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Abstract

Considering the amount of internal combustion engines (ICEs) existing
nowadays, and the pollutants that they could potentially emit, it is no sur-
prise that international standards are getting increasingly severe regarding the
allowed limits of pollutants that can be released by such engines. For this rea-
son, different techniques have been developed in order to diminish pollutants,
as downsizing in which the engine size is reduced to decrease the consumption,
the hybridation of engines and the exhaust gases recirculation (EGR). This
recirculation technique can be addressed by 2 different paths: Low Pressure
EGR (LP-EGR) which reintroduce the exhaust gases before the compressor,
while High Pressure EGR (HP-EGR) injects exhaust gases after the com-
pressor in the intake manifold. Since both configurations deal with a direct
injection of the recirculated flow in the main stream, in the present work a
numerical study of the mixing between air and EGR flows is proposed, using
a commercial code of computational fluid dynamics (STAR-CCM+).

In LP-EGR configuration has been proposed the study of the influence of
a heterogeneous inlet (composed by air and exhaust gases) on the main per-
formance of a centrifugal compressor. To do that, 9 different operating points
have been analyzed, trying to cover the whole map of the compressor with a
constant injection rate. It has been demonstrated the necessity of a transient
scheme for obtaining reliable results in the complete domain of the compressor.
On the other hand, it has been proved that, with standard penetration rates
of the flow, EGR do not have a remarkable impact in the performance of the
compressor, besides the surge zone. In LP-EGR scheme, a numerical design
of experiments has been developed with the aim to find correlations between
the generated volume condensation (which can appear under some operating
points of the engine) and the mixing between air and exhaust gases. It has
been proved that the penetration of the EGR in the main stream is a key factor
in volume condensation, increasing the amount of mixing between the streams.

In HP-EGR configuration, different studies of numerical configuration have
been conducted trying to find the influence of factors like mesh, time-step
size, and turbulence models in the final distribution of exhaust gases between
the cylinders of the engine. RANS submodels have demonstrated that can
predict most of the operating points both average and instantaneous variables
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in comparison with experimental measurements. After that, fixing a numerical
setup, different mixers in 4 and 6 cylinder manifolds have been calculated,
showing the applicability of the developed mixing indexes, and quantifying
the influence of the different physical effects that can influence in the mixing
and distribution between air and exhaust gases streams.

Keywords: Mixing; LP-EGR; HP-EGR; CFD simulation; STAR-CCM+;
Compressor; Condensation; Manifold
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Resumen

Teniendo en cuenta la cantidad de motores de combustión interna que se
encuentran en activo actualmente, y sus potenciales emisiones de contamina-
ción si se realizaran de forma incontrolada por el parque automovilístico, las
normativas internacionales son cada vez más estrictas en cuanto a la cantidad
de gases perjudiciales para el medio ambiente que pueden emitir dichos moto-
res de manera unitaria. Debido a ello, se han ido desarrollando e implantando
técnicas de reducción de contaminantes como el downsizing en el cual se redu-
ce el tamaño del motor para reducir el consumo, la implantación de motores
híbridos y la Recirculación de Gases de Escape. Esta técnica de recirculación
puede abordarse de dos maneras alternativas: la Recirculación de Gases de Es-
cape de Ruta Larga inyecta dichos gases antes del compresor, mientras que la
Recirculación de Gases de Escape de Ruta Corta (o alta presión) los reinyecta
después del compresor, en el mismo colector de admisión del motor. Dado que
en ambas configuraciones se produce una inyección directa del flujo recircu-
lado en la corriente principal, en el presente trabajo se propone un estudio
numérico de la mezcla entre las corrientes de aire y gases recirculados usando
un software comercial de mecánica de fluidos computacional (STAR-CCM+).

En la configuración de Ruta Larga se ha propuesto en primer lugar estudiar
el efecto en los parámetros globales del compresor de una entrada heterogénea
compuesta por aire y gases de escape. Para ello, se han analizado 9 puntos
de funcionamiento distintos, tratando de abarcar el mapa completo del com-
presor centrífugo con una tasa de inyección constante. Se ha demostrado, por
un lado, la necesidad de un esquema transitorio de cálculo para la obtención
de resultados confiables en todo el dominio del compresor. Por otro lado, se
ha demostrado que, con tasas de penetración de flujo estándar, la inyección
de gases recirculados no tiene un impacto reseñable en las prestaciones del
compresor, con excepción de la zona de bombeo. En segundo lugar, se ha de-
sarrollado un diseño numérico de experimentos en configuración de Ruta Larga
con el objetivo de encontrar correlaciones entre la condensación generada en
dichas uniones (la cual puede aparecer bajo ciertas condiciones de operación
del motor) y la mezcla entre las corrientes de aire y gases de escape. Se ha de-
mostrado que la penetración de los gases en la corriente principal es un factor
clave en la condensación generada, aumentando la cantidad de mezcla entre
ambas corrientes.
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En la configuración de Ruta Corta se han realizado estudios de configu-
ración numérica tratando de estudiar la influencia de factores como malla,
tamaño del paso temporal y modelos de turbulencia en la distribución final de
los gases de escape entre los diferentes cilindros del motor. Se ha demostrado
que los submodelos RANS pueden predecir la mayor parte de puntos de ope-
ración tanto en variables medias como instantáneas comparando resultados
numéricos con mediciones experimentales. Fijando una configuración numé-
rica, posteriormente se han analizado diferentes mezcladores en colectores de
motores de 4 y 6 cilindros, demostrando la aplicabilidad de los índices de mez-
clado desarrollados y cuantificando la influencia de los diferentes efectos físicos
que influyen en la distribución y mezcla de los gases de escape en la corriente
principal.
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Resum

Tenint en compte la quantitat de motors de combustió interna que es tro-
ben en actiu actualment, i les seues potencials emissions de contaminació si
es realitzaren de manera incontrolada pel parc automobilístic, les normatives
internacionals són cada vegada més estrictes quant a la quantitat de gasos
perjudicials per al medi ambient que poden emetre aquests motors de manera
unitària. A causa d’això, s’han anat desenvolupant i implantant tècniques de
reducció de contaminants com el downsizing en el qual es redueix la grandària
del motor per a reduir el consum, la implantació de motors híbrids i la Recircu-
lació de Gasos de Fuita. Aquesta tècnica de recirculació pot abordar-se de dues
maneres alternatives: la Recirculació de Gasos de Fuita de Ruta Llarga injecta
aquests gasos abans del compressor, mentre que la Recirculació de Gasos de
Fuita de Ruta Curta (o alta pressió) els reinjecta després del compressor, en el
mateix collector d’admissió del motor. Atés que en totes dues configuracions
es produeix una injecció directa del flux recirculat en el corrent principal, en
el present treball es proposa un estudi numèric de la mescla entre els corrents
d’aire i gasos recirculats usant un programari comercial de mecànica de fluids
computacional (STAR-CCM+).

En la configuració de Ruta Llarga s’ha proposat en primer lloc estudiar
l’efecte en els paràmetres globals del compressor d’una entrada heterogènia
composta per aire i gasos de fuita. Per a això, s’han analitzat 9 punts de
funcionament diferents, tractant d’abastar el mapa complet del compressor
centrífug amb una taxa d’injecció constant. S’ha demostrat, d’una banda, la
necessitat d’un esquema transitori de càlcul per a l’obtenció de resultats de
confiança en tot el domini del compressor. D’altra banda, s’ha demostrat que,
amb taxes de penetració de flux estàndard, la injecció de gasos recirculats no
té un impacte ressenyable en les prestacions del compressor, amb excepció de
la zona de bombament. En segon lloc, s’ha desenvolupat un disseny numèric
d’experiments en configuració de Ruta Llarga amb l’objectiu de trobar correla-
cions entre la condensació generada en aquestes unions (la qual pot aparéixer
sota unes certes condicions d’operació del motor) i la mescla entre els corrents
d’aire i gasos de fuita. S’ha demostrat que la penetració dels gasos en el cor-
rent principal és un factor clau en la condensació generada, augmentant la
quantitat de mescla entre tots dos corrents.
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En la configuració de Ruta Curta s’han realitzat estudis de configuració
numèrica tractant d’estudiar la influència de factors com a malla, grandària
del pas temporal i models de turbulència en la distribució final dels gasos de
fuita entre els diferents cilindres del motor. S’ha demostrat que els submode-
los RANS poden predir la major part de punts d’operació tant en variables
mitjanes com instantànies comparant resultats numèrics amb mesuraments ex-
perimentals. Fixant una configuració numèrica, posteriorment s’han analitzat
diferents mescladors en col·lectors de motors de 4 i 6 cilindres, demostrant
l’aplicabilitat dels índexs de barrejat desenvolupats i quantificant la influència
dels diferents efectes físics que influeixen en la distribució i mescla dels gasos
de fuita en el corrent principal.
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1.1 Motivation

Despite the fact that a significant number of investigations and innovations are
still being developed nowadays regarding internal combustion engines (ICEs),
this technology has more than 100 years of life. When in the last decades
of XIX century the automobile was invented and developed, the impact in
the whole world was perceived gradually. After that, millions of jobs, indus-
tries, roads were created because of that innovation, and its impact still being
remarkable nowadays, taking into account that an unnumbered quantity of
engines have been built around the world. In fact, in 2020 more than 78 mil-
lions of vehicles were manufactured around the world, giving a total amount of
vehicles in circulation of almost one billion. In addition, internal combustion
engines are not only employed by automobiles, its flexibility is exceptional
and the scope in which can be used is very big, for example, ships, aircrafts,
motorbikes, heavy industry, power suppliers, etc.

The first improvements regarding internal combustion engines were focused
in the increment of its power and performance. In the area of power increase,
one of the main objectives is introduce a bigger amount of air than the ambient
conditions can provide. This is the main objective of the compressors, which
can be driven by the engine itself or, thanks to Alfred Büchi, by the exhaust
gases, after the invention of the turbocharger. Of course, the implementation
was not easy, and took more years to perform an optimal system that works
together with the engine. Usually, all the improvements in the engine were
tested firstly in competition, because as Ford company used to say, "Win on
Sunday, sell on Monday". When the improvement is so important and provide
a lot of benefits, its implementation arrives faster to the public, and turbo-
charger was implemented in passenger cars around 1980.

However, after years and years of using a huge amount of engines with
little to no limitations, major concerns were raised about the role of ICEs in
the increasing pollution of the environment and the air quality. In the last
decades, the climatic change has an important role in the development of new
technologies [6, 7]. Thus, internal combustion engines are not outside of this
range, and more and more exigent standards in terms of pollutant emissions
are applied to these machines, in order to control and reduce the quantity of
pollution that the environment suffers due to ICEs after decades of non-control
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emissions. One developed technique in order to reduce the amount of pollu-
tants (besides other objectives) is the so-called downsizing, that consists in
the reduction of cylinder displacement while keeping the developed power (by
turbocharging the engine) and the consequent reduction in terms of emissions
[8]. Another strong technique that are very used actually is the combination
of a combustion engine and electrical engine, what is called an hybrid power-
train [9, 10]. Obviously, if the use of the thermal engine is limited for a specific
range, the hybrid powertrain emissions will be lower.

As was explained the reduction of pollutant emissions is still being one
of the objectives in the investigation on ICEs, but the type of emissions will
depend of the type on combustion engine. Spark ignited engines (SI) uses an
electrical igniter to start the combustion reaction. The hydrocarbons and car-
bon monoxides that SI engines will produce are usually mitigated by catalytic
converters [10]. On the other hand the compression ignited engines (CI) uses
the high pressure of the combustion chamber to auto-ignite the fuel and start
the combustion. In this process, the most common pollutants that are pro-
duced is the soot and the nitrogen oxides (NOx). Usually, the way to mitigate
the soot that arrives to the atmosphere is using a particulate filter (DPFs).
However, the reduction of NOx can be achieved using 2 different paths:

• Active measures. Avoiding the NOx generation during the combustion
process of the engine.

• Passive measures. Capture the NOx after their generation with after-
treatment devices.

Focusing in the active measures, one of the most widely techniques used
in order to reduce NOx formation is the so-called EGR, which is the acronym
of exhaust gas recirculation system [11]. The main purpose of this technique
is the reintroduction of some part of the exhaust gases that are produced dur-
ing the combustion again in the main intake line. With this, the maximum
temperature in the combustion chamber is reduced [12, 13] and the NOx for-
mation decrease, with a slightly influence in the particulate emission. In fact,
the perspectives indicate that engines will work with higher EGR rates in the
engine [14].
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Considering this, the union between the fresh air and the recirculated
gases that comes of the combustion chamber can be performed by 2 main
paths (considering that the engine has a turbocharger configuration). In the
high-pressure EGR (HP-EGR) the exhaust gases are reintroduced after the
compressor, in the main manifold of the engine. On the other hand, in the low
pressure EGR (LP-EGR) the gases are injected before the compressor, and
therefore, this path is called too long route EGR.

Although these techniques are different in terms of performance and imple-
mentation, Desantes et al. demonstrates that both of them can be applied at
the same time [12]. In fact, Park et al. study optimal proportions of HP-EGR
and LP-EGR depending of the operating conditions [15]. To summarize, both
configurations present some advantages and disadvantages:

• HP-EGR is still the most employed configuration due to its simplicity, a
quicker engine response [16] and the reduction in the pumping losses [12].
However, the most important disadvantage of this approach is getting
an uniform distribution of EGR between the cylinders of the engine [17,
18] and the feasibility to achieve higher EGR rates. In fact, Maiboom
et al. demonstrates that bad distributions of EGR will produce a huge
increment in NOx and PM emissions [19]. Thus, the influence of the
mixing between air and EGR stream in the good performance of this
configuration is clear.

• LP-EGR avoids soot deposition in the EGR line, because the exhaust
gases are taken downstream the after-treatment devices. However, some
problems may appear in cold operating conditions, because volume con-
densation can be produced [5, 20, 21] and could be dangerous to the
compressor integrity [22]. Considering that condensation conditions can
be produced when air and EGR streams encounters one each other,
mixing between them will be an important factor in order to study this
phenomenon.

Depending on the selected technique, the union of the two streams have
to be analyzed under very different conditions. In the low pressure EGR, the
mixing will take place practically at ambient pressure, near to steady inlet
conditions and very close to the impeller of the compressor. In high pressure
EGR the mixing will take place in a compressed manifold, with highly transient
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boundary conditions and with different geometrical conditions. Although the
mixing between different streams is a widely studied phenomena, the different
conditions at the 2 different paths of EGR and the improvement of this tech-
nique make very necessary the assessment in a deeper way of this phenomenon.

1.2 Background

After this introduction, it is clear that mixing phenomena will have an im-
portant role in the improvement of the high pressure and long pressure EGR
configurations, but is not the only application in which mixing is very im-
portant. For example, in nuclear engineering the meeting and mixing of two
streams is very common and widely studied [23, 24, 25, 26, 27] due to the
relevance of the thermal mixing in this field of investigation. In other techno-
logical areas like the oil industry [28, 29] the mixing between two streams plays
an important role in his good development. However, in this document, the
main analysis of the mixing will be focus in the described EGR configurations,
taking into account the advantages and disadvantages of every technique that
have been described in previous section.

Knowing that mixing presents a strong impact in EGR performance, it is
interesting to continue by providing an overview of the relevant works that
have been published regarding mixing phenomena in the scope of EGR. For
both HP and LP configurations of EGR, the state of the art is reviewed and
the in-house background on the topic is discussed.

1.2.1 LP-EGR

Mixing in low pressure EGR configurations can appear in very different condi-
tions, taking into account the operating points of the engine and the compres-
sor that are placed downstream of the union of the two flows (air and EGR).
Put aside the condensation effects that can appear as was explained before,
the mixing between air and EGR before the compressor have been studied
previously in the works of Brune et al. [30, 31]. In these works, different types
of inlets have been studied in a numerical and experimental way, focusing in
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the pressure losses and the mixing behavior. On the other hand, the effects
of flow homogeneity or heterogeneity on the global compressor performance
was assessed experimentally and numerically by Reihani et al. [32, 33]. In
these works, one of the most important parameters that is considered is the
EGR/air momentum ratio (J), which can be defined as:

J = ρEGR · U2
EGR

ρair · U2
air

. (1.1)

This parameter is very useful to compute the penetration of the EGR
stream inside the main stream of air. In fact, Reihani et al. [32] demonstrates
that the velocity ratio (very related with J) is crucial in the mixing before the
compressor. In addition, Reihani demonstrates that, in some operating points
and conditions, the EGR stream can improve the compressor performance,
modifying the inducer velocity triangle.

Obviously, the geometrical design of a LP-EGR junction plays an impor-
tant role regarding the mixing between air and EGR. Junctions have been
widely studied in many fields of investigations as was exposed before, specif-
ically three way junctions have been assessed by many different authors. In
fact, Hosseini et al. [34] suggested a classification regarding the penetration of
the flow, while Kamide et al. [24] and Kimura et al. [25] fixed the classification
in 3 categories: wall-jet, deflecting-jet and impinging-jet. In these categories,
the main parameter considered is J so the influence in mixing of this parame-
ter will be remarkable. Apart from the mentioned works of Kamide et al. [24]
and Kimura et al. [25], other authors study the mixing in T-junction using
the experimental approach, as Wang et al. [35], Li et al. [36] and Chuang
et al. [37]. On the other hand, the numerical approach is widely used to
compute the mixing in T-junctions. In fact, regarding numerical simulations,
turbulence modelling is one of the key features to be considered and can be
developed using RANS (reynolds average navier stokes) approach, LES (large
eddy simulations) approach and DNS (direct numerical simulations) approach.
For example Evrim et al. [38, 39] use LES to study the thermal mixing in this
type of junctions, while Gupta et al. [40] employed the RANS approach.

In addition, it is necessary to mention that volume condensation in this
type of configurations has been studied too, with most of the works developed
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in CMT-Motores Térmicos. Volume condensation appears when dew condi-
tions are reached by some humid stream, and this is a very undesirable phe-
nomenon in internal combustion engines [41] considering that this technique
can introduce higher mass flow rates of EGR [42] and can be very harmful to
the compressor integrity [22, 41]. Considering that this phenomenon appears
more frequently in cold ambient, the applicability of this configuration is more
limited [43, 44]. The prediction and effects of this phenomenon in the scope
of LP-EGR have been studied in the work of Serrano et al. [21] and Galindo
et al. [45, 46].

1.2.2 HP-EGR

As was explained before, mixing in HP-EGR is one of the most critical phe-
nomena regarding the development of this configuration, and there are some
relevant works that have been focused in this field of investigation. In fact, the
main objective of this configuration is achieving an homogeneous distribution
between the cylinders of the exhaust gases [17], considering that very uneven
distributions will produce, as a consequence, that the emission of NOx and
PM grow up very fast, as was found by Maiboom et al. [19]. CMT-Motores
Térmicos has a notable experience regarding HP-EGR studies. For instance,
the mixing between air and EGR has been studied in experimental way by Lu-
ján et al. [17, 47] and the effects of higher values of EGR dispersion in terms
of opacity and NOx emissions have been studied by Macián et al. [48]. In
addition, some NOx and PM models have been developed using experimental
measuremens as base [49, 50, 48] that could be implemented later in 0D-1D
models. However, one of the main drawbacks of the experimental approach is
the neccesity of manufacturing real parts and the measurements of the main
variables of the flow, which could be very difficult in complex geometries. In
addition, the rate of acquisition data could be very limited in the measurement
of important variables.

The other way to study the mixing in high pressure EGR configurations
is the numerical approach, in which all the flows variables can be studied in
all the considered domain, independently of the type of geometry and the
time scale of some phenomenon. Some important works using this approach
have been developed, for example the studies of Sakowitz et al. [51, 52, 53,
54]. In these works, one of the main focus is the used approach to model
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the turbulence, which can be RANS (reynolds average navier stokes), LES
(large eddy simulations) and DNS (direct numerical simulations). DNS are
very expensive in terms of computational resources and time so it is not used
in this field of investigation. However, most of the numerical works have used
LES approach (especially the works of Sakowtiz et al.) or RANS approach
[17, 55, 56, 57, 58, 59] taking into account that the RANS approach is cheaper
in terms of computational resources. However, despite the referred works,
most of the investigations using numerical approach are focused in the mixing
between the streams near the union of the flows, considering different types
of mixers, as T-junctions (as was exposed before) and radial mixers [60, 61],
Other works are focused in the active improvement of the geometry, focusing
always in better distributions of air and EGR as Minocha et al. [62]. The
other point of view is the geometric modifications in order to achieve better
volumetric efficiency in the whole manifold, as is demonstrated in the work of
De Souza et al. [63].

1.3 Objectives

The main objective of this thesis is to contribute to the understanding of the
mixing phenomena in the EGR configurations, both HP-EGR and LP-EGR.
Concisely, this objective can be splitted in:

• Assess the influence of the heterogeneity of the mixing between air and
EGR on the overall compressor performance in LP-EGR configurations.

• Understand the correlation between mixing and condensation in order
to obtain design criteria for reducing volume condensation in LP-EGR
configurations.

• Understand the correlation of EGR dispersion and pollutant emissions
using 3D-CFD simulations in HP-EGR configurations.

• Assess the influence of geometrical modifications in the final EGR dis-
persion and the role of the mixing between air and EGR in HP-EGR
configurations.

8
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1.4 Approach and methodological objectives

In this section the main methods that are used in this document are presented.
Some of the next tools have not been directly configurated by the author (see
the division of work on page ix), but it has been used in the calculations and
postprocessing data.

1.4.1 3D-CFD simulations

Considering the objectives that have been described in section 1.3, 3-dimensional
CFD simulations will be used throughout this document as the main tool, to
get the main performance and local features of the flow that are important in
terms of mixing between air and EGR in both LP and HP EGR configura-
tions. The simulations will be carried out in the commercial code Star-CCM+,
which is based on finite-volume approach from version 12.06 [64] to version
14.02 [65].

1.4.2 Turbocompressor measurements

In chapter 2, the influence of the heterogeneity in the global compressor perfor-
mance is assessed numerically. However, EGR-less compressor was measured
experimentally as a reference. The experimental installation to measure com-
pressor data is the same that the used in the works of Galindo et al. [66]. In
addition, the features to postprocess the experimental data are provided by
the works of Galindo et al. [67] and Serrano et al. [68].

1.4.3 0D condensation model

In chapter 3, junction 0D model is used in order to get the maximum volume
condensation, using different thermodynamical and psychrometric conditions
in air and EGR inlets. This model was developed by Serrano et al. [41] and
assuming mixing air-EGR streams at the outlet of the domain. More details
of this model are exposed in chapter 3.

9
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1.4.4 1D engine model

In chapter 4, and chapter 5 different operating points and engines have been
considered with the aim of performing different CFD calculations of intake
manifolds with HP-EGR. In order to achieve reliable data of different engine
variables in a wide range of operation, a 1D model is necessary to be developed,
in order to impose the transient boundary conditions of the 3D CFD cases that
have been performed. The used 1D model follows the same structure that the
used in the work of Macian et al. [48] and different engines and operating
points have been simulated as will be described in chapter 4 and 5. It must
be taken into account, that the calibration of the 1D model in chapter 4 is
developed in the mentioned work of Macián et al. [48].

1.4.5 Engine experimental measurements

All the numerical approaches that have been used in this document, both 1D
and 3D-CFD simulations need a reliabe source of data in order to improve the
numerical models and validate them after the simulations. Therefore, results
from different experimental campaigns back up the numerical predictions of
this Thesis. Regarding LP-EGR, a set of experimental measurements con-
ducted aside from this Thesis validate the employed condensation submodel,
as will be explained in chapter 3. This Thesis does feature EGR dispersion
and CO2 transient data measured at the intake manifold for two engines with
HP-EGR, as will be showed in chapter 4. Furthermore, the performance of
the HP-EGR system of these 4-cylinder and a 6-cylinder engines has been
measured using different air-EGR mixers, as discussed in chapter 5. The used
experimental facility follows the same structure, probes and methods that the
presented by Luján et al. [69, 47].

1.5 Methodological objectives

Considering that CFD is the selected approach in order to achieve the pre-
sented objectives of section 1.3 some issues needs to be solved in order to
advance the investigation. As a summary the main methodological objectives
are:

10
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• Despite that the introduction of EGR in LP-EGR configurations before
the compressor has been analyzed numerically by Reihani et al. [32]
using 3D-CFD simulations, it is necessary to evaluate the best numerical
setup in order to perform different operating points with heterogeneous
inlet.

• Considering that mixing is one of the basis of this document, it is nec-
essary to compute the amount of mixing in different conditions, that is
in LP-EGR and HP-EGR, even with transient phenomena. Thus, differ-
ent index needs to be defined for a better understanding of the mixing
process.

• It is necessary to find the best numerical configuration in HP-EGR do-
mains in order to model in a correct way the mixing between air and
EGR under transient conditions, different operating points and geome-
tries, trying to apply the indexes that have been commented before.

1.6 Thesis outline

The rest of this document is structured as follows:

1. Chapter 2 deals with the influence of a heterogeneous flow at the inlet
of a radial compressor, in low pressure EGR configuration. Different op-
erating points will be calculated, and the main features of the numerical
setup will be assessed.

2. In chapter 3 a whole numerical design of experiments is performed in a
T-junction domain. With this, condensation in different LP-EGR condi-
tions is assessed and correlated with different non-dimensional indicators,
as jet penetration factor (J) and mixing indicators, which are developed
too.

3. Chapter 4 is devoted to find the optimal numerical setup on different
engine manifolds in HP-EGR configurations. Different operating points
will be analyzed, and a pollutant emission model will be developed to
correlate EGR dispersion with NOx and PM variations.

4. In chapter 5, different geometrical modifications are analyzed in the
manifolds that are used in chapter 4. In this chapter, the mixing between

11
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air and EGR are assessed, including transient evolutions of the main
variables in the key points of the considered domains.

5. Finally, in chapter 6 the thesis findings and main contributions are de-
picted, including some recommendations of possible future works that
could be developed as a continuation of this Thesis.
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2.1 Introduction

As was exposed in chapter 1, one of the most extended emissions-reduction
technique in diesel engines is the recirculation of the exhaust gases (EGR) and
their introduction again in the intake line [12]. Taking into account that fresh
air is mixed with exhaust gases, the maximum temperature is lowered during
the combustion, so the production of nitrogen oxides (NOx) is drastically re-
duced [12]. As referered in chapter 1, HP-EGR and LP-EGR can be combined
simultaneously in the same engine [12], and control strategies can be applied
for taking the best path in every moment of the driving cycle [69]. Focusing
on LP-EGR technique, this configuration takes gases that have undergone the
exhaust aftertreatment, so the accumulation of pollutants and undesired el-
ements is mainly avoided in the EGR line. Also, the aforementioned issues
of uneven distribution of EGR that are exposed in chapter 1 do not appear
with this technique due to the longer path. Nevertheless, under certain cold
ambients, condensation problems can appear in the mixing of the two streams
before the compressor [5, 20] This undesired effect can produce small droplets
at the inlet of the compressor and thus, very harmful consequences in the im-
peller [22].

Nevertheless, if condensation effects are omitted, mixture between air and
EGR in LP-EGR configurations was studied in the works of Brune et al. [30,
31]. In these works, different inlet configurations were analyzed experimen-
tally. Brune et al. [31] demonstrated that junctions that provided an improved
flow mixing presented greater pressure losses. Nevertheless, the compressor
overall parameters were measured in points over a single speed line and the
effects of the heterogeneity would need a deeper analysis. In addition, a nu-
merical campaign was developed to analyze some inlet configurations, showing
that the direction of the injection and its relative position has significant in-
fluence of the mixing behavior [30]. However, this numerical study was carried
out with a single operating point, so it is not easy to assess strong conclusions.
In the same way, in the works of Vithala et al. [70], several configurations were
calculated to analyze the pressure drop in the T-junction for some operating
points showing that a simple 90º degrees junction gives a reasonable mixing
quality with no significant impact in the pressure drop. However, in this case,
the compressor was not included in the geometry, so the effects of this flow
homogeneity in the global performance of the compressor were not calculated.
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Besides, the influence of mixing and heterogeneity on the global compressor
performance was analyzed numerically and with experimental validation in
the works of Reihani et al. [32]. The velocity ratio V R coefficient between
EGR/air (which have almost the same meaning that J coefficient presented
in equation 1.1), and the EGR rate can be described as:

V R = ṁEGR · Aair

ṁair · AEGR
(2.1)

EGRrate = ṁEGR

ṁair + ṁEGR
(2.2)

The VR relates the velocity of EGR that enters in the domain in compar-
ison with that of the air flow. In configurations with high VR coefficient (due
to high EGR mass flows or smaller EGR areas), the EGR stream is able to
penetrate stronger in the air stream due to its greater momentum, so the air-
EGR mixing will be higher. In fact, the influence of the VR coefficient in the
mixing before the compressor is crucial according to Reihani et al. [32]. They
showed that, by considering different insertion angles and high VR factor, can
have a positive impact on the overall compressor performance at certain zones
of the map due to its influence in the inducer velocity triangle.

The industry standard is to obtain the compressor maps in experimental
test cells with a single straight inlet duct, so the impact of including a T-
junction with LP-EGR flow more or less mixed with the fresh air should be
assessed. Therefore, this work is meant to establish the main effects of mixing
changes by different operating points in a T-junction inlet on the compressor
performance. In addition, the comparison with the equivalent standard intake
will be performed, to check whether the original maps could be still employed
when considering turbochargers for LP-EGR applications. The idea of stan-
dard inlet will represent the equivalent thermodynamics conditions that the
T-junction with air and EGR presents. This equivalent thermodynamic condi-
tion will depend on the air and EGR mass flow rates and the inlet temperatures
of both streams, considering perfect mixing and enthalpy conservation as will
be exposed in section 2.2. Obviously, the inlet temperature and the EGR rate
is not constant in all engine operating conditions. However, to limit the de-
grees of freedom, these variables will be fixed in all the points of this document.
Specifically, the EGR rate, that can vary in normal operation between 1 and
40%, will be set to 15%, that would correspond to an engine operating point
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with medium load and medium engine speed, being therefore a representative
value [71]. This engine working point would be obtained with the compressor
working at 130 krpm and 1.8 of compression ratio, so the selected EGR rate
corresponds to compressor nominal conditions (see figure 2.3). In addition,
if the inlet temperatures and EGR rate are kept constant, it is easy to check
than the VR factor will be constant too in all the compressor points. The
aforementioned objective will be addressed by conducting a numerical cam-
paign. All the 3D CFD calculations will be carried out in STAR-CCM+ [65]
with RANS modelling of the turbulence, which has proved that can achieved
suitable results in compressor CFD modelling [5, 30].

2.2 Numerical configuration

2.3 Experimental setup

The experimental installation that has been employed to get the compressor
performance maps, is a turbocharger test cell rig that uses a screw compres-
sor to supply power to the turbine. The mass flow that passes through the
analyzed compressor is controlled by a backpressure valve at its outlet. The
inlet temperature of the compressor is achieved by a water-air heat exchanger
and measured by an array of thermocouples. The detailed methodology and
process to measure and control the different values of the turbocharger will
not be explained in this thesis, but more information of this installation can
be found in the works of Galindo et al. [66].

2.4 Geometry and mesh

As mentioned before, the inlet of the compressor is one of the most important
regions to be taken into account in the analysis of the LP-EGR configurations.
In this document, a T-junction geometry has been selected by its low pressure
drop and wide use in experimental essays and its easiness of fabrication [31,
70], because it is only a straight duct into the main flow of air. The stan-
dard inlet to represent a typical inlet configuration is developed to impose an
equivalent thermodynamic inlet condition without the junction. Both stan-
dard and T-junction geometries are presented in figure 2.1, together with the
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postprocessing surfaces employed. The length of the intake pipe is extruded 5
diameters, like in the work of Navarro [72]. It has to be noticed that this do-
main does not present any flaps to control the EGR flow (unlike other studies
[5]). In the actual engine, the flap to reduce the EGR rate is indeed placed in
the LP-EGR line, but far enough from the T-junction, so it is not modeled in
this work. In addition, the flap that can produce additional pressure drop to
achieve the desired EGR rate at certain points is located in the exhaust line,
acting as a backpressure valve, but is neither modeled.

