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Abstract

Recent research has demonstrated that gasoline compression ignition (GCI) can improve the soot-
oxides of nitrogen (NOXx) trade-off of conventional diesel engines due to the beneficial properties
of light distillate fuels. In addition to air handling and aftertreatment, fuel systems also require further
development to realize the potential efficiency and emissions benefits of GCI. Injector one-dimen-
sional (1-D) hydraulic modeling is an important design tool used for this purpose. The current study
is a continuation of prior work that used computed physical fuel properties and hydraulic models
to accurately simulate high-pressure injection behavior relevant to GCI. With respect to fuel char-
acteristics for the model, physical properties were validated by direct comparison to measurements
at temperatures and pressures reaching 150°C and 2500 bar, respectively. Calibration of the injector
model discharge coefficients for gasoline-like fuel was automated with various multi-objective
optimization approaches coupled to a genetic search algorithm. However, Pareto optimization
showed the best closure with an experimental rate of injection (ROI) and total injected quantity
compared to other current and previous manual methods. The validated model was then used to
determine the injector specifications needed to approach an idealized, slowly opening rate shape
that could enable low-NOx combustion. Initial parametric studies of key parameters affecting rate
shape showed that changing a combination of nozzle exit, control chamber (or servo) outlet, and
needle orifice diameters could produce the desired single injection fueling profile. A transient
targeting (TT) optimization technique coupled to a genetic search algorithm was compared to a
full-factorial design of experiments (DoE) and showed that both approaches could reasonably
achieve the target rate shape. However, TT required a significantly reduced computational runtime.
In general, this study provides a robust methodology for accurately simulating gasoline-like fuels
in high-pressure injectors and demonstrates a conceptual rate shape targeting process for GCl using
1-D hydraulic models. This tool could potentially be integrated with predictive computational fluid
dynamics (CFD) models to achieve a simulation-led combustion system design process that includes
rate shaping as an additional avenue for optimization.
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1. Introduction

tant part of the transportation energy mix during the

next several decades [1, 2]. Their energy density and
existing distribution infrastructure have made them a key
contributor to global economic growth over the last century
and will continue to sustain the increasing demand for energy
in the future. However, stringent regulations are currently
being introduced to help drive more efficient mobility solu-
tions and balance the benefits of economic growth with
known environmental impacts. Ultimately, the regulations
are intended to substantially reduce greenhouse gas and
criteria pollutant emissions in various energy sectors,
including transportation. With these trends in mind, further
improvements to liquid petroleum-fueled internal combustion
engines are necessary.

Gasoline compression ignition (GCI) has recently been
demonstrated as a key enabling technology that can simultane-
ously increase efficiency and reduce the pollutant emissions of
internal combustion engines. Research in heavy-duty commer-
cial transport applications has shown that by controlling injec-
tion strategy and leveraging the longer ignition delay, lower
viscosity, and higher volatility of gasoline-like fuels to promote
mixing, GCI can achieve reduced soot emissions at a relatively
low engine-out oxides of nitrogen (NOx) level [3,4, 5, 6, 7]. The
improved soot-NOx trade-off can help mitigate some of the
operational and durability demands placed on complex after-
treatment systems intended to meet future ultralow-NOx regu-
lations [5, 8]. However, fully realizing the fuel economy poten-
tial of GCI compared to the extremely efficient conventional
diesel powertrains will require a system-level optimization
approach. This means designing the combustion, air handling,
and aftertreatment systems together with a set of efficiency and
emissions targets in mind.

Fuel systems are also considered an important technology
module for meeting future regulations [9]. Prior studies have

| iquid petroleum fuels are projected to remain an impor-

m Rate shaping categories and techniques.

shown that very high diesel-like injection pressures may not
be necessary for certain partially premixed GCI combustion
strategies [10, 11, 12, 13]. However, more recent work has high-
lighted that fuel pressures in excess of 1000 bar support
mixing-controlled GCI and allow for high load operation
while simultaneously managing heat release rate and soot
emissions [6, 14]. Since current gasoline direct injection
hardware does not typically exceed the operating pressures
of 700 bar [15], high-pressure diesel architectures should
be considered as a starting point. However, redesigning or
optimizing the injection equipment for operation with
different fuels is not a trivial task and requires the correct tools
and techniques.

One-dimensional (1-D) hydraulic models are one such
tool widely used throughout industry and research. They can
calculate the pressure wave and flow dynamics of a fluid as it
interacts with various components in a hardware system. This
makes them perfectly suited for assessing the impacts of
different fuels on injector performance and estimating leakage
flows to properly resize drain orifices or clearance gaps within
the system [16, 17, 18, 19, 20, 21]. These types of evaluations
are particularly important for high-pressure GCI applications,
which require consideration of increased parasitic losses due
to the low viscosity of gasoline-like fuels compared to diesel
[22]. Coupling 1-D hydraulic models to predictive combustion
or engine simulation tools also offers a pathway to determine
unique fueling rate profiles (i.e., injection rate shapes) that
can further improve efficiency and emissions benefits when
optimized together with piston-bowl geometry, injector spray
angle, and total hydraulic flow rate [9, 23, 24, 25].

Figure 1 shows that control of the fueling rate profile
during combustion, or “rate shaping,” can be achieved through
various means. Digital rate shaping uses a series of discrete,
closely coupled injection events to approach a desired heat
release profile [24, 25]. Continuous rate shaping typically
employs pressure modulation or direct needle lift control
during a single injection event [26, 27]. Continuous techniques
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require more specialized hardware such as oil-intensified unit
injectors [28, 29], direct-acting piezo injectors [30, 31],
switching valves between two separate fuel supply rails
[32, 33], and injectors with variable nozzle orifice areas [34, 35]
or that have relatively complex internal pilot valve layouts
[27, 36]. “Injection fusion” is an alternative approach that
bridges the gap between digital and continuous rate shaping
[37, 38, 39]. It relies on overlapping the hydraulic pulses from
extremely close-coupled injection events to create unique,
repeatable fueling profiles within certain dwell time limits.
Although fully flexible rate shaping offers an opportunity to
design heat release profiles for a specific combustion strategy
using closed-loop control [26], there are several cost,
complexity, and durability concerns associated with practical
implementation. A degree of rate shaping, however, can still
be achieved using standard solenoid injectors by adjusting
their internal hydraulic dimensions [40].

A summary of different rate shapes used in compression
ignition applications is provided in Figure 2 [41]. Pilot injec-
tions, slow main opening ramps, and “boot”-shaped profiles
spread out initial heat release leading to lower peak cylinder
temperature, reduced NOx emissions, and quieter combustion
[30, 33, 36, 42, 43]. Pilot injections can also reduce noise
through the mechanism of destructive pressure wave interfer-
ence from the heat release of separate fuel pulses [44]. Closely
coupled post injections enhance turbulent mixing and
secondary heat release after the main combustion event [45,
46]. This promotes later stage soot oxidation and can reduce
exhaust particulate emissions [47]. Very late post injections
are used for managing exhaust gas temperatures during after-
treatment system warm-up or regeneration and are not
considered a combustion rate shaping technique. Fast main
closing ramps can lead to air entrainment rates two to three
times higher than those of a steady free jet [48]. This “entrain-
ment wave” enhances near-nozzle air availability that can
promote soot oxidation, but also quench the burnout of hydro-
carbons due to overleaning. Post injections are also effective
at reducing unburned hydrocarbon (UHC) emissions because
they enrich this region with fuel and cause secondary heat
release [49]. Finally, main closing ramps can be used to control

the onset of “combustion recession,” which occurs when the
spray flame propagates from its quasi-steady lift-off length
back towards the nozzle tip at the end of injection [50, 51].
Although a slow closing ramp reduces the entrainment wave
strength, it can promote combustion recession and the
burnout of near-nozzle soot and UHCs [51, 52].

It is evident from this brief survey that injection rate
shaping can play a significant role in controlling emissions.
However, a balance must be struck with fuel efficiency trade-
offs that have been observed when employing this approach.
For example, rate shapes that spread out heat release can also
degrade fuel consumption because of prolonged combustion
duration. This is true for both digital and continuous tech-
niques such as post injection and slow main opening ramps
[36, 47, 53, 54]. In addition, the wide range of fueling profiles
that can be generated using different hardware configurations
and the complex relationship they have with combustion
phenomena such as entrainment waves, recession, and
secondary heat release suggest that a practical rate shape
design should be carried out with tools that consider all these
factors simultaneously. Previous work has demonstrated this
by using design of experiments (DoE)-based engine testing
campaigns [27] and 1-D hydraulic models coupled to predic-
tive combustion simulation tools [24, 25]. Therefore, devel-
oping high-pressure injector models for gasoline-like fuels is
a means of enabling this path for GCI.

