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RESUMEN

Este documento describe el efecto que tiene un concepto de motor multi-inyector cuando los flujos
de atomizacion de cuatro inyectores de un solo orificio, colisionan entre si; y en otro escenario,
provocan un remolino o mejor conocido como swirl. Estos efectos se comparan calculando el
didametro medio de Sauter tanto para diésel como para biodiésel, y tomando como referencia la
atomizacion de un inyector con una tobera de cuatro orificios con el uso de heptano (C7H16), que es
el sustituto del diésel con el que se llevan a cabo estudios de diésel con un reducido margen de error,
por medio de la simulacién de Dinamica de Fluidos con OpenFOAM® bajo condiciones reactivas.
El proposito de este estudio es el determinar la configuracién multi-inyector que ofrece el mayor nivel
de atomizacion y de mezcla homogénea. Se encontré que el menor didmetro de atomizado de las
moléculas de combustible se produce con la colisidn directa de los flujos de atomizacién y que la
mayor turbulencia se obtiene con flujos individuales y con el swirl debido a la mayor velocidad del
fluido en el interior de la camara donde es inyectado el combustible.

Palabras clave: diésel, biodiésel, heptano, swirl, inyector, atomizacion.
ABSTRACT

This document describes the effect that a multi-injector engine concept has when the atomization
sprays of four single-hole injectors collide with each other; and in another scenario, they cause a
vortex or better known as a swirl. These effects are compared by calculating the Sauter mean diameter
for both diesel and biodiesel, and taking as a reference the atomization of an injector with a four-hole
nozzle with the use of heptane (C7H16), which is the substitute for diesel. The study of diesel based
on heptane are carried out with a reduced margin of error and with a good standard, by means of Fluid
Dynamics Simulation (CFD) with OpenFOAM® under reactive conditions. The purpose of this study
is to determine the multi-injector configuration that offers the highest level of atomization and
homogeneous mixing. It was found that the smallest atomized diameter of the fuel molecules occurs
with the direct collision of the atomizing flows and that the greatest turbulence is obtained with
individual flows and with the swirl due to the higher speed of the fluid in the chamber where the fuel
is injected.

Keywords: diesel, biodiesel, heptane, swirl, injector, atomization



1. INTRODUCCION

Muchos de los estudios sobre camaras de
combustion y sistemas de inyeccién, se han
enfocado en técnicas para mejorar la
atomizacion  del combustible 'y su
homogenizacion con el aire. Una de las
técnicas mas generalizadas es la de generar un
remolino, 0 mejor conocido como swirl, con
los flujos de atomizacién; una técnica menos
conocida y hasta cierto punto evitada, es la de
la colision directa de estos flujos. Entre las
razones mas comunes para evitar esta colision
directa, esta la coalescencia de las moléculas
atomizadas de combustible. Esto, a bajas
presiones de inyeccion es  bastante
comprensible; sin embargo, a altas, la energia
cinética que llevan consigo los flujos de
atomizacion que interactGan entre si, hacen
que las moléculas choquen unas con otras y se
dividan en moléculas mas pequefias.

2. FUNDAMENTACION TEORICA

Se sabe muy poco sobre la experimentacion
practica en un motor con multiples inyectores
dentro de su camara de combustion, incluso
cuando desde 1995 Takeda y Niimura
instalaron con éxito en un motor diésel tres
inyectores diésel, uno montado verticalmente
y los otros montados en diagonal desde la
direccion lateral. En dicho estudio se obtuvo
una mejora en el consumo especifico de
combustible y en la emision de particulas;
mientras que el NOx fue bajo, debido a la post-
inyeccidn por los inyectores laterales. Takeda
formulé la teoria de que el aire no utilizado que
guedaba en el centro de la camara de
combustion era efectivamente utilizado debido
a los efectos de turbulencia que generaba la
inyeccion y combustion de los inyectores
laterales [1].

Mas de 20 afios después, el concepto de
Okamoto y Uchida utiliz6 practicamente la
misma configuracién que Takeda, un inyector
se monto6 verticalmente en el cilindro y dos
inyectores adicionales se montaron inclinados

en la circunferencia de la cavidad del piston.
La caracteristica principal de su trabajo,
menciona que los flujos de combustible de los
inyectores laterales se dirigieron en la
direccion del remolino para evitar la colision
directa entre flujos. Afirmaron un rendimiento
general mejorado del motor, incluida una
reduccion de NOx, como resultado del control
de la liberacion de calor durante la combustion
[2]. En 2019, el estudio de Nyrenstedt, et. al.,
[3] proporciond un enfoque adecuado para
probar los beneficios de los conceptos de dos
inyectores sobre el inyector Unico con el que
cuentan los motores convencionales; se han
sugerido mdltiples inyectores para reducir la
pérdida de calor y el desperdicio de
combustible en el cilindro del motor a través
de la reduccion del impacto del flujo en las
paredes del cilindro, porque los inyectores
suministran combustible en un movimiento
giratorio mientras se colocan en el borde del
piston.

Una falla importante de los estudios
computacionales y propuestas de conceptos [2,
3] es la falta de resultados experimentales, que
con validez estadistica necesitan ser
reproducidos. Takeda y Niimura [1],
encontraron experimentalmente que el humo y
el consumo de combustible empeoraban
cuando la direccién de inyeccion relativa de
los inyectores central y lateral chocaban entre
si, debido a una alta concentracion de
combustible en el centro del pistén donde se
produjo la colision y a una baja concentracion
de oxigeno; sin embargo, en 1995, el estudio
de colisiones con flujos de combustible no
tenia las posibilidades computacionales
actuales para calcular y simular los flujos; y
experimentalmente, fue dificil modificar los
patrones de rociado en términos de longitud,
angulo y nivel de atomizacion dependiendo de
la presién de inyeccion y de la electrénica para
su control, esta limitacion en ese tiempo,
incluso contaba para simulaciones por
computadora.

Los modelos de patrén de pulverizacion y
atomizacion de combustible [4-6] son muy
plausibles para cuantificar el diametro de las
gotas de combustible atomizado en términos
del diametro medio de Sauter (SMD) [7], pero
en estos modelos no hay posibilidad de
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estudiar la interaccion entre flujos de
atomizacion. Sin embargo, las simulaciones de
dindmica de fluidos computacional (CFD)
calculan, evaltan y representan flujos de
atomizacion individuales [8, 9] con bastante
precision, asi como es posible representar
también, la interaccion entre multiples flujos
de atomizacidn; ya sea por colision directa o
por la generacion de un swirl.

Este articulo presenta un nuevo enfoque de los
conceptos y el modelado computacional de la
interaccion de los flujos de atomizacion de
combustible, enfocandose en la atomizacion
de las gotas a través de su colision y la
generacion  del  swirl, refutando las
conclusiones anteriores de que la colision y el
avance de los fluidos con su correspondiente
desaceleracion fusionan las gotas atomizadas
[10]. El concepto motor multi-inyector
presentado se analiza para demostrar que la
interaccion de los flujos de atomizacion reduce
el diametro de las gotas de combustible, en
comparacion con la inyeccién por parte de un
solo inyector con varios orificios en la tobera.
Nuestra investigacion tiene como propoésito
ampliar el conocimiento actual y contribuir a
una estandarizacion de las simulaciones CFD
y modelos conceptuales con respecto a los
conceptos de multi-inyector. El objetivo de
este estudio es el determinar la configuracion
multi-inyector que ofrece el mayor nivel de
atomizacion y de mezcla homogénea. Este
articulo arroja nueva luz sobre los conceptos y
modelos para mejorar la eficiencia de la
combustién y principalmente los pardmetros
gue mejoran la atomizacion del combustible,
que como consecuencia produce una mezcla
aire-combustible mas homogénea.

La pregunta que debe hacerse es: ¢Contribuye
el swirl y la colision entre los flujos de
combustible a alta presion en la camara de
combustién a una mayor atomizacion de las
gotas de combustible? Como una respuesta,
puede concebirse la hipdtesis de que un flujo
de combustible atomizado a alta velocidad que
colisiona con otro da como resultado una
mayor ruptura de las gotas de combustible.

En ausencia de instalaciones de prueba
inmediatas en motores reales y habilitados
para probar varias configuraciones con varios
inyectores de combustible en el mismo

cilindro del motor; los conceptos y el
modelado CFD siguen siendo actuales y se
convierten en un factor decisivo en el proceso
de desarrollo. En un intento por innovar la
proxima generacion de motores de combustion
interna, proponemos este concepto de motor
multi-inyector para mejorar la atomizacion de
combustible por medio de la interaccion, la
colision y el swirl de los flujos de inyeccion.

3. MATERIALES Y METODOS

Los datos e informacion usados para la
presente  investigacion comprenden la
caracterizacion del diésel y del biodiésel (Tab.
1), para calcular el didmetro medio de Sauter
de las moléculas atomizadas de combustible;
las propiedades del aire, bajo condiciones del
ciclo de compresion de aire en un motor diésel
(Tab. 2), la ecuacion para calcular el diametro
medio de Sauter (Ec.1), y los parametros para
llevar a cabo la simulaciéon con OpenFOAM®
version 9 con el solver reactingFoam (Tab. 3y
Fig. 4), considerando el heptano (C7H16)
como sustituto del diésel por sus propiedades
similares y datos mas exactos para ser
simulados [11]. La simulacion se lleva a cabo
con tres modelos en los que los flujos de
atomizacion son independientes y salen de un
mismo inyector (Fig. 1), los flujos colisionan
entre si saliendo de 4 inyectores opuestos entre
si (Fig. 2) y los flujos colisionan parcialmente
unos con otros ocasionando el efecto swirl

(Fig. 3).

Figura 1. Modelo del estudio implementado con
cuatro flujos de atomizacion independientes.
Posicion en mm de los orificios del inyector en
una camara tridimensional de 300 mm de alto: 1
(5, 150, 0), 2 (-5, 150, 0), 3 (0, 150, 5), 4 (0, 150 -
5).
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Figura 2. Modelo del estudio implementado con
cuatro flujos de atomizacién que colisionan entre
si. Posicion en mm de los orificios del inyector en
una cadmara tridimensional de 300 mm de alto: 1 (-
25, 150, 0), 2 (25, 150, 0), 3 (0, 150, -25), 4 (0,
150, 25).

Figura 3. Modelo del estudio implementado con
cuatro flujos de atomizacion que provocan un
efecto swirl. Posicion en mm de los orificios del
inyector en una camara tridimensional de 300 mm
de alto; 1 (-25, 150, -15), 2 (25, 150, 15), 3 (15,
150, -25), 4 (-15, 150, 25).

****Tomado de Lahane, S., Subramanian,
K.A.[4].

Densidad @ 915K & 61bar 23.23
[kg/m3]* (valores al final de la
compresion )

Viscosidad dinamica @ 915K &  0.039
61bar [cP]**

Tipo de combustible  Diésel  Biodiésel
Densidad @ 37.8 °C
[kg/ma]* 834.197 884.110
Viscosidad
cinematica @ 37.8 4.02 6.58
°C [cSt]**
Viscosidad dindmica
@ 37.8 °C [cP]***
Tension superficial
[N/m]****

3.353 5.817

0.023 0.028

Tabla 1. Propiedades del diésel. *Valores
medidos experimentalmente a 15.55°C y
corregidos a 37.8°C [12]. **Valores medidos
experimentalmente. ***Valores calculados.

Tabla 2. Propiedades del aire. *Valores
calculados de acuerdo a la ley del gas ideal.
**Valores tomados de Willi Bohl, Wolfgang
Elmendorf [13].

SegUn Hiroyasu et al. [7], X%5 y XI5 son el
tamafio de las gotas de combustible atomizado
para pulverizaciones incompletas y completas
correspondientemente, que dependen
principalmente de la velocidad de inyeccién y
las condiciones del aire en el ambiente que se
inyecta el combustible. X32 es el valor mayor
de ambos. Esto significa que X32 es el mayor
diametro medio esperado de Sauter de las
gotas de combustible atomizado. Este modelo
matematico con las ecuaciones de apoyo se
describe en detalle a continuacion y en las
fuentes [14] y [15].

X3, = Max (XaLig»ngs)
Ec. [1]
Donde:
XL =412 x D, x Re®1%2 x We=075

0.54 0.18
) <)
Ha Pa

XHS =0.38 x D, X Re%?5 x We=032

0.37 -0.47
) ()
Ha Pa

Vinj * Dn
Re =Y "
4
2
Vinj“ " Dn.py
We = 2 "
gy

X32: Diametro medio de Sauter de las gotas de
combustible atomizadas, como el valor
maximo entre X215 y X5

X5 Diametro medio de Sauter de las gotas de
combustible atomizadas para una atomizacion
incompleta.



X5 Diametro medio de Sauter de las gotas de
combustible atomizadas para una atomizacion
completa.

Re: NUumero de Reynolds [-].

We: NUmero de Weber [-].

ul: Viscosidad dinamica del combustible [Pa-
s].

pa: Viscosidad dinamica del aire [Pa-S].

pl: Densidad del combustible bajo Ilas
condiciones de inyeccion [kg/m3].

pa: Densidad del combustible bajo Ilas
condiciones de compresion del motor [kg/m3].
ol: Tension superficial [N/m].

vinj: Velocidad de la inyeccion [m/s].

Dn: Didmetro de los orificios de la tobera [m].

El didmetro X32 calculado se compara con el
resultado de la simulacion CFD, pero solo para
la configuracion con 4 flujos de atomizacion
independientes. Por lo tanto, es posible evaluar
la precision del modelo matemético (Ec. 1)
con la simulacién CFD y analizar méas a fondo
la interaccion entre multiples pulverizaciones.
Una formulacion matematica de madltiples
flujos de atomizacion que interactdan entre si
como en el caso de formulacion del Didmetro
Medio de Sauter, esta fuera del alcance de esta
investigacion, ya que en OpenFOAM® se
implementan algoritmos mas precisos que
consideran las condiciones volumétricas
resolviendo las ecuaciones diferenciales de
Dinamica de Fluidos. Por lo tanto, el diametro
resultante de las gotas de combustible
atomizado bajo el efecto de la colision de los
flujos de atomizacion, no se considera
analiticamente en esta investigacion, pero se
hace una simulacion CFD detallada bajo
condiciones reactivas para simular y entender
su efecto.

Este método para simular la interaccién por
medio de la colision y swirl entre flujos de
atomizacion con las condiciones fisicas y
guimicas de la camara de combustion de un
motor de combustion interna es una alternativa
innovadora al desarrollo de modelos
matematicos, que en su mayoria son
dependientes de condiciones de prueba
especificas; esto también es una alternativa a
procedimiento que consumen una alta
cantidad de recursos, tanto para su modelado,

simulacion y produccion de prototipos de
prueba.

El enfoque expuesto en esta investigacion
puede repetirse y adaptarse para ser verificado,
mejorado o extendido a otras aplicaciones,
considerando otros tipos de combustibles y
motores.

Combustible Diésel
Potencia del motor ~ 110kW@2500rpm
Torque 20NmM@1400rpm
Presion de inyeccion 1500
[bar]
puraup/n de; la 295
inyeccion [°]*
Duraap{n de la 0.0016
inyeccién [s]*
Presion de compresion 61
[bar]**
Tempera_tyra de 915
compresion [K]
Temperatura de 310
inyeccién del
combustible [K]
k [m2/s2]** 0.275
€ [m2/s3]** 9.045
alphat & mut [kg/ m 0.003353
S]**
NUmero de orificios 1
Coeficiente de 0.8
descarga de la tobera*
Diémetro de los 0.4
orificios de la tobera @
1500bar [mm]**
Masa inyectada de 0.000077

combustible [kg]**

Tabla 3. Pardmetros del sistema de inyeccién para
la simulacion con OpenFOAM® version 9.
*Valores referenciales. **Valores calculados
basados en el modelo de simulacién



kgRwallFunction for k, y epsilonWallFunction
para € del software [8, 16].

flowRateProfile table
«

Flow rate profile (0.0000 0.044118)

(0.0013 0.049020)
(0.0014 0.058824)
(0.0015 0.049020)
(0.0016 0.049020)

H

Figura 4. Perfil del flujo mésico de la inyeccion
con 17 datos de entrada para la simulacién.

El tiempo de inyeccion de 1.6ms corresponde
al tiempo necesario para generar la potencia
maxima del motor.

4. RESULTADOS Y DISCUSION

Los didmetros minimos de atomizacién del
diésel (Fig. 5, Tab. 4) y biodiésel (Fig. 6, Tab.
4) calculados con la ecuacion 1 son muy
similares entre si, y son medianamente
similares a los obtenidos con el heptano (Tab.
5), como sustituto del diésel, por medio de la
simulacion con OpenFOAM®; sin embargo,
los diametros mas grandes de atomizacion
tienen una variacion de casi el 50% entre los
valores calculados y los simulados (Tab. 4,
Tab. 5). Una limitacion importante de la
ecuacion 1, es que solo es valido para un solo
flujo y no es valido para estudiar la interaccion
entre flujos de atomizacién. Esto muestra
también el potencial y la necesidad de refinar
los modelos matematicos y los procedimientos
de simulacion, para condiciones en los que
varios flujos de atomizacion interact(ian entre
si.

pm

00008

2_Diesel(Presion_de_lmyeccion_DieseD 2006

32_Diessl(Prasion_de_lnysccion Diess])
0

0 300 1000 1500 2000
‘Presion_de_Iayeccion Diesel
10°

Figura 5. Diametro medio de Sauter para el caso
de diésel con diferentes presiones de inyeccion.

X_LS_32_BiodieselPresion_de_lnyeccion Diessl)
X_HS_12_ Biodioss{ Prosion_de_Jayoccion_Diesel)

400

200/

0 500 1000 1500 2000
Prasion_ds_layeccion_Dissel

10*

Figura 6. Didmetro medio de Sauter para el caso
de biodiésel con diferentes presiones de inyeccion.

Diésel Biodiésel
X§’25 72.73 um 75.13 um
XL 216.94um 27577 ym

Tabla 4. Diametros de atomizacion de Sauter
XHS y XLS para diésel y biodiésel. El diametro
maximo XHS de atomizacion corresponde al
menor valor del didmetro de las moléculas
atomizadas expresadas en um y XLS corresponde
al mayor del diametro que puede llegar a ser
atomizado.

d0 min. do d0 méx.

Modelo del estudio
implementado con
cuatro flujos de
atomizacion
independientes.
Modelo del estudio
implementado con
cuatro flujos de
atomizacion que
colisionan entre si.
Modelo del estudio
implementado con
cuatro flujos de
atomizacion que
provocan un efecto
swirl.

Tabla 5. Didmetro medio de las gotas de
combustible atomizado con las 3 configuraciones
de estudio. Didmetro més probable — d0, didmetro
méaximo — d0 max, y diametro minimo — d0 min.,

simulado en OpenFOAM con heptano (C7H16).

El menor didmetro de las particulas
atomizadas de combustible en el concepto
multi-inyector, se obtiene con la configuracion
de 4 flujos chocan entre si; sin embargo, con
esta misma configuracion se obtiene el valor
més alto de las tres configuraciones para el
didmetro méximo. El diametro de las
moléculas atomizadas de combustible con el



efecto swirl, es mayor en comparacion con los
flujos independientes y con la configuracion
que produce colision.

La prueba de Chi Cuadrado (Fig. 7), muestra
que, al no rechazarse la hipétesis nula, existe
una independencia entre el diametro de
atomizacion de las moléculas de combustible
y la configuracion de los flujos de
atomizacion. Esto indica que la interaccion no
siempre significa una mayor atomizacion,
como se demostro con el swirl.
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Figura 7. Prueba de Chi Cuadrado realizada con
la calculadora cientifica Numworks [17].

Figura 8. Velocidad de los flujos de atomizacion
con la configuracidn de 4 flujos independientes,
luego de 1.6ms.

Figura 9. Concentracion de combustible con la
configuracion de 4 flujos independientes, luego de
1.6ms.

Figura 10. Concentracion de CO2 con la
configuracion de 4 flujos independientes, luego de
1.6ms.

Figura 11. Velocidades de los flujos de
atomizacion con la configuracion de 4 flujos que
colisionan entre si, luego de 1.6ms.



Figura 12. Concentracién de combustible con la
configuracién de 4 flujos que colisionan entre si,
luego de 1.6ms.

Figura 13. Concentracion de CO2 con la
configuracién de 4 flujos que colisionan entre si,
luego de 1.6ms.

Figura 14. Velocidades de los flujos de
atomizacion con la configuracion de 4 flujos que
provocan un efecto swirl, luego de 1.6ms.

Figura 15. Concentracion de combustible con la
configuracién de 4 flujos que provocan un efecto
swirl, luego de 1.6ms.

Figura 16. Concentracion de CO2 con la
configuracién de 4 flujos que provocan un efecto
swirl, luego de 1.6ms.

La configuracién con flujos de atomizacion
independientes muestra una mayor velocidad,
principalmente  porque tienen  menos
resistencia, en comparacion con la
configuracion de colision y de swirl. La
concentracion de combustible es mayor con el
efecto swirl, lo que muestra un mayor efecto
de coalescencia de moléculas en comparacion
con el efecto de la colision. La concentracion
de CO2 es ligeramente menor con la
configuracion de colision, lo que demuestra
que en el centro de la camara la concentracién
de combustible es mayor y la concentracion de
02 es menor (Fig.8-Fig.16, Tab. 6); sin
embargo, el didmetro de las moléculas
atomizadas es menor. Con el efecto swirl, el
espacio que ocupa el proceso de combustién
en la cdmara es mayor, como muestra la
distribucion de CO2 (Fig. 16).

Nuestro concepto concuerda con trabajos
previos [1-3], sin embargo, la mayoria de ellos
tienen un fuerte enfoque en el swirl resultante
de la interaccion de los flujos de atomizacion,
y se analiza menos sobre la colision de las
gotas de combustible. En este sentido, Reitz en
1986 [10] Illamé la atencion sobre la
coalescencia de las gotas de combustible
atomizado. Hoy en dia, con las tecnologias
actuales y las instalaciones de CFD que
implementan modelos matematicos mas
desarrollados, se distingue la atomizacion
aprovechada de las gotas de combustible que
chocan entre si.

Una de las limitaciones de este estudio, es la
falta de pruebas experimentales que validen el
concepto. Estas limitaciones revelan la
dificultad de implementar este nuevo concepto
en los motores y sistemas de inyeccion de
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combustible actuales, y resaltan también la
necesidad de desarrollar nuevos conceptos de
motor y sistemas de inyeccion de combustible
radicalmente nuevos.

veloci ”
elocidad Concentracion

maxima P Concentracion
de los cn;?nxk;ﬂiigﬁa maxima de
flujos [0-1] CO2 [0-1]

Modelo del
estudio
implementado
con cuatro
flujos de
atomizacion
independientes.
Modelo del
estudio
implementado
con cuatro
flujos de
atomizacion
que colisionan
entre si.
Modelo del
estudio
implementado
con cuatro
flujos de
atomizacion
que provocan
un efecto swirl.

Tabla 6. Velocidad maxima de los flujos de
atomizacion y concentraciones de combustible y
de CO2 con las tres configuraciones del estudio
simulado en OpenFOAM con heptano (C7H16).

Investigacion adicional sobre los flujos de
atomizacion de combustible en reactivos y no
reactivos, con condiciones precisas y exactas
de la camara de combustién, ayudaria a
desarrollar modelos matematicos y de
simulacién que sean menos discrepantes entre
Si.

Estos resultados muestran que la interaccion
de las moléculas de combustible en la colision
reduce su didmetro, mientras que el swirl
provoca un aumento del mismo, lo que
significa que, el swirl ordena las moléculas,
pero no las atomiza mas.

5. CONCLUSIONES

Como se indicé en la introduccién, nuestro
proposito es ampliar el conocimiento y
contribuir a una estandarizacion de la
simulacion CFD y de los modelos con respecto
a los conceptos multi-inyectores, sacando a la
luz las dependencias entre configuraciones y

discrepancias actuales para satisfacer de
manera consistente cualquier falta de
conocimiento.

Nuestro trabajo nos ha llevado a concluir por
medio de la simulacion CFD, que la
interaccion, como la colision y el swirl de los
flujos de atomizacion de combustible en
condiciones reactivas, atomizan aun mas las
gotas de combustible y esto puede contribuir a
una mejor y mas homogénea mezcla aire-
combustible en el camara de combustion.

El didmetro reducido resultante de la
simulacion CFD de este estudio sugiere que la
mayor atomizacion de las gotas de
combustible se debe a la colision y a la
interaccion de los flujos de atomizacion de
combustible, ademéas de las condiciones
propicias en la camara de combustion; tales
como: la alta presion y alta temperatura, lo que
conduce a una mayor ruptura, evaporacion y
desintegracion de las moléculas de
combustible.

La evidencia de este estudio respalda la idea
de que la interaccion de los flujos de
atomizacion puede ayudar a reducir el
diametro de las gotas de combustible debido a
la colisién y swirl resultante, y esto supera el
efecto de la coalescencia de las gotas. Esto se
puede explicar por la alta velocidad de los
flujos de combustible, donde en lugar de
detenerse y fusionarse, los flujos contindan su
camino rompiéndose entre si hasta que
comienza el proceso de combustion. Se debe
tener mucho cuidado cuando los flujos de
combustible se representen como un flujo
continuo de combustible; solo cerca de cada
orificio de la boquilla hay una zona de alta
densidad de combustible liquido, luego,
durante la ruptura del flujo, se produce la
colisién de las gotas de combustible atomizado
con alta energia cinética. A esto hay que afadir
el efecto de la presion y la temperatura durante
las condiciones de reaccion, es decir, las
condiciones necesarias para el proceso de
combustion.

Nuestra investigacion en esta area aln esta en
curso y parece posible confirmar nuestra
hipotesis experimentalmente con un motor de
combustion real, capaz de proporcionar
inyecciones multidireccionales de
combustible.



Estamos seguros de que nuestra investigacion
mejora y aporta nuevos conocimientos sobre
los conceptos de motores multi-inyectores, y
refuerza la necesidad y la urgencia de contar
con sistemas y procedimientos de combustion
eficientes con tecnologias bien conocidas y
actuales como los motores de combustion
interna.

Actualmente nuestro trabajo estudio la
interaccion simultanea de cuatro flujos de
atomizacion de combustible  mediante
simulaciones CFD con OpenFOAM®, cuyas
ecuaciones, métodos y algoritmos han sido
probados y validados con éxito en varios
estudios previos. Sin embargo, nuestro trabajo
tiene claramente algunas limitaciones en
cuanto a la simulacion y la validacion del
concepto mediante un procedimiento de
prueba experimental.

Si los tiempos de inyeccion o la potencia del
motor cambian; entonces también cambiaran
el perfil de velocidades, concentracion de
combustible liquido, de CO2; asi como
también el didmetro de las moléculas
atomizadas. Por esta razon si cambian los
parametros de funcionamiento del motor o de
la inyeccion, sera necesario una nueva
simulacién CFD por cada cambio.

Existen limitaciones en cuanto al disefio,
construccion y prueba, con altos estandares de
calidad y niveles industriales, para mostrar una
relevancia fisica completa y una aplicabilidad
pragmaética del concepto que proponemos. Sin
embargo, creemos que nuestro trabajo podria
ser el marco de referencia para probar este y
los conceptos anteriores de motores multi-
inyectores, y en consecuencia, construir
nuevos prototipos para tener nuevos motores
en serie con mejores prestaciones.

El trabajo futuro deberia concentrarse en
mejorar la precisibn de los modelos
matematicos y la calidad de la simulacion CFD
en condiciones reactivas. Por el momento este
estudio, como otros, se concentra en la
inyeccién simultanea. Pero a medida que la
inyeccién principal se complementa con las
pre y post-inyecciones, los modelos de
conceptos de motor de multi-inyeccién
también tienen la oportunidad de hacerlo;
incluidas las ventajas y posibilidades de
geometrias mas desarrolladas de los orificios

de la tobera del inyector y de la cdmara de
combustion del motor.
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ABSTRACT

A conventional single cylinder direct injection
diesel engine was fitted with three fuel injectors: one
mounted vertically on the center, and the others
mounted diagonally from the side direction. With this
system, it was possible to control the fuel injection
timing and injection quantity of each injector
independently. It was also possible to independently
control the fuel injection pressure of the center and
side injectors. Using this system, it was possible to
control the spatial and temporal distributions of the
fuel injected into the combustion chamber, which are
impossible to obtain with conventional injection
equipment.

In this study, an improvement in particulates and
specific fuel consumption was obtained, while
maintaining low NOx, by injecting a small amount of
fuel from the two side injectors after the main fuel
injection from the center injector. Measurements were
made in order to characterize engine performance
and emissions, as influenced by the spatial fuel
distribution inside the combustion chamber, by
changing the relative fuel injection direction of the
center and side injectors. Split fuel injection was also
tested using all three injectors with a total of six
injections during one cycle, which resulted in sharply
decreased particulates but worsened specific fuel
consumption.

INTRODUCTION

In the direct injection diesel engine, the fuel is not
evenly distributed inside the combustion chamber,
and within regions where the fuel concentration is
close to the stoichiometric mixture ratio, the
combustion temperature is higher and hence more

Yoshinaka Takeda and Keiichi Niimura
New ACE Institute Co., Ltd.

NOx is produced. On the other hand, in regions where
the fuel concentration is rich, the lack of oxygen
causes smoke to occur. Therefore, in order to
simultaneously decrease NOx and smoke emissions
from a direct injection diesel engine, it is necessary to
create a proper spatial distribution of the injected fuel,
and to reduce as much as possible the regions of fuel
concentration where NOx and smoke are generated.
A single cylinder engine with one center-mounted
injector was modified by adding two diagonally
oriented side injectors.

Engine tests using the multi-injector system were
carried out, and the effects of retarded fuel injection
by the side injectors were investigated by changing
injection direction, timing, quantity, pressure and
nozzle specification (hole diameter) of side injectors.
In doing so, the best conditions of side injection were
sought by measuring the NOx - Fuel Consumption
and NOx - Particulate Matter (PM) trade-off
relationships.

Next, the relative fuel spray direction and injection
quantity of the center and side injectors was varied in
order to create a configuration for which the sprays
collide and also for which they narrowly pass each
other. These tests revealed the influences of spatial
distribution of fuel on engine performance and
emissions.

Lastly, split fuel injection using all three injectors
was carried out. Up to six fuel injections per cycle
were obtained, which permitted various novel injection
rate patterns by changing each injection timing and
interval.

