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Abstract

The purpose of supersonic ejectors consists in the mixing of two fluids with different
stagnation pressures in order to obtain a fluid at an intermediate pressure. These
passive devices have been widely used at the beginning of the last century for steam
locomotives and in refrigeration cycles. Nowadays, even if some domains are less
promising than others, the future of the supersonic ejector is not compromised due
to the large range of applications, notably in power stations, in the food industry
or in aerospace engineering.

For more than twenty years, many efforts have been made to characterize the
mixing mechanisms at play in such devices. Hence, a better understanding of these
flow phenomena is necessary in order to identify the limitations of the ejector and
the potential improvements. In 2018, the research of Lamberts et al. [29] greatly
improved the scientific understanding of mixing and choking phenomena within
supersonic ejectors. In particular, they developed an original exergy based approach
to investigate the exchange between both streams, and a compound-choking theory
to predict the performance of the ejector. This master thesis is a continuation of
their work and aims to adapt their analysis to the axisymmetric case. The objective
is to compare it to the rectangular case of Lamberts et al. [29] and investigate the
influence of the geometry using 2D RANS numerical simulations. To the author’s
knowledge, such analysis has never been proposed before. Based on the results, an
improved axisymmetric ejector was presented with better performance.

Moreover, few studies on transient phenomena have been carried out, and this thesis
constitutes a first approach in the field of unsteady flows. Many transient scenarios
are possible, but this paper focuses on the valve closure at the secondary inlet. This
study case is directly related to the vacuum generator, in the high-altitude test
facilities. In this work, two operating modes have been identified: the un-started
mode and the started mode, as well as an optimal vacuum performance. Depending
on the mode, the transient scenarios differ in time response, flow structure and
evacuation performance.
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Nomenclature

Abbreviations

AR Aspect ratio

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy

COP Coefficient of performance

EP Evacuation performance

ER Entrainment ratio

ERS Ejector refrigeration systems
FMG Full multi-grid

HAT High-altitude test

NXP Nozzle exit plane

RANS Reynolds-Averaged Navier-Stokes
RNG Re-Normalisation Group

RSM Reynolds Stress model

SST Shear Stress Transport

Alpha numeric symbols

m

q

A%

Mass flow rate
Heat flux vector field

Velocity vector field

il



NOMENCLATURE iv
A Cross-sectional area [m?]
A* Cross-sectional area set by chocked condition [m?]
A4 Cross-sectional area of the exit of the primary nozzle [m?]

m Cross-sectional area of the mixing duct [m?]

0 Cross-sectional area of the outlet [m?]
A, Cross-sectional area of the throat of the primary nozzle [m?]
p Heat capacity at constant pressure [J/(kg - K)]
e Specific internal energy [J/kg]
e Specific total energy [J/kg]
h Specific static enthalpy [J/kg]
H, Height of the exit of the primary nozzle [m]
H,, Height of the mixing duct [m]
H, Height of the throat of the primary nozzle [m]
Iy Specific total enthalpy [J/kg]
k Specific turbulence kinetic energy [J/kg]
M Mach number []
M., Equivalent Mach number of the compound-choking theory -]
p Static pressure [Pa]
D Critical back pressure [Pa]
Q Heat flux [W/m?|
R Specific gas constant [J/(kg - K)]
s Specific entropy [J/(kg - K)]
T Static temperature K]
x Horizontal /axial coordinate [m]



NOMENCLATURE

v
Te Axial coordinate corresponding to M., =1 [m)]
Yy Vertical /radial coordinate [m]
Yt Dimensionless wall distance [
Greek letters

64 Compound-flow indication [m?]
) Relative error (%]
€ Turbulent kinetic energy dissipation rate [m? /s3]
v Specific heat ratio [
K Thermal conductivity (W/(m - K)]
L Molecular viscosity [Pa - s]
w Specific turbulence dissipation rate [1/s]
p Density [kg/m?]
T Viscous stress tensor [Pal
0 Absolute deviation (%]
Operators

- Time average

B Density-weighted (or Favre) average

J Fluctuating quantity of time average

S Fluctuating quantity of the density-weighted average

Subscripts

0 Reservoir conditions

1 Index associated to the primary stream

2 Index associated to the secondary stream

exp Experimental value



NOMENCLATURE

vi

mixing Associated to the mixing duct
out Associated to the outlet of the ejector
ref Reference conditions

wall Associated to the exterior wall
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Chapter 1

Introduction

1.1 Context

Supersonic ejectors are engineering devices used to entrain and compress a fluid
stream. They appeared for the first time in the steam locomotives at the beginning
of the last century. Indeed, this jet device works as a pipe blast. The ejector directs
the exhaust steam though a nozzle in order to reduce the flue gas pressure and
increase the draught on the fire. This slight improvement significantly increased the
locomotive power. From that point onward, considerable attention is being paid
to this jet device and much effort has been devoted to optimize its performance.
Nowadays, the use of ejectors have been extended to other applications, such as in
power plants to remove non-condensable gases, in propulsion as thrust boosters,
in refrigeration cycles to mix the streams, in boiling nuclear reactors to circulate
the coolant... Whatever the application, the physical principle is rather simple
and similar: a primary fluid at high pressure and temperature is accelerated into a
nozzle to convert its pressure/thermal energy into kinetic energy. This high velocity
jet exhausting this primary nozzle entrains a secondary stream to a higher pressure.
In contrast to other fluid machinery, the ejectors present many advantages like no
moving parts, no direct mechanical energy input and less maintenance requirements.
Because of its simplicity and efficiency, this jet device made traditional pumps
obsolete.

Another fundamental field of usage for ejectors was found in the steam refrigeration
system. The idea was to use the ejector to produce a low-pressure reservoir in
which water could be evaporated and subtract heat at low temperature. From
1910 to the early 1930s, steam jet refrigeration systems were successful. Despite
a promising start, these applications almost disappeared when the first synthetic
refrigerants were introduced during the 1930s. A few decades later, the increase in
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refrigeration demand and the rise in awareness of ozone depletion in 1974 prompted
research toward new and environmentally safe technologies. As a result, ejector
refrigeration systems have seen a resurgence of interest. However, this system
presented a lower thermodynamic efficiency and need to be optimized. Nowadays,
even if some domains are less promising than others, the future of the supersonic
ejector is not compromised due to the large range of applications. One recent
example is the use of ejectors to create vacuum condition in high-altitude test
facilities (HAT), for testing upper stage rocket motors. Indeed, the conventional
method of using vacuum pumps may not provide the required vacuum level due to
the enormous mass flux ejected by the rocket motor. Maintaining a low vacuum
pressure remains a challenging task for the engineer, and the supersonic ejector
represents an encouraging solution.

From the 2000s onwards, the number of scientific publications on supersonic ejectors
has steadily grown over the years. The main reason lies in the democratization of
the computer simulation, which contributes significantly to the understanding of the
flow phenomena in supersonic ejectors. Nevertheless, some fundamental issues are
still unresolved, and this master thesis aims to fill the knowledge gap in some areas.
Indeed, due to the constant change of application, further results are expected. At
present, since the supersonic ejector is most often found in refrigeration systems,
this field of application will be studied in more detail in this manuscript.
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1.2 Ejectors in a refrigeration system

One of the most promising applications is the use of supersonic ejectors as a
fluid-driven compressor in an ejector refrigeration system (ERS), shown in Fig.
1.1. In this system, the primary fluid (top cycle) is first heated up in a generator
(or boiler). The secondary fluid (bottom cycle) is vaporized at low pressure in an
evaporator in order to extract the refrigeration effect. Subsequently, the primary
fluid (1) and secondary fluid (2) mix within the ejector and is sent to the condenser
(3). After this operation, once in the liquid state, the fluid is divided into two
flows: the first goes to the evaporator through an expansion valve (4), and the
second is pumped back toward the generator (5). Although the mechanical energy
is saved by replacing the pump with an ejector between the evaporator/condenser,
the development of such systems is limited due to the efficiency and instability of
the ejector.
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Figure 1.1: A schematic view of a steam jet refrigeration cycle [38].

These ejector refrigeration systems are a promising alternative to compressor-based
technologies due to its mechanical simplicity, the limited maintenance needs, low
operation cost and no refrigerant limitations. However, the low coefficient of
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performance (COP) does not allow competing with the vapour-compressor cycle.
Since this coefficient is highly related to the ejector behaviour, its optimization
must be properly studied. Indeed, the performance of the ERS cycle is written as

Qevap _ @ hQ - h4
Qboiler + Wpump 1y hl - h5

where Qewp is the evaporator power, Qbmler the motive heat power in the boiler,
and Wyym, the generator feed pump power.

COP = (1.1)

In order to improve the refrigeration system, its performance is related to the mass
flow ratio 1y /ry and the enthalpy differences (hy — hy) and (hy — hs). These
differences depend directly on the fluid and operating conditions. Therefore, for a
fixed fluid and working conditions, the global performance depend mainly on the
entrainment ratio and its precise estimation for different boundary conditions, is
of fundamental importance. This ratio is linked to the supersonic ejector and its
phenomena inside.

1.3 Ejector Phenomena

Although the supersonic ejector is a simple device, its internal working principle
is more complex. The typical layout of a supersonic ejector is shown on Fig. 1.2.
The primary (or motive) flow is fed through a primary nozzle (in red), which is
shaped as a converging/diverging duct in order to accommodate a supersonic flow
at the exit. The secondary (or suction) flow is fed thought the secondary inlet
(in blue) that surrounds the primary nozzle. At the exit of the primary nozzle,
the two streams come into contact and mix within the mixing chamber/duct (in
orange). Their velocities are highly different and hence, a transfer of momentum
accelerates the secondary flow and decelerates the primary flow. As the primary
flow is supersonic, a sequence of oblique shocks appears along the mixing zone,
undergoing multiple reflections. Subsequently, the mixed stream decelerated in a
supersonic diffuser (in orange) in order to convert its kinetic energy and reach the
outlet pressure, an intermediate pressure between the primary and secondary inlet
pressure.

As shown on Fig. 1.2, the supersonic ejector consists of two inlet channels including
a primary nozzle, a mixing duct and a diffuser. The indices 1 and 2 refer to the
primary stream and secondary stream, respectively.
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Figure 1.2: Typical layout of a supersonic ejector

Contrary to the other fluid machinery, the supersonic ejector have many advantages
like no moving part and no direct transmission of mechanical work. Flow energy
is transmitted directly through the two streams, which avoids rotating blades,
bearing, lubrication and therefore requires less maintenance.

Obviously, the interaction between the flows at different velocities induces some
limitations and specific losses. Indeed, in the diffuser, the supersonic flow deceler-
ates to subsonic velocity through a second shock train. Ideally, the velocity should
decrease continuously but in practice, a shock take place in the diffuser. In this
condition, the ejector flow rates are insensitive to any increase in the outlet pressure.
When the outlet pressure increases, the shock moves towards the inlet side of the
ejector, in the mixing duct. The ejector works in a stable condition as far as the
shock is located in the mixing duct. As the chock reaches the inlet of the mixing
duct, the ejector experiences its best performance. However, beyond a critical outlet
pressure, the flow becomes subsonic, and the mass flow rate becomes dependent on
downstream condition. The ejector is unstable, decreasing the performance, which
in most applications, is not recommended.

At this stage, different global parameters have already been introduced and may
be defined : the entrainment ratio ER = 1y /1y, the ratio between the secondary
(m3), and the primary (7i2;) mass flow rates and the compression ratio pyu:/poz, the
ratio between the outlet (py,:) and secondary (pg2) pressure. The aforementioned
operating mode can be quantified using these two ratios. As a result, the perfor-
mance of a supersonic ejector is usually presented by a characteristic curves which
represents the evolution of the entrainment ratio versus the compression ratio, as
shown in Fig. 1.3.
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For a given combination of primary and secondary conditions, different modes can
be distinguished. The characteristic curve has a first horizontal part and a second
sharply decreasing part. The critical point, the so-called critical back pressure, p} ;.
conjugates the maximum entrainment ratio with the maximum compression ratio.
As shown in Fig. 1.3, three operational modes can be differentiated :

- The critical mode: for a certain range of the back pressure, both flows
are choked within the mixing duct or within the diffuser. The entrainment
ratio remains constant. The ejector flow rates are insensitive to any change
downstream the flow and depends only on the inlet conditions. The ejector
is said to operate in on-design condition.

- The subcritical mode: beyond a certain critical back pressure, the mixing
flow unchokes and becomes sensitive to outlet conditions. The entrainment
ratio decreases rapidly until it reaches zero, where the back pressure equals
a breakdown value. Between the critical and the breakdown pressure, the
ejector is said to operate in off-design condition.

- The back-flow mode: The ejector starts malfunctioning, which means that
a further increase of the back pressure may cause backflow to appear at the
secondary inlet. The secondary flow is no more entrained by the primary flow
within the ejector.
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In summary, the performance of a supersonic ejector is unrelated to the outlet
boundary conditions until a critical point, p},,. A precise estimation of this value
is necessary to determine the different operational mode, and at large scale, the
coefficient of performance of the refrigeration system. Due to a lack of under-
standing of the complex flow phenomena at play within the ejector, the estimation
of the entrainment ratio and the critical back-pressure is complicated, and the
mathematical model is not efficient. Indeed, the modelling of mixing phenomena
by equations remains a difficult task. For this reason, numerical simulations based
on Computational Fluid Dynamics (CFD) have been used by many authors for pre-
dicting the behaviour of the supersonic ejector under varying operating conditions
and/or geometries.

1.4 Literature survey

1.4.1 Computational Fluid Dynamics

From the 2000s onwards, the number of publications involving Computational
Fluid Dynamic (CFD) approach for supersonic ejectors, has steadily grown over
the years. As usual, when a computational method is applied, an initial validation
is needed to verify the correspondence between the experiments and the numerical
simulations. At that time, the literature survey has revealed that in many cases,
the CFD models are validated using global parameters. The authors validated
their model with the entrainment ratio [3, 37, 45, 42, 38| and the relative error (J)
of the entrainment ratio is computed to quantify the CFD/model accuracy:

_ |ERCFD - EReJ:p|
ERcyp

Unfortunately, Hemidi et al. [20] demonstrated that the validation of a global
performance parameter, such as the entrainment ratio, is not sufficient for a correct
assessment, even tough a wide range of operational condition is tried out. Indeed,
different local flow phenomena can obtain the same entrainment ratio. Therefore,
an absolute deviation (6) involving the N local-quantities ¢ (i.e., wall static pressure
profiles) is introduced to validate the model.

