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Abstract: This article describes the results of a response surface model (RSM)-based numerical
optimization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold
combustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a
multitude of hardware design variables and engine operating parameters. The main design variables
included the number of injector nozzles, fuel split quantities and injection timings, and spark timing.
The objective variables were engine combustion efficiency (
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Abstract: This article describes the results of a response surface model (RSM)-based numerical op-
timization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline 
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
timing. The objective variables were engine combustion efficiency (ŋc), maximum pressure rise rate 
(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c), maximum pressure rise rate (MPRR),
and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were automatically
generated using the Sobol sequence method provided by the commercial software package, CAESES.
Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simulations under cold
idling operations were performed. The outcomes from the CFD-DoE design campaign were utilized
to construct high-fidelity RSMs that allowed for further design optimization of the spark plug- and
fuel injector-related design variables, along with fuel injection strategy parameters. A merit function
with respect to objective variables was formulated with an appropriate weight assignment on each
objective variable. Finally, the best design candidate was identified from the RSM-based optimization
process and further validated in the CFD analysis. The best design candidate showed the potential to
significantly improve combustion efficiency (
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1. Introduction

With the increasing regulatory demand to reduce criteria pollutants and CO2 emissions
from vehicles, research efforts have been dedicated to developing high-efficiency, clean engine
combustion strategies [1–9]. Among these combustion strategies, gasoline compression
ignition (GCI) [10–15] has recently gained attention, as it offers a promising pathway for
substantial reduction in criteria pollutant emissions compared to diesel combustion, whereas
attaining diesel-like efficiency that outperforms traditional spark ignition (SI) engine via a lean
burn operation and higher compression ratios (CRs) [16,17]. Kalghatgi and co-workers [18]
experimentally studied the effects of four fuels, ranging from diesel to gasoline, on the
performance of a single-cylinder diesel engine across multiple load points. The results
showed that gasoline had a greatly longer ignition delay and produced much lower engine-
out nitrogen oxides (NOx) and smoke emissions in comparison with diesel fuels. Manente
et al. [19] tested nine gasoline fuels with varying octane ratings under a broad load range of
GCI operations in a single-cylinder heavy-duty (HD) diesel engine. Implementing idealized
boost and exhaust gas recirculation (EGR) boundary conditions, they demonstrated high
efficiency, low emissions, and a full load operating range when using 70 research octane
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number (RON) gasoline. In the works of Zhang et al. [16,20,21], partially premixed and
mixing-controlled GCI combustion on a 15 L, six-cylinder HD diesel engine resulted in
promoted NOx-soot tradeoffs and diesel-equivalent or better fuel efficiency.

Despite the promising potential of GCI combustion as a result of gasoline’s low
reactiveness, it is difficult for GCI to achieve strong ignition and reliable combustion during
cold operations [21–25]. Therefore, for GCI engines to become viable in a real-world
environment, evaluating different aiding strategies for cold operations becomes necessary
to select and develop a reliable solution that provides robust ignition and enhances GCI’s
performance under cold conditions.

In our previous work [23], we employed a three-dimensional (3D) computational
fluid dynamics (CFD) analysis to build models that have adequate fidelity for GCI cold
operation strategy development. The CFD model developed was capable of predicting
spray and combustion processes in cold environments reasonably well. First, it was used
to investigate a range of fuels’ ignitability, as well as the effects of initial thermodynamic
conditions on auto-ignition by deactivating any ignition assist strategies. Subsequently,
a forced ignition assist strategy, the glow plug, was investigated. It is a strategy that has
been extensively utilized in light-duty (LD) diesel engines during cold start to pre-heat the
local mixture and enhance fuel vaporization. The impact of a glow plug-assisted strategy
on GCI combustion under cold operations in an HD diesel engine was evaluated in the
authors’ earlier work [26]. It was noticed that as the surface temperature of the glow plug
increased, combustion efficiency improved, and combustion phasing advanced. Further,
the spray plume—glow plug interaction was important for promoting combustion.

