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Abstract

The operational and geometrical parameters greatly impact performance metrics
of an ejector. The current research employs numerical methods to analyze how
geometric parameters influence a steam ejector performance when applied in re-
frigeration system. The standard ejector studied by Dong et al. using steam as
the working fluid is investigated in this research. The study considers two lengths
of the mixing chamber: [,, = 20mm and 60 mm. The primary nozzle position
(NXP) is systematically changed in mixing chamber as it is moved towards the
constant area section (CAS). This study is carried out for four different values of
Mach numbers: Ma = 2, 3, 4 and 5. These Mach numbers are achieved by varying
exit diameters of nozzle. A commercial computational tool ANSYS Fluent is used
to perform the simulations. The performance parameters under investigation are
the entrainment ratio (w) and the critical back pressure (P..). Numerical solution
procedure is validated by comparing the present results against the literature. It
is observed that Ma = 2, 3 and 4 are the cases of under-expansion with decreasing
level of intensity in the order, whereas, Ma = 5 is the case of over-expansion. The
shock train generated by the primary fluid jet decides the available area for entrain-
ment of vapor coming from evaporator (secondary vapor) and eventually dictates
w. The P, increases as momentum of fluid increases; however, an increased ve-
locity of the jet may result in stronger secondary shock in the diffuser of ejector
thereby decreasing P... It is observed that both the performance metrics, i.e., w
and P,. become independent of the Mach number existing at the exit plane of the
primary convergent-divergent nozzle when its exit is at the inlet plane or inside
the unifor area section. For [,, = 20 mm, performance parameters are maximum
at NXP = -10 mm corresponding to a primary nozzle distance of 30 mm from the
inlet of the constant area section. Similarly, for /,, = 60 mm, the maximum values
of performance parameters are reported at NXP = 20 mm which corresponds to
the primary nozzle distance of 40 mm from the inlet of the constant area section.
This suggests that the steam ejector performs best when the primary nozzle exit
is placed at a distance of 30 — 40 mm from the inlet plane of the CAS, irrespective

of the primary nozzle Ma number.
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Chapter 1

Introduction

1.1 Motivation

The demand for energy-efficient and environmentally sustainable cooling tech-
nologies is increasing day by day, particularly in light of the significant energy
consumption associated with conventional vapor compression systems. Currently,
vapor compression refrigeration and air conditioning systems contribute to roughly
20% of global electricity consumption [1]. This poses a significant demand for
energy resources and results in the generation of high greenhouse gas emissions.
The reliance on energy-intensive compressors, which require electricity to maintain
cooling, highlights the need for alternative technologies that can achieve similar

cooling performance with reduced environmental impact.

An alternative solution lies in the use of ejector-based refrigeration systems, which
eliminate the need for compressors and instead rely on ejectors powered by solar
energy or waste heat. Ejectors utilize low-grade heat to drive the refrigeration
cycle, offering a low-cost alternative that is particularly suited to regions with
ample solar resources or industries with waste heat available. This approach re-
duces the electricity demand and enables the utilization of renewable or otherwise

underutilized heat sources, aligning with sustainable energy objectives.

Implementing ejector-driven refrigeration systems presents multiple benefits. By
reducing reliance on high-quality electrical energy, these systems can lessen peak

1



Introduction 2

loads on electric utility providers, contributing to grid stability and resilience.
Furthermore, with reduced electrical input, ejector-based systems can significantly
lower greenhouse gas emissions compared to conventional methods, contributing
to climate change mitigation efforts. These advantages underscore the potential of
ejector-based cooling systems to transform the refrigeration and air conditioning
sectors by providing an energy-efficient, environmentally friendly alternative to

vapor compression systems.

1.2 Ejector Refrigeration System

The process flow diagram representing the operation of ejector operated refrig-
eration system indicating the key components, is shown in Figure 1.1. In this
system, a generator or boiler produces high-pressure and high-temperature refrig-
erant vapor by utilizing waste heat or solar energy. This vapor, referred to as
the primary vapor, serves as the driving force for the system. The primary va-
por (denoted as state 1) enters the ejector, where it undergoes expansion in the
primary converging-diverging nozzle, accelerating to supersonic velocities. This
expansion creates a zone of low-pressure in the mixing chamber of the ejector, re-
sulting a pressure gradient between an evaporator and the ejector. This pressure
gradient drives the flow of secondary refrigerant vapor into the ejector (state 2),
which comes from the evaporator of the refrigerator. Inside the ejector, both the
secondary and the primary vapor streams mix, and the resulting mixture is com-
pressed through a series of shock waves. The compressed vapor stream exits the
ejector (state 3) and enters the condenser, where it undergoes the condensation
phase change into a liquid state. The liquid refrigerant coming out of the condenser
(state 4) is subdivided into two parts. One part flows back to generator (state 5)
after being pumped through a liquid recirculation pump, while the other stream
passes through an expansion device and enters the evaporator (state 6). Inside
the evaporator, the working fluid /refrigerant absorbs heat from its surroundings,

causing it to evaporate and produce the desired cooling effect.

1.3 Ejector — The key Component

The ejector serves as the core device in the ejector operated refrigeration system,

playing critical function to determine system’s overall performance. Its design
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FIGURE 1.1: Schematic of an ejector refrigeration system

and operation significantly influence the efficiency of the entire refrigeration cycle.
Figure 1.2 presents a schematic of the ejector along with its pressure and velocity
profiles, illustrating the operational principles [2]. A high-pressure primary vapor
produced by generator enters the ejector at inlet point ‘17 Within the primary
converging-diverging nozzle, this vapor undergoes expansion, accelerating to su-
personic velocities. This process generates low-pressure pockets at the exit region
of the primary nozzle, facilitating the flow of secondary vapor stream from the
evaporator at point ‘2.” The pressure differential between the evaporator and the

ejector drives this secondary flow.

The primary vapor emerging from the nozzle fans out, creating a converging pas-
sage that induces the acceleration of the vapor stream coming from the secondary
source (evaporator) to sonic velocity. This critical velocity occurs at a hypotheti-
cal area referred to as the “effective area,” representing a virtual throat where the
two streams interact dynamically. Beyond this point, the primary and secondary

vapor streams begin to mix. The mixed stream continues through the ejector,
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FIGURE 1.2: The schematic diagram of an ejector along with the velocity and
pressure profiles at the centerline during the operation.

where complete mixing occurs in section ‘3’ called the “constant area section”.
A shock wave is generated in this section based on the upstream flow conditions.
This shock wave facilitates compression by increasing the pressure of the mixed
stream and transitioning it to subsonic flow conditions at point ‘4.” The subsonic
mixed stream undergoes further compression in the diffuser section before exiting
the ejector at point ‘5’ and entering the condenser. This intricate process en-
sures effective energy transfer and contributes to the desired performance of the

refrigeration system [2].

1.4 Ejector Models Based on Primary Nozzle

Position

1.4.1 Constant Pressure Mixing

This model has been widely adopted by researchers investigating ejector refrig-

eration systems [3]. This model serves as a benchmark for understanding and
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Constant
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FI1GURE 1.3: Constant pressure mode of ejector operation

analyzing the flow dynamics within ejectors. According to this model, the mix-
ing of the primary vapor stream coming from the generator and the secondary
vapor stream coming from the evaporator takes place at a constant pressure, as

illustrated in Figure 1.3.

A shock wave may develop in the CAS to compress working fluid. After the
constant area section (CAS), diffuser section then further compresses the subsonic
fluid, resulting in an additional pressure rise. The key assumptions employed for

this model are as follows.

1. Stagnation properties at the entry and the outlet of the ejector
2. Uniform flow velocities at all the sections of the ejector
3. Constant pressure mixing of the fluid streams

4. The shock wave creates subsonic flow in the CAS

The mathematical models governing the flow of fluid in the ejector include the
continuity, momentum and energy equations. Additionally, the refrigerant may be

treated as an ideal gas.

1.4.2 Constant Area Mixing

In this case, primary jet exits in the CAS. Therefore, primary and secondary

streams of working fluid will mix in the CAS. Apart from mixing method and
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FIGURE 1.4: Constant Area Model of Ejector Operation

the specific region where mixing occurs, the assumptions used for analyzing the
flow within this ejector are consistent with those of the one-dimensional constant-
pressure ejector flow model. Figure 1.4 schematically shows the constant area

mixing ejector.

1.5 Performance Indicators of an Ejector

The efficiency and effectiveness of an ejector are evaluated based on the following

performance metrics.

1.5.1 Entrainment Ratio (w)

It is the ratio of the mass flow rate of refrigerant coming from the evaporator
(secondary flow) and the mass flow rate of refrigerant moving through primary
nozzle. The mathematical expression for w is
m
w=— (1.1)
mp
Where myg stands for mass flow rate of the refrigerant vapor coming from the
secondary source, i.e., evaporator while m, indicates the primary refrigerant mass

flow rate coming directly from the generator.

1.5.2 Coefficient of Performance (COP)

It is defined as
meA\h,

COP =
MipAhy + Winee
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Where, Ah, and Ah. are the enthalpy changes in the generator and evapora-
tor, respectively, while W,,.. is the mechanical energy required by the pump and
can be neglected. Incorporating the definition of the entrainment ratio into the

Equation (1.2) yields the mathematical form of COP as follows

Ah,
Ah,

COP =w (1.3)

Therefore, COP is dependent on w of the system.

1.5.3 Pressure Lift Ratio (PLR)

It is a measure of the degree of compression attained through the operation of an
ejector. It is defined as ratio of static pressure at the diffuser exit to the static

pressure in the evaporator.

1.5.4 Critical Back Pressure (P.)

It is the maximum value of condenser pressure after which the w starts decreasing.
This corresponds to a decrease in the working capacity of the system. An ejector
having a large value of the P.. will make sure a smooth working of the system
over a wider range of operational conditions without any fluctuation in the system

performance.

