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Abstract: Internal combustion engines (ICEs) powered by liquid fuels remain the dominant powertrain
system for heavy-duty road transportation, benefiting from the high energy density, ease of storage and
transportation, and relatively low refueling pressure of traditional liquid hydrogen carbon fuel. However,
concerns over tailpipe emissions and greenhouse gas (GHG) effects have driven the search for alternative
fuels with lower carbon footprints. ICEs offer a key advantage during this transition, as they can operate on a
variety of fuels, enabling a flexible approach to reducing harmful emissions and GHG while maintaining
reliable power output. Alternative liquid fuels, such as dimethyl ether (DME), have shown great potential in
mitigating environmental impacts while ensuring sufficient engine performance. However, the significantly
different physical and chemical properties of renewable fuels necessitate the adoption of tailored combustion
strategies to ensure optimal engine operation. In particular, the fuel injection strategy plays a pivotal role in
governing the combustion process, as it directly influences fuel-air mixing, ignition characteristics, and
hence, the combustion efficiency. Therefore, detailed characterization of the fuel injection process (rate of
injection (ROI) profiles, injection delay, and injection quantities) is necessary for research and development
of advanced combustion strategies. In this study, the ROI profiles for diesel, DME and polyoxymethylene
dimethyl ethers (OME3) were measured using the Bosch long tube method, with diesel severed as the
reference fuel. Comparative tests were conducted under varying injection pressures (300 bar to 900 bar) and
injection durations (0.3 ms to 3 ms) to investigate the influence of fuel properties on ROI profiles. The results
revealed that all three fuels exhibited comparable ROI at injection durations below 700 ps. However, at
longer injection durations and higher pressures, significant differences emerged. At a 3 ms injection duration,
DME consistently showed the lowest steady-state ROI, while OME3 exhibited the highest across all injection
pressures. Furthermore, the discharge coefficient (Cd) increased with injection pressure and converged across
three fuels at higher pressures. This indicated that, under those conditions, fuel density became the dominant
factor influencing ROI, hence the injection quantities.

Keywords: rate of injection; alternative fuel; high pressure injection

1. Introduction

Internal combustion engines (ICEs) powered by liquid fuels remain the dominant powertrain system for
heavy-duty road transportation, benefiting from the high energy density, ease of storage and transportation,
and relatively low refueling pressure of traditional liquid hydrogen carbon fuel. However, concerns over
tailpipe emissions and greenhouse gas (GHG) effects have driven the search for alternative fuels with lower
carbon footprints [1,2]. Compression ignition (CI) direct injection (DI) engines offer several advantages,
making them a preferred choice for heavy-duty road applications with lower carbon footprints. One of their
primary benefits is their relatively high thermal efficiency, attributed to the use of high compression ratios
and lean fuel-air mixtures [3]. This efficiency results in improved fuel economy and reduced carbon dioxide
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emissions per unit of power produced. Furthermore, the emission regulations enacted for on-road
transportation vehicles are continuously tightening, driving the development and implementation of exhaust
aftertreatment technology and advanced combustion strategies to manage the tailpipe emissions to
permissible levels. CI engines are highly versatile, capable of running on a variety of fuels to tackle the
emission challenges. Ether fuels offer compelling characteristics that present the potential to address
challenges associated with clean combustion diesel engines. The high reactivity of DME makes it a suitable
fuel for CI combustion, while its notably higher oxygen content can avoid the classical NO,-soot trade-off
inherent to diesel-fueled CI combustion [4-8].

The inherently coupled nature of fuel injection and combustion allows precise control over the
combustion process by altering the fuel injection strategy. Parameters such as injection timing, fuel quantity,
and the number of injection pulses can be flexibly modified to achieve optimized combustion [9]. Such
adjustments can reduce combustion noise, enhance thermal efficiency, and minimize emissions. Furthermore,
post-injection strategies can be employed to facilitate after-treatment system regeneration, contributing to
effective emissions management [10]. Given the critical role of fuel injection in influencing combustion
characteristics, precise measurement of the rate of injection (ROI) profiles, including injection delay timing
and fuel quantities, is essential. The accurate ROI data is necessary for research and development of advanced
combustion strategies, enabling the development of more efficient and cleaner engine technologies.

