Document downloaded from:
http://hdl.handle.net/10251/102167
This paper must be cited as:

The final publication is available at
https://doi.org/10.1177/1468087417697759

Copyright SAGE Publications

Additional Information

Effects of cavitation in common-rail

Journal Title
XX(X):1–23
c The Author(s) 2015

diesel nozzles on the mixing process

Reprints and permission:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/ToBeAssigned
www.sagepub.com/
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Abstract
A study to experimentally analyze the effect of cavitation on the mixing process in diesel nozzles was carried out. The
mixing process was studied through the spray cone angle. It was characterized in two different scenarios: with the
liquid length (nearly realistic conditions, i.e. evaporative but non-reactive spray) and the heat release fraction (fully
realistic conditions, i.e. evaporative and reactive spray). In both studied scenarios the increase of spray cone angle
caused by the cavitation phenomenon, which leads to a better mixing process, has been confirmed.

Nevertheless, when the variations of the effective injection velocity and the spray cone angle obtained by comparing
a cylindrical nozzle (i.e. a nozzle that promotes the cavitation phenomenon) with a conical nozzle (i.e. a nozzle that
inhibits this phenomenon) were analyzed togother, it was found that, for the cases studied here, the mixing process
worsens with the cylindrical nozzle.
Keywords
Diesel nozzle, cavitation, injection process, spray cone angle, combustion process

Introduction

al. 5 and Hayashi et al. 6 have analyzed the effect of the nozzle

Among the ways to fulfil the requirements of customers
and the legislations regarding pollutant emissions, the design
1

of the nozzle geometry in a diesel engine is an important
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factor to improve the combustion process. It might lead to
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a reduction of the pollutant emissions, as demonstrated by
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Karra and Kong 1 and Som et al. 2 . These authors showed
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that the nozzle geometry has a significant impact on soot
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emissions. This can be explained by the influence of the
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nozzle geometry on the internal flow and the characteristics
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of the spray, especially on the atomization and mixing
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processes. In fact, this is the main reason why many studies,
such as: Payri et al. 3 , Wang et al. 4 , Som et al. 2 , Watanabe et
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geometry on the internal flow and the characteristics of the

and Peles 22 detected a hysteresis phenomena associated

spray.

with the onset of cavitation. Aleifeiris et al 23 and Jiang et

One of the most significant aspects in this sense is the

al. 24 confirmed the influence of the fluid properties (mostly

formation of cavitation inside the nozzle. This cavitation can

density and viscosity) on the cavitation formation. Sou and

appear in different zones of the nozzle depending on the flow

Pratama 25 found out that the appearance of cavitation was

condition. First, cavitation can be induced due to the flow

also affected by the asymmetry of the nozzle layout, since it

separation at the nozzle orifices inlet, where the pressure

changes the extent of the recirculation area. Recently, x-ray

drop can decrease significantly when high flow velocities

visualization techniques have been applied to characterize

are reached. Studies by Nurick 7 and Schmidt 8 showed that

cavitation formation in metal nozzles, arriving to similar

this cavitation formation depends strongly on the nozzle

conclusions than the previous studies 26 .

geometry, and in particular they observed that this kind of

In parallel to the experimental studies previously

cavitation can be avoided by combining high conicity in the

summarized, different numerical methodologies have been

nozzle orifices and high hydrogrinding rates (which result in

developed to study the details of cavitating flows.

high rounding radii at the orifices inlet). The formation of

While some models predicted cavitation by means of

this cavitation has shown to significantly affect the nozzle

bubbles growth based on Rayleigh-Plesset equation 27–29 ,

permeability characteristics, due to a significant decrease in

homogeneous mixture approaches are generally accepted

the nozzle effective diameter 9 . Gavaises et al. 10 detected that

as the most suitable for diesel nozzle modeling 8;30;31 .

string cavitation can also appear in diesel injector nozzles.

Such models, once validated, have been used to evaluate

This string cavitation is induced by a vortex flow created

the influence of certain characteristics of the nozzle and

at the inlet of the nozzle orifices, and can appear both in

injector geometry on cavitation formation, such as the

VCO 11 or sac nozzles 12 , although they tend to reduce as

orifice inclination angle 32 , the orifice conicity 33;34 , the

the sac volume increases. Finally, cavitation can also appear

orifice shape 35 or the off-axis needle motion 36 . Lately,

in the needle seat area when the needle is placed at low lift

numerical approaches trying to combine the simulation of

conditions 13;14

cavitation inside the nozzle and the spray formation are being

Visualization techniques have been applied on transparent

developed 37 .

nozzles to better understand the characteristics of the

The appearance of cavitation inside the nozzle has an

cavitating flow. Soteriou et al. 15 saw that the cavitation

impact not only on the injector hydraulic behavior, but

region was formed as a cloud of small bubbles. Studies on

also on the spray formation. In particular, cavitation has

real-scale geometries by Chaves et al. 16 and Arcoumanis

shown to act as an enhancer of the fuel atomization 15;38 .

et al. 17 detected cavitation as a set of film structures.

Regarding the mixing process, Chaves et al. 16 studied

Winklhofer et al. 18 and Payri et al. 19;20 showed that the

the spray cone angle in non-reactive and non-evaporative

onset of cavitation appears for cavitation number conditions

conditions. Under supercavitation conditions, these authors

lower than the mass flow collapse. Additionally, Winklhofer

observed an increase in the spray cone angle, which lead

et al. measured an increase in the flow velocity near the

to a better mixing process. Other authors, such as Payri et

interphase between liquid and vapor, which is consistent with

al. 39 , Andriotis et al. 40 and Boggavarapu et al. 41 also related

the increase in effective outlet velocity observed through

the cavitating flow with an increase in the spray angle at

momentum flux measurements at the nozzle outlet 21 . Mishra

ambient temperature conditions. Similar findings have been
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found for sprays injected at high temperature but on an

have a different conicity level. This level is quantified by the

inert environment 42;43 . Finally, Payri et al. 42 and Benajes et

k-factor, which is defined in the following way:

al. 44 studied the spray cone angle but now in fully realistic
k − f actor =

conditions (i.e. evaporative and reactive spray): in the first

din − dout
10

(1)

case, the increase of the spray cone angle as a consequence
where dout is the nozzle outlet diameter and din is the nozzle
of the cavitation phenomenon was confirmed, while in the
inlet diameter, both in µm. In Table 1 the geometrical details,
second case the opposite trend was found: a lower spray

which were obtained through the silicone methodology 45 ,

cone angle under cavitating conditions, which lead to a worse
are given.
mixing process. These last two studies show that the possible
potential of a cylindrical nozzle (i.e. cavitating nozzle) on the
mixing process in not yet clear. For this reason, the objective
of the present publication is to go further in the knowledge

