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Resumen
La clave para reducir la formación de contaminantes, emisiones y aumentar

la eficiencia en los motores de inyección directa diésel radica en entender y tener
la capacidad de predecir los procesos de inyección, mezcla, evaporación y com-
bustión. Con este objetivo, los distintos grupos de investigación y desarrollo de
motores han intentado, durante décadas, comprender y describir mejor los fun-
damentos de estos procesos, incluyendo combustibles alternativos y estrategias
de combustión novedosas. Los chorros de inyección, caracterizados principal-
mente por fenómenos físicos complejos e intrínsicamente estocásticos, presentan
un reto significativo para los investigadores de motores y combustión. De igual
manera, el alcance completo del efecto de la geometría de la tobera sobre un es-
pectro grande de condiciones de inyección (incluyendo distintos combustibles)
y variables de respuesta, no está completamente definido, a pesar de haber sido
estudiado anteriormente.

En esta tesis se estudia la influencia del flujo interno sobre un amplio espectro
de condiciones y diagnósticos experimentales. Se realizaron experimentos para
dos geometrías de tobera—toberas cilíndrica y cónica de un único orificio—y tres
combustibles. Dos de los combustibles son puros—n-heptano y n-dodecano—
mientras el tercero es un combustible sustituto que consiste en una mezcla de tres
componentes que busca representar mejor las propiedades físicas y químicas del
diesel. Las medidas incluyen una caracterización hidráulica completa, compuesta
por tasa de inyección y cantidad de movimiento instantáneas; una visualización
de alta velocidad del chorro líquido isotermo; una visualización de alta velocidad
del chorro inerte evaporativo, con captura simultánea de las fases líquida y vapor
y, finalmente, una visualización del chorro reactivo a alta temperatura, con cap-
tura de la fase vapor y la quimioluminiscencia del radical OH* para cada evento
de inyección. Todos los diagnósticos en condiciones de alta temperatura fueron
realizados en una maqueta de alta presión y temperatura de flujo constante que
permite controlar con precisión un rango amplio de condiciones termodinámicas
(hasta 1000 K y 15 MPa).

La tobera cilíndrica, con un diámetro de salida 8.6 % mayor que el de la cónica,
presenta una penetración de chorro más lenta, a pesar de tener una tasa de in-
yección y flujo de cantidad de movimiento mayores en la parte estabilizada de la
inyección. El ángulo del chorro mostró ser inversamente proporcional a la pene-
tración. Este ángulo es principalmente determinado por la geometría de la tobera
y la densidad del ambiente al que se inyecta. Por otro lado, tanto para el chorro
isotermo como para el evaporativo inerte, los chorros producidos por la tobera
cilíndrica presentan mayores fluctuaciones en el contorno detectado, lo cal, en el
caso evaporativo, es cierto para las fases líquida y vapor.
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En el caso del chorro isotermo, la presión en el raíl mostró tener una pequeña
influencia en el ángulo de chorro cercano y una influencia despreciable en las
fluctuaciones de dicho ángulo. El n-heptano mostró las penetraciones más lentas
mientras que el n-dodecano y el combustible sustituto mostraton comportamien-
tos similares para variaciones de presión de inyección y ambiente.

Para el chorro inerte evaporativo, la fase líquida fue detectada a través de una
configuración óptica de iluminación trasera difusa pulsada, mientras que la fase
vapor fue detectada con un arreglo óptico de Schlieren con diafragma. Para una
densidad ambiente particular, la penetración de la fase líquida está controlada
principalmente por la temperatura ambiente y las propiedades del combustible,
mientras que la penetración de la fase vapor está controlada por la presión de
inyección. La tobera cilíndrica consistentemente produjo longitudes líquidas más
cortas. El n-heptano mostró las longitudes líquidas más cortas, seguido del n-
dodecano y finalmente, el combustible sustituto. No se encontraron diferen-
cias significativas en la penetración de vapor entre combustibles, a diferencia
de lo visto para el chorro líquido isotermo. Los comportamientos encontrados
para las longitudes líquidas presentan las respuestas esperadas frente a cambios
paramétricos de la temperatura y densidad ambiente. Se presentaron dos mode-
los predictivos empíricos, que a su vez se utilizaron para analizar la influencia de
las propiedades del combustible en la longitud líquida. La volatilidad del com-
bustible mostró ser el factor primario que controla la longitud líquida entre los
combustibles estudiados

Los chorros reactivos mostraron penetraciones más rápidas que los chorros
inertes, debido a la aceleración inducida por la combustión después de la igni-
ción. Un aumento en la concentración de oxígeno y en la temperatura ambiente
aumenta la reactividad y por tanto acelera la penetración del chorro. La pre-
sión de inyección, al no afectar significativamente la reactividad, influye en la
penetración únicamente modificando la cantidad de movimiento—similar al caso
inerte. Tanto el retardo del auto-encendido como la longitud de levantamiento de
llama son más cortas para el n-dodecano y más largas para el n-heptano, mien-
tras los valores correspondientes al combustible sustituto se ubican en el medio
de los anteriores. Un aumento en la concentración de oxígeno, temperatura o
densidad ambiente, reducen tanto el retardo del auto-encendido como la longi-
tud de levantamiento de llama. La tobera cilíndrica mostró aumentar el retardo
del auto-encendido en comparación a la cónica, a pesar de producir longitudes
de levantamiento de llama más cortas. Esto podría ser debido a su mayor ángulo
de chorro. El mayor retardo del auto-encendido también indica posibles tasas de
mezcla más pobres en el momento de la ignición.

Los resultados experimentales y la gran base de datos obtenida en este trabajo
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(disponible en: http://www.cmt.upv.es/DD01.aspx), podrían ser utilizados
para validar modelos CFD detallados que podrían ayudar a la comunidad cientí-
fica a entender mejor los mecanismos fundamentales que producen los resultados
observados.

http://www.cmt.upv.es/DD01.aspx
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Resum
La clau per reduïr la formació de contaminants, emissions i augmentar

l’eficiència en motors d’injecció directa dièsel està a entendre i tenir la capacitat de
predir els processos d’injecció, mescla, evaporació i combustió. Amb aquest objec-
tiu, els diferents grups d’investigació i desenvolupament de motors han tractat,
per dècades, de comprendre i descriure millor els fonaments d’aquests proces-
sos, incloent combustibles alternatius i noves estratègies de combustió. Els dolls
d’injecció, caracteritzats principalment per fenòmens físics complexos i intrínsica-
mente estocàstics, presenten un repte significatiu per als investigadors de motors
i combustió. D’igual manera, l’abast complet de l’efecte de la geometría de la
tovera sobre un espectre gran de condicions d’injecció (incloent diferents com-
bustibles) i variables de resposta, no està completament definit, encara que haja
sigut estudiat amb anterioritat.

Aquesta tesi estudia la influència del flux intern sobre un gran espectre de
condicions i diagnòstics experimentals. Es van realitzar experiments per a dos
geometries de tovera—toveres cil·líndrica i cónica amb un únic orifici—i tres com-
bustibles. Dos dels combustibles són purs—n-heptà i n-dodecà— mentre el tercer
combustible consisteix en una mescla de tres components que formen un com-
bustible substitut que busca representar millor les propietats físiques i químiques
del dièsel. Les mesures inclouen una caracterització hidràulica completa, com-
posta per taxa d’injecció i quantitat de moviment instantanis; visualització d’alta
velocitat del doll líquid isoterme; visualització d’alta velocitat del doll inert evap-
oratiu, capturant simultàniament les fases líquid i vapor i, finalment, una visual-
ització del doll reactiu a alta temperatura, capturant la fase vapor i la quimiolu-
miniscència del radical OH per a cada esdeveniment d’injecció. Tots els diagnòs-
tics en condicions d’alta temperatura van ser realitzats en una instal·lació d’alta
pressió i temperatura amb flux constant que permet controlar amb precisió un
ampli rang de condicions termodinàmiques (fins a 1000 K i 15 MPa).

La tovera cil·líndrica, amb un diàmetre d’eixida un 8.6 % més gran que
la cònica, presenta una penetració de doll més lenta, malgrat tenir una taxa
d’injecció i un flux de quantitat de moviment majors en la part estabilitzada de
la injecció. L’angle del doll va mostrar ser inversament proporcional a la pene-
tració. Aquest angle és principalment determinat per la geometria de la tovera i
la densitat ambient. D’altra banda, tant per al doll isoterm com per a l’evaporatiu
inert, els dolls produïts per la tovera cil·líndrica presenten majors fluctuacions en
el contorn detectat, el cas evaporativo incloent fases líquida i vapor.

En el cas del doll isoterm, la pressió al raïl va mostrar tenir una xicoteta in-
fluència en lángle de doll proper i una influència menyspreable en les fluctua-
cions d’aquest angle. L’n-heptà mostrà les penetracions més lentes mentre que
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el n-dodecà i el combustible substitut mostraren comportaments similars per a
variacions de pressió d’injecció i ambient.

Per al doll inert evaporatiu, la fase líquida va ser detectada a través d’una con-
figuració òptica d’il·luminació posterior difusa premuda, mentre que la fase vapor
va ser detectada amb un arranjament òptic de Schlieren amb diafragma. Per a una
densitat ambient particular, la penetració de la fase líquida està controlada princi-
palment per la temperatura ambient i les propietats del combustible, mentre que
la penetració de la fase vapor está controlada per la pressió d’injecció. La tovera
cil·líndrica consistentment va produir longituds líquides més curtes. L’n-heptà va
mostrar les longituds líquides més curtes, seguit del n-dodecà i, finalment, el com-
bustible substitut. No es van trobar diferències significatives entre combustibles
pel que fa a la penetració de vapor. Això no va ser l’oposat per al doll líquid
isoterm. Les longituds líquides presenten les respostes esperades front a canvis
paramètrics de temperatura i densitat ambient. Es van presentar dos models pre-
dictius empírics, que al seu torn es van utilitzar per tal d’analitzar la influència de
les propietats del combustible en la longitud líquida. La volatilitat del combustible
mostrà ser el factor primari que controla la longitud líquida entre els combustibles
estudiats.

Els dolls reactius mostraren penetracions més ràpides que els dolls inerts, a
causa de l’acceleració induïda per la combustió després de la ignició. Augmen-
tar la concentració d’oxígen i la temperatura ambient augmenta la reactivitat i
per tant accelera la penetració del doll. La pressió d’injecció no afecta la reac-
tivitat significativament i per tant solamnet afecta la penetració a través de la
quantitat de moviment—similar al cas inert. Tant el retard a l’autoencés com
la longitud d’aixecament de flama són menors per a l’n-dodecà i majors per a
l’n-heptà, quedant el combustible substitut en un punt intermedi. Augmentar la
concentració d’oxígen, la temperatura o la densitat ambient redueix tant el re-
tard a l’autoencés com la longitud d’aixecament de flama. La tovera cil·líndrica
mostrà augmentar el retard a l’autoencés, malgrat produïr longituds d’aixecament
de flama més curtes. Això podria deure’s a la seu millor atomització i major angle
de doll. El major retard a l’autoencés també indica possibles taxes de mescla més
pobres al moment de la ignició.

Els resultats experimentals i la gran base de dades obtinguda en aquest treball
(disponible a la web en: http://www.cmt.upv.es/dd01.aspx), podrien ser
utilitzats per tal de validar models CFD detallats que podrien ajudar a la comunitat
científica a entendre millor els mecanismes fonamentals que produeixen aquestes
observacions.

http://www.cmt.upv.es/dd01.aspx


April 20, 2017

Abstract
Understanding and properly predicting fuel injection, mixing, evaporation

and combustion processes are the key to reducing pollutant formation and im-
prove efficiency of direct injection diesel engines. To this end, engine research
and development groups have been trying for decades to better comprehend and
describe the fundamentals of these processes, including alternative fuels and com-
bustion strategies. Fuel sprays, being primarily characterized by physically com-
plex phenomena and intrinsically stochastic behavior, are remarkably challeng-
ing to engine and combustion researchers. Accordingly, even though it has been
studied before, the full extent of the effect nozzle geometry over a wide span
of operating conditions (including fuels) and response variables is not yet fully
understood.

This thesis studies the influence of internal nozzle flow characteristics over
a large spectrum of experimental conditions and diagnostics. Experiments
were carried out for two nozzle geometries—cylindrical and conical single hole
nozzles—and three different fuels. Two of the fuels are pure components—n-
heptane and n-dodecane—while the third fuel consists of a three-component sur-
rogate to better represent the physical and chemical properties of diesel fuel. Mea-
surements include a complete hydraulic characterization consisting of instanta-
neous injection rate and spray momentum flux measurements; a high-speed visu-
alization of isothermal liquid spray; a high-speed visualization of the evaporative
inert spray, imaging liquid and vapor phases simultaneously and finally, a high-
speed visualization of the high temperature reactive spray, imaging vapor phase
and OH* chemiluminescence for each injection event. All high-temperature diag-
nostics were performed in a continuous flow test chamber that allows an accurate
control on a wide range of thermodynamic conditions (up to 1000 K and 15 MPa).

The cylindrical nozzle with 8.6 % larger diameter, in spite of higher stabilized
mass flow rate and momentum flux, shows slower spray tip penetration when
compared to the conical nozzle, in all diagnostics. The spreading angle is found
to be inversely proportional to the spray tip penetration. The spreading angle is
largely influenced by the nozzle geometry and the ambient density. Also, for both
the isothermal and evaporative inert spray, the spray produced by the cylindri-
cal nozzle exhibits larger line-of-sight contour fluctuations, including liquid and
vapor phases in the evaporative case.

For the isothermal spray, rail pressure was found to have weak influence on
the near-field spreading angle and no influence on the standard deviation of
the spreading angle. n-Heptane spray shows slowest penetration rates while n-
dodecane and the surrogate fuel mixture show very similar spray behavior for
variations in injection pressure and back pressure.
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In the evaporative inert spray, the liquid phase is captured by a fast-pulsed dif-
fused back illumination setup, while the vapor phase is captured by a single-pass
Schlieren setup with diaphragm. For a fixed ambient density, the liquid pene-
tration is controlled by ambient temperature and fuel characteristics while the
vapor penetration rate is controlled by injection pressure. The cylindrical nozzle
consistently produced shorter liquid lengths. n-Heptane spray shows the shortest
liquid lengths, followed by n-dodecane and finally the Surrogate. No significant
difference in vapor penetration rates was found between fuels, confirming that
the vapor spray is controlled by momentum, which is independent of fuel. This
was not the case for the non-evaporative isothermal sprays. Liquid lengths show
the expected responses to parametric variations of ambient temperature and den-
sity. Two empirical predictive models are presented and utilized to analyze the
influence of fuel properties on the liquid length. The primary factor controlling
the liquid length between fuels is found to be their volatility.

The reactive spray is found to penetrate faster than non-reacting spray due
to combustion induced acceleration after ignition. Higher oxygen concentra-
tion, and ambient temperature enhance the reactivity leading to higher spray
tip penetration. Injection pressure does not affect the reactivity significantly
and hence, influences spray penetration through momentum—similar to a non-
reacting spray. Both ignition delay and lift-off length are found to be shortest
and longest for n-dodecane and n-heptane, respectively, while the surrogate fuel
falls in-between the two pure component fuels. Both ignition delay and lift-off
length are found to decrease with an increase in oxygen concentration, ambient
temperature, and density. The cylindrical nozzle, in spite of shorter lift-off length
is found to have longer ignition delay, when compared to the conical nozzle. This
could be due to better atomization leading to larger spread angle and evapora-
tive cooling from the cylindrical nozzle compared to a conical nozzle. The longer
ignition delay also leads to leaner equivalence ratios at the time of ignition.

The experimental findings from this work, and the large database obtained
(available for download at: http://www.cmt.upv.es/DD01.aspx), could be
used to validate CFD models that could help the community understand the fun-
damental driving mechanisms behind these observations.

http://www.cmt.upv.es/DD01.aspx
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Chapter 1

Introduction

This chapter introduces the motivation for studying the effect of nozzle geometry
over the complete spectrum of direct-injection spray performance. First, the con-
text where this thesis contributes to the community is described. Following, the
purpose and significance that this study attempts to reach are exposed. Then, a
summary of the subsequent chapters of this thesis is portrayed.

1.1 Background and context

Internal combustion engines have defined and shaped the world since their in-
troduction approximately a century ago. Over the last three decades, perfor-
mance, fuel consumption and exhaust emissions have been significantly im-
proved. Nonetheless, increasing concerns in pollutant emissions demand a critical
and detailed evaluation of the combustion process, which is largely influenced by
fuel-air mixing [1–5].

Fuel sprays, being primarily characterized by physically complex phenomena
and intrinsically stochastic behavior, are remarkably challenging to comprehend
by engine and combustion researchers. Over the last three decades, experimen-
tal researchers have studied fuel sprays thoroughly in search for a better under-
standing of these phenomena and also for supporting data that enables valida-
tion of detailed numerical models [6]. To this end, computational fluid dynamics
(CFD) models offer unmatched advantages over experimental approaches due
to the large amount of temporal and spatial information they are able to pro-
vide. The predictive capability of validated CFD models can cut final product
costs and times dramatically. Nevertheless, current state-of-the-art models still

1
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require high-fidelity experimental data for validation and accurate bounding of
the problem.

Among all challenges presented by the physics of fuel sprays injected in-
cylinder, the effect of nozzle geometry on the formation, mixing and combustion
of the diesel spray is still of interest to the research community and the automo-
tive industry [7–9]. Even though it has been studied before, the full extent of
the nozzle geometry effects over a wide span of operating conditions (including
fuels) and response variables is not yet fully understood. The majority of current
spray models employ initial and boundary conditions at the nozzle exit as an indi-
rect coupling to the flow inside the nozzle [10–13]. Such methods often dampen
or lead to loss of smaller scale nozzle flow characteristics. Hence, the computed
spray development using the indirect coupling is mainly dictated by momentum,
aerodynamics, and mixing. In support of such methods, BADOCK et al. [14] and
later GANIPPA et al. [15] presented results claiming that nozzle flow character-
istics have negligible influence over the spray formation and that momentum is
the only controlling variable for mixing. Contrasting these studies, several au-
thors show that the flow inside the nozzle influences the near-nozzle region of
the spray in terms of liquid-phase break-up, liquid length, and spray angle [16–
24]. Many other studies also evidence the effects of nozzle flow characteristics
over the macroscopic spray [10, 11, 13, 18, 25–28]. This contrast, along with
the remaining uncertainty on the effect of nozzle geometry on entrainment, com-
bustion, and pollutant formation, leave room for fundamental questions on the
subject.

These fundamental questions could be addressed from the information pro-
vided by computational fluid dynamic (CFD) models, which output a large
amount of temporal and spatial data that the experimental approach is unable to
acquire [6]. Recently, a few authors have published computational models that
employ a full grid comprising the nozzle internal geometry and the spray [29–34].
It is important to point out that the work presented by DESANTES et al. [29] and
DESANTES et al. [34] and XUE et al. [32, 33] have been benefited significantly by
the considerable size and good quality of the Engine Combustion Network (ECN)
open database and efforts (http://www.sandia.gov/ecn/, [35]), which al-
lowed access to very high resolution tomographies of the internal nozzle geom-
etry, along with extensive experimental data from different institutions around
the world. However, the effects of nozzle geometries on spray formation, and to
some extent, fuel properties, were still out of the scope of these studies and so
these publications do not answer the questions raised about the effects of nozzle
flow and fuel characteristics over the macroscopic spray. These type of models
could provide significantly more detail to the mechanisms and physics that con-
trol the relationship between nozzle flow, cavitation, and spray development, but

http://www.sandia.gov/ecn/
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they still need large amounts of experimental data for validation and bounding
of the problem.

