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The effects of injector geometry and operating conditions on spray
mass, momentum and development using high-pressure gasoline

Medina, M., Bautista, A., Wooldridge, M., Payri, R.,
Abstract

High fuel injection pressure (>500 bar) in direct injection gasoline engines is an important
means to reduce particulate emissions. While decades of fuel spray research has dramatically
advanced the understanding high-pressure diesel fuel sprays, few studies focus on high-pressure
gasoline sprays. The objective of this work was to quantify the effects of different injector nozzle
geometries on important high-pressure gasoline spray characteristics including injection mass flow
rate, momentum flux, and spray imaging at evaporative and non-evaporative conditions. Three
categories of nozzle internal geometry were evaluated: inlet rounding; converging-, diverging-,
and straight-cylindrical internal flow passages; and different nozzle outlet diameters. Reference
grade gasoline was used at injection pressures of 600, 900, 1200, and 1500 bar at chamber
pressures from 1 to 30 bar and chamber temperatures from 293 to 800 K. The mass and momentum
measurements were used to quantify differences in injector geometry as well as to evaluate for
effects of cavitation. The visualization data were analyzed to determine spray penetration and
spray angle development for a broad range of operating and state conditions. The results showed
internal flow significantly impacts injector performance, where nozzles with inlet rounding
resulted in 20% higher mass flow rate compared with straight cylindrical nozzles. Higher fuel
injector temperatures also increased mass flow rate by up to 5%. Spray momentum coefficients
showed a linear relationship with cavitation number indicating all nozzles were cavitating at all
conditions tested. Trends in fuel spray penetration and spray angle development were similar to
those observed previously for diesel sprays, which was unexpected given the significant
differences in thermal-physical properties of the fuels. Chamber pressure had the strongest
influence on penetration distance, and the momentum measurements were good indicators of the

injector geometry with the highest penetration distance.

Keywords: High-pressure gasoline, cavitation, schlieren imaging, hydraulic characterization,
injector temperature, internal geometry
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Introduction

Fuel spray research has advanced dramatically over the past three decades with respect to
diesel sprays. Particularly, our understanding of diesel combustion [1], predictions of diesel fuel
spray characteristics with semi-empirical correlations [2—4] and effects of operating conditions
and injector geometry on diesel fuel spray behavior such as droplet distribution, Sauter Mean
Diameter, cavitation, liquid length, cycle-to-cycle variability, apparent heat release, etc. [5—10].
Recent advancements in gasoline direct injection (GDI) engines and gasoline compression
ignitions (GCI) concepts among other combustion strategies have focused on improving the
gasoline fuel injection process [11-13]. However, few previous studies have considered high fuel
injection pressures (specifically injections pressures higher than 500 bar) for gasoline, and fewer
have considered the early times of the spray development (i.e., transition between momentum
and diffusion flow).

The previous studies of high-pressure gasoline fuel sprays are briefly summarized here.
In the study by Kim et al. [14], the authors compared diesel and gasoline fuel spray development
at fuel injection pressures between 400 and 1000 bar at two bar chamber pressure in a constant
volume chamber (CVC). The CVC results showed gasoline yielded a shorter liquid penetration
length compared with diesel fuel, but the gasoline sprays produced larger spray cone angles. Kim
et al. [14] also performed engine studies using an optically-accessible single-cylinder engine and
qualitatively compared the spray development of the two fuels at injection pressures of 400 and
600 bar. The engine results showed that under evaporating conditions the penetration of gasoline
was significantly lower than for diesel. Both fuels yielded comparable peak indicated mean
effective pressure, but gasoline combustion resulted in lower NOx emissions.

Unlike the study by Kim et al. [14], the study by Payri et al. [15] showed the penetration
distances of diesel and gasoline sprays were similar at fuel injection pressures between 600 and
1500 bar in a CVC under non-evaporating conditions. Payri et al. proposed the mixing processes
for diesel and gasoline at non-evaporative conditions were the same based on the similar
penetration distance and momentum flux measurements for both fuels.

Tian et al. [16] derived a semi-empirical correlation for the penetration distance of high-
pressure gasoline sprays based on their experimental study of p-xylene sprays in a CVC at non-
evaporating conditions (300 K) and evaporating conditions (500-760 K). Tian et al. [16]

compared spray penetration data at injection pressures between 200 and 1200 bar at a chamber
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pressure of one bar (for non-evaporative conditions) and 10 to 40 bar (for evaporative
conditions). The correlation for penetration distance as a function of time used parameters found
in previous diesel spray correlations, including the difference between the fuel injection pressure
and the chamber pressure, nozzle outlet diameter, fuel density, and ambient density, and the
authors included ambient temperature as a means to include vaporization effects. Importantly,
the correlation by Tian et al. [16] did not propose a spray break-up time, which has been widely
used for diesel spray correlations. The correlation was compared with experimental results for
high-pressure gasoline sprays in the study by Medina et al. [17]. The comparisons showed
significant discrepancies at all times, which may be due to the lack of a transition in spray
development, i.e., omission of a spray break-up time in their model.