Table 1. Geometrical details of the nozzles used in the study.
Nozzle

din [µm]

dout [µm]

k-factor [-]

Conical nozzle
Cylindrical nozzle

135
122

105
122

3
0

of the effect of cavitation on the mixing process in diesel
nozzles.
In order to reach the objective previously described,
the present article is divided in four additional sections,
the contents of which will be presented now: in section
“Experimental equipment”, the experimental tools that
will be employed in the study will be presented. The
experimental and analysis methodology will be described
in section “Experimental and analysis methodology”. In

Mass Flow Rate Meter
The measurement of the instantaneous mass flow rate was
carried out in a dedicated test rig 46 , which is based on the
Bosch or long tube method. In this device, the pressure
increase induced by the injection process is registered and
post-processed to extract the information about the mass
flow rate. Further details of this method are available in
references 47 and 48 .

section “Results and discussion”, the results obtained about
the effect of cavitation on the effective nozzle diameter,

Momentum Flux Test Rig

the effective injection velocity and the spray cone angle

The measurement of momentum flux was carried out in

will be presented and discussed. And finally, the more

a dedicated test rig. The momentum flux was measured

relevant conclusions of the study will be summarized in the

when the spray impacted a target attached to a piezoelectric

“Conclusions” section.

pressure sensor localized at a distance of 5 mm of the
nozzle hole 47 . The impact area is sufficiently large to ensure

Experimental equipment

that all the spray impacts on this area. More details of this
experimental equipment are available in 47 .

Nozzles
Two three-hole nozzles were used in the study, which

Optically Accessible Engine

were mounted in a piezo-electric injector holder. One of

The optically-accessible engine is a two stroke, single-

the nozzles inhibits the cavitation phenomenon (a conical

cylinder engine equipped with a cylinder head including a

nozzle with high level of hydro-grinding), whereas the other

combustion chamber with an optical access. The technical

one promotes the appearance of the cavitation phenomenon

data of this engine are given in Table 2. This experimental

(cylindrical nozzle without hydro-grinding). Both nozzles

facility can work in two different configurations: reacting

Prepared using sagej.cls
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and non-reacting. In the reacting configuration, air is used as

Test Fuel

working fluid, and this configuration is used to characterize

Finally, all experiments were carried out with a standard

the combustion process. In the non-reactive, evaporative

diesel fuel, with a density (according to the EN ISO 12185/96

configuration, nitrogen is used as working fluid, and this

standards at 15

other configuration is the one used to characterize the mixing

viscosity (according to EN ISO 3104/99 standards at 40 ◦ C)

process. More details about this experimental facility are

of 2.820 · 10−6 m2 /s.

◦

C) of 842.1 kg/m3 , and a kinematic

available in 49 .
Table 2. Technical characteristics of the optically-accessible
engine.

Bore
Stroke
Effective stroke
Compression Ratio
Rotational speed
Total engine displacement

150 mm
170 mm
108 mm
22.5:1
500 r.p.m
3000 cm3

Experimental and analysis methodology
Hydraulic characterization
In this section, on the one hand, the aspects related to the
measurement of the mass flow rate and the momentum flux
will be described. On the other hand, the characteristic flow
parameters, which are determined with the experimental
measurements previously described, will be presented.

Direct illumination by Mie-Scattering

Measurement of the mass flow rate

This optical technique is based on obtaining images of a

A mass flow meter was used to measure the mass flow

diesel spray illuminated in a direct way by a light beam

rate. The measurement was carried out for long injection

generated thanks to a continuous light source. More details

durations (an electric pulse of 4 ms has been used) to get

of the optical setup that has been used to apply this optical

a stable average value for this parameter. In Figure 1, an

technique are available in 50 .

example of a measurement of mass flow rate, carried out with
the conical nozzle, is shown. In the figure, the range (black

Single-Cylinder Engine

ellipse) that has been considered to get an average value of

The single-cylinder engine is representative of a small

mass flow rate is also shown.

automotive engine for passenger cars: it is derived from the
DV6-TED4 engine from PSA Peugeot-Citroën, with four
valves per cylinder. The main characteristics of this singlecylinder engine are given in Table 3.
Table 3. Main technical characteristics of the single-cylinder
engine DV6-TED4.

Bore
Stroke
Displacement volume
Connecting rod length
Bowl diameter
Depth of bowl
Compression ratio
Exhaust valve diameter
Intake valve diameter
Swirl number
Bowl volume
Number of valves per cylinder

75.1 mm
88.0 mm
399 cm3
123.8 mm
46.3 mm
14.3 mm
16.5
23.4 mm
25.6 mm
2.15
18.3 cm3
4

Figure 1. Example of a measurement of mass flow rate.

For both nozzles, the measurements were carried out at
three different levels of rail pressure (prail of 36, 76 and
146 M P a) and a single value of back pressure (pback of
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6 M P a). These operating conditions are representative of

Characteristic flow parameters

those existing in current diesel engines.

