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ARTICLE INFO ABSTRACT

Keywords: The defossilization of diesel fuels presents a multitude of new opportunities and challenges. Due to the increase
D"-f"SSﬂizaﬁ"P in complexity and interactions between the components, it is necessary to examine the drop-in capability of new
Spray formation fuel components. One aspect of this is the influence on spray formation of the fuel. This work addresses the spray
i:;]::tgiw behavior of isopropylideneglycerine (solketal) and its influence on a multicomponent diesel blend (Diesel R33:

33 % renewable share). In general, it represents the first spray study of solketal. It enables value to be added from
glycerin and, according to initial combustion tests, has a promising emissions profile due to its higher molecular
oxygen density. The mass flow rate, penetration depth and cone angle were examined by using high-temperature
and -pressure injection chamber equipped by optical diagnostics (Mie scattering setup and schlieren imaging
system). These parameters are examined under varying fuel temperatures, injection pressures and ambient
conditions. Solketal as a pure compound exhibits the expected behavior i.e. it is drop-in compatible even with
varying parameters. The influence of solketal on Diesel R33 reveals that, in comparison to solketal-free blends,
larger maximum mass flows are generated. It also shows that the penetration depths decrease (up to 34 %). In
addition, there is more fuel in the gas phase, which may be a result of the comparatively low boiling point. In
general, the influence of solketal suggests that fuel-induced soot reduction could be possible in existing fleets.

Penetration depth
Drop-in capability

1. Introduction

One of the greatest challenges of modern global society is the energy
transition towards sustainable technologies. However, it is imperative to
investigate the extent to which these challenges can be overcome using
existing technologies. Internal combustion engines (ICE) can be a factor,
since a significant number of existing vehicles will remain on the market
during this transition period. Therefore, the use of fuels is a crucial
parameter for the short-term reduction of emissions. The emphasis in
this regard is on the defossilization of fuels.

The first step in this direction was the introduction of the Diesel R33,
which is composed of 26 % hydrotreated vegetable oils (HVO) and 7 %

biodiesel [1]. In general, fuels are subject to technical restrictions and
must be applicable in ICE. This is referred to as drop-in capability. The
drop-in capability can then be distinguished between fuel properties as
well as engine compatibility. The fuel drop-in capability is described by
the current fuel standards (e.g. diesel fuel standard EN 590) [2]. The
limit for adding HVO is due to the fact that HVO reduces density to such
an extent that the overall density of the fuel blend is outside the density
window of the EN 590 standard [3]. With regard to material compati-
bility, questions regarding the material resistance of the fuel filter [4],
the seals [5] and the water separator [6] must be clarified.

Another aspect of engine drop-in capability lies in the injection
process [7]. Again, HVO reduces viscosity [8], which affects atomization

Abbreviations: ©, Cone Angle; ECN, Engine Combustion Network; EN 590, European Diesel Standard; HDA, Injection Rate Measurement; HVO, Hydrotreated
Vegetable Oil; ICE, Internal Combustion Engine; LED, Light-Emitting Diode; OME, Polyoxymethylenether; p,, Ambient Pressure; R33, Renewable share of 33 %; S,

Penetration Depth; T,, Ambien Temperature; wt%, Weight Percent.
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Fig. 1. Chemical structure of solketal.

and spray formation [9]. Since defossilization increases the share of
HVO, a candidate should be found that acts as a counterpart in terms of
density and viscosity. Therefore, glycerin has come into focus in the
search for renewable resources to address this issue. In general, glycerin
is a by-product of biodiesel production [10]. Glycerin from biodiesel
waste plants is challenging to access the higher economic valued mar-
kets due to technical and economic reasons [11,12]. Therefore, con-
version to a fuel additive may be a way to add value to glycerin. Due to
the toxic emission of acrolein [13], the low calorific value [14] and
further technical difficulties (insolubility in hydrocarbon [15] glycerin
is not feasible as a fuel component. To overcome these limitations,
chemical derivatization of glycerol is required. One promising way to
convert glycerin is turn into solketal [16]. The chemical structure of
solketal is shown in Fig. 1.

