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Characteristics of diesel sprays injected through Cummins medium-duty ISB

injectors were studied experimentally in an optically accessible constant-

volume combustion vessel. The experiments were performed with ultra-

low-sulfur diesel (ULSD) under non-reacting and non-vaporizing conditions,

including different ambient gas densities (23–65 kg/m3), injection pressures

(500–1,500 bar), and injection duration times (0.5–1.5 ms). The ambient

temperature of the vessel was maintained at a room temperature of 313 K

for all the tests. A systematic comparison was made between single-hole (SH)

and multi-hole (MH) injector configurations. A plume-to-plume variation in

spray penetration length was observed for various operating conditions. A

substantial deviation was observed for a specific hole against the averaged

plume, indicating that arbitrary selection of the plume index may result in

inaccurate spray characterization of the MH injector. The penetration length of

the MH injector was shorter than that of the SH injector under the same

operating conditions, indicating that a spray model calibrated on SH injector

data may not accurately predict the transient spray behavior of the MH injector

in practical engine simulations. A square-root correlation of the spray

penetration length was applied for both the SH and MH injectors. The spray

penetration length and dispersion angles of the ISB SH injector were also

compared with those of the heavy-duty Cummins ISX SH injector. While the

ISX SH injector showed a faster penetration than the ISB SH injector, the dispersion

angle was similar. The differences in spray penetration between ISB and ISX

injectors followed the expected trend based on their nozzle hole diameters.
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1 Introduction

Diesel fuel has been widely used in various transportation

sectors, including marine, agricultural, and heavy-duty on-road

applications. The reason it provides a large portion of the energy

supply in the transportation sector is mostly attributed to its high

energy density, as well as the well-established distribution

network for refueling (U.S. Energy Information

Administration, 2021; International Energy Agency, 2021).

However, strict emission regulations with increased demand

for reduced fuel consumption have prompted researchers to

seek next-generation diesel engines that improve fuel

efficiency and reduce pollutant emissions. Advanced injector

and combustion technologies include, but are not limited to,

high-pressure common-rail systems (Sellnau et al., 2019),

exhaust-gas recirculation (EGR) (D’Ambrosio and Ferrari,

2015), thermal barrier coatings (Garcia, 2021), advanced air

handling systems with Miller cycle intake valve strategies

(Garcia, 2021), multiple injections strategies (Choi and Park,

2022; Liu et al., 2022), and piston-bowl shape optimization

(Subramanian et al., 2016; Guo Z. et al., 2020). To improve

thermal efficiency and reduce emissions, an accurate

understanding of spray characterization is critical because it

determines fuel-air mixing and piston/wall-wetting

phenomena (Kook and Pickett, 2012), which consequently

affect combustion and emission processes.

Extensive experimental and computational studies on

automotive injector sprays have been performed by several

research groups (e.g., Siebers, 1998; Siebers, 1999; Arcoumanis

et al., 2000; Siebers and Higgins, 2001; Kennaird et al., 2002;

Senecal et al., 2003; Tang et al., 2018; Chen et al., 2019; Tzanetakis

et al., 2021; Yi et al., 2021; Engine Combustion Network (ECN),

2022; Tzanetakis et al., 2022). Prior to the end of the 1990s, spray

characterization was performed by varying the injection

strategies, including injection pressure, back chamber pressure,

orifice diameter, and the number of orifices (Naber and Siebers,

1996; Siebers, 1998; Tennison et al., 1998; Siebers, 1999;

Arcoumanis et al., 2000; Siebers and Higgins, 2001; Kennaird

et al., 2002). Since then, extensive work has been performed in

this area, much of it by the Engine Combustion Network (ECN)

(Engine Combustion Network (ECN), 2022). In 2011, the first

proceeding of ECN was initiated with a particular focus on

internal nozzle flow, near-field (i.e., nozzle tip) spray behavior,

vaporizing sprays, ignition, flame morphology, and emissions.

Through collaboration among a variety of research

organizations, the ECN has established a well-organized

database covering a wide range of operating conditions,

injector specifications, experimental facility effects, and so on.

These data are available online and have been widely used as a

validation set to develop predictive diesel spray models used for

computational fluid dynamics (CFD) simulations (Pastor et al.,

2012; Pomraning et al., 2014; Pei et al., 2015; Payri et al., 2016a;

Pastor et al., 2018; Tang et al., 2018; Battistoni et al., 2019; Guo H.

et al., 2020; García-Oliver et al., 2020). The ECN has considered

various diesel research nozzle configurations (Sprays A, B, C, and

D) based on a common rail fuel injector generated by Bosch

(Engine Combustion Network (ECN), 2022). Single-hole (SH)

injectors of Sprays A, C, and D have different nominal orifice

diameters of 90, 200, and 186 μm, respectively. The Spray B

configuration is a 3-hole injector with an orifice diameter of

90 μm, the same diameter as Spray A. The specifications of ECN

diesel research injectors are briefly summarized in Table 1. These

variations allowed systematic experimental investigation of the

impact of multiple holes (Spray A vs. B) (Pickett et al., 2013; Jung

et al., 2015; Payri et al., 2016a) and nozzle diameter (Spray A vs. C

and D) on spray characterization (Pastor et al., 2012; Payri et al.,

2014; Payri et al., 2016b; Pastor et al., 2018; García-Oliver et al.,

2020). Several research institutions have studied these injectors

using different measuring techniques. However, the number of

holes in a practical engine is larger than the number used in ECN

research injectors [e.g., 7 holes (Jin et al., 2020) or evenmore than

10 holes (Dong et al., 2016; Zhai et al., 2021a)]. Therefore, the

sprays from a practical injector with a more representative

number of nozzle holes exposed to engine-relevant operating

conditions need to be investigated.

