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Resumen

Science is magic that works.

Kurt Vonnegut

El empuje actual de las normativas de emisiones y una conciencia social
cada vez mads critica en este aspecto, ha llevado a la industria automotriz a
elevar sus estdndares en eficiencia a cimas nunca antes vistas. Con el mayor
peso de las nuevas normativas puesto sobre los vehiculos Diesel, la presién ejer-
cida sobre esta tecnologia es, si cabe, ain mas critica. Dada la necesidad de
mantener este tipo de plantas propulsivas en determinadas aplicaciones, como
son el transporte terrestre pesado, maquinaria o en el transporte maritimo,
es también necesario mantener su desarrollo. Como parte fundamental de los
motores Diesel, el sistema de inyeccién interviene directamente en la genera-
cién de la energfa. La mejora y optimizacion de su funcionamiento repercute
sobre la cadena de eficiencias del sistema. Esta tesis pretende contribuir al
desarrollo de las plantas propulsivas Diesel en este aspecto y, concretamente,
en el estudio de las geometrias de toberas Diesel de inyeccién directa. A lo
largo del texto, este tipo de geometrias son estudiadas tanto desde la perspec-
tiva del flujo interno como del flujo externo. Los estudios combinan modelos
numéricos Eulerianos (para flujo interno o interno-externo acoplado), modelos
Lagrangianos discretos (para el estudio del chorro), junto con medidas expe-
rimentales diversas que avalan los andlisis ejecutados. La exploracion de las
geometrias propuestas no queda acotada solamente a formas circulares, mas
convencionales, sino que también se ha extendido a toberas de morfologias méas
innovadoras como son las elipticas. Las metodologias presentadas demuestran
ser eficaces en el estudio de estos sistemas y una herramienta a tener en cuen-
ta en la mejora de su disenio. Los distintos resultados obtenidos defienden,
ademads, como la geometria de la tobera es un condicionante del desarrollo
posterior de la mezcla y puede ser utilizada como elemento de optimizacién
de la misma.
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RESUMEN XV

Abstract

The current push for emissions regulations and an increasingly critical
social awareness in this regard has led the automotive industry to raise its
efficiency standards to unprecedented heights. With greater emphasis on new
regulations placed on Diesel vehicles, the pressure on this technology is even
more critical. Given the need to maintain such propulsion systems in specific
applications like heavy land transport, machinery, or maritime transportation,
it is also necessary to continue their development. As a fundamental part of
Diesel engines, the injection system directly affects energy generation. Impro-
ving and optimizing its operation has an impact on the overall efficiency of the
system. This thesis aims to contribute to the development of Diesel propulsion
systems in this regard, specifically in the study of direct injection Diesel nozz-
le geometries. Throughout the text, these types of geometries are examined
from both internal and external flow perspectives. The studies combine Eule-
rian numerical models (for internal or coupled internal-external flow), discrete
Lagrangian models (for jet analysis), along with various experimental mea-
surements that support the conducted analyses. The exploration of proposed
geometries is not limited to conventional circular shapes but has also exten-
ded to more innovative morphologies such as elliptical nozzles. The presented
methodologies prove to be effective in studying these systems and serve as
a valuable tool in improving their design. The different results obtained also
argue that nozzle geometry is a determining factor in the subsequent mixture
development and can be used as an optimization element for it.






RESUMEN XVII

Resum

L'actual impuls de les normatives d'emissions i una consciencia social cada
vegada més critica en aquest aspecte ha portat a la indudstria automobilisti-
ca a elevar els seus estandards d'eficiéncia a cotes mai vistes abans. Amb el
major pes de les noves normatives imposades als vehicles diesel, la pressid
exercida sobre aquesta tecnologia és, si cap, encara més critica. Donada la ne-
cessitat de mantenir aquest tipus de plantes propulsives en determinades apli-
cacions, com el transport terrestre pesat, maquinaria o el transport maritim,
és també necessari mantenir el seu desenvolupament. Com a part fonamental
dels motors diesel, el sistema d'injeccié intervé directament en la generacid
d'energia. La millora i optimitzacié del seu funcionament repercuteix en la
cadena d'eficiencies del sistema. Aquesta tesi pretén contribuir al desenvolu-
pament de les plantes propulsives diesel en aquest aspecte i, concretament,
en l'estudi de les geometries de bussons diesel d'injeccié directa. Al llarg del
text, aquest tipus de geometries son estudiades tant des de la perspectiva del
flux intern com del flux extern. Els estudis combinen models numerics Eule-
rians (per a flux intern o intern-extern acoblat), models Lagrangians discrets
(per a l'estudi del corrent), juntament amb mesures experimentals diverses
que avalen els analisis realitzats. L'exploracié de les geometries proposades no
queda acotada només a formes circulars, més convencionals, siné que també
s'ha estes a bussons de morfologies més innovadores com les el-liptiques. Les
metodologies presentades demostren ser eficaces en l'estudi d'aquests sistemes
i una eina a tenir en compte en la millora del seu disseny. Els diferents resultats
obtinguts també argumenten que la geometria del busé és un condicionant del
desenvolupament posterior de la barreja i pot ser utilitzada com a element
d'optimitzacié de la mateixa.
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Capitulo 1

Planteamiento de la tesis

Instabilitas numeralis similis est karma,
nescis unde veniat, sed semper desinit
venire..

Anénimo

Resumen: Las lineas de esta seccion presentan una breve descripcién de
la evolucién histérica de las metodologias aplicadas a los sistemas de
inyeccion y, mas concretamente, a las toberas Diesel, hasta culminar con
el estado del arte actual. Se pone de manifiesto como este punto ha sido
posible gracias a la convergencia de diferentes técnicas y metodologias, a
veces provenientes de ramas dispares de la ciencia. Se finaliza el capitulo
con la descripcién de los objetivos de la tesis y su vinculacién con el
desarrollo del estado de los sistemas de inyeccién Diesel actuales.

1.1. Introduccion

Desde los anos 30 y a lo largo de todo el siglo XX, los vehiculos propulsa-
dos por un motor de combustién interna alternativo (MCIA) han proliferado
enormemente. Con una produccién en las primeras décadas de siglo més in-
tensa en Europa y Estados Unidos, su éxito se trasladé rdpidamente al resto
del mundo. El MCIA ha sido desde entonces uno de los ejes indiscutibles del
progreso de la sociedad gracias especialmente a su penetracién en lo que al
transporte de pasajeros y mercancias se refiere y a otros aspectos no menos
importantes como la generacién de electricidad. El uso global del motor ha ido
acompanado, como no podia ser de otra manera, de un aumento en el consumo
de combustibles fésiles y de las emisiones derivadas de la combustién de los
mismos. Se puede decir que fue a principios de los anos 70 cuando desperto el
interés por mitigar los efectos del uso ya mundial de los vehiculos siendo en
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este periodo, cuando se empezaron a incorporar los primeros elementos espe-
cialmente disenados para este propésito. El ejemplo més representativo es el
convertidor catalitico, introducido en Estados Unidos en esta década y cuya
funcion es reducir las emisiones de los gases una vez han abandonado la cdma-
ra de combustion durante una etapa de postratamiento con ayuda de ciertos
procesos quimicos. En Europa, la creciente demanda social de unos motores de
combustién sostenibles tanto para las personas como para el medio ambiente
se traduciria, a finales de los anos 80 y hasta nuestros dias, en la creacién de
las normas de denominacién EURQ. Dichos textos introducen una serie de
regulaciones y limitaciones al valor maximo de las emisiones en escape de los
vehiculo. El incremento progresivo de las restricciones se ha traducido en un
aumento de la presién depositada sobre la ingenieria necesaria para llevarlas
a buen término. De esta forma, dentro de los objetivos que forman parte de
las nuevas generaciones de motores de combustién deben existir fuertes face-
tas en términos de eficiencia energética y reduccién de emisiones para poder
enfrentar dichas restricciones. La necesidad de cumplirlas ha llevado a los in-
vestigadores a enfatizar en el diseno de cada una de las partes involucradas en
la generacién y aprovechamiento de la energia producida y no solo en el tra-
tamiento de los gases de escape. La electrificacién de componentes mecanicos,
la incorporacién de materiales mas ligeros, el uso de combustibles alternati-
vos, las nuevas estrategias de inyeccién, el aprovechamiento de la energia de
los gases de escape, los sistemas Exhaust Gas Recirculation (EGR), los filtros
antiparticulas o la introduccién de los catalizadores Selective Catalytic Reduc-
tion (SCR), son algunos ejemplos representativos de las mejoras alcanzadas
en las nuevas plantas propulsivas. En este sentido, la capacidad de empujar
la innovacién técnica en ciertos aspectos y procesos del motor se vuelve es-
pecialmente compleja debido a las propias caracteristicas que envuelven sus
condiciones de operacién. FEl estudio del proceso de inyeccién de combustible
y generacién de la mezcla, condicionante de la eficiencia de la combustion,
es, v ha sido durante muchas décadas, un tema dificil de enfrentar por los
ingenieros. Las escalas temporales y espaciales en las que dichos procesos se
originan y desarrollan, del orden de microsegundos y micrémetros, en condicio-
nes reales de operacion, hacen necesaria una ingenieria de detalle de compleja
ejecucion. La visualizacion del interior de las toberas de inyeccién o de la ca-
mara de combustién suele ser prohibitiva debido a las mencionadas escalas y a
los materiales metalicos empleados para su fabricacion, situacién que dificulta
el seguimiento de los distintos mecanismos que de desarrollan en su interior.
Adicionalmente, en la formacién de la mezcla convergen una serie de factores
cuyas influencias son dificiles de discernir y cuantificar, por un lado, se dan los
efectos de la geometria del inyector, especialmente de la tobera de inyeccidn,
sobre el flujo interno. En este aspecto, la morfologia de la tobera puede influir
en las condiciones del flujo a la salida del orificio y, por tanto, define las condi-
ciones iniciales del chorro. Por otro lado, el estado inicial del chorro a la salida
del orificio se superpone a la interaccién del combustible con el ambiente de
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la camara provocando un proceso de atomizacién, mezcla y evaporacién. La
inyeccién involucra, por tanto, el estudio de las caracteristicas de la tobera,
el flujo interno y la interaccién del chorro con las condiciones en el volumen
de descarga. Todos estos retos de conocimiento conforman la fuente primaria
de energia en el motor de combustion, el calor liberado y su aprovechamien-
to dependen directamente de la efectividad de la mezcla, y la capacidad de
optimizar este proceso repercutird directamente sobre la eficiencia de la com-
bustién y sobre el resto de rendimientos. Con la incorporacion a la técnica de
los métodos computacionales desde principios de los anos 70 y la mejora de
los modelos numéricos a lo largo de las décadas siguientes, los investigadores
han conseguido profundizar en las mecanicas del flujo interno de las toberas y
el chorro. La combinacién de simulaciones y medidas experimentales ha sido
fundamental a la hora de establecer y validar relaciones entre los pardmetros
geométricos de la tobera y sus efectos sobre el flujo, especialmente dada la
capacidad de observar las dindmicas del fluido en cualquier punto del dominio
de una simulacién. Asi, se puede afirmar que los sistemas de inyeccién moder-
nos dificilmente habrian alcanzado el nivel tecnolégico actual sin la aplicacion
de los métodos computacionales a la mecanica de fluidos y al estudio de estos
procesos. Sin embargo, los primeros estudios aplicados a este ambito se dieron
durante las décadas de los anos 30 y 40, mucho antes de la computacion, con el
desarrollo de los sistemas de inyeccién de combustible dentro de una incipien-
te industria automovilistica, avida de la incorporacién de nuevas tecnologias.
Con la intencién de cuantificar el efecto de las geometrias de inyeccién sobre
el flujo, algunos de estos estudios, de cardcter eminentemente experimentales,
aparecen de la mano de pioneros como Gelalles [1], que en 1930 ya relacioné
ciertos parametros de la tobera de inyecciéon de un motor de encendido por
compresion, como el diametro de salida, la longitud de la tobera o el radio de
hidroerosion a la entrada de la misma, con el coeficiente de descarga. Gelalles
empled este nimero adimensional frente a diferentes rangos de presiones para
caracterizar diferentes geometrias, lo que le permitié definir ciertas necesida-
des constructivas de las toberas para mantener un alto flujo de combustible.
Otra aportaciéon temprana, ésta vez incluyendo el flujo externo, fue realizada
por Lee [2, 3], fotografiando el efecto que distintas geometrias de inyeccién
tenfan sobre el chorro bajo diferentes condiciones de descarga. En la Figura
1.1 y Figura 1.2 se pueden observar las capturas obtenidas de la dispersién del
chorro.

Aunque los conceptos generales de como la atomizacién influenciaba a la
combustién eran a grandes rasgos conocidos, el creciente interés de los investi-
gadores por la dindmica del chorro favorecié la bisqueda de explicacién a los
fenémenos més complejos. La problemaética de las dindmicas fisicas que compo-
nen el evento de inyeccion, desde el paso del flujo por la geometria de la tobera,
la dispersién del combustible en camara, la atomizacién hasta la combustién
llevé a los estudiosos a enfocar el problema desde perspectivas diferentes. A
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Figura 1.1: Evolucién de la penetracién un chorro para distintas presiones de
descarga, Lee [3].

veces de una forma méas general, a partir de pardmetros macroscépicos del
flujo y el chorro como pueden ser las medidas visuales de penetracion o angulo
y otras, a través de las escalas mdas pequenas, como el comportamiento de
las gotas, la atomizacion o la concentracion de especies. Uno de los primeros
trabajos en centrarse en esta relacién lo condujo Probert [4] en 1946. En éste,
partiendo de distribuciones Rossim-Ramler de gotas y dindmicas de gotas in-
dividuales, se relaciona el tamano y distribucién de las mismas con la tasa de
evaporacion y su influencia sobre la combustién. El estudio de la dindmicas de
gotas, a partir de estudios como este, marcaria las aproximaciones al chorro
en décadas posteriores donde el chorro, en la zona suficientemente dispersa, se
asemeja a un conjunto de gotas gobernado por comportamientos individuales.
También son remarcables los estudios tempranos sobre gotas y la vaporizacion
del combustible de El Wakil et al. [5, 6] y de Joyce et al. [7] en afios siguien-
tes, donde la atomizacion del combustible es relacionada con sus propiedades
fisicas. Desde la perspectiva macroscépica, Forstall y Shapiro [8], utilizando
técnicas de mapeado mediante un fluido trazador, estudiaron en el transporte
del momento y masa en el chorro gaseoso. Analizaron la dispersiéon del com-
bustible relaciondandola con los nimeros de Schmidt y Prandtl, pardmetros
fundamentales en el estudio de los chorros. En el aspecto de la trasferencia
de velocidad y masa, son interesantes las aportaciones de Sforza y Trenta-
coste [9, 10] y sus conclusiones sobre la autosimilaridad de chorros frente a
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Figura 1.2: Efecto de la geometria en la forma del chorro, Lee et al. [3].

distintos perfiles de velocidad iniciales. De Corso et al. [11, 12], investigé el
comportamiento del chorro desde ambas posturas, por un lado, macroscépica,
estudiando la influencia de la presién sobre el angulo y, por otro, microscépica,
a través del analisis de imédgenes del tamano resultante de las gotas. Bergwerk
[13], de forma similar a los estudios de Gelalles y Lee de principios de siglo,
observé el efecto de la morfologia de la tobera sobre el flujo interno y sobre
el chorro utilizando geometrias transparentes fabricadas en perspex. En sus
estudios, se relaciona la presién de inyeccién y los radios de hidroerosion a la
entrada de las toberas, entre otros parametros, con la cavitacién, la atomi-
zacién, y el nimero de Reynolds. Aunque las escalas de las geometrias eran
mayores que las empleadas en los inyectores reales, los investigadores actuales
aln emplean estas ideas en montajes experimentales. Los aportes de Lyn et
al. [14, 15] para la visualizacién de los chorros y la combustién también se si-
guen aplicando en la caracterizacién de chorros. En ellos, se utiliza el método
de Schlieren para, mediante una cdmara rapida, visualizar las variaciones de
densidad dentro de la cdmara de descarga. Dichos gradientes de densidades
diferencian entre la fase gaseosa del chorro y el aire circundante (Figura 1.3) lo
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que permitié estudiar la evolucién del combustible en condiciones evaporativas
e incluso ciertos aspectos de la combustién. Sobre la influencia de las toberas
en este proceso, Lyn et al. [16] analizo el efecto de ciertas geometrias princi-
palmente sobre el retraso en la ignicién y bajo distintas condiciones de presién
y temperatura. Si bien sus resultados al respecto no fueron muy concluyen-
tes, si detecté un aumento de la tasa de liberacién de calor con la reduccién
del ratio longitud-didmetro de las toberas (I/d). Aunque no fuera el principal
objeto de anélisis, este articulo contempla el uso de una tobera multi-orificio
(9 orificios) taladrada mediante un haz de electrones, del mismo tipo que las
toberas modernas. Watts et al. [17] realiza un resumen de algunas de las prin-
cipales preocupaciones de los ingenieros de la época relativas al desarrollo de
los motores de inyeccién directa. Por una lado, la dificultad en la generacion
de turbulencia en camara, debida a su propio diseno y al de los colectores de
admisién, que ayude a la mezcla. Y por otro, la interaccién entre los chorros
v la geometria de ésta y la necesidad de aumentar el ntimero de orificios para
disminuir dicho efecto (a costa de poder fabricar orificios mas pequenos que
pudieran mejorar la distribucién del combustible). Watts et al. dejaba dos
conclusiones principales, en una primera dudaba, quizds introduciendo cier-
to pesimismo, de la capacidad de avanzar mucho més en el desarrollo de los
motores de inyeccién directa Diesel, uniéndose de esta forma a otros célebres
prondsticos (“El caballo estd aqui para quedarse, pero el automévil es sélo
una novedad, una moda pasajera”. —El presidente de la Caja de Ahorros de
Michigan aconsejando al abogado de Henry Ford no invertir en Ford [18].) Sin
embargo, su segunda conclusién fue bastante més acertada. En ella, deposita-
ba el peso de los posibles avances en un mejor entendimiento de los fenémenos
turbulentos y en una re-orientacion del peso que los sistemas de inyeccién de
combustible tenian en el disefio general del proceso de combustion, hasta la
época, mas enfocado en la camara.

Muchos de estos avances llegarian de mano de la tecnologia digital, fa-
cilitando la incursién por parte de los investigadores en nuevos detalles del
funcionamiento y diseno de los motores. Un ejemplo de estas nuevas metodo-
logias de investigacién lo da Austen et al. [19] a principios de los 60, empleando
un computador digital para obtener la tasa de liberacién de calor en funcién de
la tasa de inyeccién. Sus resultados eran generados a partir de la introduccion
de 4 pardmetros del motor, angulo del cigiienial, presién del cilindro, presion
en la tobera y la altura de la aguja, en un modelo calibrado. Un computador
LEO se encarga del tedioso proceso iterativo de las ecuaciones. Knigh et al.
[20] también fue pionero en el modelado computacional del sistema de inyec-
cién, donde una serie de ecuaciones acoplaban un modelo de bomba e inyector
midiendo el desempeno de la tobera.

En general, se puede afirmar que en los anos 50 y 60 ya existia una lite-
ratura notable entorno a los procesos internos de los motores de combustién
[21-23], que facilmente podia comenzar a interactuar con toda esta nueva rama
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Lyn and Valdmanis: Application of High Speed Sehlieren Photography

FOLTION OF LIGHT SOURCE
MAGE ON BTEP WEDGE

CHAMBER 2-875° DIA

Figura 1.3: Fotografia del chorro empleando el método de Schlieren, Lyn et
al. [14].

digital de la ciencia. De la mano de Shockley, Bardeen y Brattain (inventores
del transistor en 1947), se cumplia asi el vaticinio del famoso matemético L.F.
Richardson (1881) (“Quizds algiin dia en el futuro sera posible avanzar en los
calculos mas rapido de lo que avanza el clima a un coste menor al de la infor-
macion ganada. Pero eso es un sueno.”) hablando de la que fuese considerada
la primera aplicacién de la historia de la Mecédnica de Fluidos Computacio-
nal, o CFD, La Fébrica de Clima de Richardson. Con el avance del hardware
informaético, la mecanica de los fluidos comienza a ser estudiada desde una nue-
va perspectiva, donde las ecuaciones, inicialmente dificiles de resolver, ahora
pueden ser rapidamente calculadas numéricamente. La convergencia de estas
dos ramas de la ciencia dio lugar a lo que hoy se conoce como mecéanica de
fluidos computacional. Esta unién influyé, como no podia ser de otra forma,
en el desarrollo de los motores de combustion interna y poco tardaria en ser
usada todos los aspectos de los mismos, desde el diseno de los sistemas de
gases y forma de la camara hasta el estudio del chorro y la combustién. En
los anos 60 y 70 y paralelamente a los estudios tradicionales experimentales,
comienzan a aparecer trabajos basados en modelos computacionales aplicados
a la inyeccién y a la combustién. Estos primeros estudios computacionales
eran capaces de presentar problemas complejos en el contexto de la fuerza
de calculo disponible. Y, en comparacién con las alternativas manuales de las
décadas anteriores, el avance fue nada menos que extraordinario. Como curio-
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sidad, Kawaguti et al. [24] (1953), tardé nada menos que un ano (20 horas a
la semana) en resolver las ecuaciones de Navier-Stokes para un flujo a un régi-
men de Reynolds de 40 alrededor de un cilindro aplicando una discretizacion
de 232 elementos. Los primeros trabajos con modelado geométrico solian ser
bidimensionales, como el presentado por el mismo Kawaguti et al. [25] afos
mas tarde, donde empleaba una malla de 120 elementos para discretizar y
resolver una cavidad a distintos nimeros de Reynolds. En este problema, la
integracion de las ecuaciones fue realizada por un ordenador PC-1 con unos
tiempos de calculo de unos 20 minutos con, como podra apreciarse, una infi-
nita mejora del aprovechamiento del tiempo personal en comparacién con la
resoluciéon manual.

Figura 1.4: Fotografia del ordenador PC-1 de la Universidad de Tokio, Japon.
[26].

=

En este sentido, el niimero de elementos del que se podia hacer uso para
la discretizacion de los dominios geométricos imponia una importante limita-
cién en la precisién de algunos problemas y a la estabilidad numérica [27, 28].
Fueron considerables los desarrollos de modelos paramétricos calculados por
ordenador, por ejemplo, el ya mencionado de Austen et al. [19] o el plantea-
do por Brown et al. [29], donde se modelaba el flujo mésico de los conductos
de un sistema de inyeccién incluyendo la generacién de vapor por cavitacion.
Whitehouse y Way [30] también se interesaron por la capacidad de los orde-
nadores digitales de analizar los procesos en el interior del cilindro. En este
caso, y bajo una serie de hipétesis de calculo y alimentando el modelo con
las especificaciones del motor, eran capaces de replicar los diagramas termo-
dindmicos de funcionamiento. Los nuevos trabajos computacionales debian
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enfrentar, necesariamente, a los distintos modelos matemaéticos con la reali-
dad empirica construida durante los periodos anteriores. A este respecto, era
dificil obtener modelos que pudieran emular de forma satisfactoria todos los
eventos en el interior del cilindro. Este hecho se acentuaba si se tiene en cuenta
que el conocimiento sobre dichos aspectos se encontraba en constante evolu-
cién. Ya fuese para mejorar la estabilidad numérica, la eficiencia del cédlculo
o para adaptarse a comportamientos de flujo especificos, surgieron una gran
variedad de nuevos modelos matematicos aplicados al desarrollo del problema
de la turbulencia, nuevas formas de aproximar la mezcla o sobre la quimica de
la combustién, con especial mencién a las aportaciones de Bracco et al. [31,
32], y mejoras en aspectos mas técnicos, como los algoritmos de resolucién o la
discretizacién del dominio. En [32], se analiza una de las primeras simulaciones
multifisicas, evaporativas y transitorias de una inyeccién directa en cdmara de
combustién (bidimensional), la fase liquida es modelada mediante un marco
discreto Lagrangiano y el gas ambiente (inerte) mediante un enfoque continuo
Euleriano.

El avance imparable de los recursos a disposicién de los investigadores
permitia poco a poco el estudio de problemas cada vez més ambiciosos. La ca-
pacidad de resolver las ecuaciones de Navier-Stokes en geometrias reales de los
sistemas del motor llevé a la necesidad de modelar correctamente flujos cada
vez méas complejos, donde cambios bruscos de direccién, separacién de la capa
limite o zonas propensas a fenémenos como la cavitacién eran comunes. Esto
llevé a autores como Schlichting [33], Launder et al. [34-37], que popularizaria
el conocido modelo k — e de dos ecuaciones, Spalding et al. [38, 39] o Pope [40,
41], a fijar su atencién en el comportamiento turbulento del fluido. El interés
por los sistemas de inyeccion, especialmente en las décadas de los 70 y 80
coincidiendo con las primeras politicas de control de emisiones, propicié que
muchos investigadores, algunos inicialmente experimentalistas como Spalding
[42], incluyeran de forma principal el uso de la computacion en el estudio de
la inyeccién y de la combustién [43]. A partir de la década de los 70 y 80, la
inyeccién directa de combustible comienza a generalizarse, volviéndose mucho
més relevante para la industria del transporte . Las nuevas motivaciones y
técnicas disponibles tuvieron que lidiar con una descripciéon del chorro y la
mezcla que debia hacerse cada vez en condiciones més dificiles, con veloci-
dades del chorro y presiones en cdmara mayores que intentaban mejorar los
rendimientos del motor.

Son destacados los articulos de Adler et al. [44, 45], sobre la inyeccién di-
recta del chorro diesel y la generacién de modelos en condiciones evaporativas
y de swirl, y de Gosman et al. [46, 47| sobre el movimiento turbulento de los
fluidos, y que en la década de 1980 extendié al comportamiento de la inyeccién

! Aunque la inyeccién directa se popularizé a partir de la década de los 70, los primeros
sistemas se instalaron en algunos modelos de aviones y coches de carreras en la década de los
40 y 50. En general, hasta ese momento la inyeccién se realizaba en el colector de admision,
en el caso de motores de gasolina o bien en una preciamara para el caso de motores Diesel
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directa [48] y a la combustién [49, 50]. En sus investigaciones, tanto Lyn et
al. como Gosman et al. concentraron sus esfuerzos en acoplar el comporta-
miento del chorro con la cidmara de combustién. En este aspecto, Gosman et
al. [48], de forma similar a Bracco et al [32] y sobre los estudios de Haselman
y Westbrook [51], emplea un modelo discreto Lagrangiano para aproximar el
comportamiento de la atomizacién, poniendo especial atencion al acoplamien-
to entre la fase continua y discreta. Las gotas eran inyectadas directamente en
una posicién determinada y con un didmetro especifico segiin una distribucion
de probabilidad, de forma que se cumpliera la masa total inyectada determi-
nada por una curva de tasa. La aproximacién Lagrangiana al modelado del
chorro [52-54] se convertirfa en la forma mds usual de proceder en el andli-
sis numérico de la inyeccién directa y la combustién [54-56]. Menos costosa
en términos computacionales que las aproximaciones continuas, al modelar el
combustible mediante particulas discretas, estos enfoques se aprovechaban fa-
cilmente de las teorias desarrolladas anteriormente en torno a la evaporacién y
comportamiento de gotas individuales. Sin embargo, los modelos de este tipo
pecaban de un exceso de parametrizacién, si bien este defecto se iria reducien-
do con la evoluciéon de los mismos. El acople entre la fase liquida Lagrangiana
y la fase Euleriana gaseosa de la cdmara llevo a Gosman et al.[48] a denotar
en sus conclusiones la elevada magnitud de la turbulencia local, generada por
el evento de inyeccién, que superaba a la inducida por el swirl, y resalta el
potencial efecto de la turbulencia a la salida del orificio como condicionante
del proceso de mezcla.

La geometria interna del sistema de inyeccién, y mas concretamente las
toberas de inyeccién no acapararian el mismo nivel de interés que el estudio
del chorro, quizas debido a que los primeros datos sobre el tema no otorga-
ron un especial peso a este factor en el proceso de atomizacién. Castleman
[57], en 1933, asociaba casi exclusivamente el inicio del proceso de rotura a la
diferencia de velocidades entre el aire y el gas circundante de la cdmara. Sin
embargo, a partir de la década de los 80, las investigaciones se inclinan hacia
un claro efecto combinado de la tobera y las condiciones en el volumen de
descarga. En estos anos, en el marco del estudio del chorro, algunos autores
como Hiroyasu et al. [58-62], pusieron especial atencién a los condicionantes
del comportamiento del chorro en términos de presion de inyeccién y densidad
ambiente para unas condiciones reales de funcionamiento del chorro Diesel de
hasta 750 bar de presiéon de inyeccion y 20 bar de contrapresion. Entre sus
conclusiones més importantes destacan, la independencia del angulo del cho-
rro frente a la presién de inyeccién en regimenes de atomizacién completos,
la variacion de este con la densidad en camara y el efecto de la velocidad el
chorro sobre la penetraciéon. En sus estudios incluyo el uso de varios tipos de
toberas con diferentes ratios de longitud-didmetro (I/d) y didmetros. La for-
ma de la tobera se anadia en la prediccion de la penetracion a través de un
coeficiente especifico. Otros investigadores como Arai et al. [63, 64] y Shimizu
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et al. [65] contribuyeron de igual forma a estas lineas de investigacién obte-
niendo expresiones para la caracterizacién del chorro, més o menos similares,
donde las principales dependencias de la evolucién del combustible en camara,
para una misma tobera, se concentraban en la diferencia entre la presiéon de
inyecciéon y la contrapresion, el diametro de la tobera, la densidad del gas en
cdmara, y el tiempo, como bien concluiria Desantes et al. [66]. La creciente in-
fluencia del flujo interno en el desarrollo de la inyeccién y combustién ganaba
fuerza entre la literatura, como demostraba la necesidad de incluir parame-
tros geométricos de la tobera en las ecuaciones de definicién de la evolucién de
la penetracion del chorro. Respecto a esta tltima afirmacién, tanto Hiroyasu
como Arai enunciaron el efecto de los pardmetros didmetro de salida y ratio
longitud didmetro (I/d) sobre el chorro. A grandes rasgos, valores [/d menores
tendian a reducir la longitud de rotura mientras que valores mayores del dia-
metro la aumentaban, sin embargo y aunque dejaban resultados interesantes,
los parametros seleccionados no tenfan en cuenta elementos mas complejos
de la geometria. Otros autores, como Reitz et al. [67] estudiaron sus efectos
a través de visualizacion directa con camaras rapidas de la zona cercana a
las toberas. En su estudio, considerd distintos parametros geométricos de la
tobera: ratio [/d, conicidad y redondeo de la seccién de entrada y relacioné
los valores del angulo del chorro en condiciones Diesel con los distintos pa-
rdmetros de las toberas seleccionadas y las condiciones de inyeccién. Entre
sus resultados destaca la importancia de las propiedades del combustible y,
concretamente, la viscosidad, obteniendo una variacién inversa del valor del
angulo con ésta; la obtencién de valores mayores de dngulo al disminuir el
ratio [/d; y la obtencién también de valores mayores al disminuir el ratio de
densidades. Es mas, en sus discusiones expone que, dada la existencia de dis-
tintos valores en el angulo para un mismo punto de operacién en toberas con
un mismo didmetro de salida, las diferencias encontradas deben deberse a las
variaciones experimentadas por el flujo interno producidas por las diferencias
en la geometria interna. Reitz concluye que, un solo mecanismo, ya sean las
fuerzas inerciales, las de interaccién aerodindmica o las turbulentas del fluido,
no es capaz de explicar por si mismo el comportamiento de la atomizacién por
completo y, por tanto, todos ellos han de ser tenidos en cuenta en el estudio
de la mezcla. Los estudios de Reitz sobre la evolucién del proceso de rotura
[68-70] darfan lugar a los modelos blob de rotura en los que, sobre un didmetro
inicial de la columna liquida, se aplican sus teorias de la inestabilidad inicial de
onda, muy usados actualmente. Otros trabajos continuarian todos estos pen-
samientos, Wu et al. [71, 72], estudi6 como la geometria de una tobera podia
afectar al desarrollo de la vena liquida y al inicio de la atomizacién. Aunque los
experimentos de su trabajo se realizaron en unas condiciones alejadas de las
de funcionamiento de un inyector Diesel, algunas de sus conclusiones pueden
ser trasladadas a geometrias de toberas convencionales, como otorgar un peso
especial a las condiciones turbulentas a la salida del orificio en la germinacién
de la rotura de la vena liquida. La relacion entre la longitud de la tobera y el
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didmetro del orificio también fue objeto de interés en [72]. Wu et al. muestra
que una relacién [/d elevada puede favorecer que el flujo desarrolle un perfil
turbulento completo. Sin embargo, esta condicién se relaja en toberas reales
de inyeccién dada la mayor velocidad de los flujos y, las ya de por si, comple-
jas caracteristicas geométricas que poseen y que inducen dicho fenémeno. El
estudio del flujo interno desde el punto de vista numérico supondria un gran
avance en la comprensién de la influencia de la geometria sobre el mismo. Sin
embargo, este tipo de trabajos computacionales no llegarian hasta la década
de los 90 y principios del siguiente milenio, donde las simulaciones, dotadas
de méas medios, adquieren la entidad suficiente para replicar las detalladas
geometrias de inyeccion.

La difusion de los métodos computacionales en el estudio de la inyecciéon
produjo que durante los afios 80 y 90 comenzasen a asentarse ciertos modelos
de célculo, a esto contribuyd en parte el nacimiento de los primeros cédigos
CFD. La aproximacién fisica de la inyeccién seguiria siendo eminentemente
Euleriana-Lagrangiana hasta los iltimos anos del pasado siglo y las soluciones
mas artesanales de los anos anteriores se verian normalizadas hacia ciertos
estandares junto con las ecuaciones empleadas, especialmente en lo relativo a
los modelos turbulentos, y los algoritmos de resolucién. Algunos de los modelos
de cierre del problema turbulento mas empleados en la actualidad vieron la
luz en estos anos, destacando los modelos Reynolds Averaged Navier-Stokes
(RANS) de dos ecuaciones como el k—e [34], més adecuado para chorro libre y
alto nimero de Reynolds, o el k—w desarrollado por Wilcox [73], més enfocado
en flujos con una alta importancia de los bajos nimeros de Reynolds o flujos
confinados.

Con el comienzo de las restricciones en las emisiones, el estudio de la com-
bustién intentaba ahora replicar los términos de las medidas experimentales
tanto en eficiencia como en los residuos generados. Hiroyasu et al. [74, 75] em-
pleé un modelo propio basado en una divisién por paquetes del chorro, donde
el combustible evolucionaba en cdmara segin una ley de penetracién [63]. Al
modelo principal de inyeccién se acoplaron un modelo para el calculo del calor
liberado y otro para las emisiones de hollin y NO. Aunque los célculos del
rendimiento del motor fueron aceptablemente fiables, la precisién de los mo-
delos de emisiones era deficiente, pudiendo predecir tendencias pero no valores
absolutos. De forma similar pero empleando el cédigo KIVA [76], uno de los
primeros software CFD de cardcter mas comercial, O’'Rourke [77] estudié la
inyeccién directa (n-octano) con combustién mediante un modelo discreto de
gotas sobre una geometria de cilindro y pistén movil. La masa de combustible
introducida en el cilindro seguia una ley de inyeccién experimental que definia
la velocidad de inyeccién mientras que el angulo de las gotas inyectadas era
calculado proporcionalmente al cuadrado de la relacién de densidades y un
coeficiente de correccién. El tamano de las gotas de entrada dependia de un
coeficiente empirico. Se encontraron fuertes dependencias entre los pardmetros
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de la inyeccién (velocidad de inyeccién, tamano de las gotas inyectadas...) y
las variaciones en camara, haciéndose patente la importancia de la correcta
definicién de los pardmetros de inyeccién. En general, el modelo no conseguia
comportarse adecuadamente ni en los pardmetros de rendimiento ni en las
concentraciones resultantes, dandose los mejores resultados en los casos a alta
carga mientras que, a baja carga, las discrepancias frente a las medidas experi-
mentales aumentaban considerablemente. Pese a todo, la capacidad de incluir
los nuevos métodos de turbulencia, las leyes de pared, geometrias moviles y
nuevos modelos de generacién de calor y emisiones fue un paso sorprendente
en el potencial predictivo de los modelos numéricos aplicados a los sistemas
de inyeccién directa.
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Fig. 23. Contour plots of specific turbulent
kinetic energy at 58° BIDC.
Fig. 24. Spray particle position plots at 13°
BIDC.

Figura 1.5: Detalle de algunos de los resultados de O’Rourke [77], distribucién
de energia cinética turbulenta, mallado y particulas de combustible inyectado.

