy.2018.08.050.

Y. Fang, S. Poncet, H. Nesreddine, Y. Bartosiewicz, An open-source density-based
solver for two-phase CO2 compressible flows: verification and validation,
International Journal of Refrigeration (2019). URL: https://www.sciencedirect.
com/science/article/pii/S0140700719302129#bib0034. DOI: 10.1016/j.ijrefrig.
2019.05.016.

Y. Fang, M. De Lorenzo, P. Lafon, S. Poncet, Y. Bartosiewicz, An accurate and
efficient look-up table equation of state for two-phase compressible flow simula-
tions of carbon dioxide, Industrial and Engineering Chemistry Research 57 (2018)
7676-7691, https://doi.org/10.1021/acs.iecr.8b00507 URL: https://pubs.acs.
org/sharingguidelines.

W. Angielczyk, Y. Bartosiewicz, D. Butrymowicz, J.-M. Seynhaeve, 1-D modeling
of supersonic carbon dioxide two-phase flow through ejector motive nozzle,
International Refrigeration and Air Conditioning Conference (2010) 1-8 URL:
http://docs.lib.purdue.edu/iracc/1102.

Z. Bilicki, J. Kestin, Physical aspects of the relaxation model in two-phase flow,
Proceedings of the Royal Society A: Mathematical, Physical and Engineering
Sciences 428 (2006) 379-397. URL: http://rspa.royalsocietypublishing.org/cgi/
doi/10.1098/rspa.1990.0040. DOL: 10.1098/rspa.1990.0040.

P. Downar-Zapolski, Z. Bilicki, L. Bolle, J. Franco, The non-equilibrium relaxation
model for one-dimensional flashing liquid flow, International Journal of
Multiphase Flow 22 (1996) 473-483. URL: https://www.sciencedirect.com/sci-
ence/article/pii/030193229500078X. DOIL: 10.1016,/0301-9322(95)00078-X.

M. Palacz, M. Haida, J. Smolka, A.J. Nowak, K. Banasiak, A. Hafner, HEM and
HRM accuracy comparison for the simulation of CO2 expansion in two-phase
ejectors for supermarket refrigeration systems, Applied Thermal Engineering 115
(2017) 160-169. URL: https://www.sciencedirect.com/science/article/pii/
$135943111634399X. DOL: 10.1016/j.applthermaleng.2016.12.122.

A. Colombo, P. Conti, M. Orlandi, F. Visconti, P. Mitra, D.P. Schmidt, S. Applicate,
Cfd simulations of a two-phase ejector for transcritical CO2 cycles applied to su-
permarket refrigeration systems, 13th IIR Gustav Lorentzen Conference on Natural
Refrigerants (2018), https://doi.org/10.18462/iir.gl.2018.1173.

M. Palacz, J. Smolka, A.J. Nowak, K. Banasiak, A. Hafner, Shape optimisation of a
two-phase ejector for CO2 refrigeration systems, International Journal of
Refrigeration 74 (2017) 210-221. URL: https://www.sciencedirect.com/science/
article/pii/S0140700716303425. DOI: 10.1016/j.ijrefrig.2016.10.013.

A.K. Singhal, M.M. Athavale, H. Li, Y. Jiang, Mathematical basis and validation of
the full cavitation model, Journal of Fluids Engineering 124 (2002) 617, https://
doi.org/10.1115/1.1486223 URL: http://asmedl.org/.

R.W. Schrage, A Theoretical Study of Interphase Mass Transfer, Columbia
University Press, New York, 1953.

V.P. Carey, Liquid-Vapor Phase-Change Phenomena: An Introduction to the
Thermophysics of Vaporization and Condensation Processes in Heat Transfer




K.E. Ringstad, et al.

[79]

[801

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[881

[891

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Equipment, Taylor & Francis group, LLC, 2008 URL: https://books.google.no/
books?id = XF1ZDwWAAQBAJ&pg =PT3&Ipg =PT3&dq=V.P. + Carey, + Liquid-
Vapor + Phase-change + Phenomena, + second + ed., + Taylor + and + Francis,
+New + York, + 2007.&source = bl&ots = Vkef55nKbf&

sig = ACfU3UOctbuEPmmBKFcUV8C80CROOIYzZw&hl = no&sa = X&

ved = 2ahUKEwWjAKPKEOD.

Q. Dang Le, R. Mereu, G. Besagni, V. Dossena, F. Inzoli, Computational Fluid
Dynamics Modeling of Flashing Flow in Convergent-Divergent Nozzle, Journal of
Fluids Engineering 140 (2018) 101102, , https://doi.org/10.1115/1.4039908
URL: http://fluidsengineerin Icollection.asme.org/article.
aspx?doi=10.1115/1.4039908.

M.S. Lee, H. Lee, Y. Hwang, R. Radermacher, H.M. Jeong, Optimization of two-
phase R600a ejector geometries using a non-equilibrium CFD model, Applied
Thermal Engineering 109 (2016) 272-282. URL: https://www.sciencedirect.com/
science/article/pii/S$1359431116314375?via%3Dihub. DOI: 10.1016/j.applther-
maleng.2016.08.078.

P. Zheng, B. Li, J. Qin, CFD simulation of two-phase ejector performance influ-
enced by different operation conditions, Energy 155 (2018) 1129-1145. URL:
https://www.sciencedirect.com/science/article/pii/S036054421830673X. DOI:
10.1016/J.ENERGY.2018.04.066.

W. Angielczyk, J.M. Seynhaeve, J. Gagan, Y. Bartosiewicz, D. Butrymowicz,
Prediction of critical mass rate of flashing carbon dioxide flow in convergent-di-
vergent nozzle, Chemical Engineering and Processing — Process Intensification 143
(2019) 107599. URL: https://www.sciencedirect.com/science/article/pii/
$0255270119302004. DOI: 10.1016/J.CEP.2019.107599.

K. Banasiak, A. Hafner, 1D Computational model of a two-phase R744 ejector for
expansion work recovery, International Journal of Thermal Sciences 50 (2011)
2235-2247. URL: https://www.sciencedirect.com/science/article/pii/
$1290072911001876. DOIL: 10.1016/j.ijthermalsci.2011.06.007.

K. Banasiak, A. Hafner, Mathematical modelling of supersonic two-phase R744
flows through converging-diverging nozzles: The effects of phase transition
models, Applied Thermal Engineering 51 (2013) 635-643. URL: https://www.
sciencedirect.com/science/article/pii/$1359431112006618. DOI: 10.1016/J.
APPLTHERMALENG.2012.10.005.

C. Lackme, Incompleteness of the flashing of a supersaturated liquid and sonic
ejection of the produced phases, International Journal of Multiphase Flow 5
(1979) 131-141. URL: https://www.sciencedirect.com/science/article/pii/
0301932279900417. DOI: 10.1016/0301-9322(79)90041-7.

M. Baer, J. Nunziato, A two-phase mixture theory for the deflagration-to-deto-
nation transition (ddt) in reactive granular materials, International Journal of
Multiphase Flow 12 (1986) 861-889. URL: https://www.sciencedirect.com/sci-
ence/article/pii/0301932286900339. DOIL: 10.1016/0301-9322(86)90033-9.

M. de Lorenzo, Modelling and numerical simulation of metastable two-phase
flows, Ph.D. thesis, Université Paris-Saclay (2018) URL: https://pastel.archives-
ouvertes.fr/tel-01889103/.

M. Labois, Modélisation des déséquilibres mécaniques pour les écoulements di-
phasiques: approches par relaxation et par modéle réduit, Ph.D. thesis, Université
de Provence — Aix-Marseille I (2008) URL: https://tel.archives-ouvertes.fr/tel-
00338818/.

M. De Lorenzo, P. Lafon, J.M. Seynhaeve, Y. Bartosiewicz, Benchmark of Delayed
Equilibrium Model (DEM) and classic two-phase critical flow models against ex-
perimental data, International Journal of Multiphase Flow 92 (2017) 112-130.
URL: https://www.sciencedirect.com/science/article/pii/S0301932216304475.
DOI: 10.1016/j.ijmultiphaseflow.2017.03.004.

H. Lund, A hierarchy of relaxation models for two-phase flow, SIAM Journal on
Applied Mathematics 72 (2012) 1713-1741, https://doi.org/10.1137/12086368X
URL: http://epubs.siam.org/doi/10.1137/12086368X.

M. Ishii, T. Hibiki, Thermo-Fluid Dynamics of Two-Phase Flow, Springer, US,
Boston, MA, 2006, https://doi.org/10.1007/978-0-387-29187-1_9 URL: http://
link.springer.com/10.1007/978-0-387-29187-1_9.

S.T. Munkejord, M. Hammer, S.W. Lgvseth, CO2 transport: Data and models — A
review, Applied Energy 169 (2016) 499-523. URL: https://www.sciencedirect.
com/science/article/pii/$0306261916300885#f0005. DOI: 10.1016/j.apenergy.
2016.01.100.

R. Span, W. Wagner, A new equation of state for carbon dioxide covering the fluid
region from the triple-point temperature to 1100 K at pressures up to 800 MPa,
Journal of Physical and Chemical Reference Data 25 (1996) 1509-1596, https://
doi.org/10.1063/1.555991 URL: http://aip.scitation.org/doi/10.1063/1.555991.
A. Fenghour, W.A. Wakeham, V. Vesovic, The viscosity of carbon dioxide, Journal
of Physical and Chemical Reference Data 27 (1998) 31-44, https://doi.org/10.
1063/1.556013 URL: http://aip.scitation.org/doi/10.1063/1.556013.

A. Laesecke, C.D. Muzny, Reference correlation for the viscosity of carbon dioxide,
Journal of Physical and Chemical Reference Data 46 (2017), https://doi.org/10.
1063/1.4977429.

M.N. Amar, M.A. Ghriga, H. Ouaer, M. El Amine Ben, B.T. Seghier, P.@. Pham,
Andersen: Modeling viscosity of CO2 at high temperature and pressure conditions,
Journal of Natural Gas Science and Engineering 77 (2020) 103271, , https://doi.
org/10.1016/j.jngse.2020.103271.

M.M. Awad, Y.S. Muzychka, Effective property models for homogeneous two-
phase flows, Experimental Thermal and Fluid Science 33 (2008) 106-113. URL:
https://www.sciencedirect.com/science/article/pii/S0894177708001027. DOI:
10.1016/j.expthermflusci.2008.07.006.

F. Mazzelli, F. Giacomelli, A. Milazzo, CFD modeling of condensing steam ejectors:
Comparison with an experimental test-case, International Journal of Thermal
Sciences 127 (2018) 7-18. URL: https://www.sciencedirect.com/science/article/
pii/$1290072917309638. DOI: 10.1016/J.IJTHERMALSCI.2018.01.012.

asmedigi

20

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Thermal Science and Engineering Progress 20 (2020) 100647

C.E. Brennen, Fundamentals of multiphase flow, Cambridge University Press,
Cambridge, 2005. URL: https://books.google.no/books/about/Fundamentals_of_
Multiphase_Flow.html?id = F7hEfx2GUPYC&redir_esc=y. DOI: 10.1017/
CB09780511807169.

M. Nakagawa, A. Harada, M.S. Berana, Analysis of expansion waves appearing in
the outlets of two-phase flow nozzles, HVAC and R Research 15 (2009)
1065-1079. URL: https://www.tandfonline.com/action/
journallnformation?journalCode = uhvc21. DOI: 10.1080/10789669.2009.
10390879.

B. Magolan, N. Lubchenko, E. Baglietto, A quantitative and generalized assessment
of bubble-induced turbulence models for gas-liquid systems, Chemical Engineering
Science: X 2 (2019) 100009. URL: https://www.sciencedirect.com/science/ar-
ticle/pii/$2590140019300164. DOL: 10.1016/J.CESX.2019.100009.

M. Manninen, V. Taivassalo, S. Kallio, On the Mixture Model for Multiphase Flow,
VTT Publications (1996).

L. Schiller, A. Naumann, A drag coefficient correlation, Zeitschrift des Vereins
Deutscher Ingenieure 77 (1935) 318-320, https://doi.org/10.1155/2010/976254
URL: http://journals.sagepub.com/doi/10.1155/2010/976254.

P. Menegay, A computational model for two-phase ejector flow, Phd thesis,
Virginia Polytechnic Institute and State University, 1998. URL: https://vtech-
works.lib.vt.edu/handle/10919/30340.

K.E. Ringstad, Y. Allouche, P. Gullo, K. Banasiak, A. Hafner, CO2 ejector modelling
using CFD: current status, 25th IIR International Congress of Refrigeration
Proceedings, 2019.

M. Haida, J. Smolka, A. Hafner, Z. Ostrowski, M. Palacz, A.J. Nowak, K. Banasiak,
System model derivation of the CO2 two-phase ejector based on the CFD-based
reduced-order model, Energy 144 (2018) 941-956. URL: https://www.science-
direct.com/science/article/pii/S0360544217320881?via%3Dihub. DOI: 10.1016/
j.energy.2017.12.055.

0. Coutier-Delgosha, R. Fortes-Patella, J.L. Reboud, Evaluation of the turbulence
model influence on the numerical simulations of unsteady cavitation, Journal of
Fluids Engineering, Transactions of the ASME 125 (2003) 38-45, https://doi.org/
10.1115/1.1524584.

C. Morel, Mathematical Modeling of Disperse Two-Phase Flows, vol. 114, 2015.
URL: http://link.springer.com/10.1007/978-3-319-20104-7. DOI: 10.1007/978-
3-319-20104-7.

F. Mazzelli, A.B. Little, S. Garimella, Y. Bartosiewicz, Computational and experi-
mental analysis of supersonic air ejector: Turbulence modeling and assessment of
3D effects, International Journal of Heat and Fluid Flow 56 (2015) 305-316. URL:
https://www.sciencedirect.com/science/article/pii/S0142727X15001101. DOIL:
10.1016/j.ijheatfluidflow.2015.08.003.

A. Hemidi, F. Henry, S. Leclaire, J.M. Seynhaeve, Y. Bartosiewicz, CFD analysis of
a supersonic air ejector. Part II: Relation between global operation and local flow
features, Applied Thermal Engineering 29 (2009) 2990-2998. URL: https://www.
sciencedirect.com/science/article/pii/$1359431109000969. DOI: 10.1016/j.
applthermaleng.2009.03.019.

G. Besagni, F. Inzoli, Computational fluid-dynamics modeling of supersonic ejec-
tors: Screening of turbulence modeling approaches, Applied Thermal Engineering
117 (2017) 122-144. URL: https://www.sciencedirect.com/science/article/pii/
$1359431116328290. DOI: 10.1016/j.applthermaleng.2017.02.011.

M. Haida, J. Smolka, A. Hafner, M. Mastrowski, M. Palacz, K.B. Madsen, A.J.
Nowak, K. Banasiak, Numerical investigation of heat transfer in a CO2 two-phase
ejector, Energy 163 (2018) 682-698. URL: https://www.sciencedirect.com/sci-
ence/article/pii/$0360544218317110?via%3Dihub. DOI: 10.1016/j.energy.
2018.08.175.

K. Banasiak, M. Palacz, A. Hafner, Z. Buliniski, J. Smotka, A.J. Nowak, A. Fic, A
CFD-based investigation of the energy performance of two-phase R744 ejectors to
recover the expansion work in refrigeration systems: An irreversibility analysis,
International Journal of Refrigeration 40 (2014) 328-337. URL: https://www.
sciencedirect.com/science/article/pii/S0140700713003812. DOIL: 10.1016/j.ijre-
frig.2013.12.002.

F. Giacomelli, K. Banasiak, A. Hafner, Experimental and Numerical Investigation
on an Ejector for CO2 Vapor Compression Systems, 13th IIR Gustav Lorentzen
Conference (2018) 1179-1187.

M. Gorokhovski, M. Herrmann, M prima ion, Annual Review of
Fluid Mechanics 40 (2008) 343-366, https://doi.org/10.1146/annurev.fluid.40.
111406.102200 URL: http://www.annualreviews.org/doi/10.1146/annurev.
fluid.40.111406.102200.

S. Balachandar, J.K. Eaton, Turbulent dispersed multiphase flow, Annual Review
of Fluid Mechanics 42 (2010) 111-133, https://doi.org/10.1146/ANNUREV.
FLUID.010908.165243 URL: https://www.annualreviews.org/doi/full/10.1146/
annurev.fluid.010908.165243.

R.O. Fox, Large-eddy-simulation tools for multiphase flows, Annual Review of
Fluid Mechanics 44 (2012) 47-76, https://doi.org/10.1146/annurev-fluid-
120710-101118 URL: http://www.annualreviews.org/doi/10.1146/annurev-
fluid-120710-101118.

R. Lebas, T. Menard, P. Beau, A. Berlemont, F. Demoulin, Numerical simulation of
primary break-up and atomization: DNS and modelling study, International
Journal of Multiphase Flow 35 (2009) 247-260. URL: https://www.sciencedirect.
com/science/article/pii/S0301932208001821. DOI: 10.1016/J.
IJMULTIPHASEFLOW.2008.11.005.

S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere Pub. Corp,
New York, 1980 URL: https://books.google.no/books/about/
Numerical_Heat_Transfer_and_Fluid_Flow.html?id = N2MVAQAAIAAJ&re-
dir_esc=y.

R.H. Pletcher, J.C. Tannehill, D.A.D.A. Anderson, Computational Fluid Mechanics




K.E. Ringstad, et al.

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

and Heat Transfer, Hemisphere Pub. Corp. (1997).

C.-N. Xiao, F. Denner, B.G. van Wachem, Fully-coupled pressure-based finite-vo-
lume framework for the simulation of fluid flows at all speeds in complex geo-
metries, Journal of Computational Physics 346 (2017) 91-130. URL: https://
www.sciencedirect.com/science/article/pii/S0021999117304540. DOIL: 10.1016/
J.JCP.2017.06.009.

A. Kurganov, E. Tadmor, New High-Resolution Central Schemes for Nonlinear
Conservation Laws and Convection-Diffusion Equations, Journal of Computational
Physics 160 (2000) 241-282. URL: https://www.sciencedirect.com/science/ar-
ticle/pii/$0021999100964593. DOL: 10.1006/jcph.2000.6459.

A. Kurganov, S. Noelle, G. Petrova, Semidiscrete Central-Upwind Schemes for
Hyperbolic Conservation Laws and Hamilton-Jacobi Equations, Technical Report
3, 2001. URL: http://www.siam.org/journals/sisc/23-3/37341.html.

M.A. Gjennestad, A. Gruber, K.Y. Lervag, @. Johansen, A. Ervik, M. Hammer, S.T.
Munkejord, Computation of three-dimensional three-phase flow of carbon dioxide
using a high-order WENO scheme, Journal of Computational Physics 348 (2017)
1-22. URL: https://www.sciencedirect.com/science/article/pii/
$0021999117305181?via%3Dihub. DOI: 10.1016/j.jcp.2017.07.016.

L. Zheng, J. Deng, Z. Zhang, Dynamic simulation of an improved transcritical CO2
ejector expansion refrigeration cycle, Energy Conversion and Management 114
(2016) 278-289. URL: https://www.sciencedirect.com/science/article/pii/
S0196890416300139. DOI: 10.1016/J.ENCONMAN.2016.01.069.

F. Liu, E.A. Groll, Study of ejector efficiencies in refrigeration cycles, Applied
Thermal Engineering 52 (2013) 360-370. URL: https://www.sciencedirect.com/
science/article/pii/S135943111200806X. DOIL: 10.1016/J.APPLTHERMALENG.
2012.12.001.

D. Li, E.A. Groll, Transcritical CO2 refrigeration cycle with ejector-expansion de-
vice, International Journal of Refrigeration 28 (2005) 766-773. URL: https://
www.sciencedirect.com/science/article/pii/$0140700705000022. DOIL: 10.1016/
j.ijrefrig.2004.10.008.

J. Smolka, M. Palacz, J. Bodys, K. Banasiak, A. Fic, Z. Bulinski, A.J. Nowak, A.
Hafner, Performance comparison of fixed- and controllable-geometry ejectors in a
CO2 refrigeration system, International Journal of Refrigeration 65 (2016)
172-182. URL: https://www.sciencedirect.com/science/article/pii/
S$0140700716000311. DOI: 10.1016/j.ijrefrig.2016.01.025.

G.P. Russo, Aerodynamic Measurements, Woodhead Publishing, 2011. URL:
https://www.sciencedirect.com/science/article/pii/B9781845699925500036.
DOI: 10.1533/9780857093868.67.

Y. Zhu, Z. Wang, Y. Yang, P.X. Jiang, Flow visualization of supersonic two-phase
transcritical flow of CO2 in an ejector of a refrigeration system, International
Journal of Refrigeration 74 (2017) 352-359. URL: https://www.sciencedirect.
com/science/article/pii/S0140700716303784. DOIL: 10.1016/j.ijrefrig.2016.11.
012.

Deng, Jianqgiang, Y. Zhang, Y. He, L. Zheng, T.F. Email, Visual investigation on
effect of structural parameters and operation condition of two-phase ejector, in:
International Compressor Engineering, Refrigeration and Air Conditioning, and
High Performance Buildings Conferences, 2005, 2016, pp. 1-9. URL: http://docs.
lib.purdue.edu/iracc/1632.

M. Haida, R. Fingas, W. Szwajnoch, J. Smolka, M. Palacz, J. Bodys, A. Nowak,
M. Haida, R. Fingas, W. Szwajnoch, J. Smolka, M. Palacz, J. Bodys, A.J. Nowak, An
object-oriented R744 two-phase ejector reduced-order model for dynamic simu-
lations, Energies 12 (2019), https://doi.org/10.3390/en12071282 URL: https://
www.mdpi.com/1996-1073/12/7/1282.

J. Gagan, K. Smierciew, D. Butrymowicz, J. Karwacki, Comparative study of tur-
bulence models in application to gas ejectors, International Journal of Thermal
Sciences 78 (2014) 9-15. URL: https://www.sciencedirect.com/science/article/
Ppii/$1290072913002779. DOI: 10.1016/J.IJTHERMALSCI.2013.11.009.

A. Bouhanguel, P. Desevaux, Y. Bailly, L. Girardot, Particle image velocimetry in a
supersonic air ejector, 15th International Symposium on Flow Visualization June
25-28, 2012, Minsk, Belarus (2012). URL: http://www.itmo.by/doc/en/isfv_15/
ABSTRACTS/ISFV15-038.pdf.

S.-Q. Zheng, Y. Yao, F.-F. Guo, R.-S. Bi, J.-Y. Li, Local bubble size distribution, gas-
liquid interfacial areas and gas holdups in an up-flow ejector, Chemical
Engineering Science 65 (2010) 5264-5271. URL: https://www.sciencedirect.com/
science/article/pii/S0009250910003933. DOI: 10.1016/J.CES.2010.06.027.

J. Sierra-Pallares, J. Garcia Del Valle, P. Garcia Carrascal, F. Castro Ruiz, A
computational study about the types of entropy generation in three different
R134a ejector mixing chambers, International Journal of Refrigeration 63 (2016)
199-213. URL: https://www.sciencedirect.com/science/article/pii/
S$0140700715003473. DOI: 10.1016/j.ijrefrig.2015.11.007.

C. Othmer, Adjoint methods for car aerodynamics, Journal of Mathematics in

21

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Thermal Science and Engineering Progress 20 (2020) 100647

Industry 4 (2014) 6, https://doi.org/10.1186/2190-5983-4-6 URL: http://
mathematicsinindustry.springeropen.com/articles/10.1186,/2190-5983-4-6.

J. Springer, Multiphase adjoint optimization for efficient calculation of rigid body
positions in Navier-Stokes flow, Ph.D. thesis, Universitiat Ulm (2014) URL: https://
d-nb.info/1054045518/34.

A. Hafner, S. Forsterling, K. Banasiak, Multi-ejector concept for R-744 supermarket
refrigeration, International Journal of Refrigeration 43 (2014) 1-13. URL: https://
www.sciencedirect.com/science/article/pii/S0140700714000668. DOL: 10.1016/
jijrefrig.2013.10.015.

J. Zhu, S. Elbel, Experimental investigation of a novel expansion device control
mechanism: Vortex control of initially subcooled flashing R134a flow expanded
through convergent-divergent nozzles, International Journal of Refrigeration 85
(2018) 167-183. URL: https://www.sciencedirect.com/science/article/pii/
S0140700717303791. DOI: 10.1016/j.ijrefrig.2017.09.023.

J. Bodys, M. Palacz, M. Haida, J. Smolka, A.J. Nowak, K. Banasiak, A. Hafner, Full-
scale multi-ejector module for a carbon dioxide supermarket refrigeration system:
Numerical study of performance evaluation, Energy Conversion and Management
138 (2017) 312-326. URL: https://www.sciencedirect.com/science/article/pii/
S$019689041730105X. DOI: 10.1016/j.enconman.2017.02.007.

J. Bodys, J. Smolka, M. Palacz, M. Haida, K. Banasiak, A.J. Nowak, A. Hafner,
Performance of fixed geometry ejectors with a swirl motion installed in a multi-
ejector module of a CO2 refrigeration system, Energy 117 (2016) 620-631. URL:
https://www.sciencedirect.com/science/article/pii/S0360544216309616. DOI:
10.1016/j.energy.2016.07.037.

J. Bodys, J. Smolka, K. Banasiak, M. Palacz, M. Haida, A.J. Nowak, Performance
improvement of the R744 two-phase ejector with an implemented suction nozzle
bypass, International Journal of Refrigeration 90 (2018) 216-228. URL: https://
www.sciencedirect.com/science/article/pii/S0140700718300999. DOL: 10.1016/
J.IJREFRIG.2018.03.020.

W. Chen, H. Chen, C. Shi, K. Xue, D. Chong, J. Yan, A novel ejector with a bypass
to enhance the performance, Applied Thermal Engineering 93 (2016) 939-946.
URL: https://www.sciencedirect.com/science/article/pii/$135943111501114X.
DOIL: 10.1016/J.APPLTHERMALENG.2015.10.067.

M. Haida, J. Smolka, A. Hafner, Z. Ostrowski, M. Palacz, K.B. Madsen, S.
Forsterling, A.J. Nowak, K. Banasiak, Performance mapping of the R744 ejectors
for refrigeration and air conditioning supermarket application: A hybrid reduced-
order model, Energy 153 (2018) 933-948. URL: https://www.sciencedirect.com/
science/article/pii/S0360544218306959. DOI: 10.1016/j.energy.2018.04.088.
0. Lamberts, P. Chatelain, Y. Bartosiewicz, New methods for analyzing transport
phenomena in supersonic ejectors, International Journal of Heat and Fluid Flow
64 (2017) 23-40, https://doi.org/10.1016/j.ijheatfluidflow.2017.01.009.

A. Alizadehdakhel, M. Rahimi, J. Sanjari, A.A. Alsairafi, CFD and artificial neural
network modeling of two-phase flow pressure drop, International Communications
in Heat and Mass Transfer 36 (2009) 850-856, https://doi.org/10.1016/j.
icheatmasstransfer.2009.05.005.

C. Haoran, C. Wenjian, Artificial neural network modeling for variable area ratio
ejector, in: Proceedings of the 2014 9th IEEE Conference on Industrial Electronics
and Applications, ICIEA 2014, Institute of Electrical and Electronics Engineers
Inc., 2014, pp. 220-225. DOL: 10.1109/ICIEA.2014.6931162.

D.V. Brezgin, K.E. Aronson, F. Mazzelli, A. Milazzo, The surface roughness effect
on the performance of supersonic ejectors, Thermophysics and Aeromechanics 24
(2017) 553-561, https://doi.org/10.1134/50869864317040060 URL: http://link.
springer.com/10.1134/50869864317040060.

Y. Han, X. Wang, H. Sun, G. Zhang, L. Guo, J. Tu, CFD simulation on the boundary
layer separation in the steam ejector and its influence on the pumping perfor-
mance, Energy 167 (2019) 469-483. URL: https://www.sciencedirect.com/sci-
ence/article/pii/S0360544218321923. DOI: 10.1016/j.energy.2018.10.195.

Y. Bartosiewicz, Z. Aidoun, P. Desevaux, Y. Mercadier, Numerical and experi-
mental investigations on supersonic ejectors, International Journal of Heat and
Fluid Flow 26 (2005) 56-70. URL: https://www.sciencedirect.com/science/ar-
ticle/pii/S0142727X04001158. DOI: 10.1016/j.ijheatfluidflow.2004.07.003.

Y. Bartosiewicz, Z. Aidoun, Y. Mercadier, Numerical assessment of ejector op-
eration for refrigeration applications based on CFD, Applied Thermal Engineering
26 (2006) 604-612. URL: https://www.sciencedirect.com/science/article/pii/
$1359431105002206. DOI: 10.1016/j.applthermaleng.2005.07.003.

J. Garcia del Valle, J. Sierra-Pallares, P. Garcia Carrascal, F. Castro Ruiz, An ex-
perimental and computational study of the flow pattern in a refrigerant ejector.
Validation of turbulence models and real-gas effects, Applied Thermal Engineering
89 (2015) 795-811. URL: https://www.sciencedirect.com/science/article/pii/
S$1359431115006237. DOI: 10.1016/J.APPLTHERMALENG.2015.06.064.







Paper 11

Ringstad, Knut Emil; Ervik, Asmund; Banasiak, Krzysztof; Hafner, Armin. (2021)
Machine learning and CFD for mapping and optimization of CO2 ejectors. Applied
Thermal Engineering. vol 199.

DOI: https://doi.org/10.1016/j.applthermaleng.2021.117604

145






Applied Thermal Engineering 199 (2021) 117604

Contents lists available at ScienceDirect

Applied Thermal Engineering

ELSEVIER

journal homepage: www.elsevier.com/locate/apthermeng

Gheck for
| updates

Machine learning and CFD for mapping and optimization of CO5 ejectors

Knut Emil Ringstad ™, Krzysztof Banasiak ®, Asmund Ervik ", Armin Hafner?®

# Norwegian University of Science and Technology, Kolbjorn Hejes vei 1B, 7491 Trondheim, Norway
Y SINTEF Energy, Kolbjorn Hejes vei 1d, 7465 Trondheim, Norway

ARTICLE INFO ABSTRACT

Keywords:

Computational fluid dynamics
Two-phase ejector

CO,

Gaussian process regression
Optimization

In this study, a novel simulation-based algorithm for CO, ejector design and performance evaluation is presented.
The algorithm is based on an automated Computational Fluid Dynamics (CFD) workflow that can account for
different ejector geometries and operating conditions. The CFD data points are used to train a Gaussian Process
Regression (GPR) machine learning model to predict the ejector performance indicators; efficiency, mass flow
rates, outflow uniformity, and entropy generation. Three use cases are investigated using this methodology: 1)
performance mapping for off-design operating conditions of a given ejector, 2) design mapping of ejector per-
formance with 5 geometry variables investigated, and 3) flow structure prediction between different ejector
mixing chamber geometries. The results show that this algorithm can be used to efficiently explore ejector de-
signs with mean average errors between 0.07 and 0.1 [-] in entrainment ratio. Furthermore, the method can to
look for optimized geometries using gradient descent methods, as well as produce ejector performance maps.
Additionally, the method is able to predict local flow structures of velocity and pressure inside the ejector with
varied ejector geometries. The databases and GPR method implementation from this work is made available
open-source for further development and research.

that can use the lost expansion energy to pump a secondary flow to a
higher pressure [4,5]. An ejector can improve system performance by as
much as 10-30% [4] at design conditions. However, they are highly
dependent on the correct design and minor changes in ejector geometry

1. Introduction

The urgent need to rapidly reduce greenhouse gas emissions calls for
unprecedented action from individuals, industry, and governments. The
Heating, Ventilation, Air-conditioning, and Refrigeration (HVAC & R)
industry is accountable for a significant part of global greenhouse gas
emissions. If not limited, large-scale adoption of high GWP synthetic
working fluids like hydrofluorocarbons (HFCs) is expected to be a major
contributor to global emissions within 2050 [1]. In response, interna-
tional agreements to phase out high GWP working fluids have been
ratified, such as the Kigali amendment to the Montreal Protocol and the
EU F-gas regulation [2]. A promising alternative to the use of synthetic
refrigerants is natural working fluids such as COy (R744). R744 has a
GWP of 1 and is a non-toxic, non-flammable, and natural refrigerant that
can be efficiently implemented for many applications [3]. Furthermore,
R744 has several favorable thermodynamic properties that allow for
efficient and compact units. However, the high operating pressures
common in R744 systems introduce large expansion losses, that can
significantly reduce system COP. Therefore, expansion-loss recovery
devices are often implemented to achieve higher system efficiency.

