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Abstract

The fundamental behaviour on ignition and combustion characteristics of blends of
Hydrotreated Vegetable Oil and Liquid Petroleum Gas was investigated in a constant high
pressure, high temperature combustion chamber, using a prototype lab-scale injection system
adapted from a conventional common-rail system to conduct the injection events, ensuring that
fuel was liquid at any point of the injection system and avoiding the formation of fuel vapour

bubbles that could alter the injected fuel behaviour.

The ignition delay, flame lift-off length and the soot formation were studied by means of high-
speed imaging techniques, for different operating conditions. The aim of the work is to
characterize the effect of Hydrotreated Vegetable Oil-Liquid Petroleum Gas blend ratios on the

previously mentioned parameters.

Experimental results show that the behaviour of the fuel blends follow the expected trends of

conventional diesel type fuels when varying ambient temperature, density and injection



pressure. Hydrotreated Vegetable Oil, being the highest reactivity fraction, controls auto
ignition of the blend. However, Liquid Petroleum Gas acts as combustion inhibitor increasing
both ignition delay and lift-off length as its ratio in the blend increases. As a consequence, the
differences observed in terms of flame radiation suggest that increasing Liquid Petroleum Gas

fraction reduces soot formation as it promotes a higher air/mixture.
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1 Introduction

The transport sector represents nowadays around 20% of the total Green House Gases emissions
[1]. Thanks to the stringent limitations applied since 1990, the pollutant emissions such as
carbon dioxide are targeted to be reduced progressively until today. Following the current trend
from now to 2050, emissions from the transport sector can be reduced by more than 60% with
respect to levels reached in 1990. Compared to more recent data, in 2030 emmisions are

expected to decrease by 20% with respect to 2008 levels [1] . In order to meet current



environmental pollution and emission regulations, researchers are always seeking for different

solutions to decrease Particulate Matter (PM), CO2 and NOx emissions.

One of the main research topics in this regard is the use of alternative fuels. More specifically,
the use of biofuel has shown up as a potential alternative. Several results found in the literature
show that a biodiesel [2] or even different biodiesel-diesel blends [3] offer the similar efficiency
as pure diesel while reducing COz. In terms of soot emissions, Hydrotreated Vegetable Oil
(HVO) has shown great potential in soot reduction, around 50 and 60 % when tested in a single
cylinder engine in comparison to conventional diesel. That could be due to its almost aromatic-
free composition [4]. On the other hand, Liquefied Petroleum Gas (LPG) was also studied in a
compression ignition engine and it showed reductions in soot emission compared to base line
diesel in dual fuel operation [5]. Although LPG comes from fossil sources while HVO comes
from natural lipids (vegetable oils and animal fats), both could have a great potential in

reductions of emissions levels.

HVO is produced by an alternative esterification process called a Hydrotreating. This process
is characterized by reducing oxygen, sulphur, nitrogen and aromatics while enhancing the
cetane number, density and smoke point that avoid detrimental effect produced by ester-type
biodiesel fuels [6]. HVO has similar chemical characteristics to diesel [7] but in comparison,
it presents a better behaviour in terms of spray characteristics and emission levels. Even NOx,
COz2 and PM concentration can be reduced if HVO is used [8], [9]. On the other hand, regarding
LPG, it has been tested in internal combustion engines offering promising results in terms of
unburned Hydrocarbons, CO and other pollutant emissions [10], [11],[12]. However ignition
quality is the main drawback that can be solved with the addition of cetane improvers achieving

commercial diesel fuel levels [13].



Another way to approach the more and more stringent pollutant emission scenario has been the
development of new combustion concepts, focused on reducing engine-raw emissions while
keeping good engine performance. More specifically, the promotion of Low Temperature
Combustion (LTC) and air-fuel premixed combustion conditions has shown big potential, in
this regard Homogeneous Charge Compression Ignition (HCCI), Partially Premixed
Compression Ignition (PPCI), Gasoline Compression Ignition (GCI), Reactivity Controlled
Compression Ignition (RCCI) are some of the most relevant LTC strategies that can be found
in literature. LTC strategies mitigate the NOx and soot formation by promoting a highly diluted
in-cylinder fuel-air mixture and extended premixing time between fuel and air prior to
combustion [14], which breaks the NOx-soot trade-off with conventional diesel combustion
strategies. Additionally, the gross indicated efficiency would not be affected while CO and
unburned HC decrease as well as the efficiency of the engine is improved due to the heat transfer

reduction, among other factors [15],[16].

RCCI, in particular, is one of the leading concepts. It is based on controlling the combustion
process and adapting to different engine loads by tailoring the mixture reactivity inside the
combustion chamber. This is achieved by using two different reactivity fuels, defined as low
reactivity fuel (LRF) and high reactivity fuel (HRF) respectively. Usually, the LRF is injected
at low pressures with a port fuel injector while the HRF is directly injected into the cylinder at
high pressures [15], [17] However, it is also possible to find applications where fuels were
mixed prior to their injection, which ends with the need of two independent injections system

and facilitates its application.

