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Abstract 

There is interest in adapting renewable and low-carbon intensity fuels to heavy-duty engines to help 
displace criteria and greenhouse gas emissions associated with diesel combustion. Low-carbon fuels have 
inherently low cetane numbers and thus pose a significant challenge when considering  direct substitution 
in diesel combustion systems. Use of an actively fueled prechamber as an ignition source to initiate mixing-
controlled combustion (PC-MCC) of low-cetane fuels is becoming an attractive combustion mode to 
alleviate the identified reactivity deficit. This work focuses on the utilization of an active prechamber to 
facilitate diesel-like combustion of bioethanol-gasoline fuel blends in a heavy-duty engine. Recent results 
in this emerging technology suggest that ignition quality is uniquely coupled to prechamber equivalence 
ratio. In this numerical study, the fundamental implications of prechamber equivalence ratio on the ignition 
performance of direct injected fuels ranging from E10 to E100 are investigated using CONVERGE. 
Parametric studies of the prechamber operating strategy were assessed at diesel-like conditions to 
characterize the performance trends relative to a diesel baseline at the same boundary conditions. 
Simulation results indicate that PC-MCC is flex-fuel capable and achieves diesel-like ignition qualities and 
combustion processes for all fuels considered under stoichiometric and rich prechamber conditions. To 
characterize the equivalence ratio trends observed, a novel inflow boundary modeling technique was 
utilized to prescribe turbulent jets in place of the prechamber where selective speciation of the jet 
composition was conducted to isolate the ignition contributions of radical and reacting species in lean, 
stoichiometric, and rich jets. The inflow boundary modeling suggests that excess fuel and combustion 
intermediates present in jets produced from stratified and fuel-rich prechamber operation promotes higher 
jet temperatures and as such are superior ignition sources. Relative to a lean prechamber jet, the peak 
temperature of a reacting jet from a rich prechamber was up to 600 K hotter at fixed distances from the 
orifice exit. Radicals also demonstrated an influence on the ignition process, but the combustion mode was 
identified to be thermally dominant. 

1. Introduction 

With stringent greenhouse gas and criteria pollutant emissions regulations continuously evolving, there is 
an imminent need to develop advanced combustion strategies that allow the use of renewable, low carbon 
intensity fuels in order to mitigate lifecycle greenhouse gas (GHG) emissions and promote energy 
sustainability. Combustion of non-renewable fossil fuels, like diesel, produces harmful pollutants that have 
adverse effects on human health and overall global climate. The projected increase in energy demand for 
the heavy-duty energy sector [1] motivates the need to displace the diesel fuel dependency of both on-road 
and off-road heavy-duty vehicles with clean burning energy sources. Some prime fuel candidates of interest 
include ethanol, methanol, hydrogen, natural gas, and ammonia, to name a few. Currently, there exist 
various logistical challenges surrounding the transport and on-board storage of gaseous fuels for the on-
road and off-road markets. A more pragmatic approach would be to select fuels that can be easily integrated 
into the current liquid-fuels infrastructure. For these reasons, there is interest in adapting renewable 
ethanol/gasoline fuel blends to the heavy-duty market with the potential of providing a streamlined path 



towards reducing greenhouse gas emissions and criteria pollutant emissions while lowering fuel costs. The 
lifecycle GHG emissions of bioethanol made from corn in the United States has caused some controversy 
over the years. Improvements to farming practices have yielded lower lifecycle GHG emissions over the 
years. Recent scientific studies have shown that corn-based ethanol fuel does have lower lifecycle GHG 
emissions compared to fossil fuels [2]. Argonne National Laboratories GREET model shows that from 
2005 to 2019, the lifecycle carbon intensity of corn-based ethanol fuel was reduced by 23% - from 58 g-
CO2e/MJ to 45 g-CO2e/MJ [3]. Dempsey et al. used data from the GREET model to compare a heavy-duty 
diesel engine to a flex-fuel engine operating at the same brake thermal efficiency [4]. They showed that the 
flex-fuel engine can reduce lifecycle GHG emissions by ~10% to ~50% when operating on E15 and E98, 
respectively.  

Ethanol/gasoline fuel blends are regarded as fuels for spark ignition (SI) engines due to their low reactivity 
and high volatility, however SI engines lack the performance characteristics desired for robust heavy-duty 
operation. Knock is the primary limiting factor to obtain high load at reasonable efficiencies in heavy-duty 
SI engines. Additionally, SI engines lack good transient snap-torque response due to the fact that they 
operate stoichiometrically. These operational constraints have inhibited heavy-duty SI engine development 
outside of constant speed stationary power applications and therefore motivates the use of these fuels in a 
compression ignition manner for mobile applications. Ethanol-gasoline fuel blends are poor direct 
replacements for diesel fuel due to low reactivity, thus some form of ignition aid is required to achieve 
mixing-controlled combustion (MCC). The most elementary way to achieve MCC with low reactivity fuels 
is to elevate the intake temperature. The ignition delay of a direct injected fuel is strongly dependent on 
temperature as it influences the spray evolution process and the chemical kinetic reaction rates of a given 
fuel [5, 6]. Thermal management of the intake system to tailor the in-cylinder conditions is especially 
challenging during transient engine operation and at low loads where there is lack of rejected heat from the 
previous combustion cycle. The lack of combustion robustness achieved with elevated intake temperatures 
alone motivates the use of additional ignition assistance devices and operating techniques to help facilitate 
combustion. Some examples of ignition assistance devices and methodologies include the use of reactivity 
enhancers [7–9], continuously powered glow plugs [10–13], uncooled exhaust gas recirculation (EGR) [14], 
variable valve strategies [15, 16], reactivity and thermal stratification [9, 17–23], and thermal barrier 
coatings [24–26], among others.  
 
In order to facilitate reliable diffusion combustion of low-cetane fuels, recent works have focused on the 
forced interaction of the injected fuel with a high temperature ignition source in the form of a burning/burnt 
jet or reacting fuel plume to prompt immediate ignition. Non-premixed dual fuel combustion systems [27–
30] utilize a dedicated direct injector to deliver a pilot injection of low reactivity fuel (e.g. diesel) as the 
ignition source. The pilot readily ignites, and the burning fuel plumes are strategically aligned with the main 
injection to ensure strong flame-spray interaction to induce ignition. Some challenges with non-premixed 
dual fuel engines stem from the added complexity of having two separate high pressure fuel systems and 
limited physical space to incorporate two high pressure injectors. Other limitations involve reliable ignition 
at high substitution ratios, i.e., low pilot fraction of total fuel energy, across the operating space. Kammel 
et al. [31] and Zelenka et al. [32] demonstrated the use of an actively fueled (fueled with a dedicated 
injector) prechamber (PC) to ignite high-pressure direct injection (HPDI) of natural gas in a large bore 
engine. In this concept, the natural gas fueled PC is an annulus that surrounds a center-bore mounted high-
pressure gaseous injector with holes that are aligned with the injector spray pattern. The PC is fueled during 
the compression stroke such that an ignitable mixture is formed in the PC near top dead center (TDC). The 
dedicated PC injector is responsible for delivering all of the fuel needed to form an ignitable mixture as the 
main chamber has no premixed fuel and only pushes air into the PC during compression. The mixture is 
then ignited with a spark plug and combusted, resulting in a large pressure difference between the two 
chambers and hot turbulent jets are ejected into the main chamber. Closely coupled to the ejection of the 
jets is the main injection timing. The injected fuel is quickly impinged by the aligned hot jets which prompts 
immediate diffusion combustion and thus robust control of combustion phasing. This work eliminated the 



need for two separate high pressure fuel streams and demonstrated significant advantages in ignition 
command. This concept was extended to pure ethanol and methanol by Dempsey et al. [4, 8] with a similar 
annulus style active PC and center-bore injector configuration. The numerical results demonstrated the 
robustness of jet-induced ignition aid for high pressure liquid fuels and the ignition concept was termed 
prechamber enabled mixing-controlled combustion, or PC-MCC.  