Figure 2.1: Inlet compressor and postprocessing virtual probes and surfaces (top).
Numerical configurations analyzed (bottom).

This work presents the same approach in mesh configuration that the one
used by Broatch et al. [73]. In this way, a polyhedral mesh is built with a
prismatic layer in the walls of the domain, with the aim to solve the boundary
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layer in an appropriate way. Since the present work aims to analyze the influ-
ence of the inlet geometry in several operating points of the compressor, about
40 simulations have been performed, so a fine mesh is not affordable due to the
huge computational resources that would be necessary to carry out the whole
numerical campaign. For that reason, a coarser mesh has been employed,
i.e., considering an average element size in the impeller region of 2.4mm and
3.4mm in the inlet and outlet regions, which yields an overall cell count of
1.3 million cells. A depiction of this mesh in the rotor region is presented in
figure 2.2. Taking into account the wide range of operating conditions, the y+
values in the impeller are placed in the buffer layer at some operating points.
In any case, the “all y+ wall treatment” [64] has been selected , that will act
as a wall function or solve the viscous sublayer, depending on the wall y+ .
Besides, it should provide reasonable results for cells inside the buffer sub-
layer. The usage of a 4 million cells mesh, with y+ values lower than 3 in the
impeller, was particularly investigated at best efficiency point, in which the
1.3 million mesh presents y+ values between 10-15. Despite the distinct mesh
density, the difference when predicting compression ratio was 3%, being 2%
when assessing efficiency. In addition, regarding the inlet mixing, the RMSE
of the distribution of temperature in a vertical line on mid cone plane of figure
2.1, is around 3K between these meshes. Therefore, the 1.3 million cells mesh
can achieve reasonable results with a limited computational effort. Moreover,
section 2.5 will show that the considered mesh can predict global variables
within a satisfactory range for a global study.

2.5 Setup and operating conditions

The developed methodology by Broatch et al. [73] is again used in this study
to define the setup parameters of the numerical simulations. A brief summary
of the main features of the configuration is presented:

• The considered cases have been calculated with dry air treated as perfect
gas, because the influence of the composition of the EGR flow is not the
main objective of this work. In fact, considering that the EGR is cooled,
the difference between the specific heats at the considered temperatures
is < 0.5%.

• The segregated solver has been used for the resolution of the numerical
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Figure 2.2: Wall mesh (left) and fluid continuum mesh plan on inducer zone

equations. This solver uses 2nd order discretization schemes for the con-
vective terms and Hybrid-Gauss LSQ applied as gradient reconstruction
scheme. To deal with the turbulence modelling, a RANS approach with
the SSTk − ω submodel has been selected, which has been widely used
and validated in similar works [5, 30, 70, 73].

• For the unsteady cases, a 2nd order implicit scheme has been selected
for the transient term, considering a 4°/step as time-step size. Navarro
proves that this size of time step is enough to achieve an acceptable
accuracy in global variables (with a relative difference less than 1% com-
pared to lower time-step sizes) [72]. With the mesh described in section
2.4, this time-step size provides Courant numbers lower than 10 in the
entire domain.

• Concerning the boundary conditions of the numerical domain, the mass
flow rate and stagnation temperatures are imposed in the inlet of air and
EGR (in the T-junction inlet) and the static pressure is imposed in the
outlet of the domain, with radial equilibrium, following the same scheme
as the works of Galindo et al. [5].

In section 2.3 a brief description of the experimental facility was presented.
The measured conditions will be used as boundary conditions of the simula-
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tions, taking as reference the corrected rpm (N∗) and the corrected mass flow
rate (ṁ∗) following the nomenclature of Watson et al. [74]:

N∗ = N ·
√

Tref

Tin,tot
(2.3)

ṁ∗ = ṁtot · pref

pin,tot
·
√

Tin,tot

Tref
(2.4)

Being pref = 101325 Pa and Tref = 288.15 K. Considering a wide range
of operation, the ambient temperature can vary between -20°C and 40°C and
the EGR temperature between ambient (during engine warm-up) and 120°C
(considering 90°C coolant temperature and non-ideal cooler). The inlet total
temperatures of the domain will be kept fixed through all the study, being
Tair,tot = 273 K and TEGR,tot = 333 K, taking into account that these val-
ues are referred to an engine in warm-up process in cold ambient, when the
cooler has not achieved its nominal temperature yet, and condensation phe-
nomena can appear [5, 20] (although condensation is not calculated in this
work). Thus, these temperature values that are imposed are in the same order
of the typical values measured in experimental facility. In addition, as was
mentioned in previous section, the EGR rate is fixed in 15%, as an average
value in all the engine map.

Regarding the standard inlet, taking into account that its objective is to
simulate equivalent inlet conditions than the T-junction inlet, the total tem-
perature will be mass averaged in the same way than the works of Brune et
al. [30]:

Tin,tot = ṁair · Tair,tot + ṁEGR · TEGR,tot

ṁair + ṁEGR
(2.5)

Considering that the EGR rate is considered constant, as well as the inlet
temperatures of the T-junction cases, temperature of equation 2.5 will be con-
stant and equal to 282 K for all the simulations with standard domain. The
difference in this temperature of would have consider multicomponent gas with
different specific heats is <0.1%, due to the low differences at the considered
temperatures as aforementioned, and also considering that the EGR rate is
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15%.

Defining the compression ratio as:

Πt,t = pout,tot

pin,tot
(2.6)

the selected operating points are presented in the compressor map of figure
2.3:
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Figure 2.3: Corrected mass-flow / C.R. map of experimental selected points.

This distribution of 9 operating points at 3 different speed lines shown in
figure 2.3 is mean to cover all the zones at which the compressor may operate
in normal conditions. For that reason, the points are evenly spaced in terms of
corrected r.p.m. at each speed line. So, taking into account that the transient
schemes will be analyzed too, there will be 9 points in 2 different temporal
treatment and 2 domains to calculate. In addition, the influence of interface
types in the steady approach is considered too, so a numerical campaign of 40
simulations has been conducted in this chapter.

Regarding the temporal treatment, is necessary a brief description of the
differences of steady and unsteady simulations in this type of problems. In a
compressor simulation, the impeller region has an inherent motion. The way
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in that motion is modelled dictates whether the simulation is steady or un-
steady. The unsteady approach is the more realistic approach but has a higher
computational cost. In the unsteady approach (URANS) the rotor mesh itself
moves at each time step according to prescribed rotations specified by the
user [64]. Internal interfaces between the fixed regions and the moving region
allow to keep the connectivity between regions even though the rotor mesh
is sliding. In the case of a standard compressor the amount of degrees that
the mesh rotate is directly related with the time step size of the simulation.
Regarding the steady scheme (RANS), is commonly used in turbomachinery,
in which a rotating reference frame is applied to the region of the impeller,
so that the moving region in the unsteady approach now is static, by convert-
ing the absolute velocity into relative velocity and considering inertial forces
(centrifugal and Coriolis). As the rotor blades are frozen in space respect the
diffuser, the flow field depends of the relative position of the passages. This
issue appears if an internal interface as the one used in the unsteady approach
is applied, that can be named as point-to-point interface or P2P. However,
a mixing plane interface (or MP) can be used instead between the moving
region and the static region. With this, the problem of the relative position
is overcome because the flow is averaged circumferentially to provide a single
radial profile. The differences between these types of simulations and the in-
fluence of the described interfaces, P2P and MP in the steady approach will
be assessed in next section.

2.6 Results and discussion

2.6.1 RANS-URANS assessing

2.6.1.1 Overall performance comparison

The numerical transient scheme is a very important issue to consider in LP-
EGR and turbomachinery simulations. Due to the high unsteadiness that
can appear in the impeller region, the behavior and the global parameters of
the compressor must be assessed in both temporal approaches to check the
differences in the achieved results. Taking into account that the experimental
measurements described in section 2.3 were done with a standard inlet, the
straight duct intake is considered for the numerical simulation as well. The
comparison in terms of compression ratio and corrected mass flow for the
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points introduced in figure 2.3 is presented in figure 2.4 as a means to validate
the configuration and the mesh of the simulation as well as to notice the
differences between transient and steady simulations.

0 0.05 0.1 0.15
1

1.5

2

2.5

Experimental

Std-URANS

Std-RANS

Figure 2.4: Corrected mass-flow / C.R. map of RANS-URANS comparison in
standard inlet.

Regarding experimental uncertainties, in the work of Olmeda et al. [75],
the measurement errors and its propagation in a turbocharger test bench are
properly evaluated. Taking into account that the test bench is the same that
the one described in section 2.3, the experimental uncertainties will be similar
consieding that the used sensors are the same. In terms of compression ratio,
the experimental uncertainties are about 0.2%. With this, the trends depicted
in figure 2.4 are not the same in every iso-speed line. When compressor is
working at the lowest speed, the temporal treatment seems does not have
much influence and provides almost the same results in terms of compression
ratio. In medium speeds, the near surge point is captured in an acceptable way
by the RANS models but, when the corrected mass flow grows, the accuracy
is decreased. Moreover, in high speed points, the steady scheme clearly under-
predicts the pressure ratio. In addition, figure 2.4 shows that near choke point
6 and especially point 9 are not well calculated by the URANS model neither.
In these points, the slope of the corrected speed line is very pronounced, so,
the differences in terms of corrected mass flow are very noticeable. The mesh
density and the usage of the segregated solver instead of the coupled one (with
enhanced capability to predict transonic flows by requiring a greater compu-
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tational effort) are likely the main factors responsible for the lack of accuracy
in the choked region.

Regarding the isentropic efficiency, it can be defined as:

ηs =
Tin,tot ·

(
Π(γ−1)/γ

t,t − 1
)

Tout,tot − Tin,tot
(2.7)

The comparison between the RANS and URANS predictions and the adia-
batized experimental measurements of isentropic efficiency for the points con-
sidered in figure 2.3 are presented in figure 2.5, in which the increasing speed
lines correspond to greater mass flow rates. Regarding the isentropic effi-
ciency, the experimental uncertainties are about 2.5%. Comparing figure 2.4
and 2.5, the differences between experiments and the numerical models in
terms of efficiency are higher than when assessing compression ratio. Figure
2.5 shows that, at low r.p.m., numerical models have a trend to overpredict the
experimental measurement, while at medium and high speeds, the efficiency
is lower in the simulations than in the tests. These differences can appear
due to several reasons. In the numerical models, the walls are considered as
adiabatic, even though the compressor is not perfectly insulated in the exper-
imental measurements, which is a source of discrepancies between numerical
results and experimental measurements. The experimental efficiency is un-
derestimated especially at low speed lines when the power is calculated by
means of the temperature rise in the compressor, as observed by Galindo et
al. [67] since the heat flow from the turbine increases the compressor out-
let temperature especially at these operating points, which yields a spurious
power increase. Therefore, all the original experimental measurements have
been adiabatized following the approach described in the works of Serrano
et al. [68], aiming at removing the effect of heat transfer in the measure-
ments to provide adiabatic efficiency values. Serrano et al. [68] developed
a method which features an internal and external turbocharger heat transfer
model combined with mechanical losses model. These models are calibrated
with the diabatic map measurements and the turbocharger geometrical infor-
mation to obtain the corresponding adiabatic map. In this way, the conducted
adiabatic corrections increase the peak experimental efficiency at lowest speed
line by 5%. However, this correction should have been even greater, according
to the fact that peak efficiency should increase with lower compressor speeds

32



Chapter 2 Section 2.6

when adiabatic measurements are conducted [67], as simulations do in figure
2.5.
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Figure 2.5: Corrected mass-flow / efficiency map of RANS-URANS comparison in
standard inlet.

In addition, the error propagation by the measurements must be taken
into account too, especially in zones of low speeds [75], so slight errors in tem-
perature measurements, can induce important changes in efficiency. Finally,
as mentioned above, the mesh may not be fine enough to achieve the perfect
accuracy in all the operating points, so the numerical uncertainty may affect
to differences in efficiency depicted in figure 2.5. These differences are clearly
showed in the operating points 6 and 9, corresponding to choked conditions.
As a summary, the average error in terms of compression ratio in all the consid-
ered operating points is about 1.40% and the error in efficiency is about 6.42%
comparing the URANS model and the experimental data. For the RANS ap-
proach the error grows to 2.8% in compression ratio but is maintained in terms
of isentropic efficiency in 6.4%.

2.6.1.2 Heterogeneity in the steady approach

The previous section has shown that the differences between RANS and URANS
are limited in terms of global variables for a standard straight inlet. For LP-
EGR applications, the steady approach may be hindered though, because the
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flow at the inlet of the compressor is heterogeneous, especially when the mix-
ing between streams is very weak [32] In the present work, the temperature
is the variable employed to analyze the heterogeneity of the configuration, as
figure 2.6 shows. There are 2 zones clearly different; the hotter EGR stream
on the bottom side of the inlet of the compressor, aligned with the duct of the
T-junction, and the colder air stream on the top side. Figure 2.6 shows only a
fine interface between the described zones, where the thermal diffusion takes
place. Clearly, the VR factor of equation 2.1 is not very high in this case, due
to the low penetration of the EGR stream in the main flow.

Figure 2.6: Contours of inlet temperature compressor in operating point 5

Regarding the steady simulations, the different types of interfaces that
connect the fixed regions with the moving region were described in section 2.5.
The mixing plane (MP) interface can be useful to avoid the passage influence
on the results, because the flow is circumferentially averaged and transferred
in a conservative manner between the regions [64], while the point-to-point
(P2P) interface does not use this average. However, using the mixing plane
when the domain is working with heterogeneous flow as the one represented
in figure 2.6 can lead to non-physical results, as figure 2.7 shows.

In the presented plots, the azimuthal distribution of temperature at the
diffuser inlet (circumference included in figure 2.1) is depicted, taking the ori-
gin of θ and coordinate direction presented in figure 2.1 (volute tongue and
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Figure 2.7: Azimuthal temperature distribution at inlet diffuser for RANS (frozen
rotor or P2P), RANS with mixing plane (MP) and URANS model in standard inlet

(top) and T-Junction inlet (bottom) in operating point 5.

rotating direction). Figure 2.7 includes the predictions obtained with the
URANS and the steady RANS approach with the 2 described interfaces for
operating point 5 (figure 2.3) with the straight and T-junction inlet geome-
tries. It must be noticed that the temperature of the URANS simulation has
been time-averaged, so the rotating jet-wake features are balanced in a fixed
reference frame. In the top plot of figure 2.7 it is shown that the usage of
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mixing plane is useful for the straight intake as aforementioned, because the
temperature is correctly smoothed and therefore, azimuthally constant, alike
the URANS case due to the temporal average regarding the fixed reference
frame. On the other side, the point-to-point interface keeps an excessive os-
cillation due to the frozen jet-wake effect of each of the 12 impeller passages.
This oscillation is not physical and is mainly produced by the static position
of the impeller, and the influence of the passages. However, in the bottom plot
of figure 2.7, when T-junction inlet is used, the temperature distribution is not
well resolved, because the circumferential average of the MP interface avoids
the effect of the heterogeneous flow at the inlet (and outlet) of the moving
region. On the contrary, the P2P interface presents a more realistic result
in terms of temperature distribution in comparison with the URANS model,
despite the non-smoothed jet-wake effect of the impeller passages.

After this assessment, it seems that the mixing plane interface is not suit-
able to be used in heterogeneous problems due to the circumferential average,
at least to predict the temperature fields. However, the steady approach with
point-to-point interfaces (also called frozen rotor) could be still applied in
the steady state calculations. Although some authors have used the steady
schemes to solve this type of problems with and without compressor [30, 70,
32] there are some undesired effects that can appear by using this approach,
even though the MP interface is not used. An important problem of the steady
approach in heterogeneous incoming flow is clearly visualized in figure 2.8. At
first, the EGR flow advances through the bottom side of the inlet duct with
no problems (yellow stream) but, when the flow enters in the moving zone
(red stream), the steady approach transforms the absolute velocity into rela-
tive velocity due to the moving reference frame, causing a spurious deviation
(∆θ) of the EGR flow in the opposite way of the angular velocity. When the
flow arrives to the impeller, the EGR stream is confined to the impeller pas-
sage (except for tip leakage), so the relative velocity would now make sense.
However, another deviation will appear, because the rotation of the whole pas-
sage, when the EGR flow is going through it, is obviously not considered with
the steady solver, which entails another circumferential deviation against the
URANS case adding more uncertainty in this approach taking into account
the first deviation.

Therefore, the amount of deviation that the steady approach can induce
to the EGR flow will depend on 2 factors:
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Figure 2.8: Incorrect deviation of inlet EGR flow in steady RANS approach.

• The angular velocity (compressor speed) of the considered operating
point. This deviation is produced because the rotor is static in steady
simulations.

• The residence times of the flow in these zones (moving region before the
inducer and impeller passages), which in turn depend on the meridional
velocities (mass flow rate) and the distances travelled by the flow between
inlet and outlet rotor interfaces. This deviation is represented in figure
2.8 and is case-dependent.

The main effect of this undesired phenomenon, produced by the steady
approach, is the alteration of the discharge zone of the EGR stream in the
diffuser, which will not be the same compared to the more realistic URANS
approach, this difference depending of the operating point. This fact is as-
sessed in figure 2.9, in which the temperature circumferential profiles at the
diffuser inlet for operating points 4 and 6 (see figure 2.1).

The thin red line is the steady RANS solution with P2P interface, in the
same way than the red line in figure 2.7. The thick red line corresponding to a
moving average applied to the original RANS solution. This moving average
is obtained by a sliding window to make an average in every single point of
the trace with a 30°size (30°=360°/12 passages). This average reduces the
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Figure 2.9: Azimuthal temperature distribution at inlet diffuser for RANS (frozen
rotor or P2P), RANS averaged (movmean) and URANS model in T-junction inlet

for operating point 4 (top) and 6 (bottom).

effect of the 12 sharp oscillations corresponding to the impeller passages and
thus gets a smooth signal. The blue line is the unsteady signal. In operating
point 4 (top plot of figure 2.9) the discharge angle on the compressor diffuser
is almost the same for the steady and unsteady approach (peak temperature
is achieved with both approaches close to 200°). It does not mean that the
deviation induced of the steady approach is around zero but close to 360°. In
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operating point 6 (bottom plot of figure 2.9) the discharge point of the steady
case is departed from the temperature peak for the URANS case because the
relative velocity through the passage is higher than at point 4 (for the same
speed line), so the residence time is lower in the rotor region and thus the
deviation angle, which does not reach now the 360°. The comparison between
RANS and the more realistic unsteady approach shown in figure 2.9 shows how
the deviation in the prediction of the EGR stream discharge in the diffuser
region is significant and depends on the working point.

2.6.2 URANS Tjunction-Std inlet comparison

In section 2.6.1 the temporal treatment was assessed. Considering this, the
comparison between the results of the T-junction case and the straight inlet
case is performed in this section with an unsteady scheme, since it is more
realistic than the steady approach. The overall performance of the compressor
will be compared in all the operating points, but a brief analysis of the flow
field will be performed too.

2.6.2.1 Global parameters assessing

To start this section, the compression ratio presented in equation 2.6 of the
calculated operating points with the T-junction and standard straight intakes
will be presented in figure 2.10, being the URANS results for the standard
inlet the same that were presented in figure 2.4.

In figure 2.4, the trends of the analyzed geometries are very similar in all
the range of the compressor map. At low r.p.m. the T-junction inlet gets
almost the same compression ratio than the standard inlet configuration that
was validated in figure 2.4. In operating point 4, which is relatively closer
to surge line, there are more differences between both cases. In fact, the T-
junction inlet compression ratio is a little bit higher than the corresponding of
the standard case or the experimental. There are some differences too in the
near-surge zone in operating point 7 but the trends are not so clear. To get a
global point of view of the relative differences in terms of global variables of
the compressor between the considered cases, table 2.1 is presented.

In table 2.1 the differences between the standard inlet and the T-joint in
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Figure 2.10: Corrected mass-flow / C.R. map of T-junction and standard inlet
comparison.

terms of the corrected variables are negligible, all are below 0.5% of relative
error so the inlet condition imposed in the standard inlet by equation 2.5 is
justified. Regarding compression ratio and isentropic efficiency, the higher
differences are mainly in point 4, near of the surge zone. The inherent insta-
bilities of this zone of the compressor map can affect to the achieved results,
but even so, the differences are below the 5%. There are some differences too
in operating point 6 and 9 in terms of isentropic efficiency, but these points are
near of the choke zone and the efficiency will be very low anyway. As a sum-
mary, the mean overall error in terms of compression ratio between the cases
is 0.37% and in terms of efficiency is 0.89%. After this comparison, for the
considered inlet conditions and geometry, the heterogeneity of the incoming
flow to the compressor does not affect in a remarkable way to the compressor
global parameters when equivalent working points are compared.

2.6.2.2 Mean flow analysis

Although the global performance parameters of the compressor in these op-
erating points are not significantly affected by the type of inlet considered, is
necessary to assess the influence of these two cases in the compressor time-
averaged flow, to see whether are local flow features that are modified depend-
ing on the intake type.
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Table 2.1: T-junction and standard cases global variables summary comparison.

Operating Points
∆N∗ ∆ṁ∗ ∆Πt,t ∆ηs

[%] [%] [%] [%]

1 -0.1 0.1 0.0 0.0
2 0.0 0.0 0.0 0.1
3 0.0 0.0 0.1 1.2
4 -0.1 0.0 1.8 3.9
5 0.0 0.0 -0.1 -0.1
6 0.0 0.2 0.3 1.3
7 0.0 0.1 -0.4 0.1
8 0.0 0.0 -0.2 -0.3
9 0.0 0.2 0.3 1.0

Starting at the inlet, it is clear that the main flow behavior will be different
in the considered cases due to the impact of the EGR stream. The difference
between the standard and T-junction intakes in the azimuthal distribution of
radial velocity on the plane placed in the inlet cone of figure 2.1 (mid-cone
at 75% of the corresponding radius) is presented in figure 2.11. Notice that
negative radial velocities in figure 2.11 represent flow going from the outer
part to the center, mainly due to the tapered angle in the cone that reduces
the cross section.

Figure 2.11 shows how the discharge of the EGR flow in the cases with
T-junction (presented in figure 2.6) is noticeable with an increment of the
negative radial velocity which is stronger in high speed points due to the
higher EGR mass flow rate. The negative radial velocity peak is followed by
two positive radial velocity increases compared to the straight case due to the
two counter-rotating vortices that the T-joint establishes [5]. This effect will
be more important for greater VR factor , as investigated in [31, 70]. How-
ever, these changes that mainly affect to the radial velocity distribution, are
slight in terms of tangential and axial velocities, so that the impact of the
T-junction in the velocity triangle at the inducer plane is small, and therefore
its influence on the impeller performance (for the considered 15% of EGR rate).

Although the differences in the velocity between the standard inlet and the
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Figure 2.11: Azimuthal distribution of radial velocity in mid inlet cone for
T-junction and Std inlet in operating 4 (blue) and 6 (red).

T-junction case are reduced before the impeller, the differences in temperature
distribution are more noticeable due to the heterogeneity of the inlet flow
after the T-junction. The temperature fields in the diffuser are analyzed to
assess whether both configurations still present temperature differences after
the impeller. Using STAR-CCM+ [64] data mappers as in previous works [5],
the solution of one case is exported and import back in the other configuration.
In this way, the temperature fields can be compared by defining a temperature
difference:

∆T = TT −junc − TStd (2.8)

Considering this definition, figure 2.12 shows the differences of the tem-
peratures between the cases after mapping the standard intake solution into
the diffuser of the T-junction case (see the EGR branch) for operating points
at the same iso-speed. The non-zero ∆T contours indicate clear differences in
the two cases, and the EGR discharge circumferential position in the diffuser
already discussed in section 2.6.1.2 is clearly depicted by a stream of posi-
tive ∆T . In operating point 4 (top image in figure 2.12), the EGR discharge
zone is about 120-160°regarding the volute tongue, while in operating point
6 (bottom image) is in the range of 90-100°regarding this reference. Taking
into account that the represented operating points are at the same speed line,
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the differences in the discharge point are due to the mass flow rate. Point
6 presents a greater mass flow rate and thus the velocity along the impeller
passages will be higher, and therefore the EGR discharge in the diffuser is
located closer to the T-joint (see figure 2.12), due to the lower residence time.
In terms of temperature range, figure 2.12 shows that the ∆T is smaller in
point 4 than in point 6, since the former is closer to the surge line, so that
the residence times are greater and also the secondary and recirculating flows
[72], so the air-EGR mixing is improved and the temperature differences are
diluted.

After that, it can be concluded that, in terms of temperature, the het-
erogeneity of the T-junction case is extended to the diffuser, and obviously
this feature can not be modeled by a straight inlet case with an equivalent
operating condition.

Although the differences in temperature previously described can be re-
markables in some operating points, it is necessary to check if this hetero-
geneity is also seen in the velocity field in the diffuser. The radial velocity
comparison between the T-joint and straight intakes is presented in figure
2.13 of the operating points 4 and 6.

This azimuthal distribution in figure 2.13 is plotted in the inlet diffuser
line presented in figure 2.1, and the reference for the azimuthal coordinate is
the volute tongue, as in figure 2.7 and figure 2.9 . The velocity profiles show
strong differences between the operating points. Obviously, the average radial
velocity in point 4 is lower than in point 6 due to the lower mass flow. In ad-
dition, the radial velocity distribution in operating point 6 is increasing with θ
while at point 4 is decreasing, expecting the design point of the diffuser/volute
flatter to present a flatter profile than these points in accordance to Navarro
[72]. Regarding the comparison between the cases, the velocity traces are
very similar but, there are two zones that are slightly different. Around the
90-100°of θ in operating point 6 and around 130-180°in point 4, the radial ve-
locity of the standard intake is higher than the T-junction velocity, being the
same zone of the discharge of EGR flow, as can be checked in figure 2.12 On
the other side, around 200°of θ, the gap between the cases are in the opposite
way, especially in point 6, when the temperature difference is negative, the ra-
dial velocity of the T-junction case is higher than the standard, but this effect
is not so clear in operating point 4, due to the temperature difference in this
point is lower around this zones (see figure 2.12). In any case, figure 2.13 shows
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Figure 2.12: Mean temperature differences between T-junction and Std inlet in
operating point 4 (top) and 6 (bottom).

that the absolute difference in radial velocity is slight for the studied EGR rate.

To finish this section, it is necessary to check if the described offset in the
diffuser temperature is maintained along the rest of the domain, o there is final
homogeneization of the air and EGR streams. The temperature at the end of
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Figure 2.13: Azimuthal distribution of radial velocity in diffuser inlet for T-junction
and standard inlet in operating point 6.

both domains is presented in figure 2.14. This section is a transversal plane
of the outlet duct, near the end of the domain, and the temperature is again
temporally averaged. This figure is a proof that the temperature differences in
the diffuser presented in figure 2.12 have been clearly overcome, since in both
cases the temperature pattern is quite similar, with an in-plane temperature
range of 6 K. Therefore, the mixing effect of the volute and the outlet duct
(due to its length) provides these similar contours at the end.

2.7 Conclusions

• A numerical campaign in a wide zone of the compressor map has been
developed using experimental measurements to validate the prediction of
the global performance. Two intakes have been considered; a single duct
to simulate the standard experimental test rig, and a T-junction inlet to
simulate the effects of a LP-EGR configuration. The inlet temperature
and EGR rate has been fixed throughout the study, so the VR factor is
the same to all the compressor points. Table 2.2 shows the computational
effort of the simulation campaign conducted in a Intel Xeon E5-2630v3
(2.4GHz) processor for this chapter.

• Regarding the temporal treatment, the steady approach has proved that
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Figure 2.14: Mean of outlet temperature contours of Std case (left) and T-junction
case (right) in operating point 6.

Table 2.2: Computational cost of chapter 2

Cases 18
Mesh size (millions) 1.5

Number of cores 16
Hours/case 41.67

Sum of kh*core 12

is not able to represent temperature distributions in a proper way nei-
ther the global performance of the compressor at high r.p.m. points.
The developed interface assessment has demonstrated that the mixing
plane interface must not be used in heterogeneous problems due to the
circumferential averaged between the moving regions, especially if local
values are mean to be studied. On the other hand, if point-to-point
interface is applied, a spurious deviation of the EGR flow appears. To
reduce this deviation, a circumferential shift could be implemented in
the rotor-diffuser point-to-point interface, if the CFD code allows this
possibility. In this way, the spurious deviation would still exist but the
injection of EGR in the RANS simulation could be shifted in order to
get a similar discharge point than the URANS, regarding the volute
tongue. This circumferential shift should consider the distance between
rotor inlet and outlet interfaces, the impeller rotating speed and the flow
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average streamwise velocity; therefore, being strongly case-dependent.
If this correction is not implemented or the mixing plane interface is
employed, the steady scheme is not recommended when the compressor
works with heterogeneous incoming flow, if one requires an accurate pre-
diction of the temperature field in the rotor and diffuser. However, due
to the lower computational effort of RANS against URANS or to get
preliminary results, it is still interesting to use the steady approach.

• The differences predicted with the URANS approach between the LP-
EGR T-junction and the standard single duct employing an equivalent
operating point in the overall compressor parameters is very low, less
of 1% of relative error in terms of isentropic efficiency. The tempera-
ture distribution in the diffuser has remarkable differences between both
cases, especially in points with high r.p.m. However, these differences do
not produce important changes in the position of the compressor map
what is a different result in comparison with the conclusions of Reihani
et al [32]. Nevertheless, as aforementioned, the VR factor is fixed in all
the cases to a value near of 0.46. In the works of Reihani et al. [32] the
values which this factor is relevant to produce changes in the compres-
sor performance is starting as 0.9. In future works, the same operating
points with higher values of VR (higher EGR rates or lower EGR cross
section for the same mass flow rates) can be calculated to check the
influence in the compressor performance.

• In terms of temperature heterogeneity, the T-junction does present dif-
ferences (up to 35 K) against the single intake. These differences will
increase for greater EGR rates and EGR inlet temperatures, so that the
compressor wheel integrity criterion due to overtemperatures should be
reviewed. However, the mixing of the streams is almost perfect in the
outlet of the discharge duct, so that the benefit of the LP-EGR against
HP-EGR in terms of EGR cylinder-to-cylinder dispersion is confirmed.
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3.1 Introduction and literature review

As was exposed in chapter 1, there are many engineering fields in which three-
way junctions are employed to merge two flows into a single stream, such
as nuclear industry [23, 25, 26], internal combustion engines [3, 5] and oil
industry [29], to name a few. In all these situations, a main stream meets
a secondary flow within the junction, seeking for a quick homogenization or
trying to keep the streams separated as much as possible, depending of the
considered problem.

Three-way junction flow patterns have been studied by Hosseini et al. [34],
Li et al. [76], and Zhou et al. [77], amongst others. Particularly, Hosseini et al.
[34] established a classification regarding flow behavior in 4 categories, while
Kamide et al. [24] and Kimura et al. [25] considered 3 types of flow patterns:
wall-jet, deflecting-jet and impinging-jet.

The mixing process in three-way junctions has being analyzed by differ-
ent researchers. Large eddy simulations have been conducted by Evrim et
al. [38, 39] and Kuczaj et al. [78] in order to study thermal mixing in
T-junctions. Gupta et al. [40] employed Reynolds-averaged Navier Stokes
(RANS) simulations with SST k − ω turbulence model to find that increasing
jet-to-mainstream momentum ratio enhanced mixing. However, none of these
works deal with humid air streams and the condensation generated due to
their mixing.

