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ABSTRACT: Sustainable means of transport require the
innovation or development of propulsive systems more respectful
of the environment. Despite current criticism, modern compres-
sion-ignition engines are efficient alternatives also in light aviation
and surveillance drones (such as small helicopters), as means of air
transport. Currently, the improvement of the injection, air-fuel
mixture formation, and combustion processes using sustainable
synthetic fuels, produced from renewable raw materials or by
carbon dioxide capture, is a reality. For improving the air-fuel
mixture formation inside the combustion chamber, one of the key
parameters is knowledge of the spray momentum flux because of
its effect on the air entrainement. To measure this parameter is
complex. However, the experimental determination of the fuel
mass flow rate is a common procedure. The objective of this work is the proposal of a novel but robust methodology for the
momentum flux estimation of fuel sprays from measurement of the rate of injection. In this work, single-hole nozzles of 115, 130,
and 150 pm in diameter are studied. The implemented methodology is applied to three fuels: a diesel fuel without biodiesel, used as
reference, and two sustainable synthetic fuels: a gas to liquid fuel and a hydrotreated vegetable oil. With the fuel injection rates and
the simple model proposed, the spray momentum flux is estimated under different operating conditions of a common-rail injection
system. The results of the spray momentum flux show a very good precision compared with those experimentally and previously
obtained with similar fuels but with multihole nozzle. With the method proposed in this work, an adequate forecast of spray
momentum flux is obtained in the case of not having an experimental setup that allows direct measurement of the momentum flux.
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This study can help investigators for fuel spray modeling with novel and renewable fuels in modern propulsive systems.

1. INTRODUCTION

Researchers and vehicle manufacturers have focused their
attention on keeping the exhaust gas emissions emitted by
vehicles as low as possible due to the implementation of
increasingly restrictive regulations. On the other hand, govern-
ments are becoming considerably concerned about ensuring
their energy security due to the rapid decline and limitation of
fossil fuel reserves caused by society’s high demand for energy,
thus also causing an increase in armed conflicts and fuel prices.

All of the above has given the use of alternative fuels in
vehicles a big boost. Alternative fuels have the capacity to
decarbonize the energy generated in internal combustion
engines (ICE) because their origin can be partially or totally
renewable. In addition, the synthetic nature of these fuels means
that they can be adapted and modified to reduce polluting
emissions.”

Hydrotreated vegetable oil (HVO) is an alternative fuel
obtained from the hydrotreatment and isomerization of
vegetable oils and animal fats. HVO fuel is a combination of
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paraffinic hydrocarbons with no aromatic or sulfur content. This
leads to a reduction in particulate matter (PM) emitted and a
reduction in nitrogen oxides (NO,) emissions.”” Compared to
conventional diesel, HVO fuel has a lower density and a higher
cetane number (CN)."® The latter helps to considerably
reduce the ignition delay and therefore a lower energy release
during premixed combustion. In addition, since the lower
heating value (LHV) of HVO fuel and conventional diesel fuel
are very similar, it is not necessary to change the amount of fuel
excessively to achieve an equivalent energy released.”

Gas to liquid (GtL) is a fuel synthesized from natural gas using
the Fischer—Tropsch process. GtL fuel does not contain sulfur,
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and the amount of aromatic compounds is negligible. This and
the lower carbon/hydrogen ratio decrease soot formation. Like
HVO fuel, GtL fuel has a higher CN and lower density compared
with diesel fuel. These differentiating characteristics benefit the
reduction of NO, emissions.'*™"*

There are some important factors to keep in mind when
considering the issue of using alternative fuels in engines. These
comprise combustion characteristics, performance, and emis-
sions. These, in turn, depend on factors such as injection
pressure, injection start, amount of fuel injected, number of
injections, combustion chamber design, and nozzle spray
patterns. A good understanding of fuel atomization character-
istics is essential to increase combustion efficiency and reduce
emissions. °~*°

There are two experimental procedures for characterizing fuel
spray: momentum flux (MF) and rate of injection (Rol). The
MF consists of measuring the impact of the fuel on a
piezoelectric sensor that is inside a chamber filled with an
inert gas.ZI’22 This parameter is very important for predicting the
blend potential of injection processes to achieve an efficient
combustion process with low pollutants formation. Important
factors such as spray penetration and cone angle, and air
entrainment largely depend on the spray impulse.”*~*” Knowing
this parameter, information is obtained about the flow exit
velocity and the mass flow rate, thus controlling the air—fuel
mixing together with the ambient density.”*™*°