Ejectors are low-cost work-recovery devices with no moving parts
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can dramatically reduce ejector efficiency [6-9]. Therefore, the devel-
opment of efficient and accurate methods for ejector design has in recent
years gained attention.

The flow within a two-phase ejector is challenging to model as it
involves several interdependent and highly complex features such as
compressible, super-sonic, and multiphase flow with phase change, and
multiphase turbulence and flow jet atomization. Therefore, over the last
decade, much research has been devoted to developing high-resolution
CFD models to accurately predict ejector performance and improve their
design. CFD models have seen extensive applications within R744
ejector design and performance prediction [10-16]. Today, the most
commonly used model is the homogeneous equilibrium model (HEM).
HEM models have been studied extensively
[17,18,12,13,10,19,11,16,5,14] and can reasonably predict motive
mass flow rates (MFR) for supercritical motive conditions [5]. For better
prediction of the motive mass flow rate at lower motive inlet pressure
conditions Palacz et al. [12] concluded that non-equilibrium effects
should be considered. In general, CFD models are able to accurately
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Nomenclature

Abbreviations

ANN Artificial Neural Network

CFD Computational fluid dynamics
EoS Equation of state

GP Gaussian Process

GPR Gaussian process regression
GWP Global warming potential

HEM homogeneous equilibrium model
HFC Hydrofluorocarbon

HRM Homogeneous relaxation model
HVAC  Heating, ventilation, air-conditioning, and refrigeration
KPI Key performance indicator

LHC Latin hyper cube
MFR Mass flow rate

MSE Mean squared error
ROM Reduced Order Model
UDF User defined function

Symbols

aq Diffuser angle

E Expectation value

X Scaled sampling variable
Shi2s Enthalpy source term

€ Turbulent kinetic energy dissipation
n Efficiency

r Diffusion coefficient

A Thermal conductivity

u viscosity

¢ vapour volume fraction
W Generic field variable

Pm Density
Data variance
Stress tensor

[ Hyperparameter

u Velocity vector

¢ heat capacity

Dyisr Diffuser outlet diameter
Do_ou Motive outlet diameter
Dix Mixing chamber diameter
Liix Mixing chamber length

T Temperature

a Sampling range

E Total Energy

f Underlying unobservable function
G Learning rate

h Enthalpy

K Covariance function - kernel
k Turbulent kinetic energy

1 Characteristic length scale
M Data mean

n Noise

P Pressure

Pr Prandtl number

q Heat flux

H Entropy

w Work

X Direction vector

Xy Data in dataset

Subscripts

eff Effective

ij Notation indices

m Motive

m Pseudo-fluid mixture property
o Outlet

s Suction

t Turbulent

predict motive MFR typically within 10%. However, the suction MFR is
less accurately predicted, with errors ranging up to 20-100%. For a
detailed review on ejector modeling, its applications, and available
experimental data, the reader is referred to Ringstad et al. [5].

While the high sensitivity of ejector performance to their design has
been noted in several studies[6,7,14], major knowledge gaps remain in
the field of high-performance ejector design. Nakagawa et al. [6]
investigated the effect of different mixing chamber geometries experi-
mentally, noting the significant impact of the mixing chamber length on
ejector performance. This was followed up in the work by Banasiak et al.
[7] and Banasiak et al. [15] where the mixing chamber and diffuser
geometries were investigated experimentally and numerically. They
concluded that these geometry parameters were important for achieving
high ejector efficiency and that the most important parameters for
ejector performance were the mixing chamber diameter, both with a
significant impact on entropy production. Furthermore, they concluded
that the different parameters must be optimized simultaneously and not
in isolation. Entropy production in R744 ejectors was further investi-
gated by He et al. [14] using CFD. The results showed that the motive
outlet diameter plays a critical role in ejector performance and that the
nozzle exit position plays a key role in momentum exchange and exergy
destruction.

In this work, a method for producing a machine learning-based
surrogate model from numerical results is presented. Using this surro-
gate model, it is possible to replace several different calculation tools
with a single one. Here, three distinct cases are presented (1) perfor-
mance mapping for different operating conditions given a specific

ejector geometry, (2) design mapping and optimization of ejector per-
formance with different geometric parameters, (3) flow structure map-
ping for different ejector geometries.

Performance mapping of off-design performance has been investi-
gated using CFD in previous works by Haida et al. [20,11]. CFD data was
used to generate a Reduced Order Model (ROM) to quickly predict
ejector performance at any operating condition. Such ROM models has
great applicability for dynamic simulations [11] or Digital Twins.

CFD based shape optimization for R744 ejectors has been previously
carried out by Palacz et al. [12,13], resulting in the EjectorPL system for
automated CFD model generation. The study compared two evolu-
tionary optimization approaches for ejector design. The results showed
that up to 6% improvement in ejector efficiency is possible from an
existing design based on 1D model calculations. Barta et al. [21] recently
presented a design optimization methodology for R744 ejectors based
on OD sub-component polynomial modeling. The methodology can
accurately predict ejector performance and offers insights into design
trade-offs in ejector design.

Alternatively, optimization may be performed on performance maps
using optimization methods such as gradient descent. This, however,
depends on quick evaluation of results and their gradient at any given
point in the design space. For complex flow devices, such as ejectors,
evaluating the flow at a single design point with CFD tools requires
significant computational effort (from hours to days). Therefore, it is
better to perform the optimization on a surrogate meta-model such that
performance can be quickly evaluated.

In this work, the Gaussian Process Regression (GPR) machine
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learning approach is used to generate such a surrogate model from a
large set of CFD data. The CFD database is built using an automated
workflow for different shape designs, model parameters, and operating
conditions. Using CFD results to generate a large database has several
advantages. Firstly, it enables one to investigate local flow structures in
detail. Secondly, CFD models implicitly take into account 2D or even 3D
geometric effects which are impossible to account for using simpler zero
or one-dimensional approaches.

The datasets are used for the training of a Gaussian Process Regres-
sion model to predict different ejector performance indicators and flow
structures inside the ejector. GPR has been extensively used for a wide
range of model problems [22]. Alternative machine learning methods,
such as artificial neural networks (ANN), have previously been used in
ejector design [23] and performance analysis [24,25]. Still, GPR models
have advantages over ANN methods, such as more efficient use of data,
lower risk of overfitting, ease of use, and explainability [26].

Using this GPR surrogate modeling approach, both performance- and
shape mapping are handled with one tool. This simplification also allows
for combined studies of shape and operating conditions in a novel way.
In addition, the mapping can be used for the optimization of both
operating conditions and geometry. This approach has several advan-
tages over other methods:

1. It can give a full mapping of performance at any combination of
parameters, allowing for a full investigation of possible designs and
what-if scenarios.

2. The method can take advantage of experimental and numerical re-
sults from previous works to improve model accuracy.

3. The GPR method provides estimated prediction uncertainty at any
point. This information can be used to improve modeling tools or
refine database coverage.

4. The method can produce maps of local flow structures with varied
geometries and operating conditions.

2. Ejector CFD model
2.1. Multiphase model

In this work, the multiphase flow within a two-phase R744 ejector is
modeled using a homogeneous equilibrium model (HEM) based on the
formulation of Smolka et al. [17]. The HEM is based on the assumption
of strongly coupled phases at mechanical, thermal, and thermodynamic
equilibrium, i.e. both phases can be described with a single velocity-(u),
temperature- (T), and pressure-field (P). By these assumptions, a single
set of partial differential equations for the mixture of liquid and gas
needs to be solved. Essentially, the two phases are then treated as a
single pseudo-fluid with transport properties derived according to an
averaging procedure. This pseudo-fluid will be governed by the equa-
tions of fluid motion and energy:

0y, 0

o gy loae] =0 M

7}

2 Ottn) + == [Pttt + Py = 7] = 0, @
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Here the Einstein notation is used with subscript-indexes i and j, and
the subscript m indicates the pseudo-fluid mixture properties. Here, p,,,,
Unm, P, E, hy, q refer to the density, velocity, pressure, total energy,
mixture enthalpy and heat flux, respectively. The effective stress tensor
Tijerr 1S the laminar (Newtonian) and turbulent stress tensors combined:

Tijett = Tjj + Tijy- “@
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To obtain the total mixture enthalpy, an alternative formulation of
the energy equation, Eq. (5), was implemented using user-defined
functions (UDF) in the ANSYS Fluent software [27], replacing Eq. 3.

F . .
E/Jh-FV' (ﬂ u h) =V (Fefth> + 8wt + Si2 + Si3 (5)

In this equation, h is the specific enthalpy, U is the velocity vector,
T the effective diffusion coefficient. The source terms Sy 53 describe
the mechanical energy, the irreversible dissipation of the kinetic energy
variations, and the dissipation of the turbulent kinetic energy, respec-
tively [17].

Tefr is defined as:

A

| 6

Pr ¢,

where g, is the turbulent viscosity, Pr is the Prandtl number, c, is the

mixture specific heat capacity, and 1 is the thermal conductivity.

2.2. Equation of state

One preferable property of the equilibrium assumption is that the
pressure and enthalpy uniquely define the thermodynamic state, and
thus the properties in the two-phase dome. Properties are typically
divided into thermophysical (Eq. 7) and transport (Eq. 8) properties.

=fPh|, @

v NS9O

-+

where p,$,u,4,¢p,s are the pseudo-fluid density, vapour volume frac-
tion, kinematic viscosity, thermal conductivity, specific heat capacity,
and specific entropy, respectively.

The properties of liquid and gas are evaluated by the pressure and
enthalpy, interpolated from a look-up table. The CoolProp library [28]
for R744 is based on the Span-Wagner equation of state, which is
considered the most accurate equation of state (EoS) for CO, and is
widely used for R744 ejector simulations [5]. Here, CoolProp is used to
generate the look-up tables that are imported in Fluent using UDFs. This
study is limited to the operating range suited for the HEM model,
however, the methods presented here are easily extended to cover non-
equilibrium conditions.

2.3. Turbulence model

Accurately describing the mixing process inside two-phase ejectors is
largely dependent on modelling the two-phase turbulent flow inside the
mixing chamber. The turbulent viscosity, 4,, is then sub-modeled by the
k —e realizable turbulence model. This model involves solving the set of
transport equations for the turbulent properties, Egs. (9) and (10):

(k) +-2 (o) =2 YKt €—Yu+S
i\ Pm ax, P Umj = oy, H o) o, Pk +Po =P M+ Sk,
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kZ
e = P 1n

where the subscript, m, indicates mixture properties based on mass or
volume weighted averaging, C is a model specific constant, S and Y are
model specific source terms, p is the strain rate production of k;p =
#,E;E;;. This model has favourable stability properties in comparison to
k-w based models and scalable wall functions simplifies the automated
meshing algorithm [5].

3. Machine learning approach
3.1. Gaussian process regression

Gaussian Process Regression (GPR) is a supervised machine learning
tool based on Bayesian regression to generate surrogate models. The
model is trained using a labeled data set (y;, X;), where y is the obser-
vations, and X is the input for datapoint i. The data used in the machine
learning model are referred to as features. The feature data is rescaled to
be zero mean with unit variance, according to Eq. (12), using the Sklearn
toolset StandardScaling [29]:

X-M
o

z= 12)
Here, X and z are the unscaled and scaled feature data, respectively, u

is the feature data mean, and o is the feature data standard deviation.
Assuming that the observations are obtained from an unobservable

underlying function f with zero mean Gaussian noise, n; = .7(0,0), the
input-output relationship can be written as (Eq. 13):
y=fX)+m 13)

The Gaussian Process (GP) can then be written as (Eq. 14):
y= Z7M(X),K(X,X';0)) a4

The GP has a mean function, M = E[f(X)], where E is the expectation
value, a covariance function K(X,X') = E[f(X)f(X")], and a set of model
hyperparameters 6. The co-variance function is also referred to as the
kernel, which measures the correlation between the outputs variable at
two points X;, Xj, and is specified as a prior.

In this paper, the Squared Exponential kernel is used as a covariance
function and a white noise kernel is added to account for numerical
errors. The combined kernel function is then defined as (Eq. 15):

1
K(X,X’;G‘o) = aﬁexp( - ﬁ(x - X’)2> +01 (15)

where, [ is the identity matrix. The kernel has three hyper parameters; oy,
1, and o,, which are the signal standard deviation, the characteristic
length-scale, and the noise level (variance) respectively. The parameter
oy is a scaling parameter and the length-scale I governs the length over
which two points X and X' are correlated. Larger values of [ enforces that
f varies more smoothly. The characteristic length scale is dimensional
and can vary between features.

Hyperparameters (I,0,,05) are optimized during the fitting of the data
using a gradient descent optimizer on the log-marginal-likelihood of the
hyper-parameters. The optimizer is a quasi-Newton L-BFGS optimizer
[30,29,31] with n = 10 optimizer restarts, commonly used in the liter-
ature [32]. Characteristic length scales are bounded to upper and lower
limits of 1.0x107% and 3.0 x 10!, respectively, for all dimensionless
features. The kernel optimizer is initialized with 679 = 0.2,lp = 0.5,
ono = 0.02. Using the training data with dimensions A X (Bl - Braining)
where A is the number of features and B the number of data points, a
posterior distribution can be found by drawing from a joint distribution
of the training data y and test data yx.
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[;] :’([nﬂ [1? 1’5]) )

This GPR algorithm was implemented using the Scikit-learn Python
package [29].

3.2. Gradient descent based optimization

The GPR model predicts the ejector operation at any point in the
defined feature domain. By using a gradient-based optimization algo-
rithm on the function it is possible to optimize the ejector parameters for
a given output. Here, a gradient descent optimization algorithm was
implemented according to, Eq. (17):

Xi1 = X; + GVF(X;) 17)

Here, G is a specified learning rate and f is the chosen function to
optimize. A first-order finite difference method for evaluating the
gradient. The initial points were chosen randomly from a uniform dis-
tribution of the feature space.

4. CFD automation algorithm

To generate the data sets needed to train the GPR model, an algo-
rithm was developed in the Python 3.9 programming language [33] for
automatically generating CFD data. This algorithm incorporates auto-
matic meshing, automatic generation of Fluent journal files, and post-
processing the results. An illustration of the system layout is presented
in Fig. 1. The program takes in data points from the boundary condition -
geometry design space and automatically simulates the flow case.

Initially, the automated algorithm settings need to be defined. This
involves choosing the features to be explored and choosing the
remaining constant parameters. In this step, different sampling algo-
rithms, meshing strategies, and post-processing settings are available.
Based on the chosen features and sampling algorithms, a user-specified
number of data points are sampled from the design space. The sampling
algorithm used is further discussed in Section 4.1. The algorithm then
iteratively simulates each flow case in three steps.

The first step is to generate the specified 2D structured mesh using an
in-house automated meshing script for the ICEM meshing program ac-
cording to the specified geometry parameters. The script generates high-
quality meshes with average orthogonal quality of 99.9% for a 10k cell
mesh. The mesh parameters included are the baseline cell size, refine-
ment ratio, and aspect ratio of the mixing section cells. A mesh sensi-
tivity study is conducted and discussed in Section 4.3.1. Acceptable
results were obtained using meshes around 8k cells. To limit computa-
tional cost while keeping the high accuracy a mesh of 24k cells was
chosen as the average design case.

The second step is to generate an ANSYS Fluent journal file to
automatically run the flow case with the prescribed boundary conditions
from the algorithm for pressure and enthalpy. The inlets and outlets
were prescribed with the ANSYS pressure-inlet and pressure-outlet
boundary conditions, respectively. The boundary conditions for the
specific enthalpy defined for the HEM model were zero gradient
enthalpy at the outlet and constant inlet enthalpy. The wall conditions
were defined as adiabatic with a wall roughness of Hgn = 2[um],
commonly used in CFD literature for R744 ejectors [13,34]. All calcu-
lations were done using a steady solver. The discretization schemes used
are described in Table 1.

Each case is simulated in ANSYS Fluent 2019R3 with the standard
initialization procedure, starting the simulations with first-order
schemes for the first 20k iterations, before changing to second-order
schemes. Convergence was judged based on low mass flow rate imbal-
ance below 1.0x107° [kg/s] and residuals below 1.0 x 10~°. The ma-
jority of the simulations would converge within 40-50k iterations.
Simulations that did not converge were continued until either conver-
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Fig. 1. Illustration of the algorithm layout.

Table 1

Discretization schemes used in the CFD models.
Discretization Scheme
Pressure PRESTO!
Pressure-velocity coupling Coupled
Gradient Green Gauss cell-based
Momentum Second order upwind
Density -
Enthalpy -

Turbulent kinetic energy e
Turbulent energy dissipation o

gence or reaching 80k iterations. Simulations that were oscillating after
80k iterations were removed from the results. These oscillations typi-
cally occurred at low motive inlet specific enthalpy (below 270 [kJ/kg])
and high motive pressures (above 110 [bar]), which is close to the limit
of the HEM range of validity.

The third step is to post-process the CFD results, collecting the
different output KPI parameters and storing these in a database. The
different output parameters and their calculation are discussed in Sec-
tion 4.2. After all the steps are completed the database is stored and
duplicated. After which the data can be analyzed by the machine
learning model.

4.1. Sampling

The design space is initially sampled using a Latin HyperCube (LHC)
approach [35] with the Python package LHC-Python. Latin hypercube
sampling is a statistical sampling approach that samples N points from a
statistical distribution in equiprobable zones. This approach ensures
good sampling of a higher dimensional subspace with fewer data points
than random or equidistant sampling. The LHC design gives an N-

dimensional mapping to fill a space with low overlap. The design points
x; are chosen from the range (0,1) and is transformed to a chosen sub-
space for each feature, x;. All variables are sampled evenly according
to Eq. (18),

X; = i * (Gmax = Amin); 18)

using the maximum and minimum values, dyin/max, Presented in Table 2.
This is to get a well-represented operational mapping for different given
ejectors.

To avoid sampling unphysical ejector geometry combinations a
sampling constraint had to be added. The motive outlet diameter was
constrained such that the motive nozzle is smaller than the suction
chamber at the nozzle exit position according to:

Dy—ou < 2(tan(a/2)Luen + Dmix /2 — 1) 19)

Table 2
Available features and their parameter sampling range for LHC-sampling
algorithm.

Parameter [ Amax
Din—ou, [mm] Ditroat 1.5 Diprout, Eq. (19)
Luix, [mm] 0 50 Diix
Dhix, [mm] Dihroat 10 Diproar
Dyisr, [mm] Dyix 10 Dyix
ag, [°] 1 90
Pn, [bar] 75 140
Pq, [bar] 28 55
P,, [bar] Py P+15
hpm, [kJ/kg] 250 340
hy, [kJ/kg] 380 460
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4.2. Key performance indicators

In this study, four Key Performance Indicators (KPIs) were consid-
ered to evaluate ejector performance for different ejector designs. These
are motive and suction mass flow rates (entrainment ratio), ejector ef-
ficiency, mixture entropy generation rate, and ejector outlet flow uni-
formity for velocity and vapor fraction.

Mass flow rates are calculated by Fluent at the inlets and outlets of
the ejector. These are reported and post-processed by the algorithm.
Using the mass flow rates and boundary conditions, the ejector effi-
ciency is calculated from the Elbel efficiency, Eq. (20) [36] using calls to
the CoolProp software [28].

We  B(Poss) = hy
Wiemax

Nejector = T — (20
Entropy production is found by calculating the mass-weighted average
of the incoming and outgoing entropy in each section. This is done using
surface definitions and an entropy look-up table implemented in ANSYS
Fluent using user-defined functions. The ejector outlet flow uniformity is
calculated using the Uniformity Index defined in ANSYS Fluent:

()
=1-= 7 (21)
2 A
i=1

.

where 7, is the averaged value of the field variable y over the n cells on
the outlet surface, and A; is the surface area for cell i. Here, the
unformity index is calculated for the vapour fraction ¢ and the axial
velocity u. These two KPIs indicate how well mixed the flows are at the
outlet of the ejector.

4.3. CFD model validation

The HEM as implemented in this work has been extensively validated
in previous works [17,37,38]. As previously mentioned, the prediction
error of the presented model is typically considered to be within 10% for
motive mass flow rate. Suction mass flow rate is less accurately pre-
dicted, and can in cases significantly deviate from experimental results.
Therefore, simulation results and any optimized design should be
carefully inspected and scrutinized. This also motivates further research
into the modeling of R744 two-phase ejectors. The presented method-
ology is modular, and switching the underlying CFD model can be done
with only minor modifications.

4.3.1. Mesh sensitivity study
To ensure that the mesh is sufficiently refined to describe the ejector
flow and mesh independent results are achieved a mesh study was

Table 3

All main ejector dimensions of the new proposed open design.
Parameter Value
Motive Inlet diameter (Dp-in) 10.0 [mm]
Motive Throat diameter (Dioa) 1.41 [mm]
Motive Outlet diameter (D —ou) 1.52 [mm]
Nozzle tip thickness () 1.2 [mm]
Pre-mixer length (Lych) 4.2 [mm]
Mixer length (Lix) 26.0 [mm]
Mixer diameter (Dy,ix) 4.0 [mm]
Diffuser diameter (Dqifr) 12.0 [mm]
Diffuser angle (aq) 6[]
Motive converging angle (am_.) 35(°]
Motive diverging angle (ay—4) 3]
Suction angle (a,) 42[°]
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conducted. The main ejector geometry parameters are presented in
Table 3. This ejector geometry is intended as an open-access geometry
for simulations as sharing of this geometry is not limited by proprietary
restrictions. The different ejector dimensions are illustrated in Fig. 2.

Previous studies with the HEM have investigated mesh independence
and shown that mesh independent results can be achieved with only 9k
cells for optimization studies [13]. The ejector simulations were per-
formed with five different meshes, A, B, C, D, E that were composed of
2.2k, 8k, 26k, 60k, and 100k cells, respectively. Meshes A, B, and E were
generated using an ICEM mesh refinement algorithm for coarsening and
refinement of mesh C. The refinement is applied uniformly for all cells,
halving/doubling the mesh size in each dimension. Mesh D was based on
a smaller baseline cell size in the meshing script with a similar refine-
ment to mesh C. These simulations were run with boundary conditions
named OP1' close to the design point, see the footnote. The calculated
mass flow rates are presented in Table 4. The motive mass flow rate
tends to reduce with the mesh refinement. However, the difference be-
tween these flow rates was less than 5% for all mesh densities. The
suction mass flow rate varied more than the motive MFR, and has, in
general, a decreasing trend as the mesh is refined. The suction mass flow
rate is less accurately predicted with mesh A, 11% difference to mesh E,
while for mesh B and C the difference is less than 1%. Interestingly, mesh
D produced higher suction MFR than the other meshes. This could be
due to that mesh D is based on a different baseline cell size.

Based on these mesh refinement indicators mesh C was chosen for
further study, as it gave reasonable accuracy, within 1% of the most
refined mesh, with a low computational cost. The study shows that R744
ejector flow using the HEM can be reproduced with a coarse mesh,
which agrees with previous findings by Palacz et al. [13]. Such a mesh is
ideal for use in optimization algorithms where computational speed is
essential.

5. Results and discussion

The presented method is flexible and can look at various combina-
tions of features. Any computable and physical combination of geometry
variables, operating condition parameters, or CFD model parameters
can be used for the mapping. In addition the GPR model can be applied
for the prediction of flow structures such as pressure and velocity dis-
tributions, entropy production, and flow separation. Here, the results of
the methodology are presented for three use cases. Case 1; generate an
operation map for off- and on-design conditions using a given ejector
geometry. Case 2; design space mapping and optimization at a given
operating condition. Case 3; prediction of flow structures in the ejector
from CFD data. Other use cases with alternative features are presented
and discussed in Section 6.

5.1. Case 1: Off-design operation mapping

Case 1 presents a method of performance mapping of a given design
at various operating conditions. Only the thermodynamic features (Pp,,
Py, Py, hy, b, see Table 2) are included in this part of the investigation.
These features are allowed to vary as specified in Table 2. The ejector
geometry used is the new ejector geometry presented in Table 3.

5.1.1. Database sampling

Model accuracy is dependent on the number of data points. To verify
how accuracy is affected by the number of data points, a model
convergence study is done. One can test the sensitivity to the number of
data points by either removing points from the training set or by
generating additional data with more points. As each database is
generated with an LHC sampling method, a fair comparison cannot be

1 OP1: P,, = 85 [bar], P; = 33 [bar], P, = 38 [bar], h,, = 290 [kj/kgl, hy =
432 [kj/kgl
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Fig. 2. Generic ejector geometry with geometry parameters. Gray color signifies solid parts.

Table 4
Mesh convergence study with different mesh sizes.
Mesh Cells OP1 [kg/s]
MFRp, MEFR,
A 2.2k 0.0824 0.0538
B 8.0k 0.0812 0.0615
C 26k 0.0799 0.0613
D 62k 0.0795 0.0662
E 100k 0.0791 0.0609

made by simply removing data points. Therefore, three separate data-
bases of 100, 300, 600 data points were sampled and simulated. The
GPR model was trained using these three databases and the average GPR
model accuracy was evaluated with different test and training sampling
sizes. The mean squared error (MSE) between the GPR model prediction
and the CFD data points in the test data was calculated for the different
KPIs. The errors are estimated using 15% of the data as hidden test data
that is left out of the model training and 85% as training data. The
calculated mean square error results are shown in Fig. 3, normalized by
the error with the smallest dataset.

From Fig. 3 it is found that, except for entropy, all KPIs are better
predicted by increasing the database resolution. Refining the database to
600 datapoints reduced the MSE by 50-90% for the different KPIs.
Interestingly, entropy production in the mixing chamber is worse
resolved as the number of points is increased. This is believed to be
caused by small length scales associated with the entropy production
that are not resolved by the smaller data sets. Improved entropy post-
processing models for entropy [39] should be implemented in further
work to gain better data and insights into entropy production mecha-
nisms in the flow.

2.00-{ HEE 100 points
300 points
1.75 1 HEE 600 points
1.50 4

1.259

1.00 A

MSE / MSE00

0.75 4

0.50

0.25 4

0.00 -

ER  Efficiency MFR;,  MFRs Yu Yvel

AEntropy

Fig. 3. Comparison of database sizes and the GPR prediction mean-square error
for each KPIL The data has been non-dimensionalized by the mean square error
for the 100 data point set.

Still, with only 100 data points, the algorithm can accurately
calculate a performance map. The average absolute error for entrain-
ment ratio was found to vary between 0.25 and 0.35 [-] with 100 data
points, and vary between 0.06 and 0.1 [-] with 600 data points. Using a
larger database could ensure even better accuracy of the GPR model,
however, due to computational limitations, the study is limited to a 600
point database. The 600 data point set will be analyzed in the following
sections as it gave the highest accuracy.

5.1.2. Model prediction

The GPR model can predict the ejector performance at any combi-
nation of features, however, its accuracy depends on the proximity to a
nearby data point. The predictions can be used to generate a heat-map of
ejector performance by varying two features and keeping the remaining
constant. Such a performance mapping is presented in Fig. 4a—c in a
motive condition P-h diagram using one realization of the GPR model.
Here, the features for motive pressure and motive enthalpy are inves-
tigated, keeping the remaining features at constant conditions, specified
in each figure caption. As shown in Fig. 4a, the model identifies a high-
efficiency region near 120-140 [bar] at an enthalpy between 270 and
320 [kJ/kg] for high-pressure lifts (10 [bar]). Here, ejector break-down
(no suction flow) occurs for lower motive pressure than 90 [bar]. As the
pressure lift is reduced to 7 [bar], Fig. 4b, the high-efficiency region is
extended to pressures between 100 and 130 [bar]. Below 100 [bar] the
ejector performance quickly drops off and ejector break down occurs for
pressures lower than 80 [bar]. As the pressure lift is reduced to 3 [bar],
Fig. 4b, the optimum operating point moves to a smaller region closer to
90 [bar]. At low-pressure lifts, using higher pressures than 90 [bar] is
not valuable in terms of ejector efficiency. The presented mapping can
indicate zones that are optimal operation points for the presented
ejector. Furthermore, these performance maps can be easily imple-
mented into dynamic system simulations as a performance evaluation
can be calculated within milliseconds.

5.1.3. Performance mapping - characteristic length scales

The GPR model optimizes the characteristic length scales (Iin Eq. 15)
for each parameter. If a feature is associated with a short characteristic
length scale, the data contains more variation in that parameter. When a
feature is associated with a characteristic length scale that is large
compared to the feature space, then this feature is redundant to predict
an output. Table 5 shows the different obtained characteristic length
scales for one run of the GPR model. Characteristic length scales were
limited to an upper limit of 30 standard deviations in scaled form. Based
on these results, some relationships are suggested. First, the motive mass
flow rate is primarily governed by the motive enthalpy (temperature)
and pressure. This is reasonable as, for a chocked super-sonic flow, the
upstream temperature and the upstream and downstream pressure are
the primary parameters for the mass flow rate. It was expected that the
outlet pressure would have a more significant impact on results, how-
ever, these results might indicate that the sampling range for outlet
pressure was too small for this effect to be dominant. Second, void
fraction uniformity is independent of the performance of the ejector,
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Fig. 4. Efficiency (Eq. 20) map in a P-h diagram for motive conditions at different pressure lifts. Saturation line for CO plotted in orange in each subfigure. Suction

inlet specific enthalpy is kept constant at 430 [kJ/kg].

Table 5
Optimized characteristic length scales for different outputs. Kernel seed = 40

Optimized characteristic length scale for feature

Output parameter P P, Py hm hy
Entrainment ratio [-] 2.17 1.65 2.05 2.71 30
Efficiency [-] 1.21 0.342 0.316 3.07 30
MFR,, [kg/s] 5.01 30 30 4.42 30
MFR; [kg/s] 4.04 2.6 3.88 2.2 30
Velocity uni., [-]y, 4.21 3.31 4.28 30 30
Void frac. uni., 173 [-1 30 30 30 30 30
Entropy prod., dsy,_q [-] 1.65 3.17 4.35 12.8 7.63

however, this is found to be caused by the void fraction always being
highly uniform at diffuser exit. Third, velocity uniformity is governed
primarily by the pressures at the ejector ports and is independent of the
motive and suction enthalpy. The remaining outputs (ER, efficiency,
MFRs) are dependent on all variables and characteristic length scales,
except on suction enthalpy. The independence of mass flow rates on

suction enthalpy is believed to be due to the small differences in gas
density as a function of enthalpy. This suggests that suction enthalpy can
be neglected as a feature for future models as long as the ejector entrains
primarily vapor.