Zellat et al. [78], como O’Rourke, estudié la combustion en este caso Diesel
en precamara empleando también el cdédigo KIVA. Para ello se vio obligado a
modelar el sistema de precdmara acoplado al cilindro junto con un modelo de
pistén mévil (Figura: 1.6) para ejecutar la compresiéon. Con un modelo propio
de combustion derivado de sus investigaciones, estudié el efecto del tiempo de
inyeccién y la carga sobre el desarrollo de la inyeccién y analizé el efecto de la
geometria de la precamara y del piston sobre la mezcla dentro del cilindro. En
ausencia de validaciéon de las emisiones generadas, sus resultados numéricos
consiguieron acercarse bastante a los experimentales en términos de presion
en el cilindro para todos los puntos de operacién. La posibilidad de incorporar
geometrias realistas junto con la inclusién de nuevos submodelos de célculo
reactivo y de emisiones, entre otros, aunque no fueran validados en todas sus
facetas, iba aumentando ese potencial predictivo al que aspiraban este tipo de
trabajos.

Hay que mencionar que las técnicas experimentales de medida aplicadas a
los sistemas de inyeccién y combustién evolucionaron a medida que lo hacia
la electrénica. Los dispositivos de captacién de datos (presion, temperatura,
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Figura 1.6: Malla empleado por Zellat et al. para modelado de pistén y pre-
camara, de [78].

emisiones...) mejoraron en resolucién y precisién y disminuyeron en tamano.
La visualizacién del chorro, por iluminacién directa o la técnica de Schlieren,
fue complementada con el uso de las camaras réapidas digitales. Naber y Sie-
bers [79] siguiendo la obra de autores como Hiroyasu, utilizaron este tipo de
dispositivos para visualizar la dependencia de la penetracién y el dngulo del
chorro de las condiciones de inyeccion. Sus investigaciones consiguen ampliar
y sintentizar las conclusiones de autores anteriores sobre un sistema common-
rail de inyeccién moderno. Conectando el sistema a un inyector mono-orificio,
se tomaron medidas en condiciones evaporativas y no evaporativas hasta 1600
bar de presién de inyeccion y 124 kg m— de densidad en cAmara. Estos autores
ejecutaron una extensa matriz de ensayos utilizando diferentes toberas previa-
mente caracterizadas por su conicidad, ratio [/d y comportamiento hidrdulico
dado por los coeficientes de descarga, drea y velocidad. Las imdgenes toma-
das con las camaras rdpidas empleando la técnica de Schlieren sirvieron para
analizar el contorno de los chorros en las diferentes condiciones. Corroboraron
el valor del dngulo como un factor independiente de la presién de inyeccion y
como el valor estacionario del mismo determinaba proporcionalmente el aire
englobado por el chorro. Al analizar los valores de dngulo frente a los pardame-
tros geométricos de las toberas seleccionadas para el estudio, concluyeron que
no se podia establecer una relacién directa entre los didmetros de los orificios
de salida, sino que habia que considerar otros parametros de la morfologia
de la tobera. Esta conclusion debe ser resaltada si se tiene en cuenta que los
autores [80] solian considerar inicamente el didmetro como medida geométri-
ca relevante. Naber y Siebers, incluyeron los efectos de la geometria a través
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de la incorporacién no solo del coeficiente de descarga o el didmetro como ya
hicieran Dent et al. [81] o Hiroyasu et al. [60] sino a través del coeficiente de
velocidad y de drea. A parte de los métodos de iluminacién ya mencionados,
surgieron nuevos sistemas opticos con la utilizacion de sistemas de luz laser pa-
ra medir velocidades y distribuciones de gotas como los PDA (Phase Doppler
Anemometry) [82, 83] y variantes posteriores. Dentro del cilindro, la compren-
sién de la combustién mejord con nuevos montajes, como los empleados por
Allen et al. [84] o Schefer et al. [85] entre otros [86, 87], donde un haz pulsado
l4ser configurado en una determinada frecuencia de emisién era utilizado para
excitar e iluminar moléculas especificas, y donde un emisor de luz ultra-violeta
se empleaba para iluminar el OH resultante de la combustién. Los nuevos da-
tos experimentales, ahora més fiables y detallados repercutian también en los
modelos numéricos. Como se ha dicho, el interior de las toberas de inyeccién
recogia cada vez mas el interés de los investigadores, situacién en parte pro-
movida por una mayor cantidad de datos que abrian el paso a nuevas lineas de
investigacién. Aunque el modelado de las toberas ya se realizaba con sistemas
0D y 1D como el presentado por Catania et al. [88] o Tokuta et al. [89] para la
prediccién de senales de tasa entre otros valores, es en estos anos (a principios
de los 90), cuando aparecen los primeros estudios enfocados en la resolucién
del flujo interno. Kano et al. [90], resolvi6 las ecuaciones de Navier-Stokes
sobre geometrias bidimensionales de toberas VCO (Valve Covered Orifice)
Diesel con intencién de aportar soluciones que mejoraran la atomizacion sin
necesidad de emplear altas presiones de inyeccién. En cuanto a estudios tridi-
mensionales, uno de los primeros se puede encontrar en el trabajo de Bruni et
al. [91], en el que se analiza una geometria de un inyector de 5 orificios Diesel
en un software comercial. Presentando cada orificio una inclinaciéon diferente
respecto al plano perpendicular al eje del inyector, la totalidad de la geometria
se discretizaba con 48960 elementos. Lo comedido de este refinamiento sugiere
una precision pobre de los resultados, que no se validan experimentalmente,
y més teniendo en cuenta la ausencia de modelos de cavitacién en una tobera
sin ningun tipo de hidroerosién o redondeo a la entrada. Bien es verdad, que
las presiones de inyeccién aplicadas eran moderadamente bajas (400 bar) y
que, por tanto, es posible que las imprecisiones por omitir este efecto se vieran
minimizadas. Atin asi, se efectia un analisis detallado de los resultados del
flujo interno teniendo en cuenta distintas alturas y desviaciones de la aguja
de inyeccién. Entre los valores analizados se encontraban la masa por orificio
v la energia del flujo por orificio segin la posicién de la aguja. Estos pardme-
tros, dificilmente observables experimentalmente, recogen la importancia de
estas simulaciones que, previa validaciéon de los modelos, permitirian medir,
entre otras cosas, comportamientos individuales de los orificios que pudieran
afectar a la mezcla. La simulaciones de flujo interno adquieren una notable
sinergia con el resto de medidas experimentales, como demuestra Koo et al.
[92], en un articulo que atna el estudio computacional del flujo interno y la
mediciéon del chorro resultante en diferentes toberas. En éste, se estudia el flujo
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interno de toberas a escala (x100) junto con simulaciones 3D intentando vin-
cular condiciones especiales del flujo, como la cavitacién, con los pardmetros
adimensionales de la tobera y el comportamiento del chorro. La investigacion
mostré efectos tan importantes como la reduccién brusca del coeficiente de
descarga bajo condiciones de hydraulic-flip y como la cavitacién podia favore-
cer la atomizacion. Todas estas conclusiones se vincularon con los diferentes
parametros geométricos y con la turbulencia detectada a la salida de las tobe-
ras en las simulaciones de flujo interno. Koo et al. tuvo que emplear geometrias
a escala para poder realizar este tipo de estudios manifestando asi la dificul-
tad de medir las condiciones directamente en toberas reales. Los efectos de
turbulencia y cavitacién junto con la problematica de acceder a lo que ocurria
en el interior de las toberas llevé a investigadores como Chaves et al. [93, 94]
y Soteriou [95] a retomar las ideas de Berwerk et al [13] de mediados del siglo
pasado, fabricando toberas transparentes en las que poder observar libremen-
te el flujo interno. Con las nuevas tecnologias de medida y la capacidad de
comparar sus resultados con ¢l calculo del flujo, los datos obtenidos cobraban
nueva relevancia. Sobre una tobera mono-orificio sin redondeo a la entrada
y de tamano similar a las toberas Diesel, Chaves [93] analizé la evolucién de
la cavitacién en funcién de la contrapresién y presion de inyeccién aplicada
hasta los 1000 bar. Observé la relacién entre la estabilizacién del coeficiente
de descarga en puntos con cavitacién desarrollada y su independencia o ligera
disminucién frente a aumentos subsecuentes de la presién de inyecciéon. Mas
tarde, extenderia sus estudios al detalle de la geometria, por ejemplo, obser-
vando el efecto de diferentes radios de redondeo a la entrada de las toberas [94].
Soteriou [95] por su parte, se enfocé en la variacién del drea efectiva debido a
la cavitacién. Numéricamente, Kampmann et al. [96] también se interesé por
el efecto de la forma de la geometria a través del radio de entrada. Empleando
un nimero total de elementos cercano al utilizado por Bruni et al. [91], simul6
un solo sector de un inyector Diesel aplicando condiciones de simetria a una
presién de hasta 400 bar, resultando un dominio mucho mas refinado. Estudié
el comportamiento del flujo para distintos grados de hidroerosién, aunque sin
aplicar ningin modelo de cavitacién y, al igual que en el caso de Bruni, esto
restaba fiabilidad a los valores finales. Sin embargo, sus conclusiones sobre la
influencia de la ausencia de angulo de redondeo en la turbulencia seguian la
linea de autores precedentes. Un paso més alld lo dio Arcoumanis et al. [97]
que utilizé un modelo transparente a escala (x20) de los seis orificios de un
inyector Diesel y su equivalente en modelo numérico teniendo en cuenta fe-
némenos de cavitacion. Dicha configuracion experimental era capaz de medir
individualmente el flujo por cada uno de los orificios y de visualizar interna-
mente las toberas. También pudo comprobar las zonas de recirculacién a la
entrada de las mismas y la desviacién en el flujo por orificio producida por
la asimetria en la manufactura. A bajo levantamiento de aguja, era posible
detectar como la cavitacion comenzaba en el asiento de ésta en vez de en
la parte superior de la entrada del orificio. La cavitacién en toberas Diesel
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fue ampliamente discutida por autores como Schmidt et al. [98-102] con una
contribucién notable al uso y generaciéon de modelos matemaéticos. Schmidt
[99] consideré fenémenos de compresibilidad tanto para la fase liquida como
para la gaseosa derivada de la nucleaciéon y dos modelos para la cavitacion,
Homogeneous Equilibrium Model (HEM) y Homogeneous Relaxation Model
(HRM) [103-105] que mostraron, aunque con diferencias segin la condicién
del problema, buenos comportamientos frente a las validaciones experimenta-
les. En una de sus conclusiones defiende que la aparicién de la fase gaseosa
generaba un estrechamiento del drea efectiva disponible para el trasiego del
flujo desplazando ésta hacia el centro de la tobera. La contraccién generada
repercutia entonces en una aceleracién del fluido hacia una velocidad conside-
rablemente mayor que la propuesta por los valores medidos de flujo maésico.
Los trabajos en este campo de la inyeccién directa mostrarian la necesidad
de incluir los fenémenos de flujo interno, especialmente la cavitacién en los
modelos de chorro. El efecto de la geometria en el flujo interno serfa estudiado
también por Arcoumanis et al. [106], Giannadakis et al. [107], Gavaieses et
al. [108] y Andriotis et al. [109] con trabajos muy relacionados y sobre las
lineas de investigacién del primero. Aunque la forma general de aproximar
los problemas multifasicos del flujo interno solian ser los marcos Eulerianos,
bien con modelos de mezcla o Volume-Of-Fluid (VOF) [110, 111]. Andriotis et
al. [109] empleé una aproximacién Euleriana-Lagrangiana para modelar este
fenémeno con buenos resultados y donde el vapor es tratado como la fase dis-
persa. Como se puede observar, el interés en la literatura por el flujo interno
en las toberas de inyeccién se dispard en comparacién a las décadas anteriores.
Los investigadores intentaban ahora aumentar los detalles, ejemplificados en
nuevos modelos de cavitacion, o con la anexion de otros factores al modelado
que pudieran reflejar mejor los comportamientos experimentales. Payri et al.
[112-118] y Salvador et al. [119-124] son un buen exponente de este hacer, con
una extensa contribucién al estudio de la geometria y de los efectos de esta
sobre el flujo interno y el chorro.

Sus investigaciones combinan técnicas experimentales y numéricas para
estudiar diversos aspectos de la inyeccién. Salvador et al. [119], estudié la in-
teraccion entre cavitacion y turbulencia en una tobera Diesel empleando un
modelo Large Eddy Simulation (LES) validado experimentalmente. Los resul-
tados numéricos mostraron a un nivel detallado como las zonas origen de la
cavitacion presentaban una mayor turbulencia y un mayor desarrollo de vor-
tices siendo la zona entre las fases liquidas y gaseosa, la mas critica en estos
términos. Utilizando moldes de silicona [125], Payri et al [112], extrajo la geo-
metria interna de dos toberas, cénica y cilindrica, obteniendo los valores de
radio de entrada y salida de la tobera, radio medio y radios de hidroerosion.
Con la informacion de la geometria presente, estudio el chorro en condiciones
controladas de presién de inyeccién (200-800 bar) y presién en descarga (60
bar). Su investigacién demostré como no solo el radio de curvatura a la entrada
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afecta a la aparicién de cavitacién sino el tipo de seccién, donde una seccién
convergente es menos propensa a generarla. En este sentido, la conicidad re-
vel6 tener més peso en la generacion de velocidad sobre el flujo que el valor
del radio de hidroerosion. Los hallazgos respecto al chorro fueron en linea con
lo establecido por la literatura, con valores del chorro mayores para la tobera
cilindrica, més cavitante. Payri y sus colaboradores [126] extendieron la in-
fluencia de la tobera a la combustién ensayando toberas con diferentes grados
de conicidad (alta, media y sin conicidad) y distintos didmetros de salida, y
midiendo con técnicas de quimioluminiscencia los radicales CH y OH gene-
rados. La importancia de discernir los efectos de la geometria en las variables
integrales del flujo llevé a Payri et al [113] a utilizar un montaje experimental
dedicado que permitia, mediante un sensor piezo-eléctrico de presion, medir
la fuerza de impacto del chorro. Asi, junto con los valores de flujo maésico
era entonces posible calcular las velocidades efectivas del chorro y derivar me-
didas de area efectiva en la tobera. El avance de los trabajos en la materia
llevo a considerar también el comportamiento de las propiedades fisicas de los
combustibles y como éstas eran afectadas por los efectos termohidraulicos del
flujo [127] pudiendo después trasladar los resultados a los modelos numéricos
[124]. La expansion de las capacidades de los modelos de calculo, mas fiables
y validados por un trasfondo amplio de experiencia y literatura, ha permiti-
do a los investigadores explorar nuevas geometrias de toberas evitando tener
que recurrir a una manufactura previa para confiar en los resultados. Moli-
na et al. [128], examing el efecto de secciones elipticas sobre el flujo interno.
Tomando excentricidades de 0.73 y 0.86, compard estas toberas con varia-
ciones en la disposicién del eje mayor, tanto en vertical como en horizontal,
con su equivalente circular. Aniadiendo a las ecuaciones del flujo un modelo
de cavitacion barotrdpico, las toberas se simularon a presiones de inyeccion
de 1600 y 300 bar y contrapresiones de entre 30 y 90 bar. Basidndose en el
mayor perimetro de interaccién de las toberas elipticas y en las condiciones
del flujo interno analizadas, Molina et al. se aventur6 a extrapolar un mejor
comportamiento de las toberas elipticas en un hipotético proceso de mezcla en
comparacién con las circulares. Utilizando toberas transparentes, Hong et al.
[129], también indagd en este tipo de secciones cavitantes, pudiendo visualizar
directamente el flujo a través de la pared de las toberas utilizando agua como
fluido de trabajo. Aunque las escalas empleadas en las toberas eran de un
orden de magnitud mayor que las empleadas en los orificios de toberas Diesel
reales y las condiciones de ensayo distaban mucho de las de un motor, el efecto
de la excentricidad alteraba notablemente el chorro, mostrando la tobera de
seccién eliptica una mejor atomizacién y un mayor angulo. Ku et al. [130],
desarrollé la investigacion de Hong et al. midiendo el tamano de gotas en este
tipo de toberas y analizando numéricamente el flujo interno. Los resultados
mostraron que los tamanos de gotas obtenidos en las toberas elipticas fueron
menores o iguales a las generadas por la seccién circular. Ku también observé
como la desintegracién de la vena liquida frente al aumento de la presién de
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inyeccion ocurria antes en las toberas elipticas. El efecto de nuevas secciones
como éstas también fue puesto a prueba por Yu et al. [131] analizando di-
rectamente el efecto de la excentricidad de una tobera real sobre el chorro
y donde de igual forma las toberas elipticas mostraron un mejor desempemo
con una mayor apertura del chorro. Salvador et al. [122, 132], previa valida-
cién de los modelos, estudié geometrias ain més disruptivas, como toberas
con secciones convergentes-divergentes. Desde el punto de vista numérico, no
era comun que los estudios numéricos del flujo interno tuvieran continuidad
directa con estudio del chorro o de la combustion. Las aproximaciones para
este tipo de estudios numéricos continiian empleando en su mayor parte mo-
delos Eulerianos-Lagrangianos cuyo comportamiento sigue dependiendo de un
fuerte factor de calibracién. En su evolucién, las capacidades de estos modelos
se han beneficiado de un mejor modelado de la interaccién de las gotas y el
gas del volumen de descarga, nuevos modelos de colision y coalescencia, fisicas
evaporativas mas precisas y de métodos para la representacion de la interac-
cion con las paredes de la camara. De esta forma, las teorias sobre la formacién
y crecimiento de inestabilidades sobre el chorro se incorporan a través de los
modelos de rotura [133], siendo los mds comunes el de Kelvin-Helmholtz (KH)
[68, 70] como forma de atomizacién primaria y el de Rayleigh-Taylor (RT) co-
mo método de atomizacién secundaria [77, 134], en lo que respecta a chorros
Diesel. Este tipo de modelos dependen principalmente de la cantidad de com-
bustible inyectado y forma de la funcién de tasa, siendo usual proveer también
el angulo de inyeccion de las gotas. Las gotas pueden inyectarse segin el mo-
delo blob, asumiendo un tamano inicial de gota, o siguiendo una determinada
funcién de probabilidad. Som et al. [135], a través de un modelo discreto de
gotas estudié el efecto de geometrias cénicas y cilindricas sobre algunos de
los pardmetros de la combustion, Lift-Off Length (LOL), hollin, y 6xidos de
nitrégeno (NO). Utilizando una tobera cilindrica como referencia, se estudié
y validé primero el flujo interno y posteriormente por separado la combus-
tién. El efecto de la turbulencia derivada de la cavitacién se trasladé sobre el
didmetro de entrada del blob introduciendo el sub-modelo Kelvin Helmholtz-
Aerodynamics Cavitation Turbulence (KH-ACT). Para validar el efecto del
modelo de atomizacién por cavitacién, entre otras medidas, se contrastaron
los resultados numeéricos con datos adquiridos por rayos-X en una muestra de
lo que seria el estado actual del arte experimental. Som también aplicé esta
misma metodologia al estudio de la influencia del tipo de combustible sobre el
flujo interno y el chorro [136]. A través de la calibracién y previa obtencién de
los datos experimentales requeridos, los modelos Droplet Discrete Modeling
(DDM) son capaces de replicar los efectos del flujo interno y, en cierta forma,
de la geometria sobre la evolucién del chorro. Algunos incluso, los llamados
one-way coupling, almacenan informacién de un anélisis numérico previo del
flujo interno incorporando directamente dicha informacién en una simulacién
DDM posterior del flujo externo. Jia et al. [137] utiliz6 este método para
trasladar las caracteristicas del flujo interno proveniente de toberas elipticas
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sobre el chorro. Sin embargo, el modelado discreto en las zonas cercanas a la
tobera claramente difiere de la realidad observada, donde la persistencia de
una vena de liquido intacta resta validez a los resultados obtenidos por este
método. El estado actual del arte en el estudio del chorro, de la mezcla y de
la combustion, desde el punto de vista del calculo numérico, emplea modelos
acoplados donde la geometria del flujo interno y la geometria que define el
volumen de descarga se simulan solidariamente. Aplicando este sistema, toda
la informacion del flujo interno se traslada integramente al chorro sin mode-
los que hagan de intermediarios. Para este tipo de metodologias es necesario
disponer de una informacién fiable tanto de la geometria en cuestién como de
las mecanicas del inyector, en especial del levantamiento de aguja como condi-
cionante de los transitorios del inyector [138, 139]. Actualmente, la extraccién
de la geometria interna del inyector puede realizarse mediante moldes junto
con técnicas de microscopia o mediante tecnologias de rayos-X. Kastengren
et al. [140] utiliz6 y comparé ambos métodos para obtener un representacion
fiel de la geometria interna de un inyector mono-orificio. Aunque el andlisis
por moldes es capaz de reflejar con una desviacién razonable la geometria, la
toma de medidas depende en gran parte de la facilidad de orientar el molde
en una posicién adecuada segun la caracteristica geométrica de interés. Esto
puede ser complicado en geometrias multiorificio donde los diferentes orificios
pueden interferir entre si. Por otro lado, las imégenes por contraste de rayos-X
no se ven impedidas en este sentido. La capacidad de penetrar a través del
material permite también la captacién de los transitorio del levantamiento de
aguja. Kastengren utilizé la toma de imédgenes en diferentes posiciones para
reconstruir la geometria 3D por tomografia computerizada. En ausencia de
estas tecnologias, un modelo 1D del inyector como el realizado por Salvador
et al. y Payri et al. [141, 142] puede servir para replicar su comportamiento
hidraulico y con el que obtener, entre otros parametros, las leyes de levanta-
miento. Kastengren et al. [143, 144] y Picket el al. [145] también utilizaron
rayos-X para estudiar la atomizacion, obteniendo valores de densidad proyec-
tada del combustible, tamano de gotas y densidad de area superficial, angulo
o incluso fraccién volumétrica de liquido. Tekawade et al. [146] exploré el uso
de estas metodologias para analizar el flujo del interior de toberas cavitan-
tes. Utilizando los mismos principios, obtuvo una reconstruccién tanto de la
geometria de una tobera cavitante como del flujo en el interior de la misma.
Mediante este sistema mostré que es posible distinguir la localizacion espacial
de la fase vapor generada por cavitacion y el subsecuente desplazamiento de
la fase liquida pudiendo visualizar el estrechamiento del area efectiva. Este
tipo de medidas se encuentran limitadas por el cardcter repetitivo e integral
de las mismas, lo que dificulta su uso en el estudio de los procesos transito-
rios. Sin embargo, la informacién que proveen es muy valiosa, no solo para
aumentar el conocimiento sobre el comportamiento de toberas reales sino de
cara a validar los modelos numéricos. Xue et al. [147] utilizé medidas prove-
nientes en parte de los experimentos de Kastengren, para validar un modelo
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acoplado de tobera monorificio y cdmara de descarga. Utilizando un modelo
VOF junto con un sistema de cierre k — € de dos ecuaciones, se configuré la
aguja movil sobre la geometria reconstruida por escaneado de rayos-X. El mo-
delo se valid6 en términos de densidad proyectada, flujo mésico y velocidad
relativa, donde el refinamiento, especialmente en las zonas cercanas al orificio
donde el flujo abandona el confinamiento de la tobera, fue determinante para
obtener buenos resultados. Desantes et al. [148, 149], exploré las diferencias
entre un modelo ¥ — Y acoplado y un modelo DDM. Aunque ambos mode-
los se comportaron bien para un punto de referencia escogido y para el que
tuvo lugar la calibracion de las constantes de rotura del modelo discreto, la
variacion de las condiciones de contorno con el correspondiente desplazamien-
to del punto de referencia perjudicé el desempeno del modelo discreto. Por
el contrario, el modelo acoplado consiguié una mejor aproximacion al variar
el punto de funcionamiento y especialmente en el campo cercano a la tobera
al eliminar la dependencia de la calibracién. El modelado de la zona dispersa
del chorro, cuando la vena liquida ha quedado desintegrada, puede realizar-
se entonces utilizando modelos Eulerianos, y dentro de estos con modelos de
mezcla o de interfase [150], o transicionando a un modelo Lagrangiano [151,
152] pudiendo aplicar entonces las mecanicas tradicionales de los modelos de
rotura prescindiendo de la condicion inicial de gota y atomizacién primaria.
Los modelos acoplados introducen una nuevo grado de prediccién al sus-
tituir gran parte de las calibraciones tradicionales por aproximaciones més
fisicas, mucho menos dependientes de parametros especificos. Como bien men-
cionaba Desantes [148, 149], este hecho cobra mayor relevancia a efectos de
la atomizacion primaria donde el chorro hereda las variables generadas en el
flujo interno consiguiendo asi acercarse al comportamiento real del inyector.
Sin embargo, la aplicacién de estos modelos no estd exenta de inconvenientes
desde el punto de vista numérico. El modelar el flujo interno junto con los pro-
cesos en camara obliga a introducir una densidad de elementos mucho mayor
en la zona de la tobera y en ciertas partes de la cAmara adyacentes al orificio.
Esta disposiciéon aumenta considerablemente la carga computacional pudiendo
ralentizar el calculo en dominios grandes o en modelos con gran numero de
ecuaciones. Al mismo tiempo, es innegable que la difusién de este tipo de si-
mulaciones junto con los nuevos datos experimentales abren todo un campo de
posibilidades, especialmente en lo que al estudio de los efectos de la geometria
sobre el chorro y la combustién se refiere. Retomando los temas planteados al
comienzo de esta introduccion, los avances desarrollados en los nuevos modelos
numéricos permiten estudiar de un modo mucho maés profundo toda esta serie
de procesos, desde el flujo interno, hasta la distribucién del combustible y la
combustién posterior de una forma mucho més interrelacionada y acoplada
que con los modelos tradicionales. Y dentro de dichas mecénicas, definir el
papel que puede jugar la geometria de las toberas de inyeccién en el balance
final. La difusiéon de estas nuevas metodologias puede permitir el estudio de
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nuevas geometrias como forma eficaz de enfrentar las necesidades de reducciéon
de emisiones y como forma de aumentar la eficiencia actuando directamente
sobre la fuente de la generacién de energia de los motores de combustién.

1.2. Objetivos y estructura de la tesis

Tomando como referencia los parrafos de la introduccién anterior, se pue-
de afirmar que existe relacién entre la forma de las toberas de inyeccién y el
desarrollo del chorro Diesel. Bajo esta afirmacion, esta tesis busca profundi-
zar en este aspecto de los sistemas de inyeccion mediante una combinacién de
técnicas numeéricas de simulacién y experimentales que permitiran el estudio
en profundidad del flujo interno, el chorro y la combustién bajo una sélida
validacion de los resultados numéricos. El objetivo fundamental es, por tanto,
el estudio de la influencia de la geometria de las toberas de inyeccién en el
proceso de formacién de la mezcla y combustion. El planteamiento de esta
meta conlleva el previo desarrollo de metodologias computacionales robustas,
donde las tendencias capturadas y resultados otorguen fiabilidad a las conclu-
siones. De esta forma, el objetivo primario primordial depende, en su base,
del cumplimiento de ciertas necesidades entorno al cédlculo y a la toma de
medidas. Algunas de las mas elementales serian: la adopcion de los modelos
matemaéticos mas adecuados, la correcta definicién de las propiedades de los
fluidos de trabajo o la capacidad de definir correctamente las caracteristicas
geométricas de las toberas. Todas estas metas serdn extendidas alrededor del
objetivo principal a lo largo de cada uno de los capitulos. Este desarrollo es
conducido a través de un compendio de articulos que abarcan desde el estu-
dio de la influencia de la geometria en el flujo interno, bajo un importante
nivel de detalle termohidraulico, pasando por su influencia sobre el chorro y la
combustién empleando toberas comerciales convencionales, y finalizando con
el estudio del comportamiento del chorro bajo geometrias méas innovadoras
de seccidn eliptica. La forma de esta tesis queda estructurada partiendo de
un primer capitulo introductorio (capitulo actual), seguido por el Capitulo 2,
centrado en el efecto de la geometria sobre el flujo en la tobera desde una pers-
pectiva termo-hidraulica, y donde se prestara especial atencién al modelado de
las propiedades del combustible. Mediante el célculo computacional, en esta
parte se observaran los efectos sobre el flujo de una tobera cénica donde los
cambios térmicos debidos a la compresibilidad y a la conicidad son relevan-
tes. En el Capitulo 3, se analizan los efectos de la geometria sobre el proceso
global de inyeccion y combustion utilizando dos toberas cénicas multiorificio
de diferente ratio longitud didmetro. En esta investigacion, materializada a
través de un proyecto de cooperacién, se han empleado modelos Fulerian-
Lagrangian Spray Atomization (ELSA) (hibridos Euleriano-Lagrangiano) y
DDM (Lagrangiano) como dos formas distintas de trasladar el efecto de la
geometria al chorro y, finalmente, a la combustién. Los resultados de las simu-
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laciones se han validado frente a una extensa matriz de ensayos en términos
de caracterizacién hidraulica, penetracion y angulo del chorro en maqueta, y
ensayos de combustiéon en motor. La influencia de la geometria se traslada
finalmente al calculo de los balances de energia en el motor y la mezcla. En el
Capitulo 4, se exploran nuevas geometrias susceptibles de mejorar el proceso
de mezcla a través del modelo acoplado flujo interno-externo FEulerian Spray
Atomization (ESA). Utilizando formas elipticas en la seccién de la tobera, se
han analizado diferentes grados de excentricidad para medir la influencia de
dichas secciones sobre los parametros de dispersién del chorro. En el Capitulo
5, se enfatiza sobre el efecto de la geometria de seccién eliptica distinguiendo
entre toberas de seccidon constante, propensas a la apariciéon de la cavitacion,
y toberas de seccién cénica. Se han estudiado las variaciones en el comporta-
miento del flujo interno asi como la repercusién en la variacién del dngulo y
otros pardmetros de mezcla. El Capitulo 6 queda dedicado a un comentario
final de los resultados obtenidos a lo largo de las diferentes investigaciones re-
sumiendo y resaltando los méds importantes. Finalmente, el Capitulo 7 recoge
las conclusiones obtenidas y los trabajos futuros.
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Capitulo 2

Influencia de la geometria en el
flujo interno: efectos
termo-hidraulicos

Perhaps some day in the dim future it will
be possible to advance the computations
faster than the weather advances and at a
cost less than the saving to mankind due
to the information gained. But that is a
dream.

Lewis Fry Richardson, 1922

Resumen: En este capitulo se analiza el efecto de la geometria desde la
perspectiva del flujo interno. A través de una caracterizacién detallada de
las propiedades del combustible y de distintas hipotesis sobre las trans-
misién de calor, se ha analizado el efecto de la geometria sobre la propia
variacién de las propiedades fisicas del liquido y sobre los principales
parametros e indicadores del flujo interno.
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Computational assessment of temperature
variations through calibrated orifices subjected
to high pressure drops: application to diesel
injection nozzles.

Referencia: F.J. Salvador, M. Carreres, J. De la Morena, E.
Martinez-Miracle, Computational assessment of
temperature variations through calibrated orifices subjected
to high pressure drops: Application to diesel injection
nozzles, Energy Conversion and Management, Volume 171,
2018, Pages 438-451, ISSN 0196-8904,
https://doi.org/lO.1016/j.enconman.2018.05.102.

Abstract: This paper conducts an investigation on the temperature
variations experienced by the fuel when it expands through the calibrated
orifices of a commercial diesel injector. Experimental results of the
temperature change across a calibrated orifice upon expansion, extracted from
a previous work, are compared to the temperature predicted by computational
fluid dynamic simulations under the assumption of adiabatic flow, with no
heat transfer to the surroundings. The comparison points out that the
simulations are able to predict the thermal effects taking place inside the
orifice. Once the model is validated, the flow morphology is analyzed to
explain the trends observed in the fuel temperature change across the orifice
depending on the operating conditions. Two opposed effects take place inside
the orifice: on the one hand, the flow is cooled in the orifice core due to
depressurization; on the other hand, the fuel is importantly heated near the
walls due to viscous friction. As expected, the net effect on the outlet
temperature mainly depends on the orifice discharge coefficient, governed by
the orifice geometry and the flow regime (Reynolds number) induced by the
injection conditions. Next, the analysis is extended to a diesel nozzle,
considering that the higher pressure drops achieved in it are expected to
induce even more important thermal effects. The two opposed effects also
take place inside the orifice. Even though their net effect is similar, the
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separate effect of each phenomenon is greater, leading to differences that
could be relevant for the atomization and spray formation processes.
Additionally, the flow pattern shows a mon-uniform distribution of the flow
inside the nozzle influencing the results from the thermal point of view.

2.1. Introduction

In diesel engines, the fuel-air mixing process dominates the combustion
process and emissions formation. This mixing process is directly linked to
the interaction between the in-cylinder air motion, driving the design of the
intake ports and valve profiles as investigated by Nigro et al. [1], and the
fuel injection system, as thoroughly reviewed by Mohan et al. [2]. For this
reason, research has been recently focused on the influence of both the in-
jector geometry and the injection conditions on the atomization and mixing
processes. From the point of view of the geometry, Som et al. [3] computa-
tionally analyzed the effect of the nozzle orifice diameters, conicity and inlet
radii on the spray features, linking them to combustion and emission charac-
teristics. Sayin et al. [4] investigated the influence of the injector hole number
on the engine performance and emissions, whereas Gavaises [5] and the au-
thors [6] tried to gain insight on the role of cavitation on the fuel spray mixing
capabilities through an analysis of the effect of the hydroerosion. As a result,
for instance, new nozzle concepts have been suggested by the authors in the
form of elliptical orifices [7] or convergent-divergent orifices [8], whereas other
researchers analyzed the possibility of including twin-hole nozzles in diesel in-
jection systems [9], reporting their lower penetration when compared to the
equivalent single hole nozzles. As far as the injection conditions are concerned,
Wang et al. [10] analyzed the effect of increasing the injection pressure on the
soot formation, whereas Gumus et al. [11] linked this property to the engine
emissions. As a result, the injection pressures used by OEMs have been pro-
gressively growing up to even 300 MPa. The flow within diesel injectors has
traditionally been regarded to as isothermal. Giannadakis et al. [12] studied
the flow patterns through a cylindrical hole and a tapered hole nozzle with this
approach, comparing simulations with constant fuel properties with simula-
tions that considered variations in the fuel properties with the local pressure.
They observed a gain in accuracy in the latter case, but omitted the effect
of the temperature variations in the simulations. Som et al. also conducted
numerical investigations with the isothermal flow assumption [13], reporting
the influence of the fuel properties on the diesel. They compared the internal
flow and spray features when injecting fluids with the reference properties of
both diesel and biodiesel, reporting that biodiesel would need to be injected
at a higher temperature than diesel in order to exhibit similar atomization
characteristics. More recently, Sun et al. [14] investigated the effects of nozzle
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geometry and injection pressure on the cavitation formation and spray char-
acteristics, but also neglected the effect of the fuel temperature changes in
the problem. Nevertheless, as a result of the progressive growth in the fuel
injection pressures, some thermal effects inside the injector that were not es-
pecially relevant in the past are now gaining importance. This is the case
of the flow along the injector control orifices or the nozzle, where the strong
pressure gradients driving the flow result in important temperature changes
due to two main effects: on the one hand, the rapid depressurization of the
fuel, which may significantly reduce the fuel temperature in the orifice core;
on the other hand, an important viscous heating at the wall of the orifices
induced by friction due to the high velocity gradients. This behavior drives
for the need to introduce also the pressure and temperature dependence of the
fluid properties into the solver, due to their impact on the fluid-dynamic field
[15]. Therefore, some works started treating the flow inside the injector as
adiabatic. In the 1D modelling field, Catania et al. [16] were the first authors
to introduce this assumption. Later on, the authors incorporated it to their
models of complete diesel injectors [17]. As far as CFD modelling is concerned,
Shi et al. [18] included the effect of the strong pressure gradients through the
nozzle on fuel temperature and consequently fuel density and viscosity, coup-
ling the CFD code to a 1D injector model. They compared the accuracy of this
approach with the constant properties one for a honed and an unhoned nozzle.
Theodorakakos et al. [19] also investigated the thermal effects in nozzle holes
subjected to high pressure drops, paying more attention to the temperature
field along the nozzle. Analyzing the two aforementioned effects on the flow,
they reported that, depending on the nozzle discharge coefficient and the in-
jection conditions, the flow in average could be heated at the outlet or even
subcooled. Next, Strotos et al. [20] extended this work by analyzing the tran-
sient stages of the injection through the inclusion of the needle movement.
However, even though this work offers a comparison of computational results
against 0D theoretical models with the adiabatic flow assumption, none of
them were compared with experimental results. Later, the authors [21] tried
to assess the hypothesis of adiabatic flow in diesel injectors by experimentally
measuring the temperature change across calibrated orifices subjected to an
isenthalpic expansion in different conditions and comparing it to the theoret-
ical one. In the present paper, an investigation of the thermal effects found
in different characteristic orifices of a diesel injector subjected to significant
expansions is carried out. First, the dimensions of the orifices and the physical
properties of the fuel used are determined experimentally, allowing to intro-
duce pressure and temperature dependent properties in the CFD solver. Later
on, the results obtained by simulations are validated (both in terms of mass
flow rate and predicted temperature change) against experimental measure-
ments, previously performed on one of the calibrated orifices inside the injector
control volume, as described in [21]. Results for the OZ calibrated orifice are
analyzed by determining the conditions that lead to either heating or sub-
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cooling the flow. Also, special attention is given to the flow morphology in
order to justify the reasons for the reported trends and evaluate the impact
of the observed temperature distribution on the fuel properties. Finally, once
the methodology is validated on the calibrated orifice, it is applied also to the
orifices of a diesel injector nozzle. Although the results in this case cannot be
validated against experimental temperature values, due to the high difficulty
to measure the temperature upstream and downstream of the nozzle orifices
in an accurate way, there are two reasons why exploring such a geometry can
be of interest. First, the orifices of the diesel nozzle are subjected to a larger
pressure drop than the calibrated orifices (in the range of up to 250 MPa for
current production injectors), so the thermal effects inside these orifices can
be more relevant. Additionally, changes in the temperature characteristics
inside the nozzle orifices can significantly affect the spray atomization and
evaporation characteristics, with a direct impact on the combustion process.
Thus, providing a reasonable estimation of the fuel temperature at the nozzle
outlet, which is the aim of the current investigation, can be of great relevance
for other works in fuel injection and combustion simulations. The paper is
divided in 6 sections. Section 2.2 deals with the experimental techniques used
for the study, including the geometrical characterization of the orifices used
for the CFD study and the fuel properties determination. Next, Section 2.3
describes the computational model and the setup used for the simulations per-
formed on the basis of Ansys CFX with a customized fuel. The used mesh and
the simulation cases are also dealt with in this section. Section 2.4 shows the
validation of the model against the experimental results from a previous work
by the authors [21] and a discussion of the relevance of the thermal effects
depending on the studied condition. Section 2.5 analyzes the potential tem-
perature effects appearing inside the nozzle orifices, by means of a simulation
campaign on a realistic nozzle geometry. Finally, Section 2.6 gathers the main
conclusions of the study.