The recent study by Yamaguchi et al. [18] included spray studies using n-heptane and
various nozzle geometries at pressures up to 1500 bar. The authors found divergent nozzles
produced shorter penetration than convergent nozzles. Using droplet size measurements, they
also concluded increased injection pressure yields smaller droplets with the most pronounced
decrease at injection pressures of 800 bar. Given the study was conducted using n-heptane, it
would be valuable to confirm if the trends observed are consistent for multi-component gasoline.

In addition to fuel effects, experimental data for high-pressure gasoline sprays at broader
operating conditions are needed to guide engine development, to advance spray theory, and to
resolve discrepancies in existing data. Based on this need, the objective of the current study was
to systematically quantify high-pressure gasoline fuel spray development including the effects of

different internal nozzle geometries with a range of high-fidelity diagnostics.

Experimental Methodology

In this study, two multi-hole prototype research grade fuel injectors were studied in three
experimental facilities. The key features of the internal geometry of each orifice are provided in
Table 1. Further details are discussed in Medina et al. [19]. Two experimental facilities were
used to measure the time-resolved mass flow rate and the time resolved momentum of the sprays.
A high-temperature and high-pressure facility was used to visualize the external spray
development using high-speed schlieren imaging. The fuel properties of the gasoline used in the
study are listed in Table A1 of the Appendix. For each of the measurements, the fuel was

pressurized using a custom piston pump and supplied to the injector through a common rail
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system. Injection events were electronically controlled using an impulse generator (Genotec).
The energize time for all injection events was set to 1 ms, similar to the experiments conducted
in Medina et al. [17,19], to simulate typical gasoline direct injection performance and to
represent transient injector behavior.

Table 1. Injector nozzle characteristics

Orifice Normalized | Conicity of Hydro-erosion | Schematic of
Injector No outlet nozzle rounding of nozzle cross-
| diameter* | passage** nozzle inlet section
Hole 1 | 0.578 0 0% S——
X ]
Hole2 |1 0 0% —
I
Hole 1 | 0.789 -1.5 20% E—
v —
Hole 2 | 0.789 3.5 20% ——
r |

* Hole diameter was normalized to the largest hole diameter
** Nozzle conicity was measured relative to the nozzle exit diameter, where a straight nozzle had a conicity of 0, a
converging nozzle had a positive conicity, and a diverging nozzle had a negative conicity.

Instantaneous Mass Flow Rate Characterization

A commercially available injection rate discharge curve indicator (IRDCI) (IAV, type N-
050-028) , which employs the Bosch method [20], was used to measure the instantaneous mass
flow rate of the sprays from the injectors, i.e., the rate of injection (ROI). The IRDCI consists of
a pressure transducer, a long fuel-filled tube, a large fuel reservoir, a relief valve, and a back-
pressure cavity typically filled with nitrogen to reduce pressure oscillations. A schematic of the
IRDCI is shown in Figure A1 of the Appendix. Details on the fundamental working principle are
provided in previous studies [20-22]. The functionality of the facility is briefly described here.
Fuel is injected into the long fuel-filled tube at the start of the test. The fuel injection event
produces a pressure wave that is proportional to the instantaneous mass flow rate. The pressure
wave is detected using a fast-response piezoelectric pressure sensor. The underlying theory is
based on the hydraulic pulse theorem [20-22]. To account for uncertainties in the measurement
related to the speed of sound, fuel is collected at the outlet of the IRDCI at the same rate at which
fuel is being added to the reservoir. The fuel is collected on a mass balance, serving as a second
mass flow rate measurement and for comparison with the IRDCI pressure-based measurements.
The experimental error associated with the IRDCI measurements of fuel mass flow rate is less

than 0.6% [22,23].
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For each IRDCI experiment, the injector is placed in a cooling jacket that is fixed at the
entrance of the IRDCI. The cooling jacket provides a continuous flow of temperature-controlled
coolant, and thus the injector temperature is considered the same as the coolant temperature Four
injection pressures, three chamber pressures, and two coolant temperatures were tested and are
listed in Table 2. Two sets of data with 50 repetitions each were collected at each condition. The

first data set was used to verify stability and repeatability, and the second data set was used for

analysis.
Table 2. Summary of experimental conditions
Parameter Facility

ete IRDCI Momentum Flux | CPF Reactor
Chamber gas - Nitrogen Nitrogen
Fuel type Reference gasoline
Injector Tested X and Y (see Table 1)
Injection Pressures [bar] 600, 900, 1200, 1500
Chamber Pressure [bar] 10, 20 30 5, 10, 20, 30 5, 10, 20, 30
Chamber Temperature [K] | 293 293 400, 600, 800
Coolant Temperature [K] | 293, 363 363 293,363
Number of repetitions 100 100 20

