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Viera

Abstract
As legislations set very stringent environmental and fuel economy standards,
researchers have pushed into a continuous development in all areas of the diesel
engine. The recent evolution of the injection technologies has permitted to modify
the fuel-delivery strategies. From what was a single pulse per injection event,
modern systems allow to inject up to 8 different times precisely per combustion
cycle. In such sense, experimental results of the rate of injection and momentum
flux could be useful for validation and improvement of computational models.
Moreover, accurately quantifying the injected mass per pulse in a fuel-gas interface
can provide data with more realistic engine-like conditions. To this end, this
research presents measurements of the rate of injection and momentum flux for
two simple multiple injection strategies: a pilot-main, and a main-post. Boundary
conditions included two rail and discharge pressures, two different pilot/post
quantities and four dwell times. A new approach was employed to estimate the
mass allocation with the momentum flux data, and results were compared to the
rate of injection traces to verify the distribution calculated. On the results, signals for
each pulse were successfully decoupled using its rising and falling edge. The shot-
to-shot variability of the pilot/post injection was highly dependent on its transitory
characteristics, and on the dwell time for post injections due to internal pressure
waves. The injected mass per pulse was successfully measured as well in the
momentum flux test rig, and the energizing time changed slightly to account for the
different operation interfaces. Signals from both measurement campaigns showed
a remarkable agreement when compared, ascertain the possibility of measuring the
injected mass, and its allocation for multiple injection strategies, in the momentum
flux test rig.
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Introduction
In recent times, diesel engines are being subject to public scrutiny1–3. Legislations
have set very stringent environmental and fuel economy standards, that have pushed
researchers into a continuous development in all of its areas, and have set the diesel
engine as the most efficient alternative4,5.

One of the main areas is the study of the diesel spray mixing, as it has been
recognized as a critical factor in combustion control and the reduction of its
related contaminants6,7. The characteristics of fuel sprays are conditioned by many
parameters, such as the injection pressure, engine load, nozzle geometry8, and rate
of injection, among others. Kim et al.9 deeply investigated the differences between
a direct-acting piezo electric injector and an in-direct one. They found that the faster
response and higher fuel injection rates of the direct-acting unit led to a reduction in
the combustion heat release and in the in-cylinder pressure, while generating more
un-burned emissions. However, when a pilot injection strategy was used, the better
control of the direct-acting injector allowed better performance of the engine (faster
combustion process). The effect of the injection shape on combustion characteristics
and in-cylinder pressure profiles was also investigated by Tay et al.10, in this case
using computational tools. They showed that not only the start of combustion can be
controlled just by modifying the injection shape, also the pressure rise and even the
liquid impingement on the cylinder head and piston surfaces.

Thus, the spray development is naturally a very complex phenomenon, due to the
numerous mechanisms involved and its intrinsically stochastic behavior. Over the
years, researchers have studied fuel sprays thoroughly to understand the fundamental
processes and establish a reliable experimental set of data that enables the validation
of more detailed numerical models11. In such sense, computational fluid dynamics
(CFD) provide unmatched advantages that coherently complement experimental
measurements, as they offer detailed spatial information of complex variables12 with
a high temporal resolution. Moreover, the predictive capabilities of validated CFD
models can help to reduce testing times and production costs. However, these are
limited to high-fidelity experimental data for validation, and accurate delimitation of
the problem.

Recently, the evolution of the injection technologies has permitted not only to
improve the spray mixing process, but to control injection parameters accurately,
adding flexibility to the systems for new strategies13,14, and an extra degree of
complexity to the researchers. From what previously was a single pulse per combustion
cycle, modern systems allow to inject up to 8 different times precisely13. To this
end, multiple injection strategies have demonstrated to be capable of reducing fuel
consumption, particulate matter, carbon oxides, nitrogen oxides, soot, and unburned
hydrocarbons15–23.
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Experimental results could prove useful for validation and improvement of simple
spray models24–26, as well as zero-dimensional models that calculate the rate
of injection signals for numerous boundary conditions27–30. Furthermore, needle
dynamics may differ in the momentum flux test rig because of the changes in the
interface from fuel-fuel to fuel-gas31–33. Thus, it is essential to quantify the injected
mass and its allocation in engine-like conditions, especially in highly transient pulses
such as small pilot/post injections. Accordingly, this paper presents measurements of
the rate of injection and momentum flux for two simple multiple injection strategies:
a pilot-main, and a main-post. Boundary and operating conditions between test cells
were kept constant. A two-scale system was used in the rate of injection campaign to
verify the values obtained by an upstream scale, that was later implemented to measure
the injected mass in the momentum flux facility. A new approach was employed to
estimate the mass allocation with the momentum flux data, and results were compared
to the rate of injection signals to verify the distribution calculated.