Fully predictive CFD models demand minimal uncertainties in physical and
chemical fuel properties. The development of surrogate fuels is one way to
achieve this while providing detailed chemical kinetic mechanisms [36–38] fur-
ther reduced to computable sizes [37, 39] that can be employed in a fully reac-
tive spray model. Surrogate fuels are often carefully tailored to mimic the be-
havior of real diesel fuel over the diagnostic being performed [37, 40, 41]. For
some years, the surrogate of choice for diesel fuel has been a single-component
species n-heptane. More than a hundred studies of diesel combustion have used
n-heptane as a convenient surrogate. There have been two important reasons for
this choice. First, n-heptane has a Cetane number of 56 that is reasonably close
to the Cetane number of common diesel fuel, so its ignition is similar to that of
diesel fuel which is suitable for ignition or heat release studies [11, 36, 39, 42,
43]. Second, a detailed kinetic reaction mechanism for n-heptane was published
by CURRAN et al. [36] in 1998 with all of the detail required to carry out thor-
ough combustion studies. Recently, it has become apparent that n-heptane is not
sufficient as a diesel surrogate, for instance, IDICHERIA and PICKETT [44] showed
that the n-heptane flame produces considerably less soot than a #2 diesel flame
at similar conditions, and the soot distribution within the flame was also found
to be quite different. Therefore, richer surrogates containing aromatics and other
species that are important components in diesel fuels must also be represented in
the surrogate selected for this study.

Different fuels will present different behaviors regarding nozzle flow char-
acteristics. SOM et al. [45] studied the effects of fuel properties on cavitation
characteristics and nozzle-outlet turbulence kinetic energy, similar to the exper-
imental micro-visualization work presented by PAYRI et al. [46] and later JIANG

et al. [47]. However, neither of these studies show the influences that different
cavitation regimes found for each fuel may have on spray formation. CHEN et al.
[48] presented a study analyzing the effects of diesel and four alternate fuels on
droplet diameters, spray penetration and cone angle. Nonetheless, the effects of
cavitation and nozzle flow characteristics are not contrasted with fuels in the pa-
per. On this context, although the link between nozzle flow characteristics and
macroscopic spray formation has been partially studied—especially linking the
effects of nozzle geometry and cavitation to the spray formation—little to no in-
formation is found in the literature regarding the effects of fuel properties on
nozzle flow and the corresponding macroscopic spray development, especially
combining these with cavitating regimes.

This study is a contribution to the current understanding of the effects of noz-
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zle flow characteristics over the macroscopic spray development, considering a
wide span of experimental conditions and different fuels.

1.2 Objectives of the thesis

The present thesis was born from a research project in collaboration with Gen-
eral Motors R&D, specifically the Diesel Engine Systems Group at the Propulsion
Systems Research Laboratory. The project was based on the acquisition of exper-
imental spray data of different nozzles and fuels, with the purpose of CFD model
validation. CMT Motores Térmicos added an additional fuel and more experimen-
tal conditions, widening the span of the analysis performed and the size of the
data gathered, giving birth to this thesis.

The effect of nozzle geometry over the complete diesel spray development
is not yet completely understood and additional studies are still presently car-
ried out on the subject [49, 50]. It has been long known that cylindrical nozzle
geometries produce a very steep pressure drop inside the nozzle, which causes
cavitation given the conditions, and in more extreme cases, a collapse of the mass
flow rate is observed [49, 51]. Conical or convergent nozzle geometries produce
smooth pressure gradients that inhibits cavitation, this allows for smaller orifices
to reach higher mass flow rates at these extreme conditions, while at the same
time producing a thinner and easier to break-up liquid core. For this reason, con-
ical nozzles have become widely popular in the industry. Nevertheless, recent
studies have identified vibrations derived from cavitation as the main inhibitors
of the coking process (the formation of carbon derived particles within the nozzle
orifice) [52, 53]. Moreover, the increasing computational capacity and therefore,
the detail and quality of CFD models, has brought back a lot of interest in this
topic, since properly calibrated CFD models provide a lot of detailed information
on the physics and events that link internal nozzle flow with spray development.
On this context and considering what was previously stated in section 1.1 of this
chapter, this thesis follows two main objectives:

• To contribute to the current understanding of the effects of nozzle geometry
over the direct injection diesel spray development considering different fu-
els, by collecting and performing extensive data and experimental analyses,
respectively.

• To acquire experimental data using state-of-the-art equipment and experi-
mental techniques, in order to gather a large database with the purpose of
publishing it online for the scientific community.
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Note that both objectives are very much in line with the main guidelines of
the ECN, contributing to the community with quality data that serves for direct
analysis but also provides support for model validation. However, by the time
this project was planned and the experiments were performed, different fuels
and nozzle geometries were still out of the scope of the ECN.

Taking advantage from the technology, equipment and facilities available at
CMT Motores Térmicos, different aspects of the injection process were thoroughly
studied. In particular, the experiments performed can be divided in four main
groups basing on their specific target:

• Hydraulic characterization of the fuel flow inside the nozzles.

• Isothermal liquid spray characterization.

• Evaporative inert spray characterization, considering both liquid and vapor
phases.

• Reactive spray characterization, considering ignition and combustion.

All experiments were performed for two different nozzle geometries and three
fuels. Two of the fuels are pure components—n-heptane and n-dodecane—while
the third fuel consists of a three-component surrogate to better represent the phys-
ical and chemical properties of diesel fuel. The experimental campaign consisted
in a complete hydraulic characterization—instantaneous injection rate and spray
momentum flux measurements—followed by a high-speed visualization of the
isothermal liquid spray, through a diffuse back-illumination technique that em-
ploys a fast pulsed light source. After, the evaporative spray was studied by si-
multaneous imaging of the liquid and vapor phases in high temperature and high
density conditions, through two separate optical setups synchronized to capture
the same injection event. Finally, combustion performance is assessed by study-
ing ignition performance and lift off length of reactive sprays in high temperature
and high density conditions with varying oxygen concentration. State-of-the-art
experimental techniques, facilities and equipment were employed in order to en-
sure highest quality of data acquired and reported. It is important to remark
that all experimental data presented in this study are available for download at
http://www.cmt.upv.es/DD01.aspx.

http://www.cmt.upv.es/DD01.aspx
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1.3 About this thesis

With the objective of guaranteeing the correct comprehension of the work devel-
oped, methodology used, results, analysis, and conclusions, this thesis has been
divided in 7 different chapters.

In the present chapter, Chapter 1, a brief description of the background and
context of this work is presented. Several studies and scientific conclusions that
give way to this work are discussed, along with the ever-growing numerical mod-
eling capacity, which also relies in high quality experimental data for validation.
The objectives and aims of this work are also described here.

In Chapter 2, the experimental tools, equipment and facilities are expounded.
The nozzle geometries considered are presented and specified, along with the
three fuels of interest to this work. Fuel properties relevant to this study are also
given.

Through Chapter 3, the hydraulic characterization results are presented and
discussed. Fuel rate of injection and momentum flux measurements are reported
both in their time-resolved signal form but also as their steady-state values, for
easier comparison of all experimental conditions. The results and conclusions
from this chapter are also published in a journal paper titled “The effect of nozzle
geometry over internal flow and spray formation for three different fuels” [54].

Chapter 4 presents and discuss results from the isothermal liquid spray visu-
alization experiments. The experimental hardware, optical setup and technique,
image processing algorithm, data averaging technique and test plan are described.
Results are given in terms of spray tip penetration, near field spreading angle,
and contour fluctuation maps. A specific analysis of the results obtained for the
n-dodecane sprays was first published in a journal paper titled “Experimental anal-
ysis on the influence of nozzle geometry over the dispersion of liquid n-dodecane
sprays” [55]. Later, full results and a wider analysis of the data in this chapter
was also published in the same journal paper previously cited for the hydraulic
results [54].

Chapter 5 discusses results from the evaporative inert spray visualization ex-
periments. The experimental hardware, optical setup and technique, image pro-
cessing algorithm, data averaging technique and test plan are also detailed. A full
description of the evaporative spray development is given with the support of im-
ages containing simultaneous contours detected for the vapor and liquid sprays.
Results are presented in terms of spray tip penetration, spreading angle, liquid
length (both experimental and fitted models) and contour fluctuation maps. The
results and conclusions presented in this chapter are also published in a journal
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paper titled “The effect of nozzle geometry over the evaporative spray formation
for three different fuels” [56].

In Chapter 6, results from the reactive spray visualization are analyzed. The
experimental hardware, optical setup and technique, image processing algorithm,
data averaging technique and test plan are also described. A full description of
the ignition process is given with the support of spray images containing contours
detected for the vapor spray, showing the different stages of the ignition process.
Results are presented in terms of spray tip penetration, lift-off length and ignition
delays. The results and conclusions presented in this chapter are also published
in a journal paper titled “The effect of nozzle geometry over ignition delay and
flame lift-off of reacting direct-injection sprays for three different fuels” [57].

The conclusions extracted from the test results and the discussion sections
are stated in chapter 7. In addition, proposed future work is laid out from the
expertise and knowledge acquired during the development of this thesis.
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Chapter 2

Experimental tools

This chapter briefly expounds the relevant experimental tools and hardware uti-
lized for the different studies carried out in this thesis.

2.1 The fuel injection system

A common-rail injection system consisting of a high pressure pump and a con-
ventional rail with an electronic pressure regulator is used [1]. This system can
generate relatively high rail pressures of up to 220 MPa and maintain it at the set
value while injecting fuel. The injector body temperature is controlled using a
special injector holder designed to have coolant flowing in direct contact with the
injector body. The injector’s return line is pressurized to 0.6 MPa as required by
the injection system to work properly. The entire fuel injection system is electron-
ically controlled and all the settings are introduced digitally.

2.2 Hydraulic characterization equipment

The injection rate measurements were carried out in a standard injection rate
discharge curve indicator described in detail by PAYRI et al. [2], illustrated in
Figure 2.1. In order to obtain a good estimation of the average behavior, fifty
(50) consecutive injections were carried out at each test condition. The maximum
dispersion was minimized to approximately 0.3 % after proper calibration of the
equipment.

15
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Figure 2.1: Photo of the injection rate discharge curve indicator utilized.

Figure 2.2: Photo of the injector (left) facing the piezoelectric pressure sensor (right)
in the single-hole nozzle setup.
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The spray momentum, on the other hand, is based on the measurement of the
impingement force of a spray on a surface normal to the spray axis. This force rep-
resents the spray momentum flux which is measured using the test rig described
in detail by PAYRI et al. [3]. In this test rig, the spray is injected into a chamber
which can be pressurized with nitrogen up to 9.5 MPa in order to reproduce the
pressure during the injection process inside the chamber. The impact force of the
spray is measured with a piezoelectric pressure sensor previously calibrated and
placed at 5 mm from the nozzle orifice exit. The location and frontal area of the
sensor are carefully chosen to ensure full coverage, i.e., spray impingement area
� sensor area. Pressure inside the chamber is constant and fuel is assumed to
deflect perpendicular to the spray axis after impingement. The force measured
at the sensor is equal to the axial momentum flux at the orifice outlet or at any
other axial location in the spray [3].

2.3 Isothermal spray visualization test rig

Figure 2.3: Photo of isothermal spray visualization test chamber.

The isothermal spray visualization test rig, shown in Figure 2.3, reproduces
both the high gas pressure and density encountered in the diesel engine. It ba-
sically consists of a steel cube with a chamber and various connecting flanges
machined into it. The design is modular, and ancillaries can be added depend-
ing on the required experiment [4]. The rig and ancillaries are designed for a
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maximum pressure of 90 bar. Continuous flow of nitrogen is maintained to evac-
uate injected diesel and keep window quality. The test rig operates in ambient
temperature conditions thus avoiding fuel evaporation.

2.4 The high temperature and high pressure test rig

Figure 2.4: Photo of the high temperature and high pressure chamber.

High temperature visualization experiments were performed in a constant
pressure-flow test chamber, shown in Figure 2.4, capable of mimicking the in-
cylinder thermo-dynamic conditions of a diesel engine at the time of injection.
This test rig features the unique capability of obtaining nearly quiescent and,
compared to other facilities such as constant volume chambers [5], steady ther-
modynamic conditions within the chamber. This is particularly useful for exten-
sive experimental campaigns with parametric variations of thermodynamic test
conditions. The quiescent and steady conditions provide a high test repetition
rate—also reducing the effective test time for a given set of test conditions—and
enhance the shot-to-shot precision of the tests performed.
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Figure 2.5: Schematic of the high temperature and high pressure installation.

Figure 2.5 provides a schematic of the installation. The high gas temperature
is achieved from the heat exchange between the working gas and a set of electrical
resistors located inside the inlet pipe that leads to the chamber. The installation
is able to produce a maximum ambient temperature and pressure of 1000 K and
15 MPa respectively, in the test chamber. The chamber has three large optical
accesses—128 mm in diameter—placed orthogonally in order to have complete
optical access to the injection event. BARDI [6] described the test rig in detail in
his PhD. dissertation.

2.5 Nozzles

All experiments are performed for two different nozzles, mounted on two inde-
pendent injector bodies. Table 2.1 summarizes the injectors utilized and their
nominal nozzle outlet diameters and geometries. Orifice outlet diameters were
measured from the optical microscopy images depicted in Figure 2.6. The in-
jectors are piezo-electrically actuated [7]. The two nozzles are micro-sac type
single-hole nozzles, with different conicity (defined in terms of k-factor, as ex-
plained by PAYRI et al. [8]) but equal hydro grinding (13.5 % each) and nominal
flow rate (124 cm3/min/10 MPa each). Note that Table 2.1 includes reference
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Figure 2.6: Optical microscopy images of the two nozzle outlet orifices.

symbol and color columns which indicate the symbols and/or colors that will be
used to distinguish nozzles throughout the manuscript.

Table 2.1: Injector hardware utilized and nominal nozzle geometries.

Nozzle ref. Nozz. type do [µm] k-factor Ref. symbol Ref. color

k0 micro-sac 151 0 � purple
k15 micro-sac 138 1.5 ◦ green

2.6 Fuels

All experiments were also performed for three different fuels. The first fuel se-
lected was n-heptane. As stated in the Introduction section, n-heptane has long
been utilized as a diesel surrogate to mimic diesel fuels in ignition and/or heat
release studies [9–14]. The second fuel selected was n-dodecane, which features
similar carbon content and boiling characteristics to those of diesel fuels, so it is
expected to better mimic the mixing behavior of diesel fuels. This is one of the
reasons n-dodecane was also selected as the primary fuel of study for the main
ECN campaign [15], and it has been extensively characterized in the complete
spectrum of experimental diagnostics and numerical simulations performed by
the group. However, n-dodecane is not expected to be an adequate surrogate
for ignition-related behavior, because of its Cetane number (approx. 88). Last,
a multi-component diesel surrogate consisting of n-tetradecane (0.5), n-decane
(0.25) and α-methylnaphthalene (0.25) was utilized. Numbers in parentheses
represent mass fractions. This surrogate—from this point foward simply referred
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to as “Surrogate”—is expected to better mimic the soot-related behavior of real
diesel fuel due to the PAH content and C/H ratio being closer to that of real diesel
fuel. The short ignition delays expected due to the large n-tetradecane and n-
decane contents (with Cetane numbers close to 96 and 77 respectively) are, at
the same time, delayed by the the α-methylnaphthalene content. Fuel properties
relevant to this study are summarized in Table 2.2.

Table 2.2: Fuels utilized and their properties at 298 K and 101 kPa. Except for
the Surrogate fuel, all properties were extracted from the NIST Chemistry WebBook
[16]. For the Surrogate fuel, density, viscosity and surface tension were measured
as per ASTM D1298, ASTM D445 and UNE EN 14370 respectively.

Property Units n-Heptane n-Dodecane Surrogate

Density kg/m3 679.7 745.8 802.1
Viscosity Pa s 5.59e-4 1.36e-3 1.61e-3
Surface tension N/m 0.020 0.025 0.026
Boiling point K 372 489 450 to 520
Cp,l iq J/kg/K 2234 2212 Tab. 2.3
hvap kJ/kg 359 358 Tab. 2.3

Ref. color - cyan blue magenta

Table 2.3: Components of the Surrogate fuel and their properties at 298 K and
101 kPa. All properties were extracted from the NIST Chemistry WebBook [16].

Property Units n-Tetradecane n-Decane α-methylnaphthalene

Boiling point K 523 447 515
Cp,l iq J/kg/K 2208 2192 1578
hvap kJ/kg 361 361 415

The Surrogate distillation curve is presented in Figure 2.7. This Surrogate
starts boiling near 450 K, the boiling point of n-decane. On the other hand, it
is completely evaporated near 520 K, the boiling point of n-tetradecane, which
comprises half of the mass of the Surrogate fuel. Note also that n-heptane features
a boiling point considerably lower than the boiling range of the Surrogate, which
at the same time includes the boiling point of n-dodecane. From these properties,
it would be expected for n-heptane to feature much shorter liquid penetration
lengths in comparison to the other two fuels, with the Surrogate fuel showing the
longest values, as will be seen in chapter 5.
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Figure 2.7: Distillation curve for the Surrogate fuel as per ASTM D86.
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Chapter 3

Hydraulic characterization

One of the first steps towards characterizing a particular nozzle geometry in diesel
injectors is to analyze its hydraulic performance. Rate of injection and momen-
tum flux measurements are very important boundary conditions for CFD or 1D
model development [1], but also provide valuable data for experimental anal-
ysis. The rate of injection—and its profile—are determinant to the combustion
performance of a diesel engine [2]. PAYRI et al. [3] describe in detail the hy-
draulic characterization process. In this case, since the nozzles are single-hole
axis-symmetric nozzles, the momentum flux test rig had to be set up for this par-
ticular application.

Note that during all tests described and presented in this chapter, energizing
times and injector coolant temperature were fixed at 2500µs and 343 K respec-
tively. The injector body temperature was maintained close to target using a spe-
cial injector holder designed to have coolant flowing at a controlled temperature
in direct contact with the injector body [4].

3.1 Hydraulic characterization test plan

The experimental test plan was designed to evaluate the effect of different inter-
nal nozzle flow characteristics over the development of macroscopic spray. The
different internal nozzle flow conditions are achieved by varying the rail pressure,
chamber (back) pressures, and doing this for three fuels with different properties
(Table 2.2). The complete test plan is displayed in Table 3.1. Note that each test
point is done for all of the nozzles and fuels. Therefore, a total of 90 different test

25
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points were measured. All the experimental results presented in this manuscript
are available for download at: http://www.cmt.upv.es/DD01.aspx.

Table 3.1: Hydraulic characterization test plan.

Parameter Value-Type Units

K-factor 0, 1.5 -
Back pressure (Pb) 3.0, 6.0, 9.0 MPa
Rail pressure (Pr) 30.0, 60.0, 90.0, 150.0, 200.0 MPa
Number of repetitions per test 50 -

3.2 Rate of injection
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Figure 3.1: Rail pressure (top) and injection rate signals (bottom) measured for
the two nozzles at rail pressures of 60.0 MPa (left) and 200.0 MPa (right). In this
case, the injected fuel is n-dodecane and the back pressure is 6.0 MPa.

Figures 3.1 through 3.5 depict examples of rate of injection signals compar-
ing nozzles and fuels respectively. The lowest and highest rail pressures are also
shown in each case to illustrate its effect for all nozzles and fuels. The rates of
injection measured present the expected responses to both rail and back pressure.
Consistently throughout the test matrix, nozzle k15 presented slightly lower sta-
bilized mass flow rates, which is attributed to its smaller diameter. This is also
summarized in Figure 3.11, where all test conditions are presented.