With this particular multi-injector system, it was
possible to operate the engine in several novel fuel
injection ‘modes,” which are difficult to achieve with
conventional
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injection systems using one injector. The aims of this
research were not to develop a production-ready fuel
injection system, but rather to carry out various fuel
injection forms on a test engine, to deepen our
understanding of diesel combustion, and to obtain
knowledge useful for combustion improvement.

EXPERIMENTAL EQUIPMENT

Figure 1 shows a schematic diagram of the
multi-injector system. Both the center injector and
side injectors have the capability to produce ‘square’
type fuel injection rate shapes which are typical of
accumulator type injection systems. The start and
end of injection are controlled by opening and closing
a high-speed electromagnetic valve[1][2].

The fuel for the center injector is supplied by a
high-pressure generator driven by a separate power
source, and the fuel is supplied via an accumulator,
which allows fuel injection at up to 250MPa. The fuel
for the side injectors is supplied by a supply pump
driven by the engine. These injectors use an
additional accumulator and their maximum injection
pressure is somewhat lower at 150MPa.

The fuel injection quantity and timing of each
injector can be independently controlled on the basis
of the engine crank angle signal. Moreover, the
injection pressure of the center injector can be fixed
independently of the injection

Side Injector (2) ) ©l High Pressure
= 3 L Gererator |
nter Injector = (max 250MPa)

Side njecter (1) \
[

e T |

Fuei Supply Pump
(max 150MP3)

Crank Angle Signal

1 LN Lo

pressure of the side injectors and also can be
adjusted independently of the engine speed.

The test engine is a single cylinder direct injection
diesel engine, and the relevant engine specifications
are shown in Table 1. This engine has a four-valve
head with a bore of 135mm, and from previous test
results[3] a 98mm diameter shallow dish type
combustion chamber was selected.

Figure 2 shows the spray arrangement of each
injector, and Table 2 shows the main specifications
of each nozzle. The center injector is mounted
vertically and is located on the cylinder centerline.
The side injectors are installed at an inclination angle
of 31° from vertical, and inside the combustion
chamber the nozzle tip is about 9mm from the
cylinder wall.

The center injector nozzle, having six holes,
0.17mm in diameter was selected for this work. The
fuel spray direction was arranged so that the angle
between one of the spray and the crankshaft
centerline (y) was either 30° or 0°. Side injector
nozzles having two holes of diameter 0.17mm were
used, and also two comparative side nozzles having
different diameter of 0.24mm (2 times area) and
0.12mm (1/2 the area) were tested. The hole-to-hole
included angle (o) was either 30° or 90°, and 3, the
slant angle from horizontal, was 10°. The combustion
chamber was recessed slightly to make a suitable
clearance space for the side nozzles.

Gaseous emission and smoke concentration
measurements were made using a sample probe
located directly in the exhaust pipe. A chemi-
luminescent analyzer was used for measurement of
NOx and a flame ionization type analyzer was used
for THC measurements.

Since lower-than-usual smoke levels were
expected, a special low-concentration type smoke
meter, AVL 415,

Table 1 : Summary of test engine specifications
DI, Single cylinder

NA, 4-Stroke

Bore x Stroke 135mm x 140mm
Displacement 2004cm?

Cylinder head 2inlet, 2 exhaust valves

Engine type

\ =
@g FoTocsml__

Figure 1 : Schematic diagram of the multi-injector
1.66 used in this study

Combustion chamber | °98 mm Shallow dish
(with nozzle recess)

Compression ratio £=16.5
Swirl ratio S/IR=0.5 (impulse)
Injection system Accumulator type
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Figure 2 : Schematic of the spray arrangement for
the center and side injectors

Table 2: Summary of nozzle specifications of the
center and side injectors

Center | Side (1) Side (2)
Nozzle type DLL-S DLL-P e
Hole diameter 00.17 «— -
mm (900.24, 60.12) | ( « )
Hole number 6 2 &
LD 76 4.7 P
Needle lift mm 0.35 o
Sacvolume mm® | 1.28 0.44 o

was used in this work. Figure 3 shows a correlation
of smoke concentration measured with this unit and
a conventional Bosch type unit. From this figure, the
smoke concentration measured by the AVL 415 type
(FSN) was about 1~2 units higher than the value
measured by the Bosch type (BSU).

Particulate Matter (PM) was sampled using a full
flow dilution tunnel and the soluble organic fraction
(SOF) and the insoluble organic fraction (INSOL)
were quantified by the soxhlet extraction technique.
A low-sulfur diesel oil was used for fuel (S=0.04%,
other specifications are JIS 2 equivalent).

AVL Smoke (Y) FSN

Lo 2 s 4 5 6 7
Bosch Smoke (X) BSU

Figure 3 : Comparison of measured smoke values
using Bosch type and AVL 415 type
smoke meters

INVESTIGATION AND RESULTS

EFFECTS OF RETARDED SIDE INJECTIONS -
The fuel injection timing of the main (center) injector
was held constant at 3° after top dead center
(ATDC), which was characteristic of the lowest NOx
concentration. Then the fuel injection timing,
quantities, and pressures were varied, along with the
different side nozzle included angles, and the
resulting influences on engine performance and
emissions were investigated.

With the center nozzle at y=30° and the engine
speed fixed at 1.000RPM and excess air ratio at
A=1.4, the first set of tests were carried out. The fuel
injection quantity will be described as the total of all
three injectors, in this case for example, Qo =

122m m:"/cycle.

Side injection timing and direction - The fuel
injection quantity of the center injector was fixed at
80% of Qyutal (98mm3/cycle), and the fuel injection
quantity of the side injectors to 10% of Qg
each(12mmj/cycle) and then the fuel injection timing
of the side injectors was varied from 24° BTDC to 18°
ATDC. The injection timing of the side injectors was
identical and the injection pressure was 100MPa for
all three injectors.

Figure 4 shows the fuel injection conditions of the
center and side injectors. The two different side
nozzles were used as shown in Figure 5 (included
angle a=30° or 90°). Figure 6 shows the measured
results of engine performance and emission
characteristics. The ‘X’ marks in the figure show
results when operating with only the center
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injector at a fuel injection timing of 3° ATDC and

quantity of 122mm3/cycle. When fuel sprays from the
side injectors were directed more towards the center
of the combustion chamber, a = 30°, it turned put
that specific

Neede Lift of
Center Injector

Pinj(C}=100MPa

| g(C)=98mm3/st
(80%)

3" ATDC Const.

Side Injector(7} ——bn
Pini(S1)=100MPa q(S1)=12mm3s51
(10%)
Side Injector(2) —u-n
Pinj($2)= 100MPa q($2)= 12Zmm3/st
(10%)
[z4 BTDC] (18" aTDC]

Figure 4 : Engine testing conditions (effects of side
injection timing)

Side Nozzle : @=30" Side Nozzie : @=30"

Figure 5 : Nozzle hole arrangements of center and
side injectors

e A Canter Nozzle: $0.1746

Side Nozzle: $0.17x2 200
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Figure 6 : Effects of side injection timing on engine
performance and emissions

fuel consumption and smoke were improved if the
side injection began after the center injection start.
However, in this case NOx concentration increased,
therefore if this configuration was left as is, NOx and
smoke could not be decreased simultaneously. On
the contrary, when the side injectors were directed
more towards the combustion chamber wall, oo = 9°,
smoke improvement was not obtained. In particular,
when the side injectors were activated after the
center injection start, smoke was increased and fuel
consumption grew worse.

At this point combustion observation photographs
were obtained - examples of which are shown in
Figure 7. With an identical geometry bottom-view
visualization engine[4], high speed photography of
the combustion event was made possible. Including
the case with only the center injector (‘X' marks in
Figure 6), three cases can be compared, o = 30°
(‘®) and o = 90°(‘A’) with side injection timing of 12°
ATDC, 9 degrees after the center injection start.

From these combustion observation photographs,
with o = 30°, fuel was injected from the side injectors
into the center region of the combustion chamber
after the spray from the center injector burned to a
certain extent. Because of this, air which remained
unused at the center of the combustion chamber
could be used more effectively, thus providing a
rationale for the measured results outlined above. On
the other hand, with oo = 90°, more fuel from the side
injectors ended up in regions of the combustion
chamber already containing combustion from the
center injector spray, which resulted in a local
shortage of oxygen, which was hence thought to be
detrimental to smoke and fuel consumption.

Hence, if the fuel sprays are arranged so that the
fuel from the side injectors will have a better
possibility to utilize any air that remains at the center
of the combustion chamber, or effectively utilize
unused air as a result of the turbulent disturbance
effects of the side injection and it's combustion, there
exists a possibility for specific fuel consumption and
smoke improvement.

Figure 8 shows a comparison of the heat release
rate and the needle lift of each injector with narrow
angle (¢ = 30°) side injectors at 12° ATDC, 9
degrees after the center injection start for only the
center injector (‘X marks in Figure 6). As seen in the
figure, the ignition delay of fuel injected by the side
injectors is very short - combustion starts almost
immediately after injection - and the diffusion
combustion is activated. Because of this, specific fuel
consumption and smoke were improved, but the
average
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Figure 7 : Photographs of combustion with retarded side injection
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age gas temperature increased, which can be
considered to be one cause of the observed increase
in NOx.

Figure 9 shows the heat release rate when the
side injection timing was varied. When the injection
timing from the side injectors was 6° ATDC,
combustion of fuel injected by the side injectors
combined with the premixed combustion of the
center injection, and the overall amount of premixed
combustion increased. On the other hand, at 18°
ATDC, combustion of fuel injected by the side
injectors
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occurs after the diffusion combustion peak of the
center injection, thus the heat release rate shows
three distinct peaks.

Figure 10 shows a comparison of the combustion
period at various side injector timings. It can be seen
that the combustion period was the shortest when
injection from the side injectors took place 5° to 9°
after the start of center injection. This injection period
nearly corresponds to the point at which the
minimum fuel consumption occurs in Figure 6 (o =
30°). It is thus considered that the improvement in
fuel consumption with the side injection was due to
the fact that the combustion period was shortened.

Nozzle specifications - The side injector nozzle
hole diameter was changed and the fuel injection
conditions of three injectors were set as shown in
Figure 4. The base side injector nozzle hole diameter
was 0.17mm, and additional nozzles with diameter
0.24mm (2 times area) and 0.12mm (1/2 the area)
were compared. The side injector spray direction
was o = 30° for all three diameters. As shown in
Figure 11, it can be seen that even though the hole
diameter was changed, the same degree of
improvements with the base side nozzle in fuel
consumption and smoke emissions were obtained
with retarded side injection after the center (main)
injection.

From these results, it is concluded that the
primary influence of the side injection event was not
due to the injection itself, but rather caused by
combustion of the fuel injected by the side injection.
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Side Nozzle : 230"

Ne=1000rpm, A=1.4
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Figure 11 : Effect of side nozzle hole diameter on
engine performance and emissions

Side injection quantity - The next series of
engine tests involved the change at fuel quantity of
side injection and varying the injection timing of the
side injectors as before. These results are shown in
Figure 12, and the injection quantity of the two side
injectors was set to 5% and 20% of Qy, as well as
the previous value (Figures 6 and 11), namely 10%
of Qg The injection timing of the center injector
was set to 3° ATDC as before, and the injection
pressure was set to 100MPa for all three injectors, as
before.

When the injection quantity of the side injectors
was reduced to 5% of Qyqty, approximately the same
degree of smoke decrease could be obtained as with
the 10% of Q5 case. At the same time, there was a
smaller increase in NOx emissions associated with
retarded side injection. In addition, there was a
tendency for the point of minimum smoke emissions
to shift to later timings as the side injector quantity
was decreased.

Finally, when the side injector quantity was
increased to 20%, the smoke level grew worse as a
whole. Even when the side injection occurred after
the main (center) injection, little improvements in
smoke could be obtained compared to the center
injection only case. In this case, the NOx
concentration was similar to when the side injection
quantity was set to 10%.

From the results obtained thus far, it is evident
that when late injection was carried out by the side
injectors, the lower the injection quantity was, the
better the NOx -
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Figure 12 : Effect of side injection quantity on engine
performance and emissions
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Smoke trade-off became. If the side injection quantity
was too large, NOx and smoke both became worse.

- The effect of varying
the side injection pressure was investigated by
setting the injection quantity of the side injectors to
either 10% or 5% of Qi and varying the injection
pressure from 40 to 140MPa. The injection timing
and injection pressure of the center injector were 3°
ATDC and 100MPa, respectively. The injection
timing of the side injectors was set to the timing that
corresponded to the maximum smoke improvement
for each injection quantity.

As shown in Figure 13, when the injection
pressure of the side injectors was increased, smoke
improvement effects were enhanced. However, NOx
concentration and fuel consumption worsened.
When the injection pressure was reduced to 40MPa
at a side injection quantity of 5%, fuel consumption
and smoke clearly decreased, even though the NOx
concentration was somewhat higher, compared to
center injection only case (‘X' marks in the figure).
One contribution to the increased fuel consumption
at the higher injection pressure is the increased
driving loss to the fuel supply pump of the side
injectors.

Effects of retarded side injections on NOx-
Fuel Consumption and NOx-PM tradeoff - In the
previous section, fuel consumption and smoke were
shown to improve due to the retarded side injection
timing, which was after the main injection via the
center injector had started. NOx concentration
however, was shown to worsen, and the
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Figure 13 : Effects of side injection pressure on
engine performance and emissions

NOx-Smoke(PM) and NOx - Fuel Consumption
trade-off still were not improved. After the side
injector quantity and pressure were changed and
further engine tests were carried out, it was found
that if the injection quantity of the two side injectors
was smaller the injection pressure was lower, there
was a higher possibility for improvement in the NOx-
Smoke(PM) and NOx - Fuel Consumption trade-offs.

Considering these results, the injection quantity of

the side injectors was set to 5% (6 mm3/cycle, each)
of Qiota, and the injection pressure was set to
40MPa. The side injection timing was set to A8 = 18
degrees after the start of center injection, which was
characteristics of the best NOx, smoke, and fuel
consumption in the engine tests. (A8 is defined in
Figure 14) Under these conditions, the NOx - PM and
NOx - Fuel Consumption trade-offs were measured
and compared with the center injection only case.

Needle Lift of
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Side Injector({1) alS1)= Gmmsst
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Pinj(52)= 40MPa a(52)= 6mm?/st

A8=18

Figure 14 : Injection pattern for investigation of the
effects of retarded side injection
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Once the relative injection conditions of the side
injectors were determined for this trade-off
investigations, the timing of the entire combination of
injection was adjusted and measurements were
made. Figure 14 shows the injection timing and other
data, and Figure 15 shows the resulting NOx - Fuel
Consumption and Nox - PM trade-offs. These figures
show that retarded injection by the side injectors
could decrease the fuel consumption and
particulates simultaneously while maintaining low
NOXx (specific NOx emissions of 4 to 5g/kWh).

Figure 16 shows the results of separating the
particulate emissions into the soluble organic fraction
(SOF) and insoluble fraction (INSOL). At this
operating condition, the insoluble fraction was the
main component of particulate emissions. The top
plot, showing the center injection only case, reveals
a sharp rise in insoluble particulates with timing
retard. The soluble fraction was basically constant.
With retarded injection by the side injectors, the SOF
was relatively constant, while the INSOL was lower
overall. Thus, the improvement in smoke with side
injection caused particulates to decrease.

Further analysis was carried out on the center
injection only case and with addition of late side
injection at A@ = 18 degrees (denoted by | in Figure
15). Figure 17 shows a comparison of the heat
release rate and mean gas temperature. When the
side injection occurs after the peak of diffusion
combustion of the center injection, small heat release
peaks occurred at the end of the diffusions
combustion peak of the center injection. Because of
this, the mean
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Figure 16 : Effects of retarded side injection on
soluble and insoluble fraction of
particulate emissions

cylinder gas temperature during the initial part of
combustion was almost the same as with center
injection only, and this was assumed to be one of the
reasons that low NOx levels could be maintained.
Moreover, with late side injection, fresh air which
remained in the combustion chamber presumably
activated combustion of unburned fuel. At the same
time, oxidation of smoke generated by the center
injection was similarly activated. It turned out that this
effect could be obtained even at the relatively
retarded timing used at this test condition.

EFFECTS OF SPATIAL DISTRIBUTION OF THE
SPRAY - For these tests, the timing of the center
injector and side injectors were all set to 3° ATDC
and the total fuel injection quantity, Q;t,, Was set to

122mm3 cycle (A = 1.4). Engine tests were then
carried out by changing the fraction of total fuel in the
two side injections. The injection quantity of both side
injectors was equal and the injection pressure was
100MPa for both the center and side injectors. The
injection test pattern is summarized in Figure 18.

Recall that for the o = 30° side injectors, the spray
was injected more towards the center of the
combustion chamber. As shown in Figure 19, the
center injector was positioned at y = 0° and also
rotated to y = 30° for comparison. With y= 0°, one of
the center sprays was directed
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Figure 17 : Comparison of the heat release rate and
mean gas temperature for center injection
only and accompanied by late side
injection
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into the same area as the two sprays from the side
injectors and they narrowly passed each other. When
the center injector was rotated to y = 30°, the two
sprays from the side injectors collided diagonally with
two sprays from the

Needle Lift of
Center Injector A ¢
Pri(C)=100MPa ; ;1 I a(c
Side Injector(1)
Pinj(S1)=100MPa 11 a(st)
Side Injector(2) 'F';l
Pini(S2)=100MPa - i a(s2)
GCH(S1 prq(S2)=122mm /st

3° ATDC Const.

Figure 18 : Engine test conditions for determining the
effects of varying the side injection
quantity
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Figure 19 : Center and side injector orientations

= s Center Noz2zle: ¢ 0.17 %6
Ne=1000rpm, A =1.4 Side Nozzle : $0.17x2

400 I8
e D m ] o 2
SN+ g Te fad
P s e £ PN
128
e &
£ 300 . i
X 280 o= am B e B B G
3 260 |
< 240
< 20 40 60
£a(S1)+aq{$S2)} /q tota! %

Figure 20 : Effects of center nozzle orientation and
side injector quantity on fuel consumption
and emissions

center injector.

The results of the engine tests are shown in
Figure 20. Comparing fuel consumption, the y = 0°
orientation was better, and even at the various side
injection quantities this tendency did not change.
Smoke emissions were also better at y= 0°, however
NOx was higher. The dependence of smoke on side
injection quantity shows an interesting trend. Smoke
emissions of the y = 0° case were nearly equal to the
case of no side injection (the horizontal axis data is
0%), and were nearly constant throughout the range
of side injection quantity. With y = 30°, however, as
the side injection quantity increased, the smoke
emission level increased.

Further tests were performed under the condition
that the quantity of fuel injected from each injector
hole was equal. The center injector had six holes,
and each side injector had two. Therefore, the
fraction of total fuel injected by the side injectors
amounted to 0.40 and the data points at a value of
40% in Figure 20 will be discussed next. Figure 21
shows the heat release rate for the y= 0° and y = 30°
center injector orientations. Because the fuel quantity
injected from each injection hole was equal, the
injection duration of each injector was also almost
the

Center Nozzle : $0.17%6

‘s’ 6 Side Nozzle : $0.17%x2
2
e
T = 2
3 ¢
£ 03
3 r=30° 2000 g
-_}L 1500 “EQ’_
s o
1000 2
7 =0° 500 4
0.4 &
&
o 0.3 @
<2 =
I3 0.24
7
2% 0.+
- £
J S &
° 0355 E
O
€ @€
& E 0357 0 =3
5
3 J‘L
T
g8 °

———
&

Needle Lift
mm

Side(2)

-20 [ Z0 40 60
Crank Angle & deg ATDC

Figure 21 : Comparison of heat release rates, mean
gas temperatures and needle lifts for the
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Figure 22 : Combustion photographs comparing the two center injector orientations

same. There was a tendency at the y = 0° orientation
for a slightly higher heat release rate at the initial
period of diffusion combustion, however, there was
almost no difference in heat release rates during
premixed combustion.

With the fraction of total fuel injected by the side
injectors again at 40%, observation of the y = 0° and
30° configurations was performed using a bottom-
view type visualization engine[4] and high-speed
combustion photography. Specifications of the
visualization engine were nearly identical to the
engine used for the performance tests. Results for
the two center injector positions are shown in Figure
22. The images show quite clearly that with y = 0°,
the center spray did not collide with the side sprays,
but rather managed to pass by. The reason smoke
did not increase in this case may be attributed to the
fact that turbulence at the spray surface was strong
and the air entrainment of each spray was
maintained to a certain extent. In addition, the
increased NOx concentration was presumably due to
an increase in size of nearly stoichiometric regions
brought on by the increased overlap of the lean
peripheral spray areas.

At the y = 30° orientation on the other hand, there
was assumably a tendency for the fuel-rich ‘core’
region of the center and side injectors to overlap and
also for the amount of air entrainment to decrease on
the whole, which in turn caused smoke to worsen.
Such overlap assumably did not exist at y = 0°
though, and so even though the side injector quantity
was increased, smoke emissions were roughly the
same. With the y = 30° case the core-region overlap
presumably caused an increase in fuel-rich regions
which brought on the increase in smoke.

As reasoned above, in terms of fuel consumption
and smoke, the y = 0° center injector orientation
showed better characteristics. In this case, however,
the side nozzle was directly exposed to the fuel spray
and resulting flames from the center injector, and this
caused durability problems. Other than the tests in
this section, the y = 30° center injector orientation
was exclusively used.

TRIAL OF SIX INJECTIONS - A limited number
of tests were conducted with split injection using all
three injectors (the center and two side injectors) and
six total injections per cycle. The quantity of fuel
injected by each hole was again held equal and the
quantity of the two injections were kept the same for
each injector. Without changing these injection
parameters, engine tests were carried out, changing
the order and interval of each injection. At certain
conditions, an example of which is shown in Figure
23, it was possible to obtain low NOx and low
particulates. The injection pressure was 100MPa for
all six injections, the center nozzle was at y = 30° and
the o = 30° side injectors were used.

After the relative position of each injection was
fixed, the injection timing of the entire pattern was
adjusted and emissions and fuel consumption were
measured. This allowed comparison of the NOx -
Fuel Consumption and NOx - Particulate trade-off
curves to the center injector only case. The results
are shown in Figure 24. From this figure, it is evident
that one may sharply decrease particulates at the
region of low NOx by utilizing multiple injection.
Moreover, in this test range there is no increase in
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Figure 23 : Injection pattern for investigation of the
effects of six injections
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Figure 24 : Effects of six injections on NOx,
particulates and fuel consumption
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Figure 25 : Comparison of heat release rates, mean
gas temperatures and needle lifts for the
center injection only case and the six
injections case

PM at lower NOx levels, thus making it possible to
decrease NOx further, but in that case fuel
consumption worsened.

Figure 25 shows the cylinder pressure, mean gas
temperature, heat release rate and needle |ift
histories at the 4g/k\VWh NOx emission point (denoted
by | in Figure 24). With multiple injection the peaks
of heat release rate corresponding to each injection
overlapped and resulted in a somewhat complicated
pattern. Compared to the center injector only case,
the fairly large premixed combustion peak
disappeared and thus the heat release rate was
lower overall, and the combustion period lengthened.
In addition, the cylinder pressure increased very
gradually near top dead center (TDC) and the
cylinder pressure pattern was similar to constant
pressure combustion.

SUMMARY AND CONCLUSIONS

A conventional single cylinder test engine with
one center-mounted injector was retrofitted to allow
use of three independent injection systems by adding
two diagonally-mounted side injectors. With this
system, independent control of the fuel injection
quantity and timing of each injector was possible, as
was independent adjustment of the injection
pressure for the center and side injectors. The use of
this system made it possible to have more control
over the spatial and temporal fuel distributions in the
combustion chamber, which is not possible
conventional fuel injection equipment.

(1) Engine tests using the multiple injector system
were began by investigating some effects of retarded
side injection, after which the following results were
obtained:

(a) With main injection corresponding to 80%
of the total fuel quantity by the center injector, fuel
consumption and smoke could be improved by
injecting the remaining 20% of the fuel into the center
part of the combustion chamber with the retarded
injections from the two side injectors.

(b) With the aid of high-speed combustion
observation, it was theorized that unused air
remaining at the center of the combustion chamber
was effectively utilized by the turbulence effects due
to the injection and combustion from the side
injectors. Furthermore, it was found that the
combustion period could be shortened by side
injection.

(c) When e side injection sprays were directed
more towards the combustion chamber wall, smoke
was worsened. This was attributed to being a lack of
oxygen

1"
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caused by the center injection sprays burning in the
same location.

(d) When the optimum parameters were
sought for retarded injection from the side injectors, it
was found that about 5% of the total injection
quantity at about 40MPa injection pressure worked
well. It was also found that the best side injection
timing was a rather late 18 degrees after the start of
center injection.

(e) Under the optimum conditions, retarded
side injection resulted in an improvement in both
smoke (PM) and fuel consumption while maintaining
low NOx.

(2) Next, by changing the relative injection
direction of the center and side injectors, a
comparison was made of the case that the sprays
collided with one another to the case that they did not
collide. It was found that when the sprays collided,
smoke and fuel consumption grew worse. This was
because regions of very high fuel concentration at
the center of the sprays overlapped which caused an
increase in total size of such regions.

(3) Lastly, six times per cycle multiple injection
was tested, and the best combination of injection
parameters in terms of NOx, fuel consumption, and
particulates were sought by varying the order and
interval of each injection. It was found that compared
to the center injection only case, it was possible to
greatly decrease PM at the low NOx region. There
was however, a fuel consumption penalty.

This report describes one type of novel multiple
injector system, capable of producing various
injection patterns, and how it was used to gain some
insight into combustion improvement and emissions
decrease. Diesel engine combustion is complicated
though, and many unsolved issues still remain for
further investigation.
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New Concept for Overcoming the Trade-Off between Thermal Efficiency, Each
Loss and Exhaust Emissions in a Heavy Duty Diesel Engine

Takeshi Okamoto and Noboru Uchida
New Ace Inst. Co., Ltd.

ABSTRACT

To overcome the trade-offs of thermal efficiency with energy loss and exhaust emissions typical of conventional diesel engines, a new
diffusion-combustion-based concept with multiple fuel injectors has been developed. This engine employs neither low temperature
combustion nor homogeneous charge compression ignition combustion. One injector was mounted vertically at the cylinder center like
in a conventional direct injection diesel engine, and two additional injectors were slant-mounted at the piston cavity circumference.
The sprays from the side injectors were directed along the swirl direction to prevent both spray interference and spray impingement on
the cavity wall, while improving air utilization near the center of the cavity. Results obtained with a heavy-duty single cylinder engine
equipped with multiple injectors indicated that it was possible to achieve the desired heat release rate profile by independent control of
injection timing and duration (fuel injection pressure was kept in constant) for each fuel injector. Furthermore, smoke emissions were
reduced by improved in-cylinder air utilization, which was possible through a different air-fuel mixture formation process than that
found in conventional single-injector diesel engines. Results showed reduced friction loss, heat loss and NOx (nitrogen oxides)
emissions, while maintaining indicated thermal efficiency by suppressing the peak cylinder pressure, bulk average temperature, and
spray flame impingement to the cavity wall. Additionally, a simultaneous reduction in smoke and NOx emissions was achieved,
without any deterioration in CO (carbon monoxide) and THC (total hydrocarbon) emissions, even compared with conventional diesel
combustion. “CONVERGE" three-dimensional numerical simulation results also suggested that rapid homogenization of local
equivalence ratio by improved mixture formation could result in the simultaneous reduction of smoke and NOx emissions, even with

EGR.

CITATION: Okamoto, T. and Uchida, N., "New Concept for Overcoming the Trade-Off between Thermal Efficiency, Each Loss and
Exhaust Emissions in a Heavy Duty Diesel Engine," SAE Int. J. Engines 9(2):2016, doi:10.4271/2016-01-0729.

INTRODUCTION

Many measures for thermal efficiency improvement have been
studied and proposed over the years. A larger proportion of constant
volume combustion by an increased fuel injection rate, advanced
injection timing, HCCI (homogeneous charge compression ignition)
combustion [1], PCI (premixed compression ignition) combustion [2]
etc., have been investigated, since the thermal efficiency of the Otto
cycle is ideally higher than other reciprocating engine cycles [3]. An
increase in compression ratio or specific heat ratio also contributes
toward increasing theoretical cycle efficiency. Furthermore, low
temperature combustion by means of higher boost and higher EGR
rate conditions have attracted attention in recent years because of the
associated theoretical thermal efficiency improvement and heat loss
reduction [4]. Nevertheless, drastic improvement in brake thermal
efficiency has not been achieved yet, because simultaneous reduction
in individual energy losses is difficult utilizing conventional
measures, i.e. heat loss, pumping loss, exhaust loss and mechanical
friction, and brake thermal efficiency [3].

859

However, very large two-stroke marine engines have already
achieved brake thermal efficiencies exceeding 50%, in spite of engine
size effects. In comparison with commercial diesel vehicles engines,
marine engines operate at relatively lower fuel injection pressures of
about 90MPa, and lower effective compression and expansion ratios
of 14.0:1 and 17.0:1 respectively [6], which suppress peak cylinder
pressure and averaged cylinder temperature. The resulting near-
constant pressure (theoretical Diesel, not Otto) combustion cycle
exhibits very low mechanical loss and heat loss. That is, finding the
new balance point between cycle efficiency and individual losses is
more important than simply raising the theoretical efficiency.

Direct control of the heat release rate profile in a current automotive
diesel engine is generally difficult due to hardware constraints, e.g.
limited fuel injection rate, only one injector, even if both the fuel
injection pressure and timing can be precisely controlled. On the
other hand, large two-stroke marine diesel engines usually have two
or more injectors per cylinder, for which injection can be phased to
control the heat release rate profile and thus obtain nearly constant
pressure combustion (Diesel cycle.) Furthermore, heat loss can be
decreased more than in conventional diesel engines by avoiding flame
impingement to the cavity walls by directing fuel sprays in the
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tangential direction, since the injectors are mounted at circumference
of'the cavity. As a result, these marine engines achieve very high
brake thermal efficiency with minimum heat and friction losses due
to lower averaged cylinder pressure and temperature.