Considering all above mentioned, this study aims to combine the RCCI dual fuel combustion
concept with the use of alternative fuels. HVO is defined as the HRF and LPG as the LRF. The
blend of both is stored in the same tank and injected through a common injection system. The

main objective is to evaluate under controlled ambient conditions the performance and soot
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emissions of fuel blends of liquid (HVO) and gaseous fuels (LPG) with potential to be used for
RCCI dual fuel combustion in compression ignition engines for heavy duty transport. Thus,
auto ignition, flame structure and soot formation are studied by means of high speed imaging
techniques in a high pressure and high temperature combustion rig. The details of the
experimental hardware used is presented in the next section, followed by the discussion of
results, which emphasizes the effect of fuel composition in the evolution of the spray and fuel

combustion, as well as soot formation.

2 Experimental Methodology

Different blends of HVO and LPG have been injected into a high pressure and high temperature
environment using a common-rail injection system which was modified to allow handling of
the fuel blends and ensuring that evaporation in the injection system was avoided. The analysis
of the effect of fuel composition on the ignition, flame development and soot emissions is made
by applying three simultaneous high speed imaging techniques: Schlieren imaging, broadband
natural flame luminosity (NL) and high speed OH* chemiluminescence imaging. The following
paragraphs describe first the test facility, the injection system and the characteristics of the fuels
used. Then, the test matrix and finally the experimental techniques used are described, with

emphasis on the experimental procedures followed for the measurement and analysis.

2.1 High-Pressure & High-Temperature facility

The experiments have been performed in a high-pressure, high-temperature facility (HPHT).
The pressure, temperature and composition of the gas in the vessel can be controlled
independently, to achieve pressures of up to 15 MPa, temperatures of up to 1100 K and oxygen
concentration between 0 and 21% by mixing air with pure nitrogen. In this way, it is possible
to mimic thermodynamic conditions existing in any real internal combustion engine at the

moment of fuel injection, with a homogeneous temperature field in the area of study, and free



of the uncertainties associated to engine transients, whilst providing wide optical access for the
application of several techniques. As shown in Figure 1, the facility can operate in open loop
with air or as a closed loop circuit to reduce Oz concentration. The regulation and control system
allows ensuring stable thermodynamic conditions and composition for long time periods so that
many injection and combustion events can be recorded, which ensures statistical reliability of
the results obtained. Moreover, to ensure that any temperature transients generated locally by
the combustion under study are avoided, injection is performed at low frequency (1 injection
shot every 4 seconds). The boundary conditions have been characterized in detail and a

complete description of the facility is given in [18].
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Figure 1. Scheme of the High-Pressure and High-Temperature facility.

2.2 HVO- LPG Injection system

A modified injection system based on a conventional common-rail system was used to inject
fuel into the combustion vessel as sketched in Figure 2. Considering that LPG is a gas at
atmospheric pressure and room temperature, and that common-rail injection systems are
designed to operate with liquid fuels, it was necessary to ensure that fuel was liquid at any point
in the hydraulic circuit. For this purpose, conventional fuel tanks for automotive LPG cars were

filled in with the desired blends of HVO and LPG at a pressure of 7 bar. Fuel delivery to the



rest of the circuit, i.e. to the common-rail system, was made by activating the low pressure
pump inside the fuel tank. The rest of the injection system components are standard and include
the high-pressure pump, a common rail with pressure regulator controlled by a PID system, and
piezoelectric injector. In addition, an special injector holder is used to keep constant the injector

tip temperature at the desired value through the whole test matrix [19].

To ensure that fuel was liquid at any point of the injection system avoiding the formation of
fuel vapour bubbles that could alter the injected fuel behaviour, two heat exchangers were used
as shown in Figure 2. One of them was set just downstream of the pressurized fuel tank, before
the high-pressure pump of the common-rail system. The second was set at the fuel return pipes
to ensure that fuel was cooled down prior to drive it back to the pressurized tank. Both of them
were instrumented to monitor pressure and temperature at any moment ensuring tests

repeatability.
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Figure 2. High pressure injection system for HVO- LPG blends.

In addition, to avoid any fuel leakage of gas to the laboratory atmosphere, both fuel returns
from the high-pressure pump and from the injector were communicated and driven back to the

tank. Besides, this allows to ensure that, due to the low amount of fuel injected during these



tests, the composition of the fuel blend in the tank remained unchanged. All the low-pressure

part of the hydraulic system was set to 7 bar and 290 K.