The Rol consists of measuring the pressure variation caused
by the injection event by means of a piezoelectric transducer
inside a pressurized tube filled with liquid fuel.’’ With the
combination of these two measurements, it is possible to
determine the hydraulic coefficients of the orifices, discharge
coefficient (Cy) and area coefficient (C,), estimate the flow
velocity at the outlet of the injector and evaluate the cavitation
that occurs within the injector hole.** >

From fuel injection rates and with the help of the simple
model proposed, the spray MF is estimated under different
operating conditions for the common-rail injection system used
in this work. With the method proposed in this work to obtain
the MF from the experimental measurements of mass flow rate,
an adequate forecast of this value is obtained in the case of not
having an experimental setup that allows the MF. The results
from this methodology will help researchers and engine
developers in fuel spray modeling with novel and renewable
fuels in modern propulsive systems.

In most cases, both facilities are rarely available simulta-
neously to determine both parameters. Therefore, the objective
of this study is to present a methodology to determine the MF
based on the measurements of the Rol. Once the method is
validated, it is used for characterizing different alternative fuels
and nozzle sizes. The work was carried out with three different
fuels (HVO, GtL and diesel) and three different nozzles (115,
130, and 150 um) to determine the robustness of the method for
the different fuel properties and the different nozzle outlet
sections.

The novelty of this work consists of the statement of a simple
model, experimentally validated, for the estimation of the spray
MF using renewable synthetic fuels from the experimental
determination of a more common parameter: the fuel mass flow
rate through the injector. The work is divided into four sections.
In Section 2, the materials and methods employed in the study
are described. In Section 3, the results obtained are shown and
discussed. In Section 4, the conclusions of the work are
presented.

2. MATERIALS AND METHODS

This section describes the fuels, test matrix, experimental facility,
and nozzle discharge coefficient determination from Rol
measures. Later, the procedure for estimating the MF from
the Rol data is presented.

2.1. Fuels. Three different fuels were tested for the Rol
experiments.

e Conventional diesel fuel without biodiesel fuel and with
less than 10 ppm sulfur, supplied by Repsol (Spain).

e HVO fuel supplied by Repsol (Spain).

e GtL fuel from natural gas obtained through a low
temperature Fischer—Tropsch process supplied by
SASOL (South Africa).

Table 1 shows the main physicochemical properties of the
tested fuels.

Table 1. Main Properties of the Fuels Tested

properties diesel HVO GtL
C (% w/w) 86.2 85.7 84.67
H (% w/w) 13.8 14.3 15.31
O (% w/w) 0 0 0
density at 15°C (kg/m?®) 835.8 779.1 773.1
density at 40°C (kg/m?®)“ 827.6 763.5 756.9
viscosity at 40°C (cSt) 2.96 2.87 23
CEPP (°C) -19 —40 —45
flash point (°C) 61 70 63
CN 54.5 75.5 71
HHV (MJ/kg) 45.97 47.24 4691
LHV (MJ/kg) 43.18 44.20 43.66
distillation (vol.)
10% (°C) 206.5 265.2 195
50% (°C) 275.9 278.5 260
90% (°C) 344.9 290.4 338

“Calculated with eqs 9—11 of the work done by Armas et al¥

2.2. Test Matrix. The experimental conditions used for
hydraulic characterization are listed in Table 2. Each fuel was

Table 2. Test Conditions

parameters value units
rail pressure 90, 110 MPa
back pressure S MPa
energization time 2 ms
fuel temperature 313 K

evaluated for two injection pressures, one injection duration and
one temperature. These conditions were determined according
to the most representative values of the real engine conditions.

The injector used is Bosch with serial number 089909/
0445110239, which has a set of single-hole nozzles with a K
factor of 3.5 and external diameters of 115, 130, and 150 gm.
The injector is controlled by Injectronix CRS-4000 equipment.
In this equipment, the set point values of the energization time,
injection pressure, and frequency are indicated.