Several studies dealt with diesel engine equipped with multiple
injectors, e.g. PREDIC [7] and MULDIC [8] concepts were proposed
to potentially control PCCI combustion. These concepts were able to
control PCCI combustion by optimizing the spray distribution in the
cylinder during ignition delay, however, smoke emissions increased
when the opposed sprays collided with each other. Other results
showed that NOx and smoke emissions were simultancously reduced
by avoiding interference between pilot and main sprays injected by
different injectors [9].

For a new combustion concept by means of multiple fuel injectors,
two major advantages over conventional diesel combustion were
presumed. Firstly, both combustion phase and cumulative heat release
rate profile can be controlled because of the additional degrees of
freedom in injection rate shaping, without any interference between
temporally overlapped sprays from different injectors, resulting in
independent air entrainment and ignition timing. Secondly, in-
cylinder air utilization can be improved with properly allotted air for
each injector by temporal and spatial control of the sprays. In this
study, the optimum heat release rate profile for increasing brake
thermal efficiency was first calculated by a zero-dimensional
thermodynamic simulation. Then, to test and verify the heat release
history. a single-cylinder engine equipped with three common-rail
injectors was utilized for engine performance and emissions tests.
The injection setup was designed to concurrently reduce heat loss to
the wall and to improve exhaust emissions.

OPTIMUM TIME-RESOLVED HEAT
RELEASE RATE CALCULATION BY ZERO-
DIMENSIONAL THERMODYNAMIC MODEL

The theoretical thermal efficiency can be improved by a higher
degree of constant volume combustion, higher compression ratio and/
or higher specific heat ratio. However, a subsequent increase in brake
thermal efficiency is not always obtained if these parameters are
increased and exhaust loss is decreased, since heat and mechanical
losses also typically increase. To quantitatively simulate not only
thermal efficiency but also each energy loss, i.c. heat loss, mechanical
loss, and exhaust loss, a zero- dimensional thermodynamic diesel
engine model was developed [10]. This model allowed observation of
the effect of the heat release rate history, engine specifications, and
operating conditions on the energy balance, to find an optimum heat
release rate profile.

Figure 1 shows a process diagram of calculations performed by the
zero-dimensional model. This model is based on standard fuel-air
reciprocating engine cycles like Otto, limited pressure dual cycle
(Sabathe cycle) and Diesel cycle. First the P-V diagram is selected
and the pressure ratio and cut-off (isobaric combustion) ratio are
adjusted to maintain the appropriate input energy. Theoretical IMEP
(indicated mean effective pressure), bulk mean temperature, and heat
release rate can be calculated from this diagram. Heat loss was

determined by Newton'’s law of cooling, in which the heat transfer
coefficient is estimated by Woschni’s correlation [11]. Apparent
(gross) IMEP was calculated by subtracting the heat loss from the
theoretical IMEP. Mechanical loss and FMEP (friction loss mean
cffective pressure), were then calculated by the Chen-Flynn friction
model [12], which depends on maximum cylinder pressure and mean
piston speed. And finally, BMEP (brake mean effective pressure) was
determined by subtracting FMEP from apparent IMEP. Other
assumptions for calculation of heat balance are as follows:

i.  PMEP (pumping loss mean effective pressure) was neglected
by assuming in-cylinder temperature and pressure as initial
value from EVO (exhaust valve open) to IVC (intake valve
close) timing.

ii.  Instantaneous in-cylinder pressure and temperature were
calculated at each crank angle presuming the fuel-air cycle.
Maximum in-cylinder temperature did not exceed adiabatic flame
temperature, which takes thermal dissociation into account.

ili. Specific heat ratio (gamma) was calculated by utilizing the
approximation formula based on the temperature and gas
composition at the prior step.

iv.  To limit the rate of pressure rise in the constant volume
combustion phase, its duration was set to 1 degree crank angle.

v.  The combustion efficiency was considered as 100%. That is, the
injected fuel was completely transformed into heat energy, given
by the fuel’s LHV (lower heating value).

vi. Combustion commenced at 1 degree before top dead center
(BTDC), except the Diesel cycle started at TDC.
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Fig. 1. Process diagram of zero-dimensional thermodynamic simulation model

Figure 2 shows a comparison of experimental and calculated energy
balance and cylinder pressure history at an engine speed of 1000rpm,
injection quantity of 240mm?/stroke (BMEP of about 1.9MPa in this
experimental data), boost pressure of 391.3kPa (absolute), intake
temperature of 323K and EGR rate of 50%. In calculation, the pressure
ratio was determined from the maximum in-cylinder pressure (Pmax)
to match experimental data. The cut-off ratio was then calculated by
subtracting the total heat energy inputs during the constant volume
combustion phase from the total fuel energy. Figure 2 shows that
although PMEP and unburned fuel were not accounted for in the
model, the calculation results coincide well with measurements.
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Fig. 3. Comparison of calculated cylinder pressure, temperature and heat

release rate for the different idealized cycles and cut-off ratios

Figure 3 shows a comparison of calculated in-cylinder pressure, bulk
temperature, and heat release rate at various combination of pressure
ratio and cut-off ratio (volume ratio in constant pressure combustion
term). These conditions span the Otto, Sabathe, and Diesel cycles,
and are carried out under the same conditions as in Fig. 2. Cylinder
pressure and temperature rise sharply with heat release rate at top
dead center for Otto cycle. The dual cycle heat release rate consists of

the initial acute part and the following *“delta” part. Furthermore, as
the cut-off ratio increases, the initial acute heat release rate
diminishes (finally becoming zero for the Diesel cycle), and the delta
heat release period lengthens. The transition from Otto cycle to
Diesel cycle anticipates a simultancous reduction in mechanical loss
and heat loss by suppressing the rapid increase in pressure and
temperature, even though the proportion of constant volume
combustion decreases.

Consideration of compression ratio is appropriate for investigation
into the optimum combustion profile to achieve higher brake thermal
cfficiency (BTE). One should be aware that higher compression ratio
may be associated with higher heat loss and lower mechanical
efficiency due to increased pressure and temperature. So, the
combined effects of compression ratio and heat release rate history on
the BTE were then investigated by means of the zero-dimensional
model under the same operating conditions as above. Figure 4 shows
the effects of compression ratio and cut-off ratio on theoretical
thermal efficiency, (gross) indicated thermal efficiency, heat loss and
mechanical loss (again normalized by total fuel energy). Theoretical
thermal efficiency increased when the compression ratio was
increased from 14.0:1 to 22.0:1 and/or cut-off ratio was decreased.
However, both heat and mechanical losses also increased, as
presumed above.
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Fig. 4. Effect of compression ratio and cut-ofY ratio on theoretical thermal

efficiency, heat loss, indicated thermal efficiency and mechanical loss

Figure 5 shows a comparison of BTE and Pmax for various
combinations of compression ratio and cut-off ratio. These results
show that a higher BTE is achieved at a compression ratio of 18.0:1
and cut-offratio of 1.6 (right-most red crown) under the constraint of
Pmax = 25MPa, compared to the combination of lower compression
ratio and higher cut-off ratio. The center (red) line corresponds to
25MPa, the current maximum level for heavy-duty commercial
vehicles. Thus, the optimum heat release rate profile to achieve the
highest BTE depends heavily on not only Pmax constraints but also
on each energy loss as a function of the instantaneous pressure and
temperature. It is readily apparent that the Otto-like cycle could not
result in optimum BTE because of the increase in other energy losses.
Thus it becomes a kind of chicken-and-egg problem to determine the
optimum heat release rate profile. So, given more degrees of freedom
and real-time control of the heat release rate profile to maximize the
cycle efficiency concurrent with minimizing energy losses at any
operating condition, BTE could be improved further.
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COMPUTATIONAL INVESTIGATION OF
DIRECT HEAT RELEASE RATE CONTROL
BY MULTIPLE-INJECTOR SYSTEM

To arbitrarily control the heat release rate profile and vary the
proportion of constant volume and constant pressure combustion, a
new three-injector combustion system was developed. The single-
cylinder test engine has one center mounted injector and two opposed
side injectors. Three nozzle orifices of each side injector aimed in the
swirl direction and slightly inward of the cavity wall, with the
objective that no sprays interfere with each other. This nozzle system
should have two main effects on combustion; one is to improve air
utilization in the cylinder to reduce smoke, CO, and THC emissions
by allocating the combustion volume for each fuel spray. The other is
to reduce heat loss to the wall by suppressing direct impingement of
the spray flame.

To verify the ability to arbitrarily obtain heat release rate histories
like those obtained by the zero-dimensional model, a three-
dimensional numerical simulation using CONVERGE (Convergent
Science, Inc.) was then carried out for limited engine conditions.
Spray and combustion sub-models utilized by CONVERGE are listed
in Table 1.

Table 1. Sub-models used by CONVERGE

Phenomenon Sub-model
Turbulence model k-5
Combustion modcl cre
ITgnition model Shell
Droplet breakup KH-RT

Figure 6 shows a comparison of predicted cylinder pressure, bulk gas
temperature and heat release rate for the injection strategy shown at
the bottom of the graph. Fuel was initially injected from the center

injector slightly before TDC, and successively from side injectors at
independent and slightly staggered timings. The figure indicates that
the combination of constant volume combustion by the center injector
and constant pressure combustion by the side injectors specified by
the zero-dimensional simulation was possible to be closely
reproduced by the three injector system. These results confirm that
suitable injection timing and injection duration of each injector could
control the heat release rate profile as required. So, single cylinder
engine tests were next conducted.
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Fig. 6. Comparison of predicted cylinder pressure, bulk temperature and heat

release rate between 0D and 3D for the given injection strategy

ENGINE SPECIFICATIONS AND
SCHEMATIC OF EXPERIMENTAL SYSTEM

To confirm the effect of combustion profile on engine performance
and emission characteristics, a single cylinder 4 stroke direct-
injection diesel engine, displacement volume of 2003.9cm?, was
utilized in this study. Detailed specifications of the engine are shown
in Table 2. The engine idealizes a turbocharged and after-cooled
heavy-duty diesel engine by an externally driven supercharger and
exhaust throttle. A hydraulic variable valve actuation system
(Sturman Industries, DHVVA) and an electronically controlled
high-pressure common rail injection system (Denso G3S modified)

which enable a maximum injection pressure of 220MPa were
equipped in the engine. The nozzle hole (orifice) diameter of center
and side injector nozzles was fixed at 90.177mm. The geometric
compression ratio of the piston cavity was 18.0:1.
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Table 2. Engine specifications

Ttem Specilication

Engine tvpe 11 single evlinder 4 stroke

Bore«Stroke @l135mm-~ 140mm

Displacement 2003 9em’

Piston typc Steel Piston

Fuel injection system Common rail system
(Max 200MPa)

Nozzle Center: ¢0.1778-150°

Side @ @0.177+3

Valve acluation Cam-less IIvdraulic VVA
Geometric compression ratio 18.0:1
Swirl ratio 0.9

Figure 7 shows the orientation of the three injectors and the piston
cavity. The center injector was situated vertically at the center of the
bowl, like a conventional direct injection diesel engine, and the other
two side injectors were slant-mounted near the periphery of the bowl.
The opposed side injector sprays were directed along the swirl
direction to minimize spray interference of two side injectors as well
as wall impingement, while improving air utilization near the center
of'the cavity. However, Fuel sprays which are injected from center
and side injector may interfere each other when fuel is injected at the
same time or center injection timing is later than side injection
timing. The piston cavity shape was designed to achieve a relatively
large bore but deep bottom to avoid wall impingement by the side
injectors, even at high compression ratios.

Side injector

Center injector

Side injector

Piston

Fig. 7. Piston crown design, injector orientation, and spray directions

Figure 8 shows a schematic of the experimental equipment. This test
system has high-capacity boost air supply and EGR systems. Intake
air is available up to 500kPa (abs.) as provided by an externally
driven supercharger. Note that the intake boost pressure, exhaust back
pressure, and EGR rate are controlled independently. The intake
manifold pressure and exhaust manifold pressure were made equal
throughout the tests so that the external work done by the
supercharging system could be ignored, and to exclude the effect of
variations in actual turbocharger efficiency and EGR cooler efficiency
with various boost pressures and EGR rates.

Air Cooler

Super charger
Combustion analyzer
Amy

ifier

Exhaust

Smoke meter

Exhaust gas

Fig. 8. Schematic of engine test cell

Figure 9 shows a diagram of the modified injector control system, to
drive the additional side injectors. The current signal to drive the
center injector was detected by a current probe and used to trigger the
side injectors. A function generator synthesized the timing and
duration of the side injectors based on the center injector trigger, and
output the waveform to the electronic drive unit (EDU). Since all the
injectors were connected to the system common rail, the injection
pressure was the same for all injectors.
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Fig. 9. Multi-injector control system

Engine Operating Conditions

Table 3 shows the baseline operating conditions for the engine tests.
This condition is quite comparable to 45% load (BMEP of 0.9MPa)
on the engine.

Table 3. Engine operating condition

Lngine speed 1000rpm

Injection quantity 120mm’str./eyl

Excess air ratio 25
Intake pressure 170kPa (abs.)
Intake temperaturce 323.15K
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RESULTS AND DISCUSSION Figure 11 compares single-cycle heat release rates. The top graph

Investigation into Added D egrees of Freedom for
Control of Heat Release Rate History

Initial tests focused on investigation of the added degrees of freedom
for shaping the heat release rate profile, and confirmation of the
effects on engine performance and exhaust emissions. Comparison of
experimental and three-dimensional predictions of cylinder pressure,
bulk averaged temperature, apparent heat release rate, and nozzle
needle lifts are shown in Figure 10. In both cases the pressure ratio
(ratio of maximum in-cylinder pressure to TDC compression
pressure) was 1.35. It is apparent that the desired constant volume
-constant pressure combustion idealized by the zero-dimensional
model (i.e. Fig. 3) can be achieved with an appropriate injection
strategy for each injector. Results also suggest that this system allows
more degrees of freedom to directly control the heat release rate
shape, compared to conventional single injector combustion systems.
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Fig. 10. Comparison of measured and 3D predictions of cylinder pressure,
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Fig. 11. Experimental investigation into interference between spray flames

shows three heat release rates for combustion of a single injection by
each injector. The blue line in the bottom graph indicates the sum of
three heat release rates shown in the top graph, and the red line
indicates the heat release rate for multiple injections with the same
injection timing and duration as the top graph. These data indicate
that the spray flames from the three injectors are predominantly
independent, thus no or negligible interactive effects are seen on
ignition timing or heat release rate history.

Effects of Heat Release Rate History on Engine

Performance
_ 20
g 16
‘§ 12
Z2 8
g 4
@ el
0 2000,
X
1500 @
\ 5
1000 ®
I 1.59 @
Q
e —135 —1.69 500 &
.50 — 77 '2
600 0
400
5
% 200
¢ 0 -
-200 Pressurg ratio:
1.77
1.69
g
— 1]
159 M == Center =
- == Side1 =
== Side2 @
1.50 N b
=z
1.35
1.18
-60 -40 -20 0 20 40 60
Crank angle [© ATDC]
Fig. 12. Measured cylinder pressure, averaged temperature and heat release
rate for various pressure ratios, and typical needle lift traces to achieve

selected pressure ratios

As previously mentioned, multiple injectors offer additional degrees
of freedom for heat release rate profile control. Therefore, the effects
of heat release rate history on engine performance were then
experimentally investigated. Figure 12 shows a comparison of
cylinder pressure, averaged temperature, and heat release rate for
various pressure ratios, and three injector needle lift profiles yielding
pressure ratios of 1.77, 1.59 and 1.35 respectively. As shown in the
figure, the desired combination of constant volume combustion and
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constant pressure combustion can be achieved with an appropriate
injection rate of each injector, without any changes in injection
pressure and/or in-cylinder gas conditions.

The effects of pressure ratio on energy balance and constant volume
combustion ratio are shown in Figure 13. Constant volume
combustion ratio increased as pressure ratio increased. Meanwhile,
cylinder temperature became higher at near TDC and lower at
expansion process as pressure ratio increased, from the balance of
cylinder temperature phase, heat loss decreased once and increased
afterwards. Therefore, the pressure ratio for achieving maximum
indicated thermal efficiency was lower than that for maximum
constant volume combustion ratio. Moreover, the brake thermal
efficiency trended similarly for various pressure ratios. This confirms
that higher constant volume combustion ratios (e.g. Otto cycle) may
not always be an ideal combustion profile. These results also validate
conclusions drawn from the zero-dimensional thermodynamic model.
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Fig. 13. Effects of combustion strategy on energy balance

Effects of Heat Release Rate History on Exhaust
Emission Characteristics

It can be assumed that if the sprays interfere with each other, this may
negatively impact exhaust emission characteristics. Therefore, the
effects of multiple injector heat release rate control on exhaust
emission characteristics was investigated with the test engine.
Comparison of NOx, smoke, CO and THC emissions for various
pressure ratios at the same operating condition as previously
mentioned are shown in Figure 14. Surprisingly, NOx and smoke
emissions were simultancously reduced at lower pressure ratios, even
though the combustion mechanism is still conventional diffusion
combustion. Most notably, NOx emissions were drastically reduced
to about 1/3 or less without significant deterioration in BTE. One of
the reasons why such a breakthrough phenomenon was achieved for
the emission characteristics could be simultaneous reduction in
averaged temperature by altering the heat release rate and local
equivalence ratio in the cylinder due to the decrease in fuel quantity
for each spray. THC emissions increased with a decrease in side
injector quantity, which drove the pressure ratio increase, except for
the highest pressure ratio (which was achieved with no side
injections). This result was caused by a decrease in spray penetration

from the side injectors, resulting in a deterioration in mixture
formation at the center of cavity; however, the absolute value was not
as bad as for the conventional single injector system.
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Fig. 14. Effects of combustion strategy on emission characteristics

Investigation into Simultaneous Reduction of NOx and
Smoke Emissions Utilizing Three-Dimensional
Numerical Simulation

In general, reduction in NOx and smoke emissions for conventional
diesel combustion follow a trade-off relationship. Nevertheless, they
were simultaneously reduced in this study following the decrease in
pressure ratio by controlling the injection parameters (quantity,
injection timing) of multiple injectors. Since the cause of this
simultaneous reduction in NOx and smoke emissions was thought to
be a decrease in local equivalence ratio due to a more appropriate
mixture formation by the three-injector system, additional analysis
was carried out. The 3D CONVERGE model was used to compare
histograms of the instantaneous @-T (local equivalence ratio and
temperature). Figure 15 compares the temporal and spatial variation
of local equivalence ratio for the pressure ratio of 1.35 (multiple
injectors, left) and 1.77 (single injector, right) at the same operating
condition as the previously mentioned, and the corresponding ¢-T
histograms are shown in Figure 16. From both figures, it is seen that
the local equivalence ratio for the multiple injectors at 1.0°ATDC
(just after the start of center injection), was diluted faster than that for
the single injector because of lower injection quantity of the center
injector. As shown at 9.0°ATDC (start of side injection) in Figure 15,
the local equivalence ratio of the center injector sprays for the
multiple injector system were well diluted at the circumference of the
cavity, while that for single injector was still correspondingly higher
anywhere in the cylinder because of deterioration in mixture
formation by a relatively lower momentum of each spray. Sprays
injected by the side injectors were earlier found to not interfere with
the center spray, and were designed to spread towards the center of
the cavity. As a result, the local equivalence ratio for the side injectors
was also diluted faster in the same manner as the spray at 1.0° ATDC.
By comparison to 20.0°ATDC, when heat release has essentially
ended, the @-T histogram in Figure 16 for the multiple injector
system shows higher intensity at lower temperature - lower
equivalence ratio regions than the single injector case. Therefore, it is
considered that the simultaneous reduction in NOx and smoke
emissions was achieved by reduction in both averaged temperature
and local equivalence ratio, by this unique multiple injector system.
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Fig. 15. Comparison of local equivalence ratio distribution as a mixture

formation index for different injection strategies
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Fig. 16. Comparison of ¢-T histogram between different injection strategies

Effect of Increased EGR Rate on Relationship between
NOx and Smoke Emissions

Since improvement in exhaust emissions described thus far were
exclusively achieved at normal air oxygen content, with no EGR, the
effect of reduced oxygen content by increasing EGR rate on the
relationship between NOx and smoke emissions of the multiple
injector system was investigated. Comparison of NOx and smoke

emissions between the single injector and the multiple injector system
at a pressure ratio of 1.5, where the indicated thermal efficiency was
maximized, is shown in Figure 17 for various EGR rates. Data show
both NOx and smoke emissions were improved with the multiple
injector system, without any constraints on oxygen content.
Therefore, it was concluded that the NOx - particulate trade-off could
be improved by the new mixture formation strategy, even at lower
oxygen contents typical of a current diesel engine utilizing EGR for
NOx emissions reduction.
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Fig. 17. Trade-Off between NOx and particulate emissions

SUMMARY

The purposes in this study was to utilize added degrees of freedom to
control heat release rate history for the improvement in brake thermal
efficiency and improvement of in-cylinder air utilization to reduce
both NOx and smoke emissions. To this end, numerical and
experimental investigation into diesel combustion and emission
characteristics by means of a single cylinder test engine equipped
with three injectors and a newly designed combustion chamber were
carried out.

The results obtained are summarized as follows:

1. Additional degrees of freedom allowed control of the heat
release rate profile via suitable independently controlled
injection strategy from three injectors.

2. The optimum heat release rate to achieve maximum BTE was
concluded to be a dual (Sabathe) cycle, which combined an
initial constant volume combustion with following constant
pressure combustion, since heat and mechanical losses were
minimized by the decrease of in-cylinder pressure and
averaged temperature.

3. Simultaneous reduction in NOx and smoke emissions was
achieved, even with conventional diffusion combustion, which
could be caused by a decrease in averaged temperature resulting
from control of heat release rate profile, as well as a decrease in
local equivalence ratio with the new three-injector system.

4. Asimultaneous reduction in NOx and smoke emissions was also
achieved at high EGR rates (low O, concentration).

5. Direct control of the heat release rate profile and improvement
in mixture formation utilizing this new multiple injector
combustion concept should be an effective measure for both
improvement in BTE and exhaust emission characteristics.
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Abstract

Heat losses are known to decrease the efficiency of CI engines
largely. Here, multiple injectors have been suggested to shrink these
losses through reduction of spray wall impingement. Studies on
multiple injectors have proven the concept’s heat transfer reduction
but also highlighted the difficulty of using a standard piston bowl.
This study proposes a two-injector concept combined with a flat bowl
to reduce heat losses further. To change the spray pattern, the two
injectors are injecting in a swirling motion while placed at the rim of
the bowl. Four injection timings have been investigated using
Reynolds-Averaged Navier-Stokes simulations. This computational
method quantified the amount of heat loss reduction possible. A
conventional single injector concept is compared to two injector
concepts with a standard and flat bowl. A Double Compression
Expansion Engine (DCEE) concept, based on a modified Volvo D13
single-cylinder engine, was the base for all simulations. The DCEE
can re-use the residual exhaust energy for a second expansion
meaning increased importance of reduced heat losses. Heat release
effects were discarded in the evaluation as an explanation for the
reduced heat losses in order to isolate the effects of the changed spray
pattern. Results showed a decrease in heat losses by 25.1 % or 4.2 %
of the fuel energy as well as an increased IMEP of 4.5 % or 1.9 % of
the fuel energy. Together with the increased exhaust energy, results
showed a possible total engine efficiency increase of 2.6 % using the
DCEE concept. This work successfully proves the benefits of using
two injectors with a flat bowl over a standard bowl and the
conventional one-injector strategy.

Introduction

Research of modern CI engines focuses on reducing the CO2
emissions by increasing the efficiency. New regulations restrict the
carbon footprint further [ 1], meaning an increased strive for CO2
emissions reduction. The CO2 emissions are set to be reduced by

15 % until 2025 and 30 % in 2030. Particularly, the heavy-duty
vehicles are targeted as the main contributor to CO2-emissions
among vehicles [2]. A strive for increased energy efficiency follows.

Some engine alternatives have been suggested for increasing the
cfficiency of the IC engine. In later years there has been a trend for
low-temperature combustion concepts including the Homogenous
Charge Compression Ignition (HCCI) [3] and Partially Premixed
Combustion (PPC) [4]. The idea of these concepts is to reduce the
heat losses through a lower burned gas temperature.
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The HCCI concept combines the benefits of a homogeneous charge
with a compression ignition concept. Studies have suggested that
increased efficiency follows from low heat losses [3] proving the
benefits of this concept. Other studies [5] have presented some
drawbacks of the HCCI, including ignition difficulties at low load
and low combustion efficiency.

The PPC concept tries to solve the flaws of the HCCI through a later
injection inducing a less homogenous charge. In [6], PPC combustion
at different load conditions was investigated. It was concluded that an
indicated efficiency of 57 % could be achieved. Low heat transfer, as
well as low exhaust losses, were claimed. However, it was difficult to
reach a high load with the PPC concept. This was caused by the too
short ignition delays at higher pressure.

Another promising concept for solving the problems of the low-
temperature theory as well as keeping a high efficiency at all loads is
the Double Compression Expansion Engine (DCEE) [7]. By dividing
the cycle into two cylinders, this concept is capable of performing a
second expansion using the spare exhaust energy. It follows that high
exhaust energy is beneficial for this concept as a contrary to typical
IC engine concepts.

Compressed air Ambient air
HP-cylinder - \ LP-cylinder
Outlet valve Inlet vaive A
Inlet vaive B
Exhaust valve B Inlet port from

xhaust valve A

cross-over
Exhaust gasses ’

-expanded in HP-cylinder SR \
Cross-over
channel

Exhaust gasses
-fully expanded

Figure 1, The DCEE concept outlined with the high-pressure (HP) and low-
pressure (LP) cylinders [8]

Dividing the cycle into two cylinders also means that very high
pressure can be used without the usual high friction losses. The low-
pressure (LP) cylinder will compress the intake air before it is
transferred to the high-pressure (HP) cylinder. Here, a second
compression takes place leading to pressures as high as 300 bar. This
compression is followed by a typical CI fuel injection and
combustion. The first expansion takes place here in the HP-cylinder
followed by a gas transfer to the LP-cylinder where a second
expansion takes place.

36



Using the DCEE concept, Lam et al. demonstrated brake efficiencies
of 56 % [8] as well as 52.7 % [9]. Further efficiency improvements
have then been achieved by Shankar et al. [10] with the use of
insulation to reduce heat losses. This study proves the importance of
heat transfer reductions for this concept. The second expansion uses
the extra exhaust energy. Thus, it becomes further significant to keep
the heat losses low to increase exhaust energy.

A typical approach of achieving lower heat losses in a CI engine is to
reduce wall impingement, i.e., to keep the high-temperature zones
away from the cylinder walls. This lower flame/wall interaction can
be achieved by increasing the injection time as well as reducing the
injection pressure. However, there are some limitations to these ideas
when going towards high load since more fuel needs to be injected.
Another solution was proposed by Uchida et al. [11] using multiple
injectors. Further evaluation has been done on this concept [12]
showing a heat transfer reduction of 15 % or 2 % of the fuel energy
through a changed flow pattern. However, this study highlighted the
issues of an omega-shaped bowl when using two injectors. The
central pip increases impingement and narrows the possibilities of
directing the sprays. Notable is that this study also emphasized that
the multiple-injector is not to be restricted to the DCEE concept but
can be used in any engine with exhaust regeneration (e.g., a turbo).

To solve the issues of an omega-shaped bowl, a flat bowl where the
central pip is removed is here proposed for the two-injector concept.
This is expected to reduce the heat transfer further through the
changed flow pattern as well as the smaller surface area. Since
multiple injectors increase the cost of an engine, it is of interest to
investigate the quantity of efficiency gain. In this computational
study, the heat transfer is examined and compared with previous
cases showing a substantial reduction through the changed flow
pattern.

Methodology

Three-dimensional RANS CFD simulations have been completed
using the software Converge (version 2.4) during the compression
stroke and expansion stroke of the high-pressure unit. No air
exchange and so, no pumping losses have been taken into account in
this study. More details about the methodology were reported in a
previous study [12].

Test Conditions

Only the combustion chamber has been chosen as the computational
domain in this study, i.c., valves, intake and exhaust systems have not
been considered. To compensate this, the chamber has been assumed
to contain a specified composition of gases at the start of
compression. The residual exhaust gases from the previous cycle in
this composition have been considered to hold only water, carbon
dioxide (CO2), nitrogen (N2) and oxygen (0O2) since these are
usually the main components in diesel engine exhaust. Since intake
flow is not considered in this setup, an initial turbulence level was
set.

The geometry studied here is a standard 4-stroke Volvo D13 engine
but with an altered compression ratio (see Table 1). An engine speed
of 1200 rpm was set for all different cases. All cases were simulated
using Diesel surrogate as fuel, with different injection timings. Only
the fluid domain was simulated, and wall temperatures were assumed
to be constant.
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Table 1, Engine Parameters

Engine parameters

Cylinder volume 2331
Stroke 158 mm
Bore 131 mm
Connecting Rod 267.5 mm
Compression Ratio 11.5:1
Engine Speed 1200 rpm
Intake Temperature 464.15K
Nozzle hole diameter 240 um
Number of injector holes 6
Standard umbrella angle 145 degrees
Lambda 32

Intake Pressure 5 bar

CFD Models and Validation

N-heptane is here used as a surrogate for the multicomponent Diesel.
The liquid phase spray is Diesel meaning only evaporated parcels are
n-heptane. However, the lower heating value of diesel is used to
account for the fuel energy. The physical properties of n-heptane are
incorporated in the CFD code. Spray breakup model, used to capture
the spray injection, was based on a Kevin-Helmholtz Rayleigh-Taylor
(KH-RT) approach [13]. All droplets are assumed to disperse and
merge during the breakup process. The spherical shape is assumed for
all droplets, and the Frossling droplet evaporation correlation [14] was
used to calculate new droplet diameter during evaporation. The
Rosslin-Rammler ~ cumulative  probability  distribution ~ was
implemented to account for the size distribution of droplets in the
domain.

In this study, a renormalized group k-epsilon RANS turbulence model
was used to account for in-cylinder turbulence. Other physical sub-
models follow the standard built-in capabilities in CONVERGE v2.4
[15].

A base grid size of 2 mm was used in all three directions for the mesh.
Fixed embeddings for the injectors were added to account for the near-
nozzle flow. The flow inside the nozzle is not considered in the study.
Level 3 adaptive mesh refinement (AMR) was utilized based on
velocity and temperature gradients inside the combustion domain. The
resulting minimum cell size in all three directions after AMR
implementation is calculated based on the standard formulation

Base grid

Min. cell size = (N

where n is the level of refinement provided. The meshing strategy is
further described in a previous CFD study [16].