2.2. Experimental facilities

Next section briefly describes the techniques and resources that have been
used in order to perform the experimental measurements.

Geometric characterization of the calibrated orifice

The calculation of the modelled temperature due to viscous effects or the
cooling caused by decompression is highly influenced and highly dependent
on the involved geometry. Determining the geometry of the injector control
volume with precision is of key importance to obtain results and validate
the theoretical CFD model correctly. The chosen geometry for the thermal
experimental characterization and modelling corresponds to the calibrated
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inlet orifice (OZ) of a control volume from a commercial Bosch CRI 2.20
injector. In Figure 2.1, the piece containing the control volume and the OZ
orifice is depicted at the right hand side. The control volume assembled on
the injector is plotted at the left hand side. The role of this orifice in the
way the injector works does not fall within the scope of this work and further
explanations on this regard are given in [22].

OA ORIFICE

Pressure
Filter

OZ ORIFICE

Figure 2.1: Control volume piece containing the calibrated orifice (OZ) in
Bosch 2.20 injector.

In order to fully describe its volume, a silicone mold from the interior cavity
has been obtained and visualized in a scanning electronic microscope SEM.
This methodology is thoroughly described in [23]. This technique provides a
high resolution picture of the topography of the injectors inlet orifice. The
dimensions based on this image are measured by an auxiliary CAD software.
The deviation over the mean value has been reported to be below 2% [24].
The most critical part of the whole orifice is the throat, where pressure and
velocity gradients are significantly strong. Taking this into account, several
measurements of the radius of this section have been gauged over three points
along its length (inlet point, middle point and outlet point). In Figure 2.2,
some pictures of the silicone molds obtained with the SEM to define the OZ
orifice geometry are shown. Additionally, Figure 2.3 depicts the geometry of
the orifice obtained through the metrology analysis from the silicone molds.
All sections inside the OZ orifice are assumed to be circular.

As it can be noted, the most restrictive part of the OZ orifice from the
point of view of the flow (where the diameter is smallest) has a conical shape:
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Figure 2.2: Geometrical characterization of the calibrated orifice (OZ) with
silicone molds and SEM visualization.

Figure 2.3: Dimensional characteristics of the calibrated orifice (OZ).

308 um at the inlet vs 291 pm at the outlet. In this part of the orifice, a conicity
factor (k-factor), can be defined to quantify the level of conicity. Using the
Bosch definition, it may be calculated by means of Equation 2.1:

Di[pm] — Do [pm]
10

k — factor = (2.1)

where D; and D, are, in the current case, 308 um and 291 pm, respect-
ively. With these values, the k-factor equals 1.7. Considering this value, and
according to previous results reported by the authors, cavitation phenomenon
inside the orifice is not expected [25-28]. This result will be confirmed later
by the experimental and computational results.



CariTUuLO 2. Influencia de la geometria en el flujo interno: efectos
50 termo-hidraulicos

Geometric characterization for the nozzle orifices

As stated in the introduction, the current paper will explore not only the
previously presented OZ calibrated orifice in the control volume, but also the
orifices of a diesel injector nozzle. For this purpose, the geometry of a 7-holes
nozzle extracted from a commercial common-rail Bosch solenoid injector has
been characterized using the previously cited silicone molds technique. Figure
2.4 shows a schematic of the nozzle geometry, together with some sample
images obtained from the post-processing of the silicone molds for some of the
key orifice dimensions. For the subsequent 3D modeling of the injector flow,
the orifice is constructed using the average values from the seven holes. This
represents an inlet diameter of 0.143 mm, an outlet diameter of 0.124 mm,
an inlet rounding radius of 0.029 mm and a total length of 0.715 mm. Again,
the shape of the difference sections inside the nozzle orifices is assumed to be
circular.

Figure 2.4: Dimensional characterization of the nozzle orifices.
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Fuel properties determination

From the point of view of the CFD modelling, the correct definition of
the functions that govern the behavior of the fuel with respect to the prin-
cipal thermodynamic variables, namely pressure and temperature, will affect
the result of the CFD simulation ([29]). These functions will also determine
the range of conditions in which the code can be validated according to the
experimental data. In an attempt to be as accurate as possible, fuel dens-
ity, viscosity, specific heat and thermal conductivity have been set as variable
properties of pressure and temperature. The numerical adjustment of these
features follows empirical data and the methods employed to define them are
described below. Therefore, as a first step, the main properties of the fuel have
been measured under a wide range of pressure and temperature conditions.
The considered fluid consists of a European standard winter diesel fuel. The
density was characterized by the authors at atmospheric pressure as a function
of temperature (ranging from 273 K to 373 K) using a standard hydrometer,
taking into account the considerations stated by the ASTMD1298 procedure
[30] (including those corresponding to the calibration procedure [31]). The
accuracy of the hydrometer was determined to be + 5 x 10~ kgm™3. In order
to establish the variations of the fuel density with the pressure, speed of sound
measurements were also performed at different pressures (up to 20 MPa) and
temperatures (from 300 K to 353 K) following the methodology established
in [31]. The maximum deviations reported during the calibration of the fa-
cility were 1.24% over the expected values. The kinematic viscosity of the
fuel was determined at atmospheric pressure for a wide range of temperatures
(from 263 K to 373 K) by means of a commercial Cannon-Fenske viscometer.
This device, a type of capillary viscometer, was used following the procedure
specified in the ASTMD445 standard [32] in order to obtain an empirical ex-
pression for the viscosity as a function of temperature at atmospheric pressure.
In accordance to this standard, the tolerance of this device was determined
to be £0.36% with 95% certainty. A comparison of the measured values for
reference substances during the calibration led to deviations lower than 3%
in all cases. The viscosity values at high pressure were estimated from the
expression introduced by Kouzel [33]. In order to quantify these trends and
dispose of suitable data for the computational model implementation, the ex-
perimental data coming from the density and viscosity characterization tests
have been fitted to mathematical expressions as a function of temperature
and pressure. These expressions showed a high coefficient of determination
(R2=0.99) in all cases [31]. In the case of the density, the expression obtained
was:
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py = 826.5 — 1.0217(T — 298) + 1.251 - 10~*(T" — 298)?
40.6035(p — 0.1) — 8.265 - 10~4(p — 0.1)? (2.2)
+1.441 - 1073(T — 298)(p — 0.1)

where py is the density (in kg/m®) whereas p and T are the fuel pressure
and temperature (in MPa and K), respectively. On the other hand, the vis-
cosity approach leads to an exponential expression as derived from the Kouzel
expression [33]:

by = 10~ 0. 10[(—1.48 +5.86 - pQ181) (%)]

(2.3)

Where py is the dynamic viscosity at a given pressure and temperature,
whereas (19 is the dynamic viscosity of the fluid at atmospheric pressure (0.1
MPa) and at a given temperature:

o = 3.2158 - exp [(—0.0263(T" — 298)] (2.4)

This dynamic viscosity is obtained by multiplying the measured density
and the corresponding kinematic viscosity. Both p¢ and 119 have units of Pa - s.
As in Equation 2.2, p and T are the fuel pressure and temperature (in MPa
and K), respectively.

The resulting values of density and dynamic viscosity as a function of
pressure and temperature are plotted in Figure 2.5 for the winter Diesel fuel
used both for the experiments and the calculations.

Additional fuel properties related to heat transfer effects, such as thermal
conductivity (k;) and specific heat (Cp) have been obtained from Kolev [34]
for a similar diesel fuel. As in the case of the fuel density, experimental results
have been fitted to polynomial expressions. In this case, their coefficients have
been compiled on a matrix. As it happened for the density and viscosity, the
characterization of these properties is valid over a wide range of pressures and
temperatures, ranging from 0 to 250 MPa in the case of the pressure and 273
K to 393 K in the case of temperature. Equation 2.5 deals with the specific
heat polynomial expression as a function of pressure and temperature:

i=1 \j=

5 3 ) i—1
Cp=>" (Zl di; - T (%) ) (2.5)

where p is in Pa and the d;; coefficients are the elements of a matrix (D)
defined as:
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Figure 2.5: Winter diesel density and viscosity as a function of pressure and
temperature.

—977.16186 14.025100 —0.01374
2.22361e — 4 —1.62143e — 4 2.23214e -9
Dsgz = | —1.96181e — 9 2.03748e —7  —1.7857le — 14 (2.6)

4.15000e — 14  —7.54100e — 11  4.03897e — 28
—3.48714e — 18 1.00688e — 14 —1.47911e — 31

As far as the thermal conductivity (k;) is concerned, as in the case of the
specific heat, it is defined by the following polynomial expression:

k= ( aij le) (! (2.7)

i=1

where p is in Pa and the coefficients a;; are the elements of a matrix (Axs)
defined as:

0.13924 3.78253e — 5 —2.89732e — 7
Aszzs = | 6.27425e — 11  6.08052e — 13 3.64777e — 16 (2.8)
—1.38756e — 19 —2.57608e — 22 —2.70893e — 24

All the polynomial fits reported in this section correspond to measurements
for a Diesel fuel that are experimentally verified for pressures between 0.1 MPa
and 250 MPa and temperatures between 273 K and 393 K. Even though the
speed of sound measurements used as a basis for the determination of the fuel
density at high pressure were only performed from 300 to 353 K, the known
linear behavior of the density of the diesel fuels with the temperature does not
compromise the validity of these fits in the aforementioned range.
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2.3. Numerical approach

The main aspects related to the modeling work performed are described
next.

Computational model and governing equations

CFD simulations have been performed using the CFX commercial software
developed by ANSYS Inc v17.0, which has been customized using appropri-
ate user functions related to the thermodynamic fuel properties introduced in
section 2.3. The software solves the conservation equations based on a Finite
Volume Methodology, which has proven to be optimal for similar CFD applic-
ations [35]. The k-epsilon model for turbulence flow in his RNG form ([36,
37]) was used because of the better results it has provided for similar studies
compared to those found by the authors with its standard version [6, 7, 38].
The near-wall approach function has been defined using scalable-wall functions
[39]. The common Navier-Stokes equations are numerically solved, including
the continuity, momentum and energy equations. The energy equation is of
particular interest and is described as:

d(ph 0 g

where Sg is the energy source term, k; is the thermal conductivity and hg
is the stagnation enthalpy, related to the specific enthalpy h(7T,p) through:

1
ho = h+ 5u2 (2.10)

The general formulation for the specific entalphy h as a function of T" and
p is:

oh oh

Using the heat capacity under constant pressure (Cp), Eq. 13 can be

rewritten as:
T (0p
1+— (= d 2.12
+p(8T)p] p (2.12)

which can also be written as a function of the volumetric thermal expansion

(B):

dhzo,,.dTJr%

dh:Cp-dT—F#

dp (2.13)
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where [ is defined as:

1 /0p
o= <8_T>p (2.14)
Note that the second term of the right hand side of Egs. 2.12 and 2.13
would be null for an ideal gas (for which 37" = 1), but cannot be neglected for
a liquid. In each calculation, values of p(p,T), u(p,T), ki(p,T) and Cy,(p,T)
are updated using the available polynomial fits (recall Section 2.2) with the
latest calculated values of p and T after each iteration.

Mesh description, simulation cases and model setup

In the case of the calibrated OZ orifice, due to the symmetry of the do-
main, axisymmetric simulations have been performed using a wedge geometry
of 5°. The orifice dimensions included in Figure 2.3 have been used in order
to build the mesh. Figure 2.6 shows the complete 3D computational domain
with a detail of the mesh structure in the orifice. Constant pressure boundary
conditions are selected for both the inlet and the outlet boundary conditions.
The particular values of these boundary conditions come from the experi-
mental campaign performed for this same orifice in a previous publication by
the authors [21]. The fuel inlet temperature is set as 293 K for all cases. Fuel
mass flow and the mean temperature at the orifice outlet are the most import-
ant results predicted by the simulations and they have been compared to the
experimental values and analyzed in the next section. A non-slip boundary
condition is used for the walls.

For the nozzle and OZ orifice meshes, similar meshing strategy and char-
acteristic cell sizes to those employed in previous 3D-CFD nozzle flow simula-
tions [28] have been used. A mesh sensitivity study including grid convergence
indicators (GCI) calculations and Richardson extrapolation [40, 41] was per-
formed in order to ensure a small numerical error due to the meshes. From
a practical point of view and aiming to future applications, the nozzle is the
most interesting case and given the complexity of the geometry, its meshing
process must be carefully carried out. Figure 2.7 shows the convergence of the
nozzle mass flow rate as a function of the number of cells for the nozzle mesh
in the case of 130 MPa of injection pressure.

It can be seen how the mass flow rate asymptotically tends to a maximum
value (~31.4gs™1). The grid convergence indicators (GCI) [40] for the three
finest meshes result in GCI31=0.15% and GCI35=0.65% while the Richardson
extrapolation is computed with a value of 31.38gs~!. Thus, a small discret-
ization error is expected. Respecting both the computational cost and the
quality criterion a committed mesh of 238567 cells inside the asymptotic solu-
tion range has been chosen for the nozzle. In the case of the calibrated OZ
orifice a total of 162846 elements generate the wedge geometry (5°) and, there-
fore, 4.48 Mcells for the whole 3D geometry (360°). A high resolution scheme
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Figure 2.6: Mesh used for the simulations.

has been used in order to solve the discretized equations. Using the previously
determined mesh characteristics, all cases have been run on six cores of an In-
tel Core i7-4700HQ 2.40GHz eight-core processor. A steady-state solver was
selected, using two main convergence criteria: first, all the residuals must be
below 1 x 10~° ; additionally, the average velocity and temperature must reach
steady conditions. Regarding the nozzle orifices, the main difference is related
to the fact that the nozzle geometry is not axisymmetric. Consequently, the
simulations have been performed for a 51.43° sector representing one of the
seven orifices included in the nozzle. This allows to achieve a reasonably
consistent prediction of the main flow features at a reduced computational
cost compared to a calculation of the complete 360° geometry. Nevertheless,
when comparing to the experiments it has to be considered that, in reality,
some orifice-to-orifice dispersion is always present due to small geometrical
differences linked to the manufacturing tolerances. This fact may influence
the injection characteristics to some extent, as explored by the authors by
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Figure 2.7: Mass flow rate versus number of cells for the mesh sensitivity
study.

means of 1D modelling [42] in the case of the orifice diameter and discharge
coefficient, among other parameters. Some potential non-uniformities in the
needle position and the nozzle flow pattern, including those due to the needle
eccentricity, have also been reported in the literature [43]. In any case, sym-
metry is considered as a reference in this study in order to make this study
independent from the influence of the aforementioned manufacturing toler-
ances on the analyzed thermal effects. The same modeling methodology and
boundary conditions previously explained for the calibrated orifice simulation
have been also considered for the nozzle orifice.

2.4. Calibrated OZ orifice calculation

In a previous publication by the authors [21], as previously stated, the
temperature variation across a calibrated orifice was measured for a set of
boundary conditions in terms of upstream and downstream conditions. These
results are used in this section to validate the CFD methodology described in
Section 2.3. Figure 2.8 shows the simulation results in terms of the mass flow
through the orifice. On the left hand side, this mass flow is plotted against
the square root of the pressure drop, defined as the difference between the
upstream and downstream pressures (py, and pg,,). Observing the curves, the
mass flow rate increases linearly with the square root of the pressure drop.
This means that no cavitation appears inside the orifice, as it was expected
considering the high conicity factor present in the orifice [8]. Under these
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conditions, the mass flow inside the orifice is ruled by the following equation:

= Cq-ps- Ao tout = Cq- Ao \/2(Pup — Paw)Pf (2.15)

where Cy is the orifice discharge coefficient, A, the geometrical outlet
section of the orifice and ugy,; the outlet velocity, calculated from Bernoulli’s
equation. The graph in the right hand side of Figure 2.8 represents the relative
error committed with the numerical approach, defined as the difference among
the computed and experimental values divided by the experimental mass flow.
It can be observed that below a value of 2 MPa%? the relative error is very low,
confirming the capability of the current simulation approach to reproduce the
main flow characteristics.
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Figure 2.8: Experimental (from [21]) and computed mass flow (calibrated OZ
orifice) as a function of pressure drop from experiments and computed (left).
Deviation between experiments and simulations results (right).

Figure 2.9 shows the results in terms of the outlet temperature. In the left
hand side, the outlet temperature is represented as a function of the pressure
drop. The experimental results (squares) show the temperature measured by a
thermocouple placed downstream of the orifice, according to the experimental
arrangement described in [21]. The computational values (circles) show the
numerical results of the average temperature in the section where the ther-
mocouple is located. The data show that the outlet temperature tends to
increase linearly with the pressure drop, mainly as a consequence of the heat-
ing effect produced by the relative friction between the fluid and the orifice
walls. Computational results are well aligned with the experiments, with a
maximum under-prediction of up to approximately 3 K for the 60 MPa case.
The accuracy of the predictions can be better seen in the chart present in
the right hand side of that figure, where the relative error associated to the
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simulation approach in the outlet temperature is depicted, with a maximum
value of approximately 0.9%.

340 = = —_ 1
®  experimental outlet temperature §1 4 —
® computed outlet temperature L] - Error in temperature
330 8124 predicted by the model
o [
(o] % -
Z.320 "o g 14
o psy s ] .
[}
S = 2 s
© 310 s 2] ¢ e o
@ - [ ]
< g:_o 6 - SR R T .
€ 300 £ 1 " A ®
- 20444
g %o
290 502 Cpgl it L4 -
utJ Je
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
AP [MPa] AP [MPa]

Figure 2.9: Experimental (from [21]) and computed values of temperature
increase as a function of the pressure drop for the calibrated OZ orifice tested
(left). Deviation between experiments and simulations (right).

The previous results can also be directly related to the temperature in-
crease along the domain, considering that in all cases the inlet temperature
was fixed at 293 K (equal to the ambient temperature). Thus, the maximum
heating produced inside the orifice on the experimental results is approxim-
ately 30 K for an upstream pressure of 60 MPa. It has to be noted that
this temperature increase could be even more significant when looking at the
nozzle orifices of a diesel injector, which are subjected to a much higher pres-
sure drops (and consequently higher velocities). For example, for a 200 MPa
injection pressure case (typical for commercial diesel injector nozzles), if the
linear trend previously observed were maintained, it would lead to an overall
temperature increase of approximately 80 K. This increase can affect the fuel
properties at the nozzle outlet, influencing the spray formation processes, so
it may need to be considered for spray simulation activities. The heating ef-
fects on the nozzle orifices will be further analyzed in Section 2.5 for a specific
diesel nozzle geometry. While the average value of the temperature tends to
increase, the computational results show that the depressurization in the core
of the flow induces a local cooling effect in this region. This behavior can
be better seen in Figure 2.10, where the minimum local temperature in the
domain is represented against the pressure drop. For low pressure values, the
effect of this depressurization is negligible and the minimum temperature in
the domain is approximately equal to the inlet temperature. Starting from ap-
proximately a pressure drop value of 10 MPa, the minimum temperature starts
to drop, reaching a value of approximately 280 K for the 60 MPa condition,
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which is in contrast with the average temperature value of 319 K computed in
the outlet section for this particular condition. The non-uniform distribution
of the temperature achieved inside the injector orifices may be of relevance
for spray atomization simulations, for instance, especially due to the fact that
the fuel viscosity is very sensitive to the temperature in this particular range
of temperatures. In addition, the cooling effect may be more significant for
the diesel nozzle orifices, since a stronger depressurization would be achieved.
This fact will also be analyzed in Section 2.5.
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Figure 2.10: Minimum temperature computed in the whole domain.

A detail of the temperature distribution inside the orifice is provided in
Figure 2.11 for a 60 MPa upstream pressure and 5 MPa downstream pressure
case. In this figure, the flow would go from right (upstream pressure) to
left (orifice outlet). Two different behaviors can be observed. On the one
hand, the core of the flow suffers a decrease in temperature from 293 K to
approximately 280.5 K. This decrease, as previously mentioned, is related to
the transition from high pressure (60 MPa) to low pressure (5 MPa) along the
orifice length, coupled to a local increase of the velocity. On the other hand, it
can be seen how the temperature tends to increase when moving from the axis
to the orifice walls, due to the friction-induced heating effect. Consequently,
maximum temperatures of around 315 K are reached inside the orifice for this
particular condition. The final value of outlet temperature previously seen in
Figure 2.9 is a consequence of the combined influence of both effects: cooling
in the core flow and heating around the walls. In the case of the geometry
studied, the impact of the wall heating is more significant than the one of the
core flow cooling, leading to an overall temperature increase. Nevertheless, it
has to be noted that a different geometry characterized by a different discharge
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coefficient (and consequently different amount of friction losses) could vary the
balance between the two terms, and thus the outlet temperature behavior.
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Figure 2.11: Contour of temperature variations in the calibrated orifice (OZ)
for the pressure drop 60 MPa - 5 MPa.

Figure 2.12 shows a detail of the temperature distribution at the orifice
outlet section for the same case presented in Figure 10. Since the flow is fully
axisymmetric, this temperature distribution appears as a set of concentric
rings. It can also be easily seen how most of the temperature gradient is
observed close to the orifice walls, while up to approximately two thirds of the
orifice radius the temperature ranges from 287.5 to 280.5 K.

Figure 2.13 shows a detail of the distributions of density, pressure, velo-
city and viscosity around the orifice section. As it can be seen, when the
flow enters the orifice (moving from right to left) a small recirculation zone
associated to a low pressure region is created around the orifice walls. Never-
theless, the extension of this region is reduced thanks to the combination of
the inlet rounding radii and the tapered shape. In the core of the flow, the
pressure transitions rapidly from the upstream (60 MPa) to the downstream
pressure (5 MPa). Associated to the pressure decrease, the flow velocity also
increases in the core flow. Nevertheless, the effect of the friction creates a
layer of relatively low velocity around the orifice walls. In the case of the
density distribution, two different phenomena can be observed. On the one
hand, there is a trend to reduce the fuel density when passing through the
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Figure 2.12: Detail of temperature distribution in the calibrated orifice (OZ)
outlet section for the pressure drop 60 MPa-5 MPa.

orifice, which is especially visible when comparing the density upstream and
inside the orifice. This is associated to the higher-pressure values previously
observed upstream the orifice. On the other hand, it can be observed that
inside the orifice lower density values are achieved around the walls compared
to the center of the flow. This is associated to the non-uniform temperature
distribution previously commented, which tends to produce higher temperat-
ure values around the walls (due to friction-induced heating) and lower values
in the core (induced by the depressurization). Regarding the fuel dynamic
viscosity, the influence of the fuel pressure in the range 0-60 MPa is low, so
only the temperature influence can be noticed.



2.5. Nozzle orifice calculation 63

Density [kg m~-3] Pressure Pal
SEEELESS SIS SoSL LSS
{i\a\'e'”‘?i q,'\ iﬁf& *P «5" @Wﬁ @’gﬁ) “di@e 6‘9 @l &90 m"df

Veloclty. [ms*-1]

@@ Q»@mﬁwﬁ, gy
& “’@&e@“v Hob

o o A A I 8T 08

Dynamic Viscosity [Pas]

S &
;; @ﬁ%fﬁ@‘ &

o «’5 “@ ,Lb"h

Figure 2.13: Contours of density, pressure, velocity and dynamic viscosity
variations in the calibrated orifice (OZ) for the pressure drop 60 MPa-5 MPa.

2.5. Nozzle orifice calculation

Figure 13 shows the validation of the nozzle flow simulations in terms of
outlet mass flow. The experimental values had been previously obtained using
a rate of injection meter, with the methodology described in previous public-
ations by the authors [44]. As it is appreciable, the computational results
follow the linear trend of mass flow with respect to the square root of the
pressure drop along the nozzle that appears in the experiments. Nevertheless,
some overprediction is observed in the computations. On the one hand, it
has to be considered that the simulations have been performed introducing
an inlet pressure boundary condition in the needle seat region with a pressure
value equal to the common-rail pressure, while in reality some pressure drop
would occur between these two sections. On the other hand, in reality there
is some non-uniformity in the flow produced by each nozzle orifice, which is
not captured with the current setup. Additionally, there are some uncertain-
ties in geometrical parameters such as the inlet rounding radii or the orifice
surface finish, which could impact in some way the nozzle outlet velocity and
mass flow estimations [45]. In any case, differences between experimental and
computational mass flow values are within typical ranges in the literature for
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this kind of simulations.
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Figure 2.14: Mass flow validation for nozzle orifice simulations.

Figure 2.15 shows some figures of the thermal behavior inside the orifice
as a function of the pressure drop along the nozzle. The ”x” symbols repres-
ent the maximum local temperature values at the nozzle orifice outlet, which
correspond to the area near the orifice walls. As it can be seen, the high pres-
sure drop characteristic of the nozzle orifice leads to a strong friction-induced
heating effect in this region (up to 50 K in the most extreme pressure drop
case). On the contrary, the triangles show the minimum temperature values
in this same outlet section, linked to the subcooling effect in the core flow. In
this area, the temperature can go as low as 260 K, representing approximately
a 33 K temperature decrease. As a consequence, for the 200 MPa injection
conditions, there are local differences inside the nozzle outlet section of up to
85 K, which can significantly affect the fuel properties and the spray character-
istics. Finally, the circles show the average temperature at the nozzle outlet.
While in the OZ calibrated orifice it could be seen that the heating effect in
the walls was more significant than the subcooling in the core, always leading
to a temperature increase along the domain, in the case of the nozzle orifice
the opposite trend is found. This is probably linked to the high discharge
coeflicient of the particular nozzle geometry used for this study, characterized
by a combination of high degree of conicity and high inlet rounding radii. As
a consequence, the average temperature drops up to a value of 275 K for the
200 MPa injection pressure conditions.

Figure 2.16 represents the contours of the temperature distribution inside
the orifice. On the left hand side, the temperature contour in the middle plane
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Figure 2.15: Computed maximum, minimum and average temperatures in the
nozzle outlet section as a function of the pressure drop.

of the computational domain is depicted. In the inlet part of the orifice (cor-
responding to the rounding radii region), it can be seen how the temperature
drops in the upper side as a consequence of the flow detachment and local
low pressure values achieved. Once the flow starts to reorganize, the behavior
becomes more similar to what was previously observed for the OZ orifice: a
high temperature area appears near the walls due to the friction-heating effect,
while the core flow reaches low temperature values due to the depressurization.
Nevertheless, it can be noticed that the high temperature area is wider in the
upper side. Consequently, the temperature distribution in the outlet section
(seen in the right hand side of the figure) shows a deformation for the iso-
temperature curves in this upper side, inducing most of the low-temperature
area to be located near the lateral walls. As it can also be seen in this figure,
a similar behavior is also achieved in the bottom side of the orifice, but to a
much lower extent.

This non-symmetric distribution of temperature can be better understood
looking at the information depicted in Figure 2.17. In this figure, the local
temperature contours are superimposed with streamlines reproducing the dir-
ection of the flow path. As it can be seen, most of the streamlines reaching the
orifice are originated in the needle seat region. Thus, higher local velocities are
reached in this region, producing a stronger friction-heating effect and higher
local temperatures compared to the lateral sides. Something similar appears
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Figure 2.16: Temperature distribution contours inside the nozzle geometry,
for a middle plane of the domain (left) and the outlet section (right).

in the bottom side of the orifice, where some of the streamlines appear from
the lowest portion of the sac volume, inducing also an extension of the high
temperature zone.
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Figure 2.17: Combination of flow streamlines and temperature contours for
the nozzle orifice.



2.6. Conclusions 67

2.6. Conclusions

In the current paper, a modeling methodology has been proposed in order
to evaluate the thermal aspects involved inside diesel injectors through CFD
simulations. This methodology is based on an adiabatic flow condition, which
is considered reasonable due to the high flow velocities characteristic of the
diesel injection process. Additionally, the dependencies of the most important
fuel properties (density, viscosity, thermal conductivity and heat capacity)
as a function of pressure and temperature have been incorporated into the
CFED code by means of user-defined functions. This methodology has shown
a very good capability to reproduce the experimental outlet temperature on
a calibrated orifice, with a maximum deviation of approximately 0.9% with
respect to the experimental tests. Additionally, the CFD approach has been
validated also in terms of the mass flow behavior. Nevertheless, it has to be
noted that no experimental validation of the temperature spatial distribution
could be performed, given the small dimensions characterizing the orifices
of study. A detailed analysis of this temperature distribution in the orifice
has shown that in reality there are two counter-acting phenomena occurring
inside the orifice. On the one hand, there is a friction-induced heating near
the walls, as previously anticipated. On the other hand, the core flow is
generally subjected to a depressurization, associated to a decrease in the local
temperature. In the case of the control volume calibrated orifice, this second
effect is less significant compared to the friction-induced heating, producing a
net temperature increase. Once the modeling methodology has been validated
for the calibrated orifice, the same kind of analysis has been extended for a
diesel nozzle orifice. The interest of this orifice is linked to its much higher
pressure drop, which is expected to induce stronger thermal effects, and the
impact that this different temperature behavior could have on the atomization
and spray formation processes. For this purpose, a commercial 7-holes solenoid
injector has been geometrically characterized in order to obtain information
to construct the 3D model for the internal flow simulations. The results for
the nozzle orifices show again a separated behavior between the walls and the
core of the flow. For an injection pressure of 200 MPa, the difference between
the local maximum and minimum temperatures in the outlet section is around
83 K, which would induce significant differences in terms of the fuel physical
properties, which in turn may be relevant for atomization and spray formation
processes. Additionally, it can be seen how the non-uniform distribution of the
flow inside the nozzle, induced mostly by the flow bending from the needle seat
region to the orifice, produces also a non-symmetric temperature distribution
in the outlet orifice.
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Capitulo 3

Influencia de la geometria en los
procesos de inyeccion-combustion

En teoria, no hay diferencia entre la
teoria y la prdctica. En la prdctica, st la
hay.

Cientifico de computacién anénimo

Resumen: Este capitulo analiza el efecto de geometrias de morfologia
cénica convergente sobre el proceso de mezcla y combustion. Se han es-
cogido dos geometrias con distinto ratio {/d sobre las que se han ejecutado
diversas campanas experimentales con las correspondientes simulaciones.
Sobre los resultados producidos se han estudiado las diferencias en tér-
minos de flujo interno, penetracién y angulo en condiciones maqueta, y
desarrollo de la mezcla y balances energéticos en condiciones motor.
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Efficiency increase by means of air insulation
through targeted spray and combustion
chamber design and reduction of combustion
duration in diesel engines

Referencia: J. Benajes, J. M. Pastor, F. J. Salvador, E. C.
Martinez-Miracle, U. Wagner, C. Béhmeke, Air Insulation

Diesel Engine, FVV Transfer+Networking Event Germany;,
30 March 2023.

Abstract:  The aim of this project was to improve the Diesel high-pressure
cycle efficiency by mean of a reduction of the heat wall losses in the
combustion chamber and an acceleration of the end of combustion thanks to
advanced injector nozzle design. In parallel, a “reverse engineering”
methodology has been proposed and tested to numerically define an optimized
nozzle geometry. Numerical and experimental tools have been used in parallel
to precisely characterize the injector nozzles provided by Robert Bosch GmbH
and to evaluate the impact of their design on the combustion and particularly
on the wall temperature and heat flux in the cylinder. To achieve the first
item, CMT used two approaches implemented in the software CONVERGE
CFD: the internal nozzle flow and the prediction of the spray trends have
been studied using an ELSA (Eulerian-Lagrangian Spray Atomization) [1-4]
model as, for the study of the spray and combustion, a DDM (Droplet
Discrete Model) approach has been employed. Combustion system
simulations relied on the same spray and turbulence modelling approach but,
in addition, a finite-rate chemistry solver [5] was used to account for ignition
and combustion development. Concerning the wall heat-fluzes,
law-of-the-wall temperature boundary condition proposed by O’Rourke and
Amsden [6] has been used. A single cylinder engine based on a heavy duty
powertrain has been used at IFKM for implementing time resolved advanced
temperature and heat flur measurement techniques; a radio frequency system
avoiding any electric link between moving and static parts has been
implemented at IFKM and successfully tested, providing experimental data to
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CMT. Two injector nozzles with different hole geometries, have been
characterized on the bench; the choice of the different spray model
parameters has been shown to be robust w/o any necessity to adapt it while
changing the nozzle. On the two mid and high load operating points, CFD
has shown quite close results in terms of combustion and wall losses but
some differences have anyway been highlighted, allowing a possible slight
engine efficiency improvement of the order of 1% thanks to both the cycle
efficiency and to the heat exchanges. Based on these results, an “optimized”
nozzle has been defined and evaluated by simulation. The project has
demonstrated the robustness of the spray modelling with the ability to
simulate different nozzle geometries with the same model coefficients. The
association with combustion models has been successful, paving the way to a
“reverse engineering” methodology, defining the nozzle by CFD before any
prototype. In terms of experiments, F'VV partners can now have access to a
cycle resolved piston head temperature measurement at different engine
speeds thanks to a radio frequency transmission between moving and static
engine parts. Due to a lack of time and prototypes, the nozzle optimization
and the final in situ tests of the new defined parts could not be achieved
within the frame of the project. The sensitivity to the nozzle hole length to
diameter ratio versus the wall losses has nevertheless been highlighted by
CFD and the associated physical mechanism explained.
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3.2. Introduction

State of the art

In the field of road transportation, the Diesel engine still presents one of the
best solutions to achieve a fair trade-off between cost and CO2 contribution.
Nevertheless, the continuous need for reducing the earth global warming leads
to one time again improve its efficiency and, with other words, to reduce losses.
Among them, the heat transfer to the walls (cylinder head, cylinder liner and
piston) plays a significant role in the indicated split-off (Figure 3.1).

indicated split off

= 2 O o

b of the fuel energy

Figure 3.1: Energy balance in a Diesel engine operating at mid-load.

These wall losses are generally described by the following equation:

S

% X V(Tgas - Twall)h (31)
where S is the wall surface, V' the chamber volume, T}, the gas temperature
in the vicinity of the wall (more or less in the thermal boundary layer), Tyqu
the surface temperature of the wall and h the transfer coefficient. A great
effort is therefore generally achieved to design compact combustion chambers
with a low S/V ratio. Nevertheless, this criteria is not sufficient for reducing
heat losses and the local aerodynamics (via h) takes also a significant import-
ance; it is admitted that “quiescent” chambers, for instance like those used on
industrial engines, with a very low or no swirl provides good benefits despite
some drawbacks concerning emissions. Another way is to increase Twall, that
is, to insulate the chamber or at least a part of the chamber (Figure 3.2) and
especially the piston [7]. This strategy is currently investigated with the FVV

MO0416 program proposal.
Investigations on Tg,s have been mainly focused on reducing the bulk tem-
perature, for instance by mean of high levels of Exhaust Gas Recirculation
(EGR) or Homogeneous Combustion, in order to decrease the NOx emissions.
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Figure 3.2: Examples of SIPRA Coating.