 
Figure 1: Visual comparison of the prechamber ignition concept, or PC-MCC (bottom row), relative to diesel 
combustion (top row). Iso-surfaces depict local gas temperature. Fuel parcels are depicted with black droplets. 

Recent PC-MCC modeling efforts by Zeman et al. [33, 34] have since incorporated a MAHLE jet ignition 
(MJI) style PC to the ignition concept and have focused on assessing the salient design features (igniter 
location, volume, hole size, number of holes, hole angles, etc.) and operating strategies to achieve robust 
ignition assistance of pure ethanol and ethanol/gasoline blends. The modeling efforts identified strong 
ignition performance with an offset two-hole PC configuration. The transition to an offset PC configuration 
was largely motivated by the lack of physical space available to accommodate the center-mount 
configuration on a metal engine. The offset two-hole design and general PC-MCC ignition process is 
illustrated in Figure 1 relative to conventional diesel combustion (CDC). A common result in the jet-induced 
ignition strategies suggests that PC stoichiometry is an important operating metric as it influences the flame 
speed, adiabatic flame temperature, and overall chemical energy of a given mixture. Similar trends in the 
ignition quality dependence on PC stoichiometry has been well documented in conventional turbulent jet 
ignition (TJI) systems [35, 36]. In conventional TJI systems, an active or passive jet igniter is utilized to 
distribute multiple localized ignition sources within a premixed charge. Having a distribution of ignition 
sources produces multiple flame front locations and thus accelerates the burn process relative to a 
conventional spark plug. In passive ignition systems, the PC operates at the same global lambda as the main 
chamber (MC) and thus the ignition quality from the PC is limited under highly dilute conditions due to 
reduced laminar flame speeds that lack significant pressure buildup during PC combustion [37, 38]. In the 
interest of extending the lean-limit, actively fueled PC igniters have been used to enrich the PC to 
stoichiometric/rich proportions relative to the globally lean MC to enhance the ignition process [39, 40]. 
Stoichiometric PC operation yields hot turbulent jets that penetrate quickly and substantially improve the 
ignition process by enhanced jet-induced mixing. Aside from thermal and turbulence effects, various studies 
have also investigated the effect of active chemical species contained within a reacting jet achieved under 



stoichiometric and rich conditions [41–43]. Rich PC operation has been shown to produce high levels of 
active radicals and low-carbon intermediates species within the jets that promote chain breaking reactions 
and thus increase the localized reaction rates and flame propagation within a premixed charge. 
 
The application of jet-induced ignition on high-pressure direct injected fuel presents a significant departure 
from conventional TJI practices. As such, there is a lack of fundamental research that demonstrates the 
implications of jet stoichiometry on the ignition efficacy of a heterogenous fuel spray. This work serves to 
identify the impact of PC stoichiometry on the jet-ignition process of direct injected ethanol/gasoline fuel 
blends with computation fluid dynamic (CFD) modeling. First, a prechamber retrofitted heavy-duty engine 
model was used to perform parametric studies of jet-spray timing and PC equivalence ratio such that the 
engine performance trends can be characterized. Results are compared to a CDC model under the same 
operating conditions. Then, a novel inflow boundary modeling technique was used to explain the observed 
trends by isolating the chemical, sensible, and active radical contributions on the ignition process. 

2. Methodology 
2.1 Engine Specifications and Operating Conditions  

The baseline engine modeled in this study is the Caterpillar C9.3B offroad engine. The engine platform, 
direct injector information, and operating condition details investigated for both CDC and PC-MCC are 
listed in Table 1. The operating condition investigated in this study is a light load (~2 bar BMEP), high 
engine speed condition. At light loads, the inlet air pressure and temperatures are low and combustion 
chamber surfaces are relatively cool. In addition, higher engine speeds limit the amount of time for air-fuel 
mixing. These factors contribute to conditions that are not conducive for ignition of low cetane fuels thus 
the PC and its operating strategy will be relied upon heavily. Experimental CDC data was taken on a single-
cylinder C9.3B at the operating conditions listed in Table 1 to generate boundary conditions (pressure, 
temperature, composition) applied to the CFD model. The addition of the prechamber to the model for PC-
MCC cases reduced the stock compression ratio of 17.0:1 to 16.0:1 due to the additional clearance volume 
of the prechamber. In addition, material from the piston was removed to alleviate prechamber nozzle 
interference with the piston. The modified piston for PC-MCC is depicted in Figure 2. For CDC simulations, 
the reduced compression ratio of 16.0:1 is maintained by increasing the squish height in absence of the 
prechamber volume. It is important to note that there are no changes to the engine boundary conditions 
when making comparisons between CDC and PC-MCC; the prechamber igniter is the only ignition 
assistance alteration that is being made to the engine in this investigation.  

Table 1: Engine and operating parameters. 

 Parameter Value 
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Displacement volume [L] 1.55 
Bore [mm] 115 
Stroke [mm] 149 
Connecting rod length [mm] 217 
Compression ratio [-] 16 
Clearance volume [cm3] 103.2 
IVO/IVC [°ATDC] 350 / -152 
EVO/EVC [°ATDC] 135 / -339 
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or

 Number of holes [-] 6 
Hole diameter [ߤm] 205 
Umbrella angle [-] 135 
Rail pressure [MPa] 75 
Injection timing [°ATDC] -3.5 
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n Engine speed [rev/min] 2200 
Load (IMEPg / BMEP) [bar] ~3.5 / 2 
EGR % [-] 15 
Int. / Exh. Pressure [bar] 1.2 / 1.3 
Int. / Exh. Temperature [°C] 35 / 290 

 
2.2 Computational fluid dynamics modeling 

The CFD simulations presented in this work were conducted using CONVERGE version 3.0 [44]. The 
simulations utilize the Eulerian-Lagrangian modeling approach where the continuity equations for the gas 
phase are solved in a Eulerian reference frame and liquid fuel that enters the simulation domain, i.e., injected 
fuel, is treated as a collection of Lagrangian liquid fuel sphere parcels with a droplet diameter of the 
effective nozzle diameter. For the Eulerian gas phase, the Reynolds averaged Navier-Stokes (RANS) 
transport equations are solved by using Reynolds stress models (RSM) to solve for the Reynolds stresses 
directly and provide momentum equation closure. The RSM modeling approach is well suited for 
simulating complex turbulent flows with strong anisotropy and has been shown to better predict the heat 
release process for mixing-controlled combustion relative to conventional RNG k-epsilon turbulence 
models [45, 46]. The added complexity of the turbulence contributions from the PC likely necessitates the 
need for the RSM modeling to better predict the mixing and combustion of jet-ignited fuel sprays. 
Following injection, the modified Kelvin-Helmholtz and Rayleigh-Taylor break-up model is used to predict 
primary and secondary fuel droplet breakup for the Lagrangian fuel parcels. The combustion model used is 
CONVERGE’s SAGE chemistry solver which treats each CFD cell as a well-stirred homogeneous reactor 
to solve the chemical kinetics at each time step. The chemical kinetics mechanism used is the wide 
distillation fuel (WDF) mechanism developed by Ren et al. [47] which has been validated to capture ignition 
delay, laminar flame speeds, species concentration, and soot formation tendency for each pure fuel 
component as well as different surrogate fuels for gasoline, jet fuel, and diesel at engine-like conditions. 
Other CFD model details surrounding physical models, mesh size and refinement, grid sensitivity, and 
initialization techniques can be found in previous PC-MCC modeling works by Zeman et al. [33] where the 
same modeling set up was used.  