J

(1.2)

N - :
g 1 3 |9cFDi — Peap.il (1.3)
N =

exp,i

0 and 6 have been selected to comply to the convention proposed by Besagni et al.

6].
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Concerning the turbulence modelling, the Reynolds Averaged Navier-Stokes (RANS)
approach is generally the method used. Many authors have shown that the choice of
the turbulence approach has a large sensitivity depending on the ejector operations.
In 2005, Bartosiewicz et al. [4] compared for the first time the performance of six
RANS models (k- Standard, k-€¢ Realizable, k-¢ RNG, k-w Standard, k-w SST, RSM
— air) in order to obtain the most suitable turbulence model. The conclusion was
that k-e RNG and k-w SST models were the best suited to predict the shock phase,
strength, and mean line of pressure recovery; in particular, k-w SST showed better
performances in terms of stream mixing. In 2009, Hemidi et al. [20] (k-e Standard,
k-w SST — air) found that k-e Standard provided best result (6 < 10%) especially
for the on-design conditions than the k-w SST (6 = 10 — 20%). Furthermore, it has
been highlighted that for exactly the same entrainment ratio prediction, both mod-
els could provide very different local flow structures. In 2015, Del Valle et al. [17]
(k-e Standard, k-¢ Realizable, k-¢ RNG, k-w SST, RSM — R134a) investigated the
performance of a R134-a ejector. k-w SST was found to be the most accurate model
(0 = 15.2%; 6 = 5.5%) which slightly superior to Zhu et al. [45] and Sriveerakul et al.
[42] (6 < £10%). Nevertheless, Del Valle et al. obtained a lower average deviation
with the & — e Standard (6 = 19.9%; 6 = 4.7%). The same year, Mazzelli et al. [32]
(k- Standard, k-e¢ Realizable, k-w SST, RSM — air) concluded that the k-w SST
model is generally the best performing whereas e-based models are more accurate
at low motive pressure. The next year, in 2016, Croquer et al. [12] (k-¢ Standard,
k-¢ Realizable, k-e RNG, k-w SST — R134a) studied a 2D axisymmetric R134a
ejector et compared to the experimental data of Del Valle et al. [17]. As a result,
k-e Standard with standard wall functions performs the best, with a relative error
of § = 4.3%. The advanced version of the k¥ — € model did not improve the predic-
tions of the entrainment ratio (6 > 6%). However, k& — € models predict the same
normal shock wave, while k-w SST captures the detailed structure of the shock train.

All these studies allow to state that turbulence modelling is not a fully answered
question for ejector operation and flow physics predictions. Indeed, different authors
applied different methods on different geometry, and a complete validation is missing
so far. Besagni et al. [6] close the knowledge gap by assessing the performances
of a CFD approach over a wide range of ejectors designs, working fluids and
boundary conditions. To this end, the study poses precise guidelines to be applied
in future research activities for the mesh criteria, geometrical modelling, solvers
and turbulence models. Finally, & — w SST has shown the best agreement with
the experimental measurements concerning both global and local flow quantities,
with an average entrainment ratio error of 14% and a maximum of 20%, under
on-design operating mode. But in the interested case of air as working fluid, Besagni
et al. [6] have obtained this following model validation outcomes: k& — w SST
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(Oon-design = 1.2%, Ooft-design = 29.1%, 0 = 14.7%) and k — € RNG (Oon-design = 1.1%,
oft-design = 26.6%, 8 = 16.3%). Both turbulence models have close relative error
and absolute deviation. In order to achieve the equivalent CFD accuracy, this
proposed guideline is applied in this manuscript.

1.4.2 Geometrical modelling

Concerning to the geometrical modelling, many CFD approaches for supersonic
ejectors are mainly two-dimensional, either rectangular or axisymmetric, but it
does not reflect the reality. In 2007, Pianthong et al. [37] compared for the
first time an axisymmetric and a 3D simulation of a steam ejector. It is shown
that the axisymmetric model is quite capable of producing similar results to the
three-dimensional model, and both results are in acceptable agreements with the
experimental data. Sharifi et al. [39] and Gagan et al. [16] confirmed a few
years later the same outcomes and concluded that there is no need to use a full
three-dimensional simulation for further studies of axisymmetric ejector. However,
in 2015, Mazzelli et al. [32] simulated a two-dimensional and three-dimensional for
a rectangular cross-section ejector and obtained significant discrepancies between
both models. Good agreement is found across all 2D and 3D models at on-
design condition (two-dimensional : § = 2.9%; three-dimensional : ¢ = 1.9%),
while the prediction at off-design condition is only acceptable with 3D models
(two-dimensional : § = 42.8%; three-dimensional : § = 14.6%). These results
confirm the importance of wall effects. Nowadays, there are few studies that really
addresses in-depth the comparison between rectangular and axisymmetric case.
The manuscript aims to close the knowledge gap in this domain.

1.4.3 1D model

Since the 1940s, many authors have tried to develop a 1D model to predict the
ejector performances over a large range of operation. The advantage consists on
the easy implementation of the 1D model into a system model to predict overall
performance of an ejector refrigeration systems.

In 1942, Keenan et al. [25] were the first to present a mathematical model for a
constant area mixing ejector (without a diffuser). The purpose of the study was to
test the utility and validity of a method of analysis based on ideal gas dynamics and
the principles of conservation of mass, momentum, and energy. A few years later,
in 1950, the same authors Keenan et al. [26] introduced the concept of a constant
pressure mixing ejector and obtained better performance for the analytical model.
The mixing was assumed to occur at constant pressure. However, this model could
not give detailed information on the choking phenomena. Later, in 1958, Fabri et al.
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[15] proposed that the induced secondary stream is assumed to accelerate as it flows
along the primary jet and reaches unity Mach number at the section of maximum
expansion of the primary flow, as shown on Fig. 1.4. This hypothetical section is
so-called “aerodynamic throat”, “effective area” or “critical section”, which limits
the secondary mass flow rate. This choking model was called the Fabri-choking
theory in the literature [14, 27, 30]. In 1977, Munday et al. [33] postulated also a
fictive throat and assumed that the mixing process starts beyond the hypothetical
throat with uniform pressure. And over the years, the Fabri-choking model was
always used as the baseline of all state-of-the-art simplifies models to predict the
performance of supersonic ejectors. [9, 10, 18, 22, 36, 40, 44]. Authors obtained
acceptable average deviations for on design mode (0 = 2.6% in [40], § = 7.0% in
[18], 6 = 1.2% in [9]) but failed to predict at subcritical mode (6 = 15 — 50% in
[40], § = 20.0% in [9]).

mixing duct

primary nozzle \ \

a2

mi

m2/2 =1
/I

Figure 1.4: Schematic diagram for the model of the Fabri-choking [27].

I aerodynamic throat

However, another theory has also emerged since the 1950s. The same year as Fabri
et al. [15] (1957), Pearson et al. [35] presented a theory based on a wave velocity
argument to predict the nozzle performance. The obtained choked condition showed
that when the nozzle jet consists of two non-fixed mixed flows of different total
pressure, one flow is supersonic (the one with the greater total pressure) while the
other is subsonic. Hoge et al. [21] (1965) achieved an equivalent result. A decade
later, Bernstein et al. [5] used this condition to develop a one-dimensional theory
for analysing the behaviour of one or more gas streams flowing through a single
nozzle. This compound-compressible flow theory shows that the behaviour of each
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Figure 1.5: Schematic diagram for the model of the Compound-choking.

stream is influenced by the presence of the other streams. It was found that a
two-stream compound-compressible nozzle flow may be choked with a subsonic
stream if the other one is supersonic, as the combination of the two streams may
behave like a sonic stream, know as the compound-choking theory. An equiva-
lent Mach number (M,,) is thus defined for the two streams flow. As may be
seen on Fig. 1.5, a schematic diagram is presented for the compound-choking model.

Recently, some authors implemented this theory as an explanation of the entrain-
ment limitation in supersonic ejectors. In 2017, Lamberts et al. [28] achieved
better performance with the compound-choking theory (§ = £10%) compared
to state-of-art 1D models relying on the Fabri-choking assumption. Last year,
Croquer et al. [13] achieved the same result (Compound-choking theory ¢ = 5.3%;
Fabri-choking theory § = 17.5%). This theory become a promising model to explain
the flow phenomena in the ejector. In this manuscript, this theory is implemented
and studied for an adapted axisymmetric ejector of Lamberts et al. [28].

1.4.4 Transient scenario

As discussed in the previous section, for the 50s past years, authors have been
trying to model the behaviour of a supersonic ejector in a stationary mode using
mathematical model and later CFD methods. However, the author of the present
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manuscript did not find comprehensive studies referring to the transient mode.
Indeed, authors are mainly interested in the stationary mode of the ejector.

In 2008, Park et al. [34] numerically investigated the starting and terminating
transients of a small-scale high-altitude test (HAT) facility to simulate vacuum
ignition tests of rocket motors. They investigated in detail the effects of diffuser
length and pre-evacuation state, but not the flow mechanism associated with the
transient process. The year after, Lijo et al. [31] analysed the transient flow
through the vacuum ejector system with limited mass supply from the secondary
chamber. The results obtained showed that the one and only condition in which
a continuous mass entrainment can be possible in such types of ejectors is the
generation of a recirculation zone near the primary nozzle exit. In 2011, Du Clou
et al. [11] proposed the first analytical model to optimize the ejector geometry and
the unsteady performance. The authors highlighted that the performance model
did not include the mixing of the transient primary and secondary stream, due to
the lack of one-dimensional theory at this time. A few years later, Jafarian [23]
investigated for the first time transient phenomena with a linear variation of the
primary flow pressure. The results showed that as the slope of the motive flow
pressure profile increases as much as twice, the secondary flow rate increases by 40%.
Unfortunately, the poor explanation of the numerical simulation, the high transient
time step of 1.0 [ms] and 1.5 [ms| as well as the single global validation requires
a critical opinion on their results. Recently, Arun et al. [2] studied the effect of
geometric configuration on the starting transients in vacuum ejector. The focus was
mainly put on the various geometric ratio. After a net increase in primary pressure,
the secondary pressure decreases and the authors showed up that a rapid evacuation
happens when the initial recirculation bubble splits up. In 2018, Karthick et al.
[24] studied only experimentally the ejector behaviour by varying the secondary
flow rate. Their results and schlieren images could be used for further validation.

Last year, Bharate et al. [8] improved considerably the understanding of the
starting transients in second throat vacuum ejectors. Its extensive study allowed to
accurately describe the flow mechanism in the transient mode. Indeed, the authors
characterized the vacuum generation with four distinct stages : gradual evacuation
process, transition region, rapid evacuation and gradual evacuation This study
will be a good basis for this manuscript. Over the 10 last years, a few authors
investigated the transient scenarios and more precisely the vacuum ejector scenario
due to the interest in HAT facilities. However, there is actually no study related to
the other scenario : increasing of the outlet pressure, decreasing of the primary
inlet pressure, and even less an analytical model. This manuscript tries to close
the knowledge gap for one of the other scenario.
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1.5 Research issues and objectives

The literature review shows an increasing improvement in understanding of both
mixing and the choking phenomena taking place in supersonic ejector. Nowadays,
new methodologies provide a better estimate for the characteristic curve, such as
the compound-choking theory. Nevertheless, a fundamental issue is still unresolved,
already raised previously :

- The comparison between a rectangular and axisymmetric ejector.

- The analysis of transient scenarios.

At the present time, few literature provides numerical and experimental data on
these subjects. Research efforts over the past ten years have focused mainly on the
stationary case. Therefore, this thesis aims at gaining insights into these domains
for supersonic axisymmetric ejector.

The first goal of this thesis is to provide better understanding of the supersonic
axisymmetric ejector and its difference with the rectangular supersonic ejector.
Hence, numerical results are thoroughly analysed and compared to investigate the
reason of their difference. These results highlight the importance of quantifying
and locating transfers and irreversibility. Since the compound-choking theory is a
promising 1D model to explain the flow phenomena in the ejector, it is interesting
to examine its ability to predict the mode of operation depending on the geometry:
rectangular or axisymmetric.

The second objectives consist of the development and the analysis of a rapid change
at the ejector boundaries. As evidenced by the literature survey, the transient
results for supersonic ejector are still unknown in the scientific paper. Therefore,
this thesis is a first approach in this unsteady flow study area. In this paper, one
transient scenario is highlighted: decreasing of the secondary mass flow. This case
studies were inspired by the industrial world, which has an interest in these results.
Indeed, the decrease in the secondary mass can be related to a valve closure. In
the high-altitude test facilities (HAT), this scenario is very similar to a vacuum
generator, and the obtained results in this manuscript can be extended to this
application.
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1.6 Structure of the manuscript

In order to achieve the objectives, the manuscripts are divided into 3 chapters:

- Chapter 2 : Methodology

This chapter is devoted to a thorough description of the methodology and
the numerical methods. First, the focus is put on the adaptation of a
rectangular supersonic ejector into an axisymmetric supersonic ejector. This
new axisymmetric geometry maintains lengths and area ratios, allowing to
compare it to the rectangular case, developed in the Chapter 3. Secondly, the
numerical methods are presented in detail from the RANS equations to the
flow solver and to the study of the computational domain. In this section,
the fluids properties and the turbulence model are described in depth, as well
as the boundary conditions. The last section is devoted to the verification of
the numerical simulation.

- Chapter 3 : Comparison between the rectangular and axisymmet-
ric ejector

Chapter 3 is dedicated to the comparison of a rectangular ejector with its
complementary axisymmetric ejector and provides an explanation of the
difference in the results. In a first step, a comparison on a global and local
scale is carried out, as well as with the experimental data of Lamberts et
al. [28]. In a second step, the exergy analysis is performed to explain
the difference in the characteristic curve. An approach has been proposed
to quantify and locate the transfer of exergy and the irreversibility within
each ejector. Following this analysis, an improved axisymmetric ejector is
presented. Finally, the third section is devoted to the comparison of the
two geometries with a 1D model (compound-choking theory), including the
heating of the primary flow.

