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� Biodiesel, vegetable oil and glycerin sprays have been studied using PDIA.
� The study is focused on the effect of fuel viscosity on the spray characteristics.
� Viscosity has a strong effect on the breakup length in pressure-swirl atomization.
� The results are compared to combustion experiments with a micro gas turbine.
� The penetration depth of ligaments can be a critical factor in burning viscous fuel.
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The atomization of biodiesel, vegetable oil and glycerin has been studied in an atmospheric spray rig by
using digital imaging (PDIA). Images of the spray were captured in the near field, just 18 mm downstream
of the atomizer, and processed to automatically determine the size of both ligaments and droplets. The
effect of the spray structure in this region is of major interest for the combustion of biofuels in gas tur-
bines. The sprays were produced by a pressure-swirl atomizer that originates from the multifuel micro
gas turbine (MMGT) setup. Various injection conditions have been tested to investigate the influence
of viscosity on the spray characteristics and to assess the overall performance of the atomizer. The spray
measurements have been compared to combustion experiments with biodiesel and vegetable oil in the
micro gas turbine at similar injection conditions. The results show that the primary breakup process
rapidly deteriorates when the viscosity is increased. A higher viscosity increases the breakup length,
which becomes visible at the measurement location in the form of ligaments. This effect leads to an unac-
ceptable spray quality once the viscosity slightly exceeds the typical range for conventional gas turbine
fuels. The SMD in the investigated spray region was not significantly affected by viscosity, but mainly
influenced by injection pressure. The data furthermore indicate an increase in SMD with surface tension.
It was found that the penetration depth of ligaments can have major impact on the combustion process,
and that the droplet size is not always the critical factor responsible for efficient combustion. The mea-
sured delay in primary breakup at increased viscosity shows that pressure-swirl atomization is unsuit-
able for the application of pure pyrolysis oil in an unmodified gas turbine engine.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

To increase the share of renewables and to reduce CO2 emis-
sions in future power generation, a considerable amount of
research has been conducted on fuels derived from biomass
sources. One of the biofuels developed in the last few decades is
pyrolysis oil, also known as bio-oil, biocrude or pyrolysis liquid.
Pyrolysis oil can be produced from a variety of forest and agricul-
tural biomass waste materials [1] via thermochemical
decomposition in absence of oxygen. The dark brown, combustible
liquid that results from this process with a yield of 65–75 wt.% is
considered as a promising alternative for fossil fuels in industrial
applications. However, the presence of a large amount of oxygenat-
ed compounds gives pyrolysis oil markedly different properties
compared to conventional petroleum-derived fuels. The difference
in fuel properties has led to a number of technical hurdles that
need to be addressed before application in combustion devices
can be successful on the long term.

An interesting possibility is the use of pyrolysis oil in gas tur-
bine engines. Gas turbines are relatively fuel-flexible and are cap-
able of generating power on both large and small scales, suiting the
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demands of the future energy system. Pyrolysis oil combustion in
gas turbines has therefore been subject of a few experimental stud-
ies in the past years [2–8]. These studies, conducted in both scien-
tific and industrial test rigs, have shown that the use of pure
pyrolysis oil often leads to major problems. Reported issues
include high CO emissions, flame instability, fuel deposits in the
hot section and unburned particles in the exhaust gas.

The poor burning characteristics of pyrolysis oil are related to
its low volatility, low heating value and limited stability, but can
also be attributed to the fuel spray quality. Pyrolysis oil has a high
viscosity with respect to the conventional fuels, which causes the
atomization process to be less effective [9]. Preheating the oil in
order to reduce the viscosity to an acceptable level is only allowed
to a limited extent, because certain reactive compounds tend to
polymerize at elevated temperatures. Whereas the atomization of
pyrolysis oil can be problematic for this reason, it is essential to
deliver very fine sprays to cope with the adverse combustion prop-
erties of this biofuel. Improving the atomization is not only
required to restrict the evaporation time, but can also largely pre-
vent the formation of carbon-rich particles which are sometimes
seen as sparks during combustion tests. Previous studies have
shown that the amount of solid residue after evaporation decreases
with the drop size, since polymerization reactions are suppressed
at high heating rates [10,11].

For these reasons, it is important to measure and compare the
quality of sprays under different conditions. Information on the
influence of fuel properties helps to further define biofuel specifi-
cations and atomization requirements for combustion applica-
tions. Spray measurements are furthermore essential for
understanding some of the phenomena that occur during test cam-
paigns with various viscous biofuels, i.e. to separate the effects of
spray charactistics from those of chemical kinetics.

The literature concerning the atomization of pyrolysis oil or
other viscous fuels for gas turbine applications is scarce. Only
few studies on this topic have been found, which consider a variety
of atomizers, liquids, test conditions and sample locations. Detailed
information on the spray in the near field region is not often
reported in these studies, presumably due to measurement diffi-
culties. However, the spray characteristics close to the atomizer
are of special interest for evaporation and mixing, and besides
most relevant as input data for spray combustion models in CFD.

Krumdieck and Daily [12] were among the first researchers to
study the atomization of pyrolysis oil. They tested internally and
externally mixed air-assist atomizers for use in spray combustion
experiments with this biofuel. The authors concluded that the
internally mixed atomizer performed much better, but did not
describe the spray quality in terms of droplet size.

López Juste and Salvá Monfort [2] studied the general appear-
ance of a pyrolysis oil spray produced by a pressure-swirl atomizer
in preparation for combustion tests. To obtain a viscosity below
10 cP, the pyrolysis oil was preheated to 115 �C. They found that
the spray angle decreased from the standard value of 60� for diesel
to only 20� for pyrolysis oil. The cause of this remarkable change
was not identified. Since the researchers wanted to avoid any
major modifications to their injection system, the combustion tests
were carried out using a mixture of pyrolysis oil and ethanol to
lower the viscosity. Figures defining the spray quality were not
discussed.