The piston, the cylinder head or the liner vicinities have not been intensively
investigated even if they govern the wall losses. That is to say that the location
of the flame in the chamber, and, before, the location of the spray plume, is a
major parameter. As spray angle and penetration temporal developments are
highly defined by rail pressure and nozzle geometry, the focus has to be shift
to injection and mixture preparation topics. As described in Figure 3.3, small
bore engines are particularly concerned by this question, but the reduction of
heat losses is nevertheless important for all displacements. Improvements in

Highly Dispersed Multiple Injection Slepncd Eqg- shapeo Bow! Narrow spray Wide spray

3__‘ : (Conventional nozzle) (Short hole length nozzle)
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[ Restrict wall int: I l
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eraction
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-

Short Hole Length Nozzie Stepped :wwm Bow! Piston Temperature

High Temperature Zone High Temperature Zone

~ Close to the Wall ~ Far from the Wall

Figure 3.3: The new small Diesel engine Mazda SkyD 1.51 from [8].

the field of the injection system, not only but also by increasing the rail pres-
sure up to 2500 bars and more, and by developing the capacity to produce
sophisticated nozzles with high number of holes, complex geometries of the
orifices have been up to now mainly used to improve the NOx/soot trade-off
but the optimization of their impact on wall losses or end of combustion has
been more or less neglected.

Scope, objectives and benefits

The scope of this program is to both obtain a better understanding of
the impact of mixture formation and combustion on wall losses in a Diesel
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combustion chamber, and to propose a new methodology to reduce them by
optimizing the injector nozzle geometry. For these purposes, advanced nu-
merical tools are necessary but not sufficient; significant improvements have
to be made to couple experimental measurements like wall temperatures, heat
flux, spray behaviour in conditions close to the engine in order to optimize the
model calibration. The different tools and techniques are more precisely de-
scribed by IFKM and CMT in the following sections. Four kinds of deliverables
were targeted for FVV members: Guidelines for improving the high-pressure
cycle efficiency by a reduction of the thermal losses thanks to new nozzle hole
design, order of magnitude of the achieved improvements. Improved meth-
odologies to associate experimental data to 3D simulation for the evaluation
of thermal losses and for the spray simulation, linked to the nozzle design.
Improved measurement techniques allowing in situ temperature and heat flux
measurements in actual operating conditions. A kind of “reverse engineering”
methodology, starting with the identification of the origin of the losses and
coming up to a nozzle design proposal.

Methodology and program architecture

The methodology followed in this research program is based on the fol-
lowing two main steps. As it is explained below, the second step contains the
core of the research, and is divided in two important phases.

= Step 1: Experimental and computational characterization of the stand-
ard combustion system and methodology setup.
The main objective of this step was to set up the tools and methodologies
that are required for the characterization and analysis of the combustion
process in real engine operating conditions. For this step, a real single-
cylinder engine in its basic configuration has been used, and a baseline
standard nozzle has been tested to avoid any uncertainty that could arise
from using innovative nozzles. One first important objective was the set-
up and calibration of the CFD modelling tools able to describe the spray
evolution and the combustion in the chamber, including the evaluation
of the heat losses. The origin of the thermal losses (temporal, spatial)
has been identified. Similarly, a second milestone concerned the adapta-
tion of a specific thermometry system for measuring heat flux across the
combustion chamber walls of the operating single-cylinder engine. The
data obtained from the use of this system has been used for evaluating
and eventually calibrating the CFD heat transfer models. For achieving
the described objectives, Step 1 is organized combining the experimental
and modelling tasks illustrated in Figure 3.4 (left side) and described in
Section 3.4.

= Step 2: Phase 1. Experimental and computational characterization of
the prototype nozzle (phase 1) and CFD design of new optimized geo-
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metry (phase 2)
There were two main objectives in Step 2. The first objective was to ap-
ply the methodology developed in the previous Stepl to a new prototype

mjec

‘tor nozzle to check the ability of the models to reflect a significant

change in the hole design. The second was to design a new nozzle geo-
metry, that should be able to improve the heat losses and the combustion

rate
desc

. For this purpose, Step 2 was divided into two consecutive phases
ribed following.

Phase 1. Detailed analysis of the behavior of a nozzle prototype:
In this phase, the same procedure as in Stepl has been applied to
a prototype nozzle, again combining experiments in injection test
rigs and in engine with CFD modelling, as illustrated in Figure 4:
Work flow of Step 1 (left side) and Step 2-Phase 1 (right side). On
one hand, this procedure has allowed to check the ability of the
models to reflect a significant change in the hole design.

Phase 2: Proposal of new improved nozzle variation:

The main purpose was to propose some spay patterns able to re-
duce losses and to improve the efficiency, with some adaptation to
the injection strategy and the piston bowl design, and second to
define the corresponding nozzle geometry by the help of the flow
simulation.

Reference nozzle and combustion system | Phase 1 -l Prototype Nozzle

et - . -
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Figure 3.4: Work flow of Step 1 (left side) and Step 2-Phase 1 (right side).

3.3. Experimental facilities and experimental and
computational techniques

In this section, the different experimental and computational tools used in
the project are described.
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Nozzles description and Hydraulic characterization: mass flow rate
and momentum flux test rigs

Two different nozzles were used for the study, the first one, so-called the
baseline nozzle, used for the Step 1, and the second one for the Step 2- Phase
1. A scheme of them and their main characteristics are depicted in Figure 3.5.

| step1 | step2. Phase 1|
Nozzles characteristics: - -
inf !
mmmm
A

185 60 60 400
(-1,06%) | (-33%) (+33%) | (-50%)

SN

K-factor = (Di-Do)/10 —~ 4.3 (BN), ~ 2.5 [SN)
L/Do —~4.2 (BN), ~ 2.2 (SN)

Figure 3.5: Characteristics of nozzles used for Step 1 and Step 2 (Phase 1).

As it can be seen in this figure, both nozzles are conical with different
degrees of conicity quantified by the k-factor (definition in Figure 3.5). The
basis nozzle presents the highest conicity value with a value of 4.3 vs 2.5 of
the second nozzle. In both cases, the high value of conicity factor preserves
nozzles from cavitation [9], as it will be shown in the results section. Aside the
conicity value, among other factors, the main difference between the nozzles
lies in the different length of the holes being the half in the case of the second
nozzle. For this reason, this second nozzle was normally called “short nozzle”
throughout the investigation and this paper in results section. Since both
nozzles has similar outlet diameter, D, (187pm vs 185um) the reduction
in the length is, in turn, in the L/Do value (4.2 vs 2.2, respectively). In
Figure 3.5, Rsyp and Ry,s refers to rounding radius in the upper part and
lower part of the orifice inlet due to hydro-grinding process [10]. Both nozzles
have 9 orifices with the same inclination angle. For the development of work
packages WP1.1 and WP2.1 (see Figure 3.4), it was necessary to measure
the instantaneous mass flow rate and the momentum flux for the baseline
nozzle and the prototype nozzle. Measurements of injection rate were carried
out with an Injection Discharge Rate Curve Indicator (IRDCI) commercial
system from the company IAV [11, 12]. The measurements were of the spray
momentum flux were carried out in a dedicated test rig, where the force of the
impinging spray on a pressure sensor is recorded [13]. This force is equivalent
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to the spray momentum flux. Sprays are injected into a chamber that can
be pressurized with nitrogen up to 10 MPa, to simulate pressure discharge
conditions that are representative of real pressure conditions inside the engine
combustion chamber during the injection process. The combination of mass
flow rate measurements and momentum flux measurements make it possible to
obtain the effective velocity at the nozzle outlet. This parameter, jointly with
the discharge coefficient are of special relevance for the validation of Eulerian
coupled nozzle flow simulations, as will be seen in results section.

Spray characterization test rig. Mie-scattering and Schlieren
techniques

In work packages WP1.2 and WP2.2, it is necessary to visualize the spray
evolution for detecting the instantaneous evolution of the spray liquid and
vapor phases. For both objectives, a high-pressure and high-temperature test
rig will be used [14]. The liquid phase penetration was visualized by the means
of Mie scattering technique [15]. A schematic example of the Mie scattering
setup is presented on the left side of Figure 3.6. For the detection of the vapour
phase penetration, a double pass Schlieren arrangement was implemented [16],
as seen in the right side of this Figure.

| Camcra
= —— Photron

SA-X2

Light Source

Beam
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Mie Scattering . Schlieren
Optical Sctup Test chamber Optical Setup

Figure 3.6: Schematics of the optical arrangements used for liquid phase char-
acterization by means of Mie Scattering technique (left side) and vapor phase
characterization by means of Schlieren technique (right side).



CapriTuLO 3. Influencia de la geometria en los procesos de
84 inyeccién-combustion

Internal nozzle flow and spray modelling: Eulerian and discrete
droplet model approaches

In this study, two approaches implemented in the software CONVERGE
CFD have been followed. The internal nozzle flow and the prediction of the
spray trends have been studied using an ELSA (Eulerian-Lagrangian Spray
Atomization [1-4] model that allows the transition from an initial Eulerian
field to a Lagrangian one. Also, for the study of the spray and combustion, a
DDM (Droplet Discrete Model) approach has been employed [17]. The ELSA
model can couple the internal flow behaviour thanks to its initial Eulerian
framework and the behaviour of the spray. However, it may require a minimal
calibration and the computational cost limits its use. On the other hand, the
un-expensive DDM model allows good agreement in spray and combustion
modelling in exchange of a need of constants calibration. This calibration
was performed feeding the model with ROI (Rate of Injection), spray angle,
geometrical values of the nozzle and rates of injection. Constants were varied
accordingly to match the spray penetration of liquid and vapour phases [18].
In Figure 3.7 basic schemes of two approaches are shown.

Primary and Injector axis

Friecon % /(@_\\ secondary break-up
g —
3 Q)

Turbulence \

i F -
and mixing - o/) Eulerian ! |
} Mass, heat and momantum internal 1= T—1 T =18
e transler (drag and evaporation) flow ! |- | B I Y
Eulerian spray  Transition DDM spray

¥

Colision and coalescense
of droplats
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Figure 3.7: Schemes of DDM (left side) and ELSA (right side) approaches.

As there was no information about the needle lift motion of the studied
injectors for the eulerian simulations, in order to emulate the injector beha-
viour, the internal geometry of the nozzle was replaced by its outlet orifice.
In this new inlet boundary, the characteristics of the internal flow simulations
were mapped in order to match the rate of injection of each nozzle through the
variations of the velocity profiles values. The resulting droplets of both ELSA
and DDM model are subjected to break-up according to a KH-RT model [19].
A Re-Normalisation Group (RNG) [20] model was used for the Eulerian tur-
bulent frame. The Frossling model was selected as evaporation approach [6,
21]. In Figure 3.8, a scheme of the methodology used is shown.

Simulations were performed using a characterized diesel fuel in terms of
density, viscosity, enthalpy and surface tension [22] and diesel vapour was ap-
proached by n-heptane. Geometry for the base nozzle internal flow simulations
was reconstructed from the SEM (Scanning Electronic Microscopic) visualiz-
ation using a CAD software [23]. The 3D geometry for the nozzle prototype
was provided by the manufacturer. CFD evaluations of the spray penetration
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Figure 3.8: Example of methodology schemes.

were performed using a 99% criteria of the total spray mass [24]. All mesh
configurations were accompanied by grid independence studies.

Engine combustion modelling

Combustion system simulations rely on the same spray and turbulence
modelling approach described in Section 3.3. In addition, a finite-rate chem-
istry solver [5] is used to account for ignition and combustion development.
Diesel fuel chemistry is represented by a surrogate PRF mechanism with 70-
species and 192-reactions [25]. Concerning the wall heat-fluxes, law-of-the-wall
temperature boundary condition proposed by O’Rourke and Amsden [6] Com-
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putational domain comprises 1/9th sector of the combustion chamber, taking
benefit from the equally space 9-hole nozzle and piston bowl axi-symmetry.
The calculations were run from IVC to EVO, i.e. during the closed thermody-
namic cycle. The initial (pressure, temperature, composition) and boundary
(surface temperatures) conditions were estimated based on the combustion
diagnostics in-house code CALMEC [26].

Single cylinder engine test bench and set-up

This chapter describes the experimental setup, the development of the
telemetry system, the setup of the thermocouple in the piston and in the
cylinder head as well as the operating conditions.

Engine setup

The experimental engine investigations of the project were performed on
a single-cylinder MTU BR2000 research engine. Key engine and testbed data
are given in Table 3.1. An overview of the setup is provided in Figure 3.9.
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Figure 3.9: Sketch test bench.



3.3. Experimental facilities and experimental and computational

techniques

87

Engine data

Engine type
Compression ratio
Displacement
Injector

One-cylinder research engine
13.3:1
1.99dm3
Bosch CRIN-3 (9 Hole)

Emission measurement systems

Gaseous emissions

CO2 for EGR-rate calculation

AVL AMA4000
URAS

Soot AVL Smoke Meter
Testbed Systems
Engine oil Temperature and pressure controlled.
Engine coolant Temperature und volume flow controlled.
Cooled EGR EGR rate controlled.

Charged Air
Exhaust pressure

Fuel supply

Indication system

Pressure and temperature controlled, rotary gas
meter for volume and mass flow.

Controlled by back pressure valve depending on
boost pressure level.

External fuel pressure supply; volumetric fuel
consumption measurement and density correc-
tion by AVL PLU/KMA-unit.

Cylinder pressure, Exhaust pressure, Inlet pres-
sure, dynamic rail pressure, surface temperat-

ures.

Table 3.1: Engine data and testbed setup of the one-cylinder research engine.

Operating points

A broad experimental matrix was established within the project, which is
shown in Table 3.2. Two different speeds were selected as well as 3 different
loads. Within these operating points, variations with different mean indicated
pressure/constant fuel mass, rail pressures, SOI variations and EGR rates were
chosen. A backpressure of 200 mbar above boost pressure was set at each
operating point, as well as a pre-injection with a constant energizing timing
of 10 °CA before the main injection. Furthermore, an inlet temperature of 40
°C was controlled.

Thermocouples of the piston and the cylinder head

In order to measure the temperatures and local heat flux of the piston and
cylinder head on the combustion chamber side, the cylinder head was fitted
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A25 A50 A100 B100
n [rpm] 1200 1200 1200 1500
IMEP [bar] 5.5 10.5 21.0 21.0

pe [mbar] 1300 - 1700 2000 - 2400 3000 - 3400 3000 - 3400
prail [bar] 800 - 1200 1000 - 1400 1400 - 1600 1400 - 1600
CA50 [°'CA]  6-8-12 6-8-12 11-13-15 12-13-15

EGR [%] 0-15-30 0-15-30 0-15 0-15

Table 3.2: Operating points.

with eight and the piston with six surface thermocouples. For this purpose,
corresponding holes were drilled in the cylinder head and in the piston. Type
K thermocouples were then inserted through these holes and bonded gas tight
using a temperature resistant epoxy adhesive. Since the temporal measure-
ment resolution of the thermocouples is too low to obtain crank angle resolved
measurements, the top end is milled off and then the thermo-wires are recon-
nected with a chromium layer. To protect the connection, a gold layer is also
applied [27]. This is shown as an example in Figure 3.10.

Binder Chrome layer | Gold layer

9555555

i

Magnesiumoxide Ni Inconel Coat

Figure 3.10: Installation of surface thermocouple [28].

In order to obtain the influence of the position of the thermocouples in ad-
dition to the temporal course of the surface temperatures, the thermocouples
were distributed throughout the cylinder head. Furthermore, the thermo-
couples were distributed in the piston along the x-axis from inlet to outlet.
The respective positions are shown in Figure 3.11.
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Outlet
side

Inlet
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Figure 3.11: Positions of the surface thermocouples in the piston and cylinder
head.

Telemetry system

During the project, a self-developed telemetry system was used to measure
various surface temperatures of the piston used in this case and transfer the
measurement values wirelessly to a data sampling device. The principle of
operation is shown in Figure 3.12. The thermocouple, which measures only a
few millivolts, is connected to a voltage amplifier, which in turn is connected
to an analog to digital converter (ADC) to convert the voltage into a digital
signal. The digital signal is used as input for the microcontroller (ESP8266),
which can transmit the measured signal via WLAN. These shown compon-
ents are placed inside the piston. Inside the crankcase a receiver is installed,
which is connected to the indication system to record the measured data via
a USB interface. This system allows the measurement of seven individual
temperatures, a reference temperature directly on the system and the piston
acceleration. Depending on the speed, a temporal resolution of about 1 *CA
is possible. The reference temperature, which is available as an absolute tem-
perature, is required because the temperatures at the surface thermocouples
are only measured as relative temperatures and thus the actual temperatures
at the piston surface can be inferred.
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Figure 3.12: Functionality telemetry system.

Since no temporal allocation to the crank angle is directly available for the
respective measured temperatures, the acceleration of the piston is required,
which on the one hand is measured with the installed acceleration sensor and
on the other hand can be determined according to Equation 3.2 via the position
of the crankshaft, the speed and the geometric data of the engine.

cos2a + A2 - sint o

\/(1 —A2.sin? )3

Apiston =T W+ [cosa~+ [ A (3.2)

with A\ = r/l By calculating the two accelerations, the signals can be
synchronized. This is shown in Figure 3.13. Furthermore, the receiver outputs
a voltage signal as a trigger as soon as it receives data from the transmitter and
stops again as soon as the transmission is completed. This trigger is needed so
that the indication system measures at the same time as the telemetry system.
Since signal delays cause an offset of the measurements, a synchronization
must be performed.

By synchronization, the measured surface temperatures can now be as-
signed to a crank angle and subsequently averaged over the measured cycles.
Furthermore, it must be noted that the temperatures of the surfaces are
sampled one after the other, so that the respective temperature signal must
be additionally shifted afterwards on the basis of the sampling sequence. An
averaged measurement including time allocation is shown as an example in
Figure 3.14.

Power supply

A central challenge is to supply the system used with sufficient power, as
it is exposed to extreme conditions and no wiring for external power supply
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should be used. On the one hand, high acceleration occurs inside the piston
and on the other hand, high temperatures are reached. To ensure a continuous
power supply, a battery solution was chosen. At this point, it must be noted
that the batteries used have shown only limited durability. The reason for
this lies in the extreme accelerations of the piston. Since the batteries in
our case were installed vertically in the piston (see Figure 3.15), the vertical
acceleration also increased with increasing speed. This repeatedly led to the
interior of the batteries being destroyed and thus a sufficient power supply

could not be guaranteed.
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v

Figure 3.15: Piston with installed battery case.

Heat flux calculation

As already described in chapter 3.3, the surface temperatures of the piston
were measured and transmitted by means of a telemetry system due to its
mobility. To determine the surface temperatures of the cylinder head, on
the other hand, the thermocouples were connected directly to the indication
system. This enables the various temperatures to be measured with crank
angle resolution. The temperatures determined by the telemetry system and
the indication system can then be used to calculate the local heat flux with a
temporal resolution. The surface temperature method was used to determine
the wall heat losses. This is explained in the following section.

Surface temperature method

The periodic sequence of compression, combustion, expansion and charge
exchange, temperature oscillations occur at the combustion chamber surface.
temperature oscillations, which can be recorded by measuring the temperature
curves in the area of the combustion chamber surface. The temperature curve
on the combustion chamber wall can be divided into a stationary and a dy-
namic part. The assumptions are made that it is a one-dimensional, one-sided
infinite extended temperature field, so that the heat flow can be described
by means of Fourier’s differential equation [29, 30]. The following equation is
used to evaluate the heat flow at the combustion chamber surface [31, 32]

inf
q(t) = Gm + )\Z [(A; — B;) cos(iwt) 4+ (B; — A;) - sin(iwt)] (3.3)
i=1

Here ¢, is the steady-state heat flux density, A the thermal conductivity
and w the angular frequency. The coefficients A; and B; can be determined
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by Fourier analysis from the time course of the measured temperatures. Fur-
thermore, the thermal conductivity A and the thermal diffusivity a can be
replaced by the heat penetration coefficient b according to Equation 3.4.

b= % (3.4)
The heat penetration coefficient can be determined experimentally as well
as mathematically [33]. Within this project, the heat penetration coefficient
for the piston and cylinder head was determined by calculation on the basis of
the material properties. A heat penetration coefficient of 5500 W s%-5/(m? K)
was determined for the cylinder head and 11595 W s%%/(m? K) for the piston.
The zero-crossing method was used within the project to determine the sta-
tionary part. In addition to the determination of the surface temperatures,
the gas temperature within a cycle is required for this. This is calculated using
the cylinder pressure and the measured fuel and air mass calculated according
to Equation 3.5 [34].

Tyas = (peyt - V)/(m - R) (3.5)

Here, p.y represents the crank angle resolved measured cylinder pressure,
V the actual volume in the combustion chamber, m the total mass of air and
fuel within the cycle, and R the specific gas constant. It is assumed that using
this method the heat flux is zero when wall temperature and gas temperature
are equal [34]. The stationary heat flux qm can then be calculated according
to Equation 3.3. This principle is illustrated in Figure 3.16.
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Figure 3.16: Principle of the zero crossing method [35].

3.4. Results and analysis

Step 1: characterization of the reference combustion system

In this section, experimental and computational results concerning the
reference combustion system are shown and analysed. Mass flow rate and
momentum results Following the methodology presented in section 3.3, mass
flow rate and momentum flux were measured for several test points at low,
medium and high injection pressures ranging from 500 to 2000 bar, different
back-pressures and several energizing times. As a sample, in Figure 3.17,
the mass flow rates for different injection pressures and backpressures and
an energizing time of 1.5 ms are depicted. Considering the steady part of
the mass flow rate signal, the average steady mass flow can be plotted as a
function of the squared root of the pressure drop (difference between injection
pressure and backpressure) as plotted in Figure 3.18 (left side). In this figure
the stabilized mass flow per orifice is shown. Taking into account the orifice
diameter, the discharge coefficient can be calculated as:

my

Co= —
Ageo * PfUth

(3.6)

Being my, the steady mass flow, A4, the geometric outlet section, py the fuel
density and wuyy,, the Bernoulli “s theoretical velocity. The discharge coefficient
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has been plotted in Figure 3.18 (right side) considering all the tested points.
Discharge coefficient shows a typical asymptotic behaviour of a convergent
(non-cavitating) nozzle which is compatible with the linear trend observed
in previous graph (absence of mass flow choking) [14]. Maximum discharge
coefficient is around 0.91.
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Figure 3.17: Mass flow rate measurements for different injection and back
pressures at the same energizing time.
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Figure 3.18: Steady mass flow as a function of the pressure drop (left side)
and discharge coefficient as a function of pressure drop (right side).

As far as momentum flux measurements are concerned, they were carried
out by following the aforementioned methodology (section 3.3). Momentum
flux signal are quite like those obtained from mass flow rate. Proceeding in
the same way as for mass flow rates, in Figure 19 (left side), the steady mo-
mentum flux in N is plotted against the squared pressure drop for all the
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injection conditions. Nevertheless, the main utility of this signal is obtained
when combined with previous steady mass flow measurements, since this com-
bination, according to Equation 3.7, provides the effective injection velocity,
calculated as :

My
=1 3.7
uelf = (3.7)
being My the steady momentum flux. The effective velocity for all the
characterized injection conditions is plotted in Figure 3.19 (right side). This
effective velocity varies from around 300 ms ! for 500 bar to around 600 ms !

at 2000 bar.
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Figure 3.19: Steady momentum flux as a function of the pressure drop (left
side) and discharge coefficient as a function of pressure drop (right side).

Experimental spray characterization results

The basis’ nozzle sprays were characterized following the methodology ex-
plained in Section 3.3. The characterization was made in terms of macroscopic
spray parameters: spray tip penetration and spreading angle in both, non-
evaporative and evaporative inert conditions. The selected injection pressures
were 500, 800, 1500, 1800 and 2000 bar while the back pressures were 50, 70
and 90 bar over an energizing time of 2 ms at 400 (non-evaporating condition)
and 900 K (evaporating condition). The resulting ambient density values for
both temperatures were respectively: 41.4, 57.6 and 73.4 kg/m? at 400 K and
18.4, 25.5, 32.6 kg/m? at 900 K. The ambient chamber gas was N2 (inert
conditions). As a sample of the measurements performed, in Figure 20 (left
side), the liquid and vapor penetration as function of time is are depicted for
an injection pressure of 150 bar and three different densities in chamber: 18,
25.5 and 32.6 kg/m? at 900 K. In continuous line, the liquid spray penetrations
obtained by means of Mie-scattering technique are plotted and, dotted lines
refers to vapor penetration obtained by means of double pass Schlieren tech-
nique. The coloured shadow that accompanies the different signals represents
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the standard deviation of the ten repetitions performed for each point. As far
as liquid penetration is concerned, as can be seen liquid penetration stabil-
izes at different liquid lengths (LL) depending on the chamber density, p,. In
fact, according to Equation 3.8, liquid length inversely depends on chamber
density, therefore, the higher the density, the shorter the liquid length experi-
mentally observed. In this Equation 3.8, tan(#,,/2) is the tangent of the spray
semi-angle which has also been measured for all the tested points and plotted
in the right side of Figure 3.20. As it can be noted, the higher the chamber
density, the wider the spray cone angle.
D,
LL x —p2'5 tan(0,/2) (3.8)
As far as the vapor penetration is concerned, as it can be seen in the
left-hand side of Figure 20 (dotted points), the lower the density, the higher
the spray penetration. This result agrees with Equation 3.9 which is a well-
known penetration law as a function of time and other injection and chamber
conditions [36, 37].

S = cte - APY*. DY? . tan=12(0,/2) (3.9)

It is worth noting that both techniques (Mie and Schlieren) provide the
same results for liquid penetrations shorter than the liquid length for which
evaporation has not yet taken place.
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Figure 3.20: Liquid and vapor spray penetration (left side) and spray cone
angle (right side) for different chamber values.

Internal nozzle flow and Spray Modelling

The simulations for the internal flow study were carried out in the same in-
jection conditions using the geometry of the base nozzle. The nozzle geometry
is attached to a small chamber domain where the back pressure of each point
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is reproduced. The mesh configuration for the internal flow is shown in Figure
21 (left side) where the mesh characteristics are also provided. From an initial
refinement of 48 ym in the needle section and 12 pm in the nozzle section an
AMR is activated along the injector body up to 12pm. After the nozzle outlet
orifice, a fixed embedding of 24 nm is applied following the injection direction.
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Figure 3.21: Internal nozzle flow mesh characteristics (left side) and compu-
tational results compared to experimental ones (right side).

In Figure 3.21 (right side), the comparison between computational results
and experimental results in terms of steady mass flow rate as a function of
pressure drop is shown for all the tested points. In overall terms, computa-
tional results show small deviation from the experimental ones, with bounded
errors around 3%. Higher deviation is found for small pressure drops. The
main reasons of this deviation could be the uncertainties in geometry determ-
ination, needle deformation, etc. In any case, the code is able to predict the
experimental results with high level of confidence. On the other hand, the
simulations of the spray covered the same conditions as the experiments. Us-
ing the rate of injection, the geometrical parameters of the nozzle, and the
experimental spray angle, the DDM constants were calibrated to have an er-
ror on spray penetration below 7% for all the tested points. In Figure 3.22 it is
shown as an example the comparison between the computational DDM model
results and experiments for two different points in non-evaporative (at 400 K)
and evaporative conditions (at 900 K), on the left and right side, respectively.
Injection conditions can be read under the different graphs. As it can be seen,
results show a good agreement in terms of liquid and vapor penetration. Re-
garding the ELSA model, in this case, inlet velocity conditions are directly
mapped from internal nozzle flow calculations. As an example, in Figure 3.23,
experimental and computational vapor and liquid penetrations from an evap-
orative point are compared. The point corresponds to 1500 bar of injection
pressure and 70 bar of backpressure. Temperature in the chamber was 900 K.
As it can be observed, ELSA model slightly underpredicts the experimental
measurements, especially in liquid length estimation, but in any case, with an
uncertainty level lower than 10%. In the same Figure (right side), the exper-
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imental and ELSA model spray angle are compared for the same operating
point. As it is shown, although there is a high deviation during the transient
period, the difference in stabilized spray angle gets smaller with an estima-
tion error around 6.8% (41.4%). It must be highlighted here that, unlike the
DDM model, results are not subjected by any calibration process and so, they
mainly depend on the reliability of the inlet mapped boundary conditions,
apart from, obviously, on mesh quality, turbulence model, among others.
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Figure 3.22: Some results of the spray DDM numerical modelling in non-
evaporative and evaporative conditions.
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Figure 3.23: Some results of the spray ELSA numerical modelling in evapor-
ative conditions.
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Combustion modelling

SCE combustion system simulations were performed according to the meth-
odology previously described. Different operating conditions were simulated
to set-up and assess the computational model. Figure 3.24 shows that the
model is able to properly predict the in-cylinder pressure both at medium
(A50) and high-load (B100) conditions. The heat-release rate (HRR), derived
from the experimental data by the thermodynamic diagnostics tool, is also
well captured in the simulations.
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Figure 3.24: In-cylinder pressure (left side) and heat-release rate (right side)
for CFD and SCE experiments.

In addition, heat transfer model was evaluated and calibrated by com-
paring heat-fluxes obtained from the thermocouples. The temperature wall-
function was modified (heat flux was scaled by a constant factor) in order
to improve the agreement on local heat-fluxes, while keeping the accuracy on
in-cylinder pressure trace predictions, as shown in Figure 3.25.
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Figure 3.25: In-cylinder pressured and heat-release rate (left side) and heat-
flux at cylinder head thermocouple locations for CFD and SCE experiments.

The combustion system CFD model was then used to evaluate the heat
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losses spatial and temporal evolution. Figure 3.26 (left) presents the heat
transfer rate over combustion chamber surfaces, showing that spray-flame in-
teraction noticeably increases heat flux. The accumulated values over piston,
cylinder-head and liner surfaces are plotted in Figure 3.26 (right) during the
combustion development, indicated by the HRR.
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Figure 3.26: Heat flux through chamber surfaces spatial distribution (right)
and temporal evolution. The stoichiometric isosurface represents the flame
location in right picture.

Step 2. Second nozzle characterization and Optimization

In this section, the results concerning the second nozzle are presented and
analysed. In order to evaluate the potential of this nozzle in comparison to the
basis one, the most interesting results from the point of view of the internal
nozzle flow, spray behaviour, fuel-air mixing process, combustion, heat transfer
and combustion efficiency are compared to those of the first nozzle. From now
on, basis nozzle and second nozzle will be referred in the paper as BN and SN,
respectively.

Mass flow rate and momentum results

For the second nozzle (SN), mass flow rate measurements at the same
injection conditions as for the first one were carried out. In Figure 3.27 (left
side) the steady mass flow at maximum needle lift of the SN is plotted against
the squared-root of pressure drop and compared to the same results of the first
nozzle (BN). As depicted in the Figure, the steady mass flow rate from the SN
is slightly higher than that of the BN. This is mainly due to the slightly smaller
diameter of SN vs BN (185 vs 187 pm) and small differences in the discharge
coefficient. In any case, differences in mass flow rates are only around 1.5%.
When comparing the same parameter but coming from calculations differences
were a little bit higher in favour of the BN (-3.5%). The same Figure 3.27
(right side) compares the effective injection velocity between both nozzles as
a function of the pressure drop for all the tested cases. As can be seen from
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this graph, the SN nozzle presents higher velocity than BN. Differences are
around 3.8%. This is mainly due the reduction of the orifices length which
contributes to a reduction of friction losses, which, in turn, highly increases
the velocity despite having less conicity factor than BN.
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Figure 3.27: Mass flow rates for the SN nozzle (left side) and comparison of
stabilized mass flow between nozzles (right side).

Experimental spray characterization

As in the case of BN, the SN sprays were characterized using the same
methodologies. This nozzle was only evaluated in the most interesting points
from the point of view of engine tests, including only evaporative conditions.
The proposed test matrix covered three injection pressures (800, 1500 and
1800 bar) and three back pressures (50, 70 and 90 bar). The ambient tem-
perature was kept at 900 K. In Figure 3.28, vapor and liquid penetration of
SN are compared to those of BN for three different injections pressures and
two different backpressures. In the same graph, the cone spray angle of both
nozzles is compared for three different chamber densities (bottom, right side).
Results for BN are plotted in dotted line while those for SN are depicted in
continuous line. As far as the liquid penetration is concerned, SN presented
lower values for all conditions. This result is completely in line with Equation
3.8 since the orifice diameter is smaller than for the BN case, and also, the
spray cone angle, is too much wider in the case of SN. Differences in angle
are about 14%. The reason of this last evidence was justified by means of
CFD calculations of the inner nozzle flow that shown higher turbulence and
vorticity levels at the orifice outlet that directly affect atomization and so,
air-fuel interaction. As for what concerns the vapor penetration, BN exhibits
slightly higher values. In this case and according to Equation 3.9, this result
is justified by its fairly smaller spray angle despite having a slightly larger
diameter.

Internal nozzle flow and Spray Modelling

As in the case of BN, internal nozzle flow and spray simulations were
also done for the SN. The DDM model approach for the SN uses the same
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Figure 3.28: Comparison of liquid and vapor penetration and spray cone angle
for BN and SN.

calibration of BN, but, obviously, considering the new input parameters. This
approach makes sense if we consider that the injector model is the same in
both cases, and, therefore, it is assumed that the differences in the model s
input parameters are exclusively due to nozzles geometrical differences. In
overall terms, the DDM model of SN performs quite well when comparing with
experimental results providing pretty accurate results with similar deviation
from experiments and same level of reliability than the DDM model applied
to the BN case. As a sample, for instance, in Figure 3.29, DDM results of
SN are plotted for a couple of evaporative points (see injection conditions at
the bottom of the figure). As far as the ELSA model is concerned, just like
it was done with BN, the model capabilities were proved by comparing its
results against experimental data under a wide range of operating conditions.
As a sample, in Figure 3.29 (left side), the ELSA model liquid and vapor
penetration predictions are compared with experimental results for a given
operating point (see bottom of the figure). Additionally, previous BN ELSA
experimental and model results have been added. As it can be seen, this
figure highlights again the ability of the model to reproduce the experimental
results. In particular, liquid length is as well predicted as in the previous BN
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case. However, the vapour penetration is even better predicted for the SN
case than BN. In the same Figure 3.30 (right side) the spray angle from ELSA
model is compared to the experimental one, including also previous BN ELSA
numerical and experimental results. In this case, as it was also the case for the
BN nozzle, SN ELSA results shows a deviation of around 15% with respect to
the experimental stabilized spray angle. It is very important to highlight here
that, although the angle proved by ELSA model is slightly higher for the SN
than that of the BN, these differences are not of the same order than those
observed experimentally.
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Figure 3.29: Some results of the DDM spray approach for the SN nozzle versus
experimental.
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Figure 3.30: Some results of the ELSA model spray approach versus experi-
mental for the BN and SN nozzles.
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Combustion modelling

Using the same validated model of Section 3.4, and the new characterized
spray of the SN nozzle, both injectors have been compared in terms of com-
bustion and cycle efficiency. The SN model respects the injection duration
and total injected mass used for the BN. Figure 3.31 shows the in-cylinder
pressure (left side) and heat release rate (right side).
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Figure 3.31: In-cylinder pressure and heat release for CFD BN and SN simu-
lations.

At a mid-load condition (continuous line), the SN nozzle shows an initial
lower heat release that leads to slightly lower in-cylinder peak pressure. How-
ever, the later combustion is more intense as shown in the accumulated heat
release of Figure 3.31 (left side). Something similar occurs at high load, in
this case the maximum peak is almost the same and the SN nozzle, even if
its heat release is delayed, improves the heat release beyond the BN nozzle.
These trends were confirmed by ELSA combustion simulations at mid load as
shown in Figure 3.32.
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Figure 3.32: ELSA combustion approach, pressure and heat release.
The impact of the nozzle design on the wall heat transfer is presented

in Figure 3.33 (right side) and Figure 3.34. Here, for the mid-load point a
reduction in the heat transfer through the piston can be observed. At high
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load condition, despite the higher cumulative heat release for the SN nozzle,
the heat losses remain almost the same. Again, the ELSA simulation confirms
the trends (Figure 3.34 right side) but with an overprediction of the transfer
heat compared to DDM values (Figure 3.34 left side). This leads us to think
that, although the ELSA model can predict the trends, also requires a more
in-depth study.
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Figure 3.33: Accumulated heat release and heat transfer of the DDM model,
BN and SN nozzles.
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Figure 3.34: Total heat transfer DDM (left side) and ELSA (right side) of BN
and SN.