All heat transfer calculations in this paper are using the O’Rourke
heat transfer model [17] based on the law of the wall where a
constant wall temperature of 500K is assumed. Since the models are
validated against pressure and heat release, the heat transfer is also
assumed validated. Only minor differences in heat losses were found
with the use of radiation models. Thus radiation modeling was not
included in this study.
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The chemical models are an essential part of any engine combustion
simulation in order to properly predict the ignition delay as well as
combustion timing. A SAGE multi-zone combustion model [18] was
used by mapping the grid cells to temperature bins of 5 K and
equivalence ratio bins of 0.05 increments.

A skeletal n-heptane mechanism [19] with 110 species was used in this
study. It has been demonstrated that this mechanism is relevant at a
number of operating conditions, without further adjustments [19].

Since many simplifications and assumptions are needed for RANS
CFD simulations, a validation process has been performed based on
the setup discussed above. Simulation results have been compared to
experiments conducted at the combustion engines group at Lund
University.

At first, the compression ratio was adjusted to fit the motoring trace,
motivated by that the connecting rod flex is not considered in the
models. The effective compression ratio used was set to 11.41 instead
of 11.5 which is in line with previous studies on connecting rod flex
making the effective compression ratio lower [20].

Since no intake stroke is performed in the simulations, leftover
exhaust gases were introduced in the chamber. These were assumed
only to contain H,0, CO;, N,, and 0, since these are the major
components. Residual gases are expected to be present from the
previous cycle due to gas exchange inefficiencies. This affects the
fluid specific heat ratio, which was decided through comparison with
the experimental data before the start of combustion.

Considering the effective SOI and injection duration, the injection
timing was changed to -0.2 CAD ATDC instead of -1 CAD ATDC.
Similarly, the injection duration was changed from 7.2 CAD to 8.5
CAD. Ignition delay was optimized to fit experimental results.

After several adjustments on the injection timing and duration, the
simulation was validated by comparison to experimental data as
demonstrated in Figure 2. Furthermore, the Rate of Heat Release
(RoHR) plot shows that the simulation is well-predicting the peak
value.
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Pressure, RoHR and ignition delay matched experimental data well.
This simulation case will be considered in the following analysis as
the reference case. Heat transfer models were also assumed validated
based on the Pressure and RoHR traces.

Project Approach

This paper focuses on a flat bowl geometry to reduce the heat transfer
for multiple-injector usage. Two new geometries are proposed and
evaluated against a reference geometry as well as an earlier multiple
injector study [12]. This means that three different geometries were
tested, geometry 2 and 3 using a flat bowl for two outer injectors and
geometry 1 using a standard bowl (see Figure 3) for both one
centrally mounted injector and two outer injectors.

Geometry 2

Geometry 3

1 with Geometry

ce different bowl shapes display

Geometry 2 (removed pip) and Geometry 3 (pips placed ¢

Geometry 3 was decided with the knowledge that a flat bowl leads to
a higher heat transfer through the cylinder head. So, the added pips
were expected to drive the flow away from the head surface.

The two outer injectors are placed just at the rim of the bowl for all
geometries (see Figure 4) while spraying towards the cylinder center.
This gives a changed fluid motion proven to reduce heat transfer [12].
The umbrella angles used, 145 degrees for the reference case, 150 for
the two-injector case using Geometry 1 and 160 degrees for the
remaining cases, are based on reaching the minimum amount of heat
transfer.
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Figure 4, Injector and spray configuration showing the two outer injectors
(white) as well as the standard central injector

Compensation has been made for the different bowls to maintain the
same compression ratio for all cases. Notable is that the flat bowl will
have a smaller surface area compared to the standard case. Since the
crevices were found not to impact the heat transfer notably, they were
removed for the changed geometry.

The fuel amount per cycle is the same for all cases, 150 mg or 30 bar
FuelMEP, with a single injection, split equally between the injectors
for the two-injector cases. Same number of holes mean same flow
rate for the reference cases and the two-injector cases. Four different
injection timings were tested, namely -7, -4, -1 and 2 CAD ATDC.

More cases than the ones listed here were tested, but only the most
relevant are presented here due to space limitations. All cases were
operated at lambda 3.2. In Table 2 the cases are shown. For
Geometry 3, only one case SOl is presented here since the results did
not show any improvements regarding heat transfer.

Table 2, Design of Experiment (DOE) with a sweep of injection timings and
geometries

Cases Injection timings [CAD ATDC]

Geometry 1

1and 2 injectors | 4 -l 2

Geometry 2
2 injectors

Geometry 3
2 injectors

Results

This section emphasizes not only how heat transfer through the walls
is reduced but also covers the reason for the reduction in heat
transfer. The primary outcome is the reduced heat transfer when
using multiple injectors with an altered bowl geometry. The
definitions of mean effective pressures follow the standard set in a
previous study [12].
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Reducing Heat Losses

The structure of the presented results in this section is as follows.
Geometries are presented as 1-3 where * indicates that only a
centrally mounted injector is used. It follows that Geometry 1* is the
reference case. Results are grouped with injection timing for an easy
comparison between the different geometries. Notable is that there
are four cases for an SOI of -1 CAD ADTC as opposite to the three
cases for other injection timings.

For all cases studied here, Geometry 2 with a flat bowl is more
favorable regarding heat transfer. Results show that it is mainly a
significant reduction in piston heat transfer (see Figure 5). The head
heat transfer is a smaller part of the whole meaning that although
there is an increase for Geometry 2, there is a total reduction in heat
transfer. The heat loss through the liner is similar, and small, for all
cases.

r 1 Injection Timing
[[CAD ATDC]

] . Piston
B tiner

[l Head
| Total

Heat Transfer [kJ]

e
133

Geometry, *=1inj

1 : M 3 i Injection Timing

[CAD ATDC]

M Piston

. Liner
- [l Head

[ Total

Heat Transfer [kJ]

(=
o

1 2 3! 1* 1 2 Geometry, *=1 inj.

Figure 5. Total heat transfer [kJ] through the piston, liner, and head for the
different cases

The heat transfer reduction is at most 25.1 % or 4.2 % of the fuel
energy for the SOI of 2 CAD ATDC compared to the reference case.
Compared to the two-injector case using Geometry 1, the reduction is
instead 14.3 % or 1.9 % of the fuel energy. As opposed to what was
seen in the two-injector case using Geometry 1, for Geometry 2 there
is a significant gain in IMEP (see Figure 6). This improvement
corresponds to a maximum of 4.5 % or 1.9 % of the fuel energy
compared to the reference case, again for the SOI of 2 CAD ATDC.
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Geometry 3 proves to not reduce the heat transfer more than 7.5 %
compared to the reference case at -1 CAD ATDC SOL. It is a smaller
reduction compared to what the standard geometry would give.
However, the IMEP increases 1.7 % compared to the reference case
as an opposite to the slight decrease in IMEP when using two
injectors with the standard geometry. As opposed to the author’s
suggestion, Geometry 3 did not indicate a reduction in heat losses
through the head.

-7 -4 -1 2 s i
14 —— Injection Timing
W Geom. 1, ref. case [cAD AIDC]
B Geom. 1, 2 inj.
] Geom. 2, 2 inj.
135 ] Geom. 3, 2 inj.

IMEP [bar]
5

12
Figure 6, IMEP [bar] for all cases grouped by injection timing

The maximum efficiency in this sweep is found for an SOI of -7
CAD ATDC, and here the gain in IMEP is 4.4 % and the reduction in
heat transfer 20.6 % for Geometry 2 compared to the reference case,
all with fixed fuel injection. Since all different SOI proved a higher
IMEP and lower heat transfer, the concept of using a flat bowl is
concluded useful.

The heat transfer is seen to increase more rapidly at an early stage for
the reference cases (see Figure 7). This is expected since the hot
gases will reach the walls faster with the shorter distance between
injector and wall. Comparing the two-injector cases with Geometry 1
and 2, it is seen that the heat transfer is rising earlier for Geometry 1
since the central pip is hit earlier due to the shorter traveling distance
for the spray. Without the central pip, as in Geometry 2 and 3, the hot
temperature gases will take a longer time to reach the walls.

The time of heat release will have an impact on heat losses.
Consequently, the CAS50, CAD at which 50 % of the heat is released,
is of importance. Figure 8 shows that the CAS0 is relatively constant,
with only up to 0.5 CAD perturbation from standard case to two-
injector case. The RoHR and Pressure (see Figure 9) also show only
small differences between the cases and are so confirming that the
heat release is itself not an explanation for the reduced heat losses.
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Figure 7. Accumulated heat transfer [kJ] as a function of crank angle

Better mixing can lead to complete combustion, but in this case, the
reference case does not seem to have more complete combustion
compared to the two-injector cases, looking at the RoHR (Figure 9).
This means that if there are any losses regarding combustion, they are
minor compared to the reduction in heat losses achieved by the two-
injector concept.
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Geometry, *=1 inj.

Wall area is another driver for heat transfer. Here the wall area (see
Figure 10) is changing between the cases even as volume is kept
identical. The wall area is smaller for Geometry 2 and 3 where the
central pip is removed. This is, therefore, part of the explanation for
the lower heat transfer. However, since Geometry 3 has a smaller
wall area compared to Geometry 1 but still a higher heat transfer, the
wall area is not the full explanation.
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Figure 10, Wall area [dm2] as a function of crank angle

Gas temperature at the cylinder walls is a driver for heat transfer. As
investigated earlier, the bulk of the heat losses are through the piston
boundary. Figure 11 demonstrates that although the piston
temperature is lower for Geometry 2 compared to the reference cases,
it is not lower compared to the two-injector cases using Geometry 1.
It follows that with a higher average fluid wall temperature, the heat
transfer should be higher for Geometry 2. However, as seen before,
this is not the case. Notable is that the wall temperature is already
higher before combustion for Geometry 2 and 3 compared to
Geometry 1. This means that there is a non-combustion related
driver. Such a factor is the turbulence created by the altered flow due
to the different bowl geometry.

A measure of the turbulence level at the boundary is the near-wall
velocity, as plotted in Figure 12. The velocity is here concluded to be
more dependent on the injector configuration than the bowl shape.
Geometry 1 and 2 have similar near-wall velocities when using two
injectors. For the reference case, the high velocity (around 20 m/s
higher than the two-injector cases) is created from the spray pattern
that is made for proper mixing. It follows that this near wall flow is
causing high heat transfer for the reference case. Also, since the near-
wall velocity is higher for Geometry 1, comparing two-injector cases
of Geometry 1 and 2, it is concluded that this is part of the
explanation for the increased heat losses.
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Figure 11, Average fluid wall temperature [K] as a function of crank angle

The longer tail of wall velocity for Geometry 3 explains the late
increase in heat transfer for that case [see Figure 7] as opposed to the
other cases. Wall area is large late in the cycle meaning that it is of
greater importance to keep the near-wall velocity low at this time. In
general, the peak of near-wall velocity coincides with the most rapid
rise of heat transfer, showing its importance as a factor for heat

transfer.

Wall area and near-wall velocity are together having a more
significant impact on the heat transfer compared to the wall
temperature for this study. Even if wall temperature is higher for
Geometry 2 compared to Geometry 1, using two injectors, the heat
transfer is lower and does not increase as rapidly. This suggests that it
is instead the fluid flow, for the two-injector cases, causing the
reduced heat transfer and not the high-temperature zones.
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As discussed early in this paper, the exhaust energy is not to be
treated as a loss for the DCEE concept. Instead, it should be
interpreted as a necessary quantity for the second expansion in the LP
cylinder. Significant gains in exhaust energy were found for the two-
injector cases compared to the reference case. This is due to the
reduced heat transfer. The most significant gain in exhaust energy
compared to the reference case was found for an injection timing of 2
CAD ATDC. The percentage gain is 5.6 % for Geometry 2 and 5.0 %
for Geometry 1 when two injectors are used compared to the
reference case. This corresponds, respectively, to 2.3 % and 2.1 % of
the fuel energy. It follows that also for the exhaust energy, Geometry
2 is the best option when using two injectors for all SOI but -1 CAD

ATDC.

This extra exhaust energy can potentially be used in a concept such as
the DCEE to deliver further work resulting in an improvement of
efficiency up to 2.3 %-points, depending on the LP-cylinder
efficiency, only by the increased exhaust energy. Assuming an LP-
cylinder efficiency of 30 % gives an efficiency gain of 0.7 %-points
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The results of this CFD study showed that two injectors placed at the
rim of the bowl could increase indicated efficiency directly if a flat
bowl is used. In a concept using exhaust gas re-use, such as the
DCEE concept, the efficiency gain can potentially be 4.2 %-points
depending on how well the exhaust energy can be used.

The driver for this efficiency gain is seemingly a combination of two
factors: wall area and fluid velocity at the vicinity of the wall. Near-
wall temperature is not one of these factors since it was higher for the
flat-bowl cases although they showed lower heat losses.

For future studies, it is interesting to see further how combustion is
affected by the changed bowl shape. Emissions such as NOx and soot
would be of interest to evaluate but are out of the scope of this study.

Summary/Conclusions

CFD simulations were conducted to evaluate the level of convective
heat transfer reduction by using two injectors in CI engines. While
the study was motivated by the DCEE engine application, the two
injector concept applies to general CI engine applications, especially
when using a flat bowl since this increases the efficiency further. In
summary, it was concluded that:

e Reduced heat losses of 25.1 % or 4.2 % of the fuel energy
can be achieved by using multiple injectors placed at the
rim of a flat bowl

e Increased indicated efficiency of 4.5 % or 1.9 % of the fuel
energy achieved for the two-injector case using a flat bowl,
showing its benefits compared to the standard bow!

e Increased exhaust energy of 5.6 % or 2.3 % of the fuel
energy was achieved and can be used in an exhaust
regeneration system such as the DCEE concept.

e Using bumps at the rim of the bowl to reduce head heat
transfer gave little or no effect

e A total efficiency increase of 2.6 % from increased exhaust
energy and IMEP is possible using two injectors with a flat
bowl in the DCEE concept
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Abbreviations

ATDC After top dead center

BDC Bottom dead center

CAS50 Crank angle degree at which 50 % of the heat is
released

CAD Crank angle degrees

Co, Carbon dioxide

Cylinder Wall Liner, piston and head boundaries

DCEE Double compression expansion engine

EXMEP Exhaust mean effective pressure

HCCI Homogenous charge compression ignition

IMEPg Gross indicated mean effective pressure

IMEPn Net indicated mean effective pressure

N, Nitrogen

0, Oxygen

PPC Partially premixed combustion

RANS Reynolds averaged Navier-Stokes

RCCI Reactivity controlled compression ignition

RoHR Rate of heat release

So1 Start of injection

TDC Top dead center
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HIGHLIGHTS

« In-line fuel injection pressure and spray penetration is higher with all biodiesel blends.

« Chance of wall impingement is to be critical with B20 but more with B25, B50, and B100.
« Ignition delay and rate of pressure rise decreased with all biodiesel blends.

« NOx emission increases with all biodiesel blends (B20: 15.6% and B100: 22.8%).

« B15 is the optimum blend based on change in NOx emission and no wall impingement.
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A comparative study of effect of different biodiesel-diesel blends (B5, B10, B15, B20, B25, B50 and B100)
on injection, spray, combustion, performance, and emissions of a direct injection diesel engine at constant
speed (1500 rpm) was carried out. The penetration distance increased with increase in percentage of bio-
diesel in diesel due to enhanced in-line fuel pressure. The simulation results indicate the spray penetra-
tion with biodiesel-diesel blend up to B15 does not lead to wall impingement but B20 is to be a critical
limit of wall impingement (within uncertainty +1.3%). However, it is observed clearly from the simulation
results that probability of wall impingement is more with higher blends (B25, B50 and B100). The ignition
delay period decreased with all biodiesel blends due to higher cetane number resulting in less rate of
pressure rise and the smooth engine running operation. The engine torque does not change significantly
with biodiesel-diesel blends up to 20% (B20). However, the torque reduction is about 2.7% with B100 at
the rated load. Carbon monoxide (CO), hydrocarbon (HC) and smoke emissions decreased with all biodie-
sel-diesel blends. However, oxides of nitrogen (NOx) emission increased in the range of 1.4-22.8% with
all biodiesel-diesel blends at rated load due to oxygenated fuel, automatic advance in dynamic injection
timing (DIT), higher penetration and higher in-cylinder temperature. A notable conclusion emerged from
this study is the optimum biodiesel-diesel blend based on no wall impingement (B15: 0% and B20 +1.3%
uncertainty limit) and increase in NOx emission (B15: 4.1% and B20: 15.6%) in a conventional (unmodi-
fied) diesel engine is up to B15.
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1. Introduction

The main driving force behind the implementation of biodiesel
in diesel engines is due to enhancement of fuel quality, self reliance
of energy need, and boosting of rural economy. The higher cetane
number of Karanja biodiesel (CN:58) could provide the easy starting
of the engine, lesser white smoke, shorter ignition delay, less
probability of knocking and smooth running of diesel engine as

* Corresponding author. Tel.: +91 11 26591247; fax: +91 11 26581121.
E-mail address: subra@ces.iitd.ac.in (K.A. Subramanian).

http://dx.doi.org/10.1016/j.fuel.2014.09.036
0016-2361/© 2014 Elsevier Ltd. All rights reserved.

compared to base diesel [1]. The sulfur and aromatics in biodiesel
are lower as these properties would affect on formation of particu-
late matter in diesel engines. However, the bulk modulus is higher
with biodiesel (1500 MPa) than base diesel (1350 MPa) as this prop-
erty indicates the compressibility of the fuel that would effect on
injection characteristics of diesel engines. In a diesel engine, the fuel
spray characteristics which deal the interaction of the injected fuel
with the surrounding hot air during ignition delay period and com-
bustion, is mainly dependent on injection characteristics such as
injection delay, in-line fuel injection pressure, dynamic injection
timing (DIT), in-cylinder injection duration and injector nozzle con-
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figuration. The fuel spray characteristics play an important role in
the improvement of combustion and engine performance, because
it influences the mixture formation process of fuel with air in the
engine cylinder [2]. Some information on diesel fuel spray charac-
teristics is available in literature. However, information on biodiesel
spray is scanty.

1.1. Injection and spray characteristics of a diesel engine using
biodiesel-diesel blends

Diesel engine process including injection, spray, mixing, igni-
tion and combustion influences its performance and emission
characteristics. Among these processes, injection and spray process
are important as they are affected by the quality of fuel, resulting
in alteration of combustion characteristics of diesel engines. As
biodiesel has a different physico-chemical property (density, vis-
cosity, distillation properties, bulk modulus, surface tension, etc.)
as compared to base diesel, its effect on the injection [3] and spray
characteristics of the engine need to be studied in order to find
scopes for solving these problems.

Fuel injection system plays a vital role on enhancing engine effi-
ciency and emission reduction of the modern diesel engine [4]. The
injection characteristics of a diesel engine include injection delay,
static injection timing, DIT and injection duration. The duration of
injection delay is defined as the duration between DIT and static
injection timing. DIT is defined as the actual injection timing where
the fuel is started to inject into the cylinder. The fuel-injection pro-
cess isimportant as it influences fuel spray characteristics (break-up
length, spray cone angle, sauter mean diameter (SMD), penetration
and air entrainment) and mixture formation process [2].

The numerical analysis of injection characteristics using biodie-
sel-diesel blends (B25, B50, B75 and B100) was carried out by Kegl
and Hribernik [5] and Kegl [6]. They reported that the DIT advanced
whereas injection duration and in-line pressure increased with all
biodiesel-diesel blends. The process of atomization and fuel-air
mixing rate could be enhanced by increasing the in-line fuel injec-
tion pressure [7]. However, it may increase penetration distance
which results in more probability of wall impingement. National
Renewable Energy Lab (NREL), USA reported that the automatic
advance in injection timing is due to higher bulk modulus of biodie-
sel (1500 MPa) than diesel (1350 MPa) as it implies the compress-
ibility of the fuel [8]. The bulk modulus of biodiesel is higher than
base diesel resulting in significant increase in in-line fuel pressure.
The fuel spray penetration distance increases with increase in the
in-line fuel pressure resulting in increase of probability of wall
impingement [9]. It may be noted that wall impingement is one of
the main durable issues of a diesel engine that needs to be reduced.
It could be reduced mainly by reducing the penetration distance.

Fuel quality parameters including viscosity, density, and surface
tension influence the spray characteristics of diesel engines. High
viscosity and surface tension of biodiesel increase SMD, which
affects fuel atomization [7]. Gao et al. [10] studied the spray char-
acteristics of three biodiesel fuels (Jatropha, palm and used fried
oil). SMD and spray penetration increased with increasing percent-
age of biodiesel in diesel but the spray cone angle decreased result-
ing in poor atomization. It may be noted that the injection
characteristics alter fuel spray and combustion which influence
performance and emission characteristics of diesel engines for bio-
diesel-diesel blends. Hence, injection characteristics are a central
theme of design of a diesel engine for biodiesel utilization.

1.2. Combustion characteristics of a diesel engine using biodiesel-
diesel blends

The combustion characteristics are one of the important tools to
optimize performance and emission characteristics of diesel

engines. Due to different properties of diesel and biodiesel, both
fuels exhibit different combustion characteristics with respect to
change in engine load. The main aim of optimization of fuel spray
characteristics is improvement of mixture formation process
which influences auto ignition and combustion process of diesel
engines [11,12]. Biodiesel fuel comprises of 10-11% oxygen (by
weight) which would enhance the heat release rate during com-
bustion and reduces emissions (CO, HC, and Smoke/PM) signifi-
cantly except NOx [13-15]. Combustion with biodiesel fueled
diesel engine starts earlier at advanced dynamic injection timing
due to higher bulk modulus. The peak rate of pressure rise is lower
for biodiesel due to shorter ignition delay [16]. As high ignition
delay leads to high rate of pressure rise, some extend to knocking,
noise and NOx emission, it is necessary to lower the ignition delay.
So, the combustion characteristics such as ignition delay, start of
combustion, rate of pressure rise, etc. of a diesel engine for Karanja
biodiesel-diesel blend need to be studied in detail in order to find
the scopes for further improvement of the performance and emis-
sion reduction.

1.3. Performance and emission characteristics of a diesel engine using
biodiesel-diesel blends

Biodiesel has low carbon content than diesel fuel (Diesel: 87
and Biodiesel: 77.2 wt.%). Hence, biodiesel fueled diesel engines
will emit lower carbon based emissions than base diesel. Graboski
and McCormick [17] studied the performance and emission char-
acteristics of a diesel engine fueled with biodiesel-diesel blends
(B10, B20, B30, B50 and B100) as compared to base diesel. The
results indicated that CO, HC, PM, smoke and Poly-Aromatic
Hydrocarbon (PAH) emissions decreased with the biodiesel-diesel
blends whereas brake specific fuel consumption (BSFC) and NOx
increased significantly [ 18,19]. Rakopoulos et al. [20] reported that
the BSFC increases with the oxygen enrichment in the fuel but it
does not affect with oxygen enrichment in the intake air. The per-
centage of torque reduction was reported as 0.85%, 1.25%, 2.33%
and 5.90% with B20, B35, B65 and B100 respectively.

Experimental investigation was carried out to study the perfor-
mance and emission characteristics of a diesel engine fueled with
different percentages of karanja biodiesel-diesel blends (B5, B10,
and B15) [21]. They concluded that B10 (karanja biodiesel-diesel
blend) is the optimum blend for diesel engines. However, Mahanta
et al. [22] concluded that B15 and B20 could be the optimum in
terms of fuel efficiency and power developed. However, the opti-
mum biodiesel-diesel blend would depend on particular feedstock
[23,24]. It was reported that the appropriate biodiesel-diesel blend
required for ensuring the optimum performance and low emission.
As biodiesel is produced from different feed stocks, the physico-
chemical properties of biodiesel will vary with the feed stock
[25]. Lin et al. [23] reported the effect of biodiesel's feedstock on
a diesel engine performance. They studied engine performance
characteristics with biodiesel derived from different feed stocks
including soybean oil methyl ester (SOME), peanut oil methyl ester
(PNOME), corn oil methyl ester (COME), sunflower oil methy! ester
(SFOME), rapeseed oil methyl ester (ROME), palm oil methyl ester
(POME), palm kernel oil methyl ester (PKOME), and waste fried oil
methyl ester (WFOME), and these results were compared with
base diesel as given in Table 1. In general, they reported that car-
bon, hydrogen, oxygen, and sulfur content will influence the calo-
rific value of a fuel and hence, it would also influence the engine
performance and emission characteristics. Similarly, the combus-
tion, performance and emission characteristics of a diesel engine
fueled with biodiesel derived from wasting cooking oil were com-
pared with base diesel [26,27]. The chance of wall impingement
will be more for biodiesel fueled diesel engine due to higher injec-
tion pressure. Hence, the optimum biodiesel-diesel blend has to be
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Table 1

The experimental results of the engine performance and exhaust emissions from different feedstock fuels [23].
Item PD SOME PNOME COME SFOME ROME POME PKOME WFOME
BSFC(g/M]) 63.5 7.7 711 69.9 69.5 711 72.7 728 72
Power (kW) 722 718 713 718 732 725 7.28 72 7.14
Smoke (%) 22 9 11 10 9 10 9 6 11
NOx (ppm) 466 566 555 564 570 587 548 492 555
THC (ppm) 178 131 138 132 129 135 124 119 134
EGT (°C) 405 397 398 401 402 401 392 387 394

selected based on change in NOx emission and minimum probabil-
ity of wall impingement. Therefore, the present study is aimed at
the optimization of biodiesel-diesel blend based on injection,
spray, combustion, performance and emission characteristics of a
diesel engine.

2. Experimental details

A test diesel engine (single cylinder, four strokes, air cooled,
constant speed (1500 rpm) with maximum power output of
7.4 kW (Swept volume: 947.38 cc; compression ratio: 19.5:1; noz-
zle diameter: 0.19 mm)) was used for the study (Fig. 1). The engine
was equipped with cam-shaft driven fuel injector (mechanical fuel
injector). An eddy current dynamometer was used for loading the
engine. A piezoelectric strain gauge pressure transducer was
mounted on the fuel line for measurement of in-line fuel pressure.
A piezoelectric transducer was mounted (as flush mounted) in the
cylinder head for in-cylinder pressure measurement (Measuring
range: 0-250 bar, sensitivity: 45p C/bar and linearity: <+0.3%).
The crank angle encoder was mounted on the engine shaft for
crank angle measurement with an accuracy of 0.05° CA. AVL indi-
com system comprised of in-built charge amplifier and data acqui-
sition system was used for acquiring of pressure-crank angle data.
The injection signals were processed using the system with the sig-
nal amplifier. The engine speed (1500 rpm) was maintained as con-
stant throughout the tests. CO, CO, and HC emissions were
measured using AVL Di-gas analyzer (Measurement principle:
Infrared measurement). NOx emission was measured using CLD
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1: Engine, 2: Dynamometer, 3. Shafl, 4: Surge tank, 5 Air
filter, 6: Intake manifold, 7. Ezhaust manifold, 8: Five gas
analyzer, 9: Smoke meter, 10: Crank angle encoder, 11: Fuel in-
line pressure sensor, 12: In-cylinder pressure sensor, 13: Charge
amplifier, 14: Data acquisition system, 15: Computer, 16:
Injector, 17: Engne bed.

Fig. 1. Experimental set-up.

analyzer (linearity: £1%). Smoke opacity was measured using AVL
smoke meter (Accuracy: 1%, measuring range: 0-100% Opacity).
The Karanja methyl ester (biodiesel) was prepared in a laboratory
scale and the biodiesel of 5%, 10%, 15%, 20%, 25%, 50% and 100% (B5,
B10, B15, B20, B25, B50 and B100) by volume was blended with
base diesel (Bharat stage IV (equivalent of Euro 1V)). The physico-
chemical properties were measured (density, viscosity, flash point,
cloud point, pour point, and calorific value) whereas other physico-
chemical properties such as thermal conductivity, surface tension
and latent heat of fuels were taken from National Renewable
Energy Laboratory (NREL) and BP websites (Table 2).

Experimental tests were conducted on the diesel engine in-
order to assess injection, combustion, performance and emissions
of the engine for base diesel and biodiesel-diesel blends. Each test
was repeated at least three times to confirm the accuracy of mea-
sured data.

The measured injection and combustion characteristics (Injec-
tion duration, In-line fuel pressure, In-cylinder pressure) were
given as input to the spray models/correlations. The measured
swirl ratio of 2.20 was taken into account for calculation of spray
characteristics. The spray characteristics are analyzed with respect
to crank angle per cycle. The models, which are selected for calcu-
lating the spray characteristics for the present study, are based on
our previous work published in literature [2]. These spray models
are optimized/selected based on available measured data in the lit-
erature for spray characteristics. Furthermore, these selected mod-
els are also used by many researchers to calculate biodiesel spray
characteristics. Even though the spray characteristics could be cal-
culated with more accurate during the ignition delay period, it is
very difficult to predict the spray characteristics after the start of
combustion. The reasons could be due to fuel spray interaction
with air at very high temperature, high pressure and unpredictable
air motion (high velocity) resulting to complexity in nature of mix-
ture formation with unburned reactant and burned product during
the diffusion combustion phase. Wall impingement is defined that
it would occur when the spray penetration distance is higher than
the available length between piston bowl surface and nozzle tip. A
study of probability wall impingement based on spray penetration
and piston bowl motion with respect to crank angle was carried
out. Spray penetration with respect to crank angle was calculated
using model. Wall impingement would occur when the spray pen-
etration is higher than the available length between piston bowl
surface and nozzle tip. The volume of cylinder with respect to
crank angle was calculated using Eqgs. (1)-(4). From the known dis-
placement volume, the stroke length can be calculated as given in
Eq. (5). Injector angle was measured to predict the inclined length,
i.e. actual distance from injector nozzle tip to piston bowl depth
(Fig. 2) with respect to crank angle.