Numerous studies and extensive literature have focused on the measurement and analysis of diesel ROI.
These investigations have highlighted the significant influence of the rate of injection (ROI) profiles on air-
fuel mixing and combustion processes. Bai et al. [10] investigated the effects of different ROI shapes on the
diesel combustion process and emissions using numerical simulation. In their study, five distinct ROI shapes
were analyzed, and the results demonstrated that the shape of ROI notably affected the heat release process,
leading to variations in combustion behavior and emissions. Among the investigated profiles, the trapezoidal
ROI shape resulted in the lowest soot emissions while maintaining acceptable nitrogen oxide (NO,)
emissions. The highest NO, emissions were produced by triangle shape ROI due to its higher peak value of
ROI, leading to elevated combustion temperature. Niculate et al. [11] did a similar numerical approach to
investigate the shape of ROI effects on combustion and emission. Both diesel and biodiesel were investigated
and compared. The authors found that the variation in ROI shapes for diesel and biodiesel showed a similar
response in the emission stand of view. They concluded that the group of injection shapes presenting a fast
increase of the ROI at the beginning produces higher values of NO, emissions and lower soot emissions
compared to the trapezoid shape of ROI. This is owing to the higher injection quantity in the early stage
promotes pre-mixed combustion. In stark contrast, the group of injection shapes presenting a fast increase of
the ROI at a later stage produces lower NO, emissions and higher soot emissions.

Nishimura et al. [12] investigated the effects of different ROI patterns on combustion characteristics and
emissions in a DI diesel engine. The authors utilized nozzle needle lift control to slowly lift the needle valve
and thus created a gradual ramping up ROI shape. They found that the initial stage of ROI is restricted, and
less pre-mixed combustion was observed in the rate of heat release curve, and the diffusion combustion
occurred very slowly. However, the restricted initial ROI also mitigated the atomization and spray travel
distance. As a result, the smoke emission deteriorated.

As mentioned above, the diesel combustion and emission management strategies for direct injection
systems depend strongly on the fuel delivery process. Thus, an accurate measurement of fuel injection
processes is valuable towards the understanding and management of combustion events. However, concerns
over tailpipe emissions and greenhouse gas (GHQG) effects have driven the search for cleaner alternatives.
Alternative compressible liquid fuels, such as dimethyl ether (DME), have shown great potential in
mitigating environmental impacts while ensuring efficient engine performance. Some of these alternative
fuels exhibit significantly different physical and chemical properties. This necessitates the adoption of
tailored combustion strategies to ensure optimal engine operation.

Lee et al. [13] investigated the injection behavior of diesel and DME using a common-rail system,
finding that at short energizing durations, both fuels delivered similar quantities. However, as the energizing
duration increased, diesel showed a higher injected amount. In a later study, Kim, et al. [14] further analyzed
the injection characteristics of the two fuels, reporting that at a 700 ps energizing pulse, diesel’s peak
injection rate was roughly 1.4 times greater than DME’s. Additionally, DME demonstrated a longer closing
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delay compared to diesel. Expanding on these results, the researchers tested additional injection pressures and
observed trends consistent with their earlier findings [13]. Nonetheless, there remains a lack of empirical data
on DME injection, and the expected injection profile of DME in diesel injectors is still not well understood.

There is a noticeable lack of direct comparisons between diesel and alternative fuels like dimethyl ether
DME in terms of their ROI profiles. Given the distinct physical and chemical properties of alternative fuels,
understanding their injection behavior is crucial for developing accurate models and optimizing
combustion strategies.

In this study, the ROI profiles of diesel, OME3, and DME were measured using the Bosch long tube
method. Furthermore, a comparative analysis of the injection rate profiles of these fuels across a range of
testing conditions was performed.

2. Methodology

In this section, the experimental platforms employed for measuring ROI profiles for both diesel and
alternative fuels are detailed, including specific methodologies and testing procedures.

2.1. Rate of Injection Platforms

Two injection measurement platforms were used to measure the injection profile. The EFS injection
measurement bench (EFS ITB132R) was calibrated and operated with ISO 4113 calibration fluid (engineered
fluid to simulate diesel characteristics). The system can perform both dynamic ROI measurement and fuel
injection quantity measurement. However, it is inconvenient to operate multiple fuels on the platform. Thus,
an in-house designed long tube ROI test bench based on Bosch principle was employed to investigate the
performance of a high-pressure direct injection diesel injector using various types of fuel. In a previous
study [15], the authors showed that the long tube platform was applicable to measure the injection profiles of
alternative fuels. In this study, both systems were used to measure the injection profiles for diesel fuel, and
the results were compared. The ROI profiles for alternative fuels were investigated solely by the long
tube platform.