It is necessary to mention the difference between the terms “surface con-
densation” and “volume condensation”. The former is driven by the presence
of cooled walls (e.g., flow through a heat exchanger [79, 80]), so that related
phenomena happening close to the surface (wall heat transfer and thermal
boundary layer [81], existence of either dropwise or filmwise condensation [82],
etc.) needs to be predicted accurately, but this phenomenom will not be con-
sidered in this thesis. On the other hand, volume (or bulk flow) condensation
is produced when humid flow achieves dew point conditions without heat re-
lease into the surroundings, by means of gas expansion [83] or by mixing with
colder flow, being the latter the object of study of this chapter. In this way,
volume condensation may even appear when subsaturated wet streams meet.
This phenomenon can become an issue in the field of air conditioning [84] and
internal combustion engines [41]. In this chapter, the operating conditions
considered correspond to junctions employed in internal combustion engines
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featuring Low-Pressure Exhaust Gas Recirculation (LP-EGR). As was ex-
posed in chapter 1, this technique consists in reintroducing and mixing the
exhaust gases with fresh air, getting a reduction of the maximum temperature
in the combustion chamber, and thus, NOx emissions are abated [85, 15, 86].
LP-EGR reintroduces the exhaust gas before the compressor [12, 69], which
leads to the possibility of water droplets impacting the compressor wheel if
bulk flow condensation arises in the air-EGR three-way junction. LP-EGR
layout provides high EGR mass flow rates [42, 87] which is deemed as one of
the key factors to increase the thermal efficiency of internal combustion en-
gines [88]. Unfortunately, the related deterioration of compressor performance
and integrity [41, 22] limits the applicability of LP-EGR in the scope of cold
ambients [43, 44, 89].

Chapter 2 has shown the small impact of the flow heterogeneity of a LP-
EGR configuration in the performance of the compressor (less than 1% of
difference), for low values of J . However, the role of air-EGR mixing in con-
densation is beleived to be of paramount importance [5]. As exposed in the
approaches of chapter 1, a 3D CFD model was developed by Serrano et al. [21]
to analyze junction condensation. This model has been validated in different
ways by Galindo et al. [45, 46]. Good accordance between CFD predictions
and experimental results has been found in terms of secondary flows (measured
by means of laser particle image velocimetry) and condensation patterns (ob-
served with planar laser-induced visualization) [45], as well as condensation
mass flow rates (indirectly obtained by temperature measurements with and
without condensation) [46]. Junction design should minimize condensation
mass flow rate to prevent harm to the LP-EGR compressor, as great impeller
erosion was found at experimental impeller durability tests when 3D-CFD sim-
ulations predicted the highest condensation rates [20], which can be deemed
as another prove of the validity of the 3D CFD model. Galindo et al. [5, 45]
have observed that junction geometries that promote strong secondary flows
are the ones providing higher condensation mass flow rates, but their research
did not go beyond that point. The idea that volume condensation in a three-
way junction may be correlated with a quantitative indicator of the mixing of
its inlet streams has never been addressed before in the literature, and is the
main task of this chapter.

The literature review has established the potential benefits of reducing
junction condensation. Despite that flow and mixing phenomena inside a
three-way junction have been studied previously, there has not been (to the
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authors’ knowledge) a work providing a quantitative correlation between mix-
ing and condensation. The present chapter employs a comprehensive numer-
ical campaign (more than 130 simulations) to provide the following original
contributions in the framework of mixing and volume condensation. First, a
new definition of mixing index is developed, by calculating the unmixed area
at a certain section. This index can be computed by considering the trans-
port of a passive scalar or the temperature field. The performance of these
versions of the new index is compared against other mixing indexes from the
literature. Second, a strong quantitative correlation is derived for the first
time between condensation mass flow rate, psychrometric conditions and such
mixing indexes. Third, novel junction design guidelines to decrease bulk flow
condensation are obtained through the reduction of flow mixing. Particularly,
the connection between branch-to-mainstream momentum ratio and mixing is
originally exploited to minimize condensation.

The 0D and 3D CFD models employed in this chapter are described in
Section 3.2, together with the definitions of mixing indexes and momentum
ratio. Section 3.3 provides the correlations between condensation and mix-
ing and the role of momentum ratio in flow patterns and mixing, as well as
the design criteria that should be followed to reduce bulk flow condensation.
Finally, some concluding remarks are provided in Section 3.4.

3.2 Methods

3.2.1 Junction 0D Model

As aforementioned, the problem studied in this chapter is the mixing between
humid air streams in a three-way junction. Serrano et al. [41] developed a
0D model to predict the condensation mass flow rate produced in these sit-
uations by considering that both streams end up being perfectly mixed at
the outlet. Figure 3.1 depicts the numerical domain that will be described in
Section 3.2.2.1, but it can be used as a sketch of such 0D model to present
its inputs. Considering the main (or air) leg, the mass flow (ṁm), pressure
(Pm), temperature (Tm), and relative humidity (RHm) must be specified. On
the branch (or EGR) duct, the same conditions (ṁb, Pb, Tb) must be declared
in exception of the relative humidity, which will be replaced by the specific
humidity (wb). In addition, the model needs the introduction of the outlet
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pressure condition (Pout) and the 3 main areas of the domain (Am, Ab, Aout).
The result of the model is the condensation mass flow rate (ṁcond−0D) at the
outlet of the three-way junction.

Figure 3.1: Longitudinal plane of T-junction numerical domain showing mesh,
boundary conditions and postprocessing plane, with a close-up of the prism layer

employed in the branch insertion.

Figure 3.2: Psychrometric diagram at atmospheric pressure, with three-way
junction inlet conditions and outlet solution obtained with 0D perfect mixing model.

Figure 3.2 shows a psychrometric diagram. The conditions for the inlet
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ducts (depicted in Fig. 3.1) belonging to one of the 128 working points assessed
in this chapter are indicated in Fig. 3.2. The particular values of this numerical
campaign correspond to the application of three-way junctions to LP-EGR,
in which cold air is mixed with warm, humid EGR. Notice how the design
of experiments described in Section 3.2.3 delivers a number of supersaturated
points (as the one depicted in Fig. 3.2), depending on the combination of
values of Tb, wb and Poutlet. In such cases, the first step is to remove the
excess of water at the branch duct inlet between the original point and that
corresponding to saturated conditions, since both 0D and 3D CFD models (see
Section 3.2.2) are devoted to obtain condensation only due to mixing. The
equivalent saturated point (“EGRsat” in Fig. 3.2) is obtained by descending
vertically from the original point (“EGR”) up to the saturation line, since the
imposed Tb is a static, dry bulb temperature.

Condensation mass flow rate is then obtained with the 0D model [41] by
considering conservation of mass for air and water species, together with the
definition of specific humidity w, by virtue of the following equation:

ṁcond−0D = ṁair ·
wair/1000

wair/1000 + 1 + ṁEGR ·
wEGR,sat/1000

wEGR,sat/1000 + 1 − ...

... − (ṁair + ṁEGR) ·
wP M/1000

wP M/1000 + 1 . (3.1)

In Eq. 3.1, the only unknown is the humidity at the outlet considering a
perfect mixing between the inlet streams, i.e., wP M . This solution is obtained
graphically at Fig. 3.2 on the basis of conservation equations. First, the gray
dashed line connecting the inlet points (“Air” and “EGRsat”) and the position
at which it crosses the yellow dashed line correspond to a linear weighting
of inlet specific humidities and enthalpies regarding the corresponding mass
flow rates. Then, the slope of the yellow dashed line of Fig. 3.2 indicates
constant enthalpy. This is because heat transfer with the surroundings is
neglected, so that the heat released due to condensation is absorbed by the
flow itself. Finally, the outlet point is located where the yellow dashed line
finds the saturation line, which in turn is calculated by means of Dalton’s law
and Antoine’s equation for humid air. The term “perfect mixing” associated
to the 0D model developed by Serrano et al. [41] is here employed because the
zero-dimensional consideration of the outlet station inherently assumes it to
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be homogeneous, and therefore the inlet streams are considered to be perfectly
mixed.

This 0D model will be employed to perform correlations between con-
densation and mixing predicted by 3D CFD simulations (see section 3.3.1).
Besides, section 3.3.2 will show that indeed the condensation predicted by
this 0D model is the maximum condensation that could be achieved in the
junction, when both streams are perfectly mixed. For more details about the
0D model, please refer to Serrano et al. [41].

3.2.2 Junction 3D CFD model

3.2.2.1 Geometry and mesh

Figure 3.1 shows a longitudinal slice of the numerical domain of the three-way
junction, depicting the mesh as well. The modeled geometry represents a 90◦

three-way junction (T-junction) as could be featured in a LP-EGR system,
where fresh air and EGR streams are mixed before the compressor. The short
tapered section after the branch duct represents the compressor inlet cone,
up until the postprocessing section that would correspond to the compressor
inducer plane. Then, the outlet duct is extruded 5 diameters to reduce the
impact of the boundary location on the region of interest.

The geometry considered in Fig. 3.1 is similar to those employed by Rei-
hani et al. [33] and Galindo et al. [5, 2], since all of them include the compres-
sor cone. Other authors [70, 53, 20] have modeled T-junctions for LP-EGR
applications considering the same cross section for the outlet and main ducts.
Besides, the impact of branch diameter and angle regarding the main duct on
flow mixing and condensation will be assessed in Section 3.3.5.

The grid depicted in Figure 3.1 is a polyhedral mesh with prism layers to
improve near wall resolution, with 3.7 million cells in total. The employed
mesh density has been selected by means of an independence mesh study. The
main variable that was analyzed in this study is the condensed water ṁcond

at the end of the cone (see Fig. 3.1). A 10.4% of difference in condensed
water is obtained when replacing a 0.4 million cells mesh by a 3.7 million
cells grid. On the other hand, a finer mesh density leading to a 10.8 million
cells does not significantly affects condensation compared to the 3.7 million
cells grid (3.1% of difference). Having assessed the sensitivity of the mesh

58



Chapter 3 Section 3.2

to a global key parameter (condensation mass flow rate), vertical profiles of
passive scalar ϕ (see Section 3.2.2.2) at cone outlet diameter are provided in
Fig. 3.3 to complete the analysis of discretization error. Figure 3.3 shows a
great agreement between the profiles predicted by the grids with 10.8 and
3.7 million cells. Vertical distribution of ϕ simulated using 0.4 million cells
presents significant differences with the other two at the bottom part of the
cross-section (negative values of y). For the sake of limiting the computational
effort, and considering that more than 130 simulations are conducted in this
chapter (see section 3.2.3), the 3.7 million mesh is therefore selected for the
rest of the study. In addition, this mesh provides a y+ < 1.5% in 99% of
wall cells even in the more critical conditions (higher mass flows), so this fact
assures that the viscous sub-layer is always resolved.

Figure 3.3: Profiles of passive scalar ϕ at the vertical diameter of the cone outlet for
different grid resolutions.

3.2.2.2 Numerical setup

The numerical configuration employed in this chapter has been already vali-
dated by Galindo et al. [20, 45]. The segregated solver of STAR-CCM+ [64]
has been used for the 3D CFD numerical simulations, considering second-order
upwind discretization schemes for convective terms. An Eulerian approach is
employed to solve the conservation equations. Since a mixture of humid air
streams is aimed to be modeled, dry air and water vapor are set as ideal gas
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components and their corresponding species equations are included. Continu-
ity, momentum and energy equations are also solved, which can be expressed
by means of a general transport equation

∂(ρφ)
∂t

+ ∇ (ρφui) = ∇ (ρΓφ∇(φ)) + Sφ , (3.2)

considering the terms of Table 3.1. RANS turbulence modeling will mainly
affect these transport equations by the increment of the effective diffusion
coefficients of Table 3.1.

Table 3.1: Convective, diffusive and source terms for solved transport equations,
excluding turbulence.

Equation φ Γφ Sφ

Mass 1 – Svap

Species y D Svap

Momentum ui ν −∂p/∂xi + fv + Smom
Energy h0 α −Dp/Dt + wv + Sener

The condensation submodel described in Section 3.2.2.3 is employed to
transform water vapor into liquid water when appropriate just by the imple-
mentation of custom source terms Sφ in Eq. 3.2, thus retaining the Eulerian
approach for the sake of computational cost. In this way, features such as
droplet nucleation and Lagrangian particle tracking [90, 91, 92] are not in-
cluded in this model. The employed approach does not consider either any
interface tracking methods (such as Volume of Fluid) nor a fluid film model,
since surface condensation is not addressed in this Thesis.

Regarding the turbulent approach, the numerical campaign described in
Section 3.2.3 is initially calculated using steady RANS with SST k −ω turbu-
lence submodel [93]. Since the flow pattern varies significantly depending on
the operating conditions (see Fig. 3.9), there are some working points present-
ing an oscillating behavior for water condensation. If the oscillation of liquid
water mass flow rate at the end of the cone is above 2%, the case is switched
to unsteady RANS (URANS), employing a second-order implicit transient
solver. In the same way as with the mesh independence, the sensitivity to the
time-step size ∆t has been evaluated in terms of predicted condensation. In
this way, condensation mass flow rate is modified by 0.01 % when replacing
∆t = 10−5 s with a larger ∆t = 5 · 10−5 s. If the time-step size is further

60



Chapter 3 Section 3.2

increased from ∆t = 5 · 10−5 to ∆t = 10−4, the variation on condensed water
is still slight (0.09 %). Considering again the large numerical campaign and
the sensitivity analysis just performed, the unsteady cases are simulated with
a time-step size of ∆t = 10−4 s, being in agreement with works of the same
scope [20, 45].

Mass flow rate, stagnation temperature, turbulence intensity and compo-
nent (dry air and water vapor) mass fraction are set at main and branch inlets.
Static pressure is determined at the outlet. The particular values of boundary
conditions are shown in Section 3.2.3. In addition, a passive scalar is injected
with a value of ϕ = 1 through the branch inlet, whereas the main inlet consid-
ers ϕ = 0. By doing so, the mixing between the air and EGR (branch) streams
can be assessed, as will be explained in Section 3.2.5. Walls are considered
as adiabatic due to the low conductivity of a typical LP-EGR junction, which
explains why volume condensation is the only mechanism in this scope.

3.2.2.3 Condensation submodel

In the present chapter, the condensation submodel was developed and verified
by Serrano et al. [21] and validated by Galindo et al. [5, 45]. This model
is implemented in STAR-CCM+ [64], allowing to predict the amount of con-
densed water on a certain operating condition produced by the mixing of the
humid streams along the junction.

As a summary, the condensation model compares the psychrometric state
of each cell to the corresponding saturated equilibrium state, in order to con-
dense instantaneously the appropriate amount of water when supersaturation
exists. To this purpose, the source terms presented in Eqs. 3.3, 3.4 and 3.5:

Svap = ρ · Yair · (wf − wi)
∆t

(3.3)

Sener = −Svap · L (3.4)

Smom = Svap · u⃗ (3.5)
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are included in the corresponding transport equations (see Eq. 3.2 and
Table 3.1). The term Svap is subtracted from the water vapor species and
injected into a transport equation to represent the generation of condensed
liquid water and its motion in the form of fog. In this way, a condensation
mass flow rate can be computed at the three-way junction outlet, which will
be exploited throughout Section 3.3. Notice also how the release of energy
due to condensation (see Eq. 3.4) affects the temperature field, which is a
feature that contributes to the inferior performance of mixing indexes defined
using temperatures when compared to passive-scalar mixing indexes, as will
be shown in Section 3.3.1. For a complete explanation of the hypotheses and
characteristics of this condensation submodel, the reader is referred to the
work of Serrano et al. [21].

The combination of the 3D CFD setup described in Section 3.2.2.2 and
its embedded condensation submodel has been validated against experimen-
tal measurements regarding five different aspects. Firstly, the CFD model
was able to predict secondary flows in the three-way junction outlet matching
those measured with laser particle image velocimetry [45]. Secondly, planar
laser-induced visualization provided experimental condensation distributions
in agreement with the numerical predictions [45]. Thirdly, temperature nu-
merical and experimental fields at the outlet cross-section were found to be
similar [46]. Fourthly, condensation mass flow rates obtained by CFD simula-
tions were in accordance with indirect experimental measurements of conden-
sation mass flow rates [46]. Lastly, CFD predictions of condensation mass flow
rate with different junction configurations were found to be strongly correlated
with the impeller wear level observed in experimental durability tests [20].

3.2.3 Numerical campaign

An extensive numerical campaign is designed in order to explore mixing flow
patterns existing at different operating conditions. Particularly, a 29−2 frac-
tional factorial design is employed, in which the impact of 9 factors on mixing
and condensation is assessed through 128 simulations. The identification and
assigned numerical values of factors is in accordance with the application of
mixing flow in LP-EGR junctions. Nevertheless, Section 3.3.3 will prove that
the range of flow patterns of the simulations covers the whole spectrum, so
that the findings of this work are not constrained by the field of scope.
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The original 29−2 fractional factorial design investigates 2 levels of each
factor (low and high) whereas, in this case, working points not producing
any condensation were replaced by others that did, taking advantage of an
additional intermediate level. Table 3.2 includes the different factors explored
with the campaign of 128 simulations, together with the numerical values of
the 2 or 3 levels assessed (where appropriate):

Table 3.2: Factors and levels of conducted numerical campaign.

Factor Definition Low Mid High

ṁm [kg/s] Mass flow rate of main duct 0.014 - 0.083
EGRrate [%] EGR rate (see Eq. 3.6) 10 25 40

Tm [K] Static temperature of main duct 263 - 283
Tb [K] Static temperature of branch duct 314 324 334

RHm [%] Relative humidity of main duct 50 - 100
wb [g/kg] Specific humidity of branch duct 30 50 70

Im [%] Turbulence intensity of main duct 1 - 10
Ib [%] Turbulence intensity of branch duct 1 - 10

Poutlet [kPa] Outlet static pressure 80 90 100

The factors analyzed in this chapter (see Table 3.2) can be classified into
different categories. On the one hand, P , Tm, RHm are ambient variables
which are independent from the engine operating conditions. On the other
hand ṁm, EGRrate, Tb and wb are determined by the working point of the
engine. Notice that in this chapter the branch (EGR) mass flow rate is indi-
rectly established by the value of the engine EGR rate (EGRrate), which was
defined in chapter 2 in equation 2.2, so, its definition is inmediate:

EGRrate = ṁEGR

ṁEGR + ṁair
= ṁb

ṁb + ṁm
(3.6)

Besides, variables wb and RHm are directly related with the boundary
conditions Yair and Yvap described in section 3.2.2.2, that are required by the
simulations. In addition, the impact of turbulence intensity at the air and
EGR inlet boundaries is also evaluated through this design of experiments.

The set of works conducted by Galindo et al. [45, 46, 20] to validate the
3D CFD condensation model employed operating conditions in the following
range: ṁm ∈ [0.024, 0.067] kg/s, EGRrate ∈ [15, 32] %, Tm ∈ [263, 273] K,
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Tb ∈ [323, 363] K and wb ∈ [50, 70] g/kg. Therefore, the validation extends
over most of the range of the numerical campaign described by Table 3.2.

3.2.4 Definition of momentum ratio (J) and review of litera-
ture values

The literature review conducted in the introduction (see chapter 1 and Sec-
tion 3.1) has shown that some authors [24, 25] claim that the ratio between
the momentum of branch and main streams dictates the type of flow pattern,
provided that the junction design is kept. Momentum ratio (J) was defined
in equation 1.1 and therefore, in this chapter will be defined as:

J = ρb · U2
b

ρm · U2
m

, (3.7)

where ρb and Ub are the density and velocity in the branch respectively
and ρm and Um the density and the velocity in the main duct.

This parameter J is employed whenever a jet is transversely discharged
from a duct into a cross-stream, that can be also confined (three-way junction)
or not (jet in crossflow [94, 95]). This chapter deals with the former, so that
the existence of an internal flow can be used to evaluate the momentum ratio
of Eq. 3.7 in terms of the boundary conditions of the problem. Besides, in
the analyzed three-way junctions, the branch duct may not be perpendicular
to the main duct (see Fig. 3.1). In order to employ a normal branch-to-main
momentum ratio, the following definition will be considered hereinafter:

J = ṁ2
b · ρm · A2

m

ṁ2
m · ρb · A2

b

· cos(α) , (3.8)

which can be expressed in the following form when combined with Eq. 3.6:

J = EGRrate
2 · ρm · A2

m

(1 − EGRrate)2 · ρb · A2
b

· cos(α) . (3.9)

In Eqs. 3.8 and 3.9, α is the insertion angle of the branch duct as defined
in Fig. 3.1. α = 0° corresponds to a perpendicular branch duct (T-junction)
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and positive values of α decrease the normal branch-to-main momentum ratio
J , as will be explored in Section 3.3.5.

3.2.5 Reference definitions and new proposals for mixing in-
dexes (MI)

As mentioned in Section 3.1, this chapter studies the mixing process between
two humid air streams at a three-way junction (see Fig. 3.1), with the goal of
assessing the impact of such mixing in the generated condensation. To do so,
it is required to use indicators that allow to quantify how well or bad mixed
is the analyzed flow at a certain cross-section of the junction.

3.2.5.1 Mixing indexes on the basis of passive scalar ϕ

Calculating the transport of a passive scalar is a common technique to trace
mixing in junctions [53, 96, 97]. It consists in considering a scalar that is ad-
vected by the flow without having any impact on the flow field itself, therefore
behaving as a postprocessing tool. Section 3.2.2.2 explained that the branch
leg considers a value of ϕ = 1 and the main leg presents ϕ = 0. In this way,
the value of the passive scalar employed in this chapter plays the role of a
branch (EGR) mass fraction, which can be understood as a local EGRrate

(see Eq. 3.6).

Researchers in the scope of flow mixing [98, 99, 100] often rely on such
concentration quantities to define coefficients based on squared concentration
deviations, in the spirit of the intensity of segregation developed by Danckwerts
[101]. A discrete version of Danckwerts’ mixing index (MI) is considered in
this chapter as a reference for mixing assessed by a passive scalar, with the
following definition:

MIϕ−ref = 1 −
1/N ·

∑ (
ϕi − ϕ̄

)2

ϕ̄
(
1 − ϕ̄

) (3.10)

In Eq. 3.10, N is the total amount of elements of the analyzed section,
ϕ is the mass fraction of the passive scalar and i is the index of each cell
face at the postprocessing cross-section. Application of Eq. 3.10 to both inlet
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ducts provides an indeterminate form of type 0/0. On the one hand, the
main duct presents pure air, so for each cell ϕi = 0 and therefore ϕ̄ = 0. On
the other hand, the branch duct presents pure EGR, so ϕi = 1 and ϕ̄ = 1.
Once the streams meet and ϕ̄ ̸= {0, 1}, Eq. 3.10 requires ϕi = ϕ̄ at each and
every cell of the cross section to consider that the streams are perfectly mixed
(MIϕ−ref = 1). If the flow is instead totally segregated, i.e., some cells present
ϕi = 1 whereas the rest of elements present ϕi = 0 (there are no cells with an
intermediate value of ϕi), then MIϕ−ref = 0. 1

In the present chapter, the definition of a new mixing index MIϕ−new

employing the passive scalar ϕ has been developed, which will be obtained as:

MIϕ−new = 1 −
∑

i dAunmixed−ϕ,i∑
i dAi

. (3.11)

The underlying idea of the proposed index MIϕ−new is to quantify the
unmixed area in a cross-section. To do so, a piecewise definition is considered
for each surface element of the analyzed section:

dAunmixed−ϕ,i =



ϕi − ϕ̄

(1 − ϕ̄) + δϕ−new

· Ai if ϕ̄ ≤ ϕi ≤ 1

|ϕi − ϕ̄|
|0 − ϕ̄| + δϕ−new

· Ai if 0 ≤ ϕi ≤ ϕ̄

(3.12)

where ϕ̄ is the average of the passive scalar in the section. In this way,
Eq. 3.12 classifies the element as rich (top) or lean (bottom) in terms of branch
passive scalar ϕ. Then, it weights the element area linearly between a local
mixture that coincides with the corresponding section average (which adds
zero element area to the unmixed surface) and a fluid parcel coming purely
from the main or branch inlet (which keeps its whole element area). Notice
that numbers “1” and “0” appearing at the denominators of Eq. 3.12 corre-
spond to the value of passive scalar at branch and main legs, respectively,

1Considering Z elements with a value of ϕi = 1 and N − Z elements presenting ϕi = 0,
Eq. 3.10 results in MIϕ−ref = 1− 1/N[Z(1−Z/N)2+(N−Z)(0−Z/N)2]

Z/N(1−Z/N) , which yields MIϕ−ref = 0.
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and δϕ−new is a small quantity that has a negligible impact in the results but
avoids division by zero. Hence, the developed mixing index MIϕ−new behaves
like MIϕ−ref in the asymptotic cases, i.e., it provides MIϕ−new = 0 for a
completely segregated outlet stream and yields MIϕ−new = 1 only for a ho-
mogeneous mixture. Besides, the proposed index avoids the indetermination
of MIϕ−ref at the inlet legs, as it presents a value of MIϕ−new = 0 at the
main and branch ducts

Sakowitz et al. [53] also defined a uniformity index ranging from 0 to 1
that bears a resemblance to the combination of Eqs. 3.11 and 3.12. However,
they employed a reference value corresponding to maximum heterogeneity to
normalize their index, instead of the piecewise definition of Eq. 3.12.

3.2.5.2 Mixing indexes on the basis of temperature

An incompressible flow with adiabatic walls presents a temperature flow field
that behaves exactly as a passive scalar. This fact can be exploited by ex-
periments to compensate for the impossibility of considering a virtual passive
scalar. Temperature is even employed by mildly compressible flows as an in-
dicator of the existence and intensity of compressor stall [102, 103, 104]. In
this chapter the ideal gas equation is considered for humid air, but local mach
number M at the T-junction does not exceed a value of M = 0.55 for the
whole numerical campaign described in Section 3.2.3.

A non-dimensional temperature field normalized with the difference be-
tween main and branch inlet temperature could be employed for analyzing
mixing [78, 105]. However, this method assigns the ends of the [0–1] range
to each of the inlet legs, whereas the perfect mixture lays in an intermediate
point. For the sake of a fair comparison with the mixing indexes defined in
Section 3.2.5, the work of Brune et al. [30] is considered instead. Brune et al.
calculate a perfectly-mixed adiabatic temperature Tad, in the same way than
equation 2.5 in chapter 2, that is:

Tad = ṁm · Tm + ṁb · Tb

ṁm + ṁb
. (3.13)

After that, they define a local mixing rate ϵi, depending on the cell tem-
perature and hot and cold temperatures of the problem, which are Tb and Tm
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in this case. The definition of the local mixing rate is presented in equation
3.14:

ϵi =



Ti − Tb

Tad − Tb
if Tad < Ti < Tb

Ti − Tm

Tad − Tm
if Tm < Ti < Tad

(3.14)

with Ti being the temperature of each element i of the considered cross-
section. Finally, the overall mixing index MIT −ref is computed as:

MIT −ref = ϵ = 1
N

N∑
i=1

ϵi, (3.15)

which will be considered in this chapter as the reference mixing index on
the basis of temperature (virtual) measurements. The method of Brune et al.
[30] as defined by Eqs. 3.13 to 3.15 aims at obtaining values of MIT −ref = 0
for unmixed flow and MIT −ref = 1 for a perfect mixture, like MIϕ−ref and
MIϕ−new. Indeed, this is true for a non-reactive and incompressible flow of
dry air. However, in this problem the released heat due to condensation (see
Eq. 3.4) changes the perfect-mixing temperature from that considered with
the inlet temperatures alone (Eq. 3.13). Besides, this adiabatic temperature
does not take into account that in an unsteady simulation the mass flow rates
of main and branch streams arriving at a section are not necessarily those
defined at the boundaries for each and every time step.

To overcome these issues, Eq. 3.12 is adapted to use temperature instead
of a passive scalar to provide the following equation:

dAunmixed−T,i =



Ti − T̄

(Tb − T̄ ) + δT −new

· Ai if T̄ ≤ Ti ≤ Tb

|Ti − T̄ |
|Tm − T̄ | + δT −new

· Ai if Tm ≤ Ti ≤ T̄

(3.16)
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in which T̄ is the average temperature at the considered cross-section
and time step. Finally, the proposed mixing index based on temperature
(MIT −new) is calculated as:

MIT −new = 1 −
∑

i dAunmixed−T,i∑
i dAi

. (3.17)

3.3 Results and discussion

3.3.1 Correlation between condensation and mixing

The main hypothesis of this chapter is the idea that bulk flow condensation
can be explained by two independent factors: psychrometry and mixing. The
0D model presented in Section 3.2.1 provides the maximum amount of con-
densation ṁcond−0D for a certain working point considering that the streams
are perfectly mixed, thus carrying the psychrometric information. If the mix-
ing indexes MI defined in Section 3.2.5 are interpreted as the ratio between
actual and maximum (perfect) mixture, the real condensation mass flow rate
for a three-way junction at certain operating conditions could be predicted by
Eq. 3.18:

ṁcond−pred = ṁcond−0D · MI . (3.18)

Equation 3.18 allows a comparison between the predicted condensation
ṁcond−pred and the real condensation mass flow rate as obtained from 3D
CFD (see Section 3.2.2) at the junction postprocessing section for the whole
numerical campaign consisting in 128 simulations. At each working point,
ṁcond−0D is calculated from the boundary conditions whereas the different
mixing indexes MI defined in Section 3.2.5 are computed at the target section,
to assess the potential of each MI in terms of fitting ability.

Figure 3.4 depicts the comparison between condensation mass flow rate ob-
served ṁcond−obs (calculated by means of the 3D CFD model) and ṁcond−pred

predicted by Eq. 3.18, using mixing indexes based on passive scalar (Eqs. 3.10
and 3.11). Figure 3.5 is the counterpart of Fig. 3.4 for mixing indexes based on
temperature (Eqs. 3.15 and 3.17). As discussed in Section 3.2.2.3, the CFD
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model provides mass flow rate ṁcond−obs by simulating volume condensation
due to the mixing of humid streams.

Figure 3.4: Calibration plot of observed versus predicted condensation (obtained
using two mixing indexes based on passive scalar), with close-up of the range of

ṁcond = 0 − 0.5 kg/s. Bisector and regression lines are also included.

Figure 3.5: Calibration plot of observed versus predicted condensation (obtained
using two mixing indexes based on temperature), with close-up of the range of

ṁcond = 0 − 0.5 kg/s. Bisector and regression lines are also included.

Bisector of Fig. 3.4 indicates the ideal situation in which ṁcond−pred =
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ṁcond−obs. However, Fig. 3.4 shows how the set of points calculated with
Eq. 3.18 by means of MIϕ−new and MIϕ−ref consistently underpredict con-
densation, which also happens if MIT −new and MIT −ref are employed instead
(see Fig. 3.5). Examining Eq. 3.18, several factors can be blamed for the un-
derprediction of condensation using that expression. Firstly, mixing indexes
defined in Section 3.2.5 are used in Eq. 3.18 to predict the ratio between the
actual condensation and the maximum one, according to global psychromet-
ric considerations. Considering the non-linear behavior of psychrometry (see
Section 3.2.1), modifications to the definition of the mixing could enhance
their ability to predict ṁcond using Eq. 3.18. For instance, the linear weight-
ing between total segregation and homogeneous flow employed in MIϕ−new

(Eq. 3.12) and MIT −new (Eq. 3.16) could be replaced by other weightings
that perform better for different junctions and operating conditions. Sec-
ondly, Section 3.3.2 will show that maximum condensation is achieved sooner
than perfect mixing. Eq. 3.18 attributes all three-dimensional effects to MI,
calculating ṁcond−0D with the inlet psychrometric conditions and the junction
inlet and oulter cross-sections (see Section 3.2.1). However, local low temper-
atures due to formation of vena contracta and subsequent flow expansion may
achieve dew conditions before expected and thus be responsible for a fraction
of the observed underprediction of condensation.

Mean absolute error MAE is calculated for the whole numerical campaign
as follows:

MAE = 1
K

·
K=128∑

k=1
|ṁcond−obs,k − ṁcond−pred,k| . (3.19)

MAE is employed in table 3.3 to assess the performance of the different mixing
indexes studied in this chapter in terms of their a priori predicting capability of
ṁcond using Eq. 3.18. Table 3.3 shows that MIϕ−ref presents the lowest MAE.
Notice that Fig. 3.4 illustrates that the cloud of red points (MIϕ−ref ) are not
so far from the bisector, which would indicate perfect agreement between
ṁcond−pred and ṁcond−obs. Indeed, the regression line of MIϕ−ref is closer to
the bisector than the regression line corresponding to MIϕ−new, which is in
agreement with the MAE values featured in table 3.3. Likewise, the important
difference of slope between the bisector and the regression line of MIT −ref in
Fig. 3.5 is related to the largest MAE in table 3.3, which is presented by the
same index (MIT −ref ).