This paper is divided into four sections. Following this introduction, the
experimental facilities and measurement methodologies are detailed. Then, results and
discussions are presented, organized by the different measurement campaigns that were
carried out. In the last section, the main conclusions are drawn.

Materials and Methods
This section presents the test matrix, experimental equipment and data processing
methodology for multiple injection strategies, including the approach used to estimate
the mass allocation in the momentum flux test rig.

Test matrix
Conditions for the hydraulic characterization were selected to analyze the influence
between two injection events: a pilot before the main injection or the main injection on
a post. A test group consisted of a single injection event with fixed boundary conditions,
and then two different pilot/post quantities and four hydraulic dwell times. Each group
was assessed for two rail and discharge pressures, to analyze the influence of boundary
conditions on the multiple injection strategies. The test plan is presented in Table 1.

Table 1. Test plan for the hydraulic characterization campaign.

Parameter Value Units

Rail pressure (Pr) 100 - 200 MPa
Discharge pressure (Pb) 3 - 6 MPa
Operating temperature 363 K
Pilot/post dwell times 200 - 350 - 500 - 650 µs
Pilot/post inj. quantity 1 - 3 mg
Total mass per inj. 30 mg
Injection frequency 1 Hz
Cycles measured 50 -

The proposed test matrix consists of 40 test points for the hydraulic characterization,
with two repetitions per condition. Rail and discharge pressures were selected
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considering engine-relevant conditions and Engine Combustion Network (ECN)
guidelines34. The typical injection frequency for the rate of injection measurements
is 10 Hz35–37, but it was lowered to 1 Hz to use the same value throughout the different
test cells, as the heat produced by the piezo stack as well as the operating temperature
of the crystal can affect its dynamic response, and thus, modify the injected quantity
of the pilot/post pulses37,38. The total injected mass was selected accounting for a
nozzle with a total nominal flow area of 0.06283 mm2 installed in 1.6 L engine that
injects 50 mg. The pilot/post mass distributions were chosen considering typical engine
values of 5 % and 10 % of the total injected mass, although in the first case it was
reduced to 1 mg to amplify the difference between injected quantities. Dwell times
were selected considering a minimum hydraulic separation between injection pulses of
200 µs, increasing it by increments of 150 up to 650 µs.

The injector was driven with a two-stage voltage signal per injection pulse. The
signal is comprised of a boost stage to aid needle lift, and then a hold-off stage
that controls injection duration. Voltage levels and ramp-off (volts per second) were
provided by the original equipment manufacturer (OEM), and they depend on the
injection pressure. The signals are depicted in the rate of injection results.

Fuel delivery system
Fuel needs to be delivered to the test chamber at a specific pressure. Additionally, its
conditions need to be stable, to some extent, through a wide range of operating points.
To this end, the injection system is composed of commercially available components
adapted for laboratory use. The main elements are a fuel supply source, a high-pressure
unit, a common-rail, and the injector.

Fuel was first purged and filtered, to remove air and particles. Then, it was
pressurized by a high-pressure (HP) pump powered by an electric motor. A common-
rail fitted with a pressure regulator was connected to the high-pressure outlet of the
pump, used as a control unit. The regulator was driven with a closed-loop proportional-
integral-derivative (PID) commercial controller. Low-pressure fuel returning from the
common-rail and the pump was cooled down with a heat exchanger, and sent to the air
purger along with the fuel back-flow from the injector. A flexible line transported the
pressurized fuel from the control common-rail to the corresponding test rig. Figure 1
presents a schematic diagram of the high-pressure unit.

The injector used is the latest iteration of a commercially available piezo common-
rail (PCR) type 5 from Continental13. It has a micro piezo stack actuator, which
compared to the conventional ones, maximizes the internal high-pressure volume,
improving its efficiency in multiple injection strategies. Besides, the piezo stack is
powerful enough to handle operating injection pressures up to 250 MPa. The injector
was fitted with a six hole nozzle, with its main characteristics summarized in Table 2.

Rate of injection configuration
Mass flow rate measurements were carried out with an Injection Rate Discharge Curve
Indicator (IRDCI) from IAV. It measures the rate of injection (ROI) with the long-tube
method, whose working principle is based on the theory of pressure wave propagation
in a liquid column. The setup used is presented as a schematic diagram in Figure 2. Fuel
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Figure 1. High-pressure unit schematic diagram.

Table 2. Real nozzle geometry.