Vi Va+V.
LA A W
dengzxL @)

where r.=Compression ratio, D=Cylinder bore and L= Stroke
length
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Table 2

Physico-chemical properties of diesel and biodiesel blends.
Property Diesel B5 B10 B15 B20 B25 B50 B100
Density (kg/m*) 8215 823.1 827.5 8313 835.6 838.9 860.7 893.6
Viscosity (cSt) 264 265 2.66 2.69 271 275 35 5.8
Flash point (°C) 76 85 96 101 110 117 129 147
Cloud point (°C) 6.5 72 8.3 9.1 10 10.3 11.1 13.6
Pour point (°C) 3.1 35 3.8 43 45 48 53 6.7
CV (MJ/kg) 44.05 4389 4325 4290 42.60 42,00 4173 40.750
Thermal condu. (W/mK) 0.061 - - - - - - 0.018
Surface tension (N/m) 0.023 - - - - - - 0.028
Latent heat (k]/kg) 250 - - - - - - 181

Bottom surface
of cylinder head Needle

Injector nozzle holes
Volume above piston

impingement

No probability of wall

Fig. 2. Occurrence of wall impingement on the surface of piston bowl.

Cylinder volume (V) at any crank angle position ¢ can be calcu-
lated using Eq. (6).

Vo=Ve+ [" );DZ(HG—S)] 3)

12

P — a? x sin® 0) (4)

where s = a x cos0 + (
The available length (L,) between the nozzle tip to piston sur-
face can be calculated using V, as given in Eq. (5).
4 xV,
L= 5
T A xD? ®
The sum of bowl depth (B;) and L, is known as total length (L,)
as given in Eq. (6).

L=Ly+B (6)

The maximum available inclined length (w) can be calculated
using Eq. (7). The entire representation of wall impingement is
shown in Fig. 2.

.
~ cos(0iny)

@

The actual maximum available length (w) can be found from the
distance between nozzle tip to bowl depth. If ‘w’ is greater than
spray penetration (w>S), wall impingement does not occur,
whereas ‘W' is lesser than spray penetration (w < S), the probability
of wall impingement would be more. If ‘W’ is equal to spray pene-
tration (w =S), it is a critical condition.

3. Results and discussion

3.1. Analysis of injection characteristics for different biodiesel-diesel
blends with comparison of base diesel

Figure 3 shows that the injection delay is lower with all biodie-
sel-diesel blends than base diesel due to lesser compressibility of
biodiesel (higher bulk modulus) resulting in automatic advance-
ment in dynamic injection timing (DIT). As the duration of injec-
tion delay decreased from 5.6° CA with base diesel to 5.5°, 5.4°,
5.3¢°,5.2°,5.1° 5° CA with B10, B15, B20, B25, B50 and B100 respec-
tively, DIT advanced from 0.4° CA before top dead center (BTDC)
with base diesel to 0.5°, 0.6°, 0.7°, 0.8°, 1.1° and 1.5 CA BTDC with
B10, B15, B20, B25, B50 and B100 respectively. However, there is
no change in injection delay and DIT with B5. The drastic advance-
ment can be observed from the figure for higher blends (B25, B50
and B100). It may be noted that bulk modulus is function of density
(B5: 823.1, B10: 827.5, B15: 831.3, B20: 835.6, B25: 838.9, B50:
860.7 and B100: 893.6 kg/m?) and square of sound velocity result-
ing in higher bulk modulus of biodiesel. In general, the advanced
DIT generally leads to higher NOx emission.

The in-line fuel injection pressure increases with increase the
percentage of biodiesel in diesel. It may be noted that the in-line
fuel pressure fluctuates as the pressure waves generated by the
mechanical injection pump propagates more rapidly toward the
injector [15]. Bulk modulus is the ratio of pressure (dP) and volu-
metric strain (dV/V). If the volumetric strain (dV/V) is constant,
the pressure (dP) is directly proportional to bulk modulus (B).
Similarly, the peak in-line fuel injection pressure of all biodiesel-
diesel blends (B5: 484.28, B10: 487.62, B15: 490.85, B20: 495.45,
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Fig. 3. Comparison of injection delay and DIT for base diesel and biodiesel blends.

B25: 493.48, B50: 496.32 and B100: 505.9 bar) is higher than base
diesel (Diesel: 472.31 bar). In order to maintain same power out-
put, the fuel flow rate needs to be enhanced more. The enhanced
fuel flow rate may be one of the reasons to increase in-line fuel
injection pressure with biodiesel-diesel blends.

The high in-line fuel pressure for biodiesel-diesel blends
increases spray penetration distance which is discussed in latter
section. The in-cylinder fuel injection duration is higher with all
biodiesel-diesel blends than base diesel. In order to maintain same
power output, the fuel flow rate needs to be enhanced more. The
increased injection duration would affect performance characteris-
tics of the engine mainly torque, BSFC and combustion characteris-
tics negatively. The injection duration increases from 10.2° CA with
base diesel to 10.5°, 10.7°,10.8°, 10.9°, 11°, 11.2° and 11.4° CA with
B5, B10, B15, B20, B25, B50 and B100 respectively at the rated load.
The percentage change in injection duration is in the range of 5-
10% for B20 to B100 whereas it is less than 5% up to B15. Hence,
injection system including injection timing, plunger diameter,
number of nozzle holes and its size and nozzle opening pressure
has to be optimized for the overcoming of the problem of increased
mass flow rate of biodiesel blends.

3.2. Analysis of spray characteristics for different biodiesel-diesel
blends and base diesel

3.2.1. Spray break-up length (L)
The break-up length (BUL) is calculated using Hiroyasu-Arai
model as shown in Eq. (8).

f’ 0.5

L, =158 x (4) x Dy, (8)
l a

where p is liquid density (kg/m?), p, is air density (kg/m?), D, is

nozzle diameter (m).

As the density of biodiesel blends (B100: 893.6 kg/m?) is higher
than base diesel (821.5 kg/m?), the break-up length for B100 fuel is
higher than base diesel (Fig. 4(a)). The peak break-up length is
higher with B100 (13.9mm) as compared to base diesel
(13.5 mm) at the rated load. There is no change in break-up length
with biodiesel-diesel blend (B5 to B20) as the values are within
uncertainty limit (+1.3%) whereas there is a significant increase
with B25, B50 and B100 blends. Break-up length preferably should
be less whereas higher break-up length leads to the poor air
entrainment into the fuel spray.

3.2.2. Spray cone angle (0)
The spray cone angle (SCA) is calculated using Reitz model as
given in Eq. (9).

05 05
tan [g] = (%) X4 X T x <%> X (3?) 9)
where A =3 + (%—GD#

The spray cone angle (0) for biodiesel-diesel blends is lower
than base diesel due to higher density of biodiesel-diesel blends
than base diesel (Fig. 4(b)). At the end of spray, the spray cone
angle is more divergent could be due to the momentum of spray
decreases from upstream (injector tip) to downstream (spray
tip). The peak spray cone angle decreased from 17.5° with base die-
sel to 16.8° with B100 at the rated load at 10° CA ATDC. It may be
due to higher density and viscosity of biodiesel. At same spray pen-
etration distance, if spray cone angle decreased, air entrainment
would be less resulting to poor mixture formation. Even though
biodiesel blend has higher in-line fuel pressure, spray cone angle
does not change significantly with biodiesel because of spray cone
angle is influenced mainly by fuel quality (density and viscosity).

3.2.3. Sauter mean diameter (SMD)

Sauter mean diameter is the average diameter of droplet that
has same volume to surface area ratio as that of the total spray.
The average diameter of droplet is used to describe the quality of
atomization and SMD is a main input to calculate other spray char-
acteristics. Hiroyasu model was used to calculate SMD (X3) as
given in Egs. (10)-(12).

X2 = Max(X53, X55) (10)

054 0.18
XL = 4.12 x D, x Re%'2 x We™75 x (ﬂ) x (1’1) 1)
Ha Pa

037 047
XU = 0.38 x Dy x Re®?® x We °32 (ﬂ) x (ﬂ) (12)
Ha Pa
where Re and We is Reynolds and Weber number, 14 and p, is fuel
and air viscosity (Pa s).

SMD is higher for the biodiesel-diesel blends than that of base
diesel fuel and this is due to the higher density, viscosity and sur-
face tension of biodiesel-diesel blends (Fig. 5). The change of
increase in SMD up to B15 blend is within uncertainty limit
whereas SMD increased beyond B20 blends. The Weber number
is important parameter for SMD and it is function of density and
surface tension. As the surface tension is higher with biodiesel
[28], Weber number would be lower. Hence, lower Weber number
would give larger SMD with biodiesel. A sharp peak of SMD is
observed for B100 at 2° CA ATDC and it is due to change in in-line
fuel pressure at particular crank angle. At the end of spray, SMD
increases significantly during 9-11° CA ATDC due to decrease in
in-line pressure. The larger SMD deprived the mixing rate of air
and fuel.

3.2.4. Spray penetration

Spray penetration calculated using Hiroyasu-Arai model is
shown in Egs. (13), (14) as these equations were used by other
researchers to calculate the spray penetration distance of a diesel
engine for biodiesel-diesel blends. The penetration distance with
respect to crank angle is calculated using input of measured in-line
fuel pressure, in-cylinder pressure, injection duration, nozzle
diameter and air density for the biodiesel-diesel blends and the
results are compared with base diesel. It is observed from the
results that the penetration distance increased with all biodiesel-
diesel blends (Fig. 5). The peak penetration distance increased from
34.24 mm with base diesel to 34.4, 34.8, 35.1, 36.28, 36.6, 36.9 and
37.5 mm with B5, B10, B15, B20, B25, B50 and B100 at the rated
load. The change in increase of spray penetration is lower than
5% up to B20 blend whereas it is higher for B25, B50 and B100.

49



542 S. Lahane, K.A. Subramanian/ Fuel 139 (2015) 537-545

——Diesel .c.B5  ===B10 = =B15 ——Diesel .c.B5  ===B10 = = B15

144 - 178

-.B% —.B2% —-BS0 — B100
N 14.2 176 4 =
. E—3 @
ulE 7415
= a
ws. g 7218
€ 1719
164§ 2
= 168 | <
18412 1661 6
13248 184 1%
349 : . E
~~< J

Load: 100 % % 4 Load:100% 1621 &

128 16

2 o0 2 4 & 8 10 12 14 2 0o 2 4 & 8 10 12 14
Crank angle Crank angle
(a) (b)

Fig. 4. Variation of (a) break-up length and (b) spray cone angle for base diesel and biodiesel blends.
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Fig. 5. Variation of SMD and spray penetration for base diesel and biodiesel blends.

In case of B100 at 2° CA ATDC, sudden drop was observed for pen-
etration. It is mainly due to drop in in-line fuel pressure at 2° CA
ATDC. At the downstream of the spray (tip), penetration decreases
due to lesser momentum toward downstream. The higher penetra-
tion is beneficial for air entrainment but it may lead to wall
impingement [29].

AP 025
§=295x (7) x (Dp x £)** for t >ty (13)

a

05
5:0.39><(2x[;—,)) xt fort<t (14)
where S is spray penetration (m), t is injection time (s) and ¢, is
break-up time (s).

3.2.5. Air entrainment

Air entrainment is defined as the process of air drawn into the
fuel spray. Air entrainment calculated using Rakopoulos model/
correlation is given in Eq. (15). Air entrainment is calculated with
respect to crank angle using input of calculated spray cone angle,
penetration and air density.

0 2
mg = (g) X (tan <§)) x §? x Pa (15)

It is observed from the results that the air entrainment
increased for biodiesel-diesel blends due to higher in-line fuel
pressure resulting in higher penetration distance as compared to

base diesel (Fig. 6). In case of B100, air entrainment suddenly drops
at 2° CA ATDC as it is mainly due to sudden drop in in-line fuel
pressure resulting in drop in penetration at particular crank angle.
At the end of the spray, air entrainment decreased due to decrease
in penetration distance. In general, as the spray cone angle
decreased, air entrainment also decreased. The net result is in
increased air entrainment as the penetration distance is more
influencing parameter to increase in air entrainment than spray
cone angle.

3.2.6. Wall impingement

Spray wall impingement is also an important post process in
spray combustion. It is observed from the simulation study that
the probability of wall impingement is more with higher biodie-
sel-diesel blends (B25, B50 and B100). This is due to increased pen-
etration distance. The distance between nozzle tip and piston bowl
decreases as piston moves toward top dead center and vice versa.
The distance between nozzle tip and piston bowl depth (0-1) is
shown in Fig. 7. The distance ‘0-1" is the highest distance as com-
pared to the distance ‘0-2’ and ‘0-3". The distance ‘0-1" is consid-
ered for all calculations. When piston moves toward the top dead
center (TDC), there may be a probability of fuel impingement on
piston bowl at points ‘3' and ‘2’ due to shorter distance of ‘0-2'
and ‘0-3". The general mathematical form of wall impingement is
explained in our study that was used to calculate the wall impinge-
ment [9]. There is no wall impingement for base diesel, B5, B10,
B15 and B20 as shown in Fig. 7. As the uncertainty limit of penetra-
tion is +1.3%, there may be a probability of wall impingement with
B20. However, wall impingement was observed clearly with higher

Load:100 %

Air Entrainment (mg)

-2 0 2 4 6 8 10 12
Crankangle

Fig. 6. Variation of air entrainment for base diesel and biodiesel blends.
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biodiesel-diesel blends such as B25, B50 and B100. For B100, wall
impingement is observed from 3° CA ATDC to 5° CA ATDC whereas
for B25 and B50, it is observed from 3.8° CA ATDC to 4.3° CA ATDC.
The wall impingement problem can be overcome by optimizing the
nozzle hole size (diameter) and number of nozzle holes [29].

3.3. Analysis of combustion characteristics for different biodiesel-
diesel blends and base diesel

Ignition delay, premixed combustion, mixing controlled (diffu-
sion) combustion and late burning combustion are the vital param-
eters of combustion in diesel engines. The liquid fuel injected into
the combustion chamber of an engine undergoes a set of physical
and chemical process such as atomization, evaporation and mixing
with air entrained into the spray. Ignition occurs in the periphery
of the spray depending on the temperature and pressure of the
in-cylinder air. The ignition delay was found lower with all the bio-
diesel-diesel blends (B5: 3.2°, B10: 3.2°, B15: 3°, B20:2.9°, B25:
2.8°, B50: 1.7° and B100: 1.6° CA) as compared to base diesel
(3.4° CA) due to higher cetane number of biodiesel. The start of
combustion advanced for all biodiesel blends (B5: 2.8°, B10: 2.7°,
B15: 2.4°, B20: 2.2°, B25: 2°, B50: 0.6° and B100: 0.1° CA ATDC)
than diesel (3° CA ATDC). It is mainly due to the advance in injec-
tion timing and higher cetane number of biodiesel-diesel blends
which improves the ignition quality.

The peak in-cylinder temperature increased with all biodiesel-
diesel blends (B20: 1742, B100: 1810 K) as compared to base diesel
(1687 K) (Fig. 8). It may be due to advance in DIT resulting in early
combustion process initiated. In addition to this, the presence of
oxygen molecule in biodiesel tends to advance the start of combus-
tion. The comparison of heat release rate (HRR) for diesel and bio-
diesel blends is shown in Fig. 9. The endothermic reaction of fuel
with air initially results in negative heat release rate. HRR is one
of the important tools to optimize any internal combustion engine
parameters. The heat release rate can be calculated using first law
of thermodynamics. The adjustment of ignition delay can control
the premixed combustion phase and this phase is responsible for
NOx formation and knocking. Mixing controlled combustion phase
(diffusion) is responsible for smoke formation. Premixed combus-
tion phase duration increased marginally for all biodiesel-diesel
blends as compared to base diesel. As the premixed combustion
phase duration is higher for biodiesel-diesel blends, it could be
one of the reasons for increase in NOx emission with biodiesel-die-
sel blends. Mixing controlled combustion phase duration increased
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Fig. 8. Variation of in-cylinder temperature for base diesel and biodiesel blends.

marginally with all biodiesel-diesel blends as compared to base
diesel.

The rate of pressure rise decreased with all biodiesel-diesel
blends (B5: 5.9, B10: 5.4, B15: 4.35, B20: 4.3, B25: 4.26, B50:
3.25, B100: 2.2 bar/CA) as compared to base diesel (6.7 bar/CA)
resulting in smoother engine running. The diesel engine with bio-
diesel-diesel blends has lesser ignition delay mainly due to higher
cetane number resulting in lower rate of pressure rise [30]. The
combustion duration is an important tool for optimizing perfor-
mance and emission characteristics of the engine. The combustion
duration is higher with all biodiesel-diesel blends (B20: 87.8° CA
and B100: 89.9° CA) than base diesel (86° CA). The combustion
duration increased marginally for lower biodiesel-diesel blends
(up to B25) whereas it increased significantly for higher biodie-
sel-diesel blends (B50 and B100). It may be due to biodiesel has
lower calorific value results in longer injection duration. In order
to reduce combustion duration, a sustainable technology needs
to be identified such as optimization of injection system and
engine design parameters.

3.4. Analysis of performance and emission characteristics of the diesel
engine for different biodiesel-diesel blends and base diesel

The brake specific energy consumption (BSEC) is calculated
from the brake power output of the engine, calorific value and
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Fig. 7. Wall impingement for base diesel and biodiesel blends.
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Fig. 9. Variation of heat release rate for base diesel and biodiesel blends.

the mass flow rate of the fuel. BSEC increases at lower and the
rated load but it marginally decreases at 50%, 75% and 90% load
(Fig. 10). The BSEC increases at lower load due to lower in-cylinder
pressure and temperature. The BSEC increases with increase the
biodiesel-diesel blends due to biodiesel having higher injection
duration and combustion duration. BSEC increased from 12.7 MJ/
kW-h with base diesel to 17.5 MJ/kW-h with B100 at the rated
load. The increase in BSEC results in lower brake thermal efficiency
(BTE) for biodiesel-diesel blends as compared to base diesel
(Fig. 10). BTE decreased marginally with lower biodiesel-diesel
blends (up to B25) whereas it decreased significantly with higher
biodiesel blends (B50 and B100). It may be mainly due to biodiesel
having higher density, viscosity and surface tension results in poor
atomization and mixture formation (less spray cone angle) with
air. It will lead to slower combustion and lower BTE. BTE at 50%
and 75% loads marginally increased with all biodiesel blends as
compared to diesel (within uncertainty limit). The percentage tor-
que reduction was found to be 0.21, 0.63, 0.84, 0.9, 1.27, 2.33 and
2.76 for B5, B10, B15, B20, B25, B50 and B100 respectively as
shown in Fig. 10. It is clearly seen from the figure that torque
reduction is more for higher blends (B25, B50 and B100) whereas
it is less for BS, B10, B15 and B20.

CO and HC emissions decreased with biodiesel-diesel blends
due to higher oxygen content and lower C/H ratio (Fig. 11). The
cleaner and complete combustion takes place due to oxygen con-
tent in biodiesel fuel which helps to reduce the CO and HC emis-
sions. The automatic advancement of injection timing with
biodiesel will provide more time for mixture formation resulting
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Fig. 10. Comparison of BSEC, BTE and torque reduction for base diesel and biodiesel
blends.
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Fig. 11. Comparison of CO and HC emissions for base diesel and biodiesel blends.

in decrease in CO and HC emissions. CO and HC emissions
decreased from 2.68 g/kW-h and 0.02 g/kW-h with base diesel to
0.5 g/kW-h and 0.005 g/kW-h with B100 respectively at the rated
load.

NOx emission increased from 6.24 g/kW-h with base diesel to
8.07 g/kW-h with B100 (Fig. 12). This is one of the major problems
for use of biodiesel in diesel engine. It is due to fuel containing oxy-
gen (10%), automatic advance in injection timing and its formation
around spray periphery due to larger penetration distance. NOx
emission for lower biodiesel-diesel blends (up to B20) increased
marginally at all loads whereas it increased significantly for higher
biodiesel-diesel blends (B25, B50 and B100) at all loads. At rated
load, NOx emission increased marginally up to B15, but beyond
B15, NOx emission increased significantly. In pump-line-nozzle
injection system, advanced injection timing increases the resi-
dence time of fuel which results in high reaction rate and more
NOx formation. The problem can be overcome using NOx reduction
techniques such as exhaust gas recirculation (EGR), injection tim-
ing optimization, nozzle opening pressure, nozzle size and number
of nozzle holes optimization [29].

Smoke emission decreased drastically with all biodiesel-diesel
blends (B100: 15.4% opacity) as compared to base diesel (51.9%
opacity) as shown in Fig. 12. It decreased due to oxygen content
of the biodiesel molecule, enables more complete combustion even
in regions of the fuel-rich diffusion flames in combustion chamber.
Biodiesel which is an oxygenated fuel provides oxygen in the core
of the spray (rich fuel) during combustion process and hence
enhancing reduction in smoke formation.
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Fig. 12. Comparison of NOx and smoke emissions for base diesel and biodiesel
blends.
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4. Conclusions

The following conclusions are drawn based on experimental
and simulation results of spray, injection, combustion, perfor-
mance and emission characteristics of a diesel engine fueled with
biodiesel-diesel blends with comparison of base diesel.

Dynamic injection timing (DIT) of the engine advanced at all
loads for all biodiesel-diesel blends due to higher bulk modulus
of biodiesel. At the rated load, the DIT advanced from 0.4° CA BTDC
with base diesel to 0.7° CA BTDC and 1.5° CA BTDC with B20 and
B100 respectively. Spray penetration increased with all biodie-
sel-diesel blends (B20: 36.28 mm, B100: 37.5mm) than base
diesel (34.28 mm) due to higher in-line fuel pressure with biodie-
sel. No wall impingement was observed for B5, B10, and B15
whereas wall impingement probability was observed to be critical
for B20 (within uncertainty +1.3%). However, there is more proba-
bility of wall impingement with higher biodiesel blends (B25, B50
and B100) due to higher penetration distance.

Ignition delay and rate of pressure rise (RPR) decreased with all
biodiesel-diesel blends due to higher cetane number of biodiesel
than base diesel. At the rated load, the peak RPR decreased from
6.7 bar/°CA with diesel to 4.3 bar/°CA and 2.2 bar/°CA with B20
and B100 respectively. The reduction of torque was observed sig-
nificantly beyond B20 blends. CO, HC and smoke emissions
decreased drastically from 2.68 g/kW-h, 0.021 g/kW-h and 51.9%
opacity with base diesel to 0.6 g/kW-h, 0.005 g/kW-h and 15.4%
opacity with B100 respectively at the rated load. NOx emission
increased with all biodiesel blends as compared to diesel due to
oxygen content in biodiesel, advancement in DIT, higher penetra-
tion and in-cylinder temperature. NOx emission increased from
6.24 g/kW-h with base diesel to 7.39 g/kW-h and 8.07 g/kW-h with
B20 and B100 respectively at the rated load. The optimum biodie-
sel-diesel blend based on no wall impingement and increase in
NOx emission in unmodified diesel engine is up to B15.
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Abstract

he use of alternative fuels consisting of mineral and

synthetic waste substances such as recycled lubricating

oil blended with diesel is a measure to mitigate the
environmental impact of the fossil fuels. However, to inject
these fuel blends into contemporary engines without changes
to their components, it must maintain or improve the fuel
injection characteristics compared to neat diesel, in order to
maintain or improve the engine performance. In the present
research, the spray parameters of injected fuel, such as length,
angle and atomization particle diameter in terms of the Sauter
mean diameter (SMD), are modeled depending on the char-
acterization of different concentration of the recycled

Introduction

he use of fossil fuels represents around 78% of the

global annual energy consumption; from this, 0.8% of

biomass was used as an alternative fuel exclusively for
transport from 2011 till 2017; while in 2018 an increase of this
share was registered up to 0.9% [1]. Even when this reuse of
vegetable-animal substances can be improved and raised to
reduce the environmental impact being used as alternative
fuels, the process of its transformation into fuel requires a
complex process such as transesterification [2]. Among the
waste substances, which can be transformed into fuel, there
are synthetic and mineral substances such as lubricating oil
that, depending on the population, and industrial growth, are
more likely to become waste. The yield of reuse of lubricating
oil can achieve up to 84%, however, an additional process to
improve its lubricant properties is necessary [3]; while diesel-
like fuel can be obtained as 60% of waste lubrication engine
oil [4]. The use of this substances as a fuel has the advantage
that after only filtration and simple distillation the lubricating
oil can be used as a fuel blend with diesel for small to medium
engines; while in a pure state it can be used as a fully compat-
ible fuel instead of a heavy fuel oil (HFO) for heavy-duty
engines [5].

One of the factors that condition the use of alternative
fuels in order to be implemented as real and lasting alterna-
tives are: the production cost, the ability to get into the
combustion chamber well atomized with the required

© 2018 SAE International. All Rights Reserved.

lubricating oil blended with diesel. It was found that the same
nozzle geometry of the injectors can provide an equivalent
fuel spray performance for different concentrations of these
alternative fuel blends, and that the increase of the recycled
lubricating oil in the fuel blend reduced the wear of the needle
and nozzle of the injector. The densities and viscosities
between each fuel type are very similar and any correction of
injection duration or pressure is not required. Due to simple
distillation and blending process, alternative and environ-
mentally friendly fuel blends can be obtained to reduce the
combustion of fossil diesel and reuse waste pollutant
substances as a sustainable and immediately applicable
solution for modern engines and fuel injection systems.

quantity, length and angle of the spray, and reduced wear or
damage possibilities like lack of lubrication capacity. Based
on this, the present research focuses on the study of diesel
blended with recycled lubricating oil, obtained by simple
distillation with a yield of 50% under laboratory conditions,
with a higher yield expected with the proper industrial
process. The characterization of the studied fuel blends with
recycled lubricating oil reveals small variations compared to
neat diesel, that means high compatibility to be used as an
alternative fuel. Finally, the durability of the fuel injection
system, was higher, because of reduced wear under the effect
of the lubricating action in the fuel blends, as the mass of the
needle and nozzle of the tested injectors revealed, after endur-
ance tests were performed.

The characterization of five fuel blends of diesel and
recycled lubricating oil were compared to diesel, in order to
evaluate the spray parameters depending mainly on the
density and viscosity of each fuel blend.

Earlier investigations of biofuels showed that the difficul-
ties of the fuel atomization due to higher viscosities are
controlled with higher injections pressures [6], higher fuel
consumption due to higher fuel densities are controlled by
reducing the injection advance [7]; while in the present
research, the goal is to offer fuel blends based on recycled
lubricating oil with full compatibility without changes in the
engine components or in the engine operation settings, to
be used as substitutes of the neat diesel.
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The present research analyzes the spray parameters of a
common rail injector in terms of the injected quantity of fuel,
with the use of alternative fuels from waste synthetic mineral
substances as recycled lubricating oil, without any change in
the engine components or control parameters of the fuel injec-
tion; later it will be compared with the use of neat diesel.

The recycling of lubricating oil to be reused as a fuel blend
allows to effectively handle two issues: the first one is to
minimize the disposal and re-refining process of waste
substances, and the second one is to reduce the use of fossil
fuels with fuel blends based on recycled waste substances. This
approach can be successfully implemented, when the proper-
ties of the alternative fuel blends allow to maintain the spray
parameters and delivered fuel quantity in equivalent ranges,
between each fuel type and neat diesel, as the agreement of
the calculated and experimental results of the present
research reveals.

It is necessary to evaluate the effect of the fuel properties
on the spray parameters that influence on the atomization
and penetration characteristics of alternative fuel blends.
There is a variety of sources and procedures to produce alter-
native fuels [8, 9], but it is fundamental that they can
be injected into the engine to produce a performance equiva-
lent or better than neat diesel.

Main Section

Materials and Equipment

The experimental characterization of five different concentra-
tions of fuel blends consisting of diesel with recycled lubri-
cating oil varying from 5% up to 25% (in terms of volume),
gives the values of each property that condition the spray
parameters of the fuel injection.

The fuel properties, such as density and viscosity, vary
with temperature. For this reason, due to experimental and
mathematical modeling, the values in the Table 1 were
corrected to 37.8 °C [10], measured and calculated accordingly.

The characterized fuel was tested in a common rail test
bench equipped with a diesel injector, able to control the rail
pressure and injection duration into small periods, in order
to perform tests under idle, pre-injection and main injection

conditions (Table 2, Figure 1).

TABLE 2 Test bench specification and operation settings.

Manufacturer
Model

Power supply
Control system

Injection duration and pressure
at idle condition

Injection duration and pressure
at pre-injection condition
Injection duration and pressure
at main injection condition

Temperature of the tested fuels
Volume measurement accuracy

Speedmaq
S200i
220-380 V

Microcomputer to control the
rail pressure and injection
duration

0.35 s @ 300 bar
0.10s @ 800 bar

0.70s @ 1000 bar

40 °C max.
+0.5mL

IGEIEEEN Injector assembly in the test bench.

© SAE International

TABLE 1 Properties of the diesel and fuel blends consisting of different diesel and recycled lubricating oil concentrations. *Values
measured experimentally at 15.55 °C and corrected to 37.8 °C [10]. **Values measured experimentally. ***Calculated values.

Fuel type Diesel LS
Density @ 37.8 °C [kg/m*]* 834.197 832.808
Kinematic viscosity @ 37.8 °C [cSt]** 4.02 4.07
Dynamic viscosity@ 37.8 °C [cP]*** 3.353 3.390
Flash point [°C]** 62.3 63.4
Cetane number*** 51.8 52.98
Heat value [MJ/kg]** 42.7817 42.7982
Superficial tension [N/m] @ 35 °C 0.0258 0.0260

L10 L15
832.808 827.818
4.09 416
3.406 3444
531 52.0
54.02 54.02
42.7986 42,7986
0.0260 0.0270

(1] L25
827.818 828.648
4.25 4.75
3.518 3.936
48.3 478
55.03 55.03
42.8453 42,8453
0.0270 0.0270

© 2018 SAE International. All Rights Reserved.
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The tank of the test bench must be cleaned refilled and
cooled to test each fuel type. The temperature of the tested
fuels was maintained at 38 °C by a radiator that maintained
the temperature variation up to +1 °C.

The testing common rail injector specified in Table 3, is
used for locomotive applications in a 4-stroke diesel engine
(Table 4) and is able to perform multiple injections. In the
present research, the injector performed pre-injection and
main injection, as allowed by the test bench.

In order to make a proper and accurate calculation of the
atomized fuel drops in terms of the Sauter mean diameter
(SMD) (Eq. 5), theair properties correspond to the conditions
inside of the combustion chamber at the end of the compres-
sion stroke and beginning of the injection, making reference
to ideal gas law, as detailed in Table 5

TABLE 3 Injector specification. *Reference value.