Significant work on pyrolysis oil atomization has been done by
Garcìa-Pèrez et al. [13]. Their study includes drop size measure-
ments in sprays of pyrolysis oil (at 80 �C), No. 2 diesel (at 25 and
40 �C) and water (at 25, 60 and 80 �C). The sprays were produced
by two different Delavan pressure-swirl atomizers (type A and
W) at varying injection pressures. Droplet sizes between 2 and
197 lm were measured 50 mm downstream of the atomizer using
Malvern Mastersizer equipment, which is based on laser diffraction
technology. Within the tested range of injection pressures, the
Sauter mean diameter (SMD) of the pyrolysis oil sprays was
45–75 lm for atomizer type A, and 35–70 lm for atomizer type
W. These values were typically 10–20 lm higher than those mea-
sured in the diesel and water sprays. The difference was attributed
to the relatively high viscosity of the pyrolysis oil, which was still
17 cP despite preheating to 80 �C.

Atomization studies related to other viscous biofuels than pyr-
olysis oil can provide useful insights as well. Crayford et al. [14]
investigated the pressure-swirl atomization of a bio-oil derived
from the food industry. Details about the viscosity of the bio-oil
are not given, but a temperature of 27.5 �C was indicated as the
melting point. The researchers used phase Doppler anemometry
(PDA) to record the droplet size and velocity simultaneously at a
specified point, while backlight photography was employed for
providing information on the general spray structure. The global
SMD of the full cone bio-oil spray, derived from local measure-
ments at 6 axial and 9 radial positions, decreased from 59 to
55 lm when preheating the fuel from 60 to 80 �C. At 80 �C, the
global SMD and structure of the bio-oil spray and the benchmark
gas-oil spray were similar. However, the authors underline that
characterization of an entire spray using a single drop diameter
is problematic. Close to the atomizer, 25 mm downstream, a
preheat temperature of only 70 �C would be necessary to match
the SMD measured in the gas-oil case.

Panchasara and Agrawal [15] examined straight vegetable oil
(VO) sprays produced by an airblast atomizer at different oil tem-
peratures and air-to-liquid ratios (ALR). Laser sheet visualization
was used to capture spray images for qualitative analysis.
Quantitative, pointwise measurements of droplet diameters and
gas phase velocities in the full cone were performed with a phase
Doppler particle analyzer (PDPA) system. It was found that an
increase in oil temperature and ALR both improve the atomization,
especially in the outer region of the spray. However, with a maxi-
mum SMD of only 60 lm for a VO viscosity of 28 cP, good atomiza-
tion was achieved even at low oil temperature and low ALR. In the
near field, 20 mm downstream, the SMDs were below 42 lm at all
conditions.

Recently, interesting results have been presented on the
atomization of viscous fuels using a novel method referred to as
‘flow-blurring’ [16–18]. In this concept, air penetrates the fuel flow
in a region close to the orifice to create a turbulent two-phase mix-
ture. The air bubbles contained in the fuel rapidly expand when
exiting the nozzle, thereby disintegrating the liquid structure.
This technique has been shown to deliver superior atomization
performance compared to conventional airblast atomization meth-
ods and is suggested to have an advantage over effervescent
atomization regarding the flow stability inside the atomizer.
Droplet size measurements using PDPA in reacting glycerol sprays
and in non-reacting vegetable oil and diesel sprays produced by a
flow-blurring atomizer have been reported by Simmons and
Agrawal [18,19]. Without preheating the liquids, they obtained
SMDs of typically 25–40 lm in the glycerol spray (100 mm down-
stream) and 35–55 lm in the near field of the vegetable oil spray
(20 mm downstream). Such SMDs are exceptionally low, consider-
ing the viscosities of respectively 930 and 50 cP. The flow-blurring
atomizer is still in the research phase and not (commonly) used in
practical combustion applications yet.

In this work, the effect of viscosity on spray quality has been
assessed by using an economically attractive high-resolution parti-
cle imaging technique (PDIA). Sprays of three different liquids were
visualized at varying injection conditions in the region near the
atomizer to investigate the primary atomization process. The size
of the droplets captured on the images was then determined via
automated analysis. Also the effect of ligaments in the proximity
of the atomizer was taken into account, showing the significance
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of a proper primary breakup process. The investigated sprays were
produced by the pressure-swirl atomizer from the multifuel
micro gas turbine (MMGT) setup at the University of Twente. The
droplet size data resulting from this study can therefore be
compared with exhaust gas emissions measured in combustion
experiments [20].
2. Research method

The droplet size measurements in the present study have been
performed using a non-intrusive optical technique referred to as
particle/droplet image analysis (PDIA) [21]. In this method, the
spray is first visualized by capturing shadow images of the dro-
plets. The spray images are then analyzed on a computer using a
Matlab script for automatic recognition and sizing of the droplets.

Among the methods available for sizing droplets, direct imaging
has until recently been an uncommon technique for the charac-
terization of sprays used in combustion applications. Limitations
in resolution and sensitivity made photography unreliable or too
costly for sizing the small droplets in the range 10–100 lm, which
is typical for fuel sprays. Thanks to great progress in digital imag-
ing technology, however, PDIA has proven to be a robust, accurate
and cost-effective tool for research on fuel atomization [21,22]. The
method has besides an important advantage over other techniques,
such as PDA, since it delivers a visual impression of the spray struc-
ture. This allows for detecting liquid fragments of any shape and
gives good insight into the breakup process as shown in several
studies [23–29].

In this section, the experimental setup that was developed for
capturing high quality images of the spray will be explained first.
Subsequently, details are given about the methods used for analyz-
ing the images to evaluate the spray quality.
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Fig. 1. Schematic overview of
2.1. The spray imaging setup

The spray imaging setup has been designed to visualize indi-
vidual droplets in a spray at different pressures and temperatures.
Following the principle of shadowgraphy, a downward spray is
exposed to a light source on one side, providing background illumi-
nation for a camera that is located on the opposite side. As the dro-
plets reflect or deflect the majority of the incident backlight, they
are seen as dark spots on the image when crossing an imaginary
measurement volume defined by the position and optical charac-
teristics of the camera. This configuration is schematically illustrat-
ed in the setup overview shown in Fig. 1. The position of the light
source in the setup is fixed, while the camera position can be
adjusted electronically to shift the focal plane towards the desired
location in the spray. The location of the camera is horizontally and
vertically measured with micrometer accuracy using a linear enco-
der system.