The mixing behaviour represented in Figure 3.35 helps in the understand-
ing of the heat release results. In this figure is presented the amount on
in-cylinder mass with equivalence ratio (¢) higher than 1 and 2. It is shown
that rich regions mass (¢ > 1) is lower for SN during late combustion, in-
dicating more efficient mixing process that allows faster burning rates. This
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difference is more noticeable under high-load conditions, also supported by

heat release results.
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Figure 3.35: Mixture for the BN and SN nozzle at mid-load point (left) and

high-load point (right).
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Figure 3.36: Energy balance for BN and SN nozzle.

The closed thermodynamic cycle is evaluated in terms of the energy usage
balance of Figure 3.36. The energy balance for the mid-load point (A50MP11)
shows how part of the increased SN combustion efficiency (-1.2% combustion
loss) together with lower heat transfer losses (-0.7%) derives in a net increase
of cycle work (+0.8%). For the high-load point (B100MP7), there is a minor
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increase in the heat losses (4+0.1%), as the combustion efficiency (-0.8% of
combustion losses) also increases, there is also an increment in the cycle work
(+0.7%).

Results of step 2 (phase 2): Optimized geometry

In view of the previous results related to the SN and BN comparison in
terms of fuel-air mixing and combustion, with this new proposed geometry,
the pursued objective was to improve even more the air-fuel mixing process
by trying to further increase the injection velocity and the spray angle while
keeping the same mass flow rate as the SN. With this goal in mind, the same
(short) orifice length (equal than SN) has been employed but with a high level
of conicity (same value as BN) and increased inlet rounding radius. Since
this geometry is expected to have better discharge coefficient than SN, it has
been necessary to reduce the outlet diameter to keep the same mass flow
rate. With these modifications a higher injection velocity would be expected
which, in turn, due to the greater turbulence level reached, should lead to a
wider spray angle (higher atomization). This decrease in outlet diameter with
respect to SN together with the higher spray angle should have consequently a
smaller liquid length, according to Equation 3.8, and so, a better mixing fuel-
air process. Figure 3.37 summarizes the new geometrical parameters compared
to those of SN. This nozzle will be referenced for now on as OP3.

"% New OP3 geometry characteristics:

Parameter ENE

L [pm] 400 400
Dy [um] 185 180
L/Dy 22 2,22
R [um] 60 90
K-factor 20 4

Internal flow CFD results (Pinj: 1500 bar, Pback: 70 bar):

Mass flow [g/s] 1.3 11.3
OP3 Nozzle, 3D geometry. Momentum flux [N] 6,05 6,12
Cd 0.88 0.91

Eff. Velocity [m/s] 534 545

Figure 3.37: New OP3 geometry and internal flow results for a given injection
condition.

CFD Internal nozzle flow results for a reference point (1500 bar-70 bar)
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are depicted in the bottom of the same 3.37. As it can be seen, OP3 nozzle
showed a similar mass flow, a slightly higher momentum (+1.15%) and only an
increase of 2% in effective injection velocity. The characterization of the spray
was studied by means of ELSA model at the same injection and back pressure
in evaporative conditions (900 K). Obviously, no experimental data is available
for this virtual nozzle. Results of the simulation are shown in Figure 3.38. In
this Figure, the vapor and liquid penetration are depicted in the left side while
spray cone angle is depicted in the right side. In both graphs, a comparison
between SN and OP3 nozzles are shown. As it can be seen, both nozzles
shown practically the same spray angle, with negligible differences. This is
mainly due to the small differences found in terms of injection velocity. The
same spray angle together the smaller diameter of OP3 vs SN (180 vs 185 pm)
is at the origin of the small difference found in the liquid length plotted in
Figure 3.38 (left), being slightly shorter for OP3 proportional to its diameter
reduction according to Equation 3.8. OP3 nozzle also shows a slightly greater
vapor penetration which may be attributed to its higher momentum and same
spray cone angle than SN.

Spray penetration SN vs. OP3 Angle: SN vs, OP3

" i \jﬂ

0.04

(=]

o

w
w
=]

E
] |
' 25 1
; & . P e
& 0,02+ - 20 - —=
z | ~~
e } 15 Y 4
“ { i
0.01 10 _]
; 1
-5 (SN S EUN- SRS S— S— 0 ]
L] 0.0005 0001 00015 0002 00025 0.003 o 0.5 1 1.5
Time (seconds) Time [ms] ©1073
Pinj = 1500 bar, Pback = 70 bar Pinj = 1500 bar, Pback = 70 bar

Figure 3.38: OP3 geometry spray behaviour predicted by the ELSA approach
compared with the SN nozzle.

For the DDM approach, the same model as for the BN and SN nozzles
was used. The input parameters varied according to the new geometry. The
ROI obtained from the SN nozzle was used for the OP3 nozzle since there
is no experimental data and injector technology is the same. Without any
experimental data available for this new nozzle, the trends predicted by the
ELSA simulations (Figure 3.38) were used to complete the rest of parameters.
The DDM model was fed by the same angle than the SN nozzle (according
to the ELSA prediction), the new geometrical parameters and the same mass
flow rate. Figure 3.39 shows the results for the same operating point with the
DDM approach.
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Spray penetration SN vs. OP3
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Figure 3.39: DDM spray penetration, SN and OP3 nozzles.

For both ELSA and DDM approaches trends are consistent. A slightly
higher momentum leads to a slightly faster spray penetration while the liquid
length is reduced in a proportion (in average) according to the reduction of
the new OP3 nozzle diameter (~ -2.65%). In summary, the new nozzle main
differences rely on a smaller liquid length. Combustion simulations of the
new nozzle uses the same model as previous ones. In this case, only DDM
simulations have been performed. Figure 3.40 shows the pressure and heat
release rate evolution for the SN and OP3 nozzle, as it can be seen, the new
nozzle geometry only causes minor differences.

Pressure HRR
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Figure 3.40: Pressure and heat release comparison for the SN and OP3 nozzle
simulations.

The accumulated heat release in Figure 3.42, in consonance with the HRR,
also shows minor changes. Heat transfer is also almost unaffected, with slight
improvement for OP3 at high-load but opposite result at mid-load. The mixing
results (Figure 3.41, left side) also are consistent with previous results.

Finally, the energy balance of Figure 3.43 (right side) shows no noticeable
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Figure 3.41: Mixture for SN and OP3 nozzles.
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Figure 3.42: Accumulated heat release and integrated heat transfer for the
numerical SN and OP3 simulations.

differences in the cycle work, due to similar combustion and heat transfer
performance.

Single cylinder engine tests

This chapter describes the experimental results on the engine test bench
with regard to emissions, temperatures and heat flows of the base nozzle as
well as the short nozzle.
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Figure 3.43: Total heat transfer and energy balance for SN and OP3 nozzle.

Emissions

In this section, the emission results of the two nozzles are contrasted and
compared (see Figure 3.44 and Figure 3.45). The solid and dashed lines rep-
resent the results of the base nozzle with a rail pressure of 1200 bar and 1000
bar and the dotted and dash-dotted lines represent this for the short nozzle.
This is shown once for different center of combustion positions and for different
EGR rates. It can be clearly seen that the second nozzle measurements show
significantly more HC, CO and soot, but also significantly less NOx. Since
the HC and CO values are rather negligible, special attention must be paid to
soot values. These are roughly 4 to 5 times higher regardless of the respective
engine load.

Temperature measurements

In this section, the temperatures of the various positions in the cylinder
head and piston are compared. This is shown as an example for a quarter
load point with the base nozzle in Figure 3.46. Here, it can basically be
stated that the temperatures in the piston are higher on average than at the
cylinder head. The dashed lines represent the temperatures in the piston and
the solid lines the temperatures in the cylinder head. For the cylinder head,
it can be said that thermocouples positioned closer to the center measure
significantly higher temperatures than thermocouples positioned further out.
For the thermocouples in the piston, it can be observed that the temperature
is lowest in the center of the piston, since the flame does not cover the surface
here, the temperature in the piston bowl is slightly higher than that in the
center of the piston. Significantly higher temperatures are detected at the
edge of the piston and at the rim of the piston. The highest temperature can
be detected in the direction of the outlet side at the piston bowl, since on the
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Figure 3.44: Emission behavior A25 / SOI + rail pressure variation.
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Figure 3.45: Emission behavior A25 / EGR + rail pressure variation.

one hand the flame front generally points in this direction and on the other
hand the distance to the jet plumes is smallest here.

In Figure 3.47 a comparison of the peak temperatures of the respective
positions of the thermocouples in the cylinder head and piston for all 25% load
points with the base nozzle is shown. This once again confirms the statements
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Figure 3.46: Temperature curve of the different thermocouples.

made above, irrespective of variations. The highest temperatures occur in the
middle of the cylinder head, and the temperatures drop towards the outside.
On the piston, the lowest temperature is in the center and in the bowl. The
highest temperatures occur at the piston edge and at the piston rim.
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Figure 3.47: Maximum temperatures of the different thermocouples A25 (BN).

Figure 3.48 and Figure 3.49 show the direct comparison for all quarter-load
and half-load points in terms of the maximum temperature of the respective
operating points and variations between the base nozzle and the short nozzle.
Since only two thermocouples in the piston and four thermocouples in the
cylinder head were still functional at this point, due to the low durability
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of the surface thermocouples, only the peak temperatures of still operational
thermocouples are compared. It can be seen that at both the quarter-load
points and the half-load points, the peak temperatures in the cylinder head
do not differ, so that no influence of the nozzle geometry can be detected with
respect to temperatures. With the thermocouples operational in the piston,
no difference can be detected between the peak temperatures at position 2
either. However, at both load points it can be seen that the peak temperature
has dropped by about 10 °C on average at position 1 in the piston bowl from
the base nozzle to the short nozzle. This shows that the penetration depth of
the injection jets or flame plumes must be reduced here, resulting in a lower
peak temperature. Conversely, this then leads to a lower wall heat loss, which
is explained in Section 3.4
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Figure 3.48: Maximum temperatures A25 - comparison between base nozzle
and short nozzle.

Heat flux calculations

Using the method described in Section 3.3, all heat flows of the respective
thermocouple positions are calculated in this chapter. This is shown as an
example in Figure 3.50 for a quarter load point with the base nozzle. Here
it can be seen clearly that the heat flows of the piston are above the heat
flows in the cylinder head. Normally, due to the smaller difference between
gas temperature and wall temperature, the heat flows in the piston should be
significantly lower, but due to the different material properties and the twice
as high heat penetration number at the piston, the reverse effect can be seen.
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Figure 3.49: Maximum temperatures A50 - comparison between base nozzle
and short nozzle.

As with the temperatures, it can be seen that the highest temperatures at
positions 5 and 6 in the piston also result in the highest heat flows, and the
lowest at position 4 in the center of the piston.
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Figure 3.50: Heat flux densities A25 MP1.

The area fraction of the total cylinder wall area which is attributed to a
certain thermocouple position can be used to determine an average heat flow
for the entire combustion chamber as well as for the cylinder head and piston,
so that these can be compared using different models. Table 3.3 shows the area
share attributed to the respective thermocouple position. The piston surface
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takes up 57% of the total area of the combustion chamber and the cylinder
head area 43%, the cylinder liner is neglected.

Thermocouple shared area

Position Head 1 2 3 4 5 6 7
Share [%)]) 25 10 25 20 20

Position Piston 1 2 3 4 5 6
Share [%)] 35 10 15 15 10 15

Table 3.3: Shares of the surfaces.

Figure 3.51 shows the average heat flow based on the listed proportions for
piston and cylinder head for the same operating point. Furthermore, the wall
heat transfer models according to Woschni, Woschni-Huber and Hohenberg
have been calculated and also shown. It can be seen that the values of the
average total heat flux is between that of the piston and the cylinder head
due to similar surface weighting. The real calculated heat flux matches the
Hohenberg model in course and maximum peak, only the Hohenberg model
shows a faster heat release before top dead center, since the maximum peak
in the real measured course occurs later. This behavior can also be seen in
unfired operation. The models of Woschni and Woschni-Huber overestimate
the heat flux, so that they are not suitable for modeling. On the basis of these
comparisons, the Hohenberg model could be modified accordingly to reflect
the measured heat flow.
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Figure 3.51: Heat flux densities A25 MP1 (comparison to model).

Based on these calculations, the total wall heat losses were calculated for
all quarter load points of the base nozzle and put in relation to the total energy
introduced via the fuel. This is shown in Figure 3.52 for both the measured
and the Hohenberg modelled heat flux. It can be seen that the wall heat loss
after Hohenberg is below the measured wall heat loss for each operating point,
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resulting in an average difference of about 2.6%. This can be explained by the
faster wall heat transfer. The determined wall heat losses are between 13.2%
and 15.0%. Furthermore, it can be noted here that the wall heat losses drop
with a later center of combustion. This is due to the lower peak temperature in
the combustion chamber. Since sufficient temperatures could only be recorded
for the quarter load points with the base nozzle, the total heat losses were only
determined for these.
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Figure 3.52: Wall heat losses A25 (Hohenberg).

As mentioned before, no complete wall heat losses of the combustion cham-
ber can be made for the different nozzles due to missing data. Furthermore, no
real differences between the nozzles could be detected between the wall tem-
peratures of the operational thermocouples, only at position 1 of the piston
the wall temperature was lower than for the base nozzle during tests with the
short nozzle. Figure 3.53 shows for a half-load point the direct comparison in
terms of heat flows for two temperatures from the cylinder head and for the,
at time, still operational two thermocouples in the piston.

As expected, the heat flows of the two thermocouples from the cylinder
head differ only slightly due to approximately equal wall temperatures, and no
major difference can be detected at position 2 of the piston either. In contrast,
a clear influence of the nozzle geometry can be observed for the heat flows at
position 1 of the piston. The wall heat flux peak is about 28% lower with
the second nozzle compared to the base nozzle. This effect is the same for all
measuring points examined. It shows that it is possible to reduce the wall heat
transfer with appropriate adjustment of the nozzle geometry. Unfortunately,
however, it is not possible to say whether the total wall heat transfer can
also be reduced as a result, since the temperatures in the piston could also
have risen equivalently elsewhere. In the overall efficiency results, no striking
differences can be quantified.
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Figure 3.53: Comparison between BN and SN (A50 MP12).

3.5. Summary and conclusions

The project has demonstrated the robustness of the spray modelling with
the ability to simulate different nozzle geometries with the same model coef-
ficients. The association with combustion models has been successful, paving
the way to a “reverse engineering” methodology, defining the nozzle by CFD
before any prototype. In terms of experiments, FVV partners can now have
access to a cycle resolved piston head temperature measurement at different
engine speeds thanks to a radio frequency transmission between moving and
static engine parts. Due to a lack of time and prototypes, the nozzle optimiz-
ation and the final in situ tests of the new defined parts could not be achieved
within the frame of the project. The sensitivity to the nozzle hole length to
diameter ratio versus the wall losses has nevertheless been highlighted by CFD
and the associated physical mechanism explained.
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Capitulo 4

Influencia de geometrias elipticas
sobre la mezcla

How to get an engineer’s attention: Say
“There has to be a better way to do this.”

Anonymous engineer

Resumen: La influencia de la geometria como herramienta para mejorar
la mezcla se explora en este capitulo a través del andlisis de geometrias
innovadoras elipticas. El andlisis computacional usando modelos de flujo
interno-externo acoplado permite el estudio simultdneo de ambas meca-
nicas y vincular el comportamiento del flujo en el interior de la tobera
con la mezcla. El modelo 3-Y ESA es validado frente a una tobera mono-
orificio de investigacién y datos experimentales de flujo interno de una
tobera comercial con cardcter cavitante.
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Computational study on the influence of nozzle
eccentricity in spray formation by means of
Eulerian > - Y coupled simulations in diesel

injection nozzles

Referencia: F.J. Salvador, J.M. Pastor, J. De la Morena,
E.C. Martinez-Miracle, Computational study on the
influence of nozzle eccentricity in spray formation by means
of Eulerian ¥ - Y coupled simulations in diesel injection
nozzles, International Journal of Multiphase Flow, Volume
129, 2020, 103338, ISSN 0301-9322,
https://doi.org/10.1016/j.ijmultiphaseflow.2020.103338.

Abstract:  The present work analyses the effect of the eccentricity of diesel
nozzle orifices over the spray behaviour by means of CFD simulations.
Several orifice geometries with varying horizontal eccentricity (from 0.50 to
0.94) are selected. Their performance is assessed at a high injection pressure
of 200 MPa, a 8 MPa back-pressure and non-evaporative conditions. The
nozzle flow characteristics, including cavitation modelled by a Homogeneous
Relazation Model (HRM), are accounted for in the spray performance by
means of a ¥ - Y model. The code is validated via two reference nozzles, the
so called "Spray A” of the Engine Combustion Network plus a second nozzle
from a production injector, and then extended to the eccentric geometries.
The results and discussions include spray angle and penetration, air
entrainment and flow parameters of the nozzle inner conditions versus the
eccentricity value.

4.1. Introduction

As the standards applied to combustion engines emissions become more
stringent, the need to produce cleaner combustion systems compatible with
future climatic requirements is critical. Diesel engines have been widely used
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thanks to their potential to reduce C'Oy emissions, one of the most significant
contributors to global warming effect. However, concerns about their capab-
ility to meet future NO, and particulate matter emissions regulations have
arisen over the last years. Even if these pollutants can be substantially re-
duced by means of aftertreatment systems (such as Diesel Particulate Filters
-DPF-, Lean-NOx Trap-LNT- or Selective Catalytic Reactors -SCR-), the ori-
gin of the emissions must be also controlled in order not only to reduce them,
but also to keep under control the cost, size, durability and fuel consumption
impact of the aforementioned elements. While Exhaust Gas Recirculation
(EGR) can be used to mitigate NO, emissions thanks to the lower combus-
tion temperature, its usage is limited due to the subsequent increase of the
particulate matter (mainly composed of soot). However, soot formation is
controlled by the air-fuel mixing process, which is mainly a result of the injec-
tion pressure and the morphology of the injector and chamber geometry [1-3].
Additionally, the fuel-air mixing controls the combustion timing and duration,
affecting the indicated efficiency, as well as the flame distance to the cylinder
walls, impacting heat transfer losses.

Since the 1970’s the study of the parameters that characterize the spray
performance has been a constant research topic with the aim of increasing
efficiency while reducing emissions. First works by Wakuri et al. [4], the ex-
tensive studies by Hiroyasu et al. [5-8] and several others like Reitz et al.
[9-11] postulated the importance of the spray mechanics, specially the rela-
tionship between the tip penetration, the spray angle and the air entrainment.
Different optical diagnostics have been developed to evaluate the primary at-
omization and initial spray formation process [12-14], the fuel-air mixing [15,
16] and the combustion development [17, 18]. The evolution of computational
fluid dynamics in the recent years has made possible to study in further de-
tails the importance of the nozzle geometry in the atomization process [19-
22]. In this sense, approaches such as the ¥ — Y model [23, 24] which allows
a coupled flux between nozzle and spray through a Eulerian-Eulerian simu-
lation [25-27]. In this model, flux phases are considered as a pseudo-fluid
inside a single velocity field. This method introduces the possibility of simu-
late cavitation phenomena if the geometry is prone to cavitate. In this sense,
several authors such as Zhao et al. [28] and Battistoni et al. [29] used an
Homogeneous Relaxation Model to evaluate cavitation phenomena in nozzles.

Already decades ago, works by Sforza et al. [30] and Trentacoste and
Sforza [31] made first approximations to the aspects of jets produced by el-
liptical nozzles. Hussain et al. [32, 33] and Ho et al. [34] analysed also these
jets from a theoretical perspective. More recently, studies about elliptical
nozzles applied to spray mechanics revealed that this particular shape was
able to improve the general dispersion of the injected fluid [35]. Lee et al. [36]
performed comparisons between elliptical and cylindrical single-hole nozzles
and found an improved spreading angle, specially in the plane corresponding
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to the minimum diameter. Similar results were reported by [37], showing a
lower penetration in favour of a wider angle and then a greater atomization
effect associated to elliptical single-hole nozzles. Hong et al. [38] studied cavit-
ation phenomena inside transparent elliptical nozzles, concluding that longer
cavitation fields (up to the orifice outlet) were appearing. Based on the work
by Hong et al., [39] applied CFD techniques in order to verify the relationship
between the internal flow and the behaviour of the spray. Their investigation
showed how cavitation takes place in the major axis limits due to a greater
contraction of the stream-lines in that zone for single-hole nozzles. The in-
ternal profiles of the CFD simulations related the turbulence subjected to
cavitation to a greater spreading angle in the major axis plane. Finally, some
approximations to real diesel engines were made by Matsson and Andersson
[40], accounting the impact on emissions of elliptical geometries, with a gen-
eral decrease of NO, emissions and fuel consumption for elliptical geometries,
but with varying smoke production depending on the aspect ratio value.
Despite the previous works describe some of the physics related to the
impact of elliptical orifices on nozzle flow and spray formation, most of them
may not be fully representative from a practical point of view. On the one
hand, most of the studies are performed for single-hole axi-symmetric nozzles.
However, diesel engines require multi-orifice nozzles, which are affected by the
change of direction of the flow induced by the inclination of the orifices’ axis
compared to the injector. On the other hand, nozzle sizes within literature are
usually larger than a representative diesel nozzle (< 0.2 mm). A first approach
to this more complex problem was described by [41]. In their work, several
detailed CFD simulations were carried out in order to clarify how the internal
flow of a common rail diesel injector with elliptical orifices could affect the
atomization, and an extrapolation to the effects in the spray characteristics
was made based on a theoretical reasoning. The present paper intends to get
a deeper view into the effects of elliptical nozzles over the spray by means of
advanced coupled internal-external flow simulations. This will also allow to
understand some of the effects described in the literature. On the basis of a
cavitating cylindrical nozzle whose hydraulic behaviour is known, six ellipt-
ical geometries have been modelled. The horizontal radius has been gradually
increased from an eccentricity of 0.5 to 0.94, maintaining a constant outlet
section, while the rest of the geometrical morphology has been kept as in the
original nozzle. The validation of the computational model has been carried
out following two lines of action. First, a non-cavitating single-hole nozzle
from the Engine Combustion Network [42], named Spray A, has been evalu-
ated in terms of mass flow rate, momentum flux, spray angle and projected
mass density. Then, Homogeneous Relaxation Model (HRM) used to predict
cavitation performance has been assessed against hydraulic experimental data
from a cylindrical multi-hole nozzle, which is the same used as baseline for
the rest of the study. Once the models are validated, the performance of the
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elliptical nozzles is analysed in terms of the flow conditions at the nozzle out-
let (mass flow, momentum flux, liquid and vapour fractions, radial and axial
velocity profiles, etc), as well as spray features (such as the spray angle, the
air entrainment and the spray tip penetration). Several discussions over the
information available in literature have been exposed and the behaviour of the
simulations have been clarified.

The investigation has been divided into six sections. Section 4.2 introduces
the computational model, while section 4.3 describes the employed methodo-
logy. It includes the description of the models, the geometries, fluid properties
and the post-process and comparison techniques. Section 4.4 discusses the val-
idation of the model, including the description of the nozzle geometries used
for this purpose (Spray A and a production multi-hole injector), the character-
istics of the meshes and model constants configuration used. Section number
4.5 shows the results for the six nozzles elliptical geometries considered. All
the nozzles have been compared relating their spray characteristics with the
previous literature findings, paying special attention to coherence between ex-
tracted properties at the nozzle outlet and the spray behaviour. The last
section collects the main conclusions of the present work.

4.2. Model description

The coupling between the nozzle internal flow and the spray is made by
means of a X — Y atomization model. In this formulation, all the phases
are treated as a pseudo-fluid with an unique velocity field for vapour fuel,
liquid fuel and chamber gas [26, 43]. This approximation assumes that the
exiting spray is characterised by large values of Reynolds and Webber numbers.
From this point of view, bigger scales of turbulence can be transported, while
small unresolved scales are computed using standard closure models. The
dispersion of the liquid phase is then traced by means of a scalar function.
This magnitude takes a value of 1 when only liquid exists, and 0 if there is
only vapour phase. The transport equation for the liquid mass fraction on its
Favre averaging form is:

opY | opuY
ot e =0 (4.1)

where p denotes the density, 4, = the axial position and Y is the mean
mass-averaged volume fraction defined as:

- Y
v = Pla® (4.2)

p

Y being the volume fraction.
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If an immiscible mixture is assumed for the two phases, the relation between
the mass-averaged value of the liquid volume fraction can be related to the
density by
1 Y 1-Y

—=—+ .

p P Pg
An equation of state is then assigned to each phase

(4.3)
_ P

pg - RgT’
pPr = f(paT)
Ope

(4.4)
The energy transport equation only accounts the internal energy of the
fluid, and stands as follows:

(4.5)
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Where Y,, and h,, are the mass fraction and enthalpy for each species
respectively, D is a mass diffusion coefficient, P is the pressure,o;; the stress
tensor, e is the specific energy and 7' is the temperature. The relation between
the different species is given by:
h(T)=Y - hy(T) +

The turbulent term in the liquid mass transport is modelled as

(1-Y)- hg(T)'

/Y, ,ut 8Y

(4.7)
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where 0;; denotes the viscous stress tensor, equals to

Subsequently, the momentum conservation equation can be written as
opu;

(4.9)
o ou; n o0uj n (2 Oy,
7= H Ox;  Ox;

el O
.3#8.%’]C Zj) ’
 is representing the viscosity and d;; is the Kronecker delta

(4.10)
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Finally, the interphase surface area density is defined as the quantity of
spatial surface per unit volume [23, 44]. Hence, the transport equation asso-
ciated to this scalar magnitude is:

oS ou; 0 5
a*%j‘%j@z%j)‘

where

3pY

S =Pt 412
I PiTeq ( )
23
SEevap = 3_}—/Sevapa (413)
€
o=z, (4.14)

o3/5 (/357)2/15

req:OQ%W’ (415)
l
vr

Dy = —, 4.16

o=t (416)

Dy is a diffusion coefficient, Y is the volume fraction of fuel, Sy,,,, is
a source term related to vaporization, Sy, , is the initialization value, 7,
is the equilibrium radius for virtual droplets. Finally, aq and as are model
parameters subjected to calibration. The terms above can be used to calculate
equivalent droplet sizes as part of the transition chain to parcels in an hybrid
Eulerian-Lagrangian model. Although this kind of comparison is beyond the
limits of this paper, it is a good indication of the potential of the model.

Emin -3
SEim‘t = TPOS(Emm - 2)7 (417)
Smin =y/ (1 — a)V1/3, (4.18)
1 if¥ >0
V) = 4.19
pos(¥) {0 if ¥ <O0. ( )

In diesel engines, usual values for a; and «ay are respectively 1 and 4 [24,
25]. For a deeper mathematical explanation of the model and coefficients,
previous work by [43] can be consulted.
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As stated during the introduction, the mass transfer between fuel vapour
and liquid phase due to cavitation is modelled by a Homogeneous Relaxation
Model (HRM) [45, 46]. The model assumes that the rate at which the instant-
aneous mass (z) approaches its equilibrium value (Z) depends on a time scale
factor (0p) or relaxation factor. The linear relation is expressed as:

D, -z

SoTAR (4.20)

Two time scales are calculated, one for evaporation and another for condens-
ation:

GE — 900[—0.5490—1.76’ (421)

Oc = Foya 054176, (4.22)

Notice that « is the void fraction, equals to (1 —Y) . The value of 6y is
set to 3.84e — 7 s and ¢ is the non-dimensional pressure ratio.

o= Psat - P
Pc - Psat’
where P, denotes the critical pressure of the fluid. In equation 4.22, F' has

a value of 5000 according to the conclussions from previous analysis by He et
al. [47].

(4.23)

4.3. Methodology

The current study is divided in two steps. First, two existing injector nozzle
geometries are used for the validation of the simulations in terms of the internal
flow characteristics and the spray formation processes. The internal flow is
validated based on hydraulic data from a multi-hole nozzle, characterized by
cylindrical orifices so that cavitation is induced. For the validation of the
spray models, the so called “Spray A” from the Engine Combustion Network
ECN [42], which is a single-hole conical nozzle, is selected. The advantage of
this nozzle is that it is widely characterised in terms of the spray evolution by
different experimental techniques.

Later on, the impact of the eccentricity in the outlet section of the nozzle is
analysed. For this purpose, six different 3D nozzle geometries with increasing
levels of eccentricity have been explored for this study (Table 4.1), using as a
basis the geometry from a production 6-hole diesel nozzle.

The initial dimensions of this injector were characterized using silicone
moulds. This method was widely used in similar studies, providing a geo-
metrical error about 2% in the main nozzle magnitudes [48-52]. The whole
internal geometry of the real injector, including the needle seat, sac, the hy-
drogriding radius and the outlet section, has been replicated for all the six
elliptical nozzles. Even though the outlet area of the orifice remains constant,
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Radius [ppm] and eccentricities

Ruin (b)  Rimaz (a) e

80 90.31 0.50
75 96.33 0.62
70 103.21 0.73
65 111.15 0.81
55 131.36 0.90
50 144.5 0.94

Table 4.1: Geometries used for the study.

the nozzle shape varies as the minor radius (axial with respect to the injector
axis) decreases and the mayor one (tangential to the injector) increases (see
Figure 4.1a and 4.1b for further details). The outlet orifice has been defined
taking into account the expressions below:

7r
Aellz’pse = mab = Dz%asezum2, (4.24)
A
bein a= , 4.25
g R (4.25)
and e=S. (4.26)
a
Where is the minor radius, is the major radius and is the so-called linear
eccentricity:
c=+Va%— b (4.27)
(a) eccentricity = 0.50 (b) eccentricity = 0.94

Figure 4.1: 3D geometry models

In order to ensure the independence of the results from the computational
boundaries, a 30 x 30 mm chamber domain has been chosen for the injec-
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tion process (Figure 4.2). The symmetry of the problem allows to calculate
a single 60° sector of the injector, corresponding to one nozzle orifice, redu-
cing the computational effort. Turbulence is modelled by Unsteady Reynolds
Averaged Navier-Stokes (U-RANS) methodology, employing a Favre-averaged
formulation for compressible fluids. Given the high flow velocity and the ex-
pected appearance of cavitation, Reynolds values higher than 20000 have been
estimated, so a turbulent flow is expected inside the nozzle. For this reason,
a standard k£ — € model [53, 54] has been selected as a turbulence model.
Although this particular approach performance is known to be worse than
others like the k — w in recirculation zones (such as those generated in cavit-
ation problems) and low-Reynolds-number flows [55], it has commonly pro-
duced better results in free stream flow conditions [55]. The Re-Normalisation
Group (RNG) k — € [56] model was also proposed since it helps to overcome
some of the numerical problems induced by separated flows. However, several
studies using the > —Y model found in literature use the standard k — e model
for similar purposes as the current study, with a modified value for the C¢y
coefficient equals to 1.6 instead of 1.44 [27, 43, 57-61]. Therefore, this last
configuration has been taken to ensure consistency with previous works.

Figure 4.2: Simulated domain, 30 x 30mm

The energy equation has been solved in its internal form. As already intro-
duced, a Homogeneous Relaxation Model (HRM) [45, 62-66] has been chosen
in order to solve the cavitation generated at the nozzle inlet in the multi-hole
geometries. In this zone, the accelerating fuel detaches from near walls and
produces local pressure drops. This phenomenon depends on the injection
pressure, the back-pressure and the nozzle geometry [67-74]. The geometries
under study are expected to cavitate since none of them are conical. The
effect of cavitation requires a small time step in order to reach convergence.
This issue limits the total time of injection to 500 ps, performed at full needle
lift conditions.

Regarding the boundary conditions, chamber outlet far boundaries (bot-
tom circular plane and peripheral curved surface) are set as outflow conditions
with zero normal gradient for the velocity. The inlet boundary at the nozzle
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has been defined in terms of a static pressure. A wall function has been applied
to all wall boundaries. For reference nozzles, the injection parameters match
the ECN target conditions [42] in non-evaporative experiments. On the other
hand, the elliptical nozzles have been simulated at 200 MPa injection pressure
and 3 MPa back-pressure, with an initial temperature of 303 K. Table 4.2
summarizes all the applied conditions.

Boundary conditions, P[M Pa], T[K]
Nozzles ij Pback Tf Tc

Spray A 150 2 343 303
Elliptical 200 3 303 303

Table 4.2: CFD boundary conditions.

A transverse mass criteria has been chosen in order to calculate the angle.
As the results produced by the software are provided in an OctreeMesh [75], a
Cartesian mesh with a 50 pm resolution is generated and adjusted to the do-
main for the first 20 mm (Figure 4.3a). Variables are then parallel interpolated
for post-processing.

Interpolation domain " P
Angle calculation criteria: 99% of mass, plane: XY

%1073 Temporal series x10
Processor 1 4
Processor 2 [ o Temporal accumulation | o
3f o
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£ $ -
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-0.01 @ 22
) 3¢ F
i)
T 2r
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(a) Angle calculation, virtual mesh generation.(b) Points for CFD angle calculation, Spray A

Figure 4.3: CFD angle calculation methodology.

The transverse mass is then calculated according to the summation of the
liquid mass in two planes projection XY (minor radius) and ZY (major radius),
(see Figure 4.3b).

n
Miiquid = Z ﬁigfivmesh' (428)
n=1

Then, for each transverse integrated slice, the spray limits are calculated ac-
cording to a certain percentage in mass (95 or 99%) of the total mass contained
in each axial slice.
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Following the normalized path suggested by the ECN, N-dodecane fluid
and vapour tabulated properties have been used within the reference nozzle
simulations. Vapour and nitrogen have been treated as ideal and compressible
gases, while N-dodecane is set as dependent on temperature and pressure.
With respect to the elliptical nozzles, a commercial diesel fuel has been chosen
as working fluid and has also been characterized as a function of temperature
and pressure. Temperature correlations have been implemented in a tabulated
format while compressibility effect is taken into account by the compressibility
modulus (B = 1.49¢9 MPa). More details about how each of the main fuel
properties is considered and the literature works from which the information
was extracted can be seen in Table 4.3.

Propertiy Value or function
P—P..

Density 825.5¢ B [76]

Viscosity f(T, Pey) [52, 76]

Vapour pressure J(T, Prey) [77]
Surface tension  0.029 Nm~! [7§]
Specific heat (C,) (T, Prey) [77]

Table 4.3: Diesel fuel main properties (P,.f = 0.1 MPa).

4.4. Model validation

Two kinds of validation have been performed in this study. On the one
hand, coupled nozzle-spray model (X - Y) has been compared to an extens-
ive dataset available in the literature for Spray A (injector #210675) from
the Engine Combustion Network group [42], which represents a conical (non-
cavitating, HRM model not included) single-hole and almost axi-symmetric
geometry. On the other hand, a partial validation of the injection process with
cavitation has been performed based on nozzle internal flow experimental data
for a cylindrical multi-hole nozzle, whose internal geometry and inner flow
parameters have been previously characterised. All the models listed above
have been configured within the software CONVERGE CFD [79].

= Validation of single-hole Spray A

Figure 4.4a shows the geometry of the Spray A nozzle, which as pre-
vious said represents a single-hole quasi-axi-symmetric layout with a
slight deviation of the nozzle from the main injector body axis. Since
this deviation barely affects the spray performance, it is commonly con-
sidered axi-symmetric. The 3D geometry has been acquired from the
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z-ray measurements provided in the ECN data base [80]. The nominal
diameter is measured at 90 pm and the nozzle exhibits a k-factor of 1.5
[48].

The chosen mesh configuration (Table 4.4) provides a minimum of fifteen
rows of cells inside the nozzle, representing an average of 6 pm. Some

authors have established a minimum of ten cells as a good approach [27,
60, 81].

Cell size [pum]

Mesh region | Spray A
Base size 384
Nozzle 6

Near nozzle spray | 12 (up to 5 mm)
Needle 48

AMR u (nozzle) Disabled
AMR « (nozzle) Disabled
AMR wu (spray) 24

Total cells ~ 9eb

Table 4.4: Mesh configuration for Spray A

Figures 4.4b and 4.4c show the computational mass flow and momentum
flux at the nozzle outlet together with the experimental ones, extracted
from the literature [82, 83]. Despite the experimental data is obtained
from a transient injection process, while the simulations are made at
steady maximum needle lift, it can be noted that a good agreement
between steady-state parts of the injection is reached for either mass
flow rate (Figure 4.4b) or momentum flux (Figure 4.4c).

The spray angle calculation has been carried out following the method-
ology in Section 4.3, computing an average angle of 19.1° for the 99% of
the projected radial mass and 14.6° for the 95% in mass (Figure 4.5b).
The interpolation of the angle has been conducted over the first 20 mm
of the simulation discharge chamber. Mean angle values were calculated
over the stationay part of the simulation (> 300 pum). The experimental
angle data is available in previous works [82, 83] based on Diffused Back-
Light (DBI) visualisation tests. Figure 4.5a shows the fitting lines for an
experimental angle up to 20 mm axial distance from the nozzle. Taking
into account the experimental data, an absolute error of 0.87° is found
in the spray angle.