Instantaneous Momentum Characterization

The momentum rate meter is a custom-designed enclosed vessel with high-pressure
chamber capabilities and optical access. The underlying assumptions and details of the system
are presented in previous studies [24]. A schematic of the spray momentum rate meter is
provided in Figure A2 of the Appendix. A brief summary of the operation is provided here. For a
typical experiment, the chamber is pressurized with nitrogen to conditions consistent with the
injection timing in a piston engine of interest. Momentum measurements are acquired using a
piezoelectric sensor aligned perpendicular to the axis of the fuel spray. Only one spray plume is
allowed to impact the sensor in the tests. The impact force of the spray plume is directly related
to the axial momentum flux of the spray.

For the current work, the sensor target area was placed 8 mm from the nozzle outlet. This
was the minimum distance to ensure no interference between the two plumes. This small
distance also avoids potential losses from the spray due to atomization and evaporation. Similar

to the IRDCI tests, two data sets of 50 measurements each were recorded. Four fuel injection
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pressures, four chamber pressures, and one coolant temperature were tested. The complete list of

conditions is provided in Table 2.

High-speed imaging characterization

A custom-designed, high-temperature, high-pressure test facility was used to image the
gasoline spray development. A detailed description of the facility is presented in Payri et al. [25].
A brief summary of the facility and the experimental approach is provided here. The facility is a
constant-pressure flow (CPF) reactor with the ability to create nearly quiescent and steady
thermodynamic conditions [26]. During an experiment, the chamber is continuously pressurized
with nitrogen to simulate engine conditions and has three orthogonal optical access ports each
with viewing access of 12.8 cm. The chamber is rated to a maximum temperature of 1000 K and
a maximum pressure of 150 bar. A schematic of the CPF reactor is provided in Figure A3 of the
Appendix. The operating conditions used in the reactor experiments are listed in Table 2.

Schlieren imaging has been used extensively to visualize spray development [10,27-29].
The imaging technique used in this study was a single pass schlieren setup. A schematic of the
optical arrangement is shown Figure A4 of the Appendix. The technique consists of a light
source, collimating mirror, focusing lens, diaphragm, and camera. The light from a mercury-
xenon arc lamp is passed through a pin-hole with a diameter of 1.2 mm. The light is reflected
from a 150 mm parabolic mirror with a focal length of 650 mm, collimating the light through the
test section. After passing through the test section, the light is focused with a 150 mm biconvex
lens onto a diaphragm placed at the focal point of 450 mm. The diaphragm is set to a diameter of
4 mm and in front of the high-speed camera (Photron Fastcam SAS). The images were recorded
using a 100 mm lens (Zeiss) with the camera and the camera settings are listed in Table A2 of

the Appendix.

Data Processing

The data collected in the three facilities were processed using methods specific to each
experimental approach. Details are provided in references [23,24,28,30], and the approaches are
briefly summarized here.

The IRDCI data from all 50 injection events were averaged and converted to mass flow

rates/ROI, including corrections for signal bias, using the methods described in Bosch et al. [20],
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and Payri et al. [23]. The ROI data were then integrated to obtain the total injected mass. The
calculated mass was compared with the measurement from the mass balance. Using both
measurements, a scaling factor was determined and used to correct the IRDCI measurements. An
example of the corrected ROI signal is shown in Figure 1 along with the integrated mass,
indicated by the shaded area. For each time-history of mass flow rate, a region was selected for
analysis after the start of injection and before the end of injection, where the injection rate was
relatively stable as a function of time and consistent across all injection events. For this study,
the region used for the calculation for all injection events was characterized by the two peaks
shown with dashed lines in Figure 1. The ROI data in this region were mathematically averaged
and identified as the characteristic injection rate for each experiment. The ROI data were then
used to calculate hydraulic coefficients such as the momentum coefficient and discharge
coefficient for each injector. Variability in the time interval selected for analysis was considered

in the uncertainty of the hydraulic coefficients determined from the data.