A frequency-doubled Nd:YAG laser serves as the light source for
the measurements. The laser emits light with a wavelength of
532 nm, a pulse duration of 6 ns and a maximum pulse energy of
1 J. These pulses were short enough to avoid any motion blur
and sufficiently intense to obtain good contrast in the images.
However, direct use of the laser spot results in a highly disturbing
speckle pattern due to mutual interference of the single-frequency
light waves. Hence, after entering the spray chamber, the laser
beam penetrates a glass flow cell with a fluorescent dye solution.
The light emitted by the dye covers a wider spectral range and pro-
vides high quality, uniform illumination of the image background.
A ground glass diffuser is placed just in front of the flow cell to
obtain a more uniform laser spot for excitation of the dye.

The droplets in the spray are captured using a digital camera
(Nikon D5200) with a resolution of 6000� 4000 pixels. The images
on the sensor are formed by a micro lens (Tamron 180 mm F3.5
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Macro 1:1) and a teleconverter (Kenko DG MC 3X PRO300), which
together achieve a maximum reproduction ratio of 3:1. This com-
bination resulted in an optical system with sufficient magnification
and resolution to capture the droplets at a suitable focal distance.
All three components are mounted vertically in a box to protect the
system against the spray. Images are captured through a glass win-
dow in the bottom of the protection box and via a silver-coated
mirror underneath. The camera is remotely controlled and sends
the images directly to the computer.

The timing of the laser Q-switch and the camera shutter is man-
aged by a delay generator. By activating the triggering scheme pro-
grammed in the delay generator, the image capturing is performed
automatically with a total cycle time of 2 s per image.

An external fuel supply system is used to control the liquid flow.
This system is able to supply liquid to the atomizer at pressures up
to 60 bar and temperatures up to 100 �C. The liquid temperature is
measured close to the atomizer using a K-type thermocouple in the
flow.

In order to prevent accumulation of mist inside the setup, the
air inside the spray chamber is ventilated by using a centrifugal
air extractor. The air inlets are located in the side walls to minimize
interactions between the air flow and the spray.

2.2. Digital image analysis

The images captured in the experimental setup are automatical-
ly analyzed using a Matlab script. The script is developed to recog-
nize spherical as well as non-spherical liquid objects in the image
and rejects any objects of which the size cannot be determined
Fig. 2. Process flow diagram of
accurately. The output data contain the relevant geometric proper-
ties of all accepted objects, which are used to calculate the overall
spray characteristics.

Firstly, the quality of the raw image data is assessed by checking
the intensity of the background illumination. Since the object
recognition method is based on contrast, the results from the script
are rather sensitive to variations in background intensity. Images
with insufficient overall contrast are therefore removed from the
raw data set. Very few images were rejected, however, as the expo-
sure was generally constant during the measurements.

The remaining images are then analyzed by the script, following
the procedure that is schematically shown in Fig. 2. The procedure
starts by converting the raw RGB image to grayscale and enhancing
the contrast. The enhanced image is then reduced to a binary
image in black-and-white (B/W) using a certain threshold value.
The binary image is the input for the Canny edge detection [30],
of which the result is improved by a cleanup process. Edges with
single-pixel gaps (equivalent to 1.47 lm) are closed, whereas
edges with larger gaps are discarded. Closed edges mark the con-
tours of objects in the image.

After identifying the objects, their pixel regions are used to
determine the relevant geometric properties. Here, the effective
diameter is derived from the surface area to increase the linear
accuracy. Objects that are smaller than the chosen size threshold
are removed, because the sizing method becomes inaccurate if
an object contains only a few pixels.

The objects are then classified as either droplets or ligaments
based on the roundness parameter 4pAc=p2, where Ac is the cross
section area and p is the perimeter. This parameter is unity if the
the image analysis script.
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cross section of the object is perfectly circular, and goes towards
zero if the shape deviates from a circle. In this study, objects are
marked as non-spherical if the parameter is below the threshold
of 0.25. Droplets or ligaments containing considerable cavities
are removed after hole detection. Holes in an object lead to errors,
since the objects are identified on basis of the outer edge and cav-
ities would be considered as part of the liquid phase.

Subsequently, it is essential to determine if the detected objects
are in focus. The sizing of objects that are located partly or entirely
out of the measurement volume is unreliable due to a lack of con-
trast with the background. The out-of-focus detection in the script
is based on the approach described by Lee and Kim [31], who pro-
pose to use a combination of two parameters. The first is the gra-
dient intensity (GI), evaluating the average normal gradient at
the object boundary. The second parameter is the value of contrast
(VC), which is defined as the normalized maximum contrast
between the object and the background. The VC can be more effec-
tive for testing small objects. The droplet and ligaments are consid-
ered in focus only if both the GI and VC criteria are satisfied.

Converting the geometric object properties from pixels to
micrometers gives the final output data for the individual droplets
and ligaments. These data contain the surface area, the perimeter
and, in case of droplets, the effective diameter. However, when
the overall spray quality is evaluated by calculating a mean dia-
meter, the droplet data needs to be corrected for differences in
the depth of field. The depth of field (DoF) of the optical system
is here defined as the depth of the imaginary measurement volume
around the focal plane, in which objects are photographed accept-
ably sharp for measuring their size with good accuracy. This optical
property depends on the size of the object to be captured, see
Fig. A.23. Similar trends were found by Lee and Kim [31] and by
Castanet et al. [29]. Since the depth of field starts to decrease when
the object size falls below a certain limit, the method is naturally
biased towards large droplets and ligaments. The depth of field
correction that has been applied to compensate for this effect is
described in Section 3.2.

In the analysis procedure described above, certain input para-
meters need to be defined that have influence on the final result.
As can be seen in Fig. 2, the script uses several threshold values
as well as a conversion factor between pixels and micrometers.
Furthermore, a depth of field correction is used to obtain a more
realistic result for the spray quality. To minimize the measurement
error and optimize the setup’s capabilities, the most influential
input values have been defined by measuring the system charac-
teristics and by calibration. The results from these activities are
described in Section 3 and Appendix A.
Fig. 4. Relative measurement error as function of the GI.
3. Optimization of the method

The characteristics of the optical arrangement are mainly
expressed by the focus distance, field of view, reproduction ratio,
exposure and depth of field. These properties are largely deter-
mined by the hardware, but are also influenced by the zoom and
aperture setting. A parameter study was therefore performed to
optimize the system settings for the droplet size measurements.
The optical characteristics are furthermore required to define and
optimize the input values for the image analysis script as described
in Section 2.2.
3.1. Optimization procedure

To measure the reproduction ratio and the depth of field at dif-
ferent settings, a Patterson globe reticle [32] was used as a refer-
ence. The 10 circles with different diameters that are printed on
the glass surface cover the size range representative for the dro-
plets to be measured. Fig. 3 shows the circles as captured by the
camera in the spray imaging setup. Here, the circle diameter
decreases from 450 lm on the left to 18 lm on the right.