The measurements of mass flow rate and momentum flux
described previously are very useful to get some parameters

Measurement of momentum flux

that characterize the flow behavior of nozzles 47 : discharge

A momentum flux test rig was used to measure this other

coefficient, Cd , momentum coefficient, CM , area coefficient,

parameter. In a similar way than for the mass flow rate, the

Ca , and velocity coefficient, Cv . The latter one characterizes

measurement was carried out for long injection durations

the effective injection velocity and will be used to analyze the

(an electric pulse of 4 ms has been used) to get a stable

spray cone angle calculated either from the liquid length or

average value for this parameter. In Figure 2, an example of a

the heat release fraction. This is the main reason why, in the

measurement of momentum flux, carried out with the conical

next lines, more details about the velocity coefficient will be

nozzle, is shown. In the figure the range (black ellipse) that

given. However, further details about the other characteristic

has been considered to get an average value of momentum

flow parameters are available in 47 .

flux, is also shown.

The Cv is defined in the next way:

Cv =

uef f
uth

(2)

where uef f is the effective injection velocity and uth is the
theoretical velocity, which are defined in the following way:

uef f

Figure 2. Example of a measurement of momentum flux.

Ṁf
=
ṁf

s
and

uth =

2(prail − pback )
ρf

(3)

where Ṁf is the momentum flux, ṁf is the mass flow rate,
and ρf is the fuel density. In addition the effective area,

In both nozzles, the measurements were carried out in the

Aef f , can be obtained from the experimental measurements

same operating conditions than for the mass flow rate to get

described previously. This one is an important parameter to

some characteristic flow parameters that will be presented in

analyze the injection and combustion processes, as already

the next section.

mentioned in the “Introduction” section. In the next lines
more details about how it can be obtained will be given. On
the one hand, the functional dependence of the mass flow rate
is defined by Equation 4:

ṁf = ρf · Aef f · uef f

(4)

On the other hand, the functional dependence of the
momentum flux is defined by Equation 5:

Ṁf = ρf · Aef f · uef f 2
Prepared using sagej.cls
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The combination of Equations 4 and 5 leads to Equation 6,

as already mentioned in the “direct illumination by MieScattering” section. The operating conditions, as well as

which was described previously:

the point of injection, were the same in all the experiments
uef f

Ṁf
=
ṁf

(6)

carried out. Regarding the point of injection, it was at TDC,
where the thermodynamic conditions are more stable, and

Aef f is obtained by relating Equations 5 and 6 in the
following way:

at this point the in-cylinder temperature and density were
982 K and 21 kg/m3 , respectively. Regarding the pressures,

Aef f =

ṁf 2
Ṁf · ρf

they were 36, 76, and 146 M P a for prail and 6 M P a for
(7)

Finally, the effective diameter, def f , is obtained from

pback . In addition, in some cases the prail level of 26 M P a
was added.
The visualization of the liquid length was centered in one

Equation 7, which is defined in the next way:

of the three nozzle orifices. In Figure 3, to the right, a sample
s
def f =

2

ṁf · 4
ρf ·Ṁf · π

(8)

Characterization of the spray cone angle

image of liquid length is shown. The color scale of this image
is arbitrary, and was selected with the only purpose of better
show the liquid length. The spray contour detected by the
algorithm developed by Pastor et al. 51 has been added to the

The spray cone angle is a parameter that characterizes the
image of liquid length, and the value of this parameter in
mixing process, as already mentioned in the “Introduction”
mm is also shown in the image. And in Figure 3, to the left,
section. It will be studied in two different scenarios: based on
the position along the engine cycle of the events the most
the liquid length (nearly realistic conditions, i.e. non-reactive
relevant for the corresponding test are shown (i.e. cylinder
evaporative spray) and based on the heat release fraction
pressure, injection pulse and mass flow rate). In addition,
(fully realistic conditions, i.e. evaporative and reactive
a black, vertical line has been added to indicate the instant
spray). In the first scenario two spray cone angles will be
where the liquid length image was obtained. This image
analyzed: on the one hand, the one obtained through the
corresponds to the cylindrical nozzle, with a ∆p = 30 M P a
functional dependence of the liquid length and, on the other
hand, the one measured directly from the images of the liquid
phase. In the second scenario, however, only the spray cone
angle obtained from the functional dependence of the spray
burning rate (assumed to be equivalent to the spray mixing
rate) will be used.

(prail = 36 M P a - pback = 6 M P a).
From the spray contour displayed before, the spray
penetration, s, or liquid length, and the spray cone angle
are measured. These two spray parameters are schematically
shown in Figure 4. The spray cone angle was obtained
through the least-squares fit of two straight lines from the

Characterization of the spray cone angle from experi-

points of the spray contour detected closer to the spray origin.

ments of liquid length

For this fit, five different criteria were considered, taking into

The Optically Accessible Engine and the direct illumination

account all the points available at 15, 30, 45, 60 and 75% of

by Mie-Scattering technique were used to measure the liquid

the spray penetration, thus giving rise to five different values

length. The image acquisition through illumination by Mie-

for the spray cone angle. On the one hand, the criterion of

Scattering is composed by a Xenon light source and two

15% of the spray penetration has too few points of the spray

optical fibers that lead a light beam until the optical access,

contour, and therefore, the statistic fit of the two straight lines

Prepared using sagej.cls
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Figure 3. Left.- Position in the engine cycle of the events the most relevant for the experiment. Right.- Image of liquid length
obtained with the cylindrical nozzle, and with a ∆p = 30 M P a (prail = 36 M P a - pback = 6 M P a).

will be little consistent. On the other hand, at the criterion of

will be used to obtain an average value of the liquid length

75% of the spray penetration, the fitting of the two straight

that will be employed to analyze the results.

lines is carried out with almost all the points conforming the
liquid spray contour, also including those already out of the
conical part of the spray. For this reason the corresponding
spray cone angle will not be representative of the spray cone
angle object of study. Therefore, only the cases: 30, 45 and
60% will be considered in the forthcoming analysis.

Figure 5. Temporal evolution of the liquid length during an
injection event.

In Figure 6 the average values of the liquid length for
each of the nozzles and prail levels studied (36, 76, and
Figure 4. Representation of the parameters measured with the
image processing algorithm (adapted from Garcı́a 52 ).

146 M P a) are plotted versus prail . In addition, in the figure
the confidence interval is shown, taken as ±σ, where σ is the
standard deviation.