Thereafter, a spark-assisted strategy was investigated in the abovementioned HD GCI
engine at cold idle. As a first step in spark-assisted cold operation strategy development,
parametric studies on key design variables, including spark plug orientation, spark timing,
fuel injection strategy, and injector spray pattern, were conducted through a closed-cycle 3D
CFD combustion analysis [27,28]. The results showed that spark plug configuration, such
as the orientation of the spark plug and the spark ignition timing, could affect the spray
plume—spark plug impingement, thereby influencing early flame kernel development.
Different fuel injection strategies and various injector spray patterns also influenced the
early-stage flame kernel growth by controlling the local fuel stratification around the spark
gap region.

Together, these spark-assisted GCI studies provided important insight into the strong
influences of the fuel spray pattern and injection strategies on geometry-guided fuel–air
mixing and combustion performance. As a next step, the present study extends the research
effort by conducting an optimization campaign based on DoE/response surface model
(RSM) approach to explore the optimal fuel injection strategy and spray pattern within a
spray-guided spark assistance framework. The best design candidates attained through the
optimization process were further validated using CFD analysis and evaluated against the
baseline design. Finally, a sensitivity analysis of the main design variables was performed
to gain a clear understanding of their effects on closed-cycle engine performance.

2. Methodology
2.1. Engine and Fuel Injector Specifications

Consistent with the authors’ previous work [16,23,26–28], a Cummins ISX15 six-cylinder
HD diesel engine with a CR of 17.3 was used in this work. Modification of the cylinder head
was made to achieve a swirl ratio of 1.0. A common-rail, high-pressure fuel injection system
was employed. The fuel injector was centrally installed on the cylinder head. The baseline
production injector has 8 nozzle holes with 186 µm nozzle diameter and 148◦ spray inclusion
angle. The key engine and fuel injector specifications are provided in Table 1.
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Table 1. Engine and fuel injector specifications.

Engine Specifications

Displacement volume (L) 14.9
Number of cylinders 6

Bore (mm) 137
Stroke (mm) 169

CR 17.3
Swirl ratio 1.0

Fuel injection system 2500 bar common rail

Baseline Injector Specifications

Number of nozzle holes 8
Nozzle hole diameter (µm) 186
Spray inclusion angle (◦) 148

2.2. Fuel Specifications

A market-based RON92 E0 gasoline was utilized in previous GCI engine testing and
analysis work in this study. In order to prevent additional wear on the common-rail diesel
fuel system when operating low viscosity and high volatility gasoline, a 200 ppm dose of
commercially available, ester-based lubricity additive was added to the gasoline fuel [21].
By employing the high-frequency reciprocating rig test, this level was established to create
wear scar diameters that were equal to or less than those generated when employing US
market-based diesel [23]. Table 2 lists the RON92 gasoline fuel properties.

Table 2. RON92 gasoline properties.

Fuel RON92 Gasoline

RON 93.2
Motor octane number (MON) 84.4

Anti-knock index (AKI) 88.8
Lower heating value (LHV) (MJ/kg) 43.29

H/C ratio 1.85
Cetane number 20.5

Density at 15.6◦C (kg/m3) 734
Kinematic viscosity (cSt) 0.55

Aromatics (vol%) 24.9
Olefins (vol%) 8.5

Saturates (vol%) 65.6
Sulfur (ppm) 5.1

Initial boiling point (IBP) (◦C) 35
T10 (◦C) 50
T50 (◦C) 83
T90 (◦C) 148

Final boiling point (FBP) (◦C) 199

2.3. Cold Idle Operating Conditions

The evaluation was conducted at the engine idle operating point. The engine thermal
boundary conditions were adjusted to mimic idle operations during a cold federal test
procedure (cFTP) cycle. The intake manifold and the engine coolant were kept at room
temperature. The best control on oil gallery temperature in the experiments was ~50 ◦C.
The detailed test conditions are listed in Table 3.
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Table 3. Baseline cold idle conditions.