Figures 3.4 and 3.5 show a higher rate of injection for the Surrogate fuel,
followed by n-dodecane and finally n-heptane. This order is consistent with the

http://www.cmt.upv.es/DD01.aspx
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Figure 3.2: Rail pressure (top) and injection rate signals (bottom) measured for
the two nozzles at rail pressures of 60.0 MPa (left) and 200.0 MPa (right). In this
case, the injected fuel is n-heptane and the back pressure is 6.0 MPa.
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Figure 3.3: Rail pressure (top) and injection rate signals (bottom) measured for
the two nozzles at rail pressures of 60.0 MPa (left) and 200.0 MPa (right). In this
case, the injected fuel is the Surrogate and the back pressure is 6.0 MPa.

corresponding fuel densities, in agreement with results found in the literature [5–
7]. Also, for the same energizing time, different fuels render different effective
injection durations. If the energizing time is long enough, the needle lift reaches
the mechanical limit which implies that the needle closing time is proportional to
the viscosity of the fuel [8].
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Figure 3.4: Rail pressure (top) and injection rate signals (bottom) measured for
the three fuels at rail pressures of 60.0 MPa (left) and 200.0 MPa (right). In this
case, the nozzle is k0 and the back pressure is 6.0 MPa.
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Figure 3.5: Rail pressure (top) and injection rate signals (bottom) measured for
the three fuels at rail pressures of 60.0 MPa (left) and 200.0 MPa (right). In this
case, the nozzle is k15 and the back pressure is 6.0 MPa.

3.3 Spray momentum

Analogous to the rate of injection results, Figures 3.6, 3.7 and 3.8 show that
nozzle k15 presents a lower momentum flux due to its smaller diameter, and this
was observed throughout the complete test matrix, as depicted by Figure 3.12.
Note how the difference between nozzles increases with rail pressure, since the
contribution by the flow area is then amplified by the pressure delta. On the other
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Figure 3.6: Momentum flux signals measured for the two nozzles at all rail pres-
sures. In this case, the fuel is n-dodecane and the back pressure is 6.0 MPa.
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Figure 3.8: Momentum flux signals measured for the two nozzles at all rail pres-
sures. In this case, the fuel is the Surrogate and the back pressure is 6.0 MPa.

.

hand, Figures 3.9 and 3.10 illustrate how the momentum flux is independent
of the fuel utilized [5]. Moreover, note how the n-heptane injection is shorter
overall, as explained before. In the case of 30 MPa of rail pressure the effective
injection duration time is more similar between fuels, which could suggest that
the needle is not reaching its mechanical lift limit in neither of these cases, so
the effective injection duration is a combination of pressure differentials over the
needle, fuel viscosity and fuel density [8].

3.4 Hydraulic analysis

From the signals presented in Figures 3.2 to 3.10, time-averages can be calcu-
lated from the stabilized table-top region of each signal. This way, results of the
complete test matrix can be condensed into a single figure for particular analysis.

Figure 3.11-top shows stabilized mass flow rates as a function of the square
root of the pressure drop through the nozzle. Note how values are ordered with
fuel density, and how the conical nozzle k15 stays lower in absolute mass flow
rate values in comparison to the cylindrical nozzle k0, as explained in section 3.2.
Note that sub-groups of points correspond to each of the rail pressures tested, and
within a group, there are three back pressures distinguished by different shades
of the corresponding color. Figure 3.11-bottom shows the discharge coefficients,
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Figure 3.9: Momentum flux signals measured for the three fuels at all rail pressures.
In this case, the nozzle is k0 and the back pressure is 6.0 MPa.

.

which are normalized by fuel density and nozzle diameter [3]. Here, the cylindri-
cal nozzle shows a strong cavitating behavior, evidenced by the drastic reduction
in the discharge coefficient, especially as the pressure difference is increased by
reducing back pressure. Note that for high rail pressure cases the flow is com-
pletely collapsed for the cylindrical nozzle k0 (i.e. all discharge coefficient points
are grouped closely) while the low rail pressure cases show symptoms of flow
collapse only when back pressure is decreased.

Figure 3.12 illustrates stabilized momentum flux measurements as a function
of the pressure differential through the nozzle, comparing nozzles and fuels. As
seen previously in Figure 3.10, momentum flux is generally independent of the
fuel properties. As already commented in Figure 3.6, nozzle k15 also shows lower
momentum flux values due to its smaller diameter, and this difference increases
with rail pressure.

Utilizing both the rate of injection and the momentum flux measurements, it is
possible to estimate the effective flow velocity and area coefficient at the outlet ori-
fice [3]. Figure 3.13-top shows the effective velocities estimated as a function of
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Figure 3.10: Momentum flux signals measured for the three fuels at all rail pres-
sures. In this case, the nozzle is k15 and the back pressure is 6.0 MPa.

.

the square root of the pressure drop through the nozzle. Note how effective veloc-
ity values are ordered inversely with the fuel density, which is expected from the
rate of injection and momentum flux results. Finally, Figure 3.13-bottom shows
area coefficients, where the reduction in cross-section originated by cavitation is
evidenced for the cylindrical nozzle k0 [3, 6, 9].

3.5 Conclusions

A complete hydraulic characterization consisting of instantaneous injection rate
and spray momentum flux measurements was carried out in combination with
cylindrical and conical nozzle configurations [10]. Two of the fuels considered
are pure components—n-heptane and n-dodecane—while the third fuel consists
of a three-component Surrogate to better represent the physical and chemical
properties of diesel fuel.

The fuel rate of injection was found to be strongly dependent on fuel density
while the momentum flux is virtually independent of fuel properties, as expected
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Figure 3.11: Steady rate of injection (top) and discharge coefficient (bottom) as a
function of the pressure drop across the injector for all test conditions. Note that
fuels are denoted by color while nozzles are indicated by symbols. Sub-groups of
points correspond to each of the rail pressures tested, and within a group, there are
three back pressures distinguished by different shades of the corresponding color.

from the literature. In general, the cylindrical nozzle k0 with 8.6 % larger outlet
diameter presents higher rate of injection and momentum flux in comparison to
the conical nozzle k15, and differences between the two nozzles increase with rail
pressure. The cylindrical nozzle k0 presents a significant decrease in the discharge
coefficient as injection pressure is increased and, especially, in combination with
a decrease in the back pressure, also as expected from the literature. Cylindrical
nozzles feature abrupt pressure drops as the fuel enters the nozzle, which incepts
cavitation. Cavitation can extend to the point where the mass flow rate collapses
which then is reported as a decrease in the discharge coefficient. The conical
nozzle k15, on the other hand, presented the expected behavior, increasing mass
flow rate with the pressure drop across the nozzle. Conical nozzle geometries
feature smoother pressure gradients along the nozzle length which keep fuel from
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Figure 3.12: Steady momentum flux values as a function of the pressure drop across
the injector for all test conditions. Note that fuels are denoted by color while nozzles
are indicated by symbols.

cavitating. This allows smaller nozzle diameters to reach larger mass flow rates,
which enhances atomization and shear.

The experimental findings from this hydraulic characterization, and the large
database obtained (available for download at: http://www.cmt.upv.es/
DD01.aspx), could be used to validate CFD models that could then be expanded
to spray models, invaluable for further understanding of the effects of nozzle ge-
ometry and fuel properties on spray development.

http://www.cmt.upv.es/DD01.aspx
http://www.cmt.upv.es/DD01.aspx
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Figure 3.13: Steady effective outlet velocity (top) and area coefficient (bottom) as
a function of the pressure drop across the injector for all test conditions. Note that
fuels are denoted by color while nozzles are indicated by symbols.
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Chapter 4

Isothermal spray visualization

As a first step towards validating spray models, isothermal liquid spray visualiza-
tion was selected to characterize the macroscopic spray. It is a relatively simple
technique that provides highly useful spatial and temporal information to CFD
modelers [1]. Moreover, it is widely known that the liquid isothermal spray pen-
etration is closely related to the vapor spray penetration [2]. It has also been
proven that if spray models predict correctly the vapor penetration, they also pre-
dict the fuel mixture fraction with adequate accuracy [3]. Thus isothermal liquid
spray visualization is a valuable technique that can capture the effects of nozzle
flow characteristics, and hence, can also be used to calibrate and evaluate spray
models.

During all tests described and presented in this chapter, energizing times and
injector coolant temperature were fixed at 2500µs and 343 K respectively. The
injector body temperature was maintained close to target using a special injector
holder designed to have a coolant flowing at a controlled temperature in direct
contact with the injector body [4].

4.1 Optical technique and setup

Figure 4.1 shows the optical setup that employs a diffused back illumination tech-
nique. The light emitted by the source is forced through a diffuser and field lens
before going into the chamber. Inside the chamber, the light passes through the
liquid core, which features a refractive index much greater than the one of the
surrounding gas. This difference in refractive indices deflects light strongly such

37
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that the beams entering the liquid core are not captured by the camera which in
turn renders dark spots on the image at those corresponding locations. While this
technique itself has been long utilized visualizing liquid diesel sprays [5–9], recent
introduction of a high speed pulsed light-emitting diode (LED) light source has
made this optical setup/technique the best choice for liquid spray visualization for
single hole nozzles [10–12]. Current high-speed camera capabilities in combina-
tion with a high-speed pulsed light source—with a controlled pulsed duration of
50 ns —produce images significantly sharper than any continuous light source or
flash type light source option, and reduces the actual timing uncertainties of the
image acquired.

Test vessel

Liquid spray Engineered 
di�userFresnel

lens

Blue LED
460 nm

Photron SAX-2

Liquid cooled
injectorin out

Figure 4.1: Scheme of the diffused back illumination optical setup.

In all visualization experiments performed in this study, the camera frame rate
was set to 160 kHz. Sampling rate was a high priority, but it was also desired to
have a field of view (FOV) of at least 60 mm with an acceptable spatial resolution.
The final setup features and image of 512 pix× 112 pix with a spatial resolution of
7.1 pix/mm. The shutter time duration was set to 2.5µs, although this is not de-
terminant since the effective exposure timing is given by the LED pulse duration.
The effective LED pulse duration was set to 50 ns and the time-phasing between
the camera clock signal and the LED pulse signal was fixed at 500 ns, making sure
that the complete LED pulse is captured during the exposure window.

4.2 Image processing

Each image is processed using an algorithm that detects the spray boundary and
computes its associated properties. The background is calculated as an average of
all the images acquired before start of injection (SOI). After the start of injection,
this background is subtracted from each image frame and the result is inverted
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so that the spray appears as a bright object against dark background. Finally, the
spray contours are detected by binarizing the image with a pre-selected threshold.
The threshold was fixed to 12 % of the dynamic range of the image. The proce-
dures followed by the algorithm after the binarization to complete the contour
detection are explained in detail by PAYRI et al. [13].

Note that in this isothermal setup, the background is practically constant dur-
ing the entire injection event due to absence of large temperature and density
gradients. This results in a smooth, diffuse background and since the light pulse
duration is short, there is little incertitude in detecting the spray boundary. Thus,
a relatively large threshold was preferred to guarantee the quality of the bound-
ary detection and ensure robustness against perturbations that result from partial
beam steering or local density gradients in the region right next to the spray.
Figure 4.2-top shows an example of a spray boundary detected by the algorithm
plotted over the original image, where the dashed line indicates the actual spray
axis. Figure 4.2-bottom presents the normalized intensity profile along the spray
axis. The steep and sharp intensity drop at the spray tip is the result of combin-
ing a high speed pulsed light source, with very short pulse duration, relatively
low chamber temperatures (25 ◦C to 40 ◦C) and temperature gradients, and good
optical quality of the image acquisition setup.

Now it is possible to estimate the spatial uncertainty in spray boundary detec-
tion due to the threshold criteria. Figure 4.2-bottom shows the intensity thresh-
olds calculated in that particular image for 12 % (blue dashed line) and 3 % (light
gray dash-dot line) of the dynamic range. The points at which these lines intersect
the intensity profile near the spray tip correspond to the spray boundary location
detected for those threshold criteria. It is important to note that the 12 % blue
dashed line crosses the intensity profile near the point where the slope starts to
decrease, as the curve starts to become tangent to zero. The objective is to max-
imize sensitivity by lowering the threshold, but at the same time, to set a value
that permits the robust detection of the first real physical trace of the liquid phase
and not to pick up artificial signals. If the threshold is not set high enough, back-
ground camera sensor noise or beam steering—both which may affect the esti-
mated intensity profile near the bottom-right area—could bias the spray bound-
ary detection, rendering an over-estimated liquid spray penetration. Therefore, a
compromise must be met, and evaluated for all test conditions, which resulted in
the selection of 12 % as a well suited value. Note that DERNOTTE et al. [14] pre-
sented a very similar figure in their paper, which employed continuous light source
and 8µs shutter duration. Their setup would be expected to produce a shallower
tip profile—in comparison to this study—because of the continuous light source
and relatively long shutter time, both of which render motion blur of the spray
tip during that time window. Still, DERNOTTE et al. [14] successfully demonstrate
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Figure 4.2: Original image with the spray boundary detected (top), actual image
as processed (center) and normalized intensity profile along the spray axis (bot-
tom). The image to be processed comes from background subtraction and inversion.
The red cross indicates the nozzle outlet location. The particular frame shown is
at 534µs after SOI, the nozzle is k0 injecting the Surrogate fuel, rail pressure is
200.0 MPa, and back pressure is 6.0 MPa, which corresponds to an ambient density
of 66.3 kg/m3.

the little influence the threshold ends up having over the detected penetration
and present well documented and important results from their experiments.

Once the spray contour is detected at a particular frame, spray characteristics
are extracted for analysis. Figure 4.3 illustrates a single frame as captured by
the camera, with the detected contour plotted over and the spray characteristics
indicated. The spray tip penetration is the distance measured from the nozzle
outlet to the furthest point in the contour detected (Figure 4.3-bottom). The near
field spreading angle is the angle included between two linear fits performed to
the spray contour detected within 1.5 mm and 9 mm axially measured from the
outlet orifice. Note that these fitted lines are not forced to go through the nozzle
outlet, as illustrated by the top part of Figure 4.3. The spreading angle is the
angle included between two lines that originate at the outlet orifice and are fitted
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Figure 4.3: Spray characteristics extracted by the image processing algorithm.
The top part illustrates the near field spreading angle estimation, while the bot-
tom part depicts the spray tip penetration and spray spreading angle estimation.
The red cross indicates the outlet orifice location. The particular frame shown is
at 302µs after SOI, the nozzle is k0 injecting the Surrogate fuel, rail pressure is
200.0 MPa, and back pressure is 2.0 MPa, which corresponds to an ambient density
of 22.8 kg/m3.

to the spray contours detected between 12 % and 60 % of the spray tip penetration
calculated at that time frame, as indicated by the bottom part of Figure 4.3.

4.3 Test plan

The test plan is presented in Table 4.1, it consists of four rail pressures and three
back pressures (thus, ambient densities), for each nozzle. The energizing time
was fixed to 2500µs in order to have an injection event long enough to enable
the study of a stabilized spray. A total of 72 different test points were measured
in the visualization experiments. Note that high rail pressures (i.e. 150.0 MPa
and 200.0 MPa) combined with low back pressures (i.e., 2.0 MPa and 3.0 MPa)
are expected to produce conditions that choke the mass flow rate in the cylin-
drical nozzle k0 due to strong cavitating regimes [6, 15–18]. Still, this nozzle is
expected to cavitate well before the mass flow rate reaches choke conditions [17–
19]. All experimental results presented in this chapter are available for download
at: http://www.cmt.upv.es/DD01.aspx.

http://www.cmt.upv.es/DD01.aspx
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Table 4.1: Spray visualization test plan.

Parameter Value-Type Units

K-factor 0, 1.5 -
Back pressure (Pb) 2.0, 3.0, 6.0 MPa
Rail pressure (Pr) 60.0, 90.0, 150.0, 200.0 MPa
Number of repetitions per test 8 -

4.4 The effect of nozzle geometry on spray formation

Figures 4.4, 4.5 and 4.6 show subsets of the full test matrix results obtained from
the experiments. The effects of injection pressure (top side of each figure), and
back pressure (bottom side of each figure) on spray development are shown for
two different nozzles. The different test conditions are indicated by symbols. Each
curve depicts the spray penetration as a function of time obtained by ensemble av-
eraging multiple consecutive injection events, following the same rolling-average
algorithm described by PAYRI et al. [13], utilizing a window size of 56µs. The
algorithm is very similar to an Savitzky-Golay digital filter but accounting for
multiple digital signals (the multiple test repetitions performed).

Thanks to the nozzles being single-hole axial nozzles, the high acquisition
rate employed in the experiments, and the short illumination pulse provided by
the fast LED, the spray could be precisely detected in the very early stages of the
penetration curve; in average, penetrations as low as 0.3 mm were detected. This
permitted a good estimation of the SOI timing with respect to the trigger signal
(start of energizing, SOE), by performing a linear fit to the raw data set found in
the first 5 mm of the penetration curves of all repetitions, for a given set of test
conditions. A good estimation of the actual SOI for each test condition facilitates
the time-phasing of the penetration curves for comparison.

The top parts of Figures 4.4, 4.5 and 4.6 show that rail pressure impacts spray
penetration right from the start of injection, while the bottom part shows that am-
bient density impacts it only at later stages (time>0.1 ms) of spray where aerody-
namic interaction with surrounding gas becomes important. In spite of lower mass
flow rate and momentum flux, the conical nozzle k15 shows faster tip penetration
rates in the later stages of the spray (time>0.1 ms) when compared to the cylindri-
cal nozzle k0. This occurs because of the turbulent velocity profiles produced by
the cylindrical nozzle [20], that enhance spray mixing and momentum exchange
which in turn leads to slower tip penetration. Hence, at higher injection pressures
and lower ambient density (Figures 4.4, 4.5 and 4.6, top side), where the effect
of aerodynamic drag loses importance, the difference in the penetration of sprays
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Figure 4.4: The effect of nozzle geometry on spray tip penetration for different rail
pressures at a back pressure of 2.0 MPa (top), and different back pressures at a rail
pressure of 60.0 MPa (bottom). The three different back pressures result in ambient
densities of 22.8 kg/m3, 33.0 kg/m3 and 66.3 kg/m3 respectively. In this case, the
fuel presented is n-dodecane.

produced by the two nozzles is reduced. This is also due to the increasingly higher
momentum flux from nozzle k0 at higher injection pressures (see Figure 3.12) in
comparison to nozzle k15. Consequently, higher ambient density cases (shown
in the bottom parts of Figures 4.4, 4.5 and 4.6) show greater difference between
the two nozzles. These conditions allow time for the aerodynamic interactions to
develop, and turbulent velocity profiles in the outlet orifice become more impor-
tant to the gas entrainment process, liquid break-up is enhanced and the smaller
droplets exchange momentum more efficiently with the ambient gas. Note that
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Figure 4.5: The effect of nozzle geometry on spray tip penetration for different rail
pressures at a back pressure of 2.0 MPa (top), and different back pressures at a rail
pressure of 60.0 MPa (bottom). The three different back pressures result in ambient
densities of 22.8 kg/m3, 33.0 kg/m3 and 66.3 kg/m3 respectively. In this case, the
fuel presented is n-heptane.

similar results for different nozzles were reported previously [21, 22]. In both
studies, authors perform numerical simulations of the liquid spray for cylindrical
and conical nozzles, showing that the penetration curves start to diverge after
a certain time has passed and aerodynamic interaction has played its part, even
though the effect of nozzle geometry is just introduced as boundary conditions
at the orifice interface. MONTANARO et al. [22] observed the same trend in their
experimental results, presented in the same paper but detailed further by ZHANG

et al. [23].
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Figure 4.6: The effect of nozzle geometry on spray tip penetration for different rail
pressures at a back pressure of 2.0 MPa (top), and different back pressures at a rail
pressure of 60.0 MPa (bottom). The three different back pressures result in ambient
densities of 22.8 kg/m3, 33.0 kg/m3 and 66.3 kg/m3 respectively. In this case, the
fuel presented is the Surrogate fuel.