As a glycerin derivative, solketal has a comparatively higher mo-
lecular oxygen density compared to diesel fuel components. The in-
crease in molecular oxygen density is caused by the two functional
groups, the hydroxyl and ketal groups. In addition to overcome the
technical limitations of glycerin through solketal, molecules with high
molecular oxygen density are desirable as fuel components, as studies
with OME have shown. These molecules tend to show less soot forma-
tion [17]. In particular, fuel research shows that solketal has a positive
influence on fuel aging [18] [19] [20]. Studies on combustion behavior
revealed that it has similar properties as ethanol [21]. This highlights
the ignition behavior of diesel fuels containing solketal, since solketal
reduces the cetane number [22]. With regard to diesel fuel testing,
solketal had demonstrated that engine performance and harmful emis-
sions have been reduced [23] and that nanoemulsions lead to good
combustion efficiency [24]. Thus, solketal can influence spray forma-
tion, ignition delay and consequently emission behavior of the fuel.

In general, efficient spray formation is an essential factor in ensuring
that the combustion process in the engine is as effective and low-
emission as possible. The aim is to atomize the fuel, create a turbulent
flow and achieve an improved air-fuel ratio. This implies that the
droplets are atomized so finely that they are thin enough to mix well
with the air. One way to achieve this is through the technical design of
the injectors [25] and the geometry of the combustion chamber [26], as
well as the injection strategy [27] and the injection pressures [28].
However, the fuel also affects the spray process and the associated at-
omization of its droplets. Furthermore, the fuels can influence the gas-
liquid phase relationship depending on their evaporation behavior
[29]. As a result, the fuels can affect the combustion temperature, e.g.
through the evaporation enthalpy, which has a direct influence on the
emission behavior [30,31]. Another physical parameter which is
affected by fuels is the viscosity and density [32]. The change can be
observed by the change in mass flow [33]. In addition, the surface
tension can be influenced, which has a major impact on the size of the
fuel droplets. [34].

1.1. Objective

The aim of this work is to evaluate the injection, the spray behavior
of solketal and its impact on Diesel R33 fuel. Since Diesel R33 is the
market-established drop-in fuel with the highest share of renewable
fuels, Diesel R33 is therefore specified as the fuel matrix. The focus is on
the injection rate, the depth of penetration and the cone angle using Mie
and Schlieren detection.
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Fig. 2. High-temperature and high-pressure injection chamber with fuel sup-
ply system.

2. Experimental section

Information on the chemicals and fuels used, as well as the associated
fuel analyses, is provided in the supporting information.

2.1. Injection rate measurement

A Moehwald HDA-500 injection rate measuring device is used to
measure the injection rates for different fuels, injection pressures and
ambient conditions. This commercially available device works on the
principle of hydraulic pressure increase in a closed volume and records
injection rates and injected mass with high temporal resolution [35,36].
The device reaches a mass measuring accuracy and repeatability of
0.075 mg per injection. For all injection rate experiments, the back
pressure in the closed volume is 60 bar. Measurements were performed
at fuel temperatures of —1, 25, and 90 °C as well as injection pressures of
500, 1000, and 1500 bar.

2.2. Test bench

The optical investigations are carried out in a high-temperature and
high-pressure injection chamber (see Fig. 2). The cubic chamber body is
continuously flushed with nitrogen for the presented experiments. At the
four upper corners of the vessel, electric heaters increase the gas tem-
perature in three successive stages so that up to 1000 K can be reached in
the area relevant for injection processes. A combination of purge gas
mass flow and a needle valve in the test bench’s exhaust line allows an
ambient pressure of up to 10 MPa to be generated. A research fuel in-
jection system with two Maximator pressure amplifiers delivers an in-
jection pressure of up to 400 MPa with low fluctuations. Five sides of the
container are equipped with window flanges with visually accessible
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Table 1