Engine Operating Conditions

Engine speed (r/min) 600
Net indicated mean effective pressure (IMEPn) (kPa) 100

EGR 0%
Intake manifold pressure (kPa) 113

Intake manifold temperature (◦C) 26
Oil gallery temperature (◦C) 50

Coolant temperature (◦C) 27
Injection pressure (MPa) 30

Injection strategy pilot/main
Fuel injection quantity (mg/cycle/cylinder) 27.6

Fuel injection split ratio (mass%) 0.4:0.6
Start of fuel injection timings (SOI) (◦ATDC) SOI1st = −30; SOI2nd = −16

2.4. CFD Model Description

All of the simulations reported in this work were conducted with a commercial CFD
code CONVERGE [29]. Discrete phase modeling in a Lagrangian-Eulerian framework and
Reynolds-Averaged Navier-Stokes (RANS) turbulence modeling were employed.

As listed in Table 4, the spray sub-models, the renormalization group (RNG) k-ε turbu-
lence model, and the detailed chemistry combustion solver were used to simulate spray,
in-cylinder turbulent flow, and combustion processes. A reduced primary reference fuel
(PRF) mechanism [30] was applied to predict fuel auto-ignition and subsequent combustion.
It has been shown from previous GCI combustion simulations that this reduced mechanism
agreed well with experiments [21,31]. Detailed information on each sub-model can be
found in the authors’ earlier works [23,26–28]. In the current study, closed-cycle engine
combustion simulations were performed from intake valve closing (IVC = −137◦ATDC) to
exhaust valve opening (EVO = 148◦ATDC).

Table 4. CFD model details.

CFD Model Details

Injection Blob
Drop drag Dynamic

Drop evaporation Frossling correlation
Drop collision No-time-counter (NTC) method
Spay breakup Modified Kelvin-Helmholtz (KH)-Rayleigh-Taylor (RT)
Combustion Detailed chemistry

Surrogate fuel PRF92
Chemical kinetics Reduced PRF mechanism by Liu et al. [30]

Turbulence RNG k-ε
Wall heat transfer O’Rourke and Amsden

When simulating spark assistance, a J-strap shaped spark plug was positioned on the
cylinder head, as shown in Figure 1. A spray-guided spark-assisted ignition strategy was
undertaken with the spark gap in the flow path of one of the spray plumes. The spark plug
protruded approximately 3.6 mm from the cylinder head, and it was about 15 mm between
the spark plug and injector. The baseline spark timing was −29◦ after the top dead center
(ATDC), with 1◦ CA after SOI1st. A two-stage energy distribution was used to depict the
ignition in order to take into consideration the breakdown phase and arc/glow phase. Two
spherical spark energy sources of 0.45 mm diameter were added between the electrodes
across the spark gap. A total energy of 40 mJ was released, including 20 mJ in the first
phase for 0.5◦CA (−29 to −28.5◦CA) and 20 mJ in the second phase for 10◦CA (−29 to
−19◦CA). The detailed setup of the spray-guided spark assistance strategy can be found in
the authors’ previous publications [27,28].
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Figure 1. (a) Schematic of cylinder head, injector, spark plug, and piston; (b) a two-stage energy distribution.

A 1.4 mm base mesh size was employed in the computational domain. A two-level
sub-grid scale-based adaptive mesh refinement (AMR) on temperature and velocity gra-
dients was utilized to automatically refine the mesh down to 0.35 mm. A one-level fixed
embedding refinement resulting in a 0.7 mm mesh size was permanently imposed on the
piston and cylinder head to accurately simulate flow near these boundaries; a two-level
conical area of fixed embedding, leading to 0.35 mm mesh size, was specified around
the injector to better predict the spray dynamics. Additionally, when simulating spark
assistance, a three-level spherical area of fixed embedding (i.e., 0.175 mm mesh size) was
used to precisely model the flow around the spark plug. The mesh refinement study can be
found in earlier works [26–28].

Note that the boundary and initial conditions utilized in the closed-cycle simulations
were procured from a one-dimensional (1D) GT-Power physical model. 3D CFD model
validation against GCI engine experiments at cold idle was reported and discussed in [23].

2.5. Optimization Workflow

In the current study, a DoE/RSM optimization method was used. It utilizes statistical
models to build proper response surfaces for optimization and has been employed in many
applications [32–38]. The general optimization workflow is described as follows.