Now, the two spray cone angles deduced from these
experiments will be presented and discussed.
Spray cone angle obtained applying the functional
dependence of the liquid length
The first spray cone angle will be obtained like mentioned
previously: through the functional dependence of the liquid

Based on the confidence intervals shown in Figure 6, it can
be observed that the variation of the liquid length caused by
the experimental dispersion is very similar in both nozzles,
and is around ±5%. From the figure, it can be also observed
that the injection pressure has no significant effect on the
liquid length, which is consistent with the bibliography 53 .

length. In Figure 5 the temporal evolution of the liquid length

The functional dependence of the liquid length, which will

during an injection event is shown. In this figure also a region

be used to extract information about the spray cone angle, is

is presented delimited by two vertical dashed lines, which

the following 54 :

Prepared using sagej.cls
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Figure 6. Evolution of the liquid length versus prail . Left.-Conical nozzle. Right.- Cylindrical nozzle.

LL ∝

p
ρf /ρa
Yf,evap · tan(θ/2)
def f ·

(9)

where def f is the effective diameter, presented previously,
and Yf,evap is the mass fraction of total evaporation of the
fuel. This last parameter indicates when the amount of air
entrained by the spray is sufficient to completely evaporate
the fuel. It depends only on the thermodynamic conditions
of the air and the properties of the fuel. The angle obtained
from Equation 9 (i.e. the functional dependence of the liquid

Figure 8. Evolution of Ang LL I (considering only the spray
contour up to 60% of the spray tip penetration) during an
injection event.

length) will be referred as Ang LL F.
In Figure 7, the average values of Ang LL F for each of
the nozzles and prail levels studied (36, 76, and 146 M P a)

However these two spray cone angles should be proportional

are shown. In addition, as in the previous figure, the

to each other. In fact this will be confirmed by the results that

confidence intervals are also shown, taken as ±σ, where σ

will be presented in the forthcoming subsections.

is the standard deviation.

Spray cone angle obtained through direct measurement

From Figure 7 two aspects can be observed: on the one

from the images of liquid phase

hand, that the spray cone angle (Ang LL F) decreases as

The second spray cone angle will be obtained, as

prail increases. And, on the other hand, that once prail is

mentioned previously, through a direct measurement from

high enough (e.g. 76 M P a and 146 M P a), the prail level

the images of liquid phase. This other angle will be referred

do not affect in a significant way the spray cone angle. Both

as Ang LL I. In Figure 8 the temporal evolution of Ang LL I

observations are in agreement with the bibliography

55–57

.

during an injection event obtained considering only the spray

Finally it is worthy to note that the authors are aware

contour up to 60% of the spray tip penetration is shown. In

that the spray cone angle obtained from the liquid length

addition, in this figure also a region is presented delimited

(evaporative but non-reacting spray) is surely different to the

by two vertical dashed lines, which will be used to obtain an

spray cone angle that will be obtained later in this paper from

average value of the spray cone angle that will be employed

the heat release fraction (evaporative and reacting spray).

to analyze the results.
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Figure 7. Evolution of Ang LL F versus prail . Left.-Conical nozzle. Right.- Cylindrical nozzle.

In Figure 9 the average values of Ang LL I for each of the

conical nozzle has been extrapolated from the three other

nozzles and prail levels studied (26, 36, 76, and 146 M P a)

pressure levels tested, with the objective of allowing the

are plotted versus prail . In this figure the confidence interval

comparison with the corresponding angle of the cylindrical

is also shown. In addition, in this figure the average values

nozzle at this pressure level, since for this other nozzle this

from the repetition cases (used for validation purposes)

pressure was included in the testing plan.

are shown: for the conical nozzle, it corresponds to prail

In the next section more details about the second scenario

36 M P a, while for the cylindrical nozzle it corresponds to

that will be employed to characterize the spray cone angle

prail 26 M P a. It is worthy to note that, when a sweep of

(i.e. the heat release fraction) will be given.

prail was completed for a particular nozzle, the first pressure

Characterization of the spray cone angle from experi-

level was tested again with the objective of finding out, on the

ments of heat release fraction

one hand, the proper operation of the Optically Accessible

The heat release fraction (HRF) is related to the thermal

Engine and, on the other hand, the proper functioning

energy released during the combustion process, and is a

of the high speed camera. These repetitions indicate that

function of the crank angle. This parameter is determined

both systems/equipments (the engine and the visualization

through an in-house combustion diagnostic model called

system) have properly operated during the tests for both

CALMEC 58;59 , developed at CMT-Motores Térmicos. It

nozzles.

is a zero dimensional, sigle zone model, which is based,

In Figure 9, if the attention is focused on the results

on the one hand, on the resolution of first principle of

obtained by application of the criterion Ang60 and for the

Thermodynamics for an open system and, on the other hand,

conical nozzle, it can be seen that prail does not affect

on the equation of state. One of the main hypotheses assumed

the spray cone angle, which is in agreement with the

in this model, for simplicity reasons, is that both the pressure

bibliography 55–57 . In this figure it can also be seen that the

and temperature are uniform inside the cylinder.

repetition case is very coherent for criterion Ang60, or at

The combustion diagnostic model needs several data

least more coherent than for the other criteria (Ang30 and

to operate, such as: the instantaneous in-cylinder pressure

Ang45). For these two reasons, the forthcoming analysis

signal, geometrical data of the engine (bore, stroke...) and

will be focused on the results coming from criterion Ang60

of its operation (engine speed, fuel mass flow rate...) and,

(consequently, further on, Ang LL I will be Ang60). In

finally, the characteristics of the fluids employed. More

addition, the spray cone angle at 26 M P a of prail for the

details about the CALMEC model are available in 58;59 .

Prepared using sagej.cls
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Figure 9. Evolution of Ang LL I (obtained from direct measurement from the spray liquid length images) versus prail . Left.-Conical
nozzle. Right Cylindrical nozzle.