T ' Prail = 1500 bar
\\,\/ Pback = 30 bar
10}
w
k=)
o
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5 , , , , ,
205 0 05 1 15 2 25
Time [ms]

Figure 1. Rate of injection (ROI) results for 1500 bar injection pressure and 30 bar back pressure for Injector Y. The data include
the mass from both nozzle holes of the injector. The shading represents the total mass per injection event. The vertical dashed
lines indicate the region of the ROI data used as the characteristic injection rate.

The characteristic momentum flux values were determined using similar methods as used
to determine the characteristic ROI. A time region with consistent behavior was used to
determine the average momentum flux for each operating condition. Figure 2 shows an example
of the momentum flux measurement where the stabilized range is indicated with vertical dashed
lines. The uncertainty in the characteristic momentum flux values reported here is +2% and is

primarily due to the variability in the time interval selected.
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Prail = 1500 bar
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Figure 2. Momentum flux measurement for 1500 bar injection pressure and 10 bar chamber pressure. The vertical dashed lines
indicate the stabilized region used to determine the average momentum flux for the operating condition.

The high-speed schlieren images were used to quantify the spray development in terms of
spray tip penetration and spray angle. The image processing included four major steps: image
masking, background subtraction, contour detection, and contour analysis. Figures showing
intermediate results of the image analysis are provided in the Appendix (Figures AS5). Image
masking was determined by defining the general area where the sprays were located using the
centerline axis of the sprays and the maximum anticipated width of the spray, creating a
segmented triangular shape. To perform accurate background subtraction, two algorithms were
implemented: dynamic background subtraction and image temporal derivative. The algorithms
are complementary because the dynamic background captures a majority of the dense regions of
the spray and the image temporal derivative captures the dilute fluid regions. Once each spray
was isolated, contour detection was performed using binary images. Spray tip penetration
distance and spray angle were calculated for each time step using the contours from the binary
images. A typical processed image is shown in Figure 3 along with examples of measurements of
penetration distance and spray angle (defined as the angle at one-third the penetration distance of
the spray). Additional details on the image processing algorithms can be found in the literature
[6,28,29]. The uncertainty in the penetration distance and the spray angle was 0.5% and 1.5%,
respectively, and is primarily due to the parameters used in the image processing, e.g., the

threshold applied to create the binary images.
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Radial dist. [mm]

0 10 20 30 40
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Figure 3. Typical processed image of spray with plume contour shown in orange, spray tip penetration shown in green, and spray
angle shown in blue.

Results

The experimental matrix of the study spanned a wide range of operating conditions and
several nozzle geometries in the three facilities. In the interest of conciseness, representative data
are presented in the following sections. The results at other conditions followed similar trends
unless specified otherwise. The additional data from the different facilities and experimental

conditions are presented in the Appendix for reference.

Mass Flow Rate

Figure 4 shows the injection rate results for two coolant temperatures (20 °C and 90 °C)
for Injector Y at 1500 bar injection pressure and 20 bar chamber pressure. The averages are
shown as solid lines and the standard deviations of 50 repetitions are shown as the shaded
regions. All the injection events show the coolant temperature of 90° C resulted in a slightly
longer injection event than the lower temperature conditions. The other portions of the injection
event were very similar, with similar opening profiles and similar overall behavior for much of
the event. Two methods were used to determine the mass difference between the injection events
at different coolant temperatures. The first considers the additional time of injection multiplied
by the average or representative injection rate. In Figure 4 the higher coolant temperature
resulted in a ~120 ps longer injection event, corresponding to about ~1.5 mg more fuel injected
compared with the lower temperature condition. The second method is a mathematical
integration of the injection rate data. The mathematical integration showed a difference of ~2 mg
or 9% between the coolant temperatures. The difference between the values is due to small
differences in the injection rate profiles at the different coolant temperatures. The integrated

mass for a majority of the conditions tested showed the higher coolant temperature yielded
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between 1% and 5% more fuel primarily due to longer injection events. For clarity and emphasis,
Figure 4 shows the case with the highest difference in integrated mass. Other examples are
provided in the Appendix.

One explanation for the trend of more mass injected at higher fuel injector temperatures
may be related to fuel viscosity. Higher temperatures result in lower viscosity, thus reducing the
viscous forces required to close the needle at the end of injection. Salvador et al. [21] noticed the
same behavior with diesel fuel for multiple injection durations and injection pressures using a
solenoid injector. Salvador et al. [21] concluded that higher viscous forces at lower temperatures
reduce the maximum needle lift, such that the needle closes from a lower position at lower
temperatures. This reduces the time needed to close the injector. Guangxin et al. [31] reported
similar behavior with dimethyl ether and increasing fuel temperature, attributing the extended
injection duration at higher temperatures to changes in fuel properties. Another factor that may
affect injection rate is the mechanical operation of the solenoid actuator similar to the
temperature effects on piezoelectric driven injectors [32-34]. Both fuel properties and

mechanical operation may impact the injection duration.