First, pre-DoE studies were performed to identify key design parameters and relevant
design ranges. Next, a high-dimensional design space with multiple design parameters
was carefully constructed and filled. Subsequently, CFD simulations of all space-filled
design cases were performed, with the key performance results used as inputs to establish
the RSMs. Finally, the top-ranked design candidates were found via the RSM-based
optimization approach and validated in CFD analysis. The details of each step of CFD-DoE
guided optimization are reported in a recent publication [39]. The specific space-filling
method and RSM approach used in this work to achieve the best design will be discussed
in the next section.

3. Results and Discussion
3.1. Overview of Previous Pre-DoE Spark Assistance Studies

In earlier pre-DoE studies by the authors [27,28], the effects of various design variables
on spark-assisted GCI combustion during cold idle operations were studied in detail. To
recap briefly, Figure 2 compares one case without spark assistance (w/o SP) and another
with spark plug assistance (w/SP). The fuel droplet distribution and the flame volume
development were presented for the two cases over a range of crank angles after SOI2nd. It
was observed that the onset of ignition was much delayed (at 5◦ATDC) for the w/o SP case.
In contrast, for the w/ SP case, ignition occurred earlier (at −15◦ATDC) near the spark plug
region, leading to faster spray breakup and fuel vaporization. Therefore, the combustion
process was further accelerated.
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Generally, when a spark plug was used, an early ignition occurred near the spark plug,
and the combustion efficiency of the case with spark plug assistance was found to increase
by 11% compared to the case without it. Other studies [40–42] have also demonstrated
the effectiveness of spark assistance in enhancing engine combustion performance under
cold-starting conditions.

An in-depth pre-DoE analysis of the seven variables related to fuel spray patterns and
injection strategies was conducted in Ref. [28]. Figure 3 highlights the relative significance of
each design parameter on engine combustion efficiency (

 
 

 

 
Energies 2023, 16, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/energies 

Article 

Numerical Optimization of Spray-Guided Spark Assistance for 
Cold Idle Operation in a Heavy-Duty Gasoline Compression 
Ignition Engine 
Le Zhao 1,*, Yu Zhang 1, Yuanjiang Pei 1, Anqi Zhang 1 and Muhsin M. Ameen 2 

1 Aramco Americas: Aramco Research Center–Detroit, Novi, MI 48377, USA;  
yu.zhang@aramcoamericas.com (Y.Z.); yuanjiang.pei@aramcoamericas.com (Y.P.);  
anqi.zhang@aramcoamericas.com (A.Z.) 

2 Argonne National Laboratory, Lemont, IL 60439, USA; mameen@anl.gov 
* Correspondence: le.zhao@aramcoamericas.com 

Abstract: This article describes the results of a response surface model (RSM)-based numerical op-
timization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline 
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
timing. The objective variables were engine combustion efficiency (ŋc), maximum pressure rise rate 
(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 

Keywords: gasoline compression ignition; cold operation; spark assistance; CFD; design of experi-
ments; optimization 
 

1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c). Combustion efficiency ranges
from maximum to minimum values for each design variable. The black and blue dashed lines
indicate the baseline combustion efficiencies without and with spark assistance, respectively,
to highlight how much improvement in combustion efficiency could be gained. Overall, the
design variables that showed the strongest sensitivity were the number of injector nozzles,
SOI1st, and the fuel split ratio. A relatively high percentage increase in combustion efficiency
was obtained as SOI2nd varied. Other variables, such as injector clocking and spray inclusion
angle, were found to be ineffective in influencing combustion characteristics.
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compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
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(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c) under a spark-assisted
cold idle operation in an HD GCI engine.

3.2. DoE/RSM Based Design Optimization

With a good understanding gained from the aforementioned studies, five main design
variables—fuel split ratio, number of nozzle holes, SOI1st, ∆1 (dwell time between spark
timing (ST) and SOI1st), and ∆2 (dwell time between pilot and main injections, viz., dif-
ference between SOI2nd and end of the first injection (EOI1st))—were selected for the DoE
analysis. The design range for each variable is listed in Table 5. The reasons for including
∆1 as a design variable are that spark timing is critical to flame formation and development,
and local fuel–air mixing and subsequent combustion depend on the dwell time between
ST and SOI1st [27,28].