Even though Eq. 3.18 considering the mixing indexes of Section 3.2.5 is
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Table 3.3: Mean absolute error (MAE) of observed vs predicted condensation using
different mixing indexes.

Mixing index MAE [kg/h]

MIϕ−new 0.12
MIϕ−ref 0.09
MIT −new 0.11
MIT −ref 0.19

not suitable to predict ṁcond a priori, the linear regression lines depicted in
Fig. 3.4 show interesting features. The coefficient of determination R2 can be
computed for the corresponding regressions as:

R2 = 1 −
∑K=128

k=1 ( ̂ṁcond−pred,k − ṁcond−pred,k)2∑K=128
k=1 (ṁcond−pred,k − ṁcond−pred)2

. (3.20)

Table 3.4 proves that linear regressions provide an excellent fit for the pairs
(ṁcond−pred, ṁcond−obs), as suggested by Fig. 3.4. Therefore, a calibrated line
could be used to predict a posteriori ṁcond by calculating the correspond-
ing MI and employing Eq. 3.18. Equation 3.18 also proves that ṁcond−obs is
strongly and positively correlated with the mixing indexes. In this way, re-
ducing MI should entail a decrease in condensation, which will be confirmed
by sections 3.3.2 and 3.3.5.

Table 3.4: Coefficient of determination (R2) for linear regressions of condensation
predicted using different mixing indexes.

Mixing index R2

MIϕ−new 0.96
MIϕ−ref 0.95
MIT −new 0.90
MIT −ref 0.87
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3.3.2 Longitudinal evolution of mixing and condensation and
effect of valves

In Section 3.3.1, it has been shown that condensation depends on psychromet-
ric boundary conditions and mixing. In this section, a single working point
is considered, seeking for factors that affect mixing (and hence condensation)
regardless of the operating conditions. The point selected from the numerical
campaign (see section 3.2.3) is the one depicted in the psychrometric diagram
of Fig. 3.2.

Two elements are found to produce a significant impact on mixing and
condensation: three-way junction geometry and mixing length. Concerning
the former, it is important to remind that the objective of this chapter is to
find universal design guidelines in a methodical and justified way, so optimiza-
tion algorithms will not be employed just for the sake of providing the best
geometry for this particular case. Section 3.3.5 will explore how to reduce
mixing and condensation through the decrease of momentum ratio J , whereas
in this section the effect of including junction valves is assessed.

In the scope of LP-EGR, at least one valve is required in the EGR line to
obtain the desired EGR rate [106, 107]. If the obtained EGR rate is below
the target even with the EGR valve wide open, there are several choices to
increase it: a blower can be employed in the EGR line [108], an exhaust
flap can be introduced to generate backpressure [109] or a valve can throttle
the intake stream before the branch line [110]. The latter is often preferred by
automotive manufacturers due to the lower cost [111], creating a compact two-
valve junction [21, 20, 5]. An example of such a two-valve three-way junction
(bottom part of Figure 3.6) is compared in this section against the standard
case without valves (top part of Figure 3.6). The dual-valve geometry presents
valves whose diameter agrees with the corresponding duct, which are opened
45° and located 1 corresponding diameter (main duct) and 2 corresponding
diameters (branch duct) upstream the intersection of pipes.

In Figure 3.6 the line integral convolution (LIC) of velocity is combined
with contours of turbulent viscosity ratio for both cases. In addition, tangen-
tial velocity vectors have been added to the representation. All these variables
have been time-averaged.

In the standard, valveless case (top part of Fig. 3.6) the branch stream
penetrates deeply in the main duct, forcing the inlet stream to surround it and
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Figure 3.6: Time-averaged results of tangential velocity vectors superimposed over
LIC of velocity combined with turbulent viscosity ration contours, for valveless case

(top) and dual-valve junction (bottom).

fill the lower side of the cone, creating secondary flows that increase mixing
in this region. When valves are implemented in the junction (bottom part
of Fig. 3.6), both mechanisms of convective mixing are enhanced. Increase
of turbulent viscosity ratio due to the valves as depicted in Fig. 3.6 results
in a greater effective diffusion, whereas the secondary flows created due to
detachment at the valves promote an increase of vorticity (not shown here)
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which boosts the advective mixing.
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Figure 3.7: Longitudinal evolution of time-averaged MIϕ−new along the main duct
for the valveless and dual-valve junctions, with vertical bars representing one

standard deviation regarding transient fluctuations.
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Figure 3.8: Longitudinal evolution of time-averaged condensation mass flow rate
along the main duct for the valveless and dual-valve junctions, with vertical bars

representing one standard deviation regarding transient fluctuations and ṁcond−0D

being indicated by a horizontal dashed line.
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Figure 3.7 plots the longitudinal evolution of MIϕ−new (defined in Eq. 3.11)
along the main duct for the valveless and dual-valve junctions. The evolution
is obtained by sampling the main duct with a set of cross-sections and then
conducting the area and time average of MIϕ−new for each surface.

Figure 3.7 starts in the ducts intersection and shows a monotonously in-
creasing mixing index for both cases. As described in Section 3.2.2.1, distance
between the end of the cone and the outlet boundary is 5 diameters, so these
cases would require a greater length to further develop the mixing and eventu-
ally reach homogeneous flow (MIϕ−new = 1). In any case, dual-valve junction
MIϕ−new is greater than the corresponding value of the valveless case at the
same location. Therefore, the change of flow features shown in Fig. 3.6 indeed
improve mixing according to Fig. 3.7.

Figure 3.8 compares the axial evolution of generated condensation for the
same junction geometry with and without valves. Again, condensation mass
flow rate through each cross-section is averaged over time.

Figure 3.8 presents a similar behavior for condensation than the one ob-
served for MIϕ−new (depicted in Fig. 3.7), which proves again the connection
between mixing and condensation. In this case, Fig.3.8 shows that condensa-
tion grows with increasing distance to the pipe intersection and the dual-valve
junction provides more condensation than the valveless geometry. The un-
steady oscillations in condensation mass flow rate represented by the vertical
bars of Fig. 3.8 start being noticeable before the cone inlet for the dual-valve
geometry whereas, for the valveless junction, these fluctuations are not signif-
icant until the last section of the tapered duct. The different behavior is in
agreement with the features of vorticity and turbulent viscosity ratio already
described for Fig. 3.6, with the branch jet creating flow disturbances even at
the beginning of the cone region. The interface streams in three-way junctions
is known to present transient oscillations and eddies that enhance mixing [112],
and this phenomenon requires a different length to develop depending on the
flow pattern.

The main difference between mixing and condensation longitudinal evolu-
tion is that the asymptotic trend to the theoretical upper bound of conden-
sation (ṁcond−0D as calculated by the 0D perfect mixing model described in
Section 3.2.1) is achieved sooner in Fig.3.8 than the value of 1 (perfect mix-
ing) in Fig. 3.7. This can be explained by the underprediction of condensation
mass flow rate of Eq. 3.18 discussed in Section 3.3.1.
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3.3.3 Mixing flow patterns

Sections 3.3.1 and 3.3.2 have proved that there is a strong correlation between
condensation and mixing. This section performs a qualitative analysis of the
mixing flow patterns and compares at these situations the scalar fields that
can be employed to evaluate mixing (temperature and passive scalar ϕ) and
the mass fraction of condensed water YH2O−liq.

This chapter follows the classification conducted by Kamide et al. [24] and
Kimura et al. [25], which identified 3 types of flow patterns: wall-jet, deflecting-
jet and impinging-jet. According to Kamide et al. and Kimura et al., these
flow modes are determined by the ratio of branch and main stream momentum,
which can be evaluated with the parameter J defined in Eq. 3.8. Table 3.5
shows the values of momentum ratio J in the different studies conducted in
this chapter, compared to other works existing in the literature.

Table 3.5: Literature review of assessed range of values for momentum ratio J .

Work (Sections) Scope Fluid Am/Ab α [°] J [-]

Current work
(3.3.1, 3.3.4)

EGR Gas
5 0 0.3–14

(3.3.5) 5 0–60 5.7–11.4
(3.3.5) 5–1.25 0 0.7–11.4

Galindo et al. [2] EGR Gas 2.6 0 3.9

Reihani et al. [33] EGR Gas 11.2 0 0.2–7

Galindo et al. [45] EGR Gas 5 35 0.1–1.1

Hirota et al. [113] Cooling Gas 2 0 0.2–3.4

Kimura et al. [25] Nuclear Water 9 0 0.5–19

Bo Su et al. [114] Nuclear Water 10.2 0 20.4

Evrim et al. [39] Nuclear Water 3.4 0 0.01

Kamide et al. [24] employed main-to-branch momentum ratio MR to es-
tablish the boundaries between flow modes. By virtue of Eq. 3.21

J = 4 · Dm

π · Db
· 1

MR
, (3.21)

the thresholds of Kamide et al. [24] can be translated in terms of J . In
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Figure 3.9: Time-averaged contours of passive scalar for wall-jet mode (left),
deflecting-jet (middle) and impinging-jet (right).

this way, J < 2.037 should present a wall-jet pattern, J > 7.857 is expected to
feature an impinging jet and intermediate values of 2.037 < J < 7.857 should
behave as a deflected jet. Therefore, the numerical campaign conducted in
this chapter spans over a wide range of momentum ratio J that include the
flow modes of Kamide et al. [24], as indicated by Table 3.5.

To perform a fair comparison between flow patterns, 3 working points are
studied in this section in which all the boundary conditions of Table 3.2 will
be constant except for the EGR rate, which will subsequently determine the
branch mass flow rate (see Eq. 3.6) as well as momentum ratio J (see Eq. 3.9).
The exact values of EGRrate and J for the working points representing the
different flow patterns are included in Table 3.6.

Table 3.6: EGRrate and J for the selected representatives of the flow patterns.

Jet pattern Wall Deflecting Impinging
EGRrate 0.1 0.25 0.4

J 1.27 2.86 11.42

Figure 3.9 depicts contours of passive scalar ϕ for the 3 working points
aforementioned at the longitudinal plane of Fig. 3.1. Besides, Fig. 3.10 shows
contours of mass fraction of condensed water YH2O−liq (top row), passive scalar
ϕ (middle row) and temperature (bottom row) for the same working points at
the postprocessing cross-section displayed in Fig. 3.1. All these scalar fields
have been time-averaged.

The analyzed flow patterns present significant differences. First, the wall-
jet mode (on the left part of Fig. 3.9) presents a branch stream which does not
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Figure 3.10: Time-averaged results of YH2O−liq (top row), passive scalar (middle
row) and temperature (bottom row) contours at postprocessing section (Figure 3.1),

for wall-jet flow mode (left column), deflecting-jet (middle column) and
impinging-jet (right column).

have enough momentum to penetrate in the main stream, so that it is attached
to the lower wall (see middle left part of Fig. 3.10). In this case, condensation
is produced essentially at the interface between both streams (see top left part
of Fig. 3.10), where temperature can get below dew conditions (see bottom left
part of Fig. 3.10) and diffusive mixing should take place. To prove the latter,
the time-averaged magnitude of the gradient of passive scalar ϕ, ||∇ϕ̄(t)||, is
compared against the condensed water in Fig. 3.11, showing the qualitative
resemblance between these variables.

When the branch stream grows in momentum, it is able to enter into the
main duct. For the deflecting-jet mode depicted on the middle of Fig. 3.9, the
branch stream is not able to reach the top wall, being deflected by the inlet
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stream midway. In this case, the branch stream greater inertia prevents it
from turning sharply into the lower wall, thus creating a flow detachment and
a subsequent region of lower pressure. A fraction of the inlet stream is then
encouraged to take this place by surrounding the branch stream. Now, the
core of the branch stream is shifted upwards (see central element of Fig. 3.10)
and is more diluted with the inlet stream, extending the locus of temperature
below dew conditions (bottom middle part of Fig. 3.10) and thus expanding
the region at which condensation appears (see top middle part of Fig. 3.10).

Finally, the branch stream may be fast enough to get close or hit the upper
wall, which is known as impinging-jet pattern (right part of Fig. 3.9). The inlet
stream is more prone to encircle the branch jet, so the regions for the inlet and
branch streams are switched (see right middle part of Fig. 3.10). The enhanced
mixing mechanisms promoted by the secondary flows due to impinging-jet
pattern increases not only the extension of the condensing region but also its
intensity (see top right part of Fig. 3.10), therefore boosting condensation.

3.3.4 Impact of momentum ratio (J) on mixing

Section 3.3.1 proposed a regression for condensation on the basis of psychrome-
try and mixing, through Eq. 3.18. Indeed, the comprehensive numerical cam-
paign designed in Section 3.2.3 shifts all the factors considered in table 3.2
when moving across the different working points, which entails changes in
both psychrometric conditions and mixing mechanisms. To provide a mean-

Figure 3.11: Time-averaged contours of ||∇ϕ̄(t)|| (left) and YH2O−liq (right) at
postprocessing section (Figure 3.1), for wall-jet flow mode.
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ingful analysis useful for junction designers, it makes sense to consider that
the psychrometric conditions cannot be modified. In the spirit of Eq. 3.18, this
would imply that ṁcond−0D is a given value, and a minimization of ṁcond can
only be obtained by means of decreasing the mixing index MI. In accordance
with Section 3.2.1, it can be estimated how modifying the factors involved in
ṁcond−0D (ṁm, EGRrate, Tm, Tb, RHm, wb and Poutlet) result in a change in
condensation, through psychrometry. However, the absence of an analytical
model for mixing (which should be based on the information of table 3.2 and
the junction geometry) makes it more challenging to determine the impact of
these features on mixing, although Section 3.3.2 has already provided some
guidelines to reduce mixing and condensation by considering a single oper-
ating condition. To understand the influence of the change in working point
on mixing, condensation is omitted in this section and the analysis is focused
only on MI, seeking the key parameter related to the boundary conditions
that determines how well mixed are both streams at the target cross-section.
In light of the mixing flow patterns described in Section 3.3.3, this section is
devoted to the quantification of the correlation between mixing indexes MI
and momentum ratio J .

The same 128 simulations considered in Section 3.3.1 are now employed to
perform a linear regression between the mixing indexes defined in Section 3.2.5
and the branch-to-main momentum ratio J (Eq. 3.8). The R2 coefficients (see
Eq. 3.20) for these regressions are presented in Table 3.7:

Table 3.7: Coefficient of determination (R2) for linear regressions of mixing indexes
vs momentum ratio J

Mixing index R2

MIϕ−new 0.97
MIϕ−ref 0.67
MIT −new 0.89
MIT −ref 0.67

Table 3.7 shows that mixing can be quantified to a high degree just by
considering momentum ratio J for the new mixing indexes proposed in this
chapter. However, the linear regression for the reference indexes is much
weaker. To gain more insight into the impact of momentum ratio on mixing,
Fig. 3.12 presents a scatter plot considering MIϕ−new (Eq. 3.11) and MIϕ−ref

(Eq. 3.10) against J for the 128 simulations.
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Figure 3.12: Scatter plot of mixing indexes at postprocessing section (Fig. 3.1)
versus momentum ratio J for the 128 simulations of the numerical campaign, with

linear regressions and regions of different flow patterns.

Figure 3.12 shows that the numerical campaign presents J values grouped
around 0.35, 3.5 and 13; which are determined essentially by the EGR rates of
Table 3.2. Figure 3.12 also includes the thresholds calculated with Eq. 3.21,
confirming that all 3 flow patterns are represented within the numerical cam-
paign. Figure 3.12 displays greater values of MIϕ−ref compared to MIϕ−new

for all momentum ratios J . Considering Eq. 3.18, a greater value of MI
provides a higher value of ṁcond−pred, which will improve the agreement with
ṁcond−obs considering the underprediction found for all types of MI in Figs. 3.4
and 3.5. Therefore, the greater values of MIϕ−ref against MIϕ−new result
in the lower MAE of the former technique (see Table 3.3). In any case, both
trend lines depicted in Fig. 3.12 show an increase of mixing with J as sug-
gested by Section 3.3.3, but there is an important difference of performance
between mixing indexes.

Table 3.7 presented a much better goodness of fit between J and MIϕ−new

(R2 = 0.97) than the one existing between J and MIϕ−ref (R2 = 0.67). This
is confirmed by Fig. 3.12, in which the values of MIϕ−new do not depart sig-
nificantly from their regression line. MIϕ−ref instead provides similar values
for deflecting and impinging jet situations, whereas cases with wall jet pat-
tern present lower MIϕ−ref values but with a great dispersion. This may
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seem contradictory to the high R2 = 0.95 (see Table 3.4) found for the linear
regression of MIϕ−ref · ṁcond−0D. However, the close up of Fig. 3.4 reveals
points with huge dispersion at ṁcond close to zero and overpredicted points
at ṁcond ≃ 0.1kg/s. The poor performance of MIϕ−ref displayed in Fig. 3.12
does not affect though the impinging jet working points, which present highest
J . These cases are obtained with greatest EGRrate (see Eq. 3.9) and ṁb (see
Eq. 3.6), so provide more condensation, as the branch stream is the one with
high humidity.

3.3.5 Reducing mixing and condensation by decreasing mo-
mentum ratio

Section 3.3.4 has shown that there is a positive correlation between mixing and
J , whereas section 3.3.1 proved that greater condensation occurs for higher
values of MI. Therefore, this section is devoted to the reduction of mixing
and condensation by lowering momentum ratio J .

Assuming perfect gas behavior and neglecting the difference in pressure
drop between junction legs2 and the impact of humidity on density, Eq. 3.9 is
simplified as

J = EGRrate
2 · Tb · A2

m

(1 − EGRrate)2 · Tm · A2
b

· cos(α) , (3.22)

which depends on boundary conditions of Table 3.2 and junction design
parameters (Am, Ab, α). Therefore, for a given working point, Eq. 3.22 implies
that J can be reduced by lowering Am or increasing Ab and α (see Fig. 3.1).
In this section, the main duct area (Am) is not modified, as reducing it may
contravene other design constraints in terms of pressure drop.

A baseline case with the same Ab and α = 0° as the original junction de-
picted in Fig. 3.1 is considered. The selected operating conditions correspond
to the impinging-jet mode of section 3.3.3, so that there is room to obtain
lower values of J . This is the same point shown in the psychrometric chart
of Fig. 3.2 and also employed in section 3.3.2. The axis of the branch duct
is moved upstream 0.5 diameters, to allow the possibility of implementing

2 pm
pb

is comprised between 1 and 1.02 for the whole numerical campaign.
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Figure 3.13: Time-averaged results of MIϕ−new and ṁcond at postprocessing section
(Fig. 3.1) versus momentum ratio J , when modifying branch duct area Ab and angle

α.

the upcoming geometrical modifications. The impact of varying either the
area of the branch (Ab) or the branch insertion angle (α) on J , MIϕ−new and
condensation is assessed with the following 4 additional cases:

• 2 cases with 2 · Ab and 4 · Ab.

• 2 cases with α = 30° and α = 60°

Figure 3.13 presents the results at the postprocessing section (see Fig. 3.1)
for the aforementioned cases in terms of MIϕ−new (left vertical axis) and gen-
erated condensation ṁcond (right vertical axis). In these parametric analyses
the variable not assessed is kept at its default value (Ab or α = 60°), so the red
labels of Fig. 3.13 indicate only the modified parameter. Figure 3.13 confirms
that increasing branch duct area Ab and angle α reduces J and, in turn, con-
densation and mixing. The considered working point presents an impinging
jet mode with the baseline geometry. With the proposed modifications in Ab

and α, the same working point could exhibit a deflected jet or even a wall jet
pattern, correspondingly.

Figure 3.13 shows that the sensitivity of ṁcond and MIϕ−new to J is greater
when increasing than α when enlarging Ab. To provide some insight into this
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Figure 3.14: Time-averaged contours of passive scalar at longitudinal postprocessing
section (Figure 3.1), for cases with α = 60° (top) and 4 · Ab (bottom).

characteristic, contours of ϕ are depicted in Fig. 3.14 for junction simulations
featuring α = 60° and 4 · Ab. These two cases present similar values for
condensation and mixing according to Fig. 3.13, despite their great difference
in terms of J . Indeed, top part of Fig. 3.14 shows that the junction with
α = 60° behaves as a deflecting jet, whereas bottom part of Fig. 3.14 displays
a wall jet pattern for the case with 4·Ab. However, the flow field of the junction
with α = 60° differs from the deflecting jet shown in middle part of Fig. 3.9. In
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the latter, the branch leg is perpendicular to the inlet and outlet ducts. The
stream injected by the branch at middle of Fig. 3.9 is therefore dragged by the
inlet flow, creating a wake downstream the jet that enhances mixing. Instead,
the junction with α = 60° discharges the branch stream with momentum in
direction of the outlet duct, so the wake region and the subsequent boost in
mixing is greatly reduced (see top part of Fig. 3.14). Besides, the lower branch
cross section compared to the case 4 · Ab provides a higher velocity for the jet,
which entails a lower residence time for the branch stream to mix with the
inlet one.

3.4 Concluding remarks

In this chapter, a fractional factorial design of a numerical campaign con-
sisting of 128 RANS/URANS simulation of two humid streams merging in
a T-junction has been conducted. These simulations have been employed to
analyze the correlation between flow mixing and volume condensation. To do
so, a method to define new mixing indexes through the calculation of the un-
mixed area has been developed. In this chapter, the mixing indexes have been
computed on the basis of a passive scalar and temperature, considering a lin-
ear weighting to determine the fraction of unmixed area provided by each grid
element. Table 3.8 shows the computational effort of the simulation campaign
conducted in a Intel Xeon E5-2630v3 (2.4GHz) processor for this chapter.

Table 3.8: Computational cost of chapter 3

Cases 134
Mesh size (millions) 3

Number of cores 16
Hours/case 33.33

Sum of kh*core 71.46

Condensation mass flow rate has been found to correlate linearly with high
coefficients of determination for all mixing indexes, when psychrometric con-
ditions are taken into account throughout a 0D perfect mixing model. For a
given working point, the psychrometric conditions are fixed, so the junction
designers should focus on reducing mixing if a decrease of bulk condensation
is sought. The usage of a passive scalar will allow simulation engineers to
optimize junction geometries in terms of mixing and condensation without
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requiring to consider an in-flow condensation submodel, such as the one em-
ployed in this chapter. Likewise, a humid flow test bench is not needed to
assess the behavior of a junction in terms of potential condensation gener-
ation, as temperature measurements will suffice. However, both numerical
and experimental researchers cannot circumvent these elements (condensation
submodel or humid test bench, respectively) if the quantification of the con-
densation mass flow rate is required. The correlation proposed consistently
underpredicts condensation and can be used as a surrogate model only after
being calibrated. Conducting similar numerical campaigns with additional
junction geometries could be useful to determine whether other weightings for
the new mixing indexes provide better a priori agreement to predict conden-
sation mass flow rate than the linear weighting employed in this chapter.

This chapter also provides a set of universal guidelines to design junctions
with reduced volume condensation, as they have shown to achieve this through
the decrease of flow mixing. In this way, valves employed to adjust operating
conditions should be placed in other elements or as far as possible from the
intersection of ducts. This intersection in turn should be located as close as
possible from the target location at which condensation should be minimized.
Besides, the branch-to-main momentum ratio J has been found to be a key
factor governing the flow patterns and therefore the mixing of inlet streams.
Designing a branch leg aligned towards the outlet duct with a diameter as large
as possible is likely to provide a wall-jet mode that greatly reduces mixing
and condensation. If junction geometry is optimized and impinging-jet flow
patterns are avoided in favor of wall-jet and deflecting-jet modes, the new
mixing indexes have been found to perform better than the ones considered
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4.1 Introduction

As was exposed in chapter 1, the Exhaust Gas Recirculation (EGR) has be-
come one of the most developed strategies to abate emissions [11, 12]. With
the reduction of maximum temperature in the combustion chamber, the forma-
tion of Nitrogen Oxides (NOx) are consequently decreased with little penalty
in thermal efficiency [115] and particulate emissions, as long as the EGR rates
are below a certain threshold [11]. The main characteristics of these techniques
have been exposed in chapter 1.

Focusing on HP-EGR configuration, is still the most employed in ICEs
due to its simplicity, the faster engine response [16] and the reduction in the
pumping losses [12]. As exposed in chapter 1, the challenge of this approach
is achieving a homogeneous distribution of the exhaust gases in all the cylin-
ders of the engine [17]. If the EGR distribution between the cylinders is very
different, the amount of NOx and particulate matter (PM) will increase, as
was demonstrated by Maiboom et al. [19]. Considering that HP-EGR is
reintroduced directly in the intake manifold, a good air-EGR mixing across
this element is essential to avoid the subsequent increase in cylinder emissions.

The behavior of the mixing between the air and the EGR streams can
be studied by experimental techniques as well as numerical simulations. In
the experimental measurements, the real behavior of the flow can be assessed
through average and instantaneous values [17, 47]. The experimental approach
main drawbacks include the necessity (and) of manufacturing the real parts
involved and installing them in an engine test cell, the difficulty of instrument-
ing and performing non-invasive measurements in some engine locations and
even the impossibility of providing a time-resolved measure of some relevant
variables. In fact, this chapter will provide researchers with a calculation of
the error incurred when estimating the EGR rate swallowed by the cylinders
with an average CO2 probe. To overcome these issues, a convenient choice
is to conduct numerical simulations combining 0D/1D engine models and 3D
Computational Fluid Dynamics (CFD). Obviously, these models need to be
validated with the corresponding experimental measurements to guarantee the
required accuracy.
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In this work, EGR cylinder-to-cylinder dispersion will be predicted in two
different manifolds, corresponding to a 4-cyl and 6-cyl engines, at different op-
erating conditions. A calibrated 0D-1D engine model will provide boundary
conditions for 3D CFD simulations of the intake manifold. The commercial
CFD code STARCCM+ v.12.06 [64] will be used throughout all the study. The
numerical predictions will be compared with equivalent experimental simula-
tions. The impact of including the 3D CFD model on the results will be
assessed. The influence and interrelation between CFD mesh and time-step
size on EGR distribution will be analyzed as well.

In fact, one of the most important features to define when considering a
CFD simulation is the turbulence modeling. The mixing of two flows (not only
air and EGR) is a large subject of study, starting on the T-junction geometry,
i.e. the works developed by Garner et al. [116] and specially, the works of
Sakowitz et al. [53, 54, 51, 52]. Regarding turbulence modeling, LES (Large
Eddy Simulation) is known to provide results which are correlated with exper-
imental data in mixing geometries as the aforementioned T-Junctions [53, 117]
and even intake manifolds [118, 54]. However, the high computational effort
of the LES calculations has to be taken into account, especially by the high
mesh density that they require. Therefore, RANS (Reynolds Averaged Navier
Stokes) simulations are also widely used in EGR dispersion analysis, achieving
good results [17, 58]. In addition, in this chapter, turbulence modeling will be
evaluated in terms of EGR dispersion as well as CO2 transient traces and flow
field prediction. As will be discussed in section 4.2, it is not common for other
works to assess the impact of different RANS closure models on EGR disper-
sion, let alone to include in the comparison the prediction of the 0D/1D model.

Besides, the influence of the obtained EGR dispersion on pollutant emis-
sions will be assessed by means of NOx and PM models [49, 50]. Usually
these models are applied to experimental measurements [48] or embedded into
0D-1D engine models. In this chapter, they will be applied to CFD results in
order to quantify the impact of the numerical configuration in the predictions
of contaminant, which is a novelty to the author’s knowledge. With this, the
sensitivity and trade-off of the CFD setup in terms of accuracy will be prop-
erly assessed. These regressions are also used to assess the importance of EGR
dispersion on emissions for future frameworks with increased EGR rates [14].
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In section 4.2, the experimental methods, the 0D/1D model basics and
the manifolds 3D CFD model will be described. The sensitivity of 3D CFD
simulations to the mesh refinement, time-step size and choice of turbulence
model will be discussed in section 4.3, in both manifolds. With the selected
final setup, the average and instantaneous validation of different turbulence
modeling approaches will be performed in different operating points in section
4.4. Finally, the main conclusions of this chapter will be exposed in section
4.5.

4.2 Methodology

Experimental 
measurements

0D/1D
engine model

3D CFD
model

Calibration Bound. cond.

Coherence

Validation

Recalibration

NO

YES

Manifold perf.

EGR dispersion
EGR dispersion

Figure 4.1: Flow chart of methodology employed to predict EGR dispersion. The
arrows depicting the usage of experimental, 0D/1D and 3D CFD results are colored

black, gray and blue, respectively.

The methodology followed in this chapter in order to predict EGR cylinder-
to-cylinder distribution is depicted in Figure 4.1. The experimental measure-
ments described in section 4.2.1 will be useful to calibrate the engine simulation
software as well as to conduct a regression analysis between the EGR rate of
the 6 cylinder engine and its NOx and PM emissions. This correlation has
not been performed in the 4-cyl engine because the operating points that were
essayed are fewer, and the amount of experimental data to perform this corre-
lations is not enough. The 3D CFD model of the considered intake manifold is
set with the baseline configuration commented in section 4.2.3. The calibrated
0D/1D engine model (section 4.2.2) will provide instantaneous mass flow rates
and temperatures that will be applied as boundary condition for the 3D-CFD
simulation. The calibration coefficients of the 0D/1D model at the intake
manifold will be tuned until its predicted performance is in agreement with
the 3D modeling of the same intake manifold (see end of section 4.2.2). When
this process is finished, the results provided by the 3D CFD simulations will
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be validated against the experimental measurements in terms of average and
instantaneous results, including also in the comparison the results from the
0D/1D model. Of course, all of this process will be applied for both considered
manifolds.

4.2.1 Experimental apparatus

This section is devoted to expose the main elements of the experimental facility
and the conducted measurements used to calibrate the 0D/1D engine model
and for the validation of the 3D models. Depending of the considered engine,
the main characteristics of the essays are described:

• 4 cylinder engine. The employed turbo-diesel engine to carried out the
experimental measurements is 1.6 liters with 4 cylinders and 16 valves
with an EGR system. This engine can provide 320 Nm of maximum
torque at 1750 rpm and 96 kW of maximum power at 4000 rpm. The
main features of the experimental apparatus are very similar that used
in previous works [12, 69, 47] and will be the same in the next engine.
At the end of every runner in the intake manifold, and upstream the
after-treatment devices (Horiba Mexa 7100DEGR measurement probes
of mean percentage of CO2) have been placed. With these probe, CO2
and temperature are obtained when the signal is stable. Taking into
account that the CO2 exhaust percentage is known, the EGR rate in ev-
ery runner can be calculated. Instantaneous pressure probes have been
placed at the inlet of air and EGR and inside of the intake manifold,
in order to adjust the GT-Power model [119], presented in section 4.2.2
Finally, fast measurements probes of CO2 (Cambustion©), provide in-
stantaneous percentage of CO2 along an engine cycle. These probes are
located in holes previously prepared, near the runners and in the mid-
dle of the manifold, (the probes location is showed in Figure 4.4) with
the objective of obtaining the transient evolution of the EGR pulses.
Through the measurement of these variables, a better calibration of the
1D model will be achieved.

• 6 cylinder engine. The turbodiesel engine analyzed in these experi-
ments presents a displacement of 8 liters with 6 cylinders and 24 valves,
with a HP-EGR system coupled to reduce pollutant emissions and ap-
proved by the Euro VI Heavy-Duty standard. To achieve a good cali-
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bration of the engine simulation software that will be employed in this
document, more than 10 operating points have been measured in dif-
ferent regions of the engine map. In addition, in every operating point,
different EGR rates have been applied to obtain the impact on pollutant
emissions getting useful data to adjust the HP-EGR configuration. From
these essays, both average and instantaneous values have been measured.
In several zones of the intake manifold that will be indicated in section
4.2.3, and upstream the after-treatment devices, mean CO2 has been
measured with the same probes than the 4 cylinder engine. The NOx
level in parts per millions (ppm) and the particulate matter in FSN (fil-
ter smoke number) are measured upstream the aftertreatment devices,
in order to obtain the main emission indicators in every operating point.
The 0D/1D model needs pressure traces to be calibrated in a proper
way, so instantaneous pressure probes have been placed at the inlet of
air and EGR ducts, upstream of the numerical domain. In addition, the
instantaneous percentage of CO2 is obtained with the same probes than
the previous engine.