 

Figure 2: Full and reduced simulation domains and prechamber anatomy. 

A variety of liquid fuels are considered in this study, namely diesel fuel as a baseline reference and ethanol-
gasoline fuel blends ranging from E10-E100. The liquid fuel parcels for diesel and E100 are treated as 



single component fuels while ethanol-gasoline blends are represented as multi-component fuels and are 
composed of the appropriate volume percentages of ethanol and a surrogate for a commercially available 
blend stock for oxygenated blending (BOB) gasoline. The BOB surrogate is composed of iso-octane, n-
heptane, toluene, and di-isobutylene. The surrogate composition for an 85 AKI BOB gasoline developed 
by Gross et al. [48] was used in this study. The fuel properties and volume fractions of each fuel mixture 
considered in this study are provided in Table 1. The physical properties of the pure and composite liquid 
fuel parcels are sourced from CONVERGE’s liquid property database. In the liquid phase, diesel fuel was 
modeled as DIESEL2 while the ethanol-gasoline fuel blends were modeled as the base source species. Once 
evaporated into the gas phase, the diesel combustion kinetics were modeled as n-heptane, the E100 modeled 
as ethanol, and E10-E90 was modeled as gasoline with the same surrogate composition as the liquid phase. 

Table 2: Fuel properties for ethanol-gasoline fuel blends ranging from E10 to E100 and diesel. Heating values 
provided are calculated based on thermochemical property polynomial calculations from CFD combustion chemical 
mechanism. 

Fuel E10 E30 E50 E70 E90 E100 Diesel 
V.F. ethanol [-] 
(C2H5OH) 0.1000 0.3000 0.5000 0.7000 0.9000 1.0000 N/A 

V.F. iso-octane [-] 
(iC8H18) 

0.5850 0.4312 0.3011 0.1767 0.0577 0.0000 N/A 

V.F. n-heptane [-] 
(nC7H16) 

0.1923 0.1462 0.1021 0.0599 0.0195 0.0000 N/A 

V.F. toluene [-] 
(C7H8) 

0.0729 0.0895 0.0680 0.0475 0.0279 0.0000 N/A 

V.F. di-isobutylene [-] 
(C8H16) 

0.0405 0.0307 0.0215 0.0126 0.0041 0.0000 N/A 

Density [kg/m3] 653 668 683 698 713 721 848 
LHV [J/mg] 42.49 38.95 35.56 32.32 29.22 27.72 44.92 

Due to the oxygen content of ethanol, traditional quantification of mixture stoichiometry based on air-fuel 
ratio for ethanol-gasoline fuel blends is inadequate as the fuel itself contains oxidizer elements that are 
unaccounted for in the overall mixture stoichiometry. Mueller et al. [49] showed that the oxygen-based 
equivalence ratio is a more appropriate representation of an air-fuel mixtures proximity to stoichiometry 
for oxygenated fuels. The oxygen-based equivalence ratio is calculated as  

߶௢௫ =
2∑ ௜ܰ#஼,௜௜ + 1

2∑ ௜ܰ#ு,௜௜

∑ ௜ܰ#ை,௜௜
 (1) 

where ௜ܰ is the number of moles of reactant species ݅ and #஼,௜, #ு,௜, and #ை,௜ are the number of carbon I, 
hydrogen (H), and oxygen (O) atoms in reactant species ݅, respectively. In this study, the mean oxygen-
based equivalence ratio output provided by CONVERGE is used. This determination of equivalence ratio 
utilizes (1) and considers all species with carbon, hydrogen, and oxygen, including CO2 and H2O. For the 
remainder of this study, the oxygen-based equivalence ratio will simply just be referred to as equivalence 
ratio, or ߶.  

Two different modeling approaches were investigated in this study: a full geometry single cylinder engine 
model with an actively fueled prechamber and a reduced geometry that uses an inflow boundary condition 
in place of the prechamber. The full and reduced model geometries are depicted in Figure 2. In 
CONVERGE, an inflow boundary is a “wall” that permits mass to exit and enter the simulation domain 
with a user specified mass flow rate or velocity, pressure, temperature, composition, and turbulence 



parameters. For the reduced geometry, the inflow boundary is modeled at the interface between the two 
orifices and the PC itself as observed by the dashed ellipses in Figure 2. The two inflow surfaces are treated 
as one boundary such that only one set of boundary conditions is required. Retaining the orifice passages 
that connect the MC to the PC in the reduced geometry ensures any wall interactions on the gas exchange 
process are maintained in this simplified modeling approach. It is thought that the turbulent jets produced 
by the model would be overly diffuse and would not capture a high velocity jet with strong directional 
dependence if the reduced geometry did not incorporate the orifice passages. This modeling technique was 
previously demonstrated by Nowlin et al. [50] where a reduced geometry model of a PC-ignited large-bore 
two-stroke natural gas engine was used to investigate the impact of jet temperature and speciation on NOx 
formation. In this study, the inflow technique will be used to study jet speciation and jet temperature effects 
independently on the ignition process of direct injected ethanol-gasoline fuel blends. 

To provide boundary conditions for the inflow modeling, full geometry simulations were conducted with 
“monitor points”, i.e., a user defined box of constant volume that monitors crank angle resolved volume 
averaged quantities. The monitor point box size was sized to be on the order of the orifice diameter and 
located at the center of each of the inflow boundary locations. It is important to note that an inflow boundary 
condition is only time dependent and thus contains no spatial information. For this reason, the box size used 
in the full geometry simulations will have an inherent effect on the imposed boundary conditions in the 
reduced geometry simulations. It is thought that the primary effect of box size in this study is the radial 
averaging of monitored properties that have strong fluid-wall interactions, e.g., temperature, within the 
orifice. If a box is sized too small, it will only monitor properties close to the center axis of the orifice where 
certain parameters could be at a maximum. It would be erroneous to prescribe the entire inflow boundary 
to a value that is not representative of the mean value, thus the box sizing was selected to incorporate the 
entire orifice. 