Injector manufacturer Bosch GmbH
Injector type Common Rail
Injector mode! 095000652
Nozzle hole size [mm] 0.21

Nozzle hole length [mm]* 0.5

Nozzle hole angle [°] 155

Nozzle hole number [-] 8

Nozzle hole discharge coefficient* 0.85

TABLE 4 Engine specification and fuel injection conditions.
*Referential value.

Engine manufacturer Hino

Engine type Diesel, four-cycle, four-cylinder in
line, overhead valve, water cooled

Engine model NO4C US

Power 110 kW @ 2500 rpm

Torque 420 Nm @ 1400 rpm

Bore [mm] 104

Stroke [mm] 18

Piston displacement [cm*] 4000
Fuel injection system Electronic control, common rail
type

Air intake system Turbo intercooled

Specific fuel consumption 210
[gr/kW h]*
Injection duration [°]* 225

Injection pressure range [bar]* 300-1000

TABLE 5 Air properties. *Calculated values with the ideal gas
law. **Values from Willi Bohl, Wolfgang ElImendorf [11].
Density @ 915 K & 61 bar [kg/m3]* 23.23
Dynamic viscosity @ 915 K & 61 bar [cP]** 0.039
© SAE International
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Mathematical Formulation

The quality of the process of the fuel injection into the cylinder
depends on the optimal diameter and geometry of the nozzle
spray holes. Based on the equation to calculate the flow
through a nozzle (Eq. 1) [14], the equation to determine the
diameter of the spray holes (Eq. 2) can be expressed as a
function of the specific fuel consumption, engine power,
number of cylinders, injection duration, 4-stroke engine
factor, number of nozzle holes, discharge coefficient of the
nozzle holes, injection pressure, the pressure corresponding
to the compression stroke and the density of the fuel.

Q=;-a- I% )

4~3Fc.ﬂ.3tﬂ.,(
D,= £t -
n-C HJM
p

The terms composed by the specific fuel consumption
(SFC), the engine power (Pot), number of engine cylinders (z)
and duration of the injection (t;;) in Eq. 2 represent the rate
of flow (Q) in the Eq. 1; while the area (A) of the nozzle in the
Eq. 1, isexpressed in terms of the diameter of the nozzle hole
(Dn) and the number of nozzle holes (n) in the Eq. 2; finally,
the pressure difference (Ap) in Eq. 1 represents the difference
between the injection pressure (pinj) and the pressure corre-
sponding to the compression stroke (pcomp), shown in Eq. 2.

Once the diameter of the nozzle hole is calculated and
compared with the specified nozzle hole diameter of the tested
injector, the length reached by the atomized flow through the
nozzle and the atomization angle is calculated with the Eq. 3
and Eq. 4 correspondingly [12]; while the size of the atomized
fuel drops is calculated with the Eq. 5, in terms of the Sauter
mean diameter (SMD) [13].

0.5
L,,=15.8><(ﬂ) -D, €)
Pa
0.5 0.5
tan|:2:|= o -4xnx(ﬂJ X(3—) @)
2 34| Lol D Pa 6
3.6
X = Max (X33 X3) 5)
Where:
0.54 0.18
X5 =4.12x D,,xReO'”xWe*”Sx[ﬂ] x(ﬂj
Ha Pa
0.37 .47
X15 =0.38x D, x Re"* x We ™" x(ﬂ) x(ﬂ]
Ha Pa
Re = Vi <Dy
Vi
We = V[u/z -D,.p;
eJ]
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According to Hiroyasu et al. [13], X3 and the X37’, are
the size of the atomized fuel drops for incomplete and complete
sprays correspondingly; which mainly depend from the
velocity of the injection and the ambient air conditions. X3,
is the larger value of both. It means that X, is bigger expected
Sauter mean diameter of the atomized fuel drops.

The injected volume of the fuel is calculated with Eq. 6,
based on Eq. 1, in terms of the number of the nozzle holes (n),
the discharge coefficient of the nozzle (Cy), the diameter of the
nozzle hole (D,), the injection pressure (Piny) the density of
the fuel (p) and the injection duration (tiny)- The results of this
calculation are compared and evaluated with the volume
measured in the test bench. The volume for this comparison
is calculated only in function of the injection pressure (p;),
because the tested fuel is injected at the ambient pressure,
without the effect of any compression or counter pressure.

v=n-C,~-%-D,,z- ﬂ-t,~,,j (6)
V p

Evaluation Procedure

The first stage of this research is to calculate the nozzle hole
diameter (Eq. 2) with the characterization values of each fuel
type (Table 1), under the operation conditions of the engine
(Table 4). Afterwards the calculated diameter is compared with
the diameter specified by the injector manufacturer (Table 3), in
order to determine that all the analyzed fuel blends can be injected
through the same nozzle without any significant differences.
The second stage consists in the calculation of the spray
parameters like length, angle and Sauter mean diameter

SPRAY PARAMETERS OF FUEL BLENDS OF RECYCLED LUBRICATING OIL AND DIESEL

(SMD) of the atomized fuel drops, depending on the calcu-
lated nozzle hole diameter, and on the properties of each fuel
blend. This approach is performed in order to determine that
the analyzed fuel blends are able to deliver a spray equivalent
to the obtained with neat diesel.

The third and final stage consists in the measurement of
the mass losses through wear of the nozzle and needle of six
tested injectors, with each fuel concentration, after 250 hours
of endurance test at 100 bar of injection pressure and 0.7 s of
injection duration; in order to determine the lubricant benefits
of the of the different concentrations of the recycled lubri-
cating oil in each fuel blend.

Results

The results of the delivered volume by the injector reveal that
the injector works according to the specified calibration range
values of the test bench (Table 6), with all the tested fuel
blends. The injected volume during each injection was calcu-
lated (Eq. 6) and experimentally measured, giving small differ-
ences between each calculated and measured value with all
the tested fuel blends.

The calculated nozzle hole diameters at each specified
injection pressure, are the same for all the fuel types (Table 7).
However, as the nozzle hole diameter is a fixed machined
parameter, the larger value is selected to fulfill all the opera-
tion condition of the injection.

The spray length values (Table 8) are equivalent each
other with all the fuel types, and the differences at each

TABLE 6 Delivered injection volume at idle, pre-injection and main injection conditions at the common rail test bench, with
different fuel blends based on recycled lubricating oil and neat diesel. *Calibration range values for the specified injector at the

common rail test bench.

Fuel type Diesel
Idle @ 300 bar (10-20) ml* measured 15
calculated 15.633
Pre-injection @ 800 bar (7-8.5) ml* measured 75
calculated 7294
Full load @ 1000 bar (45-60) ml* measured 52
calculated 57.082

L5 L10 L15 L20 L25

15 5 155 15 155
15.646 15.646 15.693 15.693 15.685
75 8 8 8 8
7.300 7.300 7.322 7.322 7.318
52 52.5 525 53 52.5
57130 57130 57302 57302 57.273

TABLE 7 Calculated nozzle diameter at different injection pressures for each fuel blend based on recycled lubricating oil and

neat diesel.
Fuel type Diesel L5
Nozzle holes diameter [mm] @ 300 bar 0.227
Nozzle holes diameter [mm] @ 800 bar 0.174
Nozzle holes diameter [mm] @ 1000 bar 0.165

0.227
0174
0.165

L10 L15 L20 L25

0.227 0.227 0.227 0.227
0.174 0175 0.75 0175
0.165 0.165 0.165 0.165

TABLE 8 Calculated spray length at different injection pressures for each fuel blend based on recycled lubricating oil and

neat diesel.
Fuel type Diesel
Length of the atomized flow @ 300 bar [mm] 21.461
Length of the atomized flow @ 300 bar [mm] 16.509
Length of the atomized flow @ 1000 bar [mm] 15.583

L5 L10 L15 L20 L25

21.452 21.452 21.420 21.420 21424
16.502 16.502 16.478 16.478 16.481
15.576 15.576 15.553 15.553 15.556
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specified injection pressure are not significant. The same m Wear analysis of the injector needle.
consideration applies for the angle of the spray (Table 9);
however, is observed that the angle tends to be wider for the
fuels of the type L15 and L20. The difference between the
fuel blends in comparison to diesel for the length and angle
of the spray is less than 1%.

The diameter of the atomized fuel drops in terms of the
Sauter mean diameter (SMD), tends to be higher as the concen-
tration of the recycled lubricating oil in the fuel blend ¥
increases. This difference amounts a maximum of 10% and a
minimum of 1% for the L25 and L5 fuel blends correspondingly.

The marked section on the needle surface (Figure 2), was
selected as the section to be analyzed regarding the wear with
each fuel blend. After 250 hours of an endurance test, at 100 bar
of injection pressure and 0.7 s of injection duration, is observed
that the wear and mass losses are lower, as the concentration of
the recycled lubricating oil in the fuel blend is higher. The minimal differences of the delivered injected volume,

the length, and angle of the spray are attributed to the minimal
differences between the properties of the characterized fuel.
AnaIySiS However, the atomized diameter of the fuel drops in terms of
the Sauter mean diameter (SMD), reveals that these differences
From the characterization of each fuel blend, it is observed amount up to 10% for the L25 fuel blend. This effect can
that there are no differences in the density betweenthe L5and ~ be explained by the higher dynamic and kinematic viscosities

© SAE International

L10, as well as between L15 and L20 fuel blends. as the concentration of the recycled lubricating oil in the fuel
As the concentration of the fuel blend grows from 5to  blend increases.
25%, the delivered volume by the injector at the common rail Anadditional benefit of the fuel blends based on recycled

test bench (Table 6) shows that the values remain stable and  lubricating oil is the lubricating effect of the fuel for the injec-
inside the range specified by the injector set up values of the  tion system, as the results of the mass measurement of the
test bench. That means that all the fuel blends regarding the  injector needle showed, after the endurance test with each fuel
delivered volume are compatible and equivalent. blend (Table 11).

TABLE 9 Calculated spray angle at different injection pressures for each fuel blend based on recycled lubricating oil and
neat diesel.

Fuel type Diesel LS L10 L15 L20 L25
Angle of the atomized flow @ 300 bar [°] 19.024 19.041 19.041 19102 19.102 19.094
Angle of the atomized flow @ 800 bar [°] 18118 18.135 18135 18194 18.194 18.186
Angle of the atomized flow @ 1000 bar [°] 17.889 17.915 17.915 17.974 17.974 17.966

TABLE 10 Calculated diameter of the atomized fuel drops in terms of the Sauter mean diameter (SMD) for each fuel blend based

on recycled lubricating oil and neat diesel.
Fuel type Diesel L5 L10 L15 L20 L25
Diameter of the atomized fuel drops SMD lower atomization @ 300 bar [pm]  26.82  26.946 26.962 27421 27491 27.851
Diameter of the atomized fuel drops SMD higher atomization @ 300 bar [pm] 34.936 35.289 35361 36.512 36.842 38.621
Diameter of the atomized fuel drops SMD lower atomization @ 800 bar [pm] 17126 17207 17.217 17510 12555 17.785
Diameter of the atomized fuel drops SMD higher atomization @ 800 bar [pm] 15372 15527 15559 16.065 16.210 16.993
Diameter of the atomized fuel drops SMD lower atomization @ 1000 bar [pum] 15516 15589 15598 15.863 15.904 16.112
Diameter of the atomized fuel drops SMD higher atomization @ 1000 bar [pm] 12.83 12959 12.986 13.408 13.529 14.183

TABLE 11 Mass of the needle and nozzle of the injector after 250 hours of an endurance test at 100 bar of injection pressure and
0.7 s of injection duration with neat diesel and the fuel blends from recycled lubricating oil.

Fuel type Diesel L5 L10 L15 L20 L25
Needle mass [gr] 3.3075 3.2994 3.2996 3.3033 3.3034 3.3068
Nozzle mass [gr] 22.7030 22,5790 22.5792 22.6330 22,6335 22.6990
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Unlike fuel blends from vegetable-animal substances
that have a bigger variation in the properties of the char-
acterization, making necessary correction on the pressure
and duration of the injection, in order to compensate espe-
cially the density, viscosity and heat values variations; the
fuel blends based on recycled lubricating oil and diesel are
stable in concentrations from 5 up to 25% and practically
fully compatible with neat diesel. However, it is necessary
to remark that the quality of the fuel blend is conditioned
by the accuracy of the recycling process of the used
lubricating oil.

Normally, the collection process of used lubricating oil
is a mixture of oils from different producers with own proper-
ties coming from engines, operating at different conditions,
which may have impurities like carbon waste that may alter
properties of the fuel blends and make difficult to have a
narrow range for the variation of each property.

Conclusions

The presented methodology allows to evaluate the spray
parameters of any alternative fuel blend, as well as its
compatibility with the fuel injection system. At the same
time, if the variation in the fuel blend properties is consider-
able, the proposed evaluation method allows to locate the
control parameters of the fuel injection, such as the pressure
and duration of the injection, to achieve the required
spray performance.

The calculation of fuel spray parameters determines if
alternative fuel blends are able to operate with a diesel-based
fuel injection system from the functional point of view.

Based on the characterization results of each fuel type,
especially on the heat value and on the fact that between L5
and L10, as well as between L15 and L20, the densities are the
same, it is reccommended to use less diesel and burn more
recycled lubricating oil. It means that the worthiest fuel blend
concentrations are the L10, L20, and L25, disregarding the L5
and L15 blends.

The spray parameters such as the delivered fuel quantity,
length and angle of the spray remain constant for each fuel
blend, even when the concentration of the recycled lubricating
oil with diesel varies from 5 up to 25%.

Regarding the atomization diameter of the fuel drops, in
terms of the Sauter mean diameter (SMD), there is a significant
difference between the use of the L25 fuel blend and neat
diesel, where the atomized fuel drops are bigger for the alter-
native fuel. It can lead to the formation of soot and decreased
engine performance, as the fuel is not well atomized in
comparison with neat diesel or with the blends with less
concentration of recycled lubricating oil.

The use of recycled lubricating oil as part of a blend for
analternative fuel solve problems like disposal and re-refining
of this kind of waste substances. Furthermore, it improves the
durability of the fuel injection system because of its
lubricating effect.
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Definitions/Abbreviations

D100 - Neat diesel fuel

L5 - 5% recycled lubricating oil blended with 95% neat diesel
L10 - 10% recycled lubricating oil blended with 90% neat diesel
L15 - 15% recycled lubricating oil blended with 85% neat diesel
L20 - 20% recycled lubricating oil blended with 80% neat diesel
L25 - 25% recycled lubricating oil blended with 75% neat diesel
Q - Rate of flow [L/min]

C; - Discharge coefficient [-]

A - Cross section [mm?]

Ap - Pressure difference [bar]

p - Density [kg/m®]

D, - Diameter of the nozzle holes [mm]
SFC - Specific fuel consumption [g/kW h]
Pot - Engine power [kW]

z - Number of cylinders [-]

tinj - Injection duration in terms of crankshaft rotation
degrees [°]

K - 4 stroke engine factor with value 2. [-]
n - Number of nozzle holes [-]

Py - Injection pressure [MPa]

Peomp - Compression pressure in the combustion
chamber [MPa]

SMD - Sauter mean diameter

Ly - Length of the spray [mm]

p1 - Density of the fuel at the injection conditions [kg/m?]

pa - Density of the air at the engine compression stroke
conditions [kg/m?]

0 - Spray angle [°]

L, - Length of the nozzle holes [mm]

X, - Sauter mean diameter of the atomized fuel drops, as the
maximum value between X} and X1%*

X3 - Sauter mean diameter of the atomized fuel drops in
terms of incomplete atomization

XS _ Sauter mean diameter of the atomized fuel drops in
terms of complete atomization

Re - Reynolds number [-]

We - Weber Number [-]

;- Dynamic fuel viscosity [Pa-s]
W, - Dynamic fuel viscosity [Pa-s]
Vi, - Injection velocity [m/s]

v, - Kinematic fuel viscosity [m?/s]

v - Delivered volume [mm?]
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Requerimientos en el sistema de inyeccion de combustible para el uso de biodiésel
Marcos Gutiérrez-Ojeda, Andrés Castillo-Reyes, Juan Ifiguez-Izquierdo y Gorky Reyes-Campaiia

Longitud del chorre atomizado

Requerimientos en el sistema de e e e

inyeccion de combustible para el P ——

uso de biodiesel

Requirements for the fuel injection system to use of biodiesel

ABSTRACT

* Biodiesel, when used as an alternative fuel in its pure state
or mixed with diesel, requires certain modifications of time
and pressure of the fuel injection to the engine. In the
present study, the properties and characteristics to fulfill
by fuel injector nozzles when biodiesel is used as fuel, are
determined. With the characterization results of neat diesel
and neat biodiesel; as well as a blend of 20% biodiesel and
80% diesel, the main parameters of the fuel injection were
calculated and simulated according to the power requirements
of the engine. The purpose of the present investigation is to
determine the fuel injection control parameters that allow
equivalent use of diesel and biodiesel, without any change in
its components. It was found that maintaining the diameter of
the nozzle holes, the atomization characteristics of both type
of fuels can be maintained by controlling the injection time
and pressure; compensating in addition, differences in heat
values, density and viscosity of biodiesel blends compared to
neat diesel. Biodiesel is the alternative to pollution problems
and sources of energy to operate internal combustion engines;
however, to be established as a sustainable and immediately
applicable solution, modifications to the engine must be at the
level of fuel injection control, avoiding any kind of change or
replacement of components.

* Keywords: Biodiesel, Diesel, Nozzle, Flow rate, Density, Fuel
injection.

RESUMEN

El biodiesel al ser usado como un combustible alternativo en
estado puro o mezclado con diésel, necesita determinadas modi-
ficaciones en la duracion y en la presion de la inyeccion de com-
bustible en el motor. En el presente estudio se determinan las pro-
piedades y las caracteristicas que deben cumplir las toberas de un
inyector para motores diésel, al momento de usar biodiésel como
combustible. Con los datos de caracterizacion de diésel y biodiésel
puros; asi como de una mezcla de 20% de biodiésel con 80% dié-
sel, se procedio a calcular y a simular los principales pardmetros
de la inyeccion de combustible en funcion de los requerimientos
de potencia del motor. El propésito de la presente investigacion
consiste en determinar los parametros de control de la inyeccion
de combustible que permitan el uso equiparado de diésel y bio-
diésel, sin ninglin cambio en sus componentes. Se encontrd que,
manteniendo el diametro de los orificios de la tobera, se pueden
mantener las caracteristicas de atomizacion de ambos tipos de
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combustibles controlando la duracion y la presién de inyeccion
de combustible; ademés de compensar las diferencias de poder
calorifico, densidad y viscosidad de las mezclas combustibles de
biodiésel en comparacién con el diésel puro. El biodiesel es la al-
ternativa a problemas de contaminacion y de fuentes de energia
para operar motores de combustion interna; sin embargo, para
que se establezca como una solucion sostenible e inmediatamente
aplicable, las modificaciones en el motor deben ser a nivel del con-
trol de la inyeccién de combustible evitando todo tipo de cambio o
sustitucion de componentes.

Palabras clave: Biodiésel, Diésel, Tobera, Tasa de flujo, Densi-
dad, Inyeccion de combustible.

1. INTRODUCCION

El uso de biodiésel en estado puro o mezclado en diferentes
concentraciones, en motores con sistemas de inyeccion de com-
bustible disefiados para funcionar con diésel, hace necesario que
antes de hacer modificaciones o de disefiar nuevos componentes,
se identifiquen primero los requerimientos que garanticen un re-
sultado equiparado con ambos combustibles. Estos requerimien-
tos fundamentales son: el didmetro de los orificios de la tobera,
para entregar la cantidad de combustible requerida por el motor;
asi como, la longitud y angulo del chorro de atomizacion, para
garantizar la distribucion uniforme en la camara de combustion
de manera homogénea, para mejorar la calidad de la mezcla aire
combustible.

En la presente investigacion, por medio de célculo y simulacion
con datos medidos experimentalmente de diésel y biodiésel puros;
asi como de una mezcla de 20% biodiésel y 80% diésel (B20), se
determinaron: el didmetro de los orificios de la tobera, la longitud
y angulo del chorro de combustible atomizado. El biodiésel se ob-
tuvo por medio de transesterificacion de aceite reciclado de pal-
ma, considerando que los beneficios ecolégicos y el rendimiento
de produccion [1], como un combustible alternativo, corresponden
a la combustion de 100% y minimo 20% de este tipo de combus-
tible.

Los calculos y simulaciones fueron realizados en funcion de la
duracion de la inyeccion a lo largo de diferentes valores de pre-
sion, con el fin de equiparar el rendimiento del motor con el uso de
diésel y de mezclas de biodiésel. El objetivo consiste en determinar
las condiciones que mantienen las caracteristicas de rociado de
combustible equivalentes al del diésel puro, para que el uso del
biodiésel sea una alternativa directamente aplicable.
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Investigaciones anteriores sefalan que, a pesar de los prome-
tedores resultados en la reduccion de emisiones, existe aln cierta
resistencia al uso e implementacién del biodiésel puro o mezcla-
do como combustible alternativo, debido a una reduccion de la
potencia del motor e incremento en el consumo de combustible
[2], e independientemente del origen de este tipo de combustible
[3]. Esto se debe principalmente a un menor valor calorifico, alta
viscosidad [4] y mayor densidad [5] del biodiésel. Estos efectos
son incluso mas notorios conforme aumenta la concentracion de
biodiésel en la mezcla combustible. El efecto que tiene un poder
calorifico menor, es una reduccion en la cantidad de energia qui-
mica que se convierte en energia mecanica; mientras que, una
mayor viscosidad trae como consecuencia una mayor profundidad
de penetracion del chorro atomizado de combustible, pero con un
grado deficiente de mezclado con el aire en la camara de com-
bustion, debido a que un fluido con alta viscosidad tiene mayores
dificultades para atomizarse en mayor grado. Finalmente, una ma-
yor densidad trae como consecuencia un mayor consumo de com-
bustible; ya que, el combustible se entrega al motor en funcion del
volumen, y en el caso del biodiésel se entrega una mayor cantidad
para compensar el reducido poder calorifico en comparacién con
el diésel puro [6].

El problema del alto consumo de combustible debido al re-
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ducido poder calorifico y a la alta densidad del biodiésel se con-
trola reduciendo el avance a la inyeccion [7]; mientras que, las
dificultades en la atomizacion debido a la alta viscosidad pueden
ser controladas con una mayor presion de inyeccion [8]. Se debe
considerar ademas que la velocidad de inyeccion de combustible
disminuye cuando se reduce también la presion de inyeccion [9].
Las propiedades de los combustibles, tales como la densidad y
la viscosidad varian con la temperatura, por lo que se han realiza-
do experimentos y modelos matematicos que permiten corregir las
mediciones a los valores de temperatura deseados [10], por esta
razon en la presente investigacion los valores medidos de la den-
sidad a 15.55 °C se corrigieron a 37.8°C que es la temperatura a la
que se midi6 la viscosidad cinematica, ademas de que es una tem-
peratura cercana a la de la inyeccion del combustible en el motor.
Para cumplir con las expectativas de que el biodiésel sea un
combustible alternativo y sustituto del diésel puro, se deben de-
finir los parametros y condiciones que deben controlarse en el
sistema de inyeccion para que se cumplan los requerimientos de
potencia del motor, manteniendo parametros de eficiencia y redu-
ciendo su impacto ambiental [19]. El enfoque de esta investigacion
consiste en determinar la duracion de inyeccion; asi como también
la longitud y el angulo del combustible atomizado, que permitan
obtener una entrega de combustible totalmente equivalente entre
biodiésel y diésel puro, para mantener la po-
tencia del motor. El hecho de que la entrega

Tipo de combustible Diésel Biodiésel B20 de combustible dependa de la duracion de la
Densidad @ 37.8°C [kg/m]’ 833.357 884.11 842.798 inyeccion, y no del diametro de los orificios
Viscosidad cinematica @ 37.8°C [mm?/s]” 4.02 6.58 5.03 en las toberas del inyector, permite que el
Viscosidad dinamica @ 37.8°C [cP]™ 3.35 5.817 4.239 uso del biodiésel no requiera de cambios de
Poder calorifico [MJ/kg]” 42.7817 39.9254 42,5632 disefio ni de construccion en el sistema de

Queiroz Santos, et. al, 2013 [10].
**Datos medidos experimentalmente.
***Datos calculados.

*Datos medidos experimentalmente a 15.55°Cy calculados a 37.8°C con el método de Douglas

inyeccion, aparte de las modificaciones en los
parametros de control.

Tabla I: Propiedades de diésel y del biodiése!

2. MATERIALES Y METODOS

2.1. MATERIAL Y EQUIPO UTILIZADO

K El célculo y simulacion del sistema de inyec-
Tipo de motor 8V 4000 M63 12\&2(3)00 16\|\//|ng0 cion se basan en datos experimentales de carac-
Potencia [kW]" 1000 1500 2000 terizacién de diésel y biodiésel puro; asi como
" . de una mezcla combustible de 20% biodiésel
Vc,lomdad [rp_n?] - 1800 1800 1800 y 80% diésel (B20). Se toma como referencia,
Nitmetodeicilindios 8 12 16 los datos de potencia, consumo de combustible
Caudal de combustible /] @ 42.8 Mlfkg de 2518 363.3 4795 y régimen de giro de motores diésel de aplica-
poder calorifico del combustible cién marina, considerando que la duracion de
Presion de admisidn turbo cargada [bar] ~ 1.2 la inyeccion de combustible debe ser menor a
Relacion de compresion™ 16.5:1 los 25° de giro del cigiiefial para garantizar una

Presion de compresion [bar] ™ 61 tasa de combustion mas alta [11].
Temperatura de compresion [K] ™ 915 La apljcaFibn sostenibl§ dgllos motores de
*Datos tomados de http://www.mtu-online.com [12,13, 14]. comt_)ustlon Inter'na yigel btodieselicomo C(.)m_
" ~ bustible alternativo, se concentra en aplica-

**Datos estimados de referencia. .

*Datos calculados. ciones en donde se genera o consume grandes
Tabla II: Datos del motor para el cdlculo de la inyeccion de combustible cajnt'dades,de enc;rgla; por esta razon, para ?]
calculo y simulacion, y con el fin de determi-
nar los requerimientos del sistema de inyec-
cion con el uso de combustibles alternativos,
Densidad @ 915K & 61bar [kg/m’’ 23.23 se tomaron los datf>s de la esgeciﬁcacién de
Viscosidad dinamica @ ° 915K & 61bar [cP]" 0.039 tres motores de aplicacion marina de la com-

‘Dato calculado con la ecuacion del gas ideal.

“Dato tomado de Willi Bohl, Wolfgang Elmendorf. Technische Stromungslehre. 2014.

[15].

pania MTU del tipo 8V, 12Vy 16V de la serie
4000 M63 [12, 13, 14], como referencia para
el calculo de las caracteristicas del rociado con

Tabla I1l: Propiedades del aire en las condiciones de la cdmara de combustién del motor

Cod. 8656 | Motores de combustion interna | 3313 Tecnologia e ingenieria mecanicas
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2.1.1. Formulaciéon matematica

Para que un sistema de inyeccion de combustible sea apto para
funcionar con fuentes alternativas como el biodiésel, deben te-
ner el didmetro 6ptimo en los orificios de la tobera para que el
combustible inyectado sea el necesario para alcanzar la potencia
requerida por el motor. Se debe también considerar, que el com-
bustible inyectado a través de |a tobera debe mantener diferencias
minimas entre las variaciones de longitud y angulo de atomizado;
tanto para el diésel como para diferentes mezclas de biodiésel.

Mediante la ecuacion de Bernoulli expresada en funcion de la
presion (ecuacion 1), se procede a deducir la ecuacion que deter-
mina el didmetro de los orificios de las toberas, la misma que a
su vez esta en funcion de los requerimientos y caracteristicas de
funcionamiento del motor (ecuacion 2).

1 1
paltpg ntp=gp0ltpg ntp=ce (1)
Donde
P, p,: presion [MPa]
densidad [kg/m?]
c,: velocidad del fluido [m/s]

p:
CL 2
g: aceleracion de la gravedad [m/s?]
z,z,: altura [m]

()

P

D : Diametro de los agujeros de la tobera [mm]
SFC:  Consumo especifico de combustible [g/kWh]
Pot: Potencia del motor [kW]
Z Numero de cilindros [-]
t Duracién de la inyeccion [° giro del cigiiefal]
K Factor de motor de 4 tiempos con valor 2. [-]
n:  Numero de orificios de la tobera [-]
o/ Coeficiente de descarga de la tobera

Presion de inyeccion [MPa]
: Presion de compresion del motor [MPa]

La longitud y el dngulo que alcanza la atomizacion del com-
bustible [16], se calculan con las ecuaciones (3) y (4) respectiva-
mente.

Ly = 158 X (:—:)0'5 D, )

Donde

L,:  Longitud del chorro de atomizacion [mm]

p:  Densidad del combustible a las condiciones de la inyec-
cion [kg/m?]

p,: Densidad del aire a la presion de compresion del motor
[kg/m?]

anll] = (i) e (@) x(E) @

3.6
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Donde
0:  Angulo del chorro de atomizacion [°]
L:  Longitud de los orificios de las toberas [mm]

D : Diametro de los orificios de las toberas [mm]

p;:  Densidad del combustible a las condiciones de la inyec-
cion [kg/m?]

p,:  Densidad del aire a la presion de compresion del motor

[kg/m?]

2.2. PROCESO DE CALCULO

Para calcular las caracteristicas de rociado de determinados
combustibles y determinar su uso como una alternativa los unos
de los otros, es necesario que todas sus propiedades sean medidas
o corregidas a una misma temperatura. Ya que, al hacer el estudio
de mezclas combustibles, se deben determinar por estudios espe-
cificos los diferentes coeficientes que permitan corregir las densi-
dades y viscosidades a una temperatura determinada. Es recomen-
dable tomar mediciones directas y reales, cercanas a los 40°C, que
es la temperatura a la que tiene lugar la inyeccion de combustible
en los motores diésel. En el presente estudio los valores de densi-
dad medidos a 15.55°C se corrigieron al valor de temperatura de
37.8°C, que es a la que se midi6 la viscosidad, con la finalidad de
que los valores de calculo provengan de mediciones directas, y al
mismo tiempo estén cercanas a los 40°C. Posteriormente se pro-
cede a calcular el diametro requerido por las toberas del inyector;
en funcion de la potencia del motor, las caracteristicas de la in-
yeccion y las propiedades de cada tipo de combustible. Finalmente
se procede a calcular la longitud y el dngulo de atomizacion de
cada tipo de combustible para proceder a su comparacion y de ser
necesario, hacer las correcciones necesarias en el tiempo o en la
presion de inyeccion. Para los calculos se considerd una tobera con
5 orificios y con una longitud de cada orificio correspondiente de
3 a 6 veces el diametro de los mismos [9].