A single cylinder engine will be used to measure the

The evolution of the instantaneous in-cylinder pressure

instantaneous in-cylinder pressure. Regarding the testing

was recorded at each of the experiments to determine

methodology, several aspects can be mentioned: firstly, the

the HRF through the CALMEC model. In Figure 10 the

operating conditions used in the engine during the tests

evolution of the HRF (non-dimensional) versus crank angle

for the conical and the cylindrical nozzles were the same

for different injection timings is shown. The tests were

(i.e. same engine speed, intake pressure and temperature,

performed with the conical nozzle and a prail level of

etc.). Secondly, for both nozzles and prail levels (76 and

76 M P a.

146 M P a), a sweep of injection timings was carried out, so
as to modify the relative position of the combustion process
in the cycle. Thanks to this methodology, a set of tests with
different CA50 (the angle where 50% of the fuel mass has
been burned) is available for each nozzle and prail , thus
allowing the selection of cases with identical position of the
combustion process in the cycle (i.e. identical CA50) for a
fairer comparison. The main reason for this choice is that in
two tests with the same CA50, the piston position, in average,

Figure 10. Evolution of the HRF (non-dimensional) versus
crank angle, for different injection timings, for the conical nozzle
and 76 M P a of prail .

is the same, and therefore the in-cylinder thermodynamic
conditions (temperature and air density) will be the same.
Thirdly, for the two prail levels tested, the same fuel mass
was injected so as to work with identical global F (Fuel/air
ratio) in both cases. And, finally, long injections of around
2 ms were used to ensure diffusive (i.e. mixing controlled)
combustions, since it is only under these circumstances that
the spray theory can be applied, which will allow extracting
information about the spray cone angle.

The ACT parameter (Apparent Combustion Time) 60 will
be used to analyze the mixing process. Since the combustion
process is mixing-controlled, because of its diffusive
character, the ACT, a parameter that will be explained in
the following paragraphs, can be used as an indicator of
the characteristic mixing time. In Figure 11, two pieces
of information are shown: on the one hand, the cumulated
injected fuel mass (dashed line) and, on the other hand, the
burned fuel mass (continuous line), both normalized from 0
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to 100% and plotted versus time. From this figure it can be

for each case (nozzle and pressure) is also shown in the

seen that the ACT parameter corresponds to the (apparent)

figure. The purpose of these fits is twofold: firstly, to filter the

time that the injected fuel takes to burn.

possible experimental uncertainties and, secondly, to allow
interpolation and/or extrapolation to other values of CA50
not tested.
Now, the methodology that will be used to obtain the spray
cone angle from the ACT parameter will be described.
Obtaining the spray cone angle from the ACT
parameter
Equation 10 defines the characteristic mixing time

Figure 11. Injected and burned fuel mass versus time. This
information is from the conical nozzle, prail level of 146 M P a
and injection timing of -0.4◦ AT DC . The apparent combustion
time (ACT) represents a characteristic combustion time.

The evolution of the ACT parameter can be plotted for
each nozzle, prail level, and injection timing as a function of
the percentage of the fuel mass. This is shown in Figure 12
for different injection timings for the conical nozzle and
76 M P a of prail . In addition, a region marked with a grey
square is also shown in the figure, indicating the range where
an average value for the ACT parameter will be computed,

obtained by application of the spray theory 61 :

tmix ∝

1
1
· def f ·
·
tan(θ/2)
uef f



ρf
ρa

 12
(10)

where: tmix is the characteristic mixing time, θ is the spray
cone angle, def f is the effective diameter, uef f is the
effective injection velocity, and ρa and ρf are the air and
the fuel densities, respectively. It is worthy to note that tmix
(the characteristic mixing time) is equivalent to the ACT
parameter. Therefore, Equation 10 can be rewritten in the
following way:

which later will be used to analyze the results.
ACT ≡ tmix

1
1
∝
· def f ·
·
tan(θ/2)
uef f



ρf
ρa

 12
(11)

The cases from the conical and cylindrical nozzles will
be compared at iso-CA50, to ensure that the in-cylinder
thermodynamic conditions (temperature and density) are the
same. Taking into account this fact, Equation 11 can be
simplified to the next equation:
Figure 12. Evolution of the ACT parameter versus the
percentage of the fuel mass, for different injection timings, for
the conical nozzle and 76 M P a of prail level.

In Figure 13, the average ACT for each of the injection
timings, prail levels (36, 76 and 146 M P a), and nozzles

ACT ≡ tmix ∝

1
1
· def f ·
tan(θ/2)
uef f

The term tan(θ/2) from Equation 12 can be isolated,
leading to Equation 13:

studied, is plotted versus CA50 (i.e. the angle giving the
combustion position in the cycle). In addition, a fitting curve
Prepared using sagej.cls

(12)

tan(θ/2) ∝

def f
uef f · ACT

(13)
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Figure 13. Average ACT versus CA50, for different injection timing for the conical and cylindrical nozzles, and prail levels of 36, 76
and 146 M P a.

It is important to note that the spray cone angle obtained in
this way corresponds to real conditions, i.e. evaporative and

K=

pinj − pvap
pinj − pback

(14)

reactive spray, and it will be referred as Ang ACT further on.
where prail is the rail pressure, pback is the back pressure,
Now, the main results and the discussion of the present

and pvap is the vapor pressure of the fuel at the temperature

study will be presented.
existing in the nozzle.

Results and discussion

In Figure 15, the same information from Figure 14 is
presented but plotted versus prail .

Effect of cavitation on the effective diameter and
the effective injection velocity
In Figure 14, to the left, the evolution of Cv for the
conical and cylindrical nozzles versus the root square of the
√
cavitation number ( K) is shown. In the same figure, to the

From the behavior of Cv for the cylindrical nozzle in
Figure 14, to the right, two aspects can be seen: firstly,
the Cv increases when the cavitation level increases (i.e.
√
when the K is reduced). This result is coherent with the
bibliography 21 . Secondly, despite the increase of Cv as a

right, the same information is presented but now the values of

consequence of cavitation, its value never reaches the one

Cv have been normalized with the corresponding value of Cv

corresponding to the conical nozzle. In order to check the

from the conical nozzle (that’s the reason why all the values

validity and/or the generality of this result, some other results

for the conical nozzle are 1). Also in this way, the results

from other studies (and, thus, from other nozzles) similar

of Cv are totally equivalent to those of uef f . The cavitation

to the present one have been collected from the literature.

number was proposed by Nurick 7 to quantify the cavitation

The geometrical details of these other nozzles are given in

level in a nozzle, and is defined in the next way:

Table 4. The reader should note that the nozzles have been
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√

Figure 14. Evolution of Cv versus K for the conical and cylindrical nozzles. Left.-Values of Cv . Right.-Values of Cv normalized
with the corresponding value of Cv from the conical nozzle.