In addition to the ECN-based research injectors, many

research groups have investigated the spray characterization of

production multi-hole (MH) injectors (Dong et al., 2016; Jin

et al., 2020; Zhai et al., 2021a) and compared them to SH injectors

(Moon et al., 2015; Jin et al., 2020). A few studies using the

production MH injectors are summarized in Table 1. Dong et al.

(2016) investigated the effects of the nozzle configuration (SH

and MH) and injection quantity (or injection duration) both

experimentally and numerically. The SH injector showed a

longer penetration length than the MH injector, while the

MH injector showed a larger spray cone angle of the

individual plume of interest than the SH injector. CFD

simulations were carried out using the commercial software

AVL FIRE, Version 2013 (AVL FIRE, 2013) to further

provide the internal flow characteristics. Simulation results

showed that the SH injector exhibited symmetric film-type

cavitation, while the MH injector showed asymmetric

cavitation behavior due to the internal spiral and streamwise

counter-rotating flow. Jin et al. (2020) also compared the SH and

MH injectors in a vaporizing spray condition at an ambient

temperature of 800 K. Under the same rail pressure, the sac

pressure of the SH injector increased faster than the MH injector,

resulting in a larger velocity at the hole exit and, thereby, faster
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vapor penetration due to the enhanced air entrainment. By

decreasing the injection pressure of the SH injector, they

found that the SH and MH injectors showed similar injection

rate profiles and similar vapor penetration. Interestingly, even if

both types of injectors observed similar injection rates, nozzle

exit velocity, and spray tip penetration, the SH injector showed a

smaller angle than the MH injector, indicating the crucial role of

internal nozzle flow on spray characteristics. Zhai et al. (2021a)

investigated the effect of the nozzle hole diameter (70, 101, and

133 μm) on non-evaporating spray characteristics under high

injection pressures (i.e., 1,000, 2,000, and 3,000 bar). At the same

injection pressure, the larger diameters showed faster penetration

and a slightly larger spray angle due to the larger effective nozzle

flow area, momentum, turbulent energy, and enhanced

entrainment capacity. In contrast, for the same injector

diameter (70 μm), the higher injection pressures showed faster

penetration while the spray angle remained constant. Also, better

air-fuel mixing was observed in high-pressure conditions due to

the enhanced entrainment rate. Furthermore, several

experimental (Moon et al., 2015; Huang et al., 2017; Torelli

et al., 2018) and numerical (Torelli et al., 2017a; Zhao et al., 2017)

studies were performed to elucidate the internal nozzle flow and

eccentric needle motion effects on MH diesel spray injectors. As

discussed above, while extensive work has been conducted using

the ECN-based research injectors, the spray behavior of practical

MH injectors with a larger number of holes and different orifice

diameters may be quite complex. As such, the spray

characterization of a practical or production MH injector and

comparison with a representative SH injector are needed.

It is also worth noting that the spray penetration length can

be measured in vaporizing/non-vaporizing and reacting/non-

reacting conditions depending on the ambient temperature and

oxygen availability, which are all summarized in Table 2. The

reacting and vaporizing condition (R/V) is a more practical

engine-relevant condition than the other two cases, but it

inherently involves complex physics, including break-up/

atomization, vaporization, combustion, and their interactions.

In contrast, the non-reacting/non-vaporizing condition (NR/

NV) can be made by filling the chamber with nitrogen at a

low ambient temperature, less than the initial boiling point of the

injected liquid. Therefore, this operating condition mainly

involves spray break-up/atomization processes with minimal

vaporization and combustion effects. Experimental data

measured in these scenarios can provide valuable insight for

investigating spray characterization. Also, the measured

experimental data can be a useful input for the spray break-

TABLE 1 Specification of diesel injectors used by the ECN, in the literature and this study.

Category Name Nozzle
diameter [μm]

Number
of holes

Comments

ECN Research Injectors Spray A 90 1 Bosch generation 2.4 Benajes et al. (2013), Payri et al. (2014),
Yao et al. (2017), Engine Combustion Network (ECN) (2022)

Spray B 90 3 Bosch generation 2.4 Jung et al. (2015), Eagle et al. (2016),
Battistoni et al. (2019), Engine Combustion Network (ECN) (2022)

Spray C 200 1 Bosch 3-22 Payri et al. (2019), Yasutomi et al. (2020),
Guo H. et al. (2020), Engine Combustion Network (ECN) (2022)

Spray D 186 1 Bosch 3-22 Payri et al. (2014), Yasutomi et al. (2020),
Engine Combustion Network (ECN) (2022)

Production Injectors ISX 186 8 Cummins Heavy-duty

ISB 146 8 Cummins Medium-duty

Zhai (2020) 70/101/133 10 Denso G4s Solenoid Injector Zhai et al. (2021a)

Jin (2021) 123 7 Denso Corporation Injector Jin et al. (2020)

TABLE 2 Various experimental scenarios for spray characterization.