To perform a detailed characterization of the spray and combustion enhancing fuel effects a
single hole nozzle was used, so that isolated sprays were imaged. The nozzle used is a single-
hole one with a 140 um outlet diameter, a 1 mm long hole thickness and with a conical shape
(K factor of 1.5). It has been used for some other studies by the authors during the last years

[20], [21].

2.3 Fuels and Test Matrix

2.3.1. Fuels properties

Four different fuels have been considered in this study as representative substitution rates in a
hypothetical dual fuel combustion mode in a compression ignition engine. Pure HVO is
considered as the High Reactivity Fuel (HRF) of the dual fuel combustion mode with a Derived
Cetane Number close to conventional diesel fuel, LPG being the Low Reactivity Fuel (LRF).
Thus, pure HVO is considered the reference fuel in this study and represents the zero
substitution rate of the dual fuel mode. Then, three blends of HVO and LPG with percentages

of LPG of 25%, 50% and 75% in mass are considered to represent different rates of substitution.

The main properties for the two components of the blend, HVO and LPG, are detailed in Table
1. All along the document, the four fuel are identified as “HVO” for pure HVO, and “7525”,

“5050” and “2575” for the blends with 75%, 50% and 25% of HVO respectively.

Table 1. Fuel properties.

Characteristics HVO LPG
Density [kg/m3] 779.1 502
Viscosity [mm?/s] 2.7 0.0074



Lower heating value [M]/kg] 44 45.79

Vapour Density [kg /m3] 34 2.48x10°
Vapour Pressure [bar] 0.87 15
Boiling Point [°C] (180)-(320) (-42.1)-(3.7)
Flash Point [°C] >55 (-107.5)-(-101.6)
Autoignition [°C] 338 >400
Derived cetane number (IQT) 70.9 --

2.3.2. Operating conditions

For the four fuels, a set of parametric studies has been performed. Ambient density and ambient
temperature were set as variables, as well as oxygen content and injection pressure. The
injection strategy used was a single injection with an energizing time of 1500 ps, which
provides an injection event long enough to study the development of the spray and flame under

mixing controlled combustion. The fuel mass flow rate was 0.00381 kg/s

Four ambient conditions have been considered in the base test matrix summarized in Table 2:
Low Density (LD), Nominal Operation (NO), High Density (HD), and Low Temperature (LT).
They have been considered as representative of LTC conditions, where dual fuel combustion
has higher potential. Starting from a nominal operation (NO) with 22.8 kg/m? air density, a
variation of temperature (800 and 900 K) at constant density and a variation of density (from
15.2 to 30.4kg/m3 ) at constant temperature were performed. In all cases, two rail pressures of

500 bar and 1000 bar were considered.

In addition, two specific test conditions were included to complete the test matrix. On the one
side, tests under inert conditions were carried out to verify that the spray development was not

affected by the fact that LPG has a high saturation pressure as is shown in Table 1.
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Table 2. Test Matrix.

TIK]  plkg/m?| 02 [%]
Low Density (LD) 900 15.2 21
Nominal Operation (NO) 900 22.8 21
High Density (HD) 900 30.4 21
Low Temperature (LT) 800 22.8 21

2.4 Optical set up

Aiming to analyse the effect of the LRF substitution rate upon spray development, ignition and
soot formation, three different optical techniques have been applied simultaneously using the
two opposed optical access windows in the vessel, trying to maximize the amount of

information obtained. A sketch of the optical arrangement is shown in

OH*
Schlieren
Matural Luminosity

Point Light source 4
+BG18 Band Pass g,

Parabolic

Figure 3.

Figure 3. Scheme for three optical technique used in the tests.
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2.4.1 Schlieren visualization

The Schlieren technique is based on the deviation suffered by a light beam, due to refraction,
when crossing a media with refractive index gradients [22]. Consequently, it allows recording
as an image any variations of refractive index, such as those produced by the injection of fuel
spray in liquid and vapour phases, as well as the density variations provoked locally by the fuel

auto ignition or flame development.

A high-speed, single-pass Schlieren imaging setup, very similar to that described in detail in
[23] was used to detect the spray and flame boundaries at any operating conditions. A scheme

of the optical arrangement is shown in

Figure 3. A diffused point light obtained from a Xenon arc lamp with a liquid light guide and a
pinhole was collimated by a parabolic mirror (f=610mm) which directs it through the
combustion chamber. In addition, a BG18 band pass filter is used to restrict the spectrum of the
Xenon lamp and avoid interference in the NL images commented later. A spherical lens
(f=450mm) was placed on the other side of the chamber to focus the light onto a so-called
Fourier plane, where a diaphragm was located with a cut-off diameter of 3 mm just before the
high-speed camera (Photron Fastcam SA-5) equipped with a Carl Zeiss Makro-Planar T 100mm
f/2 ZF2 camera lens. Images were recorded at a fixed frequency of 20 kfps, with a constant
shutter time of 2.5 s, a total magnification of 11 pixel/mm and a resolution of 1024 x 368

pixel. A minimum of 30 injection cycles per test were recorded in any case.