2.3. Experimental Facility Description. For this work, an
experimental installation designed to simulate the common-rail
injection system of any vehicle, regardless of the engine, was
used. The fuel is injected into the EVI-2 measurement
equipment, which is filled with the same test fuel, and unlike
the combustion chamber of the engine, it is in a nonreactive
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Figure 1. Scheme of the experimental facility.

atmosphere (N,). Figure 1 shows the scheme of the
experimental facility.

The fuel is at rest in the tank of the experimental facility; here,
the fuel is conditioned to the set point temperature by means of
resistors and an external heat exchanger. The fuel is driven
through the circuit with the help of a low-pressure pump to the
high pressure pump, which is driven by an electric motor. Before
reaching the high pressure pump, the fuel is filtered and purged
to remove any particles and air it may contain. The fuel is then
pressurized by a high-pressure pump and guided to the
common-rail, which contains a pressure regulator that allows
the fuel to be maintained at the set injection pressure.

When the fuel is conditioned in temperature and pressure, it is
injected into the EVI-2 measurement equipment. The equip-
ment is pressurized by nitrogen to generate the necessary back
pressure to simulate the pressure conditions in the combustion
chamber at the time of injection. This equipment is based on the
Bosch method for the metering procedure, which consists of
injecting the fuel into a measurement tube filled with the same
fuel. A dynamic pressure wave is generated by the injection
event, this being proportional in shape and amplitude to the
Rol 3738

The Rol measurement system has integrated equipment
necessary for the control and acquisition of data, which are
necessary for the calculation of the injection rate. The injected
mass is recorded using a Mettler PM4800 DeltaRange precision
balance with a precision of +0.01 g. A Yokogawa DL708E
oscilloscope is responsible for acquiring the energizing pulses
measured by a clamp meter, the dynamic pressure wave, the
pressure in the common-rail, and the back pressure of the
system. A NI-6009 instrument is responsible for acquiring the
pressure and temperature values of the fuel before and after the
common-rail. Subsequently, all of these data will be processed by
software developed to calculate the Rol.

2.4. Nozzle Discharge Coefficient from Rol Measures.
With the Rol measures, it is possible to obtain the hydraulic
characterization of the nozzles tested with the different fuels and

at different injection pressures, that is, the discharge coefficient
(C4). The discharge coefficient is calculated using the following
expression

e e
mth A\ pr(Prail - Pback) (1)

where m; is the measured Rol, m, is the theoretical Rol, A is the

Cd:

exit area of the nozzle, p;is the average density of the fluid in the
nozzle geometry, P, is the injection pressure and Py, is the
back pressure. The discharge coefficient for the different
conditions can be represented in terms of Reynolds Number
(Re), defined as’”

2(Prail - Pback)
Px )

where D, is the geometric diameter of the nozzle outlet and v;is
the kinematic viscosity of the fluid.

2.5. MF from Rol Estimation Procedure. As indicated
previously, this work aims to validate a method to estimate the
MF of different fuels when only the Rol is available, and there is
no experimental facility available.

The MF and Rol can be obtained respectively from™*

: 2
M; = Agp;ug (3)

mg = Agppug (4)

where M; is the measured MF, A; is the effective area of the
nozzle outlet, p; is the average density of the fluid in the nozzle
geometry, u;is the effective velocity of the flow at the nozzle exit
and m; is the measured Rol.

The experimental measurements of MF used in the present
work, and which were used to validate the procedure here
proposed, were obtained with equipment whose scheme is
similar to that presented in Figure 2.
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Figure 2. Scheme of the experimental facility used to measure MF.