Energies 2023, 16, 637 7 of 14

Table 5. Design variables and ranges for DoE.

Design Variables Range

split1st 0.2 to 1
number of nozzle holes 8 to 14

SOI1st (◦ATDC) −32 to −19
∆1 = (ST − SOI1st) (◦) 1 to 3

∆2 = (SOI2nd − EOI1st) (◦) 3 to 24

150 designs were generated using Sobol sequence [43] in CAESES software. This sam-
pling method aims to randomly distribute the samples throughout the entire hyperspace.
The four two-dimensional (2D) design space is graphed in Figure 4. The sampling method
provided robust control over the distribution in the design space, and all data points were
evenly distributed.
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pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
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c), maximum rate of pressure rise (MPRR), and NOx emissions
were chosen as the three most important indicators for evaluating the design candidates.
A merit function in Equation (1) was formulated. The baseline combustion efficiency (
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c)
was 76%, and the target MPRR and NOx were 10 bar/CAD and 6 g/kWh, respectively. In
this study, the RSM was fitted and optimized through the interpolating recmultiquadric
radial basis function (RBF) method [44] in the MATLAB-Based Calibration (MBC) toolbox.
Figure 5 shows an example of the response surfaces of combustion efficiency (
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c) and NOx
emissions with respect to the number of nozzle holes and SOI1st. It was noted that the
number of injector nozzles and SOI1st were the more influential factors for combustion
efficiency and NOx.

Merit = 100 ×
[

ηc

ηc_base
− f (MPRR)− f (NOx)

]
(1)
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where

f (MPRR) =

{
MPRR

MPRR_target
− 1, if MPRR > MPRR_target

0, if MPRR ≤ MPRR_target

f (NOx) =

{
NOx

NOx_target
− 1, if NOx > NOx_target

0, if NOx ≤ NOx_target
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Abstract: This article describes the results of a response surface model (RSM)-based numerical op-
timization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline 
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
timing. The objective variables were engine combustion efficiency (ŋc), maximum pressure rise rate 
(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c and 1.6% in NOx). Table 6 compares the baseline case and the RSM-best case
(CFD validated) in terms of design and objective variables. The RSM-best case showed a
17 percentage point improvement in combustion efficiency (
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age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
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1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 

Citation: Zhao, L.; Zhang, Y.; Pei, Y.; 

Zhang, A.; Ameen, M.M. Numerical 

Optimization of Spray-Guided Spark 

Assistance for Cold Idle Operation 

in a Heavy-Duty Gasoline  

Compression Ignition Engine.  

Energies 2023, 16, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Haifeng Liu and 

Zongyu Yue 

Received: 22 November 2022 

Revised: 8 December 2022 

Accepted: 29 December 2022 

Published: 5 January 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

c) at the cost of a moderate
increase in NOx compared to the baseline case. The merit value in the RSM-best case was
also much larger than that in the baseline case. Figure 6 presents a comparison of the
global combustion characteristics between the baseline and optimized cases. The RSM-best
case clearly had a higher peak in-cylinder pressure, a stronger apparent heat release rate
(AHRR), a more advanced start of combustion (SOC), and a shorter combustion duration,
contributing to enhanced combustion efficiency, as shown in Table 6.

Table 6. Comparison of baseline and RSM-best performance cases.

Design Variables Baseline RSM-Best

split1st 0.4 0.33
number of nozzle holes 8 14

SOI1st (◦ATDC) −30 −26
∆1 = (ST − SOI1st) (◦) 1 1.9

∆2 = (SOI2nd − EOI1st) (◦) 12.2 5.2

Objective Variables Baseline RSM-Best
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c 0.76 0.93
MPRR (bar/CAD) 2.2 5.7

NOx (g/kWh) 3.5 4.8
Merit value 100 121
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Figure 6. Comparison of in-cylinder pressure and apparent heat release rate (AHRR) between baseline
and RSM-best cases.