Further analysis can be made to reach a better understanding of the effects of
the nozzle geometry over the spray formation. For example, Figure 4.7 presents
the near field spreading angle for two particular test repetitions. The near field
spreading angle reported is defined in section 4.2, and illustrated in the top part
of Figure 4.3. It is important to point out that the fits are not forced to go
through the nozzle outlet. Even though it is common practice when measuring
large penetration-scaled angles [6, 8], this approach attenuates local fluctuations,
which are intended to be shown in this analysis. Note that in the case of Figure



April 20, 2017

46 CHAP. 4 ISOTHERMAL SPRAY VISUALIZATION

0 0.5 1 1.5 2
5

10

15

20

25

N
e
a
r 

fi
e
ld

 s
p

re
a
d

in
g

 a
n

g
le

 [
d

e
g

]

 

 
Pr = 60 MPa

Pb = 2 MPa

k0

k15

0 0.5 1 1.5 2 2.5
5

10

15

20

25

Time after SOI [ms]

N
e
a
r 

fi
e
ld

 s
p

re
a
d

in
g

 a
n

g
le

 [
d

e
g

]

Pr = 200 MPa

Pb = 6 MPa

Figure 4.7: The effect of nozzle geometry on the near field spray spreading angle for
two particular test repetitions at rail and back pressures of 60.0 MPa and 2.0 MPa
(top), and 200.0 MPa and 6.0 MPa (bottom). Two different test repetitions are
shown at each test condition, distinguised by color shades of the base nozzle color.
The case presented corresponds to the Surrogate fuel.

4.7 no repetition-average behavior is presented, but instead two randomly se-
lected test repetitions are shown. This permits the illustration of steady state
trends along with transient effects such as time resolved fluctuations. The steady
state behavior of these signals can be summarized in terms of time-averages of
spreading angles, and the fluctuations can be quantified in terms of the standard
deviation.

Figure 4.7 shows a clear difference in the near field spreading angle behavior
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produced by the two nozzles. All signals fluctuate significantly, which is the result
of the turbulent interaction between the liquid spray and the surrounding gas. In
general, the cylindrical nozzle k0 features larger steady state near field spreading
angles and fluctuations throughout the complete test matrix. In particular, the
top part of Figure 4.7 shows one of the scenarios where the difference is largest—
39.6 % difference between the two nozzles for the steady angles and 50.0 % for
the fluctuations—while the bottom part of Figure 4.7 presents one of the cases
where the difference is smallest—still, 10.2 % for the steady angles and 17.0 % for
the fluctuations. Similar results have been reported previously. HAN et al. [24]
studied the effect of nozzle geometry over the microscopic spray development,
showing that cylindrical nozzles produce larger fluctuations in spreading angle
when compared to conical nozzles. Unfortunately, details on how the angle re-
ported is measured and the repetition-average behavior are not given. BLESSING

et al. [25] also presented spreading angles of the microscopic spray, showing that
cylindrical nozzles (and also, diverging nozzles) produce larger micro-spreading
angles than conical nozzles, but the acquisition rate utilized for the study is not
sufficient to properly detect or quantify fluctuations. On the other hand, PAYRI

et al. [6] presented penetration-scaled spreading angles showing also that cylin-
drical nozzles render larger spreading angles in comparison to conical nozzles.
Interestingly, both studies also show an effect of the nozzle geometry over the
macroscopic spray tip penetration, but since the penetration rates presented are
very similar between the different nozzles, and the differences reported are very
small, this trend may be strongly influenced by the correct detection of the SOI
timing and the time-phasing of each penetration curve, which is more uncertain
at the acquisition rates of 20 kHz utilized in both cases. A comparable result was
also presented by LIU et al. [26], in which two cylindrical nozzles—with and with-
out hydro-grinding—are compared and their results show larger micro-spreading
angles for the nozzle without hydro-grinding. Even though each one of these
studies is different, with particular aims, nozzles, and optical techniques, one
conclusion remains: turbulent velocity profiles, caused by geometrical features
inside the nozzle, indeed affect the liquid spray in terms of dispersion, which
includes spreading angle and fluctuations.

Following the analysis of the time-resolved spreading angles, a wider scope
analysis can be made if these time-averaged values are synthesized into one sin-
gle figure. Figure 4.8-top shows the time-averaged spreading angle values for
the complete test matrix. The percentage differences reported previously corre-
spond, then, to just two pairs of points within this figure. Note that, the effect
of the nozzle geometry is stronger than the effect of a considerable increase in
ambient density, which is well known to be a determinant parameter controlling
spreading angle [9, 27]. Figure 4.8-top clearly shows that the cylindrical nozzle
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Figure 4.8: Time-averaged near field spray spreading angles (top) and their stan-
dard deviation (bottom) for all test conditions, nozzles and the Surrogate fuel. The
values reported are calculated by averaging the raw data from all test repetitions
from 0.8 ms after SOI to the end of the signals.

k0 renders larger spreading angles throughout the test matrix, as affirmed before.
In comparison to the conical nozzle k15, the cylindrical nozzle k0 shows an op-
posite trend of increase in spreading angle with rail pressure. While the conical
nozzle shows a monotonic increase in spreading angle with back pressure (thus,
ambient density), the cylindrical nozzle k0 has two cases with 2 MPa and 3 MPa
back pressure, where this monotonicity is not present. In these two cases where
the ambient densities are close, cavitation and radial velocity profiles caused by
turbulence inside the nozzle may play a more important role in the final spread-
ing angle produced [16, 28, 29] than the actual density. Finally, it must be noted
that the rail pressure was not found to significantly influence the overall behavior
of the near-field spreading angle reported here, which has also been seen previ-
ously by other authors [27, 30–32]. Still, it must be pointed out that in cases such
as these, detailed time-resolved numerical simulations of this problematic would
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surely help to better understand the observed trends, especially when comparing
the response of each nozzle to the different pressure differentials.

Similar analysis can be made for the dispersion of the signals from which
the time-averaged steady state values presented in Figure 4.8-top are obtained,
as depicted in Figure 4.8-bottom. These points are, therefore, measurements of
the fluctuations of the near field spreading angle at each test condition and noz-
zle. The results show that the cylindrical nozzle k0 presents higher fluctuations
around the mean spreading angle values throughout the test matrix. However,
its response along the test matrix—both for rail and back pressures—does not
show a clear trend. To this end, it must be pointed out that since these sprays
are strongly turbulent, this kind of signals are seldom self similar and, therefore,
the standard deviation measurements may need longer signal lengths than those
utilized here, to better show the trends for the cavitating nozzle k0. The behavior
of the conical nozzle k15 seems to be more consistent along the rail and back
pressure spectrum: fluctuations do not seem to be strongly affected by rail pres-
sure, while increasing back pressure—mainly, chamber density—indeed increases
the fluctuations. Overall, this is a very interesting result because it suggests that,
even though outlet velocities increase with rail pressure—and thus, the Reynolds
number—it seems to end up not playing a key role in the spray angle magnitude
and fluctuations. This is one of the many cases where detailed nozzle-spray nu-
merical simulations can provide valuable information on the fundamental driving
mechanisms behind such behavior.

4.5 Spray formation for different fuels

The effect of nozzle geometry also depends on the physical properties of the fuel.
Figures 4.9 and 4.10 present results of select test conditions, to illustrate how noz-
zles k15 and k0, respectively, respond to the different fuels. In general, n-heptane
shows slower penetration rates throughout the test matrix, that is expected due
to the lower density, viscosity and surface tension, all of which enhance liquid
breakup and momentum exchange between fuel and ambient gas, as reported by
CRUA et al. [33] and later DING et al. [34] in their microscopic studies. Figure 4.10
shows that for non-cavitating conditions the Surrogate spray penetrates faster
than the n-dodecane spray. Featuring slightly higher density and comparable vis-
cosity and surface tension, the Surrogate liquid spray conserves momentum better
than the n-dodecane spray. Similar observations were reported by DESANTES et
al. [35], DERNOTTE et al. [14] and PARK et al. [36] with respect to fuel density.
However, that conclusion does not hold for the cylindrical nozzle k0, as seen in
Figure 4.9. In these conditions, trends between the sprays produced by the two
fuels are inverted, and the n-dodecane spray has the fastest tip penetration.
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Since the rest of the variables controlling spray tip penetration are kept con-
stant and controlled between nozzles, the different spray tip penetration re-
sponses observed for n-dodecane and Surrogate fuels should be reflected in spray
spreading angle [8, 9, 14]. Figure 4.11 shows penetration-scaled spreading angles
to asses the former conclusion. Reported values correspond to the spray spread-
ing angle defined in section 4.2, and illustrated in the bottom part of Figure 4.3.
n-Heptane sprays feature the largest macroscopic spreading angles through the
whole test matrix, consistent with the spray penetration curves presented in Fig-
ures 4.10 and 4.9, due to its lower density, viscosity and surface tension [33, 34].
Again in agreement with the penetration results, the trends between n-dodecane
and Surrogate sprays depend on the nozzle, or the cavitation regime. For the
cylindrical nozzle k0 the Surrogate spray produces larger spreading angles in
comparison to the n-dodecane spray, while the opposite holds for nozzle k15.
Note that for each fuel and nozzle, these spreading angles are ordered with back
pressure and thus, ambient density, as found in the literature [2, 9].

4.6 A further analysis on nozzle and fuel effects on spray
formation, mixing and fluctuations

Although the macroscopic characteristics of the spray are often quantified as
steady state values, the real spray is seldom a steady state process. Even for the
fully developed “steady” spray, considerable local fluctuations are still present.
These fluctuations are evidence of the strongly turbulent mixing process and
therefore, differences registered in spray tip penetration are not only explained
by “steady” state spreading angles, but also by fluctuations and turbulence, both
of which enhance momentum exchange.

Figure 4.12 shows fluctuation maps of the sprays produced by the two nozzles
and three fuels at a particular case of test conditions. The map is calculated as
the standard deviation between all binary images of the detected sprays from a
given test. Examples of the binary images can be found in the work of PAYRI et al.
[13]. This calculation is done past 0.8 ms after SOI to guarantee that the spray is
in steady state. Therefore, a black pixel corresponds to non-fluctuating regions:
the spray never occupies that pixel or the pixel is always considered to be within
the spray during the time window considered. On the other hand, the brighter
the pixel the more likely it is for fluctuations to occur at that region (and/or the
stronger fluctuations at that region are) and, as expected, this happens near the
spray boundary.

Figure 4.12 shows quite a lot of information. First are the different shapes
of the sprays produced by each nozzle. The cylindrical nozzle k0 (Figure 4.12-
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Figure 4.9: Spray tip penetration for all fuels and different rail pressures at a
back pressure of 2.0 MPa (top), and different back pressures at a rail pressure of
60.0 MPa (bottom). The three different back pressures result in ambient densities
of 22.8 kg/m3, 33.0 kg/m3 and 66.3 kg/m3 respectively. In this case, the nozzle is
k0.

left column) produces a spray that spreads quickly after the fuel has just exited
the nozzle, while the spray produced by the conical nozzle k15 (Figure 4.12-
right column) spreads progressively but at a lower rate along the longitudinal
coordinate. This is directly related to the higher turbulence levels and radial
velocity profiles within the nozzle, caused by the cylindrical nozzle geometry, as
KOO et al. [37] demonstrate in their fundamental study. This is also what the near
field spreading angles presented in Figures 4.7 and 4.8 quantify. In terms of spray
width, nozzle k0 produces a spray that is, on average, wider up to approximately
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Figure 4.10: Spray tip penetration for all fuels and different rail pressures at a
back pressure of 2.0 MPa (top), and different back pressures at a rail pressure of
60.0 MPa (bottom). The three different back pressures result in ambient densities
of 22.8 kg/m3, 33.0 kg/m3 and 66.3 kg/m3 respectively. In this case, the nozzle is
k15.

15 mm from the nozzle tip, point after which both sprays start to converge to
similar widths. The spray width profile along the axial direction for cavitating
nozzles was discussed by PAYRI et al. [29], while the shape of sprays that spread
progressively has recently been analyzed by PICKETT et al. [12] (note that in this
study, the nozzle features a k-Fator of 1.5). These studies, along with the results
presented here, provide evidence to the fact that nozzle geometry indeed plays
a key role not only in the near field spray formation but also in the macroscopic
spray. The nozzle geometry influences the behavior of the steady spray in the first
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Figure 4.11: Time-averaged penetration-scaled spray spreading angles for all test
conditions, nozzles and fuels. Note that the top part shows nozzle k0 while nozzle
k15 is presented at the bottom part. The values reported are calculated by averaging
the raw data from all test repetitions from 0.8 ms after SOI to the end of the signals.

millimeters which, in turn, affects the strength of the aerodynamic interactions
and momentum exchange downstream.

Moreover, the fluctuation maps presented in Figure 4.12 also give insight to
the spray boundary fluctuations, which are also functions of turbulence, velocity
profiles within the nozzle [37], and the aerodynamic interaction between the fuel
spray and the ambient gas [38]. It is important to note that, even though spread-
ing angle fluctuations (Figure 4.8-bottom) may, at first, seem to be a similar metric
to what the fluctuation maps show, they are somewhat independent: it is possi-
ble to have a spray with a very diffuse fluctuation map and, at the same time, a
spreading angle with negligible standard deviation—i.e., the contour fluctuating
over parallels. In average, up to 15 mm from the nozzle tip, the cylindrical nozzle
k0 seems to produce a more diffuse fluctuation map in comparison to the conical
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Figure 4.12: Spray fluctuation maps for all nozzles and fuels at a rail pressure of
60.0 MPa and a back pressure of 2.0 MPa. The maps comprise all test repetitions
and images from 0.8 ms after SOI to the end of the signals.

nozzle k15, which means that its line-of-sight liquid phase spray boundary fluc-
tuates more. Downstream, where the aerodynamic interactions have had time to
shape the sprays, the fluctuations are larger and the difference between nozzles,
in terms of boundary fluctuations, is reduced. The information given by these
maps may imply that the differences in spray tip penetration observed in the later
part of the penetration curve (and also observed by SOM et al. [21] and MON-
TANARO et al. [22]) are originated in the near-nozzle region part of the steady
spray—where the spray produced by the cylindrical nozzle exchanges momen-
tum with the ambient gas at a higher rate—but are evidenced later downstream,
where the differences in the remaining spray momentum are appreciable.

Figure 4.12 also confirms what has already been discussed: in average
throughout the test matrix and for both nozzles, sprays produced by n-heptane
feature larger dispersion (both angle and fluctuations) when compared to those
of n-dodecane and the Surrogate fuel [33, 34]. Also, the dispersion of the n-
dodecane spray is less affected by the nozzle geometry in comparison to the Sur-
rogate spray, and this result is in agreement with the spray tip penetration results
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presented in Figures 4.10 and 4.9 and penetration-scaled spreading angles pre-
sented in Figure 4.11.

4.7 Conclusions

A complete high-speed visualization of the isothermal liquid spray was carried
out, extracting spray tip penetration and spray spreading angle from the images
acquired [39].

The cylindrical nozzle, k0, in spite of higher momentum flux and mass flow
rate due to higher flow area, shows slower spray tip penetration and higher spread
angle when compared to the conical nozzle k15. This is mainly due to highly tur-
bulent nozzle exit conditions caused by cavitation inside the cylindrical nozzle
that leads to higher aerodynamic drag on the spray. At higher rail pressure and
relatively low ambient/back pressure, where the aerodynamic drag is less domi-
nant, the cylindrical nozzle spray penetration is very close to that of the conical
nozzle spray. The spreading angle is found to be inversely proportional to the tip
penetration. The spreading angle is dominated by the nozzle geometry followed
by the ambient density. The rail pressure on the other hand, was not found to
significantly influence the near-field spreading angle and has no influence on the
standard deviation of the spreading angle This suggests that, even though outlet
velocities increase with rail pressure—and thus, the Reynolds number—it seems
not to end up playing a key role in the spray angle magnitude and fluctuations.

n-Heptane shows slowest tip penetration due to its lower density, viscosity and
surface tension, all which enhance liquid breakup and momentum exchange be-
tween fuel and ambient gas. n-Dodecane and the Surrogate fuel show very similar
spray behavior for variations in injection pressure and back pressure. However,
the surrogate fuel shows higher penetration than n-dodecane using the conical
nozzle k15 and lower penetration using cylindrical nozzle k0, which was found
to be in agreement with the near-field spreading angle and spreading angle fluc-
tuations reported.

The experimental findings from this chapter on the macroscopic spray be-
havior, and the large database obtained (available for download at: http:
//www.cmt.upv.es/DD01.aspx), could be used to validate CFD models that
might help the community understand the fundamental driving mechanisms be-
hind these observations.

http://www.cmt.upv.es/DD01.aspx
http://www.cmt.upv.es/DD01.aspx
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Chapter 5

Evaporative inert spray
visualization

This chapter describes the evaporative inert spray visualization experiments and
observations. Evaporative sprays increase in complexity in comparison to isother-
mal sprays, since two thermodynamic phases co-exist. Liquid fuel is injected into
a hot ambient gas, the jet is atomized by the aerodynamic interaction between the
liquid fuel and the dense ambient gas, at the same time the spray is entraining the
surrounding hot gas which transfers energy to the liquid fuel to eventually vapor-
ize it completely downstream. It is known that if spray models predict correctly
the vapor penetration, they also predict the fuel mixture fraction with adequate
accuracy [1], which is essential for combustion analysis. Due to the complexity
of this process, quality measurements are essential for model validation and also
for direct experimental analysis.

During all tests described and presented in this chapter, energizing times were
fixed at 2500µs. The injector body temperature was maintained close to target
using a special injector holder designed to have a coolant flowing at a controlled
temperature in direct contact with the injector body [2]. The temperature of the
coolant is adjusted in function of the discharge chamber gas temperature and den-
sity, to guarantee a constant sac inner wall temperature of approximately 110 ◦C
[2].

61



April 20, 2017

62 CHAP. 5 EVAPORATIVE INERT SPRAY VISUALIZATION

5.1 Optical setup

The optical setup is displayed in Figures 5.1 and 5.2 from top and isometric views
respectively. The test chamber is cut in both figures to better illustrate the configu-
ration. The setup consisted of two separate cameras and optical arrangements for
the visualization of liquid and vapor phases of the fuel spray. Figure 5.1 also con-
tains indications of each component and overall summaries of each setup. Note
that even though the cameras’ frame rates were not equal, both cameras recorded
all injection events simultaneously, triggered by the same command signal sent to
the injector.

Liquid phase was visualized through a diffused back illumination (DBI) setup.
The recent introduction of a high speed pulsed light-emitting diode (LED) has
made this optical setup/technique very convenient for liquid spray visualization
of single hole nozzles [3–6]. Current high-speed camera capabilities in combina-
tion with a high-speed pulsed light source—with a controlled pulsed duration of
50 ns —produce images significantly sharper than any continuous light source or
flash type light source option, and reduce the actual timing uncertainties of the
image acquired. In this setup, the light emitted by the source is forced through a
diffuser, a field lens and a beam splitter before going into the chamber. Inside the
chamber, the light passes through the liquid core which features a refractive index
much greater than the one of the surrounding gas. This difference in refractive
indices deflects light strongly such that the beams entering the liquid core are not
captured by the camera which, in turn, renders dark spots on the image at those
corresponding locations. The main trajectory of this light is indicated by the blue
arrow in Figure 5.1. Note that since the source light is diffuse, each pixel ren-
dered in the image results from a composition of beams that take different paths
through the test chamber, hence, the collection system captures all but highly
deflected rays (i.e. those that cross liquid phase), which makes this technique
virtually insensitive to small refractive index changes such as local gas temper-
ature fluctuations or the vapor phase of the fuel spray. This is translated into a
diffuse, constant and smooth background which is essential for the pixel-wise ex-
tinction computation explained later in section 5.2 [3, 4]. A slight effect of the
vapor phase is still observable in the instantaneous images (often referred to as
“beam steering” [3]) but this is discarded by feeding the segmentation algorithm
with the appropriate threshold [3, 7]. The camera utilized for this technique was
a Phantom V12, acquiring images of 320 pix× 96 pix at 120 kHz with a spatial
resolution of 6.38 pix/mm. This produced a 50 mm field of view (FOV) along the
spray axis, and a maximum measurable liquid penetration length of 45 mm, tak-
ing into account the location of the nozzle. The actual exposure time was given
by the effective LED pulse duration, which was set to 50 ns .
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Schlieren setup summary:
Camera: Photron SA5
Lens: Nikkor 50 mm
Im. size: 576 pix x 224 pix
Frame rate: 50 kHz

Exposure time: 2.29 µs

Resolution: 5.3 pix/mm

DBI setup summary:
Camera: Phantom V12
Lens: Zeiss Makro 100 mm
Im. size: 320 pix x 96 pix
Frame rate: 120 kHz
Exposure time: 50 ns
Resolution: 6.38 pix/mm

Photron SA5 Diaphragm

Field lens

Diffuser

Fast LED

Beam splitter

Beam splitterInjectorTest vessel Single point light source Parabolic mirror

Phantom V12

Figure 5.1: Plan view of the optical setup.