Scenario Non-reacting/Non-vaporizing Non-reacting/Vaporizing Reacting/Vaporizing

Label NR/NV NR/V R/V

Oxygen availability No No Yes

Ambient Temperature Low High High

Relevant Physics Break-up/Atomization Break-up/Atomization, Vaporization Break-up/Atomization, Vaporization, Ignition,
Combustion, Emissions

References Tang et al. (2017), Zhao et al. (2017) Zhang et al. (2017), Tzanetakis et al. (2022) Siebers and Higgins (2001), Payri et al. (2016a),
Tang et al. (2016), Tang et al. (2018),
Chen et al. (2019), Yi et al. (2021)
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upmodel, evaporation model, and combustionmodel validations

to develop a predictive engine computational model. As a baseline

and first step, the current study focuses on the NR/NV condition,

while the other scenarios will be reported in future works.

In prior works (Dong et al., 2016; Jin et al., 2020; Zhai et al.,

2021a), a specific plume of interest was chosen to represent the

spray penetration of MH injectors for easier optical access to

characterize the spray behavior. Due to complex internal nozzle

flows and cavitation phenomena, diesel MH injectors may

experience plume-to-plume spray variations (Nesbitt et al.,

2011; Jung et al., 2015; Huang et al., 2017; Torelli et al.,

2018). Thus, an arbitrarily selected plume of interest may not

properly capture nominal spray behavior, which is necessary for

predictive CFD model development. Also, the effects of nozzle-

hole diameter on the spray penetration and its comparison

between SH and MH practical injectors are of great interest

for developing advanced diesel combustion strategies.

In the current study, the experimental spray characterization

was performed by measuring the spray penetration length of the

MH injector of a Cummins medium-duty ISB production engine.

The plume-to-plume variation is discussed first, followed by a

parametric evaluation of the spray penetration length under a

wide range of engine-relevant conditions. The ISB SH injector’s

spray penetration length and dispersion angle were compared

with those of a heavy-duty ISX SH injector to evaluate the

different injector specifications (e.g., nozzle-hole diameter,

etc.). Finally, the spray penetration length of the MH injector

was compared with that of the SH injector to highlight the

difference between them. An empirical spray penetration

correlation relating to the SH and MH injectors is also

presented. The experimental measurements and analysis data

deduced from the current work provide detailed information on

the spray behavior under practical engine configurations and

useful input to further validate and improve the spray model.

2 Materials and methods

2.1 Fuel specifications

The properties of the certified diesel fuel, ultra-low-sulfur

diesel (ULSD), used for the experiment were measured based on

the fuel sample from Haltermann Solutions (Tzanetakis et al.,

2022) and are summarized in Table 3.

2.2 Experimental setup

A constant-volume (CV) combustion chamber with an

optically accessible window was utilized where the vessel

volume was 1 L. The charge temperature was set to 40°C,

which is below the initial boiling point (IBP) of 173°C, as

shown in Table 3, to minimize the vaporization.

The liquid spray penetration length can be measured using

different techniques, including shadowgraph (Tang et al., 2017;

Zhang et al., 2017), Mie scattering (Zhang et al., 2017), and

diffuse back-illumination (DBI) (Pickett et al., 2013; Zhai et al.,

2021b). While these techniques can be used to measure for the

SH injector, only Mie scattering is applicable for the MH injector

because we aimed to measure the front view images rather than

the side view. Liquid phase spray was visualized using the Mie-

scattering technique as shown in the schematic experimental

apparatus seen in Figure 1(A–B). By scattering light off the fuel

droplets using two digital pulsed light-emitting diodes (LEDs),

the liquid portion of the spray could be visualized and captured

with a high-speed digital camera (FASTCAM SA1.1). Details of

measurement techniques can be found in several studies (Nesbitt

et al., 2011; Zhang et al., 2017). The injector was installed

backside of the CV and could be observed from the front and

side observation windows. The spray penetration length of the

SH injector was measured from the side observation window,

while that of the MH injector was measured from the front view

with consideration of the angled spray based on the injector

orientation.

2.3 Injectors

Specifications and schematics of the SH andMH injectors are

summarized in Table 4 and Figure 1(C–D), respectively. The MH

injector was a Cummins XPI ISB product injector, which has

eight nozzle holes and an umbrella spray angle of 141°. The SH

injector was specifically designed for this study, being intended to

TABLE 3 Fuel properties (measured based on the sample fuel from
Haltermann solutions).

Property Units ULSD Method

Density kg/m3 848 ASTM D4052

Viscositya cSt 2.6 ASTM D445

Initial boiling point (IBP) °C 173.3 ASTM D86

T10 °C 214.4 ASTM D86

T50 °C 267.8 ASTM D86

T90 °C 315.0 ASTM D86

Full boiling point (FBP) °C 347.0 ASTM D86

Wear scar diameter (WSD2) μm 570 ASTM D6079

Saturates % Vol 71 ASTM D1319

Olefins % Vol 1 ASTM D1319

Aromatics % Vol 28 ASTM D1319

Sulfur ppm (m) 8 ASTM D5453

H/C ratio mol/mol 1.82 ASTM D5291

Lower heating value (LHV) MJ/kg 42.83 ASTM D240

Cetane number (CN) — 44.2 ASTM D613

aMeasured at 40°C.
bMeasured at 60°C.
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mimic the dynamics of the spray through one hole of the MH

injector. The SH injector has an orifice along the injector body

center axis, as seen in Figure 1C. In contrast, the MH injector has

multi-holes off the center axis, as shown in Figure 1D.