Parameter Value Units

Number of orifices 6 -
Avg. outlet diameter (Do) 90.1∗ µm
Outlet diameter (Do) 91.7∗∗ µm
Avg. k-factor 5.3 -
Nominal flow rate 313∗∗∗ mLmin−1

Avg. height angle 74.8
Degree of hydro-erosion 7.7 %
∗ Considering all orifices.
∗∗ Of the orifice measured in the momentum flux test rig.
∗∗∗ At 10 MPa of injection pressure.

was supplied to the high-pressure unit (sketched in Figure 1) by a vase mounted on an
upstream scale. Then, the pressurized fuel was delivered from this high-pressure unit
to a second common-rail (volume = 22 cm3, length = 28 cm), and fed to the injector
through a high-pressure rigid line (inside/outside diameter = 2.4/6 mm, length 24 cm).
The rail and line configurations were selected to comply with ECN standards34. Fuel
exited the IRDCI, and it was deposited into a downstream scale. The quantity injected
was measured by both scales, accounting for the number of injections in a period of
120 seconds. The injector was commanded by a manual piezo pulse signal generator,
which replaces the engine control unit (ECU).

The dynamic response of the piezo stacks is very dependent on its working
temperature38,39, and therefore it could affect the hydraulic performance of the
injector37. Accordingly, the injector was mounted to the IRDCI with a special holder
that allows controlling its operating temperature. The holder had a cooling sleeve that
extended along the body of the injector, with a thermocouple inserted in the middle to
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Figure 2. Schematic diagram of the setup used for the rate of injection measurements.

monitor the temperature. This system was driven by a thermoregulator unit that used
ethylene glycol at 30 %, pumped at a rate of up to 60 L/min, heated by a 6 kW unit,
and cooled down by a separate water supply system.

A digital oscilloscope records the rate of injection, rail pressure, and driving voltage
signals, for a total of 50 injections per test point at a rate of 1 injection event per second.
The time reference of the measurement, that is t = 0, is the start of energizing (SOE)
of the injector. All the data is directly averaged, and then the ROI is corrected for the
signal accumulation phenomenon, with a methodology thoroughly described by Payri
et al35. The shot to shot dispersion is measured through the standard deviation of all
the data36, and it is below 1% in all cases during the whole injection duration.

The final signal is then integrated to obtain the injected mass. Due to the uncertainties
in the calculation of the speed of sound, cycle-to-cycle and temperature variations,
among others, the integral of the rate of injection signal can differ from the mass
measured by the scale. Thus, a standard methodology was developed in the laboratory
and used in many previous publications35–37,40,41. A scaling factor is calculated with
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the ratio of the mass measured by the downstream unit divided by the integrated mass,
and is multiplied with the averaged signal.

Momentum flux configuration

Part of the setup used to measure momentum flux is presented in Figure 3. The same
fuel supply scheme as previously shown was used to provide the fuel to the injector,
so the injected mass can be measured with the upstream scale. The injector was
mounted in the test rig with the same cooling sleeve unit, to keep the temperature of
operation constant throughout measurements and experimental facilities. The pressure
transducer, which captures the impact force, was installed into a specific holder that
positions the sensor perpendicularly to the spray axis. A spacer was used to control
its distance to the outlet of the nozzle. Additionally, a set of shims that act as spacers
between the injector holder and the test rig can be used to control the vertical position
of the injector referenced to the sensor (with the same orientation as in the figure), but
it was not necessary for this configuration. Chamber pressure is controlled by a set of
valves that regulate the inlet and outlet flow of nitrogen.

Figure 3. Schematic diagram of the setup used for the momentum flux measurements.
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As in the rate of injection measurements, a digital oscilloscope records the
momentum flux, rail pressure, and driving voltage signals, for a total of 50 injections
per test point at a rate of 1 injection event per second. The average signal, is
corrected for the accumulation phenomenon35, and the injected mass is verified with
the upstream scale.

Data processing
As the number of pulses increases in an injection event, it is necessary to decouple each
process to quantify their respective injected mass. Accordingly, for rate of injection
results, the start and end of injection for each pulse were calculated with the rising
and falling edge of each curve following the procedure of Salvador et al.40. Then the
injected mass was estimated by integrating each of the pulses within these limits, and
the total mass adding these values. An example of the result obtained is depicted in
Figure 4. Note that the dwell time was measured from the end of injection of the first
pulse to the start of injection of the second pulse.

Figure 4. Example of the decoupling of two injection pulses and their respective injected
quantities. The labeling 1-29 refers to the nominal strategy of 1 mg and 29 mg for the
injected mass of pilot and main pulses respectively.