1.6 The Modes of Ejector Operation

There are three modes of operation of the ejector based on the condenser pressure

of the system. These three modes are schematically presented in Figure 1.5.

1.6.1 Critical Mode

If the condenser pressure P. is less than the P.., then the ejector will operate
at its maximum design entrainment ratio. This mode is also called the double
choking mode because both streams will flow at its maximum capacity, i.e., both
the streams are choked. Operating the ejector in critical mode is preferred because

it ensures the most stable and reliable performance.
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FIGURE 1.5: Modes of the ejector operation

1.6.2 Sub-critical Mode

An ejector is said to be operating in the sub-critical or the single choking mode
if P,. < P. < P, as illustrated in Figure 1.5. In this mode of operation, the
compression wave or the shock wave travels into mixing chamber, disrupting the
mix up of secondary and primary refrigerant streams. Consequently, the choking
is not attained for the flow coming from the evaporator side, i.e., the secondary
flow. The flow becomes unstable and the secondary flow rate to fluctuates causing

the entrainment ratio to decrease significantly.

1.6.3 Back Flow Mode

In this mode of operation, P. > P., and the functionality of the ejector is to-
tally seized. This mode of ejector operation will lead to the failure of associated

refrigeration system.

1.7 Working Fluid — Refrigerant

The choice of refrigerant is an important consideration from the point of view of the

performance of an ejector refrigeration system. Selecting an appropriate refrigerant
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can significantly enhance system efficiency. Researchers have explored a wide range
of refrigerants tailored to specific operating conditions, economic constraints, and
environmental considerations. A suitable refrigerant should ideally possess the

following characteristics [4], [5]:

1.7.1 Chemical and Environmental Stability

The refrigerant must have chemical stability, readily available, non-flammable,

non-corrosive, non-explosive, environmentally safe, and economically viable.

1.7.2 High Latent Heat of Vaporization

It minimizes the required mass flow rate, thereby reducing power requirements

and enhancing the COP.

1.7.3 Specific Heat Properties

For optimal system performance, the refrigerant should possess a low specific heat
capacity in the liquid phase to facilitate effective subcooling, allowing the refriger-
ant to store more thermal energy while remaining in the liquid state. Additionally,
a high specific heat capacity in the vapor phase is desirable to restrict the extent of
the superheating region, thereby ensuring better thermal regulation. These com-
bined characteristics contribute significantly to enhancing the overall efficiency of

the system.

1.7.4 Moderate Pressure at Boiler Temperature

At the boiler operating temperature, the fluid’s pressure should remain within
moderate limits. Excessively high pressures would necessitate the use of robust and
heavy-duty pressure vessels, increasing material costs and structural complexity.
Additionally, higher pressures would place greater demands on the pump, resulting

in increased energy consumption and operational costs.
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1.7.5 Favorable Thermal and Viscous Transport Proper-

ties

Properties such as viscosity and thermal conductivity should support efficient heat

transfer.

1.7.6 Compressibility Factor Close to Unity

A refrigerant with a compressibility factor near 1 simplifies the design process by

making the ideal gas assumption more applicable to ejector design.

1.7.7 High Molecular Weight

A higher molecular weight enables the use of smaller ejector components for a
given system capacity, simplifying construction and enhancing performance. Ex-
perimental observations suggest that increasing molecular weight improves the

entrainment ratio, COP, and ejector efficiency.

1.8 Flow Structures in Ejector

Ejector refrigeration systems represent an innovative approach to cooling, em-
ploying thermal energy instead of a traditional mechanical compressor to drive
the refrigeration cycle. This unique design makes use of an ejector, which com-
presses refrigerant vapors through a series of shock waves generated within the
ejector itself. The thermally driven nature of this system, along with the inherent
simplicity of the ejector mechanism, makes it highly attractive for applications
in the refrigeration and air conditioning industry. Additionally, the absence of a
mechanical compressor offers an environmentally friendly alternative, as it reduces
reliance on electricity and lowers greenhouse gas emissions, aligning well with sus-
tainable energy goals. Performance of an ejector refrigeration device, however, is
not straightforward and is influenced by a complex interplay of operational and
geometric parameters. Parameters such as the ejector’s geometry, the nature of
the working fluid, and operational conditions (such as pressure and temperature)

have significant impacts on system performance. These parameters do not only
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FIGURE 1.6: Shock waves structures generated in CAS of an ejector [6]

affect overall efficiency but also interact in complex ways within the ejector. A
unique aspect of the ejector mechanism is the creation of a series of shock waves
as the fluid moves through it. These shock waves are crucial for the compression
process, as the shock-shock and shock-ejector body interactions directly influence
the refrigerant’s flow dynamics and overall energy transfer in the system. The Fig-
ure 1.6 presents a variety of shock wave structures generated within the the CAS

of the ejector and their complex interactions for various ranges of Mach numbers

6).

A notable challenge in optimizing ejector refrigeration systems lies in the variabil-
ity of system behavior across different working fluids and geometric configurations.
Each fluid interacts uniquely with the shock structures within the ejector, requir-
ing careful selection and analysis to achieve optimal system performance. As a
result, researchers are actively investigating the impacts of various operating and
geometric parameters to develop a clearer understanding of ejector dynamics. The
goal of the current research is to establish general conclusions regarding the behav-
ior of ejector refrigeration systems under different configurations and conditions,
which would facilitate their widespread application and improve their efficiency

for industrial and commercial uses.

1.9 Objectives

This thesis presents a numerical study conducted using ANSYS Fluent to explore

the effects of two key geometric features of ejector on its performance metrics
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for a standard steam ejector designed by Dong et al. [7] for refrigeration appli-
cations. Specifically, it focuses on the position of the primary nozzle inside the
secondary nozzle, i.e., NXP and the mixing chamber length (I,,), examining how
this positioning affects system performance. In this study, two different lengths
of the mixing chamber are considered to assess their influence on performance.
The main performance metrics evaluated are the P.. and the w. The performance
parameter w serves as an indicator of the COP of the system, offering insight into
its efficiency. All other operational and geometric conditions are maintained as
specified in the reference study by Dong et al. [7], allowing for a focused analysis

of the selected parameters.

1.10 Thesis Layout

The thesis layout is as follows:

Chapter 1 outlines the motivation and objectives of the research. It also provides
a concise overview of the ejector refrigeration system, including its key character-

istics, flow structures inside the ejector and performance metrics.

Chapter 2 reviews the relevant literature, establishing the foundation for this study
and positioning it as a novel contribution to the field. This chapter discusses prior
research on ejector refrigeration systems, highlighting the research gaps that this

thesis aims to address.

Chapter 3 outlines the problem formulation, presenting the geometrical details of
the system under study. It describes the numerical solution procedure employed

in this research, including grid convergence and validation studies.

Chapter 4 presents a comprehensive analysis of the results, focusing effects of se-

lected geometrical variables on the efficiency and output of an ejector refrigeration
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system. This discussion examines flow structures within the ejector and interprets

the implications of these results with respect to efficiency and overall performance.

Finally, Chapter 5 provides the conclusions of the thesis work, summarizing the
key findings and offering insights into potential areas which need more research

efforts.



Chapter 2

Literature Review

2.1 Development of Ejector Technology

Sir Charles Parsons first invented the ejector in 1901, with its initial application
being in a steam engine condenser. In 1910, Maurice Leblanc introduced the ejec-
tor into the field of refrigeration, marking its first use for cooling applications.
By the 1930s, ejector-based refrigeration systems had gained recognition and were
applied in air-conditioning systems [2]. However, the advent of vapor compression
refrigeration systems posed a significant challenge to ejector refrigeration systems.
The superior performance and efficiency of vapor compression systems led to their
widespread adoption, overshadowing the development of ejector refrigeration tech-
nologies. Interest in ejector refrigeration systems was revived following the energy
crisis of the 1970s, as energy shortages in certain regions heightened the need for
alternative and renewable energy solutions. This period saw a rapid expansion
in research and development of renewable energy technologies, particularly solar
energy. Concurrently, solar cooling systems, including ejector-based refrigeration
systems, became a growing focus for researchers aiming to develop sustainable and

energy-efficient cooling technologies.

2.2 Key Contributions in Literature

Extensive literature exists on ejector refrigeration systems, reflecting the growing
interest and advancements in this field over time. Several review papers have pro-
vided comprehensive summaries of these developments, consolidating knowledge

14
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and highlighting key contributions. Among these, Besagni et al. [8]. presented an
extensive review focusing on the use of ejectors in air conditioning and refrigeration
systems. Their research provides significant perspectives on the development of
ejector-based technologies and highlights their importance in contemporary cool-
ing systems. Tashtoush et al. [9] conducted another notable review that examined
ejector design methods, performance characteristics, and applications in refrigera-
tion systems. Their study also emphasized the geometric aspects of ejector design,
discussing how advancements in geometry have been utilized to improve system

performance.

The efficiency of an ejector in an ejector-based air conditioning and refrigeration
system is significantly influenced by both the operational and geometrical param-
eters. Several authors have explored the effects of operational parameters on the
ejector performance. Pianthong et al. [10] conducted numerical simulations to
analyze the effects of boiler and evaporator temperatures on the steam ejector
refrigeration system using CFD code. Their results highlight optimum operating
conditions regarding the design of an ejector for refrigeration applications. Guo
et al. [11] performed thorough investigation to analyze the system performance
for a range of operating parameters which they declared as the “full operating
conditions”. They validated their model for a number of refrigerants and got good
results. Anan et al. [12] proposed double-stage ejector refrigeration system and
presented results for four refrigerants: R600a, R134a, R1234yf and R290. Zeinab
Sajjadi et al. [13] proposed a novel designed ejector cooling system and evaluated
the effects of variation in the operational parameters on the system performance.
Ogaili et al. [14] performed detailed analysis of ejector refrigeration cycle inte-
grated with parabolic trough and organic Rankine cycle. They evaluated the
economic performance analysis that is crucial for the widespread utilization of the

technology.