La solucion consiste en determinar la variacion porcentual del
combustible tipo biodiésel con respecto al diésel para que el com-
bustible inyectado sea el necesario para cumplir con los requeri-
mientos de potencia del motor y de atomizacion del sistema de
inyeccion. Las variaciones que existan entre los tipos de combus-
tibles estudiados, se pueden corregir, tanto con el tiempo, como
con la presion de inyeccion. La metodologia expuesta sirve para
todo tipo de combustible alternativo al diésel, teniendo en cuenta
que el objetivo es equiparar el funcionamiento y rendimiento en
lo que se refiere a la potencia del motor y a las caracteristicas
de rociado del combustible. Es necesario exponer, que los efectos
contaminantes resultantes de la combustion o los efectos en la
durabilidad o estabilidad de los componentes del motor, necesitan
de un estudio y metodologia de evaluacion propios.

3. RESULTADOS

Se encontrd que sin hacer cambios en el motor ni en el siste-
ma de inyeccion, y que para alcanzar la potencia requerida por el
motor y para mantener en un rango adecuado las caracteristicas
de atomizado de combustible, tanto con diésel como con biodiésel
puros; asi como también mezclados, es necesario recortar la dura-
cion de la inyeccion en el caso del diésel y alargarla en el caso de
las mezclas de biodiésel.

Cod. 8656 | Motores de combustion interna | 3313 Tecnologia e ingenieria mecanicas
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Las ecuaciones descritas en la formulacion

T'?o de °°’“b‘f5t'_b'° Disel Biodiésel B20 matemética, fueron implementadas con el uso
Num.ero de °”ﬁc'°'5 : 5 del software matematico Mathcad ©, tanto
L°"9't}1d de los orificios [mm] 2 para el célculo de valores especificos, como
Coeficiente de descarga de Ia tobera 0.7 para simular diferentes condiciones dentro del
Diametro de los orificios de la tobera [mm] 0.44 célculo. La seleccion del software mencionado
Presién nominal de inyeccién [bar] 1500 se debe a su versatilidad para desplegar resul-
Duracién de la inyeccion en grados de giro del 20 2% 2 tados en funcion de un rango determinado de
cigiiefial [*GC] una variable. En este caso se calculd el diame-
CO"SU,&w especifico ?zcomfvl:f:b'le del motor8V. |, 0039 | 292619 | 212217 tro d'e los orificios de las toperas, la longitt’Jd
4000 M63 @ 251.8 I/h [gr/kW-h] y el dngulo del chorro atomizado, en funcién
EOHSU’\TO especifico ?ehcom:x:b]e del motor 12V | o0 o000 | 214131 | 204126 de la presion de inyeccion. Para el calculo, se
000 M63 @ 3'6;3-3d/ [9f/b : ']bl — ; considerd una presion nominal de inyeccién de
Egg;uag;s@ge;;g l/ehc[orrr/\k\:ls.thl] le del motor 168 199.797 211.965 202.061 1500 bar.
e sl .b 3 o — e p—- e Con la finalidad de mantener las mismas
atos calculados en base al caudal ae comoustible especiiicado del motor con [a densiaad de cada Zone . ..
iy caracteristicas de la inyeccion, en lo referente

Tabla IV. Datos de la tobera y caracteristicas de la inyeccion con diésel y biodiésel

Investigaciones anteriores demuestran que, con el uso de
biodiésel, el aumento del consumo especifico de combustible en
relacion al diésel aumento en 12.9% [17], debido a que el biodié-
sel tiene un menor poder calorifico y una mayor densidad en una
proporcion de 18.5% mas de masa y 13.5% menos de volumen
[18]. A esto hay que afiadir que, las diferencias porcentuales de los
poderes calorificos y el consumo de combustible entre el diésel y
el biodiésel puro (ver Tabla |y IV), alcanzan el 7%; mientras que,
en el caso de la mezcla combustible de 20% biodiésel y 80% diésel
(B20), esta diferencia alcanza el 1%.

Longitud del chorro atomizado
80

Disel; 66.215 Biodidscl; 67.904 [#70;66.304
et S — e —
| Diésel ; 49.914

Biodiésel; 51.188 820;49.982

[mm]
£

Diésel; 4155 Biodidsel; 42.615 [B20;11.611

Diésel Biodiésel 820

Tipo de combustible

Fig. 1: Longitud del chorro de atomizacion calculado a 1500 bar

Angulo del chorro atomizado

Diésel; 18,139,
- s \mifi—/”/f B20;18.023

Diésel ; 16.995 20, 16,584

17
165
16 \/-’"/"’
Diésel; 16.163 | 820; 16,054

Bindiésel; 15.679

Diésel Biodiésel 820
Tipo de combustible

Fig. 2: Angulo del chorro de atomizacion calculado a 1500 bar
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a la longitud y al dngulo del chorro atomizado
de combustible, y haciendo uso de la misma
geometria de la tobera del inyector con el uso
de diferentes combustibles; es necesario corre-
gir la duracion de la inyeccion entre 2 y 4° de giro del cigiefal.
Para mantener la misma longitud del chorro de combustible es
necesario corregir la presion de presion de inyeccion entre 150
y 200 bar; y para mantener los mismos angulos de atomizacién
con los combustibles analizados y dependiendo de la potencia del
motor, las correcciones en la presion de inyeccion se encuentran
en el rango de 500 a 800 bar (ver Tabla V).

4. DISCUSION

De los resultados obtenidos se observa que es posible alcanzar
los requerimientos de potencia del motor usando diésel o biodiésel
como combustibles, sin la necesidad de hacer cambios en los com-
ponentes del motor o del sistema de inyeccion, pero si en los pa-
rametros de control, como son el tiempo y la presion de inyeccion.

Manteniendo la presion y reduciendo la duracion del tiempo
de inyeccion del diésel en 4° de giro del cigiiefial en comparacion
con el biodiésel puro, y en 2° en comparacion con la mezcla del
20% de biodiésel y 80% de diésel (B20); se logra ademas, que las
caracteristicas de atomizacion del combustible se mantengan con
diferencias del 3% para la longitud y el dngulo de atomizacion con
el uso del biodiésel puro; mientras que, las diferencias con el uso
de la mezcla combustible B20 son del 1%.

Para reducir las variaciones porcentuales de la longitud y el
angulo del chorro atomizado, que alcanzan maximo el 3%; es ne-
cesario hacer correcciones relativamente grandes en la presion de
inyeccion, que llegan alcanzar hasta un 37.5%. Ya que, conforme
aumenta la presion del sistema, el éngulo del chorro de atomiza-
cion tiende a disminuir, en el caso del biodiésel en estado puro
es necesario reducir la presion de inyeccion hasta 900 bar, para
tener el mismo dngulo del chorro atomizado con diésel inyectado
a 1700 bar.

El uso del biodiésel como un combustible alternativo y como
una solucion ecoldgica, debe tener la flexibilidad de ser usado en
los motores y con los sistemas de inyeccion actuales. Diferencias
entre el 1y 3% en las caracteristicas de atomizacion de la inyec-
cion hacen que, con la configuracion correcta de la duracion del
tiempo de inyeccion de acuerdo a las caracteristicas del motor, el
biodiésel puro 0 mezclado, pueda ser usado como un absoluto sus-
tituto del diésel en lo que respecta el mantener los requerimientos
de potencia y caracteristicas de atomizacion.
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rendimiento del motor y variaciones

Tipo d.e'combus.tlble _ : — Diésel Biodiésel B20 minimas en los pardmetros que de-
Duraci6n de |a inyeccion en grados de giro del cigiiefial [°GC] 20 24 22 terminan la calidad de la inyeccién.
Longitud del chorro atomizado [mm] 41.555 41.571 41611
Motor 8V 4000 M63 | Presion de inyeccion corregida [bar] 1500 1650 1500
_ BIBLIOGRAFIA
Angulo del chorro atomizado [°] 16.163 16.159 16.054 U \gﬂal-Bcraxi‘dﬁs_Adl.' Ou‘int;w-_lgiaé. . hC.. agdd Hc(r:r:-
.y N oy . Ir0zco, I, ANAliss ge CICio de vica oe 13 proauccion ge
Presion de inyeccion corregida [bar] 1500 1000 1500 biodiesel a partir de aceite vegetal usado. DYNA 84(201),
pp. 155-162, 2017. (doi: http://dxdoiorg/10.15446/
" - dynav84n20154469)
Longitud del chorro atomizado [mm] 49.914 49.549 49.982 [2) Jinlin Xue, Tony E. Grift a, Alan C. Hansena. "Effect of
i : i : biodiesel on tngme performances and emissions”.
Presion de inyeccion corregida [bar] 1500 1700 1500 ey e’ Eniny. Redees. 15
Motor 12V 4000 M63 (2011) 1098-1116. (doi: http:/dxdoiorg/10.1016]].
- . » 15e12010.11.016)
Angulo del chorro atomizado [°] 17.073 17.043 17.002 [IBaFu Un, Jyun-Han Hueng Dao-Yi Husng.
Presion de inyeccion corregida [bar] 1400 900 1350 “Experimental study of the effects of vegetable
oil methyl ester on DI diesel engine psvforman(f
characteristics and ollutam emissions” Fuel 88
Longitud del chorro atomizado [mm] 66.215 66.241 66.304 zﬂrzgéogg%&g%  http://dxdoi.org/10.1016f).
Presi6n de inyeccion corregida [bar] 1500 1650 1500 1@ H.;g;y;,. Aydin, Hasan Bayindir. “Performance and
Motor 16V M emission analysis of cottonseed oil methyl ester in a
otor 16¥'4000/M63 - - = diesel engine”. Renewable Energy 35 (2010) 588-592.
Angulo del chorro atomizado [*] 18.019 18.075 18.09 : ](doi:hnpﬂo‘muiorgn0.1016/j.renenc.2009,08,009)
i : i : 5] Magin Lapuerta, José M. Herreros, Lisbeth L Lyons,
- Presion de |nyeccpn corregl'da [bar] 1700 - 900 14(_)0 Reyes Garcia-Contreras, Yolanda Bricefio. "Effect of the
Datos calculados en base al caudal de combustible especificado del motor con la densidad de cada combustible alcohol type used in the production of waste cooking

Tabla V: Datos de las caracteristicas de inyeccion en funcion de la presion de inyeccion para cada tipo de combustible

para una geometria definida de la tobera del inyector

5. CONCLUSIONES

En el presente trabajo se ha presentado una metodologia teo-
rica de calculo con datos experimentales para evaluar las carac-
teristicas del sistema de inyeccion de combustible con el uso de
diésel y de biodiésel.

Se ha evidenciado que por medio del control de la duracion de la
inyeccion de combustible es posible mantener las caracteristicas de
atomizacion y el rendimiento del motor con combustibles alternativos.

La densidad del combustible esta estrechamente relacionada
con la cantidad de su volumen inyectado; mientras que, la vis-
cosidad determina su calidad de atomizacion. Al mismo tiempo,
la cantidad de combustible inyectado depende también del poder
calorifico; ya que, en funcion de esta propiedad, se debe inyectar
mas o menos cantidad del mismo.

La calidad v las caracteristicas de atomizacion del combustible
no solo dependen de la tobera del inyector, sino también de las con-
diciones en la camara de combustion bajo las cuales el combustible
es inyectado. Las variaciones de la densidad y viscosidad del aire son
altas, cuando se comparan sus valores en condiciones normales (1
atm - 293K) y en las condiciones a la que se encuentra en el interior
de la cdmara de combustion al final del ciclo de compresion e inicio
de la inyeccion; en el caso del presente estudio, a 61bary 915 K.

Los valores de la densidad y viscosidad varian drasticamen-
te con la temperatura; del mismo modo las caracteristicas de la
inyeccién como la longitud y el angulo del chorro atomizado de
combustible, dependen de la temperatura del combustible y pue-
den ser controlados mediante el tiempo y la presion de inyeccion.

El diésel y la mezcla combustible de 20% de biodiésel y 80%
diésel, son practicamente compatibles, requiriendo Unicamente
cambios en la duracion de la inyeccion de combustible, mientras
que el uso de biodiésel puro necesita cambios considerables en
los valores de presion de inyeccion desde 500 hasta 800 bar, de-
pendiendo de la potencia del motor, ademas de los cambios en la
duracion de la inyeccion.

La metodologia propuesta ha demostrado ser adecuada para
definir los parametros de control de inyeccion de diferentes ti-
pos de combustibles, con el fin de que su uso produzca el mismo
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Empirical Equations for the Sauter Mean

ABSTRACT

New empirical equations to represent the
Sauter mean diameter of a spray injected by a
diesel nozzle are presented in this paper.
In order to determine the new equations, drop
sizes of a diesel spray were analyzed by a laser
diffraction technique. Liquids with different
viscosities and different surface tensions were
tested to obtain the generalized empirical
equations. The maximum injection and maximum
ambient pressures were 90 MPa and 3.0 MPa
respectively. Both the minimum value of the
injection pressure to produce a fine spray and
the Sauter mean diameter incresse the greater the
viscosity and the surface tension of the liquid.
At a high irjection velocity, the Sauter mean
diameter increases with an increase in ambient
pressure, but it decreases when embient pressure
is increased at a low injection velocity.
According to the effect of injection velocity and
ambient pressure on break-up length and the drop
size of the spray, spray formation mechanisms can
be divided into two categories, the function of
the injection velocity and the physical
properties of the liquid. Firally,
dimensionless analysis of cach category leads to
the pgeneral empirical equations for the Sauter
mean diameter.

THE AIM OF FUEL INJECTION in a diesel engine
is to atomize liquid fuel into a multitude of
drops or a spray and to supply it to high
pressure, high temperature air that is compressed
by a piston to start a self-ignition of the fuel
spray. The fuel injection process plays a
primary part in the formation of a combustible
mixture that controls the overall combustion
process im a diesel engine. Therefore, in our
efforts to improve diesel engines, a more

#*Numbers in parentheses designate references at
end of paper.
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accurate knowledge of this atomization process
and the characteristics of the diesel spray
itself are needed. Therefore, a study of
spray injected by a diesel nozzle has been
performed by many engine researchers as s basic
study of diesel combustion.

The measurements of drop size in diesel spray
were first carried out by Woltjen (1)*and
Sass (2). Sass obtained the drop size
distribution for three different nozzle hole
diameters under an air pressurce of 1.1 MPa, He
showed that the mean diameter increased linearly
with the nozzle hole diameter, and increased with
an increase of air pressure.

The drop size distribution ir fuel spray wos
also given by Mehleg (3) for a spray under an air
pressure of 0,27 MPa. Other works dealing with
spray under atmospheric pressure have been
conducted by Tanasswa and Niroyasu (4,5). They
showved the effects of parameters which included
fuel viscosity, type of nozzle, rack position and
speed of the fuel pump.

Tanasawa zand Toyoda's studies show the
effects of injection velocity and liquid
properties on drop size in a diesel spray at
atmospheric pressure under a wide range of
injection conditions, leading to an experimental
equation Eor the mean drop size (6).

The size distribution of fuel drops injected
by 8 diesel pozzle into a high pressure
environment has also been stuvdied by Hiroyasu and
Kadota (7}. They reported the experimental
equations related to the Sauter mearn diameter
and operating parameters of an injection pump.
The transient characteristics of the drop size
distribution in an injecticon pericd had been
researched by Hiroyasu et al. (8).

Numerous atomization studies have generally
been made on a liquid like the low viscosity fuel
that is currently used in diesel engines. As a
result, correlations relating drop size
distribution to fuel properties and injection
conditions heve been obtained as mentioned above.
Such correlations, however, have not been
obtained for high speed diesel sprays and for the
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highly viscous residual oil that is now of
growing interest to marine users of diesel
engines. In other werds, because of the
difficulty in taking measurements of a high speed
spray which is fully developed at high ambient
pressures and which corresponds to a diesel
spray, many points have not yet been clarified
regarding the break-up mechanism and the
disintegration process of a diesel spray.
Consequently, fundamental information on the
atomization of a high speed spray is insufficient
wvhen considering the effects of 1liquid kinematic
viscosity and surface tension on the mean drop
size of a diesel spray at high ambient pressure
and on the changes in the mean drop size in
relation 'to changes in ambient pressure,

The main contents of this report are
concerned with determining general equations for
a diesel spray injected under various conditions.
The main purpose of this experimental work is to
investigate the effects of viscosity and the
surface tension of fuel, the effect of nozzle
diagmeter and imjection pressure at various
ambient pressures on the mean drop size, and the
drop size distribution, in order to get the data
base for the new equations. Several kinds of
liquids, for example, residual pils and glycerine
water solutions, etc., were prepared to widely
change the physical properties of the liquids,

Measurements of the drop size were carried
out over a wide range of injection pressures (3
to 90 MPa), nozzle diameters(0.2, 0.3 and
0.4 mn), kinematic viscosities of liquid (1 x 10°
to 200 x 10”* mYs), and surface tensions
(30 x 107 to 75 x 107° N/m) under the various
ambient pressures (0.1 to 3,0 MPa).

EXPERIMENTAL APPARATUS

A schematic diagram of the experimental
apparatus is given in Fig. l. This apparatus
consisted of a pressure vessel, a liquid
injection system, an injection nozzle and
measuring equipment for the drop size
distribution of a diesel spray.

Osclioscope

High Pressure
Chamber

Fig.l - Experimental apparatus

Most of the data reported here was obtained
at an ambient pressure of 3.0 MPa and at room
temperature. For this purpose, diesel
nozzles of single-hole type with nozzle diameter
of 0.2, 0.3 and 0.4 mm were tested in a large
cylindrical pressure vessel., In order to provide
optical access for drop size measurement,
transparent windows were fitted on diametrically
opposite sides of the vessel.

The 1liquid was continuously injected from
the nozzle into the vessel by an injection
system, This system was designed for an
injection pressure from 0.1 MPa to 90 MPa. It
consisted of an injection pump and a pressure
accumulator For reducing the pressure pulsation,
The injection pressure was here represented by
the absolute pressure in the injection nozzle.

The drop size was measured using an optical
technique that is based on Fraunhofer
diffraction. This technique, reported by
Swithenbank (9) and Felton (10), has heen
developed for the on-line measurement of drop
size distribution.

The monochromatic and coherent light of the
He-Ne gas laser beam illuminated the gpray. The
diffracted light from a spray, thus giving
information on the drop size distribution, was
gathered by using a Fourier transform lens and
was detected by a multi-photodetector. The
teteccted signal was analyzed by the program
developed by Gomi (11}, This program can
calculate the most suitable chi-square voiumetric
distribution function {Nukiyama-Tanasawa eq.).
In this work, the Sauter mean diameter X3 was
printed out as the final output of the data
processing (12}.

. The sampling location and volume
illuminated by the laser beam are shown in
Fig. 2. The laser beam of © mm dia. passed
through the spray major axis at a right angle.

~—Diesel Nozze

Spray
o
=~
He-Ne Laser Detecter
{ B! i 4 7 1 h
? = -
Nrememd
Laser Beam

Fig.2 - Measuring location and sampling volume

69



Downloaded from SAE International by Marcos Gutierrez, Wednesday, August 23, 2017

The Sauter mean diameter measured by this optical
system represented the average value in the
cylindrical sampling volume. However, it
also contains the weighted spatial value of the
Sauter mean diameter of the spray. The
distance Lh that shows the distance between the
sampling location and the nozzle [ixed at 70mm,
because the multi-diffracted light from the
extremely highly dense spray causcd the wrong SHD
data for the representative value to be produced.

PHYSICAL PROPERTIES OF USED LIQUIDS - 1In
order to separate the effects of fuel viscosity
on the Sauter mean diameter from the effects of
the surface tension, three types nf liquid groups
with different surface tensiors were prepared.

These groups were heavy oils, glycerine-
water sclutions and glycerine-alcohol-water
solutions. Each group of liquids has almost the
same surface tension value, but shows marked
differences in kinematic viscosity. Table 1
shows both the types and the range of properties
ol liguids used in this study. The physical
properties of heavy oil end glycerine-water
solution at 2 temperature of 285 ¥ are shown in
Figs.3 and 4.

Table { - Kiaematic viscosity and surface tension
for the test liquids

Hinematic Viscosily | Surface Tension
{m?s) (N/m)
Heavy Oil | BOxIG™ 2094x10° | 315x10°- 33.5x10°
Giycerne Solution " 5 3 3
e 26.4x10°~ §37x10° | 515 x10°- 535x10
Glycerine Solution | 07 x10° « 611x10° | 725x15° 6551167
-& 3
100022 S
700 —{100 1?0

1
~
=2}

=]
Surface Tepsim " N‘lm
a o

Densily » Kgm?

¥

0
G 75 B 100
Mass Fraction of Heavy Oil %

Fig.3 - Physical properties of heavy oil

99

Comparing the heavy oil with the glycerine-
water solution, at the same kinematic viscosity,
we can see that the heavy o0il has about half the
surflace tension value of the glycerine-water
salucion. Therefore, the effects of surface
tension can be analyzed separately f{rom the
effects of kinematic viscosity by meesuring the
respective Sauter mean diameters for the liguids
of the some kinematic viscosilty.

EXPERIMENTAL RESULTS

EFFECT OF KINEMATIC VISCOSITY - 1t is
commonly considered that it is high viscosity in
an injected liquid which causes an increase in
Sauter mean diameter. But there are few measured
results to this effect oader high embient
pressure. Figure 5 shows the effect of the
kinematic viscosity eof heavy oil on the Sauter
mean diameter.

The relative velocity between the injected
jet and the ambient air decreases with the
decrease in injection pressure. As the relative
velocity decreases, generelly, the injected
liquid doecs not come to be as well atomized as a
fine spray. The Sauter mcan diamcter gradually
increases by decrcasing the injection pressure
from 9G MPa. However, when it decreases below
a certain critical value, { that can casse fine
drops to be produced and is called the low
pressure limit for a fine spray in this report ),
the Sauter mean diameter shows a rapid incrcase.
Both the Sauter mean diameter and the low
pressure limit for a [ine spray increase with an
ircrease in fuel viscosity,
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Fig.4 - Physical properties of glvcerine-water
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Fven if the injectinn pressure is higher
than 80 MPa, the effect of fuel viscosity on the
Sauter mean diameter still holds to some extent.
This occurs becouse the viscosity has a direct
cffect upon the final atomization process hy
which drops arc formed, and this [inal process
directly aflects the Sauter mean diamecter.

The elfect of the kinematic viscosity of the
glycerine-vater solution on the Sauter mean
diamcter was also measured under the same
injection conditions as shown in Fig.5. The
summarized rtesults are shown in Fig.06. The
Sauter mean diameter and the low pressure limit
for a fine spray also incrcase with an increase
in the viscosity of the liquid.

Both Figures 3 and 6 show the same increase
tendency in Sauter mean diameter when the
kinematic viscosity of the liquids is increased.
However, the low pressure limit for a [ine spray
is lower in the heavy oil than in the glycerine-
water solutien. This is a result of the
surface tension of heavy oil being half that of
the glycerine-water solution at the sanme
kirematic viscosity, as shown in Fig. 3 and
Tig. &. Therefore, it must be considered that
the effect of surfece tension on the Sauter mean
diameter can not be ncglected where these fuels
are concerned.

Figure 7 shows the effects of kinematic
viscosity and nozzle diameter on the Sauter mean
diameter when the glycerine-water solution was
injected at an injection pressure of 11 MPa under
an ambient pressure of 3 MPa. The Sauter mean
diameter increases with an increase in kinematic
viscosity at each nozzle diameter. The Sauter
mean diameter increases rapidly when the
kinematic viscosity rises above a certain valuc.
Tt also increases with a decrease in  nozzle
diamecter. It is apparent Erom this figure that
the larger the dismeter of the nozzle, the larger
the Sauter mcan diameter becomes and that this
tendency bocomes more remarkable with increased
kipemaLic viscosity.

EEFECT OF SURFACE TENSION - The three
ligquid groups, that is, the heavy oils, the
glycerine-water solutions and the glycerine-
alcohol-water solutions, with dilferent surface
tension values bet with the same value of
kinematic viscosity, werc used to study the pure
elfocts of surface tension. Figure B shows an
cflfect of surflace tension on the Sauter mean
diamerer at a kinematic viscosity of ¥ = 49 x 10%
m?/s, ‘The Sauter mean diameter docreases with
an increase in injection pressure f[or each of the
three liquids., For the same injection
pressure, the Sauter mean diameter increases with
an incrcase in surface tensicon. When the
injection pressurc is relatively low, the effect
of surface Lension on the Sauter mean diameter is
pgreat.  llowever under higher injection pressure
conditions, the surface tension has a smaller
effect on the Sauter mean diameter. There is
olsc @ low pressure limit for a [inc spray.
This limit increases with an increase in surface
tension.

Further, the Sauter mean diameter was also
measured Lor another value of kinematic viscosity
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in much the same way, It became clear thst
surface tension had a small effect on the Sauter
mean diameter under high injection velocity
conditions. This is because when the injection
velocity, through a high injection pressure, is
high enough to produce fine drops, the relative
velocity between the jet and the ambient air
controls to a great extent the liquid
atomization. However, under a lew injection
pressure, that is, when the injection velocity is
not so high, the surface tension has a stronger
effect on the Sauter mean diameter than under a
high injection pressure.

EFFECT OF AMDIENT PRESSURE -~ The ambient
pressure was varied from 0.1 MPa to 3.0 HPa in
order to study its effects orn the Sauter mean
diameter. Figure 9 summarizes for a study of
Lthe eflect of ambient pressure on the

relationship between effective injection pressure
and the Sauter mean diameter in Lhe case of a
liquid viscosity of ¥ =1 x 107 m?/s. The
effective injection pressure is represented by a
differettial pressure between the injection and
ambient pressures. Under a low effective
injection pressure, an increase in ambient
pressure causes a significant decrease of the
Sauter mecan diameter., Bowever, on the
contrary, under a high effective injection
pressure, the Sauter mean diameter increnses with
an increase in ambient pressure.

To summarizc both resvlts, an increasc in
ambicnt pressure has a positive eflect on the
atomizing process at a low ecEfective injoction
pressurc but has a negative eflect at a high one.
There is a critical elfective injectien pressure
where the effect of the ambical pressurc on Lhe
Sauter mean diameter changes [rom posiltlve to
negalive,

From Lhesc results, it can be considercd that
the offcct of ambient pressure on the Sauter mean
diameter reverses when eflective injection
pressure rises above a certain value and that an
increase in ambient pressure promotes liquind
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atomization under low injection velocity,
while, under high injection velocity, an increase
in the ambient pressure impedes liquid
atomization. In other words, the liquid break-up
mechanism and its process at high injection
velocity can be considercd te be different From
those at low injection velocity,

CORRELATION OF DATA

To previde the general corrclation of the
siescriptions obtained from Fig.5 to 9 concerninpg
the different physical properties of liquid and
various injection conditions, fundamental
consideration based on dimensional analysis shown
in the feoliewing equations is introduced

xn=f<D-vi-)'m}‘x -9«:-?[.”') (1)

where, D is the diamcter of the nozzle, Vi is the
injection velocity calculated by volumetric flow
rate, Y is the kinematic viscosity, p is the
density and ¢ is the surlace tension on the
liquid surface. Further, subscript a and 1
represent the ambient gas and injected liquid as
shown in the previous sections. According to
the dimersional analysis, eq.{l) is modified to

X n i) ¥3
220, R we™ (ML) @

Where, the Reynolds number, Re, is expressed by

Re= D 3
and Weher number, We, is writter by
we=Y0A )
0—1
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Fig.9 - Effect of ambienr pressure on the
Sauter mean diameter
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Equaticn (2) mcans that the Sauter mean
diameter for all of the different conditions can
be expressed by using five dimensionless numbers
and [ive cmpirical parametcrs. llowever,
©q.(2) doos not mean that the mean diameter can
be expressed by a3 unique set of these paramcters.

For ecxample, the Tanasawa's expression of the
Sauter mean diameter for a dicsel spray was well
known by the following equation (the equation was
rewritten in SI Unit).

Xz 10 YT s i) ()

where, g is the gravitational acceleration and
Jiy is the viscosity of the liquid. Figures 10
and 11 are comparisons between values predicted
by eq.(3) and our experimental date. The
discrepancy in the Sauter meen diameters beotween
predicted and measured values ( shown in Fig.10 )
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mainly comes from the differcnce in the methods
for measuring velocity and drop size, hecause the
inclines of both curves are essentially the same.
llowever, the discrepancy, which is shown in
Fip.l1, shows that the Sauter mean diameter of
the spray injected into high ambient pressure
suggests another aspect of this difference.
The predicted mean diameter in a high Re number
region is much smaller than the measured value.
This is because the eq9.(5) was obtained from
cxperimental daka taken under atmospheric
pressure conditions. Then this equation can
not oxplain a pressure effect on the Sauter mean
diameter. In other words, Tanasawa's
equation can aot express the positive and
negative effects of the ambicnt pressure on the
Sauter mean diameter. This fact suggests that
two sets of empirical parameters in cq.(2) are
nceded to express the Sauter mean diameter of a
spray injected in a different pressure
environment.

Ta obtain a necw parameter that was not taken
into account by Tanasawa's cquation, further
abservation of the spray were made under high
pressure conditions. Figure 12 shows the
change in atomization quality and Sauter mecan
diameter in a relation to the Reynolds number.
QObservations were conducted on glycerine-water

solution at ar ambient pressurc of 3 MPa for twn
levels of kinematic viscosity.