Combining eqs 3 and 4, the MF and the Rol can be related
with the following expression

) ']f
7‘1{ —
llflf (5)

It is necessary to know A¢in order to obtain Mf, soeq lisused
and the following relation is obtained

mf Af\ pr(PraiI - Pback) Af

Cd= = = —

mth A\/ pr (Prail - Pback) A (6)

Solve A¢in eq 6 yields the following expression
A;=CA (7)

Substitute eqs 7 in S is obtained

— mf ’
CdApf (8)

If m; is solved from S, is obtained

mg = MeAep; 9)

Payri et al.*” validated a method using eq 9 to determine the
Rol as a function of MF measurement for four different fuels
(diesel, biodiesel, GtL and Farnesane). They used an injector
with seven holes and measured the MF in each one of them, and
in order to apply the method, they made an average of the MF of
all the holes. They found that the calculated rate of the injection
profile had a high similarity to the experimental rate of the
injection profile. They concluded that the applied method
provides a valid Rol and that the maximum error in the
calculation of the injected mass was around 11%. Figure 3 shows
MF (Figure 3a) and Rol (Figure 3b) measured experimentally
and calculated with egs 5 and 9 of the work done by Payri et al.**
The test corresponds to diesel fuel at an injection pressure of 90
MPa, an energization time of 2.5 ms, a fuel temperature of 313 K
and a back pressure of 6 MPa.

This error may be due to intrinsic differences between the Rol
rate measurement procedure and the MF procedure: the MF is
measured in only one hole at a time, while the Rol considers all
holes. In MF measurements, the injections are made in a gaseous
medium, while in Rol measurements they are made in a liquid.
The latter can cause the dynamics of the needle to change and
lead to variations in the amount of injection and its distribution.
To this, it must be added that the position of the measurement
sensors of both procedures is located at different distances.

Therefore, for this work, eq 8 will be applied to determine the
MEF from the Rol measure. But an injector with a single hole will
be used to avoid the measurement and calculation uncertainty
that is obtained with injectors with more than one hole.

2.6. Data Processing. Figure 4 shows the graphs obtained
after processing the data. In Figure 4a is the graph of the Rol,
where the area marked in red is the one used to calculate the total
mass injected. The Figure 4c,d correspond to the injection
pressure and the back pressure, respectively. Finally, Figure 4b
corresponds to the injector energization pulse.

Five repetitions were performed for each test. Therefore, to
present the results, an average of all injection events was made.
Figure 5 shows a test with all repetitions and the average. As can
be seen in the graph, although the total number of repetitions for
each operating condition is low, the cloud of points is quite
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Figure 3. MF and fuel mass flow rate experimental data compared to results obtained by means of eqs 5 and 9 respectively. The Figure 3a corresponds

to the MF, and the Figure 3b corresponds to the mass flow rate.
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inj*

concentrated around the average curve, and the standard
deviation is less than 15%. The deviation shown in the figure was
similar to other test conditions at different pressure levels for all
the tested fuels. Therefore, the use of the average curve for the
representation of the results can be considered accurate.

3. RESULTS AND DISCUSSION

This section is divided into three parts. At first it presents the
measured Rol using the Bosch method to verify the hydraulic
behavior of the three tested nozzles and understand the effect of
the fuel type. Later, the nozzle discharge coefficient calculation is
presented. This is an important parameter for the subsequent
estimation of the MF. In the last part, the MF is estimated from
the Rol curves, following the procedure presented in eq 8.

3.1. Rol Results. Figure 6 shows a comparison of the
measured Rol between fuels for the three nozzles, two injection
pressures (90 and 110 MPa) and one energizing time (2 ms).

The curves of the Rol, presented in Figure 6, show the
increase in the fuel mass flow rate proportionally to the square
root of the difference between the common rail injection
pressure and the back pressure of the fuel rate indicator. These
results also show a decrease of the fuel mass flow rate,
proportionally to the fuels density value, where the GtL fuel
delivers lower mass amount compared to HVO fuel. This trend
is in agreement with previous studies available in the literature
that showed that the density is one of the main properties that
influences the amount of mass injected.

3.2. Nozzle Discharge Coefficient Determination. Once
the Rol measurements of all of the tests were obtained, they were
used to calculate the discharge coefficient of the tested nozzles.
Figure 7 shows the Cy values as a function of the Reynolds
number for each of the nozzles. As can be seen, Cy has an
asymptotic trend as a function of the Reynolds number. This
indicates that the nozzle flow is fully developed. The value of the
discharge coefficient depends on the characteristics of the
injection system, particularly the geometry of the nozzle.””””
Besides, it is found that GtL fuel has a higher Reynolds number
for the three nozzles compared with diesel and HVO fuels. This
behavior was expected since the viscosity of GtL fuel is lower
than the viscosity of diesel and HVO fuels. These last two have
similar viscosity values.