The Schlieren images have been used to depict a global phenomenological description of the
injection and combustion process of the different fuel blends, which will be presented later. In
addition, due to the fair space and time resolution of the Schlieren recordings, these images
were also used to determine the real Start of Injection (SOI) for every case with sub-interframe

temporal resolution. This was done by extrapolating the spray tip penetration measurable in the
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first injection frames to estimate the exact instant when fuel starts to exit from the nozzle hole.
This SOl is used in all the results presented in this paper as the temporal origin of any measured

parameter with any cameras, since the three cameras used the same trigger signal.

As for the spray and combustion parameters measured from the Schlieren images, segmentation
from the background is performed by applying the methodology described by Siebers [24],
which has become a standard in the Engine Combustion Network [25]. Once the boundaries are
determined, the spray tip penetration is measured as the higher distance to the nozzle on the
spray axis at any moment. The same criterion is used to determine the flame penetration after
ignition takes place. The ignition event can be tracked with this technique too, both spatially
and temporally. As it can be found in literature [24], the first stage of the auto ignition process,
also called the cool flame stage, makes the spray contrast of the Schlieren images to vanish.
The second stage, i.e. the high temperature ignition stage, provokes spray radial expansion and
spray tip acceleration [26] and the local increase of temperature enhances again the contrast in
the images. Using these observations, the timing when ignition occurs can be determined from
the Schlieren movies by evaluating the evolution of the accumulated intensity of the spray in
the Schlieren images, after segmentation, as described in [24]. Figure 4 shows a plot of the
accumulated intensity increment between consecutive frames for one of the cases analysed in
the current paper. The regression of the spray intensity increment reveals the occurrence of the
cool flame, which is followed by a step increase associated to the occurrence of the high
temperature ignition stage. In this paper, the ignition timing has been determined as the mean
value between the cold flame minimum and the easily detectable maximum after ignition. With
this criterion, the ignition times measured are much more suited to the ignition times observed
in the images collected in the experiments than with the criterion used in [27] where the ignition

delay is chosen as the time where the maximum intensity increment occurs. It was observed

13



here that at the time when the maximum intensity increment occurs, the jet has already widened

showing that the combustion process has started moments before.
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Figure 4. Description of method used to define Ignition delay. Total intensity increment

correspond to blend 7525 at LD condition and 500 bar of injection pressure.

2.4.2 Natural Luminosity

Images of Natural Luminosity (NL) are normally considered as those registering the broadband
radiation of the flame without using any particular optical filter [24]. In such cases, considering
the spectral response of the camera, the light collected will be almost entirely the thermal
radiation arising from small soot particles present in the flame, and in some cases can include
a minor contribution of other types of chemiluminescence radiation too, which can become
significant only in low sooting flames cases. Then, qualitative and topological description of
the sooting flame evolution can be obtained, but no quantitative description of the combustion
intensity is expected since this is a line-of-sight technique and consequently renders a variable

that is integrated along the optical-path, so spatial resolution is only possible as two dimensional
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distribution of the optical-path integrated variable. In this work, NL images are not images of
flame broadband radiation, but of radiation at around 850nm (40nm FWHM) since an
interference filter is used to avoid registering at the same time flame NL and the illumination
light used for the Schlieren. As a consequence, the spectrum fraction is severely reduced as well
as the light collected. However, the analysis is exactly the same as with conventional broadband
NL images, since the only significant contribution of the flame in the near-IR spectrum comes
from soot particles incandescence. It is well known that flame brightness does not depend only
on soot concentration, but also on flame temperature [28]. However, for isolated sprays as those
analysed in this work, if the only parameter changed is the fuel composition, it can be assumed
that the temperature field in the flame at equivalent instants after ignition will not be too
different. Thus, flame brightness can be a qualitative indicator of the amount of incandescent

soot in the flame.

In this study, Natural Luminosity was recorded with a high-speed camera (Photron Fastcam
SA-X2) at a fixed frequency of 20 kfps, with a resolution of 512x736 pixel, and a total
magnification of 4.9 pixel/mm. Shutter time was adapted to the luminosity of each tested case
to use properly the dynamic range of the camera. A minimum of 30 injection cycles per test

were recorded in any case, too.