5.1.4. Optimization of performance zones

The gradient descent optimization algorithm, see Section 3.2, was
used with the GPR model to identify optimal operating regions for the
ejector. As an illustration, the algorithm was tasked to optimize motive
pressure and enthalpy with other conditions kept constant. A set of ten
initial points were randomly sampled from the distribution between +1
and —1 standard deviation from the mean. These initial points were used
in the gradient descent optimizer for ejector efficiency. By plotting a line
from each starting point to its optimal value, the optimization steps can
be visualized. This is shown in Fig. 5, where the optimization paths from
random points in the motive P-h diagram and constant conditions P; =
38 [bar], Plift = 7 [bar] are shown.

Fig. 5 shows that, for all initial positions, the algorithm is able to
improve ejector efficiency and find a close to the optimal operating
point. The algorithm converges to solutions in the range of 110-112
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Fig. 5. Optimization paths in a P-h diagram of ejector efficiency from ran-
domized starting positions. Operating conditions: P; = 38 [bar], Plift = 7 [bar]
are shown. The optimization path is colored black, and every tenth iteration it
plotted with a circle colored according to the iteration number to illustrate
convergence.

[bar] for motive pressure P,, and 325-370 [kJ/kg] motive enthalpy hy,
with ejector efficiency of 36%. This demonstrates that the algorithm can
efficiently find optimal operating conditions using the GPR surrogate
model.

5.2. Case 2: Design mapping

Case 2 presents a method of design mapping and optimization of
ejector geometry at a given operating condition. In this study, 5 geo-
metric features were included and allowed to vary as presented in
Table 2. The choice of geometric dimensions was based on findings from
previous studies [7]. This study is limited to 5 geometric features due to
the computational costs of sampling additional dimensions. The
remaining geometric parameters are set according to the design in
Table 3. The operating condition for design optimization is intended for
heat pump use cases. With a gas-cooler temperature of 30 °C, the
optimal motive pressure is calculated to approximately 85 [bar] using
the correlation by Kauf [40]. Suction pressure is set according to the
conditions typically found in such applications. The design point is
therefore set to: P, =85 [bar], T, = 30[°C], Ps =33 [bar], T; =

—2[°C], Py = 5 [bar].

5.2.1. Database sampling

An initial database of 300 points was generated using LHC sampling.
The calculation of this database took approximately 10 days of
computation time on a 32 core computer. Due to the small range of
positively performing ejectors (Dinroar < Dmix < 3Diroat), @ Second data-
base was sampled based on the results from this first database. In this
work, new limits were found manually by inspecting the dataspace,
however, this procedure can in the future be automated and use an
iterative approach to find the best efficiency ejector geometries.

A secondary database of 200 data points was generated with new
limits chosen based on the first iteration. The limits of the first and
second databases are shown in Table 6. The main reason for the
resampling was that the mixing chamber diameter, being the primary
factor influencing the entrainment ratio, dominated the effects of the
other parameters due to its large sampling range. The mixing chamber
diameter limits were therefore reduced to a range where less variation
and all of the positive ER geometries were located. The calculation of
this second database took approximately 5 days of computation time on
a 32 core computer. The model was fitted to the data set and the accu-
racy was evaluated with a test set of 15% of the data points, similarly to
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Table 6
First and second iteration sampling range.

Parameter min max

First sampling

Dp—o, [mm] Diproar 1.5 Dipou
Linix, [mm] 0 50 Dpix
Dyix, [mm] Dinroat 10 Dinroar
Dyigr, [mm] Diix 10 Dy
ag, [°] 1 90
Second sampling

Di—ou, [mm] Ditroat 2 Ditroat
Linix, [mm] ] 10 Dyix
Drix, [mm] Ditroat 4 Dinroat
Dy, [mm] Dinix 10 Dy
ag, [°] 1 90

Section 5.1.1. Based on the test data the average absolute error for
entrainment ratio value was 0.07 [-]. The following results are discussed
with the second iteration database.

5.2.2. Model prediction

First, each feature size is varied with the remaining features set
constant according to their baseline values (Table 3). The GPR model
predicted efficiency is then plotted as a function of each feature size, non
dimensionalized by its maximum value, shown in Fig. 6a and b. Both
figures show the ejector efficiency under single variable variations using
different samples from the GPR function space. This is to illustrate that
different realizations of the GPR will converge to different solutions.
These results show that optimizing each of these dimensions in isolation
can yield significant efficiency improvements. The mixing chamber
diameter is very sensitive to optimization and shows a narrow zone of
high efficiency. This trend is found in both samples of the GPR model.
Similarly, the same functional relationship for mixing chamber length is
found in both samples. The diffuser angle relationship is similar for both
function samples, however, the optimum value is slightly different. This
indicates that more data should be collected in the range of small
diffuser angles. The relationship for the motive outlet diameter suggests
that only this diameter has only a minor influence on performance.
However, as the motive outlet diameter is increased, the ejector per-
formance is reduced, likely due to shock-losses caused by motive flow
over-expansion. The predicted performance curve with varied diffuser
outlet diameter is different between the two samples, which indicates
that the database contains too little information on the relationship to
separate from the dominant features; Dpix, Limix, and ag.

Using the combined information from these two samples, the optimal
motive outlet diameter from sample B and the optimal outlet diameter
from sample A, the individually optimized size of each design parameter
was found to be; DS,__,, =1.78 [mm], DS, = 3.98 [mm], LY, = 23.0
[mm], a¢ = 11.6°, D% = 28.1 [mm] with a predicted efficiency of
0.42-44 (-). In comparison, the baseline design has a predicted effi-
ciency of 0.40 [-]. The superscript o indicates optimum values by iso-
lated optimization. Such a design lies remarkably close to the initially
designed ejector (Table 3) in terms of mixing chamber length and
diameter.

The motive outlet diameter of an ejector is designed such that the
motive nozzle expansion matches the ejector mixing chamber pressure.
This achieves the best efficiency as there are lower losses associated with
the under- and over-expansion of the motive flow. The individually
optimized motive outlet diameter is therefore expected to lie close to
this point. As each data point corresponds to a CFD simulation, it is
possible to inspect individual ejector data points in detail to investigate
this hypothesis. A data point with a motive outlet diameter of 1.77
[mm], close to D?__, is chosen from the database and the pressure
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Fig. 6. Plot of ejector efficiency with each dimension varied in isolation with
the remaining dimensions left constant as the individual optimum values. Two
different randomization seed samples for the training data sets.

profile is shown in Fig. 7. The motive expansion pressure matches the
ejector mixing chamber pressure within 1 [bar], illustrating that the
algorithm is able to find reasonable design parameters and demon-
strating how the database of CFD results can be used to investigate
design improvements.

P
‘Static Pressure

140406 176406 20406 240406 2.90+06

[pascal ]

Applied Thermal Engineering 199 (2021) 117604

5.2.3. Optimization of design

From previous studies [15,14], it is generally agreed that optimal
ejector geometry must be found by optimizing the different parameters
of the ejector geometry simultaneously. To better understand the re-
lationships between each design parameter, a performance heat map
was generated based on two geometry parameters at a time. As an
example, the ejector efficiency for varying mixing diameter and lengths
is shown in Fig. 8a with the remaining parameters left constant at the
values obtained by single variable optimization. A high efficiency zones
is identified near the previous optimal values at Dyx ~ 4 [mm] and
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(a) Efficiency contour plot in a Dyyix-Lmix design space. Other parame-
ters kept constant at the individually optimized geometry parameters.
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(b) Efficiency contour plot in a ag-Dgig design space. Other parameters
kept constant at the individually optimized geometry parameters.

Fig. 8. Efficiency plot of GPR design space prediction.
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Fig. 7. Pressure distribution for datapoint #46 with dimensions: Dy_ou =1.77 [mm], Dpix = 1.59 [mml], Lyix = 6.9 [mm], ag = 3.9°, Dgiy = 11.9 [mm]. The gray-

color scale is log-scaled.
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Luix ~ 25 [mm]. The predicted ejector efficiency at varied diffuser ge-
ometry parameters (g4, Dair) with remaining parameters as the indi-
vidual optimum values is shown in Fig. 8b. These results indicate that
outlet diameters in the range of 0-20 [mm] and small diffuser diverging
angles yield the highest efficiency. Further investigation with a refined
database for this region of diffuser geometries is left for future work.

The designs suggested by inspection using the GPR methodology
suggests designs with similar dimensions to the initial baseline design.
This gives a good indication that the algorithm suggests designs that
comparable to designs produced by 1D approaches [41] within a few
iterations of database generation. With additional iterations of database
refinement, the algorithm is believed to converge to a better, more ac-
curate representation and a better design. A validation of the surrogate
model optimized design is conducted in Section 5.2.5.

A more general approach to design optimization is to use an opti-
mizer function on the GPR model. The gradient descent method, as
described in previous sections, was used on the GPR model for design
parameters. 10 initial points were sampled and optimized for maxi-
mizing ejector efficiency. The gradient descent path was constrained
such that the ejector optimization algorithm would not suggest negative
lengths or angles. The results are presented in Table 7. Of the 10 initial
conditions, 8 ended up at the same solution with an efficiency of 43%.
The remaining 2 simulations found local optimums with very poor ef-
ficiency. The optimized solution converges to a solution close to the
previously mentioned individually optimal solution. To improve the
design further additional sampling of the database is necessary, which is
left to further work.

5.2.4. Design mapping - characteristic length scales

Similarly to Section 5.1.3, the optimized characteristic length scales
associated with each geometric design parameter for the prediction of
the different KPIs are investigated, shown in Table 8. Some self-evident
relationships are apparent from the data. Firstly, the motive mass flow
rate is not dependent on the geometry features downstream of the nozzle
due to supersonic choking, and the dependency on motive outlet
diameter is negligible for this range of motive outlet diameters. As the
motive mass flow rate is approximately independent of the model fea-
tures, the suction mass flow rate, entrainment ratio, and efficiency are
closely connected. These features are primarily dependent on the mixing
chamber geometry (Dpix,Lmix) and the diffuser angle, which agrees with
the previous experimental findings [6,7]. The outlet flow uniformity for
velocity and void-fraction is, as expected, dependent only on the diffuser
geometry. Lastly, the entropy production in the mixing chamber is pri-
marily governed by the mixing chamber geometry. Further study into
these parameters should be conducted in the future to better understand
these relationships.

5.2.5. CFD simulation of the optimized ejector design

The CFD predictions with the optimal ejector design may not
necessarily agree with the GPR performance predictions. To verify the
performance of the GPR optimization, three designs with high predicted
ejector efficiency were evaluated with new CFD simulations. The tested

Table 7
Optimized designs based on gradient descent

#  Dyou[m]l Dy [m] Ly [m]  ap [l Dagx [m]  Efficiency [-]
1 0.0016 0.0039 0.024 2.4 0.028 0.43
2 0.0016 0.0039 0.024 2.4 0.028 0.43
3 0.0022 0.0059 0.038 78.2 0.004 0.01
4 0.0016 0.0039 0.024 2.4 0.028 0.43
5 0.0016 0.0039 0.024 2.4 0.028 0.43
6 0.0016 0.0039 0.024 2.4 0.028 0.43
7 0.0016 0.0039 0.024 2.4 0.028 0.43
8 0.0022 0.0058 0.000 15.4 0.037 0.02
9 0.0016 0.0039 0.024 2.4 0.028 0.43
10 0.0016 0.0039 0.024 2.4 0.028 0.43
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Table 8
Optimized characteristic length scales for different outputs. Kernel seed =8

Optimized characteristic length scale for feature

Output parameter Din—out Dinix Lunix ap Dt
ER [-] 9.22 1.68 1.18 5.48 30
Efficiency [-] 7.09 0.48 1.36 1.95 27.8
MFR,, [kg/s] 30 30 30 30 30
MFR; [kg/s] 9.31 1.65 1.18 5.45 30
7u ] 30 30 18.4 15.9 0.585
g [F] 30 30 18.4 15.9 0.585
dsp-d [-] 30 0.13 7.03 30 30

designs and the resulting predictions are shown in Table 9 and Fig. 9.
The model predictions were very close to the CFD results for all three
points, with less than 6% maximum deviation. Additionally, the correct
trend is predicted and the best entrainment ratio is found for the opti-
mized design. This very good agreement confirms that our novel
approach is a highly useful tool for optimization studies.

5.3. Case 3 - Flow structures

The large databases of CFD contains additional information on the
2D flow structures that occur in the ejector. Analysis of the flow struc-
ture is in general a challenging problem due to the lack of clear dis-
tinctions of flow regimes and regions. As an example, the assumption of
two distinctive motive and suction flows that exchange momentum is
common in 1D models, however with detailed multidimensional CFD
data such a distinction may not exist. Still, detailed knowledge of flow
structures and how these vary with changing operating conditions and
ejector design is highly valuable for the design process.

Case 3 presents a novel application of the GPR model, namely, to
predict the internal flow structures of the ejector using the detailed CFD
data. Here, the study is limited to investigating the pressure and velocity
along pathlines of the motive and suction flow.

The flow structure inside the ejector is analyzed and mapped along
particle pathlines inside the ejector where the curve length parameter, c,
is used as a parameter for the GPR model. The velocity and pressure data
along these pathlines from the CFD simulations are then used to train the
GPR model. By training the GPR model with different ejector design
parameters the flow structures can be analyzed as a function of the
ejector design. In comparison to predicting the performance KPIs, this is
amuch harder problem due to the GPR model not having any knowledge
of the flow physics. This tool will therefore primarily be used to gain
insight into the trends of the ejector flow structures.

The pathlines of the suction and motive flow are illustrated in
Fig. 10. Due to the large amount of data available in each CFD simula-
tion, a small database with 25 CFD data points was generated. This
database was uniformly sampled over the mixing chamber diameter and
mixing chamber length design space in the ranges 10 < Ly,x < 50 [mm]
and 3 < Dpix < 5 [mm], respectively. The pathlines are defined from the
suction and motive inlets to the ejector outlet. Along these pathlines, the
different flow variables are reported and post-processed by the algo-
rithm. As the number of data points along each pathline is in most cases
several thousand, the data was reduced by averaging over increments of

Table 9
Comparison of entrainment ratio between GPR prediction and CFD model for
optimized designs. Dm_oy = 1.77 [mm], Dpix = 3.82 [mm], Dgir = 65.1 [mm].

Geometry #1 #2 #3
Lpix [mm] 13.47 27 27
ap [°] 15.8 15.8 5.0
ER GPR 0.601 0.714 0.742
ER CFD 0.598 0.753 0.793
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Fig. 9. Comparison of entrainment ratio predicted by the GPR model and new
CFD validation points with geometries given according to Table 9.

30 steps along the pathline.

The GPR model is trained to predict the flow variable distributions
along the different pathlines. The mixing chamber geometry parameters
and the pathline length parameter are chosen as the model features.
Fig. 1la-b shows a scatter plot of the CFD data and the predicted
pressure along the central suction flow pathline. The CFD data for that
geometry was hidden for the GPR predictor to verify the model accuracy
when interpolating between ejector geometries. Even with the specific
predicted geometry data hidden, a decent match between the CFD data
and the predicted velocity and pressure distribution with a mean ve-
locity error of 2.2 [m/s] and 0.13 [bar]. In Fig. 11a, the general pressure
structures are reproduced with high accuracy. The method captures the
pressure drop occurring in the mixing chamber due to a motive shock
train. Still, the predicted shock strength for the smallest mixing chamber
length, Fig. 11b, is not well resolved and the shock strength is over-
predicted by approximately 2 [bar]. This is likely due to the short length
scales and discontinuities along the path line.

A detailed insight into the effects of different design choices on the
flow structure is useful for ejector design. This model can give a pre-
diction of the changes to the local flow variables, such as velocity and
pressure distributions, as a function of different design variables. An
example of such an application is shown in Fig. 12a and b. Fig. 12a
shows the predicted velocity along the central suction flow pathline as a
function of the mixing chamber diameter for a constant mixing chamber
length of 30 [mm]. The figure shows that the highest velocities are
achieved with the smallest diameters due to the constricted size of the
mixing chamber. For the smallest ejector diameters (Dpix = 3-3.5
[mm]), the suction MFR (ejector efficiency) is limited by the suction
flow area. As the mixing chamber diameter is increased, the suction flow
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velocity in the ejector is reduced due to the larger flow area and the
lowered mixing efficiency. At a mixing diameter of 4 [mm], the
maximum ejector efficiency is reached, where the optimal compromise
between mixing efficiency and flow area is found. Fig. 12b shows the
predicted velocity as a function of the mixing chamber length for a
mixing chamber diameter of 4 [mm)]. In this data set, the shortest mixing
sections were associated with the highest ejector efficiency. As the
mixing chamber length is increased, the velocity of the suction flow is
reduced and the high-velocity region is extended. For mixing chambers
longer than 30 [mm], the predicted velocity distribution in the mixing
section is flattened out. This implies that less momentum is transferred
from the motive to the suction flow and that the only effect of extending
the mixing section beyond 30 [mm] is increasing wall friction.

The presented methodology allows insight into design decisions on a
flow structure level. The method can be used as a tool to better predict
different flow structures and losses in the ejector. Still, accurately pre-
dicting sharp gradients such as shocks is a major challenge for the
methodology. Therefore, to produce accurate predictions of flow struc-
tures large data sets are needed due to the larger variation of flow
structures between ejector geometries and operating conditions.

5.4. Discussion

This approach to ejector mapping and optimization shows great
promise both for off-design performance mapping, design mapping, and
shape optimization. The algorithm is able to identify high-efficiency
regions in design and operating conditions. The algorithm can identify
optimized designs, and can by iteration be improved to sample appro-
priate ranges of data. In addition, the benefits of using CFD data for data
points are used to verify ejector designs and investigate flow structures
in ejectors. However, some limitations of this modeling approach should
be addressed in further work, discussed below.

5.4.1. CFD model accuracy

The GPR machine learning model can only be as good as the data
collected. In this study, we have assumed that the CFD results are
deterministic, i.e. that the same calculation will always yield the same
result. However, due to numerical errors, this cannot be guaranteed.
Numerical errors due to poor convergence, poor mesh, or numerical
solution errors can affect the CFD model results. This is even more sig-
nificant if a larger database using data from various sources, such as
numerical and experimental data collected from the literature. Ejector
meshing is a significant source of numerical errors. Consistent meshing
between different ejector designs is challenging due to the large varia-
tion in shape and proportions occurring within possible ejector
configurations.

Furthermore, the accuracy of the underlying CFD models must be
taken into account. As found in previous works [5], the motive nozzle
MEFR can be quite accurately predicted in the supercritical region, where

— sy

e

Fig. 10. Illustration of the pathlines of the suction (colored yellow) and the motive (colored red) flows.
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(a) Predicted pressure distribution (line plot) for mixing cham-
ber length Lyix = 0.01 [m] along the central suction pathline
with the data for the specified geometry hidden to the model.
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(b) Predicted pressure distribution (line plot) for mixing cham-
ber length Lix = 0.03 [m] along the central suction pathline
with the data for the specified geometry hidden to the model.

Fig. 11. Predicted velocity distribution (line plot) along the central suction
pathline for two geometries with a mixing chamber diameter of Dy,x = 0.004
[m]. Verification CFD data marked with circles. The colored area correspond to
the predicted velocity +— 1 standard deviation.

this study has been primarily focused. However, the suction flow is often
less accurately predicted. Up to 20% error between experimental and
numerical results can be observed. This will have a significant impact on
the accuracy and validity of the optimized design. Further research into
suction flow prediction is necessary to fully leverage the potential of
these optimization models. In this work, the motive pressure has been
kept above critical to ensure that the HEM accurately represents the flow
physics. However, as the motive pressure is reduced, non-equilibrium
effects become dominant and must be taken into account. As there is a
strong ongoing research effort on this topic, the authors fully expect that
numerical methods will soon handle non-equilibrium effects with
similar performance as the HEM in the supercritical region. The method
developed here will be immediately able to profit from these de-
velopments. Accurate prediction of flow separation in the ejector is
highly dependent on the CFD model accuracy. Wall shear stress in a
turbulent multiphase flow is very complex and is highly dependent on
specific CFD model choices, such as wall-mesh resolution and turbulence
wall models. This makes the prediction of flow separation highly chal-
lenging and should be further investigated in future works.
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(b) Predicted velocity distribution (line plot) along the
central suction pathline as a function of mixing chamber
length. Mixing chamber diameter set to Dyix = 4 [mm].

Fig. 12. Predicted pressure distribution (line plot) along the central suction
pathline for two geometries. Verification CFD data marked with circles. The
colored area correspond to the predicted pressure +- 1 standard deviation.
Approximate locations of the different ejector sections is shown on the x-axis.
Ejector efficiency for each design shown in the figure legend.

5.4.2. GPR modelling

The GPR modeling approach has proven to be able to accurately
reproduce CFD-generated ejector performance maps in various config-
urations. However, the GPR modeling method is sensitive to user errors,
poor data, and outliers. It is important to be critical to the model pre-
diction as this is a meta-model, meaning that it makes predictions based
on previous model results, which can amplify errors. This work has
shown that an appropriate choice of data sampling range is important
for optimization, and previous knowledge should be implemented in the
model at an early stage. Additionally, that the sampling range and
number of data points should be chosen with care. Model accuracy is
highly dependent on the number of data points. It is also key to sample
such that the mean lies close to the optimal design. In this work, all
features were sampled with equal density by the LHC method. This is not
optimal as the different features contain different amounts of informa-
tion about the different KPIs. In further work, alternative data-efficient
and adaptive sampling strategies should be explored. The number of
required data points scales with the number of features sampled. This
study has used 5 features for each use case due to the exponentially
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increasing computational costs per additional feature. The number of
features and the number of data points should be chosen on a case-by-
case basis. Future studies are suggested to explore feature space opti-
mization by use of, for example, Principal Component Analysis (PCA).
This could reduce the number of dimensions and the number of data
points.

In this work, an iterative approach to data sampling was used based
on manual inspection of the data. Further work should investigate the
effect of automatically identifying high-performance regions and adap-
tively sample those regions. This approach can, using the GPR model, be
combined with estimated uncertainty to ensure that the optimal data-
point distribution is obtained. While the generation of the 200 point
database took 5 days of computation time, the method is trivially
extendable to large computing clusters as the simulations of different
data points are independent.

5.4.3. Flow structure analysis

A challenge that has been highlighted in the literature on response
surface modeling for ejectors is the sharp gradients that occur in the
design space [42]. The nonlinearities and discontinuities that occur in
super-sonic ejectors are challenging to capture with simple regression
methods. The GPR methodology can account for several of these struc-
tures and non-linearities, however still needs high data density in re-
gions with large gradients for accurate predictions. The use of GPR for
these predictions can be further applied to predict the 2D or 3D flow
structures as well. However, as the amount of data scales rapidly with
additional dimensionality, it is expected to be computationally ineffi-
cient. One of the main challenges with such an approach is the large
variation in flow structures that occur inside ejectors. These structures
may furthermore change abruptly with ejector design or operating
conditions. Examples of such conditions are the large gradients associ-
ated with the thermodynamics near the critical point of the working
fluid or the on-set of supersonic flow.

5.5. Open access tool - GPR model and data

The resulting dataset and GPR model are openly available online.
The GPR prediction tool is available as Python 3.9 code based on the
Scikit package [29]. The data is openly available for other researchers,
and further analysis of and extensions to the databases of ejector data is
encouraged. The data is organized as Comma Separated Value - files
with all available geometry parameters, operating conditions, flow
variables along pathlines, and KPIs. For more details regarding the use of
the GPR model in Scikit, see Pedregosa et al. [29]. https://github.com/
knutringstad/Ejector GPR

6. Challenges and further work

This work has demonstrated the possibility to use machine learning
on large CFD model databases for component optimization. The primary
application for this algorithm is for CO, (R744) two-phase ejector
design, but may easily be adapted for other working fluids or single-
phase ejectors. In future work, the algorithm should be optimized to
minimize user input and be close to fully automated. One such method
would involve determining several ejector geometry parameters based
on predetermined requirements. For example, the motive throat diam-
eter can be determined to produce a given mass flow rate at a certain
pressure. The motive outlet diameter can be chosen such that the motive
nozzle expansion perfectly matches the mixing chamber pressure, and
the outlet diameter such that the outlet velocity is below a certain value.
An optimized set of ejector dimensions or a combination of dimensions,
could be chosen as features and iteratively and adaptively sampled to
optimize ejector operation. The current model optimizes for a single
operating point, however, it is possible to optimize performance at a
range of operating conditions simultaneously.

Looking forward, it is possible to consider using this approach to
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cover a combination of operating conditions and ejector geometry. This
has the potential to optimize ejector performance and design in all
possible combinations. However, this will require a large dataset. Such a
dataset could be generated by combining available ejector data from
experimental and numerical investigations found in the literature.

The performance maps generated in this work can be implemented
into system scale dynamic simulations, similarly to the work by Haida
et al. [11] for a multi-ejector module. The presented methodology can
for such applications be adapted to the specific ejector geometry and
operating conditions of the system, which may increase model accuracy.

Another potential application of the GPR model is to investigate CFD
model error prediction, both in comparison to experimental data and in
terms of mass conservation. Lastly, it is noted that this approach is
generic and can be used for many other applications and components,
both for optimization and performance mapping.

The use of GPR analysis in combination with CFD data shows
promise as a methodology for predicting flow structures in the ejector.
Future work should further explore alternative methods for analyzing
the flow data. The prediction of flow separation in the ejector suction
chamber and diffuser could be an important tool to avoid losses in the
ejector. This could be predicted by analyzing the flow vorticity inside
the different ejector sections, or by analyzing the wall shear stress.
Additional analysis of mixing efficiency and momentum transfer is of
interest and could be analyzed by looking into the jet boundary layer
inside the ejector [43]. Another application for the GPR methodology is
for the prediction of the different sources of entropy production. By
analyzing the local sources of entropy production, such as viscous
dissipation and heat transfer, additional insights into the relationships
between entropy production and ejector design could be gained [39,44]
and further analyzed using GPR. Though the GPR model struggles with
capturing the strength and location of super-sonic shock distributions in
the ejector, further work should be dedicated toward alternative
methods for predicting shock and their related losses in the ejector. As
presented in this paper, these flow structure analyses can be introduced
into the GPR model either as a KPI or as a local flow variable predicted
along the ejector dimensions.

A further application of the flow structure prediction tool is for CFD
computation speed-up. As the general structure of several main flow
variables can be predicted, the data may be used as initial conditions.
This may allow CFD calculations to converge faster as the initial state is
closer to the converged solution. Further work should investigate the
possibility of including such a method for computational speed up.

7. Conclusions

In this work, the GPR machine learning tool for R744 two-phase
ejector design has been trained using large databases of CFD data. An
automated algorithm for the generation of CFD databases is presented
and used to produce databases of high-quality CFD data for ejectors at
various ejector operating conditions and geometries. The data is used to
train a GPR model for three cases. First, a performance map of an ejector
at various pressure and temperature operating conditions is presented.
The model is able to reproduce CFD data for entrainment ratio with
+—0.1 [-]. Secondly, a mapping of ejector performance factors with
various ejector geometries was generated using the surrogate model
with similar accuracy within an entrainment ratio of +-0.07 [-]. A
gradient descent optimization algorithm was implemented and used to
optimize ejector operation and ejector design. The final ejector design
was found to have an ejector efficiency of 43%. Further improvements
could be gained by increasing the number of data points in regions of
high efficiency. Last, the GPR model was applied for flow structure
prediction from the local CFD data using a database with varied mixing
chamber geometries. The method was able to predict different pressure-
and velocity structures along the suction flow pathlines within 0.13
[bar] and 2.2 [m/s]. Based on this prediction tool, the optimal combi-
nation of mixing chamber length and diameter was analyzed.
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To facilitate and encourage further developments with this design
method, the data and trained GPR model are made available open-
access. Several suggestions for further work have been discussed,
where the emphasis is put on the further development of models and
methodologies to improve the ejector design process. Improvements to
flow structure analysis tools, further study into the details of the ma-
chine learning models, and higher accuracy of the underlying CFD
models are highlighted topics for future development. By integrating a
complete methodology to encompass prediction of ejector performance
and flow structures under varied operating conditions and ejector de-
signs, the design of ejectors may in the future be designed quicker, with
higher accuracy and a better understanding of design trade-offs.
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Abstract: In this work, a novel ejector design concept of a swirl-bypass nozzle is proposed to improve
off-design performance of CO, two-phase ejectors. The swirl-bypass nozzle allows part of the flow to
bypass into the ejector mixing chamber to generate swirl. The design of such a device is investigated
using a 3D multiphase CFD model. An extensive experimental test campaign is conducted to validate
the baseline homogeneous equilibrium CFD model. The model’s prediction motive mass flow rate
within 2-12% error and suction mass flow rate was predicted with 3-50% error. Based on the tested
ejector geometry, simulations of different ejector swirl-bypass inlets are conducted. The results show
that, for the current design, total entrainment of the ejector is reduced by 2-20% with the swirl-bypass
inlet. The axial position of the bypass inlet plays a primary role in the bypass inlet flow rate, and,
consequently, in suction flow reduction. This is found to be due to the bypass flow blocking off the
suction mass flow rate, which has a net negative impact on performance. Finally, several design
improvements to improve future designs are proposed.

Keywords: computational fluid dynamics; two-phase ejector; CO,; bypass ejector; swirl bypass

1. Introduction
1.1. Literature Review

Environmentally friendly heating and cooling solutions have seen a large growth in
recent years. With the ratification of the EU F-gas legislation and the Kigali amendment
to the Montreal Protocol [1], increased efforts have been put toward the development of
efficient and environmentally friendly cooling and heat-pumping systems. Due to the rapid
transition to environmentally friendly refrigerants, much research has been put toward
finding efficient system solutions with natural working fluids, such as ammonia, water,
hydrocarbons, and CO,.

A promising natural working fluid for many applications is CO; (R744). CO;-based
refrigeration and heat-pumping systems have been applied for many applications, such
as supermarkets [2,3], heat-pump units [4-6], vehicles [7-9], light commercial refrigera-
tion [10,11], tumble dryers [12,13], chillers [14], air-conditioners [15], and integrated systems
for hotels [16]. As a refrigerant, CO, has several beneficial characteristics, such as favorable
thermodynamic properties that allow for smaller components and efficient refrigeration
cycles. Furthermore, CO, is non-toxic, non-flammable, and has a negligible GWP of one
while being cheap and widely available [17].

However, the high operating pressure of the CO, transcritical cycle is associated
with increased expansion losses. These losses can be partially recovered by implementing
work-recovery devices such as two-phase ejectors. Ejectors work by using the expansion
energy of the high-pressure flow (motive flow) and expand the flow through a super-sonic
converging-diverging nozzle. The high-velocity motive flow is then mixed with a secondary
flow (suction flow) and the mixture is repressurized by slowing the flow down in a diffuser.
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This effectively pumps the suction flow to a higher pressure without additional work,
improving system efficiency. Ejector performance is, therefore, commonly evaluated using
the ratio of pumped suction mass flow rate to motive mass flow rate (Equation (1)), referred
to as the entrainment ratio of the ejector.

w = MPFRgyction / MFRpotive (1)

Two-phase R744 (CO,) ejectors are today implemented in several cooling and heat-
pump applications [18-28], and can improve system COP by 10-30% [19,29].

The promising benefits of using ejector-supported R744 systems have promoted much
research into ejector design and operation. Due to the complex fluid dynamics within these
components, much experimental and numerical research has been devoted to better the
understanding of multiphase ejectors and their design. Accurate numerical models are
of high value for R744 ejector design due to several reasons, such as high sensitivity to
small changes in its many design parameters, the high cost of the experimental testing of
ejectors, the large differences in optimal design for different applications, and the possibility
of performing low-cost exploratory investigations into their design. This has prompted
research into advanced models for R744 ejectors, such as the 0D and 1D models [30-35],
which have been applied for system-level calculations and ejector design. A limitation of
numerical modeling using thermodynamic or 1D approaches is their inability to generally
predict phenomena such as flow separation or shock-wave patterns. This problem becomes
important when exploring novel ejector designs. Furthermore, new geometric ejector
designs that are not within conventional ejector design space are not possible to investigate
with such approaches. In recent years, emphasis has been put toward developing accurate
and fast multiphase computational fluid dynamics (CFD) models for R744 ejectors, where
the full 2D or 3D ejector physics are resolved, allowing for more exploratory investigations
of ejector designs. Accurate CFD modeling has the added benefit of allowing detailed
insights into ejector physics as all flow variables are available. However, these models are,
in general, more complex and more computationally costly.