Temperature | |
90° C
16 ——20°C |

Injection Rate [g/s]
=

0 0.5 1 1.5 2 25

Time [ms]
Figure 4. Average fuel injection rate for two coolant temperatures for Injector Y Holes 1 and 2 at 1500 bar injection pressure and
20 bar chamber pressure

The effects of chamber pressure on injection rate were also investigated. The results show
the injection rate was similar for the three chamber pressures of 10, 20, and 30 bar with
significant differences only occurring during the injector opening events. See Figure A7 of the
Appendix for typical results. Lower chamber pressure exhibited a spike in injection rate during
the opening event (with overshoots of a factor of 1.2 to 1.4), particularly at higher injection

pressures. This behavior may be due to the limit of the dynamic response of the IRDCI; the
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lowest rated pressure for the equipment is 10 bar suggesting higher uncertainty and noise in the
measurement at lower chamber pressures. Excluding the variation at the start of injection, the
results show chamber pressure has minor to negligible effects on injector rate, which is
consistent with previous studies of other fuels and injectors [20,35].

The effects of injection pressure on injection rate were consisted with expectations based
on previous studies in the literature. Typical results are presented in the Appendix in Figure AS.
Increasing fuel injection pressure increased the fuel mass flow rate for the same injection timing
due to higher flow velocities. In addition, higher injection pressures resulted in slightly earlier
end of injection. This trend was consistent across chamber pressures and the injectors tested at
lower coolant temperatures. However, when the coolant temperature was increased to 90° C, the
needle opening and closing events were almost identical for most conditions. This trend may be
attributable to the fuel viscosity or mechanical operation of the solenoid actuator as discussed
earlier. However, there was one exception for the data at higher coolant temperatures for Injector
Y at an injection pressure of 600 bar. At these conditions, the mass flow rate data indicate later
needle closing.

The hydraulic parameters for each nozzle were determined from the mass flow rate and
momentum flux measurements. The characteristic value for each measurement was used for the
analysis to determine the momentum coefficient, discharge coefficient, effective area, and
effective outlet velocity. The discharge coefficient, C,, was calculated according to Equation 1
using the measured, m, and the theoretical, m;, mass flow rates. All the coefficients were derived
from first principles, and additional details and assumptions are provided in the references [24].

oy . .
C, = AerrprlVers _ 1 _ (1)

Ao p5 Ug m Ao\[2pfAP
Where A, is the outlet area, A, is the effective area, Uz is the effective velocity, U; is the
theoretical velocity, py is density of the fluid, and AP is the difference between fuel injection
pressure and chamber pressure.

Figures 5 presents the ROI results for both injectors tested at 90° C for all injection and
chamber pressures as a function of (AP)”. The data show, as expected based on Bernoulli’s
approximation for flow velocity (Equation 1), that ROI is linearly proportional to (AP)” and that
Injector Y consistently produced a higher mass flow rate compared with Injector X. The

differences between Injector X and Injector Y are the conicity, inlet hole rounding of the nozzles
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and nozzle diameters. Injector X has two cylindrical nozzles, one with a slightly larger diameter
and one with a slightly smaller diameter than the nozzles of Injector Y. The total physical nozzle
outlet diameter (and therefore total nozzle outlet area) for each injector is the same. So the trends
may be attributed to the effects of rounding the nozzle inlet (Injector Y) and uniform (Injector X)
versus converging/diverging nozzle channel (Injector Y). The mass flow rates for Injector X
were consistently lower than the mass flow rates of Injector Y, by 11% to 22%, with the smallest
difference observed at injection pressures of 600 bar and the highest difference observed at
injection pressures of 1200 bar. Assuming the conicity effects for both orifices of Injector Y are
offsetting, the results indicate rounding has a measurable impact on mass flow rate. Recall,
hydro-erosion increases the static flow rate by rounding the nozzle inlet edges. Although the
increase in mass flow rate is less than the increase in static flow rate, the percentage of hydro-
erosion rounding is consistent with the percent increase in the static flow rate.