The monitor points were used to capture pressure, temperature, turbulence parameters, and all species in 
the chemical kinetic mechanism. To eliminate any inhomogeneity effects between the orifices, all 
monitored quantities were averaged across the two inflow locations when imposing the boundary 
conditions. Of all the monitored species in the full geometry simulations, only the top 20 most abundant 
species (mass fraction ≥ 0.0001) during the jet evolution process were selected to be prescribed at the 
inflow boundary for the reduced geometry simulations. The species include O2, N2, CO2, H2O, combustion 
intermediates, unburnt fuel, and free radicals. The velocity boundary condition was supplemented with the 
mass flow rate between the MC and PC provided as a region flow output from CONVERGE in the full 
geometry simulations. Due to the large pressure differences between the MC and PC during PC combustion, 
the critical pressure ratio can be exceeded and the flow between the two chambers can be choked as a result. 
In order to model choked conditions, the inflow boundary must be treated as a supersonic condition which 
allows for both pressure and velocity to be prescribed simultaneously. Although this flow is transonic, 
CONVERGE v3.0 does not support transonic inflow boundary conditions and therefore is modeled as 
supersonic for the entire simulation. Lastly, due to the sensitivity in jet speciation and jet development to 
fuel composition and PC equivalence ratio, the boundary conditions supplemented from the full geometry 
simulations were unique to whichever fuel or targeted equivalence ratio were being modeled with the 
reduced geometry.  



 

Figure 3: Illustration of the monitor points along at various axial distances (Dax) along the center axis of a single jet. 
The contour plane shown depicts gas temperature.   

To quantify the reduced geometry model’s ability to capture pertinent jet characteristics relative to the full 
PC geometry model, monitor points were placed within the CFD domain along the centerline axis of each 
jet starting at the orifice exit and extending into MC at fixed intervals. The monitor point layout within the 
MC relative to a single jet is illustrated in Figure 3. In total, eight monitor points were used that span a total 
of 24 mm from the orifice exit. This is approximately a quarter of the bore size for the C9.3B. The monitor 
point box size was selected to linearly increase from 1.5 mm at the orifice exit to 4 mm at the furthest axial 
distance from the orifice in anticipation of the jet expanding as it entrains MC gases. This jet behavior has 
been observed in previous modeling efforts and is also observed in Figure 3. 

2.3 Prechamber design and operating strategy 

The prechamber design details for the igniter illustrated in Figure 2 are provided in Table 3. The design is 
generated based on the findings by Zeman et al. [33] at a light load, high engine speed condition where 
robust ignition assistance for a side mounted PC configuration was achieved with reduced prechamber 
volume size and large orifice diameters. The orifice swept angle (ߙ), or angular span of the orifices on the 
prechamber nozzle, was also determined to be an important metric for the side-mounted prechamber 
(SMPC), where smaller angles which localize more PC jet heat near the injector were favorable. Based on 
these results, an ߙ of 30° was utilized. This design has been modeled further in a previous work by Zeman 
et al. [34] at a high load condition of 18 bar BMEP, 2200 rpm condition and yielded strong ignition qualities 
as well.  

Table 3: Prechamber design and operating parameters. 

 Parameter Value 

Geometry 

Volume [cm3] (% TDC volume) 2 (1.94%) 
# of orifices 2 
Orifice diameter [mm] 2.3 
Total orifice cross section [mm2]  8.31 
Orifice swept angle [-] 30 

PC 
Injector 

Number of holes [-] 2 
Hole diameter [ߤm] 120 



PC 
Operation 

Equivalence ratio [-] 0–7 - 1.3 
Spark timing [°BTDC] 4-12 
Start of PC injection [°ATDC] varies 
End of PC injection [°ATDC] -30 
PC injection pressure [bar] 130 

 
The generalized CDC (no PC) and PC-MCC injection strategies are summarized in Figure 4 with injection 
pressure profiles for the MC and PC direct injection (DI) events. CDC and PC-MCC have the same DI-SOI 
of -3.5 °ATDC, have a peak DI pressure of ~75 MPa, and maintain a DI shot energy of ~1300 J. Injection 
duration is adjusted to maintain shot energy with fixed rate of injection profiles. At intake valve closure 
(IVC), the PC and MC are non-premixed, thus the PC must be fueled during the compression stroke to 
establish an ignitable mixture in the PC by spark timing. The fueling in the PC is adjusted with spark 
advance to maintain the desired equivalence ratios listed in Table 3. Based on the targeted PC equivalence 
ratio and volume percentage of ethanol, the amount of injected fuel mass in the PC will vary for each fuel 
blend. The PC shot mass is controlled by tuning the PC start of injection (SOI) to either decrease or increase 
the total injection duration while maintaining the injection pressure at 130 bar and the end of PC injection 
at -30 °ATDC.  

  

Figure 4: Operating strategy for conventional diesel combustion (no PC required) in black and PC-MCC with 
ethanol-gasoline fuel blends in red. Solid lines denote the MC and dashed lines denote the PC. The depicted PC 
spark timing window is from 4 to 12 °BTDC. MC SOI is fixed for PC-MCC and diesel at -3.5 °ATDC. PC end of 
injection is fixed at -30 °ATDC. 



3. Results 
3.1 Prechamber modeling 
3.1.1 Influence of fuel composition on prechamber operation  

The impact of ethanol volume percentage on mixture stoichiometry and resultant PC performance evaluated 
by comparison of three rudimentary fueling strategies for fuels ranging from E10 to E90. The first strategy 
is to utilize a fixed fueling mass in the PC of 3.2 mg for all fuel blends. This fueling mass was selected such 
that E50 would be stoichiometric at the desired spark timing of -8 °ATDC and any change in ethanol content 
would be relative to stoichiometric. The second strategy involves adjusting the PC fueling such that a 
stoichiometric mixture is obtained for all fuel blends. A simple correlation was developed to determine the 
fueling requirements for all blends to be near stoichiometric by relating the change in fuel energy content 
to the change in oxygen content. Utilizing the heating values from Table 2, taking the ratio of E50 to each 
fuel of interest yields a scaling factor that can be applied to the original stoichiometric fueling quantity for 
E50 of 3.2 mg. The scaling factors and resultant fueling quantities for each fuel are provided in Table 4. 
The calculated PC fuel energy is approximately 115 J for all fuel blends and highlights the strong linear 
relationship between the oxygen content of a fuel and its lower heating value (LHV). Lastly, the PC is 
slightly enriched from stoichiometric by adding 0.2 mg of fuel to all fuel blends.  

Table 4: Changes to PC fueling quantities based on scale factors derived from heating values. 

 E10 E30 E50 E70 E90 
LHV [J/mg] 42.49 38.95 35.56 32.32 29.22 
LHVE50 / LHVEXX (PCscale) [-] 0.84 0.91 1.00 1.10 1.22 
m0 [mg] 3.2 3.2 3.2 3.2 3.2 
PCscale*m0 (mEXX) [mg] 2.69 2.91 3.20 3.52 3.90 
LHVEXX*m0 [J] ~136 ~125 ~115 ~103 ~94 
LHVEXX*mEXX [J] ~115 ~115 ~115 ~115 ~115 

It is observed in Figure 5 that operating the PC over the range of ethanol/gasoline blends from E10 to E90 
with a fixed fueling quantity of 3.2 mg results in an effective PC equivalence ratio range of ߶௉஼ = 0.8-1.2. 
In other words, an ethanol volume percentage change of 80% at fixed mass accounts for a 0.4-point swing 
in PC equivalence ratio. As a result, a sensitivity in ignition assistance performance to PC equivalence ratio 
is observed, with SOC and combustion phasing retarding as the PC equivalence ratio decreases. Conversely, 
by applying the PC shot mass scaling factor outlined in Table 4, the PC equivalence ratio is tightly 
controlled to stoichiometric proportions for all fuel blends considered. As a result, the subsequent ignition 
assistance performance and overall MC combustion process is significantly enhanced despite the varying 
physical and chemical kinetic properties of the fuel blends considered. Considerable enhancements in 
ignition aid are achieved by enriching the PC. 