In addition to defining the electrical and mechanical
components of a system, 1-D hydraulic models require
accurate physical fuel properties. These include density,
viscosity, heat capacity, thermal conductivity, saturation
pressure, etc. Current 1-D software packages have data for
diesel up to injection pressures of 3000 bar [55]. However, the
same is not true for gasoline-like fuels which typically only
reach pressures of 500 bar in their applications. Light distillate
properties will be needed at higher injection pressures to
further investigate rate shaping for GCI. Direct measurement
of the properties has been reported for middle distillates but
requires special equipment that may not be readily available
[56, 57]. Another option for multicomponent fuels is to formu-
late a reduced surrogate and calculate the representative

m Summary of rate shapes used to control combustion performance and emissions.
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mixture properties. Numerous strategies exist for doing this,
which attempt to match physical and chemic kinetic proper-
ties simultaneously [58]. Although extremely effective at
simplifying the complexity of real fuels for subsequent
modeling activities, this approach can potentially compromise
the accuracy of properties by using a constrained
species palette.

This study is a continuation of previous work that
presented a novel methodology for generating accurate liquid
property databases of real multicomponent, gasoline-like fuels
[59]. The method uses a “bottom-up” surrogate formulation
approach that matches the entire measured listing of chemical
species in the fuel as closely as possible. This ensures that
subsequent property calculations maintain inherently better
accuracy over any reduced surrogate formulation approach.
The new method is perfectly suited to 1-D hydraulic models,
which only require tabulated physical properties and resolves
situations where light distillate data does not exist or cannot
be readily measured for the temperature-pressure range
of interest.

In the current work, this new property calculation
method was used to adapt an existing 1-D hydraulic diesel
injector model and accurately simulate gasoline-like fuel
behavior at high pressures. The calculated gasoline fuel prop-
erties were validated by direct comparison to measurements
at temperatures and pressures reaching 150°C and 2500 bar,
respectively. Calibration was performed against experimental

gasoline injection rate data using objective function minimi-
zation techniques coupled to a genetic search algorithm. The
fully validated 1-D model was then used to demonstrate a
targeting process for conceptual GCI rate shape profiles by
adjusting internal hydraulic parameters.

2. Materials and Methods

2.1. Test Fuels

Standard test fuel properties are reported in Table 1. The
United States (U.S.) market gasoline containing 10% ethanol
by volume (E10) was not used directly but presented as a refer-
ence. The diesel was a European Standard (EN) 590 European
formulation containing fatty acid methyl esters (FAME) which
contributed to a relatively high cetane number and low wear
scar diameter (WSD) [60, 61, 62]. The light distillate fuel is
termed “RON60” because it had a research octane number
(RON) of only 56.6. Although the octane rating and chemical
composition of RON60 were different from market gasoline,
the fuels shared similar physical properties including density,
viscosity, distillation, and vapor pressure. This makes RON60
a viable candidate for studying the general hydraulic charac-
teristics of gasoline-like fuels and establishing modeling prac-
tices that can be applied to other light distillates, such as E10.

TABLE 1 Fuel properties of RON60 gasoline compared to typical diesel and market gasoline.

Property Units Diesel
Density® kg/m3 838
Viscosity® mm?/s 4.00
IBP® °C 182
T10 °C 210
T50 °C 273
T90 °C 337
FBP °C 361
RVP® kPa <7
WSD® pm 172
Aromatics® wt% 26.4
Oxygen® wt% 0.65
Sulfur® ma/kg 52
H/C ratio® mol/mol 1.84
LHV{O MJ/kg 42.7
Cetane number®™ - 51.3
RON(2 _ _

RONG60 gasoline E10 market gasoline

714 744
0.593 0.629
40.0 36.7
72.0 543
98.5 921
124 158
134 197
38.8 63.5
240 770
7.2 20.9
<0.05 3.67
165 9.9
215 1.99
44.0 418
34.4 19.9
56.6 918

Notes: (1) Diesel at 15°C using the International Organization for standardization standard (ISO) 12185 and gasoline at 15.56°C using the
American Society for testing and Materials standard (ASTM) D4052; (2) All viscosities reported at 20°C using ISO 3104 for diesel and ASTM
D445 for gasoline; (3) Distillation curves measured using ISO 3405 for diesel and ASTM D86 for gasoline; (4) Vapor pressure of diesel was
below detection limit of 6.98 kPa for the ASTM D5191 gasoline method; (5) WSD as per high frequency reciprocating rig method at 60°C for
diesel using ISO 12156-1 and 25°C for gasoline using ASTM D6079; (6) ISO 12916 for diesel and ASTM D1319 for gasoline; (7) Due to the
presence of FAME in diesel fuel as measured by EN 14078, using ASTM D5622 for direct oxygen determination; (8) 1ISO 20884 for diesel and
ASTM D5453 for gasoline; (9) Calculated from results of ASTM D5291; (10) Lower heating value as determined via ASTM D240; (11) ISO 5165
for diesel and ASTM D6890 for derived cetane number of gasoline as determined by the ignition quality tester method; (12) ASTM methods

D2699 and D2700 for gasoline only

© Aramco Americas and Michigan Technological University
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As evidenced by market gasoline data in Table 1, the WSD
of neat light distillates typically falls between 700-1000 pm
when measured at 25°C [63]. This exceeds the recommended
maximum value of 380 pm intended to protect high-pressure
injection systems from fuels with poor lubricity [64]. Based
on the results of a prior evaluation study, RON60 was dosed
with 200 ppm of lubricity-improving additive to bring its WSD
within acceptable limits [65].

2.2. Injector

Figure 3 shows the heavy-duty Cummins production injector
investigated in this work [59]. Considering on-road commer-
cial transport applications, this hardware is used in 15 L Class
8 truck engines and rated for fuel pressures up to 2500 bar.
The eight-hole nozzle tip geometry is that of a typical high-
pressure common rail diesel injector and has been previously
characterized with high-resolution X-ray computed tomog-
raphy scans [66].

A schematic of the internal configuration is also shown
in Figure 3. It consists of a solenoid actuated two-way pilot
valve and a hydraulically lifted main needle. During injection,
the solenoid is powered on to open the pilot valve and throttle
high-pressure fuel through the control chamber inlet orifice.

This creates lower pressure in the control chamber and a resul-
tant force imbalance on the main needle (or plunger) which
lifts it off its seat. High-pressure fuel is supplied to the nozzle
sac and spray holes via upstream needle orifice(s). Fuel passing
through the control chamber outlet orifice and pilot valve is
eventually drained to the low-pressure return system as
dynamic leakage. To stop the injection, the solenoid is powered
oft, which closes the pilot valve and allows the control chamber
to refill with high-pressure fuel. Along with the aid of a return
spring, this process forces the main needle to re-seat and
terminate flow through the spray holes.

The heavy-duty Cummins injector architecture does not
support fully flexible, on-demand rate shaping. However,
various hydraulic elements can be adjusted to permanently
shift the fueling profile. Increasing the nozzle hole exit area
helps to increase the peak flow rate at a given injection pressure
[9]. Adjusting the nozzle hole K-factor (i.e., taper), inlet radius
of curvature, nozzle sac type or volume, and main needle seat
geometry can also influence the overall rate shape [29, 67, 68,
69]. Finally, the fueling rate is very sensitive to control chamber
volume and orifice geometry [17, 40]. For example, the rate of
chamber fluid volume change (Q,,.,) is directly proportional
to the inlet orifice diameter and determines the main needle
closing velocity (v,,,.) once the pilot valve is shut. Figure 3
summarizes the potential levels of rate shape adjustment for

m Schematic of 2500 bar heavy-duty Cummins production injector showing different hardware levels that impact the
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a standard solenoid injector. The impact that most of these
parameters have on rate shape can be assessed using a 1-D
hydraulic model. They may also be considered in combination
to target unique fueling profiles. Electrical parameters such
ashold current and boost voltage do not significantly influence
the rate shape of diesel injections and were thus not considered
further [40].

2.3. Fuel System Setup

Figure 4 shows a schematic of the fuel system test bench used
to acquire experimental rate of injection (ROI) data. The
details of this configuration have been previously discussed
in several prior studies [22, 59]. It contained all the fuel system
components as they appear on a model year 2014 Cummins
ISX15 engine including the inlet metering valve (IMV), high-
pressure pump (HPP), rail pressure sensor (RPS), and (high)
pressure relief valve (HPV). The system was driven by an
electric motor (M) coupled to the HPP via a torque flange (T).
Actuation and feedback signals for the injectors, IMV, and
RPS were achieved using a flexible control module (FCM),
which allowed for independent fueling quantity, pump speed,
and rail pressure set points. A full set of six injectors was

installed and operated using a common staggered-fire mode
as they would be on the engine. This setup ensured that the
hydraulic performance of the system emulated real operation
on an engine as closely as possible. The only difference was
that the injected fuel did not undergo combustion and was
simply circulated back to the main supply tank after being
cooled. A separate oil supply line was used to provide lubrica-
tion to the bottom end of the HPP, which is a typical design
feature of heavy-duty pumps.

