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ARTICLE INFO

The introduction of synthetic fuels into spark-ignition direct-injection engines requires a deeper understanding

of the injection and spray formation process. It also includes spray formation under flash-boiling conditions,
which has not been of primary importance so far. This research focuses on experimental studies of spray
propagation and its morphological features when moderate flash boiling is achieved. Our main objective is to
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verify this effect in a multiple-nozzle injection system for a selected synthetic fuel. It is accomplished by increas-
ing the fuel temperature. The results showed that the spray structure changed slightly due to flash-boiling, but
the secondary effects related to the rapid vaporisation of the injected fuel, such as spray collapse, were not
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1. Introduction

Due to the tightening of global regulations aimed at re-
ducing greenhouse gas emissions, synthetic fuels can serve
as an alternative to conventional fuels. Fossil fuel combus-
tion remains one of the primary sources of anthropogenic
CO2 emissions and air pollution, underscoring the need to
reduce its carbon footprint [9, 17]. In 2024, fossil fuels
accounted for nearly 60% of the world’s electricity genera-
tion [13]. In the transportation sector, up to 95% of the
global transportation energy comes from petroleum-based
liquid fuels, and by 2040, it is expected to represent be-
tween 80% and 90% [14]. Additionally, the stricter regula-
tions on greenhouse gases (GHG) and exhaust emissions
from internal combustion engines are meant to increase
society’s interest in improving the efficiency of combus-
tion-based systems [26]. Among the viable alternatives to
achieve this goal is by integrating renewable energy in the
transport sector [9].

This integration is possible because hydrocarbons with
similar chemical and physical properties to conventional
fuels, called synthetic fuels, can be synthesized from the
electrolysis of water and carbon dioxide captured from the
air or industrial processes [7].

Synthetic fuels can be classified into one of the follow-
ing categories: production process, feedstock, application,
sustainability, or chemical composition [21]. Synthetic
fuels derived from renewable electricity (through hydrogen
generation in water electrolysis) and raw materials are
called electro-fuels or e-fuels [26]. They are of special
interest as they can be treated as a sustainable alternative to
conventional fuels.

According to Uchida et al. [27], e-fuels can be produced
with a chemical composition similar to that of conventional
fuels, i.e. drop-in fuels for use in existing and next-
generation engines, without significant design changes.
However, some e-fuels can be substantially different, and

they may require dedicated engines or new combustion
concepts. According to the authors, these types of fuels are
expected to accelerate the decarbonisation process.

Some processes to produce e-fuels include methanol-to-
gasoline (MtG) for a gasoline surrogate, paraffinic fuels
(Fischer-Tropsch FT process) for gasoline or Diesel; and
polyoxymethylene dimethyl ethers (OMEX) representing
a Diesel alternative [19, 27]. As a result of e-fuel produc-
tion, for example, through the Fischer-Tropsch (FT) pro-
cess, a mixture is formed that contains a wide range of
chemical compounds, primarily consisting of olefins and
paraffins with straight carbon chains [19]. Therefore, dif-
ferent chemical and physical properties of individual com-
ponents in fuel mixtures influence the atomisation, mixture
formation and combustion processes.

By implementing synthetic fuels, the carbon dioxide
emissions related to their use are lower than the carbon
dioxide captured during their production, resulting in
a reduction of GHG emissions and achieving carbon-neutral
or carbon-negative cycles when electrolysis is used with
renewable energy [7]. Other benefits include the capability
of utilising installed infrastructure for the storage and trans-
portation of conventional fuels, as well as the possibility of
extending the life cycle of current vehicles in operation.
Reducing costs associated with developing specific infra-
structure is a significant advantage, particularly in compari-
son to other technologies, such as battery or fuel cell elec-
tric vehicles [21].