Operating conditions for the optical investigations.
Ambient Ambient Ambient Injection Fuel
pressure temperature density [kg/ pressure temperature
[bar] [°cl m?] [bar] [°C]
59 577 22.8 1500 920
62 627 22.8 500 90
62 627 22.8 1000 90
62 627 22.8 1500 920
62 627 22.8 1500 —20
62 627 22.8 1500 25
62 627 22.8 1500 90
66 677 22.8 1500 90

windows of 125 mm in accessible diameter. The bottom flange contains
an injector housing for mounting the injector and for conditioning the
fuel and injector temperature between —20 and 100 °C via a thermostat.
The injection chamber and the fuel supply system are designed and built
in-house at FAU Erlangen-Nuremberg, comply with the applicable reg-
ulations for pressure vessel and high-pressure fluid system construction,
and are controlled remotely via a PLC system.

Since the vessel is constantly flushed, the ambient pressure remains
constant throughout the injection process. The ambient gas flow can be
considered steady compared to the velocities characteristic of injections
under diesel engine conditions. Residual fuel is removed with ambient
gas, which enables injection investigations at a frequency of 1 Hz.
Further details can be found in Riess et al. [37].

2.3. Optical setup

A Mie scattering setup is used in the injection chamber to visualize
the liquid spray. Three white light LED arrays are mounted on two side
windows and the top window (not shown in schematic) of the vessel.
During an injection, the light is scattered at liquid surfaces and captured
by a camera system.

The gas jet is examined using a Schlieren imaging system. The light
from a green LED array is collected by a lens system, parallelized and
directed through the vessel normally to one spray cone. On the other
side of the chamber, the light is focused and adjusted to the size of the
camera lens. An image of the injected jet is captured based on the
refraction of the parallelized light at optical inhomogeneities such as
temperature or fuel-related density gradients.

For both measurement techniques, a Photron Fastcam SA-Z with a
frame rate of 50,000 fps is used. The imaging system for the optical
methods is calibrated by taking an image of a reference scale with
precisely known dimensions. Considering the spatial pixel resolution of
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Table 2

List of maximum mass flows at different injection pressures and fuel tempera-
tures. In addition, the increase in maximum mass flow when the parameters are
increased was calculated and displayed.

Injection pressure [bar] Maximum mass flow [g/s] Increase [%)]

500 8.56 -
1000 12.40 31
1500 15.09 17.8

Fuel temperature [°C] Maximum mass flow [g/s] Increase [%]

-1 12.49 -
25 14.58 14.3
90 15.09 3.3

the acquired images, an uncertainty of +£0.07 mm is reached for both
optical techniques. Further details on the optical measurement methods
can be found in Riess et al. [37].

For each measurement point at all test conditions, 32 injection pro-
cesses are recorded to enable a statistically significant evaluation.
Among other things, the cone angle and penetration depth are evaluated
for both measurement methods based on a MATLAB algorithm. Defini-
tions for penetration depth and cone as well as further details on the
image evaluation can be found in Riess et al [37].

2.4. Injector and fuels

The injector used for all experiments has the body of a commercially
available, piezo-controlled servo-hydraulic common rail injector, which
is equipped with a special research nozzle that has three symmetrically
arranged nozzle holes at an elevation angle of 45°. This allows the iso-
lated observation of a single fuel jet. The hole diameter is 115 pm with a
length-to-diameter ratio of 6.5 and a conicity factor of 2. The energizing
time for the presented experiments is 1.5 ms.

Diesel R33 (67 % fossil Diesel, 26 % HVO, 7 % RME), neat solketal
and blends of R33 with 3, 6 and 9 wt.-% of solketal are investigated in all
experiments. In some cases, pure fossil reference Diesel fuel without any
bio-content is also used for comparison.

2.5. Test conditions

The test conditions are based on the Spray A operating point of the
Engine Combustion Network (ECN) and include parameter variations of
injection pressure, ambient pressure and temperature, and fuel tem-
perature as represented in Table 1.
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Fig. 3. HDA Measurements of neat solketal at different conditions. Left: Variation of injection pressure. Right: Variation of fuel temperature. During the mea-
surement, the ambient pressure (60 bar) and the energizing time (1500 ps) were kept constant.
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Fig. 4. Comparison of R33 pure and blended with solketal with pure solketal at different injection pressures (Top left: 500 bar, top right: 1000 bar and bottom left:
1500 bar). During the measurement, the ambient pressure (60 bar), the fuel temperature (90 °C) and the energizing time (1500 ps) were kept constant.