The geometrical parameters of the ejector plays a critical role in determining the
performance of the ejector refrigeration system. The important geometrical pa-
rameters include the position of the primary nozzle in the mixing chamber, the
length of the mixing chamber and the primary nozzle throat diameter, the di-

ameter of the constant area section and the diffuser geometry. Additionally, the
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choice of working fluid is another vital consideration, as it impacts not only the
system’s performance but also its environmental sustainability. The selection of an
appropriate refrigerant requires careful analysis to balance thermodynamic prop-
erties with ecological concerns. The literature includes numerous studies where
researchers have explored various geometrical parameters to evaluate their effects
on performance metrics such as the entrainment ratio, critical back pressure, and
system efficiency. These investigations have provided valuable insights into opti-

mizing ejector designs for enhanced functionality and environmental compliance.

Aphornratana and Eames [15] conducted experiments on an ejector refrigerator
using steam as the working fluid with an axially adjustable primary nozzle. The
study examined the effects of nozzle position on the coefficient of performance and
cooling capacity. Varga et al. performed a numerical study to examine the effects
of area ratio, constant area section length and the primary nozzle exit position
(NXP) on the performance of a steam ejector. They suggested the integration of
a spindle within the primary nozzle as a means to regulate and optimize the pri-
mary flow rate. This design modification enables better adaptation to fluctuating
operating conditions, ensuring more precise control over the flow dynamics and
enhancing the overall efficiency of the system [16]. Ma et al. carried out an ex-
perimental investigation focusing on an innovative steam jet refrigeration system
specifically engineered for applications utilizing solar energy. The system utilized
a spindle to regulate the primary flow within the ejector, enabling precise control

and achieving optimal operational performance and coefficient of performance [17].

Ruangtrakoon et al. [18] experimentally investigated a 1 kW steam jet refrigera-
tion system using eight primary nozzles with varying geometries. A total of six
nozzles were designed with throat diameters varying from 1.4 mm to 2.6 mm, each
nozzle achieving a Mach number of 4.0 at the exit. The other two nozzles, both
having a 1.4 mm throat diameter, were distinguished by exit Mach numbers of
3.0 and 5.5, respectively. The results demonstrated that the geometric param-
eters of the primary nozzle significantly influenced ejector performance and the
system’s COP. A numerical study was also performed by Ruangtrakoon et al. [19]
in which they examined in detail how different primary nozzle geometries influence

the performance characteristics of an ejector when used within a jet refrigeration
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system utilizing steam as the refrigerant. Mach number contours were analyzed
to illustrate the mixing processes within the ejector. The findings of the study
highlighted that two key factors significantly affected the performance of the ejec-
tor: the location of shock waves within the mixed fluid flow and the expansion
angle of the primary fluid jet stream as it traveled through the mixing chamber.
These elements were determined to play a crucial role in optimizing the ejector’s

operational efficiency.

Pereira et al. [20] conducted an experimental study using the first laboratory-scale
variable geometry ejector (VGE) with isobutane (R600a) as the refrigerant. The
research was designed to have control and vary two important geometric parame-
ters: the ejector area ratio and the exit position of the primary nozzle. The out-
comes of the investigation showcased the exceptional performance of the ejector,
emphasizing the importance of these parameters in achieving optimal efficiency
with the COP wvalues in the range 0.4 - 0.8, based on the operational parame-
ter conditions. Additionally, the advantages of the variable geometry design were
compared to those of a fixed geometry ejector. For instance, at a condenser pres-
sure of 3 bar, the variable geometry ejector achieved an 80% improvement in COP
compared to the fixed geometry configuration. Chen et al. [21] experimentally
confirmed that the nozzle exit position is a critical structural parameter influenc-
ing ejector performance. Their study examined the critical entrainment ratios at
various nozzle exit positions, revealing that the critical entrainment ratio initially

increases with the nozzle exit position before reaching a constant value.

Understanding the crucial role of geometric parameters, Yan et al. [22] carried out
an experimental study to assess how three specific geometric parameters influence
the performance of an ejector operating with R134A as the working refrigerant.
These parameters included the nozzle exit position, the length of the constant-
area section, and the diverging angle of the primary nozzle. The research aimed
to provide a comprehensive understanding of how these design variables impact
ejector efficiency and functionality. The findings indicated that the nozzle exit
position had a more pronounced effect on the ejector performance as compared to
the other two parameters. Furthermore, the study identified the most effective ge-

ometric configurations and associated dimensionless parameters, which were then
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compared with those observed in systems functioning at reduced condensation
pressures. This investigation offered clear and practical design recommendations
for ejectors, making them more applicable and useful in real-world engineering
scenarios. Fu et al. [23] also carried out a numerical investigation to examine the
impact of the primary nozzle parameters on the performance of steam ejectors.
Their analysis focused on the effects of the primary nozzle outlet diameter and
length of the divergent section under varying entrained stream pressures. The
findings revealed a significant increase in the entrainment ratio as the nozzle out-
let diameter is increased up to an optimal value, after which it begins to decline.
This indicates the existence of an optimal range for the nozzle outlet diameter
that maximizes ejector performance. Additionally, it was observed that the diver-
gent section length has a relatively minor influence on overall ejector performance.
Further investigating the role of primary nozzle position in the ejctor performance,
Zhang et al. [24] carried out a comprehensive numerical analysis to investigate the
variations in the nozzle position and its impact on the key performance metrics
of an ejector. Specifically, the study focused on evaluating the pressure lift ratio,
entrainment ratio and the overall efficiency of the ejector utilizing R600a as the
working fluid. The findings of the study suggested 6 mm as an optimal nozzle
position determined under specific operating conditions and a set ejector geom-
etry. This configuration was shown to deliver the highest entrainment ratio and
maximize overall ejector performance. Nevertheless, enhancing the entrainment
ratio necessitates a greater suction flow mass and a corresponding increase in en-
ergy input. As a result, the system’s ability to achieve a significant pressure lift
remains relatively constrained. Further exploring the critical role of the primary
nozzle in the ejector’s performance, Thongtip and Aphornratana [25] performed
experiments to investigate the influence of the primary nozzle on the ejector per-
formance using R141b as the refrigerant. The study varied the primary CD nozzle
area ratio to gauge its impact on the performance metrics of an ejector. A set
of six primary nozzles with different throat diameters, area ratios, and exit Mach
numbers were tested. The analysis focused on how changes in the primary nozzle
throat diameter and exit Mach number affected the momentum of the primary
flow and, consequently, the ejector’s performance. The findings suggested that

a larger nozzle throat, operating at lower boiler/generator temperatures, is more
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effective. Additionally, the primary nozzle exit Mach number should be maxi-
mized, and the exit diameter must be compatible with the mixing chamber design
for optimal performance. Ramesh and Sekhar [26] emphasized the importance of
a comprehensive knowledge of the ejector operation in order to understand and
improve the performance of ejector-operated refrigeration systems. Their study
focused on the critical geometrical factors, including the mixing chamber angle
entraining the secondary flow and the primary nozzle position (NXP), in a steam-
operated ejector. They performed their investigation using both CFD simulations
and experimental techniques. They examined the interaction between operational
conditions and these geometrical parameters, identifying optimal values under spe-
cific conditions. For an evaporator capacity of 0.7kW at a cooling temperature
of 10 10° C, a mixing chamber angle of 12 degrees and a primary nozzle position
of 24.7 mm yielded the best results, corresponding to generator and condenser
pressures of 2 bar and 43 mbar, respectively. Yan et al. [27] made significant
changes in the working cycle and proposed a novel ejector-based multi-evaporator
refrigeration cycle, targeting its application in refrigerated truck systems operating
in tropical regions. Through numerical investigations utilizing CFD techniques,
they optimized the geometries of the ejector’s primary nozzle for both fixed and
variable NXP. Key contributions included identifying the optimal primary nozzle
throat diameter to meet the cooling demands under specific operating conditions.
For a fixed primary nozzle position (NXP), they extensively analyzed the effects
of the angle and the length of the converging portion of the primary nozzle on the
system performance.

Thongtip and Aphornratana [28] conducted an experimental investigation to ex-
plore the impact of varying primary nozzle area ratios on the operational per-
formance of an ejector refrigeration system utilizing R141b as the working fluid.
The study focused on three distinct primary nozzles, each designed with the same
throat diameter but differing in area ratios, which resulted in variations in their
exit Mach numbers. These nozzles were tested in combination with a mixing
chamber featuring a throat diameter of 9mm. The researchers identified two key
evaporator temperature thresholds: the lower and upper critical evaporator tem-
peratures. The results demonstrated that changes in the nozzle exit Mach number,