As one may conclude, synthetic fuels can be identified
as a viable alternative to conventional fuels within the
transportation sector, with the benefit of reducing green-
house gas and pollutant emissions. Moreover, their produc-
tion could accomplish carbon-neutral or carbon-negative
cycles. Additionally, the capability of using installed infra-
structure facilitates their implementation compared to other
technologies under investigation.
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However, to facilitate the large-scale application of syn-
thetic fuels, further research is still needed to determine
optimal operating conditions, taking into account possibly
different air-fuel mixture preparation processes. It needs to
include possible flash-boiling, which has been previously
shown to alter the atomisation and mixture formation pro-
cesses.

Flash-boiling is a process related to the rapid phase
change of the injected liquid, which may improve atomisa-
tion and mixture formation under internal conditions [4, 5].
It can be obtained by increasing the fuel temperature (prior
to the injection) or by decreasing the ambient pressure (to
which the liquid is injected) [1, 28].

The effects on the atomisation process due to flash-
boiling are correlated with the saturation pressure of the
injected liquid [4].

In general, a more complex relation is expected for mul-
ti-component fuels due to the different boiling points of
each component, along with their varying molecular inter-
actions. Furthermore, the saturation pressure curve for this
type of mixture differs from that of pure components, ex-
hibiting a dependence on molar fractions, pressure, and
temperature. Fixing the molar fraction, the pressure-vs-
temperature graph can be divided into two curves, the bub-
ble curve and the dew curve, separated by the critical point
[25]. Moreover, considering that the flash-boiling phenom-
enon is defined as a liquid being injected into an environ-
ment where the pressure is lower than the saturation pres-
sure, causing superheating and violent evaporation, the
bubble curve is crucial for understanding its behavior in
multi-component fluids, as this line corresponds to the
saturated liquid line. The dew curve, in turn, corresponds to
the saturated vapour line.

Neroorkar and Schmidt [20] presented a model to de-
termine the vapour-liquid equilibrium (VLE) characteristics
of gasoline-ethanol blends, enabling flash-boiling injection
simulations. The results obtained by the model were com-
pared with experimental data and other previously validated
models, exhibiting good agreement in the saturation pres-
sure predictions for different ethanol contents. This pres-
sure is used to determine the flash-boiling intensity through
the ambient-to-saturation pressure ratio. Hutchison and
Wallace [11] investigated the flash-boiling effect of surro-
gate and commercially available fuels on fuel volatility and
particle emissions. The authors utilised the DWSIM chemi-
cal process simulation software to calculate the bubble
point pressure of surrogate fuels at various temperatures,
thereby determining the flash-boiling intensity. The numer-
ical results obtained were validated with the dry vapour
pressure (DVPE) experimental results.

Zeng et al. [29] used the ambient-to-saturation pressure
ratio to identify three different regions: non-flash-boiling,
transitional flash-boiling, and flare flash-boiling.

Xu et al. [28] evaluated flash-boiling characteristics for
four different fuels, varying injection pressure, ambient
pressure and fuel temperature. The authors presented
a relationship between spray penetration and width, as well
as the ambient-to-saturation pressure ratio and the air-to-
liquid density ratio, under different flash-boiling regimes.

Hwang et al. [12] compared the spray characteristics of
iso-octane with those of a multi-component gasoline surro-
gate under three different engine conditions: high density,
flash-boiling, and early-injection conditions. Spray collapse
was observed for the gasoline surrogate under flash-boiling
and early-injection conditions, resulting in higher liquid and
vapour spray penetration than iso-octane.

Kannaiyan and Sadr [15] compared the variation in
spray parameters between two gas-to-liquid (GTL) synthet-
ic fuels and Jet A-1 aviation fuel at injection pressures of
0.3 and 0.9 MPa. The results of the experiments show that
there were no significant differences between the fuels in
terms of the effective spray cone angle and global Sauter
mean diameter (SMD). However, in the near nozzle region,
especially at higher injection pressures, a variation in drop-
let velocity, Weber number (We), and mean droplet diame-
ter (d,,), droplet disintegration and dispersion are identi-
fied. One of the reasons presented by the authors is related
to differences in kinematic viscosity and surface tension
between the fuels.