3. Results and discussion
3.1. Injection rate measurements (HDA)

Initially, the mass flow of pure solketal was examined at different
injection pressures and fuel temperatures (see Fig. 3). It shows that an
increase in injection pressure and fuel temperature results in a higher
maximum mass flow rate. By comparison, the variation in injection
pressure has a greater influence on the injection rate than the fuel
temperature. The progressions for different physical conditions lie in
different size ranges and do not overlap. In addition, the progress of
mass flow rate can enable a semi-quantitative comparison. This is ach-
ieved by comparing the maximum mass flow which is measured. The
determined maximum mass flows are listed in Table 2. This approach
confirms the observation that the injection pressure has a stronger in-
fluence (31 and 17.8 % vs. 14.3 and 3.3 %). Accordingly, the influence of
solketal on the mass flow of a multi-component diesel fuel was investi-
gated. Fig. 4 describes the change in injection pressure and Fig. 5 the
change in fuel temperature.

Due to overlaps, the comparison of maximum mass flow rates was
not considered. However, qualitative comparisons can be made.
Compared to pure solketal, all Diesel R33 blends show a decrease in the
mass flow. Solketal has an increased density compared to other fuels and
a dynamic viscosity in the range of 11 mPa per second [38]. These
increased parameters enable solketal to achieve a higher injection rate
compared to the Diesel R33 blends. The overall densities are listed in
Table 3. Only slight differences were found in the injection pressure

compared to the Diesel R33 blends. The comparatively larger influence
is seen in the variation of the injection pressure itself.

When the fuel temperature is varied, it is confirmed that pure sol-
ketal has the highest injection rate. The variation in the ranges of the
rates is lower compared to that of the different injection pressures.
Again, only very minor influences of solketal on the overall mixtures of
Diesel R33 can be assumed. The fact that the injection rates for Diesel
R33 are in a similar range should be due to the fact that solketal was
added in small quantities. Regardless of this, it is shown that the mass
flow is of the same order of magnitude as established fuels such as Diesel
R33, which supports a drop-in capability in the injection systems of
existing fleets. However, further parameters such as material compati-
bility must be taken into account in order to confirm complete drop-in
compatibility.

3.2. Spray investigation of pure solketal

Before the influence of solketal as a diesel component can be eval-
uated, the spray behavior of neat solketal under diesel engine conditions
should be investigated first. The values and progressions for penetration
depths and cone angles discussed below can be found in Figs. 6-7 and
Tables 4-5. The fuel temperature before injection, the injection pres-
sures and the ambient conditions are varied, and the penetration depth
of the fuel is examined with simultaneous determination of the cone
angle. The observations are carried out in both the liquid and gas phases.
During the spread of the spray, the penetration depth in the liquid phase
approaches an approximately constant value. In the gas phase, however,
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Fig. 5. Comparison of Diesel R33 pure and blended with solketal with pure solketal at different fuel temperatures (Top left: —20 °C, top right: 25 °C and bottom left:
90 °C). During the measurement, the ambient pressure (60 bar), the injection pressure (1500 bar) and the energizing time (1500 ps) were kept constant.

Table 3
Illustration of the densities of the fuels examined: Solketal, Diesel R33 and Diesel
R33 containing solketal.

R33 R33 + 3 wt R33 + 6 wt R33 + 9wt Solketal
% S % S % S
Density [kg/ 822.2  829.8 836.7 843.5 1063

m3]

the size increases continuously. This behavior is the result of the tran-
sition from the liquid to the gas phase. In order to establish compara-
bility, the maximum penetration depth achieved in the liquid gas phase
was defined analogously to Section 3.1. In contrast, the penetration
depth at 2400 ps was selected due to the increase in this value during the
investigation. The achieved penetration depth is significantly greater in
the gas phase. The trends in the cone angle reach a maximum, then level
off and reach an approximately constant value. In the liquid phase, the
decrease is more distinct than in the gas phase (~50 % more). Here, the
quasi-stationary value that occurs later in the injection is used. In gen-
eral, it can be said that the quasi-stationary state of the cone angle does
not change when the physical conditions change. The same applies to
the comparison between the gas and liquid phases, which move within
the same range depending on the phase (see Table 5).

