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m Instantaneous equivalence ratio and

temperature in the combustion chamber at 14 CAD bMV and 1
CAD bMV for the baseline case with a SA of 18 degrees.
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IEIIETERN Distribution of equivalence ratio in the

combustion chamber at MV for a range of spray angles (@) lean
to stoich and (b) stoich to Phi of 5.
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Effect of Injector Clocking
Angle

In this section, simulations were performed to evaluate the
effect of injector clocking angle for the baseline case with
18-degree spray angle. Wetting was previously shown to
be reduced by narrower spray angles, but it was not eliminated.
Injector clocking angle presents an opportunity to improve
spray orientation relative to piston features and the flow field.
In the clocking simulations performed, both injectors were
clocked equally in the same direction relative to the
injector axis.

Figure 32 shows simulated wetting as a function of crank
position for three clocking angles of 0, +30, and -30 degrees.
Total wetted fuel mass is exceptionally small relative to the
total injected fuel mass. Injector clocking can be used to
control which surfaces are more impacted.

Figure 33 shows wetting results for the liner, intake
piston, and exhaust piston for the range of clocking angles.
Clocking angle shows a relatively weak effect on fuel wetting
for this 18-degree spray angle. Clocking angle of -60 degrees
produced the lowest total wetting, with liner wetting being
the largest contribution. In general, wider spray angles are
expected to exhibit more orientation dependence on surface
wetting. While outside the scope of the current study, asym-
metric sprays with independently clocked injectors may have
further benefits for both low wetting and good
mixture stratification.

Effect of Injection Rate

The size of the nozzle holes and the rate of injection are impor-
tant factors for injection optimization. In this section, simula-
tions were performed for the baseline case with a three-hole
nozzle and a spray angle of 18.5 degrees using three different
hole sizes of 120, 140, and 160 pm. Since injection duration
was not equal for the three designs, the injection events were
aligned by “start-of-injection” (SOI) timing.

Figure 34 shows the injection profiles and simulated
wetted mass as a function of crank position. The 3D spray and
vapor images in Figure 35 show that the larger hole nozzles
penetrate further than smaller hole nozzles, as expected. For
SOl aligned timings, nozzles with larger holes inject more fuel
into the chamber at lower gas pressure and temperature.
Injected liquid fuel droplets at the nozzle exit are also larger
for large holes and take longer to evaporate. The plot in
Figure 35 indicates that most of the wetting for the three hole
sizes, while very low mass, occurs on the cylinder liner from
the pilot injection.

A graphical comparison of the simulated fuel plumes for
the three hole sizes for the pilot injection is shown in Figure 36.
It can be seen that the majority of wetting attributed to the
pilot injection occurs on the cylinder liner adjacent to
the injector tip. The nozzle with largest hole diameter exhibits
the highest wetting overall.

The effect of hole size on mixing may be observed by
comparing the Phi-T diagrams just prior to start of injection
(SOI) for the main injection (Figure 37). Differences in evapo-
ration and momentum of the injected droplets result in
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m Timing and mass of fuel wetting on chamber

surfaces for three clocking angles of 0, +30, and -30 degrees
for the baseline case.

m Total mass of liquid fuel impinged on

combustion chamber surfaces for range of clocking
orientations for a spray angle of 18 degrees.

Spray @ -36 deg

-30°

%1010
3r Intake Piston 2
Liner =
2.5 L g
—_ Exhaust Piston =
2 2 g
» o«
S 1.5¢ =
= =
1l 5
05" 2
w
(i &
-30 -20 -10 0 10 20 30 g
CAD [deg] S

mixture differences. The differences in mixing are subtle and
all three sprays appear capable of delivering fuel mixtures that
are expected to provide acceptable combustion.

Overall, the CFD results shown illustrate how three key
nozzle design variables: spray angle, injector clocking angle,
and nozzle hole diameter affect fuel mixing and chamber
wetting in an opposed- piston engine. Among the sprays
studied using CFD analysis, generally, fast vaporization, low
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m Comparison of injection profiles for the

baseline case with three hole diameters of 120, 140, and
160 pm.
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wetting, good mixing, and good air utilization can
be achieved. Recommended spray angles are in the 14-18-
degree range, with clocking index of -60 degrees, and hole
diameter of 140 um. These simulations provide insight into
the complex injection and mixing processes and when
combined with experiment, are a guide in the optimization
of the FIE system.
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m 3D spray and vapor images at 36 CAD bMV m Mass of liquid fuel impinged on chamber

and wetted fuel mass for the baseline case with three hole surfaces by the pilot injection for the baseline case for hole
diameters of 120, 140, and 160 pm. diameters of 120, 140, and 160pum.
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m Temperature and equivalence ratio plot of pilot

injected fuel for three nozzle hole diameters at start of main
injection pulse, 14 CAD bMV
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very low back leak. The injector has short overall length for
good on-engine packaging. The nozzle features a 3-hole design
with narrow spray angle.

A compact, low cost, efficient unit pump with oil lubrica-
tion was adapted for use with E10 gasoline. Two pumps were
integrated on the engine front cover and driven by the
intake crankshaft.

While not previously validated on gasoline fuel, a prelimi-
nary 500-hour durability test was conducted on the FIE
system without use of fuel additives. Injectors and pumps
showed no indication of deterioration in this preliminary test.

CFD tools were used to study the effect of injector spray
angle, injector clocking angle, and nozzle hole diameter on
fuel mixing and chamber wetting. Among the sprays studied,
results showed that fast vaporization, low wetting, good
mixing, and good air utilization can be achieved. These simu-
lations provide insight into the complex injection and mixing
processes, and when combined with experiment, are a guide
for optimization of the FIE and combustion systems.
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Definitions/Abbreviations

aMYV - After Minimum Volume

B - Bore Diameter (mm)

bMYV - Before Minimum Volume

BTE - Brake Thermal Efficiency

CAD - Crank Angle Degrees

CFD - Computational Fluid Dynamics
CV - Control Valve

DUP - Diesel Unit Pump

E10 - Gasoline with 10% Ethanol

ECU - ECU

EPO - Exhaust Port Opening

FIE - Fuel Injection Equipment

GDCI - Gasoline Direct Injection Compression Ignition
GDi - Gasoline Direction Injection
HP - High Pressure

HPYV - High Pressure Valve
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IMEP - Indicated Mean Effective Pressure

IMYV - Inlet Metering Valve

IPC - Intake Port Closing

LP - Low Pressure

LSL - Lower Specification Limit

L/D - Length over Diameter

MOP - Maximum Operating Pressure

MYV - Minimum Volume

OP-GCI - Opposed Piston Gasoline Compression Ignition
Phi - Equivalence Ratio

Pinj - Injection Pressure

PLN - Pump Line Nozzle

PPCI - Partially Premixed Compression Ignition
PWM - Pulse Width Modulated

RON - Research Octane Number

RPS - Rail Pressure Sensor

SOI - Start of Injection

ULSD - Ultra Low Sulfur Diesel

USL - Upper Specification Limit

US - United States

© 2019 SAE International. All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording, or otherwise, without the prior written permission of SAE International.

Positions and opinions advanced in this work are those of the author(s) and not necessarily those of SAE International. Responsibility for the content of the work lies

solely with the author(s).

ISSN 0148-7191