4.2.1.1 NOx-PM statistical regression of 6-cylinder engine

As commented in section 4.1, high EGR dispersion between cylinders can pro-
duce a huge increment in the PM or NOx emission depending of the excess
or lack of EGR rate, respectively. A statistical regression fed with experi-
mental measurements has been employed in this work to translate the EGR
distributions of the 3D-CFD models into emission indicators. With this, the
sensitivity and trade-off between 3D model accuracy and computational effort
can be properly addressed in section 4.3.

Different models have been proposed to predict pollutant emissions in ac-
cordance with the EGR rate imposed to the engine in every operating point.
In the present work, the model developed by Guardiola et al. [49] has been
applied. In this model, NOx emissions are normalized with the emission in 0%
EGR rate case (NOx/NOx,EGR=0). Regarding the particulate matter (PM),
the emissions with 0% EGR rate are near 0, so the correlation will be directly
developed with the absolute value of the filter smoke number indicator (FSN).
Guardiola et al. [49] demonstrated that the factor EGR · 1/λ, being λ the
excess of air and EGR the EGR rate as calculated by equation 4.7, is the
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most appropriated to make a coherent statistical regression and will be the
independent variable for this fitting. The regression regarding NOx is adjusted
with an exponential function, in the same way than the works of Guardiola et
al. [49]. On the other hand, particulate model is adjusted with a 3rd degree
polynomial function. In this way, both regressions are applied to the experi-
mental measurements described in section 4.2.1, getting the graphs presented
in Figure 4.2
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Figure 4.2: Correlation with experimental data using exponential function in the
NOx emissions (top) and polynomial function in the PM emission (bottom).

In Figure 4.2, both regressions for NOx emissions and PM are depicted.
It must be noticed that the PM model is also normalized with the maximum
value for the sake of representing a range bounded between 0 and 1, but the
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correlation was performed with the absolute value of FSN. It is clear in this
case that the particulate matter grows up in a huge way starting at a certain
threshold, while the NOx emissions are reduced in a asymptotic way when the
EGR rate are increased. Taking into account that the correlation coefficients
(R2) are beyond the 90%, in the same order than the agreement coefficient of
Guardiola et al. [49], both fittings can be applied to each and every cylinder of
the 3D-CFD models, to predict the impact of the EGR dispersion in emissions.

The concave shape of the NOx and FSN (PM) curves (see Figure 4.2)
illustrate the issue with EGR dispersion. When 2 cylinders depart from the
nominal EGR (one swallowing more EGR than it should and the other one
less, to keep the EGR balance), the increase of emissions in one cylinder (lack
of EGR for NOx and EGR excess for PM) is greater than the decrease of
contaminants existing in the other cylinder, so the overall emissions are higher
than with a uniform EGR distribution. This non-linear behavior is more
noticeable depending on the value of EGR · 1/λ of the working point.

4.2.2 1D model

As mentioned in section 4.2.1, the experimental data allows to obtain the main
variables used to calibrate and modify the 0D/1D model of the engine. At the
same time, this engine model will be the method to obtain the main boundary
conditions of the 3D CFD model (see Figure 4.1), in the fashion of other works
[119, 54].

The 0D/1D model has been developed in GT-Power software, which allows
to get a prediction of relevant variables at all engine locations, as long as
the model is properly calibrated. The main objective in the calibration is
to tune the model coefficients (pressure loss and heat transfer coefficients)
in order to match the engine measurements at the corresponding operating
point. In this way, the accuracy of the prediction of the required variables to
be used as boundary conditions for the 3D CFD model is guaranteed. When
an engine simulation is performed, the model has to reach a steady state, in
the way that the main variables are periodic. Figure 4.3 shows an example of
the agreement obtained by the calibrated model in the prediction of pressure
transient evolutions.

In the present chapter, the 1D model has been calibrated by a specific
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Figure 4.3: 1D model and experimental instantaneous traces of 6 cylinder engine.

methodology in order to achieve a good agreement in all operating point. It
must be taken into account, that the calibration of the 1D model in this chapter
is developed in the work of Macián et al. [48]. In the model, some variables
are predefined in every operating point, i.e. break mean effective pressure
(BMEP), engine speed, boost pressure. On the other hand, the model has
some variables that will be the degrees of freedom. First, a proportional-
integral-derivative (PID) controller has been placed on the EGR valve to as-
sure that the objective EGR rate is achieved in the considered operating point
(Galindo et al. [1].). The pressure loss coefficients are properly adjusted
thanks to the experimental measurements of instantaneous pressure. In addi-
tion, the heat transfer coefficients are adjusted to achieve similar temperatures
in comparison with the experimental data in the EGR line. The calibration
process, performed for each operating condition, ends when a good agreement
against experimental measurements is obtained in terms of pressure, tempera-
ture, mass flows and EGR rate. Specifically, the differences between 1D model
and experiments on time-averaged mass-flow rate is within 3% for all working
points in the 4 cylinder engine. With this, the 1D model provides the 3D
model boundary conditions that should be close to the actual experimental
transient traces [119].

In EGR dispersion problems, Galindo et al. [120] discuss the possibility of
performing 1D-3D co-simulations by coupling the engine model with the 3D
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CFD model of the intake manifold, to get a perfect agreement in the boundary
conditions of the domain [55, 58]. However, this type of “strong coupling” en-
tails an increase of computational effort, together with other constraints [120].
In this work, the calibrated engine simulation results have been imposed to the
3D models as boundary conditions only in a 1-way direction [119]. Since this
approach may produce inconsistencies between the 1D and 3D modeling of
the intake manifold, a feedback loop is conducted as a sort of “weak coupling”
[120] to guarantee the coherence between both representation of the manifold
(see Figure 4.1). In this way, in some operating points (such as point 2 in Table
4.2), the 0D/1D model has been calibrated again at the manifold to match the
3D CFD prediction of pressure drop at the different manifold elements (valves,
mixer), where experimental results are not available. Then, the mass flow rate
traces obtained by the 0D/1D model are updated to provide new boundary
conditions for the 3D CFD model, which in turn may change the prediction
of pressure drops. This feedback loop is repeated until the differences in such
variables are lower than 5% in average values and 10% in peak-to-peak am-
plitude in the 6 cylinder engine case. Once the weak coupling is finished, the
mass flow rate traces predicted by the 0D/1D model are updated to provide
new boundary conditions for the 3D CFD model. In other working points, the
manifold pressure loss predictions by 3D CFD and 0D/1D engine model are
coherent from the beginning, so the feedback loop is not required.

4.2.3 3D-CFD Baseline Setup

4.2.3.1 Geometry

The software used for the CFD simulations, and the postprocessing of several
results has been SIEMENS StarCCM+ [64]. In the 4 cylinder engine, the
geometry of the considered domain is presented in Figure 4.4. This geometry
has a similar configuration than the manifolds analyzed previously in other
studies [55, 57].

As it can be seen in 4.4, the runners point directly to the intake valves,
therefore, the domain has 8 outlets. The mixer is introduced directly inside of
the manifold, by the central region. This mixer has been designed to introduce
the EGR flow in radial way. To achieve that objective, three windows has been
placed at the end of the duct. In addition, this duct is closed at the end to
promote the mixing in the direction of the windows. It must be pointed out in
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Figure 4.4: 3D computational domain of 4-cylinder manifold, with inlet air
extrusion (blue), inlet EGR extrusion (red), outlets extrusions (green) and virtual

probe (Cambustion ©)

Figure 4.4 that in air (blue) and EGR (red) inlets as much as in the outlets of
the domain (green) straight extrusions have been developed. These extrusions
are used to impose the boundary conditions in the domain slightly away of
the region of interest to avoid their influence on the solution in the flow field.
Additionally, different virtual probes have been added to the domain, as the
Cambustion probes, which is highlighted in Figure 4.4, and whose results will
be addressed in the validation section in comparison with experimental data.

On the other hand, the 3D CFD numerical domain, corresponding to the 6
cylinder intake manifold of the engine described in section 4.2.1, is presented
in Figure 4.5.

Figure 4.5 shows on one side the global perspective of the manifold, and
a detailed view of the valves in the intake and EGR lines. The EGR inlet
boundary is placed several diameters upstream the EGR valve, while the fresh
air inlet is placed upstream the throttle valve. The geometry of this 6 cylinder
manifold is different to the ones described in other works, in which the air and
EGR streams are directly mixed in the manifold [55, 1] or the cylinders are not
equally spaced [57]. The mixer studied in this work (see bottom side of Figure
4.5) can be included in the geometries that mix the air and EGR streams in a
T-Junction upstream the manifold, like the manifolds that appear in [17, 56],
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Figure 4.5: Top figure: 3D computational domain of the 6-cylinder manifold with
air inlet boundary (blue), EGR inlet boundary (red) and outlets boundaries

(orange) (top figure). Detailed view of EGR valve (middle left) and throttle valve
(middle right), indicating their corresponding degree of freedom. Bottom figure:

close-up at EGR-air mixer and connection between main duct and intake manifold,
with two postprocessing planes.

but these engines have 4 cylinders. All things considered, the manifold most
similar to the one analyzed in this work is the geometry studied by Sakowitz
et al. [51]. Nevertheless, the impact of different mixer geometries in the EGR
distribution is out of the scope of this chapter.
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Middle left side of Figure 4.5 provides a close-up of the EGR double-seat
valve, which connects the EGR line with 2 ducts that will meet the fresh air
pipe so as to produce the EGR-air mixing. Notice that the EGR valve has an
axial displacement to regulate the EGR rate, so this displacement depends on
the operating point of the engine. In the same way, the throttle valve opening
(middle right side of Figure 4.5) can be regulated. Both valves are adjusted
with the same displacement or angle than in the experimental measurements,
in accordance with Table 4.2. In Figure 4.5, the postprocessing probes are
highlighted in green color. The Horiba Mexa 7100DEGR probes are modeled
as a tiny surface, representing the area aspirated by the real probes. Section
4.2.4 shows the method to estimate the EGR rate on the basis of the EGR
mass fraction gathered by the HoribaCF D virtual probes. Notice that, due to
the heterogeneity of the flow, the EGR rate obtained with this probes may
not be the same than the EGR that the cylinders will swallow, which is the
relevant EGR rate but cannot be measured. Therefore, an estimation of these
deviations is obtained in 4.2.4.2. The Cambustion© probe is modeled as a
point in the same place than the real one (close to the entrance of the runner
leading to cylinder 4), to provide the instantaneous EGR rate that will be
used in the validation of the 3D models.

4.2.3.2 Turbulence model

Turbulence modeling is one of the most important issues to be taken into
account in an EGR dispersion problem as mentioned in section 4.1, due to
the relevance of the mixing process between air and EGR streams in some
geometries or operating points of the engine. Regarding the LES approach,
its ability to solve a significant fraction of the turbulent scales should allow
an accurate prediction of mixing problems, ranging from simple geometries
as T-junction [53, 117] to EGR dispersion in intake manifolds ([51, 53, 54,
118]). RANS approach has been used as well in this type of problems [58,
116]. Therefore, the decision of modeling turbulence in a more detailed way
as LES or a more simplified as RANS needs to be addressed. Sakowitz et al.
[53] demonstrate that the turbulence structures in a T-junction have not been
captured properly with the RANS approach, being too diffusive and with little
mixing capacity. In spite of these commented discrepancies of RANS, a differ-
ent work by Sakowitz et al. [51] shows how the air-EGR mixing in the intake
manifold at low frequencies (∼ 60 Hz) the RANS approach and LES approach
produce similar results, likely because the EGR dispersion in these conditions
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is more governed by the EGR pulses rather than the turbulence mixing. More
information regarding this distinctions will be exposed in chapter 5.

In the numerical domain presented in Figures 4.4 and 4.5 the influence of
the pulsating effects can be remarkable due to the low frequencies in the con-
sidered operating points. Therefore, the URANS approach (unsteady RANS)
can be a suitable option to get a trade-off between accuracy of the results
and computational effort. Particularly, the literature shows a variety of works
providing a good agreement between CFD 3D predictions with URANS ap-
proach, employing a k−ε closure model [57, 58, 116, 59]. Thereby, the URANS
approach with the k−ε turbulence submodel has been selected to be the base-
line setup of this work. In most of these cited works, the turbulence model
is fixed throughout the study. On the contrary, in this work, the influence of
the turbulence submodels in EGR dispersion will be assessed, including simu-
lations with SST k − ω turbulence submodel in section 4.4. SST k − ω model
was developed to improve the prediction of separated flows compared to k − ε
model [93], which is often confirmed by the better agreement with experimen-
tal results of the former [121]. In addition, the possibility of neglecting the
impact of turbulence is considered by employing the inviscid model as well.

4.2.3.3 Rest of CFD configuration

The remaining features of the baseline CFD setup are summarized as follows:

• A polyhedral mesh has been employed, improving the resolution of the
flow close to the walls by means of a prism layer. The baseline mesh in
the 4 cylinder manifold features 1M cells, and the mesh in the 6 cylinder
manifold presents 6M cells. Nevertheless, a grid independence analysis
is conducted in section 4.3, in which more details about these meshes
are provided.

• The air and EGR have been modeled as different non-reactive gas com-
ponent, instead of EGR being modeled as passive scalar like other works
[51]. The main thermodynamical properties of EGR and air are variable
with temperature but have been considered as alike, since the error of
considering the actual exhaust gas composition is below 2% [122]. In-
deed, replacing EGR by air is usual even for experimental facilities [44].
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The gas thermodynamic properties κ(T ) and µ(T ) have been modelled
through a Sutherland’s law, varying with temperature that is typically
used for air and commonly obtains accurate results with an acceptable
error over a wide range of temperatures [123]. On the other hand, Cp(T )
has been modelled by a polynomial law [124].

• The segregated solver has been used for the resolution of the numerical
equations with 2nd order schemes of resolution. A coupled solver would
be more adequate to solve cases with high Mach numbers. For the consid-
ered operating points, the highest values of Mach are far from transonic
values (maximum instantaneous local Mach number below 0.5), so the
selected segregated solver is a suitable approach.

• The convective terms of the 3D CFD model are discretized with 2nd order
upwind schemes, gradients are reconstructed using a hybrid Gauss-Least
Squares method [64] and the temporal scheme of the simulations is 2nd

order implicit. Initial time step of the setup is 2°/step in terms of engine
crankshaft revolutions, in the same order that the steps in the work of
Dimitriou et al. [58]. Subsequently, in section 4.3, a sensitivity study of
time-step size will be carried out.

• Different studies in the under-relaxation factors (URFS) have been com-
pleted in order to obtain more aggressive values than the default ones.
By doing this optimization of the URFS, a reduction of the number of
inner iterations is achieved, arriving to converged solution in every time
step. Although in other works 10 inner iterations are required for each
time step (Dimitriou et al. [58]) in the 4 cylinder manifold, after this
URF optimization, the final inner iterations have been fixed in 8. On the
other hand, in the 6 cylinder manifold, the inner iterations have been
fixed in 10.

• Another important issue to consider is the convergence criteria of the
analyzed cases. Since all the cases are unsteady and pulsating, the vari-
ables should be cycle-averaged after reaching periodicity. The number
of engine cycles to average the results are variable depending of the
works and the considered operating points. For example, in the works of
Sakowitz et al. [51, 118, 52], the number of cycles vary between 4-10-20
cycles in LES calculations. On the other hand, in 3D RANS coupled with
engine simulation software, the number of cycles calculated previously
to the coupling are about 10-15 cycles [55, 58]. Taking into account the
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achieved results, the number of cycles to make a proper average in this
work are about 7-11, depending of the considered operating point. It
must be highlighted that while calculations with k − ε submodel have a
very small oscillation when cycle-to-cycle convergence is reached, analy-
sis with SST k − ω submodel are much more fluctuating.

• Walls are considered as adiabatic, whereas the influence of the type of
remaining boundary conditions was assessed by Galindo et al. [1]. Ac-
cording to such studies, imposing ṁinlet −ṁoutlet as boundary conditions
shown better numerical behavior and provided superior agreement with
experimental measurements than other types, so the same approach is
employed in this work. A 0D/1D engine model is developed in section
4.2.2 so as to provide the transient traces of these mass flow rates, to be
used as boundary conditions by the 3D CFD model.

4.2.4 Virtual probes postprocessing

Taking into account the virtual probes presented in Figures 4.4 and 4.5 it is
necessary a brief description of how the EGR rate is obtained depending of
the considered probe or analysis. In section 4.2.3.3, it was exposed that the
EGR is modeled itself as one species of the simulation (the other is the air
species). Therefore, the EGR rate in both manifolds for each cylinder can be
calculated as:

EGRi = yi = mEGR,i [kg]
mtot,i [kg] ≈

∑
cycles

(ṁEGR−j · ∆t)
∑

cycles

(ṁtot−j · ∆t)
, (4.1)

where i = 1 − 6 in the 6 cylinder engine or i = 1 − 8 (by runner) in the
4 cylinder engine indicates each cylinder (or runner) of the manifold, ṁj is
the EGR or total mass flow rate through each of the outlets of the domain
leading to the corresponding cylinder, and the summation is performed over
the required number of engine cycles to obtain representative values. To get
non-dimensional values, these EGR rates yi can be presented as deviations
against the mean EGR of the case as presented in equation 4.10.

113



Section 4.2 Chapter 4

In addition, as explained in section 4.2.2, the Horiba probes have been
used to measure the mean EGR rate of a certain cylinder. While in the 4
cylinder engine, the Horiba probes are placed just in the beginning of the
outlets extrusions (see figure 4.4 providing the real amount of EGR that the
engine swallow, in the 6 cylinder engine these probes are placed in the manifold
in the most representative zones of the cylinders (see Figure 4.5), taking into
account the restrictions of space in the experimental facility. Thus, the rate
in their virtual counterparts are useful to estimate the deviations between
the experimental EGR rate at each cylinder and the corresponding Horiba
measurement (presented as the vertical bars in Figures 4.23, 4.21 and 4.25),
as explained in section 4.2.4.2.

4.2.4.1 6 cylinder engine mean EGR postprocessing

In the 6 cylinder engine manifold, considering the HoribaCF D probes, the
EGR rate can be defined as:

EGR ≈ mEGR [kg]
mtot − mHORIBACF D

[kg] (4.2)

If the Horiba probes are used to get the EGR rate, and considering the
mass flow rate extracted by the Horiba as constant:

EGRHORIBACF D
(t) ≈ (((((((

ṁHORIBACF D
· YEGR(t) ·��∆t

((((((((
ṁHORIBACF D

· Yair(t) +(((((((
ṁHORIBACF D

· YEGR(t)) ·��∆t
(4.3)

Therefore, the EGR rate in the numerical HoribaCF D probes can be ap-
proximated using only the mass fraction of EGR (YEGR(t)), due to the EGR
is modeled as an species of the simulation. This mass fraction can be obtained
by a mass flow average [64]:

YEGR(t) =

∑
f

ρf YEGR−f |vf · af |

∑
f

ρf |vf · af |
(4.4)
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In equation 4.4, ρf is the density of a certain face of the surface, and vf

and af are the velocity and area vectors respectively. Hence, the final EGR
rate in a certain HoribaCF D probe can be obtained as:

YEGR−i =

n∑
1

∑
CAD

YEGR(t)/CAD

n
, n = 1, 2...cycles (4.5)

4.2.4.2 6 cylinder engine experimental deviations

It must be noticed that the measured EGR rate by the Horiba probes (in a
experimental and numerical way, obtained in equation 4.5) may not be the
same than the real EGR that the cylinder swallows (the EGR in the outlets,
see Figure 4.5 and equation 4.1). Thus, the impact of performing the experi-
mental measurements in the Horiba probes instead of in the intake ports must
be assessed. The experimental data in these ports is not available, but an
approximation of these deviations can be obtained by means of the CFD cal-
culations. First, the numerical deviation between HoribaCF D (local surface)
and outlets (whole cross-section) can be calculated:

εoutlet−i = YHoribaCF D−i − Youtlet−i (4.6)

Therefore, for every outlet of the domain the corresponding εoutlet−i can be
obtained. To perform a reliable statistical analysis, it is convenient to consider
a large number of cases for every operating point. In this way, additional cases
that are not directly analyzed in this work have been used for this particular
study to increase the population of the statistical analysis. Consequently, for
every εoutlet−i (normalized with the average EGR rate) and operating point,
an average (µ) and standard deviation (σ) are extracted after adjusting the
population to a normal distribution. An average p-value of 0.04 is obtained
considering all the fittings conducted for the different cylinders and operating
points. The distributions of εoutlet−i for operating point 2 are presented in
Figure 4.6.

The deviation between taking the measurement in the HoribaCF D probe
instead of in the outlet is small and does not present bias for cylinder 5, in
accordance with Figure 4.6. However, in other cylinders the mean of the devia-
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Figure 4.6: Adjusted normal probability distribution functions for εoutlet−i

(calculated using CFD results) in operating point 2. The dotted vertical lines
correspond to the 95% criterion (µ ± 2σ) for εoutlet−1.

tions is noticeable (up to 10%) with important standard deviations. Therefore,
the error of taking the measurement in the Horiba probes will depend of the
considered cylinder and operating point and it is notable in some cases. With
this statistical fitting of the deviations calculated with CFD, an assessment of
the uncertainty of the experimental measurements due to this fact is shown in
Figures 4.23, 4.21 and 4.25 as vertical bars.

4.2.4.3 Instantaneous posptrocessing

Regarding the instantaneous results, it is necessary to develop a specific method
to make proper comparisons between numerical results and experimental data.
The Cambustion sensors of the CFD domain have been presented in Figures
4.4 and 4.5. In terms of CO2 percentage, the EGR rate can be defined ac-
cording to Luján et al. [17] as:

EGR [%] = [CO2]intake − [CO2]atm

[CO2]exhaust − [CO2]atm
· 100 (4.7)
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Taking into account that [CO2]atm ∼ 0, the CO2 percentage of the CFD
calculations can be obtained as:

[CO2]intake−CF D [−] = EGRCamb[%] · ρ

ρEGR
· [CO2]exhaust, (4.8)

being EGRCamb the mass fraction of EGR of the virtual probe and [CO2]exhaust

the percentage of CO2 in the exhaust for the considered operating point
(as measured in essays). Finally, the experimental instantaneous results will
present an inherent averaging or smoothing effect due to the huge amount of
measured cycles and the finite time that the probe needs to analyze the flow
composition at each sample. In order to apply this effect to the CFD traces,
a moving average is employed using Matlab © . This function performs an
average on a certain element of an array considering a number of adjacent
elements. The size of the window kavg in which the average is performed,
will depend of the sensor sampling period Tsensor, and the time step of the
numerical simulation ∆tCF D, as presented in equation 4.9. This smoothing
correction is applied to all the instantaneous numerical traces of section 4.4.

kavg [−] = Tsensor

∆tCF D
(4.9)

4.2.5 Operating points

In this work, EGR dispersion is predicted at 4 and 3 different engine working
points respectively, depending on the considered engine.

• 4 cylinder engine. The considered operating points are summarized in
Table 4.1 and will be analyzed later in next sections. For the mesh
sensitivity and time step study, the operating point used will
be B, which is very similar to the points used in related works [58, 55,
56, 59], having a medium load and EGR rate. Besides, points A and C
have been tested to obtain the dispersion in the engine when operates in
low load with high EGR rates (point A) or with low EGR rates (point
C). Point D has been tested to obtain the dispersion when the engine
works in full load with a little EGR rate that slightly affects to power
but achieve a huge reduction of the pollutants [125].
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• 6 cylinder engine. The operating points in this engine cover low, medium
and high power range of the engine, being summarized in Table 4.2. In
section 4.3.2, the sensitivity studies will be calculated with oper-
ating point 2, because it is a representative working condition located
in the middle of the engine map, with similar speed and load conditions
as the points used by Sakowitz et al. [51, 52]. On the other hand, point
1 has been tested to check EGR distribution at low load and low rpm,
with throttle and EGR valve regulated to provide the greatest EGR rate
studied in this work. Operating point 3 is tested at high loads and lower
EGR rate with the throttle valve fully open.

Table 4.1: Operating Points of 4 cylinder engine

Operating point A B C D

Engine speed Low Medium Low Medium
BMEP Very Low Medium Low High

EGR rate (%) 50 20 5 5

Table 4.2: Operating Points of 6 cylinder engine

Operating point 1 2 3

Engine speed Low Medium High
BMEP Low Medium High

EGR rate (%) 20 15 10
EGR · 1/λ 7 8 5

EGR valve (% more open) 50 100 35
Throttle valve (% more open) 30 60 100

4.3 Sensitivity studies

4.3.1 4 cylinder engine

The initial case (or baseline case) analyzed in this section, starts from a mesh
as the presented in Figure 4.7. On the left side of the figure, the wall mesh of
the domain is presented; on the right side, two internal planes of the manifold,
with the aim of showing the important zones in this case.
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Figure 4.7: Sections of baseline mesh (1M cells) and cylinder runners with surface
mesh of 4-cylinder manifold.

The polyhedral mesh used in the baseline case, has an element base size
of 2 mm, getting a mesh around 900 thousand cells (∼ 1M). This baseline
mesh has a similar size than the mesh in the works of Sakowitz et al. [51] and
Dimitriou et al. [58] and a little bit finer than the mesh in the works of Rahimi
et al. [57] and Karthikeyan et al. [56], which have around 600-700K elements.
In spite of these differences, all the meshes are in the same order of magnitude.

For a better understanding of the influence of the mesh in the final results,
it has been decided to carry out the mesh independence study with 2 addi-
tional meshes for both manifolds. For this 4 cylinder engine manifold, a mesh
with lower cell density than the baseline and a mesh with smaller cell base
size, especially around the mixer have been included in this study. Therefore,
3 meshes are included in this comparison: 0.2M (coarse), 1M (baseline) and
5M (fine) of elements. Regarding the mesh density, wall y+ represents the
non-dimensional wall distance to the wall, and is defined as y+ = u∗ · y/ν
where u∗ is the friction velocity and depends of the wall shear stress, y is the
normal distance of the first cell near the wall and ν is the kinematic viscosity
[64]. In this work, the fine mesh has an average value of y+ in the mixing zone
of ∼ 2, the baseline mesh has an y+ ∼ 25, and in the coarser mesh y+ ∼ 40.

The mesh independence study will be performed focusing in the deviation
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of every runner regarding the average level of EGR, as is presented in equation
4.10:

∆yavg = yi − ȳ

ȳ
(4.10)

In equation 4.10, yi is the EGR rate in a certain runner and ȳ the mean
level of EGR. Therefore, the results of this mesh independence study in terms
of ∆yavg are presented in Figure 4.8:
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Figure 4.8: EGR rate (Y-axis) of every manifold runner (X-axis) for 3 meshes of the
independence mesh study in the 4-cylinder manifold.

Figure 4.8 shows that EGR rate, in mostly of the runners, particularly at
the central ones (4-5) appear important differences between the 0.2M element
mesh and the others, while the differences between the finer meshes are less
noticeables. Nevertheless, can be interesting to analyze these differences not
only in a qualitative way but in a quantitative way too. For this purpose,
some numerical coefficients will be defined next.

A root mean square error (RMSE) index can be developed, to capture
the differences in comparison with the reference case in terms of accuracy. For
instance, for this mesh sensitivity study, the reference case is 5M mesh. After
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a normalization with the averaged EGR rate (equation 4.11), a global value
for the considered cases is obtained (Z is the number of runners/cylinders).
In addition, a coefficient of variance (COV ) is defined in equation 4.12 to
quantify the dispersion of a certain distribution of EGR rates. The higher the
differences on EGR rate between each cylinder and the average, the greater
will be the COV coefficient.

RMSE =

√∑Z
i=1(yi − yi,ref )2

Z
/ȳ (4.11)

COV =

√∑Z
i=1(yi − ȳ)2

Z
/ȳ (4.12)

It can be noticed that this coefficient is simply a normalized standard
deviation. Starting from the reference case, a COV error can be defined to
analyze the evolution of the dispersion between cases as equation 4.13 shows:

ϵCOV = COVref − COVi

COVref
(4.13)

Some factors to obtain a quantitative estimation of the differences that can
appear in the EGR distribution, can be defined to make easier the comparisons
between different configurations. A symmetry factor SF can be defined taking
into account that, every runner from 1 to 4 (i) or 1 to 3 in the 6 cylinder engine,
will be have an opposed runner (−i), i.e. for the runner 1 the opposite will
be runner 8, for runner 2 the opposite will be runner 7...and so on. So, this
factor is defined as:

SF =
Z/2∑
i=1

(yi − y−i)2

ȳ2 (4.14)

In this factor, the difference in EGR rates is squared to avoid the sup-
pression between positive and negative differences. A SF near 0 indicates a
very symmetric EGR distribution. Another factor that can be defined deals
with the concavity or convexity of the distribution. With the convexity factor

121



Section 4.3 Chapter 4

(CF ), another aspect of the shape of the distribution is addressed. This factor
is defined in equation 4.15:

CF =
Z−2∑
i=1

(
yi+1 − yi+2 + yi

2

)
· 1

ȳ
(4.15)

It must be noticed that CF collects the differences between the rates of the
considered runner and the average of the adjoints (the previous and the rear).
A positive CF will indicate a convex distribution, while if CF is negative, the
distribution will be concave.

Taking into account all the summarized equations, the coefficients can be
applied into the mesh independence study, getting the numerical values of
Table 4.3:

Table 4.3: Summary of coefficients of mesh independence study of 4-cylinder
manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

0.2M 15.53 25.93 -61.88 7.1E-3 0.13
1M 4.80 16.50 -2.89 4.8E-3 0.09
5M - 16.05 - 4.1E-3 -0.01

The Table 4.3 shows the same conclusions that were presented at first sight
in Figure 4.8. The differences in terms of RMSE, COV and SF are huge pass-
ing from a mesh of 0.2M elements to a 1M mesh, while the next refinement
does not show significant improvements. In terms of CF , the tendencies are
not so clear. It is true that 1M mesh is more concave than 0.2M, but not in
the way that the 5M is. Taking into account that the differences in almost
all the coefficients are important between the 1M mesh and the 0.2M, the
baseline mesh of 1M elements, seems the more adequate to obtain the setup
validation, and is the same order mesh that appears in other works [58, 51].
It is worth mentioning that mesh refinement increases cell density and wall
resolution (y+). While the coarse mesh (0.2M) was not able to predict the
advection term properly, compared to the finer meshes, the significant wall
y+ reduction from the baseline mesh (1M, y+ = 25) to the fine grid (5M,
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y+ = 2) presents a low impact on the EGR distribution. Therefore, boundary
layer resolution seems to play a secondary role in air-EGR mixing.

Another variable to be taken into account to understand the setup influence
is the time step size. As was pointed out in section 4.2.3.3 the baseline step
is 2 CAD/step, so every engine cycle needs 360 steps to be completed. This
sensitivity study will be carried out with 4/2/1 CAD/step, so there will be 3
cases to compare the influence of the time step in the EGR dispersion and the
shape coefficients developed in equations 4.11 to 4.14. Figure 4.9 presents the
achieved results in this time step size independence study:
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Figure 4.9: EGR rate (Y-axis) of every manifold runner (X-axis) for 3 steps of the
time step size study in the 4-cylinder manifold.

The obtained results in terms of EGR rate in every runner for all the
time step size are presented in Figure 4.9. The behavior in every runner
shows an asymptotic trend, in exception of case 4 CAD/step which have more
differences in some runners in comparison with the reminder of time steps
studies. Nevertheless, the differences in terms of EGR rate in the runners
between the analyzed cases seem smaller in comparison with more accurate
step (1 CAD/step). Therefore, take an optimal time step is not easy to choose
at first sight. The quantitative differences can be calculated with the exposed
coefficients in mesh independence section. These results are presented in Table
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4.4:

Table 4.4: Summary of coefficients of time step study of 4-cylinder manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

4°/step 2.88 18.30 -10.99 8.7E-3 0.038
2°/step 1.18 16.51 -0.09 4.8E-3 0.094
1°/step - 16.49 - 6.4E-3 0.067

The summarized results in Table 4.4, show very similar trends than the re-
sults in Figure 4.9. Although in terms of RMSE there are not very important
improvement, in terms of dispersion and shape of EGR distribution, the step
of 2 CAD is closer to the most accurate case (1 CAD/step). Therefore, keep-
ing the initial value of time step seems the more reasonable decision, getting
a good trade-off between computational effort and accuracy.