The discharge coefficient as a function of Reynolds number for both injectors tested at
90° C for all injection and chamber pressures is shown in Figure 6. Injector Y has consistently
higher discharge coefficients, by 24% to 37%, compared with Injector X for all tested conditions.
The increased discharge coefficient is attributed to the rounded nozzle inlet edges in Injector Y.
Injector X shows a relatively constant discharge coefficient at all Reynolds numbers, which
could be an indication of cavitation [24,36—38]; however, Injector Y is also likely cavitating
(discussed further below) and shows some sensitivity of the discharge coefficient to Reynolds

number. Thus, there are likely additional factors affecting C, for the injectors.
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Figure 5. Characteristic mass flux results for 90° C coolant temperature. The error bars represent the variability in the time
interval selected for the characteristic value.
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Figure 6. Discharge coefficient results for 90° C coolant temperature. The error bars represent the variability in the time interval
selected for the characteristic value.

Momentum Flux

The results for momentum flux for chamber pressures of 5 to 30 bar were virtually
identical for all chamber pressures, which is consistent with expectations based on the theory and
principles used to design the facility [24]. Briefly, as long as the sensor is placed a reasonable
distance from the orifice and orthogonal to the spray, the momentum of the jet is unaffected by
the chamber density. Increasing injection pressure resulted in an increase in momentum flux, and
higher variability in the momentum measurement was observed for higher chamber pressures for
all injection pressures. Typical momentum flux time-history data are provided in the Appendix
for reference (Figures A9 and A10).

Figure 7 presents the results for the characteristic momentum flux measurements as a
function of AP, and, like the mass flow rate measurements, the results show linear dependence.
Here the momentum flux data are resolved to the level of the individual nozzles of the injectors.
Injector X Hole 2, with the largest outlet diameter, resulted in the highest momentum flux at all
test conditions. At the opposite end of the spectrum, Injector X Hole 1, with the smallest outlet
diameter, resulted in the smallest momentum flux at all test conditions. The intermediate results
for Injector Y Holes 1 and 2, were close to the values for the largest nozzle diameter, Injector X
Hole 2. On average the difference between the nozzles with the highest momentum flux, Injector
X Hole 2 and Injector Y Hole 2, is 6%. Between Injector Y Holes 1 and 2, the differences ranged
between 7 to 9% for all conditions. Injector Y Holes 1 and 2 have the same outlet diameter but,
differ in conicity. Injector Y Hole 2 has a converging nozzle resulting in higher outlet velocities

compared with Injector Y Hole 1, which is reflected in the momentum flux data. Overall, the
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trends indicate the size of the nozzle outlet diameter has a stronger effect on momentum flux

than conicity or hydro-erosion rounding.
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Figure 7. Characteristic momentum flux results for 90° C coolant temperature. The error bars are smaller than the symbols and
they represent the variability in the time interval selected for the characteristic value.

The theoretical momentum flux can be calculated using AP and the Bernoulli principle
for comparison with the experimental data. The ratio between the measured momentum flux, M,
and theoretical momentum flux, M,, can then be calculated to obtain the momentum coefficient,
Cy, for each nozzle similar:

_ AefrpUlrr M M

= (2)

Ay p U? Mg 2A,AP

Cm

The momentum coefficient results are shown in Figure 8 for the four orifices. Two trends
are observed. The first is the relative performance of the different injector geometries. The
nozzles with hydro-erosion rounding (Injector Y) yielded systematically higher momentum
coefficients. Hydro-erosion rounding is used to reduce the amount of flow separation and
increase the effective area, and the results show rounding does improve nozzle performance,
more closely approximating the theoretical value. Injector Y Holes 1 and 2 have the same outlet
diameters, but with diverging and converging nozzle passages, respectively. The data show the
larger inlet diameter associated with the converging nozzle of Injector Y Hole 2 further reduces
flow separation compared with the diverging nozzle. The uniform cross-section/cylindrical
nozzles both exhibited lower momentum coefficients, which is attributed to increased flow

separation or reduced effective area.



373
374

375
376

377
378
379

380

381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

Published in Fuel 294 (2021) 120468. (htips://doi.ore/10.1016/j.fuel.2021.120468 )

©
3
a

—Z&— Injector Y Hole 1

—&— Injector Y Hole 2
KN seervest,
oss &g o ﬁ
0.4 : : : :
1.6 1.8

0.6 0.8 1 1.2 1.4
Reynolds Number [-] %10°
Figure 8. Momentum coefficient results for 90° C coolant temperature. The error bars represent the variability in the time interval
selected for the characteristic value.

o
8}

o s @8R
_g 0.65 Q %
2 g A
8 061
O —2&— Injector X Hole 1
€ 055 —&— Injector X Hole 2| |
<
)
£
)
=

The data also show the momentum coefficient is independent of Reynolds number. Under
cavitating conditions, the discharge coefficient only depends on the cavitation number and not on

Reynolds number [24,36,37], as shown in Equation 3:
Cq=CVK =M 3)

Although some of the nozzle geometries included features to reduce the probability of cavitation,
such as the hydro-erosion rounding of the nozzle inlet, all nozzles exhibited this behavior at 90°
C coolant temperature. The fuel properties of gasoline combined with the trends observed with
the momentum coefficient as a function of high Reynolds number support the conclusion that the
nozzle flows experience cavitation.