Irrespective of kinemakic viscosity, as
irjection velocity increases, the atomization
state shifts from {(A) to (B} and (B) to (C) as
shown in the photographs in Fig.12. The spray
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Fig.12 - Relation betwecn spray lormation
processes and the Seuter mean diameter
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cannot be formed im (A} due to insufficient
atomization coused by low injection velocity. As
injection velocity increases, the atomization
state shifcs to (B) where a smooth liquid jet is
ejected Lrom the exit of the nozzle hole to
subsequently Form a spray through a relatively
slowv disintegration process. In other words, the
process of transformation from liquid column to
drops might be developed along the liguid jet and
[ine drops were only made at a distance from the
nozzie exit. The atomization state shown in (B)
is hereinafter referred to as an iacomplete
spray. As injection velocity increases further,
the smooth liquid column is shortened gradually
to form a fully-atomized spray. In the
atomization state {C), a disintegration process
from jet to fine spray appeared as soon as the
liquid was injected. This atomization status
is hercinalter referred to as a complete spray.
From Lhe results observed above, it is considered
Lhar the spray may be classified into twe
categories according to the difference in the
spray photography.

Corresponding vto the shift from an
incomplete to a complete spray, the decrcaging
ratio of the Sauter mean diameter in rclation ko
injection velocity changes. Therefore, the
Sauter mcan diamecter, as a function of the
injection velocity or the Reyrolds number, can be
represented by two curves, each of which
correspends Lo one spray category. TFigure 12
also shows that the shift point Erom incomplete
to complete spray differs according to the
difference in kinematic viscosity and that the
shift occurs at a lower Reynolds number for
higher than [or lower kinematic viscosity.

Other evidence of the change in the spray
formation mechanisms can be observed in the
experimental data on break-up length obtained by
the authers (13). The typical break-up of the
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Fig.13 - Break-up length of a diesel spray

high speed jet injected into various pressure
environments is shown in TFig. 13. In thf wavy
atomization region that is shown in 2 x 10° < Re
< 2 x 10" , the break-up length increased with an
increase in the Reynolds numbder. However, if
the Re was increased beyond 2 x 10%, the break-up
length tended ta decrease.

The wavy flow region of the spray
corresponds to the spray photograph shown as (4)
in Fig.12 and the decreasing region of the break-
up length corresponds to (B). The photograph
(C) in Fig.12 shows the complete spray indicated
in the hatching area in Fig,13, where the break-
up lenath was short and was not affected by the
Reynolds number. When the jet was injected
into the ambient gas of atmospheric pressure, the
complete spray jet region could not be observed,
but it was observed in the wide region under
elevated pressure conditions. It can
therefore easily be considered that the
respective process of break-up and spray
formation mechanisms Eor (B) and (C) in Fig. 12
differ from each other and it was the main reason
why eq.(5) could not predict the Sauter mean
digmeter of the spray injected into an elevated
pressure environment.

With recference to the two categories of
sprays, the measurement results so far obtained
on the Sauter mean diameter can be summarized as
follows:

For an incomplete spray with a relatively
low injection velocity, the Sauter mean diameter
decreases with an increase in ambient pressure
and rapidly decreases with a decrease in
injection velocity, due to the strong influence
of liquid kinematic viscosity and surface
tensien.

For a complete spray with a high injection
velocity, the Sauter mean diameter increascs with
an increase in ambient pressure and decreases
slowly with a decrease in injection velocity due
to the slight influence of liquid kinematic
viscosity and surface tension. )

The shilt Lrom incomplete to complete spray
is dependent upon kinematic viscosity and surface
tension. The higher the kinematic viscosiky and
surface tension, the higher the injection
velocity at which the shift cccurs.

DERIVATION OF EMPIRICAL EQUATIONS

Dimensionless analysis was conducted based
on equation (2) and discussions in the previous

session. Dimensionless parameters of Xn/D,
Re, We, Y/u, , H/p , were combined to produce
the following two dimensionless groups of
parameters. S -
Xy Bei®y§"
&) ) G ®)
a1, 4 hb-&l.? 1)
Re Vwe l,ﬂ)n[%l

An index number for every dimensionless term was
chosen by a trial and error method to produce the

best correlation of the data obtained at an
ambient pressure of 3.0 MPa,
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Figure 14 shows how these two dimensionless
groups relate. From this figure, we could
obtain the following two relationships.

For incomplete sprays,

Xm _ 02 1y, 075 g 05 g p, 1B
Pe=erzRe’™ We (-J;) (T:f' (8)
was obtained; and eq.(9) [or complete sprays.

Xz _ LT3 -0:\2 B, Y TR

gh=014Re ( ( (9

The correlation of data measured under dillerent
ambient pressure conditions is shown in Fig.13.
The data for incomplete sprays appears in good
correlation, though the Sauter mean diameters of
complete sprays are not well correlated by these
two dimensionless groups.

Therefore the equation {9) had to he
modificd by the density ratio A /% to apply the
wide range of ambient pressurc conditions.
Then, the following cquation to express the
Sauter mean diameter of the complcte spray couid
be obtained.

Xn =0.38Re LI 7037( ) (FL) €10y

Comparison of cq.{8)} and the mecasurcd results for
glycerine-vater solution is shown in Fig.l6.
The deviation of the measured data from the
predicted value shows that this equatien can only
apply to incomplete sprays that have relatively
large Sauter mean diameters. Figure 17
indicates the deviation of the predicted resolts
obtained by eq.(10) from the same measured data
as Fig.16. In this case, the discrepancy
appears in the relatively large Xz /D,

The critical conditions for the applicable
limits of both equations zre the same and
expressed by the following equat:i.on.

Re“Pwe™ 10&4(Jl (ﬁ. (11)

This equation can also give the low pressure
limit for a fine spray, because this 1limit means
the shifting point from ipcomplete to complete
spray.
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Finally from the above discussion we derive
a general equation for the Sauter mean diamecter
of a diesel spray as follows

¥a 18 yHs
Tl 3]

(12)
15 J W8
%::..12 Re"” we ™™ Ei-)'m ) (12-2)
a Q
x:'nis_ om0 (T e v (1ap)y
=03 We (TJJJ) { fo)

Where HAX[ , ] means the larger value of the
two
X:2 /D = ratio of Sauter mean diamecter
to nozzle diameter
Re = Reynolds number of liguid
We = Weber number of liquid
MefMy= viscosity ratio of liguid to
ambient air
% /%= density ratio of liquid to
ambient air

Equation (12-a) shows the Sauter mean
diameter for the incomplete spray with a low
injection velocity, and Eg.(12-b) for the
complete spray. Concerning the effect of an
amhient pressure on the Sawter mean diameter, the
upper equation shows the positive density ratio
of a liquid to ambient air ( % /). This is
well in  agroement with the experimental result
that the Sauter mean éiameter docreases with an
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Fig.18 - Comparison between measured results and
the Sauter mean diameters predicted by
the final eguation

increase in ambient pressure (or density). The
lower equation showing a nepative density ratio
alsc agrees well with the experimental result
that the Sauter mean diameter increases with an
increase in ambient pressure {or density).

In Figure 18, the values of X /D calculated
by equation (12} are plotted against all the
measured values of the Sauter mean diamster.
From this figure, it is apparent that by using
equation (12) the change in the Sauter mean
diametor is predictable in relation to each of
such factors as injection pressure, ambient
pressure, liquid kinematic viscosity and surface
tension, and nozzle diameter.

The applicable rarge of equation (12} is
given below,
1) Injection velocity 19 ~ 300 m/s
(Injection pressure 3.5 ~ 90,0 MPa)
2} Density of ambient sir 1.3 ~ 3.9 kg/n®
(Ambient pressure 0.1~ 3.0 MPe) o
3) Nozzle diameter 0.2 x 1077 ~ 0.4 x 107 m
(Length-to-hole diameter ratio = approx. 3~ 06)
4) Kinematic viscosity 0.8 x 107~ 210 x 10 n¥s
5) Surface tension 33 x 10 ~ 75 x 107 N/m
6) Density of liquid 0.8 x 10° ~ 1.3 x 10° kg/m

CONCLUSIONS

The influence of ambient pressure, liguid
kinematic viscosity, surface tension and nozzle
diameter on the Sauter mean diameter of a diesel
spray was studied over 2 wide range of injection
pressures from 3 to 90 MPa, using equipment to
measure drop size developed from the Fraunhofer
diffraction technique. The results of the
study are summarized as follows:

1. According to the difference in break-up
mechanism, the atomization state of a diesel
spray can be classified into two categories.
One is the incomplete spray where liquid
digintegration progresses gradually From the
exit of the nozzle as the jet advances, due
to relatively low irjection velocity. The
other is the complete spray where atomization
is fully developed. The shift from the
incomplete to complete spray occurs as
injection velocity increases.

2. The higher the liquid kinematic viscosity and
surface tension, the higher the inpjection
velocity at which the shift cccurs.

3. The Sauter mean diameter decreases with an
increase in ambient pressure for the
incomplete spray, whereas the Sauter mean
diameter increases with an increase in
ambient pressure for the complete spray.

4. The higher the liquid kinematic viscosity and
surface tension, the larger the Sauter mean
diameter becomes. The Sauter mean diameter
also increases with an increase in nozzle
diameter.

5. Based on the above results, x dimensionless
analysis of the measurement results on the
Sauter mean diameter was conducted for each
of the two spray categories, leading to
equation (12} for the Sauter mean diameter.
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Chapter 1

Tutorial dieselFoam

1.1 Introduction

This tutorial describes how to pre-process, run and post-process a case involving compressible re-
acting flow with Lagrangian evaporating particles in a three-dimensional domain. It also describes
how to copy the solver, copy an evaporation model and how to add a second material to the discrete
particles.

The geometry consists of a block filled with air, with a 0.01x0.01 meter base and a length of 0.1
meter (figure 1.1). An injector is centrally placed on the top boundary where n-Heptane (C7 Hyg) is
injected. When the discrete droplets enter the domain they evaporate and combustion takes place
in the gas phase. There are several gas phase reaction schemes supplied with the case ranging from
a reaction scheme with 5 species and one reaction up to a reaction scheme involving ~300 reactions
and 56 species.

Figure 1.1: Geometry of the dieseFoam tutorial case.
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1.2. PRE-PROCESSING CHAPTER 1. TUTORIAL DIESELFOAM

1.2 Pre-processing

This section covers the necessary setup needed to get the dieselFoam case running with chemistry,
the tutorial also covers a brief introduction to reacting flows in numerical simulations.

1.2.1 Getting started
Copy the dieselFoam tutorial to the run directory.

cp -r $FOAM_TUTORIALS/dieselFoam/aachenBomb $FOAM_RUN
cd $FOAM_RUN/aachenBomb

The file structure of the dieselFoam case is similar to other OpenFOAM tutorials where the case
directory has a /0, /constant and /system directory. The dieselFoam case also has a /chemkin
directory where the gas phase reaction schemes are specified. As usual in OpenFOAM tutorials;
the solver-, write- and time-control can be found in the /system directory and the mesh setup in
/constant/polyMesh.

1.2.2 Boundary and initial conditions

Since there are neither outlets nor inlets, apart from the injector, the boundary conditions for the
dieselFoam tutorial are very simple. All walls are modeled as adiabatic. The boundary conditions
for the injector can be found in /constant/injectorProperties file see example below.

injectorType unitInjector;
unitInjectorProps
{
position (0 0.0995 0);
direction 0 -10);
diameter 0.00019;
Ccd 0.9;
mass 6e-06;
temperature 320;
nParcels 5000;
X
(
1.0
);
massFlowRateProfile
(
(0 0.1272)

(4.16667e-05 6.1634)
(8.33333e-05 9.4778)

)

In the /constant/injectorProperties file it can be seen that the injector is located 0.5 mm from
the top of the domain and injects in the negative y direction. Furthermore, the injector nozzle
diameter, the nozzle discharge coefficient, mass and temperature of the parcels can be found here as
well as the total number of injected parcels. The X is the mass fraction of a specific specie which
will be described further in section 1.5. The massFlowRateProfile specifies how the mass flow rate
should vary over time. From time t; — t; the mass flow rate is 729. This done in order to simulate
opening and closing of the injector. The left column of the massFlowRateProfile is ¢; and the
right, ri;.
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It is possible to define different kinds of injectors, however, in this tutorial only the unitInjector
will be used. In the /constant/sprayProperties file the user can specify what will happen to the
droplets as they enter the domain, see table 1.1.

Model General meaning

subCycles Minimum number of Lagrangian sub cycles
atomizationModel | How atomization is treated
includeOscillation | Droplet deformation; will effect droplet drag coefficient
breakupModel If secondary break up is used
injectorModel Which injector model to use

collisionModel Particle - particle interaction
evaporationModel | Which evaporation model to use
heatTransferModel | Particle heat transfer model
dispersionModel If turbulent dispersion is used or not
dragModel Particle drag model

wallModel What happens to particles hitting the walls

Table 1.1: Spray sub-models for the dieselFoam tutorial

The initial conditions are found in the /0 directory and are summarized in table 1.2. Not all initial
conditions are specified here since they are not necessary to get the case running. Note that the
initial mass fractions for No and Os corresponds to air and that the initial condition for spray is
empty since it is specified in the /constant/injectorProperties-file.

Variable | Initial conditions

€ internalField uniform 90.0, walls zeroGradient

k internalField uniform 1.0, walls zeroGradient

Ny internalField uniform 0.766, walls zeroGradient

O, internalField uniform 0.233, walls zeroGradient

p internalField uniform 5e+06, walls zeroGradient
spray empty

T internalField uniform 800, walls zeroGradient

U internalField uniform ( 0 0 0 ), walls uniform (000 )

Table 1.2: Initial conditions for the dieselFoam tutorial
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1.2.3 Physical properties

In the /constant directory the properties files for chemistry, environment, spray, combustion, in-
jector, RAS and thermophysical. The spray and injector properties are described in section 1.2.2
and the RAS properties are thoroughly described in the OpenFOAM user guide and are therefore
not described here. The properties files are summarized in table 1.3.

Properties file | General content
chemistryProperties Chemical reactions are included if chemistry is switched on
Specification and settings for the discretization
scheme used to solve the chemistry ODEs
environmentalProperties | Gravity
combustionProperties Ignition point on or off, timing and duration of ignition point
thermophysicalProperties | Specify the mixture type and which gas phase reaction scheme
to use as well as thermodynamic database

Table 1.3: Properties files and general content for the dieselFoam tutorial

A certain mixture type may be more or less suited for a combustion problem and depends on
if the flame is non-, partly or full-premixed. In the thermophysicalProperties file it is possi-
ble to specify the mixture types, several are available!. Parts of the thermophysicalProperties
file is listed below, notice that the location of the CHEMKINThermoFile has been changed from
"~0OpenFOAM/thermoData/therm.dat" to "$FOAM_CASE/chemkin/therm.dat".

thermoType hMixtureThermo<reactingMixture>;
CHEMKINFile "$FOAM_CASE/chemkin/chem. inp" ;
CHEMKINThermoFile "$FOAM_CASE/chemkin/therm.dat";

In this tutorial we will use the predefined reactingMixture together with the thermophysical model
hMixtureThermo which calculates enthalpy for combustion mixture. The choice of mixture and
thermo physical model depends both on the physics of the flame and which variables that are
needed for the combustion model. The thermophysicalProperties file also contains information
on where the gas phase reactions are defined as well which thermo dynamic data base to use. The gas
phase reactions are specified in the "$FOAM_CASE/chemkin/chem. inp" file and the thermo dynamic
data base in the "$FOAM_CASE/chemkin/therm.dat" file. The therm.dat and chem.inp-file will be
described further in section 1.2.4 as well as the combustion model.

1.2.4 Chemistry

When the droplets enter the domain they start to evaporate. The C7His(g) 2 then reacts with
oxygen forming CO2 and Hy0O. However, this reaction can be called a global reaction and is not
what would happen if C7H16(g) would burn with air in a real combustor or burner. As an example,
think about hydrogen burning with pure oxygen, see reaction 1.1.

1
H2+502¢=>H20 (1.1)

However, in order for the hydrogen to react with oxygen, the bond between the atoms first have to
be broken and a more complex reaction scheme is required, see reaction 1.2 to 1.6.

H2<=>2H (12)

Oy & 20 (13)

http://www.opencfd.co.uk/openfoam/doc/thermophysicalModels.html
2Notation (g) meaning that the specie is in gas phase. Similar notation is (s) for solid and (1) for liquid. The
notation is used here to emphasize that no heterogeneous reactions are taking place.
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H+0OH (14)
OH + Hy & H, O+ H (15)
OH + H & H;0 (16)

So, instead of having two reactions (backward and forward) with three species we have ten reactions
(backward and forward) with six species (the scheme described above is ad hoc and is just used to
describe the difficulties describing chemistry in numerical simulations). The transport equations for
these species have to be solved as well as the ODEs for the reactions. In this tutorial the gas phase
reactions are specified in the /chemkin/chem.inp-file, see below.

REACTIONS

C7H16 + 1102 => 7C02 + 8H20 5.00E+8 0.0 15780.0! 1
FORD / CTH16 0.25 /
FORD / 02185/

END

The entries behind the reaction in the /chemkin/chem.inp-file are Arrhenius coefficient that are
used to calculate the chemical reaction rate. FORD is the forward reaction order. The chemical
reaction rate will be calculated according to equations 1.7 and 1.8

—-E
kf:AT"-e.rp( RT“) .7)
Where kj is the forward reaction coefficient, A pre exponential factor, b temperature exponent, E,
activation energy, R ideal gas coefficient and T' temperature.

5= d[product] _

5 —ky * [fuel][ozidizer]® (1.8)

Where w; is the chemical reaction rate, ¢ time, ¢ and d the forward reaction order and, [C] is
concentration of specie C'. In simplified terms the /chemkin/chem. inp-file can thus be written as:

REACTIONS

fuel + oxidizer => product A b Ea
FORD / fuel c /
FORD / oxidizer d /

END

Due to the numerical cost only the simplest scheme (chem.inp) will be used in this tutorial but the
user is encouraged to look in the chem.inp.full file to see how a complex but still reduced reaction
scheme might look like.

With out going into great detail regarding thermodynamics in combustion processes®, it is pos-
sible to realize that when a fuel and an oxidizer react, they will produce heat. The amount of heat
released from the flame as well as the flame temperature can be predicted using thermodynamics.
The thermodynamic data base is located in the /chemkin/therm.dat-file. An example from the
/chemkin/therm.dat-file is listed below.

C7H16 P10/95 C 7H 16 0 0G  200.000 5000.000 1391.000 1
2.22148969e+01 3.47675750e-02-1.18407129e-05 1.83298478e-09-1.06130266e-13 2
-3.42760081e+04-9.23040196e+01-1.26836187e+00 8.54355820e-02-5.25346786e-05 3
1.62945721e-08-2.02394925e-12-2.56586565e+04 3.53732912e+01 4

3Combustion 4th edition, Chapter 4, J.Warnatz et al. Springer 2006

(2]
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e The first row contains species name, date (not used in the code), atomic symbols and for-
mula, phase of species (S, L, or G for gas), low temperature, high temperature and common
temperature (if needed).

e The second row contains coefficients a; — as in equation 1.9 for upper temperature interval.

e The third row contains coefficients ag, a7 for upper temperature interval, and aq, a2, and ag
for lower.

e The fourth row contains coefficients a4, as, ag. a7 for lower temperature interval.

From these constants, (NASA) polynomials for specific heat C),, enthalpy H and entropy S can be
calculated.

(17;’=<11—4—!12~'I‘—+—a:;~T2+(lr4"1"3+115'T4 (1.9)
H T a3T?  aT®  asT*  ag
- — 1.1
T T i T (1.10)
S a-;T2 (l4T3 (15,’1-‘1l
R ayInl" + a1 + B 3 + 1 +az (1.11)

The specific heat C,, enthalpy H and entropy S are then used in the code to solve the conservation
equations.

The combustion model for this tutorial is a partially stirred reactor concept model developed at
Chalmers Gothenburg described by equations 1.12 and 1.13

CST, = — Tehem 5. (112)

Tmiz + Tchem

Where CST; is the chemical source term, T.pen chemical time oc ﬁ and Ty,;, mixing time. The

mixing time 7,,;, is calculated according to

Tmiz = Crmiz M (1.13)
V' pe

Where C,,,i, is a constant specified in the /constant/combustionProperties-file, yi. sy is the effec-
tive viscosity, p density and e rate of dissipation of turbulent kinetic energy. The combustion model
can be found on lines 81-95 in $FOAM_SOLVERS/combustion/dieselFoam/dieselFoam.C

1.3 Running the code

Remove ft and fu and in the aachenBomb/0 directory since these are not needed for this setup
(keeping them will result in post-processing problems).

cd $FOAM_RUN/aachenBomb/0
rm ft fu

Turn chemistry on in the /constant/chemistryProperties file
chemistry on;

and ignition on in the /constant/combustionProperties file. This step is not necessary, the
mixture will still ignite when the species are properly mixed due to the high temperature.

ignite on;

Mesh the geometry using blockMesh, and start the dieselFoam solver.
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cd $FOAM_RUN/aachenBomb
blockMesh
dieselFoam

The solution is only 0.01 seconds long, however, due to the fast chemistry a minimum of 4000
time steps are needed to resolve it. Furthermore, there is a total of 5000 parcels (parcelqss =
N s Droplet,,qss where N is the statistical number of drops in the parcel) that enter the domain
and the source term from these all have to be calculated.

1.4 Post-processing in ParaView

Since paraFoam can not handle Lagrangian particles use foamToVTK and then ParaView.

cd $FOAM_RUN/aachenBomb
foamToVTK
paraview

In the /VTK directory open the case file ( aachenBomb\1.vtk ) and also, open the particles in the
/Lagrangian/defaultCloud_2.vtk file. Create glyphs for the particles, see figure 1.2 for settings.

8 buitin:
@ - aachenBomb_chem_ig_1vik
@ | goun
@ /@ dofaultCloud_2vik
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stanphl [0

EndPhl () [180

1% Orient
Scalo Mode [on [«
SetSeale Factor  [0.0002 () Edit

of
Painis 2000 \
% Mask Points. -

Figure 1.2: Settings for glyphs in ParaView to visualize the Lagrangian particles
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Figure 1.3: Droplets entering the domain, droplets colored by diameter and cut plane by temperature

d
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Figure 1.4: Gas phase ignition, droplets colored by diameter and cut plane by temperature
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1.5 Adding a second liquid

To add a second liquid to the droplets follow these step-by-step instructions.

Remove ft and fu in the aachenBomb/0 directory since these are not needed for this setup.
cd $FOAM_RUN/aachenBomb/0
rm ft fu
Turn chemistry on in the /constant/chemistryProperties file
chemistry on;
and ignition on in the /constant/combustionProperties file.
ignite on;
In aachenBomb/constant/thermophysicalProperties add an extra liquid material, here CgH,4 is
used as an example.
liquidComponents
(
C7H16

C6H14
)

liquidProperties

{
C7H16 C7H16 defaultCoeffs;
C6H14 C6H14 defaultCoeffs;

}

In aachenBomb/chemkin/chem.inp add the CsHyy4 in species.

ELEMENTS

H O C N AR

END

SPECIE

C6H14 C7H16 02 N2 C02 H20

END

REACTIONS

C7H16 + 1102 => 7C02 + 8H20 5.00E+8 0.0 15780.0! 1
FORD / C7H16 0.25 /
FORD / 02 1.5/

END

In aachenBomb/constant/injectorProperties change the mass fractions for C; Hig and CgH 4.
X

o o
N 00

DI
The droplets will now consist of 80 weight percent C7H s and 20 percent C6H 4. Mesh the geometry
using blockMesh, and start the dieselFoam solver.

cd $FOAM_RUN/aachenBomb
blockMesh
dieselFoam

Post in ParaView as described in section 1.4. Notice the difference in evaporation pressure between
the two species CgHyy and C7 H .
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C7H16

£0.2336

0.1995

(a) CeH14a (b) C7Hie

Figure 1.5: Droplets colored by mass fractions

1.6 Your own evaporation model

To copy and create your own evaporation model follow these step-by-step instructions.

1.6.1 Copy the dieselFoam solver
Copy the dieselFoam solver to your working directory.

mkdir -p $WM_PROJECT_USER_DIR/applications/solvers/combustion
cp -r $FOAM_SOLVERS/combustion/dieselFoam $WM_PROJECT_USER_DIR\
/applications/solvers/combustion/mydieselFoam

Rename solver to mydieselFoam.
cd $WM_PROJECT_USER_DIR/applications/solvers/combustion/mydieselFoam/Make
Change in the /Make/files so it reads.

dieselFoam.C

EXE = $(FOAM_USER_APPBIN)/mydieselFoam
Change in the /Make/options so the second line reads.

-I$(LIB_SRC)/../applications/solvers/combustion/dieselEngineFoam \

1.6.2 Copy the dieselSpray library

Copy the src/lagrangian/dieselSpray dictionary to your user dictionary and rename it to
mydieselSpray.

cd $WM_PROJECT_DIR

cp -riuv --parents --backup src/lagrangian/dieselSpray \
$WM_PROJECT _USER_DIR

cd $WM_PROJECT_USER_DIR/src/lagrangian

mv dieselSpray mydieselSpray

10
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Copy the standardEvaporationModel dictionary to my_standardEvaporationModel.

cd $WM_PROJECT_USER_DIR/src/lagrangian/mydieselSpray/spraySubModels/evaporationModel
cp -r standardEvaporationModel my_standardEvaporationModel

Change standardEvaporationModel to my_standardEvaporationModel in the .C and .H file using
sed and rename the files to my_standardEvaporationModel.

cd $WM_PROJECT_USER_DIR/src/lagrangian/mydieselSpray/spraySubModels/evaporationModel
cd my_standardEvaporationModel

sed s/standardEvaporationModel/my_standardEvaporationModel/g \
standardEvaporationModel.C >my_standardEvaporationModel.C

sed s/standardEvaporationModel/my_standardEvaporationModel/g \
standardEvaporationModel .H >my_standardEvaporationModel.H

rm standardEvaporationModel.C standardEvaporationModel.H

Add my_standardEvaporationModel.C to the list of evaporation models in
/mydieselSpray/Make/files line 59.

$ (evaporationModels) /saturateEvaporationModel/saturateEvaporationModel.C
$ (evaporationModels) /my_standardEvaporationModel/my_standardEvaporationModel.C

Also, change the name of the library at the bottom of the /mydieselSpray/Make/files file to

LIB = $(FOAM_USER_LIBBIN)/libmydieselSpray

1.6.3 Adding mydieselSpray library to mydieselFoam solver

Go to your mydieselFoanm directory

cd $WM_PROJECT_USER_DIR/applications/solvers/combustion/mydieselFoam/Make
Open the options file and change line 6 from
-I$(LIB_SRC)/lagrangian/dieselSpray/lnInclude \

to:

-I$(WM_PROJECT_USER_DIR)/src/lagrangian/mydieselSpray/lnInclude \

At the end of the options file change so it reads:

-lpdf \
-L$ (WM_PROJECT_USER_DIR)/1ib/$ (WM_OPTIONS) \
-lmydieselSpray

1.6.4 Update case files

Update the sprayProperties so it includes the coefficients for
your evaporation model in aachenBomb/constant/sprayProperties.

cd $FOAM_RUN/aachenBomb/constant
Edit sprayProperties so the evaporation model is set to:
evaporationModel my_standardEvaporationModel;

Also, add model coefficients for your evaporation model in then sprayProperties file

11
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my_standardEvaporationModelCoeffs

{
evaporationScheme explicit;
preReScFactor 0.6;
ReExponent 0.5;
ScExponent 0.333333;

}

1.6.5 Customizing the evaporation model

Go back to the my_standardEvaporationModel directory.

cd $WM_PROJECT_USER_DIR/src/lagrangian/mydieselSpray/spraySubModels/\
evaporationModel/my_standardEvaporationModel

Take a closer look in my_standardEvaporationModel.C. On line 98 to 104 it reads,

scalar my_standardEvaporationModel::Sh

(
const scalar ReynoldsNumber,
const scalar SchmidtNumber
) const
{
return 2.0 + preReScFactor_xpow(ReynoldsNumber,ReExponent_)\
*pow (SchmidtNumber ,ScExponent_) ;
}

That is, the Sherwood number is calculated according to the Ranz-Marshall correlation *, see equa-
tion 1.14, observe that the my_standardEvaporationModelCoeffs are used here.

Sh =2+ 0.6Re:5ScP-33333 (1.14)

Where Sh is the Sherwood number, Re, relative Reynold number and Se Schmidt number.
In this tutorial we will make changes to the evaporation time, located in
my_standardEvaporationModel.C, on line 142 to 163.

scalar Xratio = (Xs - Xf)/max(SMALL, 1.0 - Xs);

if (Xratio > 0.0)
{

1gExpr = log(1.0 + Xratio);
}

scalar denominator =

6.0 * massDiffusionCoefficient

* Sh(ReynoldsNumber, SchmidtNumber)
* rhoFuelVapor * 1lgExpr;

if (denominator > SMALL)

{

time = max(VSMALL, liquidDensity * pow(diameter, 2.0)/denominator);
}

return time;

IMultiphase flows with droplets and particles, Crowe et al. (1998) CRC Press LLC
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We want the evaporation time 7,, to be calculated by a D?-law showed in equations 1.15 and 1.16

_ 4ShpeD,
Pd

A (wa,s —wa,00) (1.15)
Where A is the evaporation constant, p. film density, pq droplet density, D diameter, D, diffusion
coefficient for species A, w4, mass fraction of species A at the droplet surface and wa  for the free
stream. )
D .
T = N (1.16)

Make changes in the my_standardEvaporationModel.C file, according to the equations showed.
Start by removing scalar 1gExpr = 0.0; on line 123.

Edit themy_standardEvaporationModel .C file and change scalar Xratio and scalar denominator.
Remove the if (Xratio > 0.0) statement completely.

scalar Xratio = (Xs - Xf);

scalar denominator =

4.0 * massDiffusionCoefficient

* Sh(ReynoldsNumber, SchmidtNumber)
* rhoFuelVapor*Xratio;

if (denominator > SMALL)
{
time = max(VSMALL, liquidDensity #* pow(diameter, 2.0)/denominator);

return time;

1.6.6 Compile library and solver
Compile the mydieselSpray library and your solver.

cd $WM_PROJECT_USER_DIR/src/lagrangian/mydieselSpray
wclean

rm -r lnInclude

rm -r Make/linuxx

wmake libso

cd $WM_PROJECT_USER_DIR/applications/solvers/combustion/mydieselFoam
wclean

rm -r Make/linux*

wmake

1.6.7 Running the case

Start the solver with mydieselFoam and post in ParaView as described in section 1.4. When the
solver starts check that your evaporation model is being used.

cd $FOAM_RUN/aachenBomb
blockMesh
mydieselFoam
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