4.3.2 6 cylinder engine

The typical methodology followed to conduct mesh and time step sensitivity
studies, consists in first refining the mesh with a fixed time-step size until
getting grid independence and then, with the final mesh, perform the time-
step sensitivity as was developed in the 4 cylinder engine section and other
numerical works [126, 5, 127]. However, both parameters are strongly related
by the advective Courant number, presented in equation 4.16.

C = u
∆t

∆x
(4.16)

In equation 4.16, u is the flow velocity, ∆t is the time-step size and ∆x
is the size of the considered cell. This number quantifies how many cells the
advective information advances in every time step. When an explicit time-
advancing scheme is employed, the so-called CFL condition requires C ≤ 1 to
assure the stability of the simulation [128]. For a compressible flow explicit
solver, the wave speeds |u ± a| would play the role of the flow speed u in equa-
tion 4.16 [128], which further tightens the constraint. For transient implicit
schemes relying on pressure corrections (such as the segregated solver used in
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this work), the theoretical limit is removed (the scheme is said to be uncon-
ditionally stable). However, in practical applications of implicit schemes with
non-linear effects, the maximum Courant number allowed to avoid accuracy
and stability issues may be about 1 for scale-resolving simulations [129] and
close to 10 for URANS [130, 131].

Considering equation 4.16, reducing the time-step size decreases the Courant
number, so lower time-step sizes pose no problem. However, refining the mesh
increases C, which could lead to the paradox of simulations with finer meshes
but worse accuracy [132, 133]. Therefore, considering the 6 cylinder engine
manifold, the time-step size independence is addressed first. Apart from ana-
lyzing the sensitivity of time step on EGR distribution and subsequent pollu-
tant emissions (using the developed regression in section 4.2.1.1), the threshold
of Courant number that creates issues will be assessed by studying the mass
imbalance of the EGR species:

Imb[%] =
∫ T

t0

∑
ṁEGR−outlet,i(t)dt −

∫ T
t0

ṁEGR−inlet(t)dt∫ T
t0

ṁEGR−inlet(t)dt
· 100 (4.17)

Starting from the baseline time-step size presented in section 4.2.3.3, a
higher and two smaller time-step sizes have been calculated at working point
2, i.e., ∆t = 4°, 2°, 1° and 0.5°/step. In this way, the presented cases will
get significantly different Courant numbers (see equation 4.16), because the
mesh is kept (6M cells) and flow velocities will be similar. The results of this
study are presented in Figure 4.10 in terms of non-dimensional EGR deviations
(∆yavg, as defined in equation 4.10).

Looking at Figure 4.10, most of the runners follow an asymptotic trend
regarding the variable ∆yavg as time-step size is reduced, e.g., the closest case
to the 0.5°/step is the 1°/step case. However, quantitative values are required
to determine the point at which it is not worth it a further refinement of the
time-step size.

Apart from the developed coefficients in equations 4.11 to 4.14 regarding
the pollutant emissions, the developed models in section 4.2.1.1 will be useful
to get an estimation of the differences between the analyzed cases. The λ
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Figure 4.10: EGR rate deviation regarding ∆yavg for considered time-step sizes at
working point 2 on 6 cylinder engine manifold.

parameter will be considered constant for every cylinder, taking the value of
the experimental essays corresponding to the working point assessed (in this
section, operating point 2). Therefore, applying the regressions appearing in
Figure 4.2, the pollutant emissions produced by each cylinder can be obtained
as equations 4.18 and 4.19.

NOxi/NOxEGR=0 = A · e−B·(yi·λ−1)

Z
(4.18)

FSN i = A · (yi · λ−1)3 + B · (yi · λ−1)2 + C · (yi · λ−1) + D

Z
(4.19)

Equations 4.18 and 4.19 assume that all cylinders present the same injec-
tion conditions and pressure in chamber. Hence, the impact of EGR dispersion
predicted by a CFD simulation on emissions can be calculated using equations
4.18 and 4.19:

NOx [ppm] =
∑

(NOxi/NOxEGR=0) · NOxEGR=0 (4.20)
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PM [g/h] = 5.32 ·
∑

(FSN i) · e0.3062·
∑

(F SN i)

0.405 (4.21)

The transformation from the filter smoke number (FSN) to the PM mass
flow presented in equation 4.21 has been used previously in the work of Mai-
boom et al. [125]. The presented coefficients have been applied to the time
step independence study as exposed in Table 4.5. In addition, an average of
the Courant number (equation 4.16) in a section after the mixer and the mass
flow rate imbalance (equation 4.17) are shown for all the cases.

Table 4.5: Coefficients of time-step size independence study at working point 2 (6M
cells baseline mesh). RMSE, ∆NOx, ∆PM coefficients are normalized and

compared regarding the 0.5°/step case.

Coeff. RMSE COV ∆NOx ∆PM Cour Imb.

Units. [%] [%] [%] [%] [−] [%]

4°/step 5.20 6.94 0.18 0.23 38.29 10.78
2°/step 4.79 7.31 0.20 0.26 18.28 5.17
1°/step 1.24 3.99 0.04 0.04 8.98 0.39

0.5°/step - 2.71 - - 5.10 0.35

Table 4.5 shows a significant improvement in terms of RMSE when the
time-step size is reduced from 2°/step to 1°/step, but seems not worth it to
change the time-step size again to 0.5°/step due to the low changes. Regarding
the pollutant emissions the changes are not so big, and all the cases gets very
similar results, so according to this criterion, the coarsest time-step size could
be used. However, the changes in Courant are quasi-linear and the values in
4°/step and 2°/step are noticeable high, producing non negligible values of
mass flow rate imbalance (above 5%). Discarding therefore the latter cases,
the time-step size is fixed in 1°/step to the rest of the document to get a good
trade-off between accuracy and computational effort.

When the time-step size is fixed, the mesh independence study can be
addressed taking into account the aforementioned limitations of the Courant
number. The baseline mesh of this work is presented in Figure 4.11. The
highest density of elements is located in the mixer zone, to resolve the mixing
between air and EGR streams in a proper way. Thereby, this zone will be
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Figure 4.11: Sections of baseline mesh (6M cells) at manifold and cylinder runners.

critical in terms of Courant number, due to the high velocities coming from
the air inlet and EGR valve, and the low cell size of the mesh. The relationship
between the average cell size and the refinement size of the mesh is fixed for
all the meshes. The baseline mesh presented in Figure 4.11 has 6M cells. 2
additional mesh have been developed to conduct the mesh independence study:
a coarser mesh of 1.5M of cells and finer mesh of 15M elements. The results
of the developed meshes in terms of ∆yavg (see equation 4.10) are presented
in Figure 4.12.

As it can be noticed in Figure 4.12, some differences appear between the
1.5M mesh and the higher refinement meshes of 6M and 15M. The coarsest
mesh provides the greatest dispersion and, apparently, a higher error compared
to the most accurate mesh of 15M cells. This is confirmed in a quantitative
way by considering the developed coefficients in equations 4.11, 4.12, 4.20,
4.21; which are obtained for this mesh independence study and presented in
Table 4.6 with the corresponding values of mean Courant number and mass
flow rate imbalance.

In terms of the RMSE coefficient, the improvement by refining the mesh
is significant when passing from a coarser mesh of 1.5M to a finer mesh of
6M, but this change is not so remarkable between the baseline mesh and the
15M mesh. Regarding the emissions indicators, the improvement in NOx and
PM prediction as the mesh is refined is slight but consistent to the reduction
of RMSE, with differences below 0.6%. The Courant number is obviously
higher in the 15M mesh, but the impact in terms of accuracy (imbalance) is
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Figure 4.12: EGR rate deviation regarding ∆yavg for different mesh refinements at
working point 2.

negligible. Taking into account these coefficients, it seems a reasonable deci-
sion to maintain the 6M mesh as the final mesh for further validations. In
any case, the coarser mesh of 1.5M could have been used with little penalty
on emission predictions if computational resources were scarce.

Table 4.6: Coefficients of mesh independence study at working point 2. RMSE,
∆NOx, ∆PM coefficients are normalized and compared regarding the 15M case.

Coeff. RMSE COV ∆NOx ∆PM Cour Imb.

Units. [%] [%] [%] [%] [-] [%]

1.5M 8.32 12.56 0.46 0.55 2.45 0.11
6M 3.30 3.99 -0.14 -0.18 8.98 0.39
15M - 7.10 - - 12.50 0.59

129



Section 4.4 Chapter 4

4.4 Validation

Once the mesh and the time step size have been fixed, the numerical models
must be validated against the experimental measurements. The structure of
this section will be the same for every manifold and operating point: first,
the average cylinder-to-cylinder EGR distribution is displayed, including a
quantification of the differences between the predictions and the experimental
measurements. Then, cycle-resolved traces of CO2 are depicted and discussed.

4.4.1 4 cylinder engine

This section starts with the validation of operating point B, taking into account
that is the point used in the sensitivity studies of the previous section. The
average results of this calculations are depicted on Figure 4.13:
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Figure 4.13: EGR rate (Y-axis) of every manifold runner (X-axis) for different
turbulent submodels and experimental data (black-dashed) with vertical bars of

measurement dispersion of operating point B of 4-cylinder manifold.

Figure 4.13 shows the EGR rate of every runner for all the 3D turbulence
submodels and 1D model, in comparison with the experimental data. Taking
into account that the experimentally measured EGR rates oscillate during the

130



Chapter 4 Section 4.4

acquisition period, a vertical bar is added to the average experimental results,
calculated as the standard deviation of these fluctuation over the sampling
window. Regarding the EGR distribution, in this operating point, seems that
EGR is more swallowed in the experiments by the runners 1 to 4 than the final
ones. However, the EGR rate in runner 2 is higher than its symmetric runner
(runner 7). For that reason, the EGR distribution is not very symmetrical
but do not have much curvature. In addition, it is necessary to notice that
the distributions are depicted runner-by-runner instead cylinder-to-cylinder
to avoid the errors that the mean of the runners can introduce, diluting the
differences between runners, and making the distributions too much equals.
Regarding the comparisons between turbulence submodels, at first sight, in
Figure 4.13, all of them have captured in an acceptable way the tendencies of
experimental EGR rate results.

Table 4.7: Statistical coefficients of operating point B validation of 4-cylinder
manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

k − ε 7.55 16.51 -20.49 0.0048 0.0939
SST k − ω 8.02 16.11 -17.61 0.0343 0.0230

Inviscid 7.13 15.05 15.05 0.0092 0.1747
1D model 15.55 12.23 12.23 0.0197 -0.0017

Experimental - 13.70 - 0.0694 0.1257

Paying attention to the presented coefficients in Table 4.7 while the RMSE
is almost the same in all the 3D models, the SF of the SST k − ω submodel
is closer to the experimental results than the others submodels. However, the
trends are not so clear in the other coefficients, because in the CF the inviscid
model is closer to the experimental data as well as in the ϵCOV coefficient. In
addition, the 1D model clearly presents a low accuracy when trying to capture
the main trends of the EGR dispersion. However, it is better than not con-
sidering EGR cylinder-to-cylinder at all (constant EGR rate), since at least it
predicts a greater EGR rate in the inner cylinders. Therefore, the temporal
shift between the intake and EGR pulses, which is predicted by the 1D model,
is one of the main factors that drives the EGR dispersion. Considering that all
3D models (including the inviscid) improve the prediction over the 1D model,
a proper resolution of the advection term is important to simulate the air-EGR
mixing and thus predict EGR distribution. Finally, the negligible difference
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between inviscid and turbulent models suggest a minor role of the diffusion
mechanism in the air and EGR mixing of this manifold in working point B.

The instantaneous results of operating point B, have been modified by
the smoothing process explained in section 4.2.4.3. The comparison of these
numerical results against the non-dimensional CO2 of the experimental data
is depcted in figure 4.14:
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Figure 4.14: Filtered of instantaneous traces of CO2 in comparison with
experimental data in operating point B of 4-cylnder manifold.

First of all, the behavior of the 3D models is much more oscillating than the
experimental measurements, and the influence of the different events that can
be produced into the manifold is very clear, in spite of the smoothing process
that was aforementioned. In this operating point, the similarity of the traces
of inviscid model in comparison with the other turbulent submodels is notice-
able. Although the low frequencies oscillations seems to be well-captured by
the numerical models, lots of high frequencies oscillations are avoided in the
experimental results. In fact, the σ of the experimental traces in this operat-
ing point is remarkable.

Regarding the other operating points, the results obtained by imposing the
boundary conditions coming from point A are presented in Figure 4.15:
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Figure 4.15: EGR rate (Y-axis) of every manifold runner (X-axis) for different
turbulent submodels and experimental data (black-dashed) with vertical bars of

measurement dispersion of operating point A of 4-cylinder manifold.

This operating point has a very low BMEP and r.p.m. and very high EGR
rate as was mentioned in Table 4.1, so these conditions are representing a
nearly idle point of the engine. In this operating point, experimental results
have a very flat distribution of EGR, because all the runners have very similar
EGR rates, with a little growing trend to the final runners (5 to 8). This
behavior is common on these operating points with high EGR rate and lower
loads, obtaining more flat distributions as was proved in the works of William
et al. [134]. On the other hand, turbulence submodels predict almost identical
behaviors, qualitatively but quantitatively too, even the inviscid model, so dif-
fusion seems to play a secondary role again. In fact, in table Table 4.8 all the
RMSE coefficients of the 3D models are almost the same. The shape of the
CFD distribution is more symmetric than the experimental results and the
maximum rates are higher. Moreover, although the one-dimensional model
has a very different distribution in comparison with the 3D-models, the differ-
ences in terms of RMSE or ϵCOV are in the same order in comparison with
experiments and the CF is ∼ 0. At the end, this operating point is the less
reliable to obtain conclusions in terms of numerical models, due to the low
r.p.m. and the high EGR rate closer to idle conditions.
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Table 4.8: Statistical coefficients of operating point A validation of 4-cylinder
manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

k − ε 10.20 8.22 -95.95 0.0076 0.1018
SST k − ω 9.18 7.11 -69.46 0.0096 0.0454

Inviscid 9.20 7.39 -76.20 0.0019 0.0095
1D model 9.14 7.85 -87.16 0.0585 0.0585

Experimental - 4.19 - 0.0237 0.0001

The instantaneous validation of operating point A is presented in Figure
4.16 which shows an instantaneous behavior more flatter than the previous
operating point. In fact, the experimental results shows a nearly flat trace
along the complete engine cycle, while the numerical models present some os-
cillations at the same part of the cycle. The inviscid approach gets even better
results regarding the experimental data in comparison with the others turbu-
lence submodels. Due to the low load of this operating point, the oscillation
of the traces are very small.
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Figure 4.16: Filtered of instantaneous traces of CO2 in comparison with
experimental data in operating point A of 4-cylnder manifold.
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Figure 4.17: EGR rate (Y-axis) of every manifold runner (X-axis) for different
turbulent submodels and experimental data (black-dashed) with vertical bars of

measurement dispersion of operating point C of 4-cylinder manifold.

Results of operating point C are represented in Figure 4.17. This operating
point has the same r.p.m. than point A, but BMEP is slightly higher, and
the EGR rate has been reduced nearly 10 times. In Figure 8 the EGR rate
differences between central runners and side runners are pronounced, giving
to the distribution a “mountain” shape. Runners 4 and 5 (which correspond-
ing to cylinders 2 and 3 respectively) have almost double EGR rate than the
contiguous runners. From the point of view of the pollutant emissions, this
type of distribution is the worst that can be appear, because the high rates in
the central runners can produce an excessive amount of PM and the cylinders
1 and 4 may not reduce NOx in a proper way. However, these differences
between runners can be diluted, because the average of the runners of low and
high rates maybe the same than the nominal rate of the considered operating
point, so probably the impact in terms of emissions would not be so strong.
Regarding the 3D models, all turbulence submodels have captured these dif-
ferences in EGR distribution too. Since neglecting diffusion (inviscid model)
has little impact on the EGR dispersion, the advection mechanism again is
much more relevant to the air and EGR mixing than diffusion also for working
point C. It must be noticed that in these cases a higher EGR rate than the
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experiments is obtained in central runners. Even the 1D model predicts a
greater EGR rate in the inner runners but with not so great accuracy, so the
temporal phasing between EGR and air pulses is somehow important.

The differences of the curves depicted in Figure 4.17 are analyzed in detail
in Table 4.9. The COV coefficient is higher in every turbulence submodels
than in experimental data because the ‘mountain shape’ is more pronounced
in these cases. On the other hand, in terms of shape of the distribution, the
CF factor of the k−ε, and SST k−ω are not so far of the experimental, due to
that the distribution is well predicted in an acceptable way. Paying attention
to this coefficient, is noticeable the differences between this operating point
and the others in terms of convexity of the distribution. So, this coefficient can
be a useful indicator to detect excessive different between contiguous rates. In
this point, the one-dimensional model is not able to capture the main trends of
the EGR dispersion, but the differences in terms of SF are not so big, because
the equal rates of the initial and the final runners, hide the differences between
the central runners. So, this behavior shows one limitation of this coefficient.

Table 4.9: Statistical coefficients of operating point C validation of 4-cylinder
manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

k − ε 33.88 70.86 -68.52 0.0041 0.3760
SST k − ω 29.03 62.58 -48.83 0.0547 0.3346

Inviscid 29.64 64.69 -53.85 0.0230 0.1657
1D model 36.35 14.35 65.88 0.2057 -0.0038

Experimental - 42.05 - 0.2593 0.2700

Figure 4.18 presents the instantaneous results of operating point C.

The instantaneous traces of the numerical models in Figure 4.18 present
very similar behavior than the experimental data and between itself. It must
be noticeable that the CO2−adim range is 2 times higher than the previous
operating points (see Figures 4.14 and 4.16), due to the important pulse at
the middle of the engine cycle. Due to the amount of collected experimental
cycles, the experimental data presents more "round" shape around the main
pulses instead of having the high values of the numerical models, but proba-

136



Chapter 4 Section 4.4

0 90 180 270 360 450 540 630 720

 CAD [° ]

0

1

2

3

4

5

6

 C
O

2
-a

d
im

 [
-]

Figure 4.18: Filtered of instantaneous traces of CO2 in comparison with
experimental data in operating point C of 4-cylnder manifold.

bly in some independent engine cycles, the experimental data would present
similar shape, taking into account the notable value of σ.

Finally, operating point D results are depicted in Figure 4.19. This oper-
ating point has a similar EGR rate than point C, but the load is very high so
higher Reynolds number will be achieved.

The experimental EGR distribution in this operating point is almost sym-
metrical, but slightly displaced to the final runners. Regarding the 3D models,
the EGR rate in the central runners is over-predicted, in a similar way than
point B (Figure 4.13) in comparison with the experimental data. In addition,
a larger difference in terms of EGR rate between k − ε and SST k − ω has
been obtained. While k − ε submodel has predicted an almost symmetric
dispersion, the SST k − ω has achieved an asymmetry closer to the obtained
in the experimental results. In fact, in Table 4.10 the RMSE of the SST
k − ω is lower than the other submodels, in the same way of the SF . Regard-
ing the CF the 1D model is the only with a CF < 0 in the same way than
the experiments. This fact is due to the “valleys” of the distribution in the
runners 3 and 6 (and the corresponding in the experiments in runners 2 and
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Figure 4.19: EGR rate (Y-axis) of every manifold runner (X-axis) for different
turbulent submodels and experimental data (black-dashed) with vertical bars of

measurement dispersion of operating point D of 4-cylinder manifold.

7) making the distribution more convex than concave, while the 3D models
are predicting distributions with “mountain” shape, especially the k − ε and
inviscid submodels in the same way than point C.

Regarding the instantaneous results of operating point D, are presented in
Figure 4.20

From a general point of view of the presented results in Figure 4.20, point D
is the worst in the comparison with the experimental data. This mismatching
is mainly produced by the average level of CO2 in the experiments. Regarding
this issue, the average level of CO2 in this operating point (which is non plotted
due to confidentiality issues) is two times higher than the average CO2 level in
point C with almost the same EGR rate (see Table 4.1). Considering that the
experimental campaign of point D was carried out in different days and lower
EGR rates are more difficult to be properly measured, the aforementioned
differences could be due to a calibration error of the probe. In addition,
although in Table 4.10 was obtained a huge difference with SST k − ω in
comparison with k − ε, in this instantaneous comparison the differences are
not so pronounced, but this model is closer to the shape of the experimental
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Table 4.10: Statistical coefficients of operating point D validation of 4-cylinder
manifold.

Coeff. RMSE COV ϵCOV [%] SF CF

Units. [%] [%] [%] [−] [−]

k − ε 23.50 33.0 -99.04 0.0034 0.2931
SST k − ω 13.30 21.6 -30.40 0.0338 0.0818

Inviscid 20.0 25.2 -52.2 0.0111 0.0890
1D model 18.6 14.3 13.9 0.0349 -0.0062

Experimental - 16.6 - 0.0248 -0.1084
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Figure 4.20: Filtered of instantaneous traces of CO2 in comparison with
experimental data in operating point D of 4-cylnder manifold.

traces than the other ones.

4.4.2 6 cylinder engine

It must be noticed that the numerical average results of this section are con-
sidered at the outlets of the domain (see Figure 4.5 and equation 4.1) instead
of employing the HoribaCF D probes. By considering the real amount of EGR
that enters into the cylinders, the comparison does not depend on flow het-
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erogeneity inside the runners and is therefore consistent. Nevertheless, the
average experimental results used in this section are extracted by the Horiba
probes, so the deviations between CFD results obtained at HoribaCF D probes
and outlet boundaries are displayed in the experimental results, following the
developed methodology in section 4.2.4.2 and applying the confindence inter-
vals (µ ± 2σ). On the other hand, the instantaneous results are extracted at
the Cambustion probes, following the methodology of section 4.2.4.3.

Since operating point 2 has been used in section 4.3.2 to perform the whole
sensitivities studies, it will be the first point to assess in this validation process.
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Figure 4.21: Normalized average of EGR rate at the outlets for the 3D-CFD
models, 0D/1D model rates and experimental data at Horiba probes with

experimental deviations of operating point 2.

In Figure 4.21, the X-axis represents the cylinder of the engine while the
Y-axis represents the EGR rate normalized with the mean value, being con-
sidered at the outlets of the numerical models and at the Horiba probes in the
experimental data. As aforementioned, the experimental results are presented
with vertical bars that indicate the trends of the real amount of EGR that
the cylinder would swallow, taking into account the deviations in CFD of the
HoribaCF D probes (see section 4.2.4.2).
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The comparison displayed in Figure 4.21 shows how the 3D models provide
similar patterns in terms of EGR rate dispersion, whereas the GT Power
prediction without any 3D model is almost flat. In the experimental data, the
EGR distribution has a pronounced “V” shape, with almost twice as much
EGR rate in cylinder 1 than in cylinder 4. However, the bias presented by the
deviation bars plotted in the experimental data suggest that the Horiba probes
in this operating point may be overstating the experimental EGR dispersion
compared to what actually would be found in the cylinders (please see section
4.2.4.2).

Table 4.11: Coefficients of Point 2 validation. RMSE, ∆NOx, ∆PM coefficients
are normalized and compared regarding the experimental data.

Coeff. RMSE COV ∆NOx ∆PM

Units. [%] [%] [%] [%]

k − ε 16.23 3.99 -1.57 -1.83
k − ω 14.51 6.06 -1.48 -1.72
Invis. 15.92 9.05 -1.29 -1.5

0D/1D 16.87 1.07 -1.63 -1.90
Uniform 17.02 0 -1.63 -1.91

Exp. - 19.66 - -

To get a quantitative comparison, the coefficients used in section 4.3.2 have
been applied in this validation section as well. The corresponding values of
working point 2 are presented in Table 4.11. It must be noticed that the pollu-
tants of the experiments used as reference in Table 4.11 (and in the remaining
part of this section) are calculated with the regression developed in section
4.2.1.1 instead of directly employing the actual emissions measured at the cor-
responding operating point, with the aim of applying the same methodology
in all considered EGR distributions. Apart from the experimental measure-
ments, the 3D CFD results and the engine model values, a uniform distribution
is considered to see the impact of having a certain EGR dispersion in terms of
emissions. In Table 4.11 the RMSE of the EGR distributions are almost the
same for every numerical model (even the 0D/1D model). The EGR dispersion
(COV ) is noticeable for the experimental measurements due to the “V” shape
presented in Figure 4.21, lower for the 3D CFD simulations, and almost null
for the 0D/1D model alone. These differences are translated into a 1.3% − 2%
of error in prediction of NOx and PM emissions. As a summary, the numer-
ical models fail to predict the V-shaped EGR distribution, even though the
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experimental sampling at Horiba probes magnifying this difference, because is
not taken at cylinder ports.

0 90 180 270 360 450 540 630 720

 CAD [° ]

0

0.5

1

1.5

2

 C
O

2
-a

d
im

 [
-]

Figure 4.22: Normalized instantaneous traces of CO2 for the 3D-CFD numerical
models, and experimental data of operating point 2.

The cycle-resolved results are presented in Figure 4.22, in which the X axis
represents the crank angle degree of the engine while the Y axis represents the
normalized (regarding the mean experimental percentage) instantaneous CO2
percentage. In this plot, the cyclic dispersion of the experimental data is
represented by a solid line (average values) and two dashed lines (upper and
lower confidence intervales, considering one standard deviation σ).

Considering the instantaneous results plotted in Figure 4.22, the quali-
tative phasing of the experimental is captured in a reasonable way, but the
amplitude of each event is not properly predicted. Quantitatively, the value of
RMSE is presented in Figure 4.22, being calculated regarding the mean line
of the experimental trace.

Operating point 1 was presented in Table 4.2 as a low load point with a
medium-high EGR rate. This point is close to idle conditions. The comparison
between time-averages EGR distributions is presented in Figure 4.23.

The results depicted in Figure 4.23 shows that both experimental and nu-
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Figure 4.23: Normalized average of EGR rate at the outlets for the 3D-CFD
models, 0D/1D model rates and experimental data at Horiba probes with

experimental deviations of operating point 1.

merical distributions are quite flat (EGR evenly distributed). Also, the vertical
bars of the experimental deviations are much lower compared to the previous
operating point (see Figure 4.21). This flat behavior in EGR distribution is
common in operating points with low loads and medium-high EGR rate as
was demonstrated by William et al. [134].

Observing the numerical coefficients presented in Table 4.12 for this oper-
ating point, the RMSE of the 3D models is almost the same, while the 0D/1D
is even closer to the experimental results. Due to the flat behavior presented
in Figure 4.23, the differences in terms of pollutant emissions are negligible.

Regarding the instantaneous comparisons presented in Figure 4.24, the
SST k −ω submodel is closer to the experimental trace than the other numer-
ical models, presenting a good qualitative and quantitative prediction of the
experimental small fluctuations of CO2. The oscillations of k − ε submodel
are much more aggressive, despite the smoothing effect due to the running
average process explained in 4.2.4.3.
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Table 4.12: Coefficients of Point 1 validation. RMSE, ∆NOx, ∆PM coefficients
are normalized and compared regarding the experimental data.

Coeff. RMSE COV ∆NOx ∆PM

Units. [%] [%] [%] [%]

k − ε 2.98 3.82 0.02 0.01
k − ω 3.66 2.80 0.01 0.00
Invis. 1.82 2.61 0.00 0.00

0D/1D 1.93 0.29 -0.02 0.00
Uniform 2.10 0 -0.02 0.00

Exp. - 2.43 - -
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Figure 4.24: Normalized instantaneous traces of CO2 for the 3D-CFD numerical
models, and experimental data of operating point 1.

Operating point 3 was presented before in Table 4.2 as the point with
greatest power, employing a low EGR rate. The average results of this oper-
ating point in terms of EGR cylinder-to-cylinder distribution are presented in
Figure 4.25.

The patterns of the EGR dispersion shown in Figure 4.25 for operating
point 3 are the only ones that strongly depend on the considered numerical
model. The 0D/1D model is clearly not able to reproduce the experimental
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Figure 4.25: Normalized average of EGR rate at the outlets for the 3D-CFD
models, 0D/1D model rates and experimental data at Horiba probes with

experimental deviations of operating point 3.

results, providing a flat distribution in the same way than the other operating
points (Figure 4.21 and Figure 4.23). The inviscid approach presents poor
average results too, with a very flat distribution, almost the same than the
0D/1D model. On the contrary, both k − ε and SST k − ω are clearly able
to reproduce the behavior of the experimental results, in which there is a
monotonous decrease in EGR rate when increasing the cylinder number. In
fact, both submodels are within the intervals defined by the Horiba deviation
bars.

As expected, the coefficients in Table 4.13 show the clear agreement be-
tween k − ε and SST k − ω submodels and the experimental results, in terms
of low RMSE and similar COV . Nevertheless, in terms of pollutant emis-
sions the differences between approaches (even uniform distribution) are very
low, showing little sensitivity of emissions to EGR dispersion at this operating
point.

The instantaneous comparison presented in Figure 4.26 is in accordance
with the average results because both k − ε and SST k − ω present a good
agreement with the experimental trace of CO2. All these three curves present
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Table 4.13: Coefficients of Point 3 validation. RMSE, ∆NOx, ∆PM coefficients
are normalized and compared regarding the experimental data.

Coeff. RMSE COV ∆NOx ∆PM

Units. [%] [%] [%] [%]

k − ε 3.63 14.19 0.02 -0.03
k − ω 3.07 15.98 0.21 -0.20
Invis. 11.57 2.10 -0.27 0.30

0D/1D 11.42 0.58 -0.28 0.31
Uniform 11.04 0 -0.28 0.31

Exp. - 12.75 - -
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Figure 4.26: Normalized instantaneous traces of CO2 for the 3D-CFD numerical
models, and experimental data of operating point 3.

two major oscillations and a third one of minor entity, whereas 6 peaks are
expected for a 6 cylinder engine. This is explained by the Cambustion probe
location, which is near the entrance of the 4th runner, as indicated in section
4.2.3. Therefore, depending of the flow pattern at the corresponding operating
condition, some EGR pulses may not go through the probe at all. On the other
hand, the inviscid model is not able to predict the phasing and intensity of
the oscillations in a proper way.
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4.4.3 Sensitivity of emissions to EGR dispersion in 6 cylinder
engine

For all the cases analyzed in section 4.4.2 so far, the error in terms of pollu-
tant emissions (NOx and PM) against the experimental results are below 2%.
Since even uniform distributions have been considering, with RMSE reaching
values of 17% (see Table 4.11), the impact of EGR distribution on emissions
is low for the studied working points. In the remaining part of this section,
the experimental results are employed to assess the sensitivity of emissions to
EGR dispersion at different operating conditions, considering a EGR flat dis-
tribution as a baseline (EGR rate evenly distributed). To do so, two degrees
of freedom are considered. On the one hand, EGR · 1/λ factor presented in
Figure 4.2, which carries the information of the engine working point. On the
other hand, the dispersion itself, which takes into account the mixer and man-
ifold design. To be able to change the latter, the original difference between
the EGR rate on a certain cylinder and the average EGR rate is modified by
a factor k, thus keeping the same mean EGR. Therefore, the modified EGR
rate in the cylinder will be calculated as:

EGRi−mod = yi−mod = (yi − y) · k + y, k ≥ 0. (4.22)

Notice that k = 0 in equation 4.22 provides a flat distribution whereas
k = 1 is the original EGR cylinder-to-cylinder dispersion of the experimental
results. In this way, the regressions shown in equations 4.18 and 4.19 allow
to interpolate the NOx and PM pollutant emissions of the 6 cylinders by
means of modifying the average EGR (and thus EGR · 1/λ) or dispersion
proportionality factor k in equation 4.22.

These emissions are normalized considering the contaminants that a flat
distribution with the same mean level of EGR · 1/λ factor, would produce,
i.e.,

εNOx (k) [%] = NOx (k) − NOx (k = 0)
NOx (k = 0) · 100 (4.23)

εP M (k) [%] = PM (k) − PM (k = 0)
PM (k = 0) · 100 (4.24)
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This analysis is only conducted for working point 2, due to its high dis-
persion as was presented in Figure 4.21. The evolution of εNOx and εP M in
terms of EGR · 1/λ and k is presented in Figure 4.27:
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Figure 4.27: Relative differences of NOx and PM emissions between dispersed and
flat EGR distributions for Operating Point 2, considering experimental results.