The most prominent model used in R744 two-phase ejectors modeling is the homoge-
neous equilibrium models (HEM) [36—44]. In general, for high-pressure and temperature
motive conditions, the HEM provides good prediction accuracy at a low computational
cost. However, as the motive pressure and temperature are reduced, non-equilibrium
effects are no longer negligible, and delayed phase transition must be considered. Several
models have been presented in the literature to model the transition to equilibrium, such
as homogeneous relaxation models [40,45,46], and mixture models [47-50]. These models
treat transition by considering a delayed time scale to reach equilibrium, or by modeling
the phase change mechanisms directly. Non-equilibrium models have better predictive
capabilities than equilibrium-based approaches for motive operating conditions in the
“off-critical” region (i.e., Ty, < 30 °C, P, S 75bar) [51]. Accurate prediction of R744 ejector
flow is still an ongoing research area. Significant uncertainties are also associated with the
prediction of the secondary ejector flow. This is considered a consequence of the lack of
detailed understanding of the suction entrainment process, its dependency on accurate
motive flow conditions, and the complexity of the multiphase turbulent mixing process in
the ejector. For detailed reviews of the current status of R744 two-phase ejector modeling,
see Ringstad et al. [51] and Nowak et al. [52]. Extensive experimental tests are needed to
validate and verify the numerical models. Detailed experimental observations of R744
ejectors are limited, even though some work has been carried out on visualization and local
measurements [53-55], additional experimental results with varied and open-access ejector
geometries are needed.

A primary reason for the large interest in ejector modeling is the necessity for a
detailed understanding of ejector design and its impact on ejector performance under
varied operating conditions, which has been highlighted as a key focus area for ejector
developments [19,51,52]. Several studies on R744 ejector design have been conducted to
better understand the interdependence of different design parameters [29,44,56]. Improved
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ejector-design processes have been explored using numerical CFD modeling in combination
with optimization techniques. Palacz et al. [38,39] combined an evolutionary optimization
algorithm with CFD modeling to optimize ejector design. Ringstad et al. [57] presented
a machine-learning-based design methodology for the ejector design and performance
mapping of R744 ejectors.

An efficient ejector design is highly dependent on the system operating conditions.
When operated at off-design operating conditions, a passive (no active control) ejector
system can dramatically reduce system COP. Nakagawa et al. [29] reported between a
34 to 82% drop in system COP for an ejector system operated in off-design conditions.
Similarly, Lucas and Koehler [58] reported a 10 to 17% drop in system performance of an
ejector-based system at off-design conditions. Therefore, ejector control is important for
system performance. Different capacity control strategies using R744 ejectors have been
presented in the literature; for a detailed review, see Gullo et al. [59]. The main technologies
for this application are the multiblock ejector [60], motive swirl control [61], adjustable
needle control [33,62], and pulse-width modulation [63].

Alternatively, ejector performance can be improved by active control of the suction
flow. One such design is the suction-bypass design, where a controllable secondary suction
inlet downstream from along the mixing section is implemented for off-design performance
improvement. This inlet splits the suction flow within the ejector so that parts of the flow
bypass parts of the mixing section. This allows for the suction flow to enter the ejector in
a low-pressure zone under off-design conditions. The bypass concept improves ejector
performance by reducing entropy production in supersonic shocks and allows for more
optimal suction inflow conditions. In such designs, the entrainment ratio is defined by the
total mass flow rate pumped by the recovered work from the motive flow, Equation (2):

w = (MF Rsuction + MFRbypass) / MFRotive (2

The goal of such a design is to increase the total pumped mass flow beyond what
can be achieved with only the suction port. The bypass concept for ejectors has been
investigated with various working fluids, with steam [64,65], methane [66,67], air [68,69],
and R744 [70,71]. Tang et al. [65] investigated the bypass concept for steam ejectors using
numerical CFD calculations. The study identified several low-pressure zones that could be
utilized, and close to a 4% improvement in entrainment ratio was obtained by implementing
the bypass nozzle. The bypass concept was implemented for pressure regulation in the
steam ejector [65], and findings indicate an increase in entrainment ratio of up to 26% using
this strategy. Chen et al. [68] presented a CFD investigation into the bypass ejector concept
for air ejectors, finding that up to a 10% increased entrainment ratio could be generated.
Later, Chen et al. [69] presented additional numerical results with different geometries for
the bypass inlet. They found that significant improvements by up to 32.8% in entrainment
ratio could be made by optimization of the bypass geometry parameters. Chen et al. [66]
investigated an ejector study with methane as the working fluid where an ejector with an
adjustable needle and bypass inlet was implemented, achieving up to 74.5% improved
entrainment. Chen et al. [67] followed this with a detailed investigation of the methane
ejector with two bypass inlets. With one bypass inlet, up to a 34.8% improvement was
obtained in comparison to without a bypass. By the implementation of two bypass ports,
a larger improvement of up to 48.9% was achieved. While the findings with single-phase
ejectors are valuable for comparison, much of the knowledge is not directly transferable to
two-phase ejectors such as those predominantly implemented in R744 cycles.

The bypass concept for R744 two-phase ejectors was first proposed and explored
numerically by Bodys et al. [70]. They explored different bypass geometries using a 2D
CFD model. The exploration was performed with six bypass locations in the ejector diffuser
and with two bypass inlet angles at different pressure lift conditions. Their findings were
that the bypass inlet could improve suction mass flow rate at low-pressure lifts by up to 37%.
Furthermore, they found that the optimal location for the bypass inlet was at a distance of
40% of the mixing chamber into the diffuser. Recently, Bodys et al. [71] followed up this
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study with an experimental investigation of a bypass suction inlet. In this work, the authors
proved the applicability of the suction-bypass concept for ejector efficiency improvement
and proposed a control strategy for such solutions. The resulting efficiency improvement
was as high as 37% at low-pressure lifts when the bypass inlet was introduced. Furthermore,
a full 3D CFD investigation was conducted to gain a better understanding of the ejector
flow physics. The authors mention the potential for introducing a swirl component to the
model for further improvements of the bypass concept.

The concept of adding the swirl component to the motive and suction flow at the
ejector inlets has been proposed in previous works to intensify the mixing process in the
mixing section of the ejector [72,73]. The idea is that the surface area of the interface
between the suction and motive flow is increased and more momentum is transferred.
Additionally, the centrifugal force can encourage faster spreading and, therefore, mixing of
the central flow core. Bodys et al. [73] investigated the effects of the swirl-flow component
at the ejector motive and suction inlets of a two-phase R744 ejector. They concluded that
some improvements could be gained in the entrainment ratio by the implementation of a
motive inlet swirl component. However, the suction flow swirl component only limited the
suction flow rate through the suction nozzle and had a negative impact on the entrainment
ratio. In the mentioned study, as the swirl component was added before the suction inlet,
the impact of the swirl component in the mixing chamber was reduced.

1.2. Swirl-Bypass Concept

To the best of the authors’ knowledge, the concept of ejector improvement through
combined bypass flow and swirl generation has not been considered. In this paper, such
a solution is presented and discussed in terms of its design and flow characteristics. The
novel swirl-bypass concept is presented in this paper to potentially cover two applications:
(A) improving entrainment ratio at off-design operating conditions and (B) serving as an ad-
ditive motive-capacity control technique. These applications are illustrated in Figure 1A,B.
In this work, concept (A) is investigated.

Suction flow A Suction flow B

Outlet \ i Eﬁj Outlet
4
. -

Figure 1. Illustration of the two swirl-bypass concepts (A,B). Concept (A) is a suction swirl bypass

Motive flow
|
Motive flow

ejector. Concept (B) is a motive swirl bypass ejector.

The novel idea is to add an additional angled inlet to the ejector downstream of the
motive nozzle to generate swirl flow. At off-design conditions, the inlet can be used to
bypass a part of the suction flow, similar to the standard bypass inlet, and the flow can be
used to generate swirl. The swirl-inducing suction flow could then potentially improve
mixing efficiency, indirectly and directly improving the entrainment ratio. This corresponds
to concept (A).

Alternatively, the swirl-bypass inlet can be used to control the motive mass flow
rate. Similar to the motive swirl control mechanism presented by Zhu and Elbel [61],
the high-pressure motive flow can be split into two streams. One stream enters the motive
nozzle normally, while, unlike the motive swirl control discussed by Zhu and Elbel [61],
the second stream enters the swirl-bypass entrance inside the ejector mixing chamber. The
second motive flow is then used to generate swirling flow and can be controlled by a valve
upstream of the bypass inlet, corresponding with concept B. Such a design allows for the
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control of the motive flow not only to reduce the motive flow below the choked design
value but also to increase the motive mass flow by bypassing the motive nozzle to generate
swirl. This concept will perform better than a parallel expansion valve as long as the swirl
flow has any positive impact on the flow.

1.3. Knowledge Gap

In this work, the novel concept of a swirl-inducing bypass inlet is explored numerically
using 3D CFD simulation. As limited comparable ejector designs are available, the design
space of such a bypass inlet will be tested with varied bypass geometries. Different
inclination angles and locations of the bypass chamber are explored. The flow structure and
its implications on ejector operation and design are discussed in terms of swirl and mixing.
The results indicate that the design of this type of ejector is complex, and must be considered
in conjunction with the rest of the ejector design. This study will, in this way, enable future
designs of a swirl-bypass inlet and several design considerations and suggestions are
presented. Limited knowledge regarding the influence of swirl on two-phase ejectors
is available; however, the potential of utilizing swirl in ejectors has been highlighted by
several authors in the literature [61,71]. This article further fills this knowledge gap by
supplying detailed simulation results and analysis of the influence and decay of swirl in
the ejector. Furthermore, the baseline HEM CFD model without a bypass is validated
against new experimental results with an ejector geometry designed for high entrainment
at low-pressure lift.

2. CFD Model
2.1. Multiphase Model

The CFD model used in this work is a homogeneous equilibrium model (HEM)
based on the formulation by Smolka et al. [36]. The HEM assumes that both phases
are at full mechanical, thermal, and thermodynamic equilibrium; hence, the flow can be
described using a single velocity- (if), temperature- (T), and pressure-field (P). The HEM
is, therefore, classified as a pseudo-fluid or single-fluid approach where a single set of
transport equations, Equations (3)-(5), are solved. Here, the energy equation, Equation (5),
is reformulated to an equivalent enthalpy formulation.

d ~
gpmix +V. (P”) =0, 3)
9 . -
gpmixu + V- (piiil) = =V - p+ V- Togg, 4)
d N . . .
apmithix + V- (pithmix) = V - (TettVimix) + Sp1 + Sia + Sis ®)

Here, the subscript mix indicates the pseudo-fluid mixture properties. p, p, h, g refer to
the density, pressure, enthalpy, and heat flux, respectively. The effective stress tensor Tj; eft
is the laminar (Newtonian) and turbulent stress tensors combined, Teff = Tjaminar + Tturb-
In this equation, & is the specific enthalpy, and T is the effective diffusion coefficient.
The terms S 11,23 describe the mechanical energy, the irreversible dissipation of the kinetic
energy variations, and the dissipation of the turbulent kinetic energy, respectively, explained
in detail in the work by Smolka et al. [36].

The enthalpy and pressure can then be used to uniquely identify the thermodynamic
equilibrium state, and, from this, the thermodynamic properties can be calculated. Properties
are typically divided into thermophysical (Equation (6)) and transport (Equation (7)) properties.

= f(p,h), (6)

c
x
T
s
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m =38(p.h), @)

wherep,a, 1, A, Cp, s are the pseudo-fluid density, vapor volume fraction, kinematic viscosity,
thermal conductivity, heat capacity, and entropy, respectively. Mixture properties are
evaluated using mass- and volume-weighted averages.

The properties of liquid and gas are evaluated by the pressure and enthalpy, interpo-
lated from a look-up table. The CoolProp library [74] for R744 is based on the Span-Wagner
equation of state, which is considered the most accurate equation of state (EoS) for CO,
and is widely used for R744 ejector simulations [51]. Here, CoolProp is used to generate
the look-up tables that are imported in Fluent using UDFs.

The HEM model for R744 two-phase ejectors is considered accurate for motive flow
inlet conditions at supercritical pressure and temperatures, referred to as “near-critical”
conditions [51]. In the present study, the operating conditions will primarily concern high
pressure and temperature operating conditions, where the assumption of equilibrium flow
is considered fair [46]. Compared to other approaches presented in the literature, the HEM
model is preferable in robustness and stability. Numerical stability is critical for modeling
the complex geometry considered in this work. The HEM model has been extensively
validated for R744 two-phase ejectors [51] in terms of mass flow rate predictions. Still,
the prediction uncertainty of local variables, such as pressures and velocities, is not well-
understood due to the lacking experimental validation data. Due to the high accuracy in
the considered domain and superior stability characteristics, the HEM model is chosen for
this work.

2.2. Turbulence Model

Turbulence modeling is a key feature of accurate CFD predictions. The mixing process
inside the ejector is, to a large extent, governed by the turbulent viscosity, v;, predicted by
the turbulence model. For R744 two-phase ejectors, it is common to use pseudo-fluid two-
equation turbulence models, such as the k — € and k — w models. The turbulent viscosity,
vt, can then be calculated based on two turbulence parameters. The models involve solving
the set of transport equations for these turbulent properties. As studied by Bodys et al. [50],
different turbulence models can yield significantly different predictions of turbulent flow
characteristics. An initial study was conducted to compare the k — € and k — w models
for the swirl bypass inlet geometry, discussed in Section 4.4. Due to the complexity of the
geometry and sharp gradients near the bypass inlet, a fully wall-resolved simulation with
turbulent mesh resolution of y™ & 1 was not achievable and unstable simulations would
occur. Instead, the mesh was resolved to y+ =~ 30+. In conclusion, the k — w SST model is
used due to its better accuracy.

2.3. Numerical Approach

The CFD problem is solved using a 3D steady-state pressure-based coupled algorithm
in ANSYS Fluent 2020 R2. The numerical schemes used were the second-order upwind
scheme for the momentum, density, enthalpy (UDS), and turbulence transport equations.
Second-order schemes were chosen to reduce the influence of numerical viscosity, while
higher order discretizations were disregarded due to numerical stability concerns near the
swirl bypass inlet. Higher order accuracy will improve gradient estimation, which has an
impact on shock resolution. The pressure was calculated using the PRESTO! scheme, which
is the preferred pressure discretization for high swirl flows [75]. Gradients were evaluated
with the least-square cell gradient calculation, which is associated with comparable or
higher accuracy than the Green Gauss node- and cell-based approaches, respectively,
for regions of high mesh non-orthogonality [75]. This is primarily a concern in the vicinity
of the swirl-bypass inlet, as the baseline mesh has otherwise high orthogonal quality. The
boundary conditions were specified as pressure inlets and outlets. Constant pressure and
enthalpy were specified at the inlets. These boundary conditions are standard for CFD
modeling of two-phase R744 ejectors [51], and ensure that the modeling problem is well-
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posed. These boundary conditions are set according to the experimentally measured values;
thus, measurement uncertainty limits the accuracy of the model prediction. The turbulence
boundary conditions were set to 5% turbulence intensity and a turbulent viscosity ratio
of 5. The performance impact of turbulent boundary conditions is commonly found to be
negligible [50] due to the turbulence generated in the ejector typically being more significant
than the inlet turbulence.

2.4. Calculation of Ejector Parameters

Different ejector parameters will be investigated in this study to better understand the
ejector flow structure. To evaluate the effects on ejector mixing-layer thickness, the vorticity

thickness, dy, is used [76]:
July

50(6) = AL/ (W) ®)

The calculation is based on defining the thickness by the largest gradient in the mixing
layer compared to the velocity difference across the boundary. The velocity difference,
AU, is calculated from:

Al = umotive — Ysuctions (9)

where Uptive is calculated based on the maximum velocity of the motive flow, and Ugyction
is calculated based on the velocity in the section between the upper boundary layer and
the motive core. The characteristic velocity was, for this region, calculated based on the
velocity at rs = 0.9 - Ryyap-

3. Swirl Injection Geometry

The swirl-bypass inlet is an additional inlet entering the mixing chamber of the ejector.
As opposed to the standard bypass inlet, the novel swirl-bypass nozzle is angled with a
tangential component to the ejector. The effect of such a design is investigated in detail
in this study. Several studies have shown that positive efficiency effects can be gained by
increasing mixing by the use of swirl flow. To the best of the author’s knowledge, the bypass
injection for swirl generation in ejectors has not yet been explored in the literature. For this
design, a compromise has to be made between moving the swirl-bypass inlet downstream
for better off-design performance or upstream in the mixing chamber for optimal mixing
performance. This is studied further in this work.

Different bypass swirl designs are possible, such as implementing a swirl chamber
where the swirl is generated before being sucked into the ejector. However, in this work,
a design where the bypass channel is directly inserted tangentially into the mixing chamber
is explored.

The swirl-bypass port is illustrated with the main parameters shown in Figure 2.
These parameters are: the relative bypass location measured from the nozzle exit position,
Xp = (xbypass inlet — Xmotive outlet) / Dmix; the bypass inlet width W and length L; the bypass
tangential angle a; and the bypass inclination angle a;. The tangential angle, &}, is the
angle formed in the cross-sectional plane of the mixing chamber (y-z—cross section in
Figure 2) between the center line of the bypass inlet and the radial vector from the mixing-
chamber center at their intersecting point. This angle can vary between 0° and 90°, where
0° corresponds to a bypass with no tangential component and 90° corresponds to a fully
tangential inlet. The bypass inclination angle is the angle between the mixing chamber
centerline and the bypass inlet in the axial direction. In the suction nozzle, the suction flow
is slightly expanded through a converging channel. This converts a part of the suction
pressure into velocity. Similarly, a compression ratio, CR = Aj,/ Aout, is used to correct the
bypass-inlet area. This area must also be corrected for the larger area on the cylindrical
mixing chamber surface. The area correction is then added to the inlet of the suction
bypass nozzle. Due to the tangential angle of bypass entrance, the problem is inherently
three dimensional and will, in this study, be investigated with 3D CFD modeling. Here,
the integration of suction and bypass ports is not considered and is left for future studies.
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Figure 2. Generic ejector geometry with geometry parameters. Gray color signifies solid parts.
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The bypass inlet dimension was defined with a length L = Dyc/2 and a width
W = Dpix(1 — c0s(30°)) /2, such that 30° of the mixing-chamber circumference would be
open. These numbers were chosen based on an initial calculation, where it was found
that a larger width would limit the swirl production as a significant amount of flow
would be angled toward the ejector center line with a minimal tangential component. The
ejector geometry that this inlet is tested with is the geometry presented in Table 1 and
was experimentally tested and numerically validated in this article. This was chosen to
have a fair model validation for the baseline geometry and to compare any performance
improvement or reduction with an already optimized design. However, it is noted that
performance improvements are believed to be better for an ejector designed for higher
pressure lift and lower entrainment ratio, discussed further in Section 6.

Table 1. Main dimensions of the ejector geometry with dimensions as defined in Ringstad et al. [57].

Parameter Diproat Lineh Lnix Dix Dout &diff &m-conv  &suction
Value 0.85mm 3mm 34mm 31mm 10mm 5° 30° 38°

4. Model Validation

The HEM has been previously extensively studied for two-phase R744 ejectors [36,46,77].
In general, the accuracy is considered to be within 5% for motive mass flow rate and
10-20% for suction mass flow rate [51] when near super-critical motive conditions are
considered. Further validation and mesh independence verification are conducted with
new experimental data in the following sections.

4.1. Experimental Test Campaign

To validate the 3D HEM model results, an experimental test campaign was set up at
the NTNU/SINTEF Energy Research laboratory in Trondheim-Norway. The experimental
rig is an R744 system with one base-load compressor and two parallel compressors, two
R744 gas-coolers for heat rejection to a glycol- and a water loop, two evaporators, and an
expansion device test section where a novel ejector design is installed. The detailed system
description can be found in the work by Banasiak et al. [78]. The system is equipped with
pressure-, temperature-, and mass-flow sensors, shown in Table 2.
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Table 2. Characteristics of the measuring devices.

Parameter Device Accuracy
p Cerabar PMP71 +0.25% of span
AP Deltabar PMD75 +0.25% of span
T PT 1000 +0.15K
MEFR Rheonik RHM 08 +0.1% of reading

Coriolis mass flow meter

The system has been installed with a novel R744 two-phase ejector designed for low-
pressure lift and high entrainment ratio intended for heat pump conditions. The main
ejector-shape design parameters are listed in Table 1. These ejector dimensions were
based on a design optimization using an advanced 1D ejector model [79]. The ejector was
produced in stainless steel with a provided wall-roughness estimate of Ra0.8. To evaluate
ejector performance additional pressure, temperature and mass-flow rate sensors were
installed as displayed in Figure 3. The full range of experimental test points is shown in
Table Al in the Appendix A.

Internal heat Internal heat First and second
exchanger exchanger gas cooler

_|

Liquid reciever

@_gr::'_ = Dt

Parallel
Base load compressor |compressors

Ejector Peak load evaporator

—T><
— >

@

Base load evaporator

Suction
accumulator

Figure 3. Simplified illustration of the system layout with new ejector and sensors installed.
PT—pressure/temperature sensor, DP—differential pressure sensor, M—mass flow meter.

4.2. Comparison with Experimental Results

Four data points will be used for validation of the CFD model corresponding to
different motive conditions at 90 bar, 80 bar, 75 bar, and 83 bar and pressure lifts of 2.1 bar,
3.6 bar, 1.5 bar, and 2.5 bar, respectively. These cases will be referred to as cases I-IV and
correspond to the experimental data points 49, 59, 62, and 79 in Table A1, respectively. Case
I'is a measurement at a higher operating pressure and intermediate pressure lift, case II is
a measurement at an intermediate operating pressure and high-pressure lift, case Il is a
measurement at low operating pressure and low-pressure lift, and case IV is a measurement
at an intermediate operating pressure and intermediate pressure lift.

The experimental results and the calculated CFD results at those operating conditions
are shown in Table 3. Here, the subscripts m, s and o refer to motive, suction and outlet
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conditions, respectively. The experimental measurements were calculated from a time series
where close to a steady state was achieved. The standard deviation over the measurement
period is, therefore, calculated for the mass flow rates and are shown along with the
experimental validation data.

Table 3. Comparison of experimental and CFD results at different operating conditions. 6 = MFRcrp
— MFREyp. The MFR measurements are shown with the standard deviation over the experimental
measurement period. Subscript exp refers to an experimentally obtained value.

P T Ps Ts P, MFleexp Om MFRs,exp Js
[bar] [°C] [bar] [°C] [bar] [g/s] [g/s] [g/s] [g/s]

! 90.3 29.2 34.2 79 36.3 339 +0.2 -0.9 440105 +1.2
1T 79.9 29.3 31.9 14.6 35.6 26.0 £ 0.5 -15 674+£005 +215
1T 74.6 243 34.3 8.6 35.7 293 +12 —3.6 36.6 1.9 +5.0
v 82.8 34.5 34.3 9.1 37.0 21.6 £0.2 -1.1 26.3 £ 0.7 +13.4

The results from the simulations compared to the experimental data are shown in
Table 3. As found previously in the literature [51], a good agreement between experimental
measurements and computed solution for the motive MFR is found for the high motive
pressure operating conditions, with less than 3%, 6% and 6% difference in predicted MFR
for cases I, II, and IV, respectively. As the pressure and temperature are reduced, the motive
MEFR is underpredicted by —12% by the model in comparison to experimental results,
shown in Figure 4. This is in agreement with previous findings with the HEM and is in the
literature attributed to non-equilibrium phase change [46].

B MRF, Exp
== MFR, CFD

204

15 9

Mass flow rate

10 4

B MRF; Exp
40 4 B MRF: CFD

20 4

Mass flow rate

10 4

| I 1] v
Case

Figure 4. Comparison of experimental and numerical results in terms of motive (upper) and suction
(lower) mass flow rate prediction.
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The suction MER prediction is, in comparison, more challenging to accurately repro-
duce and the accuracy is, in general, lower than for the motive MFR. Here, the suction MFR
is over-predicted by 3%, 31%, 14%, and 51% for cases I, II, III, and IV, respectively. The pre-
diction is thought to be better for the high-pressure cases (I, II) due to the better prediction
of the motive flow structure. For the lower pressure case (III), the motive flow structure
is less accurately reproduced locally in the ejector, which reduces the prediction accuracy
of the mixing process and, therefore, the suction MFR. The suction MFR prediction error
is the largest for case IV. Accurate prediction of the suction flow is a common challenge
in modeling R744 ejectors, and errors up to 100% are not uncommon. These errors are
typically attributed to turbulence modeling; however, currently, there exists no consensus
on this [51].

4.3. Mesh Independence Study

A mesh study was conducted to assure that the 3D physics effects are well-presented
by the mesh. The four validation points, I, II, III, and IV are calculated using meshes with
varied mesh resolutions. Using the ANSYS ICEM software, a 3D-structured mesh was
generated with high orthogonal quality and low skewness in the main dimensions. The
meshes were generated based on a high-quality in-house meshing algorithm for ejectors,
implemented into the ejector CFD automation toolset presented by the author in previous
openly available work [57]. This will allow for machine-learning-based optimization of
the ejector bypass inlet in future works. An example of the meshes generated is shown
in Figure 5. Here, the impact of mesh resolution on the motive flow shock train and the
performance parameters is analyzed.

Figure 5. Generic ejector geometry with geometry parameters. The red color signifies solid parts.
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Different meshes are compared and referred to as meshes A-E. The meshes A, B, and C
were generated with 700,000, 1,000,000, and 2,000,000 cells, respectively. Two additional
meshes, D and E, were generated with higher resolution in the premixing chamber and
along the ejector walls, respectively. The cell counts for these meshes were 1,400,000 cells
for mesh D and 2,500,000 cells for mesh E.

4.3.1. Flow-Rate Prediction

The mesh independence of the mass flow rate prediction must be verified. The motive
and suction MFR predicted at different resolutions of mesh quality for the different cases are
shown in Table 4. For all cases, the motive mass flow rate prediction is nearly independent
of the mesh resolution, and only a 1% overprediction error is found between the coarsest
and finest meshes. This is in agreement with previous findings with the HEM [51] and is
ascribed to the choked motive flow in the ejector. For all cases, the suction MFR is reduced
by increased mesh resolution until reaching around 2000k cells. For case I, the difference
between the coarsest and finest mesh in suction MFR prediction is 6%. For cases II and IV
the refinement has a large impact on the suction MFR as the mesh is refined to 2,500,000;
cells. For mesh E (2,500,000) the accuracy of the suction MFR is, for cases I, II, and III, close
to the experimentally obtained data points, and this mesh is concluded to be sufficiently
refined for further computation.

Table 4. Mesh convergence study with different mesh sizes.

Mesh Case Cells MEFR,, [kg/s] MEFR; [kg/s]
A I 700,000 0.0333 0.0473
B I 1,000,000 0.0331 0.0468
D I 1,400,000 0.0330 0.0448
E I 2,500,000 0.0330 0.0452
A 1I 700,000 0.0245 0.0105
B 1I 1,000,000 0.0245 0.0101
E I 2,500,000 0.0245 0.0089
A 1 700,000 0.0257 0.0417
B I 1,000,000 0.0257 0.0417
C III 2,000,000 0.0257 0.0416
D v 1,400,000 0.0205 0.0396
E v 2,500,000 0.0206 0.0397

4.3.2. Shock Resolution

The results with meshes A, B, C, and E are compared for the resolution of the motive
flow shock train. The pressure distribution along the center ejector axis for case I is shown
in Figure 6. Meshes A, B, and C underestimate the shock strength in comparison to mesh E.
A more resolved mesh in this region lowers the minimum pressure reached in the shock.

Figure 7 shows the Mach number distribution in the ejector for case IV for two mesh
resolutions (1,400,000 and 2,500,000) corresponding to mesh D and E. The Mach number
lines for Mach 1 are illustrated with a red contour line. In the figure, it is clear that mesh
refinement to 2,500,000 cells improves the detailed resolution of the shock train. The results
with mesh E show that the high-velocity core is extended by refining the mesh. This is
attributed to the reduction in numerical viscosity from mesh refinement. The difference in
predicted mass flow rates is very small, so the effect of this additional resolution does not
significantly affect the entrainment of the secondary flow.
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Figure 6. Pressure distribution for case I along the x-axis for meshes A, B, C, and E.
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Figure 7. Mach number distribution for meshes E (top) and D (bottom) for case IV. Red line illustrates
Mach 1.
In total, it was decided to use Mesh E with 2,500,000 cells for the following calculations.

4.4. Comparison of Turbulence Models

The choice of turbulence model was based on an initial comparison of the k — € realiz-
able model and the k — w SST model models. A calculation using mesh D for experimental
test case I with the two turbulence models was conducted and the results are shown in
Table 5.

Table 5. Comparison of turbulence the k — w SST and k — € realizable models for Case I with mesh D.

Turbulence Model MEFR,, [kg/s] MFR; [kg/s]
k —w SST 0.0330 0.0448
k — € realizable 0.0330 0.0273
Experimental 0.0339 0.0440

Both models predict the same motive MFR as this is primarily governed by supersonic
choking. For prediction of the suction MFR, it is found that the k — w model predicts
the experimentally measured MFR accurately with an over-prediction error of about 2%.
The k — € model, on the other hand, severely under-predicts the suction MFR with an
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error of approximately —38%. This difference in predictive ability could be influenced by
many parameters, such as mesh resolution, geometry, and model parameters. In addition,
these turbulence models are not tuned for multiphase flows, so these findings are not
generalizable outside two-phase R744 ejectors. Still, the findings agree with the detailed
turbulence model study of Bodys et al. [50], where the k — w model predictions were, overall,
more accurate and generally over-predicted the suction MFR, and the k — € realizable model
predictions were overall less accurate and generally under-predicted the suction MFR.
Based on these calculations, the authors decided to continue using the k — w SST model.

4.5. Bypass Inlet

To verify the importance of meshing and simulating the bypass inlet section, simula-
tions with the bypass inlet section geometrically resolved were compared to simulations
with the bypass specified as a boundary on the ejector wall. Introducing the bypass en-
trance poses a meshing challenge due to the high gradients and large cell skewness near
the interception of the mixing chamber and the bypass inlet. Still, simulating the entrance
was numerically preferable to specifying the boundary conditions on the ejector wall, as it
yielded numerically stable results. Meshing and solution of the bypass entrance region add
computational cost to the simulations; however, it also improves the accuracy of the model
as a more physically reasonable boundary condition could be specified at the start of the
bypass inlet. Furthermore, this removes the need for specifying boundary conditions with
specified swirl and axial components, which introduces additional model uncertainties as
these components are determined by the bypass inlet geometry.

5. Results

In this work, the swirl-bypass concept is explored by investigating the influence of
its main geometry parameters, and their influence on the ejector flow field. First, different
swirl-bypass ejector geometries are investigated and discussed regarding optimal design.
Secondly, the flow structure and swirl characteristics are explored and analyzed in detail.
The simulations are conducted with operating conditions corresponding to case IV and
case I. The simulations are set up with boundary conditions for the suction and bypass inlet
at the same pressure. The overall performance of the ejector is, therefore, calculated with
the total entrainment of the ejector, Equation (2).