Figure 15. Evolution of Cv versus prail for the conical and cylindrical nozzles. Left.-Values of Cv . Right.-Values of Cv normalized
with the corresponding value of Cv from the conical nozzle.

organized by couples, i.e. conical nozzle - cylindrical nozzle,

Cv for the conical nozzle is higher compared to that for the

since they will be analyzed in the same way as the two

cylindrical nozzle.

nozzles studied in the present work.

In Figure 17, to the left, the evolution of def f versus

√

K

Now, the analysis already performed in Figure 14 will

for the conical and cylindrical nozzles is shown. As in the

be repeated for all the couples of nozzles from Table 4.

previous case, in the same figure, to the right, the same

The corresponding results are shown in Figure 16, where

information is presented but now the values of def f have

the information corresponding to the conical and cylindrical

been normalized with the corresponding value of def f from

nozzles is presented in the same format as before: the
√
evolution of Cv versus K (left) and the evolution of the

the conical nozzle.

normalized Cv (referred to the corresponding conical nozzle)
√
versus K (right).

If the trend of def f for the cylindrical nozzle in Figure 17,
to the right, is studied, two aspects can be observed: firstly,

In Figure 16, to the right, it is observed that the behavior

the def f decreases with the increase of the cavitation level
√
(i.e. when the K is reduced). This result is consistent with

of Cv for all the nozzles is coherent with the one previously

the bibliography. And, secondly, the def f for the cylindrical

observed in Figure 14. Consequently, two facts have been

nozzle is bigger compared to the one of the conical nozzle

confirmed: on the one hand, the increase of Cv with the

(between 11 and 17% higher). Therefore, the permeability

increase of the cavitation level and, on the other hand, the

of the cylindrical nozzle is higher compared to the one of

Prepared using sagej.cls
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Table 4. Geometrical details of the nozzles collected from the literature.
Source
of data

Nozzle
Nomenclature

O. A. de la
Garza 62

R. Payri
et al. 3

din

dout

[µm]

[µm]

k
-factor
[-]

Mini-sac

147

147

0

Mini-sac

151

138

1.7

Mini-sac

175

175

0

Mini-sac

176

160

1.6

Type of
nozzle and
geometry

Sac
geometry

Cylindrical
nozzle-2
Conical
nozzle-2

Multi-hole
cylindrical
Multi-hole
conical

Cylindrical
nozzle-3
Conical
nozzle-3

Multi-hole
cylindrical
Multi-hole
conical

√

Figure 16. Evolution of Cv versus K for the nozzles described in Tables 1 and 4. Left.-Values of Cv . Right.-Values of Cv
normalized with the corresponding value of Cv from the conical nozzle.

√

Figure 17. Evolution of def f versus K for the conical and cylindrical nozzles. Left.-Values of def f . Right.-Values of def f
normalized with the corresponding value of def f from the conical nozzle.

the conical nozzle. It is important to remark that this is a
particular result of this study. In fact, when the study was
defined, the two nozzles were intended to be built with the
same permeability. However, based on these results, it was
not finally achieved due to a manufacturing problem.

Effect of cavitation on the spray cone angle
As already mentioned in the “characterization of the
spray cone angle” section, the spray cone angle has been
characterized in two different scenarios. The first scenario
was through the analysis of the images of liquid phase

Once the behavior of the parameters def f and Cv has been

(near realistic conditions, i.e. evaporative but non-reactive

studied, the effect of cavitation on the spray cone angle will

spray). As indicated previously, in this scenario two spray

be analyzed.

cone angles will be analyzed: on the one hand, it will be
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obtained through the functional dependence of the liquid

right, the same information is presented but now the values

length (Ang LL F) and, on the other hand, it will be obtained

of Ang LL I have been normalized with the corresponding

through direct measurement on the images of the liquid

case for the conical nozzle.

phase (Ang LL I). And the second scenario was to obtain the

Before extracting any conclusion from the figure, it should

spray cone angle through the heat release fraction, which are

be taken into account that the spray cone angle obtained from

fully-realistic conditions, i.e. evaporative and reactive spray

the images of the liquid phase is not the real spray cone angle

(Ang ACT).

(i.e. the corresponding to the whole spray, and consequently
including both the liquid and the vapor phases), since only

From the images of liquid phase

the liquid phase is visualized. However, both cone angles

In Figure 18, to the left, the evolution of Ang LL F versus

should keep a relationship (a proportionality factor). For this

prail for the conical and cylindrical nozzles is shown. As

reason, the results illustrated in Figure 19 should be analyzed

already done in the previous section, in the same figure, to the

in a qualitative way.

right, the same information is presented but now the values
of Ang LL F have been normalized with the corresponding
values of the conical nozzle.

In the figure, to the right, it can be seen that the cylindrical
nozzle has a bigger Ang LL I compared to the conical
nozzle, most probably as a consequence of the cavitation

Before extracting any conclusion from Figure 18, two

phenomenon, for the prail levels of 36, 76 and 146 M P a.

aspects should be taken into account: firstly, as already

However, at 26 M P a, both angles are equivalent, thus

mentioned previously, the experimental dispersion of the

showing that there is no cavitation at these conditions, which

measurement of the liquid length for the conical and the

seems reasonable. These results qualitatively show good

cylindrical nozzles is very similar. And secondly, it is well-

agreement with those presented in the previous section, when

known that increasing the pressure level leads to an increase

the spray cone angle issued from the functional dependence

in the fuel temperature, which also affects the Yf,evap and,

of the liquid length was analyzed.

hence the determination of the spray cone angle. However, if
the spray cone angle is analyzed at iso-prail (like performed
here), this problem is solved.