The reproduction ratio is found by capturing the reticle in the
focal plane. The circle diameters in terms of pixels as measured
using the analysis script are then compared to their real sizes.
This ratio directly gives the pixel-to-micron conversion factor,
which is equivalent to the reproduction ratio. Once the conversion
factor is known, the depth of field can be determined by pho-
tographing the circles at varying distance from the focal plane until
they appear completely blurred. The threshold values in the script
that govern the in-focus criteria are then adapted such that the
measurement error is acceptable for each size (see Fig. 4). Since
changing the threshold values also affects the conversion factor,
these parameters have been optimized in an iterative process.
3.2. System characteristics and accuracy

On basis of the results from the parameter study, the zoom set-
ting was chosen as a trade-off between focus distance, reproduc-
tion ratio and depth of field. The aperture setting followed from
balancing the exposure and depth of field. For this optimized con-
figuration, the conversion factor is measured to be 1.47 lm/px. The
associated field of view is about 8:8� 5:9 mm as a consequence of
the sensor resolution.



Fig. 5. Relative depth of field as function of the object size.

Fig. 6. Drawing of the tested pressure-swirl atomizer: 1 – swirl chamber housing, 2
– gasket, 3 – pressure piece, 4 – nozzle screw, 5 – nozzle body, 6 – filter, 7 – housing,
8 – gasket, 9 – gasket, 10 – nozzle cap, a – swirl chamber inlet, b – cooling air inlet, c
– fuel inlet. Reproduced from [33].

Table 1
Variation in biodiesel, vegetable oil and glycerin properties over the tested
temperature ranges. Viscosities were measured, densities and surface tensions were
obtained from [34–36].

Property Unit Biodiesel Vegetable oil Glycerin

�C 20 60 50 100 60 100

Density kg/L 0.87 0.84 0.90 0.87 1.18 1.15
Surface tension mN/m 32 28 31 28 62 58
Viscosity cP 6.3 2.3 17.9 4.9 17.0 4.8
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The input parameters of the analysis script were adjusted such
that the measurement error is restricted to an acceptable level.
From the results of the depth of field analysis given in Appendix
A, it can be concluded that the GI parameter is effective for control-
ling the error by rejecting the out-of-focus objects of any size. The
percentual measurement error relative to the circle size is shown
as function of the GI in Fig. 4. By choosing a GI of 0.25, as indicated
in the figure, the maximum relative error in the investigated size
range from 18 to 450 lm is kept under 12% of the object diameter.

The VC has a nearly constant value of 1 for all circles larger than
40 lm due to the fact that even blurry objects have a very dark
area in the center. Therefore, the VC is generally unsuitable as a
selection criterium in this case. A useful relation between the VC
and the distance from the focal plane is only observed for the
smallest circle of 18 lm, but also for this size the GI is found to
be more strict so that the VC is completely overridden.

The graphs shown in Appendix A also illustrate that the depth
of field increases with the object size. According to Fig. A.21, the
depth of field ranges from 400 lm for the 18 lm circle to
1050 lm for the 450 lm circle when the GI is set to 0.25. The
markers in Fig. 5 indicate the depths of field measured for the sam-
ple diameters considered in the analysis, relative to the depth of
field for the largest circle (450 lm). To construct a curve over the
entire range, the markers are connected using linear segments.
The depth of field correction applied in the script is performed
by dividing the number of detected droplets of a certain size by
the corresponding value prescribed by Fig. 5. This way, the relative
depth of field is virtually restored to 100% for all object sizes.

An effective object diameter of 15 lm is chosen as the lower
detection limit of the method. This diameter, represented by 10
pixels on the image sensor, is adopted as the size threshold in
the analysis script (see Fig. 2).

4. Test conditions

4.1. Atomizer specification

The sprays in the atomization tests were produced by the pres-
sure-swirl atomizer that originates from the multifuel micro gas
turbine (MMGT) setup at the University of Twente. A drawing of
this atomizer is given in Fig. 6. The atomizer produces a hollow
cone spray with an angle of 90 to 100� and is characterized by a
flow number of 41 � 10�8 m2. The flow number was experimentally
determined and can be used to accurately describe the mass flow
rate through the atomizer via the following relation [9]:
_m ¼ FN
ffiffiffiffiffiffiffiffiffiffiffi
qlDp

p
ð1Þ

where FN is the flow number, ql is the liquid density and Dp is the
applied pressure difference.
4.2. Properties of the tested liquids

The spray characteristics have been studied for three different
liquids: biodiesel (BD), vegetable oil (VO) and glycerin (GL).
These liquids have been selected to investigate the effect of mainly
viscosity on the average spray quality. Together with the density
and surface tension of the liquid, the viscosity is seen as one of
the relevant properties in pressure atomization [9]. Since the den-
sity and surface tension are much weaker functions of tem-
perature, preheating primarily influences the viscosity of the
liquids. This is illustrated by Table 1, where the properties of inter-
est are given for the three liquids at the minimum and maximum
temperature used in the experiments.

The properties of biodiesel at 60 �C are equal to those of No. 2
diesel at room temperature. The spray characteristics for biodiesel
at this temperature should therefore be representative for opera-
tion at standard diesel fuel. The liquid referred to as vegetable oil
here is actually a mixture of straight vegetable oils that is charac-
terized by a high viscosity. The density of this oil mixture is slightly
higher compared to biodiesel, whereas the surface tension is nearly
the same within the respective temperature ranges. Both these



Fig. 7. Measured viscosity of the three tested liquids as function of temperature.
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Fig. 8. Impression of the size and location of the focal plane in the spray.
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fuels were recently tested in the MMGT setup to measure the effect
of fuel viscosity on the exhaust gas emissions [20]. The spray qual-
ity measured in the present study can therefore be compared to
emission data obtained from the combustion tests.