along with adjustments in the primary fluid mass flow rate achieved by varying the
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generator temperatures, significantly influenced these critical temperature points.
These variations, in turn, had a pronounced effect on the overall performance of
the ejector system. Focusing the geometry as the key player in the performance,
Van Nguyen et al. [29] carried out an experimental study to assess how a vari-
able geometry ejector (VGE) design influences the performance of a solar-powered
ejector air-conditioning system with a cooling capacity of 1.5 kW. The research
focused on understanding the effects of adjustable ejector geometry on system
efficiency, aiming to enhance its suitability for solar-driven cooling applications.
The study demonstrated that the VGE outperformed the fixed-geometry ejector in
terms of adaptability and efficiency. The variable geometry ejector (VGE) design
featured two key adjustable components: a movable spindle (SP) and a nozzle
exit position (NXP) that could be altered to adapt to changing operating con-
ditions. The experimental results demonstrated that the cooling cycle operated
consistently and reliably across all test scenarios. Both the NXP and SP were
shown to have a significant impact on the overall performance of the system. An
optimal primary nozzle position was found, which remained unchanged regardless
of variations in operating conditions. In contrast, the optimal position of the SP
was found to be dependent on specific operating parameters, highlighting its role
in fine-tuning system performance for varying scenarios. Galindo et al. [30] also
conducted a performance evaluation of two solar-driven jet-ejector refrigeration
system architectures using numerical methods. The first system employed a jet
ejector with a fixed geometry, where the area ratio remained constant during op-
eration. In contrast, the second system was equipped with an adjustable spindle
mechanism that allowed for dynamic modification of the jet ejector’s area ratio.
The experimental results revealed that the system with the adjustable spindle
ejector offered significant advantages. It enabled continuous and stable operation
over a wider range of outdoor environmental conditions, demonstrating its supe-
rior adaptability compared to the fixed-geometry counterpart. Abbady et al. [31]
also highlighted the need to investigate the geometric parameters and stressed
that fixed-geometry ejectors are unable to meet the full range of performance
requirements under fluctuating operating conditions. They performed numerical
simulations to investigate the performance of a Variable Geometry Ejector (VGE)

designed with two key adjustable features: a movable spindle and an adjustable
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primary nozzle to vary its exit position. The system utilized R1234yf as the work-
ing fluid. A comprehensive Design of Experiment (DoE) analysis was conducted to
determine the factors that most significantly influenced the mass flow rates of the
primary and secondary streams. In addition, an artificial neural network (ANN)
model was developed to accurately predict the ejector’s entrainment ratio. This
model integrated both operating conditions and geometrical parameters, achiev-
ing an exceptional level of accuracy with a coefficient of determination (R?) of
99.81%. Guo et al. carried out a detailed numerical study aimed at optimizing
the working of a steam ejector. Their investigation involved analyzing a wide array
of geometric parameters, including dimensions and configurations of key ejector
components. Additionally, they examined various operating conditions, such as
pressure and temperature ranges, to identify the most effective combination of
factors [32]. Their study identified the constant cross-sectional diameter as a key

parameter significantly influencing the ejector’s entrainment capacity.

Fingas et al. [33] developed an adjustable geometry gas ejector by incorporating
a spindle and conducted experimental tests using R290 as the working fluid. The
research centered on analyzing key performance parameters of the ejector, par-
ticularly the mass entrainment ratio and the critical operating temperature. The
findings revealed that adjusting the spindle to reduce the effective throat area
significantly enhanced the system’s efficiency, resulting in an increase in the en-
trainment ratio by 35%. Moreover, the ability to fine-tune the spindle position
allowed for a substantial decrease in the primary nozzle flow, with reductions reach-
ing up to 65%. This adjustment was achieved without compromising the ejector’s
ability to maintain the suction capacity of the secondary flow, demonstrating the

effectiveness of the spindle mechanism in optimizing overall performance.

2.3 Research Gap and Current Research Objec-
tives
A review of the existing literature highlights significant interest in understanding

how the geometric parameters influence the performance of ejectors in refriger-

ation and air conditioning applications. Among these parameters, the position
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of the primary nozzle has been identified as a critical factor affecting operational
efficiency. To explore and investigate its effect, researchers have incorporated spin-
dle mechanisms to precisely control both the position of the primary nozzle and
the flow passing through it. Despite these advancements, there remains a notable
gap in research regarding the combined influence of primary nozzle position and
varying mixing section lengths, particularly when operating under different nozzle
exit Mach numbers. This area of study requires further exploration to gain deeper

insights into its impact on ejector performance.

The current research seeks to bridge the existing research gap by conducting a
systematic investigation into the performance of a steam ejector, designed by Dong
et al. [7]. In their work, Dong et al. [7] performed three-dimensional numerical
simulations to investigate the influence of mixing chamber length on the steam
ejector performance. They also varied the primary nozzle exit Mach numbers,
and the lengths of the diffuser section and constant area section. The study’s
results demonstrated a distinct trend in the behavior of the entrainment ratio
and the critical back pressure as the length of the mixing chamber was varied.
Initially, extending the mixing chamber length led to an increase in both the
entrainment ratio and the critical back pressure. However, beyond a certain point,
further elongation of the mixing chamber caused a decline in these performance
metrics. This observation highlights the existence of an optimal mixing chamber
length for achieving maximum efficiency and effectiveness in ejector operation. The
analysis revealed that the ejector exhibited optimal performance when the length
of the mixing chamber was maintained within the range of 40 mm to 80 mm. This
performance was achieved under typical operating conditions of a steam ejector
refrigeration system, with the nozzle throat diameter specifically set at 2.5 mm.
In their work, however, they did not explored the effects of varying the primary
nozzle position in the mixing chamber which has been declared as the most critical

geometrical parameter affecting the performance of ejector refrigeration system.

The current analysis focuses on exploring the effects of varying the primary nozzle
position in combination with different lengths of the mixing chamber for different
nozzle exit Mach numbers. The primary objective of this research is to generate

valuable data, discussion and inferences that will help to decide on positioning
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the primary nozzle in the mixing chamber for enhancing ejector performance.
This discussion will eventually contribute towards the optimization of the ejector
geometry to enhance the ejector’s efficiency and overall performance, particularly

under specific operational conditions.



Chapter 3

Problem Formulation and

Numerical Solution Methodology

3.1 (Geometric Configuration

The geometric parameters of an ejector significantly influence the overall efficiency
of an ejector refrigeration system. This research investigates the impact of impor-
tant geometrical variables on the key performance indicators for a steam ejector
initially designed by Dong et al. While the previous studies explored the effects of
l,, on the performance of a steam ejector across various Ma numbers, the current
investigation extends this work by examining the influence of the primary noz-
zle position (NXP). This analysis is conducted for two distinct mixing chamber
lengths, considering a primary nozzle exit Ma in the 2 - 5. A schematic of an
ejector highlighting the geometric parameters is shown in Figure 3.1. The working
fluid used in the ejector is steam. The details of the geometric dimensions are
given in Table 3.1. In the geometric configuration shown, the NXP is said to be
zero, when primary nozzle exit is situated at the entrance of the converging section
of the secondary nozzle of the ejector. Three main geometric features investigated

in this study are explained below:

3.1.1 Ma At Primary Nozzle Exit

This is an important parameter that will govern the suction pressure generated
in the mixing chamber. This suction effect will act as a driving force to draw
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F1GURE 3.1: A Schematic diagram of an ejector mentioning the important
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TABLE 3.1: The geometric parameters and the corresponding numerical values
of the ejector considered for the investigation [7]

Parameter Value

d; 10 mm
d, 2.5mm
0, 10°
3.3mm (Ma = 2),
d 5.6mm (Ma = 3),
“ 10.4mm (Ma = 4),
16.4mm (Ma = 5)
dm 80 mm
d. 25 mm
lin 20, 60 mm
l, 55 mm
lq 200 mm
05 16°

secondary vapor from evaporator. This will eventually dictate the w of the ejector.
The Ma at the exit of the primary nozzle is guided by the exit diameter (d,) of
the said convergent divergent nozzle.The mathematical relationship between these

two parameters is given by the following isentropic expression.

(%) - \/ML s ffM‘%}m 3.1)

In present study, four Ma values are used: 2, 3, 4 and 5. The corresponding values

of the d, are 3.3mm, 5.6 mm, 10 mm and 16.4 mm, respectively.

3.1.2 Mixing Chamber Length (/,,)

The mixing chamber is another crucial geometric feature that provides the space

for the mix up of the primary fluid stream and the entrained fluid stream. This will
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eventually affect the momentum of the flow and the efficiency of the ejector in an
ejector refrigeration system. Two values of [,,, are used in the current investigation:

20 mm and 60 mm.

3.1.3 Primary Nozzle Position (NXP)

This is another critical geometric parameter that governs the ejector’s output. The
variation of the primary nozzle position is also linked to the [,,. In the present
study the NXP values used corresponding to the two value of [, are listed in the
Table 3.2.

TABLE 3.2: The NXP values considered for two values of mixing chamber length

lm, (mm) NXP (mm)
20 -15, -10, -5, 0, 5, 10, 15, 20, 25
60 -30, -20, -10, 0, 10, 20, 30, 40, 50, 60, 70

The NXP investigation is performed for all the Ma numbers considered in this
study. The remaining geometrical parameters are the same as mentioned in Ta-

ble 3.1.

3.2 Mathematical Formulation

The governing equations to model the fluid flow in an ejector include continuity,

momentum and energy equations. These are expressed as

dp 0

2T oz, (pui) =0 (3.2)

g1 (000 + G g) = =5+ 5 33)

5 0B+ 5 B + P = 9. (aurg )+ Sl (5
. % (3.5)

with 75 = fless (g;‘y + gZ’ ) - ;ueffg—;‘zéij (3.6)
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3.3 Flow Solver

The flow within an ejector is generally characterized as compressible and turbulent.
To numerically solve the mathematical model outlined in the relevant section, the
commercial CFD solver ANSYS Fluent is used. To simplify solution procedure, a

set of assumptions are adopted as follows:

1. The steam at the inlet of the primary nozzle is dry and saturated

2. The steam from the evaporator entering the secondary nozzle is also dry and

saturated
3. The steam is considered as an ideal gas
4. The ejector walls are assumed as adiabatic

5. There is steady-state flow in the ejector.

The ejector is modeled as 2D axisymmetric geometry to manage the computational
load while producing results representative of 3D geometry Pianthong et al. [10].
A pressure-based solver is used to solve the nonlinear model equations. Steam
is considered as the working fluid treating it as an ideal gas. The thermophys-
ical properties of the steam are taken from the default NIST database available
in Fluent. The SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations
Consistent) algorithm is utilized to solve the flow field within the ejector. This
algorithm is particularly effective in addressing pressure-velocity coupling in com-
putational fluid dynamics simulations, ensuring accurate and efficient convergence
of the solution. A second-order upwind scheme is employed to discretize the con-
vective terms in the governing equations. This approach enhances accuracy of
computational solution by considering flow direction and interpolating variable
values from upstream nodes. The second-order upwind scheme effectively mini-

mizes numerical diffusion, ensuring a more precise representation of the flow field.