The nominal strategy is presented with a label (for example, 1− 29 in the figure)
that refers to the target mass of the pilot and main injection, while the order of these
numbers refers to either a pilot-main or a main-post case. This labeling structure is
maintained throughout the document. For multiple injections, the energizing time of
the first pulse was kept for fixed conditions of injected mass and different dwell times.
However, because of the rail pressure drop induced by the first injection pulse, and the
pressure waves that appear within the injector, the energizing time of the second pulse
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had to be slightly modified when the dwell time was changed, to maintain the target of
a total injected mass of 30 mg per injection event.

For momentum flux, the total injected mass is measured by the upstream scale.
However, to estimate its allocation for multiple injection pulses, a link to the rate of
injection is found in the basic definition of both variables, extracted from the work by
Payri et al42:

ṁ = A · ρf · u (1)

Ṁ = A · ρf · u2 (2)

Where ṁ is the rate of injection, A is the area, ρf is the density of the fuel, u is
the velocity, and Ṁ is the momentum flux. In the presence of cavitation, the area and
velocity terms can be changed to a simplified flow model with an effective area and
velocity42. Solving the velocity, the rate of injection and momentum flux can be related
with the following expression: √

Ṁ ≈ ṁ√
A · ρf

(3)

Considering that boundary conditions were kept equal along experimental vessels,
Equation 3 provides a direct link between the ROI and momentum flux (

√
Ṁ ∝ ṁ).

Therefore, the mass injected by each pulse was calculated as the area allocation, after
integrating the square root of the momentum signal. An example is shown in Figure 5,
where for a strategy of 1-29 mg, that represents a nominal area distribution of 3.3 %
- 96.7 % for a target mass of 30 mg, the area integrated from the square root of the
momentum signal has to match that ratio.

Needle dynamics can change in momentum flux test rig because the interface varies
from fuel-fuel to fuel-gas31–33, and the injection quantity and its distribution might
differ slightly. Each injection pulse was decoupled with the same procedure as in the
rate of injection, with the rising and falling edge of each signal. Then, with the total
injected mass per cycle, the quantity by each pulse can be estimated (and multiplied
by the number of holes as previously discussed), and the energizing times slightly
corrected to achieve the target mass. Note that the SOI and EOI are not the same as
in the injection rate measurements, due to the time it takes for the spray to impact the
sensor.

Results and discussion
This section presents the results of the complete hydraulic characterization for multiple
injection strategies.

Rate of injection for multiple injection strategies
Rate of injection results are presented in a set of three vertical subplots that consist
of the driving signal (top), rail pressure measurement (middle), and rate of injection
(bottom). All results are always compared with their baseline point, which is at the
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Figure 5. Example of the allocation of the injected mass in the momentum flux test rig. The
area was calculated as the integral of the square root of the momentum flux signal for each
injection pulse.

same conditions of rail and discharge pressure, and named “Single” (or with zero dwell
time) as it has no multiple injections. Rail pressure signals were phased to their nominal
level for comparison purposes. Nevertheless, the differences in rail pressure levels
before injection between test points were less than 1%, thanks to a robust pressure
control system.

In Figures 6, 7, 8 and 9 results of the rate of injection for the different pilot injection
masses and rail pressures are depicted. Each color represents a hydraulic dwell time.
Due to the high number of test points carried out, only one discharge pressure is
presented for each rail pressure, as it is well-known that it has little influence in the
hydraulic performance of the injector35,36,40,42.

For both rail pressures and the smallest pilot quantities, the injector did not achieve
a stabilized operation and ran entirely in a transitory state through this first injection
event. When the pilot quantity increased to 3 mg, stable conditions were reached but
not with a fully developed flow, probably due to the sac pressure loss during the start
of the injection process33,40,43–45. Sac pressure decreases mainly for two reasons: the
volume of the displaced needle that is filled with fuel from its surroundings, plus the
fuel that is injected into the chamber. Thus, even though the needle reached lift levels
where it does not have any influence on the internal flow development, fully developed
flow conditions are not reached until sac pressure recovers45.

Additionally, at lower rail pressures, closed-couple pilots produced a faster rate of
the start of injection for the main event, probably due to the effect of pressure waves
within the injector sac and control volume33,46–48. This was quantified by calculating
the average start of injection speed as the maximum opening slope of the curve for
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the conditions presented in the previous plot, and results are shown in Figure 10.
The impact of the pressure waves can be somewhat visualized in the ROI signal, as
local oscillations are observed at the beginning of the main injection signal for the
shorter dwell cases, and they get smoother when increasing the dwell time. Thus, as a
general consequence, the main injection needed a shorter driving signal to achieve the
same mass quantity with decreasing dwell time. However, the total energizing time,
compared to the single injection case, needed to be longer in order to reach the target
injected mass of 30 mg due to the added hydraulic delay of each new injection pulse.