Nevertheless, due to differences in their internal nozzle

structures (Asztalos et al., 2022), the dynamics of sprays

exiting the orifice of the SH injector may deviate significantly

from that of the MH injector.

2.4 Image and data processing

Figures 1F,G shows the sampled images of the SH and MH

injectors. The spray penetration length was defined by 99% of the

total spray enveloped area for the SH injector, and the maximum

x-location of the perimeter was used for the MH injector. A brief

summary of the image processing procedure is as follows:

1. Read the spray images frame by frame.

2. Subtract the background from the raw image.

3. Apply Wiener filter where low pass filters yield a grayscale

image that has been degraded by constant power additive noise.

4. Evaluate the threshold using Otsu’s method for each image

frame to define the threshold applied to all images.

5. Convert grayscale to a binary of black and white images using

the threshold.

6. Evaluate spray penetration length.

7. Evaluate the dispersion angle (θ) using two separate definitions:

a. 60% of maximum spray penetration (60% pen)

b. 45 times the orifice diameter (45 ×D0).

The 60% pen can capture the far-field spray phenomena well

and has been widely adopted in the literature (Tang et al., 2017;

Zhang et al., 2017). The alternative definition of 45 ×D0 focuses

on the dispersion angle near-nozzle region. Therefore, by

comparing these two definitions, near- and far-field spray

behavior can be highlighted.

A schematic of the MH spray injector orientation, plume

index, and the measurement of the actual spray penetration

length is shown in Figure 1F,G. The multi-holes are evenly

oriented at 45°, and the spray penetration length was

measured from the front view. The spray plumes are oriented

19.5° off the plane of the injector, and therefore, the actual

FIGURE 1
Optical setup of the Mie-scattering imaging system of (A) single-hole and (B) multi-hole injectors for the non-reacting, non-vaporizing tests.
Schematic of (C) single- and (D) multi-hole injectors. (E) The side view of a single-hole (SH) injector with different definitions of spray penetration
lengths (99% area) and dispersion angles (60% pen or 45×Do). The (F) front and (G) side views of themulti-hole (MH) injector with plume index by the
determination of the actual penetration length (Lp) from the visualized penetration length (L).

TABLE 4 Injector specification of the medium-duty ISB single- and
multi-hole injectors.

Medium-duty ISB injector Single-hole Multi-hole

Manufacturer Cummins

Type of Injector Extreme pressure injector (XPI)

Nozzle Exit Hole Diameter [μm] 146

K-factor [−] 2

Number of holes [Ea] 1 8

Umbrella angle [degree] N/A 141
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penetration length (Lp) used in the analysis was calculated based

on the visualized penetration length (L) using Eq. 1:

Eq. 1 Correction of the spray penetration length of the MH

injector

Lp � L/cos(β) (1)

where β =19.5° is the angle between the actual and measured

penetration length axis.

Figure 2 shows a workflow to determine the spray

penetration length from the MH injector.

1. The spray penetration length was experimentally measured in

three tests, and the mean penetration length of each plume

was first evaluated.

2. A plume-averaged penetration length was obtained as

denoted by the thick red line.

3. A representative plume index was chosen by comparing the

root-mean-square deviation (RMSD) of each plume penetration

length with the plume-averaged penetration length.

4. The start-of-injection (SOI) was decided by fitting a square-

root function against the first three measurements in the

penetration curve to obtain the point of zero penetration.

Following steps 1–4, the spray penetration length from

different operating conditions was systematically investigated.

2.5 Test conditions

Table 5 summarizes the experimental test conditions used

in this study. The measured experimental data can provide

valuable inputs for the engine spray model community because

the evaporation effect can be avoided. The nozzle temperature

was 15°C, and pure nitrogen (N2) was used to backfill the

vessel.

3 Results and discussion

3.1 Spray characterization: Multi-hole ISB
injector

3.1.1 Statistical plume-to-plume variation
Unlike the SH injector where the liquid spray is ejected from

only one hole, the MH injector includes multiple holes with

either symmetrical or asymmetrical hole configurations. Also, the

SH injector has the orifice along the vertical axis with the injector

body, but the orifices are not along the injector center axis in the

MH injector. The different hardware characteristics may affect

the in-nozzle flow and needle motion, thereby potentially

resulting in different spray penetration behaviors.

FIGURE 2
Workflow for the determination of SOI and the time origin alignment for spray penetration length of the multi-hole injector.

TABLE 5 Experimental test conditions.

Parameter Unit Range

Fuel [-] ULSD

Ambient temperature (Ta) [K] 313

Ambient density (ρa) [kg/m3] 23 45 65

Injection pressure (Pinj) [bar] 500 1,000 1,500

Injection duration (tinj) [ms] 0.5 1.5
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Figure 3A shows the plume index in the MH injector where

the starting index is located on the right side, and the index was

assigned in a clockwise direction. Figure 3B shows the spray

penetration lengths of each plume with different colors, with the

averaged plume marked with a thick red line, following the

workflow in Figure 2. While the penetration lengths among all

eight holes showed similar behavior at the early stage before a

shifted time (tshift) of 0.2 ms, deviations occurred afterwards.