In general, the simulations with the bypass inlet showed that gas suction could be
achieved; however, the swirl flow would significantly reduce the suction mass flow rate,
with a net negative impact on entrainment. This is found in all configurations of geometric
design and operating conditions.

The CFD simulations were computed on the NTNU IDUN computing cluster [80]. The
cluster has more than 70 nodes and 90 GPUs. Each node contains two Intel Xeon E5-2630
v2 CPUs, at least 128 GB of main memory, and is connected to an Infiniband network.
Storage is provided by two storage arrays and a Lustre parallel-distributed file system.
Computation time using one 20-core node for a single data point was 1-2 weeks depending
on the specific geometry.

5.1. Bypass Inlet Design

A study of the different geometric parameters is conducted. The results are compared
to a baseline simulation without a bypass inlet. Due to the large computational cost of
each simulation, the study is limited to investigating the swirl-bypass position, the swirl
inclination- and tangential angle, and the pressure lift at these two operating conditions.
The results are shown in Table 6.
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Table 6. Parameter study of the different geometric features of the bypass inlet on bypass perfor-
mance. Simulations are identified by the simulation ID Sim, where the prefix N indicates no-bypass.
The column named Diff is defined as the difference in percentage between the total entrainment
(bypass and suction) compared to the same operating condition without bypass.

Case Sim xp [-] o; [°] ay [°] Py [bar] MFR; [kg/s] MFR,, [kg/s] Diff [%]

Case IV 1 2 0 90 25 0.0295 0.0016 —21.3
2 4 0 90 25 0.0321 0.0015 —15.0
3 7 0 90 2.5 0.0375 0.0006 —3.6
4 10 0 90 2.5 0.0385 0.0003 -1.8
5 4 20 90 2.5 0.0324 0.0015 —14.2
6 4 45 90 25 0.0328 0.0012 —139
7 4 0 40 25 0.0303 0.0027 —16.5
8 4 0 60 2.5 0.0308 0.0025 —15.7
9 4 45 90 2 0.0395 0.0019 —20.0
10 10 0 90 1 0.0454 0.0025 —14.0

Case 11 2 0 90 2 0.0328 0.0021 —22.8
12 4 0 60 2 0.0320 0.0039 —20.6
13 4 0 90 2 0.0335 0.0021 —21.3
14 4 20 90 2 0.0340 0.0020 —20.5
15 7 0 90 2 0.0357 0.0015 -17.7
16 4 20 90 1 0.0378 0.0024 —18.8
17 4 20 90 0.5 0.0426 oscillating

No bypass

Case IV N1 - - - 25 0.039514 -
N2 - - - 2 0.051762 -
N3 - - - 1 0.055674 -

Casel N4 - - - 2 0.045234 -
N5 - - - 1 0.049482 -
N6 - - - 0.5 oscillating -

5.1.1. Bypass Position, x;,

The first main parameter for a bypass inlet design is the downstream location of the
bypass inlet. The bypass locations are defined along the mixing section in increments of
mixing chamber diameters. The bypass inlet position was varied between 2 X D,y and
10 X Dpix-

The influence of bypass inlet location is visualized in Figure 8. The figure shows that
the choice of inlet bypass position has a major impact on the total pumped flow rate and
total entrainment ratio, Equation (2). For a bypass location close to the ejector motive
nozzle, the suction effect is more significant, producing a relatively larger bypass flow rate,
approximately 1.6 g/s, and 2.1 g/s, for case IV and case IV, respectively. In comparison,
the suction nozzle produces 29.5 g/s and 32.8 g/s, for case IV and case IV, respectively.
As the bypass port is moved downstream in the mixing chamber, the bypass flow quickly
drops to nearly zero. On the other hand, the entrained suction flow increases as the bypass
inlet is moved toward the end of the mixing chamber. This is attributed to the bypass flow
blocking and disturbing the flow path of the suction flow entering the mixing chamber.
Compared to the ejector without a bypass inlet, the effect of the bypass is to reduce the total
suction flow as the total flow rate accounted for by the suction nozzle is approximately
10 times larger than the bypass nozzle. This is seen for both operating conditions and all
configurations of the bypass port.
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Figure 8. Plot of bypass (blue) and suction (green) mass flow rate as a function of bypass inlet position.
The total pumped flow rate is shown in red.

This blockage effect is illustrated in Figure 9. Just after the bypass inlet, colored in
blue, the axial velocity through the ejector is reduced to small or even locally negative
values. This forces the suction flow that would pass through this area to deviate its flow
path, which drastically reduces suction flow. Additionally, the path taken by the suction
flow around the bypass flow creates a vortex, illustrated in Figure 10, that disturbs the
main motive flow and is moved off-center.

contour-13
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Figure 9. Top: Contour plot of the axial velocity in gray. The bypass inlet is colored blue.
Bottom: Cross-sectional vector plots of the tangential velocity shown for locations along the ax-
ial direction after the bypass inlet.
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4 | .

2m [ C
Figure 10. Flowpath illustration of the flow coming from the bypass inlet. Different cross-sectional
contour plots of the tangential velocity are shown for locations along the axial direction after the
bypass inlet.

5.1.2. Flow Inclination Angle, «;, and Flow Tangential Angle, a;

The effect of the flow inclination and tangential angles are evaluated by varying these
parameters for the bypass geometry at bypass position x, = 4. The inclination angle is
varied between 0° to 45°. The variation in this parameter has only a minor effect on the
suction and bypass flow rates. Increasing the flow inclination angle to 20° has a positive
impact on the suction flow, increasing it by approximately 1-2% for cases IV and I, and had
only a minor negative impact of 4% on the bypass flow for case IV and a negligible impact
for case I. Further increasing the inclination angle to 45° further increases the suction
mass flow rate by approximately 1%. However, this reduces the bypass flow rate by
approximately the same amount. This is in agreement with the findings of Bodys et al. [70],
where the impact of the bypass inlet angle was found to be negligible.

Varying the tangential angle of the bypass inlet has a significant impact on both suction
and bypass flow. Reducing this angle directs the bypass flow more directly toward the
central flow inside the mixing chamber. The central low pressure is, therefore, able to pump
more bypass flow into the ejector. However, this comes at the cost of further blocking and
disturbing the main suction flow. By decreasing the tangential angle to 60°, the bypass flow
rate would increase by 85% for case IV and 66% for case I. Further decreasing this angle
to 40° from 60° increased the flow rate by a further 8%. Similarly to the bypass position,
the increase in bypass flow rate reduces the suction flow rate. By reducing the tangential
bypass angle, the swirl component of the bypass velocity is reduced as the inlet direction is
changed from tangential to radial.

5.1.3. Pressure Lift

The effect of varying pressure lift depends on the bypass geometry. For the bypass
entrance near the end of the mixing chamber (x, = 10, simulation 4 and 10) the bypass
is significantly increased by 730% when the pressure lift is reduced from Py = 2.5 bar to
Pty = 1 bar. While for a bypass entrance close to the start of the mixing chamber (x;, = 4,
simulation 14 and 16), the influence of the pressure lift on bypass flow rate is smaller,
producing only an increase by 20%. Consequently, when the bypass flow is increased at a
lower pressure lift, the swirl blockage effect is increased and overall performance is reduced
in comparison to the ejector design without a bypass. This is seen for the simulations with
a bypass inlet near the end of the ejector mixing chamber, where the difference in total
entrainment between an ejector with (simulation 4 and 10) and without (simulation N3)
bypass is increased from —1.6% to —14%. However, for bypass inlets near the start of the
ejector mixing chamber, this difference is reduced from —20.5% to —18.8%. This increase in
performance could be attributed to the higher bypass performance of the bypass inlet for
lower pressure lifts. It is noted that the ejector configuration with an inlet further toward
the end of the mixing chamber at a low pressure lift corresponds most closely with the
conventional bypass ejector design, for instance, discussed by Bodys et al. [70], where the
bypass is introduced in the ejector diffuser. However, this configuration is believed to
gain less value from increased mixing by introducing a swirl component as the remaining
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distance to exploit swirl mixing is shorter. Figure 11 shows the pressure distribution along
the mixing-chamber center line. It can be seen that, for higher pressure lift, a significant
increase in pressure of approximately 2 bar is seen along the mixing chamber, while only
increasing by 0.1 bar in the low-pressure lift case. This implies that the position of the
bypass flow rate is more sensitive to the bypass port position for high-pressure-lift operating
conditions than for low-pressure lifts. This is important to design for when considering an
ejector that will operate at varied pressure lifts.

g - :“.,,...—-—-—"-"'—'J.W/
o b .« Pressure lift 2.5 [bar]
é Pressure lift 1 [bar]
w 30
<
o

281

T T T T T T T
0.030 0.035 0.040 0.045 0.050 0.055 0.060

Figure 11. Pressure variation along the mixing-chamber center line for simulations N4 and N5.

5.2. Flow Structure of Swirl Mixing

Plotting the axial velocity distribution (x-direction in figures) along the radial direction
at different axial positions in the mixing chamber for simulation N1, the barrel shock flow
structure is seen, see Figure 12. The flow structure is symmetric around the ejector center
axis. This structure is dampened and smoothed out as the flow moves toward the end of
the mixing chamber. At approximately x; = 4, the velocity profile reaches the classical
parabolic shape with one velocity maxima along the flow center. These profiles are then
used to analyze the boundary layer thickness along the mixing chamber in an ejector
without a bypass inlet according to Equation (8), shown in Figure 13. The mixing layer
thickness starts very thin with a thickness below 0.1 mm due to the two high-velocity
peaks of the barrel shock. As the velocities are decreased, the mixing layer increases to a
maximum of 0.9 mm at x, 8 [-], near halfway through the mixing chamber. The mixing layer
then decreases further down the mixing chamber as the velocities are largely evened out.

Referring to the direction towards the bypass entrance (negative z-direction) as angle
Bpp = 0, the velocity profiles for the different directions in a swirl-bypass flow is shown in
Figure 14 and 15 for simulation 5. Comparing this to the flow structure of the mixing layer
without a swirl bypass, it is clear that symmetry is lost. There is a clear low-velocity zone
right after the bypass entrance with close to negative axial velocity values, which, as the
flow follows the swirl direction path, creates a high-velocity zone on the opposite side of
the mixing chamber (6, = 180°).

Figure 16 shows the mixing-layer thickness for different directions of velocity profiles
calculated based on Equation (8). The mixing-layer thickness has a similar profile to the
result without bypass. The figure shows that the mixing layer is for all angles increasing up
until a maximum near x, = 6, with a local minimum near x; = 4, the location of the bypass
inlet. Near the bypass inlet (x;, = 4), as the flow enters and reaches 6, = 90-180°, a low-
velocity zone is produced. This low-velocity zone increases the velocity difference between
the flow core and the wall, which makes the mixing-layer thickness smaller. The flow that
would go through this zone is instead diverted to the region on the opposite side of the
bypass inlet, 6, = 270°, which produces a corresponding high-velocity zone. This high-
velocity zone in the suction flow region evens out the flow profile causing the wider mixing
layer. As the flow develops down the mixing chamber, these high and low-velocity regions
are shifted with the swirling of the flow. Eventually, the high and low flow regions are
inverted and the mixing thickness is largest for angle 6, = 90° and smallest for the angle
pp = 270°. The non-symmetric swirl structure then continues further into the diffuser.
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Figure 12. Velocity plot in the y-direction for the ejector without a bypass inlet. The flow is symmetric
around the center line in this flow.
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Figure 13. Mixing layer thickness along the mixing-chamber center line without a bypass inlet.
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Figure 14. Velocity plot in the z-direction. Positive r direction is in the direction towards the bypass

inlet, 6, = 0°.
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Figure 15. Velocity plot in the y direction. Positive r direction is in the direction furthest offset from
the flow path of the bypass inlet, 6, = 270°.

It is observed that, both for the swirl bypass and the standard ejector geometry,
Figures 13 and 16, the mixing-layer thickness is evolving along the mixing chamber. Com-
pared to theoretical estimates of this spreading rate of the mixing layer of a jet [81,82],
the spreading rate of the mixing layer in the ejector varies significantly over the ejector
mixing chamber. In this figure, no region of steady mixing-thickness growth is available
for comparison. This is due to the barrel-shock structure in this ejector, which makes
comparison challenging.
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Figure 16. Plot of the mixing-layer thickness for an ejector with a bypass inlet calculated towards the
wall in different radial directions plotted along the mixing-chamber center line.

Figures 17 and 18 show the development of the tangential velocity along the different
orthogonal radial directions. Figure 17 clearly shows a spike of positive tangential flow
near the wall at the starting location of the bypass inlet (positive radial direction). Towards
the center, the flow travels in the opposite direction, setting up a vortex that dies out
further downstream in the mixing chamber. On the opposing side, the flow tangential-flow
direction has evened out over the cross section. In the y direction, Figure 18 shows that,
right before the bypass entrance, a significant increase in tangential velocity occurs in the
opposing direction to the bypass induced flow. These tangential flows in both positive
and negative y directions are both moving away from the bypass inlet and towards the
other side of the ejector mixing chamber. This is believed to be caused by the space taken
up by the bypass flow displacing the suction flow. Downstream from the bypass inlet,
the tangential velocity profile from the bypass flow is established.
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Figure 17. Tangential velocity plot in the z direction. Positive r direction is in the direction towards
the bypass inlet, 6;, = 0°.
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Figure 18. Tangential velocity plot in the y direction. Positive r direction is in the direction furthest
offset from the flow path of the bypass inlet, 6, = 270°.

5.3. Discussion

In this work, the bypass-swirl-generation inlet has been numerically investigated
with CFD. The applied HEM CFD model was validated with new experimental results
with a new ejector geometry. The results show the highest accuracy for high pressure and
temperature motive operating conditions where predictions for motive mass flow rate
are within an error 6%, which agree with previous findings in the literature with similar
HEM approaches [51]. The validation work presented in this article has highlighted that
significant differences are still observed between CFD modeling and measurements. This is
especially true for the suction flow, where between 3 and 50% prediction error is observed.
This is believed to be due to the local prediction accuracy of motive flow, the lack of
accurate turbulence models that account for two-phase effects, and the lack of appropriate
multiphase models for this application. In general, the numerical models are limited for
high accuracy prediction of the swirl-bypass and suction flow rate. These will depend on
the accurate prediction of local flow variables such as pressure and velocities, especially in
the vicinity of the bypass inlet. As of yet, very limited local experimental validation data is
available for R744 ejectors, primarily due to the small size, high pressures, high velocities,
and multiphase flow inside the device. Still, comparison between different models can give
valuable insight into the impact of different ejector design variables.

An ejector-bypass concept intended to generate swirl in the ejector mixing chamber is
tested for various geometric configurations. The results show that the key impact of the
swirl-bypass inlet for this specific ejector geometry is to disturb the suction flow, creating a
non-symmetric mixing that reduces ejector performance. This effect is dominant regardless
of the bypass angles and position. The main cause of the decrease in performance is
attributed to the blocking effect of the bypass flow, limiting the available flow area of the
suction flow, the turbulent energy loss induced by the non-optimal collision between these
two flows, the lack of swirl component velocity recovery at the outlet, and non-symmetric
effects induced by the swirl inlet. Another significant feature of the bypass swirl flow is the
non-symmetric flow structure caused by having only one bypass inlet. The non-symmetry
caused significant disruption to the flow path of the suction and motive flow that carried
on into the diffuser. Based on these simulations, it is found that 3D effects, such as induced
non-symmetric flow, are highly important to accurately predict ejector performance with
swirl, and that, in general, 2D flow solutions are inadequate for designing such devices.

5.4. Open Access

To promote open access to research into environmentally sustainable solutions with
ejectors, the research produced will be made available openly. The ejector geometry, code
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for the generation of high-quality ejector swirl bypass mesh in ANSYS ICEM, experimental
data, and velocity and mixing layer calculations are available at: https://github.com/
knutringstad /Swirl_bypass_ejector (accessed on 10 September 2022).

6. Further Work and Future Design Considerations

Based on the results of this study, several improvements and suggestions for future
study of swirl bypass ejectors have been found. The primary reason for the poor perfor-
mance of the presented ejector is the blockage effect that is caused by the bypass flow
obstructing the path of the suction flow. Increasing the diameter of the ejector mixing
chamber is believed to allow for the bypass flow to flow primarily in the outer section
of the mixing chamber, near the wall. This would reduce the swirl component’s radial
extension into the suction flow, which, in turn, will reduce the efficiency of the swirl mixing.
However, the bigger mixing chamber would allow the suction flow to be less disturbed by
the bypass inlet, improving the suction flow rate. Secondly, varying the size and shape of
the bypass opening could reduce the impact of the suction flow blocking. Reducing the
size of the opening will increase the velocity of the flow from the bypass inlet. This could
be applied to intensify mixing while potentially reducing the blocked area of the suction
flow. Optimization of the shape of the opening is also of interest; however, for simplicity of
component manufacturing rectangular or circular openings are preferred.

Another significant feature of the bypass swirl flow is the non-symmetric flow structure
caused by having only one bypass inlet. The non-symmetry caused significant disruption to
the flow path of the suction and motive flow that carried on into the diffuser. By increasing
the bypass inlet velocity (reducing bypass port flow area) the flow would reach further
around the perimeter of the mixing chamber. This could reduce non-symmetry as the
bypass flow is more evenly distributed around the mixing chamber axial direction. Another
potential design improvement would be to introduce multiple inlets that were offset from
each other. Such a solution would reduce non-symmetric effects that push the flow off
center. This solution will, however, require additional study to find a good design in terms
of manufacturability and port connections.

In this study, the swirl-velocity component is quickly smoothed out by viscosity as the
flow progresses through the ejector. However, this effect may be significant for an ejector
that produces a larger swirl component. In that case, the diffuser needs to be designed for
swirl-component recovery.

Future studies should investigate using a holistic approach to device design. This work
has only considered the swirl-bypass inlet as an addition to an already high-performance
ejector design. It is, therefore, difficult to gain the largest benefit from the swirl mixing
without integrating the bypass port with the other ejector design parameters. This inte-
gration could be considered by the use of optimization techniques such as those used in
the authors’ previous work [57]. The intended application of the swirl bypass inlet is to
generate a swirl flow that increases the mixing of motive and suction flow. Each ejector is
designed to have this occur inside the mixing chamber. When the pressure lift is lower than
design conditions, a higher potential for work recovery is present; however, the mixing
chamber will be under-dimensioned for the entrainment ratio. Here, the potential for
ejector performance improvement by swirl mixing is the largest. In this work, an ejector
designed for already low-pressure lifts was used, so limited improvements could be gained.
Future studies should investigate the optimal ranges of swirl mixing operation and these
should be integrated into the ejector design. This work has not considered the integration
of the bypass and suction port, which should, in general, be designed practically and com-
pactly with limited flow losses. The swirl-bypass concept can also be combined with other
ejector concepts. Combining a swirl-bypass and a diffuser-bypass concept could potentially
improve ejector entrainment by improving the performance of the ejector under different
off-design conditions. Combining motive-inlet swirl and bypass-swirl generation can po-
tentially generate synergistic effects if optimized appropriately to generate additional swirl
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flow. Advanced ejector design concepts, especially in combination, require appropriate
control strategies for optimal performance, which need to be explored in future work.

The authors also highlight the potential of the second application of a swirl-bypass
inlet, referred to in this paper as concept (B), for motive flow control. Such a device has not
yet been explored and is left for further work. Most of the design suggestions mentioned are
also applicable to such a design. The bypass-design considerations regarding positioning
of the bypass inlet for the optimal flow rate are then not applicable, as these are primarily
decided by the motive pressure.

7. Conclusions

In this work, a novel swirl-bypass ejector design concept is explored using a high-
fidelity 3D CFD model. To verify model accuracy, the multiphase CFD model is validated
against new experimental data collected at a range of operating conditions with a novel
ejector design. A comparison of experimental and simulation data showed good agreement
(within a 6% prediction error) for the motive flow rate prediction for high operating
pressures, and poorer agreement (within a 12% prediction error) for lower operating
conditions, as is often seen in the literature. The ejector swirl bypass concept performed
poorly with a single inlet port. The simulations showed that the generated mixing effect of
the swirl flow was minimal in comparison with the reduced efficiency due to the effect of
the bypass flow blocking the suction flow area. The reduction in performance of the total
entrained flow ranged from —2% to —20%, depending primarily on bypass position. This
effect persisted for all different configurations of the bypass port; however, it was lower
for bypass positions toward the end of the mixing chamber where less bypass flow rate is
produced. The bypass flow rate was found to be highly sensitive to pressure lift for inlets
near the end of the mixing chamber, and less sensitive when positioned closer to the motive
nozzle. The bypass flow also introduces a non-symmetric effect that pushes the primary
and secondary flow out of the ejector center line. This is believed to be causing large losses
due to the onset of recirculation zones in the diffuser. The mixing-layer thickness was
analyzed with and without the swirl bypass and the off-center motive flow was found
to cause the mixing layer between motive and suction flow to be thicker and thinner on
either side of the ejector mixing chamber. Lastly, different possibilities for improvements to
this concept are suggested that could bring up the efficiency of this ejector design concept.
These design improvements include:

* Increase in mixing-chamber diameter.

*  Reduction in bypass inlet size.

*  Optimization of bypass inlet opening shape.

e  Adding additional bypass inlets with a constant offset.

Additionally, several directions for future research have been presented that can
potentially improve future generations of the swirl-bypass ejector design:

¢  Combined design optimization of ejector and swirl bypass inlet.
¢ Identification of optimal operating ranges.

*  Designing for simple and low-cost manufacturing.

e Exploration of the combination of different ejector concepts.

¢ Definition of appropriate control strategies.
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Appendix A
Table A1l. Experimental test data at different pressure and temperature operating conditions at the

ejector outlet, suction inlet and motive inlet. The datapoints used in the paper (49, 59, 62, 79) are
bolded and marked with an *’-symbol.

# P,, [bar] T, [°C] P,, [bar] Ts [°C] AP [bar] P, [bar] MER,, [kg/s] MER; [kg/s]
1 79.7 24.7 34.5 14.6 1.5 36.0 0.0322 0.0414
2 79.8 24.1 34.5 9.6 1.9 36.4 0.0331 0.0337
3 80.4 23.1 31.5 9.8 3.9 35.5 0.0346 0.0062
4 85.0 24.2 34.5 13.2 1.6 36.2 0.0361 0.0431
5 84.9 244 33.7 11.6 2.0 35.7 0.0357 0.0371
6 85.2 23.7 30.8 9.6 4.3 35.1 0.0368 0.0073
7 89.9 23.8 34.3 10.1 1.7 36.0 0.0390 0.0450
8 90.2 239 33.6 9.2 2.0 35.6 0.0391 0.0410
9 90.0 234 30.6 8.1 4.6 35.2 0.0395 0.0086
10 94.9 244 34.4 9.6 1.8 36.2 0.0409 0.0476
11 95.2 23.5 32.7 8.3 2.8 35.4 0.0418 0.0345
12 95.1 24.1 30.2 75 5.2 35.4 0.0414 0.0070
13 65.0 12.0 34.4 12.1 1.2 35.5 0.0315 0.0258
14 69.7 115 34.4 11.0 1.0 35.4 0.0342 0.0327
15 74.9 119 34.4 9.4 1.0 35.4 0.0367 0.0374
16 65.2 119 33.6 13.2 1.9 35.5 0.0319 0.0142
17 70.1 11.7 32.8 9.6 2.4 35.2 0.0348 0.0145
18 74.8 119 33.0 8.3 2.1 35.1 0.0370 0.0220
19 64.9 119 33.0 16.0 2.5 35.4 0.0321 0.0079
20 70.1 119 322 9.4 3.0 35.2 0.0352 0.0073
21 75.1 119 31.4 8.3 3.7 35.0 0.0379 0.0058
22 65.0 145 34.2 13.7 1.3 35.5 0.0311 0.0237
23 69.6 154 34.5 11.1 1.1 35.6 0.0331 0.0320
24 74.5 135 34.5 109 1.1 35.5 0.0361 0.0370
25 64.7 14.6 33.5 13.7 2.0 35.5 0.0312 0.0124
26 70.3 14.8 33.5 11.9 2.1 35.5 0.0340 0.0180
27 74.9 144 33.0 9.7 2.1 35.1 0.0365 0.0228
28 64.9 15.3 329 14.2 2.6 35.5 0.0315 0.0062
29 69.7 14.8 329 14.1 2.8 35.7 0.0339 0.0083
30 75.4 14.6 31.6 9.7 35 35.1 0.0373 0.0073
31 70.3 19.1 33.9 10.3 1.6 35.5 0.0324 0.0264
32 74.7 20.3 34.0 12.5 1.2 35.2 0.0340 0.0380

33 80.0 20.0 34.5 10.1 1.2 35.8 0.0369 0.0426
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Table Al. Cont.

# P, [bar] Ty [°Cl P,, [bar] T, [°C] AP [bar] P, [bar] MEFR;, [kg/s] MEFR; [kg/s]
34 85.0 193 34.4 9.4 1.2 35.6 0.0394 0.0430
35 90.0 19.2 34.1 7.5 1.3 35.5 0.0415 0.0442
36 94.9 19.5 33.9 7.4 1.5 35.4 0.0434 0.0452
37 69.9 19.3 33.5 11.3 2.0 35.5 0.0320 0.0193
38 75.3 19.0 32.9 11.2 23 35.2 0.0354 0.0205
39 80.0 19.2 33.8 9.9 1.9 35.7 0.0373 0.0305
40 85.1 18.8 33.1 8.0 22 35.3 0.0398 0.0296
41 89.8 19.3 33.5 6.7 2.0 35.4 0.0415 0.0364
42 94.9 19.7 329 7.6 24 35.3 0.0435 0.0351
43 70.0 18.6 32.7 16.0 2.8 35.5 0.0328 0.0086
44 75.1 18.4 31.8 111 35 35.3 0.0360 0.0067
45 79.9 18.8 31.6 114 3.9 35.5 0.0380 0.0071
46 84.9 19.2 30.5 6.9 44 34.8 0.0404 0.0071
47 89.8 194 30.6 8.5 4.8 35.4 0.0423 0.0072
48 95.1 19.1 29.5 6.7 54 34.9 0.0447 0.0060
49* 903 29.2 34.2 7.9 2.0 36.3 0.0339 0.0440
50 95.1 28.3 33.8 6.9 2.0 35.8 0.0377 0.0476
51 90.2 29.0 32.4 7.0 3.2 35.6 0.0340 0.0249
52 95.0 28.1 32.5 6.6 3.1 35.6 0.0378 0.0310
53 90.3 29.2 30.8 7.0 4.6 35.5 0.0338 0.0063
54 95.4 27.5 30.3 6.4 5.0 35.3 0.0384 0.0078
55 79.7 28.6 34.4 8.0 1.9 36.3 0.0270 0.0343
56 84.7 30.1 34.5 8.0 21 36.6 0.0290 0.0370
57 80.0 29.5 34.8 8.7 2.1 36.9 0.0259 0.0308
58 84.8 28.8 32.4 7.9 3.1 35.5 0.0306 0.0198
59* 79.9 29.3 31.9 14.6 3.7 35.6 0.0260 0.0067
60 85.1 28.2 30.8 7.0 4.1 34.9 0.0315 0.0076
61 71.2 244 34.2 8.8 14 35.7 0.0262 0.0336
62* 746 243 34.3 8.6 1.5 35.7 0.0293 0.0366
63 69.9 24.6 33.4 9.3 22 35.6 0.0247 0.0161
64 75.3 23.7 33.5 8.4 21 35.6 0.0305 0.0257
65 69.7 23.4 32.1 9.9 29 35.0 0.0266 0.0068
66 74.7 244 32.2 13.2 33 35.4 0.0291 0.0070
67 72.8 15.2 34.1 11.8 1.3 35.4 0.0350 0.0310
68 73.2 14.7 33.3 111 2.0 35.3 0.0355 0.0223
69 72.9 14.8 31.4 10.7 35 34.9 0.0363 0.0055
70 80.0 14.8 34.3 9.2 1.1 35.4 0.0384 0.0414
71 79.9 14.1 33.0 8.3 22 35.2 0.0388 0.0260
72 80.2 14.1 31.2 8.6 4.1 35.3 0.0397 0.0061
73 80.0 139 32.4 8.2 29 35.3 0.0391 0.0173
74 85.1 14.6 34.3 10.6 1.2 35.5 0.0407 0.0440
75 84.9 15.1 33.4 9.7 1.9 35.3 0.0406 0.0338
76 85.0 14.2 30.4 8.2 4.6 34.9 0.0420 0.0061
77 79.9 237 32.5 8.0 2.8 35.4 0.0335 0.0184
78 84.8 23.9 32.2 7.4 3.1 35.3 0.0364 0.0195
79* 828 34.5 34.3 9.1 2.7 37.0 0.0216 0.0263
80 83.1 34.6 32.4 8.5 3.5 35.9 0.0217 0.0122
81 82.8 34.6 31.7 9.6 3.9 35.6 0.0217 0.0053
82 86.3 34.3 34.4 9.1 23 36.7 0.0244 0.0332
83 85.7 34.7 33.4 8.2 3.0 36.4 0.0235 0.0225
84 85.9 33.8 31.3 7.9 4.1 35.3 0.0248 0.0077

85 64.9 19.8 33.9 11.7 1.6 35.5 0.0281 0.0193
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Table Al. Cont.

# P, [bar] T, [°C] P, [bar] T, [°C] AP [bar] P, [bar] MEFR,, [kg/s] MER; [kg/s]
86 65.2 19.5 335 11.9 2.0 355 0.0286 0.0128
87 65.2 19.3 32.6 12.9 2.7 35.3 0.0291 0.0049
88 94.9 19.6 322 6.8 32 354 0.0438 0.0257
89 95.0 19.0 30.9 6.2 43 35.2 0.0443 0.0146
90 90.7 18.8 321 6.8 35 355 0.0424 0.0199
91 85.5 19.1 321 7.1 3.2 353 0.0402 0.0186
92 80.1 18.1 322 7.3 3.1 35.2 0.0382 0.0147
93 94.9 13.0 34.2 8.1 14 35.6 0.0450 0.0480
94 95.0 12.9 33.0 7.2 2.2 35.2 0.0454 0.0374
95 94.8 12.6 319 6.3 3.3 35.1 0.0457 0.0255
96 94.9 124 29.4 54 54 347 0.0466 0.0073
97 89.9 12.6 342 8.9 1.2 354 0.0432 0.0466
98 89.9 12.7 33.1 8.3 2.1 35.2 0.0434 0.0355
99 90.1 12.6 321 7.1 3.1 35.2 0.0437 0.0242
100  89.9 12.6 30.5 6.6 4.6 35.1 0.0442 0.0097
101  85.0 12.0 343 10.2 1.1 35.5 0.0412 0.0441
102 849 12.2 33.0 9.0 2.1 35.1 0.0415 0.0311
103  84.8 12.5 319 8.2 33 35.1 0.0417 0.0175
104 849 12.5 30.5 8.1 4.6 35.0 0.0423 0.0065
105 80.0 129 341 11.7 1.5 35.6 0.0389 0.0347
106  80.0 125 33.4 11.0 2.0 354 0.0392 0.0282
107 80.0 12.4 322 10.1 32 353 0.0396 0.0149
108  80.0 11.9 31.0 9.7 41 35.1 0.0402 0.0063
109 899 12.6 342 8.9 1.2 354 0.0432 0.0466
110 899 12.7 33.1 8.3 2.1 35.2 0.0434 0.0355
111 90.1 12.6 321 7.1 3.1 35.2 0.0437 0.0242
112 899 12.6 30.5 6.6 4.6 35.1 0.0442 0.0097
113 949 13.0 342 8.1 14 35.6 0.0450 0.0480
114  95.0 129 33.0 7.2 22 35.2 0.0454 0.0374
115 948 12.6 319 6.3 33 35.1 0.0457 0.0255
116 949 12.4 294 5.4 5.4 34.7 0.0466 0.0073
117 89.9 14.5 34.0 13.1 1.4 354 0.0426 0.0431
118  90.2 14.9 33.1 11.9 2.2 35.3 0.0428 0.0338
119  90.2 14.8 32.1 10.6 3.2 35.3 0.0431 0.0219
120 898 14.6 30.1 9.3 5.0 35.0 0.0438 0.0064
121 94.6 14.9 34.1 11.2 1.4 35.6 0.0444 0.0469
122 9438 14.6 32.7 9.5 2.6 35.2 0.0448 0.0333
123 953 144 31.7 8.2 3.6 35.2 0.0453 0.0227
124 95.1 14.4 29.8 7.1 5.1 35.0 0.0459 0.0088
125 905 33.8 344 9.7 2.6 37.0 0.0286 0.0344
126 904 33.6 325 7.7 33 35.8 0.0286 0.0229
127 90.0 33.7 30.9 6.9 44 35.3 0.0282 0.0081
128  95.0 33.8 34.1 9.4 2.7 36.8 0.0318 0.0378
129 949 34.7 33.1 8.9 3.6 36.7 0.0306 0.0243
130 948 33.2 30.8 7.6 45 35.3 0.0321 0.0118
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ABSTRACT

In this work the flow structures inside a transonic- single phase ammonia ejector is investigated using
CFD. The efficiency of ammonia (R717) vapor compression cycles can be improved by including an ejector
component in the system. A good understanding of the flow phenomena inside the ejector is required for proper
design of these components. In the present work a 2D axisymmetric CFD model using ANSY'S Fluent software
is used to investigate the flow characteristics of the ejector. The model uses a steady-state coupled pressure-
based solver together with the k-omega SST turbulence model. A mesh refinement study has been done to
investigate grid independency. Results indicate that the model can predict the correct trends of ejector
operation, however, fails to accurately reproduce the experimental results. The results suggest that a more
advanced multiphase models may be required to accurately model super-sonic ammonia ejectors.