 

Figure 5: Impact of fuel composition on prechamber equivalence ratio and resultant ignition assistance. PC spark 
timing is fixed at -8 °ATDC.  Top row: fixed PC fueling of 3.2 mg for all fuel blends. Middle row: PC fueling adjusted 
for stoichiometric operation for all fuel blends. Bottom row: PC fueling adjusted for enriched operation for all fuel 
blends. Solid lines denote MC, dashed lines denote PC.  

These results highlight two key takeaways: first, PC-MCC exhibits strong flex-fuel capabilities by 
demonstrating diesel-like combustion processes for a wide range of ethanol-gasoline fuel blends with no 
major changes applied to the operating strategy. Second, the ignition assistance capabilities of flex-fuel PC-
MCC has a clear dependence on the PC equivalence ratio at spark timing. Because of this, changes in 
ethanol percentage in the fuel stream will require minor adjustments to the PC fueling calibration such that 
favorable equivalence ratios are achievable during engine operation. This will require the use of a fuel 
composition sensor that is able to detect the ethanol percentage in the fuel at any given point in time. This 
will also be advantageous for developing engine load management control strategies such that the fuel’s 
ethanol content can be correlated to its heating value.  

3.1.2 Influence of prechamber equivalence ratio on engine performance  

Figure 6 depicts a PC spark timing sweep from 4 to 12 °BTDC for E10 and E100 using the targeted range 
of PC equivalence ratios – 0.7 to 1.3. The lean PC yields weak ignition assistance that is sensitive to spark 
timing and therefore lacks combustion robustness, with both E10 and E100. As the PC equivalence ratio is 
increased to stoichiometric and rich conditions, desirable ignition aid is recovered with the most robust 
performance, i.e., spark timing insensitive, achieved with rich PC operation. In addition to combustion 
robustness, the reduced premixed burn fraction in the MC is another key indication of the strong ignition 
qualities achieved under enrichened PC operation. Interestingly, there is noticeable exothermic activity in 



the MC, as indicated by the MC HRR trace, prior to SOC with the rich PC. This is indicative that rich PC 
operation produces reacting jets that generate heat as they penetrate and likely offer reasoning to the 
superior ignition assistance qualities of fuel-rich PC operation.  

 

Figure 6: Influence of PC equivalence ratio on MC (solid lines) and PC (dashed lines) HRR for E10 (left column) 
and E100 (right column) over a PC spark timing sweep from -4 to -12 °ATDC. PC shot mass quantities required to 
achieve desired equivalence ratio at spark timing are reported for reference. 

An engine performance summary for E10 and E100 under lean, stoichiometric, and rich PC operation is 
provided in Figure 7 where the spark timing is swept until misfire. In addition, a 3 cc PC volume is modeled 
using the same fueling strategy as the rich baseline igniter (2 cc). The additional PC volume results in 
stoichiometric equivalence ratios and allows for comparisons of igniter performance at different 
equivalence ratios under matched PC fuel energy. As observed in Figure 6, lean PC operation only initiates 
combustion at select spark timings and produces largely premixed combustion in the MC, i.e., short burn 
duration, due to late SOC. Stoichiometric and rich PC operation improve the ignition aid and initiate more 
complete combustion with favorable combustion phasing over a wide range of spark timings. The 
stoichiometric PC is observed to extend the spark retard limit, but its performance deteriorates as the timing 
is advanced. The opposite is true for the rich PC as it extends the spark advance limit, but its performance 
deteriorates quickly as the timing is retarded. . As the mixture gets enrichened, the combustion process 
retards and thus the jets are too late to ignite the overmixed fuel as spark timing retards. Late jet 
development could also explain the improved performance of the rich PC at advanced timings. In addition, 
the theorized reacting nature of rich PC jets may promote heightened jet temperatures that prevent rapid 
cooling and may also contribute to its ignition qualities at advanced timings.  



 

Figure 7: Engine combustion metric summary for PC-MCC with E10 (left) and E100 (right) under lean (blue), 
stoichiometric (black) and rich (red) PC operation. A 3 cc PC volume is modeled under matched fueling quantities to 
the rich 2cc igniter which produces stoichiometric operation. PC spark timing is both advanced and retarded until 
misfire for all PC equivalence ratios. Conventional diesel combustion baseline is provided in dark grey dashed line. 

Interestingly, the stoichiometric 3 cc igniter operates very similarly to the stoichiometric 2 cc igniter. The 
SOC and spark operation limit trends are identical, with key differences appearing in overall combustion 
phasing and improved combustion efficiency at retarded timings with the 3 cc igniter. At matched PC fuel 



energy input, the rich 2 cc igniter is observed to extend the spark advance limit, shorten the ignition delay, 
and initiate combustion over a wider range of timings relative to the 3 cc igniter. These results highlight 
two key takeaways: first, there is an evident relationship between PC fuel energy and ignition aid. This is 
an intuitive result as one would expect enhanced ignition aid with higher PC fuel energy input. As 
demonstrated here, the two pathways to increasing PC energy input is either by increasing chamber volume 
(at fixed equivalence ratio) or increasing the overall PC equivalence ratio. Second, there appears to be a 
novel advantage to operating the PC rich. It is thought that operating the PC rich results in a partition of 
where the energy input is utilized given that the PC is oxygen deficient and thus it will expel unburned 
reactants during PC combustion. This residual energy contained within the jets then oxidizes as it penetrates 
the oxygen-rich MC and serves to promote heightened jet turbulence and temperature levels. In essence, 
rich PC operation allows for the benefit of enhanced ignition aid while simultaneously reducing chamber 
volume. This has numerous benefits including reduced heat transfer and constrictive gas exchange losses, 
reduced nominal operating pressure, and overall packaging size of the PC. The theorized reacting nature of 
rich jets will be further explored in the following section. 

It is observed that PC-MCC achieves advanced location of 50% burn (CA50) timings and shorter burn 
durations (CA10-90) relative to diesel combustion at matched SOC timings. This is attributed to the volatile 
and oxygenated nature of E10 and E100. The high volatility promotes rapid fuel evaporation and air-fuel 
mixing upon high pressure DI and thus produces accelerated burn rates once ignited. Kawabe et al. [51] 
demonstrated that MCC of oxygenated fuels reduces local equivalence ratios within the spray plume at end 
of injection (EOI) and thus effectively shortens the late-cycle burn of diffusion combustion. As a result of 
the earlier CA50 and shorter burn duration, PC-MCC produces heightened gross indicated thermal efficiency 
(GIE) relative to diesel, due to the efficiency merits of advanced phasing and reduced burn duration [52–
55]. In general, it is expected that diesel combustion would have a slight advantage in thermal efficiency 
relative to PC-MCC at matched CA50 timings due to the losses associated with the PC (e.g., additional heat 
transfer and constrained gas exchange). A diesel combustion SOI sweep is provided in Table 5 to observe 
the impact of combustion phasing on engine performance. As expected, GIE and gross indicated NOx 
emissions elevate as the combustion phasing advances, however the combustion duration remains relatively 
unchanged and thus limits GIE from any further improvement.   