Furthermore, Figure 7 shows the local flame kernel growth and the distributions of
the in-cylinder flow and equivalence ratio (Φ) fields near the spark gap between the two
cases. For the baseline case, it was seen that the fuel spray plume was carried by the flow
toward the upper part of the spark plug electrode, causing the flame kernel to be partially
suppressed. However, in the RSM-best case, the flame kernel was continually developed
and propagated with a proper mixture surrounding the spark plug. Therefore, it drove a
faster and more robust ignition process.
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Figure 7. Comparison of local flame development and the distributions of in-cylinder flow and
equivalence ratio (Φ) fields near spark gap between baseline and RSM-best cases.

3.3. Sensitivity Analysis

Figure 8 shows a heatmap for the five individual design variables and the three
objective variables. The correlation coefficient (ρij) was utilized to evaluate the strength of
the relationship between each design parameter and each objective variable. The correlation
coefficient (ρij) was calculated based on the covariance of the two selected variables and
their standard deviations, as shown in Equation (2). Note that the correlation considered
the combination of these design factors concurrently.

ρij =
COV(i, j)

σiσj
(2)

where

COV(i, j) is the covariance of variables i and j
σi and σj are standard deviations of variable i and j, respectively
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Abstract: This article describes the results of a response surface model (RSM)-based numerical op-
timization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline 
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
timing. The objective variables were engine combustion efficiency (ŋc), maximum pressure rise rate 
(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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were the number of nozzle holes, SOI1st, and split ratio (split1st).

When analyzing the sensitivity and behavior of each of these three top-ranked design
variables on combustion performance, the other variables were maintained at levels similar
to those in the RSM-best case. Similar to previous studies [28], in general, the increase
in the number of nozzles resulted in higher combustion efficiency (
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pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
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c), MPRR, and NOx
emissions, as shown in the 2D response surface plot in Figure 9a. Figure 9b provides
the in-cylinder pressure and AHRR in three different numbers of nozzles (9-, 11-, and
14-hole). A consistent trend with the response surface plot was observed, showing that a
larger number of nozzle holes led to higher peak in-cylinder pressure and AHRR, earlier
SOC, more advanced combustion phasing, and shorter combustion duration. The lower
spray momentum in the larger number of nozzles resulted in the weaker spray–spark plug
interaction and helped the flame kernel develop and propagate, facilitating earlier ignition.
Moreover, since the swirl motion effect was stronger in the larger number of nozzles, better
fuel–air mixing led to enhanced combustion and higher combustion efficiency.
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Abstract: This article describes the results of a response surface model (RSM)-based numerical op-
timization campaign for spray-guided spark assistance at cold operations in a heavy-duty gasoline 
compression ignition (GCI) engine. On the basis of an earlier work on spark-assisted GCI cold com-
bustion, a space-filling design of experiments (DoE) method was first undertaken to investigate a 
multitude of hardware design variables and engine operating parameters. The main design varia-
bles included the number of injector nozzles, fuel split quantities and injection timings, and spark 
timing. The objective variables were engine combustion efficiency (ŋc), maximum pressure rise rate 
(MPRR), and engine-out nitrogen oxide (NOx) emissions. A total of 150 design candidates were au-
tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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1. Introduction 
With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c) and the number of nozzle
holes; (b) in-cylinder pressure and apparent heat release rate (AHRR) in different numbers of nozzles.

SOI1st had notable effects on both early ignition and late main combustion. When
advancing or retarding SOI1st too much, the environment for flame kernel formation
and the mixing process became unfavorable, as shown in the 2D response surface in
Figure 10a, leading to lower combustion efficiency (
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c). Within the SOI1st range studied in
the current work, SOI1st of −26◦ ATDC showed higher combustion efficiency. This was
further supported by Figure 10b, in which the comparison between SOI1st of −26◦ and



Energies 2023, 16, 637 11 of 14

−24◦ ATDC indicated a higher peak in-cylinder pressure, a stronger AHRR, and more
advanced SOC and combustion phasing in SOI1st of −26◦ ATDC.
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bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
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c) and the start of the first
fuel injection timing (SOI1st); (b) in-cylinder pressure and apparent heat release rate (AHRR) in
different SOI1st.