Examples of the results regarding post injections are depicted in Figures 11, 12, 13
and 14. As with the pilot injections, a similar behavior was observed. For the smallest
post quantities, the injector did not achieve a stabilized operation and ran entirely in
a transitory state through this second injection event. Consequently, the control of the
mass quantity of the smaller post injection was rather difficult, because the performance
of the injector is affected by the impact of the pressure waves in the transient of the
needle, that depends on the rail pressure. This explain as well the different trends
of the post injected quantity with decreasing dwell time observed in Figure 11 and

Figure 6. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a pilot injection quantity of 1 mg, and a rail pressure of 100 MPa.
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Figure 7. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a pilot injection quantity of 3 mg, and a rail pressure of 100 MPa.

Figure 13. Moreover, in pilot-main strategies, the SOI velocity of the second pulse
was affected by the pilot injection, as the first pulse had no prior event altering its
hydraulic performance. Thus, the same effect is observed on main-post strategies, but
much amplified as this second pulse is entirely transitory. A similar conclusion was
reached in the work of Carreres43, where the pressure within the control volume was
calculated through 1-D modeling, and the effect of pressure waves in the performance
of post injections was quantified.

Altogether, the pilot/post target mass of 1 mg were managed with a 10 % deviation,
with some specific conditions measuring overshoots of up to 20 %. However, this is a
combination of the precision of both the injector and the measurement system. For the
target mass of 3 mg, pilot/post injection quantities were attained within a reasonable
deviation of under 5 %, with some outliers above this value. The total target mass of
30 mg was achieved in general with deviations below 2 %.

Nevertheless, one of the main challenges of multiple injection strategies is the
control of the pilot/post pulses, especially when quantities are small, because the
injector operates only in a transitory state, as seen in the previous results. To this end,
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a shot-to-shot dispersion analysis was carried out to observe in which conditions the
injector operates with a considerate variability. The relative standard deviation (RSD)
was calculated as the standard deviation of the integrated mass (mint) for each pulse of
the 50 cycles, divided by the value for the integrated mass of the averaged signal, that
is:

RSD = 100
std([m1int m2int m3int ... m50int])

mint
[%] (4)

Therefore, Equation 4 represents the ratio of the standard deviation to the mean value
in a percentual scale. Results regarding the dispersion of the pilot-main strategies are
presented in Figure 15. Single injection cases, depicted as the data with zero dwell time,
show the lowest RSD of all. The highest deviation was observed for the pilot masses
of 1 mg, as expected due to its transient behavior. For such cases, the determinant
factor is probably the needle closing time, which can slightly differ if the closing phase
starts during the transitory start of injection. Moreover, the dispersion, being close to
the accuracy of the measurement, is higher with 200MPa than 100MPa. It means that

Figure 8. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a pilot injection quantity of 1 mg, and a rail pressure of 200 MPa.
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Figure 9. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a pilot injection quantity of 3 mg, and a rail pressure of 200 MPa.

injection control difficulty increases as well. Note that the deviations observed for these
cases are within the reported dispersion for the measured pilot mass in the previous
section. When the pilot mass is increased to 3 mg, RSD decreases significantly, but
still, values calculated are higher than their respective reference case of a single
injection. The trend regarding the rail pressure is reversed, probably because at 200
MPa stationary conditions are reached faster as the SOI velocity is higher (Figure 10).
For each pilot-main case, their corresponding main injection is depicted with filled
symbols. When including a pilot mass, the variability of the main injection marginally
increases compared to the reference case, probably due to pressure waves within the
sac of the nozzle affecting the dynamic of the needle for the second pulse15,33,43,48.

Results regarding the dispersion of the main-post strategies are presented in
Figure 16. Once again, the lowest RSD values were obtained for the reference single
injection cases, and the main pulses (filled symbols) that correspond to the main
event of a post injection at a specific value of rail pressure and dwell time. These
injections are non perturbed by any prior event and have the same behavior as the
reference case. Overall, deviations values for the post mass were higher than those
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Figure 10. Start of injection speed of the main pulse event, calculated as its maximum
opening slope, for different pilot quantities and dwell times. Data is compared to a single
injection event, represented with a null dwell time.

obtained for pilot-main strategies, as the pressure drop and waves generated by the
main pulse have a substantial impact in the transients of the post injections. In addition,
as observed in the previous figure, increasing the post quantity also decreases the shot-
to-shot dispersion at fixed conditions of rail pressure and dwell time, probably because
partially stable operations are reached. Interestingly, for a fixed dwell time, if less shot-
to-shot dispersion was achieved at lower rail pressure for a 1 mg post injected mass,
the same trend is observed for the 3 mg quantity, highlighting the influence of pressure
waves in the injection control for post-pulses15,43. The highest RSD was attained for
1 mg and 200 µs of dwell time. At these conditions, the short dwell between pulses
probably does not provide enough time for the pressure within the nozzle to partially
stabilize, and thus, as the injector is operating in a fully transitory state, pressure waves
or transients, that might vary for each cycle, have a more significant impact on the
cycle-to-cycle dispersion of the post injection.