Table 5: Impact of combustion phasing on diesel combustion performance metrics. Combustion phasing is varied by 
altering the SOI relative to the baseline* timing of -3.5 °ATDC. 

SOI 
[°ATDC] 

SOC 
[°ATDC] 

CA50 

[°ATDC] 
CA10-90 

[CAD] 
GIE 
[-] 

ISgNOx 
[g/kW-hr] 

-1.5 4.71 16.52 29.44 43.12 1.49 
-3.5* 2.62 14.22 28.88 44.03 1.79 
-5.5 0.62 11.91 28.31 45.24 2.18 
-7.5 -1.38 9.57 27.66 45.73 2.68 

In terms of gross indicated specific NOx emissions, a dependence on fuel composition and overall 
combustion process is observed. The differences in NOx between E10 and E100 is largely attributed to the 
lower ethanol content of E10 as various studies have shown that the high cooling potential and high 
premixed fraction of alcohol fuels burning in diffusion flames reduces local temperatures and equivalence 
ratios, thus reducing thermal NOx production [19, 56–59]. No clear dependence on PC equivalence ratio is 
observed other than lean PC operation produces the most NOx for both E10 and E100. This is likely due to 
short overall burn duration that results in a higher combustion intensity which has been shown to influence 
thermal NOx production [59, 60]. It is also expected that lean and stoichiometric operation would produce 
the most PC-out NOx as thermal NOx production peaks at ߶ ~ 0.7-0.9 [61, 62]. 



3.2 Inflow boundary modeling 
3.2.1 Inflow boundary method validation 

The inflow boundary method was used to model E10 and E100 across the three targeted PC equivalence 
ratios of ߶௉஼ = 0.7, 1.0, and 1.3 at a PC spark timing of -8 °ATDC. The full geometry modeling of these 
selected fuels and PC equivalence ratios were used to generate the corresponding boundary conditions to 
supplement the inflow modeling. Figure 8 shows the inflow modeling MC pressure and heat release results 
relative to the full geometry cases. It is observed that the inflow modeling method is able to produce very 
good agreement with the full geometry simulation results for stoichiometric and rich PC operation. The 
results show that the MC pressure is matched well during compression, combustion, and expansion while 
the HRR profiles have very similar overall shape and phasing. Conversely, the lean PC inflow modeling 
does not match the full geometry results for both E10 and E100. Based on the observed sensitivities under 
lean PC operation in Figure 6 and Figure 7, it is believed that minor deviances in overall jet structure, 
development, temperature, etc., would cause poor agreement in modeling.  

 

Figure 8: Comparison of full geometry (solid line) and reduced geometry (dashed line) MC pressure and heat release 
for E10 (left) and E100 (right) at three different PC equivalence ratios of interest.  

Figure 9 depicts the jet temperature history as a function of distance normal to the orifice exit for the full 
and reduced geometry modeling. The temperature profiles are reported in degrees after start of jet (°ASOJ) 
where the start of jet is linked to the transition of positive mass flow rate from the PC to the MC. The mass 
flow rate profiles from the full geometry modeling that were used in the inflow boundary modeling are 
supplemented in Figure 10. As the jet develops, an immediate dip in temperature at the orifice exit and 
downstream locations is observed. This effect increases as the equivalence ratio and ethanol percentage 
increases, indicating that this is a charge-cooled air-fuel mixture that escapes ahead of the expanding gases 
in the PC. This “cool jet” phenomena has been well documented by Thelen et al. [63]. The temperature 
then rapidly increases at the orifice exit and downstream locations, indicating the presence of a hot, 
penetrating jet. As the jets penetrate, PC equivalence ratio has a clear influence on the downstream 
temperature. Lean PC operation produces lazy jets that cool rapidly. Conversely, rich, i.e., oxygen deficient, 
PC operation produces jets that increase in temperature as they penetrate the MC. This exothermic activity 
indicates the jets have residual fuel that burns as fresh oxygen from the MC is entrained within the reacting 
jet. Stoichiometric PC operation also shows some degree of exothermicity and could be explained by 
localized mixture stratification within the PC, e.g., rich pockets that do not oxidize completely, or the cool 
jet fuel that escapes the PC during combustion. The reacting nature of the jets produced by rich PC operation 
and their temperature history explains the superior ignition assistance capabilities that have been observed 
thus far. In this instance, rich PC operation results in peak downstream jet temperatures that are ~500-600 
K greater than lean PC operation.   



 
Figure 9: Comparison of full geometry (solid line) and reduced geometry (dashed line) turbulent jet temperatures at 
various axial distances from the orifice exit for E10 (left) and E100 (right) and the targeted PC equivalence ratios of 
interest. Temperatures shown are averaged between both monitored jets.  

Following complete exhaustion of the jets, the temperature at the orifice exit (Dax = 0 mm) drops rapidly. 
The downstream locations subsequently cool as the jets are exhausted, but at slower rate as the jets mix out. 
Any temperature fluctuations at the orifice exit after jet exhaustion, e.g., ߶௉஼ = 1.3 for E10, can be described 
by a reversal in flow direction caused by pressure oscillations between the chambers that draws out hot PC 
exhaust gases. Conversely, any downstream temperature fluctuations after jet exhaustion, e.g. Dax = 24 mm, 
can be attributed to combustion of the direct injected fuel. Overall, the reduced geometry model can 
satisfactorily reproduce the spatiotemporal evolution of temperature for all fuels and PC equivalence ratios 
considered.  



 
Figure 10: Mass flow rate from the PC to the MC generated by the full geometry model for the inflow modeling 
technique boundary conditions.  

Qualitative comparisons of jet development, structure, and temperature for the full and reduced geometry 
models are presented in Figure 11. As observed in Figure 9, there is a pronounced difference in jet 
temperature history between lean and rich PC operation. Under rich PC operation, the jets continually 
elevate in downstream temperature until jet exhaustion whereas minimal exothermic activity is observed 
under lean PC operation. A key distinction observed between the full and reduced geometry models is the 
inhomogeneity in jet development between each orifice. The full geometry shows some differences in 
downstream jet temperatures between each orifice whereas the reduced geometry model produces 
symmetrical jets. Under lean PC operation in the full geometry model, it is observed that the initiation of 
combustion is favored towards the dominant jet with higher downstream temperatures. In the reduced 
geometry model, however, combustion is not initiated in the same location as the jets are more uniform in 
temperature. This is because the boundary conditions for each orifice are identical and were produced by 
averaging both jets from the full geometry model, hence the loss of uniqueness for each jet. Although an 
unintended consequence of modeling assumptions, these results highlight the sensitive ignition assistance 
performance under lean PC operation and offers reasoning for the methodology validation disagreement 
observed in Figure 8. It is thought that a combined effect of spark plug asymmetry relative to the PC throat 
and local flow fields near the spark plug at combustion initiation may contribute to the inhomogeneous jet 
development observed in this work with the full model. Similar jet-to-jet inhomogeneities were observed 
in an active PC optical engine study by Rajasegar et al. [64] where an asymmetric location of the spark plug 
relative to the PC throat caused the initial discharge of jets to favor the location of spark plug. The effect of 
spark location on jet discharge has also been documented in CFD modeling by Thelen et al. [63]. 