Keywords: R717, Ejector, Computational Fluid Dynamics, Numerical Modelling, Transonic, Turbulence

1. INTRODUCTION

The introduction of the EU F-Gas Regulation 517/2014 (European commission, 2014) has brought about much
interest for environmentally friendly and natural working fluids. Therefore, a promising candidate for industrial
scale refrigeration is the ammonia ejector refrigeration system (ERS). Ammonia boasts low cost, high
performance and favourable thermodynamic properties (Besagni et al, 2016). However, as a refrigerant
ammonia has seen less frequent use than other natural working fluids. This is due to the high safety requirement
due to toxicity and flammability of ammonia.

ERS provide a good alternative to compressor driven systems in terms of energy consumption. However, the
ejector cycle efficiency is highly dependent on the ejector design. It is therefore of interest to have accurate
models to rapidly investigate different designs. Still, the complexity of the flow inside the ejector requires
advanced models to capture the physics accurately. Therefore, computational fluid dynamics (CFD) as a
modelling tool has been extensively used for this application. Over the last decade, CFD simulations have been
used for a variety of ejector applications and working fluids (Allouche et al., 2014, Croquer et al., 2016,
Besagni and Inzoli, 2017). Two important aspects of single-phase CFD modelling of ejectors that have been
extensively discussed in the literature are the dimensionality of the problem (2D or 3D flow) and the treatment
of turbulence.

Many CFD investigations of ejectors have used 2D geometries (Croquer et al., 2016, Allouche et al., 2014), a
simplification that significantly reduces computational requirements. Early simulations with 3D geometries
(Pianthong et al, 2007, Sriveerakul et al, 2007) indicated that a 2D geometry sufficiently described the flow
physics due to the high velocities in the ejector. This was however later contended by Mazzelli et al. (2015),
who concluded that 3D effects are important for accurate description of flow at off-design conditions.
Turbulence models for ejectors have been investigated by many research groups, and for many working fluids.
However, no agreement about a preferred turbulence model has been found. Bartosiewicz et al. (2006)
performed a CFD study with different RANS turbulence models looking into shock- boundary-layer
interaction. Their conclusion was that k-epsilon RNG and k-omega standard model is best suited for shock
capturing. Later, a comparison of the k-omega SST and the k-epsilon standard models was done by Hemidi et
al. (2009) for an air-ejector. Their study indicated that the k-epsilon showed better agreement for on design
conditions, and k-omega performed better at off-design conditions. The work by Mazzelli et al (2015) showed
that, for an air-ejector, the k-omega SST model showed best global results. This was further supported in
Besagni and Inzoli (2017), where the local and global flow features were investigated. Croquer et al. (2016)
investigated ejector flow with R134a, their results indicate that k-epsilon model showed better agreement with
experimental results for global flow features such as entrainment ratio, however the k-omega SST model was
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still preferred due to better resolution of the local features. They also investigated the effects of different
equations of state, comparing the ideal gas law with the Redlich-Kwong-Soave (RKS) and REFPROP 7 real
gas databases (Lemmon et al., 2002). They concluded that the ideal gas model highly overpredicted the
entrainment ratio compared to the real gas database equations.

Limited research on ammonia ejectors is available due to the aforementioned safety requirements. Especially
experimental literature on ejector driven ammonia vapor compression systems is sparse. Sankarlal and Mani
(2006, 2007) did experimental investigations of ejector refrigeration systems with ammonia. They investigated
ejector entrainment ratio and COP with different condenser temperatures and different ejector geometries.
Banasiak and Hafner (2013) used this data to verify their 1D model and to investigate different ejector
geometries. Other zero- and one-dimensional models have been presented for ammonia ERS (Kornhauser,
1990, Kairouani, 2009, Banasiak et al., 2015). To the author’s knowledge little CFD research has been done
on ammonia ejectors. The work by Riffat et al (1996) was an early attempt at CFD modelling ejector flow for
different working fluids, including ammonia. However, due to the technical limitations at the time, these
simulations had to be considered with many simplifying assumptions and at a low resolution.

The present work contributes by doing a CFD investigation of the flow structures inside a transonic-single
phase ammonia ejector. The numerical models and setup are discussed in Section 2.1. Further, in Section 2.2,
the results are compared with previous work and a grid refinement study is discussed. In Section 3 the results
are shown and compared with experimental results. The effect of different model assumptions is also discussed
here. The conclusions are stated in Section 4.

2. MODEL AND RESULTS

2.1. Numerical modelling
The model is set up using the ANSYS Fluent v19.2 software framework. Simulations of the ejector were done

with ammonia vapor as the working fluid, as to be comparable with the experimental work of Sankarlal and
Mani (2006) and the 1D model of Banasiak and Hafner (2013).

2.1.1.  Computational mesh

The computational mesh was generated using the ICEM CFD v.19.1 meshing framework. This software is
based on a multiblock approach and is well suited to generation of structured grids. The ejector geometry as
defined in Sankarlal and Mani (2006) is considered, cf. figure 1. Due to the symmetric geometry the domain
was treated as 2D axisymmetric.
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Figure 1: Geometry as defined in Sankarlal and Mani (2006), lengths are not to scale with illustration
dimensions
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Previous works (Pianthong et al., 2007, Sriveerakul et al., 2007) concluded that three dimensional effects are
negligible for on-design conditions. Due to the computational requirements investigation of 3D effects has
been left for future work. The generated mesh is 2D axisymmetric with quad cells in the whole domain. The
investigated meshes were made with 50k and 200k cells. The obtained mesh showed good skewness- (below
0.3) and orthogonal quality (above 0.8). Grid independence was evaluated with two grid sizes, cf. section 2.2.1,
as well as low quality autogenerated tetra mesh made with the ANSYS Meshing software.

2.1.2.  Numerical solution

The equations of compressible fluid flow were solved in ANSYS Fluent using a steady state pressure-based
coupled solver. Ammonia vapor is considered as a single-phase working fluid. The ammonia vapor will enter
the two-phase dome in the ejector, however these two-phase effects are neglected due to modelling complexity.
The validity of a single-phase simplification is investigated below in Section 3.

The ideal gas- and the real gas Redlich-Kwong-Soave (RKS) equations of state were considered and coupled
with the flow solver. In the work of Croquer et al (2016), the RKS and Peng-Robinson real gas solvers yielded
results closer to the experimentally observed entrainment ratio compared to ideal gas law for simulations with
R134a as the working fluid. The same is observed in these simulations, cf. Table 2. Advective schemes for all
variables were discretized with the second order upwind method. The pressure was discretized with the second
order scheme. The least squares approach is used to evaluate gradients. Turbulence is modelled with the k-
omega SST model. The near wall turbulence is treated with automatic blending function wall treatment in the
k-omega models. The blending function yields results that are less sensitive to the mesh y+ value in the near
wall region. Still, a low y+ value (y+<10) was observed along the domain walls. A wall resolved mesh with
y+ of order 1 was tested but did not yield stable solutions.

2.1.3.  Initial- and boundary conditions

The solution was initialized with the full-multigrid initiation tool with 5 multigrid levels. To improve stability,
the ideal gas equation of state was used for the first 1000 iterations for the high-resolution mesh. As in Banasiak
and Hafner (2013), the flow is in this work assumed to be saturated vapor at the generator and evaporator
outlets, corresponding to the motive and suction inlet of the ejector, respectively. The pressure boundary
conditions are defined as the saturated vapor pressure at the inlet and outlet temperatures defined in Sankarlal
and Mani (2006), cf. Table 1.

Table 1. Pressure and temperature boundary conditions, three outlet conditions are evaluated here
referred to as case A (Tcondenser =30°C), B (Tcondenser =33°C) and C (T condenser =36°C), respectively.

Boundary ‘ Temperature [K] Pressure[bar]
Motive inlet 344 33.9
Suction inlet 283 6.2

Outlet 303, 306, 309 11.6,12.7,13.9

The outlet temperature is defined only for back-flow conditions and is otherwise treated as a zero gradient
Neumann boundary condition for temperature. A turbulence intensity of 5% and a turbulent viscosity ratio of
10 was specified at all inlets and outlets. These effects of these boundary conditions have been found to be
negligible compared to the production of turbulence in the ejector (Croquer et al, 2016).

2.1.4.  Convergence

The computations were done on a 2xAMD Epyc 24-core processor computer with 2.0 GHz clock speed. On
20 parallel cores the computations took approximately 2 hours to reach the specified convergence criterion for
the 200k cell mesh. Convergence was evaluated based on reduction in scaled residuals by a factor of 1e-6 for
all variables.
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2.2. Verification and Validation

2.2.1.  Grid refinement study

To ensure a mesh independent solution three grid resolutions were tested with the ideal gas and k-omega SST
models. The entrainment ration ER was chosen as the performance indicator. An additional poorer mesh was
autogenerated with ANSYS Meshing for comparison. The converged entrainment ratios and the motive- and
suction mass flow rate are presented in Table 2 with the number of iterations to converge.

Table 2. Summary of grid refinement study results for the entrainment ratio and number of
iterations to convergence. Outlet pressure as defined for case A, T. = 30°C. Simulations were run
with k-omega SST turbulence model and ideal gas law.

Equation of state Motive mass flow Suction mass flow  Entrainment ratio,

Grid rate [kg/s] rate [kg/s] ER lierations
200k cells | Real gas RKS 0.00465 0.00126 0.272 6k
Ideal gas law 0.00417 0.00126 0.303 6k
50k cells Real gas RKS 0.00481 0.00118 0.246 1.2k
Ideal gas law 0.00431 0.00119 0.276 1.2k
80k cells Real gas RKS 0.00475 0.00122 0.258 2k
Ideal gas law 0.00426 0.00123 0.289 2k

a) Low quality mesh autogenerated mesh, did not converge beyond scaled residuals 1e-3

The mesh refinement yielded a large spread in entrainment ratio and motive mass-flow results. Further grid
studies are required to improve upon the results. The high density (200k) mesh gave larger discrepancy
compared to the experimental results for both the RKS and ideal gas law cases. This could be due to
additional physics introduced in the high density mesh. For example, near wall turbulent structures could be
erroneously predicted by a mismatch between near wall treatment and mesh refinement. The general trend
observed is that the ideal gas equation of state underpredicts the motive mass-flow compared to RKS, and
therefore over predicts the ER. This was also previously noted by Croquer et al. (2016). The medium density
(50k) mesh was used for the rest of the study as it yielded results closest to experimental value of
ER=0.2129.

2.2.2.  Comparison with previous results

The results of the simulations are compared to the results of Sankarlal and Mani (2006) and Banasiak and
Hafner (2013), shown in Table 3. The model by Banasiak and Hafner (2013) was based on their previous
model for two-phase CO: ejectors (Banasiak and Hafner, 2013). This 1D model is able to model two-phase
non-equilibrium effects. Two-phase effects are not considered by the present CFD model and could explain
the large deviations from the experimental and 1D results.

Table 3. Comparison of entrainment ratio at different condenser temperatures in previous works.
50k cells grid, k-omega turbulence model, RKS.

Teondenser, °C 30 33 36
Study Entrainment ratio
Experimental- Sankarlal and Mani (2006) 0.2129 0.1751 0.1431
1D model — Banasiak and Hafner (2013) 0.2130 0.1800 0.1280
Present work 0.246 0.244 0.112
Present work, error 15% 40% -22%
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3. RESULTS AND DISCUSSION

The aim of this work is to investigate the capabilities of CFD modelling for ammonia ejectors. The effect of
condenser temperature and the flow structures inside the ejector are presented below. Furthermore, the
potential sources of error will be critically investigated.

Three modes are commonly used to classify ejector operation: double chocked, single chocked and ejector-
failure (Allouche et al., 2014). These regions are commonly presented in the literature with an ejector
characteristic curve, showing the entrainment ratio as a function of the pressure or temperature. The
characteristic shape of ejector performance for a single phase ejector reproduce the three modes of operation
mentioned above. In the double choked region the entrainment ratio is constant up to a certain condenser
pressure (temperature). Beyond this pressure, in the single choked region, the entrainment ratio decreases
linearly down to zero. At zero entrainment ratio the ejector is no longer functional. The present CFD results
indicate such a trend (Figure 2), as the entrainment remains constant between condenser temperature 30 to 33.
This trend is, however, not seen in the experimental or 1D model results. This suggests that some underlying
assumption may be wrong.

One potential source of error is numerical inaccuracies. These discrepancies should be reduced with mesh
refinement. However, as shown in Section 2.2.1, grid refinement did not improve the errors and mesh
independency could not be shown. Further investigation into mesh and numerical solution methods is required.

Another potential cause for the discrepancies between the CFD model and the experimental results is the
assumption of single phase flow. The difference in results between different equations of state emphasizes the
impact of the thermodynamic models. As the ejector flow exists partially inside the two-phase dome, multi-
phase effects may be non-negligible. Furthermore, the rapid depressurization in the motive nozzle may induce
a non-equilibrium phase transfer referred to as flashing. Flashing ejectors has been studied extensively for
water, and has been shown to have a large impact on model performance (Liao and Lucas, 2017). To further
investigate the errors connected to the two-phase assumption further numerical work is required. Furthermore,
experimental values for the mass flow rate in the suction and motive stream are needed to accurately verify
and validate further CFD work.

0.3
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Condenser temperature [°C]
® Experimental- Sankarlal and Mani (2006) 1D model — Banasiak and Hafner (2013) M Present results CFD

Figure 2: Ejector characteristic curve. Entrainment ratio (ER) vs condenser temperature T.

The velocity and pressure distribution along the centreline for the 1D model and CFD model are shown in
Figure 3 and Figure 4, respectively. The center line velocity shows a similar trend in the 1D and CFD model
results. Both models yield a maximum velocity at the nozzle throat. However, in Banasiak the velocity quickly
levels out to a constant value in the mixing section. The present CFD results show that this velocity reduction
happens through a series of shocks and level off at a higher velocity than the 1D model. Similarly, the CFD
results show that the expansion process in the diffuser happens through a shock train, which is not apparent in
the 1D model results. Still, these difference may be attributed to the single phase assumption.
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Figure 3: Velocity distribution along centreline. A: Banasiak and Hafner (2013), B: Present work
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Figure 4: Pressure distribution along centreline. A: Banasiak and Hafner (2013), B: Present work

4. CONCLUSIONS

Accurate modelling of ejectors can improve efficiency of ejector refrigeration system. In the present work, a
CFD model of a super-sonic ejector with ammonia (R717) has been presented. The model results show high
dependency on the different meshes and equation of state. The CFD model can predict the different regions
commonly observed in ejector operation, however experimental data is not well predicted. The model
inaccuracies are difficult to attribute to a single modelling aspect. However, the single-phase assumption as
well as numerical errors are thought to be the main contributors to the observed discrepancies. The limited
experimental results make validation and model improvement challenging. Further experimental investigations
with accurate measurements of both motive and suction mass-flow rates is necessary to improve the accuracy
of the CFD models.
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NOMENCLATURE

CFD  Computational fluid dynamics ER Entrainment ratio
ERS  Ejector refrigeration system RANS Reynolds Averaged Navier Stokes
RKS  Redlich-Kwong-Soave
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ABSTRACT

This paper presents the current status of CFD modelling applied to CO, two-phase ejectors for
refrigeration applications. Previous reviews on CO: ejector technology have provided detailed
analysis and thorough discussion about the optimal design and performance parameters. However,
there is still a lack of information about CFD modelling of CO: ejectors, mainly when it comes to the
accuracy of the two-phase ejector models. The ultimate goal of this paper is to provide a complete
overview about CFD modelling of two-phase CO: ejectors for refrigeration applications, as mainly
analytical approaches were previously discussed. The fundamental background for the research
work carried out within CO; two-phase modelling using CFD is presented through this review.
Moreover, it highlights the main challenges that are still needed to be overcome mainly related to
turbulence  modelling, fluid properties and  3D-effects in  multi-phase  flows.
Keywords: CFD, Expansion Work Recovery, Multi-Phase Flow, R744, Trans-Critical Refrigeration
System, Two-Phase Ejector.

1. INTRODUCTION

The entry into force of the EU F-Gas Regulation 517/2014 (European commission, 2014) has led
CO: (R744) to take centre stage as the most promising refrigerant for many applications. Also,
despite its low critical temperature, nowadays trans-critical R744 vapour-compression systems offer
great energy efficiencies even at high cooling medium temperatures. This result can be achieved by
recovering part of the available expansion work with the aid of two-phase ejectors. As an example,
it was found that commercial R744 refrigeration units consume up to 25% less electricity than the
solutions relying on man-made working fluids in warm climates (Gullo et al., 2018). Furthermore,
ejector-equipped CO- vapour-compression systems are expected to attain similar energy benefits to
those experienced in supermarkets in other applications too (Hafner et al., 2014). However, the
potential improvements in performance offered by an ejector are highly sensitive to its four
characteristic dimensions, i.e. suction nozzle, motive nozzle, mixing chamber and diffuser.
Therefore, methods for efficient and accurate design of ejectors has gained interest from industry
and academia. A promising tool for enhancing ejector performance is the advanced computational
fluid dynamics (CFD). CFD offers insights into the complex flow in the ejector device and has already
been applied to single-phase ejector with satisfactory results (Grazzini et al., 2018). An overview of
R744 two-phase ejector CFD models was presented by Nowak et al. (2016) and also discussed by
Elbel and Lawrence (2016). These investigations revealed that currently state of the art CFD models
can quite accurately predict certain flow parameters in R744 two-phase ejectors. However, the
comparison with the limited experimental results uncovers significant errors, especially at off-design
conditions. In addition, the limitations and advantages of different models as well as recent
developments and challenges in flash models for R744 have not lately been described. Therefore,
the aim of this paper is to bridge the aforementioned knowledge gaps by carrying out a
comprehensive review on the developments of CFD models for R744 two-phase ejectors. Special
attention has been given to two-phase flashing models, as this has been the discussion focus in
recent literature.



2. EVALUATION OF CURRENT STATUS

CO:2 two-phase ejectors were primarily designed and investigated mainly based on experimental
studies (Elbel and Lawrence, 2016). The experimental work by Nakagawa et al. (2011) revealed
improvements in Coefficient of Performance (COP) of up to 26% compared to systems without
ejectors. However, design of ejectors can be carried out more efficiently with models, as the time
and resource costs of experimental studies heavily outweigh those of models. Furthermore, accurate
models can give insights into the flow physics that can allow for improved and new designs. Still,
unobtrusive experimental results for the validation of these models is lacking due to the difficulty
involved. While much progress has been made on R744 ejector modelling, the treatment of
multiphase flows is not well understood and many simplifying assumptions have been considered.
Several theoretical frameworks have been presented for such models The development started with
one dimensional models with the homogeneous equilibrium model (Liu and Groll, 2012), which was
later furthered with more advanced non-equilibrium approaches (Banasiak and Hafner, 2011; Brown
et al., 2013). While able to capture much of the flow physics, 3D effects were found to be non-
negligible (Smolka et al., 2013). These limitations ushered in a much research in the
multidimensional CFD models. The paper is organized as follows, the homogeneous equilibrium
model, homogeneous relaxation model and the mixture models are presented in Subsection 2.1-2.3.
Some applications of these models are described in Subsection 2.4, further model reduction is
discussed in Subsection 2.5. The advantages and limitations of the aforementioned models are
summarized in Section 3. Finally, main conclusions are given in Section 4.

21. Homogeneous Equilibrium Model

The high accuracy and relative simplicity of the homogeneous equilibrium model (HEM), where two-
phase pure CO, mixture is modelled as a pseudo-single-phase fluid, has been demonstrated for
one-dimensional models (Elbel and Lawrence, 2016). The HEM approach assumes instantaneous
thermodynamic and mechanical equilibrium between liquid and vapour. With these assumptions
both phases are described with a single velocity-(« ), temperature- (T) and pressure-field (P). Smolka
etal. (2013) implemented such a homogeneous equilibrium model (HEM) into a 3D CFD model using
ANSYS Fluent (ANSYS, 2019) to capture two-phase effects in R744 ejectors. They used an enthalpy
formulation (Equation 1) in the Energy equation, treating enthalpy, instead of temperature, as the
transported variable in the energy equation. The energy equation is then re-written into:

V- (pith) =V (T, Vh)+ 8, +5,, +5,, Eq. (1)

The source terms §,, ,describe the mechanical energy, the irreversible dissipation of the kinetic
energy variations and the dissipation of the turbulent kinetic energy (Smolka et al., 2013),
respectively. Under the equilibrium assumption the pressure and enthalpy uniquely define the
thermodynamic state in the two-phase dome:

p’/'l’k’cp :f(P’h) Eq (2)

The two-phase equilibrium properties were in Smolka et al. (2013) found using the REFPROP library
(Lemmon et al., 2013), and implemented into Fluent using user-defined functions (UDFs).
Experimental results performed at the SINTEF Energy Research laboratory in Trondheim (Norway)
were presented and used to validate the model. Their findings indicate that 3D effects are non-
negligible as was commonly assumed in previous simulations (Colarossi et al., 2012). The HEM
approach produced results that could accurately describe the global parameters (e.g. mass flow
rate) for conditions near the critical point. A maximum deviation of about 12% for the mass flow rate
was computed. A similar approach to the work by Smolka et al. (2013) was proposed by Lucas et al.
(2014). A 3D CFD model using the HEM approach was implemented in the open source CFD
framework OpenFOAM (Weller et al, 1998), using the TEMO-media library. The results were
compared with the experimental data collected by Lucas et al. (2013). The comparison showed 20%
and 10% discrepancy in pressure recovery when operating with and without suction flow,
respectively. They concluded that this error difference was due to the model’s inaccurate description
of mixing losses. Further studies with the HEM were implemented by Giacomelli et al. (2016, 2018a).



In these works, the HEM was implemented with look-up tables generated from the REFPROP library
for speed of sound and density.

Palacz et al. (2015) evaluated the application range of the HEM approach for R744 ejectors within
typical supermarket refrigeration operational conditions. Here, a multi-ejector block was investigated
with experimental validation for 24 different running modes. Their findings indicate that the HEM
approach can produce accurate results when the operating conditions are close to or above the
critical pressure of CO,. However, as the motive pressure and temperature is decreased the
accuracy of the HEM approach is dramatically lowered when compared to their experimental results.
These significant errors were attributed to the non-equilibrium effects at operating conditions away
from the critical point. These effects are discussed in the next paragraph.

The limitations of the HEM have previously been discussed in the literature (Wallis, 1980, Liao and
Lucas, 2017). In general, states further away from the critical point have a wider meta-stable region.
This translates to slower meta-stable transition and larger significance for non-equilibrium effects.
Further limitations concerning the homogeneous approaches is discussed in Section 3.

2.2. Homogeneous Relaxation Model

Palacz et al. (2015) concluded that non-equilibrium models are necessary to properly model a R744
ejector for the whole range of common supermarket operating conditions. Bilicki and Kestin (1990)
introduced the homogeneous relaxation model, a relaxed version of the HEM. The homogeneous
relaxation model (HRM) assumes, similarly to the HEM approach, a single pseudo fluid representing
the mixture of the two-phases. However, meta-stability effects are treated by applying a relaxed
vapour quality transport equation (Eq. 3).

This relaxation delays the onset of phase change in the meta-stable region. Downar-Zapolski et al.
(1996) defined a relation for the relaxation time, 6, formulated in Eq. 4. The parameters of Eq. 4 are
the mixture void fraction defined in Eq. 5, and ¢ is a non-dimensionalized pressure parameter. This
latter parameter was defined for supercritical parameters in Angielczyk et al. (2010) stated in Eq. 6.
The exponents a and b were empirically fit for CO2 in Angielczyk et al. (2010). Among the first works
with CFD simulations of R744 ejectors using the HRM is the model used by Colarossi et al. (2012).
In this work, the HRM was implemented in a 2D CFD model using the OpenFOAM framework. As a
starting point, they used the empirical relations for the relaxation factor for flashing water (Downar-
Zapolski et al., 1996). Colarossi et al. (2012) compared the resulting pressure recovery from their
simulations with the experimental results in Nakagawa et al. (2011). The comparison showed up to
50% deviation, with an average error of 18.6%. They concluded that the non-equilibrium effects were
negligible, this was however evaluated near the critical point of R744.
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The results by Palacz et al. (2015) were contrasted with those obtained by Palacz et al. (2017a),
which were based on the HRM approach relying on the constant relaxation time for CO; presented
by Angielczyk et al. (2010). The comparison revealed that the HRM was able to improve model
prediction compared to HEM when the operating regime is far away from the critical point. However,
at supercritical inlet conditions the HEM approach would perform better than their HRM. Overall, the
authors found that their current HRM only improved model accuracy by up to 5% compared to the
HEM. This improvement was found unsatisfactory which prompted further investigation into the
choice of relaxation time.



The conclusions from Palacz et al. (2017a) were that a constant relaxation time is not appropriate
when a large range of operating conditions is considered. Much investigation went into the different
parameters of equation (4) in the study by Haida et al. (2018d). The effect of the different parameters
6o, @ and b on the nozzle expansion process was discussed. In the mentioned study an optimization
algorithm was used to find optimal relaxation time parameters for different operational ranges. The
authors divided the motive nozzle pressure into a high, medium and low pressure range. In each
pressure range the RT-parameters that minimized the mass flow rate error were found. The modified
HRM showed improved results with below 15% error for the mass flow are for the extended operating
range.

2.3. Mixture Models

The physical mechanisms of phase change are only indirectly treated by the HEM and HRM, as the
two-phase properties are determined based on equilibrium states. An alternative approach to
evaluate the phase fractions is using mixture models. Similar to the homogeneous approaches, an
averaged mass, momentum and energy equation are solved with the single pseudo fluid approach
(Egs. 7-9). However, an additional equation governing the transport of the phase fraction is included,
Eqg. 10. Here, additional submodels for the phase mass transfer mechanisms ( A) allow for more
accurate estimates of the phase fraction (« ). The state of each phase is then evaluated separately
and thermodynamic properties are found by volume and mass averaging from the vapour and liquid
properties. This contrasts the HEM and HRM, where the phase fraction and other fluid properties
are evaluated based on the equilibrium state in the two phase region (Eq. 2).

0 0
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the subscript k is the phase index, summing over the N number of phases. To the best of the authors’
knowledge, the first use of a mixture model for the R744 ejector was presented in Yazdani et al.
(2012). In the mentioned paper, a non-equilibrium mixture model was implemented into a 3D CFD
model in ANSYS Fluent. Yazdani et al. (2012) found the thermodynamic properties using the
REFPROP libraries for supercritical fluid and subcooled fluid. States inside the saturation region
were interpolated from the saturation lines in the REFPROP library. Mass transfer was considered
through condensation and evaporation mechanisms, where meta-stability was treated by introducing
a time delay analogous to the relaxation time of the HRM. The model of Yazdani et al. (2012) also
included additional terms for velocity slip between the phases in Equation 8.

Recently, Giacomelli et al. (2018b) implemented a mixture model in ANSYS Fluent to simulate
supersonic nozzle flow. In this model the compressibility of both the liquid and gas phase was
considered with user-defined real gas models. Here, the two-phases were treated computationally
as two interacting fluids of different species, allowing their better description. The model uses look-
up tables based on the NIST REFPROP library to define the properties of both phases. Furthermore,
the presented method is applicable for a wide range of multiphase and compressible flows.

24, Applications

The presented CFD models have been extensively used for investigations of designs and concepts.
The CFD model by Smolka et al. (2013) was used to investigate irreversibility in the ejector in



Banasiak et al. (2014). The entropy increase in different sections of the ejector was evaluated with
different ejector geometries. The analysis shows that the mixing section is one of the most significant
contributors to entropy generation due to the complex shock- and turbulent structures. Furthermore,
the authors argue that geometric optimization should focus on the interactions between different
geometric parameters, as individual optimization of these parameters in isolation yields suboptimal
results. Entropy generation in ejectors was further investigated by Sierra-Pallares (2016), where a
direct method was applied to investigate entropy generation in three R134a ejectors. The authors
novel approach involved solving the differential equations of entropy transport, identifying four
mechanisms of entropy generation. Their investigation revealed that the primary contributor is the
turbulent viscous dissipation produced in the shock train and nozzle exit shear layer.

Later, this model was applied for the investigation of an optimized shape of R744 two-phase ejectors
by Palacz et al. (2016). The optimization tool was developed with the ejectorPL software. This is a
script that automates most of the CFD workflow in the pre- and post-processing, and feeds the
resulting model into the optimization algorithm. The optimization was done using both a genetic
algorithm and an evolutionary algorithm for six geometrical parameters to maximize the ejector
efficiency. The results show that these methodologies can effectively be used for shape optimization
when the operating conditions are within the CFD model’s range of validity. The shape investigations
were furthered in Palacz et al. (2017b) with 3 more geometric parameters and for two additional
ejector geometries than in Palacz et al. (2016). Here the genetic algorithm was applied. This
procedure improved the ejector efficiencies by 6% in a robust and efficient way. A comparative study
of the controllable needle ejector (Liu et al., 2012) and the fixed geometry ejector (as used in the
multi-ejector block concept formulated by Hafner et al., 2014) was done by Smolka et al. (2016). The
previously mentioned model using the HEM approach was used. The simulation results showed high
and predictable ejector efficiency for the fixed-geometry setup for all investigated operating
conditions. On the one hand, the controllable-geometry case was able to outperform the fixed-
geometry case for certain needle positions. On the other hand, it was shown that these positions
were difficult to evaluate, and gave less predictable efficiency. Simulations of ejector operation of
three different ejectors in a multi-ejector block were presented by Bodys et al. (2016). The
investigation focuses on the use of swirl-motion generator on ejector performance. The authors
suggest that improvements to the mass entrainment ratio could be achieved at very high motive inlet
rotational speeds. Furthermore, a full-scale 3D CFD investigation of the multi-ejector block was
carried out by Bodys et al. (2017). The authors demonstrated the stable operation of the multi-ejector
based refrigeration unit and indicated the possibility of shape optimization for pressure loss
reduction.