The glycerin is a 77 wt.% glycerol/water mixture, which is cho-
sen as a test liquid to investigate the influence of viscosity when
also the density and surface tension are considerably higher than
those of the standard fuels. Testing with a high surface tension is
relevant because values up to 40 mN/m have been measured for
pyrolysis oil at room temperature [37], whereas the typical value
for diesel is 28 mN/m. The surface tension for the glycerin is even
higher than for pyrolysis oil, however, so that the effect of this
property will be exaggerated. The density of the glycerin is in good
agreement with that of pyrolysis oil.

Since the study is focused mainly on the influence of viscosity in
relation to atomization quality, this fluid property was measured
as function of temperature using a Brookfield DV-II + Pro viscome-
ter. The results are shown in Fig. 7, where regression curves indi-
cate the viscosity outside of the measurement range.
4.3. Operating conditions

An overview of the atomizer operating conditions is shown in
Table 2. All images have been captured 18 mm downstream of
the atomizer, see Fig. 8. This sample location corresponds to the
height where the primary breakup process is just completed in
the biodiesel spray at 10 bar and 20 �C. The optical system was
configured as defined in the optimization procedure. However,
the ISO value was adjusted to compensate for a reduction in cam-
era exposure at higher injection pressures, presumably caused by a
higher spray density or a slight increase in spray cone angle.

The images are uncorrelated snapshots of a quasi-steady spray.
Since it is a matter of coincidence which part of the spray is present
in the measurement volume, a sufficient number of images are
required to determine the average spray characteristic at the sam-
ple location. Preliminary image data has shown that the mean dro-
plet size indeed fluctuates for each image but converges to a
constant value by including more images in the dataset. To ensure
Table 2
Overview of the atomizer operating conditions.

Liquid Pressures (bar) Temperatures (�C)

Biodiesel 10, 20, 30 20, 30, 40, 60
Vegetable oil 10, 20, 30 50, 60, 70, 80, 90, 100
Glycerin 10, 20, 30 60, 70, 80, 90, 100
a converged result, 80 to 100 images were captured at each injec-
tion condition. As an example, the convergence of the SMD for
three different sprays is given in Appendix B.

5. Results and discussion

Objects detected in the image analysis procedure are marked as
either spherical or non-spherical. This feature allows to evaluate
the atomization quality for combustion applications on basis of
droplets as well as ligaments. Information on both types of objects
is reported by expressing the results in terms of three different
parameters that are used as spray quality indicators: the normal-
ized ligament area (NLA), the mean ligament size (MLS) and the
Sauter mean diameter (SMD).

The influence of pressure and temperature is shown by dis-
cussing the results for biodiesel, vegetable oil and glycerin sprays
sequentially. Figure axes have been fixed for convenient compar-
ison of results for the different liquids. The experimental data are
subsequently compared to the combustion performance as mea-
sured in the MMGT setup. Implications for pyrolysis oil combus-
tion in the MMGT setup will be considered at the end of this
section.

5.1. Spray quality indicators

In pressure-swirl atomization, the liquid leaves the nozzle ori-
fice in the form of a thin, conical sheet. Instabilities in the liquid
cause the sheet to disintegrate into elongated structures or liga-
ments, which then break up further to form droplets [38]. This pro-
cess is usually referred to as primary breakup. The droplets may
then split up further due to interactions with its surroundings dur-
ing secondary breakup. Images containing ligaments thus show
that the primary breakup process was incomplete or that sec-
ondary breakup of big drops is occurring at the measurement loca-
tion. In this study, the capturing of ligaments formed during
primary breakup is promoted by measuring close to the atomizer.

The content of non-spherical objects in the measurement data
has been quantified by calculating the normalized ligament area
(NLA). This parameter is defined as the total area represented by
ligaments, normalized with the total area of both ligaments and
droplets as measured in the images:

NLA ¼
P

Ac;ligP
Ac;lig þ

P
Ac;drop

ð2Þ



Fig. 10. SMD as function of pressure for biodiesel.
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where Ac refers to the cross-sectional area.
The NLA can be used as an indicator for primary breakup,

though also secondary breakup has influence on its value. In the
latter case, however, the elongated shape is not representing a liga-
ment directly originating from the liquid film, but defining the con-
tours of a heavily distorted droplet. Such objects are typically
smaller than ligaments and are beneficial for the spray quality
due to their higher surface-to-volume ratio. They are besides likely
to break up into even smaller droplets in the next moment, which
evidently leads to faster evaporation. Poor atomization is hence
indicated only by the considerably larger ligaments formed during
primary breakup. Therefore, in case the NLA of a spray is substan-
tial, it is relevant to determine the size of the ligaments as well. To
this end, an additional parameter expressing the mean ligament
size (MLS) is defined as the total ligament area divided by the total
number of ligaments:

MLS ¼
P

Ac;lig

Nlig
ð3Þ

The NLA and MLS parameters together give essential informa-
tion about the atomizer performance at certain injection condi-
tions. It must be noted, however, that flawless detection of
ligament boundaries is more challenging than resolving droplet
boundaries. The most complex shapes are therefore not always
properly recognized, so that some of the ligaments can be missing
in the data set. Still, despite this deficiency, the ligament data is
useful for indicating the trends.

In addition to the NLA and MLS, the Sauter mean diameter (SMD
or D32) is used as a third indicator for evaluating the atomizer per-
formance. The SMD is a suitable measure for the mean droplet size
when evaporation is important as it compares the total spray vol-
ume to the total surface area. Its definition is given by Eq. (4),
where Ddrop is the calculated effective diameter of the droplet
based on its area. The non-spherical objects are not taken into
account here, because their volumetric shape is rather arbitrary.

SMD ¼
P

D3
drop

P
D2

drop

ð4Þ
5.2. Results for biodiesel

Fig. 9 shows the NLA as function of pressure for the biodiesel
sprays at 20 to 60 �C. Considering the low values, the primary
breakup process can be assumed to be complete at all conditions.
The graph also shows that the temperature has no significant
Fig. 9. Normalized ligament area as function of pressure for biodiesel.
effect. Apparently, the changes in biodiesel properties over the
temperature range are relatively small in relation to atomization.