As can be seen, the discharge coeflicient values are different
for the three tested nozzles. The smaller orifice nozzle has the
largest discharge coefficient (closer to unity), meaning a more
efficient discharge geometry. This is because these nozzles are
conical, with the last one showing the larger half an gle. The
coherence of the obtained values can be theoretically checked as
follows below.

Equation 1 indicates the discharge coefficient definition.
From this equation, the total available pressure can be expressed
as
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P — =
Ci24p  Ci2

rail —

Pback =

(10)

where uy, is the bulk velocity associated with the mass-flow at the
nozzle orifice. On the other hand, the relevant head losses in this
kind of nozzle are (i) the outlet momentum, (ii) the friction
along the nozzle duct, and (iii) the losses at the inlet. These are
usually modeled as eq 11 indicates

L 2,1 3 L 1,
prail - pback Epfub + Epfub,averagef(s + Epfubilq
average
(11)

where f is the friction factor of the moody diagram, L is the
nozzle length, D is the nozzle diameter and K; is the inlet loss of
head coeflicient. Writing all the terms as a function of the outlet
bulk velocity, and the inlet and outlet diameters the expression
reads

1 1 ,. L
Ban ™ Pracc = 5P + Epfubfg
(s

2 2 4

Do(Do + Di(DO + Di )) 1 2 Do

D + EpfubKi 4

i i

(12)

where D; is the geometric diameter of the nozzle inlet. Direct

comparison with eq 10, leads to

1 L(D(D, + D)(D* + D? D!
_2=1+f_( (0, + D) 1>]+K{ :
G D, D; D; (13)
This means
1
Cd =

i

L { D,(D, + D,)(D} + D?) !
1 el o\ i o i K o
\/ +fDo( pf ) * ‘(D“> (14)
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Figure 7. Discharge coefficients for all fuels and injection pressures. The (a) corresponds to the discharge coefficient of the nozzle of 115 ym, the (b)
corresponds to the discharge coefficient of the nozzle of 130 ym and the (c) corresponds to the discharge coefficient of the nozzle of 150 ym.

Considering, as a first approximation, the usual value of K; =
0.5, for the sharp-inlet loss of head, and an average value of f =
0.065, consistent with the Reynolds number based on the bulk
velocity. Figure 8 shows the values of this theoretical
approximation versus the measured ones.
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Figure 8. Discharge coefficient theoretical values versus measured
values for the three tested nozzles. Depicted Reynolds number, Re,
corresponds to eq 2. This Re is related to bulk velocity Reynolds as Re,b
= ReCd.

3.3. Validation of the Procedure for the MF
Estimation. Figure 9 shows the validation of the method
using eq 8. The data presented in Figure 3 were used to validate
the method. The figure depicts three curves: the blue curve is the
Rol measured directly with the Bosch apparatus, the orange
curve represents the experimental MF, that is also used for
validation, and the purple curve corresponds to the calculated
one. It is observed that the MF calculated using eq 8 and the one
measured experimentally showed good agreement. Therefore,

6 [Diesel I3
) z
=) <

x
Q4 12 2
g £
= S
o c
52l 11 @
g g
s —— Exp. mass flow rate =

0 ——Exp. momentum flux 0
——Equation 8

0 05 1 15 2 25 83 35 4 45
Time (ms)

Figure 9. Validation of the method was carried out using eq 8.

the application of the method proposed in this work for the
determination of the MF can be considered accurate.

In general, the MF determined from the Rol curve and eq 8
replicated the start of injection, the wave fluctuation in the
stabilized phase, and the initial part of the closing stage.
However, some characteristics can be identified:

e Opening phase: the start of injection can be well
characterized. Usually there is a small difference in the
initial stage of the injection process since the Rol is
measured injecting into liquid, and the experimental spray
MF for validation was obtained injecting into inert gas.
Additionally, the transducers of both experimental
approaches are located at different positions. In the
momentum test rig the fuel spray has to travel some
distance. Then, it takes a while for the first droplets going
through the control volume and impact the force sensor
downstream. To correct this phenomena, the signals were
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Figure 10. Comparison of the MF between fuels. The (a,c,e) correspond to a Py

90 MPa, while the (b,d,f) correspond to a P, 110 MPa.

phased with the Rol data considering the distance
between the nozzle and the sensor, and the spray velocity.