In the liquid phase, it can be seen that the fuel temperature has a
minor influence, with the lowest penetration depth being achieved in
cold conditions at —20 °C. 25 and 90 °C exhibit approximately the same
length (0.8 % difference). In addition, the curve at 90 °C shows a small

delay in the start of the propagation until a later start of injection. The
tendency for the start of injection is also observed for the penetration
depth in the gas phase, where the increases are comparatively similar to
that in the liquid phase. The cone angles show that the tendency of the
injection timing correlates with those of the penetration depths in the
liquid phase. There is no significant difference in the proceeding mea-
surement of the cone angle. Solketal therefore shows no deviations such
as cavitation and exhibits fuel air mixture formation similar to that of
established fuels.

For the injection pressure, in liquid phase, it can be seen that the
absolute penetration depth remains the same, but the time at which the
fuel spreads occur later with increasing pressure. It is also observable
that the lower the injection pressure, the longer the injection takes. In
the gas phase, however, the absolute penetration depth increases with
increasing injection pressure compared to the liquid phase. This might
indicate that the time of the transition from the liquid to the gas phase in
terms of the penetration depth may not be influenced by the injection
pressures. Theoretically, the time required to achieve the mixture
necessary for complete vaporization depends on the injection pressure,
as the propagation speed changes [39]. However, solketal appears to be
more volatile than other fuel components. In addition, it achieves lower
liquid penetration depths, which leads to difficulties in resolution. The
phase transition appears to occur at the same penetration depth, which
is due to the same thermodynamic conditions at the three injection
pressures. It is derived from the fact that the injection pressure has no
influence on the local mixture ratio [39]. Considering the cone angle,
the quasi-stationary state of the angle does not change. This correlates
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Fig. 6. Penetration depth progression of neat solketal with changes in fuel temperature, injection pressure and ambient conditions. The left side displays the liquid
phase using Mie scattering, while the right side displays the gas phase using schlieren optics. The energizing time conducted 1500 ps with 0 % of oxygen content of

the ambient gas.

with the penetration depths, which also exhibit the same maximum
penetration depths in the liquid phase. In general, higher injection
pressures should lead to stronger atomization [40]. However, the in-
crease in injection pressure can result in a reduced [41] or increased
[42] cone angle. Neither is detectable in liquid or gas phase. Further-
more, the cone angle shows the same tendency for the beginning of the

spread of fuel spray. Only the length of the increase in the cone angle is
different compared to the liquid phase, where the process was observed
for a longer time. This lower slope is the result of the lower fuel velocity
caused by the injection pressures.

The penetration depth of solketal varies when the ambient condi-
tions change. There is a tendency for the depth of penetration to increase
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Fig. 7. Cone angle progression of neat solketal with changes in fuel temperature, injection pressure and ambient conditions. The left side displays the liquid phase
using Mie scattering, while the right side displays the gas phase using schlieren optics. The energizing time conducted 1500 ps with 0 % of oxygen content of the

ambient gas.

at lower ambient pressure and temperature. At higher temperatures and
pressures, the solketal appears to transition from the liquid to the gas
phase earlier. Furthermore, various models of the liquid penetration
depth show a proportionality of S & p; %2> [43]. Therefore, an increase in
ambient pressure and temperature results in a lower penetration depth
of the liquid phase. In the gas phase, the penetration depth plots for

different ambient conditions show approximately the same progress.
This indicates that the variation of the ambient conditions might have an
influence on the phase transition. In the liquid phase, no influence on the
cone angle was observed, except the starting point of the increase of the
cone angle. Regarding the start of the spread of the fuel spray, it is
evident that the propagation starts earliest at 66 bar and 677 °C in the
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Table 4
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List of penetration depths and increases at different fuel temperatures, injection pressures and ambient conditions. The left side describes the liquid phase, which is
defined by the maximum penetration depth achieved during the measurement. The right side describes the gas phase. Here, the penetration depths were compared

with each other after 2400 ps.