Validation of the upstream scale
A two-scale configuration was used to also monitor the injected mass in the momentum
flux test rig. The standard procedure in the laboratory for ROI measurements is to use
the downstream scale to verify and correct the injected quantity of the integrated signal
obtained from the IRDCI35,37. A device located upstream is prone to depend on changes
in fuel properties. For example, it was observed that when the fuel in the purger heats up
and expands slowly, the scale can measure smaller values compared to the downstream
device, in where fuel properties remain constant to some extent. Thus enough time was
given for the upstream fuel to reach somewhat stable conditions. Differences between
scales are depicted in Figure 17.

In general, the percentual error between scales was less than 5 %, with some
outlying values of up to 10 %. Differences between scales are probably related to the
variations induced by the different number of elements, mass flow and fuel lines from
the upstream unit to the injector, and from the injector to the downstream unit.
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Figure 11. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a post injection quantity of 1 mg, and a rail pressure of 100 MPa.

Hole-to-hole performance for single injections

The mass allocation presented in the rate of injection results considers that all the
holes of the nozzle perform equally. In the momentum flux campaign, the upstream
scale quantified the total injected mass per cycle, but only one spray was measured
in multiple injection conditions (labeled spray of interest). Thus, a hole-to-hole
comparison was carried out to verify the mass distribution. The spray studied was
compared along with two of other five sprays of the nozzle (labeled number 3 and
5), by rotating the injector holder and aligning each with the pressure sensor. Only
single injection conditions were measured, for the same rail and discharge pressures as
in the previous cases. Results are summarized in Figure 18.

From the figure, the spray of interest performs at par with the other two plumes, both
in the transitory and stabilized regions. Therefore, the real injected mass per hole can
be approximated to the measured quantity by the upstream scale divided by the total
number of holes. Nevertheless, even though only the spray of interest was measured
in the momentum flux rig with multiple injection strategies, the injected quantities
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Figure 12. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a post injection quantity of 3 mg, and a rail pressure of 100 MPa.

calculated in this section were scaled to maintain the same labeling structure throughout
the document.

Momentum flux for multiple injection strategies
Momentum flux results are presented, along with the rail pressure, in the same plotting
structure as in the previous section. All results are always compared with their baseline
point, which is at the same conditions of rail and discharge pressure, named “Single”
(or with zero dwell time) as it has no pilot/post injections. Rail pressure signals were
phased to their nominal level for comparison purposes.

In Figures 19, 20, 21 and 22 results of the momentum flux for the different pilot
injection masses and rail pressures are depicted. Each color represents a hydraulic
dwell time.

In general, the results resemble trends observed in the rate of injection
measurements, and total momentum is now distributed throughout the multiple pulses.
The signal shows a localized step in the rising edge, characteristic of the momentum
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lost by the head of the spray while accelerating the stationary gas in the initial phase
of mixing42,49,50. Therefore the interpretation of the results has to consider that the
distance from the nozzle tip to the sensor modifies the signal in such way, that it does
not precisely represent the momentum flux at the outlet of the nozzle. For a rail pressure
of 100 MPa, the corresponding start of injection of the main pulse correlates well to
the measured dwell times and pilot quantities. Stabilized conditions are also reached for
the 3 mg pilot, but for a shorter period due to the initial momentum loss, as the duration
of this main injection is shorter. Increasing the rail pressure induced more noise in the
transient of the main signal, and the start and end of injection curves are not as smooth
as in the previous case. With increasing injection pressure, both flow velocity and rate
of air entrainment are higher51. Therefore the first injection pulse induces turbulence
in the control volume that might slightly affect the signal of the main pulse.

Example of the results regarding post injections are depicted in Figures 23, 24, 25
and 26. As before, similar trends to ROI results were observed. For the smallest post
quantities, the injector does not achieve a stabilized operation and runs entirely in
a transitory state. Therefore, once again, controlling the injected mass was difficult

Figure 13. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a post injection quantity of 1 mg, and a rail pressure of 200 MPa.
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Figure 14. Driving signal (top), rail pressure (middle) and rate of injection (bottom)
measured for a post injection quantity of 3 mg, and a rail pressure of 200 MPa.

compared to post injection with a target mass of 3 mg, where a stable operation regime
was reached. As a consequence, post injection quantities of 1 mg presented the highest
deviation from the target value.