- Chapter 4 : Analysis of 2 transient scenarios

In Chapter 4, the focus is on transient scenarios, and more specifically on the
closure of the valve at the secondary inlet. It generates a vacuum chamber
in the secondary channel, such as in high-altitude test facilities. Before
presenting any results, further details are given on the calculation method
and an error estimation is made to assess the accuracy of the CFD. In the next
sections, the transient results are presented in depth, from the evacuation
performance to the response time. Due to the two identified mode of operation
(un-started and started mode), two valve closures have been performed, one
in each mode. Finally, the last section is devoted to the comparison of the
structure of the flow between the two scenarios.



Chapter 2

Methodology

2.1 Introduction

In this chapter, the methodology and the numerical methods used in this present
paper are presented in detail. In the first section, the focus is put on ejector geome-
tries and the adaptation of a rectangular supersonic ejector into an axisymmetric
supersonic ejector. The following section is devoted to the numerical methods,
including the equations, the fluids properties and the numerical parameterization
such that the flow solver, the computational domain and the boundary conditions.
Finally, the chapter ends up with the verification and validation of the simulation
with the numerical data obtained by Lamberts et al. [27].

2.2 Ejector geometries

2.2.1 Rectangular ejector

The rectangular ejector that has been simulated corresponds to the rectangular
ejector of the upgraded experimental setup available at UCL and described in
details in Lamberts et al. [29]. This upgraded installation aims to improve the
previous setup of Mazzelli et al. [32] that presented one main disadvantage.

The drawback concerns the shape of the primary nozzle. Indeed, the converging-
diverging geometry consisted in two inclined plans and due to the sharp throat,
strong compression waves propagate downstream leading to a non-uniform flow at
the exit of the primary nozzle, as highlighted by Lamberts et al. [29]. Therefore,
they applied the method of characteristics to design an upgraded shape for the
primary nozzle. This new geometry provides a smooth throat, characterized by
a continuous circular arc with a unique radius of curvature, R = 500.0 [mm], as

15
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shown in Fig. 2.1. The height of the throat remains unchanged, h; = 6.0 [mm)] as
well as the height of the primary exit nozzle, h; = 8.0 [mm].

R500

005d

Figure 2.1: Dimensioned drawing of the new primary nozzle geometry. All dimen-
sions are in mm [27].

Regarding the secondary nozzle and the mixing chamber, it has essentially the
same geometry as the previous one. Fig. 2.2 shows the dimensioned drawing of
this upgraded rectangular ejector used as reference and modelled in the numerical
simulations for the rectangular case of the present paper. Instruments for the
measurements of the static pressure are also visible at different locations along the
wall of the ejector. Indeed, several holes have been drilled in the top wall along
the mixing duct and at the entry of the diffuser. However, these small diameter
holes are not taken into account in the numerical simulations and the top wall is
considered as a flat plane.

2.2.2 Axisymmetric ejector

Concerning the axisymmetric case, the ejector mainly used in the present work is
an adaptation of the upgraded rectangular supersonic ejector into an axisymmetric
supersonic ejector. This new geometry maintains the lengths and the area ratios
as in the rectangular case. The objective is to compare our axisymmetric results
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with the experimental and numerical data obtained by the upgraded installation of
Lamberts et al. [29].

The primary nozzle has a converging-diverging geometry. As may be seen in Fig.
2.3, the radius of the primary nozzle throat, the radius of the primary nozzle exit
and the radius of the mixing duct are noted r;, r1, and r,,, respectively. The section
at this corresponding location is indicated as A;, A; and A,,. The flow being sonic
at the throat, the mass flow rate is limited in the primary nozzle. Hence, the section
at this point is maintained constant between the two geometries. In the rectangular
ejector, the corresponding height is 6.0 [mm] and the cross-section is 50.0 [mm].
By area conservation, r; = 9.77 [mm]. Regarding the two others radius, the values
are computed with the area ratios conservation, A;/A; ~ 1.33 and A,,/A; ~ 4.51.
The values are written as follows : r; = 11.28 [mm] and r,, = 20.75 [mm]. The
cylindrical coordinate system is also shown in Fig. 2.3, as well as its origin, located
on the ejector centreline at the entry of the mixing duct.

_— primary nozzle mixing duct

Figure 2.3: Definition of the geometrical parameters

The mixing duct of constant area extends from 0.0 [mm] to 280.6 [mm]. In the
divergent part, the outlet diverging angle decreases to the value of 1.95° preserving
the same length of the divergent 697.4 [mm| and the same outlet area ratio,
A,/A; ~ 20.74. Regarding the secondary nozzle, the inlet converging angle, 0, is
15°. The detailed dimensioned drawing of the axisymmetric ejector used in this
manuscript is shown in Fig. 2.4. Only one half of the ejector is modelled because
of axisymmetric assumptions.
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2.3 Numerical method

2.3.1 Averaged equation

The flow field is simulated by solving the compressible Reynolds-Averaged Navier-
Stokes equations (RANS). Depending on the geometry, either 2D axisymmetric or
planar equations are used. The conservative form of these averaged equations is
written as follows, in the absence of the body force, and for any frame of reference:

?)[t) +V-(pv)=0 (mass) (2.1)
gt(p{f) +V-(p¥¥)=-Vp+ V- (T+7) (momentum) (2.2)
0 (pé N

(g:t) +V-(Vph) ==V -(qa+q)+ V- TV +T)

1
+ V- (Tv" — i,ov”v”v”) (energy) (2.3)

where two methods of averaging are used. According to the concept of Reynolds-
averaging, a time dependant quantity ¢ is decomposed into a mean and a fluctuating
part such that ¢ = ¢ + ¢’. The mean quantity is defined as the conventional time-
average value over a time period, ¢ = % . tt+T ¢(t)dt. While the second averaging
method consists in using the density-weighted (or Favre) average by introducing
a mass-averaged quantity ¢ = pp/p, where p represents the Reynolds-averaged

density. The corresponding fluctuating quantity is indicated with ¢” such that
p=0+¢"

Most commonly, in the averaged equations, approximations are made for the
time-averages of the viscous stress tensor (7) and of the heat flux (q):

12

7~ () [(vv + Vi) - gv - w} (2.4)

q~ —k(T)VT (2.5)

with p, k, the molecular viscosity and the thermal conductivity. The additional
term 7' represents the Reynolds stress tensor. The Boussinesq assumption states
that the Reynolds stress tensor is linked to the kinetic energy of the fluctuating
turbulent field, kK = pv’v”/2p and can be written in the following way

2 2
—t ~ A AT _Z .S 2=
T o~ 1y {(Vv—l— Vv ) BV V[} Spkl (2.6)
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with p, the eddy viscosity provided by the turbulence model.

In an analogous way for the averaged equation of energy, the additional turbulent
heat flux, given by q' = ¢,pv"T” is modelled simply by taking it to be proportional
to the temperature gradient of the mean flow.

q' ~ —kvD = -2y7 (2.7)
Pr,
where the turbulent Prandtl number Pr, is often taken as a constant value, Pr; ~ 0.9
valid for fluid such as air. Moreover, in the averaged energy equation, the quantities
¢, and hy represent the Favre-averaged specific total energy and total enthalpy of
the flow given by:

é=¢e+—+k (2.8)
ﬁt:ﬁ+%+k (2.9)

where vV /2 is called the specific mean-flow kinetic energy, K, and k is defined as the
specific kinetic energy of the fluctuating turbulent field. Finally, the contributions
of some additional terms are neglected. Simplifications are made by ignoring the
molecular diffusion, 7v” and the turbulent transport of turbulence kinetic energy,
%pv”v”v” . This approximation is good for flows with supersonic Mach number,

which follows from the fact that k < h. From this latter assumption, the %ﬁ/{;[
term is generally neglected in the expression of 7! and the turbulence kinetic energy
is often ignored in the calculations of é;, h;.

2.3.2 Flow solver

The finite volume code Ansys Fluent (Release 2021 - R1) has been used to solve
the RANS equations for turbulent compressible flow. As reported by Besagni et
al. [6], the k —w SST and k — ¢ RNG models have shown the best agreement
to simulate the turbulent behaviour in a supersonic ejector. These models are
well known in the literature, and a detailed description of their mathematical
structure is not presented in the present paper. For further information about their
implementation in the commercial code Ansys Fluent, the reader should refer to [1].
All the considered models have been used in their original implementation without
further modifications. Nevertheless, some additional options are selected to take
into account the compressibility effects and the viscous heating of our supersonic
flow. In this present study, the transient scenario is simulated with the kK —e RNG
model due to its fast convergence and its low computational time. While for the
stationary case, the k£ —w SST model is recommended and captures a more detailed
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flow structure than the £ — e RNG.

Regarding the discretization of the governing equations, a second-order upwind
numerical schemes have been used for the spatial discretization to limit the numerical
diffusion. Second-order schemes are also selected for the turbulence quantities.
Gradients are evaluated by the Least Squares approach. A two-step approach
is adopted for the initialization : the hybrid initialization and a full multi-grid
(FMG) initialization. In Ansys Fluent, density-based and pressure-based algorithms
are available. Both solvers are adapted for high-velocity compressible flows. The
pressure-based solver with Coupled algorithm has been adopted since it is described
in the literature as far more stable than density-based solver. The Coupled
algorithm applied solves the continuity and momentum equations simultaneously.
The selected pseudo transient option was enabled, which was found to speed up
the steady-state solution. Moreover, no Courant-Friedrichs-Lewy (CFL) condition
is required to stabilize the solution. The numerical solution is considered converged
when the normalized difference of mass flow rates at the inlets and at the outlet
were < 107° on the last 50 iterations. Calculations are also stopped when all
residuals are stable and reach a value of at least four orders of magnitude less than
the initial value.

2.3.3 Computational domain

For both geometries, the mesh generation process has been handled with Ansys
Fluent tools. Depending on the study case, the grid structure of numerical domain
differs from the turbulence model. Indeed, for the k —w SST model (stationary
case), the flow is wall-resolved and a fine mesh is required to resolve the viscous
sub-layer (y™ < 1). While the kK — ¢ RNG model (transient scenario) requires a
near wall modelling (i.e. Enhanced Wall treatment in this simulation) and the first
grid cell need to be in the region of 30 < y* < 300. As shown in Fig. 2.5 and Fig.
2.6, the grid structures of the numerical domain are structured. Two geometrical
parameters are identified to characterize each mesh fully : (i) the vertical /radial
parameter is the mixing chamber cell throat size, expressed as the number of cells
in the mixing chamber, (ii) the horizontal/axial parameter is the aspect ratio of
the cells (AR). The Table 2.1 resumes the mesh structure details for each study case.

The independence of the results from the grid density has been performed by
comparing the profile of the Mach number on the axis of the ejector for the meshes
described above and a refined mesh. The finer meshes were obtained by further
refinement only in the axial direction, yielding a mesh of approximately 350,000
cells for the k — w SST case and a mesh of approximately 100,000 cells for the
k—e RNG case. As may be seen in Figs. 2.7 and 2.8, the differences between both
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Stationary case Transient scenario
Turbulence model k—w SST k—e¢ RNG
Wall parameter yt <1 30 <y < 300
(i) Nb. of cells in mixing chamber 170 45
(ii) AR 1-2 2
Number of elements 190,570 50,958

Table 2.1: Mesh structure details

simulations are negligible. Moreover, k — w SST model predicts a more detailed
shock train, as mentioned above. With regard to the entrainment ratio, the relative
gap between both normal and finer meshes is in the order of 0.8% for the k —w SST
model and of 0.6% for the k — ¢ RNG model. Even if the finer mesh presented
more sweeping oscillation, the numerical simulations analysed in this paper have
been carried out on the normal mesh, which is fully appropriate.

2.5 T

T T H T T T T
mixing duct diffuser R normal mesh

finer mesh

O ] Il Il Il Il 1 1 1
0 5 10 15 20 25 30 35 40
x/H,,

Figure 2.7: Mach number profiles along the axis of the ejector: k — e RNG model
(wall modelling) - po1/po2 = 3.61 and poy:/po2 = 1.20.
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25 T T H
: mixing duct diffuser B normal mesh
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Figure 2.8: Mach number profiles along the axis of the ejector: k — w SST model
(wall-resolved) - po1/po2 = 3.61 and pyyu:/po2 = 1.20.

2.3.4 Working fluid

The working fluid employed in the benchmark is air, and the ideal gas assumption
has been considered. The thermophysical properties of air, provided by the Fluent
database, have been used and have been considered as constant (see Table 2.2).
The density has been evaluated using the ideal gas law p = ﬁRT.

Thermophysical properties of air

Density [kg/m?] Ideal gas
Cp (Specific Heat) [J/(kg - K)] 1006.43
Thermal conductivity [W/(m - K)] 0.0242
Molecular viscosity [kg/(m - s)] 1.7894e-05
Molecular weight [kg/(kmol)] 28.966

Table 2.2: Air properties
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2.3.5 Boundary conditions

Three boundaries conditions are imposed. The flow being subsonic at the inlet
boundary, the pressure and the temperature are specified and have been assigned
as the stagnation conditions : pg; and Ty, for the primary flow and pyo and 1o, for
the secondary flow. No slip boundary conditions are imposed at the walls of the
geometry. Since no heat exchange occurs with the external environment, all the
walls are modelled as adiabatic. The outlet boundary condition is implemented as a
pressure boundary condition, p,,:. Regarding the turbulence boundary conditions,
the turbulence intensity (5%), and hydraulic diameter dj,, have been chosen. This
diameter depends on the corresponding intake pipe and is used to obtain the
turbulence length scale defined by ¢ = 0.07d,,.

2.4 Verification and validation

To validate the present 2D simulation, the numerical results are compared to those
obtained by Lamberts et al. [29]. Both rectangular simulations are performed
with the same geometry, same turbulence model (kK —w SST') but with a different
solver and grid structure. As demonstrated by Hemidi et al. [20], different local
flow phenomena can obtain the same entrainment ratio. Therefore, the present
numerical results must be validated at global and local scale.