By raising the pressure, however, the NLA is observed to slightly
increase. This trend can be mainly attributed to secondary breakup
of large droplets. A larger pressure drop over the orifice results in
stronger instabilities propagating in the liquid, which can be domi-
nant over the surface tension forces that tend to restore the sphe-
rical shape. In such cases, the liquid elements are detected as
ligaments instead of droplets. The secondary breakup process leads
to a better spray quality, since the volume-to-surface ratio of a
stretched droplet is more favorable and some of the large droplets
will split up. Another possible explanation is the higher exit velo-
city at the atomizer orifice. Since the measurement location is fixed
in space, the available breakup time becomes shorter when
increasing the pressure and breakup might have not taken place
yet for a small part of the ligaments. Given the fact that the MLS
is not increasing with pressure, however, this effect is most likely
not significant here.

The SMD as function of pressure is reported in Fig. 10 for the
different temperatures. Increasing the pressure from 10 to 30 bar
leads to a considerable reduction in SMD, roughly from 80 down
to 60 lm. Again, no clear effect of temperature is observed. It can
therefore be concluded that the spray quality at the sample loca-
tion is insensitive to variations in viscosity between 2 and 6 cP.
5.3. Results for vegetable oil

The physical properties of straight vegetable oil are quite simi-
lar to those of biodiesel, except for the viscosity. Vegetable oil is
therefore suitable to nearly isolate the effect of increased viscosity
on the spray quality. Any influence of temperature on the atomiza-
tion performance is consequently assumed to be caused by viscous
effects.

In contrast to the biodiesel cases, preheating was required to
achieve an acceptable degree of atomization. An evident relation
between the spray and the oil temperature was hence already seen
during the measurements in the experimental setup. This relation
is further illustrated in Fig. 11, showing the NLA for the vegetable
oil sprays at temperatures between 50 and 100 �C. It can be seen
that the NLA is clearly reduced by increasing the temperature until
it reaches a certain minimum value. This reduction indicates that
ligaments appear less frequently as the primary breakup is
enhanced at lower viscosities. The temperature at which the mini-
mum NLA is reached depends on the pressure. The detected liga-
ment area is reduced between 50 and 90 �C at a pressure of
10 bar, while at 30 bar it is redundant to preheat to temperatures



Fig. 11. Normalized ligament area as function of pressure for vegetable oil. Fig. 13. SMD as function of pressure for vegetable oil.
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above 60 �C. It can thus be concluded that the effect of temperature
is more pronounced at lower pressures.

The minimum NLA that can be reached slightly increases
towards higher pressures. Such a trend was also observed in the
biodiesel results described previously (see Fig. 9) and can be
attributed to secondary breakup. Here, it is important to note the
similarity in viscosity of both liquids at these conditions, as can
be seen in Fig. 7.

Since a significant portion of the spray volume is represented by
ligaments at some of the investigated conditions, the mean liga-
ment size is considered in addition to the NLA. In Fig. 12, the
MLS is given as function of pressure for the temperatures at which
the NLA exceeds 3%. A consistent trend is observed towards small-
er ligaments with increasing pressure and temperature. The graph
illustrates that the influence of the injection conditions is in fact
stronger than suggested by the NLA data in Fig. 11. Raising pres-
sure or temperature not only reduces the penetration depth of liga-
ments but also decreases their average size, thereby promoting the
heat transfer to the spray in two different ways.

Fig. 13 presents the SMD of the droplets in the vegetable oil
sprays at temperatures between 50 and 100 �C. Considering the
strong influence of temperature on the primary breakup process,
it is remarkable to see that such a clear dependency is not observed
in the results for the mean droplet size. Variations with tem-
perature are only noticed at a pressure of 10 bar, where the SMD
fluctuates between 66 and 74 lm, though the relation between
temperature and droplet size is inconsistent. Possibly, only the thin
Fig. 12. Mean ligament size as function of pressure for vegetable oil.
ligaments were disintegrated, while the thicker ones are still large-
ly intact at this pressure. Since ligaments are not included in the
SMD calculation, higher viscosity might lead to a lower droplet size
in some cases. Increasing the pressure causes a slight reduction in
SMD.

The mean droplet sizes shown in the figure are similar to those
measured in the biodiesel cases, see Fig. 10. The results for veg-
etable oil in comparison to biodiesel therefore suggest that the dro-
plets formed during primary atomization are not responsible for
any major combustion issues. Instead, the problematic combustion
behavior of a fuel with such a high viscosity is more likely caused
by the tendency of ligaments to persist. As the breakup of liga-
ments is delayed or even prevented due to viscous dissipation, a
high temperature or more atomization energy is required to
restore the spray quality.
5.4. Results for glycerin

Regarding atomization, the physical properties of the glycerin
are different from those of biodiesel in every aspect (see Table 1).
It must therefore be kept in mind that the trends for glycerin may
describe effects of surface tension and density next to viscosity.
Considerable differences are also observed with respect to the veg-
etable oil properties, although the viscosities of both liquids are in
the same range. In the following discussion of the results for glycer-
in, the differences with respect to the vegetable oil data are occa-
sionally illustrated by referring to the spray images given as
Fig. 14. Normalized ligament area as function of pressure for glycerin.



Fig. 16. SMD as function of pressure for glycerin.

170 J.L.H.P. Sallevelt et al. / Applied Energy 147 (2015) 161–175
examples in Appendix C. In this appendix, glycerin sprays are com-
pared to vegetable oil sprays at equal viscosity and injection
pressure.

Measurements with glycerin were performed at temperatures
starting from 60 �C to avoid capturing the liquid film that leaves
the atomizer orifice. In Fig. 14, however, high NLA levels show that
the primary breakup is still incomplete at temperatures under
80 �C. A typical image taken from the 10 bar glycerin spray at
60 �C is given in Fig. C.25. The snapshot of the glycerin spray is
shown next to a representative image taken from the vegetable
oil spray for the same pressure and viscosity. The ligaments visible
in each image confirm the deterioration of the atomizer perfor-
mance at such conditions. By studying all images captured from
the two sprays in a qualitative manner, it is found that the sprays
are quite similar regarding the frequency and size of the ligaments.