Furthermore, the first part of the opening phase in the
experimental spray momentum signal has two slopes that are not
captured using the Bosch method. This can be attributed to the
formation of packages of liquid that leave the nozzle at the
beginning, where the dynamics of the needle is relevant. It is
reflected then on the different velocities of the dro4plets at the
spray tip when they impact at the force transducer.””*'

e Steady phase: in this study, the energizing time selected
for the measurements are long enough to ensure that the
needle of the injector is completely open and does not
perturb the flow through the orifice. It can be seen that the
MF obtained with eq 8, reproduces quite well this phase of
the injection event, and the fluctuations due to the wave
dynamics in the injector body and high pressure line are
well captured.

Closing phase: although the experimental and calculated
curves have the same slope at the beginning of the injector

closing, in the final phase the experimental curve has a
much slower slope. This behavior is due to the fact that
the injection has already finished, but the last drops of fuel
slow down their movement and reach the transducer with
less force. In this case, it could be considered that the
curve obtained from the mass flow rate measurement best
reproduces the end of the injection event.

Once the method has been validated with experimental, it will
be used to estimate the MF for the three nozzle geometries and
for the three fuels analyzed in this study.

3.4. MF Determination from Rol Measurements for
Different Fuels. The experimental results obtained for the
measured Rol together with eq 8 were used to determine the
instantaneous MF. Figure 10 shows a comparison of the MF
between fuels for the three nozzle diameters, two injection
pressures (90 and 110 MPa) and one energizing time (2 ms).

These results indicate that for the range of injection pressures
tested (typical of the operation of reciprocating ICEs) and for
the studied injection nozzle diameter values (typical of current
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injection systems), the effect of HVO and GtL paraffinic fuels on
the spray MF is similar to that produced by conventional diesel
fuel. This result is interesting when introducing the use of these
emerging alternate fuels in current engines. If these fuels have a
similar behavior, from the point of view of the spray MF, it is
expected that the lift off and the air entrainment during its
introduction into the combustion chamber will also be similar,
and consequently, the physical process of the air-fuel mixture
formation before the start of combustion would be analogous.

4. CONCLUSIONS

A method for the determination of the spray MF was validated
for three different fuels through the measurement of the Rol.
The fuels tested were diesel, GtL and HVO. All test conditions
were determined according to the most representative values of
the real engine conditions. The main conclusions obtained in
this work are:

A simple and reliable method is proposed for the estimation of
the spray MF from the measurement of the Rol.

The proposed method of MF estimation has been compared
with experimental measurements with good accuracy.

The proposed method has been applied to estimate the spray
MF using two different sustainable and renewable fuels, such as a
HVO and a GtL.

The differences in both density and viscosity between fossil
diesel fuel and renewable HVO and GtL fuels are not significant
enough to modify the spray MF under typical operation
conditions with nozzles tested. This result is very welcome
because it will contribute to an easier introduction of these fuels
in current engines.

Based on the aforementioned results and conclusions, it is
possible to state that the MF estimation method is realistic and
accurate enough when only experimental equipment to measure
the injection rate is available.

Summarizing, it can be said that the presented method
provides an accurate spray MF curve despite being obtained
from the Rol signal and the corresponding equations derived
from the theory. Therefore, this means that only with the
available mass flow measurement can an adequate prognosis be
obtained in the case of not having access to an experimental
setup for direct measurement of the MF.
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B NOMENCLATURE

A exit area of the nozzle

A;  effective area of the nozzle outlet

area coefficient

4 discharge coeflicient

nozzle diameter

geometric diameter of the nozzle inlet

geometric diameter of the nozzle outlet

friction factor of the moody diagram

inlet loss of head coeflicient

L nozzle length

M ‘ measured momentum flux

e measured rate of injection

g, theoretical rate of injection

V¢ kinematic viscosity of the fluid

Py, back pressure

injection pressure

ps  average density of the fluid in the nozzle geometry

u,  bulk velocity associated with the mass-flow at the nozzle
orifice

ue  effective velocity of the flow at the nozzle exit
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