2.4. Hydraulic Measurements

A commercial injection analyzer (IA) was used to measure
the ROI for the Cummins injector. Figure 4 shows that this
device was only connected to one of the six injectors on the
system at any given time. The analyzer uses the principle of a
Bosch rate tube, which relates the amplitude of a hydraulic
pressure pulse to the injected mass via the cross-sectional tube
area and speed of sound in the fluid [70, 71]. Several forms of
data can be extracted from the analyzer including instanta-
neous ROI profiles, total fuel quantity per injection, curves of
the total injected mass versus electronic duration (or “gain
curves”), and hydraulic opening/closing delays. Table 2 lists

m Fuel system setup used for hydraulic injector performance measurements.
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TABLE 2 SET load point specifications for ROl measurements.

Electronic injection

duration (ms) Rail pressure (bar)

Load Pump speed

point (RPM) RON60 RON60
A75 147 1.96 1.96 1880 1900
B50 1375 1.42 1.36 1422 1500
C100 1602 177 1.82 2500 2500

© Aramco Americas and Michigan Technological University

important supplemental emissions test (SET) load points at
which high-fidelity ROI profiles were measured for both diesel
and RONG60 fuels. Three completely new injectors were
analyzed to capture production performance variability in
the results. This was done by swapping out “Injector 6” with
fresh injectors when the measurements were performed.
Reported experimental ROI profiles are an average of 500
individual injection events. For gain curve measurements, the
pump speed was set to 1500 revolutions per minute (RPM)
while electronic duration and rail pressure were varied across
the entire operating range of the injector (i.e., up to 2.75 ms
and 2500 bar, respectively). The backpressure for all hydraulic
measurements was set to 50 bar.

2.5. 1-D Hydraulic Model

A 1-D hydraulic model of the Cummins injector was devel-
oped in GT-SUITE [55]. The typical steps in this process
have been thoroughly documented in the literature
[16, 72, 73], so only a very brief overview will be provided
here. The first step is to characterize the hydraulic perfor-
mance of the injector over its entire operating range. This is
accomplished using test bench setups and IA equipment like
those previously described. Next, visualization techniques
such as X-ray computed tomography are employed to deter-
mine the size of internal hydraulic components, passages,
and clearances needed for the model. The third step is to
disassemble the injector and evaluate the mass of moving

bodies, spring constants, and solenoid coil properties. Once
all the geometric, mechanical, electrical, and fuel specifica-
tions are built into GT-SUITE, the final step is to calibrate
the model against measured hydraulic data by appropriately
adjusting coeflicients. Prior work has shown thata 1-D model
of the Cummins injector developed using this process can
accurately simulate real diesel fuel system performance [59].
However, updated fuel properties and minor recalibration
of the discharge coefficients were needed to reproduce the
gasoline hydraulic performance at high injection pressures.

2.6. Surrogate Formulation
and Physical Property
Generation

The process by which physical properties are generated for
light distillates is shown in Figure 5 [59]. After acquiring a
real fuel sample, the first step is to determine chemical compo-
sition. For petroleum-based fuels, this is typically performed
via detailed hydrocarbon analysis (DHA, ASTM D6730); The
next step is to formulate a representative surrogate. This is
achieved by matching each molecule identified from the DHA
with its closest structural equivalent available in a chemical
process software or physical property correlation database,
such as Aspen HYSYS [74]. At best, a molecule identified in
the DHA also exists in the database and is exactly replicated
in the surrogate. When an exact match is not possible, the
most structurally equivalent chemical surrogate is chosen
based on a hierarchical selection process. Continuing in this
manner for every species leads to a highly detailed surrogate
mixture representing each fuel component as closely as
possible. This ensures inherently more accurate properties
compared to reduced surrogate formulation approaches; The
third step is to generate physical properties over the temper-
ature-pressure range of interest (i.e., 20-225°C and 1-2500 bar,
respectively). Chemical database tools do this by employing
an equation of state (i.e., Peng-Robinson) along with various
built-in correlations or models that can calculate the bulk
properties of complex mixtures; The fourth and final step is

m Process for generating physical fuel properties to use in 1-D hydraulic models.
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to integrate these fuel properties within the 1-D model. For
GT-SUITE, this involves specifying parameters in the
“FluidLiqgCompressible” and “FluidGas” templates. Additional
details pertaining to this patent-pending methodology may
be found elsewhere [59, 75].

2.7. Fuel Property
Measurements at
High Temperature and
Pressure

A comparison of the calculated versus measured liquid fuel
properties for RON60 gasoline was conducted in a prior work
and showed very good agreement [59]. In the current study,
validation of the generated properties was extended to temper-
atures and pressures that represent hydraulic conditions in
common rail fuel systems. Table 3 summarizes these condi-
tions along with the properties that were experimentally deter-
mined. All measurements were performed using a completely
sealed, stainless steel sample container equipped with a metal
bellows expansion joint. This allowed the container volume
to change along with the liquid at different conditions while
maintaining an absolutely zero excess volume or “headspace”
for vapor. Furthermore, conditions in Table 3 for which the
RONG60 fluid model predicted a non-zero-equilibrium vapor
fraction were completely avoided to ensure that the measure-
ments were not compromised by phase change. These condi-
tions only presented at atmospheric pressure and temperatures
>80°C.

A detailed description of all the measurement techniques
and their corresponding apparatuses is beyond the scope of
this work. Therefore, each method will simply be listed here
with references for further reading. Density was measured by
accurately determining the weight of fluid and monitoring
volume changes through the linear displacement of a sealed
piston-cylinder assembly at micrometer (pm) resolution [76].
Dynamic viscosity was measured using a torsional quartz
crystal viscometer probe immersed in the sealed sample
container [77, 78, 79, 80, 81]. Thermal conductivity was deter-
mined using a transient hot-wire probe adhering to the
standard test method of ASTM D7896 [82, 83, 84]. Finally,
isobaric specific heat capacity was measured using an adia-
batic calorimeter as described in the standard test method of
ASTM D2766 [85].

TABLE 3 Summary of high pressure and temperature liquid
fuel property measurement conditions for RON60 gasoline.

Parameter Range/technique

Measured properties Density (p)), viscosity (u)), thermal
conductivity (k)), isobaric specific
heat capacity (¢p, )

—-20, 20, 80, 120, 150

0, 200, 500, 1000, 2500

© Aramco Americas and Michigan Technological University

Temperature (°C)
Pressure (bar, gauge)

2.8. Optimization Techniques

A typical design optimization procedure is shown in Figure 6.
After simulating a system’s performance based on various
input parameters and generating its output response, the
results are evaluated using an objective function (f). In the
case of a 1-D injector model, the input variables could be the
nozzle exit hole diameter, servo chamber inlet diameter, etc.,
while important output responses might be the injection rate
shape, hydraulic duration, total injected fuel mass quantity,
etc. In many applications, the goal is to find a set of design
parameters that minimizes the difference between one or
more outputs (R;) and corresponding target (R; 14,4.) responses.
The delta between R;and R; ,,,.; forms the objective function
to be minimized. When used appropriately, these techniques
offer a reduced computational runtime compared to a tradi-
tional full-factorial DoE approach.

The Integrated Design Optimizer in GT-SUITE contains
a variety of built-in objective function definitions including
Multi-Objective Pareto (MOP), Multi-Objective Weighted
Sum (MOWS), and Transient Targeting (T'T) [86, 87]. In MOP,
the objective function for a specific response is given by
the following:

fi = (R1 - Ri,target )2 Eq (1)

It is usually not possible to minimize all the objective
functions simultaneously and generate a single optimal
design due to the trade-offs found in most practical problems
(i.e., optimizing one response often leads to the degradation
of another). Instead, MOP generates a set of “undominated”
solutions from the multitude of feasible designs within the
variable search space. This set is referred to as the Pareto
front and depicted graphically for a two-objective problem
in Figure 6. Mathematically, the Pareto front captures
designs which cannot improve one objective function
without degrading another and are therefore termed
undominated solutions. It is the design engineer’s role to
then select one Pareto design which best suits their overall
requirements. In MOWS, multiple objectives (n) are
collapsed into a single function by assigning a weight (W)
to each response:

R-R

2
_ W i,target
R

i,norm

Eq. (2)

A normalization term (R; ,,,,,,) is needed to account for
responses with different orders of magnitude compared to
others. The advantage of MOWS is that a single optimal design
is generated. However, the solution is sensitive to weighing
factors and care must be taken in ranking the importance of
each response. The use of multiple objectives can be further
generalized to targeting a time-dependent or transient
response with TT. In this case, a single objective function is
constructed using the root mean square error (RMSE) between



Tzanetakis et al. / SAE Int. J. Fuels Lubr. / Volume 15, Issue 2, 2022 145

m Basic optimization process and GA flowcharts.
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a transient response curve (R(f)) and a desired target profile
(R(t)mrget):

(tﬁnal - tmin‘m) b o

Compared to MOP and MOWS, TT offers a convenient
means of matching a desired injector ROI profile without
having to specify individual responses that depend on the rate
shape such as hydraulic duration, peak flow, and total injected
quantity. Therefore, TT is ideally suited for determining the
injector parameters needed to generate a desired rate shape.