Cui et al. [8] compared the spray and combustion char-
acteristics of methanol and n-heptane under subcooled and
flash-boiling conditions. They used a two-hole injector,
which operated under an injection pressure of 10 MPa. An
increase in plume interference and spray angle, along with
a reduction in unburned hydrocarbons, was observed for
methanol under flash-boiling conditions.

Regarding the atomisation and vaporisation mechanisms
of sprays under flash-boiling conditions, the following
processes are defined: nucleation of bubbles, bubble
growth, vaporisation, and droplet breakup [24]. Additional-
ly, Robinson and Judd [22] defined four phases present in
the bubble growth process: surface tension (ST), transition
(T), inertia-controlled (IC), and heat transfer-controlled
(HT).

Saha et al. [23] investigated the behaviour of a single
droplet of oxymethylene ethers (OME,) e-fuels under flash-
boiling conditions, taking into account that, depending on
the molecular characteristics of the e-fuels, their thermo-
physical characteristics present a considerable variation
compared to conventional fuels. The authors reported that
for OME; under low superheat conditions, only the surface
tension and transition phases were observed in the bubble
growth process; however, under moderate and high super-
heat conditions, the inertia-controlled phase was also ob-
served. Finally, when comparing bubble growth between
dimethyl ether (DME), OME,; and OME,, it was concluded
that DME exhibited the fastest bubble growth rate.

Badawy et al. [3] evaluated the ambient-to-saturation
pressure ratio reduction effect on the spray characteristics
for four fuels (iso-octane, ethanol, methanol, and commer-
cial grade gasoline). Although spray collapse was observed
for all fuels at low ambient-to-saturation pressure ratios, no
direct relationship was established with the variations ob-
served in spray penetration, cone angle, axial velocity, and
Sauter mean diameter.

Li et al. [18] investigated the impact of low ambient
temperature on the spray characteristics of methanol by
varying both ambient and fuel temperatures, demonstrating
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that spray collapse under flash-boiling conditions is delayed
when the ambient temperature is reduced.

Huang et al. [10] compared the spray characteristics
(spray tip penetration and spray area) of gasoline and five
synthetic fuels (ethanol-to-gasoline, G40, bio-naphtha,
DMC, and bio-ethanol), under two different fuel temperatu-
res, 25°C and 200°C. At 25°C, separation between the
plumes was distinguished for all the fuels, but the ethanol-
to-gasoline and bio-ethanol exhibited a higher penetration
than the other fuels. At 200°C, bio-ethanol and G40 fuels
presented the highest tip penetration. This study highlights
the variations in spray morphology depending on the fuel;
however, the impact of spray collapse on the final results
was not addressed.

This study evaluates the morphological changes of syn-
thetic fuel sprays when the flash-boiling conditions are
reached. The analysis focused on comparing global spray
structures and detecting a possible propensity for spray
collapse. The bubble point calculation was performed fol-
lowing the approach presented by Hutchison and Wallace
[11] for surrogate fuels. Experimental research on the injec-
tion and atomisation of a multi-component synthetic fuel
under flash-boiling conditions was conducted using a con-
stant-volume chamber and a high-speed camera.

2. Experimental setup

In the present research on the injection process of a syn-
thetic fuel, a Bosch HDEV5.2 six-hole injector with a hole
diameter of 0.35 mm was used. The injector was mounted
in a constant volume chamber (CVC) with optical access.
A round quartz window was placed in front of the camera
to prevent fuel from splashing over the camera optics. As
tests were performed only at an ambient pressure and tem-
perature environment, the other side of the vessel was left
open for easier operation. The back wall of the chamber
(with respect to the camera) was covered with black materi-
al to decrease background scattering and improve the
sharpness of the observed fuel spray.

Flash-boiling conditions were obtained by increasing
the fluid temperature prior to the injection. The fuel tem-
perature range was 25-120°C, and its upper value was lim-
ited by the injector’s manufacturer-recommended operating
temperature [6]. A constant injection pressure of 5 MPa
was maintained in all tests.