Schlieren imaging has been successfully employed by several researchers to
identify gradients in refractive indices of transparent media. For vaporizing diesel
sprays, this technique is able to capture the line-of-sight boundary between va-
porized fuel and ambient gases, as there is an appreciable difference in refractive
indices between these [7–9]. Since the rays of light are collimated into a cylindri-
cal beam, small deflections due to refractive index gradients are rendered in the
image as shades. In this study, the vapor spray was visualized through a single-
pass Schlieren setup [9], which is often applied to axi-symmetrical single hole
nozzles. Multi-hole injectors require a two-pass setup and a high temperature
mirror as explained by PAYRI et al. [10]. The final setup is very similar to the se-
tups employed for the CMT experiments in [8, 11, 12]. The camera was a Photron
SA5, sampling images of 576 pix× 224 pix at 50 kHz with a spatial resolution of
5.3 pix/mm. This produced a FOV along the spray axis of 108 mm, and consid-
ering window limits and nozzle location, the maximum vapor penetration length
measurable was 96 mm. The exposure time was set to 2.28µs.

As shown in Figures 5.1 and 5.2, beam splitters were located at either side
of the vessel to allow for the light of each technique to travel across the same
line-of-sight but in different directions.

5.2 Image processing

Each image was processed using an algorithm that detects the spray boundary
and computes its associated properties. The algorithms varied between the two



April 20, 2017

64 CHAP. 5 EVAPORATIVE INERT SPRAY VISUALIZATION

Figure 5.2: Isometric view of the optical setup.

techniques to maximize the detection performance of each setup.

Diffused back illumination (DBI) images were processed with a segmentation
algorithm that binarizes a pre-processed image based on absolute threshold. The
pre-processed image is a 2D extinction map, obtained by computing the pixel-wise
optical thickness (τ) following Beer-Lambert’s law:

τ= − ln (Ii/Io) (5.1)

Where Ii is the digital value of a given pixel at instant i and Io is the digital
value of that same pixel in the reference state, which, in this case is the back-
ground image before the injection. The background is calculated as an ensemble
average of all the images acquired before start of injection (SOI). The absolute
threshold set for the binarization of the resulting extinction map computed from
Eq. (5.1) was set to 0.6 [3, 7].

Schlieren images of vapor phase are processed differently. The program con-
sists of two extensively used approaches for the processing of these type of images.
Two binarized images are obtained from two different criteria and then merged
to maximize sensitivity. The first algorithm was originally developed at Sandia
National Laboratories (SNL) and is available for download on the ECN website
(http://www.sandia.gov/ecn/). The routine detects temporal changes in

http://www.sandia.gov/ecn/
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pixel-wise intensities by taking the temporal derivative of a series of images.
This produces a 2D map where pixels with higher intensity represent pixels that
are changing their digital values in time. The temporal nature of this algorithm
makes it robust to variations between optical setups, and makes it very strong for
transparent spray images, for example, of very dilute sprays, low ambient den-
sity conditions, light fuels, etc. On the other hand, it does not work properly
for spray images with relatively constant intensity levels, for example: images of
non-evaporative sprays, diaphragm-cut Schlieren vapor sprays (which are often
very dark), combustion-saturated sprays, etc. In these situations, spray tip pene-
tration is still captured correctly while the full spray boundary is not. Therefore,
an additional intensity-sensitive algorithm was adapted, explained in detail by
PAYRI et al. [10], enhanced with the dynamic background correction detailed by
BENAJES et al. [11] and PAYRI et al. [12]. The two binary maps obtained from
each algorithm are combined into a single binary image from which the contour
is extracted. This approach maximizes sensitivity since it takes advantage of the
robustness of the SNL algorithm for the spray tip region—and dilute regions or
sprays—but at the same time allows for good contour detection in the near nozzle
region, where the liquid core often generates a very dark image.
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Figure 5.3: Spray tip penetration and spreading angle definitions illustrated over
a Schlieren image of nozzle k0, injecting the Surrogate fuel at 150 MPa, with an
ambient temperature of 900 K and an ambient density of 22.8 kg/m3.

All processing algorithms extract macroscopic characteristics from the de-
tected contours. Figure 5.3 illustrates the definitions for the spray tip penetration
and spreading angle utilized in this study. The penetration is calculated as the dis-
tance between the outlet orifice and the furthest point in the detected boundary.
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The vapor spreading angle is calculated as the angle included between two lines
that originate at the outlet orifice and are fitted to the spray contours detected
within 3.6 mm and 15 mm axially measured from the nozzle tip.

5.3 Test plan

Table 5.1: Evaporative inert spray visualization test plan, centered on ECN Spray
A boundary conditions [8].

Parameter Value-Type Units

Ambient density (ρ) 22.8 kg/m3

Ambient temperature (Ta) 800, 900, 970 K
Rail pressure (Pr) 60, 90, 150, 200 MPa
Number of points 12 per nozzle and fuel

Ambient density (ρ) 15.2, 30.4 kg/m3

Ambient temperature (Ta) 800, 900 K
Rail pressure (Pr) 60, 90, 150 MPa
Number of points 12 per nozzle and fuel

Total number of points 24 per nozzle and fuel

The test plan, presented in Table 5.1, is centered on ECN Spray A boundary
conditions [8], with parametric variations around these. Since the time available
for experiments was limited, an additional rail pressure (200 MPa) and ambient
temperature (970 K) were performed only at the reference ambient density case
(22.8 kg/m3). Table 5.1 is sub-divided into these two groups of points for easier
visualization of the test plan. For all conditions, the vessel was filled with nitrogen
and the energizing time was fixed at 2.5 ms. All test points were performed for
the two nozzles and three fuels, comprising a total of 144 test points in the high
temperature/high pressure test rig. Once more, all experimental results presented
in this chapter are available for download at: http://www.cmt.upv.es/DD01.
aspx.

5.4 Evaporative spray development

Figure 5.4 presents a time sequence of Schlieren images of two independent in-
jection events. This sequence demonstrates the typical behavior of evaporative
diesel sprays: fuel is injected into a hot ambient gas, the jet velocity and ambient
density shear and atomize the liquid core, the spray entrains the surrounding hot

http://www.cmt.upv.es/DD01.aspx
http://www.cmt.upv.es/DD01.aspx


April 20, 2017

5.4. Evaporative spray development 67

Axial distance from tip [mm]

 

 
n−Heptane

  14 µs after SOI

0 10 20 30 40 50 60 70

10

 0

10

Vapor phase

Liquid phase

n−Heptane

 114 µs after SOI

10

 0

10

R
a
d

ia
l 
d

is
ta

n
c
e
 f

ro
m

 a
x
is

 [
m

m
]

n−Heptane

 474 µs after SOI

10

 0

10

n−Heptane

1174 µs after SOI

10

 0

10

Axial distance from tip [mm]

n−Heptane

1874 µs after SOI

0 10 20 30 40 50 60 70

10

 0

10

Axial distance from tip [mm]

Surrogate

0 10 20 30 40 50 60 70

10

 0

10

Surrogate

10

 0

10

R
a
d

ia
l 
d

is
ta

n
c
e
 f

ro
m

 a
x
is

 [
m

m
]

Surrogate

10

 0

10

Surrogate

10

 0

10

Axial distance from tip [mm]

Surrogate

0 10 20 30 40 50 60 70

10

 0

10

Figure 5.4: Time sequence of Schlieren images of two injection events. Images have
been trimmed both in the radial and axial directions from their original size, for
better fit in this figure. The contours detected for the liquid and vapor phases are
plotted to scale over the original Schlieren images. Note that contours detected for
the liquid phase come from DBI images acquired with the other camera. In this
case, the nozzle is k15, rail pressure is 150 MPa, ambient density is 22.8 kg/m3

and ambient temperature is 800 K
.
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gas which transfers energy to the liquid fuel and, downstream, liquid fuel even-
tually evaporates completely [13]. Note that this phenomena presents a great
challenge to numerical models [14, 15]. The vapor phase continues to penetrate,
exchanging momentum with the ambient gas and progressively slowing down.

In Figure 5.4, notice how the liquid core of n-heptane spray is considerably
smaller than the Surrogate spray, not only in the axial direction but also in width.
The vapor phase of the two fuels, however, present very similar behavior in terms
of spray tip penetration and angle. These findings will be analyzed in detail in
the following sections.

5.5 Spray tip penetration

This section reports spray tip penetration results. Each curve in figures presented
in this section depicts the spray penetration as a function of time obtained by
ensemble averaging multiple consecutive injection events, following the same
rolling-average algorithm described by PAYRI et al. [10], utilizing an averaging
window size of 200µs. The algorithm is very similar to an Savitzky-Golay digi-
tal filter but accounting for multiple digital signals (the multiple test repetitions
performed).

The ensemble-averaged signal is then aligned in time with the SOI timing,
which is estimated by performing a linear fit to the raw data set found in the first
7 mm of the penetration curves of all repetitions, for a given set of test conditions.
A good estimation of the actual SOI for each test condition facilitates the time-
phasing of the penetration curves for comparison. In this section, continuous and
dashed curves represent the vapor and liquid phases of the spray, respectively,
unless specified otherwise.

5.5.1 The effect of ambient temperature and rail pressure

Ambient density (ρ), ambient temperature (Ta) and rail/injection pressure (Pr)
are few of the most important parameters, when considering evaporating diesel
sprays, that significantly influence the spray and combustion behavior [12, 16].
Ambient density and rail/injection pressure act as a momentum sink and source,
respectively while ambient temperature serves as evaporative energy source. Fig-
ure 5.5 depicts a particular case of nozzle k0 injecting n-dodecane fuel at four
different rail pressures and three different ambient temperatures. The ambi-
ent density is fixed at 22.8 kg/m3 by increasing the ambient pressure (Pb) from
5.53 MPa to 6.72 MPa compensating for increase in Ta from 800 K to 970 K, re-
spectively. For a fixed ambient density (momentum sink), the liquid penetration
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Figure 5.5: The effect of ambient temperature on the vapor and liquid spray devel-
opment. In this case, the nozzle is k0, the fuel presented is n-dodecane and ambient
density is 22.8 kg/m3.

curves (dashed lines) collapse by ambient temperature values while the vapor
penetration curves (solid lines) collapse by injection pressure values. Thus the liq-
uid penetration is controlled by ambient temperature (evaporative energy source
to vaporize fuel), while the vapor penetration is controlled by injection pressure
(momentum source). The liquid penetration length is not influenced by rail pres-
sure. This is typical when there is abundance of evaporative energy available,
i.e., the rate of vaporization is influenced by rate of entrainment/mixing. As the
fuel injection rate increases with injection pressure, the air entrainment increases
proportionately, thus maintaining the energy balance and liquid length as previ-
ously observed in literature [13, 17]. Since the vapor spray is momentum-driven,
changes in ambient temperature—at constant ambient density—are not expected
to affect the vapor spray penetration or spreading angle, as different studies on
multi-hole nozzles have previously observed [18, 19]. There is a secondary effect
due to the increase in Pb and Ta to maintain constant ρ: the momentum flux
of the spray decreases and hence, so does the vapor penetration. However, it is
not experimentally observable as a clear trend as the variation of Pb is much less
(<1.6 %) than the absolute value of Pr .
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5.5.2 Comparing nozzles
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Figure 5.6: The effect of nozzle geometry on spray tip penetration for different
rail pressures at an ambient density of 22.8 kg/m3 (top), and different ambient
densities at a rail pressure of 60.0 MPa (bottom). In this case, the fuel presented is
n-dodecane and the ambient temperature is 900 K.

Figures 5.6, 5.7 and 5.8 show subsets of the full test matrix results obtained
from the experiments. The effect of injection pressure (top of each figure), and
ambient density (bottom of each figure) on spray development are shown for the
two different nozzles. The different test conditions are indicated by symbols.
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Figure 5.7: The effect of nozzle geometry on spray tip penetration for different rail
pressures at an ambient density of 22.8 kg/m3 (top), and different ambient densities
at a rail pressure of 60.0 MPa (bottom). In this case, the fuel presented is n-heptane
and the ambient temperature is 900 K.
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Figure 5.8: The effect of nozzle geometry on spray tip penetration for different
rail pressures at an ambient density of 22.8 kg/m3 (top), and different ambient
densities at a rail pressure of 60.0 MPa (bottom). In this case, the fuel presented is
the Surrogate and the ambient temperature is 900 K.



April 20, 2017

5.5. Spray tip penetration 73

Overall, in spite of lower mass flow rate and momentum flux [6], the coni-
cal nozzle k15 shows faster tip penetration rates in the later stages of the spray
development (in average, time >0.5 ms in Figures 5.6, 5.7 and 5.8) when com-
pared to the cylindrical nozzle k0. This occurs because of the turbulent velocity
profiles produced by the cylindrical nozzle [20], that enhance spray mixing and
momentum exchange which in turn leads to slower tip penetration. Therefore,
at higher rail pressures (top sides of Figures 5.6, 5.7 and 5.8), where the effect
of aerodynamic drag loses importance, the difference in the penetration of sprays
produced by the two nozzles is reduced. This is also due to the increasingly higher
momentum flux from nozzle k0 at higher rail pressures in comparison to nozzle
k15 [6]. Consequently, the low injection pressure case shown in the bottom parts
of Figures 5.6, 5.7 and 5.8 for all densities, marks a clear difference between the
penetration rate of the two nozzles, with k15 being consistently the faster of the
two. These conditions allow time for the aerodynamic interactions to develop,
and turbulent velocity profiles in the outlet orifice become more important to the
gas entrainment process. The higher turbulence at the outlet of the cylindrical
orifice k0 enhances liquid phase break-up, smaller droplets evaporate faster and
exchange momentum more efficiently with the ambient gas which reduces the
liquid length in the stabilized region. For the vapor phase, the turbulence is car-
ried over, enhancing momentum exchange and thus slowing down the spray in
comparison to the conical nozzle.

Similar behavior from comparable experiments and conditions for isothermal
non-evaporative sprays of the same nozzles and fuels [5, 6] were also reported in
chapter 4. The trends presented in those studies were similar to those presented in
this chapter for the vapor phase, not only directly comparing nozzles, but also in
how the nozzles responded to ambient density and rail pressure. Similar results—
comparing nozzles in both liquid and vapor phase sprays—were also reported pre-
viously by SOM et al. [21] and MONTANARO et al. [22]. In both studies, authors
performed numerical simulations of isothermal and evaporative sprays for cylin-
drical and conical nozzles, showing that the penetration curves start to diverge
after a certain time has passed and aerodynamic interactions have played its part,
even though the effect of nozzle geometry is just introduced as boundary condi-
tions at the orifice interface. Note that MONTANARO et al. [22] observed the same
trend in their experimental results, presented in the same paper but discussed in
detailed further by ZHANG et al. [23].

In the case of the vapor spray, the comparison between nozzles was similar for
all fuels. This was not the case for the isothermal non-evaporative sprays stud-
ied previously in chapter 4 [6], which suggests that the vapor spray penetration
is mainly controlled by momentum and therefore, independent of fuel. This is
discussed in detailed in the next section.
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Figures 5.6, 5.7 and 5.8 also show the behavior of the liquid phase penetration
(dashed lines). The cylindrical nozzle k0 consistently showed shorter stabilized
liquid penetration lengths when compared to the conical nozzle k15, throughout
the full test matrix. This is attributed to the increased turbulence at the outlet
orifice and the consequent larger near-field spreading angle [5, 6]. Figures 5.6,
5.7 and 5.8 also illustrate, once more, how the stabilized liquid lengths are inde-
pendent of injection pressures but strongly affected by and inversely proportional
to ambient density [13].

5.5.3 Comparing fuels

A similar analysis can be carried out comparing fuels. Figures 5.9 and 5.10 present
results of the evolution of the spray tip penetration for select test conditions. Over-
all, the vapor spray tip penetrations observed were similar for all fuels. This is
in agreement with the observations of the nozzle comparisons, where both noz-
zles responded in similar ways to different fuels. This is also in agreement with
the observations of KOOK and PICKETT [24], and confirms that the vapor spray
tip penetration is independent of the fuel utilized, keeping the rest of the vari-
ables constant, since spray momentum is also independent of fuel [6, 24], even
though the rate of injection is affected by fuel density [6, 25]. The top parts of
Figures 5.9 and 5.10 confirm, once again, how the liquid length is independent
of injection pressure, while the bottom parts show the liquid lengths are inversely
proportional to ambient density, as expected [13].

Regarding fuels, n-heptane showed the shortest liquid lengths, followed by
n-dodecane, with the Surrogate fuel consistently featuring longer liquid lengths.
The stabilized liquid length is determined by the axial location at which the liq-
uid spray has entrained the necessary energy to fully evaporate [13]. This in turn
is dictated by the density and boiling point of the fuel along with the spreading
angle of the spray. n-Heptane features the lowest density and boiling point of the
three fuels. The difference in spreading angle between fuels is not large enough
to significantly affect the hot gas energy entrainment, even though n-heptane ap-
pears to penetrate slightly slower in the vapor penetration curves. The influence
of more specific fuel properties over the stabilized liquid length is analyzed further
in section 5.7.

5.6 Spray spreading angle

The spray tip penetration is closely related to the spray spreading angle [5, 6].
Larger spreading angles imply more momentum exchange with the ambient gas
which, in turn, renders slower spray tip penetration rates downstream. Figures
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Figure 5.9: Spray tip penetration for all fuels and different rail pressures at an am-
bient density of 22.8 kg/m3 (top), and different ambient densities at a rail pressure
of 60.0 MPa (bottom). In this case, the nozzle is k0 and the ambient temperature
is 900 K.
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of 60.0 MPa (bottom). In this case, the nozzle is k15 and the ambient temperature
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Figure 5.11: Time-averaged spray spreading angles for all test conditions at 900 K.

5.6, 5.7 and 5.8 showed that the sprays produced by the cylindrical nozzle pen-
etrate slower when compared to those produced by the conical nozzle, so larger
spreading angles should be expected for the former. Figure 5.11 shows a scatter
of vapor spray spreading angle values for all test conditions at 900 K. The spread-
ing angle reported is the angle included between two linear fits performed to the
top and bottom halves of the detected spray contour located within 3.6 mm and
15 mm axially measured from the nozzle tip (see Figure 5.3 for an illustration of
the angle estimation). The lines fitted are forced to pass through the nozzle out-
let. Angle signals from all repetitions are then averaged in the stabilized region
of the injection event, from 1 ms to 3 ms after SOI, to obtain a single value per
test in order to make comparisons for analysis.

The spreading angle was not found to be significantly affected by the rail pres-
sure, as seen in chapter 4—published in [5, 6]—and also found in the literature
[26, 27]. Increasing ambient density, on the other hand, increases spreading angle
accordingly. Still, the effect of the nozzle geometry was found to be as significant
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as the effect of ambient density, with the cylindrical nozzle k0 showing larger
spreading angles along the full test matrix. This result is in line with the previous
findings. Moreover, note how fuels do not seem to show clear trends affecting the
spreading angle. This is in agreement with the gas jet theory, but contradicts the
behavior reported in chapter 4, where n-heptane showed larger spreading angles
through the test matrix due to its lower density, viscosity and surface tension. The
results of the present study put together with those expounded in chapter 4 for
the same nozzles and fuels mark a clear difference between the liquid isothermal
non-evaporative spray and the vapor spray.