Figure 6 shows that the design optimization process is
iterative in nature. Minimizing the objective function(s)
requires new combinations of input variables to be continually
generated until the best possible design (i.e., global minimum)
isidentified. Genetic Algorithms (GAs) employ the principles
of natural selection and evolution to achieve this task. At the
most basic level, they work by selecting individual designs for
subsequent crossover, mutation, and reproduction in the next
generation based on some criteria for fitness [88, 89].
Deterministic search algorithms rely on calculus or gradient-
based methods and tend towards local objective function
optima, which may not represent the best possible design.
However, GAs are metaheuristic search algorithms that are
random or stochastic in nature and much more effective at
capturing the true global optimum. These features have made

GAs very useful for solving complex, multi-objective problems,
including the design of gas turbines and GCI combustion
systems [90, 91]. The Integrated Design Optimizer in
GT-SUITE currently offers the Non-dominated Sorting
Genetic Algorithm (NSGA-III) as a search algorithm [92].
This built-in tool was used along with MOP, MOWS, and TT
objective function definitions to perform 1-D hydraulic model
calibration and rate shape design.

3. Results and Discussion

3.1. Validation of Liquid Fuel
Property Calculations

Figure 7 shows the discrepancy between the simulated versus
measured liquid fuel properties for RON60 gasoline.
Calculated values were determined using the methodology
outlined in Section 2.6 and Aspen HYSYS as the chemical
process software/property correlation database [74]. Each
surface represents modeling error defined by the following
percent difference formula (negative values correspond to an
underprediction of measured data):

X

Measured

X

Simulated

Average ( X

Model error (% difference) = ) x100%
Measured

Eq. (4)

Simulated >
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m Model error for RON60 liquid properties based on percent difference with measured data.
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In general, Figure 7 indicates that the largest deviations
occur at the highest temperature and pressure condition (i.e.,
150°C and 2500 bar). Furthermore, the calculated values
almost always underpredict the measured data, except for a
few points of thermal conductivity at a pressure of 0 bar
(gauge). Liquid density is extremely well reproduced by the
RONG60 gasoline model with less than —5% difference over the
entire range. Isobaric specific heat capacity is also well
captured with an error less than —11%. The agreement with
measured data breaks down for thermal conductivity and
viscosity, which show maximum errors of —53% and —160%,
respectively. This is due to the lack of inherent y; and k; versus
pressure relationships within Aspen HYSYS (i.e., these proper-
ties are only treated as functions of temperature). All the
measured versus modeled data for RON60 gasoline is tabu-
lated in Appendix A.

Figure 8 shows that replacing the modeled viscosity and
thermal conductivity values with measured data results in a
difference of less than 0.3% for simulated injected quantity.
This indicates that y; and k; play a secondary role in the
hydraulic model calculations. These findings are further
substantiated in Figure 9 by the nearly identical ROI profile

(b) Isobaric specific heat capacity, cp,

Difference (%)

Pressure (bar)

(d) Viscosity, y,

Difference (%)

200

&
500 1000 150 &€
1500 g
Pressure (bar) 2500
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overlays generated using the measured versus modeled fuel
data. The low sensitivity of hydraulic predictions to changes
in liquid fuel viscosity and thermal conductivity could
be explained by the lack of sub-models that rely explicitly on
these properties. One example of such a model for y; would
be estimating the viscous drag force on the main needle.
Instead, the current 1-D injector model relies on implicit
viscosity-flow relationships which are inherently less sensitive,
such as the dependence of discharge coefficients or friction
factors on Reynolds number.

As an alternative, empirical correlations from the litera-
ture could also be used to estimate the viscosity-pressure
relationship ofliquid hydrocarbons and improve fuel property
model calculations. One relatively simple relationship relies
on a reference viscosity at saturated conditions (y; g p,;) and
has shown very good agreement with experimental data for
single compounds and mixtures [93]:

[ ] J:exp(me), m:0.98><10’5(kPa)_1 Eq. (5)
Hier,
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m Simulated total injected fuel quantities for the modeled versus measured RON60O liquid properties.
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Figure 10 shows that the absolute maximum error in
RONG60 viscosity is reduced from 160% to 47% when employing
Equation 5 to model pressure effects. Simple correlations such
as these can be incorporated into Aspen HYSYS through a
user-defined function to substantially improve fuel property
model accuracy. Furthermore, the liquid viscosity of RON60
along its saturation pressure curve is a direct output from the
HYSYS software, so no additional empirical data is needed to
use this correlation. The updated viscosity values for RON60
based on Equation 5 are tabulated in Appendix A. Since the
sensitivity of hydraulic model predictions to changes in y;and
k; was found to be extremely low (see Figures 8 and 9), all
subsequent simulation results are reported for the original
modeled fuel properties.

C100

3.2. 1-D Hydraulic Injector
Model Calibration for
Gasoline

3.2.1. Initial Model Performance Figure 11 compares
the simulated versus measured injected quantities for diesel
and RONG60 gasoline across all three load points. Error bars
in the experimental data represent one standard deviation
across three fresh injectors. Although an ISO 4113 fluid was
used as a surrogate for diesel in the 1-D model, the total in-
jected quantity is reproduced to within 3%. On the other
hand, using a highly detailed surrogate to represent the
physical properties of RON60 underpredicts fueling by

m Simulated injector ROI profiles for the modeled versus measured RON60 liquid properties.
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m Model error for RONGO viscosity after using an empirical pressure correlation (Equation 5 [93]).
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6-8%. Previous work has shown that this discrepancy is most
likely due to retaining nondimensional flow coeflicients
from the original 1-D diesel model calibration [59]. Experi-
mental and computational evidence was provided suggest-
ing that discharge coefficients could increase for gasoline-
like fuels because they operate at higher Reynolds number
regimes compared to diesel in non-cavitating nozzle designs.
Inaccurate fuel properties were also discussed as a possible
contributor to the observed discrepancies, but was deemed
as a minor factor given the good agreement between the
measured and calculated physical properties [59]. The low
error reported for the calculated p; and cp ; at more represen-
tative thermodynamic conditions further substantiates this
claim (see Section 3.1). Other properties that were not ini-
tially well captured by the RON60 gasoline fuel model, like y;

1500
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and k;, do not
model predictions.

Figures 12 and 13 compare the simulated versus measured
ROI profiles for both fuels. Unlike the diesel data, RON60
predictions fall outside the experimental injector variation.
As an example, the simulated peak flow at B50 is 3.9% lower
than expected. This discrepancy cannot be fully explained
even when the difference between the modeled versus actual
RONG60 density at injection conditions is considered. Equation
6 indicates that the deviation due to fuel density alone can

only be as high as 2%:
Pimees _ /760 =1.02 2%
pf sim

Eq. (6)

significantly impact the hydraulic

=C,A,\[2p,AP 2pfAP—> p

m Simulated versus measured total injected fuel quantities across all load points.
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m Simulated versus measured diesel ROI profiles.
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Therefore, the consistently underpredicted peak fueling
rates suggest that 1-D model discharge coefficients should
be increased to properly capture the performance of the
RONG60 gasoline. One major discrepancy between the simu-
lated versus experimental ROI profiles shared by both fuels is
the flat versus continuously rising steady flow pattern, espe-
cially at A75 and C100. However, previous work has demon-
strated that this is most likely an artifact of using a simplified
system-level model (i.e., a very simplified component layout
upstream of the injector compared to the actual fuel system
configuration shown in Figure 4) [59]. The slightly longer
hydraulic durations predicted for diesel could also be attrib-
uted to this issue. Finally, neither fuel model could capture
the reverse and oscillating flows observed at the start and end
of injection, respectively. The current 1-D model does not

account for the relaxation of the elastically deformed material,
which is the most likely cause of these phenomena [94].

3.2.2. Calibration Parameters The only adjustable
flow constants in the 1-D model are (i) maximum discharge
coefficient of the ball-in-cone pilot valve (C; . sv))> (1)
maximum discharge coeflicient of the main needle tip
(C4, max vr)> and (iii) contraction coefficient of the nozzle
spray holes (C, ). These constants are part of specific com-
ponent sub-models in GT-SUITE and used along with the
instantaneous flow or geometric data to calculate the overall
discharge coeflicients (i.e., final C,; of the valves or nozzle
holes at each time step). Table 4 summarizes the nominal
discharge coefficient values used for diesel and the ranges
considered in gasoline recalibration. Only values greater

m Simulated versus measured RON60 gasoline ROI profiles.
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TABLE 4 Nondimensional flow coefficients adjusted during
hydraulic model calibration.