In the upcoming section, the effect of cavitation on the
spray cone angle obtained from the heat release fraction will
be analyzed.

Taking into account these aspects, in Figure 18, to the
right, it can be observed that the cylindrical nozzle has a

From the heat release fraction

higher spray cone angle compared to the conical nozzle for

In Figure 20, to the left, the evolution of Ang ACT (referred

the prail levels of 36, 76 and 146 M P a, which might be

to the spray cone angle obtained from the heat release

caused by the cavitation phenomenon. More precisely, the

fraction) versus prail for the conical and cylindrical nozzles

average percentage of increase in spray cone angle is around

is shown at different CA50 (CA50=7.5◦ , 8.5◦ , 9.5◦ , 10.5◦ ,

3.79, 3.07 and 2.07%, respectively, for the prail levels of 36,

11.5◦ , 12.5◦ , 13.5◦ and 14.5◦ ). As already usual in the

76 and 146 M P a.

present work, in the figure, to the right, the same information

In Figure 19, the results of Ang LL I are shown. More

is presented but now the values of Ang ACT have been

precisely, in the figure, to the left, the evolution of Ang LL I

normalized by the corresponding values of the conical

versus prail for the conical and cylindrical nozzles is

nozzle. In this figure, it can be seen that the cylindrical nozzle

presented. As in the previous cases, in the same figure, to the

shows a larger spray cone angle compared to the conical
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Figure 18. Evolution of Ang LL F versus prail for the conical and cylindrical nozzles. Left.-Values of Ang LL F. Right.-Values of
Ang LL F normalized with the corresponding value of Ang LL F from the conical nozzle.

Figure 19. Evolution of Ang LL I versus prail for the conical and cylindrical nozzles. Left.-Values of Ang LL I. Right.-Values of
Ang LL I normalized with the corresponding value of Ang LL I from the conical nozzle.

nozzle as a consequence of the cavitation phenomenon. More

quantitative difference between these results was expected,

specifically, the average percentage of increase in spray cone

since now experiments have been carried out in fully-realistic

angle for the cases at CA50=11.5◦ (the average value of all

conditions (i.e. evaporative and reactive spray).

the CA50 cases shown in the figure), is around 5.0 and 3.6%,
respectively, for the cases with a prail of 76 and 146 M P a.
In Figure 21, the results shown in Figures 18 and
20 are synthesized. Specifically, the evolution of the
normalized Ang LL F versus the normalized Ang ACT for
the cylindrical nozzle for different cases at iso-CA50 is
presented. From this figure, two aspects can be mentionned:
(1) the results obtained from the functional dependence of
the liquid length qualitatively show good agreement with
those obtained from the heat release fraction (a bisecting
line has been included in the plot as an indication of a
perfect match between the two angle definitions), and (2) the
Prepared using sagej.cls

Figure 21. Evolution of Ang LL F versus Ang ACT for the
cylindrical nozzle for different cases at iso-CA50. The values
have been normalizaed with the corresponding one for the
conical nozzle.
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Figure 20. Evolution of Ang ACT versus prail for the conical and cylindrical nozzles for different cases to iso-CA50. Left.-Values of
Ang ACT. Right.-Values of Ang ACT normalized with the corresponding value of Ang ACT from the conical nozzle.

A final remark is that, even through this procedure to

These quantitative differences between the two analyzed

calculate the spray cone angle is, by far, more complex

scenarios, as mentioned previously, were already expected

compared to the procedure used in the previous section, it

because of two reasons: firstly, because the conditions

is obtained in fully realistic conditions and involves less

used in each of the scenarios were different (in one of

inaccuracies than the other method, and the values obtained

the scenarios, an evaporative but non-reacting spray was

for this case are more or less an average value of all the

analyzed, while in the other, an evaporative and reacting

values obtained with the different methods. Therefore this

spray was considered). And, secondly, because of the

last results (from the heat release fraction) will be chosen to

significant differences in the procedure used at each scenario

be used in the final analysis.

to determine the spray cone angle.

In the next section a synthesis of the results obtained about
the mixing process in the two different scenarios (i.e. nonNow an effort will be done to try to link two of the
reacting and reacting) will be carried out.
conclusions previously described in this work: on the one
Synthesis of the results obtained about spray cone angle

hand, that the uef f from the cylindrical nozzle increases with

In Table 5, a comparison of the different increments in

the increase of the cavitation level, but never reaching the

spray cone angle obtained in the previous sections is shown:

uef f from the conical nozzle and, on the other hand, that the

(a) from the liquid length and applying its functional

spray cone angle of the cylindrical nozzle is higher compared

dependence (Ang LL F), (b) from a direct measurement

to the conical nozzle, also as a consequence of cavitation.

from the images of the liquid phase (Ang LL I) and, (c) from

From these two observations, it can be stated that the wider

the heat release fraction (Ang ACT), in all cases for the prail

spray cone angle at the cylindrical nozzle is not due to an

levels of 76 and 146 M P a.

increase in uef f , but most probably to the biphasic flow

From this table, two conclusions can be extracted: on the

inside the nozzle hole. This statement is consistent with the

one hand, that the results obtained about the spray cone

conclusion achieved by several authors, as for instance Kent

angle are all qualitatively consistent and, on the other hand,

and Brown 63 , and Chehroudi et al. 64 , who concluded that the

that there are significant differences (quantitatively speaking)

injection pressure, which is closely related to the uef f , has

between the values obtained from the different methods.

an effect practically negligible on the spray cone angle.

Prepared using sagej.cls
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Table 5. Comparison of the increase in spray cone angle, obtained from the liquid length (cases a and b) and from the heat release
fraction (case c) .