3.3.1 Turbulence Modeling

The choice of an appropriate turbulence model for a specific problem is influenced

by the problem’s characteristics, conditions, and context. This decision-making
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process becomes particularly challenging in ejector analyses due to the intricate
flow patterns within the ejector and the significant sensitivity of its performance

to both operating and geometric parameters.

Turbulence modeling remains an active area of research, attracting significant
attention from the scientific community. Numerous experimental and computa-
tional studies have been conducted, yielding conflicting conclusions. While some
researchers advocate for the application of the k—w turbulence model Bartosiewicz
et al. [34], the majority favor the k — € turbulence model for such analyses. The
Realizable k — e turbulence model is particularly effective for addressing supersonic
flow problems involving high Mach numbers. Moreover, this model has demon-
strated strong agreement with experimental data obtained from studies on steam
ejectors. Consequently, it was selected as the turbulence model for the simulations

conducted in this research [35-37]. The governing equations are as follows:
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and Oy = 1.44, Cs, = 0.99, Cy = 1.9, 6, = 1.0, 5. = 1.3.

Since the flow in an ejector is a wall-bounded problem, a proper near-wall treat-
ment must be considered. In supersonic ejectors, the nature of the complexity
increases significantly due to the interaction with the secondary stream. The sec-
ondary stream, initially moving at a very low velocity, flows along the ejector wall
and gradually accelerates to supersonic speeds. During this acceleration process, it
creates a resistance effect on the primary core flow, effectively generating a “shear
stress layer interface. “This interaction leads to the occurrence of shear mixing,
further complicating the flow dynamics within the ejector. The k — e turbulence

model is primarily designed for predicting turbulent core flows, typically in regions
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away from the walls. Consequently, careful attention must be given to adapt or
enhance these models to accurately address the wall-bounded flows. The challenge
of addressing near-wall flow behavior is resolved through the implementation of the
“Standard Wall Function”. The literature suggests that the selected wall function
is well suited for wall-bounded flows with significantly high Reynolds numbers [7].

3.3.2 Boundary Conditions

A set of boundary conditions are implemented following the reference study of
Dong et al. [7]. The primary inlet is specified as the “Pressure inlet”. Similarly,
the secondary inlet is also set as “Pressure inlet”. A “Pressure Outlet “ boundary
condition is specified at the outlet of the ejector. For the primary inlet, pressure
is specified as 198.67 kPa with a corresponding saturation temperature value of
393.15 K. At secondary inlet pressure is 1.228 kPa with saturation temperature
of 283.15 K. Condenser pressure and temperature are set as 1.0kPa and 280 K,
respectively. The ejector walls are thermally treated as adiabatic. Furthermore,
there is no slip at the wall regarding velocity. An iterative solution process con-
tinues until convergence is achieved, meeting a residual threshold of 1076 for all

the solution variables.

3.3.3 Grid Independence

The accuracy of computational fluid dynamics (CFD) results is significantly in-
fluenced by the quality of the mesh utilized in the simulation. Using a too-coarse
mesh can lead to inaccurate outcomes or, in certain cases, cause the solver to fail
to converge. Conversely, employing an excessively fine mesh increases computa-
tional demands unnecessarily, resulting in inefficient use of resources and extended
processing times. To identify the optimal mesh size that balances accuracy and
computational efficiency, a grid convergence study is conducted. The study is car-
ried out for the geometry presented in Figure 3.1 with [,, = 60 mm, Ma = 4.0 and
NXP = 20mm. Three mesh resolutions are used with 12000, 30900 and 56800

elements; these meshes are named as coarse, medium and fine, respectively. The
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results of the Mach number are plotted along the centreline for the three mesh
resolutions as shown in Figure 3.2. These plots qualitatively present the effects
of the mesh refinement. It is observed that, for all three mesh resolutions, the
Mach number plots in the primary nozzle and mixing chamber overlap showing no
visible difference. The effects of mesh refinement, however, can be observed in the
CAS and the diverging section of the ejector. At these sections, trends of Mach
number converge as the mesh is refined. The results for the medium and fine grid
resolution are almost identical suggesting the medium resolution grid is sufficient

to proceed with.

Mesh Independence - Mach Number

Mach Number

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Ejector centerline coordinates

FIGURE 3.2: Mesh convergence results showing the Ma plots at centerline of
an ejector using three mesh resolutions

To quantitatively analyze the effects of mesh refinement, the entrainment ratio
values for the three grids are compared as shown in Table 3.3. The difference in w
values decrease as the mesh is refined. It can be seen that the difference between
the w values of coarse and medium meshes is 2.05% which reduces to 0.25% when
the results of medium and fine meshes are compared. It also justifies medium

resolution grid as good enough for the rest of the simulations.

3.4 Validation of Numerical Solution Procedure

A validation study is performed to verify the correctness of the results obtained

from the numerical solution strategy employed in this research. For this purpose,
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TABLE 3.3: Mesh convergence data showing the % difference in the values of
the entrainment ratio

Mesh Entrainment Ratio % Difference
Coarse 0.52896 -

Medium 0.53985 2.05

Fine 0.54124 0.25

the benchmark study by Dong et al. [7] is utilized as a reference for comparison.
The geometrical variables used in the validation are: constant area section length
l. = 55mm and the diffuser section length [; = 200mm, and Ma = 3.0. The
ln, is varied systematically from 0 to 120 mm with increments of 20mm. Key

performance metrics analyzed during the validation are the p.. and w.
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FIGURE 3.3: Validation study — (a) w and (b) p. of the present numerical
study compared with the results of Dong et al. [7] for various mixing chamber
lengths

Figure 3.3 illustrates a comparison of the numerical results obtained in this study
with those reported by Dong et al. for both performance parameters. An excellent
agreement between the two results is observed for the w (Figure 3.3(a)) and p,,
(Figure 3.3(b)), which justifies the validity of the numerical procedure applied for
solving this compressible flow problem.The Minor differences observed between
the two studies are attributed to the difference in the simulation approaches used

in the respective studies.

Dong et al. performed simulations using a three-dimensional (3D) ejector model,
assuming symmetry along the central plane and solving only half of the geome-
try. Conversely, the present study modeled the ejector as a two-dimensional (2D)

axisymmetric structure. The close alignment of the results of the present study
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against the benchmark case of Dong et al. not only confirms the reliability of
the numerical approach but also validates the simplification of treating the 3D
ejector as a 2D axisymmetric model. This approach significantly reduces compu-
tational costs without compromising the accuracy of the results, demonstrating

its practical utility in simulating such systems.



Chapter 4

Results and Discussion

The present study conducts a computational analysis to examine the effects of
varying the position of primary nozzle in the mixing chamber on the steam ejector
performance. The analysis is performed for two [, values: 20 and 60 mm, and four
Ma values: 2, 3, 4, and 5. The geometry of ejector and operational conditions are
based on the work of Dong et al. [7], who explored the effects of [, on the perfor-
mance indicators w and P, of an ejector applied in a steam refrigeration system.
The performance parameters evaluated in the current study also include w and
P.,.. Schematic of an ejector highlighting geometric variables under investigation
is shown in Figure 4.1. The details of the numerical experiments conducted in this
study are listed in Table 4.1. A total of 80 geometries were created for this investi-
gation. To determine the P.,., each geometry is iterated by varying the condenser

pressure until the w value drops below a stable value of the double choking mode.

TABLE 4.1: Geometric variables and their numerical values investigated in this
study

Mixing chamber Mach Number Primary Nozzle Exit Number of

length (I,,) (Ma) Position (NXP) geometries
For each Ma number:

20 mm 2,3,4,5 -15, -10, -5, 0, 5, 10, 15, 9 x4=36
20, 25
For each Ma number:

60 mm 2,3,4,5 -30, -20, -10, 0, 10, 20, 30, 11 x 4 =44
40, 50, 60, 70

Total geometries 80

33
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FIGURE 4.1: Schematic diagram of the object ejector geometry. The fixed

geometric dimensions (in mm) are mentioned numerically on the figure. The

variable geometric parameters are mentioned using the symbols-details are men-
tioned in Table 4.1
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FIGURE 4.2: The line plots of Ma number plotted against the length of the
ejector along the centreline for all the Ma number cases. The plots are generated
for NXP = 0 for all the cases.

4.1 Variation of Entrainment Ratio with NXP

4.1.1 1,, = 20 mm

It is important to first analyze the state of expansion in the primary nozzle for
different Ma numbers cases because it dictates the shock train generated at the exit
of the primary nozzle. This ultimately governs the entrainment of the secondary
fluid and therefore the performance of the ejector. Figure 4.2 presents the line

plots of the Ma number plotted along the centreline of the ejector for all the Ma
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FIGURE 4.3: Line plots of the entrainment ratio for all the Ma number cases
plotted against the exit position of the primary nozzle (NXP) for (a) I, =
20mm and (b) [, = 60 mm

number cases at NXP = (. It can be seen that Ma = 2 is a case of strong under
expansion. The fluid continues to expand as soon as it exits the primary nozzle.
A spike of the Ma number is observed at the exit of the primary nozzle attaining
Ma number value of as high as 7.4. This is followed by a strong oblique shock and
a series of oblique shocks and expansion waves as the flow continues its journey
in the constant area section and the diffuser. The Ma = 3 is also a case of under
expansion and fluid continues to expand outside the primary nozzle achieving Ma
value of 7. However, the strength of the oblique shock after the expansion fan is
a bit weaker as compared to Ma = 2, and the flow maintains comparatively high
Ma number throughout the ejector. The case of Ma = 4 is a case of slight under
expansion or approximately complete expansion. The maximum Ma number at the
primary nozzle exit is 4.25. The fluid continues to gain momentum in the constant
area section and a strong shock is produced in the diffuser section, compressing
the fluid. It is interesting to note that the average Ma number in the ejector is
maximum for Ma = 4 case. Finally, for Ma = 5, the fluid overexpands in the
primary nozzle. Therefore, as the fluid exits the primary nozzle, strong shocks are

encountered reducing the Ma number to 3.