Even though Figure 5.11 only presents spreading angle results for ambient
temperatures of 900 K, the trends found were similar at 800 K and 970 K. All data
are available for download at: http://www.cmt.upv.es/DD01.aspx.

5.7 Liquid penetration length for different nozzles and
fuels

From all time-resolved liquid penetration signals, a time-averaged single value
can be extracted to synthesize the liquid length response to the different vari-
ables tested into simpler information. From this point forward, all liquid length
values presented correspond to those obtained by averaging the liquid penetra-
tion signals from 1 ms to 3 ms after SOI. Note that temperatures and densities
plotted are not the nominal set points but instead measurements or estimations
from the actual during-test conditions.

Figure 5.12 displays a select group of liquid length values for all nozzles and
fuels along an ambient temperature sweep, at the central ambient density of
22.8 kg/m3 and the two limits of rail pressure tested: 60 MPa and 200 MPa. As
expected, liquid lengths are inversely proportional to ambient temperature [13],
because the hotter ambient gas entrained provides more energy for the vapor-
ization of a given mass of fuel. The cylindrical nozzle k0 features shorter liquid
lengths through the full test matrix, but its effect on liquid length is reduced with
increasing injection pressure, as shown by Figure 5.12-top and bottom respec-
tively. This could be explained by the observations of vapor spray tip penetration
presented in section 5.5.2 (see Figures 5.6, 5.7 and 5.8), where the effect of nozzle
geometry on spray penetration is more important at lower rail pressures because
of the longer time needed for the fuel to reach a certain penetration length, and
because of the smaller quantity of gas entrained, when compared to very high
rail pressure cases. The smaller quantity of gas entrained makes the nozzle out-
let conditions more relevant to the momentum exchange, and the longer time
needed to reach a certain penetration length allow for the momentum exchange

http://www.cmt.upv.es/DD01.aspx
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to be amplified by the turbulent velocity profiles at the nozzle outlet, which con-
sequently renders shorter liquid lengths for the cylindrical nozzle k0. Note that
similar observations—regarding the effect of nozzle geometry and rail pressure
over the spray development—were reported in chapter 4 [6].
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Figure 5.12: Time-averaged liquid length values for all nozzles and fuels along an
ambient temperature sweep.

Figure 5.12 also shows a clear separation between the liquid lengths produced
by the three fuels tested. In similar conditions, n-heptane produces sprays with
considerably shorter liquid lengths than n-dodecane, which at the same time ren-
ders shorter liquid lengths than the Surrogate fuel. This was already depicted
in Figures 5.4, 5.9 and 5.10 for particular test conditions, synthesized here for a
larger data set and is also seen in Figure 5.13 for different ambient densities. The
main drivers of these trends are the thermodynamic properties and density of each
fuel, with n-heptane featuring lower density and boiling point than n-dodecane
and all components of the Surrogate fuel. These results agree with the literature:
the liquid length of the Surrogate fuel is controlled by its heavier components,
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and thus, it results longer than the liquid length of n-dodecane [13, 17, 28], even
though the Surrogate starts to evaporate earlier at atmospheric conditions.
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Figure 5.13: Time-averaged liquid length values for all nozzles and fuels along an
ambient density sweep.

The effect of ambient density is synthesized in Figure 5.13. As expected, liquid
lengths are inversely proportional to ambient density [13]. Note that the trends
for nozzle geometry and fuel effects remain, as already discussed.

Properly predicting liquid lengths is of great interest for combustion chamber
development. SIEBERS [28] presented a scaling law based in the fundamental
physical processes that take place in the evaporative spray, allowing for fast pre-
dictions of liquid length for single-component fuels. HIGGINS et al. [17] proposed
an alternative model which considers multi-component fuels, through basic ther-
modynamic properties of each component at reference conditions:

x l iq = kAαBβdo (5.2)

Where k is a proportioning constant, A= ρ f /ρ is the density ratio, and B is
the specific energy ratio, calculated as:

B =

∑N
i=1 Yihvap,i + (Tb,max − T f )

∑N
i=1 YiCp,l iq,i

Cp,air(Ta − Tb,max)
∑N

i=1 Yi

(5.3)
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Where Tb,max is the maximum Tb among the N species and Yi is the mass frac-
tion of species i. Note that A and B are evaluated using the atmospheric properties
of the fuel, which is very convenient. Fuel properties utilized for the evaluation
of the A and B terms are summarized in Tables 2.2 and 2.3. Fuel temperature at
the outlet orifice was estimated from the data collected previously by PAYRI et al.
[2]. HIGGINS et al. [17] proposed values for k, α and β but these not necessarily
apply for any nozzle, fuel, and/or outside the test conditions covered. Moreover,
this model would not predict properly the effect of nozzle geometry. The effect of
nozzle geometry could be included by introducing the effective diameter instead
of the nominal diameter (de f f = do

p

Ca), so Eq. (5.2) can be re-written:

x l iq = kAαBβdo
p

Ca (5.4)
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Figure 5.14: Non-linear regression of the model originally presented by HIGGINS

et al. [17], modified to include the effect of nozzle geometry, presented in Eq. (5.4).
Dashed lines represent ±σ.

Where Ca is the area coefficient, previously measured or all nozzles and fuels
and presented in chapter 3 [6]. This model was employed to predict all liquid
length values measured, and the results are presented in Figure 5.14. In this
figure, nozzles are denoted by symbols while fuels are distinguished by color.
Each color is shaded so that ambient temperatures are differentiable, if such is the
intent of the reader. The regression coefficients are shown in the top-left corner
of the figure, along with the root-mean-square error (RMSE) of the fit. Note how
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the effect of ambient density is very well captured, with α = 0.51 when mixing-
limited models predict a value of 0.5 [28]. Considering how little data is needed to
use Eq. (5.4) for these fast liquid length predictions, these are acceptable results,
with the RMSE low at 1.3 mm. However, Figure 5.14 demonstrates that even
though the effect of nozzle geometry is partially captured by the model, there is
still an offset from the main diagonal when comparing nozzles at equal conditions.
Hence, Eq. (5.4) can be modified further by introducing vapor spray spreading
angles (presented in Figure 5.11):

x l iq = kdo
p

CaAαBβ tanφ(θ/2) (5.5)

For this regression, the coefficient defining the effect of ambient density (α)
was fixed to 0.5 to comply with the mixing-limited evaporative spray theory [28]
and reduce the degrees of freedom of the regression. The results from this non-
linear fit are presented in Figure 5.15. Note that the coefficient for the spread-
ing angle results negative, which is expected since larger angles would produce
shorter liquid lengths. Note also that the β coefficient remains the same as in
the previous model, but now the effect of nozzle geometry is captured better,
which then reduces the RMSE. Still, the behavior of the Surrogate is not com-
pletely well captured by the model, even though this fuel is the original reason
why the model was implemented. Fuel properties in Tables 2.2 and 2.3 indicate
that all fuels tested in this study feature comparable specific heats and enthalpies
of vaporization. The significant differences between fuels are actually the boiling
points. HIGGINS et al. [17] demonstrated that considering only T90—or simply,
the boiling point for single-component fuels—may not be an appropriate approach
for some fuels, for instance, methanol. Alcohols in general feature considerably
larger enthalpies of vaporization than hydrocarbons [17, 29], which means that,
even though their boiling points may be lower, complete evaporation requires far
more energy entrained into the spray, which translates into longer length scales
[17, 29]. However, HIGGINS et al. [17] also observed a good correlation between
predicted liquid lengths and T90 for a large group of other fuels. In the case of
this study, considering fuel properties in Tables 2.2 and 2.3 and that all fuels are
hydrocarbons, it would be reasonable to think that even a simpler model would
be equally suited to properly predict liquid lengths.

x l iq = kdo
p

CaAαT b
a T c

90 tanφ(θ/2) (5.6)

A simpler model is presented in Eq. (5.6). This engineering correlation sepa-
rates the contributions of T90 and Ta into two degrees of freedom. Once more, the
coefficient for the density ratio A was fixed to 0.5. The regression coefficient for
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Figure 5.15: Non-linear regression of the model originally presented by HIGGINS et
al. [17], modified to include the effect of nozzle geometry and vapor spray spreading
angle, presented in Eq. (5.5). Dashed lines represent ±σ.

the spreading angle (φ) resulted in a value relatively close to the value obtained
for the model presented in Eq. (5.5). Note also that the relationship between
the predicted liquid length and T90 is practically linear, and that liquid length
is inversely proportional to the ambient temperature squared. This model, even
though simpler, results more suitable for the case of study since it captures better
the behavior of the different fuels, while still reproducing reasonably the effect of
nozzle geometry. The new model (eq. 5.6) predicts an RMSE of 0.6 mm instead
of 1.2 mm of the model presented in eq. 5.5 based on the specific energy ratio.

5.8 Spray boundary fluctuations

PAYRI et al. [5] presented line-of-sight fluctuation maps of the detected spray
boundaries, which clearly marked differences between the cylindrical and con-
ical nozzle for liquid non-evaporative isothermal n-dodecane sprays. Later, PAYRI

et al. [6] presented similar maps for the same non-evaporative sprays, but then
showing also the three fuels tested in this study. These maps illustrated how the
cylindrical nozzle widens the liquid spray immediately after the fuel has exited the
orifice, while the spray produced by the conical nozzle spreads more progressively
downstream. Spray boundary fluctuations were also found to be greater for the
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Figure 5.16: Results of the non-linear regression of the engineering correlation pre-
sented in Eq. (5.6). Dashed lines represent ±σ.

cylindrical nozzle. Moreover, these maps showed that the liquid non-evaporative
isothermal n-heptane spray featured larger spreading angle and fluctuations in
the boundary region, followed by the Surrogate spray. This section discusses
analogous maps which are constructed from the spray boundaries of the liquid
and vapor phases separately detected, to asses if the conclusions drawn from the
liquid non-evaporative isothermal sprays are carried on to hot evaporative sprays.

Figure 5.17 shows line-of-sight fluctuation maps of liquid sprays produced by
the two nozzles and three fuels at a particular case of test conditions. Each map
is calculated as the standard deviation between all binary images of the detected
sprays from the corresponding test. This calculation is done past 0.5 ms after SOI
to guarantee that the spray is in steady state. Therefore, a black pixel corresponds
to a non-fluctuating location: the spray never occupies that pixel or the pixel is
always considered to be within the spray during the time window considered.
On the other hand, the brighter a pixel is, the more likely it is for fluctuations to
occur at that location (and/or the stronger fluctuations at that location are) and,
as expected, this happens near the spray boundary.

The first important observation that Figure 5.17 provides is that the spray pro-
duced by the cylindrical nozzle k0 spreads immediately after the fuel has exited
the orifice, while the spray produced by nozzle k15 starts thin and spreads pro-
gressively downstream, as previously seen in non-evaporative isothermal sprays
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Figure 5.17: Liquid spray fluctuation maps for all nozzles and fuels at a rail pressure
of 60.0 MPa, an ambient density of 15.2 kg/m3, and an ambient temperature of
900 K. Maps comprise all test repetitions and images from 0.5 ms after SOI to the
end of the signals.

[5, 6]. This implies that the nozzle geometry has great effect on what BENAJES

et al. [30] refer to as transitional length, which is the region after the intact liquid
core starts to break but before the spray starts its linear evolution. Furthermore,
fluctuation maps for k0 are more diffuse in the radial direction, which indicates
larger fluctuations, that were also seen in the non-evaporative isothermal case
presented in chapter 4. Since the evaporative sprays are small relative to the
spatial resolution achieved, no important differences could be observed between
fuels in terms of fluctuations as presented here.

Still, observing these two-dimensional maps directly complicates the direct
comparison between nozzles. If these maps are integrated from 1 mm to 9 mm
along the spray axis, a quantitative measurements of the fluctuation strength and
area can be synthesized into a single value—which will be referred to as “fluctu-
ation power”—per test condition, nozzle and fuel [5]. Note that the integration
excludes the tip region, in order to exclude fluctuations in the liquid length, which
are out of the scope of this research [31]. Liquid spray fluctuation power values
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are displayed in Figure 5.18 for all nozzles and fuels at an ambient temperature of
900 K. PAYRI et al. [5] presented and similar analysis for non-evaporative isother-
mal sprays, showing that fluctuation power was directly proportional to ambient
density, due to the increased turbulence and momentum exchange, and that the
cylindrical nozzle featured larger values at equal injection conditions. In the case
of evaporative sprays, larger ambient densities are translated into smaller liquid
sprays, so fluctuation power values are slightly reduced due to the decrease in
line-of-sight area in the radial direction. Still, Figure 5.18 shows that, generally,
fluctuation power values are scaled with ambient density, similarly to the non-
evaporative isothermal case, even though the higher ambient density sprays are
smaller in projected area. Also, the cylindrical nozzle k0 features larger fluctua-
tion power values all through the test matrix when compared to the conical nozzle
k15 at equal test conditions, which results from a combination of the wider spray
produced and a more diffuse fluctuation map. Note that the effect of ambient
density over each fuel is not constant. The Surrogate fuel liquid spray seems to
be less affected by changes in ambient density, which could be related to its higher
density, viscosity and surface tension, all of which help the liquid droplets to con-
serve momentum. n-Heptane, on the other hand, seems to be more affected by
changes in ambient density, with n-dodecane in the middle between fuels, which
agrees with the non-evaporative isothermal spray results presented in chapter 4.

A similar analysis can be carried out for the vapor phase, which should agree
with the penetration and spreading angle observations already presented, as was
the case for non-evaporative isothermal sprays [6]. Line-of-sight fluctuation maps
of vapor sprays are shown in Figure 5.19 for all nozzles and fuels at a particular
case of test conditions. Plots in the left column demonstrate that the cylindrical
nozzle k0 produces vapor sprays which spread immediately after exiting the ori-
fice, while the conical nozzle produces a thin jet that spreads more progressively
downstream, which again suggests that the nozzle geometry is affecting the tran-
sitional length [30]. Note that this result is in agreement with the findings for
the liquid phase reported here, and those found for non-evaporative isothermal
sprays analyzed in chapter 4. As in the liquid phase case, the cylindrical nozzle
k0 produces not only wider sprays but also more diffuse fluctuation maps, which
indicates larger fluctuations in the line-of-sight spray boundaries detected. The
vapor phase fluctuation maps are not as diffuse—statistically evenly distributed—
near the spray boundary as the liquid phase maps or those presented in chapter 4,
due to the lower frame rate of the camera in this particular setup, which translates
into a smaller total number of frames from which to extract the maps.

Analogous to the liquid phase case, these maps can be integrated from 3.6 mm
to 50 mm along the spray axis to synthesize part of these maps into a single fluc-
tuation power value per test conditions. Note that 3.6 mm is selected as the lower
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Figure 5.18: Liquid spray fluctuation power from 1 mm to 9 mm along the spray
axis, at an ambient temperature of 900 K.

limit since it is the same limit used for the calculation of the vapor spray spread-
ing angles depicted in Figure 5.11. Vapor spray fluctuation power values are pre-
sented in Figure 5.20 for all nozzles and fuels at an ambient temperature of 900 K.
In general, fluctuation power values for the vapor spray are also scaled with ambi-
ent density, and remain larger for the cylindrical nozzle k0 when compared to the
conical nozzle k15. In contrast to the liquid phase results in Figure 5.18, the dif-
ferent fuels were not found to respond in significantly different ways—in terms
of fluctuations—to changes in ambient density, which is in agreement with the
spray tip penetration observations for evaporative sprays presented in this study.
Again, this was not the case for the non-evaporative isothermal sprays presented
in chapter 4.

Observations summarized in this study, along with previous conclusions gath-
ered for the same nozzles and fuels in chapter 4 suggest that the vapor spray is
indeed controlled by momentum and turbulence conditions at the nozzle outlet—
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Figure 5.19: Vapor spray fluctuation maps for all nozzles and fuels at a rail pressure
of 60.0 MPa, an ambient density of 15.2 kg/m3, and an ambient temperature of
900 K. The maps comprise all test repetitions and images from 2.5 ms after SOI to
the end of the injections.

strongly dictated by nozzle geometry—but the interactions between the vapor
phase of the spray and the ambient gas are not strongly affected by fuel proper-
ties, which was not found to be the case for the liquid phase spray in both the
evaporative case presented here, and the non-evaporative isothermal case pre-
sented in chapter 4.

5.9 Conclusions

The influence of internal nozzle flow characteristics over the evaporative spray de-
velopment is studied experimentally [32]. The macroscopic spray characteristics
are obtained by imaging the liquid and vapor phases of the spray simultaneously
using independent cameras and optical techniques, and the results are reported
in this work. The liquid phase is captured by a fast-pulsed diffused back illumi-
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Figure 5.20: Vapor spray fluctuation power from 3.6 mm to 50 mm along the spray
axis, at an ambient temperature of 900 K.
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nation setup, while the vapor phase is captured by a single-pass Schlieren setup
with diaphragm.

For a fixed ambient density, the liquid penetration is controlled by the avail-
able energy for vaporization (mainly ambient temperature and ambient density)
while the vapor penetration is controlled by momentum (mainly rail pressure and
ambient density). The cylindrical nozzle, in spite of higher mass flow rate and
momentum flux, shows slower vapor spray tip penetration when compared to the
conical nozzle. Also, the cylindrical nozzle consistently produced shorter liquid
lengths. The vapor spray spreading angle is found to be inversely proportional
to the spray tip penetration, largely influenced by the nozzle geometry and the
ambient density. n-Heptane spray shows the shortest liquid lengths, followed by
n-dodecane and finally the Surrogate. However, no significant difference in va-
por penetration rates was found between fuels, confirming that the vapor spray
is controlled by momentum, which is independent of fuel. This was not the case
for the non-evaporative isothermal sprays previously studied in chapter 4. Liquid
lengths show the expected responses to parametric variations of ambient temper-
ature and density. Two empirical predictive models are presented and utilized to
analyze the influence of fuel properties on the liquid length. The primary factor
controlling the liquid length between fuels is found to be their volatility. Finally,
the cylindrical nozzle exhibits larger line-of-sight contour fluctuations in both the
liquid and vapor phases, which in turn contributes to the shorter liquid lengths
and slower vapor penetration.

The experimental findings from this work on the macroscopic spray behavior,
and the large database obtained (available for download at: http://www.cmt.
upv.es/DD01.aspx), could be used to validate CFD models that might help the
community understand the fundamental driving mechanisms behind these obser-
vations.
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Chapter 6

Reactive spray visualization

This chapter describes the reactive spray visualization experiments and observa-
tions. Reactive spray visualization in test chambers seek to reproduce combustion
conditions and development that occur inside the engine in a controlled environ-
ment. These reactive sprays comprise all physical processes that real in-engine
sprays have: liquid fuel is injected into the chamber at high pressure, the liquid
core shears and breaks-up while heat transfer occurs, similar to the evaporative
inert case. Once the mixture has reached ignitable mixture fraction and tempera-
ture, ignition takes place and diffusion combustion develops. The ignition process
presents a given delay from the start of injection. Once combustion is stabilized,
the flame stabilizes upstream at the lift-off length (LOL, the axial distance from
the nozzle tip to the upstream flame front), which is one of the main subjects of
analysis in this chapter. Quality data of these processes allows for direct analysis
of the mechanisms involved, but also facilitates CFD model validation which can
then be used to predict combustion performance and emissions [1].

During all tests described and presented in this chapter, energizing times were
fixed at 2500µs. As described also in chapter 5 for the evaporative experiments,
the injector body temperature was maintained close to target using a special injec-
tor holder designed to have a coolant flowing at a controlled temperature in direct
contact with the injector body [2]. The temperature of the coolant is adjusted in
function of the discharge chamber gas temperature and density, to guarantee a
constant sac inner wall temperature of approximately 110 ◦C [2].

95
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6.1 Optical setup

The optical setup, shown in Figure 6.1, consisted of two separate cameras and
optical arrangements for the visualization of the reactive spray development and
lift-off length. Note that both cameras recorded the same injection events, trig-
gered by the same command signal sent to the injector.