Figure 9 shows the momentum coefficient as a function of cavitation number for the four
orifices, where the cavitation number is defined based on the study by Nurick [37]. All four
orifices show a decreasing trend in momentum coefficient with increasing cavitation number.
Several studies have suggested that once cavitation starts, the discharge coefficient is only
dependent on cavitation number and essentially independent of Reynolds number [24,37,39,40].
The same studies state that large cavitation numbers suggest non-cavitating flow while small
cavitation numbers (close to 1) correspond to strong cavitating flow. The prior discussions are
with respect to the discharge coefficient, and Figure 9 shows the momentum coefficient.
However, the discharge coefficient and the momentum coefficient are linearly dependent, as
shown in Equation 3, suggesting that under cavitating conditions, the momentum coefficient is a

function of the cavitation number.



397
398
399

400
401
402
403
404
405
406
407
408

409

410
411

412
413
414
415
416
417
418
419
420
421

Published in Fuel 294 (2021) 120468. (htips://doi.ore/10.1016/j.fuel.2021.120468 )

Ry

g G o068f
S S
£048 £ —2&— Injector X Hole 1
o o % —4&— Injector X Hole 2
© © 066 —24— Injector Y Hole 1]
g 0.46 é é 5 —&— Injector Y Hole 2
[ C
g ¢ g 0.64 ]
S 5]
S 044 = I:I:I

} 0.62 4 [L 1

0.42 : A ! ! : !
1 1.01 1.02 1.03 1.04 1.05 1.06 1 1.01 1.02 1.03 1.04 1.05 1.06
(a) Cavitation Number [-] (b) Cavitation Number [-]

Figure 9. Momentum coefficient results for the four orifices of (a) Injector X and (b) Injector Y for 90° C coolant temperature.
The error bars represent the variability in the time interval selected for the characteristic value.

External spray features such as spray flutter observed and discussed in Medina et al. [19]
using the same injectors support the conclusion that the flow was cavitating. Spray flutter was
suspected to be a product of surface roughness, machining defects and/or cavitation. Cavitation
was considered more likely due to the fuel volatility and the operating conditions. Thus, several
observations indicate the flow is cavitating at all operating conditions for all orifices. To
summarize, the downstream external spray features such as spray flutter [19], the cavitation
numbers close to 1, the fuel properties, and the negative trend of momentum coefficient with
increasing cavitation number all suggest that the nozzles are experiencing cavitation. This is an
important conclusion that should be considered when interpreting the other spray measurements

and when considering injector design for high-pressure gasoline sprays.

Visual Spray Development

Several chamber temperatures and pressures were tested resulting in 12 total
combinations and nine unique chamber densities from 2.11 to 25.27 kg/m>. Three chamber
densities were repeated but, using a combination of different chamber conditions. Figure 10
shows the average penetration distance for Injector X Hole 1 at 1500 bar injection pressure and
90° C coolant temperature for the 12 chamber conditions. Since the results are based on schlieren
imaging, the data include the vapor- and liquid-phase regions of the fuel spray. The data in
Figure 10 are averages of 20 repetitions with error bars representing one standard deviation. In
the figure, the data are clustered in three groupings with similar penetration behavior. The
groupings are due to the different chamber pressures. The fastest penetration data are from the

experiments with 5 bar chamber pressure. The slowest penetration data are from the highest
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422 chamber pressures of 20 and 30 bar. The smaller differences in the penetration distances within
423  each group are due to the different chamber temperatures. Amongst the same chamber pressure
424  group, the highest temperature results in the fastest penetration due to the lower chamber density.
425  Interestingly, the penetration and spray angle data from the three identical pairs of densities

426  differ (4.21, 8.42 and 16.9 kg/m?), as seen in Figure 10. The trend shows the chamber pressure
427  has a stronger effect on spray penetration distance than chamber temperature, particularly for
428  lower chamber pressures. Also interesting is that for portions of the penetration distance time
429  histories the data for 12.6 and 16.9 kg/m® were identical, as seen in the inset of Figure 10. All
430  these trends, with respect to the chamber density, chamber pressure and temperature, and the

431  similar penetration data for 12.6 and 16.9 kg/m?, were observed to some degree for all nozzles