2.4.1 At global scale

In the first approach, the validation of a global performance parameter, such as the
entrainment ratio, is performed. The comparison between the numerical character-
istics curves is shown in Fig. 2.9. Due to the lack of CFD data of Lamberts et al.
[29], only one value of the primary stagnation pressure is considered: py; = 3.50
[bar| and remains constant for all the operating points. The stagnation pressure of
the secondary stream is almost equal to the atmospheric pressure, since it is directly
take from the atmosphere in the experiment. As mentioned by Mazzelli et al. [32]
and Lamberts et al. [28], small variations of the secondary stagnation pressure
were observed in the experiment when changing the back-pressure in the off-design
regime. Indeed, the orifice plate used for the measurement of the secondary mass
flow rate induces a pressure drop which increases with the mass flow rate and varies
slightly in the off-design regime. This variation of pgs has been taken into account
for the validation of the numerical results. The exact boundary conditions for each
simulated case can be found in Table 2.3 along with the corresponding numerical
results. In addition, experimental results are also presented in Fig. 2.9.
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With regard to the entrainment ratio, the present numerical results are very close
to the those reported in [29] all over the range of the back-pressure. The overall
deviation was found to be less than 0.9%, validating the CFD accuracy of the present
simulation. As highlighted by Lamberts et al. [29], the numerical simulations
slightly overestimate the experimental entrainment ratio for the on-design regime
* Oon-design = 0.5% and for the off-design regime : doftdesign = 27.3%. As shown by
Mazzelli et al. [32] and Lamberts et al. [29], these discrepancies are mainly due to
3D effects.
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Figure 2.9: Comparison of numerical and experimental characteristic curves for
po1 = 3.50 [bar]

2.4.2 At local scale

As mentioned at the beginning of this section, a second approach is used to confirm
the present numerical results. The 2D rectangular simulation must be validated
at local scale. Hence, the static pressure profile at the wall is investigated as
there is the only numerical data available. The comparison between the present
numerical results and the data of Lamberts et al. [29] is shown in Fig. 2.10, for the
corresponding pressure ratio : po1/poz = 3.63, Pout/Po2 = 1.24. The two pressure
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Pressure condition [bar] Mass flow rates [kg/s]
Po1 Po2 Pout my my ER
3.50 0.969 1.051 2.401 1.947 0.811
0.969 1.206 2.401 1.947 0.811
0.969 1.300 2.401 1.947 0.811
0.969 1.333 2.401 1.947 0.811
0.969 1.400 2.401 1.947 0.811
0.987 1.495 2.401 1.692 0.705
1.000 1.575 2.401 0.782 0.326
1.050 1.626 2.401 0.242 0.101

Table 2.3: Tabulated values of exact boundary condition applied to 2D rectangular
simulation and the corresponding results

profiles overlap perfectly. As a result, the present 2D simulation is validated locally
and globally according to the numerical results of Lamberts et al. [29] and can
be used for other simulations when the data is missing. As observed on Fig. 2.10
with the experimental data, the numerical simulation fails to predict the value of
the static pressure acting on the wall of the mixing duct. Indeed, the CFD model
underestimates the static pressure. This topic is investigated in more detail in the
next chapter.

In conclusion, this chapter covers the parameterization of the numerical simulations,
useful for those who wish to verify the results. The geometry of the axisymmetric
ejector has been obtained by conserving the area ratio of the rectangular ejector. To
meet the two main objectives of the thesis, two turbulence models were implemented:
k —w SST model for the comparison between the two geometries and kK — e RNG
model for the transient scenario analysis. Finally, in order to validate the numerical
simulation, a study of the mesh and the results at global and local scales shows
the convergence of the solution and the equivalence with the numerical results of
Lamberts et al. [27]. As a result, the methodology of this paper is validated and
provides corrects results for the study.
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Chapter 3

Comparison between the
rectangular and axisymmetric
ejector

3.1 Introduction

This chapter is dedicated to the comparison of the rectangular ejector of Lamberts
et al. [27] with the adapted axisymmetric ejector, introduced in the methodology.
In a first step, a comparison at the global and local scales is carried out and evinces
a discrepancy between the numerical results. The exergy analysis is performed
to explain these differences. Two complementary approaches were proposed: the
transfer of exergy and the global exergy balance. Following this analysis, an
upgraded ejector is presented in order to improve the mixing phenomena and the
performance of the ejector.

In a second step, Lamberts et al. [27] shows in their paper the ability of the
compound-choking theory to predict the on-design entrainment ratio and its limi-
tations. However, the impact of the geometry, as well as the impact of primary
temperature, has not been investigated and this chapter aims to fill this knowledge
gap. As the area ratios are conserved between the two geometries, the 1D model
establishes an equivalence of the results between the geometry, which will be verified
in this chapter.

3.2 Characteristic curve

As a first step, the axisymmetric ejector is compared to the rectangular ejector at
global scale. Characteristic curves are simulated numerically and are presented in
Fig. 3.1. The variation of pgs with the back-pressure has been taken into account
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in order to compare the numerical results with the experimental data of Lamberts
et al. [29] (experimental setup presented in Fig. 2.2, p. 17). Hence, the applied
boundary conditions correspond to those reported in the validation (Table 2.3, p.
29).
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Figure 3.1: Comparison of numerical and experimental characteristic curves ob-
tained on a rectangular and axisymmetric ejector for pg; = 3.50 [bar].

The numerical results evince a discrepancy between the two characteristic curves.
The axisymmetric case shows a smoother transition between the two operating
modes than the rectangular case, like the experiments. As a result, the critical back
pressure is lower in the axisymmetric case. Regarding the deviation, the experimen-
tal entrainment ratio fits better with the axisymmetric case: don-design = 5.7% and
Joff-design = 14.3%), than the rectangular case: don-design = 6.5% and dof-design = 27.3%.
Hence, the axisymmetric numerical simulation could be an alternative way to ob-
tain the experimental results. As many authors have pointed out in their research
[37, 39, 16], the axisymmetric model is quite capable of producing similar results
to the three-dimensional model. However, this unfounded assumption here is not
necessarily valid over a wider range of operating conditions and ejectors. Additional
experimental and numerical data are required. To explain the difference in the
curves, an exergy analysis is performed after the local comparison.
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3.3 Static pressure profile

A second approach is used to compare the axisymmetric and the rectangular model.
Due to the available experimental measurements, the profile of the static pressure
at the wall is presented in Fig. 3.2. The case under consideration corresponds to
the on-design conditions: po1/pez = 3.63 and poys/po2 = 1.24.
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Figure 3.2: Comparison of the pressure profiles extracted from the numerical
results at the wall of the secondary nozzle with the experimental measurements :
Po1/Po2 = 3.63 - Pout/poz = 1.24.

As mentioned in the previous chapter, the 2D numerical simulation fails to predict
the value of the static pressure acting on the wall of the mixing duct. Indeed, in
the rectangular case, the CFD model underestimates the static pressure. These
discrepancies are mainly due to 3D effects. In the axisymmetric case, oscillations
are visible at the entry of the mixing duct, as the experiment data of the rectangular
ejector. Indeed, the wall is closer to the shocks trains and the pressure is further
influenced. Unfortunately, the comparison between these 2 curves is less relevant,
as the geometry differs strongly between the 2 cases. Experimental data for
axisymmetric geometry would be of interest and are missing from the study.
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3.4 Numerical results exploited in the manuscript

As mentioned in the methodology, the variation of pgps has been taken into account
in the experiments and the numerical simulations. However, in order to investigate
the mixing and choking mechanisms, the reservoir conditions should be fixed and
only the back-pressure should vary to study its impact. Hence, the slight changes
in the stagnation pressure inlet observed in the experiment for off-design case are
thus neglected. poe is this equal to 0.969 [bar| and pg is this equal to 3.50 [bar].
The resulting characteristic curves are shown in Fig. 3.3. In addition, a certain
letter has been associated to each operating point in order to ease the reference to
the different cases throughout the manuscript. The letter correspond to the state
for both characteristic curves.
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Figure 3.3: Numerical characteristic curves exploited in the manuscript

As may be seen in Fig. 3.3, the bumps (point E), that were noticeable in the
numerical characteristic curves in Fig. 3.1, have disappeared due to the fixed
secondary inlet pressure.
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3.5 Exergy analysis

The difference between the two characteristic curves, highlighted earlier, is finally
explained in depth in this section. As a reminder, the main purpose of a supersonic
ejector is to give to the secondary stream the capacity to produce some work.
To achieve this, a primary flow is accelerated into a nozzle and transfers its high
kinetic energy to entrain the secondary flow. These transfers are directly related
to the operating conditions, and thus to the shape of the characteristic curves.
Therefore, to study the difference between the curves, it is necessary to investigate
the difference between the transfers.

Lamberts et al. [27] propose an approach to provide novel insights into the quantifi-
cation and the location of the transfers and the irreversibilities within supersonic
ejectors. They performed an analysis based on classical stream tubes in order to
quantify the exergy transfer between the two flows along the ejector, as well the
losses. The authors introduce new quantitative indicators to assess these transfers
and losses. The considered geometry was a rectangular supersonic ejector. The
objective of this section is to apply this approach to an axisymmetric ejector and
to compare the results to the rectangular ejector in order to explain the difference
in the characteristic curves.

In this section, note that all the mathematical symbol have been selected to comply
to the convention proposed by Lamberts et al. [28]. Before presenting further
results, let’s review the concept of exergy, tubes of transport and the computational
methods.

3.5.1 The concept of exergy

As a reminder, the exergy (&) is defined as the maximum theoretical work that
can be obtained from an amount of energy, expressed as follows

gt = (ht - href) - Tref<5 - Sref) (31)

where h; and s are the specific total enthalpy and the specific entropy, respectively.
The subscript ref refers to the reservoir conditions of the secondary stream as the
reference state, namely : T}..; = Tp2 and p,y = po2. By doing this, the exergy of
the secondary stream at reservoir condition, noted &ys, is equal to zero.

3.5.2 Local transfers

The approach aims to quantify the exchange between the two flows. In the papers
of Lamberts et al. [27], the authors propose dimensionless quantities to investigate
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the transfers between the primary and the secondary streams along the ejector.
The definition of these new quantitative indicators is recalled here.

The transfers of quantities (momentum, kinetic energy and heat) essentially occur
through the shear layer and are quantified through the dividing surface, interpreted
as a virtual separation between the primary and the secondary streams, as illustrated
in Fig. 3.4. The local flux of a quantity () that crosses this dividing surface is
given by its total flux F' and the normal vector n; to the surface S and pointing
towards the secondary stream (see Fig. 3.4) : Fg - nj. This value is positive if
the quantity is transported from the primary towards the secondary flow.

The expressions of the total flux of momentum F,, ;, of kinetic energy F ;, of heat
transfer Fy j, of exergy F¢; are available in the research papers of Lamberts et al.
[27] and are briefly explained in the appendix A. The author of this manuscript
strongly advises readers to take a look at the appendix to get a clear idea of the
mathematical expressions.

As(x)

Tnrp
Figure 3.4: Control volume analysis [27].

The dimensionless local fluxes of the different quantities across the dividing surface
are defined as

7o mlé%% o, (3.2)
T = Py o, 33)
7, = ﬂ,ﬁngq,j n; (3.4)
fe= ﬁian“ ‘1 (3.5)

where &j; is the exergy of the primary stream at reservoir condition. Dividing by
&o1 allows to measure the percentage of exergy available in the primary stream that
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is transferred to the secondary stream. Moreover, it should be noted that, based
on Equation (A.8), it follows that

?5 = ?K + 7{1 (3-6)

The profile of the local dimensionless transfers across the dividing surface are shown
in Figs. 3.5 and 3.7 for the rectangular ejector and in Figs. 3.6 and 3.8 for the
adapted axisymmetric ejector. All the graphs have been simulated numerically for
different operating conditions (Point A, C, D, E,; G in Fig. 3.3) and have not been
taken from other sources. The similarity between these results in the study and
those reported in Lamberts et al. [27], validates the post-processing computation
and the results of this manuscript.

In the rectangular case, as may be seen on the figures, the transfers of momentum,
mean-flow kinetic energy and exergy have essentially the same pattern for a given
operating point. By contrast, the profile of the flux of exergy related to the exergy
content of heat is different. Indeed, due to the temperature-correction factor, the
magnitude is more important at low temperature, thus at high speed. Hence,
this transfer is more important at the exit of the primary nozzle. Moreover, the
magnitude of fq is relatively low compared to the flux of mean-flow kinetic energy,
fr (£10%). As a result, the transfer of exergy between both streams is mainly
due to a transfer of kinetic energy.

For the axisymmetric case, the transfer of momentum, mean-flow kinetic energy
and exergy follows the same spatial pattern as the rectangular case. A comparison
between both geometries shows that the transfer of quantities seems higher in the
mixing duct of the axisymmetric ejector than the rectangular ejector. In order to as-
sess this observation, the cumulative flux is computed in the next section to identify
the order of magnitude of the transfers. Regarding the local flux of exergy content
of heat, the axisymmetric geometry presents more variations, looking like instability.
Moreover, the amplitude is £25% less important than the rectangular case. Note
that the local flux of only 3 operating point is shown to avoid overloading the figure.