 

Figure 11: Comparison of full geometry and reduced geometry (inflow boundary method) CFD modeling results for 
E100 at a spark timing of -8 °ATDC under lean (left) and rich (right) PC operation. Contours depict local gas 
temperature.  

To further quantify the agreement between the full and reduced geometry modeling, it is of interest to 
compare the transient prediction of jet composition as well. Figure 12 depicts the mass fraction of the free 
radical OH- and local equivalence ratio as a function of distance from the orifice exit for the full and reduced 
geometries with E100 only. As stated previously, the oxygen-based equivalence ratio calculated by 
CONVERGE considers any reactant species that contains carbon, hydrogen, or oxygen, including CO2 and 
H2O, thus inspection of the local equivalence ratio allows for a quick comparison of various species 
simultaneously. Overall, there is good agreement in the jet equivalence ratio between the full and reduced 
geometry models. It is observed that the local jet equivalence ratio decreases at as the jet penetrates and is 
diluted with MC gases. The results also show good agreement for OH- composition at the orifice exit and 
OH- formation and dilution and or destruction at downstream locations. It is observed that stoichiometric 
PC operation forms the highest concentration of PC-out (Dax = 0 mm) OH- over the duration of the jet, 
however  rich jets form more downstream OH-. This indicates the reacting nature of rich jets promotes 
radical production during mixing and may further contribute to the observed robustness of rich PC 
operation. Based on these results and the predictions of jet temperature evolution observed in Figure 9, the 
reduced geometry model demonstrates strong agreement with the full geometry model and its ability to 
capture relevant jet qualities.  



 

Figure 12: Comparison of full geometry (solid line) and reduced geometry (dashed line) turbulent jet OH- mass 
fractions (right) and overall equivalence ratio (left) at various axial distances from the orifice exit for E100 and the 
targeted PC equivalence ratios of interest. Mass fractions are reported as fraction of mass in monitor point volume 
only. Both reported quantities are averaged between both monitored jets.  

3.2.2 Evaluation of Jet Composition Effects 

The influence of PC equivalence ratio on jet composition is summarized in Table 6 where the top 20 most 
abundant species used in the inflow modeling are ranked based on species concentration. For the sake of 
brevity, the results for E100 are only discussed in this section. The relative abundance of each species is 
determined by integrating the transient species mass fraction over the time duration of the PC exhaustion 
as denoted by a positive mass flow from Figure 10. Each species is then binned to a representative mass 
fraction range based on its averaged concentration during PC exhaustion. As expected, the primary 
constituents that make up 90-95% of the jet composition are basic combustion reactants and products which 
include N2, O2, CO2, and H2O. As the equivalence ratio increases, constituents like CO, C2H5OH, and even 
H2 increase in concentration due to incomplete combustion. Conversely, O2 concentration increases as 
equivalence ratio decreases. For the most part, the relative ranking of constituents that are less than 0.1% 
in concentration are consistent for all equivalence ratios considered with OH-/NO and acetaldehyde 
(CH3CHO) having the highest free radical and combustion intermediate concentrations from E100 fuel, 
respectively.    



Table 6: Breakdown of full geometry jet composition monitored at inflow boundary locations for E100 evaluated at 
varying PC equivalence ratios. The top 20 species reported are ordered from most to least abundant based on mass 
fraction (࢏ࢅ) concentration integrated over the jet duration. The species are binned to mass fraction ranges based on 
average concentration during the jet duration. 

E100 Fuel ࣘ1.3 = ࡯ࡼࣘ 1.0 = ࡯ࡼࣘ 0.7 = ࡯ࡼ 

0.9 > ௜ܻ > 0.1 N2 N2 N2 O2 CO2 

0.1 > ௜ܻ > 0.05 CO2 
H2O 

H2O 
O2 

H2O 
CO2 
O2 
CO 

0.05 > ௜ܻ > 0.01  CO C2H5OH  C2H5OH 

0.01 > ௜ܻ > 0.001 C2H5OH  H2 CO 

0.001 > ௜ܻ 
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To evaluate the observed reactivity trends across PC equivalence ratio, the evolution of sensible enthalpy 
and available chemical energy within the jets was calculated and is presented in Figure 13. In this analysis, 
the jet was treated as a mixture and the representative mixture values reported are the summation of the 
individual species values multiplied by the species mass fractions, or ℎ௠௜௫ = ∑ℎ௜ ௜ܻ and ܪܮ ௠ܸ௜௫ =
ܪܮ∑ ௜ܸ ௜ܻ for all species ݅. First looking at the jet chemical energy calculations, just after -5 °ATDC there is 
a rise and fall of chemical energy (unburnt fuel) that correlates to the previously identified cool jet of 
premixed fuel and air escaping ahead of the jet. As expected, this escaping fuel energy scales with 
equivalence ratio. As the cool jet entrains the main chamber gases, the amount of local chemical energy 
content dissipates. Soon after, the hot jet chases the early cool jet as denoted by the rapid rise in jet 
temperature. If the cool jet mixture isn’t overly mixed out, it likely burns at the head of the penetrating jet, 
however if it does over mix it can lead to an undesirable source of unburned hydrocarbon emissions. Under 
rich and stoichiometric operation, some chemical energy is again present within 0-8mm from the orifice 
exit after the initial cool jet, with rich operation producing the most chemical energy downstream. The fact 
that stoichiometric operation has some residual chemical energy from the PC after the initial cool jet might 
indicate that there is some degree of mixture stratification and not all of the fuel is combusted completely 
within the prechamber. Under lean operation, there is no chemical energy present after the escaped air-fuel 
mixture. The secondary presence of chemical energy within the jet is short-lived as the reactant species 
undergo combustion. By comparison of the temperature and chemical energy plots, it is clear that the jet 
temperature elevates in presence of excess chemical energy from prechamber which is best achieved under 



rich operation. Unsurprisingly, the sensible enthalpy for all cases closely reflects the jet temperature 
profiles. This is because sensible enthalpy is a strong function of temperature and thus no additional 
trends/relationships are observed.  

 

Figure 13: Available jet chemical energy (top row), jet sensible enthalpy (middle row), and jet temperature (bottom 
row) under lean to rich PC conditions with E100 at various distances normal to the orifice exit. All reported quantities 
are averaged between both monitored jets. 

 a simple exercise was conducted by selectively removing constituents from the jet composition at the 
inflow boundary with all other boundary conditions held constant. When composition alterations are made, 
the remaining species are normalized with respect to their relative proportions to one another such that the 
sum of mass fractions sums to unity. First, the composition at the inflow boundary was altered by only 
considering the “inert” combustion products (ICP) including CO2, H2O, O2, and N2. Despite being termed 
“inert”, these species are still able to undergo high temperature conversion to form reacting or radical 
species like CO and OH- within the jets. The impact of removing all reacting and radical species from the 
inflow boundary condition on the jet sensible enthalpy is observed in Figure 14.  