The HRM model presented by Palacz et al. (2017a) was implemented together with a heat transfer
model (coupled with the CFD solver) for the ejector walls by Haida et al. (2018a). An extensive
sensitivity analysis of the mesh was also performed. The experimental and numerical investigation
demonstrated high accuracy of the model, being capable of reproducing the wall temperature
distribution within + 5K. The accuracy of different turbulence models for the prediction of near wall
temperature distribution as well as of mass entrainment ratio was presented. Four turbulence models
were compared: (i) k—¢ Realizable model, (ii) k—-w SST model, (iii) Transition SST model and (iv)
Reynold stress model. The comparison showed that choice of turbulence models had a significant
effect on the results. The Transition SST turbulence model yielded the most accurate prediction of
mass entrainment ratio and wall temperature distribution. Furthermore, the investigation showed that
the effect of ambient temperature and non-adiabatic boundary conditions on the ejector outer wall
was negligible. However, the non-adiabatic boundary conditions on the inner ejector wall had a
significant impact on the flow parameters. This implies that the use of non-adiabatic ejector wall
boundary conditions may be important to capture the correct flow physics. The authors also suggest
that the use of materials with low thermal conductivity may improve ejector performance.

2.5. Model Reduction

The large computational time expense of CFD models are, in general, prohibitive for large scale
optimization procedures. Computational tools such as ejectorPL, that can quickly generate CFD
models are important for rapid investigation of potential improvements. Therefore, reducing the
model size while maintaining the high accuracy of the CFD models have recently been discussed.
The authors would like to point to two methods that have recently been applied for the reduction of
ejector CFD models, reduced order modelling and lumped parameter modelling. Reduced order
models attempts to find an optimal basis for a model by looking at previous results. These results
are typically outputs from a high accuracy CFD model or an experimental investigation. The



investigations by Haida et al. (2018b, 2018c) brought to light that the reduced order model ensures
high accuracy results (i.e. within 10% mass flow rate error) for a R744 ejector over most of the
investigated conditions.

Besagni (2019) presented a thorough discussion on the current and future state of ejector modelling.
Here, emphasis was put on the lumped parameter approach. The integration of CFD models with
lumped parameter models was previously described by the mentioned author. While not yet applied
to R744 systems, this should be considered for future investigations. Still, research into more
accurate CFD models will continue to be important as these directly impact the quality of these
reduced models.

3. DISCUSSION

A summary of the different two-phase methods described in this paper is presented in Table 1. The
HEM approach has the advantage of simplicity and stability, and can yield accurate results for
supercritical conditions. It is well suited for initial designs and optimizations, however has limited
accuracy for subcritical conditions. The HRM has been developed to overcome the main limitations
of the HEM, while retaining much of the benefits of the HEM. The HRM considers meta-stable effects,
and using variable relaxation times can yield accurate results for sub- and supercritical conditions.
The mixture model is a more advanced model that solves an additional conservation equation for
the phase fraction, however this requires further sub-modelling for closure of the equations. Here,
separate evaluation of the liquid and gas states gives a more accurate average value for the fluid
transport properties. Both the HRM and the mixture model have parameters of non-equilibrium that
needs to be tuned, based on substantial experimental effort. This may help generate results with
higher reliability, however requires detailed knowledge of the flow conditions.

All discussed models for the R744 ejector treat the two-phase flow as a single phase fluid with some
notion of average transport properties. This assumption is severely limiting as all information about
phase interfaces are lost, furthermore transport properties such as an averaged fluid viscosity and
speed of sound are not well defined. Some discussion on the current modelling of these properties
can be found in Awad and Muzychka (2008). However, due to the lack of experimental, tuning an
accurate two-fluid model is beyond the current state of the art.

Table 1. Summary of two-phase models used for R744 ejector CFD modelling
Model Advantages Challenges and limitations

-Does not consider meta-
stability (underestimates
flashing flows)

Homogeneous Equilibrium
model

-Simplicity and stability,
-Accurate at supercritical
conditions,

Smolka et al. (2013), Lucas et | -Extensively tested in literature
al. (2014), Giacomelli et al.

(2016)

Homogeneous Relaxation
model

Colarossi et al. (2012), Palacz
et al. (2017a), Haida et al.
(2018a)

-Considers meta-stability,
-Extended with variable
relaxation time for subcritical
conditions

-Empirically based
parameters for relaxation
time,

-Requires tuning of
parameters

Mixture model

Yazdani et al. (2012),
Giacomelli et al. (2018b)

-Considers meta-stability,
-Can more accurately evaluate
the phase fractions by mass
transfer modelling

-Highly accurate results for
motive flows

-Increased complexity,
-Requires tuning of model
parameters,

-Less profound literature
database on R744 ejectors

All mentioned methods are based on a pseudo-fluid approach. While more advanced two-phase
models have been proposed and utilised in the literature for flashing water (Liao and Lucas, 2017),
this has not yet been feasible for R744 ejectors. Mainly, this is due to the small dimensions of the



R744 ejectors, which limit experimental investigations. Many other research questions remain
unanswered and is beyond the scope of this review. One of the toughest challenges is proper
understanding of turbulent effects. While model tests have been performed with different Reynolds
Averaged Navier-Stokes models, little is known about the two-phase effects on turbulence.
Furthermore, the effects of wall heat transfer (Haida et al., 2018a) and wall surface roughness
(Brezgin et al., 2017) have been shown to have an effect on the flow. Also, it has never been
quantitatively estimated how much the presence of lubricants dissolved/mixed with R744 could
influence first the fluid properties and second the validation procedures performed in all the reported
papers. Other aspects of modelling including mesh design, solvers, 3D-effects, shock-capturing and
computational requirements should be further addressed. Lastly, the interactions between the
aforementioned factors may be important, and understanding if we are tuning the correct physical
phenomenon with the available experimental results remains a major challenge.

4. CONCLUSIONS

The transition to more environmentally friendly refrigeration systems has brought about a great
interest in ejector-equipped CO; systems for several applications and operating in any climate
context. Much due to the size of this component accurate CFD models have been used to improve
its design. The HEM approach has been the most prominently used model, and has been applied
for design applications. Due to inherent limitations of the equilibrium assumption, the HRM and
mixture models have been implemented into commercial CFD software. These models include meta-
stability effects, which have been found to be important for R744 refrigeration applications. These
methods have been applied for investigations of heat transfer, swirl generation, entropy generation
and controllable geometries. Furthermore, methods for reducing computational cost of these models
have recently been discussed. While the currently available models are able to reproduce
experimental results with satisfactory accuracy, further research into turbulence, multiphase effects
and shock structures may improve model accuracy and enable improved design procedures for
R744 ejectors. Further discussion on the different aspects in CFD modelling of R744 ejectors will be
presented in future review work.
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NOMENCLATURE
CFD Computational fluid dynamics COP Coefficient of Performance
HEM  Homogeneous equilibrium model HRM Homogeneous relaxation model
UDF User defined function
a,b Dimensionless exponents Co Heat capacity (kJ-kg™'-K™)
E Total energy (kg-s?m™') h Specific enthalpy (kJ-kg™)
k Thermal conductivity (kJ-s'-m2K") P Pressure (bar)
s Specific entropy (kJ-kg™'-K™") S Enthalpy source term
T Temperature (K) u Velocity (ms™)
X Vapour quality

Greek letters

a Phase fraction r Diffusion coefficient

6 Relaxation time A Mass transfer coefficient

u Dynamic viscosity (kg-m™' s7') o Density ( kg-m3)

T Shear stress 0] Non-dimensionalized pressure parameter
Subscripts

c Condensation crit Critical condition



e Evaporation eff Effective

k Phase index m Mixture property

motive Motive nozzle condition sat Saturated

sv Saturated vapour s/ Saturated liquid
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ABSTRACT

This work presents a comparative study of four different R744 ejector CFD models at a wide range of operating
conditions. The models compared are the homogeneous equilibrium model, the UDRGM mixture model, a
homogeneous relaxation model and a Eulerian two-fluid model. The results are also compared to experimental
data available in the literature. The models are tested for high and low operating pressures, and the effects of non-
equilibrium are discussed. The results are discussed and recommendations for model developments are suggested.
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1. INTRODUCTION

In recent years, the HVAC&R industry is turning away from high global warming potential gases (GWP)
refrigerants, such as the hydroflourocarbon (HFCs) gases, and increasingly toward natural and environmentally
friendly refrigerants. One of the primary candidates for many HVAC&R applications is using R744 (CO») as a
refrigerant. R744 boasts high system efficiency, low refrigerant cost, non-toxicity, non-flammability, aswell as
negligible GWP. Many technologies for R744 systems have been developed over the last decades, especially for
high ambient temperature applications. Of these technologies, special interest has been devoted to two-phase
ejectors. A two-phase R744 ejectors is a work recovery device that uses the throttling losses inherent in the process
to recompress a secondary flow to a higher pressure. Still, the design process for of these devices is not yet
developed due to the complex nature of the flow. Therefore, design and modelling tools using computational fluid
dynamics (CFD) has been a focal point of research over the last decade.

Several models have been presented in the literature, all with different benefits and drawbacks. The most
commonly employed model is the Homogeneous Equilibrium Model (HEM) (Smolka et al., 2013, Palacz et al.,
2015). This approach assumes full equilibrium in momentum, temperature and pressure between the phases. This
approach is simple, yet efficient for modelling many ejector functions. However, it was later found that this
approach loses accuracy when operating conditions at below critical pressure are considered (Palacz et al., 2017).
This is illustrated in Figure 1., where motive nozzle mass flow rate accuracy is visually presented in a P-h diagram.
Several novel models that account for this thermodynamic non-equilibrium has since then been presented. A
homogeneous relaxation model (HRM) was proposed by Palacz et al. (2017). This approach was later extended
with variable relaxation scales to achieve better accuracy at a wide range of operating conditions (Haida et al.,
2018). Later Giacomelli et al. (2018,2019) presented a mixture model, which uses sub-models for evaporation and
condensation to account for the relaxation process to equilibrium conditions. This approach showed better
accuracy than previous approaches, however this came at the cost of very high computational costs. Recently,
(Bodys et al., 2020) presented a mixture model for very low pressure conditions. Recently, Ringstad and Hafner
(2020), proposed using a more complex two-fluid CFD model. This approach is still under development as is
dependent on many more sub-model parameters than previous models. While many of these advances has
improved the modelling capabilities for R744 two-phase ejectors, siginificant errors are still observed when
comparing with experiments.

This paper will present a comparison of a HEM, a HRM, a mixture model by Giacomelli et al. (2018) and a
Eulerian-Eulerian (two-fluid) non-equilibrium model. For more details on R744 ejector models, see the detailed
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review of the state of the art R744 ejector models (Ringstad et al., 2019, 2020), previously presented by the authors.
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Figure 1: Summary of CFD model accuracy for motive nozzle mass flow rate (Ringstad et al., 2020)

2. MULTIPHASE MODELS

In this paper three multiphase models are presented, three pseudo-fluid models; (a) a homogeneous equilibrium
model (HEM) based on the formulation by Smolka et al. (2013), (b) a mixture model based on the multi-species
user-defined real-gas model (Giacomelli et al., 2019), (c¢) a homogeneous equilibrium model (HEM) based on the
formulation by Haida et al., 2018, and (d) a two-fluid eulerian-eulerian model (Ringstad and Hafner, 2020). All
models were implemented into ANSYS Fluent 19.2 through user defined functions, described in further detail
below.

2.1. Homogeneous Equilibrium Model

Assuming equilibrium between the phases, i.e. equilibrium in pressure, velocity, temperature and chemical
potential, a set of 2D transport equations for mass (Eq. 1), momentum (Eq. 2) and energy can be defined for a
mixture of two phases. This model is referred to as the Homogeneous Equilibrium Model.

0pm a _

ot (pmuml) + [pumtumj + pm6u Tmij] =0, Eq. (2)

Smolka et al. (2013) reformulated the energy equation into an enthalpy formulation in the form Eq. (3) which is
introduced into ANSYS Fluent through a user-defined-scalar.

V- (ptth) = V - (keVh) + Spy + Spz + Shs Eq. (3)
Here, A is the specific enthalpy, U is the velocity vector, ke the effective diffusion coefficient, and the source terms
Shl'zlg describe the mechanical energy, the irreversible dissipation of the kinetic energy variations and the

dissipation of the turbulent kinetic energy, respectively (Smolka et al., 2013). At homogeneous equilibrium, the
enthalpy and pressure uniquely define a thermodynamic state in the two-phase dome:

pk,o,T,q=f(p h), Eq. (4
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By assuming homogeneous equilibrium, the void-fraction is defined by the thermodynamic state as all phase
change mechanisms are assumed to be instantaneous. A look-up table (100x100) was generated for the real fluid
properties of R744 using the REFPROP (Lemmon et al., 2007) thermodynamic library calculated based on the
Span-Wagner equation of state. The mixture viscosity and thermal conductivity based were found by a volume
weighted average.

2.2. Homogeneous Relaxation Model

The mixture model is similar to the HEM based on the mixture averaged continuity, momentum and energy
equations, Eqns. (1)- (3), also referred to as a pseudo-fluid approach. In the mixture model, thermodynamic non-
equilibrium can be introduced by considering an additional equation for the transport of vapour fraction, Eqn. (5).

2 2
5 (Preau) + x (opryy) =T, Eq. (5)

where T is a forcing term that describes the phase change mechanisms, and the offset from thermodynamic
equilibrium. Previously, two formulations for the vapour fraction have been used for R744 ejector CFD models,
the homogeneous relaxation models (Palacz et al., 2017, Haida et al., 2018), and the Mixture model (Giacomelli
et al., 2019, Yazdani et al., 2012). The HRM treats the transition toward equilibrium as a relaxation process,
governed by a relaxation time scale, 0, described in Eq. (6):

ﬁ_ﬁe
L=-p—~ Eq. (6)

Here, B is the local flow quality and is the flow quality at equilibrium. The relaxation time has previously been
studied by (Downar-Zapolski et al., 1996, Angielczyk et al, 2010, Haida et al., 2018). A relation for the relaxation
time scale was found:

6 = B,a%p? Eq. (7)

Where, 0, is a scaling constant, a is the mixture void fraction, ¢ is a pressure parameters, and a and b are scaling
parameters. The parameters a and b were investigated by Haida et al. (2018) and an optimized set was found,
which is used in this work. The properties were defined as for the HEM, however the density was formulated using
meta-stable liquid density from the REFPROP thermodynamic library, see the work by Palacz et al., 2017.

2.3. Mixure Model

Alternatively, the mixture model introduces non-equilibrium effects by directly modelling the phase change
mechanisms between two phases. This is done by modelling the evaporation and condensation of the fluid with
two terms, I'=T'c+ T.. In this work, the Lee model is used to model phase change, Eqns. (6) and (7), similarly to
previous works with this model (Giacomelli et al., 2018, 2019).

T-Teq

[ = 0.0;p; Ts:t : Eq. (7)
T—Tsq

Ic = gca,py th' Eq. ()

Numerical investigations of the R744 ejector using the mixture model (Giacomelli et al., 2018) found the
evaporation and condensation constants that best fit experimental results were 6.=100000 and .= 0.1. These
values were used for these simulations.

The two-phase mixture properties are defined by a mass or volume-based averaging of the two compressible

phases. The phases are both evaluated by pressure and temperature, interpolated from a look-up table (152x126)
based on the REFPROP thermodynamic library. The properties allow for meta-stable conditions of both liquid and
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gas phase. The RERPROP library for R744 is based on the Span-Wagner equation of state, which is considered
the most accurate EoS for CO- and is widely used for R744 ejector simulations.

24. Two fluid model

A two-fluid model solves one set of transport equation for each phase, ¢, with surrounding phases, p, Eqns. (8-
10). The pressure, Py, is assumed equal for both phases.

) 2
3: (@qPg) + a_xj[“qpqqu] =0, Eq. (9)
a 0 . )
&(“qpquqi) + a_x] [“qpquqiqu - Tqij] + Rpqi + (mpqqu.i - mqp”qp.i)

0P,
+ag a_;;l(sij - Fdispersed,i =0, Eq. (10)

%(“qpqhq) + aixj [Pquajha + dqj = UqiTaij] + Qpg + hpg (pg — Thgp) + aq a;;;n =0,  Eq.(11)

To successfully implement this model into ANSYS Fluent, some limitations of the software had to be overcome
using user-defined functions (UDFs). Firstly, Fluent only allows for relations for specific heat as a function of
temperature, ¢, = f(T). This was overcome by calculating a separate temperature field for the superheat of the
liquid that includes superheat beyond the saturation temperature. Secondly, the interphasial enthalpy (the latent
heat), /4, must be defined as a single constant, here referred to as /x. This issue was solved by introducing an
additional source term to the liquid and gas energy-equations using a variable latent heat function and setting /A
to zero. For more details, see Ringstad and Hafner (2020).

The model includes several closure models, which allow adaptability and more advanced phase-coupling
mechanisms than the simple pseudo fluid model. In this model the following closure models are used:

(a) Phase change: Lee model, see Eq. 7. and 8.
(b) Equation of state: Span-Wagner with non-equilibrium states, see Section 2.2.

(¢) Momentum interaction: Schiller Neumann, see (ANSYS Fluent theory guide, 2019).

3. NUMERICAL MODEL SETUP

A numerical model was set up such that it could be compared to the experimental work by Palacz et al., 2017. The
ejector geometry is described in Table 1.

Tablel. Ejector dimensions

Dimension EJ-2 (Palacz et al., 2017)
Inlet diameter, mm 3.80

Throat diameter, mm 1.41

Outlet diameter, mm 1.58

Converging angle 30.0°

Diverging angle 2.0°

A mesh convergence study was conducted with three 2D meshes, A, B, and C, with 6k, 25k and 100k cells,
respectively. The ANSYS ICEM meshing software was used to generate structured meshes with high orthogonality
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and low skewness, as in the previous work (Ringstad and Hafner, 2020). The mesh study indicated that mesh B
was of high enough quality to properly describe the flow physics. For this study 3D effects are neglected due to
computational limitations.

Four experimental cases presented by Palacz et al., 2017 are simulated. The experimentally messured conditions
in these experiments are presented in Table 2. These values were used to calculate the boundary conditions of the
simulations. A set of four points were chosen to get a selection of super critical, critical, and sub-critical operating
conditions.

Table 2. Experimental conditions for R744 ejector operation (Palacz et al., 2017).

Pmolivc [bar] Tmotivc [C] Psuction [bar] Tsuction [C] Pout [bar]
1 |53.93 6.33 27.3 5.7 34.23
9 ]66.51 22.41 28.21 2.21 34.85
14 | 75.79 28.07 28.17 2.58 36.80
18 | 94.46 35.28 27.21 2.60 32.85

The pressure-based implicit formulation in ANSYS Fluent was used in the calculations. This is the only option
that is compatible with multiphase models in ANSYS Fluent. While it is generally agreed that density-based
formulations performed better for highly compressible flows, pressure-based solvers have successfully been used
for super sonic flows. The PRESTO! scheme was used for pressure and the second order upwind scheme was used
for all other variables in the computations. The calculations with the HEM and HRM were done using a steady
solver, which is a common assumption for R744 ejector flows. The mixture- and Eulerian model were run until
steady state with a transient solver, to improve solver stability.

4. RESULTS AND DISCUSSION

4.1. Convergence

The simulations were run on 8 cores at 3.0 GHz clock frequency. The convergence criterion was based on steady
residuals for all flow variables, as well as a steady solution for mass flow rates.

The HEM showed, in most cases, good stability and quite fast convergence, only somewhat dependent on initial
and boundary conditions. The average case with 25k mesh-size would take approximately 70k iterations within
30-120 minutes. Some cases would not converge fully to the previously specified convergence criterion. This is
likely due to the assumption of equilibrium not being fulfilled for those cases.

The HRM, similarly to the HEM shows good stability as long as appropriate formulations for the meta-stable
density is used. It was found that using best fit functions for the data points provided better convergence and
stability than using look-up table interpolation. The HRM would not converge as well for very low pressure
conditions (Case #1). For this region it is suggested to converge, by first running with an HEM model or to use
the mixture model presented by Bodys et al (2020). %. The HRM had some convergence issues, especially with
second—order schemes. This may be due to numerical stiffness or implementation errors. When second-order
schemes were applied to the vapour fraction transport equation became unstable.

The mixture model by Giacomelli (2019) showed very slow convergence rates and unstable behaviour, as
previously reported by (Giacomelli et al., 2018, 2019). Depending on initial and boundary conditions, the
simulations did not indicate convergence after 10 million iterations for the tested cases. The simulations indicated
oscillating and diverging outlet flow rates, which would not satisfy mass conservation. The simulations were
therefore stopped, as running until convergence could take up to several hundreds or thusands of CPU hours
(Giacomelli et al., 2019). As the simulations did not converge, the simulations results are not used in further
comparison.
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The two-fluid model showed quite good convergence rates and would in most cases converge to a steady solution
within 20-100k iterations, depending on the time-step size. The model showed stable convergence when
appropriate initial conditions and phase change coefficients were chosen. However, finding these initial conditions
was in certain cases challenging. Still, the model was found to be more stable than expected based on model
complexity.

4.2. Comparison with previous results
The results of the simulations as well as the experimentally obtained values from Palacz et al (2015) are presented

in Table 5.

Table 5: Comparison of numerical and experimental results;
The notation * indicates no suction flow, - indicates unstable simulation, ** indicates oscillating flow
TFM results from Ringstad and Hafner (2020).

Experimental (kg/s) | HEM (%) HRM (%) TFM (%)
case | m m m s Err m | Err s | Err m | Err s | Err m | Err s
1 0.099 0.0297 26.8 |-3.0 |- - -15.1 *

9 0.072 | 0.0137 17.5 -74 |98 -38.0 | -8.5 -38.3
14 ] 0.089 | 0.0249 282 | 42.6 |-19.1 | ** -13.6 | -9.6
18 | 0.084 | 0.0353 0.3 1.1 - - 13.6 -47.3

HEM shows that for decreaseing motive pressure the model accuracy drops. Additional test was conducted for the
HEM at operating conditions near case 14, where much better accuracy was found, ie. motive MFR errors smaller
than 7%. The results using the TFM results found in previous numerical results Ringstad and Hafner (2020). The
accuracy is much below the HEM accuracy. Further work is suggested on this model to improve model accuracy.

5. CONCLUSION

All the discussed models (HEM, UDRGM Mixture, HRM, TFM) have previously shown to be able to predict
R744 ejector flow with reasonable accuracy. In this work, it was found that the UDRGM mixture model is highly
sensitive to initial conditions, is relatively unstable and has a high computational cost. This characteristic makes
the UDRGM mixture model unreliable as a tool for optimization and rapid design. In comparison, the HEM, HRM
and TFM can produce converged results within much shorter simulation time. Still, the more accurate
thermodynamic library of the UDRGM shows in general a higher accuracy than other model in previous works.
This motives research into efficiently implementing such a library in other models, such as the TFM.

The simulation results for the HEM are similar to those conducted in previous works, showing that the HEM can
produce reasonable accuracy for super-critical operating conditions, but suffer at lower operating pressures. This
implementation of the HRM showed poor convergence properties and would in general perform poorer than the
HEM. However, previous versions of the HEM (Haida et al., 2018) have shown good convergence properties.The
mixture model has been shown in previous studies to have very good accuracy (Giacomelli et al. 2019), however
it was in this study found that the convergence rate of the model is too high for practical simulation. In comparison,
the TFM produced results with lower accuracy, especially in the super-critical case. However, the TFM produced
better results for lower operating conditions. The TFM can also be further improved by tuning the phase change
parameters. The ability to add additional closure models to the TFM is its benefit as more physics can be
incorporated into the simulations. This will bring the physical realism and model accuracy up with more research.
Improving these submodels will however require extensive research into different flow phenomenons such as non-
equilibrium thermodynamics, phase change modelling, two phase turbulence, and bubble break-up and
coalescence, which is suggested as further work.
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NOMENCLATURE
cp Specific Heat (kJ/kg) q Heat transfer (kW) I' Phase change term (kg/s)
h  Specific enthalpy (kJ/kg) R Momentum interaction term (N/s) p Viscosity (m%/s)
k  Thermal conductivity (kW/K) T temperature (K) p Density (kg/m?)
m  Mass transfer (kg/s) u Velocity (m/s) ¢ Phase change coeficiente (-)
P pressure (Pa) a Volume fraction (m*/m?) 1t Stress tensor (N/m?)
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ABSTRACT

This paper presents early results from a novel two-fluid Eulerian-Eulerian multiphase model for R744 two-phase
ejectors, which to the authors knowledge has not previously been presented in literature. As opposed to previous
R744 ejector models, this formulation includes non-equilibrium states for temperature, momentum, and chemical
potential. The model is implemented into ANSYS Fluent using user-defined-functions and is able to achieve
converged results faster than previous non-equilibrium formulations. Results are compared with experimental
results. The mesh and model parameters are studied for their impact on accuracy.

Keywords: Refrigeration, Carbon Dioxide, Compressors, COP, Evaporators, Energy Efficiency

1. INTRODUCTION

The current global warming crisis will require a large-scale response, calling for significant technological shifts in
industries, worldwide. Responding to this, modern HVAC system are moving away from high global warming
potential gases (GWP) refrigerants, such as the hydroflourocarbon (HFCs) gases. Instead, developing refrigeration
technologies based on natural environmentally friendly refrigerants has been an important focus point of current
research. Of the natural refrigerants, R744 (CO>) has stood out due to its favourable thermo-physical properties
(Kim et al. 2004), negligible GWP, non-flammability, non-toxicity and low cost. A critical enabling technology
for R744 refrigeration systems is the two-phase ejector. A two-phase R744 ejectors is a work recovery device that
allows for efficient R744 refrigeration, even in warm climates. However, improper design and control of two-
phase ejectors can be detrimental for the system efficiency. Consequentially, much research has been devoted to
developing advanced flow models for R744 ejector flow.

The model that has seen most use is the Homogeneous Equilibrium Model (HEM) (Smolka et al., 2013, Palacz et
al., 2015). However, this model assumes full equilibrium between the phases. Palacz suggested that this model has
a limited range of applicability and has significant errors at low pressure motive conditions that are often observed
in R744 ejector system operation. Palacz suggested that at these low-pressure working conditions non-equilibrium
effects are non-negligible, inciting research into non-equilibrium models. To account for these effects, a
homogeneous relaxation model was presented (Palacz et al., 2017). Still, the HRM experiences significant errors
at sub-critical motive pressures. An alternative approach was suggested by Giacomelli et al. (2018, 2019), where
a mixture model was used to model a converging diverging nozzle (Giacomelli et al., 2018), and a R744 ejector
(Giacomelli et al., 2019). The results showed good results for predicting the motive mass flow rate, however the
computational cost of this model was found to be very high. In general, all models are still not able to accurately
and reliably predict the suction nozzle mass flow rate accurately. This is likely because of the complexity of the
driving mechanisms of the suction flow. To model these effects more advanced modelling tools are necessary. A
model framework which enables more accurate modelling of these effects are the two-fluid models. These models
are more complex as they involve a much larger set of coupling equations and more equations. For more details
on R744 ejector models, see the detailed review of the state of the art R744 ejector models (Ringstad et al., 2019),
previously presented by the authors.
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2. MULTIPHASE MODELS

Multiphase models can be classified according to the number of equations solved. In general, the models are
classified into two groups, pseudo-fluid models and two-fluid models (Eulerian-Eulerian). The pseudo-fluid
models use an averaged set of equations for the mixture of the two phases. This reduces the number of equations
to one set of transport equations, however, is based on several simplifying assumptions. On the other hand, two-
fluid models use one set of equations for each phase. This model is therefore more physically realistic, however is
dependent on several closure models. These closure models must be better understood to fully utilize the potential
benefits of such a two-fluid model. In this paper a novel two-fluid eulerian-eulerian model for R744 ejectors is
presented. To the authors knowledge this is the first full two-fluid model for R744 ejectors presented in the
available literature. The model was implemented into ANSYS Fluent 19.2 through user defined functions,
described in further detail below.

2.1. Two fluid model

The two-fluid model solves one set of transport equation for each phase, ¢, with surrounding phases, p, Eqns. (1-
4). The pressure, P, is assumed equal for both phases.

3 2
3¢ (@qpg) + ox; [@qpquqi] =0, Eq. (1)
2 2 T R . . Png g —0
3¢ (@qpqqr) + % [qPqttqittas = Tais] + Rpq.i + (pqVpq,i = Mapapi) + aq ox; O T Mdispersed,i = s
Eq. (2)

a a . . pm —
T (agpqhq) + o, [Pqttqjhg + dqj = qiTaif] + Qpg + hpg (g — 1gp) + aq 2 =0
Eq. (3)

f) )
¢ (@g) +a_xj[“qqu] =0, Eq. (4)

In these equations Einstein summation notation has been used for the directions with subscripts i and j. p, u, A,
«a are, respectively, the density, velocity, enthalpy, and phase volume fraction of the liquid or gas. The phase
Su;
5
turbulence. The heat flux in each phase, g, and interphasial heat transfer @4, need special treatment, discussed
below. Several phase interaction terms are included in this model. Ry ; is the momentum interaction term. Phase
change models for the interphasial mass transfer, 17, is discussed in below. Phase change will also introduce
additional transfer of energy, H,, and momentum, V,,,, which are the latent heat and drift velocity.

strain tensor is defined as Ty;j = aqpg(— + 5%5) , where the phase viscosity is includes the contribution from

In this work, the Lee model is used to model phase change, Eqns. (5) and (6), similarly to previous works with this
model (Giacomelli et al., 2018, 2019).

. T—Tsqt

Myg = 0, , Eq. (5
pq e Q1P Teat q ( )
. _ T-Tsqt

Mgp = 0cAyPy Tout ' Eq. (6)

Numerical investigations of the R744 ejector using the mixture model (Giacomelli et al., 2018) found the
evaporation and condensation constants that best fit experimental results were 6.=100000 and o= 0.1. A study on
the effects of these two coefficients in presented in this work.
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The two-phase mixture properties are defined by a mass or volume-based averaging of the two compressible
phases. The phases are both evaluated by pressure and temperature, interpolated from a look-up table (152x126)
based on the REFPROP thermodynamic library. The properties allow for meta-stable conditions of both liquid and
gas phase. The RERPROP library for R744 is based on the Span-Wagner equation of state, which is considered
the most accurate EoS for CO; and is widely used for R744 ejector simulations. The thermodynamic look-up tables
are based on the work by Giacomelli et al., (2018), however only considers density, viscosity and speed of sound.

To successfully implement this model into ANSYS Fluent, some limitations of the software had to be overcome
using user-defined functions (UDFs). Firstly, Fluent only allows for relations for specific heat as a function of
temperature, ¢, = f(T). Secondly, the interphasial enthalpy (the latent heat), 4, must be defined as a single constant,
here referred to as 4. To correct for the issue of specific heat, a separate temperature field, 7, is calculated using
UDFs. The temperature field is calculated using a REFPROP look-up table in the liquid and gas regions up to the
saturation point, such that 7'=f (P, /). Beyond the saturation point the non-equilibrium temperature is estimated
by:

h—hgat

Ts’uperheated = Tsaturated Eq. (7)

Thus, the temperature field is independent of the specific heat defined in Fluent. To address the second issue, an
additional source term, Sy, is added to the enthalpy equation, Eq. (8), such that it would compensate for the
constant value used in Fluent, with a latent heat that is a function of pressure, /4,(P).