Schlieren setup summary:
Camera: Photron SA5
Lens: Nikkor 50 mm
Im. size: 576 pix x 224 pix
Frame rate: 50 kHz
Filter: <600 nm shortpass
Resolution: 5.3 pix/mm

OH* setup summary:
Camera: Andor iStar
Lens: Custom 100 mm UV
Im. size: 1024 pix x 1024 pix
Frame rate: 1 frame/injection
Filter: 310 ± 5 nm bandpass
Resolution: 11.20 pix/mm

Photron SA5 Diaphragm <600 nm shortpass filter

InjectorTest vessel Single point light source Parabolic mirror

Andor iStar

310 ± 5 nm bandpass filter

Figure 6.1: Plan view of the optical setup.

Schlieren imaging has been successfully employed several times to identify
refractive index gradients in transparent mediums. For vaporizing diesel sprays,
this technique is able to capture the line-of-sight boundary between vaporized
fuel and ambient gases, as there is an appreciable difference in refractive indices
between these [3–5]. Since the rays of light are collimated into a cylindrical
beam, small deflections due to refractive index gradients are rendered in the im-
age as shades. In this study, the vapor spray was visualized through a single-pass
Schlieren setup [5, 6], which is often applied to axi-symmetrical single hole noz-
zles. Multi-hole injectors require a two-pass setup and a high temperature mirror
as explained by PAYRI et al. [7, 8]. The final setup is very similar to the setups
employed for the CMT experiments in [3, 9–11] and exactly the same setup uti-
lized for the experiments presented in chapter 5 [6]. The camera was a Photron
SA5, sampling images of 576 pix× 224 pix at 50 kHz with a spatial resolution of
5.3 pix/mm. This produced a field of view (FOV) along the spray axis of 108 mm,
and considering window limits and nozzle location, the maximum penetration
length measurable was 96 mm. The exposure time was set to 2.28µs.

The lift-off length (LOL) was measured capturing the signal from OH*
chemiluminescence following the ECN standard methodology [9, 10, 12]. An
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ICCD camera (Andor iStar) fitted with a custom 100 mm f/2.8 UV lens and a
310 nm± 5 nm interferometric filter was used to acquire the chemiluminescence
signal. Since this signal is weak, the intensifier of the camera sensor was gated
during the steady region of the injection—2.3 ms to 4.8 ms after start of energizing
(SOE)—to obtain an on-chip time-averaged signal, minimizing the effect of local
turbulent flame behavior. Note that this camera had to be inclined slightly off axis
so not to block the collimated Schlieren beam. However, the angle was small at
7◦, and the possible effects were accounted for by properly correcting the images.
The camera sampled one image per injection event, of 1024 pix× 1024 pix with
a spatial resolution of 11.2 pix/mm. This produced a FOV along the spray axis
of approximately 90 mm. Further details of the processing algorithm for the LOL
estimations can be found in [9, 10].

6.2 Schlieren image processing

Each image is processed using an algorithm that detects the spray boundary and
computes its associated properties. The program—similar to what was utilized to
process images in the evaporative inert spray visualization presented in chapter
5—consists of two extensively used approaches for the processing of these type
of images. Two binarized images are obtained from two different criteria and
then merged to maximize sensitivity. The first algorithm was originally devel-
oped at Sandia National Laboratories (SNL) and is available for download on the
ECN website (http://www.sandia.gov/ecn/). The routine detects temporal
changes in pixel-wise intensities by taking the temporal derivative of a series of
images. This produces a 2D map where pixels with higher intensity represent
pixels that are changing their digital values in time. The temporal nature of this
algorithm makes it robust to variations between optical setups, and makes it very
strong for transparent spray images, for example, of very dilute sprays, low am-
bient density conditions, light fuels, etc. On the other hand, it does not work
properly for spray images with relatively constant intensity levels, for example:
images of non-evaporative sprays, diaphragm-cut Schlieren vapor sprays (which
are often very dark), combustion-saturated sprays, etc. In these situations, spray
tip penetration is still captured correctly while the full spray boundary is not.
Therefore, an additional intensity-sensitive algorithm was adapted, explained in
detail by PAYRI et al. [7], enhanced with the dynamic background correction de-
tailed by BENAJES et al. [9] and PAYRI et al. [10]. The two binary maps obtained
from each algorithm are combined into a single binary image from which the con-
tour is extracted. This approach maximizes sensitivity since it takes advantage of
the robustness of the SNL algorithm for the spray tip region—and dilute regions

http://www.sandia.gov/ecn/
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or sprays—but at the same time allows for good contour detection in the near
nozzle region, where the liquid core often generates a very dark image.

The algorithm then extracts macroscopic characteristics from the detected
contours. Spray tip penetration is calculated as the distance between the out-
let orifice and the furthest point in the detected boundary. The estimation of the
second stage ignition (SSI) delay comes from the signal obtained by computing
the sum of the pixel-wise intensities within this boundary (from this point forward
referred to as total intensity). This summation is done over the inverted spray im-
age, so an increase in the total value indicates a darker and/or larger spray. The
resulting signal, and its derivative in time (from this point forward referred to as
total intensity increment), present unique-consistent features that allow for reli-
able estimation of the SSI, as thoroughly detailed by BENAJES et al. [9] and PAYRI

et al. [10].

6.3 Test plan

Table 6.1: Reactive spray visualization test plan, centered on ECN Spray A boundary
conditions [3].

Parameter Value-Type Units

Ambient density (ρ) 22.8 kg/m3

Ambient temperature (Ta). 800, 900, 970 K
Rail pressure (Pr) 60, 90, 150, 200 MPa
Oxygen conc. 21 %
Number of points 12/nozzle/fuel

Ambient density (ρ) 22.8 kg/m3

Ambient temperature (Ta) 800, 900, 970 K
Rail pressure (Pr) 60, 90, 150 MPa
Oxygen conc. 15 %
Number of points 9/nozzle/fuel

Ambient density (ρ) 15.2, 30.4 kg/m3

Ambient temperature (Ta) 900 K
Rail pressure (Pr) 60, 90, 150 MPa
Oxygen conc. 21 %
Number of points 6/nozzle/fuel

Total number of points 27/nozzle/fuel
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The test plan, presented in Table 6.1, is centered on ECN Spray A boundary
conditions [3], with parametric variations around these. Since the time available
for experiments was limited, the test matrix does not comprise every combination
of the studied variables, but sweeps of certain resolutions depending on the in-
terest of each variable. Table 6.1 is sub-divided into these three groups of points
for easier visualization of the test plan. For all conditions the energizing time was
fixed at 2.5 ms. All test points were performed for the two nozzles and three fuels,
comprising a total of 162 test points in the high temperature/high pressure test
rig.

6.4 Reactive spray development

Figure 6.2 presents a sequence of Schlieren images of two independent injection
events for two different fuels. This sequence demonstrates the typical behavior
of reactive diesel-type sprays: liquid fuel is injected into a hot ambient gas, the
interaction between the high velocity liquid jet and the dense ambient gas shears
and atomizes the liquid core, while the spray is also entraining the surrounding
hot gas which transfers energy to the liquid fuel to eventually vaporize it com-
pletely downstream [6, 13]. Note that a similar figure was presented by PAYRI

et al. [6] for inert sprays, showing simultaneous contours for the liquid and vapor
phases. Once the reactive spray reaches ignitable fuel mixture fractions, ignition
and high temperature combustion take place. The reactive spray continues to
penetrate, still exchanging momentum with the ambient gas and progressively
slowing down. At the same time, the flame stabilizes in the upstream region at
the LOL (see the last images shown for the n-dodecane spray in Figure 6.2). In
these Schlieren images, the first stage of the ignition process is appreciable as a
brief disappearance of the spray, followed by a sudden expansion and darkening,
which corresponds to the second stage ignition (SSI, [14]) as explained by BENA-
JES et al. [9] and PAYRI et al. [10, 11]. In the particular case presented in Figure
6.2, note how the n-dodecane spray (right column) starts the SSI earlier than
the n-heptane spray—524µs and 736µs respectively—which is expected, since
n-dodecane is a heavier n-alkane with longer chain, making it more reactive. This
difference in ignition delay (ID)causes differences in the corresponding spray tip
penetrations, making the n-dodecane spray penetrate farther. These findings will
be analyzed in detail in the following sections.

6.5 Reactive spray tip penetration

The effect of reactivity on spray tip penetration for three fuels is presented in Fig-
ure 6.3. Reactivity is controlled by the oxygen concentration in the chamber. 0 %
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Figure 6.2: Time sequence of Schlieren images of two injection events of n-heptane
and n-dodecane sprays. In this case, the nozzle is k15, rail pressure is 150 MPa,
ambient density is 15.2 kg/m3, ambient temperature is 900 K and the oxygen con-
centration is 21 %.
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oxygen concentration corresponds to the non-reacting spray presented in chap-
ter 5 while 21 % oxygen concentration corresponds to highest reactivity spray.
All three sprays penetrate at the same rate up to a certain time, after which, the
penetration curve of the spray with higher reactivity (or oxygen concentration)
starts to deviate more and penetrate faster. The faster ignition with higher oxy-
gen concentration translates to higher spray tip penetration, as PASTOR et al. [15]
observed for a set of fuels with different reactivities. Figure 6.3 shows that, for
all three fuels, higher oxygen concentration leads to earlier spray acceleration or
deviation from the non-reacting case.

A similar situation can occur for different ambient temperatures. It is known
that ambient temperature is not a determinant variable for non reactive vapor
spray penetration if the ambient density is matched [6, 7]. Under reactive condi-
tions however, ambient temperature plays an important role in all the chemical
reactions prior to the SSI, and this could result in different spray penetration rates,
as Figure 6.4 illustrates. Higher ambient temperatures lead to higher reactivity,
shorter ignition delays and thus higher spray tip penetration. The ignition de-
lay does not change significantly above 900 K and hence, when the temperature
changes from 900 K to 970 K the spray penetration does not deviate as much as
when the temperature is changed from 800 K to 900 K [16, 17].

Figure 6.5 presents the effect of injection pressure on reactive spray tip pene-
trations. The effect of the injection pressure for non-reacting sprays is clear from
the literature [6, 18]. Increasing injection pressure increases spray momentum
and thus, the spray tip penetration rate. As will be shown in section 6.7.2, in-
jection pressure does not significantly influence the spray reactivity and ignition
delay. Hence, the effect of rail pressure for reacting sprays is very similar to that
of a non-reacting spray. The three different fuels show appreciable difference in
reactivity and ignition delay and hence, a noticeable effect on spray penetration
can be observed. The n-dodecane sprays penetrate faster from an earlier point in
time, followed by the Surrogate and n-heptane sprays.

6.6 Lift-off length

Before presenting the results obtained it is interesting to review the parameters
affecting LOL as known from the literature. These are fuel composition, ambient
temperature, ambient density, ambient oxygen concentration, injection pressure
and nozzle geometry [9, 10, 12, 15]. Because of the large data base of the present
investigation, select cases will be brought out to illustrate the effect of each vari-
able studied.
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Figure 6.3: Spray tip penetration for all fuels at different oxygen concentrations. In
this case, the nozzle is k15, rail pressure is 60 MPa, ambient density is 22.8 kg/m3

and ambient temperature is 900 K. Note that inert spray results correspond to
results presented in chapter 5.
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Figure 6.4: Spray tip penetration for all fuels at different ambient temperatures. In
this case, the nozzle is k15, rail pressure is 90 MPa, ambient density is 22.8 kg/m3

and oxygen concentration is 15 %.
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Figure 6.5: Spray tip penetration for all fuels at different rail pressures. In this case,
the nozzle is k15, ambient temperature is 900 K, ambient density is 22.8 kg/m3 and
oxygen concentration is 21 %.
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6.6.1 OH* chemiluminescence signals

Figure 6.6 depicts a comparison of the reactive sprays produced by the two noz-
zles at particular test conditions. The top and middle parts of Figure 6.6 show
ensemble-average OH* chemiluminescence images while the bottom part plots
column-wise intensity maximums of the images. The results at these test condi-
tions show that nozzle k0 produces a spray with shorter LOL when compared to
nozzle k15, even though its diameter is slightly larger [12, 19], as seen in section
2.5. Signals presented at the bottom part of Figure 6.6 illustrate very similar be-
haviors between the two nozzles in terms of flame shape and intensity levels. The
flame produced by nozzle k15 shows slightly higher intensity levels downstream
which, qualitatively, could be attributed to a more fuel-rich flame, and thus, soot.
PAYRI et al. [6, 18, 20] observed that, when compared to the cylindrical nozzle k0,
the conical nozzle k15 features smaller spreading angles, so it would be expected
for this nozzle to produce a more soot-promoting flame.

Figure 6.7 depicts a comparison of the reactive sprays produced by the three
fuels at particular test conditions. Contrary to the comparison shown in Figure
6.6, images and profiles depicted in Figure 6.7 do show significant differences.
Images are normalized to the dynamic range of the brighter of the three images,
so that they can be visually compared. Note how the OH* chemiluminescence
image is brighter and the intensity profile at the bottom plot shows larger values
downstream for the Surrogate flame. Qualitatively, the Surrogate fuel produces
a flame with more soot in comparison to n-dodecane and n-heptane due to the
heavier components and, especially, aromatic content. The LOL results obtained
are in agreement with the expected trends discussed: shorter LOL for n-dodecane,
followed by Surroage fuel and finally higher LOL for n-heptane.

These particular cases presented in detail show only a small sample of the
behaviors observed for the whole test matrix. The trends observed in the full test
matrix, however, were very consistent as shown in the following section.

6.6.2 Parametric variations

This section discusses LOL results for a larger window of test conditions and para-
metric variations. Figure 6.8 presents stabilized LOLs for all nozzles and fuels in
a subset of the whole dataset, a sweep of ambient temperature at high and low
rail pressures. First, it is easily noticeable how fuels are stratified in terms of LOL.
n-Heptane consistently showed the longest LOLs, followed by the Surrogate fuel.
PICKETT et al. [21] and later PASTOR et al. [15] observed that LOL was mainly
controlled by ignition delay time, rather than flame velocity. Since there is very
little reason to suspect significantly different flame velocities among these fuels
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Figure 6.6: Ensemble-average OH* chemiluminescence images of the flames pro-
duced by the two nozzles at particular test conditions. The intensity profiles shown
in the bottom plot depict the column-wise intensity maximum of each image. In this
case the fuel is n-heptane, rail pressure is 150 MPa, ambient density is 22.8 kg/m3,
oxygen concentration is 15 % and ambient temperature is 970 K.

[22, 23], the observations in this study concur with that conclusion: regarding
fuel properties, LOL is mainly determined by the reactivity of the fuel.

On another line, note in Figure 6.8 how LOL increases considerably with rail
pressure. This is also explained by the relationship between LOL and ignition
delay: for larger injection pressures—thus, larger injection velocities [18]—fuel
travels a longer distance for that given ignition delay time.

Figure 6.8 also shows the effect of nozzle geometry over LOL. Under virtually
all conditions tested, the cylindrical k0 produced shorter LOLs when compared to
the conical nozzle k15. All previous chapters showed that differences in the devel-
opment of the sprays produced by the two nozzles are reduced as rail pressure is
increased [6, 18, 20]. Even though differences in hydraulic characteristics indeed
increase with rail pressure [18], the higher injection and entrainment velocities
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Figure 6.7: Ensemble-average OH* chemiluminescence images of the flames pro-
duced by the three fuels at particular test conditions. The intensity profiles shown
in the bottom plot depict the column-wise intensity maximum of each image. In this
case the nozzle is k15, rail pressure is 150 MPa, ambient density is 22.8 kg/m3, oxy-
gen concentration is 15 % and ambient temperature is 900 K.
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Figure 6.8: Lift-off length as a function of ambient temperature for all nozzles and
fuels at an ambient density of 22.8 kg/m3, an oxygen concentration of 15 % and
rail pressures of 60 MPa (top) and 150 MPa (bottom).

induced by higher rail pressure suppress the small effects of nozzle geometry over
the development of turbulent profiles in the spray and momentum exchange be-
tween the spray and the ambient gas [6, 18, 20]. This trend is also observed in
the LOL results, where the difference in LOL between nozzles is reduced with in-
creasing rail pressure. This proves consistency in the behavior of these nozzles in
terms of isothermal liquid spray formation (chapter 4, [18, 20]), evaporative inert
spray formation (chapter 5, [6]) and LOL stabilization of reactive sprays exposed
in this chapter [13].

Note that the hydraulic characterization of these nozzles, presented by PAYRI

et al. [18], showed that the cylindrical nozzle k0 features larger outlet flow veloc-
ities in comparison to the conical nozzle k15, due to the area contraction. Higher
velocity should also translate into larger LOL, but in this case the cylindrical noz-
zle geometry also produces larger spreading angles and fluctuations [6, 18, 20]
which dominate over the higher velocity to produce shorter LOL after all.
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Figure 6.9: Lift-off length as a function of ambient temperature for all fuels and the
two oxygen concentrations tested. In this case, the nozzle is k15, ambient density
is 22.8 kg/m3 and rail pressure is 150 MPa.

Moreover, Figure 6.9 shows a subset of the the LOL results as a function of
ambient temperature, for all fuels, in this case illustrating the effect of oxygen con-
centration. Note the large differences in LOL due to the oxygen concentrations.
Even though laminar flame velocities are indeed strongly affected by equivalence
ratio [22, 23], the different LOL values observed here for the two oxygen concen-
trations are attributed to the corresponding ignition delay times.

Figure 6.10 depicts a subset of the LOL results as a function of ambient density,
for all nozzles and fuels. Note that the effect of ambient density is very straight
forward: higher density implies that more oxygen is available to oxidize the fuel
and thus, shorter ignition delays are expected, which reduce the corresponding
LOL [12, 21].

6.7 Ignition delay

Analogous to the LOL results section, it is also interesting to review the parameters
affecting ID as known from the literature. These are fuel composition, ambient
temperature, ambient density, ambient oxygen concentration, injection pressure
and nozzle geometry [9, 10, 12, 15]. Because of the large data base of the present
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Figure 6.10: Lift-off length as a function of ambient density for all nozzles and fuels
at a rail pressure of 150 MPa, an oxygen concentration of 21 % and an ambient
temperature of 900 K.

investigation, select cases will be presented to illustrate the effect of each variable
studied [13].

6.7.1 Tracer signals

Figures 6.11 through 6.14 display the time evolution of the tracers signals in-
volved in the SSI detection. The top part of each figure shows the result of the
pixel-wise intensity sum within the spray boundary (total intensity signal), while
the bottom part of each figure shows its derivative (total intensity increment). As
Figure 6.2 illustrates, at the first onset of chemical reactions, also known as start
of cool flames (SoCF), the spray becomes transparent and the slope of the total
intensity values changes suddenly. This transparent phase may not occur in some
test conditions where ignition delays are very short, but the rest of the process
develops in a very defined fashion. After this first stage, the spray tip appears
again in the image and the total intensity values increase rapidly (in the inverted
image, while it darkens in the actual image) to then steadily keep increasing with
the spray growth. BENAJES et al. [9] and PAYRI et al. [10, 11, 13] demonstrated
that it is possible to correlate this rapid increase in total intensity values to the
SSI. At the SSI, the total intensity signal slope reaches a maximum, as a result
of the high temperature combustion, which causes rapid spray volume expansion
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but also changes refractive indexes inside the spray, darkening the spray or in fact
making it brighter in the inverted image.
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Figure 6.11: Total spray intensity (top) and intensity increment (bottom) tracer
signals for a sweep of ambient temperatures. In this case the nozzle is k15, fuel is
the Surrogate, rail pressure is 150 MPa, ambient density is 22.8 kg/m3 and oxygen
concentration is 15 %.