The situation studied in this work for working point 2 (EGR · 1/λ = 8,
as shown in Table 4.2, and k = 1) is represented as a dot in Figure 4.27,
with a difference in emissions between the actual case and a flat distribution
below 2% (see Table 4.11). Considering the same dispersion proportionality
factor k = 1, an increase in EGR rates to fulfil future emission standards does
not affect to the importance of EGR distribution in NOx (green dashed line),
due to its exponential regression law (Figure 4.2). On the contrary, the PM
fitting suggests an increasing importance of EGR dispersion as the EGR rate
is higher, reaching an asymptotic behavior of 5% when doubling the EGR rate
(EGR · 1/λ = 16) with the current dispersion (k = 1).

If the dispersion was reduced (blue lines in Figure 4.27 correspond to k =
0.5), the impact of EGR dispersion in emissions would be 1% at worst-case
scenario. In this way, the effort of predicting the cylinder-to-cylinder EGR
distribution is likely not justified. However, if the manifold or mixer design
provide a strong EGR dispersion (red lines in Figure 4.27 correspond to k = 2),
an accurate prediction of the EGR distribution is mandatory. For operating
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point 2 with current EGR rate, NOx emissions would be miscalculated by 7%
if EGR dispersion is neglected. This error would reach 13% for PM (red solid
line) with a future situation in which EGR rate is increase by 25% (EGR·1/λ =
10). Macián et al. [48] also noticed a sudden rise in PM emissions at highest
EGR · 1/λ when EGR dispersion is increased.

4.5 Conclusions

To summary up this chapter, the following conclusions can be extracted:

• The methodology to predict EGR cylinder-to-cylinder distribution based
on experiments, engine modeling and 3D CFD simulations of two differ-
ent manifolds and operating points has been analyzed. Table 4.14 shows
the computational effort of the simulation campaign conducted in a Intel
Xeon E5-2630v3 (2.4GHz) processor for this chapter.

Table 4.14: Computational cost of chapter 4

Cases 12 9
Mesh size (millions) 1 6

Number of cores 16 16
Hours/case 38.17 330

Sum of kh*core 7.33 47.52

• Experimental probes for measuring average CO2 can present significant
deviations (up to 20%) in 6-cylinder manifold, when assessing the EGR
swallowed by each cylinder, regardless of being located close to the cor-
responding runner as in the 4-cylinder manifold.

• A statistical regression for NOx and PM emissions is obtained, allowing
to quantify the impact of EGR dispersion on emissions in the 6-cylinder
manifold.

• When conducting mesh and time-step independence analysis, the Courant
number must be considered, despite using transient implicit schemes. In
this work, average advective Courant numbers above 15 result in lack of
EGR mass conservation (imbalances greater than 5%). However, in the
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4-cylinder manifold, considering that mesh is not so dense, a time step
of 2° it is enough, which is in the same order than other works [58].

• In 6-cylinder manifold, at low power conditions, EGR distribution is
flat, which is properly predicted even by the 0D/1D engine code alone
(without CFD 3D). CO2 transient traces present small oscillations and
are qualitatively well captured even by the inviscid model. The homo-
geneity of the flow is explained by the good mixing between the EGR
and air in the main duct, which sends the flow evenly to both sides of
the manifold. Such great homogeneity is the reason why the improved
geometrical resolution of the flow at the manifold provided by CFD 3D is
not relevant in this working point. On the other hand, in the 4-cylinder
manifold in points with low power (A and C), EGR distribution is very
variable, and while in operating point A, distribution is so flat, in op-
erating point C, EGR presents an inverted "V-shaped" form. The flat
distribution in operating points with low load and higher rates was as-
sessed too by William et al. [134].

• In 6-cylinder manifold, the working point at medium power presents a
“V-shaped” EGR distribution with significant dispersion, even though
its impact on NOx and PM emissions is below 2% compared to a flat
distribution. The statistical regression suggests a greater sensitivity of
emissions to EGR dispersion (7% for NOx and 13% for PM) if the EGR
rate is increased by 25% and the dispersion is doubled. The proposed
methodology (engine model+CFD 3D) fails at predicting the EGR dis-
tribution in terms of average EGR dispersion (RMSE ≈ 15) and CO2
transient traces (RMSE ≈ 15). The flow behavior is challenging, as
the mixer works in an intermediate mode and only a small fraction
of the main duct flow is able to turn into the right side of the mani-
fold. The flow presents significant concentration gradients, which cause
the greatest deviations between the local CO2 probes and their corre-
sponding cross-section value (which contributes to the predicting error).
Scale-resolving simulations such as LES [51, 52] could therefore present
greater accuracy than URANS at these conditions. On the contrary, in
operating point B of 4-cylinder manifold, the EGR rate is well-captured
by the numerical models. In fact, the instantaneous traces follows the
same trends than the local CFD measurement of CO2 percentage.

• In 6-cylinder manifold, at high power conditions, EGR distribution is
monotonously decreasing, which is properly predicted by both k − ε and
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k − ω turbulent submodels alike. CO2 transient traces present signifi-
cant oscillations which are accurately captured by these models, whereas
the inviscid configuration provides a much flatter response. In the high
power point of 4-cylinder manifold (point D), the average distribution of
EGR is captured in an acceptable way by the k − ω submodel, while the
other turbulence submodels present more symmetrical behavior. How-
ever, in the instantaneous traces, the experimental percentage seems
that present a measurement error, which makes more harder get final
conclusions in this operating point.
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5.1 Introduction

Considering that in this chapter the focus will be placed in the HP-EGR con-
figuration, in chapter 4 of this document, a NOx model was developed using
experimental measurements in the same engine under different conditions. Al-
though the differences that dispersion can introduce in terms of NOx are not
so significant once the main EGR rate is fixed, the effect in the PM emission is
remarkable especially with higher differences between the EGR values in the
cylinder.

In previous chapter, it was shown that the EGR cylinder-to-cylinder dis-
persion can be important when shifting operating conditions. The main effects
that can influence in terms of EGR distribution are the diffusion effects, ad-
vective effects and pulsating effects, so it is clear that these effects will have an
important role on the mixing in HP-EGR. The underlying idea of this chap-
ter is the possibility of a lower or greater EGR maldistribution for the same
working points assessed in chapter 4 when the mixer geometry is modified.
For example, in terms of mixing, in chapter 3 the effects of mixing in conden-
sation were deeply analyzed but the geometry was an standard T-junction. In
chapter 4 and in this chapter, one of the mixers has radial form. Kartaev et
al. [60] found a correlation between the radial penetration of the jet and the
counter-flow jet penetration, using other J definition instead of the standard
definition from [25] that is applied for T-junctions. In addition, Nada et al.
[61] demonstrates that the penetration depth and the momentum ratio J are
very important in terms of mixing ratio, even with geometrical modifications.
Furthermore, geometrical modifications on the intake manifold, could have a
strong impact on other performance characteristics, as was demonstrated by
de Souza et al. [63] where they get an improvement in the volumetric efficiency
adding a Helmholtz resonator before the intake valves. Thus, all modifications
that are planned on a manifold, should check not only an improvement of per-
formance, but also to guarantee that good air-EGR mixing is kept. In this
chapter, volumetric efficiency will be considered to remain constant (inlet and
outlet boundary conditions will not vary when replacing the mixer geometry),
considering that the changes will only be applied to the mixers, not to the
lengths or shapes of the manifold itself.

Obviously, EGR dispersion will not be affected only by modifications in
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mixer (as studied in this chapter), but also by geometrical modifications in the
manifold if any. A greater insight into distribution of turbulence and mixing
has been provided by Minocha et al. [62]. In this study, a slightly similar
manifold to the 6-cylinder manifold of the previous chapter is analyzed and
some geometric modifications are performed. In their study, Minocha et al.
demonstrates that the turbulent kinetic energy and the dissipation terms are
really high near the initial T-junction but are negligible at the end of the
manifold. In addition, Minocha reduces the non-uniformity adding a baffle
which reduces the vortex formation after the T-junction [62]. It is clear that
some modifications in the domain can be applied in order to improve the EGR
dispersion in the manifold, but if the modifications are performed in the mixer,
the final result could be very variable. Thus, one of the main issues in this
chapter is the study of different mixers in the same manifold and operating
conditions in order to achieve 2 important objectives:

• Study the influence of different mixers for each type of manifold (4-
cylinders and 6-cylinders), in terms of mixing and EGR distribution in
the cylinders, and validate the predictive capacity of the models that
have been selected in the previous chapter. The achieved results of
this analysis will be compared with experimental distributions of EGR
following the same procedure than in chapter 4.

• Considering the achieved results, it could be interesting get some de-
sign guidelines in order to improve the mixing between air and EGR,
regarding the manifold and operating conditions.

It is necessary to point out that this chapter focuses in 4-cylinder and 6-
cylinder manifold geometries, that have been used too in the previous chapter.
There are 2 reasons of select these geometries:

• The mixers of 4-cylinder manifold are very different in comparison of 6-
cylinder manifold mixer. Mixer in 4-cylinder manifold presents a radial
design, and the penetration of the jet follows this direction. On the
contrary, the mixer in 6-cylinder manifold present a double T-junction
design, with perpendicular penetration of the jet, in the same way than
the T-junction of chapter 3.

• The main shape of the manifold is very different, while in 4-cylinder
manifold is almost symmetrical and the EGR is injected near the center,
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in 6-cylinder manifold EGR is injected very upstream of the cylinders,
and not in a symmetrical position.

Thus, having 2 different type of mixers in 2 types of manifold, gives to this
chapter a very wide point of view in order to get more universal results and
behaviors, and a more strong base to provide design guidelines.

In addition, considering the definition of mixing index that have been de-
veloped in chapter 3 and the penetration of the jet in a T-junction J , it is
necessary to compute the evolution of the mixing inside the manifold using
different geometries and boundary conditions, in order to understand the main
contribution to the final EGR dispersion on the cylinders. In addition, the ef-
fect of the pulses at the EGR inlet needs to be evaluated, trying to understand
its final influence on the results. Thus, in section 5.2 the domains and the main
index that it will be taken into account are assessed, including a new index
in which the transient rate of EGR is analyzed. After that, with the same
numerical configuration of previous chapter, all the results are presented in
section 5.5, and the more important conclusions are exposed in section 5.6.

5.2 Numerical domains

5.2.1 Mixers of the 4-cylinder manifold, and corresponding
postprocessing entities

The first manifold that is considered in this chapter is the 4-cylinder manifold
that appears in chapter 4. For this chapter, two additional mixers have been
added to analyze the influence of the geometrical changes. The geometries
that will be considered in this manifold are presented in figure 5.1.
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Figure 5.1: Internal geometry of 4-cylinder manifold and transversal mixer plane
(left) with zoom in transversal mixer plane (right) for mixer 1 (top), mixer 2

(middle) and mixer 3 (bottom).

As figure 5.1 shows, the new mixers follow different trends of design. Mixer
1 is the same that the used in chapter 4, with a standard shape of a typical
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radial mixer. Mixer 2, on the other hand, has been designed to enhance the
interaction between the EGR and air streams. On the other hand, the main
purpose of mixer 3 is opposed totally to the other mixers. This mixer is totally
oriented to the final runners of the manifold. In fact, it has been designed to
promote a poor EGR distribution on purpose, in order to assess the ability of
the numerical model to predict such EGR dispersion, and compare the results
with a well-designed mixer.

The next step, once the geometry is defined, lies in the placement of the
different postprocessing in which different analysis will be considered. These
planes are presented in figure 5.2.

Figure 5.2: Representation of developed cylindrical postprocessing planes in
4-cylinder manifold in the zone of runner 5 to runner 8.

As figure 5.2 shows, different radial planes have been developed. However,
compute the interesting variables in the whole radial plane will give false data
in terms of dispersion and mixing. Thus, the best way to isolate the interesting
data in this geometry, is to split the radial planes in different angle-intervals.
In figure 5.2, the postprocessing planes have an opening of 60 degrees, and are
oriented to the final cylinders (runners 5 to 8), in order to compute well mixer
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3 too (see figure 5.1).

5.2.2 Mixers of the 6-cylinder manifold, and corresponding
postprocessing entities

Regarding the 6-cylinder manifold, 2 additional mixers have been modelled
too, taking into account that mixer 1 is the one used in chapter 4. To get an
overall point of view of all the mixers, they are showed in figure 5.3. Figure
5.3 presents some differences between the considered mixers. Mixer 1 has an
ascendent penetration in the main duct, with no very high windows and with
a contraction of the main duct. In mixer 2, the window that is placed more
upstream, has an important penetration in the below part of the main duct,
while the other has an standard shape. Finally, mixer 3 presents a deeper
penetration in the left part of the windows, trying to redirect the EGR flow
to the main stream with the second window opposed to the air stream. The
benefits or disadvantages of every mixer will be assessed in the next sections.

After that, as was performed in the previous manifold, the next step is to
define the postprocessing section that will be considered in order to analyze
the most important variables. These planes are showed in figure 5.4. As figure
5.4 exhibits, after the mixer, the postprocessing planes are in the main duct in
which air and EGR will mix. After the elbow, the big volume of the manifold
arrives, and some cylindrical planes are placed in order to analyze the mixing
in a radial way since the end of the main duct. After that, only 1 trace have
to be considered and for that, the rest of the planes are placed oriented to the
final cylinders.

It is necessary to mention that, the HoribaCF D virtual probes that were
presented in previous chapter (section 4.2.4), will be used throughout all this
chapter in the 6-cylinder manifold, placed exactly in the same location than in
the previous chapter (figure 4.5), in order to get proper comparisons with the
experimental results that will be presented in next sections of this chapter.

5.3 Setup and operating points

In this chapter, all the analyzed features of the numerical setup will be applied
in the analysis of the presented geometries. Thus, as a summary, the main
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Figure 5.3: Internal geometry for transversal mixing plane (left) with EGR mass
fraction contours in mixer zone (right) for mixer 1 (top, contraction of cross section
of main duct), mixer 2 (middle, constant cross section of main duct) and mixer 3

(bottom, contraction and 2nd window in opposition of main duct).
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Figure 5.4: Representation of developed postprocessing planes in 6-cylinder
manifold, on 4-6cylinder zone.

parameters of the numerical setup are presented in table 5.1.

Table 5.1: Numerical Setup Summary

Manifold 4-cyl 6 cyl

Mesh 1M 6M
Time step 2 CAD 1 CAD

Turbulence model SST k − ω SST k − ω

In fact, these meshes have been selected after the corresponding indepen-
dence mesh study for both manifolds, that was developed in sections 4.3.1
and 4.3.2. In these sections the time step independence study was performed
too getting the values of table 5.1. Finally, turbulence submodel SST k − ω
demonstrated a good performing in all the operating points of both manifold
in section 4.4 of previous chapter. On the other hand, all the operating points
that have been considered in the previous chapter, will be calculated too for
every presented mixer. More details of these operating points, are presented
in tables 4.1 and 4.2.
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5.4 Definition of coefficients to assess air-EGR mix-
ing

5.4.1 J definition

One of the most important parameters regarding the mixing is the penetra-
tion of the jet in the main stream. As was studied in chapter 3, J has an
important influence in terms of mixing in low pressure EGR configurations.
This parameter is very useful in order to define the characteristics of the flow
inside a T-junction; lower values of J will provide a very attached EGR flow
in the insertion, while with higher values of J the penetration of the flow is
remarkable, as was presented in figure 3.9 of section 3.3.3. In addition, the
influence of J in the mixing between the streams is patent as was presented in
figure 3.12 of section 3.3.4. Therefore, it is mandatory to include this factor
also in the analysis of HP-EGR mixing.

5.4.1.1 4 cylinder manifold

The 4-cylinder manifold will have some differences in terms of J definition,
because the considered mixers are radial unlike the 6 cylinder manifold mixer
that are T-junction form. In mixer 1, as figure 5.5 reveals, the orientation of
the windows is very important, and must be enumerated in order to distinguish
the contribution of every window to the global J index.

In figure 5.5, it is clear that the radial velocity at the outlet of the mixer is
the main component that it has to be taken into account in order to compute
the penetration of the EGR rate. On the other hand, the main component of
the main stream that has to be computed in the J calculation is the tangen-
tial velocity. Obviously, the window that is in opposition of the main stream
(window 2) the important velocity is the radial in the direction of the mixer.

Thus, the J coefficient in windows 1 and 3 is:

Jw1−w3(t) = ρ · Urad−EGR(t)2

ρ · Utan−air(t)2 · YEGR(t) (5.1)
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Figure 5.5: Representation of relevant velocities and sections of J coefficient
calculation for mixer 1 of 4-cylinder manifold.

while on window 2, the definition of J is:

Jw2(t) = ρ · Urad−EGR(t)2

ρ · Urad−air(t)2 · YEGR(t) (5.2)

It is important to mention that, in both equations, the parameter YEGR(t)
is included too. This is because in some intervals of the cycle, the radial
velocity of EGR is < 0 and thus, the penetration cannot be computed well.
Therefore, with this term, the J is balanced when the penetration is in the
correct way. After applying this equation, 3 different J coefficients have been
obtained, one for each window of the mixer. The final J coefficient will be
obtained as the standard average:

Javg(t) = Jw1(t) + Jw2(t) + Jw3(t)
3 (5.3)

Obviously, in the other 2 mixers, the definition has the same structure,
changing between magnitude, radial or tangential velocity of air, depending on
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the geometrical situation, while the numerator of the coefficient, will be always
obtained using the radial component of the EGR stream in every window.

5.4.1.2 6 cylinder manifold

Regarding the 6-cylinder manifold, the situation in the mixers will be similar
as the presented in figure 5.6:

Figure 5.6: Representation of relevant velocities and sections of J coefficient
calculation for mixer 1 of 6-cylinder manifold.

Figure 5.6 reveals that in the main duct have been defined 2 transversal
planes, which everyone is upstream of the corresponding ducts of the mixer.
At the same time, in the EGR line, 2 planes are defined in the division of
the mixer. Thus, the definition of J in all the mixers is the same, with the
same structure of equation 3.7 of chapter 3. In addition, this equation will be
applied in the same way in the 3 considered mixers, since they all follow the
same T-junction pattern (see figure 5.3).

171



Section 5.5 Chapter 5

5.4.2 Definition of mixing index

Obviously, in order to analyze the main contributions of every mixer in the
EGR distribution, it is necessary to compute the mixing index in every post-
processing planes that have been presented in figures 5.2 and 5.4. In chapter
3 it has been demonstrated that the mixing indexes that are based on the
transport of a passive scalar correlate in a notable way with the mixing and
J parameter as figure 3.12 shows. Thus, the selected mixing index will be the
MIϕ−new that was defined in section 3.2.5.1 of chapter 3. This mixing index
will be computed in the transversal sections provided by the depicted planes
of figures 5.2 and 5.4.

5.4.3 TRI definition

It is necessary to mention that all the cases that will be analyzed in this
chapter are transient. Thus, although the mixing index in a certain plane is
around 1, the amount of EGR that is passing through this plane can be higher
or lower than the desired quantity. Therefore, a transient rate index (TRI) is
defined as:

TRI(t) = YEGR(t)/EGRrate (5.4)

Considering that the velocity is more important in this index, because
the amount of EGR that is passing through a cell is more relevant than the
surface distribution, the mass fraction of EGR YEGR is obtained with a mass
flow averaged in the corresponding postprocessing plane [64]. With this index,
a global point of view can be obtained regarding the transient distribution of
EGR inside the manifold.

5.5 Results

5.5.1 EGR distribution results

The first way to understand how the geometrical modifications can have a
remarkable impact in the EGR distribution is the comparison of the whole
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results in every operating point. In this section, the figures will have the same
configuration that the presented in the previous chapter. In fact, some results
of figures 4.15, 4.13 4.17, 4.19, will be plotted again in this section. It is neces-
sary to remember that the presented experimental results, have been obtained
following the same procedure of chapter 4, as was stated in section 5.1. First
of all, the results of 4-cyl engine are showed in figure 5.7.
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Figure 5.7: EGR distribution plots of operating point A (top left), B (top right), C
(bottom left), D (bottom right) on 4-cyl manifold CFD (solid) and experimental

measurements (dashed).

The presented results of figure 5.7 reveal very specific trends depending
of the considered operating point. In operating point A, the achieved results
show that the mixer 2 have no huge benefits in comparison with mixer 1.
Both geometries get a very flat distribution of EGR showing that this oper-
ating point have enough mixing time due to the low load and the high rate
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of the point. On the contrary, both numerical and experimental results show
that mixer 3 have, obviously, a bad performance in terms of mixing due to
his placement. As expected, the side at which mixer 3 is oriented (runners
5-8) presents higher EGR rate. This trend is validated too in the rest of the
operating points.

Operating point B of figure 5.7 reveals that mixer 2 gets a slightly better
performance than mixer 1, and the EGR distribution in the experimental and
numerical way is flatter in general. Despite of that, the absolute differences
are not so important. In the last operating point, the trends are similar to
operating point B. In fact, this operating point have the same engine speed
than point B, but higher load. Thus, the differences in terms of EGR distri-
bution are not so relevant because although the distribution is more flat in the
center, the side-cylinders swallow more EGR, in the opposite way than mixer 1.

On the other hand, in operating point C of figure 5.7 the benefits of mixer 2
are highlighted in comparison with mixer 1. In mixer 1, the EGR distribution
is clearly not flat, and the side cylinders will get less EGR than the cylinders
of the center. On the other side, mixer 2 gets a very flat distribution and the
EGR is well-mixed in the whole domain, which is a more favorable situation.

After analyzing the results in 4-cylinder engine, the next step is to re-
peat the same procedure in 6-cylinder manifold, in order to capture the main
trends of the geometrical modifications. These results are presented in figure
5.8 in the same way than figure 5.8. The results of mixer 1 in figure 5.8 are
the same than the k − ω presented in figures 4.23, 4.21 4.25 of the previous
chapter. In operating point 1, the original mixer 1 gets the more favorable
EGR distribution in the whole manifold. On the other hand, the EGR has
the same behavior with the other analyzed geometries. The EGR of the first
cylinders is higher than the last cylinders so there is an indication that the
EGR is transported by the main stream and the mixers do not help to the
diffusion of the EGR.

In operating point 2, the experimental results of the 3 analyzed mixers are
almost the same, and the characteristic V-shape is obtained in the same way.
Thus, the geometrical modifications do not seem to produce any improvement
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Figure 5.8: EGR distribution plots of operating point 1 (top left), 2 (top right), 3
(bottom ) on 6-cyl manifold CFD (solid) and experimental measurements (dashed).

in this operating point. On the contrary, as was presented in previous chapter
in figure 4.21, the numerical model is not able to achieve this distribution,
getting a more flat mixing of EGR. This trend is maintained in mixer 2 but
not in mixer 3. In fact, this mixer gets a V-shape too, but not as aggressive
as in the experimental results.

Figure 5.8 shows that point 3 gets a very uneven distribution of EGR.
However, in this case, the other mixers get even worst results than the original
1. In fact, mixer 2 and 3 gets a more aggressive results in the experimental
but in the numerical way too, so it is clear that the mixing effects are not
improved with the other analyzed mixers in comparison with the results of
the previous chapter (corresponding to mixer 1).
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5.5.2 Analysis of momentum ratio (J)

After the analysis of the EGR distribution, it is necessary to understand better
the effects of different mixing mechanisms in these EGR dispersions. As was
explained previously, the penetration of the EGR is a key parameter in terms of
mixing as was already explained in 3. The main difference regarding J is that,
in this chapter, the parameter will be very variable depending on the angle in
the engine cycle. Thus, employed an average value of this parameter (as done
in chapter 3) can be not very precise. In fact, during some instants of the
cycle, the flow in the mixer will experiment backflows, and in such moments
the penetration of the jet should not be taken into account. Therefore, a
coefficient that provides a numerical value of the amount of time that the
mixer is in backflow is defined as:

β =
∑

tUmixer<0
tcycle

(5.5)

Thus, in this section, the temporal evolution of J will be assessed using
the presented equations of section 5.2. The achieved resuls in the 4-cylinder
manifold are presented in figure 5.9 using β coefficient in order to indicate
the amount of backflows. First of all, it is necessary to mention that the val-
ues of J in this manifold will be very high, especially in comparison with the
values of 3 and the 6-cylinder manifold values that will be presented later.
The main reason of this fact can be explained by equation 5.1. Considering
that, in this manifold the mixer is radial, in some moments of the cycle, the
radial/tangential velocities can be very low, thus, the penetration of the EGR
stream can be very high in small time periods.

Taking this into account, the instantaneous behavior of J in operating
point 1 is very similar in terms of pulsations. However, it is clear that mixer
1 gets slightly higher penetration than mixer 2 in the whole engine cycle. The
main reason of this fact is that this operating point have low load and higher
EGR rate, so the penetration of the stream is higher in a standard mixer while
in mixer 2 the main stream still dragging the EGR flow. On the other hand,
penetration in mixer 3 is negligible in comparison with the previous mixer. In
addition, the β parameter shows that the other mixers get positive penetra-
tion during all the cycle, while in mixer 3, the window in front of the main
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Figure 5.9: Temporal evolution of final J coefficient (equation 5.3) in a single engine
cycle, on 4-cyl manifold of operating point A (top left), B (top right), C (bottom

left), D (bottom right) with β coefficient values for every mixer.

stream is always in backflow state, and the upper window presents this state
half of the cycle (see figure 5.1). Thus, the mean β parameter (mean of the 3
windows) is almost 45% considering that 2 windows are not working properly
due to the mixer placement.

Operating point B it is clearly the more pulsating point of the 4-cylinder
manifold and the penetration it is notable when the EGR pulses arrive to the
mixer. In this case, the penetration is almost the same between mixer 1 and
2, but still being lower in mixer 3. This behavior is not the same in operating
point D, because in this case, the load is so high that the penetration of the
EGR flow is always mitigated by the main stream (remember that the plotted
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traces are the mean of the 3 windows of the mixer). In addition, it is neccesary
to mention that the β parameter is higher in these operating points, so the
backflows in the mixer appear in a noticeable way in pulsating cases. On one
hand, the β parameter of mixer 1 and 2 grows in operating point D due to the
higher load of the point, and the main stream enters in the mixer windows,
getting negative or zero radial velocity and decreasing the maximum value of
J (influence in the mean value). The amount of backflows that every window
gets, is not the only indicator of good penetration of the EGR. In fact, mixer
1 gets less penetration than mixer 2 in operating point D, having the same
amount of backflows, and this can be one reason of the EGR distribution
shape, in which the EGR do not have enough penetration to arrive to the
most distant runners (see figure 5.7). On the other hand, β parameter in
mixer 3 presents similar values in all the operating points considering that
2 of 3 windows are nearly opposed to the main stream, producing negative
radial velocities multiple times during the engine cycle.

Finally, operating point C shows the lowest penetration of all the cases.
This operating point combines low r.p.m. and low EGR rate, so the pulses are
unable to penetrate in the main stream and all are dragged by the air. Thus,
placing a mixer that is oriented to the main stream provides more benefits, as
figure 5.7 reveals.

Regarding the 6-cyl manifold, a similar analysis was developed to capture
the temporal evolution of J . In this case, the definition of the coefficient J
is independent of the considered mixer because all the presented geometries
are in the T-junction shape. These results are presented in figure 5.10. Top
left plot of figure 5.10 shows very similar behaviors between the considered
mixers in terms of jet penetration. In fact, even secondary pulses that do not
correspond to the main EGR oscillations, have influence in all of the mixers.
In this point, the J values are below 2, so it is clear, as was commented in
chapter 3, that this situation is a wall jet configuration. In addition, the β
values in this operating point are negligible so this operating point presents a
smooth transition of the penetration of the jet. In addition, in bottom part of
figure 5.10 the results of operating point 3 are presented. In this case, the 3
mixers get almost the same J evolution in the whole engine cycle, with a very
poor penetration of the EGR stream, being a clearly case of wall-jet situation.
In these cases the flow arriving to the manifold is not well mixed and this
could be lead to EGR maldistribution.
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Figure 5.10: Temporal evolution of final J coefficient (average of both windows, see
figure 5.6) in a single engine cycle, on 4-cyl manifold of operating point 1 (top left),

2 (top right), 3 (bottom) with β coefficient values for every mixer.

On the other hand, point 2 in top right of figure 5.10 shows that mixer
1 gets clearly the highest EGR penetration of the 3 considered mixers. It is
necessary to mention that this mixer presents very high values of β too, so the
backflows in this case are important. This β value indicates that the transition
of the jet is very unstable, and the oscillations in the mixer are remarkable.
On the other hand, mixer 2 and 3 presents lower penetration of the flow in
the whole cycle of the engine. Thus, taking into account that the J definition
is the same for all the mixers, the differences in terms of jet penetration will
be produced by secondary flows in the mixers. In this case, mixer 1 gets
deflecting/impinging jet flow configurations in some EGR pulses during the
engine cycle.
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5.5.3 Analysis of mixing index (MI)

In previous section, the influence of the mixers in the jet penetration has been
assessed in all the considered operating points. However, in chapter 3 differ-
ent mixing indexes that analyze the transversal mixing between 2 considered
components were developed and discussed. As was explained in section 5.4,
the selected mixing index has been MIϕ−new because this index provided the
best overall behavior regarding mixing assessment.

The geometry entities in which the mixing index is considered are pre-
sented in figures 5.2 and 5.4 and the final values of the index is obtained with
the same procedure than the followed in chapter 3. Regarding the 4-cyl man-
ifold, the evolution of the MIϕ−new in all the considered operating points, is
presented in figure 5.11.

In top plot of figure 5.11 the evolution of the mixing index it is the flattest of
the whole campaing (combining mixers and operating conditions). In case A, it
is clear that mixer 2 provides a higher amount of spatial mixing than the other
mixers, specially at the beginning of the domain, because the mixing index is
nearly 1 in mixer 2 for all the considered length. On the other hand, mixer 1
and 3 gets more sigmoid/assymptotic trend in the whole length, but mixer 3
it is clearly the worst in terms of mixing in this operating point. In addition,
this trend can be showed in terms of EGR contours for the considered mixers
in operating point A, as figure 5.12 shows. In the first mixer, the transversal
mixing is good but some zones with higher EGR are present, especially in
comparison with mixer 2, where the transversal mixing is almost perfect. At
the same time, in figure 5.12, mixer 3 reveals that the mixing has very poor
quality, considering that the discharge of mixer 3 is very near of the considered
plane.

For operating point B and D the evolution of the mixing index gets very
similar trends. In both operating points mixer 3 gets the higher level of mixing
in the whole domain but the change in the slope is more pronounced in the
other mixers. In fact, in the final analyzed length, all the mixers get almost
value of perfect mixing, with a little decrease in mixer 1 (that can be produced
due to cycle-to-cycle oscillations). These changes in the slope can be produced
by the high levels of jet penetration, especially in operating point B, as was
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Figure 5.11: Spatial evolution of MI coefficient, on 4-cyl manifold right side (see
figure 5.2) of operating point A (top left), B (top right), C (bottom left), D (bottom

right).

assessed in figure 5.9.

Finally, in operating point C, the trends are not so clear. In fact, mixer 1
gets clearly the worst mixing index at the end of the considered length, while
the other mixers get almost the same results than in other operating points.
In this operating point, the EGR rate is very low, and as was assessed in figure
5.9, the jet penetration is almost negligible. Thus, little changes in the cycle
can produce variations in terms of mixing, and lower values of EGR rate can
be mixed more easily than in other cases, because the load of the point is lower
than in points B and D and the time scales are higher. Thus, the EGR has
"time" to mix in lower lengths as it can be seeing in mixer 3.
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Figure 5.12: Contours of transversal EGR on a cylindrical plane (corresponding to
r = 0.04 m) of 4-cyl manifold in operating point A for mixer 1 (top-left), mixer 2

(top-right), mixer 3 (bottom).