The most significant deviation was observed near tshift � 0.6 ms,

where the plume-to-plume variation differed by up to an

approximately 40% relative difference. The RMSD between

each plume and the averaged plume (ε) was measured to

evaluate the plume-to-plume variation, as shown in Eq. 2:

Eq. 2. The root-mean-square deviation (RMSD) between

each plume and the averaged plume

εi � ∑tend
t�SOI

����������������(Lmean
p (t) − Li

p (t))2√
(2)

where Lp(t) is the spray penetration length at the time of t. SOI

and tend are the start-of-injection (SOI) and end-of-

measurement, respectively. Superscript i denotes the ith plume

and mean indicates the averaged plume. Figure 3C shows the

RMSD of each plume in the specific condition. A significantly

large difference was observed from Plume #4 (green) with the

smallest deviation from Plume #3 (black dashed). To further

generalize this observation, the RMSD of each plume was

summed for all operating conditions and plotted in

Figure 3D. As can be seen, the smallest deviation was still

observed from Plume #3, while Plume #4 showed the most

significant difference with considerable experimental

uncertainty. Figure 3E shows the scatter plots of each plume

penetration length (Lip) compared with the averaged penetration

length (L mean
p ) collected from all operating conditions with the

normalized RMSD value on the title. Plume #4 showed

consistently lower RMSD for all conditions considered, while

Plume #3 shows a fairly linear correlation with the averaged

plume with the smallest RMSD value. Different RMSD behaviors

may be associated with hardware characteristics, including hole-

to-hole variation in the orifice diameters and internal-nozzle flow

patterns caused by eccentric needle motion (Torelli et al., 2017b).

This point merits future investigation with X-ray tomography

(Moon et al., 2015; Torelli et al., 2018; Sforzo et al., 2022) with

internal nozzle flow simulations (Torelli et al., 2017a; Torelli

et al., 2017c; Guo H. et al., 2020; Asztalos et al., 2022). To

FIGURE 3
(A) Visualized spray penetration at a shifted time tshift � 0.59 [ms] and (B) comparison of penetration lengths of each plume with the averaged
plume (red thick solid). A black-dashed line denotes the representative plume with minimum deviation against the averaged plume. (C) Normalized
root-mean-square deviation (RMSD) as a function of plume index from the selected operating condition and (D) summed RMSD between each
plume against the averaged plume. (E) Scatter plots of the spray penetration of each plume (Lip) against the averaged plume (Lmean

p ) with
normalized deviation (ε), evaluated in wide-ranging operating conditions.
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summarize, the statistical analysis demonstrated that an

arbitrarily selected plume index (e.g., Plume #4) for the

analysis might not represent the averaged plume behavior.

Therefore, either the averaged penetration length or a

carefully selected plume index should be used to represent the

spray characterization of the MH injector.

3.1.2 Effect of operating conditions on the spray
penetration

The spray penetration length has been widely studied using

the SH injector (Naber and Siebers, 1996; Tang et al., 2017; Zhang

et al., 2017), and the following equation has been developed

(Naber and Siebers, 1996):

Eq. 3. The empirical equation for the spray penetration

length (S)

S �
��������
Cv · ����

2Ca

√
a · tan(θ2)

√√
·

�������������������������(Pinj − Pa)
ρa

√√
· do · t

√√√
(3)

where Cv and Ca are the velocity and area contraction coefficient

of the orifice, respectively, related to the discharge coefficient

(Cd � CvCa). θ/2 is the half of the dispersion angle from the

orifice. Pinj and Pa are injection and ambient pressure,

respectively. ρa is the ambient density, do is the orifice

diameter, and t is the time. a is the constant term assigned to

be 0.66 (Naber and Siebers, 1996). Although the above

correlation was developed based on the SH injector, it can be

used in the MH injector to provide helpful insight for

understanding the underlying physics. Following Eq. 3, the

faster penetration length may be expected for higher injection

pressure and lower ambient density if the dispersion angle is not

changed much. It was not possible to accurately determine the

dispersion angle for the MH injector in this study due to the

front-view camera setup, and thus, only spray penetration is

examined.

Figures 4A–C shows the effects of (A) ambient density, (B)

injection pressure, and (C) injection duration on the spray

penetration length at wide ranges of engine-relevant operating

conditions. The SOI is obtained following the procedure in

Figure 2, and the averaged plume penetration lengths from

the MH ISB injector are plotted as functions of the shifted

time. Figure 4A shows the spray penetration length with

different ambient density conditions at a fixed injection

pressure of 1,500 bar and an injection duration of 1.5 ms. The

higher penetration length was observed at lower ambient density

conditions, as inferred by Eq. 3. The effects of injection pressure

on the spray penetration length were also found following the

general trend expressed by Eq. 3, as seen in Figure 4B, indicating

that the governing physics of the spray penetration of the MH

injector is similar to the SH injector. On the other hand, the

injection duration from 0.5 to 1.5 ms did not show a noticeable

difference, as seen in Figure 4C.