Two parameters have been derived to evaluate the influence of the fuel blend on soot
production. On the one side the accumulated flame intensity, which is obtained by addition of
the values of the grey levels of all the pixels in the image. It will provide information on the
soot amount and flame size. On the other side, the average flame intensity is obtained as the
ratio between this magnitude and the flame size, which is quantified as the number of pixels
with a grey level higher than background mean level plus twice its standard deviation. This
second magnitude takes into account the average soot concentration in the flame, independently

of its degree of development at any moment.
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2.4.3 OH* chemiluminescence

OH* radicals are known to be a good tracer of high temperature combustion regions in a flame
[29], so that visualization of OH*-chemiluminescence at the base of the flame makes it possible
to quantify the Lift-Off Length (LOL). Additionally, if an intensified high speed camera is used,

ignition delay can be measured, too.

In this work, a high speed image intensifier (Hamamatsu C10880), coupled to a high speed
camera (Photron Fastcam SAS) with a 1:1 relay lens, equipped with a UV /4 100mm focal
length lens (OUC 2.50 by Bernhard Halle Nachfl.) was used. An interference filter centred at
310nm (10nm FWHM) was placed in front of the camera to remove most of the radiation of the
flame while keeping OH*-chemiluminescence. Images were taken at a fixed frequency of 15
kfps, with a resolution of 320x536 pixel, and a magnification of 3.4 pixel/mm. Shutter time was
fixed in 33us and care was taken to ensure that light saturation, whenever occurred, did not
affect the measurement of the LOL and was low enough as to not imply any risk for the
intensifier safety. Again, at least, 30 valid injection cycles per test were recorded in any case,

at least.

Ignition delay was computed determining the first frame with light intensity, as a check to
confirm the results obtained with the Schlieren technique. As for the measurement of the LOL,
the algorithm used is based on the Engine Combustion Network (ECN) recommended
procedure described in [30], where the LOL was determined by finding the distances between
the injector tip and the first axial locations above and below the spray centerline with intensity

greater than 50% of the intensity peak of that zone.

3 Results and discussion

Before entering into the detailed quantification on the effect that the HVO-LPG blend ratio has

upon the spray features, the mixing process and soot formation, a phenomenological description
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of the injection and combustion process is given, paying attention to the effects clearly linked

to the fuel composition.

HVO 7525 5050 2575

1.2 ms 1.0 ms 0.8ms 0.6ms

1.5 ms

Figure 5. Combustion evolution for the four blends tested at Nominal conditions (NO) and

injection pressure of 500 bar.

In Figure 5. Combustion evolution for the four blends tested at Nominal conditions (NO) and
injection pressure of 500 bar. Some frames of the high-speed images recorded using the
Schlieren technique are presented. These images show the evolution of the sprays and the
combustion. The nozzle is located at the left hand side of the images and the sprays are injected
at 500 bar into a nearly stagnant flow with constant and uniform temperature field of 900 K and
22.8 kg /m?3 air density. Five frames have been selected to evidence the influence of the HVO-
LPG ratio in the spray and flame development, before the end of the injection, i.e. when the
spray is still mixing controlled. Images at the left column correspond to pure HVO, and the

other three columns to the right are for increasing LPG proportion in the blend.

From top to bottom of any case the following events can be appreciated in the spray and flame

development: in the first frames the spray in liquid or vapour phase appears as a dark shape that
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tends to increase in size as time evolves. When the first stage of the auto ignition process occurs
the spray contrast of the Schlieren images vanish (see, e.g. the third frame of the last
column).Tip acceleration and radial expansion of the burning spray become evident in the
following frame when high temperature ignition has already started. Certain time after ignition,
incandescent soot appearance becomes evident and it can be seen as bright regions in the

images.

Regarding the geometry of the spray, there are no significant differences before auto ignition
for the 4 blends, which suggests similar characteristics of injection between the four fuels.
However, two issues apparently linked to the ratio of LPG in the blend can be easily identified.
First, ignition delay increases with LPG content in the blend, which indicates that LPG acts as
an ignition inhibitor reducing burning propensity of HVO. A second effect is that the flame
brightness decreases clearly when LPG rate increases, pointing out that LPG is a less sooting
fuel than HVO. However, the Schlieren technique does not allow to perform the soot formation
assessment. Although it is possible to appreciate the high luminosity of the HVO, it is necessary
to use a specific optical technique to confirm which fuel has higher soot formation tendency.

Therefore the Natural Luminosity technique has been used for this purpose.

In the next subsections, ignition delay and flame brightness effects will be quantified: first, auto
ignition and macroscopic characteristics will be analyzed in terms of fuel effects on auto

ignition, penetration and flame lift off length; then attention will be paid to soot formation.

3.1 Auto ignition and macroscopic characteristics

3.1.1 Ignition Delay (ID)

The ignition delay (ID) is defined as the time elapsed from the Start of Injection (SOI) and the
Start of Combustion (SOC) and has been calculated from the Schlieren images following the

procedure described in section 2.4.1. This technique was chosen for this purpose, instead of
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high-speed OH* chemiluminescence, because it was performed at a higher acquisition rate
(better time resolution). Besides, both techniques were compared, and differences were below

0.05 ms, which could be due to the difference in time resolution of both techniques.