After the analysis in 4-cylinder manifold, the same assessment can be per-
formed in the 6-cylinder manifold. Obviously, in this case, the postprocessing
planes are the presented in figure 5.4, so the shape of the mixer is upstream
of the initial analysis in terms of length. Thus, the results of this assessment
for every operating point are presented in figure 5.13. Top plot in figure 5.13
shows the results in operating point 1, which has the lower load and the higher
EGR rate of the considered operating points. In this case, the presented re-
sults follow the same trends than the presented in figure 5.8, in which mixer
1 gets the best EGR distribution of the analyzed mixers. In fact, although
the final value of the mixing index is almost 1 for every mixer, the gap at the
start of the analysis will have influence in the center-cylinders of the manifold,
whereas in the other mixers, the EGR distribution is worse, and this gap can
be influential in this fact.
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Figure 5.13: Spatial evolution of MI coefficient, on 6-cyl manifold right side (see
figure 5.4) of operating point 1 (top left), 2 (top right), 3 (bottom).

In operating point 2 and 3, the differences in terms of transversal mixing
between the analyzed mixers is negligible. All of them get the same sigmoid
function in terms of length and the main differences only appear at the be-
ginning of the analysis. It is necessary to mention that in mixer 1, when the
elbow after the mixer ends (see figure5.4) the change in the slope of the mixing
index is important, and the flows gets betters mixing rates in less length.

5.5.4 Analysis of transient rate index (TRI)

As was explained in section 5.2, the transversal mixing computed by the mix-
ing index in previous section, gives an approximation of the quality of the
mixing between the considered streams. However, it is clear that not only
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the transversal mixing have influence in terms of the final EGR rate of the
cylinders, especially after the results that figures 5.11 and 5.13 show. That is
the reason for the definition of the TRI.

The planes in which the TRI is calculated are the same than the planes
of previous section. The achieved results in the 4-cylinder manifold are pre-
sented in figure 5.14. Top plot of figure 5.14 reveals the behavior of the TRI
in operating point A. As was commented in other sections, this point has the
less load of the considered points with higher EGR rate. Thus, these condi-
tions produce very smooth results in terms of mixing and transient behavior.
In fact, the cycle-to-cycle oscillations are very low. In addition, both mixers
1 and 2 present a trend in which the final value of TRI is 1, while the final
value of mixer 3 is almost 2, so the transient rate is nearly 2 times higher in
this planes than the optimal rate.

Operating point B and D presents almost the same behavior in terms of
TRI. The final value in mixer 3 is 2 times higher than the desired one, while
in mixer 1 and 2 the trend tries to achieve the 1 value. In addition, mixer 2
presents almost a flat evolution of TRI, and the transient rate is always nearly
to 1 value, so the transient evolution of the EGR rate is near to be perfect
in all the manifold while the TRI in mixer 1 is really high near to the mixer.
It is necessary to mention that the cycle-to-cycle oscillation are noticeable in
this 2 operating point. This fact is produced due to the medium-high values
of J (see figure 5.9) and due to these oscillations, the average value of TRI
it could be less meaningful. Near of the cylinders in these operating points,
many differences appear between the mixers in terms of TRI, especially in
the plane previous at the final one (r = 0.125 m). This phenomenom is
very interesting and is showed in figure 5.15. In fact, in figure 5.15, mixer 1
presents almost 1 in a surface very near of the cylinders, while mixer 2 are
slightly higher, around 1.5, and mixer 3 is even higher than the other mixers.
This discrepancies in the TRI index can produce for example the differences
in terms of EGR rate that were presented in figure 5.7 in which mixer 2 are
far from the experimental value and the average. Thus, this is a proof of
the benefits of consider a transient index too, because while the MI index is
almost 1 in mixer 2 in this surface (see figure 5.11), which indicates that the
transversal mixing is perfect, the amount of EGR that have be mixed is higher
than the average value, thus, the EGR that the cylinder will swallow will be
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Figure 5.14: Spatial evolution of TRI coefficient, on 4-cyl manifold right side (see
figure 5.2) of operating point A (top left), B (top right), C (bottom left), D (bottom

right).

higher.

Point C is clearly the more unstable operating point. Although the tran-
sient trend of TRI is similar to the other operating points, the oscillations are
very high in almost all the manifold, and especially high in the first planes.
This fact is produced by the low rate of EGR and medium-low load of the
engine. So, little changes in terms of recirculation effects and pressure pulses
can change the transient mixing in a noticeable way, especially in comparison
with higher EGR rates. In this operating point, mixer 3 has, obviously the
higher values of TRI due to its orientation facing one side, while mixer 1 and
2 follows the same behavior than in other operating points.
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Figure 5.15: Contours of transversal TRI on a cylindrical plane (corresponding to
r = 0.125 m) of 4-cyl manifold in operating point B for mixer 1 (top-left), mixer 2

(top-right), mixer 3 (bottom).

Regarding the 6-cylinder manifold, the followed procedure is the same than
in the previous manifold. Both TRI and its cycle-to-cycle oscillations will be
considered in this analysis. The achieved results are presented in figure 5.16.
The presented behavior of TRI in figure 5.16 shows some different trends than
the MI coefficient in figure 5.13. For example, in operating point 1, the mixer
1 gets a better TRI coefficient near the cylinders, in comparison with the other
mixers, because the TRI in the final planes is near the unity, while the MI
coefficient is almost the same in the 3 mixers in the corresponding planes. In
addition, it is necessary to say that the evolution of TRI in mixer 2 and 3 is
very similar for every operating point, while mixer 1 provides smoother tran-
sitions, but with higher oscillations (see oscillation values of point 2) which is
totally correlated with the J parameter as is represented in figure 5.10. All
the oscillations are mitigated after the elbow of the manifold (see figure 5.4)
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cause the EGR pulses gets much more volume to be distributed, and the in-
stantaneous concentration decreases.
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Figure 5.16: Spatial evolution of TRI coefficient, on 6-cyl manifold right side (see
figure 5.4) of operating point 1 (top left), 2 (top right), 3 (bottom).

Another interesting phenomenon is the transient differences between op-
erating points with a similar geometry. In previous chapter these differences
were presented in section 4.4 where the differences in EGR rate between op-
erating points were highlighted. In figure 5.16 these differences are showed in
the values on the final planes of mixer 1 in operating points 2 and 3. To get a
wider point of view, the contours of normalized EGR mass fraction (which in
fact is the TRI coefficient) are presented in figure 5.17 for operating point 2
and 3 and mixer 1. This comparison of flow fields also explains why point 2 is
more challenging to be predicted, as confirmed by the disagreement between
numerical and experimental results depicted in figure 5.8. Since the flow is
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between two different modes in terms of air and EGR mixing in the main duct
as well as ability for the flow of the main duct to turn 180°to the left side of
the manifold, the flow field could be more sensitive to small changes. Besides,
the local heterogeneity of mean TRI shown in top side of figure 5.8 explain
why the HoribaCF D probes (see figure 4.5) depart significantly from the ac-
tual EGR rate that gets into the CFD cylinders, which may happen similarly
in the experiments, as represented by the large vertical bars of figure 4.21.
Obviously, the higher load of operating point 3, makes more difficult to the
flow to get a proper distribution in the manifold after the elbow, and most of
the fresh air goes to the final cylinders, as were showed too in figure 5.8 for
every considered mixer.

Figure 5.17: Contours of transversal TRI on a transversal plane of 6-cyl manifold
for mixer 1 in operating point 2 (top), and 3 (bottom).
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5.5.5 EGR pulses and cylinder influence

In previous sections, the spatial evolution of transversal mixing index (MI)
and the transient rate index (TRI) have been assessed. After that, it is clear
that the diffusion and the advective terms are not the only that have influence
in the final EGR that comes to every cylinder. Transient effects produce im-
portant changes in terms of EGR distribution, as the differences between MI
and TRI index of previous section reveals. Obviously, EGR pulses play an
important role in this phenomenom, and produce relevant changes in transient
variables as TRI.

The first step to get some quantification regarding the influence of EGR
pulses by comparing the obtained results with EGR pulses against other sim-
ulation without these pulses. Thus, in this assessment, in the EGR inlet, a
constant mass flow will enter to the domain, with the same average value than
the previous transient trace of EGR. This analysis has been developed in op-
erating point 2 of 6-cylinder manifold, mounting the first mixer, which have
the higher penetration of the EGR pulses (see figure 5.6), and the results are
presented in figure 5.18:
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Figure 5.18: EGR distribution with mixer 1 of operating point 2 with standard
EGR pulses and constant inlet EGR.

The EGR distributions presented in figure 5.18 shows the changes that
produces the suppression of the EGR pulses. The dispersion with a constant
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inlet of EGR seems a symmetric version of the original results with EGR
pulses. However, if the EGR pulses were the only source of bad distribution
of EGR, the results will be a plain distribution in this figure. In figure 5.18
appears the opposite behavior of figure 5.8 and 5.17. With no-pulses, the EGR
is distributed in the main stream continuously, instead of being distributed by
strokes. Nevertheless, the distribution is not plain at all. Thus, more factors
have to be taken into account in the final distribution of EGR to every cylinder.

Another way to study this pulse distribution is using a passive scalar term.
If 4 or 6 different scalars are defined (depending of consider 4 or 6-cylinder
engine), every EGR pulse can be tracked throughout the manifold, and its
distribution in every cylinder can be analyzed. In fact, the final EGR rate (or
mass) in every cylinder in an engine cycle can be computed too as:

EGR[−] =
∫ tcycle

t0

∑Npuls
n ϕpulse−n(t) · ṁ(t)dt∫ tcycle

t0 ṁ(t)dt
(5.6)

Thus, this pulse-tracking has been applied in operating point B in 4-
cylinder manifold and operating point 2 in 6-cylnder manifold, because in
both points the EGR pulses are important. The final results are presented in
figure 5.19
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Figure 5.19: EGR pulses distribution of operating point B on 4-cyl manifold (left)
and operating point 2 on 6-cyl manifold (right).
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In left plot of figure 5.19 the distribution of the different EGR pulses in
4-cylinder manifold are presented. In this operating point and manifold, the
EGR pulse distribution is almost symmetrical. For example, the distribution
of pulse 1 from runner 1 to runner 8 seems very similar than distribution of
pulse 4 from runner 8 to runner 1. In this case, all of the pulses have more or
less a well-balanced distribution in every cylinder, so the EGR pulses are not
the only reason for a non-flat distribution of EGR.

In right plot of figure 5.19 the pulse distribution in the 6 cylinder manifold
do not present very clear trends. As a general point of view, all the pulses seem
to have important influence in 3 cylinders of the manifold, and a negligible
impact in the other. The only exception to this phenomenom is the pulse 5,
which is better distributed in 5 of the 6 cylinders. However, the EGR pulses
would be very critical if in some cylinder the total amount of EGR comes from
only 1 or 2 pulses. In this case, the distribution is not perfect in terms of EGR
pulses, but is better than the referred situation.

Thus, to compute if some EGR pulses are influential in the final EGR
rate it is necessary to fulfill 2 different conditions. First condition is related
with the amount of mass of pulse that the cylinder swallow, as equation 5.7
presents:

∫
tcycle

ṁEGR−pulse−kdt∫
tcycle

ṁEGR−idt
≥ 1

Z
(5.7)

taking into account that ṁEGR−pulse−k is the mass flow of a certain pulse
k throughout a certain cylinder i. Therefore, this first condition of equation
5.7 is fulfilled when the amount of mass of a certain pulse is higher than the
equivalent part for a perfect mixing (1/Z). The other condition is presented
in equation 5.8:

∫
tcycle

ṁEGR−idt∫
tcycle

ṁidt
≥ EGRrate (5.8)

This condition lies on the amount of EGR that arrives to a certain cylinder
i. This condition is important because although the first condition of equa-
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tion 5.7 is accomplished, the relevance is low in the overall performance of the
manifold. Thus, when first condition of equation 5.7 and second condition of
equation 5.8 are fulfilled, the influence of a certain pulse is relevant, and the
cylinder and the pulse are "tuned" in the way that probably the cylinder starts
its intake period when the pulse arrives to it.

Another important factor related with the described previous phenomena
is the influence in the mean flow of the cylinders itself during his intake period.
When the cylinder starts his intake, all the velocity field will change in the in-
fluence zone of the cylinder. Thus, it is necessary to approximate this influence
zone, and one way to get it is using the streamline in our CFD calculations [64].

First of all, streamlines can be computed considering some seed part in
which the streamline starts. So, the flow path can be calculated forward or
backward. Therefore, to estimate the influence of the cylinder intake in the
rest of the manifold, the streamline must be integrated backwards. In ad-
dition, this streamline must be computed inside a velocity field that only is
averaged during the intake of the considered cylinder. Thus, the important
variables at this point is the length backwards of the streamline Lstrm−n and
the mean velocity field in the considered cylinder

−−→
u(t)intake−n.

When this data is obtained, the next step is to get the width of the plane
associated to the streamline. Thus, this width is obtained as:

Wstrm−n =
∫

Astrm−n

dA/Lstrm−n (5.9)

taking into account that the width of the associated plane is constant.
With the width of the associated plane, the time that the flow needs to advance
in one cell of the streamline, can be obtained as:

tcell−strm−n = 2 · Acell−strm−n

Wstrm−n · ||
−−→
u(t)intake−n||

(5.10)

taking into account that the cells in the associated plane of the streamline
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will be always triangles. Therefore, the time that the velocity field
−−→
u(t)intake−n

needs to go over the streamline with length Lstrm−n is:

tstrm−n =
∑

strm−n

tcell−strm−n (5.11)

Thus, the final step of all this process is to adjust the length, in order to
achieve a final value of tstrm−n that:

ϵstrm−n = |∆tintake−n − tstrm−n| <= 2% (5.12)

Applying this process to the 6-cylinder manifold, the obtained results are
presented in figure 5.20:

Figure 5.20: Intake length influence of cylinders in 6-cylinder manifold on operating
point 2.

As can be observed in figure 5.20, most of the cylinders have shared as-
piration zones. Thus, in these zones, the velocity field will change when the
cylinders that have influence in their flow field, start their intake period. In
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fact, figure 5.20 provides very useful information regarding EGR distribution.
For example, it is clear that cylinders 3 and 4 takes the mixing even near of
the mixer, and the sides of the manifold, where the EGR has more time to
be diffused, are ignored. Thus, this cylinders will swallow a very poor mixed
stream, and consequently, the EGR rate will be low, especially in operating
points where the EGR pulses are important (see point 2 and J in figure 5.8 and
figure 5.6) or operating points where the rate is low and do not have enough
penetration (see point 3 and J in figure 5.8 and figure 5.6). This phenomenom
is applicable independently of the considered mixer, especially in the experi-
mental cases, because this is a phasing effect, in which the transversal mixing
does not have relevance.

5.6 Conclusions

As a summary of this chapter, the following conclusions can be extracted:

• Using the numerical methodology that has been assessed in previous
chapter 4, three different mixers in 4-cylinder manifold have been stud-
ied in four different operating points. At the same time, three differ-
ent mixers in 6-cylinder manifold have been assessed in three different
operating points. Both manifolds with the corresponding geometrical
modifications have been studied regarding the EGR distribution and
evolutions of transversal and transient mixing indexes. Table 5.2 shows
the computational effort of the simulation campaign conducted in a Intel
Xeon E5-2630v3 (2.4GHz) processor for this chapter.

Table 5.2: Computational cost of chapter 5

Cases 12 9
Mesh size (millions) 1 6

Number of cores 16 16
Hours/case 22.9 264

Sum of kh*core 4.40 38.02

• The numerical models get acceptable results in terms of EGR distribu-
tion prediction for every mixer in both 4-cylinder and 6-cylinder man-
ifolds. In 4-cylinder manifold, the aligned mixer 2 gets better EGR
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distribution for every operating point than the baseline mixer 1, while
lateral mixer 3 is obviously the worst mixer due to its bad orientation,
but it is a good method to measure the ability of the numerical method
to predict these EGR differences. In addition, the benefits of placing
mixer 2 oriented to the main stream is clear, and the EGR jet has more
time to be mixed before arriving to the cylinders. On the other hand, the
differences between mixers in 6-cylinder manifold are not so clear. From
a general point of view, the baseline mixer 1 gets the best performance
in EGR distribution, in experimental and numerical way too.

• While in 4-cylinder manifold the differences in terms of the momentum
ratio coefficient (J) are remarkable depending of the considered mixer,
in 6-cylinder manifold are not so high. It has been demonstrated that
high values of J can produce important oscillations in terms of transient
rate index coefficient TRI (see point B of figure 5.5 and figure 5.14). In
addition, the mixing index MI assessment has demonstrated that, with
the spatial length between the mixers and the cylinders, it is enough to
get very high values of transversal mixing in both manifolds, getting most
of them a sigmoid trend regarding the analyzed length. In addition, the
differences in terms of MI are low between mixers and operating points
(with exception of aligned mixer 2 of 4-cylinder manifold). On the other
hand, the differences between mixers and operating points in terms of
TRI index are huge for both manifolds. It has been proved that high
levels of transversal mixing will not assure a good cylinder-to-cylinder
distribution regarding EGR, as is showed in figure 5.11 and figure 5.14
for operating point B.

• The breakdown of how much EGR swallowed by each cylinder comes
from a certain EGR pulse has been assessed as well. In fact, the first
guidelines to obtain the distribution of the EGR pulses have been devel-
oped, getting some conditions to check if some EGR pulse is tuned with
a certain cylinder, taking into account too the length of influence of its
intake, which has been estimated too in section 5.5.5.

• To summmarize, it is clear that high EGR pulses normally will produce
uneven EGR distribution, especially if are tuned with a single cylinder.
If the distances between the mixer and every inlet of the domain differs a
lot, the probability of a single cylinder taking more EGR than the others
of a certain EGR pulse increases. Thus, having centered mixers as mixer
1 and 2 of 4-cylinder manifolds contributes to mitigate that effect, while
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in 6-cylinder manifold the distances between the mixer and the cylin-
ders are very different, and this fact can contribute to a more uneven
distributions, especially for operating points with important EGR pulses
(see experimental traces of operating point 2 of figure 5.8). Thus the in-
teresting phenomenom is that placing a mixer very far for the cylinders
will provide very high rates of transversal mixing (see MI contours of
figure 5.13) but can lead into a worst transient behavior between the
cylinders. In addition, if the mixer is placed in the way that the dis-
tances to the cylinders is almost the same (mixer 1 and 2 of 4-cylinder
manifold), orienting it to the main stream will improve the mixing and
the distribution (see mixer 2 in figure 5.7).
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6.1 Introduction

In this chapter, a summary of the main contributions and achievements of the
document will be addressed. Thus, the main findings that have been achieved
will be highlighted in section 6.2. In addition, section 6.3 discuss the main
limitations of the developed works, which have influence in the accuracy of
the results and methodologies that have been applied to get it. At the end
of this chapter, in section 6.4 the possible paths of investigations in order to
improve the knowledge in the mixing between different streams in internal
combustion engines. The total computational cost of this Thesis, which have
been addressed in tables 2.2, 3.8, 4.14, 5.2 is about core-hours.

6.2 Summary of findings and contributions

6.2.1 Main original contributions

When a doctoral thesis is developed, it is necessary to analyze what are the
original contributions that the author has achieved with its realization. In fact,
this section summarizes the main original contributions, which are divided
regarding the considered configuration (LP-EGR or HP-EGR):

• Using the steady scheme in LP-EGR calculations, including the com-
pressor, have been demonstrated that this approach cannot represent
the temperature distribution properly when an heterogeneous inlet is
considered. In fact, the circumferential deviation in the discharge zone
of the compressor has been found (see figure 2.9), and the RANS simu-
lation could be shifted in order to get the same discharge point than the
URANS approach. Anyway, the correct approach to get reliable results
in high-quality simulations, must be the URANS scheme.

• If an heterogeneous inlet in a LP-EGR configuration is considered, the
effect in the global compressor performance is not so relevant. This
conclusion is different that the achieved by Reihani et al. [32] in which
the EGR stream produces remarkable effects in the inlet triangle of the
compressor. However, the penetration of the EGR jet in these cases
(measured with V R or J) are considerable higher than the used in this
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work, in which the geometry and parameter data corresponds to a real
operating points of the compressor.

• Considering the suitable mixing indexes, the volume condensation mass
flow generated inside a LP-EGR junction correlates linearly with these
indexes, even with high coefficients of determination. Thus, if a psychro-
metric condition is selected, the optimal design of a junction is the one
that achieves the lower mixing indexes, in terms of condensation mass
flow. In addition, in a humid flow test bench, temperature measure-
ments would be enough to assess the behavior of a junction. However, it
must be taken into account that a humid test bench or the condensation
submodel are still required if the quantification of the condensation mass
flow rate is sought. The main guidelines of junction design are provided
with the aim of reduce volume condensation; if the LP-EGR configura-
tion must include any valves, they have to be placed as far as possible of
the injection of the EGR stream, trying to decrease the influence of the
vortex after the valve, which can be very important in terms of mixing.
Furthermore, the injection of the EGR must be placed as close as pos-
sible of the inducer plane, in order to avoid increments of mixing along
the junction.

• Two different mixing indexes based on a scalar passive fraction and
temperature have been developed, in order to compute numerically the
amount of non-mixed area on a certain surface. In fact, these mix-
ing indexes have proved that can correlate well regarding J coefficient
in LP-EGR configurations and improves the predicted condensation in
comparison with other coefficients of the bibliography (see figure 3.5).
The developed MI based on scalar values, provides interesting results
in HP-EGR configurations for operating points with low load and low
and higher EGR rates. In addition, a transient index of mixing (TRI)
has been developed in HP-EGR configuration that can provide a lot of
information of the amount of EGR that arrives to a certain surface of
the manifold.

• In LP-EGR junctions, J has proved that is a key factor to analyze the
main flow patterns inside the domain and its correlation with the mixing
between the flows is notable. Thus, one optimal design would be a branch
or EGR leg aligned towards the outlet duct, in order to reduce J (and
therefore, the penetration of the EGR). In addition, if the EGR branch
could be designed with higher areas, the penetration of the flow will be
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lower, and indeed, the volume condensation produced will be reduced
consequently.

• In HP-EGR, the methodology to analyze EGR distribution in conjunc-
tion with 1D simulations and experimental measurements has been as-
sessed. The findings regarding this methodology are summarized:

– The loop between measurements, 1D, and CFD have been applied
in most of the analyzed operating points. Despite that some authors
have used a ’strong’ coupling between 1D and CFD simulations [55,
58], in this document, the calibration was performed using variables
like manifold pressure traces and inlet and EGR pressure traces and
mass flow values. Operating points with higher oscillation values
of EGR have proved that are more difficult to adjust.

– Regarding the validation of CFD models of HP-EGR using instan-
taneous measurements of CO2 percentage, it has been found that
experimental probes needs a substantial amount of time to analyze
the composition. Thus, higher frequency events are lost in this pro-
cess. Consequently, some smoothing process of the CFD traces, and
some move mean methods process for the experimental traces need
to be applied in order to get proper comparisons as was explained
in section 4.2.4.

– The placing of experimental probes must be selected carefully in
order to avoid unreal EGR values that comes to the cylinder. These
deviations can rise up to 20% in some cases as was assessed in
the 6-cylinder manifold engine, while in 4-cylinder manifold the
deviations were fewer due to his placement near the final runners
of the manifold.

• In HP-EGR, EGR distribution have proved that is a very case-dependent
phenomenon, and after the performed studies in chapters 4 and 5, the
main global findings of EGR dispersion are summarized:

– Operating points with high EGR pulses (which are indicated by J
parameter) can produce very uneven and non-flat distributions of
EGR between cylinders (point B of figure 5.7 and point 2 of figure
5.8). In these cases, transversal mixing (computed by MI) is less
important, considering that the transient mixing will be oscillating
and variable in the whole length of the manifold (see point B of
figure 5.14 and point 2 of figure 5.16). Thus, EGR pulses will be the
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cause of bad distribution of EGR, as was referred by Sakowitz et al.
[52], and the influence zone of the intake of a certain cylinder will be
crucial if the EGR field is not homogeneous (figure 5.20). Therefore,
in order to mitigate this effect, it is interesting that the distance
between the mixer and every inlet cylinder would be similar. That is
the reason which in 6-cylinder manifold all the EGR experimental
distributions are non-flat (figure 5.8) and in 4-cylinder manifold
mixer 2 provides flatter distribution than mixer 1 in point B. In
addition, the discrepancies between CFD and experimental results
are influenced too by the non-physical smoothing effect that was
explained by Sakowitz et al. [52] and therefore, to get more accurate
results, LES modeling of the turbulence would be desirable.

– Operating points with low load and medium/high EGR rates are
more susceptible to provide flat distributions of EGR, as proposed
by William et al. [134]. In these cases, diffusive effects will have
more influence in the EGR trade off, and thus, transversal mixing
(MI) will be a good indicator of the final rate. In fact, the best
mixer design provides better traces in both transversal and tran-
sient mixing index. Considering that, in these operating points, the
characteristic times will be higher, consequently, the EGR will be
more mixed in the same length, and thus, the differences between
mixer 1 and 2 in 4-cylinder manifold are low. (figure 5.8).

– Operating points with high load and low EGR rate are clearly dom-
inated by advective effects, and the diffusive and pulsating effects
have less influence in the final EGR rate. Although J can present
some higher pulses (see case D figure 5.5) the entire area below the
trace is clearly lower than in operating points with higher rates (case
B). In addition, point 3 on 6-cylinder manifold presents a negligible
penetration (figure 5.6). Therefore, the EGR will be transported
by the main stream path and recirculations. In fact, in 6-cylinder
manifold, the main stream have more difficult to turn around the el-
bow to the first cylinders (see figure 5.17). Thus, that is the reason
why the 3 mixers present an asymmetrical EGR distribution with
more EGR in the first cylinders (see point 3 of figure 5.8) because
most of the main stream takes the straight path. At the same time,
in point D the slightly differences in terms of J provides more pen-
etration to the EGR and then, is transported to the far cylinders,
while with less penetration, the main stream transport the EGR
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to the nearest cylinders. In addition, having a symmetrical mixer
in a symmetrical manifold as 4-cylnder case, the advective effects
provide almost symmetrical distributions of EGR (see experimental
data of case D of figure 5.7).

– In operating points that present low load and low EGR rate, diffu-
sion mechanisms are of greater importance than advective or pul-
sating effects. In fact, mixer 2 provides clearly better mixing rates
than mixer 1 (see case C of figure 5.11) and thus, EGR distribution
is clearly flatter for this mixer.

• The developed statistical regression of pollutants on 6-cylinder manifold
have proved that even with "V-shaped" distributions of EGR as oper-
ating point 2 of figure 5.8 its impact on the pollutants is below 2% in
comparison with a totally flat EGR distribution. In fact, dispersion and
EGR rate has to increase 50% and 25% respectively, the impact on emis-
sions would be around 7% for NOx and 13% for PM (in comparison with
a flat distribution case, see figure 4.27).

6.2.2 Other findings

Apart from the described main contributions, some methodological aims and
other findings are listed:

• The developed mixing indexes have proved on LP-EGR configurations,
that some volume condensation will be produced by psychrometric con-
ditions, and the rest will be produced by the mixing between air and
EGR streams. In fact, 0D model will always provide the highest value of
condensation that can be generated on a certain geometry and operating
conditions (see figures 3.7 and 3.8).

• When several studies of mesh and time-step size are performed, the
Courant number must be taken into account in order to avoid deviations
in EGR mass conservation. This issue has been overcome in 6-cylinder
manifold working with 1 CAD of time step size, while in 4-cylinder man-
ifold, 2 CAD is enough and the same order than the work of Dimitriou
et al. [58]. An interesting paradox can appear when a higher density
mesh can produce this continuity deviations if Courant number is not
considered.
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• During the validation process of CFD models in HP-EGR, inviscid ap-
proach has proved that can provide similar results that more complex
models in both average and instantaneous traces of CO2 percentage.
In symmetrical manifold, inviscid approach is suitable to provide very
symmetrical distributions of EGR.

• New methodologies have been developed in HP-EGR assessment regard-
ing the intake and EGR pulses. On one hand, the commented methodol-
ogy in section 5.5.5 provides an overall point of view of the distribution
of every EGR pulse, and some guidelines to analyze if some cylinder are
tuned with a certain pulse are exposed. On the other hand, using proper
CFD tools, a methodology to get an approach of the influence length of
the cylinders is presented, allowing to understand the causes of a certain
distribution of EGR in a not well-mixed manifold.

6.3 Limitations

Although the main objectives exposed in chapter 1 have been achieved, it
is necessary to mention the main limitations that are in the scope of this
document:

• Obviously, the bigger limitation of this thesis is that mainly all the
achieved results are obtained in a numerical way. Although most of the
numerical models have been validated against experimental measure-
ments and support the reliability of the conclusions, some uncertainties
can appear in every simulation, considering that mixing is a very case-
dependent phenomenon.

• The analysis of heterogeneous inlet in chapter 2 at different operating
points of the compressor, have been carried out with a 1.3 million cells.
Although the main variables were compared with a finer mesh of 4 mil-
lion cells and the overall compressor parameters and temperature traces
indicates very similar results, a finer mesh would be desirable to model
all the compressor map, especially in points in which the y+ factor can
grow up in a remarkable way. In fact, Navarro demonstrates that 9
million cells is a reasonable mesh size in operating points near to surge
region [72]. Furthermore, in chapter 2 only 1 type of jet penetration was
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considered in the whole study, so the influence of this factor was not
assessed.

• Although several mesh independence and time step independence studies
were performed in chapter 3 and chapter 4, the turbulence approach has
been fixed to RANS submodels in the whole thesis. However, in some
operating points, it would have been interesting that some bigger scales
were resolved, in order to capture better the influence in the mixing of
these eddies. In fact, in operating point 2 of 6-cylinder manifold, the LES
(or even DES) convenience was stated by Sakowitz et al. in a similar
operating point [52].

• In chapter 4 a statistical regression model was developed thanks to the
amount of operating points that was measured in the experimental facil-
ity. However, to check the influence of the numerical deviations on the
pollutants a similar model could have been made in 4-cylinder manifold
too and perform a similar analysis of the pollutant emissions.

• As was stated previously, all the developed thesis are very case-dependent.
In chapter 2, the heterogeneous inlet assessment was performed in one
centrifugal compressor while in chapter 3 the most standard junction
between air and EGR is the selected to perform the design of experi-
ments. Thus, the conclusions stated in section 6.2 are limited to these
geometries.

6.4 Suggestions for future studies

After the realization of this thesis, some paths of investigations have opened
in order to go deep in some aspects of the mixing in EGR configurations.

6.4.1 LP-EGR suggestions

• The influence of an heterogeneous inlet have been assessed in chapter 2,
however, although the main performance of the compressor have been
analyzed, a deeper analysis of the local effects of this phenomenon could
be perform, even exploring the differences between channels of the im-
peller by different methods to get an average values of local variables. In
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addition, as was commented in section 6.3, only 1 type of jet-penetration
mode was considered, so it would be desirable that more variety in J
were analyzed in this type of studies.

• Using the 0D condensation model, a linear correlation with the devel-
oped and bibliography mixing indexes have been performed in chapter
3. However, the behavior of these mixing indexes with non-linear corre-
lations could be studied, in order to obtain their results regarding the
final condensation of the junction.

• The new mixing indexes developed in this document have been defined
with several piecewise functions. Some alternatives in the mixing indexes
definition could be studied in LP-EGR junctions.

• The effect of imposing transient conditions could be studied in order to
assess their influence in the condensation generation and in the mixing
indexes. In addition, the whole LP-EGR system could be included with
transient inlet conditions with the TRI index in order to study the
variation of the instantaneous level of EGR rate.

6.4.2 HP-EGR suggestions

• Considering that EGR dispersion is a very case-dependent phenomenon,
the optimal numerical setup could be studied in more than 1 operating
point to compare the results, regarding the dominant effects of the inlet
conditions.

• Although the design guidelines that have been provided by this thesis are
focused in the EGR distribution, the influence of these modifications in
the volumetric efficiency of the manifold could be assessed. In addition,
the effects on EGR dispersion of some geometrical modifications, as the
ones presented by De Souza et al. [63], to improve volumetric efficiency
could be studied to analyze their influence in EGR distribution.

• The effects of the EGR pulses and the intake opening of the cylinders
in the final EGR distribution could be studied, getting a wider point of
view of the dominant effects in the whole operation range of the engine.
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“I would rather have questions that can’t be answered than answers that can’t
be questioned.”

Richard Feynman.
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