2.1.1. Long Tube Rate of Injection Measurement Platform

An in-house designed long tube ROI test bench based on Bosch principle was used to measure the ROI
for a wide range of fuels. The long tube platform consisted of a high-pressure injection pump and a pressure
measurement chamber, linked to a 50-meter-long tube (coiled into 26 turns). An overview of the ROI
platform was shown in Figure 1. The fuel injection control signals were initiated using a National Instruments
RT-FPGA system, which also triggers the data acquisition system.

The Bosch method principally required both the chamber, and the extended tube were filled with the
same liquid fuel, free from air pockets. A low-pressure diesel supply cart delivered fuel through a needle
valve to fill the system. A 1-gallon reservoir was pressurized with nitrogen to around 11 bar after filling with
DME, which kept the DME in a liquid state within the long tube system. A pressure gauge and a needle valve
were installed to regulate the background pressure in the long tube.

A set of tests was performed previous to the injector characterization to benchmark the impact of
background pressure on the ROI measurement. The results revealed that a back pressure above 20 bar showed
a negligible impact on the ROI measurement, as shown in Figure 2. For this work, a background pressure of
40 bar gauge (barg) was maintained.

A Maximator LSF100-2 (Maxpro Technologies, Fairview, PA, USA) pneumatically driven double-air
liquid pump was used to pressurize the fuel for high-pressure injection. The sealing materials (PTFE) for the
pump are compatible with highly aggressive chemicals, and the pump is applicable to pressurize a number of
alternative fuels. A commercial piezoelectric diesel injector with a 6 x 150 ps nozzle configuration was used
in this study. The injector was fitted onto a stainless-steel chamber with a side-mounted pressure transducer.
During the injection event, the transient fuel supply increased the chamber pressure promptly. The pressure
curve recorded by the pressure transducer corresponds to the ROI profile. The theoretical calculation from
pressure to gravimetric ROI is shown in Equation (1), as follows [16]:
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ROI= %*p(i) [g/s] (1)

where 4 is the cross-sectional area in the measurement chamber, ¢ is the speed of sound of the background
media (test fuel), and p(7) is the measured pressure.
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Figure 1. Experimental setup of the long tube platform.
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Figure 2. Background pressure effects on the rate of injection profiles.
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Figure 3 shows a demonstration case for the ROI profile, injector control signals, and the derived
parameters. The ROI profile can be divided into three distinct phases: the rising phase, where the injection
began and ROI rapidly increased; the steady-state phase, during which fuel delivery stabilized; and the
decaying phase, where the ROI gradually decreased as the injector closed. These phases corresponded closely
to the dynamic response of the injector during the injection event and provided a basis for analyzing injection
behavior and fuel delivery characteristics. The fuel injection timing can be determined based on the rising
slope of the pressure curve, while the end of injection was challenging to determine accurately from the
pressure curve because of the oscillating pressure waves. Therefore, the end of the fuel delivery slope was
extended with a linear fit line.
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Figure 3. Fuel injection profile and parameter definition.

2.1.2. EFS Rate of Injection Measurement Platform

The EFS injection measurement bench (EFS ITB132R) is a commercial injection test bench platform for
injector characterization. The measurement bench is capable of measuring both the injection mass and the
rate of injection profile on a shot-to-shot basis. The measurement bench consists of a closed-volume chamber
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measurement system (transient ROI measurement), a pressure regulation system (fuel injection pressure and
backpressure regulation), and a volumetric measurement system (injection volume measurement).

The ROI and total injection amount were measured with three processes in sequential order. The
transient fuel injection caused an increase in pressure in the measurement chamber. The pressure was
recorded by a pressure transducer and derived to the ROI profile. The slight increase in background pressure
owing to the fuel injection was alleviated through an electro-valve. The fuel was then fed to a volumetric
measurement system. The volumetric measurement system used a piston to measure the volume of the
injected fuel. Once the injection volume measurement is obtained, the fuel is released to the reservoir. This
order of process was repeated for each injection event.