Liquid Phase

Fuel temperature [°C]

Penetration depth [mm]

Increase [%]

Fuel temperature [°C]

Gas phase

Penetration depth [mm]

Increase [%]

-20
25
90

Injection pressure [bar]
500

1000

1500

Ambient conditions
59 bar, 577 °C
62 bar, 627 °C
66 bar, 677 °C

12.0
13.0
13.1

Penetration depth [mm]
13.7
13.6
13.1

Penetration depth [mm]
15.6
13.1
11.9

/
7.7
0.8

Increase [%]
/

-0.7

-3.7

Increase [%]
/

-16.0

-9.2

-20
25
90

Injection pressure [bar]
500

1000

1500

Ambient conditions
59 bar, 577 °C
62 bar, 627 °C
66 bar, 677 °C

64.7
68.8
69.8

Penetration depth [mm]
54.7
65.5
69.8

Penetration depth [mm]
69.8
69.8
69.6

/
6.0
1.4

Increase [%]
/

6.5

6.2

Increase [%]
/

0

-0.3

Table 5

List of cone angles and increases at different fuel temperatures, injection pres-
sures and ambient conditions. The left side describes the liquid phase and the
right side the gas phase. To ensure a comparison of the cone angle, the maxima
were compared.

Liquid Phase Gas phase
Fuel Cone Fuel Cone Increase between
temperature angle temperature angle 1 and g phase [%]
[°C] [deg] [°C] [deg]
-20 10.5 -20 21.1 49.7/
25 10.6 25 21.4 49.1/
90 10.1 90 20.4 50.5/
Injection Cone Injection Cone Increase between
pressure [bar]  angle pressure [bar] angle 1 and g phase [%]
[deg] [deg]
500 9.9 500 20.4 51.5/
1000 10.3 1000 20.4 50.5/
1500 10.1 1500 20.4 50.5/
Ambient Cone Ambient Cone Increase between
conditions angle conditions angle 1 and g phase [%]
[deg] [deg]
59 bar, 577 °C 10.1 59 bar, 577 °C 21.1 52.1/
62 bar, 627 °C 10.1 62 bar, 627 °C 20.4 50.5/
66 bar, 677 °C 10.5 66 bar, 677 °C 21.7 48.4/

gas phase. The two plots at the lower ambient conditions are similar.
However, the point at which the cone angle increases occur a little later
at higher ambient conditions. In general, ambient temperature and
pressure have an influence on the air entrainment and thus on the at-
omization [44]. However, studies have demonstrated that there is no
significant difference in air entrainment when the Schlieren penetration
depth and the cone angle are nearly identical [45]. On the one hand, it is
crucial for air entrainment that the density of the ambient conditions at
the operating points investigated remains constant. Atomization, on the
other hand, is primarily determined by fuel properties and injection
pressure, which do not change.

3.3. Spray investigation of Diesel R33 containing solketal

After evaluating solketal as a pure component, the influence on
Diesel R33 is examined. Fig. 8 shows the fuel temperature at —20 °C and
the variation of the ambient conditions. The supporting information
shows the other conditions as well as one exemplary cone angle plot. The
cone angles remained roughly in the same size range and for the most