Prail
[M P a]

Increase of spray
cone angle [%]
(a)

Increase of spray
cone angle [%]
(b)

Increase of spray
cone angle [%]
(c)

76
146

3.0
2.0

7.9
9.2

5.0
3.6

In summary, the cylindrical nozzle compared to the

cone angle of a factor of 1.05, i.e. 5%. The combined

conical nozzle and for the prail levels of 76 M P a (medium

influence on the mixing time (i.e. the ACT parameter)

level of cavitation) and 146 M P a (high level of cavitation)

is an increase in a factor of 1.025, i.e. 2.5%.

presents, on the one hand, a uef f lower of around 7.0% and

• At the prail level of 146 M P a, a reduction in uef f

6.0%, respectively for the prail levels of 76 and 146 M P a.

(Cv ) of a factor 0.939, i.e. 6.1%, and an increase in

And, on the other hand, an increase in spray cone angle

spray cone angle of a factor of 1.036, i.e. 3.6%. The

(Ang ACT) of around 5.0% and 3.6%, respectively. It is

combined influence on the mixing time is an increase

worthy to point out that these last results correspond to the

in a factor of 1.028, i.e. 2.8%.

second scenario employed for the characterization of the
Therefore, analyzing on a whole the variation of uef f and
spray cone angle, i.e. from the heat release fraction, since
the spray cone angle when comparing the cylindrical nozzle
it is obtained in fully realistic conditions and involves less
with the conical one, for the cases studied here, it is found
inaccuracies than the other method, and the values obtained
that the mixing process worsens with the cylindrical nozzle.
for this case are more or less an average value of all the
values obtained with the different methods.
Once this point reached, a question arises: which

Conclusions

parameter does have more influence on the mixing process,

This work has intended to deepen the knowledge about

the variation of uef f or the variation of the spray cone angle,

the influence of cavitation on the mixing process in diesel

both as a consequence of cavitation? To give an answer

nozzles through the study of the influence of cavitation on

to this question, the influence of the variations of uef f

the effective diameter, the effective injection velocity and

and the spray cone angle on the ACT parameter (Apparent

the spray cone angle, parameters that affect the mixing

Combustion Time) for prail levels of 76 and 146 M P a for

process. The spray cone angle was studied in two different

the cylindrical and the conical nozzles will be analyzed.

scenarios. The first scenario was based on images of the

To do so, the following expression of the ACT parameter,

liquid phase (nearly realistic conditions, i.e. evaporative but

derived from Equation 13, will be used:

non-reactive spray). In this scenario two spray cone angles
were analyzed: on the one hand, the spray cone angle


ACT ∝

uef f

1
· tan(θ/2)


(15)

obtained through the functional dependence of the liquid
length and, on the other hand, the spray cone angle obtained

From Equation 15 and taking into account the results
obtained during the comparison of the cylindrical with the
conical nozzle, it can be said:

through the direct measurement from the images of the liquid
phase. The second scenario, however, was based on the heat
release fraction (fully-realistic conditions, i.e. evaporative

• At the prail level of 76 M P a, a reduction in uef f (Cv )

and reactive spray). It is worthy to indicate that the studies

of a factor of 0.929, i.e. 7.1%, and an increase in spray

available in the literature related to characterization of the
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spray cone angle in fully-realistic conditions, i.e. evaporative

despite the benefits associated to the cavitation phenomenon

and reactive spray are very scarce. Now the main conclusions

mentioned previously.

of the study will be summarized.
Regarding the effective diameter and the effective
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The increase in spray cone angle caused by cavitation can
not be due to an increase in uef f , since it is lower for the

Notation

cavitating nozzle. The explanation of this increase in spray

ACT

Apparent Combustion Time

cone angle might be the biphasic flow inside the nozzle

A

Area

hole. However, the validation of this hypothesis will require

Ang30

Angle obtained considering only the spray

additional research, and it is out of the scope of the present

contour up to 30% of the spray

publication.

tip penetration

The reduction of the effective diameter, the increase of

Ang45

Angle obtained considering only the spray

the effective injection velocity, and the increase of the spray

contour up to 45% of the spray

cone angle, all of them as a consequence of cavitation,

tip penetration

lead to a better mixing process respect to the case with no
cavitation when working with a given nozzle. However, if
the mixing process between the two nozzles is compared, for
the cases studied here, it worsens with the cylindrical nozzle
Prepared using sagej.cls
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contour up to 60% of the spray
Greek symbols

tip penetration
Ang LL F

Spray cone angle obtained from the
functional dependence of the
liquid length

Ang LL I

Spray cone angle obtained from direct
measurement it with the images of

∆

Increase

θ

Spray cone angle

ρ

Density

σ

Standard deviation

liquid phase
Ang ACT

Subscripts

Spray cone angle obtained from
the heat release fraction

Cd

Discharge coefficient

CM

Momentum coefficient

Ca

Area coefficient

Cv

Velocity coefficient

CA50

Angle where 50% of the fuel mass has been

a

Referred to air

back

Referred to the volume where the fuel
is injected

burned

cyl

Referred to cylinder

ef f

Effective

f, evap

Referred to evaporation of fuel

f

Referred to fuel

in

At the inlet of the nozzle hole

inj

Referred to injection pressure

mix

Referred to mixing

out

At the outlet of the nozzle hole

rail

Referred to common rail

th

Referred to Bernoulli (theoretical)

vap

Referred to fuel vapor

d

Diameter

F

Fuel/air ratio

HRF

Heat Release Fraction

K

inj
vap
Cavitation number from Nurick ( pinj
−pback )

LL

Liquid length

ṁ

Mass Flow Rate

Ṁ

Momentum Flux

p

Pressure

SoC

Start of Combustion

SoI

Start of Injection

s

Spray penetration

t

Time

u

Velocity

hole geometry on achieving low diesel engine emissions. J Eng

V CO

Valve Covered Orifice

Gas Turbine Power. 2009;132:022802–10.

Y

Mass fraction

p

−p
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zero-dimensional diesel combustion model. Part I: Analysis of

optically accesible cylinder head: a research tool for injection

the quasi-steady diffusion combustion phase. Applied Thermal

and combustion process; 2003. SAE Paper 2003-01-1110.

Engineering. 2003;23:1301–1317.

50. Pastor JV, Payri R, Garcı́a-Olivier JM, Briceño FJ. Analysis of
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