At high pressure, however, this similarity is not observed any-
more. Compared to the vegetable oil spray, the ligaments in the
glycerin spray at 30 bar are generally larger and besides seen more
frequently. The difference in size is illustrated in Fig. C.26, where the
two images show the largest ligament found in respectively the
glycerin and the vegetable oil spray. This insight is also provided
by considering the NLA data for both sprays. The upward trend of
the NLA with pressure in Fig. 14 is indeed opposite to the trend seen
in Fig. 11 for the vegetable oil spray. Since the viscosity is the same
in these cases, the deviating trend for glycerin must be related to the
combination of high surface tension and increased liquid density.

When the glycerin temperature is 80 �C or above, the primary
breakup occurs upstream of the measurement location. Although
the NLA in Fig. 14 is indeed expected to decrease due to reduced
viscosity, the graph shows exceptionally low values at all pres-
sures. This behavior is a consequence of the surface tension, which
quickly forces the liquid elements into a spherical form once pri-
mary breakup has occurred. Since ligaments are distinguished
from droplets based on their roundness, virtually all objects detect-
ed in the images are identified as droplets. The strong shape-pre-
serving tendency also suppresses further breakup of the droplets.
The slight increase in NLA with pressure, measured for biodiesel
and vegetable oil at such low viscosities (see Figs. 9 and 11), is
therefore not observed here. Manual inspection of the images con-
firm that secondary breakup does hardly occur. The difference in
droplet shape between glycerin and vegetable oil sprays is visually
illustrated by the images in Fig. C.27.

Fig. 15 shows that the average size of the ligaments detected in
the glycerin sprays is decreased by raising the pressure. This trend
agrees with the results for vegetable oil given in Fig. 12 and
Fig. 15. Mean ligament size as function of pressure for glycerin.
confirms that the breakup of ligaments is improved when more
atomization energy is transferred to the liquid.

The SMD of the sprays in the temperature range 60 to 100 �C is
given in Fig. 16. A comparison with the data for biodiesel and veg-
etable oil in Figs. 10 and 13, respectively, indicates that the glycerin
droplets are significantly larger at all conditions. The difference is
highest at 10 bar, where the SMD of glycerin is 100–110 lm again-
st 70–80 lm for the other two liquids. Even though the primary
atomization is complete at 80 �C and above, such large droplets
are not likely to evaporate fast enough in a conventional gas tur-
bine combustor. The mean droplet size can be reduced by increas-
ing the atomization energy via the pressure, but a pressure of
30 bar is needed to obtain similar SMD values as measured in the
vegetable oil sprays at only 10 bar. Again, the SMD does not show
a consistent relation with temperature. For this reason, the
atomization quality at the sample location cannot be derived from
the droplet data only.
5.5. Comparison with combustion experiments

The biodiesel and vegetable oil used in the present study have
also been tested in the MMGT setup. This setup was recently
employed to investigate the influence of viscosity on the burning
performance of the two biofuels in a micro gas turbine [20].
Since the fuel spray was produced by the same atomizer in both
studies, it is interesting to compare the results from the combus-
tion experiments with the measured spray characteristics reported
above.

In combustion tests with vegetable oil in idle mode, the exhaust
gas contained a significant amount of unburned fuel in the form of
blue smoke when the viscosity exceeded 9 cP. The smoke was
assumed to be caused by incomplete evaporation of the fuel, creat-
ing fuel-rich zones in which the fuel is partly cracked instead of
combusted. In such case, the poor breakup should be recognizable
in the spray characteristics at such conditions. Given that the injec-
tion pressure during these tests was 13 bar and that the combus-
tion chamber pressure was 2.0 to 2.5 bar, the pressure difference
over the atomizer was approximately the same as in the 10 bar
cases in the present study.

As mentioned in Section 5.3, the vegetable oil spray quality is
most likely determined by the ligaments observed in the spray.
Therefore, the viscosity limit that followed from the burning tests
is to be compared with the NLA as function of viscosity, shown in
Fig. 17 for a pressure of 10 bar. The figure indicates that the delay
in primary breakup becomes visible in the images when the vis-
cosity exceeds 7 cP. This turning point is in fairly good agreement



Fig. 17. Normalized ligament area as function of viscosity at a pressure of 10 bar.

Fig. 18. CO emissions at 15 vol.% O2 as function of viscosity for No. 2 diesel,
biodiesel and vegetable oil.

Fig. 19. SMD as function of viscosity at a pressure of 10 bar.

Fig. 20. SMD as function of viscosity at a pressure of 30 bar.
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with the combustion tests. The small difference of 2 cP can be
related to a few uncertain factors that could have promoted the
breakup in the combustion chamber. Firstly, the flame might have
been located slightly downstream of the sample location, which
would give ligaments more time to break up before entering the
flame. Secondly, the atomizer cooling flow and swirling air flow
enveloping the spray may have caused additional instabilities.
According to Lefebvre and Ballal [9], also the higher air density in
the combustor can lead to a shorter breakup length. For these rea-
sons, it is well possible that the adverse effects of ligament forma-
tion were slightly suppressed in the combustor with respect to the
current measurements in the spray rig.

Another result from the combustion tests is the relation
between viscosity and CO emissions as shown in Fig. 18. For both
biodiesel and vegetable oil injected at 12 to 13 bar, the CO concen-
tration in the exhaust gas was found to increase linearly with vis-
cosity in the range 2 to 9 cP. Fig. 19 reports the SMD of the
investigated 10 bar sprays with viscosities up to 10 cP. The graph
shows that the assumed relation between viscosity and droplet
size in this range cannot be confirmed. In fact, the SMD is quite
insensitive to viscosity, which suggests that the decrease in CO
emissions is primarily related to the breakup length of the spray,
see Fig. 17. Fig. 20 shows a slight increase in SMD with viscosity
for the 30 bar sprays, but this effect is small compared to the
influence of pressure.
In Figs. 19 and 20, it is seen that the SMDs for glycerin are
relatively large with respect to those for biodiesel and vegetable
oil. These graphs therefore show that liquids with high density
and surface tension are atomized less efficiently, irrespective of
the viscosity. The influence of density with respect to surface ten-
sion has not been investigated in the present study. However, it is
noted that the density is usually considered as the least significant
among the three liquid properties affecting the spray structure
[39]. The relative variation in density between the tested liquids
is besides considerably lower than the relative difference in surface
tension, see Table 1. Therefore, it can be expected that the surface
tension plays a more important role here by inhibiting the forma-
tion of additional surface area.
5.6. Implications for pyrolysis oil combustion

The results obtained in the present study can used to estimate
the technical feasibility of burning pure pyrolysis oil in a gas tur-
bine by employing pressure-swirl atomization. As outlined in the
introduction, fine atomization is a critical aspect considering the
adverse properties of this biofuel compared to conventional fuels.
The experiments with biodiesel, vegetable oil and glycerin are
therefore valuable for predicting the atomizer performance with
pyrolysis oil by comparing the liquid properties, among which
the surface tension and viscosity are most important.