Figure 4.3 presents plots of the entrainment ratio for ,, = 20 mm and /,,, = 60 mm
for all values of Ma numbers and NXP positions. The plots for [, = 20mm are
shown in Figure 4.3(a). For Ma = 2, the entrainment ratio decreases as the NXP
value is increased by translating the primary nozzle from the inlet of the ejector

to the exit of the ejector. At NXP = —15mm, the w is maximum reporting a
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FIGURE 4.4: The contour plots of Mach number for Ma = 2 case for [,, =

20mm and varying NXP values

value of 0.607. It decreases a bit for NXP = —10 mm and then sharply decreases

till NXP = bmm. Afterwards, it stays almost constant till NXP = 25mm. To

explain this trend, the contour plots of Mach number are presented in Figure 4.4

for all values of the NXP.

It is observed that the primary flow emitting out of primary nozzle makes an

expansion fan with high Ma number values. The maximum value of Ma number is

approximately 7.4. It indicates that this is the case of an under-expanded nozzle

and the fluid continues to expand as it flows out of the primary nozzle. The Ma
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number values and the size and shape of the expansion fan are crucial in explaining
the trends of the entrainment ratio in the ejector. This is because the expanding
jet emitted from the primary nozzle will decide effective space for the flow of
secondary steam. Furthermore, the flow velocities will dictate the pressures at the
primary nozzle exit and will generate suction force for entrainment of secondary
steam. From the Ma number contours, it can be seen that For NXP = —15mm,
the expansion fan is away from the fixed area section allowing sufficient space for
the flow of entrained steam. Additionally, the high velocities create low pressures
to generate high suction force to entrain the secondary vapor. This is also obvious
from the contours of pressure gradients plotted for [,, = 20mm and Ma = 2.0
case as shown in Figure 4.5. High pressure gradients exist at the entry of the
constant area section. Both these factors contribute positively to entrain large
amounts of secondary vapor and give high entrainment ratio values. It must be
noted that the primary mass flow rate is dictated by the throat area of the primary
CD nozzle and generator pressure and stays constant throughout this study. Now,
as CD nozzle is moved toward the fixed area section, high-velocity flow in the
primary expansion fan interacts with the ejector geometry and reduces space for
entrainment of secondary vapor. This phenomenon continues till NXP = 5mm
because at this position the maximum width of the expansion fan is at entrance
of fixed area section. This represents the maximum blockage to the flow of the
secondary vapor and the entrainment ratio is reported as 0.4. This also corresponds
to the minimal value of pressure gradient at the entry of the constant area section.
For further values of NXP, the entrainment ratio values almost stay constant since
the maximum blockage has entered the constant area section allowing a fixed space

for secondary stream.

The contours of density gradient are presented for [, = 20mm and Ma = 2 case
in Figure 4.6. The large values of density gradients indicate the location of shocks.
The shocks are created at the primary nozzle exit around the expansion fan and
inside the diffuser section. The shock structures significantly change as the NXP
value is changed. It is important to note that as the NXP value is increased by
moving the primary nozzle towards the constant area section, the shock structure

enters the constant area section, however, the location of secondary shock in the
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FIGURE 4.5: The contour plots of pressure gradient for Ma = 2 case for [,,, =
20mm and varying NXP values

diffuser section almost stays fixed. Hence, the length of shock train decreases with
an increase in NXP. Furthermore, the strength of shock wave generated in the

diffuser section increases by increasing the NXP value.

The contours of static temperature are presented in Figure 4.7 for varying values
of NXP. A very low temperatures are observed in the expansion bulb generated at
the exit of the primary nozzle. This is because most of the energy is converted into
the kinetic energy reporting Ma number of 7.4. Consequently, as the shocks are
generated, velocity decreases and the temperature increases. Therefore, the trends
of increasing-decreasing temperatures correspond to the location of shock and ex-
pansion waves in the shock train. In the diffuser section, the temperature instantly

increases after the ;-shaped oblique shocks. The flow becomes subsonic afterwards
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FIGURE 4.6: The contour plots of density gradient for Ma = 2 case for [,, =
20mm and varying NXP values

and continues to decelerate in the diffuser section resulting in an increase in the

static temperature of the fluid.

Plots of w for Ma = 3, shown in Figure 4.3(a)., presents similar behavior as for the
Ma = 2 case: starts at almost the same values for NXP = —15mm, and decreases
as the NXP is increased. However, the w values are greater than those for Ma =
2 case. To explain this, the Mach number contours are presented in Figure 4.8 for

all values of NXP.

It can be observed that for Ma = 3, primary stream is still under-expanded,
therefore, the rest of the expansion takes place after exiting from the CD nozzle

making an expansion fan at the exit plane. The under expansion for Ma = 3
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FIGURE 4.7: The contour plots of density gradient for Ma = 2 case for [,,, =
20mm and varying NXP values

is however, lesser than for Ma = 2 case and therefore the width and size of the
expansion fan will be smaller and will offer lesser hindrance to the secondary flow as
compared to the Ma = 2 case. Consequently, when the primary nozzle approaches
the constant area section and expansion fan enters that space, it makes available
more area for the entrainment of the secondary fluid resulting in higher values of
entrainment ratio for NXP values of —5mm and above. Furthermore, since the
primary nozzle exit Ma number is high, therefore, lower pressures will be created
to suck the secondary vapor into the mixing chamber as compared to Ma = 2. This
also contributes towards increasing the value of w for Ma = 3. The w values for Ma

= 4 smoothly decrease with quite a low slope as the NXP value is varied between
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FIGURE 4.8: The contour plots of Mach number for Ma = 3 case for [,, =
20mm and varying NXP values

-15 mm and 25 mm. Except for NXP = 15mm and —10mm, the entrainment
ratio is higher than that of the Ma = 2 and 3 cases. To understand this behavior,
the contours of the Ma number for Ma = 4, presented in Figure 4.9, need to be
explored. It is observed that the primary jet leaves the CD nozzle with a small
amount of under-expansion. The maximum value of Ma is approximately 4.2 at

the exit of the primary nozzle.

This means that this nozzle design is approximately a perfect choice for the set
operating conditions. There is a negligibly small expansion fan generated at the

exit plane of the primary nozzle. Therefore, hindrance to the entrained vapor
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FIGURE 4.9: The contour plots of Mach number for Ma = 4 case for [,, =
20mm and varying NXP values

reduces since obstruction that was previously created by the expansion fan is no
more here. However, it must be noted that the outlet diameter of the CD nozzle
increases as Mach number at nozzle exit is increased through Ma = 2 — 5. This
causes a reduction in the allowable space for the flow of entrained vapor as the
NXP value is increased. However, its magnitude, for Ma = 4 is lower as compared
to the width of the expansion fan created by Ma = 2 and Ma = 3 cases. Therefore,

the entrainment ratio decreases as the NXP is increased but with a smaller slope.

For Ma = 5, the entrainment ratio stays approximately constant for NXP as it is

varied through -15 mm to 15 mm. Afterward, there is a decrease in the entrainment
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FIGURE 4.10: The contour plots of Mach number for Ma = 5 case for [, =
20mm and varying NXP values

ratio for NXP = 20 mm and 25 mm. The contour plots of Mach number for Ma =
5, presented in Figure 4.10, show that this nozzle design gives an over-expanded
primary jet, and therefore shock waves are created right at the exit plane of the
primary nozzle. An expanded structure of the shock diamond follows these shock
waves. That particular shock diamond stands at the inlet plane of the fixed area
sectionof the ejector. Since the observed shock diamond creates limiting effective
entrainment space for secondary vapor, and it lies at the entry of CAS for NXP
= —15mm and will travel further into the constant area section for rest of the
NXP values so the secondary flow and w stay constant till NXP = 15mm. For

NXP = 20mm, the primary nozzle exit is at the entrance plane of fixed area
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region. For Ma = 5, the exit diameter of CD nozzle is 16.4 mm while the diameter
of the fixed area section is 25 mm leaving a peripheral space of 4.5 mm for the
flow of secondary vapor. Due to this blockage, the entrainment ratio is suddenly

decreased for NXP = 20mm and 25 mm.

4.1.2 1l,, = 60 mm

The line plots of the entrainment ratio for /,, = 60mm and Ma = 2, 3, 4 and 5
are presented in Figure 4.3(b) for NXP values in the range —30mm — 70 mm. It
is observed that for Ma = 2, 3 and 5, the w values first increase followed by a
decreasing trend. For Ma = 4, however, there is a continuously decreasing trend
in the entrainment ratio values as the NXP value is increased. To understand the

physics of these trends, the contours of Mach number are presented in Figure 4.11

for Ma = 2 for all the studied NXP values.