In addition, for the on-design regime of both ejectors (Point A, B), a peak of the
local transfer of momentum and mean-flow kinetic energy is located in the diffuser.
It means that the mixing between both streams is not yet completed at the exit of
the mixing duct. Finally, for a value of p,,; close to the critical back-pressure, it
seems that the peak of the local transfers is the lowest and that the transfers are
more uniformly distributed all along the mixing duct. The corresponding operating
point is (D) for the rectangular case and is (C') for the axisymmetric case.
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Rectangular ejector
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Figure 3.5: Dimensionless local flux of (a) momentum and (b) mean-flow kinetic
energy crossing the dividing surface for different values of the back-pressure -

p01/p02 = 3.61.
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Axisymmetric ejector
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Figure 3.6: Dimensionless local flux of (a) momentum and (b) mean-flow kinetic
energy crossing the dividing surface for different values of the back-pressure -

p01/p02 = 3.61.
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Rectangular ejector
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Axisymmetric ejector
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3.5.3 Cumulative transfers

In order to compare the global transfer between the two geometries, the cumu-
lative flux must be computed. A new quantitative indicator is introduced : the
dimensionless cumulative transfer, I(z), defined by the surface integral, of the local

transfers :
1
=]
(=) A, S ()

i) =+ /. Twds (3.8)

Iq(x)—A—// 7, ds (3.9)
(@) = 4~ // Te ds = Ix(x) + I,(x) (3.10)

where S(z) represents the surface of the dividing surface between the nozzle exit
position Z4,,, and the position z, taking into account the upper and lower halves
of the ejector (see Fig. 3.4). In the rectangular case, this surface consists of two
planes, whereas in the axisymmetric case, the surface is a cylinder. Under the
axisymmetric/planar assumption, the surface integral for a quantity @), may be
rewritten as follows

|

m s (3.7)

—_

1 _
Ig(x) = l;Im F(a:)(fQ) -dry (rect.) (3.11)
Io(z) = AZ BRGORG (axis.) (3.12)

with I'(x), the curve of the dividing streamline. Due to the limited option of the
CFD-Post of Fluent, these surface integrals have been computed by MATLAB.

The profiles of I,,,(x), Ix(x), I;(x) and I¢(x) are shown in Figs. 3.9 and 3.11 for
the rectangular ejector and Figs. 3.10 and 3.12 for the axisymmetric ejector. Since
the f,, fx and f ¢ have the same spatial pattern, I,,, I and I¢ have also the same
pattern for both geometries. Furthermore, in the rectangular case, the value of
I, () is very close to the value of Ix(xp) for the same operating point. Whereas in
the axisymmetric case, there is a difference of 20% between the I,,(x;) and I (zy).
Concerning the exergy content of heat, I, the order of magnitude is twice as small
in the axisymmetric ejector and slowly stabilizes due to the unsteady variations
(see Fig. 3.8a). These differences of I and I, between both geometries implies
a difference of the global transfers /.. This value corresponds to the percentage
of exergy available in the primary flow transferred to the secondary flow. Finally,
this analysis of the cumulative fluxes concludes that the transfers is superior in the
rectangular ejector, which contradicts our previous observation.
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Rectangular ejector
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Figure 3.9: Dimensionless cumulative flux of (a) momentum and (b) mean-flow
kinetic energy crossing the dividing surface for different values of the back-pressure

- p01/p02 = 3.61.
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Axisymmetric ejector
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Rectangular ejector
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Axisymmetric ejector
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Figure 3.12: Dimensionless cumulative flux of (a) heat (exergy content) and (b)
mean-flow total exergy crossing the dividing surface for different values of the
back-pressure - po1 /po2 = 3.61.
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3.5.4 Exergy losses

The analysis of the previous section concludes that the cumulative flux of mean-flow
total exergy is higher in the rectangular ejector than in the axisymmetric ejector.
Furthermore, a higher value of the global transfer does not imply a maximum gain
in exergy, due to the losses occurring in the secondary stream. Indeed, the net
exergy gain in the secondary flow takes into account the exergy transfer from the
primary flow and the exergy dissipation. This section is therefore devoted to the
quantification and comparison of losses between the two geometries.

As mentioned in the appendix A, the mean-flow total exergy is dissipated in two
different ways : the viscous dissipation (Tje¢®/7") and the heat transfer dissipation
(Tret®o/ T 2). In addition, shock waves inside the ejector lead to further exergy losses
due to entropy increase (Ti.As). Nevertheless, Lamberts et al. [27] showed that
these are negligible. Indeed, the authors found that these exergy losses represent
less than 0.05% of the exergy at primary reservoir condition, £y;. Hence, only the
two first losses are considered in this manuscript.

In order to quantify the local distribution of these terms, other quantitative
indicators emerge: the local dimensionless losses in the secondary flow, computed
by the surface integrals over the secondary stream cross-section, As(x) (see Fig.
3.4, p. 36) :

o) = Do lret //A ® s (3.13)

m1£01 2(z) T
 Hy T //
T 3.14
02(7) m1501 Ay () T2 ( )

where As(x) represents the cross-section bounded by the dividing surface and
through which the secondary stream virtually flows. In the rectangular case, it
represents a plane surface, whereas in the axisymmetric case it represents an
annular surface. As a reminder, under the axisymmetric/rectangular assumption,
the surface integral for a quantity (), may be rewritten as follows

ywall(aj)
// Ods=2-1, O dy (3.15)
Az (x) Ydivid. (T)
Twall(a;)
= Q (27r) dr (3.16)
Tdivid. ()

where [, is the cross-section of the rectangular ejector (50.0 [mm]). The profiles of
mo(z) and me o(x) are shown in Fig. 3.13 for the rectangular ejector and Fig. 3.14
for the axisymmetric ejector. A first remark to be made on these figures is that the
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irreversibilities linked to viscous dissipation are more than 10 times greater than
the exergy losses linked to thermal transfers. First, these local profiles are closely
similar to the profiles of local transfer. Indeed, the viscous and the turbulent fluxes
(74; and 7'”, respectively) of momentum or kinetic energy are intimately connected
with the dissipation of total exergy (see in the appendix A). Secondly, as reported
by Lamberts et al. [27], the peak in the profile of my(z) for the case A and case
G is related to the flow detachment and the corresponding zone of recirculation.
In the axisymmetric, these peak in the diffuser decreases due to the lower outlet
diverging angle (1.95°, 4° for the axisymmetric and rectangular case, respectively).
This lower value avoids the flow detachment, and therefore the exergy losses.

The main difference between the two geometries is the amplitude of my(x) and
To2(x). The losses in the axisymmetric case are twice as low as in the rectangular
case. As far as heat transfer is concerned, energy losses occur mainly in the mixing
duct for the rectangular case, while for the axisymmetric case they occur mainly
along the diffuser.

In accordance with the above expression, in order to quantify the global losses, the
dimensionless cumulative mean-flow exergy destructions are also introduced and
are expressed as follows :

My(z) = et / / / 2 av 3.17
m1§01 Va(z) T ( )

I Tret / / / 3.18
62 m1§01 Va(z) T2 ( )

where V5(x) is the volume occupied by the secondary stream between the secondary
inlet and the position x (see Fig. 3.4, p. 36). The results of IIy(x) and Ilg »(z) for
both geometries are presented in Figs. 3.15 and 3.16.

As may be seen on these figure, the global exergy losses due to the heat flux are
much lower than those due to mean-flow viscous dissipation. Moreover, in the
two geometries, the IIy(x) decreases initially with the back pressure and increases
secondly with the back pressure. The flow therefore has a minimum overall loss,
which corresponds approximately to case E in the rectangular case and to case
D-E in the axisymmetric case. Finally, for the exergy destruction due to heat
transfer, the cumulative losses do not stabilize in the axisymmetric due to the
fact that the losses occur mainly in the diffuser rather than in the mixing duct.
Even if the exergy losses are lower in the axisymmetric case, it does not necessarily
imply that the net exergy gain in the secondary flow is higher in the axisymmetric
case. Indeed, as observed earlier, the exergy transfer is also lower. It is therefore
interesting to combine all the global results to evaluate the net exergy gain in the
secondary flow, which is done in the next section.
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Rectangular ejector
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Figure 3.13: Dimensionless local mean-flow total exergy destruction related to
(a) viscous dissipation and (b) heat-transfer in the secondary stream for different
values of the back-pressure - po1/po2 = 3.61.
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Figure 3.14: Dimensionless local mean-flow total exergy destruction related to
(a) viscous dissipation and (b) heat-transfer in the secondary stream for different
values of the back-pressure - po1/po2 = 3.61.



CHAPTER 3. COMPARISON BETWEEN THE RECTANGULAR AND
AXISYMMETRIC EJECTOR o1

Rectangular ejector

0.6 T T T T

mixing duct diffuser
04 g
™ :
= A 1
02| oo -- ,
case A
; ——-.case C
07 B ——=case D 7
----case E
: : case G
O 1 \ Il 1 Il Il Il
0 10 20 30 40 50 60 70
x/H,,
(a) viscous dissipation
0.07 [ . é .
: mixing duct diffuser
0.06 1
005 g
X .
o™ R e
o
003F: e e e e e e e e .
002} 1
: case A
——=.case C
0.01 | ——--case D |
----case E
: : case G
O 1 \ Il 1 Il Il Il
0 10 20 30 40 50 60 70

iE/H?'n,
(b) heat transfer

Figure 3.15: Dimensionless cumulative mean-flow total exergy destruction related
to (a) viscous dissipation and (b) heat-transfer in the secondary stream for different
values of the back-pressure - po1/po2 = 3.61.
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Figure 3.16: Dimensionless cumulative mean-flow total exergy destruction related
to (a) viscous dissipation and (b) heat-transfer in the secondary stream for different
values of the back-pressure - po1/po2 = 3.61.
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3.5.5 Global exergy balance

As seen in the two previous sections, the sole analysis of the transfers of momentum,
mean-flow kinetic energy and exergy is not sufficient to capture the net gain in exergy
in the secondary stream. The reason behind lies in the contribution non-negligible
of irreversibilities. Hence, a new indicator, Ay(z3), is introduced to quantify the
global net gain in exergy. This value corresponds to the cumulative transfer of
exergy, I¢(zp), reduced by the exergy losses occurring within the secondary stream,
IIy(xp) and I o(zp). In a dimensionless form, the relation is written as follows:

AQ(xb) = IK(l’b) + [q([Eb) — HQ([L’b) — H@jg(iﬁb) (319)

Furthermore, as the global transfer of exergy and global losses are different in
amplitude between both geometries, this net gain in exergy indicator allows the two
geometries to be compared. To summarize the achieved results, Figs 3.17 and 3.18
show the evolution with the back-pressure of the different dimensionless quantities
that have been introduced in the present section for the 2 geometries, respectively.
Only the global parameters are considered in these figures. Note that I (x;) is
not shown to avoid overloading the figure. It may be represented as the difference
between I¢(x;) and Ik (x). The results have been represented in the same way as
those of Lamberts et al. [27] for ease of reading.

Rectangular ejector

In Fig. 3.17, it appears that the global transfer of total exergy, I¢(x;), decreases
with increasing back-pressure. As mentioned above, the exergy transfer is mainly
related to the kinetic energy of the mean flow, Ik (), accounting on average
for 87% of the total exergy. As a reminder, the global value of I¢(x;) represents
the percentage of exergy of the primary flow that is transferred to the secondary:
i.e. Ir = 0.58% for Point A. However, due to losses, the net exergy gain remains
small. Concerning the global transfer of momentum, it is consistent with the global
transfer of kinetic energy, and both parameters give the same value for on-design
operations. However, from a certain value of back-pressure, I,,(x;) and Ik ()
start to differ. For the energy losses due to viscous dissipation, IIy(z3), the curve
decreases towards a minimum value of losses and then increases. The minimum
value corresponds perfectly to the critical back pressure of the ejector (Point E), as
well as to the maximum exergy gain of the secondary flow, Ay(zyp).

Axisymmetric ejector

As may be seen in Fig. 3.18, multiple differences from the rectangular case are
visible in the figure and are highlighted in this section. Firstly, I (z;) represents
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Figure 3.17: Global value of the different indicators - rectangular ejector - po; /po2 =
3.61

on average £95% of I¢(x;). The two curves considered are very close and overlap
at certain operating condition in the off-design mode (Point F, G, H). Compared to
the rectangular case, the kinetic energy of the mean flow curve (I (z3)) is almost
identical and in the same range of value. The geometry has therefore no significant
influence on the transfer of kinetic energy. The main difference between both
geometries lie on the exergy losses and more especially the losses related to the
viscous dissipation, [Is(z;). The magnitude is four times smaller in the axisymmetric
geometry (0.1 — 0.2) than in the rectangular geometry (0.3 — 0.5). Moreover, the
curve shows another minimum at a lower back-pressure, characterizing the critical
back-pressure (Point D). This value is also related to the maximum net gain in
exergy Aq(xp). For the second losses, the global losses related to the heat transfer,
Ilg 2(x), are similar to the rectangular case, while the local transfer curves are
strongly different (see Figs. 3.13b and 3.14b). Finally, in both cases of geometry,
the shape of the net gain in exergy curve follows approximately the shape of the
entrainment ratio. On the one hand, in the rectangular case, the transition between
the on-design and off-design is more marked for ER- and Ay (zp)-curves. While,
on the other hand, in the axisymmetric case, the transition is smoother. This
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coincidence is not surprising, as the entrainment rate is directly related to the net
exergy gain in the secondary flow. What are surprising is the high value of net gain
in exergy a low back-pressure. In the rectangular case, a net increase of As(x}) is
visible in the on-design mode. The secondary flow gains more and more exergy to
reach a higher output pressure, a greater capacity to produce work. Whereas in
the axisymmetric geometry, the values of Ay(zp) curves are high in the on-design
mode and increases slowly. These results are unexpected and more investigations
must be performed
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Figure 3.18: Global value of the different indicators - axisymmetric ejector -
Ppo1/poz = 3.61

3.6 Upgraded axisymmetric ejector

As mentioned previously, the mixing between both streams is not yet completed
at the exit of the mixing duct (see Section 3.5.2 : Local transfers). Therefore, it
would be interesting to lengthen the mixing duct to improve the mixing phenomena
and the performance of the ejector. Indeed, the difference in critical back pressure
between the two geometries can be explained by the length of the mixing duct,
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and more precisely by the mixing duct length ratio: Tmixing = lmixing/Hm- In the
axisymmetric ejector setup, only the lengths and the area ratios are maintained,
and not the length ratio. As a consequence, the value of these ratios differs from
the rectangular case : Tmixing = 20.74 to the axisymmetric case : Tmixing = 13.52.

Recently, Pianthong et al. [37] and Varga et al. [43], indicate that the mixing duct
length has no significant effect on the entrainment ratio but influences the critical
back pressure. This latter value increases with lnixing up to an optimal length and
remains constant beyond. From a physical point of view, in the mixing chamber,
the secondary flow mixes with the primary flow and a transfer of momentum occurs.
They accelerate together until the entry of the diffuser, where the flow velocity
decreases by expansion. The longer the mixing duct length, the higher the velocity
at the entry of the diffuser and the higher the critical back pressure. This length is
optimal when the transfer of momentum between both streams is completed in the
mixing duct. Beyond this value, the mixing length has no more influence and the
critical back pressure remains constant.