Figure 6.11 illustrates the effect of ambient temperature on the ignition be-
havior as traced by the total intensity signal of interest. As the temperature is
lower, the ignition event delays in a non-linear fashion and the intensity of the
pre-mixed combustion increases, which is qualitatively observed in Figure 6.11.
Very similar results were observed by BENAJES et al. [9] and PAYRI et al. [10] on
their study for the two-component surrogate of the ECN, where a wider range of
ambient temperatures were considered.
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Figure 6.12: Total spray intensity (top) and intensity increment (bottom) tracer
signals for a sweep of oxygen concentrations. In this case the nozzle is k0, fuel is
n-heptane, rail pressure is 150 MPa, ambient density is 22.8 kg/m3 and ambient
temperature is 800 K.
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The effect of oxygen concentration is also appreciable on the tracer signals
both quantitatively and qualitatively. The observations found here coincide to
the results previously reported by BENAJES et al. [9], where the ignition event
delays with the decrease of oxygen concentration in a non-linear fashion. The
inert case—which comes from the experiments presented in chapter 5—is shown
for reference. Note that both Figures 6.11 and 6.12 illustrate the effect of ambient
reactivity on the ignition delay. A more reactive ambient facilitates the break-
down of the fuel and accelerates the onset of chemical reactions which trigger
the ignition process [10, 14, 16, 17, 24–26].

Figure 6.13 depicts a comparison of these tracer signals produced by the two
nozzles at particular test conditions. In chapters 4 and 5, it was seen that sprays
produced by the cylindrical nozzle k0 features larger spreading angles in compar-
ison to those produced by the conical nozzle k15. This is translated into larger
line-of-sight area which, at the same time, increases the total intensity value and
its increments in time. Figure 6.13-bottom shows two maximums which corre-
spond to the two SSI timings of the sprays produced by the two nozzles. Note that
the spray produced by the conical nozzle k15 ignites before the spray produced
by nozzle k0, while the latter shows a higher maximum which can be associated
with a more pre-mixed combustion [9, 10]. Even though this is a single example
at particular test conditions, this trend was found to be consistent throughout the
complete test matrix, as will be discussed later in this chapter.

Fuels, on the other hand, do not alter the vapor spray spreading angle and
penetration significantly [6], so the line-of-sight spray area is similar between
fuels, which implies similar total intensity signals before ignition, as depicted by
Figure 6.14. In these and virtually all conditions tested, n-dodecane sprays ignite
the earliest, followed by Surrogate sprays and last, n-heptane sprays, as will be
discussed next. As explained also for Figure 6.13, longer ignition delays imply a
more pre-mixed combustion which produces a sharper slope of the total intensity
signal and thus, a larger maximum in the total intensity increment signal. After
ignition is complete and diffusion takes over, the three signals behave similarly,
as shown in both the top and bottom parts of Figure 6.14.

6.7.2 Parametric variations

A larger set of data is scattered in Figure 6.15, with the top and bottom parts
showing sub-sets of injections at 60 MPa and 150 MPa respectively. As expected
from the literature, increasing ambient temperature increases the reactivity of the
ambient gas which decreases IDs [9–11, 14, 15, 17, 21, 27]. Also, as PAYRI et al.
[10, 28] observed, IDs decrease with increasing rail pressure, which is the result
of faster liquid break-up and mixture preparation.
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Figure 6.13: Total spray intensity (top) and intensity increment (bottom) tracer
signals for the two nozzles at particular test condition. In this case the fuel is the
Surrogate, rail pressure is 60 MPa, ambient density is 22.8 kg/m3, ambient tem-
perature is 900 K and oxygen concentration is 15 %.
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Figure 6.14: Total spray intensity (top) and intensity increment (bottom) tracer
signals for the three fuels at particular test conditions. In this case the nozzle is k0,
rail pressure is 150 MPa, ambient density is 22.8 kg/m3, ambient temperature is
900 K and oxygen concentration is 15 %.
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Furthermore, Figure 6.15 shows that, in all cases, n-dodecane sprays feature
the shortest SSI delays, followed by Surrogate sprays and last, n-heptane. Also
as stated before, the conical nozzle k15 produces sprays with slightly shorter SSI
delays when compared to the cylindrical nozzle k0. This will be discussed further
at the end of this section.

0.5

1

1.5

2

Ig
n

it
io

n
 d

e
la

y
 [

m
s
]

 

 

Pr = 60 MPa
15% Oxygen

ρ = 22.8 kg/m
3

n−Dodecane
n−Heptane
Surrogate
k0
k15

750 800 850 900 950 1000

0.5

1

1.5

2

Ambient temperature [K]

Ig
n

it
io

n
 d

e
la

y
 [

m
s
]

Pr = 150 MPa
15% Oxygen

ρ = 22.8 kg/m
3

Figure 6.15: Ignition delay after SOI as a function of ambient temperature for all
nozzles and fuels at an ambient density of 22.8 kg/m3, an oxygen concentration of
15 % and rail pressures of 60 MPa (top) and 150 MPa (bottom).

Figures 6.16 and 6.17 illustrate the effect of ambient oxygen concentration
and ambient density over the SSI delay. Results are in good agreement with the
trends found in the literature, increasing oxygen concentration and ambient den-
sity decreases IDs [9, 10, 21]. At these relatively low ambient temperatures,
chain-branching reactions are highly dependent on fuel reactivity and oxygen
availability for the formation of radicals [15]. These figures also show that the dif-
ferent fuels respond consistently, in terms of ignition performance, to variations
in ambient conditions, as is the case for the nozzle geometry.
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Figure 6.16: Ignition delay after SOI as a function of ambient temperature for all
fuels and the two oxygen concentrations tested. In this case, the nozzle is k15,
ambient density is 22.8 kg/m3 and rail pressure is 150 MPa.
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Figure 6.17: Ignition delay as a function of ambient density for all nozzles and fuels
at a rail pressure of 150 MPa, an oxygen concentration of 21 % and an ambient
temperature of 900 K.
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6.7.3 Further discussion on the effect of nozzle geometry over the
SSI

The effect of nozzle geometry over the ignition performance of the fuel sprays
was found to be very consistent throughout the full test matrix, as Figures 6.15,
6.16 and 6.17 illustrate. The conical nozzle k15 produces sprays that, in average,
feature 5.1 % shorter SSI delays in comparison to those produced by the cylin-
drical nozzle k0. It is important to point out that similar results were previously
reported by KONG and BAE [29] and PAYRI et al. [28] from their studies in optically
accessible engines, both of which found that conical nozzles produced shorter ig-
nition delays in comparison to cylindrical nozzles, but these results contradict the
numerical predictions reported by SOM et al. [19]. This contrast, along the little
information found in the literature on the extent of the effect of nozzle geome-
try over ignition performance of diesel sprays, leave room for further discussions
on the subject, and additional analyses—both numerical but also experimental—
should be performed to arrive at solid conclusions.

In the case of this study, as the test matrix is so large and the trend between
nozzles is so consistent, hypotheses should be discussed. The behavior observed
might be unexpected at first, since the cylindrical nozzle k0 features stronger tur-
bulent velocity profiles at the outlet orifice that produce larger spreading angles
and spray boundary fluctuations [6, 18, 20], which consequently lead to shorter
liquid lengths [6]. Shorter liquid lengths can mislead one to expect shorter SSI de-
lays because of the often associated faster liquid breakup and mixture preparation.
Nevertheless, in these mixing-limited sprays, liquid length is strongly dependent
on spreading angle, which the author believes is the dominant parameter for the
shorter liquid lengths featured by the cylindrical nozzle k0. In their studies, KONG

and BAE [29] and PAYRI et al. [28] attribute the shorter ignition delays found for
their conical nozzles—in comparison to their cylindrical nozzles—to better atom-
ization and liquid breakup, due to the thinner liquid core produced by the smaller
nozzle diameter of the conical nozzles. This could also be the case for the present
study. On the same lines, even if the two nozzles in this study were assumed to
produce sprays with similar break-up/vaporization times or even shorter for the
cylindrical nozzle, at the moment either spray reached vaporized ignitable mix-
tures the local equivalence ratio at the ignition location of the spray produced by
the cylindrical nozzle k0 would be expected to be lower than that of the spray
produced by nozzle k15, because of its significantly larger spread volume [6, 30]
at virtually similar injected mass [18]. As it is largely known, the reaction paths
at low temperatures are dependent on radical species formed directly from the
fuel, so richer mixtures oxidize faster [24, 25].
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Figure 6.18 presents a sequence of Schlieren images showing particular ig-
nition events for the sprays produced by the two nozzles at equivalent test con-
ditions. Each row is labeled with the corresponding elapsed time after SOI, and
the detected contours are shown to illustrate the spray line-of-sight area. The
spray produced by the cylindrical nozzle k0 (left side of Figure 6.18) ignites later
than the spray produced by the conical nozzle k15 (right side of Figure 6.18);
the difference in this case is small at 21µs but still appreciable in the images. It
can be seen in this figure that, at the corresponding times of SSI for each nozzle
(indicated at the top of each column), the spray produced by the cylindrical noz-
zle k0 has spread considerably more, as was expected from the behavior of their
inert vapor sprays [6]. The complete SSI delay time is a composition of the liquid
break-up, fuel vaporization and chemical kinetic mechanisms. When comparing
nozzles in this study, SSI delay results lead to think that the chemical kinetics are
the dominant factor to the final outcome of the SSI delay behavior, due to the
differences in local equivalence ratios between the sprays produced by the two
nozzles. In cases with larger differences in ignition delay between nozzles, the
spray produced by the cylindrical nozzle will have penetrated and spread further
into the ambient gas, probably igniting at even lower equivalence ratios. This is
also observable in both the top and bottom parts of Figure 6.13, since the total
intensity signal is also a measurement of the line-of-sight spray area detected,
and lines that corresponds to the cylindrical nozzle k0 stays above lines that cor-
responds to the conical nozzle k15. This trend between nozzles regarding total
intensity signals was consistent along the full test matrix. In addition, Figure 6.6
also shows larger intensity profiles downstream of the LOL for the conical nozzle
k15 that could, qualitatively, be associated to a more sooting flame, also indicating
richer equivalence ratios near the LOL region.

Finally, even though soot formation is out of the scope of this thesis, the au-
thors point out that a further study should be carried out to analyze soot formation
for the three fuels. In particular, the Surrogate fuel is of interest, since it is con-
ceptualized to better mimic the soot-related behavior of real diesel fuel, as its PAH
content should increase soot formation in comparison to pure n-alkanes. How-
ever, it is also possible that the SSI delay induced by the α-methylnaphthalene
content is large enough so to delay ignition to a point where the local equivalence
ratio is very low, which would render a less-sooting flame: a similar situation what
was found for the secondary fuel of the ECN, which is a mixture of n-dodecane
and m-xylene [10, 26].
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Figure 6.18: Time sequence of Schlieren images of two injection events of the sprays
produced by k0 and k15 nozzles. In this case, fuel is n-dodecane, rail pressure is
150 MPa, ambient density is 15.2 kg/m3, ambient temperature is 900 K and the
oxygen concentration is 21 %.
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6.8 Conclusions

The influence of internal nozzle flow characteristics over ignition delay, and flame
lift-off of reacting direct-injection sprays is studied experimentally for three fuels
using two different nozzle geometries [13].

Reacting spray is found to penetrate faster than non-reacting spray due
to combustion induced acceleration after ignition. Higher oxygen concentra-
tion, and ambient temperature enhance the reactivity leading to higher spray
tip penetration. Injection pressure does not affect the reactivity significantly
and hence, influences spray penetration through momentum—similar to a non-
reacting spray.

Both ignition delay and lift-off length are found to be shortest and longest for
n-dodecane and n-heptane, respectively, while the surrogate fuel falls in-between
the two pure component fuels. Both ignition delay and lift-off length are found
to decrease with increase in oxygen concentration, ambient temperature, and
density, in agreement with previous works found in the literature. The conical
nozzle, in spite of longer lift-off length is found to have shorter ignition delay,
when compared to the cylindrical nozzle. This could be due to smaller liquid
vain that breaks-up and vaporizes quicker to form a reactive mixture faster than
the droplets from cylindrical nozzle, but could also be to the fact that the spray
produced by the cylindrical nozzle spreads considerably more, which reduces the
local equivalence ratio at the time of ignition. This trend between nozzles was
found to be in agreement to previous experimental studies [28, 29] but in contra-
diction to numerical predictions [19]. Hence, further analysis for a more in-depth
understanding of this mechanics involved in this process should be considered.

As was the case of all previous chapters, the database obtained is available for
download at: http://www.cmt.upv.es/DD01.aspx.
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Chapter 7

Conclusions

This chapter aims at drawing the main conclusions with respect to the work car-
ried out along this thesis. The main goals reached in this investigation are pre-
sented relating the results obtained in the different phases of the investigation
and putting them in a wider context.

The last section of this chapter proposes a list of the potential developments of
the present work, indicating directions for new studies and possible improvements
to the quality of the results presented in this thesis.

7.1 Summary and conclusions

This thesis sought to contribute to the current understanding of the effects of noz-
zle geometry over the direct injection diesel spray development through an exper-
imental approach. A considerable effort was put into employing, implementing
and/or developing state of the art techniques and image processing algorithms,
in order to process such a large database in a systematic manner.

Taking advantage from the technology, equipment and facilities available at
CMT Motores Térmicos, different aspects of the injection process have been thor-
oughly studied. In particular, the experiments performed can be divided in four
main groups basing on their specific target:

• Hydraulic characterization of the fuel flow inside the nozzles.

• Isothermal liquid spray characterization.
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• Evaporative inert spray characterization, considering both liquid and vapor
phases.

• Reactive spray characterization, considering ignition and combustion.

All experiments were performed for two different nozzle geometries and three
fuels. Two of the fuels are pure components—n-heptane and n-dodecane—while
the third fuel consists of a three-component surrogate to better represent the phys-
ical and chemical properties of diesel fuel. The experimental campaign consisted
in a complete hydraulic characterization—instantaneous injection rate and spray
momentum flux measurements—followed by a high-speed visualization of the
isothermal liquid spray, through a diffuse back-illumination technique that em-
ploys a fast pulsed light source. After, the evaporative spray was studied by si-
multaneous imaging of the liquid and vapor phases in high temperature and high
density conditions, through two separate optical setups synchronized to capture
the same injection event. Finally, the reactive spray was analyzed by imaging the
vapor phase in high temperature and high density conditions, while also imaging
OH* chemiluminescence.

Overall, the cylindrical nozzle k0 showed strong signs of cavitation in the
hydraulic analysis. This effect carries on to the spray development, as was ob-
served in all spray visualizations, where the cylindrical nozzle consistently showed
larger spreading angles and stronger fluctuations in the line-of-sight spray con-
tour. Larger spreading angles also imply faster momentum exchange, which ren-
ders slower spray tip penetration rates and shorter liquid penetration length, in
the case of evaporative sprays. For reactive sprays, larger spray spreading angles
also imply shorter lift-off lengths, because of the slower tip penetration rate.

An interesting behavior was observed in the spray visualizations, regarding
fuel properties. Isothermal liquid spray visualization showed a strong influence
of fuel properties in the spray tip penetration, such as surface tension and viscos-
ity. n-Heptane, which features the lowest density, viscosity and surface tension,
produces sprays which consistently penetrate slower than the Surrogate sprays.
This effect, however, was not observed in the vapor spray visualization results,
which is expected since once fuel is vaporized the spray is mainly driven by mo-
mentum. It has been long known that for equivalent densities, isothermal liquid
sprays penetrate faster than vapor sprays, but these results also account for fuel
properties and this finding is thought to be important for model validations.

Two empirical predictive models were presented and utilized to analyze the
influence of fuel properties on the liquid length. The primary factor controlling
the liquid length between the fuels of interest was found to be their volatility.
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Note that this is not the case to be expected with ethanol, methanol or fuels with
a large latent heat of vaporization.

The n-heptane spray featured the shortest liquid lengths and the longest ig-
nition delays (thus, lift-off lengths). The Surrogate spray, on the other hand,
featured the longest liquid lengths and considerably shorter ignition delays—n-
dodecane sprays featured even shorter ignition delays. This means that the com-
bustions produced by each of these spray are very different, which is crucial for
pollutant formation, for example, as expected from the current literature on the
relationships between liquid and lift-off lengths, and soot formation.

Another particular behavior was observed for the reactive sprays. The coni-
cal nozzle k15 featured shorter ignition delays when compared to the cylindrical
nozzle. This was unexpected at first, but could be related to the narrower spread-
ing angle, which could imply a richer mixture fraction when fuel break-up and
mixing have reached an ignitable point. This behavior, even though subtle, was
found to be fairly consistent along the large database gathered. Nevertheless, fur-
ther analysis for a more in-depth understanding of the mechanics involved in this
process should be definitely considered.

Recent published models that comprise the full integration of the nozzle ge-
ometry internal flow and spray development, along with upcoming developed and
expanded versions of these, could be crucial for understanding the mechanisms
involved and the whole problem of high injection pressure reactive sprays. But
proper validation of these models is necessary. The large database gathered in
this work is available online (http://www.cmt.upv.es/DD01.aspx) for the
community, so that models are validated including the effects of fuels, cavitation,
and a large span of different injection conditions.

7.2 Future direction

Even though this database is large, it is by no means complete. Spray develop-
ment is very complex, comprising a large group of phenomena and processes that
take place in a single, very fast event. The diagnostics performed here are just a
first step for establishing a large database that contains more information of the
complete injection process. A few examples of additional experiments that could
certainly enhance the quality of the database are

• A larger number of test repetitions or a longer injection event. These should
be considered in case further measurements are done with the purpose of
obtaining contour fluctuation maps similar to those presented in this study.
Contour fluctuation maps for both the isothermal and liquid phase sprays

http://www.cmt.upv.es/DD01.aspx
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presented in this work are very diffuse and smooth since they were con-
structed from a very large set of images, because of the length of the time-
window considered and the very high acquisition rate. However, vapor
phase fluctuation maps could be improved by either increasing the num-
ber of test repetitions or the time-window, which is a function of the total
injection time.

• Microscopic visualization of the near-nozzle region for the isothermal liquid
sprays. These type of experiments have been performed several times by
different researchers with various purposes. Performing these for the same
nozzles and fuels, at the same injection conditions could further support
the findings of this work, and would be essential for model calibration in
the near-field region.

• Microscopic visualization of the near-nozzle region for evaporative sprays.
A similar point to the previous mentioned, but this time in a evaporative
environment. This has proven to be a challenge because of beam steering
and other effects that decrease image quality, but it can still provide valuable
information regarding cavitation and fuels.

• Considering other fuels. During the process of these experiments, optical
setups and especially image processing algorithms were optimized signif-
icantly. This considerably increased the capacity of the research group to
perform similar experiments, which is always simpler than developing or
implementing a new technique. Performing the same experiments for a new
fuel—maybe also repeating a fuel for reference—could bring more useful
findings that further support those found in this work.

• Soot measurements of these sprays, considering all nozzles and fuels. As
said in the previous section, the experimental test matrix combined with
the different fuels produced a large span of very different types of combus-
tion regimes. All macroscopic variables such as liquid length and lift-off
length could then be related to soot formation for analysis but also model
validation. In particular, the Surrogate fuel is of interest, since it is con-
ceptualized to better mimic the soot-related behavior of real diesel fuel,
as its PAH content should increase soot formation in comparison to pure
n-alkanes. However, it is also possible that the SSI delay induced by the α-
methylnaphthalene content is large enough so to delay ignition to a point
where the local equivalence ratio is very low, which would render a less-
sooting flame: a similar situation what was found for the secondary fuel of
the ECN, which is a mixture of n-dodecane and m-xylene.
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• Recently, very high resolution tomographies of the internal nozzle geome-
try have been achieved and published. These are produced by capturing
several high energy synchrotron X-ray images of the nozzle at different an-
gles (with respect to the main axis of the injector). A thresholding and
reconstruction algorithm produces a surface which can be used for geome-
try analysis of the internals of the nozzle, but can also be directly applied
to CFD meshes. Currently, similar x-ray tomographies of these nozzles, per-
formed at the Advanced Photon Source synchrotron at Argonne National
Laboratory (United States), are being processed for further detail on the
real nozzle geometries.
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