While the general spray penetration lengths showed similar

trends between the SH and MH injectors, the different nozzle

configurations may have caused a non-negligible impact on the

spray penetration, as seen in Figures 1C,D. In order to investigate

this point, the spray penetration length was re-plotted against the

original time without the time shift in Figures 4D–F. At an

injection pressure of 1,500 bar, the spray penetration curves of

FIGURE 4
The averaged multi-hole spray penetration length as functions of (A–C) shifted time and (D–F) time, at various operating conditions: effect of,
ambient density (ρa), fuel injection pressure (Pinj), and fuel injection duration (tinj ), respectively.
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different ambient densities and injection durations showed a

similar SOI of t = 3.7 ms. However, the spray penetration in lower

injection pressure conditions showed delayed SOIs

corresponding to 0.40 and 0.46 ms for 1,000 and 500 bar,

respectively. This indicates that for the lower injection

pressure conditions, the rate of needle lift or sac pressure rise

may be slower, resulting in a delayed SOI (i.e., longer hydraulic

delay) and a slower ramp-up during the initial rate-of-injection

(ROI) profile, as observed in Dong et al. (2016) and Jin et al.

(2020). Overall, the effects of the ambient density, injection

pressure, and injection duration of the MH spray penetrations

can be explained based on the empirical equation as seen in Eq. 3,

developed based on the SH injector.

Figure 5A–D shows the 2D snapshot from the bottom side

view for various operating conditions to highlight the effects of

the injection pressure (Case B), ambient density (Case C), and

injection duration (Case D). All operating conditions showed

apparent plume-to-plume variations, as reported in Figure 3C,

where Plume #4 has a noticeably shorter spray penetration length

than others, and Plume #3 exhibits the nominal spray

penetration behavior compared with other plumes. These

images confirm that an arbitrarily selected plume index (e.g.,

Plume #4) may not represent the averaged plume behavior.

Interestingly, a similar asymmetric spray penetration trend

was observed in all cases, indicating that it must be associated

with hardware characteristics, e.g., different orifice diameters or

in-nozzle flow characteristics.

In parallel work, the same series of the injector with a different

part number was scanned using a high-resolution X-ray (Sforzo

et al., 2022) to generate a realistic geometry, and applied to in-

nozzle flow CFD simulations (Asztalos et al., 2022). With a

gasoline-like fuel, a similar plume-to-plume variation was

observed in particular nozzles [e.g., Orifices #3 and #4 as

denoted in Asztalos et al., 2022], indicating that the observation

is not likely due to malfunctioning of the injector. In addition, we

investigated other MH injectors (e.g., heavy-duty ISX) in our

previous work and observed similar plume-to-plume variations

in the mass flow ROI. Variabilities exceeded what was expected

from the variation in geometry (i.e., hole area) alone and were

strongly correlated with the eccentric needle motion (i.e., wobble)

inside the injector.

3.1.3 Evaluation of an arbitrary plume index
As shown in Figure 5 and in the spray penetration statistics in

Figure 3C–E, the plume-to-plume variation of the medium-duty

ISB injector was noticeably different. A nominal trend was

captured using Plume #3, while a large difference was evident

in Plume #4. To further verify the importance of the plume index

selection, Figure 6 shows the spray penetration length of averaged

plume penetration compared with differently selected plumes of

interest for selected operating conditions. Note that the

penetration of Plumes #1 and #5 started more slowly than

other plumes because of the object reflected in the visualized

image at the early stages. These points were excluded when the

averaged penetration length was calculated. As expected, a

significantly deviated trend was obtained from Plume #4,

where the largest difference was observed, as seen in

Figure 3C–E. The comparisons of the spray penetrations from

each hole show clear plume-to-plume variation, further

demonstrating that arbitrarily selected plumes can mislead the

spray characterization. To be specific, if Plume #8 or #7 had been

selected as a target plume, the relative injection pressure effects

could not have been captured. Interestingly, Plume #3 showed a

statistically nominal plume that followed the averaged plume

behavior. Thus, once plume-to-plume variation is systematically

investigated, a specific plume index can be selected and used to

characterize the spray penetration behavior in the MH injector.

3.2 Spray characterization: Single-hole ISB
injector

In this section, an SH medium-duty ISB injector is

systematically described. While only the spray penetration

FIGURE 5
Visualization of the multi-hole spray penetration length observed from the front view in various operating conditions.
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length was measured for the MH injector, both dispersion angle

and spray penetration length were measured for the SH injector.

Also, two different definitions of the dispersion angle were

evaluated to elucidate their difference.

Figure 7A,B shows the determination of the dispersion angle

(θ) of the SH injector with two different definitions: 1) 60% of the

maximum spray penetration length (60% pen), and 2) 45 times

the orifice diameter (45 ×D0), as introduced in Figure 1E. The

steady-state dispersion angle was first determined from the three

repetitions, as seen in Figure 7A,B, and the comparisons between

the two definitions are shown in Figure 7C. The 60% pen showed

a larger dispersion angle but smaller experimental uncertainty

(standard deviation) than 45 ×D0. At the early stage, both

definitions showed very similar dispersion angles until

0.15 ms, and then started to deviate with a maximum

difference of 42% at 0.5 ms. Figure 7D shows the 2D

instantaneous side views from the two definitions at the

selected points (A and B), as denoted in Figure 7C. As can be

seen, while the two definitions showed very similar dispersion

angles at the early stage, the 60% pen showed a larger dispersion

angle compared to 45 ×D0 at a later stage due to the broader

spray boundary (green color) at the far field. The measured

dispersion angle data using the two definitions can be useful

validation targets for engine spray modeling to capture near-to

far-field spray dispersion behaviors.