X-ray radiography technology applied to the study of the injection pro-
cess [80, 84-86] allows a deeper look inside the spray microscopic be-
haviour. Comparisons in projected mass density PMD are provided be-
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Figure 4.5: Spray A results.

low. Figure 4.6 shows several Gaussian profiles of projected mass density
(PMD) along the spray axis (at 0.1 mm, 2 mm, 4 mm, 6 mm distance) on
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the XY plane. Although the Spray A injector is considered to be quasi-
axi-symmetric, the slight deviation of the nozzle from the main injector
body axis [87] is captured by the deviation from 0 of the XY projection
(Figure 4.6a, 4.6b, 4.6c, 4.6d). As reported in similar studies [27, 88],
even if the PMD is well captured along first millimetres of the spray,
the CFD case shows higher values far from the nozzle exit. Beyond 6
mm, the decay of the projected mass density is severe, and the difference
between experiments and simulation significantly grows. Similar conclu-
sions can be obtained looking at 2-dimensional PMD contours available
in Figures 4.7a and 4.7b. As it can be seen, the simulation provides a
faster axial decay and a wider radial evolution of PMD compared to the
experimental reference data as the spray develops far from the nozzle
exit. Advanced turbulence approaches such as Large Eddy Simulation
(LES), coupled with capturing interface methods, have shown to better
describe the evolution of the projected mass density in literature studies,
as reported in the literature [22, 89]. However, since the main objective
of the current study is to analyse the impact of the elliptical orifices
on the nozzle flow behaviour and the primary atomization, the numer-
ical setup used is deemed appropriate, since it has shown to be capable
to properly capture the spray behaviour in the first millimetres of the
nozzle outlet at a reduced computational cost.

Finally, a self similarity study for the velocity distribution has been
performed. Figure 4.8 shows the evolution of the inverse of the velocity
in the spray axis divided by the velocity at the nozzle orifice outlet.
Additionally, the axial position has been made non-dimensional with
respect to the nozzle equivalent diameter. As it can be seen, there is a
linear increase after the so called intact length, as it would be predicted
by gas jet theory. The results have an almost perfect match with the
same information extracted from the work by Taub et al. [90] based
on Direct Numerical Simulations. The slope of this increase has been
computed by doing a linear fit to the data extracted from the simulations
and compared with experimental data from Hussein et al. [91], showing
a difference of approximately 4%. Both results can be seen as a further
validation of the capability of the current model to properly capture the
physics related with the momentum exchange between the fuel spray
and the environment.

The previously mentioned result is complemented with the analysis of
the radial distribution of the non-dimensional velocity, depicted in Figure
4.9. For axial positions equal or further than 24 times the equivalent
diameter, all the radial profiles expressed in terms of the ratio between
radial and axial positions collapse into a single curve. This corresponds
to the disperse region of the spray, whose behaviour can be predicted
according to gas jet theory. Instead, for closer positions to the nozzle
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tip a slight variation of this profile can be observed.
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Figure 4.6: Projected mass density profiles, Spray A.

= Multi-hole reference cylindrical nozzle

The second part of the model validation is focused on the analysis of
the internal flow under cavitating conditions. Here, the mentioned 3D
geometry of a commercial 6 holes injector with cylindrical orifices, pre-
viously characterised experimentally from an hydraulic standpoint [92],
is used. All simulations are performed with the same physical models
already described for the spray A case, and have been run until a steady
state flow was reached. Since cavitation is expected, the HRM model
has been incorporated to the model equations. In a preliminary step,
a mesh independence study was completed using three different levels
of refinement, with an increment of 2™ size ratio for the nozzle region,
as established in Table 4.5. Additionally, the Adaptative Mesh Refine-
ment (AMR) method is activated for subgrid velocity levels higher than
1 ms~! and 0.1 of void fraction.

Mass flow rate and vapour mass at the outlet have been selected as
the reference parameters for analysing the grid convergence. Once a



4.4. Model validation 141

VelocityuNelocityaxial [-1

Figure 4.8:

PMD, experimental contour [;:g/mm2]

-3
1 x10

(=]
wu

1
o
v

Radial distance [m]
= o

2 4 6 8 10
Axial distance [m] x1073

(a) Projected mass density in 2D view, X-Ray data from the
Spray A [42].

PMD, CFD contour [;g/mm2]

x1073

1

S
n

.
2
n

Radial distance [m]
- )

2 4 6 8 10
Axial distance [m] x1073

(b) Projected mass density in 2D view, CFD post-processed sim-
ulation from the Spray A.

Figure 4.7: Projected mass density contours, Spray A.

_Decay of the centariine axial velocity

10 —————— =t fnfl S
—&—Spray A
9 —&— Taub study
8+
7

0 5 10 15 20 25 30 35
Axial distance/Equivalent diameter

Axial evolution of the inverse of the non-dimensional velocity at

the spray centerline.

steady state value of the selected variables has been reached, the con-
vergence of the mesh was checked as described in [93] and [52]. The small
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Mesh independence study

Base size = 384 um | Refinement level n
Region | L M H
Nozzle 2 3 4
Nozzle wall (3 levels) 5 6 7
AMR velocity 3 4 )
AMR void fraction 4 5 6
Needle 2 3 3
Total elements 18247 85687 389148

Table 4.5: Mesh configuration for the six orifices nozzle.

committed error between the results and the Richardson extrapolation
(P, < 0.47%), and the very low grid convergence index (GCI) leads to
conclude that these variables are located into the asymptotic zone of its
mesh dependent curves with a mesh convergence order of 2. The GCI
slightly varies between the low and medium mesh resolution (0.0021 and
0.0058 for mass flow and vapour mass, respectively) and the medium to
high resolution step (0.0086 and 0.0012 for mass flow and vapour mass,
respectively). It was then deemed valid due to the low values achieved.
However, for the simulations ahead the configuration with the highest
mesh refinement has been chosen for the internal flow. The decision
was based on the importance of not only reproduce the mean value of
the flow, but also the particular distribution of the velocity and vapour
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profiles at the nozzle outlet. Furthermore, the AMR performance can be
greatly conditioned by the initial grid size as studied in [94]. A superior
surface refinement ensures the stability of the calculations when cavit-
ation appears, and the correct generation of a initial gradient for the
AMR void fraction subgrid. It has to be noticed that for the nozzle with
the highest eccentricity the resultant minor radius has 50 pm length.
The cell size must take into account this reduction of the aspect ratio
and provide a suitable number of elements inside the orifice.

@CQNVERGE

Figure 4.10: Detail of mesh configuration.

The experimental validation of the flow was carried out by means of
several mass flow rate measurements at three injection pressures and
six back-pressures [92]. Figure 4.11 depicts the values for the CFD and
experimental results. As appreciated, the code is able to properly re-
produce the mass flow choking conditions (the point at which mass flow
rate reaches a critical limit value). An error of 5.4% is found for the
maximum injection pressure of 160 MPa. The error is expected to pro-
gressively decrease as the injection pressure magnitude increases.
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Mass flow rate validation, cylindrical nozzle
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Figure 4.11: Experimental Vs. Computational mass flow. Each symbol rep-
resents a back pressure from 0.1 to 9 MPa.

4.5. Results and discussion

A first sight to the effect of the eccentricity in the injection nozzle is carried
out by the study of the inner flow. For this purpose, the main non-dimensional
flow coefficients of the nozzle, mainly including the discharge coefficient Cy,
the velocity coefficient C, and the area coefficient C,, have been obtained [72].
The discharge coefficient, Cy, has been calculated according to the ideal mass
flow value based on Bernoulli’s equation:

_omy My
prAous,  Ao/2p AP

where mass flow is the mass flow, p; is the liquid density, A, is the geometric
outlet orifice area and AP is the pressure drop.

Cq (4.29)

From the comparison of the nozzle effective vs. theoretical velocities, the
velocity coefficient is calculated as:

C, = Lelf (4.30)
Uth

Finally, the area coefficient can be calculated taking into account that the
relationship Cy = C,C,.

Figure 4.12 shows the flow parameters from the elliptical nozzles calcula-
tions. As it can be seen, mass flow rate slightly rises its value as the eccentricity
increases, while the momentum value remains almost unchanged. In the stud-
ies by [36] and [39], a similar behaviour was observed for the mass flow. It is
also in agreement with a previous publication by the authors [41]. The higher
mass flow and similar outlet momentum are a consequence of a decreasing
trend in the effective outlet velocity with increasing eccentricity, which can
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be explained by the interaction between the eccentricity and the intensity of
cavitation. The internal flow parameters (Figure 4.12) show that cavitation is
reduced as the eccentricity increases. Less cavitation produces a greater area
coefficient, as it can be seen from the figure, but a lower velocity coefficient
[69]. In terms of mass flow, an increase would be foreseen when increasing
the eccentricity, since the higher C, would induce an also higher Cj; if the
velocity remained constant. However, since the velocity is also reduced when
eccentricity diminishes, two opposing effects are found, preventing the mass
flow rate and momentum from suffering major changes.
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Figure 4.12: Hydraulic charaterization of the elliptical nozzles. The principal
coefficients and variables have been calculated at the outlet for each nozzle.
It includes the mass flow and momentum flux, effective velocity and non-
dimensional parameters: the discharge coefficient, Cy, area coefficient, C,,
and velocity coefficient, C,,.

According to the literature, more intense cavitation field induces a slightly
higher momentum (similar mass flow, higher velocity), which would enforce
the spread angle and mixing process [95-97]. Additionally, many previous
works available in the literature [8, 98] show the spray penetration can be
mostly linked to the spray momentum and spreading angle. Therefore, slightly
larger spray penetration could be anticipated for the cylindrical nozzles, which
are characterized by slightly larger momentum. However, the following para-
graphs will demonstrate that the sole study of the average flow parameters at
the nozzle outlet is not enough to account the influence of eccentricity in the
spray performance.

First of all, not only the cavitation intensity but its distribution along
the nozzle section needs to be considered. As it can be seen from Figure



146 CAPITULO 4. Influencia de geometrias elipticas sobre la mezcla

(a) Eccentricity = 0.50 (b) Eccentricity = 0.94

Figure 4.13: Flow conditions along the nozzle: the coloured stream-lines rep-
resent the variation of the velocity magnitude along the nozzle, while the
radial slices show the void fraction evolution in six equally spaced sections.
The iso-volume in green represents the void fraction for a value of 0.5. Notice
how the vapour spreads further away from the orifice for the nozzle with lower
eccentricity.

4.13, although the intensity of the void fraction is higher in the nozzle with
e = 0.50e (left side), the distribution of vapour in the most elliptical nozzle
is wider over the whole section (right side). Even if the generation of vapour
inside the nozzle is well known to improve the atomization from the liter-
ature, the low amount of experimental measurements from inside the nozzle
hardens the complete understanding of how the vapour distribution itself af-
fects the phenomena involved. As it could be anticipated, the aspect ratio of
the elliptical nozzles (i.e. the ratio between major and minor radii) affects the
vapour distribution field, in particular the interaction between the bottom and
top side vapour in the nozzle outlet. Figures 4.13a and 4.13b show how the
stream-lines are then approaching each other along the nozzle as eccentricity
increases, which supports this effect. [38] suggested that the cavitation should
be improved in the cross sectional area of the elliptical nozzles because of a
severe contraction of the stream-lines. However, this statement may not be
applied to multi-hole configurations, since the stream-lines are not symmetric.
Unlike single-hole nozzles, in the proposed geometries the vapour is generated
mainly in the top-part of the cross-section. This section, where the fluid ac-
celerates, is wider for the nozzles with higher aspect ratio, and allows a larger
path for the most critical stream-lines. A larger local curvature distributes
the stream flow and reduces the pressure drop, so the vapour peak is lower.
Additionally, it enforces the distribution of the vapour over the whole section,
as it was already seen in Figure 4.13. Furthermore, the higher perimeter of
the ellipse provides a more significant interaction of the spray section with the
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chamber gas. With respect to the thermodynamic properties of the fluid, no
major differences have been identified.

One important parameter that can be evaluated to start analysing the
impact of the eccentricity in spray development is the evolution of the mixing
field. This information is depicted in terms of the axial distribution of the
fuel mass fraction (Figure 4.14), as well as the radial distribution of the fuel
mass fraction at four axial positions and for two different planes (XY and ZY)
in Figures 4.15a-4.15h. The axial distribution is defined in terms of the axial
location divided by the equivalent diameter, defined as:

Deg = D, /’;—f (4.31)

where D, is the diameter of a circle that would produce the same section
as the outlet orifice of the eccentric nozzles, p; the liquid fuel density and p,
the air density in the discharge chamber.
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Figure 4.14: Axial liquid mass fraction

In the near nozzle region (up to 3 mm or 3.5 equivalent diameters), the axial
evolution is very similar for all nozzles, while the radial distribution results are
directly influenced by the nozzle morphology (Figure 4.15a and 4.15b). As the
spray penetrates inside the chamber (3-8 mm, 3.5-9 equivalent diameters), the
axial evolution is still similar, and the radial limits for the mass fraction start
to become also more similar for both planes (Figure 4.15¢ and 4.15d). Beyond
8 mm (approximately 9 equivalent diameters), the axial evolution starts to be
affected by the nozzle eccentricity, which can be also seen in the fact that the
radial profiles associated to the more elliptical nozzles seem to reduce their
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fraction peak in favour of a wider curve (Figure 4.15e and 4.15f). A decreasing
value of the liquid mass fraction peak can only take place if the equivalent
quantity of liquid is radially scattered, that is, the angle of the spray is also
bigger. An inversion of width between both XY and ZY planes (corresponding
to the minor and major axis, respectively) appears before reaching the 12 mm
(approximately 14 equivalent diameters) position. This phenomenon becomes
more severe as the aspect ratio increases (Figures 4.15g and 4.15h). Similar
behaviour has been found by Yu et al. [37] in cavitating single-hole nozzles.
In that case, where the flow enters symmetrically (in the direction of the
nozzle axis), the initial perturbation starts on the sides of the major axis due
to a greater contraction of the stream-lines. This produces an initial larger
dispersion in the ZY (major axis) plane [38]. In the case of the present study,
cavitation is generated in the top and bottom sections of the minor axis as a
result of the inclination angle of the nozzle orifice with respect to the injector
axis [72]. Hence, a wider spreading angle would be expected for the XY plane.

The radial and axial velocity profiles have also been extracted. The tend-
encies are similar to those of the liquid fuel mass fraction. A primary influence
of the outlet geometry is followed by an almost perfect matching in the max-
imum value and shape of the velocity profiles as the spray develops in axial
direction (Figures 4.16a, 4.16b, 4.16¢c, 4.16d). For an intermediate point (8
mm, 9 equivalent diameters), the velocity starts to decrease faster for higher
eccentricity values (Figures 4.16e, 4.16f, 4.16g 4.16h). A faster dispersion of
the fuel over the chamber is consistent with an earlier velocity fall. The mass
exchange between the injected liquid and the inert gas (because of turbulent
friction) results in kinetic energy losses which are, in fact, velocity losses. A
similar trend can be seen in Figure 4.17 looking at the evolution of the inverse
of the centerline velocity divided by the outlet velocity. While in the case of
a circular nozzle (i.e. symmetric jet) a linear trend would be seen, as it was
already analyzed for Spray A data in Figure 4.8 | for the elliptical geometries
this linear trend can only be perceived for an axial distance up to 10 times
the equivalent diameter. From that point on, inverse of the velocity clearly
increases with a faster rate than a linear trend, actually more intense as the
nozzle eccentricity increases.

Figure 4.18 represents the air entrainment for each nozzle spray. As it can
be seen, there is a general trend of increasing entrainment as the eccentricity
rises. A smooth growing trend is observed for the first four nozzles (e =
0.50 + 0.81)e while the two last cases are characterised by a bigger initial
entrainment. In line with the discussion above, the enhanced air entrainment
is consistent with a wider divergence of the angle and a slightly bigger mass
flow rate (Figure 4.12) [99, 100]. Both liquid fuel mass fraction and velocity
profiles indicate that the spreading angle in ZY plane is enhanced as the
eccentricity of the nozzle increases. Taking this into account, its impact on
the spray penetration can be evaluated. In this sense, if the spray momentum
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is defined as:
M(x) = My = 11Uy = / prU?(z)dA. (4.32)
A

The relationship between the spreading angle and the penetration can be
established as follows [101]:

S(t) M?‘25p;0‘25tan_0‘5(9/2)150‘5. (4.33)

The penetration is then proportional to the momentum and inversely pro-
portional to the tangent of the spreading angle. From Figure 4.14, it can be
observed how beyond a medium distance from the nozzle outlet, the ellipt-
ical nozzles diminish the liquid fraction faster along the injection axis, which
must be supported by an increment of the spreading angle. Given that the
momentum (4.12) does not change significantly, an angle reduction will cause
a slower penetration slope. From a qualitative view, Figure 4.19 shows how
the 0.01 mass fraction iso-volume regions for the most extreme nozzles (al-
most cylindrical and very elliptical), highlighting the wider dispersion from
the most eccentric nozzle as the spray develops.

Even if the momentum value is nearly the same for all nozzles, the inter-
action of this momentum with the ambient gas is not. On the one hand, the
surface of elliptical nozzles adds an extra perimeter of contact with the air for a
same geometric area value. On the other hand, the momentum thickness [102]
varies across the section in different ways for all cases so a lineal behaviour
is not necessarily expected between the sprays. This surface interaction gain
between the discharge gas and the diesel jet is exponentially increasing with
eccentricity. From Figure 4.20, the numerical breach in the shape area inter-
action between the first four nozzles (e = 0.50+0.81)e and the two last nozzles
(e = 0.90 and 0.94) can provide some explanation to the leap in entrainment.
The resulting jet shape at the outlet for the maximum accounted eccentri-
city originates a value of 21.27% over the initial cylindrical nozzle perimeter
for the same geometric area. This fact makes the rise in surface interaction
compatible in general terms with the results for the entrainment and angle.

Finally, Figures 4.21a and 4.21b show the average computed angle (section
4.3) for all the elliptical nozzles. The angle projected on XY plane (4.21a)
oscillates around 14° with no clear trend. The deviation from the mean
value (dotted grey line) does not exceed 1.5°. From what was exposed in the
internal flow parameters, the more cylindrical nozzle should develop a higher
XY angle due to a more intense cavitation. However, the decreasing thickness
in that plane for the elliptical nozzles also favours the increment of the angle
due to instabilities. These effects oppose each other and may be the cause of
an almost constant XY angle. This behaviour can be also connected to the
fluctuations produced by cavitation, given that it takes place in the top and
bottom parts of the nozzle section (minor axis view, XY plane).

The pulsatile and unsteady instabilities of vapour could lead to a still
transient deposition of liquid in the XY plane for the simulated time. Nev-
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ertheless, this result is in agreement with the mass fraction profiles in the
radial XY plane (Figure 4.15e, 4.15g), where the limit threshold value of the
mass fraction appears in almost the same radial coordinate. Differently, the
angle on ZY projection depicted in Figure 4.21b shows a clear tendency also
according to the right column of picture 4.15, indicating that the divergence of
the angle in ZY is proportional to the eccentricity value. Continuing with the
pattern previously suggested in the entrainment discussion, a smooth jump in
the angle is found until a eccentricity value of 0.81 while the last two nozzles
shows a wider but closer angle. Regarding the angle proximity between nozzles
5 and 6, the proposed simulations may have reached the eccentricity threshold
value at which the spray angle no longer increases. An increment about 10° is
detected for the maximum eccentricity nozzle with respect to the lower one.
Hong et al. [38] showed in its experiments with transparent nozzles how the
angle increases in both major and minor axis planes when elliptical single-hole
nozzles are subjected to cavitation. However, in those proposed geometries,
the cavitation and hence the source of instabilities were located in the major
axis extremes, the opposite to that of the diesel nozzle of the present paper
(Figure 4.13). As exposed by [39], this fact produces a greater spreading angle
in the major axis (ZY plane).

Figure 4.22a depicts the temporal evolution of the angle for the nozzle
simulation with highest aspect ratio (e = 0.94)e. A first view on the right side
of Figure 4.5 shows an almost constant angle for the first millimetres of the
spray up to 8 mm. At this point, the angle starts to grow and the trend is more
significant. It is coherent with the absence of higher disturbances at the nozzle
outlet on the extremes of the major axis, unlike Kun et al. Image 4.22a traces
a complete different behaviour from the computational angle. The minor axis
plane (XY) angle strongly grows first millimetres of the spray. This issue is
explained by the high disturbances at the outlet in the XY plane according to
the existence of cavitation. Beyond 8 mm the XY angle suddenly reduces its
growth. It can be seen how both XY and ZY angles share the inflexion point
at which its width trends switch. As previously commented, the XY plane is
expected to have a wider angle. For cylindrical nozzles, the spreading of fuel is
enforced by cavitation generating a almost axi-symmetric and wider spray that
non cavitating cylindrical nozzles. In related studies [32-34, 102], a switching
axes behaviour has been repeatedly detected. In these works, the anomaly in
the spray behaviour compared to cylindrical nozzles was attributed to a self-
induced vortex of the elliptical spray. One similar behaviour was described by
[37] in experiments with single-hole nozzles. Although the bibliography above
has only exposed single-hole nozzles, and it can not be directly compare to
those of this study, several of its physical phenomena can be extrapolated to
the performance of multi-hole nozzles. Figure 4.24 depicts the switching axis
behaviour, first frames 4.24a, 4.24b, 4.24c¢ and 4.24c¢ shows the initial greater
opening of the angle in the minor axis due to the effect of cavitation, the minor
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axis becomes the major axis. From frames 4.24d to 4.24i the instabilities start
to rise in the new minor axis and it breaks in an inflexion point. The switching
axis occurs between 4.24j and 4.241. In picture 4.24m to 4.24s the greater
dispersion in the ZY plane (geometrical major axis) starts to form a new and
more defined elliptical shape. Summarizing, the general angle grows as the
eccentricity rises being this fact more noticeable in the ZY angle (major axis)
while in the minor XY axis the angle is at least as much bigger as the more
cylindrical one.

A final outline over the problem commands the exam of penetration. Even
if the simulations have been accomplished with a full needle lift, differences
supporting the earlier discussion can be observed. Figure 4.23 provides the
temporal evolution of penetration for all cases. As expected, a wider angle
(high eccentricity values) generates a slower penetration curve [101, 103]. How-
ever, it is true that in terms of penetration, the difference between the nozzle
4 and 6 is not as big as it could be suggested by previous data. The evolu-
tion of the jet further from this point is an interesting topic, specially for big
engines. Unfortunately, computational resources have limited the simulation
space and the injection duration. For future works, larger time injections in
order to clarify both angles behaviours must be carried out for a better un-
derstanding of this kind of nozzles. Even so, it has been demonstrated that
the general influence of eccentricity enforces the spray atomization by means
of a wider angle. Also, it has been discussed how the internal parameters such
as momentum and mass flow, are not enough for fully describing the spray
atomization potential and how the entrainment and fluid fraction along the
spray are in resonance with the angle and entrainment. The increment of
the surface area of jet-air interaction and the momentum thickness must be
considered along with the self behaviour of the generated spray for the cor-
rect understanding of elliptical jets. A more complex model such as LES or
near field DNS simulations could provide more specific data to measure these
parameters.
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Figure 4.15: Radial liquid mass fraction profiles for the elliptical nozzles.
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Figure 4.16: Radial velocity profiles for the elliptical nozzles.
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Figure 4.19: Iso-volume for a liquid mass fraction value of 0.01, ZY visualiza-
tion plane. The nozzle of 0.50 eccentricity is depicted in white, the nozzle of
0.94 in blue.
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Figure 4.24: Main injection axis rotation due to self-induced vorticity of the
jet, CFD.
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4.6. Conclusions

Several elliptical nozzles with the same outlet area and different eccentri-
city have been simulated coupling the inner nozzle flow and spray formation
by means of an advanced CFD code. The code has been previously validated
in terms of internal flow and spray formation for both a single-hole conical
nozzle as well as a multi-hole cylindrical one. In the case of the latest, the
simulation included the activation of a HRM model which accurately predicted
the mass flow collapse induced by cavitation. This multi-hole geometry has
been taking as a reference to produce the elliptical geometries.

The main conclusions of the study are summarized below:

1. A new study showing in depth the capabilities of elliptical nozzles in
order to improve the atomization and mixing processes has been carried
out by means of a numerical CFD model coupling the internal nozzle
morphology and the external spray performance.

2. The ¥ — Y model is able to capture the internal geometric morphology
of the nozzle and translate its characteristics to the spray.

3. For an equal area and boundary conditions, increasing the eccentricity
for horizontal elliptical nozzles improves the discharge and area coeffi-
cients due to lower cavitation. The velocity coefficient is slightly de-
creased, producing very similar outlet momentum. In terms of cavita-
tion, such geometries induce a vapour field with lower intensity but more
dispersed across the outlet section of the orifice.

4. The spray behaviour has shown to be sensitive to the nozzle flow char-
acteristics. In this sense, the spray cannot be fully understood only
by simple average parameters at the nozzle outlet, which are the ones
normally achievable with experimental tools. The way the nozzle shape
interacts with the discharge chamber is critical.

5. In terms of spray characteristics, more elliptical nozzles produce an im-
provement of air entrainment, with the minor angle showing small vari-
ations, while the major angle increases significantly. Consequently, spray
penetration tends to be reduced.

6. A significant increment of the angle and jet entrainment as the eccent-
ricity rises are an indication that elliptical nozzles can help to improve
the spray atomization processes.

Some of the aforementioned features found have been also confronted with
previous literature works, providing consistent trends.
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Capitulo 5

Influencia de la convergencia de
la seccion en toberas elipticas
sobre la mezcla

"The engineer’s first problem in any
design situation is to discover what the
problem really is. ~~

Anonymous engineer

Resumen: Este capitulo describe la influencia de secciones convergentes
y constantes sobre toberas de perfil eliptico. Los modelos previamente
validados sobre toberas calibradas mono-orificio son aplicados posterior-
mente a toberas multi-orificio incluyendo en ambos casos los efectos de
cavitacion. Los resultados son analizados en términos de flujo interno y
chorro.
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Performance of elliptical nozzles on the spray
dynamics of convergent and constant section
nozzles by means of a > — Y coupled model

Referencia: F.J. Salvador, J.M. Pastor, J. Gomez-Soriano,
E. C. Martinez-Miracle, Performance of elliptical nozzles on
the spray dynamics of convergent and constant section
nozzles by means of a X-Y coupled model, Fuel, Volume
346, 2023, 128259, ISSN 0016-2361,
https://doi.org/10.1016/j.fuel.2023.128259.

Abstract:  In this paper, a computational study on the differences between a
convergent and a constant section elliptical nozzle is performed. Coupled
internal-external flow simulations were carried out by means of a 3-Y model
experimentally validated. The differences reported in terms of internal flow
and spray parameters present the cavitation as an important effect in the
elliptical nozzle geometries. The conclusions suggest a mixture improvement
potential for the cavitating elliptical nozzles.

5.1. Introduction

In the past few years, the growing impact of fossil fuels over the environ-
ment and society has led to the adoption of a lot of different measures from
governments. The increasing electrification of the automobile segment com-
bines with other solutions like hybridization, fuel cells, hydrogen direct com-
bustion or e-fuels. The combination of internal combustion engines and other
propulsion systems seems to be a realistic picture of the future power-plant.
Emissions of an internal combustion engine are generated in the combustion
process, the later residual gasses and particles are conducted through a post-
treatment system and finally released with a suitable concentration. However,
the efficiency of combustion highly affects the quantity of those emissions,
a complete combustion, a minimum use of fuel and restrained heat-losses
through the cylinder among other issues conform a quite complex object-
ive. For the design of modern power plants, a combination of experimental
and computational techniques is applied to optimize the whole process from
the piston bowl geometry to the spray characteristics. From this point of
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view and since experimental access inside the engine is most of the time pro-
hibitive, Computational Fluid Dynamics (CFD) techniques have shown their
great potential to help improving those processes. From the extensive work
of Hiroyasu et al. [1, 2] and Naber et al. [3] on the spray analysis, the pen-
etration, angle and other structures were linked to the chamber conditions.
Here, the atomization capacity of the injection system in order to spread the
fuel across the chamber the more uniform and faster as possible was found to
be critical. A step forward was made by some other authors like Payri et al.
[4-6] and Salvador et al. [7, 8] where the internal geometry of the injector
was experimental and computationally studied to clarify if the characteristics
of the nozzle affect the spray characteristics. Common computational models
for studying the atomization and combustion make use of a Droplet Discrete
phase Modeling (DDM) that requires the calibration of several mathemat-
ical constants with some experimental and previously available data. There
is no input information from the nozzle geometry and the predictive capa-
cities of the model are limited. More recently, researchers have successfully
coupled the internal and external flow using Eulerian models [9-13] and in
depth demonstrated the correlation between nozzle and spray performance.
The improvement of the nozzle geometry with the help of CFD techniques
has become an interesting point of study. Salvador et al. [14] exposed the
potential of innovative convergent-divergent nozzles where cavitation played
an important role to enhance atomization. Molina et al. [15] explored the el-
liptic shape in orifices also from the internal flow perspective. They concluded
that the horizontal-oriented elliptical nozzles could have better performance
than cylindrical ones. Ku et al. [16] and Hong et al. [17] corroborate this
conclusions through transparent nozzles showing that the cavitanting ellipt-
ical nozzles have better atomization. Lee et al. [18] also studied the influence
of elliptical shapes on the spray penetration and angle using scaled orifices.
Their results were also in consonance, elliptical nozzles can increase the spray
angle leading to a jet with bigger air entrainment [19-21]. More recently, Yu
et al. [22] investigated on the effect of elliptical orifices under several injection
and chamber pressures including the axis-switching effect for explaining the
air-entrainment ratio increment. Salvador et al. [23] coupled the internal and
external flow for several cavitating nozzles with different eccentricities and ex-
plored the direct effect of the elliptical shape over the spray. Jia et al. [24]
used a one-way coupled method to firstly calculate the internal flow and then
used a mass flow input to generate a DDM simulation for circular and elliptical
nozzles. The elliptical nozzles showed a slower tip penetration while producing
a wider spray. The present study represents a step forward on this investiga-
tion by analyzing the potential of a cavitating nozzle with constant elliptical
cross-section versus a convergent elliptical non-cavitating nozzle. The influ-
ence of the higher momentum flux and velocity of the convergent nozzle will
be put in contrast to the higher turbulence induced by cavitation. The prob-
lem will be faced by means of a full coupled model widely validated through a
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reference nozzle. This study will be carried through a first model description
section, a second section for validating the CFD approach, a third section
describing the results and a final part for drawing the conclusions.

5.2. Model description

The model employed for all simulations was the ¥ — Y [25] atomization
model implemented in the software CONVERGE. This approach considers
that the two-phase flow can be modelled as a pseudo-fluid sharing the same
velocity field [26]. The model relies on the assumption that the injected tur-
bulent flow develops in the high Reynolds and Weber number conditions, and
then, it is possible to separate the large-scale processes, such as liquid dis-
persion, from the atomization process at smaller scales of turbulence. The
proposed Eulerian framework approach is more suitable for near-field atomiz-
ation, and naturally accounts for nozzle flow effects. The extent of the atom-
ization process is computed from an interface surface density equation, ¥, and
then it is not required to presume any particular shape for liquid fragments.
The mass dispersion is obtained by Equation 5.1 with the mass fraction, Y,

on its Favre averaged form where Y = %Y,

opY,  0piY,, 0O (_Daym

ot 0w 0w \" o,

) +8, m=1,..,n (5.1)

Here, the m subscript defines a certain specie and n is the total number of
them. p is the mixture density, D is a diffusion coefficient and S,,, is a source
term. From now on and for simplicity, the Favre notation will be omitted. The
pseudo-fluid is considered as a mixture of species where the relation between
the liquid and gaseous phases is

g
Vi=1-) Y, (5.2)
m=1

In this approach, all gaseous phases are treated as ideal gases

__bp
R,T

Py (5.3)
and the equation of state for the liquid phase depends on both pressure and
temperature. The employed characteristics of the fuel have been implemented
in a tabulated form following the results of [23, 27, 28].

pi=[f(p,T) (5.4)

where the gaseous phase is considered as ideal for simplicity. The void fraction

is then calculated as
mg

= gy (5.5)
Pg Pl
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being my and m; the mass of gas and liquid respectively. The variable X is
defined as the surface area density of the liquid phase or the ratio of liquid
surface per unit of volume. The initial model was proposed by Vallet et al.
[29], where the idea of a Lagrangian particle tracking approach is substituted
by a Eulerian calculation of the liquid-gas interfacial surface area. The small
scales of the atomization are represented by the transport equation of the 3
scalar and defined as follows

32 8u2- 8 PN Y
+ (D ) e (1 -3 ) Sy Sy, =0, (5.6)

E 8352- B 8952- Z@xi eq
The diffusion coefficient Dy is calculated through the kinematic viscosity, v,
and the Schmidt number, Scy:

v

Dy = —.
= SCE

(5.7)

The ¥ value for the radius of a droplet in equilibrium , ¥4, is reached set as

3pY

Seg = =
PlTeq

(5.8)

where T is the liquid volume fraction and 7., is the equilibrium radius of the
droplet [25]
03/5 (pT)2/15

Teq = 02572 — 7715 -
2/3 11/15
IS
P

(5.9)

In the expression above, as is a model constant. For Equation 5.6 Cy; scales
to the inverse of the turbulent time scale:

O, = alg (5.10)
S5 evap 18 the evaporation source term:
2%
Szevap = ESEUGP' (511)

Sy.,,..» last term within equation 5.6, accounts for the first initialization of the
interface area density [30] magnitude.

Szim‘t = TJPOS(Emm - 2) (512)
where
pos( ) {O €%, T <0 (5.13)
and

Smin = /a(l — )V L3 (5.14)
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Although a; and ay can be subjected to calibration [31], in this study they
are set to 1. Further model description can be found in [25, 32, 33]. The
momentum and energy transport equation solved by the model are shown
below.

8pui puiuj o aP 80’1‘3'

= 5.15
ot (%cj o0x; 8xj ( )
being o;; the viscous stress tensor modeled as :
aui 8Uj 2 auk
L= —0;j 5.16
71 M<8$j+8mi> 3 81‘ (5.16)

In the viscous stress tensor equation (eq: 5.16), the viscosity is calculated
according the combination of the molecular viscosity, p, and the turbulent
viscosity, pu, being this one a function of the turbulent kinetic energy (k) and
its dissipation rate (e),

2
Htotal = Hmolecular + Mt = HUmolecular + C,up? (517)

The energy equation is solved as

dpe | OQujpe  0u; ”aui 0 oT 0 oY,
ot on, = Ton T an, T oe \Magy ) T \PP 2 )

(5.18)
here, e is the specific internal energy, K is the thermal conductivity, h.,, is
the enthalpy of each specie, o;; is the stress tensor and 7' stands for the

temperature. The thermal conductivity for a turbulent problem is approached
by

m

K= Kmolecular + Kt = Kmolecular Cp P;‘ (519)

For model closure, a two equation k — ¢ model has been selected, described
by the following equations:

ok Opusk ou; 0 p+ e Ok
pl | Opuik _  OUi . 2
ot * Oz; Tjamj T o dx; Pry Oz e (5:20)

and

pe  Opue 0 p+ p Oe ou; Ou; €
_ : o — Cape | <. (5.21
ot o~ m, Pro om, T Oy + | Cagy, i~ Care) o (5:21)

Constants C¢1, Ceo and C.3 are empirical values needed for the model.
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Description of the HRM cavitation model

The cavitation is modeled according to a homogeneous relaxation model
(HRM) [34, 35]. The evaporation is represented by a simply lineal approach
where S, in equation 5.1 is estimated by the transfer rate:

DY Y-Y

—_— = 5.22

Dt 0 ( )
being Y the liquid mass fraction in a specific instant, ¥ the equilibrium mass
fraction and 6y a relaxation time scale. This local time scale is calculated for
evaporation as a monotonically decreasing function

O = Gpa 054176 (5.23)

where « is the void fraction and ¢ the non-dimensional local pressure ratio

Psat_P

= 5.24
4 Pc_Psat ( )

0y takes the value of 3.84¢~7 s [36]. In the same way than evaporation, for
condensation it is found

90 — Feoa—0.54(p—1.76 (525)

here, F' is a time scale factor with a value of 5000 [37] meaning that the
condensation process is 5000 times slower that the evaporation process.