The influence of the different operating conditions upon the ignition delay has been widely
studied in literature and a similar analysis will not be performed here. However, in order to
check consistency of the experimental data of this work with the well-known spray physics, a
comparison of the experimental data versus some correlations available in literature is given in
Figure 6. In particular, the correlation by Benajes [31] obtained for n-dodecane and represented
in Equation jError! No se encuentra el origen de la referencia.

7523 _
T b) ’ pamb_I'35 ) (Pinj - Pamb)_O'O9 ) 02% amb 051 !
am

ID* o exp(

Where the constant inside the exponential term is related to the global activation energy of
reactions. Equation 1 indicates that the ID is proportional to terms on the right. The correlation
i1s completed with a constant term which reflects fuel properties contribution, and it will be not
considered in this study, therefore the ID* will be referred only to the proportionality. This
correlation shows the effect of boundary conditions over the ignition delay [31], [32], which
decreases with increasing the temperature, as it accelerates oxidation reactions. ID also
decreases with increasing density and injection pressure, as both parameters enhance the mixing
and evaporation processes. In Figure 6, operating conditions have been represented in ellipses

with continuous lines
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Figure 6. Comparison of current experimental data with correlation calculated by Benajes [27]

for n-dodecane.

It is worth mentioning that the experiments in the work [31] were performed in the same facility
as the present work, but using different fuel. In Figure 6 is represented the experimental ignition
delay versus the theoretical ignition delay (ID*) obtained using the EquationjError! No se
encuentra el origen de la referencia.. The slope obtained from linear fit (dashed lines) for
each fuel corresponds to the missing constant in the equation 1. Based on these correlation and
linear fit, in Figure 6 is observed that stratification exists by fuels, being the higher values of
ID for HVO-LPG blends. HVO is the first to start combustion and the blend with the highest
proportion of gas (2575) is the last. Thus, LPG clearly increases ignition delay compared to the
HVO, independent of the ambient or injection condition. For 15.2 kg/m3 and: 22.8 kg/m3
ambient density ID of blends with low (7525) and medium (5050) LPG ratio increased between
26% and 34% with respect to HVO at 500 bar of injection pressure, but fuel 2575 (high LPG

ratio) showed an increase of 68%. However, for 30.4 kg/m?3 ambient density, the ID increase
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for the three blends in comparison with HVO is only around 6% to 8%. For the cases at 1000
bar of injection pressure the differences increase, reaching up to 50% of difference respect to
HVO in LD operating condition, and the difference increase up to 40% in the NO and HD
condition for HVO-LPG blends. In the case of low temperature (800K), the differences between
fuels vary from 15% and 40% for both injection pressure. For LT operating condition, the
experimental data does not follow the linear correlation described by equation 1. The effect of
boundary conditions in comparison to other experimental points is the same as described
previously. However, blends show larger variations than the ones predicted by the correlation.
Moreover, when ambient temperature reduces, the ignition delay increases as well as its
statistical uncertainty. At low temperature case, with ID of the order of 2 ms, data scattering is

higher in reference to other operating condition.
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3.1.2 Spray tip penetration
Spray tip penetration and flame penetration were obtained from high-speed Schlieren images,

as described in previous sections.
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Figure 7. Temporal evolution for vapor penetration of each blend at T=900K; p=22.8

kg/m3and Pinj=500bar.

Figure 7 shows the temporal evolution of the vapor/flame penetration obtained for each blend
at Nominal operating condition at 500 bar of injection pressure. It is possible to state that there
is a first stage where vapor penetration is identical for all the blends (up to 0.48 ms) and, after
a certain time (ignition time), some differences arise. This first stage corresponds to the ignition
delay phase which extends for each blend until combustion starts, timing that has been marked
in the graph as dashed vertical lines for each blend. During the period until ignition, attending
to momentum flux conservation equations, there should be no effect of the fuel blends on the

spray behavior as discussed in [33]; spray momentum flux at the nozzle orifice only depends
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on the pressure drop across the nozzle and on the orifice area, and none of them change

throughout the experiment.

It is worth mentioning that, despite the physical properties of the fuel blend (mainly density and
viscosity) not affecting spray tip penetration (until ignition stage), density may affect the fuel
injection rate (which is not relevant in these experiments with long injections) while viscosity
is related with fuel behavior inside the injection system. Consequently, it influences the
hydraulic delay of the injector and the real Start of Injection (SOI) occurs later with the
increasing proportion of LPG. As explained in the methodology section, the real SOI was
determined by means of the high-speed Schlieren images and all curves in this paper have been

shifted accordingly to refer them always to real SOI.

Despite differences observed in the hydraulic delay, injection process is not affected by the
different properties of LPG and HVO as it is confirmed by the similarities observed in fuel

penetration before the start of combustion.