Nominal value Calibration range

Model coefficient (diesel) (RON60)
Co, max &%) 0.85 0.85-0.99
Co, max vny 0.80 0.80-0.99
Ceawmy 0.91 0.91-0.93

© Aramco Americas and Michigan Technological University

than the diesel baseline were investigated because RON60
required an increase in fueling rate to match the experimen-
tal data. The range of C ) was capped at 0.93 because of a
saturation effect observed in its ability to change the ROI
profile. Parametric sweeps of the other coefficients showed
that they remained effective at changing the ROI up to their
theoretical limit (i.e., 0.99) [59].

3.2.3. Calibration Targets In the preceding study, a
type of manual calibration was employed to determine the
set of model discharge coefficients that best represented the
measured RON60 performance [59]. However, this may not
be feasible for complex models with more than three param-
eters. The current work, therefore, generalizes this process by
using multi-objective optimization. Input parameters con-
sisted of the three discharge coefficients in Table 4. Figure 14
shows that for MOP and MOWS, only three specific respons-
es were chosen among the variety describing ROI: (i) total
injected quantity, (ii) hydraulic duration, and (iii) maximum
needle velocity. The total injected quantity and hydraulic du-
ration combine to constrain the rate shape without the need
to target the opening or closing ramp. Parametric sweeps of
the discharge coefficients revealed that they have a negligible
impact on hydraulic opening delay and timing of the pilot
valve bounce feature, so these responses were ignored.

However, the timing of the maximum needle lift feature can
change significantly when C,; ..., sv) is adjusted. This feature
is related to main needle dynamics and should be accurately
reproduced by the 1-D model. Although not available as an
explicit response to target within GT-SUITE, the timing of
this event can be implicitly correlated to the maximum nee-
dle opening velocity.

Figure 15 shows the simulated max needle opening
velocity versus timing of the maximum needle opening feature
for RON60 gasoline. These plots were generated from para-
metric sweeps of C; ..., () between 0.7 and 0.99 while keeping
all other discharge coefficients at their nominal value (see
Table 4). Increasing C; .« 3v) leads to higher flow through
the pilot valve during opening, more rapid development of
the force imbalance driving needle lift, and faster needle
opening velocity. Corresponding calibration targets were
determined by relating the experimentally observed onset of
the maximum needle lift to the simulated maximum opening
velocity (dashed black lines). Alternatively, the desired
maximum velocity targets could have been extracted from
the measured needle lift profiles of RONG60 [95, 96]. However,
the existing data set does not cover all the injection conditions
used in this study.

For MOP and MOWS, all response targets were specified
using a single average value extracted from the three injector
measurements. Each load point was considered equally impor-
tant and given an equal case weight to cover the injector oper-
ating range fairly. Additionally, the weight factors for MOWS
were evenly distributed among each response. The definition
of targets for T'T was comparatively simple and only required
importing the experimental RON60 ROI profiles from each
measured injector into GT-SUITE. Analogous to setting even
MOP and MOWS case weights, all three SET points were
considered simultaneously during TT optimization to

m ROl response features used during MOP and MOWS parameter calibration.
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m Simulated maximum needle lift velocity versus experimental onset of the maximum needle lift feature.
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determine one set of discharge coefficients that would capture
gasoline performance over the entire operating range. Finally,
the default GA settings were selected in GT-SUITE (i.e., a
calculated population size of 16 based on the number of cali-
bration parameters, cases, etc., and a fixed setting of 15 genera-
tions). Table 5 summarizes all the target and optimization
settings used to calibrate the discharge coeflicients.

3.2.4. Calibrated Model Performance Table 6 com-
pares the simulated injected quantities for each calibration
method to the experimental RON60 data. The RSME across
all SET points clearly demonstrates an improved model clo-
sure for the optimization-based techniques. All three meth-
ods resulted in similar predictions and indicate that any of
them could be used for calibration. MOP had the lowest
RMSE and is thus considered the “best” calibration. The
slightly better closure of MOP compared to T'T may be due to
the GA being optimized for Pareto sorting and ranking
[88, 90]. MOWS performance could potentially be improved
by considering different weight factors. Figure 16 summarizes
the progression of model closure with experimental injected
quantity data starting from the nominal, uncalibrated model
using detailed RON60 properties (RON60—No Calibration)
to the manual calibration technique employed in prior work
(Original Calibration) [59], and, finally, the best calibration

TABLE 5 Summary of MOP and MOWS response targets used
for RON60 gasoline model calibration.

Maximum MOP &
Injected Hydraulic needle lift MOWS
quantity duration velocity case
(mg) (ms) (m/s) weights
A75 193 215 0.80 1.0
B50 127 1.75 0.63 1.0
C100 226 216 0.91 1.0
MOWS W, 1.0 1.0 1.0 —

=0-A75 - RON60
=e-C100 - RON60
© Correlation Pts.

In,
Cy
rea Sty
€c
q,

"ha*(ﬂp/

2.4 25 2.6 2.7 2.8

Onset of Max Needle Lift Feature (ms)

result obtained with MOP optimization. With this last ap-
proach, the RONG60 injector model was able to achieve less
than 3% difference across all three load points, making its
performance equivalent to the original diesel model.

Figure 17 shows that the MOP calibration can accurately
reproduce individual ROI profiles as well. Compared to the
uncalibrated model with nominal (i.e., diesel) discharge coef-
ficients, the MOP optimization demonstrates improved
closure on both hydraulic duration and peak flow for RON60
gasoline. Other specific hydraulic features, such as the timing
of the maximum needle lift and pilot valve closing bounce,
are also well preserved in the MOP simulations, indicating
that the correct response targets were chosen. As previously
mentioned, the discrepancy between relatively flat (predicted)
versus slightly rising (experimental) ROI profiles near the end
of injection is not a result of poor simulation fidelity but an
artifact of using a simplified system-level model upstream of
the injector.

Figure 18 indicates that the MOP calibration captures
RONG60 gain curves more accurately than the uncalibrated
model above 1500 bar. Agreement tends to break down below
this point likely because of the restricted calibration range
defined by A75, B50, and C100, all of which have injection
pressures at or above 1500 bar (see Table 2). Additional high-
fidelity ROI profiles down to idling fuel pressure (400 bar)
would be needed to support a more comprehensive calibration
covering the entire engine operating range.

Experimental needle lift profiles are shown in Figure 19.
Measurements were conducted using high-resolution X-ray
computed tomography scans (+2 pm) at the Advanced Photon
Source (APS), Argonne National Laboratory, and have been
described elsewhere [66, 95, 96]. Results indicate that RON60
gasoline has faster injector needle opening and closing rates
compared to diesel. Corresponding simulations using both
the uncalibrated and MOP calibrated RON60 models are
shown in Figure 20. Although the relative fuel effect on the
closing rate is well predicted, the faster RON60 opening rate
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TABLE 6 Total simulated injected quantities for each calibration method versus experimental data.

RON60 Original
Experiment (mg) no calibration calibration
A75 193.3 182.4 189.2 193.3 193.8 193.2
B50 1271 18.9 126.1 128.7 130.6 12811
C100 225.6 207.8 215.8 220.2 220.8 220.0
RMSE — 12.96 6.16 3.20 3.45 3.24

is not as prominent as the experimental data indicates.
Furthermore, the measured trends of the increasing opening
rate difference between fuels and the degree to which the peak
needle lift changes as a function of injection pressure are not
reproduced in simulation.

The measured needle lift profiles were not directly used
to help calibrate the 1-D gasoline model due to a limited
understanding of these differences. For example, peak lift was
set as a constant value of 610 pm in the model and based on
standard X-ray computed tomography scans made at a resolu-
tion of 10-15 pm. This level of measurement uncertainty does
not account for the much lower travel distances of 450-500
pm observed in the experiments. One possible explanation
could be the lack of an appropriate friction or viscous drag
sub-model for the main needle. Viscosity impacts the flow
dynamics, discharge coeflicients, and the transient develop-
ment of pressure gradients that drive needle motion. However,
italso contributes to the friction and drag experienced by the
needle as it moves through fluid. This aspect of needle physics
was not necessary for good performance of the nominal diesel
injector model, but could be critical for capturing the nuanced
fuel effects exhibited by gasoline.

Figure 21 shows the hydraulic opening and closing delays
for RON60 gasoline. Opening delay is defined as the time
between electronic driving signal initiation and when fuel
begins to emerge from the injector. Closing delay is defined

© Aramco Americas and Michigan Technological University

as the time between electronic signal shut-off and when fuel
flow ceases. The MOP calibration results agree very well with
experimental data, except for C100 where the difference is 140
ps and relatively large. One possible explanation for this
discrepancy is the unrepresentative cavitation modeling of
the control chamber inlet orifice. Under heavily cavitating
conditions, liquid flow through the orifice would decrease,
thereby lengthening the needle closing delay (refer to Figure
3 for the relationship between the orifice flow and v,,,,). This
phenomenon would be most prominent for volatile fuels oper-
ating at high injection pressures (i.e., RON60 at the C100
condition). Although both control chamber orifices were
specified as “cavitating” in GT-SUITE, the sub-model may
not have fully captured the extent of cavitation and its impact
on needle closing velocity at this extreme condition.