Spq = [Mipq = Mgp| (hpq (P) — ki) Eq. (8)

Due to the change of temperature field, the interphasial heat transport models are not valid. Therefore, the inter-
phasial heat exchange is assumed to be zero, Opq =0. Furthermore, heat conduction is assumed negligible. These
limitations are planned to be adressed in further work.

The model includes several closure models, which allow adaptability and more advanced phase-coupling
mechanisms than the simple pseudo fluid model. In this model the following closure models are used:

(a) Momentum interaction: Schiller Neumann, see (ANSYS Fluent theory guide, 2019).
(b) Turbulence model for turbulent viscosity: Mixture formulation of k-epsilon realizable model
(c) Dispersion forces are neglected in this study.

Further testing and study of these closure models is necessary, however is left for future work.

3. NUMERICAL MODEL SETUP

The simulations were made to best reproduce the experimental results presented by (Palacz et al., 2017). Several
2D axi-symmetric structured meshes with N=6k, 25k and 100k cells were generated using the ANSYS ICEM
meshing framework. The generated meshes were of high orthogonal quality with low skewness. The meshes were
generated based on the dimensions used in the experimental and numerical investigations of Palacz et al., 2015.
The boundary conditions for pressures and temperatures used are presented in Table 1, corresponding to the
experimental conditions presented by Palacz et al. (2017). A set of four points were chosen to get a selection of
super critical, critical, and sub-critical operating conditions due to the computational time constraint.
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Table 1. Experimental conditions for R744 ejector operation (Palacz et al., 2017).

Pmotive [bar] Tmotive [C] Psuction [bar] Tsuction [C] l)out [bar]
1 |53.93 6.33 27.3 5.7 34.23
9 ]66.51 22.41 28.21 2.21 34.85
14 | 75.79 28.07 28.17 2.58 36.80
18 | 94.46 35.28 27.21 2.60 32.85

The pressure-based implicit formulation in ANSYS Fluent was used in the calculations. This is the only option
that is compatible with multiphase models in ANSYS Fluent. While it is generally agreed that density-based
formulations performed better for highly compressible flows, pressure-based solvers have successfully been used
for super sonic flows. The PRESTO! scheme was used for pressure and the second order upwind scheme was used
for all other variables in the computations. The TFM model was run until steady state with a transient solver, to
improve solver stability. The ejector simulations were performed with three different meshes, A, B, C, with 6k,
25k, and 100k cells, respectively. Table 2 shows the suction and motive massflow rates calculated using the
different mesh resolutions for case 18.

Table 2. Experimental conditions for R744 ejector operation (Palacz et al., 2017). *Oscillating inlet flow

Case | mfr (kg/s) | Mesh
A B C
TFM 18 M m 0.0954 | 0.0954* | 0.0961*
(0. =5.0E+5) M s 0.0186 | 0.0207 | 0.0107

The two-fluid model achieves similar results for all meshes in terms of motive mass flow rate. However, mesh
refinement introduces some oscillations to the motive flow. This was found to be caused by oscillations in the
nozzle pressure-field. These oscillations might be caused by numerical errors or might be a physical phenomenon.
The suction mass flow rate does not seem to be converged for this case. Prediction of the suction mass flow rate
is in general very sensitive to the flow in the ejector. Due to the oscillations for finer meshes and faster computation
time, mesh A was chosen for the TFM. However, it is expected that this will lower the TFM accuracy. The
oscillating behaviors is believed to be caused by the thermodynamic properties and will be studied in further work.

4. RESULTS AND DISCUSSION

The phase change parameters are highly significant for the motive nozzle flow solution and the predicted mass
flow rate. Therefore, a study on the evaporation coefficient 6. was conducted to find the most appropriate
coefficient with the Lee model. The results are shown in Table 3.

Table 3. Comparison motive mass flow rate with different evaporation phase change coefficient, Sigma e.
Bolded text indicates solution used for comparison with experiments. (a) Oscillating outlet flow (b) Overheated
gas (c) Unrealistic shock solution

M m (kg/s) Sigma e

Experiment | 1E4 1ES SES5 1E6
1 |0.099 0.0850 (b) | 0.0841 | 0.081 (a) | 0.080 (a)
9 10.072 0.0851 (b) | 0.0659 | 0.063 (a) | 0.060 (a)
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14 ] 0.089 0.0954 (b) [ 0.769 | 0.068 0.067 (a)
18 | 0.084 0.112(c) | 0.102 | 0.095 0.094 (a)

The trend indicates that as o, is increased the motive mass flow rate is decreased, which is also seen in previous
work (Palacz et al., 2017), where the HRM gives lower predicted mass flow rates than the HEM. Increase in c. is
equivalent to bringing the thermodynamic state faster to equilibrium. Thus, it is expected that for super-critical
flashing (case 18) the coefficient should be very high. Indeed, the trend indicates that even further increase in .
would be nessecary to achieve the experimentally observed motive mass flow rate. However, as c. was increased
beyond 1.0E+5, the outlet mass flow rate would give oscillating results, noted in Table 3 with (a). This is believed
to be caused by an oscillating mass transfer between the phases driven by the high coefficient. For low-pressure
motive conditions (case 1) the simulations suggest that a lower mass transfer coefficient than 1E4 should be
implemented. However, for very low values of ., the delayed phase change will transfer too much energy into the
gaseous phase, giving unrealistically high overheating of the gas beyond saturation. In total, these results motivate
investigation into a more physically realistic mass-transfer model, which is left for further work.

Table 4: Comparison of numerical and experimental results; TFM with best coefficient from Table 4.
The notation * indicates no suction flow.

Experimental (kg/s) | TFM (%)
case | m m m s Err m | Err s
1 0.099 0.0297 -15.1 *

9 0.072 | 0.0137 -8.5 -38.3
14 ]0.089 |0.0249 -13.6 | 9.6
18 | 0.084 | 0.0353 13.6 | -47.3

The resulting mass flow rates with the TFM (with best match . found in Table 3) are presented in Table 4. The
TFM performed poorer than the HEM (Palacz et al., 2017). However, the TFM results were produced with a lower
resolution mesh and without tuning for optimal coefficients. The TFM does however keep motive mass flow rate
accuracy within 15% for all operating conditions, which can be improved by further tuning of the phase change
coefficients. The suction mass flow rate is not well predicted by the TFM. This is expected as no emphasis has
been put on turbulence or momentum interaction modeling in this work. Accounting for these effects is left for
further work. Extensive research into appropriate closure models for this problem is nessecary to achieve realistic
suction mass flow rate predictions. However, the potential to improve this prediction using advanced closure
models is also the benefit of the TFM.

5. CONCLUSION

A novel two-fluid model (TFM) that accounts for thermal, velocity and thermodynamic non-equilibrium is
presented in this work. A work-around that enables non-constant latent heat and pressure dependent specific heat
in ANSYS Fluent is presented. The effects of phase change coefficients on model mass flow rate prediction is
found to be significant. Still, further research is nessecary to improve model accuracy. The TFM produced results
with lower accuracy than previous models. However, the TFM can also be further improved by tuning the phase
change parameters. The ability to add additional closure models to the TFM is a benefit as more physics can be
incorporated into the simulations. This will bring the models physical realism and accuracy up with more research.
Improving these submodels will however require extensive research into different flow phenomenons such as non-
equilibrium thermodynamics, phase change modelling, two phase turbulence, and bubble break-up and
coalescence, which is suggested as further work.
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NOMENCLATURE
cp Specific Heat (kJ/kg) q Heat transfer (kW) I' Phase change term (kg/s)
h  Specific enthalpy (kJ/kg) R Momentum interaction term (N/s) p Viscosity (m%/s)
k  Thermal conductivity (kW/K) T temperature (K) p Density (kg/m®)
m  Mass transfer (kg/s) u Velocity (m/s) o Phase change coeficiente (-)
P pressure (Pa) a Volume fraction (m*/m?) T Stress tensor (N/m?)
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ABSTRACT

In this work, a novel CFD-database generation algorithm for CO2 ejectors are presented. The algorithm is
explained and its details discussed. A case for CFD database generation is then performed based on an ejector
design for an industry client. The ejector design is investigated with different design parameters around the
suggested design. Design improvements are suggested based on the numerical results, and a final design is
suggested. The final design had a high ejector efficiency of simulated to be 46% at the design point, and the
ejector performance is evaluated and discussed for off-design conditions.

Keywords: R744, Ejector, Computational Fluid Dynamics, Numerical Modelling, Ejector design

1. INTRODUCTION

The transition to more environmentally friendly solutions is accelerating. In the HVAC industry, a lot of
research has been focused on natural and environmentally friendly working fluids. Of the natural refrigerants,
CO2 systems is considered to be a highly efficient and cost-effective solution for many applications.

CO2 systems can in many situations be significantly improved by the introduction of ejector solutions. Ejectors
are work-recovery devices that by utilizing the expansion of a high pressure ‘motive’ to pump a secondary
‘suction’ flow from a low pressure. The ratio of entrained suction flow to motive flow is referred to as the
entrainment ratio (ER), see Eq. (1):

s

ER = Eq. (1)

T,
The efficiency of the ejector can then be defined by ratio of actual to maximum theoretical recovered work,
defined in Eq. (2), described in detail by Elbel and Lawrence (2016):

hs,iso_hs

Nejector = ER Eq. (2)

hm_hm,iso
Increasing use of ejector solutions has encouraged more research into ejector design and modelling. In recent
years, emphasis has been put on the development of advanced CFD models for the prediction of CO2 ejector
performance (Giacomelli et al. 2019, Bodys et al. 2020, He et al. 2019). For a detailed review of CO2 ejector
model development, see Ringstad et al. 2020.

CFD based algorithms for ejector design have been presented in previous works (Palacz et al 2016, Palacz et
al 2017). Palacz et al. (2016-2017) presented a shape optimization algorithm based on the EjectorPL algorithm.
In these works, a genetic optimization algorithm was used to look for design improvements for 6 geometry
shape parameters, namely; mixing chamber diameter, mixing chamber length, motive nozzle, premixing
chamber length, motive nozzle converging and diverging angle, and motive nozzle outlet diameter. Recently,
He et al. (2021) investigated the covariation between 3 geometric shape parameters and the exergy production
of the flow. Their study found that the syngeristic effects of several ejector parameters must be considered
simultaneously to identify design improvements. Similar findings were reported by Banasiak et al. (2014).

In this work, the homogeneous equilibrium two-phase ejector CFD model is implemented into a fully
automated algorithm for generation of CFD databases. The CFD database is then used to design an ejector for
an industry client for application in a new heat-pump system. The design is investigated for off-design
conditions.
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2. MULTIPHASE MODEL

In this work, a homogeneous equilibrium model (HEM) is used for calculation of two-phase flow of CO2 in
the ejector. The model is implemented in ANSYS v.19.3 with user-defined-functions for fluid properties and
enthalpy transport.

The HEM is based on an enthalpy-formulation implemented developed by Smolka et al. (2013). The model
assumes thermodynamic, thermal and mechanical equilibrium between the phases. The averaged set of
equations for the liquid and vapor phase are then presented as, Eq. 1-3:

0pm a _
2 o] =0 e
2 F
o (Pmmi) + 5~ [PUmittmj + PmSij — Tmij] = 0, Eq. (4)
J
V- (ptih) = V- (ketVh) + Spa + Shaz + Sna. Eq. (5)

Here,  is the specific enthalpy, U is the velocity vector, ke the effective diffusion coefficient, and the source
terms S n1,2,3 describe the mechanical energy, the irreversible dissipation of the kinetic energy variations and
the dissipation of the turbulent kinetic energy, respectively (Smolka et al., 2013). The thermodynamic state is
then uniquely defined at homogeneous equilibrium by the pressure and enthalpy:

At homogeneous equilibrium, the enthalpy and pressure uniquely define a thermodynamic state in the two-
phase dome (Eq. 6):

Pk o T,qc=f(ph) Eq. (6)

In addition, the k-epsilon Realizable turbulence model with scalable wall functions is used as the turbulence
model.

3. DATABASE GENERATION TOOL

3.1. Database layout

The database is organized in cases for ease of use. A case contains a collection of results, meshes, post-
processing and algorithm settings. The settings can be changed for each ejector design to user specifications,
such as changing CFD settings, meshing settings, and sampling algorithm settings.

3.1.1.  Parameters and database sampling

Each case will contain a separate database of model parameters. The model parameters are changeable and
more parameters can be added depending on case requirements. The parameters contain the CFD model
parameter, boundary condition and shape parameters that decide the ejector design and operating condition.
The database also contains several outputs, such as predicted mass flow rates and other performance indicators.

Each parameter can be defined as a feature; a feature is a parameter that is sampled in the database. The
remaining parameters are kept at the predefined baseline conditions. The sampling can be done via linear
sampling between two values, which can use a space filling or a latin hypercube design to sample the feature-
space. For the ejector design algorithm, a list of 16 geometry parameters and 5 boundary condition values are
used for a calculation. In this work, the studied features will be motive nozzle throat diameter, Dt, the motive
nozzle outlet diameter, Dmo, and the mixing chamber length, Lmix and diameter, Dmix.

3.1.2.  Properties

For these calculations a look-up table for CO2 is used in the HEM model generated using the CoolPack library.
However, the algorithm can easily be interchanged with other working fluids.
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Figure 1: Database layout

3.2. Numerical solver and setup

The numerical solver is a Pressure-based Coupled solver for 2D axisymmetric flow. The second order upwind
discretization schemes are used for momentum, k, epsilon, and enthalpy transport variables and the PRESTO
scheme for pressure. A steady solver was used with a CFL number that was stepped up from 0.3 to 0.5 during
simulation.

Inlets are defined as pressure inlets with constant value Dirichlet boundary conditions. The ejector outlet is
defined as a pressure outlet, with a Neumann zero gradient boundary condition for enthalpy. A turbulence
intensity of 5% and a turbulent viscosity ratio of 10 was specified at all inlets and outlets. A wall roughness of
2 micrometers, adiabatic and no-slip boundary conditions are applied to the ejector walls. The pressure and
enthalpy boundary conditions at motive inlet, suction inlet and outlet were defined based on inputs from the
database.

3.3. Grid generation algorithm

The meshes were generated using ANSY'S ICEM with an automated script for geometry setup using RPL files.
The script uses the 16 inputs from the database to generate the geometry. The geometry is then meshed
automatically based on the specified meshing settings. The generated meshes are of high orthogonal quality
and refined in regions of large flow variation. The script is capable of 2D and 3D meshes, however due to
computational load the 2D meshes are used in this work. Several numerical mesh study have been conducted
for similar ejectors using the HEM model (Smolka et al. 2013). In general, these works have found that
approximately 20-40k cells is adequate to reproduce ejector flow. Different meshes were also tested in this
work and negligible difference was found between the X cell mesh and Y cell mesh.

3.4. Convergence

The computations were done on a 2xAMD Epyc 24-core processor computer with 2.0 GHz clock speed. On 8
parallel cores the computations took approximately 2-4 hours to reach the specified convergence criterion for
the 70k cell mesh. The script is also capable of running on a remote cluster for computational speed up,
however this capability was not used in this work.

3.5. Graphical User Interface

To simplify ejector design experience a graphical user interface (GUI) was implemented. The GUI allows the
user to select the parameter starting values and see how the selection affects the ejector geometry design. This
allows for better understanding and speed in the ejector design process.
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Figure 2: Graphical user interface

3.6. Autoejector design methodology

The database algorithm AutoEjector is employed for rapid CFD based ejector design. The design case is an
ejector for heat pump applications that will be scaled up from a smaller design. The design process is done in
three stages:

) Motive nozzle design matching at design point
(i1) Mixing chamber optimization
(iii)  Off-design performance mapping

The initial step is required to tune the mass flow rate of the ejector. The ejector motive nozzle throat diameter
is increased until the specified mass flow rate is reached. Using a set motive nozzle converging and diverging
angle, the motive nozzle geometry is then defined by the motive outlet diameter, Dmo. The motive outlet
diameter is then increased until pressure matching with the mixing chamber pressure.

The second step is to design an efficient mixing chamber. The mixing chamber diameter and length are
investigated with a large database of varied mixing lengths and diameters. The optimal design is then judged
based on these results. Other parameters were not judged in this methodology. However, the eventual goal is
to combine this tool with machine learning to optimize entire ejector geometry in this step.

The last step is to evaluate the ejector at off design conditions. This is done by sampling the ejector performance

at different pressure lifts and motive pressure conditions. Also this step is planned to be automated with a
machine learning algorithm for performance mapping.
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4. RESULTS AND DISCUSSION

4.1. Design investigation

The design specifications by the industry client was an ejector with motive mass flow rate of 2.5 kg/s at the
design point: motive pressure 110 bar, motive temperature 37° C, suction pressure 35 bar, suction temperature
5°C superheat, pressure lift 12 bar.

The design investigation was carried out according to the predefined design methodology. This was done by
generating one database for each design stage, i.e. one for motive throat and outlet diameter, one for mixing
section diameter and length, and one for varied pressure lift.

Table 1. Motive nozzle throat diameter design

Design Value Motive MFR
parameter [mm] [kg/s]
Dthroat 5.72 1.53
6 1.69
6.5 1.98
7 2.29
7.5 2.64
7.12 2.37
7.24 2.45
7.36 2.54

Table 2 shows the predicted motive mass flow rates with varied motive nozzle throat diameter. As the HEM
will in cases under predict the motive mass flow rate, the design value was set to 7.3 mm, giving a motive
mass flow rate of 2.48 kg/s.

The motive nozzle outlet diameter is the parameter that decides the motive nozzle flow expansion and must be
tuned for the design point flow. The results are shown in Table 3. An outlet diameter of Dmo=9.7 mm was
chosen and the expansion profile was verified to be close to ideal for the design point.

Table 2. Motive nozzle outlet diameter design

Design Value  Jet flow

parameter [mm]

Dmo 9.0 Under expanded
9.2 Under expanded
9.5 Slightly underexpanded
10.5 Slightly over expanded
12.0 Severly over expanded
13.0 Severly over expanded

In the second design stage, the mixing chamber will be optimized to maximize suction flow. For proprietary
reasons the full ejector geometry will be presented in non-dimensional form, as a ratio between the design
parameter and the final design parameter. The mixing chamber diameter was calculated based on the ratio of
Dmix/Dthroat and neighbouring datapoints were sampled. The results are shown in Table 3.
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Table 3. Mixing chamber diameter design, L/L_final = 0.76

Design Dmix/  Suction MFR [kg/s]

Dmix_final
I 0.91 0.91
I 0.94 1.01
11 0.97 1.11
v 1 1.17
\% 1.06 1.14
VI 1.17 0.81

Based on these results the mixing diameters with the highest suction mass flow rate (III, IV, V) were further
tested by co-variation of Lmix and Dmix. The results are shown in Table 4. The mixing length had a minor
effect on suction mass flow rate. The final design was chosen based on the best performance of the resulting
geometries.

Table 4. Mixing chamber length and diameter design

Dmix / Lmix / Suction
Dmix_final ~ Lmix_final ~ MFR [kg/s]
0.97 1 0.993
0.97 1.06 1.013
0.97 1.17 1.010
1 1 1.195
1 1.06 1.191
1 1.17 1.186
1 1.2 1.171
1.06 1 1.184
1.06 1.06 1.177
1.06 1.17 1.166
1.06 1.27 1.097

With the optimized design at design point the ejector efficiency was calculated to be 46%.

4.2. Off-design performance

Lastly, the ejector performance is tested at different pressure lifts, shown in Table 5. The results indicate that
the ejector design is able to operate at pressure lifts up to 17-18 bar. The maximum efficiency of the ejector is
at the design point of 12 bar, and the efficiency quickly drops off beyond 14 bar of pressure lift.

Table 5. Off- design performance at varied pressure lifts

Pressure Motive mass  Suction mass Ejector efficiency
lift (bar) flow rate kg/s flow rate kg/s (-) Eqn. (2)

8 2.482 1.260 0.30
10 2.482 1.258 0.39
12 2.482 1.195 0.46
14 2.482 0.898 0.42
16 2.482 0.403 0.22
18 2.482 -0.084 -0.05
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Figure 3 shows the velocity in the mixing chamber distribution for the different pressure lifts. The flow clearly
transitions from a long shock train to a short core with high velocity flow as the pressure lift increases. It also
illustrates the suction flow going from super-sonic chocked flow to sub-sonic flow for higher pressure lifts.

contour-2
Velocity Magnitude

[mis] 0.00e+00 2.59e+01 5.19e+01 7.78e+01 1.04e+02 1.30e+02 1.56e+02 1.82e+02 2.08e+02 2.33e+02 2.59e+0:

P lift
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SL‘A e — \\:g 10 bar

‘ ;_:‘ 12 bar

T — 16 bar

S —— 18 bar ——

Figure 3: Velocity distribution in mixer and diffuser at different pressure lifts

The full 2D or 3D flow distribution, as shown in Figure 3, gives an exceptional tool for flow investigation that
is not available for simpler 0D or 1D approaches. As an example, these models are able to identify flow
vortexes that hinder suction flow, or in detail describe the mixing process in various parts of the ejector. Since
CFD modelling is based on fewer assumptions than alternative 0D or 1D approaches, it can also be applied to
a wider range of geometries and flows, that are outside the scope of the simpler approaches. The cost of using
CFD in comparison to other approaches is the computational cost, as calculating a single operating point can
take hours in comparison to minutes with lower dimensional approaches.

4.3. Discussion

The CFD-based database design algorithm shows great promise for rapid testing of different geometries and
operating conditions. Automatic meshing and CFD setup reduced design time dramatically and reduces the
probability of setup or meshing errors. The design methodology presented shows that this approach can
identify efficient ejector designs, and is an ideal candidate of automation. A fully automated design algorithm
based on this approach is left for further work.

Another potential application for this database design tool is to generate data samples for a machine learning
algorithm. This work is under way, and could potentially identify more optimal designs by using advanced
optimization methods on ejector design data.

5. CONCLUSIONS

An automated approach for generation of CFD databases of ejectors is presented. This approach can generate
CFD data for a generic ejector geometries and at a wide range of operating conditions. The layout and structure
of the program is explained and discussed and the algorithm is used for an ejector design case for an industry
partner. The algorithm was able to drastically speed up the design process and gave an efficient final design.
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The benefits of using CFD models is discussed and the ejector operation at off-design pressure lifts are
investigated.
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NOMENCLATURE
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1

Introduction

The EjectorDesigner software is an OpenAccess software for ejector design
and performance mapping. The software is based on automatic generation
of large CFD databases using ANSYS Fluent []. The data is analysed using
the Gaussian Process Regression code from the SciKit learn packages. Due
to propriatary restrictions, the multiphase HEM model can not be shared.
However, it can be replaced with minor alterations to the code. The scripts
are written in Python [], using the following packages:

Pandas - For structuring and analysing larger databases

Numpy - For matrix and vector operations

+ OS - For directory tree organizing

+ Matplotlib - For plotting

CoolProp [] - For refrigerant property evaluations

SciKit Learn GPR [] - For machine learning predictor and other useful
tools

Threading - Used for running multiple instances of Fluent simultane-
ously

For details on the models or design tool, see the authors thesis and journal
publication (open access):
citation
URL: Not yet published
citation
URL: Not yet published



2 Brief overview

The code is structured based on the creation of a working case (WR). This
working case contains the settings that will be applied, the database, the
CFD results, and CFD meshes. These are organized into their corresponding
folders in each cases tree structure, see the the directory structure below.

To generate a new case, the makeCase() -function is available in the
main.py script. The case settings for the case can then be set, discussed
further in Section 4. When running the main program, the settings files are
based on the files in the folder </CurrentSettings>. When a new case is loaded
(loadCase()- function in main.py), the working case’s settings are put into the
in the </CurrentSettings> folder.

After the settings have been specified, the MakeDatabase()- function can
be run in main.py to generate a uncalculated database, ie. without any results.
To fill the database with results, the UpdateDatabase()- function can be run in
main.py to start the calculations. After the calculations are done, the database
can be found in the working case tree structure under </Results>.

To analyse the database results, the pandas dataframes can be used
directly or the data analysis tools can be used. The data analysis tools
includes the GPR prediction tool. To use this copy the database into the
</DataAnalysis>- folder and run the wanted analysis scripts.

EjectorGPR/

Cases/
your_case_name/
Meshes_and_cases/
Results/
Database_and_results
PreviousResults/
Settings/
settings_files
CFDinterface/
CFD_pre_and_post_code
Sampling/
sampling_code
DatabaseInterface/
database_interface_code
CurrentSettings/
settings_files
main.py
CFD_calculation_tools

DataAnalysis/



3 User example

3.1 Generating a database

This example will illustrate how to generate a database with 5 ejector geometries
features and N=200 samples (Lmix, o, Dmo, Dout, Dmix). The design point is set
to: Py = 85 [bar], T, = 30[°C], Ps = 33 [bar], Ts = —2[°C], Py = 5 [bar]. The
analysis of the database with the GPR tool is also presented. To start a case named
‘Example_Case’ is generated with the command:

MakeCase('Example_Case_Dmix_Lmix")

This generates the folder </Example_Case> in the folder </Cases>. In this folder,
the following changes are made to the settings (see Section 4 for more information
about the settings):

+ The geometry parameters in BaselineConditions are changed to correspond
with the ejector geometry presented in the Article [], restated in Table 1.

+ The operating conditions in BaselineConditions are changed to match the de-
sign point.

+ The settings in SamplingSettings are changed as shown below.

« If a different Fluent-case name is used than EjectorSolver.cas this needs to be
specified in CFDSettings.

+ Choose the number of cores you want to use for your CFD calculation in CFD-
Settings, according to your RAM and core count. These are chosen by defining
the variables : <NumberParallel> and <NumberCoresPerParallel>, and will use
NumberParallel x NumberCoresPerParallel cores on your computer.

Loading this case (notice that the </CurrentSettings> folder is updated), the
database can be generated by running:

LoadCase('Example_Case_Dmix_Lmix")
makeDatabase()

This produces the uncomputed pre-database, TestPointMatrix.csv, in the </Re-
sults> subfolder of the working case.
The results from this database can be calculated by running:

updateDatabase()



The program will start running and the computations will start on your local
computer. If the program is stopped during calculation, it can easily be restarted
by running this command again. As the program is running, the database file De-
fault_database.csv (name chosen in settings), found in the </Results> subfolder, will
be filled with data from the post processing of all completed calculations.

When all the calculations are completed, the Default_database.csv can be anal-
ysed, shown in the following sections

#in SamplingSettings
samplingBool=true
NumberOfSamples = 200

samplingMode = 'LinearLatinHyperCube’

featureDict = {

"Pm":0,

"Ps":0, #1in SamplingSettings

"Po":0, SamplingMinDict = {

"hm" :0, "DmotiveOut":0.00141+0.00003,
"hs":0, "Dmix" :0.00141+0.00003,

"LintletConst":0,
"DmotiveIn":@,
"DmotiveOut":1,
"Dthroat":9, }
"alphaMotiveDiff":@,
"alphaMotiveConv":@,

"Lmix" :0.001,
"alphadiff":0.1,
"DdiffOut":1e-3,

SamplingMaxDict = {

"Lmch" :0,
"alphaSuction":0,
"Lsuction”:@,
"Dmix":1,

"Lmix":1,
"alphadiff":1,
"Ddiffout":1,
"Loutlet”:0,

"Dsuc" :9,
"ThicknessNozzle" :0,

"ThicknessNozzleOuter":9,

}

"DmotiveOut" :20e-3,
"Dmix" :0.00141 * 10,
"Lmix" :0.004%50,
"alphadiff":90,
"DdiffOut" :20e-3,



Table 1. Available features and their parameter sampling range for LHC-

sampling algorithm.

Parameter amin Amax
Dm—outv [mm] Dthroat 1.5 Dthroat
Lmix; [mm] 0 50 Dmix
Dmix: [mm] Dthroat 10 Dthroat
Ddiff! [mm] Dmix 10 Dmix
ag, [°] 1 90

3.2 Data analysis

To analyse the database, several tools are available. The database can be loaded
into a Pandas dataframe to gather information about the simulations. For more
information about the Pandas dataframes see the Pandas documentation. To anal-
yse the data using GPR machine learning, the data (Default_database.csv) is copied
into the </DataAnalysis> folder. This example shows how the GPR function is used
for plotting heat maps of design variables. For more details on usage of the SciKit
Learn GPR model and the SciKit learn toolset, see [?]. The primary options are set

as:

trainBool=True
displayBool=True
optimizeBool=False

csvname='Default\_database.csv'

df = pd.read_csv(csvname)
features = ["DmotiveOut",
output = ["eff"]

seed = 2

quan,

”Lmix”,

"alphadiff",

"Ddiffout"]

The trainBool boolean variable is set to true the first time you run a model. It tog-
gles wether the GPR model is trained using the csvname file as the database. It can
be set to false if you do not want to retrain the GPR model, but use the previously

stored GPR model.

The trainBool boolean variable toggles if you wish the heat maps to be plotted.

The optimizeBool boolean variable toggles if you wish the optimization using gradi-
ent descent to be used on the GPR response-surface mapping.
The features list must contain the names of the variables that you chose as features

to be sampled in the database.

The output varible is the output you wish to predict using GPR. Here, the ejector ef-
ficiency, "eff", is used, however it can be exchanged for entrainment ratio, "ER" other

KPI's.
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Figure 1: Output heat map from GPR model trained on the database.

The seed vaiable is used in randomization, and can be changed to see how different
GPR realizations look like.
Running the program produces the following outputs:

Training GPR model

Model trained

Avg abs error: 0.031275220

Avg square error: 0.002739662

0.104%%2 * RBF(length_scale=[4.01, ©.361, 1.54, 1.71, 300])
+ WhiteKernel(noise_level=0.000183)

Where the last line is the optimized kernel that was trained, and the output plot is
shown as Figure 1.

4 Settings

The settings in the working case folder is organized into different files for different
applications.

+ The BaselineConditions settings are the settings where the geometry and op-
erating condition variables are set. If a feature is sampled, these values are
ignored.



The CaseSettings file includes the names and locations of the folder locations
for that working case. This is setup automatically if the MakeCase()- function
is used.

The CFDSettings file includes the numerical CFD calculation parameters (re-
laxation parameters, CFL numbers). In addition the calculation parallelization
core counts are set here, see Section 3.1.

The DatabaseSettings includes the names of the different variables and out-
puts in the database. Does not need to be changed for ejector calculations.

The MeshingSettings includes the ManualMesh toggle boolean variables for
manual meshing, where instead of the standard mesh names, the MeshName
variable is used. The meshing algorithm includes different meshing strate-
gies, set with meshingMode. If meshingMode is set to "Const_mix_number"
a constant number of cells across the mixing section will be generated by
the meshing script. This constant number of cells is set with the variable
Ncells_mix.

The SamplingSettings file has the settings for the database sampling. Database
sampling is turned off or on with the SamplingBool variable. If the database
is sampling, the number of samples used in the database is set by the vari-
able NumberOfSamples. The sampling only applies to features specified for
sampling. These features are chosen by setting the featureDict dictionary. If
a feature is assosiated with a 1, then that feature is sampled. Otherwise, if it is
a 0, then that feature is not sampled. The features are then sampled between
a minimum value and a maximum value. These values are specified for each
variable in the SamplingMinDict and SamplingMaxDict dictionaries. For now,
only the "LinearLatinHyperCube" choice is availalbe for the samplingMode.
The latin hypercube approach samples the feature space very efficiently, with
low overlap.
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