2.2. Comparison of Test Platforms

Several published studies [17,18] indicated that the ROI measurement results from the long tube system
showed some inconsistencies with other ROI measurement systems. In this section, the ROI measurement
results from the long tube platform were compared to those of the EFS platform. The difference in ROI
measurement results between the two platforms was discussed.

Figure 4 presents the ROI profiles at an injection pressure of 600 bar for the long tube platform and the
EFS platform. The ROI profiles from both platforms aligned well, particularly in terms of injector opening
and closing timing. Minor differences were observed in the transient rising stage. The long tube platform
showed a slight reduction in ROI profiles around 0.5 ms. Furthermore, marginally lower maximum ROI
values in the steady state were also observed in the long tube platform. As the injection duration increased,
the ROI profiles maintained a consistent pattern. The opening delay exhibited minimal variation between the
two systems, ranging from 260 pus to 265 pus. However, the long tube platform showed an obvious increase in
closing delay with longer injection durations.

The injection duration impact on the injection delays is shown in Figure 5. Both the long tube and EFS
platforms showed similar trends, the opening delay remained relatively unchanged as the injection duration
increased. The closing delay initially increased linearly with injection duration, but further extending the
injection duration had little effect on the closing delay. Comparatively, the injector opening delay between the
two systems showed only minor differences across the range of injection durations. However, the long tube
platform consistently showed a longer closing delay. Additionally, at longer injection duration (plateau
phase), the closing delay for the long tube platform exhibited slight fluctuations. As mentioned above, the
closing delay determination was obtained from processed data. These post-processing effects may have
contributed to the longer closing delay observed on the long tube platform. To further validate the accuracy of
the injector closing time. A high-speed camera was utilized to capture the fuel spray development in a
constant volume chamber. A detailed description of the constant volume chamber and imaging system can be
found in [19].

Figure 6 shows the injector opening and closing timing measured by the EFS platform and by using
high-speed imaging. The test was conducted at an injection pressure of 900 bar, with a 1 ms injection
command duration. The injector was equipped with an 8 x 110 pm nozzle configuration. Several images
corresponding to key phases of the injection event were selected to present here. Image 1 was captured when
the injector signal was sent to the injector driver. It showed the background of the view before the injector
opens. The fuel spray was first observed in image 2, indicating the injector opening time. A slight discrepancy
in the injector opening time between the EFS platform and the high-speed camera was observed. Image 3
captured the fully developed spray during the steady-state injection phase. Image 4 showed the spray
dissipation as the injector closed. By correlating the visual evidence with the EFS platform ROI data, the
accuracy of the injector opening and closing times can be assessed under these test conditions.

Figure 7 shows the injector opening and closing delays measured by the EFS platform and the high-
speed imaging over an extended test condition. The blue circles represented data obtained from high-speed
imaging, and the red squares represented measurements from the EFS platform. The results showed minor
discrepancies in determining the injector delay, especially in the closing delay. Therefore, the closing delay
obtained from the EFS platform is more reliable.
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Figure 4. Injection duration impact on ROI for diesel, OME3, and DME.
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Figure 6. High-speed imaging for fuel spray development in a constant volume chamber vs. ROl measurement from
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Figure 7. Injector opening and closing delays were measured by the EFS platform and high-speed imaging.

In conclusion, the ROI measurement obtained from the long tube platform and the EFS platform showed
good agreement. Despite the long tube platform showing a slightly longer closing delay and higher steady
state ROI, the difference was marginal. Therefore, the long tube platform was reliable to be used for
investigating the ROI profiles for different fuels.
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3. Results and Discussion

The previous section provided a detailed description of the long tube system; the measurements from
the long tube system were validated by the EFS system. The long tube system was convenient to operate on
alternative fuels such as DME. Therefore, the comparison studies for different fuels were performed solely on
the long tube system. This section presents the results of the ROI measurement for diesel, DME, and OME3.
The effect of injection duration and injection pressure on ROI was investigated. The injection delay and
injection quantity were also analyzed at different injection durations and injection pressures.