Altogether, the pilot and post target mass of 1 mg were managed with a deviation
between 10 % and 20 %, an acceptable tolerance considering that momentum flux is
not measured directly at the orifice outlet. For the target mass of 3 mg, pilot and post
injection quantities were attained with deviations of around 5 % to 10 %. The total
mass of 30 mg was achieved overall with values within 2 % of the target. Note that
these results consider the mass measured by the upstream scale, that is the injected
quantity through all the holes of the nozzle.

Verifying the mass distribution with both signals
Quantifying the mass in the momentum flux test rig presented challenges, because the
spray impacts the pressure sensor downstream from the outlet of the nozzle, producing
the initial momentum loss mentioned in the previous section. This is somewhat
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Figure 15. Relative standard deviation of the rate of injection results presented in the
previous section for pilot-main strategies. Different symbols represent either the single
injection or each of the injected quantities of the pilot pulse. Filled symbols depict the main
injection associated with a pilot mass at a specific rail pressure and dwell time.

.

Figure 16. Relative standard deviation of the rate of injection results presented in the
previous section for main-post strategies. Different symbols represent either the single
injection or each of the injected quantities of the post pulse. Filled symbols depict the main
injection associated with a post mass at a specific rail pressure and dwell time.

.

recovered when the inertia of the liquid fuel and the gas entrained, still in the control
volume, impacts the sensor after the end of injection42. Therefore, the location of the
end of the injection in the momentum flux signal is difficult to estimate.

Thus, to verify the quantified injected mass and its allocation obtained in the
momentum flux test rig, results were compared to the rate of injection curves previously
depicted. A momentum flux signal was estimated from the ROI data using the
simplification of Equation 3, considering the the value of the signal measured in the
momentum flux test cell, and the density of the fuel calculated using the correlation
presented by Payri et al52 for commercial diesel fuel, with the temperature measured by
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Figure 17. Masses measured with the downstream scale (x-axis) and the upstream scale
(y-axis). The dashed lines define a 5 % and 10 % deviation.

Figure 18. Hole-to-hole comparison for different rail and discharge pressure with a single
injection.

a thermocouple located in the discharge section. Additionally, for each test condition,
the momentum flux was phased with the rate of injection data, to counteract the delay
of the spray going through the control volume and impacting the sensor. Examples for
the same pilot injections at two different rail pressures are presented in Figures 27 and
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Figure 19. Rail pressure (top) and momentum flux (bottom) measured for a pilot injection
quantity of 1 mg, and a rail pressure of 100 MPa.

Figure 20. Rail pressure (top) and momentum flux (bottom) measured for a pilot injection
quantity of 3 mg, and a rail pressure of 100 MPa.

28, whereas examples of both post quantities at two different rail pressures are depicted
in Figures 29 and 30.
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Figure 21. Rail pressure (top) and momentum flux (bottom) measured for a pilot injection
quantity of 1 mg, and a rail pressure of 200 MPa.

Figure 22. Rail pressure (top) and momentum flux (bottom) measured for a pilot injection
quantity of 3 mg, and a rail pressure of 200 MPa.

In general, results from both experimental data sets showed remarkable agreement
with the approximation proposed. Pilot/post injections of 1 mg that are all performed
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Figure 23. Rail pressure (top) and momentum flux (bottom) measured for a post injection
quantity of 1 mg, and a rail pressure of 100 MPa.

Figure 24. Rail pressure (top) and momentum flux (bottom) measured for a post injection
quantity of 3 mg, and a rail pressure of 100 MPa.

in a transitory stage resemble quite notably in shape and phasing. However, for the
main-post strategy, the transition between injections was affected by the momentum
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Figure 25. Rail pressure (top) and momentum flux (bottom) measured for a post injection
quantity of 1 mg, and a rail pressure of 200 MPa.

Figure 26. Rail pressure (top) and momentum flux (bottom) measured for a post injection
quantity of 3 mg, and a rail pressure of 200 MPa.

recovery at the end of injection of the main pulse. But the resemblance with the rate
of injection results confirms that the hydraulic dwell times were estimated correctly.
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Figure 27. Scaled rate of injection and momentum flux signals for a pilot quantity of 1 mg,
a rail pressure of 100 MPa, and a discharge pressure of 3 MPa.

Figure 28. Scaled rate of injection and momentum flux signals for a pilot quantity of 1 mg,
a rail pressure of 200 MPa, and a discharge pressure of 3 MPa.

For a post injected quantity of 3 mg, signals are still phased correctly in time, but the
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Figure 29. Scaled rate of injection and momentum flux signals for a post quantity of 1 mg,
a rail pressure of 100 MPa, and a discharge pressure of 6 MPa.