432 and all injection pressures.
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435 Figure 10. (a) Average penetration distance and (b) average spray angle for Injector X Hole 1 at 1500 bar injection pressure and
436 90° C coolant temperature. The error bars are the standard deviation of 20 measurements.
437
438 At lower injection pressures, the groupings of data were more pronounced, with greater

439  division between the penetration distances, as seen in Figure 11 for Injector Y Hole 1 at 600 bar
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injection pressure. The effects of temperature were smaller at lower chamber pressures, with
more overlapping data. However, small differences were still observed between identical

chamber densities.
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Figure 11. Average penetration distance for Injector Y Hole 1 at 600 bar injection pressure and 90° C coolant temperature. The
error bars are the standard deviation of 20 measurements.

The grouping of the results observed in Figure 10 and 11 could be a product of the fuel
properties that were studied. For example, Payri et al. [5] studied the spray characteristics of n-
dodecane and n-heptane in a constant pressure flow reactor and reported that for the same
chamber density, a change of 200 K in chamber temperature did not result in any difference in
the penetration distance data. However, Naber and Siebers [3] studied diesel spray characteristics
in a constant volume chamber at various chamber conditions and reported that for the same
chamber density, increasing chamber temperature resulted in reduced penetration distance. The
diesel spray characteristics of penetration distance for the same density are similar to the trends
observed in this work with gasoline. Both diesel and gasoline are multicomponent fuels while the
fuels studied in Payri et al. [5] were single component fuels. Comparing the results of the
different studies indicates fuel composition and associated thermophysical properties affect the
spray characteristics sufficiently to visibly impact spray penetration.

Several correlations have been previously developed for diesel and gasoline fuel sprays.
Of the correlations developed for high fuel injection pressures, the work by Naber and Siebers
[3] was selected for comparison here. As noted earlier, the correlation by Tian et al. [13] for high
pressure gasoline sprays does not include two phases of spray development and did not agree
well with the previous study of high-pressure gasoline sprays by Medina et al. [17]. Naber and

Siebers derived a correlation for penetration distance as a function of time based on first
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principles and the properties of diesel fuel sprays. The correlation is compared with the
experimental data from the current work in Figure 12. In the figure, one panel compares data at
the same chamber density, but with different chamber temperatures and pressures, and the other
panel compares results from two different chamber densities. The difference between the
predictions for the same density is less than 1 mm at each time step, and the difference between
the experimental data sets for the same density is less than 4 mm. The diesel correlation predicts
very similar penetration curves for the same density while the data shows some differences. The
inverse is true for Figure 12b, where both experimental data are different densities but identical
penetration curves. The diesel correlation shows a difference of at least 3mm. In spite of the
differences, both panels show very good agreement between the experimental data and the diesel

spray correlation for the entire time intervals (within ~8% throughout the time histories).
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Figure 12. Comparison of experimental results for Injector X Hole 1 with the spray correlation by Naber and Siebers [3] for (a)
chamber density of 8.42 kg/m? and injection pressure of 1500 bar and (b) chamber density of 12.6 kg/m?® and 16.8 kg/m’.

Conclusions

Three methods were used to measure mass flow rate, momentum flux and spray
development of high-pressure gasoline fuel sprays using different internal nozzle geometries at a
broad range of operating and experimental conditions. The major conclusions based on the
results of the study are:

e Internal injector geometry played a considerable role on internal flow dynamics and
hydraulic behavior. The mass injection data showed hydro-erosion rounding and conicity
increased the mass flow rate between 11-22% compared with cylindrical/uniform cross-

section nozzles. The momentum data showed larger nozzle diameters and converging and
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rounded inlet nozzles could be used to achieve similar momentum fluxes, with
differences of between 5-7% in momentum flux between these two nozzle geometries.
The combination of data showed all nozzles were cavitating, regardless of injector
temperature, nozzle geometry, chamber pressure and injection pressure, as determined by
the observed trends for momentum coefficient. Cavitation could be a cause of component
damage and can affect fuel flow rates, mixing and atomization.

Injector temperature had a noticeable effect on the injection rate. Temperature is
suspected to affect fuel viscosity impacting needle opening and closing events. For a
majority of the cases, higher coolant temperature led to 1% to 5% more fuel injected per
event.

In agreement with previous spray visualization studies, chamber pressure had a strong
effect on spray penetration, more so than chamber temperature, and the combined
parameter of chamber density.

While nozzle geometry had no effect on the early portion of the spray development,
nozzle geometry significantly influenced spray development at later times (e.g., after the
spray break-up time), producing similar trends as those observed with the momentum

flux measurements.
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