 

Figure 14: Impact of reducing jet composition to consider ICP’s only on jet temperature and jet sensible enthalpy 
under lean (top row), stoichiometric (middle row), and rich (bottom row) PC conditions. Contours depict local gas 
temperature. Solid lines denote the baseline case of all species, dashed lines denote ICP species only. 

It is noted that despite effectively eliminating any chemical energy effects with the ICP jets, the premixed 
air-fuel cool jet phenomena is still present due to the temperature boundary conditions utilized where the 
cool jet was present. Inspection of the jet temperature contours and jet enthalpy evolution of the lean ICP 
variant indicates minimal change in jet quality and highlights the lack of jet chemistry under lean conditions. 
As the equivalence ratio increases, the impact of jet chemistry is amplified as the jet temperature is 
dramatically lessened. Lack of combustion expansion effects with the chemical species removed also 
presents a decrease in the initial jet penetration rate under stoichiometric and rich conditions. Of all ICP 
variants considered, stoichiometric operation yields the highest downstream temperatures. This is a result 
of operating near the peak adiabatic flame temperature and thus proper ignition aid is achievable in absence 
of any chemistry effects. The impact eliminating jet reactivity on the ignition process with the ICP jets is 
observed in the following analysis of Figure 15. 

To evaluate the individual influences of radical and reacting species on the ignition process, the jet 
composition was further altered by returning the respective species independently to the ICP jet 
composition in order to isolate the individual contributions. Inclusion of radical species will not alter the 
jet temperature from the original ICP variant, thus a pure active radical interaction on the ignition process 
can be inferred. For this analysis, lean PC operation was not considered as it has little reacting and radical 
species and thus does not demonstrate any significant effect. The resultant ignition process for each jet 
composition considered is summarized in Figure 15. For both equivalence ratios considered, the addition 
of radical species to the jet composition enhances the MC combustion. This effect appears to be much more 
pronounced under rich operation despite stoichiometric operation producing the most PC-out OH as 



evidenced by Figure 12. These results suggest that the ignition process is not solely temperature dependent, 
rather there are chemical effects that are non-exergonic that aid in ignition which are not captured with the 
ICP jet modeling. Lastly, addition of any reactant species (and removal of any radical species) to the jet 
composition is performed.  The stoichiometric igniter only sees marginal improvement indicating that most 
of the air-fuel mixture is consumed within the PC. Conversely, the rich igniter benefits significantly due to 
the elevated jet temperatures associated with the burning reactants. These results are consistent with the 
finding from the ICP jet comparisons in Figure 14. The addition of reacting species will not only elevate 
jet temperatures but also promote radical production within the reacting jet as evidenced by Figure 12. It is 
important to note that the removal of species only occurs at the inflow boundary and does not limit those 
species from occurring within the jets organically. In other words, even though any PC-out radical species 
are removed by eliminating them from the inflow boundary condition, radicals are still permitted to form 
within the jet if it is reactive. Based on the observed impact of radical contributions from the PC alone, 
downstream radical effects produced from reacting jets likely further enhance the ignition process. By 
combing the radical and reacting jet contributions of ignition aid together, the baseline heat release process 
would be achieved as the jet composition would be returned to its original state.  

 

Figure 15: Impact of jet composition on cylinder pressure and heat release for stoichiometric (left) and rich (right) 
PC operation with E100. 

These results identify that the ignition process of PC-MCC has both thermal and active radical species 
effects. However, the ignition quality observed with chemically exergonic jets achieved under rich and 
stratified stoichiometric operation highlights that this process is largely thermally dominant.  



4. Conclusions  

In this numerical study, flex-fuel (E10-E100) mixing-controlled combustion enabled by prechamber 
ignition was investigated at 2 bar BMEP and 2200 rpm in a single-cylinder heavy-duty Caterpillar C9.3B 
engine model. The results indicate that PC-MCC is a robust flex-fuel ignition assistance technology capable 
of achieving diesel-like ignition delays, thermal efficiencies, and a rate-limited combustion processes like 
diesel over a wide range of operational strategies with no changes to the engine or boundary conditions – 
other than the PC. A strong relationship between PC equivalence ratio and ignition assistance was observed 
in which an inflow boundary modeling technique was used to discern the impact of jet composition on the 
ignition process. The following results are drawn from this numerical evaluation:  

 Overall, stoichiometric and rich PC operation demonstrate robust ignition assistance capabilities of 
direct injected ethanol/gasoline fuel blends.  

 Rich PC operation was shown to have superior ignition qualities based on the ability to produce 
exothermic jets that elevate in temperature as they penetrate. The exothermic behavior of rich PC 
jets was linked to the residual reactant species leftover from the oxygen deficient PC combustion 
process. The residual reactants subsequently burn within the jets as they entrain fresh oxygen in the 
MC. The reacting nature of these jets also promotes the production of radical species that also 
enhances the ignition process. 

 Lean PC jets exhibited poor ignition qualities with jets that were relatively cool and penetrate 
slowly. Lean PC jets also exhibit no exothermic behavior, meaning that the jets cool rapidly as they 
penetrate. 

 An inflow boundary modeling technique was used in this study to model turbulent jets in absence 
of a PC such that fundamental jet speciation investigations could be performed. Overall, strong 
agreement between the inflow boundary modeling and the full geometry model was achieved. This 
modeling technique possesses potential for other valuable contributions related to PC ignition 
processes and other applications. 

 Given that this application is intended to be a flex-fuel platform, an ethanol composition sensor 
will likely be required for engine calibration based on the observed impact of fuel composition on 
PC equivalence ratio.  

 The rudiments of jet-induced ignition of a mixing fuel spray was identified to be largely thermally 
dominant, however PC-out and intra-jet production of radical species also enhances the combustion 
process. 

The limitations of rich-burn PC operation will need to be addressed experimentally. Excessive rich 
operation will likely result in coking of the PC injector, spark plug, and the PC itself and accelerate particle 
buildup, especially with lower ethanol content blends. Higher fueling quantities at light loads and idle 
conditions may also present challenges due to excessive fuel filming from poor evaporation. In contrast, 
rich PC operation may be quintessential under harsh operating conditions.  
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Nomenclature 

߶௢௫ oxygen-based equivalence ratio 
°ATDC degrees after top dead center 
°ASOJ degrees after start of jet 
°BTDC degrees before top dead center 
BMEP brake mean effective pressure 
BOB blendstock for oxygenated blending 
CDC conventional diesel combustion 
CFD computational fluid dynamics 
EGR exhaust gas recirculation 
EOI end of injection 
EVC exhaust valve closure 
EVO exhaust valve open 
GIE gross indicated efficiency 
GDI gasoline direct injection 
HPDI high pressure direct injection 
ICP inert combustion products 
IVC intake valve closure 
IVO intake valve open 
LHV lower heating value 
MC main chamber 
MCC mixing-controlled combustion  
PC prechamber 
PC-MCC prechamber enabled mixing-controlled combustion 
RANS Reynolds averaged Navier-Stokes 
RSM Reynolds stress models 
SI spark ignition 
SOI start of injection 
SOC start of combustion 
TDC top dead center 
TJI turbulent jet ignition  
WDF wide distillation fuel 
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