Pressurisation of the system was based on a gas booster
(Haskel, Single Acting — Single Stage model 86980), which
increased the nitrogen pressure up to 5 MPa (gauge) pres-
sure. The nitrogen pressure was monitored by a digital
pressure gauge (Wika, model CPG1500).

To achieve refuelling at a controlled pressure and avoid
air entrainment in the fuel line, a dedicated fuel line was
implemented with an air-driven liquid pump (Maximator
MSF111L). The nitrogen used to pressurise the fuel con-
tainer was separated from the fuel by a piston designed and
manufactured in stainless steel. It prevented nitrogen from
dissolving in the fuel.

The injector opening time was set to 1.5 ms. The open-
ing currents were set according to the manufacturer’s speci-
fications [6] at 9.4 A with a 704 us pickup time and 3.4 A
with a 696 s hold-on time.

The injection process was recorded at a frequency of
20,000 frames per second using a Photron FastCam SAL.1
camera equipped with a Nikon AF NIKKOR 24-85 mm
1:2.8-4 D lens, with the aperture fully open. To ensure
adequate illumination, the chamber was illuminated by two
LED lamps (Amaran 200D) operating at full power and
fitted with Fresnel lenses. A photograph of the experimental
setup presenting its main components is shown in Fig. 1.

Fig. 1. Experimental setup — a photograph presenting main components:
a constant volume chamber, high-speed camera and LED lamps (with
Fresnel lens)

Figure 2 illustrates the arrangement of the setup and the
interaction between its components.

:llllllllll-lllllll-lllé

e

Nitrogen line

=== High pressure gas line
Compressed air

= Fuelline

== Electric connection

Fig. 2. Experimental setup: 1 — nitrogen tank, 2 — gas booster, 3 — fuel

pump, 4 — piston, 5 — injection control unit, 6 — LED lamp, 7 — high-speed

camera, 8 — injector, 9 — constant volume chamber, 10 — electric heater
PID control

Image capture was performed using dedicated software
provided by Photron, specifically PFV 4.4. The image rec-
orded by the camera had a resolution of 564 x 564 pixels,
and the injector was positioned so that its tip was visible
within the camera’s field of view.

The fuel temperature was controlled using two electric
heaters connected to PID controllers, based on the indica-
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tion from two J-type thermocouples. The injector tempera-
ture was set according to the calibration performed previ-
ously for the high-boiling-point silicone oil [2]. The uncer-
tainty of the temperature measurement and control system’s
components is shown in Table 1.

Table 1. Temperature control system’s components

Component Uncertainty
Dewetron EPAD2 +0.3°C
EMS-S710 N _ L1°C
(j-type thermocouple input)

To study the structural and physical effects of flash-
boiling, a synthetic fuel composition is presented in Table
2. n-heptane, toluene, and n-octane, as the main compo-
nents, are used to study the flash-boiling structural and
physical effects in multi-component synthetic fuels.

Table 2. Fuel composition

Component Volume fraction [%]
n-heptane 40
n-octane 40
toluene 10
n-hexane
ethylbenzene
m-xylene 2

The density and viscosity of the synthetic fuel were
722-730 % at 15°C and 0.45 mPa - s at 40°C, respectively.

In this study, similar to previous research [16], an in-
verse parameter (called the superheat index factor) is used
instead of the ambient-to-saturation pressure ratio to de-
scribe the potential flash-boiling intensity. The superheat
index factor Ry, is defined as the ratio of the saturation
pressure P, for a given liquid temperature T to the ambi-
ent pressure P,.

P T
e (1)

Following the methodology from Hutchison and Wal-
lace [11], the R, ratio was evaluated using an ambient pres-
sure 0.1 MPaand the saturation vapour pressure of the
liquid as the bubble pressure for each liquid temperature T;.

The bubble pressure curve was evaluated using the Soa-
ve-Redlich-Kwong equation of state, also implemented in
the DWSIM software, which proved to be sufficiently accu-
rate for describing the bubble pressure curve when com-
pared to the validated results from UNIFAC-NIST bubble
points. Table 3 and Fig. 3 summarise the R, results.