3.1. Rate of Injection Profiles for Different Fuels

Figure 8 illustrates the injection duration impact on the ROI for diesel, OME3, and DME. The ROI
profiles of these three fuels at an injection pressure of 600 bar and a background pressure of 40 bar across
three injection durations. At a 0.5 ms command duration, all three fuels exhibited similar ROI profiles, with
DME showing a slightly lower peak ROI. As the injection duration increased to 1 ms and 1.5 ms, steady-state
ROI periods were observed for all three fuels. During these steady-state periods, differences in ROI became
more pronounced, with OME3 showing a slightly higher ROI compared to diesel and DME. Additionally, the
opening and closing delays for all three fuels remained relatively consistent across all injection durations.
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Figure 8. Injection duration impact on diesel, OME3, and DME ROI profiles.

Figure 9 illustrates the injection pressure impact on the ROI for diesel, DME, and OME3. The ROI
profiles were compared at injection pressures of 300 bar and 900 bar, with a constant injection duration of
1 ms. The opening and closing delay for all fuels remained relatively consistent across both injection
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pressures. At 300 bar injection pressure, diesel and DME exhibited similar ROI profiles, while DME showed
a slightly slower rate of increase. At 900 bar injection pressure, the ROI increasing rates for all fuels became
more comparable. However, the difference in ROI during the steady state period becomes pronounced, with
OMES3 showing the highest ROI and DME the lowest.
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Figure 9. Injection pressure impact on ROI profiles for diesel, OME3, and DME.

3.2. Injection Delays

Figure 10 illustrates the injection duration impact on the opening and closing delay. The opening delay
remained consistent across all injection durations. Additionally, all three fuels have a similar opening delay
time of around 240 ps. The closing delay for all three fuels initially increased as the injection duration
extended but stabilized beyond 700 us, showing the closing delay has no further dependency on the injection
duration. Notably, OME3 exhibited a slightly higher closing delay compared to diesel and DME at injection
durations longer than 700 us, though the difference remained within 50 ps.
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Figure 10. Injection duration impact on opening and closing delay for diesel, OME3, and DME.
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Figure 11 illustrates the injection pressure impact on the opening and closing delay. The opening delay
remained consistent across all injection pressures, with all three fuels exhibiting similar values of
approximately 240 ps. The closing delay showed minor variations, but no clear trend could be established
regarding the impact of injection pressure. OME3 exhibited a slightly longer closing delay than diesel and
DME at certain conditions, but the differences remained within a small range.
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Figure 11. Injection pressure impact on opening and closing delay for diesel, OME3, and DME.

The data presented in this section indicated that the ROI profiles for diesel, OME3, and DME exhibited
similar behavior at a 0.5 ms injection duration. As the injection duration and injection pressure increased, the
peak ROI for OME3 surpassed that of diesel and DME. Additionally, the injection pressure and injection
duration had minimal impact on the opening delay for all three fuels; the differences in opening delay among
the three fuels remained within 25 ps. However, at higher injection pressures, the closing delay for OME3
was approximately 80 ps longer than that of diesel and DME.

3.3. Injection Quantity

Figure 12 summarizes the total injection quantity per shot for diesel, OME3, and DME at various
injection durations with 300 bar, 600 bar, and 900 bar injection pressure. At 300 bar injection pressure, the
injection quantity for all fuels remained similar for injection durations below 700 ps. As the injection
duration further increased, differences in injection quantities emerged, with OME3 exhibiting the highest
injection quantity and DME the lowest. This trend aligned with the observation from Figure 8, where OME3
showed a higher steady state ROI than diesel and DME at longer injection durations. This increased ROI
during steady state for OME3 likely contributed to its higher total injection quantity.

Similar trends were observed at injection pressures of 600 bar and 900 bar. At injection durations below
700 us, the injection quantities for diesel, DME, and OME3 remained comparable. However, as the injection
duration exceeded 700 pus, OME3 consistently exhibited the highest injection quantity, while DME showed
the lowest. Additionally, the differences in total injection quantity became more pronounced with increasing
injection pressure. This is attributed to the greater differences in ROI values among the three fuels during the
steady-state period at higher injection pressures, as illustrated in Figure 9 in the previous section. A general
trend observed from these plots is that at short injection durations, the ROI profiles for all three fuels were
similar, resulting in comparable total injection quantities. As the injection duration increased and a steady
state ROI was established, differences in the steady state ROI contributed to the variation in total injection
quantities. It is worthwhile to mention that the observation agreed with the finding from [13], where at short
energizing durations, both fuels delivered similar quantities. However, as the energizing duration increased,
diesel showed a higher injected amount.
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Figure 12. Injection duration impact on injection quantity for diesel, OME3, and DME at 300 bar, 600 bar, and 900 bar.