After ignition, the flame penetration curves depart from each other because of the flame
expansion described in previous works [20]. Not characteristic effect associated to fuel
composition was observed in these experiments, other than the fact that the shorter the ignition

delay, the longer the flame penetration [34].

3.1.3 Lift off length

Flame lift-off length plays an important role in the combustion and soot formation processes,
since it is strongly related with the quality of fuel-air mixing process upstream of the
combustion region[32] [35]. Consequently, flame LOL is a parameter which is worthy to be

studied in detail with these fuel blends.
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As previously done with the Ignition Delay, a comparison of the raw experimental data obtained
in this work with correlations available in literature is performed. The time interval to calculate

the stable LOL was between 3.2 ms and 3.8 ms.

The correlation proposed by Benajes et al. [31] is shown in Figure 8. It was obtained for n-
dodecane, in the same facility and under similar conditions to the ones in this work. This

correlation is represented by Equation 2:

P, .— P
- amb)0'54 ' 02 amb_1 2

LOL" « Tamb_3'89 ) .Damb_1 ) (\/2 )
pfuel

It is worth mentioning that in equation 2 a constant is missing, that converts the proportionality
into a real value of LOL, therefore results of equation 2 will be titled as LOL* and the constant
will depend on fuel used. In this study, the constant corresponds to slope obtained for the linear

fit (dashed line) of each fuel.

The correlation shows that LOL decreases with increasing ambient temperature and density,
as it reduces the amount of air required to burn the fuel injected. Besides, LOL increases with
increasing injection pressure, as a higher injection velocity moves the reaction stabilization
region [31], [32],[36] . In addition, fuel density appears implicitly in the correlation, so that the

lower the fuel density, the higher the LOL should be.
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Figure 8. Comparison of current experimental LOL* data with correlations by Benajes [32] for

each blend and operating condition.

According to this, the shortest LOL should be obtained for HVO while increasing as LPG ratio
in the blend increases. In this sense, experimental results show a stratification by fuels and by
operating conditions, as it is represented in Figure 8. Operating condition are represented with
ellipses in continuous lines. A similar behaviour to the one described by equation 2 is observed

also with experimental data.

For 15.2 kg /m3 and: 22.8 kg/m3 ambient density, the difference of LOL between HVO-LPG
blends and pure HVO was around 15 and 30%, while at 30.4 kg/m3 the difference is still
between 12% and 36%. For the LT condition, the observed differences are only between 5%
and 15%. Besides, as it was observed for ID, these points show larger LOL values than the

equation 2 would predict for all the blends.
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3.2 Soot Formation

A brighter flame can be the consequence of either higher temperature in the flame, higher soot
concentration, or both. However, natural flame luminosity has been used previously in the
literature [28] for qualitative analysis of soot formation. For this reason, natural luminosity has
been considered of interest for the analysis of soot formation behavior of the different fuels
tested. On the assumption that fuels have similar flame temperature, the differences of
luminosity only correspond to formed soot. Additionally, in previous work, the relationship
between flame temperature and soot concentration has been studied and it was determined that
both parameters are not directly linked and the higher flame temperature is not the governing

factor for higher soot production [37].

High-speed flame emission images are presented in Figure 9, and show temporal evolution of
natural luminosity for each fuel. From left to right, percentage of LPG increases. It is possible
to observe that light radiation reduces significantly with the increase of LPG ratio, even when
the LPG proportion is the lowest (second column from left to right). The first instant of time
shown (1.5 ms) corresponds to a time in which the combustion has started for all the blends. At
this time, HVO has the highest light intensity. On the other hand, the flame of 2575 can hardly
be seen. In addition, at 3.5 ms (third row of the Figure 9 seen from top to bottom) the difference

in brightness is still very marked, as well as the flames are already developed for all fuels.

Considering the flames produced by the LPG, the maximum intensity levels are not reached
(red color) compared to HVO. This can be explained by the fact that these blends start the
combustion later than the HVO. Also, these blends have their flame lift off at longer distance
from the injector, and as was studied in [37], LOL is a governing factor for soot production.
Longer LOL allows more air entrainment as it was discussed previously. For blends 7525 and

5050 is not clear which flame has higher luminosity. This can be explained by the fact that the
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difference between ID and LOL is not significant either. But what is quite clear is that adding

LPG favors the reduction of luminosity and therefore the soot formation will be reduced.
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Figure 9. Mean soot formation for all fuels at 900K, p=22.8 kg/m3 NO and 500 bar of injection

pressure.