part showed the same behavior. In terms of penetration depth, generally,
it can be seen that Diesel R33 has a greater depth of penetration at
elevated ambient conditions than the reference diesel fuel in the liquid
phase. At 59 bar and 577 °C, the progressions are approximately the
same. The depth of penetration range in which all fuels fit also decreases
as the ambient conditions increase. This is a further indication of the
earlier transition to the gas phase for all fuel blends. The blends show a
greater penetration depth than pure solketal. This should be due to the
fact that solketal enters the gas phase earlier compared to other diesel
fuels due to its comparatively low boiling range (solketal: 190 °C [46]
and diesel fuel boiling range: 177-343 °C [47]. This is supported by the
Diesel R33 mixtures by varying the ambient conditions, which also show
a lower penetration depth with increasing solketal content. Further-
more, as a pure component, solketal has a higher density and surface
tension [38], which can have the effect of reducing the atomization
[48]. However, the cold temperature behavior seems remarkable since
the greatest difference is seen at the fuel temperature of —20 °C (34 %
less penetration depth compared to Diesel R33). It is observable in both
phases. Solketal shows the lowest penetration depth there, due to the
fact that the greatest impact of viscosity, density and surface tension is
here. Moreover, the injection rate decreases slightly more compared to
other fuel components (see Section 3.1). In general, the injection rate
reacts to the solketal content, which therefore indicates an influence on
the hydraulics of the injector. This influences the initial momentum and
thus the air entrainment. By contrast, the HVO-containing fuels have
good low-temperature properties [49]. The influence of solketal on the
spray properties in Diesel R33 blends in the gas phase is basically
equivalent (see Fig. 9). However, the comparison of the fuels with each
other in terms of the penetration depths of the variation in the ambient
conditions shows the following (see supporting information). It can be
seen that for all conditions, Diesel R33 has the greatest penetration
depth, followed by the reference diesel and solketal, which penetrate
approximately the same distance. The Diesel R33 blends with solketal
tend to show similar penetration depths. However, a trend with a
decrease of penetration depth with higher solketal content is observable.
It can be concluded that solketal affects the spray properties of Diesel
R33. However, these are not affected to such an extent that they become
not useable as drop-in fuel.

4. Conclusion and outlook

In general, solketal has been shown to be suitable for drop-in use in
terms of spray formation as a pure substance and in a multi-component
system, based on diesel engine conditions. However, it has been shown
that solketal has an influence on the mass flow, depth of penetration and
the cone angle.
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Fig. 8. Comparison of penetration depths in the liquid phase via Mie scattering between neat solketal, Diesel R33 with and without solketal, and a reference diesel
fuel. This fig. Represents the cold fuel temperature of —20 °C and the change in ambient conditions. The energizing time conducted 1500 ps with 0 % of oxygen

content of the ambient gas.

With regard to the mass flow when varying the fuel temperature and
the injection pressure, it is evident that solketal follows the expected
behavior that an increase in these parameters also results in an increase
in mass flow. Nevertheless, it can be seen that solketal, due to its greater
density and viscosity, tend to have an increasing influence on the mass
flow of the diesel fuel blend. The same observation occurs when the
penetration depth and cone angle of solketal are examined. The results
are as expected when the fuel temperature, injection pressure and
ambient conditions change. However, the influence of solketal on Diesel
R33 and the comparison with the pure component show that solketal
tends to cause lower penetration depths. One factor here is the increased
density and viscosity, as well as the surface tension, which makes at-
omization more challenging. The behavior at a fuel temperature of
—20 °C is particularly striking, where the increased viscosity compared
to multicomponent systems leads to a significantly lower depth of
penetration. This becomes apparent when compared with Diesel R33,
where solketal shows a reduction of 34 %. It is also noticeable that
solketal tends to be present in the gas phase earlier due to its compar-
atively lower boiling point. No systematic influence of solketal on the
cone angle was observed. However, this study demonstrates that

solketal is suitable for use in diesel injection systems in terms of its spray
formation. This opens up the possibility of adding more non-fossil fuels,
which could lead to a reduction in greenhouse gases.

Since the spray behavior of solketal has been described and analyzed,
the next step is to examine the ignition behavior of these fuels. The
chemical structure and physical properties of solketal should be dis-
cussed. In addition, a deeper understanding of the influences and in-
teractions of individual components with respect to each other should be
acquired. The ignition delay, soot luminescence and OH radical forma-
tion should be addressed in order to obtain initial indications of soot
formation. Furthermore, engine tests must be carried out, as these tests
in the injection chamber only represent part of the combustion process.
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