3.3 Comparison between single- and
multi-hole ISB injectors

Figure 8 compares spray penetration lengths between the

medium-duty SH andMH injectors. As seen in Figure 8A, for the

same operating condition, the SH injector (black circle) showed

faster spray penetration than the MH injector (red triangle). In

particular, the MH injector showed a smaller initial slope (d S/dt)

than the SH injector, indicating that the MH injector exhibits a

slower rate of effective nozzle flow area increase than the SH

injector, as reported in several studies (Dong et al., 2017; Jin et al.,

2020). Although the initial slope is quite different between the SH

andMH injectors, the spray penetrations at the later stage show a

linearly correlated trend. To confirm this point, the scatter plot of

the spray penetration lengths is presented in Figure 8B. By

truncating the initial moments (t< 0.01ms), the spray

penetrations of the SH and MH injectors showed a strong

FIGURE 6
Spray penetration length of themulti-hole injector with different definitions of plumes of interest: (A) averaged plume behavior (solid line), (B–I)
Plumes #1–8, at an ambient density of 23 kg/m3 and injection duration of 1.5 ms.
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FIGURE 7
Dispersion angle of the single-hole injector from different definitions: (A) 60% of maximum penetration (60% pen) and (B) 45 times the orifice
diameter (45 ×D0), with averaged dispersion angle at a steady state with measurement uncertainty. (C) Transient averaged dispersion angles from
two separate definitions at points A and B (D) Instantaneous snapshots of the 2D side view from the selected time instances marked in (C).

FIGURE 8
(A) Comparison of spray penetration between medium-duty SH (black) and MH (red) injectors. (B) Scatter plot of the penetration length of the
SH and MH injectors with a linear correlation curve. (C) Normalized rate-of-injection (ROI) profiles using the SH and MH injectors at an injection
pressure of 1,800 bar. (D) Spray penetration correlation obtained for the SH and MH injectors.
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linear correlation with a high R2 value of 0.9997. This indicates

that although the spray penetration length is affected by the sac

pressure and the effective nozzle flow area development at the

initial stage, it will be governed by the in-cylinder environmental

condition at the later stage. To confirm this point, the ROI

profiles measured from the ISB SH and MH injectors are shown

in Figure 8C. As the measured flow rate of the MH injector

included all eight holes, the single-hole equivalent flow rate

results are plotted. Similar to Figure 8A, the SH injector

showed a faster ramp-up compared to the MH injector, where

the early stage of ramp-in was associated with the in-nozzle

transient flow, sac pressure, and orifice hardware characteristics.

A similar observation was made in several other studies (Jung

et al., 2015; Dong et al., 2016; Jin et al., 2020), and Dong et al.

(2016) calculated the sac pressure from the injection rate curves

and found that the sac pressure of the SH injector increasedmuch

faster than that of theMH injector due to the effective nozzle flow

area. Interestingly, while the MH injector showed a slower ramp-

up, it started to exceed the SH injector after tshift � 0.2ms with a

15% higher flow rate at a steady-state period. This indicates that

the discharge coefficient of the MH injector is higher than the SH

injector, as observed from the previous work using ECN SH A

and 3-hole B injectors (Jung et al., 2015). Similarly, the

experimental spray data of the MH injector showed a slower

ramp-up at the early stage but became comparable with the SH

injector at a later stage. Although the MH injector did not exceed

the SH injector during this observation time window

(tshift < 0.7ms), the MH spray is likely to have exceeded the

SH spray at a later time. To confirm this point, the spray

penetration curves from SH and MH injectors were fitted into

the square-root function. Figure 8D shows the original raw data

with symbols, the fitted equation with solid lines, and the

coefficients in the legend. The fitted curve shows good

agreement with the original data within the observation

window. Then the MH spray started to be comparable with

the SH spray and finally exceeded the SH spray after tshift �
1.4 ms. The deviation in the crossover time between ROI and

spray penetration data is likely due to the different injection

pressure and other boundary conditions. The spray and ROI data

revealed that while the SH injector showed a faster ramp-up than

the MH injector, the MH injector became comparable with the

SH injector, and then started to exceed the SH injector at a later

time with both SH and MH spray data following the well-known

square-root dependency (Naber and Siebers, 1996).

3.4 Comparison between medium-(ISB)
and heavy-(ISX) duty single-hole injectors

The key injector specifications of the heavy-duty (ISX) and

medium-duty (ISB) injectors are summarized in Table 6. The ISB

injector has a smaller nozzle exit hole diameter and a slightly

larger K-factor than the ISX injector. The discharge coefficient

was not available for the ISB SH injector, while that of the ISX SH

injector had a value of 0.94 (Tang et al., 2017). Both injectors

consisted of a solenoid-driven, hydraulically lifted main needle,

and the hole was along the central axis of the injector, as seen in

Figure 1B.