Figure 30. Scaled rate of injection and momentum flux signals for a post quantity of 3 mg,
a rail pressure of 200 MPa, and a discharge pressure of 6 MPa.

momentum curve falls short of the local maximum. This trend was observed for most
of the 3 mg pilot/post injections, and is probably due to the initial momentum loss.
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The excellent coherence between the data depicted in the figures proves the
robustness of the methodology employed. Also, it ascertains the possibility of
measuring the injected mass and its allocation (for multiple injection strategies) in the
momentum flux rig, and remarks that operating conditions of the injector were correctly
controlled and maintained throughout experimental vessels.

Summary and conclusions
In this paper, measurements of the rate of injection and momentum flux were carried
out for a 6-hole nozzle using two simple multiple injection strategies: a pilot-main and
a main-post. The rate of injection campaign included a two-scale system to quantify
the injected mass and its allocation between the pilot/post and main pulse, and also
the differences between both scales. Additionally, a novel methodology was developed
with an upstream scale to estimate the injected mass and its allocation in the momentum
flux test rig for multiple injection strategies.

From the rate of injection results:

• Signals from multiple pulses were properly decoupled using the rising and falling
of each injection pulse. Mass distribution was calculated as the integral of each
injection.

• For an injected mass of 1 mg for both pilot-main or main-post strategies, the
injector did not achieve a stabilized operation and ran entirely in a transitory
state. When the pilot/post quantity was increased to 3 mg, a stable operation was
achieved.

• For the lower rail pressure, decreasing the dwell time between the first and
second pulses produced a faster start of injection of the second event, with a
maximum value observed for 200 µs. Increasing the rail pressure reduced the
dynamic influence between injections, though no significant effect was observed.

• Injection control for the pulse of 1 mg and 200 µs of dwell time in main-post
strategies showed high cycle variability, because of the impact of the pressure
waves produced by the first injection, especially since the second event is all
transient. Increasing the injected quantity improved shot-to-shot dispersion.

• In general, both pilot and post target mass of 1 mg and 3 mg were attained
with deviations between 10% and 5% respectively, with some specific points as
outliers. The total mass was achieved with values within 2% of the target.

• The values measured by the scale located upstream of the test rig were affected
by changes in the temperature of the fuel. However, after enough time was
provided for the fuel to reach steady conditions, the scale quantified the injected
mass with deviations of generally less than 5% compared to the downstream unit.

From the momentum flux results:

• Signals were properly decoupled using the rising and falling of each injection
pulse. Mass allocation was calculated with the area distribution by integrating
the square root of the momentum flux signal, matching the ratio of each area
with the injected mass.
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• Overall, results resembled the trends observed in the rate of injection
measurements. The signal showed a step in the rising edge, characteristic of the
momentum lost by the head of the spray while accelerating the stationary gas in
the control volume. Also, it depicted a rebound on the falling edge due to the
inertia of the liquid fuel and gas entrained in the control volume impacting the
sensor after the end of injection.

• Pilot/post injections of 1 mg were performed fully in a transitory state for
both strategies. As a consequence, injection control for the second pulse in the
main-post sequence turned difficult as in ROI. Contrarily, the signal reached the
stabilized region when increasing the injected mass to 3 mg.

• In general, pilot/post injections with a target mass of 1 mg were managed with
variations between 10% and 20%, respectively. For 3 mg, deviation lowered to
the range of 5 % to 10 %, respectively. The total mass was achieved with values
within 2% of the target.

Both series of results were compared to verify the quantification of the allocation
of the mass in the momentum flux measurements. An estimated momentum flux was
obtained from the rate of injection data and compared to the real momentum flux signal,
which was phased to counteract the delay of the spray traveling through the control
volume before impacting the sensor.

Overall, the results showed remarkable agreement. For the main-post strategy, the
transition between pulses was slightly affected by the momentum recovery at the end
of the injection of the main pulse. But the resemblance with the rate of injection results
confirms that the hydraulic dwell times were estimated correctly. For most of the 3
% pilot/post injections, signals are phased, but the momentum curve falls short of the
local maximum, probably due to the initial momentum loss.

The excellent coherence between the data proves the robustness of the methodology
employed. Also, it ascertains the possibility of measuring the injected mass and its
allocation, especially for multiple injection strategies, in the momentum flux rig.

Acknowledgements

This research has been partially funded by the Spanish Ministerio de Ciencias, Investigación y
Universidades through project RTI2018-099706-B-I00. Part of the experimental hardware was
purchased through funds obtained from Generalitat Valenciana and FEDER through project
IDIFEDER/2018/037. Additionally, Alberto Viera is supported through the FPI contract 2016-
S2-1361 of “Programa de Apoyo para la Investigación y Desarrollo (PAID)” of Universitat
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