Table 3. Fuel temperature, saturation pressure, and the superheat index

Tl [OC] Psat [Mpa] RP [']
60 0.02 0.19
90 0.06 0.55
120 0.13 1.34

The parameter that varied between series of tests was
the temperature of the injected liquid. The injector and
heaters were thermally insulated using glass wool. The time

required to stabilise the liquid temperature inside the injec-
tor was experimentally determined to be 20 minutes. Sub-
sequent test series were conducted at a stabilisation time of
30 minutes. Test within a single series (for the same tem-
perature) were performed at intervals of 1 minute. The first
test in each series was not considered in the analysis. The
required temperature setpoint relative to the actual tempera-
ture of the injected liquid was previously determined
through a calibration procedure.

1

=
£ [rR,=019] [R,=055 ]
= o1 x x %
f
s Sub-cooled spray R,=1.34
§ P
H Flash-boiling spray
5
= 0.01
£
=
=
o]

0.001

50 70 90 110 130

Fuel temperature [°C]

X Measurement point Bubble pressure curve

Fig. 3. Preheat ratio factor and flash-boiling regime

3. Results

The experimental investigation of the injection and at-
omisation of a synthetic fuel under subcooled and flash-
boiling conditions provided detailed information on the
dynamics of these processes. The studies performed using
a multi-component surrogate synthetic fuel were focused on
qualitative and quantitative analysis of the spray structures.

Figure 4 compares the selected spray images, after the
background subtraction and the application of the artificial
colour scale, with colours corresponding to the scattered
light intensity detected by the camera pixels.

For the fuel temperatures 25°C and 60°C, the differ-
ences between the spray clouds seem to be marginal, and it
is observed for each considered time after the start of injec-
tion. As the fuel temperature increases from 25 to 120°C,
an increase in the area covered by the spray becomes visi-
ble. Moreover, the scattering signal intensity along the
spray axis and the spray area increased. At a fuel tempera-
ture of 120°C, initially separated regions of the spray cloud
begin to merge, and the separation distance between the
plumes is reduced. On this basis, it can be stated that at
a temperature of 120°C, the individual plumes become
wider due to rapid vaporization, which intensifies the
breakup of the liquid jet and promotes finer droplet de-
tachment with an increased radial-to-axial momentum ratio.
However, the effects of flash-boiling, in this case, are not
profound.

The spray structures were also evaluated quantitatively.
For this purpose, three parameters were selected: spray tip
penetration (STP), spray area, and spray width. The defini-
tion of STP, maximum width, and maximum area are pre-
sented in Fig. 5.
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In Figure 5a, spray tip penetration, considered a macro
parameter, is defined as the maximum distance reached by
the fuel spray within the chamber. The maximum width
parameter represents the maximum horizontal extent of the
spray, defined as its overall width. The spray area refers to
the largest area covered by the fuel (white colour) visible in
Fig. 5b.

LIGHT SCATTERING INTENSITY

25°C

60°C

90°C

120°C

Fig. 4. Spray clouds at 0.5, 1.0, and 1.5 ms after start of injection (ASOI)
at varying fuel temperature

b)m

Fig. 5. Definition of: a) STP and spray width, b) spray area (white pixels)

Figures 6-8 present the results of spray tip penetration
(STP), spray area, and spray width, respectively, for select-
ed time points.

According to the results, the STP, spray area, and spray
width measured for the multi-component synthetic fuel
depend on the fuel temperature. The biggest differences
were observed at 1.5 ms after the start of injection (ASOI).
Heating fuel up to 120°C leads to considerable changes in
the macro parameters of the spray. After full development
of the fuel sprays (1.5 ms), the highest STP was observed
for fuel temperatures of 90 and 60°C. For fuel at 120°C, the
STP is slightly smaller; the spray area and maximum width
of the fuel spray are the largest compared to those at other
temperatures.
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Fig. 6. Spray tip penetration of fuel spray at 0.5, 1.0, and 1.5 ms after start

of injection
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Fig. 7. Spray area at 0.5, 1.0, and 1.5 ms after start of injection
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Fig. 8. Maximum spray width at 0.5, 1.0, and 1.5 ms after start of injection

Both qualitative and quantitative analyses reveal the dif-
ferences between the spray structures, suggesting possible
effects from flash-boiling. The reduced spray tip penetra-
tion, increased spray area and width, as well as the reduced
separation distance between the individual spray plumes,
are in accordance with the flash-boiling effects observed by
other researchers.