For Ma = 2, the entrainment ratio is approximately zero at NXP =—20 mm. This
is because the shock train generated in the primary steam jet exiting from the
primary nozzle is so configured that the low velocity and correspondingly high-
pressure region positions at the entry plane of the CAS. This effectively blocks
entrainment of secondary vapor and therefore the entrainment ratio approaches to
zero. Furthermore, this is the case of an under-expanded nozzle and significantly
high Ma numbers are generated as the fluids expand outside the primary nozzle
in the mixing chamber. Correspondingly, strong shocks are produced in the shock
train which significantly reduces the Ma number and increases the pressures in
the mixing chamber. This eventually decreases the pressure difference between
the secondary stream and the mixing chamber, reducing suction force for the
entrainment of the secondary vapor stream. When primary nozzle is advanced
towards fixed area section, shock train also shifts towards that region. This brings
high-velocity /low-pressure region of the shock train near the entrance of the CAS.
As a result, suction effect increases resulting in an increase in the value of w. The
increasing trend is visible as sharp rise in entrainment ratio values as the NXP
varies through —10 mm — 10 mm. When the primary nozzle is further moved in the

positive direction till NXP = 30 mm, the entrainment ratio continues to increase
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FIGURE 4.11: The contour plots of Mach number for Ma = 2 case for I,,, =
60 mm and varying NXP values

but the increase is quite small. At NXP = 40 mm, the primary nozzle is so placed
that maximum width of the high momentum steam jet expansion fan is at the
entrance of CAS. As a consequence of this, the area available for the entrainment
of the secondary vapor stream decreases, resulting in a sharp reduction in the

value of w.

As NXP is further increased to 50 mm, 60 mm and 70 mm, the entrainment ratio
continues to decrease at a constant slope. This is because most of the CAS is

occupied by high-momentum main fluid stream. The additional restriction to the
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flow of the secondary stream is imposed by the physical interaction as the primary
nozzle geometry comes close to the constant area section. At NXP = 70mm,
the peripheral space for the flow of secondary vapor is quite small restricting the

entrainment secondary entrainment and decreasing the entrainment ratio.

For the Ma = 3 case, at NXP = —30 mm through 0 mm, the values of the entrain-
ment ratio are quite high as compared to Ma = 2 case. This is because the Ma = 3
case is less under-expanded as compared to Ma = 2 and therefore the Ma numbers
in the shock train, shown in Figure 4.12, are lower than that of the Ma = 2 case.
This will produce weaker shock waves in the shock train consequently maintain-
ing significantly high velocities and low pressure throughout as compared to Ma
= 2 case. Therefore, the suction effect generated entrains more secondary vapor
resulting in large values of entrainment ratio. The top value of w is reported as
0.707 at NXP = —10mm which is the highest among all the cases studied in this
research. After attaining the maximum value, the entrainment ratio decreases,
increases, and then decreases continuously afterward. These fluctuations are due
to two reasons. First, the low-pressure and high-pressure regions of the shock train
successively pass through the inlet of the CAS affecting entrainment of secondary
vapor. Second, the interaction of the expansion and contraction regions of the
shock train with the constant area for entrainment of vapor from the evaporator
and eventually w. At NXP = 30mm, the first expansion fan of the shock train
starts entering constant area section. Therefore, w continuously decreases as soon
as expanded region enters the constant area section. Finally, at NXP = 70 mm
and beyond, the physical interaction of the convergent divergent primary nozzle
and the CAS becomes a dominant source of obstruction for the flow of the steam

from the evaporator.

The Case of Ma = 4 is quite smooth as compared to all other Ma number cases as
it shows a continuous decreasing trend in the values of the entrainment ratio for
NXP variation in the range —30 mm — 70 mm. This smooth variation is primarily
due to the fact that the Ma = 4 is a case of approximately complete expansion
or a slight under-expansion. Therefore, the expansion and contraction regions are
of very small magnitude and minutely affect the available space for entrainment

of steam from the evaporator. A continuous decreasing trend is attributed to the
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FIGURE 4.12: The contour plots of Mach number for Ma = 3 case for [,,, =
60 mm and varying NXP values

progressively increasing pressures and decrease in the available space for entrain-
ment of the vapor stream from the evaporator as primary nozzle approaches the
CAS. As primary nozzle enters the CAS for NXP = 70mm, the physical space
for the secondary vapor entrainment further decreases maintaining the decreasing

trend of w. Contours of the Mach number for Ma = 4 are shown in Figure 4.13.

For the case of Ma = 5, the primary nozzle is over-expanded. Therefore, oblique

shock is produced right at the primary nozzle exit followed by an expansion fan
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FIGURE 4.13: The contour plots of Mach number for Ma = 4 case for I,,, =
60 mm and varying NXP values

and subsequent shock train presented Figure 4.14. Therefore, the entrainment
ratio trends show periodic increasing and decreasing patterns. This is because of
the change in the effective area available for the entrainment of secondary vapor as

the expansion and contraction sections of the shock train interact with the CAS.

A sharp decline in the entrainment ratio at NXP = 60 mm is observed when the
exit of the primary nozzle is situated at the entry plane of the constant area section.

This is because of the very narrow physical space for the flow of secondary vapor.
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FIGURE 4.14: The contour plots of Mach number for Ma = 5 case for I, =
60 mm and varying NXP values

This condition becomes more restrictive when exit of the convergent divergent

nozzle is placed within the CAS for NXP = 70 mm.

4.2 Variation of Critical Back Pressure with NXP

Another important performance parameter is the critical back pressure which is

the limiting value of the condenser pressure for which the ejector operates in the
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FIGURE 4.15: The contours of Ma number plotted for varying values of con-
denser pressure

double choking mode. If the condenser pressure is greater than the critical back
pressure, the ejector will no more be operating in the double choking mode and the
performance of the ejector and the refrigeration system will drastically decrease.
This is due to the fact that an increase in the condenser pressure will push the
shock waves back into the mixing section and disturbs the flow of primary and
secondary streams. This is explained with the help of contours plots of Ma number
for different values of condenser pressure as shown in Figure 4.15. Initially, the
condenser pressure in 1000 Pa and the ejector operates in the double-choking mode
producing maximum entrainment ratio and the primary and as well as diffuser
shocks. When the condenser pressure is increased to 2000 Pa, the ejector still
operates in double-choking mode and with maximum entrainment ratio, however,
shock structure is changed and in pushed into the constant area section. Now, as
the condenser pressure in further increase to 3000 Pa, the ejector is still in double
choking mode, but the shock is further pushed back into the mid of the constant
area section. Now if the pressure is further increased, it may further push the
shock into the mixing section and the double-chocking mode will no longer exist.
For this particular case, the critical back pressure is 3300 Pa. Therefore, if the
condenser pressure is increased beyond 3300 Pa, the ejector will no more be in

double-choking and will become unstable.

4.2.1 1l,, = 20 mm

The critical back pressure is plotted against NXP for different values of Ma and

for both [,, = 20mm and [,, = 60mm in Figure 4.16. For [,, = 20mm results
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are shown in Figure 4.16a. It can be seen that P,.. for Ma = 2 rises as NXP is
increased and tends to become constant after NXP = 10 mm. For the rest of the
Ma number cases, the critical back pressure predominantly shows a decreasing
trend throughout as the NXP is increased. These trends are linked to the under-
expansion and the over-expansion phenomena observed at the primary CD nozzle
exit for different Ma number cases. This under-expansion and over-expansion
are then linked to the momentum of the fluid moving along the ejector. The
momentum of the fluid stream in the ejector is also significantly affected by the
shock train generated at the primary nozzle exit as well as shock waves generated

at the start of diverging section of the ejector.

The Ma = 2 case is a case of strong under-expansion. Therefore, the fluid coming
out of the primary nozzle expands outside the nozzle achieving high Ma number
( 7.5). This produces strong shocks in the primary shock train and significantly
reduces the flow momentum in the ejector (Figure 4.4). For NXP = —15mm, the
length of the shock train is larger, and the expansion bulb is away from the CAS
and lies in the mixing chamber. Consequently, the momentum fails to build up
in the CAS leading to a comparatively lower value of P,.. As the NXP value is
increased, expansion bulb starts entering the CAS and length of shock train gets
smaller. In the CAS, momentum builds up increasing the P,... However, in doing
so, strength of secondary shock also increases which may negatively impact the
critical back pressure. For Ma = 3, there is under-expansion as well, however, it
is of less magnitude as compared to the Ma = 2 case. Therefore, the strength of
shock waves in the shock train are lesser comparatively resulting in an increased
momentum of the fluid stream. However, this increased momentum results in
stronger secondary shock waves in the diffuser section and their strength increases
as the NXP values are further increased (Figure 4.8). Therefore, critical back

pressure continuously decreases as the primary nozzle is moved towards the CAS.

A similar decreasing trend is observed for the Ma = 4 which is again a case of slight
under-expansion. The secondary shock gets stronger as the NXP is increased as
shown in the contour plots of Ma number in Figure 4.9. The Ma = 5 is the case of
over-expansion and the length of the primary shock train is significantly shorter

due to the larger primary nozzle. Therefore, momentum builds up in the CAS
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is minimal and the P, stays constant till NXP = Omm. Afterward, the primary
shock train merges with the secondary high momentum region producing strong
secondary shock wave losing the flow momentum (Figure 4.10). This eventually
sharply decreases the critical back pressures as NXP is increase beyond 0 mm. It
is further observed that the critical back pressure values for Ma = 4, which is a
case of almost complete expansion, are smaller than for rest of the Ma number
cases. Furthermore, the values of P,. for Ma = 2, 3 and 5 are comparable in NXP

values from —5mm through 10 mm.
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FIGURE 4.16: Line plots of the P, for all Ma number cases plotted against the
NXP for (a) I, = 20mm and (b) l,, = 60 mm

4.2.2 1[,, = 60 mm

For the case of [,,, = 60 mm, the trends of critical back pressure presented in Fig-
ure 4.16a are quite different as compared to the [,,, = 20 mm case when NXP is var-
ied over a considerable range. For Ma = 2, 3 and 5, which involves over-expansion,
over-expansion and under-expansion, respectively, the P,.,. values increase as NXP
is increased from —30mm to 40 mm. Afterward, for Ma = 2, the critical back
pressure becomes constant, whereas, for Ma = 3 and 5, it decreases sharply. The
increasing trend in critical back pressure till NXP = 40 mm is due to the fact that
for 1, = 60 mm, ejector is sufficiently bigger and the primary shock train develops
in such a manner that it increases and maintains its momentum in the CAS which
is supported by strength of shock wave generated in the diverging section of the
ejector. However, as the NXP value is increased beyond 40 mm, the length of the

shock train has reduced significantly and momentum gain in the CAS is such that
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strength of the secondary shock results in momentum loss reducing the critical
back pressure (Figure 4.11). The case of Ma = 4 which is an almost complete
expansion, the critical back pressure stays constant initially till NXP = 10 mm,
and then decreases continuously. It is interesting to note that the trends of the
critical back pressure and quite identical for Ma = 3 and Ma = 5 with a minute
difference in the numerical values of the parameter as the primary nozzle position
is varied. Furthermore, critical back pressures are approximately the same for

NXP = 40mm and 50 mm for Ma = 2, 3 and 5.