The surface tension of pyrolysis oil at room temperature can
be as high as 40 mN/m, but mostly varies between 29 and



Fig. A.22. VC as function of the distance from the focal plane.

Fig. A.23. Relative measurement error as function of the distance from the focal
plane.
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36 mN/m [2,37,40–44]. These values are higher than those of
conventional gas turbine fuels at room temperature, such as
No. 2 diesel (28 mN/m). However, the difference becomes small
if the pyrolysis oil is preheated. Values between 24 and
32 mN/m have been reported for pyrolysis oil at a temperature
of 80 �C [40,42–44], which are very similar to those of biodiesel
and vegetable oil in this study (see Table 1). The surface tension
should therefore not form a significant obstacle for the atomiza-
tion of preheated pyrolysis oil.

An evaluation of the viscosity, however, makes clear that
pressure-swirl atomizers are generally unsuitable for the applica-
tion of pyrolysis oil in gas turbines. The viscosity limit obtained
from the combustion experiments in the MMGT setup is 9 cP.
The high sensitivity of the pressure-swirl method to this proper-
ty also follows from the present atomization study. Although the
viscosity of pyrolysis oil is not well-defined since it depends on
the feedstock, the production process and the oil’s age, the typi-
cal values reported in the literature vary between 5 and 30 cP
for a temperature of 80 �C [1,2,45,46]. Higher temperatures
should be avoided because of the chemical instability of this bio-
fuel [45]. It is hence likely that pyrolysis oil, even when preheat-
ed, will exceed the range for which a pressure-swirl atomizer
produces sprays of sufficient quality.

In the best case scenario, when the viscosity is under 7 cP,
the pyrolysis oil spray has a short breakup length as indicated
by Fig. 17 and an SMD similar to those measured for biodiesel
and vegetable oil. Still, this is by no means a guarantee for an
acceptable combustion quality. The composition of pyrolysis oil
is very different from that of biodiesel and vegetable oil, in such
a way that the evaporation and combustion processes are slow-
er. Also, various pyrolysis oil fractions tend to form char inside
the droplets during evaporation. These solid droplet residues
burn very slowly and may damage the combustor or turbine
blades, depending on their temperature history [47,48]. To mini-
mize the evaporation time and the formation of char, pyrolysis
oil combustion requires a finer spray than typically sufficient
for light fossil fuels. Earlier studies have shown that the char for-
mation is significantly reduced by lowering the SMD down to
approximately 30 lm [10,44]. The graph in Fig. 20 illustrates
that, even at a pressure of 30 bar, the tested atomizer is unca-
pable of delivering sprays for which the SMD is below 50 lm.
It is therefore expected that the combustion of pure pyrolysis
oil in the MMGT setup is not feasible when using a pressure-
swirl atomizer. To greatly improve the atomization performance
and make the breakup length less sensitive to viscosity, it is
Fig. A.21. GI as function of the distance from the focal plane.
strongly recommended to use a more effective type of atomizer.
Recent studies discussed in Section 1 indicate that certain twin-
fluid atomizers are promising alternatives.
Fig. B.24. SMD as function of the number of images in the data set for sprays at
60 �C.



Fig. C.25. Example images of a glycerin spray (a) and vegetable oil spray (b) at low pressure and low temperature. The viscosity of both liquids is about 17 cP.

Fig. C.26. Example images of a glycerin spray (a) and vegetable oil spray (b) at high pressure and low temperature. The viscosity of both liquids is about 17 cP.
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Fig. C.27. Example images of a glycerin spray (a) and vegetable oil spray (b) at high pressure and high temperature. The viscosity of both liquids is 4.8 cP.
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6. Conclusions

The atomization of biodiesel, vegetable oil and glycerin has
been studied in an atmospheric spray rig by using digital imaging
(PDIA). Images were captured 18 mm downstream of the atomizer
to investigate the spray structure in the primary breakup region.
The images were processed to automatically determine the size
of ligaments and droplets. The sprays were produced by a pres-
sure-swirl atomizer that originates from the MMGT setup.
Various injection conditions have been tested to investigate the
influence of mainly viscosity on the spray characteristics and to
assess the overall performance of the atomizer. The spray measure-
ments have been compared to combustion experiments with bio-
diesel and vegetable oil in the micro gas turbine at similar
injection conditions.

The results show that the primary breakup process rapidly
deteriorates when the viscosity is increased. A higher viscosity
increases the breakup length, which becomes visible at the mea-
surement location in the form of ligaments. This effect leads to
an unacceptable spray quality once the viscosity slightly exceeds
the typical range for conventional gas turbine fuels. Only biodiesel
was atomized without problems at all test conditions, which cov-
ered viscosities in the range 2–6 cP. In case of vegetable oil, a
decrease in atomizer performance was measured for viscosities
above 7 cP. This value is in reasonably good agreement with the
upper limit of 9 cP found during combustion experiments in the
MMGT setup. In the images of the glycerin sprays, ligaments start-
ed to appear at viscosities between 8 and 12 cP.

Regarding the SMD of the sprays, no significant effect of vis-
cosity is observed in the range 2–10 cP. The decrease in combus-
tion efficiency measured over this viscosity range therefore
cannot be explained by the average drop sizes in the primary
breakup region. Instead, the delayed breakup of ligaments is con-
sidered as the main issue when burning viscous fuels. The results
from the glycerin sprays indicate that a high surface tension causes
an appreciable increase in SMD.
The current findings show that pressure-swirl atomization is
unsuitable for the application of pure pyrolysis oil in an unmodi-
fied gas turbine engine, mainly due to the formation of persistent
ligaments at increased viscosity.
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