0.9 T T T

08r

0.7 -

0.5

ER

0.4

0.2 -

-o--Rectangular: riny = 20.74
011 —o— Axisymmetric: 7,00, = 13.52
+Axisymmetric: Tmizing = 20.74

0 | | 1 | 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Pout /p()?

Figure 3.19: Comparison of numerical characteristic curves obtained on a rectangu-
lar and axisymmetric ejectors with different 7yixing for po1 = 3.50 [bar].

Fig. 3.19 displays the characteristic curve of a new axisymmetric ejector respecting
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the length ratio instead of the length. The applied boundary conditions correspond
to those reported in the validation (Table 2.3, p. 29) in order to use these results
in subsequent experiments. Both ejectors with the same rpixing = 20.74, present
the same operating curve and same critical back pressure. Hence, the length ratios
must be conserved between both geometries. It shows that in order to improve
the operating range of the outlet pressure, it is important to pay attention to the
mixing transfer and the mixing duct length.

Regarding the on-design mode, the entrainment ratio are the same. Indeed, as
outlined in several 1D models (Fabri-chocking and compound-choking theory), the
entrainment ratio mainly depends on the boundary conditions and the area ratio
A, /A;. Since the ratio is maintained between the axisymmetric and rectangular
ejector, the entrainment is also maintained.

To conclude this section, multiple indicators have been introduced to quantify the
location of transfers and irreversibilities within the ejectors. For each geometry, the
global value of the different indicators was calculated and compared between them.
The main difference between the axisymmetric and the rectangular characteristic
curve lies in the exergy losses related to viscous dissipation and heat transfer
between the two flows. Indeed, their amplitudes are four times smaller in the
axisymmetric case than in the rectangular case. In addition, the critical back
pressure is lower in the axisymmetric case, but further analysis shows that it
depends mainly on the length ratio of the mixing duct, ry,izing. Further research is
needed to optimize this ratio.
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3.7 Compound-choking theory

As highlighted in the literature, the compound-choking theory is in the good
agreement to predict the on-design entrainment ratio of a supersonic ejector
(0 = £10%). Lamberts et al. [28] studied the limitation of its assumptions. To the
author’s knowledge, the impact of the geometry, as well as the impact of primary
temperature, have not been studied yet and are investigated here. The section is
structured as follows: a brief review of the theory and assumptions, a comparison
between the two geometries and finally the impact of temperature.

3.7.1 Computational procedure

The compound-compressible flow theory was first proposed by Bernstein et al.
[5] to analyse the behaviour of one or more gas streams flowing through a single
converging-diverging nozzle. This one-dimensional theory shows that the behaviour
of each stream is influenced by the presence of the other streams. The compound-
choking theory states that for fixed inlet conditions and reducing the outlet pressure,
there is a point where information cannot propagate upstream even if the individual
stream is still subsonic. The flow is compound-choked. This theory is not described
in detail here, as well as the mathematical expressions. For further information,
the reader should refer to the paper [5, 28, 13]. However, a reminder of the main
assumptions of the compound-choking theory is presented :

1. The flow is one-dimensional, steady, adiabatic and isentropic.
2. Each flow stream is a perfect gas with constant thermodynamic properties.

3. The static pressure is constant across all streams and only varies in the stream
wise direction.

By identifying the flow in supersonic ejectors as a two-stream compound compress-
ible nozzle flow, the computational procedure simply consists in simultaneously
solving two algebraic equations, derived from the work of Bernstein et al. [5].
A more detailed explanation on the compound-choking theory and the obtained
equations are presented in the appendix B. From the geometrical compatibility



CHAPTER 3. COMPARISON BETWEEN THE RECTANGULAR AND
AXISYMMETRIC EJECTOR 29

condition (A;(z) + As(z) = A.), the first algebraic equation is given by

y+17 1/2
i [T dn (2 ) (241)
mi\ Tor | A7 |\y—1 2
=1 —1/2
) [
Deq Po1
* 1-171/2 « \ /7
[T EE e
DPo2 Po1 Po2

The flow choked condition (8 = 0, the compound-flow indicator) may be rewritten

as
.1 ~1 Y
e [ To2 _ (pog) {31[(?) ’ —11 —1} [1_(2) ]
my \ Tor Po1 {1_ y=1 l(”?q)lv7 _ 1]_1} [1_ (%)771]1/2

(3.21)

2 P02 Po1

where p;, represents the static pressure corresponding to the compound-choking
sonic regime ( = 0). Applying to the supersonic ejector, the area A} is equal
to the area of the throat of the primary nozzle A;, and A,, is considered as
the geometrical throat of the compound-compressible nozzle. Four dimensionless
quantities 1av/Toz /11 v/To1, Por/Po2, Am/A} and pl, /o2 can be identified in these
equations. Hence, for a specific boundary condition pg;/po2, v, To1/To2 and a
specific geometry configuration A,,/A;, the simultaneous resolution of the two
algebraic equations provides the entrainment ratio s /1y, as well as the value of
the static pressure p,. As the area ratio is conserved between the two geometries,
the 1D model establishes an equivalence of the results, which will be verified in the
next section.

3.7.2 On-design entrainment ratio

Lamberts et al. [28] confirmed the ability of the compound-choking theory to
predict the on-design entrainment ratio for a rectangular ejector, and this ability is
extended for the axisymmetric case. The performances of the numerical simulations
and of the compound-choking theory to predict the on-design ratio for different
reservoir conditions are assessed in Fig. 3.20. The relative gap between the 2D
RANS simulations and the simplified model decreases when the primary stagnation
pressure, po1, increases. For the axisymmetric case, the difference is close to 6.3% for
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Po1/Poz = 2.58 and falls to 0.7% for po1 /pe2 = 5.16. While for rectangular case, this
difference also decreases from 4.1% for po1/pos = 2.58 to 1.0% for po1/pe2 = 5.16.
Hence, for different reservoir conditions and geometry, the compound-chocking
model yields almost the same prediction of the entrainment ratio as the CFD
model.
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Figure 3.20: Comparison of the on-design entrainment ratio predicted by the CFD
model and by the compound-choking theory on the adapted axisymmetric setup
for different reservoir conditions.

Unfortunately, experimental results are missing for the axisymmetric ejector. How-
ever, the experimental data of Lamberts et al. [28] (not show in the Fig. 3.20)
reveals that both approaches slightly overestimate the experimental entrainment
ratios. The error made by the CFD model is comprised between 5.6% and 7.2%
and the error made by the simplified model is comprised between 6.8% and 10.2%.

The prediction of the primary and of the secondary mass flow rates are also ex-
amined separately. As may be seen in Fig. 3.21, the primary mass flow rate
obtained by the 1D model is in very good agreement with the numerical results
for both geometry cases. The maximum relative error is around 2.1% for the
rectangular case, and 1.1% for the axisymmetric case. The small difference between
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both geometries regarding the entrainment ratio is related to the prediction of
the secondary mass flow rate, rmo. This is evidenced in Fig. 3.22. For the rect-
angular case, the maximum difference between compound-choking theory and the
CFD model raises the value of 6.0% and the value of 7.5% for the axisymmetric case.

Finally, based on Fig. 3.20, it appears that the performances of the compound-
choking is in very good agreement with the numerical results of the axisymmetric
and rectangular ejector. This result is expected since Lamberts et al. tested the
ability of this model over a wide spectrum of supersonic ejectors with variable
geometry. But is the performance still reliable over a wider range of temperature.
This issue will be addressed in the next section.
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Figure 3.21: Comparison of the primary mass flow rate predicted by the CFD
model and by the compound-choking theory on the adapted axisymmetric setup
for different reservoir conditions.
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Figure 3.22: Comparison of the secondary mass flow rate predicted by the CFD
model and by the compound-choking theory on the adapted axisymmetric setup
for different reservoir conditions.

3.7.3 Impact of the primary temperature

The compound-choking theory to predict the on-design entrainment ratio has been
validated for different geometries, not yet for different temperatures. This section
is devoted to the capacity of this 1D model to predict the entrainment ratio over
a wider range of temperature at the inlet. Due to lack of experimental data, the
results of the simplified model are only compared with the numerical simulations
of the axisymmetric ejector (later built at UCL). To the knowledge of the authors,
the impact of the primary temperature has never been assessed in the literature.

The comparison between the compound-choking theory and the CFD is shown in
Fig. 3.23 as a function of Ty, /Toe. It appears that, for the geometry considered, the
agreement between the compound-choking theory and the numerical simulations
varies with the reservoir conditions. The relative difference between both predictions
is very small for the lowest values of the primary stagnation temperature : ~ 1.2%
for Ty /Th2 = 1 and 1.5. As Tp; increases, the entrainment ratio increases, and the
gap between the theory and the CFD increases also : 7.0% for Ty, /The = 3.
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Figure 3.23: Comparison of the on-design entrainment ratio predicted by the CFD
model and by the compound-choking theory on the adapted axisymmetric setup
for different temperature conditions.

The overestimation of the entrainment ratio caused by the compound-choking
theory is explained by the difference between both approaches regarding the as-
sumptions. Compared to the numerical simulations, the compound-choking theory
neglects the two-dimensional and the non-isentropic aspects of the flow. The
entrainment limitation is essentially considered as an isentropic process. In that
case, the main difference in the results should lie in the hypothesis of a constant
static pressure profiles. In order to validate this assumption, the profile of the
static pressure, is examined at the choking position, x. (see Fig. 1.5, p. 11).
The position is computed by post-processing the numerical results. The reader
is reminded that x. is defined, for an on-design operating point, as the first ax-
ial position where the equivalent Mach number, M., reaches unity (see appendix B).

However, due to the low and identical pressure ratio pg1/po2 = 3.61 for each case,
the static pressure profile is nearly uniform in both streams and identical for each
case, as shown in Fig. 3.24, for three different temperature ratios. As a result, the
difference in the hypothesis of a constant pressure profiles does not explain the
overestimation of the entrainment ratio at high temperature.
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Figure 3.24: Static pressure profile at the choking position for different values of
To1/To2. The centreline and the wall and the wall of the mixing duct correspond
to y/H,, =0 and y/H,, = 1, respectively.

The difference in the results should lie in another assumptions. As mentioned
previously, the compound-choking theory considered the entrainment limitation
as an adiabatic and isentropic process. Indeed, a high difference of tempera-
ture at the boundaries involves a high temperature gradient at the outlet of the
primary nozzle. Therefore, a transfer of heat occurs between the primary and
secondary flow at this location and each stream is no longer assumed to be adiabatic.

In order to verify these assumptions, the heat exchange is investigated along the
dividing streamline (see Fig. 3.4, p. 36). As may be seen in Fig. 3.25, the heat flux
@, occurs contradicting the adiabatic hypothesis and increases with the difference
of temperature Ty /Tpe. The exergy analysis had also concluded that a transfer
of heat occurs between the two streams. Hence, the flow is no longer isentropic.
Indeed, by post-processing the numerical results, the difference in entropy in the
secondary flow at position = (so(z)) and at the reference state (s,ef), is computed
by the volume integral, in the same way as the exergy losses:

$2(X) — Spef = ///V . S — Spep AV (3.22)
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and for a calorically perfect gas, as a reminder, the entropy is given by

T p
— RIn 3.23
Tref> (pref) ( )

The results is shown in Fig. 3.26. A close inspection of the curves reveals that
the entropy of the secondary stream s,, increases as heat is exchanged from the
primary stream. Following the 1D assumption, the entropy should remain constant
until the choking position, x.. As evidenced in the curves, the secondary flow is
no longer isentropic. Nevertheless, in the case of Ty; = Tpe, the entropy of the
secondary flow remains more or less identical to the reference entropy s,.;. In
that condition, the process can be assumed isentropic and the prediction of the 1D
model is well good, with a difference of 1.2% to the CFD model.
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Figure 3.25: Heat flux crossing the dividing surface for different values of tempera-

ture - po1/po2 = 3.61

To summarize the compound-choking section, this model predicts correctly the
same entrainment ratio for both geometries, with a maximum error around 5%.
The result is not surprising because the area ratio A,,/A;, is preserved between
the geometries, as well as the boundary conditions. However, when heating the
primary flow, the 1D theory fails to accurately predict the on-design entrainment
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Figure 3.26: Entropy in the secondary stream for different values of temperature -
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ratio due to the restrictive assumption of isentropic flow. Indeed, as raised in the
numerical simulations, a transfer of heat occurs in the inlet channels, before the

choking position, z..



Chapter 4

Analysis of 2 transient scenarios

4.1 Introduction

As the literature points out, the authors are mainly interested in the stationary
behaviour of the ejector. However, there are few comprehensive studies on the
transient mode. This chapter aims to fill the knowledge gap in this area. Many
transient scenarios are possible: variation of pressure, mass flow rate, temperature...
In this chapter, the focus is on one of these scenarios: the closing of the secondary
valve. This process generates a vacuum chamber in the secondary channel, as in
high altitude test facilities. Before presenting the results, further details are given
on the calculation method and an error estimate is made to assess the accuracy
of the CFD in transient mode. Then, the results are presented in depth, from
evacuation performance to response time. Due to the two operating modes identified
(started and un-started), two valve closures were performed, one in each mode, and
compared with each other.

4.2 Computation detail

As mentioned in the methodology, the transient scenario is simulated with the
k — e RNG model due to its fast convergence and lower computational time. As a
reminder, the computational domain corresponds to the mesh with 50,958 elements
(reported in Fig. 2.6). Regarding the flow solver, the method and discretization of
the equations are identical to those of the stationary case. In terms of time, the inte-
gration is carried out using the second order implicit scheme with a fixed time step
of 1079 [s]. A simple check of the Courant number validates this choice. Indeed, in
order to lead to accurate solutions and physical results, the Courant number must be
less than 1, which gives a time step of 2x 1076 [s] for our supersonic ejector geometry.
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Since the transition from the steady to a transient solver induces some variations
(£0.5%), it is important to stabilize the solution of the flow in the transient mode
before starting the scenario (1.5 [ms]).