The nondimensional flow coeflicients determined using
different calibration methods are compared to nominal diesel
values in Table 7. Results from the optimization-based tech-
niques are consistent with the original manual calibration
performed in prior work and align with previous experimental
data, suggesting that C, can rise when using gasoline-like fuels
with these types of nozzle orifices [59]. One notable trend in
Table 7 is the convergence of Cqypy, to a value of 0.93. The
impact of this coeflicient on the ROI was found to saturate at
this value, providing a clear upper limit during calibration.
C4, max (vr) 18 also considerably higher for the MOP, MOWS,

m Progression of the simulated injected quantity closure with experimental data for different calibration approaches.
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m Simulated RON60 gasoline ROI curves versus experimental data for different calibration approaches.
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m Simulated RON60 gasoline gain curves versus experimental data for different calibration approaches.
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m Experimental diesel and RON60 gasoline needle lift profiles.
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m Simulated diesel and RON60 gasoline needle lift profiles for different calibration approaches.
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m Simulated versus experimental hydraulic opening and closing delays for RON60 gasoline.
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and T'T calibrations compared to the original calibration. This
is most likely due to setting an overall tolerance of only 5%
for the agreement between the measured and simulated results
in the original calibration versus the current objective
function minimization.

3.3. Rate Shape Design Using
Calibrated 1-D Hydraulic
Gasoline Injector Model

3.3.1. Rate Shape Target Since the detailed injector
simulation was not coupled to a predictive combustion mod-
el, it could not be used to design rate shapes based on engine
performance and emissions targets like brake thermal effi-
ciency or engine-out NOx. Instead, the focus of this study
was to understand what standard injector parameters con-
tribute to changing the rate shape and how a desired ROI
profile might be achieved using the optimization approaches
available in GT-SUITE.

To help reduce the optimization problem complexity (i.e.,
input parameter search space) and shorten the computational
runtime, only single continuous injection events were consid-
ered. This situation is far simpler than a digital rate shaping
approach, which would require additional parameters such
as the number of injections, dwell time between injections,

and injection quantity splits to be included. Since it is also not
possible to determine the potential negative impact on burn
duration caused by multiple fuel pulses or extended durations
without a coupled combustion model, the hydraulic duration
was simply constrained to the same value observed during
stock injector operation.

Figure 22 shows an idealized ROI target for the B50 oper-
ating point. A triangular or “ramped” rate shape was chosen
to demonstrate a potential pathway for lowering NOx emis-
sions. The kinetics of NOx formation are extremely sensitive
to temperature and depend on the amount of heat released
early in the combustion process. Therefore, any method that
reduces initial heat release rates, such as slowing down the
rate of fuel injection, also reduces peak charge temperatures
and NOx emissions. The practical use of slow injection
opening ramps to reduce NOx has been previously docu-
mented and discussed [30, 33, 36, 53, 54]. This technique could
work synergistically with a standard lean aftertreatment
system and the improved soot-NOx trade-oft of GCI versus
diesel to help meet future ultralow-NOx emissions regula-
tions. First, the simulated ROI profile was used to extract a
hydraulic duration (At = 1.78 ms) and determine the total
injected fuel quantity (m; = 128.7 mg). Next, an idealized
triangular shape was constructed by requiring that it achieve
the same fuel quantity (area under ROI curve) over the same
duration as the original profile. This essentially translates into
calculating a new peak fueling rate for the desired shape based

TABLE 7 Nondimensional injector model flow coefficients determined using different calibration methods.

Nominal values

Model coefficient (diesel) Original calibration

Cy, max 8 0.85 0.90 0.898 0.923 0.891
Co, max (v 0.80 0.88 0.984 0.970 0.986
Cenm 0.91 0.93 0.928 0.929 0.929

© Aramco Americas and Michigan Technological University
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m Determination of idealized triangular or “ramped” rate shape profile for RON60 gasoline at B5O0.
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on the area of a triangle (111, = 144.6 g/s). A very sharp closing
ramp was also kept in the target since it can help produce a
strong post-injection entrainment wave and potentially
mitigate soot [48].

3.3.2. Hydraulic Parameter Sweeps Figure 3 high-
lights the various parameters that impact the rate shape for a
standard common rail injector. This section will examine
how each of these can be modified using a calibrated 1-D
gasoline model to achieve the target ROI profile in Figure 22.
Realistic search spaces will also be specified for each variable
to adequately constrain the objective function minimization
problem. Electronic injector driving parameters such as hold
current and boost voltage were excluded because they have a
relatively minor impact on the ROI compared to hydraulic

design features for this type of hardware [40]. Parameters in-
cluding nozzle K-factor and inlet hole edge curvature cannot
be directly studied using a 1-D model and are better suited
for exploration with detailed three-dimensional (3-D) com-
putational fluid dynamics (CFD) models focused on in-noz-
zle flow behavior [97, 98]. Therefore, these were excluded
from the current investigation.

3.3.2.1. Control Chamber Inlet Orifice Diameter (D;,).
The main needle opening and closing velocities are both
influenced by the inlet orifice (see description of v, and v,
in Figure 3) [40]. Figure 23 shows the ROI profiles
corresponding to -40/+20% changes in diameter and
highlights the strong sensitivity. An increase in D;, leads to a

reduced control chamber draining rate when the pilot valve

m RONG0 gasoline rate shape versus control chamber inlet orifice diameter (D;,) at B50.
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is open (Qouier — Qinter)> slower needle lift velocity (v,,,,), and
shallower initial ROI. This helps to create a somewhat
triangular rate shape which aligns with the desired profile.
Increasing the inlet orifice diameter beyond 20%results in no
injection event because the reduced force imbalance generated
is not enough to unseat the needle.

3.3.2.2. Control Chamber Outlet Orifice Diameter
(Doyr). Only the main needle opening velocity is significantly
influenced by the outlet orifice [17, 40]. Figure 24 shows the
ROI profiles corresponding to +40/—25% changes in
diameter and indicates a similar level of sensitivity as the
inlet orifice. Decreasing D,,, leads to a reduced control
chamber draining rate when the pilot valve is open
(Qoutier = Qinter)> lower needle opening velocity (v,,.,), and
shallower initial ROI, all of which align with the target
profile. Since changes to the outlet orifice diameter suggest
even slower initial ROIs compared to D,,,, it should be possible
to achieve the desired rate shape by changing only D,,,,.
Decreasing the outlet diameter by more than 25% results in
no injection event because the inlet versus outlet flows
through the control chamber become balanced and do not
result in a fluid volume change. Thus D,,, was only considered
between its baseline diameter —25%.

3.3.2.3. Total Nozzle Area (A,). Although the changes
to control chamber inlet/outlet orifices discussed above can
produce triangular rate shapes, they do so at severely reduced
peak flows. Since A, is directly proportional to the steady mass
flow rate, increasing the nozzle hole diameter (D,) or total
number of nozzle holes (N) should provide a means of
increasing the peak fueling:

2

D
1, = C, A, 2P, AP — A, = N”4 o

Eq. (7)

However, the results in Figure 25 indicate that a three
times (3x) increase in A, does not correspond to a 3x increase
in peak mass flow rate compared to the baseline. This is due
to rapid draining and depressurization of fuel within the
nozzle sac volume (i.e., a counteracting decrease of AP in
Equation 7). Figure 26 highlights the drastic reduction
in nozzle sac pressure that accompanies an isolated increase
in A,. Therefore, total nozzle area must be increased in tandem
with other internal hydraulic parameters to maintain AP [9].
Prior studies using the same injector demonstrated thata 3.2x
increase in peak baseline flow could be achieved through a
combination of nozzle hole diameter and internal hydraulic
parameter modifications [99]. This provided a reasonable
upper limit on changing A, within the current investigation.

3.3.2.4. Rail Pressure. One possible way to increase the
sac pressure is to increase the upstream rail pressure. As
shown in Equation 7 and Figure 27, the increase in peak flow
is proportional to ~/AP and not enough to achieve the target
value even at the maximum available system pressure of 2500
bar. Furthermore, raising the rail pressure increases the initial
ROI and could negatively impact the brake engine efficiency
through larger parasitic losses. Since these are undesired
effects, the rail pressure at a given operating point was
maintained at its original value (see Table 2).

3.3.2.5. Nozzle Sac Diameter (D). The filling and
draining rates of fuel within the nozzle sac are influenced by
its geometry and have an impact on injection AP across the
spray holes. Increasing the nozzle sac diameter effectively
makes the sac volume larger and should lead to prolonged
tilling times, slower pressure development, and reduced
opening ROI. At the end of injection, it is expected to take
longer for depressurization, leading to a slower closing ROL
However, Figure 28 shows the exact opposite behavior. This
could be explained by the simultaneous counteracting effect

m RONG0 gasoline rate shape versus control chamber outlet orifice diameter (D) at B50.
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m RONG60 gasoline rate shape versus the total nozzle area (A,) and corresponding nozzle exit hole diameter (D,)

at B50.
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of decreased needle seat flow throttling. As D, increases, the
length, throttling losses, and pressure drop across the needle
seat are also reduced leading to a more rapid pressure buildup
and release rates in the sac. The opposite effect is observed
when the nozzle sac diameter is decreased because the seat
length is increased. Since this parameter does not contribute

to a triangular rate shape profile, it was excluded
from consideration.