Figure 13 presents the ROI profile for DME at 600 bar injection pressure and 2 ms injection duration. This
figure illustrates the contribution of different stages to the total injection quantity. At this injection duration, 70%
of the fuel was delivered during the steady state period. Consequently, the ROI value during the steady state period
had the most significant impact on the total injection quantity. This observation explains why OME3 exhibited
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a higher total injection quantity compared to diesel and DME at longer injection durations—the ROI value for
OMES3 was consistently higher during the steady-state period.
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Figure 13. Contribution of different stages to the total injection quantity.

To further explore the impact of fuel properties on the ROI during the steady state period, the discharge
coefficient C, was calculated by dividing the measured mass flow rate by the theoretical mass flow rate:

n:lmeasure
C, = el d (2)

theoretical

This coefficient provides insights into the injector’s flow characteristics. Higher C, values typically indicate
more efficient fuel flow through the nozzle, while lower values suggest greater flow resistance. In the following
sections, the variations in C,, for diesel, DME, and OME3 under different injection pressures will be analyzed to
better understand the fuel-specific influences on the ROI profiles.

The theoretical mass flow rate is derived from the combination of the continuity equation and Bernoulli’s
equation with the assumption of negligible inlet velocity:

. [2-AP
mtheoretical = T ! A P noriﬁce (3)

where AP is the pressure difference (i.e., injection pressure—back pressure), p is the fuel density at the
operating temperature, 4 is the geometric cross-sectional area of the orifice, and n is the number of

orifices on the nozzle.

orifice

The measured mass flow rate m ., Was averaged during the steady state period as illustrated in Figure 14.
To ensure more accurate calculations and minimize errors caused by pressure fluctuations, the injection duration
was extended to 3 ms. This longer duration provided a stable measurement window, allowing for a more reliable
assessment of the discharge coefficient.

Figure 15 shows the impact of injection pressure on the discharge coefficient for diesel, OME3, and DME.
The discharge coefficient increased as the injection pressure increased. It is worthwhile to mention that the
observation agreed with the findings from [20]. This trend is characteristic of a flow through nozzles with conical
orifices, suggesting a reduction in cavitation effects at higher injection pressures [20].

The discharge coefficient for OME3 is less than diesel and DME at a 300 bar injection pressure condition.
The smaller discharge coefficient for OME3 at this injection pressure is likely owing to its high viscosity [21].
The difference in discharge coefficient among the three fuels diminished as the injection pressure increased. At
900 bar injection pressure, the difference in discharge coefficient for the three fuels becomes marginal. This
convergence indicated that at high injection pressure, the discharge coefficient for different fuels was similar, hence
the volumetric flow rate. Consequently, the primary factor influencing the mass flow rate was the fuel density.
Fuels with higher densities achieve greater steady-state mass flow rates under this condition.
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Figure 14. Averaged mass flow rate calculation during the steady state period.
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Figure 15. Impact of injection pressure on the discharge coefficient for diesel, OME3, and DME.

4. Conclusions

The ROI profiles for diesel, OME3, and DME were compared at various injection pressures and
injection durations. Additionally, the injection pressure and injection duration impact on the injection delay
and injection quantity were also investigated. The key conclusions are as follows:

e At injection durations below 700 ps, the ROI profile did not reach a steady state period. The ROI profiles
for all three fuels exhibited similarly, regardless of the injection pressure.

e At injection durations above 700 ps, the steady state period was observed in the ROI profile. During this
period, OME3 showed the highest ROI while DME showed the lowest ROI. Furthermore, the difference in
ROI during the steady state period became more pronounced with increasing injection pressure.

e The opening delay remained consistent across all three fuels. However, OME3 showed a slightly longer
closing delay when the injection duration exceeded 700 ps.

e The discharge coefficient among the three fuels showed great differences at low injection pressure, with
OME23 showing the lowest discharge coefficient. As injection pressure increased, the differences in the
discharge coefficients among the fuels diminished. At 900 bar injection pressure, the difference in
discharge coefficient for the three fuels becomes marginal. Consequently, at high injection pressures, fuel
density played a dominant role in determining the ROI.
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