Figure 9A compares dispersion angles with the 60% pen

definition between ISX and ISB injectors. The two injectors

showed very similar dispersion angle results at the steady

state, and the relative difference was only 1.7%. Figure 9B

shows the measured dispersion angles from the ISX and ISB

injectors compared with the existing measurements with

different orifice diameters from the previous studies (Naber

and Siebers, 1996). The correlation equation was also plotted

with 1-deg bounds. The measured values from ISB and ISX

injectors show good alignment with other measurements and

correlation within 1-deg bounds. Figure 9C shows the spray

penetration length between ISB and ISX SH injectors, where the

symbols denote the experimental measurements while the solid

lines are the fitted equation with a square-root function. Both

injectors showed good agreements with the empirical equations

with high R2 values (>0.99), indicating that both injectors follow

a square-root dependency due to the air entrainment into the

spray envelope, similar to prior work (Naber and Siebers, 1996;

Tang et al., 2017; Tang, 2018). The ISX injector showed faster

penetration than the ISB injector as spray penetration length is

proportional to the orifice diameter, as expressed in Eq. 3, under

the same operating conditions (e.g., Pinj, Pa, ρa) and similar

dispersion angle (θ/2), as seen in Figure 9. However, it is noted

that the spray penetration is also affected by other factors,

including velocity (Cv) and area (Ca) coefficients through the

discharge coefficient (Cd). The discharge coefficient can provide

useful information regarding the actual mass flow rate compared

with the theoretical flow rate, considering the area contraction,

cavitation, and so on. Unfortunately, an accurate discharge

coefficient measurement of the ISB injector was not available

at that time, which limits further quantitative examination.

To further investigate the different spray penetration

behaviors between the ISB and ISX injectors, the scatter plots

of the two injectors are shown in Figure 9D. As can be seen, these

two injectors show a linear trend at the early stage until t <

TABLE 6 Injector specification of the heavy- andmedium-duty single-
hole injectors.

ISX SH
injector
(heavy-duty)

ISB SH
injector
(medium-duty)

Nozzle exit hole diameter [μm] 176 146

K-factor [−] 1.8 2

Discharge coefficient (Cd)
(Re = 12,000)

0.94 N/A

Area coefficient (Ca) 0.95 N/A
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0.05 ms because both injectors have a single hole along the

injector axis. As such, the internal flow characteristic is quite

similar. After the early stage, the ISX injector started to penetrate

faster than the ISB injector due to different air entrainment

effects caused by a larger injector nozzle diameter (176 µm for

ISX vs. 146 µm for ISB).

4 Summary

Experimental diesel spray characterization was performed in

an optically accessible, constant-volume combustion chamber

through Cummins medium-duty ISB injectors. The purpose of

this study was to 1) measure the spray penetration length of the

MH injector, 2) characterize the plume-to-plume variation, and

3) compare the penetration length of the MH injector with the

corresponding SH injector. The dispersion angle was measured

for the SH injector with two separate definitions to distinguish

the near-nozzle and far-field characteristics. The spray

penetration length and dispersion angle from the ISB SH

injector was further compared with that of a heavy-duty ISX

SH injector. The measured experimental data and empirical

correlations obtained can be used as valuable inputs to

develop and improve spray models. Our major findings follow.

TheMH injector showed plume-to-plume variation in the spray

penetration length. The hole-averaged penetration length and each

spray plume were systematically measured. A significantly large

deviation was measured from the specific hole (Plume #4) against

the averaged behavior, while a good correlation was observed from

the other hole (Plume #3). This indicates that selecting an arbitrary

plume index to characterize the spray penetration length may not

accurately represent the averaged plume behavior. The spray

penetration length of the MH injector showed a similar trend to

the empirical spray penetration equation developed from the SH

injector. Slower penetration behavior was observed at a lower

injection pressure (500 bar) compared to higher injection

pressures (1,000–1,500 bar), and higher ambient density

(45–65 kg/m3) compared to a lower ambient density (23 kg/m3).

In contrast, different injection duration times (0.5–1.5 ms) did not

show a noticeable difference.

For the SH injector, two different definitions of the

dispersion angle were used to quantitatively assess the spray

behavior: 1) 60% of the maximum penetration length (60% pen)

and 2) 45 times the orifice diameter (45 × D0). Both showed

similar transient behavior at the early stage but 60% pen started

to show a larger dispersion angle than the 45 × D0 downstream

due to the broader spray boundary. While the dispersion angle

with 60% pen from the ISX and ISB injectors showed a similar

FIGURE 9
(A)Comparison in dispersion angle (60% pen) between the ISX and ISB injectors where subscript SS indicates quasi-steady state. (B)Comparison
with previous studies (Naber and Siebers, 1996) where ρf is the fuel density. (C)Comparison of the spray penetration lengths between the ISB and ISX
injectors (symbols) with fitted square-root correlations (dashed lines). (D) Scatter plot of the spray penetration length of the ISX and ISB injectors with
a linear correlation curve. The experimental data measured at an ambient density of 23 kg/m3 and an injection pressure of 1,500 bar was used.
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trend, the ISX injector showed a faster penetration than the ISB

injector. The two injectors showed a similar penetration

development at the early stage, while the ISX injector started

to penetrate faster than the ISB injector by a factor of 1.5 due to

the air entrainment effect caused by a larger injector diameter

later (176 vs. 146 µm).

The spray penetration of the MH injector showed a slower

initial ramp-up than the SH injector. The measured ROI profile

showed a similar pattern, indicating that the slower penetration

of the MH injector is likely associated with the slower

development of the sac pressure and the effective nozzle flow

area. While the MH spray showed slower penetration and

volumetric flow rate than the SH injector at the early stage,

the MH spray started to be comparable with the SH spray, and

finally, exceeded it at a later stage. This indicates that the

discharge coefficients of the MH injector may be larger than

the SH injector in a quasi-steady-state period. Finally, the square-

root correlations were developed to model the spray penetration

of the SH and MH injectors, showing good agreement with the

measured data.
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