4.3 Precision estimation

The CFD accuracy in a transient simulation results in the accumulation of com-
putational errors after the end of each time step. This error increases with the
number of time steps. Therefore, it becomes necessary to calculate the error where
the unsteady problem is simulated over a large number of time steps. This error
depends on the accuracy of the schemes used and the spatial resolution. In the
present study, all the schemes used are second order accurate. A brief explanation
regarding the error computation is given in the appendix C.

The error estimate for the present simulation is presented in Table 4.1. Since the
mesh structure and total domain size remain the same for all the cases, the error
estimation will be nearly the same for all the cases. Hence, the error estimation for
only one case has been reported in the table.

Error estimate

Simulated physical time 0.1 [s]
Time steps 1 x 1076 [s]
Total accumulated error 0.347%
Allowable error (Sg) 1%
Allowable number of time steps (7,4z) 5.10 x 10°
Reliability 5.10

Table 4.1: Precision estimation

As may be seen in the table, the simulated physical time is 0.1 [s]. This value is
more than sufficient given that the studied scenarios last only a few milliseconds.
The total accumulated error is around 0.347% and the reliability factor around
5.10. This ratio shows that how far the maximum allowable error (1%) is from the
actual error. The higher is the ratio, the lower is the error. In this case, the number
of time steps can still be increased, and the present simulation is sufficiently far
away from the maximum limit. As a result, the error is controlled and the CFD
accuracy of the transient simulation is guaranteed.
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4.4 Scenario : Closure of the secondary valve

First, the scenario studied in this manuscript is the closing of a valve at the sec-
ondary inlet. A zero mass flow rate is imposed on it, generating a low-pressure
chamber at the inlet of the secondary channel. These vacuum chambers have
several application areas, such as high altitude test facilities, used for testing upper
rocket engines. This section aims to improve the understanding and description of
this phenomenon, and in particular the stabilization time of the vacuum chamber.
The final objective is to obtain a mathematical model of this process.

For this purpose, our scenario will be simulated numerically. In our study case
of valve closure, the secondary flow must be imposed at zero (s = 0.0 [kg/s]).
However, as mentioned in the methodology, all input conditions are imposed using
pressure and temperature. Therefore, it is necessary to switch from a pressure
condition to a mass flow condition at the secondary inlet. First, an initial simulation
is performed with pressure boundary conditions to obtain the secondary flow inlet
rate. Subsequently, a second simulation is performed by imposing the secondary
flow rate, previously obtained. Fixing the secondary flow in an ejector may be
considered unintuitive, since the secondary flow is entrained from the atmosphere
and not fixed by it. The numerical results are identical, and this mass flow condition
allows us to impose our zero flow scenario. As highlighted above, the variations,
following the solver changes, stabilize at 1.5 [ms]. Therefore, from this value
onwards, the flow rate at the secondary inlet becomes discontinuously zero.

4.4.1 Evacuation performance

Before studying the time phenomenon, it would be interesting to study the dis-
charge performance of the ejector. In other words, what will be the pressure at the
inlet of the secondary channel for a wide range of inlet and outlet conditions ? This
value will allow assessing whether our scenario has converged to its stable solution.
This performance is called the evacuation performance (EP) characterized by
EP = py/pa, the ratio between the static pressure in the vacuum chamber (p;),
and the ambient pressure (p4). The outlet pressure (p,y:) can also be considered
instead of the atmospheric pressure in the definition of the evacuation performance.
However, since the outlet of the ejector corresponds to the atmosphere in the
experiments and the reference pressure is usually the ambient pressure, p4 is used
instead. Fig. 4.1 shows the evolution of the evacuation performance curve against
the primary pressure.
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Figure 4.1: Evacuation performance (EP) of a supersonic ejector - p4 = 1.0 [bar].

As observed on the figure, the evacuation performance decreases sharply in a first
phase, reaches a minimum at p;/p4 ~ 3.75 and increases slightly in a second phase.
Two modes can then be distinguished. These modes of operation are termed as the
started mode, and un-started mode, respectively. To better understand this, the
flow phenomena within the ejector is investigated.

Before displaying any flow structures, let’s study about the expected results. As
a reminder, in this study case, the output condition is the atmosphere and does
not vary. Firstly, in a nozzle, as the inlet pressure increases and exceeds a certain
critical pressure, the fluid becomes sonic at the throat, accelerates into the diffuser
and continues its expansion at the diffuser outlet, bounded by the spreading jet.
Two different cases can therefore be identified. Indeed, when the primary pressure
is low (Point A), the expansion is lower and the spreading jet does not attach the
wall of the mixing duct (as may be seen in a schematic way in Fig. 4.2a for a
vacuum ejector). There is a distance in between, so-called "hypothetical distance'
by analogy with the 1D model of the supersonic ejector (see Fig. 1.4, p. 10). In
another hand, when the primary pressure is high (Point B), the primary jet is
full expands and attaches to the wall, isolating the vacuum chamber from the
downstream condition. A train of shocks occurs to comply to the downstream
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condition (see Fig. 4.2 b). As the inlet pressure increases, this shock train moves
towards the outlet exit. The optimal condition corresponds to a normal shock
within the mixing duct. Finally, the vacuum condition at the secondary inlet is
caused by the pumping action of the primary jet.

Primary jet not attaching to the diffuser wall Primary jet attaching to the diffuser wall

Secondary FETpech
Stream

Primary Jet —  Shear layelx X
Jlld = = .._ e

7 Shock trains
7 Slream

m.uud ary™ o
| Stream —= =<

Shock trains

7 Diffuser In]t:t
a) Un-started mode (partially expanded primary jet) b) Started mode (fully expanded primary jet)

Figure 4.2: Schematic showing un-started and started modes of vacuum ejector [2]

As mentioned above, the evacuation performance reaches a minimum value around
p1/pa = 3.75, characterizing the transition between the 2 modes. From a flow point
of view, it corresponds to the situation where the primary jet fits perfectly with the
mixing duct and a normal shock occurs. Under these assumptions, it is possible to
compute this optimum value with the normal shock theory. For an isentropic flow,
the area/pressure ratio relations in terms of Mach number is given by :

(v+1)

At (y+1) 2(y-1)
=t — 2 M 4.1
A\ (14 552 017) ' “.1)
N —1 CED) (1)
Polopt _ (1 + 4 )M12> R (4.2)
Yo\ 2 (7M1 _ T)

where M is the Mach number at the shock. By solving these two equations, one
after the other, the optimal value pg; op: can be found. In our geometry case with
A, /Ay ~ 4.51, the optimal ratio is given by po1 opt/pa = 3.76, which matches quite
well with the results of the CFD model. Moreover, the vacuum pressure at the
secondary inlet is equal to the pressure at the normal shock given by:

Py (’7‘2i‘1)

pa (vt - 550)

(4.3)

Which results in py/p4 = 0.093. Once again, it matches with the CFD simulations.
These equations above can be used in another sense. Indeed, for a given pgy, these
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relations calculate the A, e /Ar required for the starting mode. If the cross-section
of the mixing duct A,, is greater than A,, ;,4., the mode is un-started. Otherwise,
is the area ratio is lower, the mode is started.

To validate the reasoning, the flow structure of each mode (Point A and B) are
investigated and presented in Figs. 4.3 and 4.4. The results are steady and as
a reminder, the boundary condition of the secondary inlet is a zero mass flow
condition. On the upper half part of the ejector, the Mach contours are displayed
and on the lower part, the streamlines are presented. As may be observed, the
un-started and started mode are represented. On Fig. 4.3, the spreading jet
does not attach to the mixing duct wall. The spreading line corresponds to the
dividing streamline (red line) until the shock train. The upstream state depends
on the downstream condition. Recirculation bubbles are also visible in the mixing
chamber. These vortex bubbles extend and retract from the secondary chamber
as the primary pressure varies. On Fig. 4.4, for the started mode, the bubble is
completely located inside the secondary channel and the spreading line attaches
the wall. To conclude, thanks to the numerical simulations, the existence of the
two modes has been shown and validated.

Ma
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0.002040607091113151718202224262829

Figure 4.3: Un-started mode : Mach number contours (upper half part) and
streamlines (lower half part) of a supersonic ejector with sy = 0.0 [kg/s] - po1/pa =
3.0
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Figure 4.4: Started mode : Mach number contours (upper half part) and streamlines
(lower half part) of a supersonic ejector with 7y = 0.0 [kg/s] - po1/pa = 5.0

4.4.2 Time response

The studied scenario consists of the closure of a valve at the secondary inlet. Once
the stationary solution is stable, at 1.5 [ms], a condition of zero mass flow rate is
imposed at the secondary inlet (my = 0.0 [kg/s]). The objective of this section is
to investigate the response time of the perturbation. For the time being, only the
initial and the final state are known thanks to the previous section. Knowing the
final state helps to define if your solution has converged or not. Now, the effort is
putted on the transition between these two states.

The two studied cases here differ slightly from the evacuation performance sim-
ulation. Indeed, the outlet condition is not related to the atmosphere condition.
The outlet pressure is equal to 1.20 [bar| and the inlet condition correspond to the
on-design operating mode of a supersonic ejector: pg; = 3.50 [bar| and pg; = 6.00
[bar] with pga = 0.969 [bar]. The reason for this choice is based on the fact that
the supersonic ejector is used as a compressor in a refrigeration system, and not
as a vacuum generator in a HAT facility. However, this difference will not impact
the evacuation performance if the ambient pressure, p4 is imposed at the outlet
pressure, po.:. By considering this on-design boundary condition, the final solution
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should be located in the un-started mode for py; = 3.50 [bar]| (po1/pout = 2.92)
and in the started mode for py; = 6.00 [bar] (po1/pout = 5.00). As a reminder, the
optimal evacuation performance is located at po1 opt/Pout = 3.76.

Our numerical results are presented here. In a first instance, the time evolution of
the secondary inlet pressure is shown in Fig. 4.5. This variable is a good criterion
for evaluating the response time, as the final state is known. On the figure, each
black or white dot represents a data saving. Due to the low computational time step
(107 [s]), the data is only recorded every 1000 time iterations, (or every 1.0 [ms]).
As may be observed, for the un-started mode, the secondary or vacuum pressure
abruptly decreases, oscillates during 3.0 [ms] and stabilizes after 4.0 [ms]. These
oscillations are surprising, given that the expected result was maybe a slow and
continuous decrease of pressure, such as the started mode. At this stage, nothing
can explain these variations. Therefore, an in-depth analysis of the flow structure
must be performed to explain the origin of the oscillations.
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Figure 4.5: Time evolution of the secondary inlet pressure : ps/pous

It can be marked that the stabilization of the secondary inlet pressure does not
necessarily imply the stabilization of the entire low downstream. Indeed, flow
phenomena may occur within the mixing chamber and the diffuser. Therefore, a
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second criterion is introduced, taking into account both inlet and outlet condition.
Fig. 4.6 shows the time evolution of mass flow ratio between the primary inlet
and the outlet. As may be seen, the curve increases after 2.0 [ms| (time to be
impacted by the perturbation upstream), and oscillates in both cases. However,
the stabilization occurs after 5.0 [ms| for the un-started mode and after 3.0 [ms]
for the started mode. For this reason, depending on the case of application, one
criterion will be used instead of the other.
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Figure 4.6: Time evolution of the mass flow ratio : my/mh,

4.5 Transient scenario

As mentioned in the previous section, oscillations of pressure appear in the vacuum
chamber and also at the outlet boundary. An in-depth flow structure analysis must
be performed to understand their origin. The perturbation at the secondary inlet
occurs at ¢ = 0.0 [s]. The numerical results are presented here for different flow
time. Each figure is divided into 2 parts. On the upper half, the Mach number
contours are plotted with the subsonic flow in blue and the supersonic flow in red,
and on the lower half, the streamlines are shown.
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4.5.1 Un-started mode

At the initial phase (¢ < 0 [ms], Fig. 4.7a), the valve at the secondary inlet is still
opened, and the secondary flow is still entrained due to the high kinetic energy of
the primary stream. The streamlines show the flow path of both stream. At the
exit of the primary nozzle, the primary flow undergoes shock waves, implying a
change of flow direction, not pronounced in this figure. The flow direction does not
seem to be disturbed. At ¢ = 0 [ms], the secondary valve closes, and the remaining
fluid is drawn, decreasing the secondary pressure. Due to the lower pressure outside
the primary flow, this primary jet begins to expand and accelerate. At ¢t = 4 [ms]
(Fig. 4.7b), the spreading line attaches to the mixing duct wall as the started mode
and the typical lambda shock structure is more visible. A recirculation bubble
appears at the entrance of the secondary channel in the mixing chamber. At ¢t = 6
[ms], it is seen from the instantaneous streamlines in Fig. 4.8a that two circulation
zones exist in the primary and secondary stream. This circulation bubbles are
produced by the upstream displacement of the second shock of the diffuser. These
bubbles gain in vortex energy and become larger due to the increasing tangential
velocity of the vortex. At the next time, ¢ = 8 [ms] (Fig. 4.9a), this vortex bounces
on the Y shock pattern and dissipates in the flow downstream. During the same
time, the two recirculation bubbles at the wall, merges together, disrupting the
low pressure at the secondary inlet (minimum pressure in Fig. 4.5). Secondary
recirculation bubbles appear also into the secondary channel (not show in the
figure). Finally, these bubbles stabilize into two split bubbles due to the large
primary jet expansion. The oscillation of secondary pressure can be explained
by the pressure wave moving from the secondary inlet and the flow downstream.
This acoustic wave is not captured by a non-reflecting boundary condition at the
secondary inlet as the valve is closed from the atmosphere. This condition was
only imposed at the outlet. After oscillating, the secondary pressure stabilizes at
the final evacuation pressure.