4.3 Comparative Plots of Performance Parame-

ters for l,, = 20 mm and [,,, = 60 mm

In this section, the effects of [,,, on the performance of an ejector are analyzed by
comparing the results of w and P, for [,, = 20mm and [,, = 60 mm for each Ma
number discussed in this study. Figure 4.17a presents the results of the entrain-
ment ratio and Figure 4.17b presents the results for the P.. for Ma = 2, which is
the case of under-expansion. It is found that the w decreases continuously for I,
= 20mm and flattens out as the primary nozzle approaches and enters the CAS of
the ejector. In comparison, for /,, = 60 mm, the entrainment ratio is quite low at
low NXP values; first it increases and then decreases as the NXP value is increased.
At NXP = 0, the entrainment ratio is almost the same for both Im values. The
P.., on the other hand, increases as primary nozzle moves towards the CAS and
tends to become constant as the primary nozzle approaches and enters the CAS.
The P., values for [,,, = 20 mm are higher as compared to [,,, = 60 mm as primary
nozzle is far from the CAS. However, as the primary CD nozzle approaches close
to the CAS, approximately the same values are observed for the P, for both cases.
The reasoning of these trends is already discussed using the contour plots in the

previous section.

For Ma = 3, which is also a case of under-expansion, the results are presented
in Figure 4.18. It is observed that, for [,, = 20mm, the entrainment ratio con-

tinuously decreases as the primary CD nozzle is advanced towards the CAS. For
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FIGURE 4.17: The performance parameters (a) Entrainment ratio and (b) Crit-
ical back pressure plotted for Ma = 2 for [,, = 20mm and [, = 60 mm for
different values of NXP.

l,, = 60mm, however, the w first rises and then continuously falls as NXP value
is increased. For all the values of NXP, the entrainment ratio is greater for [,
= 60mm as compared to [,, = 20mm. The critical back pressure for Ma = 3
presents similar values for both Im values as the NXP is varied over the defined
range. For [, = 20mm, the P,. decreases as NXP is increased. For [,,, = 60 mm,
P., continuously rises as the NXP is increased till NXP = 30 mm. After that, it
starts decreasing due to stronger shock in the diffuser part of the ejector. At NXP
= 0, for both the Im values, approximately the same critical back pressure values

are reported.
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FIGURE 4.18: The performance parameters (a) Entrainment ratio and (b) Crit-
ical back pressure plotted for Ma = 3 for [,, = 20mm and [,, = 60 mm for
different values of NXP.

The trends of w and P,..are presented for Ma = 4 in Figure 4.19. Ma = 4 is a case
of slight under-expansion. The entrainment ratio continuously decreases as the

NXP value is increased. However, the behavior is quite smooth and the slope is
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significantly small. The entrainment ratio values for the /,,, = 60 mm are compar-
atively higher as compared to [, = 20 mm at most of the corresponding instances.
The critical back pressure plots presented in Section 4.3 show a continuously de-
creasing trend as the NXP is increased for both the values of Im. Furthermore, the

P, for l,, = 60mm is greater than that of [,, = 20 mm case at the corresponding

instances.
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FIGURE 4.19: The performance parameters (a) Entrainment ratio and (b) Crit-
ical back pressure plotted for Ma = 4 for [, = 20mm and [,, = 60 mm for
different values of NXP.

The trends of the performance parameters are presented for Ma = 5, which is a
unique case of over-expansion, in Figure 4.20. The entrainment ratio values for
I, = 20mm stay approximately constant as the NXP is varied until the primary
nozzle exit is about to enter the constant area section of the ejector. For that case,
entrainment ratio is suddenly decreased and continues to decrease as the primary
nozzle moves inside the CAS. In the case of [, = 60 mm case, the entrainment ratio
shows repeated increasing and decreasing trends. When the exit of the primary
CD nozzle is in the mixing chamber of the ejector’s secondary nozzle, the w for
l,, = 60mm is greater than that for the [,, = 20mm. The critical back pressure
trends are presented in Section 4.3. For [,, = 20mm, the critical back pressure
stays constant till NXP = 0 mm and then sharply decreases. For [, = 60 mm, the

critical back pressure increases first till NXP = 40 mm and then sharply decreases.

It is observed that the w and the P,.. values for any Ma number case become
independent of the mixing chamber length when primary nozzle exit is placed
at the entry of the CAS or inside the CAS. For [,, = 20mm, a lower value of

NXP, i.e., NXP = - 10mm gives the most favorable results of both performance
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FIGURE 4.20: The performance parameters (a) w and (b) P, plotted for Ma
= 5.0 for {,,, = 20mm and [,,, = 60 mm for different values of NXP.

parameters for all the Ma number cases. For [,,, = 60 mm, the NXP value of 20 mm
gives the most suitable combination of both performance parameters for all the
Mach number cases. For NXP = - 10mm (/,,, = 20mm) and NXP = 20mm (I,,
= 60 mm) the distances of the primary nozzle exit from the inlet of the constant
area section are 30 mm and 40 mm, respectively. Therefore, 30 mm — 40 mm is a

favorable range of the NXP which gives good ejector performance irrespective of

the Ma and [,,,.



Chapter 5

Conclusion and Future

Recommendations

A computational study is performed in order to analyze effects of the geometrical
variables on the performance metrics of a steam ejector applied in a refrigeration
system. The present work considers an ejector geometry that is designed by Dong
et al. [7]. Two geometrical variables investigated in this study are the length of the
mixing chamber and the corresponding values of the NXP (position of the primary
nozzle). The study is performed for the primary nozzle exit Mach numbers 2, 3, 4
and 5. The computational tool ANSYS Fluent is used to perform the simulations.
A total of 80 different geometries are created, meshed, solved and analyzed. The
target performance metrics considered in this investigative study are the mass
entrainment ratio and the critical back pressure. Both of these parameters are to
be maximized by varying the geometrical parameters. The operational parameters
include the generator pressure and temperature and the evaporator pressure and
temperature. All these parameters are set as per the reference study. The steam is
the working fluid for which the default property database of the computation tool
is used. A grid convergence study is first performed for a selected ejector geometry
to decide on the suitable mesh resolution to attain grid-independent results. In
order to validate the numerical solution procedure, several test cases are performed
and the performance parameters are compared with the results of the reference

study.

57
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The mixing chamber lengths considered in this study are 20 mm and 60 mm. The
primary nozzle positions considered for 20 mm case are: — 15 mm through 25 mm
with a uniform step size of 5mm. The primary nozzle positions for the 60 mm case
are: - 30mm through 70 mm with a uniform step size of 10 mm. The key results

are as follows:

1. A series of shock waves in the shock train generated in the primary fluid jet
affects the suction of secondary vapor from the evaporator. The expansion-
contraction regions of the shock train dictate the available area for the en-
trainment of the vapor stream from the secondary inlet. These eventually

dictate the performance parameter w of the ejector.

The momentum of primary fluid jet primarily governs P., of the ejector. The
greater the momentum, the higher the P,,.. The higher momentum, however,
produces stronger shock waves in diffuser part of the secondary nozzle if
length of shock train is small, ultimately decreasing the momentum, and

consequently the P..

2. For Ma = 2, primary nozzle behaves as under-expanded nozzle producing a
high Mach number outside the nozzle. The w decreases and the P,, increases
as the NXP is increased by translating primary nozzle towards the constant

area section for both values of [,,.

3. or Ma = 3.0, primary nozzle behaves as under-expanded nozzle as well. The
w continuously decreases when NXP is increased for both the values of [,,.
The critical back pressure has a mixed increasing and decreasing trend as

the NXP is increased.

4. The Ma = 4 is a case of a slight under-expansion. Both w and P,.. show a

progressively decreasing behavior for both values of [,,,.

5. The Ma = 5 is a case of over-expansion. Therefore, again expansion and
contraction regions are produced and fluctuating trends of w are observed.
The P.. shows a slight increase and a sharp decrease afterward. For [, =
20mm, a lower value of NXP, i.e., NXP = - 10 mm gives the most favorable

results of both performance parameters for all the Ma number cases. For [,
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= 60mm, the NXP value of 20mm gives the most suitable combination of
both performance parameters for all the Mach number cases. For NXP = -
10mm (I, = 20mm) and NXP = 20mm (/,, = 60 mm) the distances of the
primary nozzle exit from the inlet of the constant area section are 30 mm
and 40 mm, respectively. Therefore, 30 mm — 40 mm is a favorable range of

the NXP which gives good ejector performance irrespective of the Ma and

L.

5.1 Future Recommendations

There are a number of operational as well as geometrical variables that affect per-
formance indicators of steam ejector. This makes it quite a complex optimization
problem. It is recommended to use optimization techniques and machine learning

algorithms to predict the performance of ejectors using available literature data.
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