This agreement enables linking the observed changes
with the rapid vaporisation, which intensifies the breakup of
the liquid jet and promotes the formation of smaller drop-
lets with an increased radial-to-axial momentum ratio.
However, as the observed changes in the spray structures
were not substantial, it is necessary to consider that other
factors, such as reduced surface tension and viscosity, may
also play a role.
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4. Summary and conclusions
This paper presents the results of experimental studies

of multi-component synthetic fuel sprays formed under
flash-boiling conditions. The experimental studies were
carried out on a dedicated test stand equipped with a multi-
hole injector, a constant-volume chamber, and a high-speed
camera used to visualise the sprays forms inside the con-
stant-volume chamber. The acquired images were used to
compare the spray structures in both qualitative and quanti-
tative manners, and to draw conclusions about the possible
effect of flash-boiling on the injection and atomisation of
the considered synthetic fuel.

The results showed that the spray structure was sensitive
to temperature changes, especially in the highest range
(from 90 to 120°C), possibly resulting in flash-boiling.
However, the secondary effects related to the rapid vapori-
sation of the injected fuel, in the form of spray collapse,
were not observed, and the changes were not profound.

In general, the key observations related to the changes
in spray morphology can be summarised as follows:

— At the highest studied temperature (120°C), the spray
area and the scattering signal intensity visibly increased,
suggesting enhanced atomisation and smaller droplets

— The individual plumes became thicker, and the separa-
tion distance between them decreased. Nevertheless, the
plume separation was still observed even for the highest
studied temperature

— The highest STP was observed for fuel temperatures of
60 and 90°C, under subcooled conditions

— Under flash-boiling conditions (120°C) and after full
development of multi-component synthetic fuel sprays

(1.5 ms), the spray tip penetration STP was slightly re-
duced. In contrast, the spray area and spray width were
increased compared to other fuel temperatures.

All those observations suggest an effect of flash-boiling,
even though the superheat index R, was relatively low
(1.34). However, the observed changes were not substan-
tial, and the plume separation, visible even at the highest
temperature, indicates that no significant near-nozzle ef-
fects from flash-boiling were present.

Nevertheless, in terms of possible cross-flowing air in
an engine combustion chamber, even those small effects
could influence the mixture formation, as smaller droplets,
due to the increased importance of aerodynamic drag, ex-
change momentum with the ambient gas more effectively.

These aspects, in turn, suggest two important possible
next steps in further research. Firstly, further studies are
required to determine whether a further reduction in plume
separation and spray collapse can be observed at lower
ambient pressures (and increased superheat index) for this
fuel. The second research could be oriented on the possible
cross-flow effects on the altered sprays. Even slightly modi-
fied sprays can interact differently with the cross-flowing
air. Such changes, in turn, could profoundly affect spray
evolution in a combustion chamber, influencing the per-
formance of the combustion process and engine emissions.
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Nomenclature

ASOI after start of injection

CVC constant volume chamber

dqo mean droplet diameter

DME dimethyl ether

DVPE dry vapour pressure equivalent
FT Fischer-Tropsch

MtG  methanol-to-gasoline

OMEX polyoxymethylene dimethyl ethers
Rp superheat index

SMD  Sauter mean diameter

STP spray tip penetration

TD thermal-diffusion controlled

G-E gasoline — ethanol T, liquid temperature

GHG  greenhouse gases VLE  vapour-liquid equilibrium
GTL  gas-to-liquid W, Weber number

IC inertia-controlled
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