4.5.2 Started mode

In contrast to the un-started mode, the secondary inlet pressure does not oscillate
over time (see Fig. 4.5) and decreases continuously to its final evacuation pressure.
The in-depth analysis of the flow structure will reveal this difference. At the initial
phase (t < 0 [ms], Fig. 4.11a), the valve at the secondary inlet is still opened. As
the un-started mode, at t = 0 [ms], the secondary valve closes, and the remaining
fluid is drawn, decreasing the secondary pressure. Due to the lower pressure outside
the primary flow, this primary jet begins to expand and accelerate. At ¢t = 4 [ms]
(Fig. 4.12a), the spreading line attaches to the mixing duct wall. A recirculation
bubble appears at the entrance of the secondary channel in the mixing chamber.
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However, in the primary streams, no circulation bubbles, moving the fluid upwards,
appear. Therefore, the spreading line remains attach to the mixing duct wall,
isolating the downstream flow. At ¢t = 10 [ms] (Fig. 4.13a), the secondary pressure
in the vacuum chamber reaches its final performance pressure. The response time
is smaller in the started mode.

To conclude, as highlighted in this chapter, the closure of the secondary valve can
lead to 2 different modes depending on the primary pressure : un-started mode and
started mode. The difference between these two modes lie on the primary jet that
attaches the wall. Depending on the operating mode, the time response is different
and an in-depth analysis of the flow structure is needed to explain the reason
of the oscillations at the secondary inlet pressure. Now, although the transient
flow phenomenon is known, more effort must be devoted to the development of
a mathematical model that characterizes the scenario. Efforts and time that the
author no longer has.
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(b) t = 0.004 [s]

Figure 4.7: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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(b) t = 0.007 [5]

Figure 4.8: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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(a) t = 0.008 [s]
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Figure 4.9: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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(a) t =0.020 [s]

Ma

(b) t = 0.040 [5]

Figure 4.10: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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Started mode
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(b) ¢ = 0.001 [s]

Figure 4.11: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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(b) t = 0.006 [5]

Figure 4.12: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time
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(b) t = 0.030 [5]

Figure 4.13: Mach number contours (upper half part) and streamlines (lower half
part) of a supersonic ejector at different flow time



Chapter 5

Conclusions and perspectives

The limitation on the performance of supersonic ejectors are mainly related to the
choking and the mixing mechanisms at play in such devices. In 2018, Lamberts et al.
[29] greatly improved the scientific understanding of these flow phenomena within
a rectangular ejector. The perspective of their work is to extend the methodology
to a large number of ejector configurations in order to highlight the influence of
the different geometrical parameters. Therefore, the first contribution of this paper
is to adapt the analysis to an axisymmetric ejector and to study the influence of
the geometry.

The approach, presented in Chapter 2, has mainly consisted in thoroughly pro-
cessing the results of 2D RANS simulations of the flow in both ejector geometries
(axisymmetric and rectangular) using air as working fluid. The calculations have
been performed with Ansys Fluent (Release 2021 - R1) and the numerical results
have been validated at the global and at the local scales with the experimental and
numerical simulations of Lamberts et al. [29].

The analysis, carried out in Chapter 3, shows a difference in the characteristic curve
and the critical back pressure between the axisymmetric and rectangular ejector.
The exergy approach concludes that this difference results from exergy losses related
to viscous dissipation and heat transfer between the two flows. Following this
analysis, an upgraded ejector is implemented by lengthening the mixing duct in
order to improve the mixing phenomena and the critical back pressure. It would
therefore be interesting to optimize the length ratio of the mixing duct to enhance
the operating range. In addition, the comparison between the two geometries was
extended to a 1D model. The compound-choking theory is suitable for predicting
the entrainment ratio in both cases. However, when heating the primary flow, 1D
theory fails to predict accurately due to the restrictive assumption of isentropic
flow.
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Furthermore, due to the growing interest of unsteady flow phenomena, the second
contribution of this thesis is the analysis of a valve closure at the secondary inlet.
This process generates a vacuum chamber in the secondary channel, as in high
altitude test facilities. As outlined in Chapter 4, the closure of the secondary valve
can lead to two different modes depending on the primary pressure: un-started
mode and started mode. Depending on the mode, the time response, evacuation per-
formance and flow structure differ, and the started mode is considered more efficient.

Finally, as mentioned through the manuscript, perspectives of this thesis consist
of three main paths: (i) optimization of the length ratio of the mixing duct, (ii)
improvement of the compound-choking theory for a heated primary flow, (iii) the
development of mathematical model to characterize the valve closure scenario.
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Appendix A

Total flux of quantities

Total flux of momentum

Since the linear momentum (Equation 2.2) is a vector quantity, and in the absence

of body forces, the transport equation of the momentum in the ( direction is given
by

o . _ . _ _ Ip
o, Wi (0:G) — TiiG — TG | = —

Fon,j

¥ (A1)

The left-hand side of the equation consists of the divergence of the vector field of
the total momentum F,, ;, in the ¢ direction. Since the flow within the ejector and
the momentum is nearly aligned with the horizontal /axial direction , (; = e,. For
a 2D planar flow, the total flux may be rewritten as

Fry = (070 — 7oy — 7, (A.3)

In our supersonic ejector case, the z-component of the vector field, F,, . is mainly
determined by the contribution of the advective flux : @pu . By contrast, the
y-component of the vector field, F,,, , depends mainly on the viscous and turbulent

. = t
fluxes : —7, — 7, -

38
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Total flux of kinetic energy
For the determination of energy tubes, the transport equation for the mean-flow

kinetic energy K = pii;il;/2 is used to obtain the total flux of kinetic energy, Fix ;

9
5’xj

0 _, 0 o O (A.4)

= —1{; — T ‘.
3 A e ij a0
Oz, Oz, Ox;

~ N —t A ~
KUj — Tijui — Tl-jui

Fkj

Therefore, for a 2D planar flow, the total flux of kinetic energy may be rewritten as

Freo = (Kt — Tt — 71,10) (A.5)
Fry= (Kb =70 —7.,0) (A.6)

Total flux of exergy

As a reminder, the exergy is defined as the maximum theoretical work that can
be obtained from an amount of energy. The mean-flow total exergy, & is a state
variable defined as follows

& = (hi = hreg) = Tres(s™ — Spey) (A.7)
where the * indicates that the variable is calculated from the averaged flow quanti-
ties. Hence, the mean-flow total enthalpy, h; is defined as h; = h+ G;a;/2. The
symbol s represents the entropy. The subscript re f refers to the reservoir conditions
of the secondary stream as the reference state, namely T}y = The and prer = poo.

From the transport equation of the mean-flow total enthalpy, of mean-flow specific
entropy, and mass conservation, Lamberts et al. [27] expressed the transport
equation of & and obtained the vector field F¢ ; :

9
al‘j

. S Tre o d O
U (p&+) + <Qj + qﬁ) (1 — Af> — TijU; — Tﬁjui = —Tlet <T + T(;)> (A.8)

T

Fe

For further information about the development of the equation, the reader should
refer to [27]. Therefore, for a 2D planar flow, the vertical and horizontal components
of the total flux of exergy may be rewritten as

il Tre — A —t A
Al Ak _ _ Tref N —t A
F&yy =v (p€t> + (Qy + qty) (1 - T ) - Txyu - T;yu (AlO)
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The 2 terms of the right-hand side of the equation, ® and ®g are related to
the entropy generation by viscous dissipation and by heat transfer, respectively,
expressed as follows :

Ol o1
P =7 2 ozt T A1l
Tij 8:15]- TU ('3xj ( )

oT
Do = —(7; +7, () (A.12)

( J ]) 827]'

Applying F¢; to the exergy transport, we obtain :

— — d  Pg
//Am F&jnj ds + /Aout Fg}jnj ds = _Tref ///Q (T + T2> dVv (Alg)

where n is the outward directed normal to the control volume, 2. Hence, the
difference of exergy between inlet A;, and the outlet A,,; is caused by the integral
effects of sinks, due to negative sign. It means that the flux of total exergy going
out of a transport tube is lower than the flux entering the tube.

Total flux of heat transfer

Regarding the heat transfer between the primary and the secondary stream, the
focus should be put on its exergy content. Hence, the flux of exergy associated
with the mean heat flux and the turbulent transport of heat is defined as

Enl Tre
Foj= (Qj +Q§') (1 - Tf) (A.14)

Therefore, for a 2D planar flow, the total flux of exergy content of heat may be
rewritten as

3

Foo= (2. +7.) (1 -

Foy=(3,+d) (1 _

f) (A.15)
f) (A.16)
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Appendix B

Compound-choking theory

A more detailed explanation on the compound-choking theory and the obtained
equations are presented here. The compound-choking theory of Bernstein et al. [5]
has been derived from the concept of a one-dimensional compound-compressible
nozzle flow, shown in Fig. B.1.

interfaces

stream n —s:
e

stream 2 —!

stream 1 —»:

Inlet Throat Exit
plane (minimum area) plane

Figure B.1: Schematic of the compound-compressible nozzle flow [28]

The flow through the nozzle is divided into several parallel substreams with individ-
ual stagnation conditions and thermodynamic properties (v, R). However, in this
present case, all the streams are assumed to have identical thermodynamic proper-
ties. The general case of perfect gases with different thermodynamic properties is
presented in [5].
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The compound-choking theory states that for fixed inlet conditions and reducing
the outlet pressure, there is a point where information cannot propagate upstream
even if some individual streams are still subsonic, i.e. the flow is compound-choked.
The main assumptions of the original compound-choking theory are :

1. The flow is one-dimensional, steady, adiabatic and isentropic.

2. Each flow stream is a perfect gas with constant thermodynamic properties.
3. There is no mixing between streams.

4. The static pressure is constant across all streams and only varies in the stream

wise direction.

Compound-flow indicator

In comparison with the classical single-gas theory, which determines the choking
condition according to the local Mach number, the compound-choking theory
defines a compound-flow indicator, B(x), as the choking criterion :

o) =3 (s 1) (B.1)

=1 ’Y

where A;(x) and M;(z) denote the local flow area and the local Mach number of
the i'" stream, respectively. The flow regimes are divided as follows : 5 >0, 3 =0
and 3 < 0 corresponds to the so-called compound-subsonic, compound-sonic and
compound-supersonic regime, respectively. A closer inspection of the equation leads
to the conclusion that, when a compound flow is choked (5 = 0), the individual
stream Mach numbers will not necessarily be equal to one. Indeed, in the case of
a flow involving two streams, one stream must be supersonic, yielding 1/M? < 1,
while the other must be subsonic, i.e 1/M? > 1, to have 3 = 0.

Equivalent Mach number

As proposed by Hedges et al. [19], it is convenient to define an equivalent Mach
number, M., (x), such that

M,,(z) = (751((3 + 1)1/2 (B.2)

where A(z) is the local total flow area. This equivalent Mach number offers the
advantage of being analogous with the Mach number in single-stream flows with
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regard to its interpretation. Indeed, M., will be the unity for compound-sonic flow
(8 = 0), less than unity for compound-subsonic flow (5 < 0) and greater than unity
for compound-sonic flow (5 < 0).

Computational procedure

First, under the assumptions, the mass flow rate of the 7*" stream may be written
as a function of the local pressure p(x) and the local flow area A;(x) only

1 y—1

To; DPoi R\v—-1 DPoi
Using the previous equation, and by isolating the flow area, the geometrical
compatibility condition for two streams, i.e. Aj(z)+ As(z) = A(x), may be written

at any point in the nozzle :
2 v 41\ 2
v—1 ( 2 )

mf _ ) A
ml TOl AT
P e

y—1+1/2 1
Do2 Po1 Po2
In our ejector case, the flow is assumed to be isentropic in the primary nozzle,

A7 will be equal to the area of the throat of the primary nozzle, A;. Hence, the
primary mass flow rate 1, may be written as

A 1\
ml _ tp()l\lfy <7+ > (B5)

vV T01 R 2

In both equation, all boundary condition are fixed, only the local pressure p(x),
and the secondary mass flow rate 1o, are unknown. Under choked flow conditions
(on-design), a second equation arises from the fact that the compound-flow indicator,
f(x), must fall to zero in the mixing duct of a supersonic ejector. Indeed, the flow
is compound-choked and the cross-section of the mixing duct A,,, is identified as
the geometrical throat of the compound-compressible nozzle flow, see Fig. B.1.
By using the relation between the Mach number and the ratio of total to static
pressure for an isentropic flow, i.e.,
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M?2(z) = 2 [( Poi )771 - 1] (B.6)

=1 |\p(@)
The choked condition (5 = 0) may be rewritten as

Ll ()T o N 1/2

ity Toz<p02>{72[(po) —1] —1}[1_(10(6);)7]
> ! _171/2

S R A R T

where Deq Tepresents the static pressure corresponding to compound-sonic regime.
Finally, for a specified geometry configuration and boundary condition, the simul-
taneous resolution of these two independent equations provides the value of local
pressure p;,, and the value of the secondary mass flow rate 72, and therefore the
entrainment ratio for the choked condition (on-design regime).

ml TOl




Appendix C

Precision estimation

A brief explanation regarding the error computation in transient simulation is
described below. For further information about the error estimation, the reader
could also refer to the research papers of Smirnov et al. [41].

The relative error S; is presented as a result of the integration in the i** direction
and is proportional to the ratio of mean cell size (AL) to the domain size (L;) in
the same direction :

k+1

For uniform grid, the error could be S; ~ (1/N;)**!, where N; is the number of
cells in the direction of integration. The power k, depends on the accuracy of the
scheme. In the present study, all the schemes used are second order accurate. In
the multi-directional problems, the error is given by the summation of errors in all
the direction.

3
Serr = Z Sz (CQ)
=1

Finally, the total accumulated error S7. after n time steps is proportional to the

square root of the number of time steps at the end of the simulation :

Sgrr = Serr : \/ﬁ (03)

To ensure the CFD accuracy, this error should be less than a tolerance limit (Sg).
As suggested by past researches [41, 7], the tolerance limit should be between 1%
and 5%. Since the error is dependent on the number of time steps, there will be
a limit on the maximum number of time steps for a particular simulation. The
maximum number of time steps is given by :
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2
Nmax = (511 ) <C4)

A last important characteristic for the results of transient simulations is the
reliability (R;). It’s the ratio of the maximum allowable number of time steps and
the actual number of time steps used at the end of simulation. This ratio shows
that how far the maximum allowable error is from the actual error.

Rs - nmaa:/n <C5)

The higher is the ratio, the lower is the error. On tending R, to unity, the error
tends to the maximal allowable value.
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