3.3.2.6. Needle Seat Half-Angle. Increasing the needle
tip angle generates a higher effective seat flow area for a given
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amount of lift. Figure 29 shows that this leads to higher ROIs
at the start of injection (SOI). Conversely, decreasing the half-
angle reduces the effective flow area and creates slower
opening ramps that are aligned with the target rate shape.
However, the slower opening profiles are accompanied by
undesirable slower closing rates. Modifying the needle shape
or sac geometry can also change the in-nozzle flow dynamics
and ultimately impact the discharge coefficient [29]. Since 3-D
CFD models are better suited to understand these effects, both

the needle half-angle and sac geometry were excluded from
the optimization search space.

LR RON6O gasoline sac pressure versus the total nozzle area (A,) and corresponding nozzle exit hole diameter (D)

at B50.
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m RONG60 gasoline rate shape versus rail pressure at B50.
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3.3.2.7. Needle Orifice Diameter (Dyo). Another way
to maintain sac pressure during high flow injection events
is to reduce fuel supply throttling. This essentially translates
into increasing the needle orifice diameter. Figure 30 shows
that a substantial amount of flow capacity can be recovered
by increasing Dy, at 3x the baseline total nozzle area. The
new peak flow saturates between diameters of 2.8-3.4 mm
and becomes roughly 2.2x the baseline value, which is
much closer to the theoretical expectation. To avoid ROI
fluctuations generated near the peak flow limit, the upper
bound of Dy, was constrained to a maximum of 2.4 mm.

Table 8 summarizes the final parameter search space used
for the rate shape targeting exercise. In addition to the total
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nozzle area, the corresponding exit nozzle hole diameter range
is also listed. The energizing time (ET) was varied across the
durations observed over the entire B-speed load range (i.e.,
B25 to B100). The upper limit prevented excessively long dura-
tions which could contribute to degraded combustion effi-
ciency in the real application. Figure 24 indicates that
decreasing D, to achieve a triangular rate shape significantly
impacts the hydraulic opening delay. Since the SOI can easily
be adjusted in the real engine application to compensate, this
was not considered as a critical optimization or target param-
eter. Finally, although every hydraulic parameter discussed
in this section could have been included in the objective
function minimization search space, the number of variables

m RONG60 gasoline rate shape versus nozzle sac diameter (D) at B50.
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m RONG60 gasoline rate shape versus the main needle seat half-angle at B50.
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was systematically reduced and their ranges constrained based
on fundamental injector behavior. This was done to help
achieve reasonable computational runtimes.

3.3.3. Rate Shape Matching A TT objective function
definition was used to determine the optimal set of parameters
from Table 8. This option provided the most convenient rate
shape target specification in GT-SUITE and was previously
shown to be as effective as MOP or MOWS in matching ROI
(see Table 6). To ensure that objective function minimization
was reached, the number of generations in the GA was increased
beyond its default. Table 9 indicates that increasing the genera-
tions above 15 does not produce any further reduction in objec-
tive function value and confirms the default setting was valid.
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A full-factorial DoE was also carried out using the same
design variables in Table 8 and served as a comparative bench-
mark. The optimal solution was determined by evaluating
each DoE simulation with the following custom error function
and choosing the result with the lowest RMSE:

2

RMSE, . = (51)”“01 )2 +(50Pﬂﬂing Ramp) >

DoE
2

X

Simulated X Target

X

-100% Eq. (8)

Target

m RONG60 gasoline rate shape versus needle orifice diameter (Do) for 3x A, at B50.
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TABLE 8 Rate shape targeting optimization parameters
and ranges.

Optimization

parameter Minimum value Maximum value
Deye (Mmm) 0.21 0.28

A, (X Baseline) 1.0 3.0

D,® (um) 195 338

Dyo (mm) 1.4 2.4

ET (ms) 1.23 1.79

Notes: (1) Nozzle exit hole diameter is not a separate variable but
related to total nozzle area through Equation 4.

Equation 8 indicates that only peak injection rate (Xryge; =
144.6 mg/ms) and initial ROI opening slope (X4 = 82.6 mg/
ms?) were used to quantify target matching with the simulated
results (Xs;puraea)- Other possible criteria, such as hydraulic delay
or duration, were not considered because the SOI and ET can
easily be adjusted to meet the desired combination of injection
timing and fueling quantity.

Optimal TT and DoE solutions are compared against the
target rate shape in Figure 31. The desired profile could not
be exactly matched due to limitations in the rate shaping flex-
ibility of standard DI injectors and the constrained variable
search space considered in this preliminary study. Alternative
hardware configurations, such as direct-acting piezo injectors,
could be used to achieve the desired ROI profile more closely
[30, 31]. Piezo injectors can control needle lift through an
applied voltage signal and achieve highly variable rate shapes,
although additional robustness and cost concerns would need
to be addressed for practical implementation. Nonetheless,
the TT method provided a roughly triangular rate shape with
a slow opening and fast closing dynamics approaching the
idealized ROI. The full-factorial DoE had 2160 simulations
and yielded very similar results when using the average, fully
developed ROI opening slope between 0 g/s and 30 g/s. The
actual optimal case outputs from both TT and DoE methods
had slightly lower total injected fuel quantities than the target
profile. This was most likely due to the lack of a specific
quantity target, as in the case of MOP or MOWS. The ET for
each solution was thus slightly adjusted to provide the results
reported in Figure 31.

As expected from the parametric sweeps, Table 10 indi-
cates that a decrease in control chamber outlet orifice diameter
accompanied by an increase in spray hole and needle orifice
diameter was required to achieve a triangular rate shape.
Furthermore, the TT objective function coupled to a genetic

search algorithm showed a substantial computational runtime
reduction compared to a full DoE.

Permanently shifting the ROI to achieve a potentially
low-NOx result has repercussions on other aspects of combus-
tion performance. For example, a triangular rate shape could
prolong the burn duration and lead to a deterioration in
engine thermal efficiency [36, 53, 54]. As shown in Figure 32,
the spray momentum flux was also affected, which could lead
to a reduced spray penetration, slower mixing rates, and
suboptimal spray-wall interaction for a specific piston bowl
geometry. Furthermore, an ROI profile that works well at
medium to high loads like B50 may not be desirable at lower
loads. The corresponding design changes listed in Table 10
could even inhibit a proper injector operation at such condi-
tions (i.e., no injection event at idle). With these considerations
in mind, it is important that a real rate shaping design exercise
include predictive combustion modeling and the entire engine
operating range so that all trade-offs can be accounted for
during optimization.

4. Summary and
Conclusions

A 1-D hydraulic model was developed in GT-SUITE for a
production heavy-duty diesel injector. The model was adapted
for use with gasoline by updating the fluid properties and
recalibrating nondimensional flow coefficients. A detailed
surrogate formulation methodology and calculation proce-
dure was used to generate the necessary fluid physical proper-
ties for 1-D simulations. Findings from the comparison of the
calculated versus measured fuel properties were as follows:

® Calculated properties including density and isobaric
specific heat capacity showed good agreement with
measurements up to 150°C and 2500 bar.

* Hydraulic model performance was insensitive to changes
in other liquid properties, specifically viscosity and
thermal conductivity, that were not particularly well
captured by the original fuel model.

* Viscosity calculation errors can be significantly reduced
by applying generic pressure correlations for liquid
hydrocarbons available in the literature.

Even with a good physical property model, however, accu-
rately capturing the hydraulic behavior of gasoline at high

TABLE 9 Genetic search algorithm objective function value versus number of generations.

B50 case runs Population size

Number of generations

Objective function value

Total number of designs  for optimal design

1 16 15
2 16 30
3 16 45
4 16 60

© Aramco Americas and Michigan Technological University

241 8.24
482 8.23
723 8.23
964 8.23
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m Optimal rate shape design solutions versus target profile.
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injection pressures required a minor recalibration of all the
discharge coefficients. This was achieved by using multi-
objective minimization techniques coupled to a genetic search
algorithm within GT-SUITE. The major findings from this
exercise were as follows:

* Among the different methods investigated, Pareto
optimization provided the best closure on the total
injected quantity and ROI with measurements.

e It was difficult to reproduce some of the experimentally
observed differences in needle dynamics between
gasoline and diesel.

* Capturing these effects may require even higher fidelity
injector models that include viscous drag or friction
effects on moving bodies.