In order to quantify the intensities in each fuel and make evident the effect of the addition of
LPG, the values shown in Figure 10 correspond to the mean intensity of the flame for all the
fuels, at a certain instant, where the flame is stabilized, i. e. 3.5 ms after start of injection. In
this figure, the two injection pressures and all the operating condition have been represented. It
is possible to observe that adding LPG reduces the luminosity of the flame around 30% when
the percentage of LPG in the mixture is the minimum tested (blend 7525). Additionally, during
low temperature condition the luminosity observed for all fuels were quite small. As a
consequence, the results are less accurate because it is difficult to detect the low flame intensity

as the light radiation could be mistaken for the background noise of the images. And for that
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reason was not included in the analysis. Figure 10 shows that increasing the injection pressure
also reduces the intensity of the flame, as consequence of LOL increment. It is also possible to
appreciate that when the density increases, the luminosity also increases. Xuan et al. in [37]
indicates that a shorter Lift-off Length (larger ¢) has higher effect in the soot precursors than
flame temperature which would result in a faster soot rise in the flame. Figure 10 shows that,
in general, differences between HD and NO operating condition are below or close to the
standard deviation (represented by the error bars) which represents experimental variability.

Thus, it is difficult to confirm the behavior described above between these two operating

conditions. .
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Figure 10. Mean light intensity in the spray for all conditions at two injection pressure at 3.2

ms ASOL

It is worth mentioning that blends with LPG have bigger ID and longer LOL than pure HVO.
High values of both parameters favour less soot formation as more air is entrained and a better
mixing is achieved upstream of the flame, which stabilizes at longer distances from the nozzle.
This statement is supported by the calculations of the equivalence fuel-air ratio at the spray

axis, spray radius and Lift-off distance performed with a 1D spray model (DICOM) which is
28



widely described in [38]. In DICOM the spray is assumed to be injected into a quiescent air
volume, large enough so that the injected fuel does not change the conditions far away from the
injector tip. The fuel stream has a uniform velocity profile at the tip of the nozzle. This flow
exchanges its momentum with the ambient, and sets it moving. As a result of this, the spray
increases its width with its axial distance. This phenomenon is modeled with two spray angles
(one for the near-field and other angle for the far-field), with a transition occurring at a
determined distance from the orifice. These parameters are inputs to the model as well as the
fuel or blend composition, nozzle diameter, nozzle injection conditions (mass and momentum
fluxes), and ambient condition (pressure, temperature, density and oxygen concentration). All
these inputs come from the experiments. The outputs are the jet spray tip penetration as well as
the mixture field at every simulated time instant. Other input is the spray cone angle that it is
adjusted from comparison between penetration made by DICOM and the experimental
penetration. In the current work, for HVO was used dodecane as surrogate while for LPG a
blend of butane and propane was defined, according to the technical data sheet provided by
supplier. Then blends were set according to the mass fraction used in the experimental tests:
25%, 50% and 75% of LPG. The output is the air/fuel mixture field at every simulated time

instant.

Table 3. Equivalence fuel air ratio at LOL at NO operating condition and 1000 bar of injection

pressure
Fuel LOL [mm] @ at spray axis
HVO 13.21 9.41
7525 16.00 7.05
5050 16.18 6.74
2575 22.4 3.93
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To give a better understanding about effect of LPG on soot formation, Table 3 represents the
values of equivalent fuel-air ratio (@) at lift-off length at the spray axis when the flame is
stabilized (3200 ps). Results correspond to NO at 1000 bar of injection pressure. The tendency
is representative for the rest of operating condition. It is observed that an important difference
of @ between HVO and HVO-LPG blends exists. The larger LOL as LPG content increases

means also more air when reactions start which explains the lower soot formed by them.

4 Conclusions

Effects of HVO-LPG blend ratio over combustion development were investigated using three
optical techniques. Tests were carried out in a constant pressure vessel and a dedicated injection
system was implemented to inject the mixture of HVO and LPG at the same time. Combustion
characteristics were analyzed at different ambient densities, temperatures, and injection

pressures. The main conclusions of this work are summarized as follows:

- The injection system implemented has shown a stable behavior, even when increasing
LPG content. Spray penetration results suggest that no difference should be expected in
terms of mass flow rate or spray momentum flux for the different blends used in this
work.

- Ignition delay increases with the LPG content in the blend indicating that it acts as an
ignition inhibitor of HVO. The sensitivity of the different blends to operation conditions
was evaluated. For 25% and 50% LGP ratios, similar behavior was observed while
larger differences were found when increasing LPG content to 75%.

- Flame Lift off Length increases when increasing proportion of LPG. According with
the correlation utilized, experimental results present similar variations as the ones

predicted for different blend densities. As it was observed for ID, 25% and 50% LPG
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[1]

blends present a similar behavior while larger differences are observable for 75% LPG
blend.

The flame luminosity for blends is smaller than for pure HVO, and it decreases when
increasing LPG content. This can be related to less soot formation, as a consequence of

more air entrainment due to larger ID and LOL.
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