5.3. Validation of the model

A extensive validation of the model has been done over two reference
nozzles being the Spray A and Spray C of the Engine Combustion Network
(ECN) [38]. The Spray A consist of a convergent 90 pm non-cavitating nozzle
with a high k-factor, on the other hand, Spray C is a constant section 200 pm
cavitating nozzle with a 0 k-factor value. The k-factor is a standard conicity
measurement given by the difference between the entry and outlet diameters
in the nozzle throat divided by 10,

bf — do

n (5.26)

k-factor =
The point of study corresponds to the standard inert and non-evaporative
conditions of the ECN, using nitrogen as ambient gas. Table 5.1 summarizes
the configuration of experimental and simulated points. The turbulent inlet
intensity was defined in a 5% and the length scale of the turbulent dissipation
as a 10% of the nozzle diameters . Turbulent kinetic energy and its dissipation
rate were initialized to 1 m?/s?> and 10 m?/s3 respectively. The nozzle was
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Nozzle nominal parameters

Reference nozzles | Spray A Spray C
Fuel Dodecane
Outlet diameter 90 um 200 pm
K-factor 2.5 0
Nozzle length 1 mm 1 mm
Injection pressure 150 M Pa 150 M Pa
Back Pressure 2 MPa 2 MPa
Chamber temperature 303 K 303 K
Fuel temperature 363 K 363 K
Injector temperature 343 K 343 K

Table 5.1: Simulation conditions and parameters.

fully initialized with Y=1 and X is set to zero across all the domain except
for the initial interphase between the nozzle and the chamber where it varies
accordingly.

The mesh and CFD configuration were first applied to the Spray A case
and then scaled to the other cases. In all cases the meshes were proved to
provide proper solutions in terms of convergence and consistency thanks to
a convergence mesh study. In this way, several geometries under similar flow
conditions can be fairly compared. The general configuration consists of a
cartesian grid with a specific base size. In order to refine a specific zone, a
geometrical form (embbeding), is created. For this cartesian mesh, the size of
the smaller elements evolves according to the power of two (octree-mesh) as

in,
. base size

cell size = —on (5.27)

Each refinement level is then determined by the level, , set in the previous

expression. After the initial Spray A mesh configuration, cell size for rest of

the cases was scaled using the geometrical diameter. Mesh embedding sizes

were scaled using the equivalent diameter, ¢4, where

_Pr
Pchamber

beq = Pgeom (5.28)
Given that the base size is scaled for Spray C taking spray A as the reference,
the element sizes varies from one nozzle to another. However, the grid levels
shown in Table 5.2 are constant for all simulated cases. For both internal and
external flow, a mesh independence study was carried out in terms of mass
flow, penetration and angle. Starting from literature data [10, 39], the base
size was progressively increased trying to find an acceptable trade-off between
data reliability and computational cost. A base size of 384 um (850 pm for
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Spray C after the scaling), with the refinements shown in Table 5.2, was
found to ensure convergent results for both the internal and the spray flow.
An adaptive mesh refinement routine (AMR) is also activated depending on
the velocity gradients. An example of the mesh setup applied to Spray C is
represented in Figure 5.1.

Mesh refinement, levels (n) and sizes

Region n | Spray A [um] Spray C [um] Elliptical [pm)]
Injector 3 48 106.3 98.8*
Injector AMR 5 12 26.6 24.7
Nozzle 6 6 13.3 12.3*
Near 1 mm spray 6 6 13.3 12.3
zone

Spray up to 6 mm 5 12 26.6 24.7
Spray 1 mm trans- 3 48 106.3 98.8
ition to base size

Spray AMR based on 4 24 53.1 49.4
velocity

Table 5.2: Mesh configuration. bg.e(SprayA) : 384um, bsize(SprayC) :
850pum, bsize(Elliptical) : 790um. *See modifications in elliptical nozzles sec-
tion.

Steady state internal flow CFD results for Spray A and Spray C using the
configuration already explained are collected and compared in Table 5.3 with
its experimental steady state [31, 40]. Both convergent and constant section
nozzles offer a good agreement between simulations and experiments. CFD
values of the internal flow were computed at the outlet section of the nozzle.
Spray A shows a mass flow difference of 0.01gs~! which results in a relative
error of -0.38%. In terms of momentum flux, the difference is quite similar with
a relative error of -1.97%. Effective velocity is also in agreement with previous
magnitudes showing a relative error of -1.86%. Dimensionless coefficients of
the nozzles reproduce the previous behavior with minimum deviation of the
experimental results. The discharge coefficient expressed as the ratio between
the computed mass flow and the maximum theoretical one,

c, =24 M (5.29)

TMiheo Am/prAp’

is slightly under the experimental one (-3.33%) since the simulated mass flow
is smaller. On the other hand, the velocity coefficient

C, = et (5.30)

Utheo
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Figure 5.1: Spray C mesh configuration with main internal flow and first
millimeters n levels of refinement.

returns the same value. The difference in the discharge coefficient is then
balanced by the area coefficient which is reduced (-4%) for the CED simulation
since

Cy = C,aC, (5.31)

The hydraulic characterization of the Spray C shows a similar behavior with
a small error in mass flow, momentum, effective velocity and rest of hydraulic
coefficients. In this case, the mass flow increases its relative error up to -6.48%,
however, the absolute deviation of 0.7 gs~! can be considered within a normal
range taking into account the cavitating phenomena [7]. This issue also applies
to a momentum value close to the empirical one, the data generates a -5.3%
relative error. On the other hand, the effective velocity is very well reproduced
by a -0.34% error. With the same effective velocity and a minor mass flow
and momentum, the computational discharge coefficient is again under the
experimental one (-1.54%). The difference between velocity coefficients is
negligible and the effective area and so the area coefficient are responsible
for the divergence in the discharge coefficient.

It has to be noticed that results of both simulations and experiments are
sensitive to the differences and uncertainties between 3D geometries and their
real geometries. For Spray A, the nominal diameter is reduced up to 89 pm
for both 3D and real nozzle and, for Spray C, the deviation is more noticeable
being 208 pm in the computational case and 212 pum for the experimental one.
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Nozzle Spray A Spray C
CFD EXP CFD EXP

glg/s] | 256 257 101 10.72

M;[N] 149 152 553  5.89
Vipslm/s) | 582 593 548  549.89
Cd 087 0.9 064 0.65
Ca 094 098 074 0.75
Cv 0.92 092 087 087

Table 5.3: Hydraulic results for validation nozzles, Spray A and Spray C.

On the simulation side, a certain over-prediction of the mass transfer process
from the liquid to the vapor phase can increase the velocity coefficient due
to a reduction of the friction effect. The vapor phase acts as a isolating layer
with small viscosity located between the liquid phase and the nozzle wall. The
effective area and the mass flow also decrease because of the greater amount
of the vapor fraction. Nevertheless, the CFD code can predict with small er-
rors the hydraulic behavior of both nozzles cavitating and non-cavitating one.
At this point, the authors want to highlight that there are other turbulence
approaches whose formulation is more suitable for fluids where cavitation, de-
tached flow and re-circulation zones have an important role. The RNG k — ¢
[41] or the SST k — wSST [42] are some of these examples. However, the
behavior of such models seems to not provide a good performance in terms
of spray simulations for locations far from the nozzle [31]. Also, the deploy-
ment of distinct models for each nozzle would have included some unwanted
uncertainty hindering a fair comparison. In general, related literature uses the
k — € equations with the rounding jet correction C.; = 1.6 as the standard
base model [31, 43].

A priori, the visual comparison of the CFD flow and the experimental
one [44] in Figure 5.2 would suggest that a good approach is reached for the
internal flow. Cavitation starts at the inlet section of the nozzle, vapor phase
is represented by a white zone in the experimental view (Figure 5.2a and 5.2c)
and by a red to green color gradient standing for the void fraction in the
computational slices of Figure 5.2b and 5.2d. The cavitation occurs in the
sharpest edge zone of the inlet rounding radius and spreads close to the wall.
The maximum intensity is generated in the middle of this zone, represented
for the XY plane section view, and decreases as the inlet rounding radius
becomes more soft along the inlet perimeter of the nozzle. This fact can be
seen from the thickness comparison between the vapor film in the XY plane
and ZY plane section of Figure 5.2 [45].

The internal flow directly affects the first millimeters of the atomization
process, as the computational model showed before, the nozzle geometry pro-
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(a) Spray C experimental internal
view, XY plane or plane of cavita-
tion symmetry.

(¢) Spray C experimental internal
view, ZY plane or plane of non-
symmetric cavitation.

I | |

void fraction: 010203040506070809

(b) Spray C CFD void fraction slice,
XY plane or plane of cavitation sym-
metry.

[ ] T
]l

woid fraction; 0.102039040506070808

(d) Spray C CFD void fraction slice,
7Y plane or plane of non-symmetric
cavitation.

Figure 5.2: Visual comparison of computational void fraction slices and ex-
perimental x-ray views of the internal flow [45] for the XY and ZY plane of
the Spray C nozzle.

duces very different velocity gradients and turbulence. However, this compar-
ison often only relies on macroscopic magnitudes of the flow, such as mass
flow rates, discharge coefficients or momentum measurements. The micro-
scopic study of the fluid could be done in a qualitative way like has been done
above, comparing computational results with experimental views in Figure
5.2. In general, this is because the access to the nozzle internal morphology
is limited by the available technical resources. Nevertheless, in this case it
is possible to quantitatively validate the internal flow by looking at the first
millimeters of the jet, close to the nozzle orifice. This further comparison has
been done employing the data available in [44]. By means of an x-ray beam
it is possible to study the core of the spray in the middle of a injection event
[46-48]. The variable of study, the projected mass density at 2 mm is shown
for the symmetry plane of cavitation and the frontal view in pictures 5.3a and
5.3b respectively. It can be seen how CFD curves (continuous line) follow the
experimental trends (dash line) and are properly reproduced. A lower projec-
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ted density is found in the positive section of the jet due to the lower liquid
phase fraction in that zone, the maximum experimental value peak is close to
the computational one and the lateral slopes of the quasi-gaussian functions
are almost overlapped. In the second projection view, the two characteristic
hills are also captured, the curve peak within the positive section of the graph
is over the x-ray measurement, the peak value in the negative zone of the
horizontal axis is well reproduced. The valley of the projected mass of Figure
5.3b is generated by the inheritance of the biggest vapor fraction zone over the
center of the spray making the fluid density decrease. More quantitatively, the
accumulated point to point error of the difference between experimental and
computational curves gives an 8% for the 5.3a projection and a 6.9% for the
second 5.3b projection. The Spray A was also analysed in terms of projected
mass density in a previous authors work [23], results are not replicated here
for simplicity purposes.

Spray C projected mass, cavitation symmetry plane Spray C projected mass density
- - Spray C Experimental
——Spray C CFD
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(a) Spray C projected mass density, view (b) Spray C projected mass density, view
perpendicular to the symmetry plane of  perpendicular to the non-symmetric plane of
cavitation (XY). cavitation (ZY).

Figure 5.3: Projected mass density at 2mm of the nozzle outlet, Spray C.
This study versus experimental [44].

It has to be noticed that this error, even though it can be useful to nu-
merically quantify the deviation of the projected mass, is dependent on the
relative coordinates between the computational and experimental spray, which
can slightly vary. The good behavior of projected mass density variable that
directly depends on the previous internal flow, can be considered as a proof of
the validation of the near nozzle spray zone and so, of the primary atomization
process. In summary, the analysis of the internal flow in the most complex
nozzle, the Spray C, yields to a solid validation of the hydraulic response of
the nozzle and the first millimeters of the spray. After the validation of the
internal flow, the spray dispersion along the chamber is explored in terms of
spray tip penetration and cone angle. The needle of both nozzles includes
a lift law according to the experimental data base available in [38, 44, 45]
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for the specific working condition (Table 5.1). The possible wobble effect has
been neglected for simplification. The evolution of the injection event only
embraces the aperture and the steady state up to 1 ms in order to validate
the initial penetration slope and the main spray angle for both nozzles. Other
aspects such as closing needle events or higher detailed analysis of the initial
transient lift are beyond the scope of this paper, however, they will be taken
into account in future works. Penetration curves for both cases can be seen
in Figure 5.4. The needle lift movement is able to reproduce the slope pen-
etration, the higher error is produced in the first millimeters of penetration
where the relative difference between experimental and CFD curves is larger.
However, as the fluid penetrates into the chamber, the relative point to point
error rapidly decreases. The spray penetration and resulting angle of Spray

Reference nozzles penetration
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Figure 5.4: Spray A and Spray C penetration curves .

C were measured at the CMT-Motores Térmicos Research Institute by means
of a Diffuse Backlight Illumination (DBI) technique. With this method, the
spray plume is illuminated from behind with a uniform diffuse light. The
shape of the shadow of the spray is then captured with a high speed camera
and post-processed. An example of the technique is depicted in Figure 5.5,
here the angle is calculated taking the 60% of the spray contour penetration
starting from the injector. Two lines are then forced to fit the upper and lower
part of the contour plume. The experimental fit lines of the DBI contour are
compared with their equivalents for the projection of a 99% of the mass of the
CFD simulation. It provides a temporal evolution of the angle as can be seen
in Figure 5.6. This figure denotes the ability of the model to reproduce not
only penetration but also the radial dispersion of the fuel across the cham-
ber for a complex nozzle (Spray C). The measurement of the spreading angle
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Figure 5.5: Spray C, DBI visualization and shape capture.

Spray C, angle evolution
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Figure 5.6: Spray C experimental vs. computational angle comparison, tem-
poral evolution.

commonly carries a larger uncertainty than penetration, specially at the first
moments of the injection where the behavior is less repetitive. Although at
first milliseconds the computational angle falls below the experimental one,
the mean value is reached fast with a minimum steady state error. The Spray
A angle also returns a similar behavior with the same computational method-
ology as explained in [23]. Although a sensitivity study of the simulations to
the initial experimental conditions has not been performed yet, the reported
deviation of the experimental pressure is small (10 bar), so no major changes
would be expected. According to the presented data, it can be said that this
model is suitable to be applied to new exploratory studies such as the one
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presented below.

5.4. Application to elliptical nozzles

Setup

The previous section of the current study has demonstrated the capabil-
ity of the % — Y model of being applied in two completely different nozzles.
Starting from a validated model, in this section, this study tries to understand
the effect of an elliptical shaped orifice applied to a high convergent (and so
non-cavitating) and to a constant section nozzle (and so with high level of
cavitation), employing coupled internal-external simulations. The geomet-
rical characteristics of the nozzles selected for this analysis are summarized in
Table 5.4, whereas Figure 5.7 displays the geometrical parameters and bound-
aries of the 3D domain. An eccentricity of 0.90 has been applied to a 170 pm
five circular orifice nozzle that serves as base for the geometry. Both eccentric
nozzles share the same geometrical area at the outlet, equivalent to a circular
orifice of 170pm. The convergent nozzle introduces a rounding radius, R,
of 30pm and a final area reduction (AR) of a 30 %. In the constant section
nozzle (cavitating), the rounding radius has been replaced by a small chamfer
entrance and there is no area reduction along the throat. As mentioned, both
orifices have an eccentricity, e, of 0.90 at the outlet and the major diameter,
¢, is perpendicular to the injector axis. This orientation (see Figure 5.8) was
selected taking into account recommendations from literature. Molina et al.
[15] found that the greater benefits of the elliptical shape are achieved in the
mentioned orientation, for which the effect of cavitation is reinforced. The

Parameter |Convergent Constant section

Gminor [1tm] 110 110
Gmagor [1m] 263 263
e 0.9 0.9
AR [%] 30 0
R, [pm] 30 0
L/D 5.6 5.6

Table 5.4: Geometrical parameters for the convergent and the constant section
elliptical nozzles.

nozzle orifice ends onto a cylindrical chamber whose domain extends up to
35mm long and 30 mm width. The mesh configuration follows the method-
ology explained in the previous section. Cell base size has been scaled using
the mean geometrical diameter of the ellipse (¢eqn, = 186 pm) giving a value
of 790 um. However, this reduces the relative resolution since the proximity
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between the different points that form the elliptical shape are not the same,
the number of cells along the minor diameter of the ellipse decreases. Each
refinement level was kept the same as for Table 5.2 with the additional level of
7 and 3 layers in the nozzle wall to counter this higher proximity in the ellipse
minor axis. The resolution inside the sac and needle has also to be increased
because of the dimensional relation between the sac volume and number of ori-
fices. The AMR level of refinement in the needle and sac zone was substituted
for a permanent refinement of level 6, leading to the same cell size as for the
Spray A inside the body injector. Representation of the mesh configuration
can be appreciated in Figure 5.8.
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Figure 5.7: 3D Domain of the elliptical nozzles.

Results

A hydraulic characterization of both nozzles was performed. A compar-
ison between both geometries in terms of mass flow rate, momentum, and
dimensionless coefficients has been done in order to study the internal flow.
No needle lift law motion has been defined for these simulations, the needle
lift is positioned at 170 pm of its seat for the whole simulation. Simulated
conditions are summarized in Table 5.5.

The chosen fluid for this simulation has been deeply described in previous
studies [27, 28], it consists of a commercial diesel fuel which properties dens-
ity, viscosity, enthalpy, etc. were experimentally characterized and have been
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Figure 5.8: Geometry and mesh configuration for convergent (left) and con-
stant section (right) elliptical nozzles, with axis nomenclature.

Condition | Value
P;,;[M Pal 200
Pback [M P a] 3
Chamber temperature [K] | 303
Fuel temperature [K] 363
Fuel Diesel

Table 5.5: Simulated conditions for the eccentrical nozzles.

implemented in the software. Vapor phase properties have been approached
by tetradecane. The internal flow results are shown in Table 5.6.

As expected for a same outlet area, the constant section nozzle provides a
smaller mass flow rate since its effective area is reduced because of the vapor
fuel generated by cavitation. As a result, the area coefficients of both differ:
the tapered nozzle shows a unity value while the constant section elliptical
one shows an area coefficient of 0.87. The vapor phase inside the nozzle
also derives in a increased velocity. First, the vapor phase makes the viscous
friction smaller and second, due to the area reduction the fluid is accelerated.
Consequently, this effect makes the difference between the velocity coefficients
smaller than the difference between the discharge coefficients. However, the
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Results | Convergent Constant section
mslg/s] 11.1 8.7
M¢[N] 6.53 4.65
Veff[m/s] 591 532
cd 0.85 0.67
Ca 1 0.87
Cv 0.85 0.77

Table 5.6: Hydraulic characterization results for elliptical nozzles.

resulting effective velocity of the constant section nozzle is lower than that
of the convergent one and so it is also its velocity coefficient. Finally, the
increment in velocity is not enough to compensate the loss of area and, for
that, the mass flow rate is larger for the elliptical convergent nozzle. As the
discharge coefficient is directly proportional to the mass flow, the convergent
nozzle computes a higher value of 0.85 for this dimensionless parameter versus
a corresponding value of 0.67 for the cavitating nozzle. The momentum flux
is affected by the mass flow and also for the effective velocity, as both of them
are lower for the constant section nozzle, so is the resulting momentum flux.
At this moment, as it was done for the validation nozzles, a closer view into
some different variable gradients within the nozzle reveals some interesting
facts. Figure 5.9 shows the void fraction gradient in the nozzle throat of both
nozzles, here the cylindrical nozzle starts to generate the vapor phase in the
detachment zone of the flow. Since there is no rounding inlet radius, the
inertial forces of the fluid produce a low pressure zone because of the fast and
abrupt curvature. This strong decrease in pressure is what makes the fluid to
cavitate.

In the convergent nozzle, as Figure 5.9a demonstrates, the flow is smoothly
redirected thanks to the high rounding radius inside the convergent nozzle. A
high L/D ratio together with the area reduction derived in a high uniform
flow at the nozzle outlet. In contrast, the flow inside the elliptical nozzle with
constant section only manages to reattach because of the high L/D ratio (see
Figure 5.9b). The constriction experimented by the flow on its way through
the section occupied by the vapor phase generates an increment in its velocity
[49] but not enough to catch the convergent one. The smaller viscosity value
of the vapor phase also contributes to this fact.

Velocity profiles at the outlet section are shown in Figure 5.10 for both
nozzles. According with the discharge coefficient values, the convergent ellipt-
ical nozzle presents a general higher velocity profile where the rounding radius
and the area reduction improve the flow velocity at the extremes of the major
axis. The constant section nozzle suffers from the absence of this geometrical
features and carries an important velocity loss. For both nozzles, highest peak
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Figure 5.9: Void fraction and velocity streamlines of elliptical nozzles.

velocity values are found in the upper and lower section of the ellipse, these
zones of higher velocity are connected because of a minor distance between
points of the perimeter which produces the flow path generated in the upper
and lower part of the throat entrance to have a greater interaction than inside
a circular nozzle. On the other side, extremes of the ellipse major axis have a
lower velocity compared to a circular orifice since the flattening of the entrance
obstructs the lateral flow [23].

‘ i:aa

(a) Convergent nozzle. (b) Constant section nozzle.

Figure 5.10: Velocity contour at 5 pm before the outlet nozzle orifice, elliptical
nozzles.

Figure 5.11 shows the vorticity gradients of the nozzles displayed by its
streamlines colored by vorticity magnitude over the void fraction contour.
Here, the convergent nozzle (Figure 5.11a) shows a unique vorticity core that
progressively ends in three minor cores, two laterals and one that connects
the upper side and the lower side of the highest velocity zones. With respect
to vorticity in the elliptical nozzle of constant section (Figure 5.11b), a high
non-uniform field is found at the outlet section of its orifice. The upper and
lower part are deeply connected, zones where vapor is produced and where the
velocity is large. This larger vorticity and turbulence generated by the vapor
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are expected to derive in core and surface instabilities which would later help
the atomization process counteracting the minor momentum value of this flow.

The ideas formulated during the study of the internal flow are now carried
to the analysis of the spray behavior.

o vorticity [1/s]
1.9E407

(a) Convergent nozzle. (b) Constant section nozzle.

Figure 5.11: Vorticity streamlines colored in magnitude over the void fraction
contour at 5pm before the outlet nozzle orifice, elliptical nozzles.

Figure 5.12a of Figure 5.12 shows the evolution of the fuel penetration in
the chamber. For the first millimeters of both simulations, their curves are
almost overlapped. However, as the internal flow velocity increases and cavit-
ation takes place, the trends start to diverge and the constant section nozzle
falls. The penetration is correlated with the spreading angle and momentum
[49, 50] by the expression

S(t) o< My ;A tan ™2 (02112 (5.32)

where S(t) is the time dependent penetration, M is the momentum flux, p, is
the ambient density and @ is the spray angle. The momentum conservation im-
plies that for a lower penetration the behavior of the spray must be translated
to a wider angle. In this case, the momentum value for the constant section
elliptical nozzle is lower than the convergent one, which indeed contributes to
this lower penetration. However, subtracting the influence of the momentum
flux value of the spray penetration curve leads to Figure 5.12b where, accord-
ing to equation 5.32, the angle must be responsible for the differences between
both curves. As the constant section nozzles still presents in this state a lower
penetration, at least beyond the first moments of the injection, a higher value
of the spreading angle is expected for this nozzle.

Figure 5.13 shows the angle contour for the elliptical nozzles at 800 pm
in two planes of study, XY and ZY, according to axis represented in Figure
5.8. Here, starting from the origin of the injection, both nozzles present a
similarly evolution of the angle for the first millimeters of penetration with
the convergent nozzle slightly above the constant section one. For the major
axis projection (XY plane of Figure 5.8), a divergence is found at 20 mm where
the fuel spreading across the discharge chamber becomes more intense and the
angle rapidly increases. In the minor axis projection of the ellipse (ZY plane
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Figure 5.12: Spray penetration and scaled with momentum flux spray penet-
ration for the elliptical nozzles.

of Figure 5.8), this increment of the angle occurs earlier, at 13mm. This
behavior could lead to a mayor discussion, the switching axis phenomenon
reported for elliptical nozzles [19, 20] can affect the point at which the jets
cross. In this process, the mayor axis turns into the minor axis and vice-versa
in a periodically way [51]. For moderate Reynolds numbers, the switching
point is said to depend on the ellipse aspect ratio [52]. However, for high
Reynolds number it is not a clear issue. This, coupled with the presence
of cavitation, means that the moment at which the constant section nozzle
overtakes the convergent nozzle requires further and more detailed analysis in
future work.

Temporal evolution of the mean angle value is displayed in Figure 5.14.
Here, the differences between both nozzles become more obvious. Even if
the convergent orifice produces a wider angle for the first moments of the
injection (up to 150 us), the mean angle of the constant section elliptical nozzle
significantly improves after 150 us. Note that the peak value located between
0 and 10 ps should be considered as non-representative since the entity of the
spray is not sufficient to offer a good estimation of the spray angle. For the
convergent nozzle, the averaged angle for the last 100 ps of simulation returns a
value of 9.67 degrees for the minor axis projection and 14.11 for the major axis
projection while the constant section nozzle shows 15.56 and 19 respectively in
the range of study. This involves an increment of 60% and 31% in individual
measures. The angle of the spray in this study is defined as the mean of
both XY and ZY giving a value of 11.89 degrees for the convergent nozzle and
17.28 degrees for the constant section nozzle (steady-state averaged). It is
noticed the variations from one angle plane of study to the other for the same
nozzle. This effect is the addition of two parameters, the non-symmetrical
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Figure 5.13: Spray angle contour at 800 ps ASOI.

streamlines of the flow due to the orifice inclination and the self elliptical
shape of the orifice that enforces the divergence between both planes of study.
However, the study of the balance between both parameters is left for future
works.

The behavior inside the spray plume can be also analyzed by the mass
fraction and velocity profiles. Figure 5.16 and Figure 5.16 depict the evolution
of the mass fraction along the spray axis and several radial positions averaged
over the last 100 ps of simulation. Taking first the axial evolution of Figure 5.15
and in the same line as previous variables, both nozzles start from a similar
point of mass fraction value. However, the convergent nozzle faster increases
the dispersion of fuel for the first millimeters of penetration, probably due to
a higher momentum flux.

At a certain distance (~12.5mm), the constant section elliptical nozzle
decreases its slope and passes under the convergent one. It can be noticed
the more irregular shape of the constant section nozzle line, the variations are
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Figure 5.14: Spray angle mean value, temporal evolution.

associated to the transient nature of cavitation. The axial mass fraction of the
constant section nozzle faster decreases in the last millimeters of the spray.
Radial profiles are also in line with the axial findings, in Figures 5.16a and
5.16¢c, radial profiles in the minor axis direction show a smaller dispersion for
the constant section nozzle in the first millimeters. This trend is inverted for
the last axial positions of Figure 5.16e. For the major axis, the mass fraction
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Figure 5.15: Axial mass fraction, time averaged from 700 to 800 ps.

of both curves has not a clear separation in the range between 1 and 16 mm,
this zone is represented by the lines in yellow and purple of Figures 5.16b and
5.16d. After this neutral section and according to the axial values, the radial
diffusion of the fuel is higher for the constant section nozzle for both in the
minor (Figure 5.16e) and major axis (Figure 5.16f) direction of the ellipse and
the maximum mass fraction peak is reduced.

For a more illustrative perspective, Figure 5.17 shows the contour map
for planes of Figure 5.16 at 800 us for the convergent (Figure 5.17a) and the
constant section nozzle 5.17b.

Axial velocity profiles of Figure 5.18 and Figure 5.19 also offer an important
view of the spray dynamics. With respect to the axial velocity in the spray
axis (Figure 5.18), both nozzles follow a parallel slope up to 15 mm where a
divergence point is found.

As it can be seen in Figure 5.19a and 5.19b for both minor and major axis,
radial profiles show similar maximum peaks for the convergent and constant
section elliptical nozzles in the first points of study. However, the limits of
the Gaussians are more concentrated for the constant section orifice. This
trend disappears for points far away from the origin (Figure 5.19¢ and 5.19d)
where the Gaussian width seems to reach the convergent one. This fact is
more visible for probes in the minor axis direction as Figure 5.19e and 5.19f
show for points at 21 and 26 mm.

The faster decrease of axial velocity supports the slower penetration of
Figure 5.12. This decrease is also in line with the faster radial momentum
transfer shown in Figure 5.13a and 5.14b by a higher spreading angle. Al-
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Figure 5.16: Mass fraction profiles for different axial positions, time averaged

from 700 to 800 ps, XZ plane (see Figure 5.8).

though it is difficult to perform a balance between the contribution of the
cavitation induced flow instabilities, and the liquid dispersion dominated by
other flow structures, cavitation has demonstrated to play an important role
in the improvement of the mixture. This effect has been widely reported in
the literature [53] for circular nozzles. For elliptical nozzles, the importance
of this phenomenon is still under study since it is even more difficult to eval-
uate the weights of the initial conditions of the flow and the downstream flow
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Figure 5.18: Axial velocity, time averaged from 700 to 800 ps.

structures over the mixture process. Initial disturbances of the flow can exert
a greater influence on the later jet than in circular nozzles due to its auto-
induced self-similarity [19]. Also, some studies have shown that cavitation
applied to elliptical nozzles improves the atomization [17]. In this study and
with the shown evidences without further validation, it seems fair to affirm
that cavitation has also a noticeable influence in elliptical nozzles. The mixing
process of the spray can be seen from a qualitative point of view in Figure 5.20,
where the instantaneous void fraction iso-surface at 800 s is plotted for both
nozzles. Here, the spatial distribution of the constant section nozzle presents
a wider and more irregular spatial distribution.

Spray entrainment summarizes all trends observed in the previous para-
meters. Figure 5.21 depicts the axial evolution of the normalized jet entrain-
ment averaged for the last 100 s of the simulations. The graph shows how
both nozzles proportionally capture a similar quantity of mass in the first up
to a middle section of the jet. Beyond 12 mm, the constant section elliptical
nozzle faster improves over the convergent one. As expected, this variable
presents a similar behavior to the velocity profiles, mass fraction profiles and
angle.

In summary, the cavitation in elliptical nozzles seems to clearly improve
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Figure 5.19: Axial velocity profiles for different axial positions, time averaged
from 700 to 800 ps, XZ plane (see Figure 5.8).

the mixture process for points beyond a middle section of the spray. On the
contrary, this improvement is more questionable for points near the nozzle.
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(a) Convergent nozzle. (b) Constant section nozzle.

Figure 5.20: Void fraction iso-surface, o = 0.999.
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Figure 5.21: Normalized entrainment of the convergent and constant section
elliptical nozzles, time averaged from 700 to 800 800 ps.

5.5. Conclusions

A CFD approach based on the ¥ —Y Eulerian model has been validated for
two calibrated nozzles, Spray A (non-cavitating) and Spray C (cavitating), in
terms of mass flow rate, momentum, effective velocity, and characteristic coef-
ficients for the internal flow and also in terms of penetration, spreading angle
and other properties. Based on the two reference nozzles results, the code
has been employed over two elliptical nozzles, non-cavitating and cavitating.
The convergent and constant section elliptical nozzles have been compared in
terms of internal mass flow and spray dynamics with quantitative and qualit-
ative data. The results of the comparative can be summarized as follows:

= The suggested CFD model is able to reproduce the behavior of both the
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internal and external flow with an acceptable error under the conditions
presented in this work.

= Results show that cavitation is still a quite noticeable effect applied to
elliptical nozzles.

= In the cases of this study, cavitation has the potential to improve the
mixture process.

s This effect seems to be more important from a middle region of the
spray which can affect the practical applications of this kind of nozzle.
However, for points beyond a middle range, the constant section elliptical
nozzle seems to be over the convergent elliptical in mixture effectiveness.

= In future works, the conclusions above must be extended to different
conditions. First, it is necessary to study the behavior of the elliptical
nozzles for evaporative cases in order to see how the liquid length and
vapor generation is affected and then, for real operating conditions.



5.5. Conclusions 203

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Acknowledgements

The authors would like to thank the computer resources, technical expert-
ise and assistance provided by Universitat Politecnica de Valéncia in the use of
the "Rigel” computation cluster. The authors want to express their gratitude
to CONVERGENT SCIENCE Inc. and Convergent Science GmbH for their
kind support for the CFD calculations with the CONVERGE software.

Funding

The author(s) disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: This work was suppor-
ted by the Ministerio de Ciencia, Innovacién y Universidades of the Spanish
Government. The PhD studies by Enrique C. Martinez-Miracle have been
funded by the Agencia Estatal de Investigacién of the Spanish Government
and the ESF (European Social Fund), project "Desarrollo de modelos de com-
bustién y emisiones HPC para el analisis de plantas propulsivas de transporte
sostenibles” (TRA2017-89139-C2-1-R) by means of the "Subprograma Estatal
de Formacién del Programa Estatal de Promocién del Talento y su Empleab-
ilidad en I4+D+i".






References 205

References

1]

Hiro Hiroyasu and Haiyan Miao. “Measurement and Calculation of
Diesel Spray Penetration”. In: Proceedings of ICLASS Conference Octo-
ber (2003). URL: http://www.ilasseurope.org/ICLASS/iclass2003/
fullpapers/1413.pdf.

Hiro Hiroyasu and Masataka Arai. “Structures of Fuel Sprays in Diesel
Engines”. In: 2002.724 (Feb. 1990). DOI: 10.4271/900475. URL: https:
//www.sae.org/content/900475/.

Jeffrey Naber and L. Dennis. “Effects of Gas Density and Vaporization
on Penetration and Dispersion of Diesel Sprays”. In: (1996), p. 960034.
ISSN: 0148-7191. por: 10.4271/960034. URL: http://papers. sae.
org/960034/.

F. Payri, V. Bermuidez, R. Payri and F. J. Salvador. “The influence of
cavitation on the internal flow and the spray characteristics in diesel
injection nozzles”. In: Fuel 83.4-5 (2004), pp. 419-431. 1ssN: 00162361.
DOI: 10.1016/j.fuel.2003.09.010.

R. Payri, F. J. Salvador, J. Gimeno and J. de la Morena. “Effects of
nozzle geometry on direct injection diesel engine combustion process”.
In: Applied Thermal Engineering 29.10 (2009), pp. 2051-2060. 1SSN:
13594311. po1: 10. 1016/ j . applthermaleng . 2008 . 10 . 009. URL:
http://dx.doi.org/10.1016/j.applthermaleng.2008.10.009.

Raul Payri, Francisco Javier Salvador, Jaime Gimeno and Juan P Viera.
“Experimental Analysis on the Influence of Nozzle Geometry Over the
Dispersion of Liquid N-Dodecane Sprays”. In: Frontiers in Mechanical
Engineering 1.0ctober (2015). 1sSN: 2297-3079. DOI: 10.3389/fmech.
2015.00013. URL: http://journal.frontiersin.org/Article/10.
3389/fmech.2015.00013/abstract.

F. J. Salvador, S. Hoyas, R. Novella and J. Martinez-Lopez. “Numerical
simulation and extended validation of two-phase compressible flow in
diesel injector nozzles”. In: Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering 225.4 (2011),
pp. 545-563. 1sSN: 09544070. DOI: 10.1177/09544070JAUT01569.

Francisco Javier Salvador, Joaquin De la Morena, Gabriela Bracho
and David Jaramillo. “Computational investigation of diesel nozzle in-
ternal flow during the complete injection event”. In: Journal of the
Brazilian Society of Mechanical Sciences and Engineering 40.3 (2018).
ISSN: 18063691. DOI: 10.1007/s40430-018-1074~z.



CapriTuLo 5. Influencia de la convergencia de la seccién en toberas elipticas

206

sobre la mezcla

[9]

[11]

[12]

[13]

[15]

[16]

Qingluan Xue et al. “Eulerian CFD Modeling of Coupled Nozzle Flow
and Spray with Validation Against X-Ray Radiography Data”. In: SAE
International Journal of Engines 7.2 (2014), pp. 2014-01-1425. 1SSN:
1946-3944. DOI: 10.4271/2014-01-1425. URL: http://papers.sae.
org/2014-01-1425/.

Michele Battistoni, Sibendu Som and Christopher F. Powell. “Highly re-
solved Eulerian simulations of fuel spray transients in single and multi-
hole injectors: Nozzle flow and near-exit dynamics”. In: Fuel 251.April
(2019), pp. 709-729. 1ssN: 00162361. DOI: 10.1016/j.fuel.2019.04.
076. URL: https://doi.org/10.1016/j.fuel.2019.04.076.

Kaushik Saha et al. “Coupled Eulerian Internal Nozzle Flow and Lag-
rangian Spray Simulations for GDI Systems”. In: (2018). DOI: 10.4271/
2017-01-0834 . Abstract.

J. Anez et al. “Eulerian-Lagrangian spray atomization model coupled
with interface capturing method for diesel injectors”. In: International
Journal of Multiphase Flow 113 (2018), pp. 325-342. 1SsN: 03019322.
DOI: 10.1016/j . ijmultiphaseflow . 2018 .10 .009. URL: https:
//doi.org/10.1016/j.ijmultiphaseflow.2018.10.009.