The 1-D gasoline hydraulic model was also used to explore
rate shape design for high-pressure GCI applications at a
single engine operating point. A triangular fueling profile
with a slow opening ramp was targeted as a possible path for
demonstrating lower engine-out NOx emissions. Results from
a thorough ROI sweep of adjustable hydraulic injector param-
eters showed that a combination of changes to the nozzle exit
hole, needle orifice, and control chamber outlet orifice diam-
eters could be used to approach the desired rate shape. TT is
another multi-objective optimization routine available in

TABLE 10 Final injector specifications and computational
runtimes after rate shaping.

Runtime
Method D,,: (mm) D, (pum) Dyo (mm)  (hours)
Baseline 0.28 195 1.40 —
TT 0.21 337 2.04 8.4
DoE 0.210 252 210 28.3

© Aramco Americas and Michigan Technological University
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GT-SUITE and was used to conveniently determine the appro-
priate set of diameters that most closely matched the trian-
gular ROI Results from this part of the study are summarized
as follows:

* The injector control chamber outlet diameter had to
decrease for a slow opening ramp, but the needle orifice
and nozzle exit hole diameters had to increase to meet
the peak fueling rate constraint.

® A similar combination of diameters and optimal rate
shape was achieved using a traditional full-factorial DoE
over the same variable search space.

* TT coupled to a genetic search algorithm improved the
computational runtime by a factor of 3.6 compared
to DoE.

It was beyond the scope of this preliminary study to
consider all the adjustable features of the injector for rate shape
design. In addition, there are some limitations to the fully
flexible rate shaping capability for the baseline hardware and
what the 1-D model can explore. For these reasons, it was not
possible to exactly match the target profile. Nonetheless, a
robust methodology for accurately simulating high-pressure
gasoline injection using a 1-D hydraulic model has been
demonstrated. A process to determine the optimal set of
injector design specifications that generate a desired rate shape
with the same model has also been outlined.

5. Recommendations

A new rate shape design will ultimately have an impact on the
existing combustion system performance and emissions. For
this reason, future work will likely focus on coupling the 1-D
model to predictive combustion or engine simulations tools.
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m Spray momentum flux for baseline and final rate shape design profiles.
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This would provide a means of practical rate shape design
using appropriate fuel efficiency, noise, NOx, particulate, and
other engine targets for a given GCI application. Hardware
that leverages on-demand pressure modulation or needle lift
control, such as a direct-acting piezo injector, could also
be considered to provide greater flexibility in the fueling
profile. Together, all these tools would open an additional
pathway to demonstrate even greater performance and emis-
sions benefits for GCI through rate shaping.
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Definitions

1-D - One-dimensional

3-D - Three-dimensional

A, - Total nozzle area (baseline design)

APS - Advanced Photon Source

ASTM - American Society for Testing and Materials
C. - Contraction coefficient

C, - Discharge coefhicient

—B50—baseline
—B50—targeted

2.0 3.0

Time (ms)

cp 1 - Isobaric specific heat capacity (liquid)
CFD - Computational fluid dynamics

D,, - Control chamber inlet orifice diameter
Dy - Needle orifice diameter

D, - Nozzle exit hole diameter

D,,, - Control chamber outlet orifice diameter
D,,. - Nozzle sac diameter

DHA - Detailed hydrocarbon analysis

DoE - Design of experiments

E10 - 10% ethanol by volume

EN - European Standard

ET - Solenoid energizing time

f- Objective function

FAME - Fatty acid methyl ester

FBP - Final boiling point

FCM - Flexible control module

GA - Genetic algorithm

GCI - Gasoline compression ignition

HPP - High-pressure pump

HPYV - High-pressure relief valve

IA - Injection analyzer

IBP - Initial boiling point

IMV - Inlet metering valve

ISO - International Organization for Standardization
k; - Thermal conductivity (liquid)

LHYV - Lower heating value

m - Constant for viscosity-pressure correlation
my - Total injected fuel quantity

ti1, - Peak mass flow rate
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M - Symbol for electric drive motor
MOP - Multi-objective Pareto
MOWS - Multi-objective weighted sum
n - Number of objectives

N - Number of nozzle holes

Nox - Oxides of nitrogen (NO + NO,)
P - Pressure

P,,, - Saturation pressure

Q - Volumetric flow rate

R - Response

RMSE - Root mean square error

ROI - Rate of injection

RON - Research octane number
RPM - Revolutions per minute

RPS - Rail pressure sensor

RVP - Reid vapor pressure

SET - Supplemental emissions test
SOI - Start of injection

t- Time

T - Temperature or symbol for torque flange
TT - Transient targeting

UHC - Unburned hydrocarbons

v - Velocity

W - Response weight factor

WSD - Wear scar diameter

X - Simulation, target or measured value
£ - Angle

0 - Relative error (% difference)

AP - Pressure difference

At - Hydraulic injection duration

#; - Dynamic viscosity (liquid)

py- Fuel density

p: - Density (liquid)
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TABLE A.1 Measured RON60 gasoline fuel properties at high pressures and temperatures.

T (°C) P (bar, gauge) #; (mPa-s)
-20 0 0.6651
-20 200 0.7815
-20 500 1.034
-20 1000 1.479
-20 1500 2193
-20 2500 4.980
20 0 0.4230
20 200 0.5196
20 500 0.6624
20 1000 0.9750
20 1500 1.435
20 2500 3102
80 0 =

80 200 0.3196
80 500 0.4182
80 1000 0.6166
80 1500 0.9350
80 2500 1.846
120 0 =

120 200 0.2673
120 500 0.3496
120 1000 0.5106
120 1500 0.7546
120 2500 1.522
150 0 =

150 200 0.2320
150 500 0.3157
150 1000 0.4737
150 1500 0.7083
150 2500 1.474

pkg/m?) Cp,; (kJ/kg-K) K (W/m-K)
742.5 1.928 01276
755.9 1.901 01312
774.0 1.884 01353
7979 1.875 01413
818.6 1.874 01463
850.6 1.875 01542
708.3 2135 01146
726.0 2.098 0.1190
7476 2.082 01240
775.5 2.082 01313
798.8 2.084 01368
835.0 2.091 0.1456
683.2 2.361 01038
712.3 2.363 01110
747.5 2.375 0197
775.2 2.383 01263
816.7 2.397 01369
657.4 2.556 0.0961
692.9 2.571 01049
7337 2.587 0.1150
764.6 2.598 01225
810.7 2.607 01338
640.6 2.715 0.0917
681.3 2.736 01019
726.9 2.750 01129
760.7 2.757 01213
809.7 2.757 01334
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TABLE A.2 Generated RON60O gasoline fuel properties using the methodology in Section 2.6 and Aspen HYSYS.

T (°C)
-20
-20
-20
-20
-20
-20
20
20
20
20
20
20
80
80
80
80
80
80
120
120
120
120
120
120
150
150
150
150
150
150

P (bar, gauge)

0
200
500
1000
1500
2500
0
200
500
1000
1500
2500
0
200
500
1000
1500
2500
0
200
500
1000
1500
2500
0
200
500
1000
1500
2500

w, (mPa-s)

0.6895
0.6993
0.714
0.7271
0.7395
0.7584
0.4141
0.4220
0.4312
0.4425
0.4511
0.4638
0.2373
0.2448
0.2531
0.2590
0.2673
0.1729
0.1798
0.1869
0.1917
0.1983
0.1387
0.1454
0.1517
0.1558
0.1614

p(kg/m?)

740.8
75155
774.0
798.6
818.4
849.2
705.6
724
746.1
774.2
795.9
828.9
676.5
706.2
740.7
765.7
802
643.7
679.7
718.3
745.2
783.2
618.8
660.4
702.3
730.5
769.5

Cp,1 (kJ/kg-K)

1.865
1.837
1.814
1.794
1.783
1.771
2.072
2.030
1.999
1.974
1.961
1.948
2.308
2.262
2.230
2.216
2.201
2.486
2.426
2.391
2.375
2.361
2.615
2.544
2.506
2.490
2.475

K (W/m-K)

0.1295
0.1295
0.1295
0.1295
0.1295
0.1295
0.1189
0.1189
0.1189
0189
01189
0.1189
0.1024
0.1024
0.1024
0.1024
0.1024
0.0901
0.0901
0.0901
0.0901
0.0901
0.0775
0.0775
0.0775
0.0775
0.0775
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TABLE A.3 Recalculated dynamic viscosity of RON60 gasoline using the correlation in Equation 5 [93].

T (°C) P (bar, gauge) 1 (mPa-s)
-20 0 0.6917
-20 200 0.8415
-20 500 11291
-20 1000 1.8430
-20 1500 3.0083
-20 2500 8.0155
20 0 0.4152
20 200 0.5051
20 500 0.6778
20 1000 11064
20 1500 1.8060
20 2500 4.8119
80 0 =

80 200 0.2803
80 500 0.3761
80 1000 0.6139
80 1500 1.0021
80 2500 2.6701
120 0 =

120 200 0.2010
120 500 0.2697
120 1000 0.4403
120 1500 0.7187
120 2500 1.9150
150 0 =

150 200 0.1581
150 500 0.2121
150 1000 0.3463
150 1500 0.5652
150 2500 1.5061
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