Sampath Rachakonda et al. “A Computational Approach to Predict
External Spray Characteristics for Flashing and Cavitating Nozzles”.
In: International Journal of Multiphase Flow 106 (May 2018). DOI:
10.1016/5.1ijmultiphaseflow.2018.04.012.

Francisco J. Salvador, Joaquin de la Morena, Marcos Carreres and
David Jaramillo. “Numerical analysis of flow characteristics in diesel
injector nozzles with convergent-divergent orifices”. In: Proceedings of
the Institution of Mechanical Engineers, Part D: Journal of Automobile
Engineering 231.14 (2017), pp. 1935-1944. 1ssN: 09544070. por: 10.
1177/0954407017692220.

S. Molina, F. J. Salvador, M. Carreres and D. Jaramillo. * A compu-
tational investigation on the influence of the use of elliptical orifices
on the inner nozzle flow and cavitation development in diesel injector
nozzles ”. In: Energy Conversion and Management 79 (2014), pp. 114—
127. 18sN: 01968904. DOI: 10.1016/j .enconman.2013.12.015. URL:
http://dx.doi.org/10.1016/j.enconman.2013.12.015.

Kun Woo Ku, Jung Goo Hong and Choong Won Lee. “Effect of internal
flow structure in circular and elliptical nozzles on spray characteristics”.
In: Atomization and Sprays 21.8 (2011), pp. 655-672. 1SSN: 10445110.
DOI: 10.1615/AtomizSpr.2012004192.



References 207

[17] Jung Goo Hong, Kun Woo Ku, Sung Ryoul Kim and Choong Won
Lee. “Effect of cavitation in circular nozzle and elliptical nozzles on the
spray characteristic”. In: Atomization and Sprays 20.10 (2010), pp. 877—
886. 1SSN: 10445110. pOI: 10. 1615/ AtomizSpr . v20. 110 .40. URL:
http://www . scopus . com/ inward /record . url 7eid=2-s2.0-
79955791257&partnerID=tZ0tx3y1l.

[18] Choong-won Lee et al. “Experimental study of the effects of nozzle hole
geometry for a DI diesel engine”. In: ICLASS 2006. Kyoto, 2006.

[19] Fazle Hussain and Hyder S Husain. “Elliptic jets. Part 1. Character-
istics of unexcited and excited jets”. In: Journal of Fluid Mechan-
ics 208 (Nov. 1989), pp. 257-320. 1ssN: 0022-1120. por: 10. 1017/
S0022112089002843. URL: https ://www . cambridge . org/ core/
product/identifier/S50022112089002843/type/ journal?’,7B%5C _
%7Darticle.

[20] Hyder S. Husain and Fazle Hussain. “Elliptic jets. part 2. dynamics of
coherent structures: Pairing”. In: Journal of Fluid Mechanics 233.439
(1991), pp. 439-482. 1sSN: 14697645. DOI: 10.1017/350022112091000551.

[21] Gong Yunyi, Liu Changwen, Huang Yezhou and Peng Zhijun. “An ex-
perimental study on droplet size characteristics and air entrainment of
elliptic sprays”. In: SAE Technical Papers 724 (1998). 1SSN: 26883627.
DOI: 10.4271/982546.

[22] Shenghao Yu et al. “Experimental study on the spray characteristics
discharging from elliptical diesel nozzle at typical diesel engine condi-
tions”. In: Fuel 221.February (2018), pp. 28-34. 1sSN: 00162361. poI:
10.1016/j.fuel.2018.02.090.

[23] F. J. Salvador, J. M. Pastor, J. De la Morena and E. C. Martinez-
Miracle. “Computational study on the influence of nozzle eccentricity
in spray formation by means of Eulerian ¥ - Y coupled simulations in
diesel injection nozzles”. In: International Journal of Multiphase Flow
129 (2020), p. 103338. 1ssN: 03019322. DOI: 10.1016/j.ijmultiphaseflow.
2020.103338. URL: https://doi.org/10.1016/j.ijmultiphaseflow.
2020.103338.

[24] Hekun Jia, Zhuangbang Wei, Bifeng Yin and Zhiyuan Liu. “Analysis of
elliptical diesel nozzle spray dynamics using a one-way coupled spray
model”. In: International Journal of Engine Research (2021), pp. 755
766. 1SSN: 1468-0874. pDOI: 10.1177/14680874211063352.

[25]  Ariane Vallet, A. A. Burluka and R. Borghi. “Development of a Eulerian
model for the atomization of a liquid jet”. In: Atomization and Sprays
11.6 (2001). 18SN: 1044-5110.



CapriTuLo 5. Influencia de la convergencia de la seccién en toberas elipticas
208 sobre la mezcla

[26] Jose Maria Desantes et al. “Coupled/decoupled spray simulation com-
parison of the ECN spray a condition with the »-Y Eulerian atomiz-
ation model”. In: International Journal of Multiphase Flow 80 (2016),
pp. 89-99. 1sSN: 03019322. poI1: 10.1016/j.ijmultiphaseflow.2015.
12.002.

[27] J M Desantes, F J Salvador, M Carreres and D Jaramillo. “ Exper-
imental Characterization of the Thermodynamic Properties of Diesel
Fuels Over a Wide Range of Pressures and Temperatures ”. In: SAFE In-
ternational Journal of Fuels and Lubricants 8.1 (2015), pp. 951-2015.
1SSN: 1946-3960. DOI: 10.4271/2015-01-0951. URL: http://papers.
sae.org/2015-01-0951/.

[28] Francisco Javier Salvador, Marcos Carreres, Joaquin De la Morena and
E Martinez-Miracle. “ Computational assessment of temperature vari-
ations through calibrated orifices subjected to high pressure drops: Ap-
plication to diesel injection nozzles ”. In: Energy Conversion and Man-
agement 171 (Sept. 2018), pp. 438-451. 1SsN: 01968904. po1: 10.1016/
j .enconman.2018.05.102. URL: https://linkinghub.elsevier.
com/retrieve/pii/S0196890418305867.

[29] Ariane Vallet and Roland Borghi. “ Modelisation eulerienne de I’atomisation
d’un jet liquide ”. In: Comptes Rendus de I’Academie de Sciences -
Serie IIb: Mecanique, Physique, Chimie, Astronomie 327.10 (1999),
pp. 1015-1020. 1SSN: 12874620. DOI: 10.1016/51287-4620(00)87013-

1.

[30] Y Wang et al. “Application of Interface Area Density Modeling to
Define Spray Plume Boundary Department of Mechanical and Indus-
trial Engineering University of Massachusetts-Amherst General Motors
Global R & D”. In: May (2015).

[31] A. Pandal, R. Payri, J. M. Garcia-Oliver and J. M. Pastor. “Optimiz-
ation of spray break-up CFD simulations by combining »-Y Eulerian
atomization model with a response surface methodology under diesel
engine-like conditions (ECN Spray A)”. In: Computers and Fluids 156
(2017), pp. 9-20. 18SN: 00457930. DOI: 10.1016/j . compfluid.2017.
06.022.

[32] Adridn Pandal Blanco. ¢ Implementation and Development of an Eu-
lerian Spray Model for CFD simulations of diesel Sprays ”. PhD thesis.
Valencia (Spain): Universitat Politecnica de Valencia, July 2016. DoOI:
10 .4995/Thesis /10251 /68490. URL: https://riunet . upv.es/
handle/10251/68490.

[33] K.J. Richards, P.K. Senecal and E. Pomraning. “CONVERGE 2.4.*
Convergent Science, Madison, WI (2021)”. In: ().



References 209

[34]

Z. Bilicki and J. Kestin. “Physical Aspects of the Relaxation Model in
Two-Phase Flow”. In: Proceedings of the Royal Society A: Mathemat-
ical, Physical and Engineering Sciences 428.1875 (Apr. 1990), pp. 379—
397. 18sN: 1364-5021. DOI: 10.1098/rspa. 1990 . 0040. URL: http:
//dx .doi.org/10.1098/rspa. 1990 . 0040%20http : / / rspa .
royalsocietypublishing.org/cgi/doi/10.1098/rspa.1990.0040.

E W Bilicki, Salim Ali, Fluid Flow Machinery and Polish Academy.
“Evaluation of the relaxation time of heat and mass exchange in the
liquid-vapour bubble flow”. In: 39.4 (1996).

P. Downar-Zapolski, Z. Bilicki, L. Bolle and J. Franco. “The non-
equilibrium relaxation model for one-dimensional flashing liquid flow”.
In: International Journal of Multiphase Flow 22.3 (1996), pp. 473-483.
ISSN: 03019322. po1: 10.1016/0301-9322(95) 00078-X.

Zhixia He et al. “Investigations of effect of phase change mass transfer
rate on cavitation process with homogeneous relaxation model”. In:
International Communications in Heat and Mass Transfer 89 (2017),
pp. 98-107. 1ssN: 0735-1933. DOI: https://doi.org/10.1016/j .
icheatmasstransfer.2017.09.021.

Engine Combustion Department of Sandia National Laboratories. En-
gine Combustion Network Data search. URL: https://ecn.sandia.
gov/ecn-data-search/.

Q. Xue et al. “An Eulerian CFD model and X-ray radiography for
coupled nozzle flow and spray in internal combustion engines”. In: In-
ternational Journal of Multiphase Flow 70.December (2015), pp. 77-88.
1SSN: 03019322. DOI: 10.1016/j.ijmultiphaseflow.2014.11.012.

R. Payri, J. Gimeno, J. Cuisano and J. Arco. * Hydraulic characteriz-
ation of diesel engine single-hole injectors ”. In: Fuel 180.April (2016),
pp- 357-366. 1ssN: 00162361. DOI: 10.1016/j.fuel.2016.03.083.

Victor Yakhot and Leslie M. Smith. “The renormalization group, the
eps-expansion and derivation of turbulence models”. In: Journal of Sci-
entific Computing 7.1 (1992), pp. 35-61. 1sSN: 0885-7474. DOI: 10 .
1007/BF01060210.

David C. Wilcox. “Reassessment of the scale-determining equation for
advanced turbulence models”. In: ATAA Journal 26.11 (1988), pp. 1299—
1310. 18SN: 00011452. DOI: 10.2514/3.10041.

J. M. Desantes, J. M. Garcia-Oliver, J. M. Pastor and A. Pandal. “A
comparison of diesel sprays CFD modeling approaches: DDM versus o-
~ Eulerian atomization model”. In: Atomization and Sprays 26.7 (2016),
pp- 713-737. 18SN: 10445110. poI: 10.1615/AtomizSpr.2015013285.



CapriTuLo 5. Influencia de la convergencia de la seccién en toberas elipticas
210 sobre la mezcla

[44] Brandon A Sforzo et al. “Fuel Nozzle Geometry Effects on Cavitation
and Spray Behavior at Diesel Engine Conditions”. In: Proceedings of
the 10th International Symposium on Cavitation (CAV2018) (2019),
pp- 474-480. DOI: 10.1115/1.861851_ch90.

[45] Katarzyna E Matusik et al. “High-resolution X-ray tomography of En-
gine Combustion Network diesel injectors”. In: International Journal of
Engine Research 19.9 (2018), pp. 963-976. DOI: 10.1177/1468087417736985.

[46] Alan L Kastengren and Christopher F Powell. “Spray density meas-
urements using X-ray radiography”. In: Proceedings of the Institution
of Mechanical Engineers, Part D: Journal of Automobile Engineer-
ing 221.6 (Jan. 2007), pp. 653-662. 1sSN: 0954-4070. DOI: 10.1243/
09544070JAUT0392. URL: http://sdj . sagepub . com/lookup/ 10.
1243/09544070JAUT0392.

[47] A. L. Kastengren et al. “Time-resolved X-ray radiography of sprays
from Engine Combustion Network spray a diesel injectors”. In: At-
omization and Sprays 24.3 (2014), pp. 251-272. 18sN: 10445110. DOTI:
10.1615/AtomizSpr.2013008642.

[48] Daniel J. Duke et al. “X-ray radiography of cavitation in a beryllium al-
loy nozzle”. In: International Journal of Engine Research 18.1-2 (2017),
pp. 39-50. 1SSN: 20413149. DOI: 10.1177/1468087416685965.

[49] R. Payri, J. M. Garcia, F. J. Salvador and J. Gimeno. “Using spray
momentum flux measurements to understand the influence of diesel
nozzle geometry on spray characteristics”. In: Fuel 84.5 (2005), pp. 551—
561. 13SN: 00162361. DOI: 10.1016/j.fuel.2004.10.009.

[50] Jose Maria Desantes, Raul Payri, Francisco Javier Salvador and Jaime
Gimeno. “Different Measurement Techniques To Determine Hole To
Hole dispersion in a real diesel injector”. In: Proceedings of the FEDSM2006
February 2015 (2006), pp. 1-8. por: 10.1115/FEDSM2006-98212.

[51] Chih-Ming Ho and Ephraim Gutmark. “Vortex induction and mass
entrainment in a small-aspect-ratio elliptic jet”. In: Journal of Fluid
Mechanics 179 (June 1987), p. 383. 1SsN: 0022-1120. por: 10.1017/
$0022112087001587. URL: http://www. journals . cambridge . org/
abstract’7B%5C_%7DS0022112087001587.

[52] Philip J. Morris. “Instability of elliptic jets”. In: AIAA Journal 26.2
(1988), pp. 172-178. 1sSN: 00011452. DOI: 10.2514/3.9869.

[63] Francisco Javier Salvador, Jorge Martinez-Lépez, J. V. Romero and
M. D. Rosellé. “Computational study of the cavitation phenomenon and
its interaction with the turbulence developed in diesel injector nozzles
by Large Eddy Simulation (LES)”. In: Mathematical and Computer
Modelling 57.7-8 (2013), pp. 1656-1662. 1SSN: 08957177. DOI: 10.1016/



References 211

j.mcm.2011.10.050. URL: http://dx.doi.org/10.1016/j .mcm.
2011.10.050.






Capitulo 6

Discusion de los resultados

You want a valve that doesn’t leak and
you try everything possible to develop one.
But the real world provides you with a
leaky valve. You have to determine how
much leakiness you can tolerate.

Arthur Rudolph

Resumen: Este capitulo resume y realiza un comentario final a los resul-
tados encontrados a través de las investigaciones anteriores.

6.1. Comentarios finales a los resultados

A través de los capitulos anteriores se han ido desarrollando una serie de
investigaciones alrededor del flujo interno, desarrollo de la mezcla y combus-
tién tomando como eje central de las mismas los efectos de la geometria sobre
dichos procesos. Procediendo de un forma natural desde el flujo interno, las
variaciones que la geometria produce sobre éste se han tratado con més o me-
nos detalle a lo largo de todos lo capitulos. Si bien el Capitulo 2, ha focalizado
en el flujo del interior de los orificios de inyeccién, a través de la introduccién
de una caracterizacion en detalle de los combustibles, y de la resolucion de las
ecuaciones de energia teniendo en cuenta efectos de compresibilidad, el resto
de capitulos arrastran algunos de los puntos mas importantes de éste, como
son las propiedades tabuladas del combustible diesel empleado. La obtencién
de una correcta metodologia en el modelado del flujo interno, esto es, unos
modelos adecuados de turbulencia, transmisiéon de calor y una apropiada ca-
racterizaciéon del combustible todo ello aplicado sobre un representacion fiel
de la geometria, es critica a la hora de obtener resultados numéricos fiables
y se revela como la conclusion mas importante de este estudio. La hipdtesis
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base para el flujo interno en esta primera investigacion es decir, la ausencia
de intercambio de calor con el exterior, o flujo adiabético, a lo largo de la
geometria de inyeccién, también supone una condicién de contorno impor-
tante, especialmente en términos de simplificacién del problema. A partir de
algunos de los resultados de este primer capitulo, en los Capitulos 3, 4 y 5
se ha profundizado en la relacién de la geometria interna sobre la mezcla.
Empezando por el estudio de geometrias con un cardcter méas convencional,
el Capitulo 3 ha estudiado dos geometrias cénicas una de ellas con un factor
longitud didmetro (L/D) reducido que se han comparado tanto experimental
como numéricamente. En esta seccion, se han empleado dos modelos numéri-
cos diferentes, un modelo discreto Lagrangiano y el modelo X-Y Euleriano. El
modelo X-Y empleado en este capitulo ha sido validado extensamente segin
distintas geometrias y sus correspondientes medidas experimentales. Por un
lado, frente a toberas calibradas de estudio, las denominadas Spray A y C del
ECN, y por otro, frente a las propias toberas de cardcter convencional o co-
mercial. La validacién respecto a las primeras se ha detallado ampliamente en
los Capitulos 4 y 5 no solo en los términos experimentales mas convencionales,
como el flujo interno, penetraciéon o angulo, sino en otros como la densidad
proyectada. El buen comportamiento del modelo en estas dos geometrias se
hace patente en una primera instancia bajo los resultados obtenidos del flu-
jo interno. La posibilidad de disponer de unos modelos 3D provenientes del
escaneado por tomografia electrénica junto con las leyes de levantamiento de
aguja llevan al modelo a reproducir fielmente tanto comportamientos transito-
rios como valores estacionarios. Los errores son bajos en todos los parametros
de estudio, como se ha mostrado en la Tabla 5.3, pese a incluir la cavitacion,
cuyo modelado suele incurrir en desviaciones mayores, en el caso del Spray
C. La dispersién del fluido en cdmara bajo unos términos macroscépicos tam-
bién es correctamente capturada como se desprende de la Figura 5.4, donde se
muestra la evoluciéon de la penetracién del Spray A y C, y de las comparaciones
del dngulo segin la Figura 4.5 y la Figura 5.6 para el Spray A y C respecti-
vamente. Los andlisis de densidad proyectada acompanan al resto de medidas
con resultados razonables, mas precisos en zonas cercanas a la tobera y con
algo mas de desviacion en zonas alejadas y, en todo caso, en consonancia con
otras simulaciones similares disponibles en la literatura. Los buenos resultados
encontrados para este tipo de toberas de investigacién han permitido estudiar
trasladar con confianza el calculo hacia geometrias multiorificio. Siguiendo es-
ta linea, en el Capitulo 3 se han estudiado variaciones de la geometria a través
de dos toberas cénicas con diferentes ratios [/d y diferencias en los radios de
la zona de entrada de la tobera (Figura 3.5). Para analizar los efectos sobre
el chorro y la combustién se ha empleado una metodologia que combina los
modelos DDM y ELSA (2-Y con transicién de gotas Euleriana-Lagrangiana)
anteriormente mencionados. Los modelos DDM se han configurado utilizando
las curvas de tasa y valores de angulo procedentes de los estudios de caracteri-
zacién hidraulica y la visualizacion del chorro respectivamente. La calibracion
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se ha realizado en funcién de las constantes de tiempo y de tamano del modelo
KH-RT consiguiendo un buen ajuste a las curvas de penetracion de vapor y de
longitud liquida, como se puede apreciar en la Figura 3.29. Las simulaciones
ELSA fueron validadas en una primera parte respecto al flujo interno y a la
caracterizaciéon hidrdulica experimental. Al no disponer de las leyes de levan-
tamiento como condicién de contorno en las simulaciones ELSA de chorro,
éstas se sustituyeron por los perfiles de velocidad y resto de variables del flujo
interno derivadas de la adaptacion del flujo masico numérico instantaneo a
su homodlogo en las curvas de tasa experimentales. La campana experimental
realizada en en este capitulo también ha servido para validar los resultados
de flujo interno y chorro provenientes del modelo ELSA. En el flujo interno
(Figura 3.21), las desviaciones conseguidas han oscilado alrededor del 3 %,
valores similares a los obtenidos en las toberas calibradas, y se han captura-
do las diferencias en velocidad y momento derivadas de la geometria (Figura
3.27). El chorro en las simulaciones ELSA también ha sido capaz de reflejar
las tendencias observadas en las medidas experimentales, con una penetra-
cién de vapor menor para la tobera SN (de menor ratio longitud didmetro),
una menor longitud liquida y un angulo algo mayor, segin se muestra en la
Figura 3.30. En lo que respecta a la combustién, el estudio de la misma se
ha basado principalmente en el uso de los modelos DDM dado su menor cos-
te computacional y la limitada ventana temporal disponible para realizar las
simulaciones. Utilizando la tobera BN como referencia para las validaciones,
se puede afirmar que la reproduccién de los comportamientos experimentales
del chorro a través de una correcta calibracién ha permitido trasladar sus di-
ferencias a los resultados en combustion. Estas diferencias, derivadas de los
distintos pardmetros geométricos de las toberas se han traducido en diferen-
cias también en los balances de energia del ciclo. Donde la tobera SN, segiin
lo esperado de acuerdo a su mayor dngulo experimental y una menor longitud
liquida (Figura 3.28), ha conducido a un mejor proceso de mezcla y, por tanto,
a una combustion més eficiente. El acercamiento de la combustién a la tobera
detectado para esta mismo tobera ha conseguido reducir las pérdidas por calor
a través de las paredes del sistema. Esto, junto con el incremento de la efi-
ciencia de la combustién, ha llevado a un incremento del trabajo del ciclo. La
aproximacién hibrida ELSA, debido a su elevado coste computacional, solo ha
podido ser ejecutada en condiciones de combustién de forma limitada y més
orientada a validar las tendencias observadas tanto en el modelo discreto co-
mo en las medidas experimentales. En este sentido, sus resultados acompanan
a los resultados del DDM (Figura 3.32). Se puede afirmar que la influencia
de la geometria como forma de alterar el proceso de mezcla y combustion ha
quedado demostrada en este capitulo a través del andlisis de dos toberas cuyas
geometrias han sido estudiadas numérica y experimentalmente en términos de
flujo interno, chorro y combustién.

Con el fin de profundizar atin mas en métodos de mejorar la mezcla a
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través de la modificacion de la morfologia de las toberas, el Capitulo 4 y el
Capitulo 5 han introducido en el estudio toberas de seccién eliptica a través
del modelo X-Y (ESA) de flujo interno-externo acoplado. En el Capitulo 4, el
estudio de este tipo de perfiles se ha realizado en condiciones de cavitacion a
través de secciones constantes a lo largo de toda la tobera. A la validacion del
cédigo otorgada por las toberas calibradas mencionadas anteriormente (Spray
A y Spray C del ECN) se ha anadido un estudio de flujo interno sobre la
geometria de una tobera multiorificio también cavitante. El error méaximo en-
contrado en este caso ronda el 5.4 %, acorde con lo encontrado en la literatura
para toberas de estas caracteristicas, pudiendo observarse el colapso caracte-
ristico del flujo mésico en la Figura 4.11. Una vez discutido ampliamente el
potencial del modelo acoplado, se ha utilizado para explorar el efecto de dis-
tintos grados de excentricidad partiendo de una tobera circular de referencia.
Generando geometrias con igual drea geométrica de salida, la excentricidad
se ha incrementado hasta un valor de 0.94 simulando un total de 6 toberas.
Bajo condiciones de alta presién (2000 bar) y media contrapresién (30 bar)
que favoreciesen la aparicion de cavitacion, las toberas se han caracterizado
hidrdulicamente obteniendo los parametros adimensionales y valores estacio-
narios del flujo, incluyendo flujo masico, momento y velocidades efectivas a la
salida. Al anédlisis de estos valores se ha unido la visualizacién de la distribu-
ciéon de vapor observada a la salida de las toberas, donde la dispersion de esta
fase a lo largo de la seccion del orificio ha sido mayor segiin se aumentaba, el
valor de la excentricidad. El estado del flujo en el orificio de salida se ha vin-
culado luego con la distribucién de velocidades y fracciones maésicas a lo largo
del eje del chorro y en varias secciones transversales del mismo. De los resulta-
dos obtenidos se desprende que una mayor excentricidad produce una mayor
interaccion o un mayor intercambio de momento entre el chorro y el gas del
volumen de descarga. Partiendo de unos valores similares en las variables del
flujo interno segun la Figura 4.12, el aumento de la excentricidad de la seccién
tiende ha reducir méas rapidamente la velocidad axial y la concentracién de
combustible sobre el eje del chorro. Este efecto se puede ver sobre las curvas de
la Figura 4.17 y la Figura 4.14 para la velocidad y la fracciéon mésica de liquido
respectivamente. La disminucién de estas variables sobre el eje tiene su con-
trapartida en la visualizacién de los perfiles radiales también de la velocidad
(Figura 4.16) y fraccién maésica (Figura4.15). Aqui, la disminucién observada
sobre el eje se traduce en una mejor distribuciéon en direccion radial de estas
variables segin avanza el chorro en el volumen de descarga. En consonancia
con el estudio de los perfiles, la penetracion (Figura 4.23) se reduce en favor
de una mayor apertura del dngulo (Figura 4.21). El célculo del englobamiento
en la Figura 4.18 actia como variable sintesis de esta mecéanica, reflejando
una mayor cantidad de aire abarcada por el chorro a medida que aumenta la
excentricidad de las toberas. Tras observar los resultados obtenidos, se puede
afirmar que las geometrias de toberas elipticas de secciéon constante pueden
influenciar positivamente los procesos de mezcla produciendo dngulos de cho-
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rro y englobamientos mayores. En esta situacion convergen distintos factores,
por un lado y como se ha mencionado anteriormente, la fase vapor se encuen-
tra mas distribuida a lo largo de las secciones elipticas pudiendo favorecer la
desintegracion del de chorro. Por otro lado, aunque el area de salida es un pa-
rametro mantenido constante en este estudio, el aumento de la excentricidad
de la seccién tiene como efecto paralelo un aumento del perimetro de la misma.
Al aumentar la superficie de interaccién entre el fluido y el gas de los alrede-
dores se favorece el intercambio de masa y energia. A estos fenémenos se une
el comportamiento particular de los chorros elipticos donde la asimetria del
chorro genera cierto efecto de vorticidad, observable a través de la alternancia
de los ejes mayor y menor del chorro (Figura 4.24), y que puede contribuir a la
mezcla. Aunque el potencial de estas toberas ha quedado establecido, atin es
necesario intentar descomponer estos efectos para comprender completamente
el desarrollo de la mezcla. En el Capitulo 5 se ha estudiado el efecto del tipo
de seccion en este tipo de toberas, distinguiendo entre secciones convergente
y constantes. Utilizando la misma metodologia de flujo interno-externo aco-
plado a través de un modelo X-Y sin transicién (ESA), se han analizado dos
geometrias de excentricidad 0.9, con misma area de seccién de salida, bajo
condiciones de alta presién de inyeccién. Siguiendo un camino similar al del
estudio anterior, inicialmente se ha analizado el flujo interno a través de sus
principales variables integrales y coeficientes adimensionales. Acorde con los
pardametros geométricos, en ausencia de conicidad y de radio de hidroerosién
a la entrada, la tobera de seccién constante produce una caida de velocidad
mucho més importante que la tobera convergente, reduciendo el valor del coefi-
ciente de velocidad. La presencia de la fase vapor también reduce el coeficiente
de drea llevando a un valor menor final del coeficiente de descarga y de flujo
masico. Esto, junto con la pérdida de velocidad a la salida provoca un flujo
con una menor cantidad de movimiento. Para evaluar correctamente el efecto
del momento sobre la penetracion, la Figura 5.12 presenta la penetracién con
y sin normalizar respecto a esta variable. Tras eliminar la influencia del mo-
mento sobre la curva, se observa como, tras un cierto tiempo, la curva de la
tobera de seccién constante cae por debajo de la convergente. Considerando
que las diferencias en momento han sido suprimidas por la normalizacién, la
divergencia entre ambas curvas es absorbida por una mayor penetracion radial
del chorro en la tobera de seccién constante. Esta mayor dispersién transversal
del liquido queda evidenciada por el anélisis del angulo en ambos ejes, donde
la tobera de seccion constante devuelve valores mayores en las dos proyec-
ciones. El analisis de los perfiles de fraccion de liquido y velocidad también
respaldan esta mayor apertura del chorro como muestran la Figura 5.16 y la
Figura 5.19 respectivamente. Para resumir el efecto sobre la mezcla, la Figura
5.21 devuelve el englobamiento generado por cada una de las toberas. En esta
comparativa, la curva de la tobera de seccién constante (normalizada por su
flujo maésico) se eleva por encima de la tobera convergente. Las discusiones
conducidas a lo largo de este capitulo indican como el efecto de la cavitacién
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es un factor a tener en cuenta en las toberas de seccion eliptica como método
de mejorar la mezcla sobre sus equivalentes convergentes.

El debate desarrollado a lo largo de estos capitulos pone de manifiesto no
solo la influencia de la geometria de la tobera sobre el chorro y la combustion
sino también el margen de mejora ain disponible a través de la exploracion
de nuevas geometrias. Aunque es cierto que su viabilidad queda sujeta a la
tecnologia de manufactura, siempre que las propuestas no sean irreales, se
abre un gran abanico de posibilidades y atin més si se combinan con otros
avances como nuevas estrategias de inyeccién, nuevos combustibles, etc. De
esta forma, el motor de combustiéon puede aspirar a un mejor aprovechamiento
de la energia en la fuente de su generacion.



Capitulo 7

Conclusiones y trabajos futuros

Todos los modelos son erroneos,
pero algunos de ellos son ttiles

George P. E. Box

Resumen: En los capitulos anteriores se han planteado diferentes estudios
sobre la influencia de la geometria. Primero, desde una perspectiva emi-
nentemente del flujo interno y luego, observando también su efecto en el
chorro y la mezcla. Empezando con toberas de morfologias convenciona-
les, se ha finalizado incluyendo en los analisis toberas Diesel elipticas con
un caracter innovador. Este capitulo resume las principales conclusiones
derivadas de dichos estudios.

7.1. Conclusiones

Durante los capitulos anteriores se han analizado los diferentes efectos que
las geometrias de las toberas de inyeccion producen sobre el flujo interno, la
mezcla y la combustién. En las conclusiones mostradas a continuacion quedan
sintetizados.

= Sobre las bases de flujo adiabatico, y una detallada caracterizacion de las
propiedades fisicas del combustible, se han estudiado los efectos termo-
hidrdulicos de la geometria en el flujo interno. Las propiedades fisicas del
fluido se han definido en funcién de la temperatura y presién y han sido
trasladas al calculo bajo el supuesto de fluido compresible. La metodo-
logia planteada ha permitido obtener desviaciones menores al 0.9 % en
temperatura a la salida de una geometria calibrada, realzando la impor-
tancia de la correcta inclusion tanto de las propiedades fisicas del com-
bustible como de los pardmetros morfolégicos ésta en el calculo numérico.
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Estas condiciones han mostrado el efecto contrapuesto del incremento
de temperatura por efectos de friccién en las paredes de las toberas, y
del enfriamiento originado en el flujo debido a la descompresién del flui-
do. Cuando se introducen dichos efectos en toberas convergentes Diesel
sometidas a grandes caidas de presion y velocidades, la diferencia local
de temperatura en el orificio de salida puede llegar a ser muy notable, en
el caso planteado: 80 K. Estas diferencias pueden derivar en variaciones
importantes de las propiedades del combustible y ser relevantes en los
mecanismos de atomizacién posteriores. Por tanto, la geometria define
el estado termo-hidrdulico del flujo afectando también a las condicio-
nes térmicas con la consiguiente variacién de las propiedades fisicas del
combustible debidas a la presién y a la temperatura.

Se ha demostrado como una geometria con un ratio [/d reducido man-
teniendo un permeabilidad, o flujo masico similar, es capaz de mejorar
el proceso de mezcla obteniendo unos desempenos en ciclo cerrado ma-
yores gracias al mejor rendimiento de la combustion y unas pérdidas en
pared reducidas. Los modelos empleados han servido para definir una
metodologia robusta, capaz de trasladar la influencia de la geometria
al comportamiento del chorro. Por un lado, utilizando modelos tradi-
cionales DDM y por otro, con modelos ELSA (3-Y) més avanzados.
El error obtenido en los modelos numéricos ha sido més que aceptable
en términos de flujo interno y chorro. En los pardametros del ciclo de
combustién propuesto, las simulaciones también han producido un buen
rendimiento aunque con desviaciones menores. La mejora de la eficiencia
obtenida al emplear la tobera de ratio reducido se ha calculado del or-
den de un significativo 1 % en simulacién, con una reduccién importante
de las pérdidas por calor a través de la pared un mejor aprovechamien-
to del combustible. En contraposicién, la optimizacién propuesta para
esta misma geometria ha dado resultados poco resenables, requiriendo
probablemente mas iteraciones en este aspecto. Se puede concluir, que
no solo el uso de geometrias con [/d reducido puede contribuir al mejor
desempeno del evento de inyeccién-combustién, sino que el uso de los
modelos propuestos en el estudio de la geometria ha demostrado ser una
forma eficaz de ayudar en el disenio de los sistemas de inyeccién.

Utilizando el modelo ¥-Y (ESA), se han explorado geometrias de sec-
cion eliptica como forma de mejorar el proceso de atomizacion y mezcla
en sistemas de inyeccion Diesel. Simulando el flujo interno y externo de
forma acoplada se ha capturado y trasladado el efecto de la geometria
sobre el chorro. El cédigo se ha validado frente a dos toberas calibradas
mono-orificio, Spray A y C, obteniendo excelentes resultados en los prin-
cipales parametros del flujo interno, con errores maximos alrededor de
5.4 % en condiciones de cavitacién, y chorro, también con desviaciones
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muy reducidas, entorno a 1° para los valores de angulo y siempre dentro
de la desviacién experimental para la evolucién del liquido en cdmara.
Los resultados obtenido tras la aplicacién de este modelo sobre geome-
trias elipticas cavitantes muestran una mayor interaccién del chorro de
estos perfiles con el gas ambiente. El incremento del angulo alcanzado,
derivado de un mayor valor de excentricidad, puede llegar a superar en
10° grados al equivalente circular con el consiguiente aumento, también
significativo, de la cantidad de aire englobado.

= La importancia de la variacion de la seccién a lo largo de la tobera que-
da demostrada en las toberas de perfil eliptico. Utilizando el cédigo ya
validado, se han analizado dos toberas elipticas, una de ellas de seccién
convergente y otra de seccién constante, siendo esta tltima de carédc-
ter cavitante. De acuerdo a los resultados, la presencia de cavitacién es
un factor determinante en el comportamiento del chorro de las toberas
elipticas en camara. En este sentido, las diferencias encontradas se han
analizado tomando como punto de partida las caracteristicas, parame-
tros macroscépicos y variables locales del flujo interno originadas por las
geometrias. La mejora de los pardmetros del chorro demuestra que se fa-
vorece la mezcla en distancias medias a la tobera siendo menos notable
en zonas cercanas a ésta en las condiciones de contorno propuestas.

7.2. Trabajos futuros

Los trabajos realizados en este documento han tenido como objetivo el
estudio del efecto de la geometria sobre el evento de inyeccién y sobre la com-
bustién. Las metodologias presentadas, en especial las relativas a los modelos
de flujo acoplado ¥-Y (ELSA, ESA) han sido validadas como forma de pro-
fundizar no solo en el estudio de estos sistemas sino también en el disefio de
los mismos. Aunque los puntos de vista incorporados a través de los distintos
capitulos han sido amplios, las limitaciones usuales de este tipo de desarro-
llos impiden muchas veces abarcar todas las posibilidades, aplicar todas las
mejoras, o profundizar en determinados temas. Algunos de estos desarrollos
quedan entonces para trabajos futuros y son reflejados a continuacion.

= Aunque los modelos han respondido satisfactoriamente en las aplicacio-
nes planteadas. Existen combinaciones susceptibles de mejorar los resul-
tados obtenidos. Queda pendiente la inclusién de modelos de turbulencia
mas complejos, como las aproximaciones LES, donde la literatura han
conseguido mejores resultados sobre toberas mono-orificio.

= Es necesario extender las simulaciones acopladas a condiciones motor
mas extensas donde poder seguir estudiando el efecto de la geometria,
utilizando ademés toberas de diferentes rasgos. Se incluyen aqui toberas
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innovadoras como las elipticas. Por otro lado, los estudios presentados
quedan acotados al balance energético del ciclo cerrado del motor, no ha-
biendo considerado por falta de tiempo y otras limitaciones la generacién
de contaminantes o procesos de renovacién de la carga. Es mandatorio
abordar también estos temas en trabajos futuros.

Aunque se ha estudiado el efecto de las morfologias elipticas, ain fal-
ta por analizar su comportamiento en situaciones reales. Para ello serd
necesario responder primero a las preguntas inconclusas sobre las me-
cénicas particulares del chorro eliptico en condiciones inertes y luego,
replicar estos estudios en condiciones evaporativas. Previamente a dar
el salto a condiciones motor, la manufactura de toberas prototipo cuyas
medidas experimentales puedan validar los modelos también debe ser
considerado un objetivo.

Finalmente, es necesario extender estas metodologias a nuevas geome-
trias de toberas susceptibles de ser fabricadas y con potencial de mejorar
el proceso de mezcla.