The fuel split ratio was also profound because it affected the injected fuel quantity
and injection durations during both the pilot and main injections. This, in turn, affected
how strong the spray momentum was and how well the air and fuel mixed [28]. From the
2D response surface in Figure 11a, with either an excessive decrease or increase in split1st,
combustion efficiency (
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c) deteriorated. When the fuel quantity during the first injection
decreased too much, fuel–air mixing was not beneficial for early flame development. On
the other hand, the rich mixture suppressed flame growth and propagation when the pilot
fuel injection quantity increased excessively, leading to lower combustion efficiency. In the
current study, the best performance was observed in split1st = 0.33, as in the selective cases
in Figure 11b, where a higher maximum in-cylinder pressure and a stronger AHRR were
found in split1st = 0.33 than in split1st = 0.8.
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c) and fuel split ratio (split1st);
(b) in-cylinder pressure and apparent heat release rate (AHRR) in different fuel split ratios.

4. Conclusions

In this study, CFD-guided design optimization was performed within a spray-guided
spark assistance framework under gasoline compression ignition (GCI) cold operations.
The DoE response surface model (RSM) optimization approach was utilized to optimize
the fuel spray pattern and injection strategies. The main design variables included the
number of injector nozzles, fuel injection quantities and timings, and spark timing. The
key performance parameters were engine combustion efficiency (
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tomatically generated using the Sobol sequence method provided by the commercial software pack-
age, CAESES. Then, closed-cycle computational fluid dynamic (CFD) spark-assisted GCI simula-
tions under cold idling operations were performed. The outcomes from the CFD-DoE design cam-
paign were utilized to construct high-fidelity RSMs that allowed for further design optimization of 
the spark plug- and fuel injector-related design variables, along with fuel injection strategy param-
eters. A merit function with respect to objective variables was formulated with an appropriate 
weight assignment on each objective variable. Finally, the best design candidate was identified from 
the RSM-based optimization process and further validated in the CFD analysis. The best design 
candidate showed the potential to significantly improve combustion efficiency (ŋc > 90%) over the 
baseline at cold idle while satisfying MPRR and NOx emissions constraints (MPRR < 5 bar/CAD and 
NOx < 4.5 g/kWh). 
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With the increasing regulatory demand to reduce criteria pollutants and CO2 emis-

sions from vehicles, research efforts have been dedicated to developing high-efficiency, 
clean engine combustion strategies [1–9]. Among these combustion strategies, gasoline 
compression ignition (GCI) [10–15] has recently gained attention, as it offers a promising 
pathway for substantial reduction in criteria pollutant emissions compared to diesel com-
bustion, whereas attaining diesel-like efficiency that outperforms traditional spark igni-
tion (SI) engine via a lean burn operation and higher compression ratios (CRs) [16,17]. 
Kalghatgi and co-workers [18] experimentally studied the effects of four fuels, ranging 
from diesel to gasoline, on the performance of a single-cylinder diesel engine across mul-
tiple load points. The results showed that gasoline had a greatly longer ignition delay and 
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c), maximum rate of
pressure rise (MPRR), and engine-out NOx emissions. The best design candidate was
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identified via the RSM-based optimization process and validated against CFD simulations.
The engine combustion performance results from the best design showed significantly
improved combustion efficiency (~93%) over the baseline case (76%) while satisfying MPRR
and NOx emission constraints (MPRR < 5 bar/CAD and NOx < 4.5 g/kWh). Based on the
sensitivity analysis, it was found that the number of nozzle holes, SOI1st, and fuel split
ratio were the most influential design variables on combustion performance.

Despite its advantages, spray-guided spark assistance may have some limitations,
such as durability issues and soot emission formation due to spray impingement on the
spark plug. By utilizing the same methodology, further efforts will be made on a wall-
guided spark assistance approach, where the spark plug is located farther away from the
injector, to develop operating strategies to maximize the GCI’s combustion performance
and reduce emissions formation during cold operating conditions.
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c Combustion efficiency
Φ Equivalence ratio
SOI1st Start of the first fuel injection
SOI2nd Start of the second fuel injection
EOI1st End of the first fuel injection
ST Spark timing
split1st Fuel split ratio
∆1 Dwell time between spark timing and SOI1st
∆2 Dwell time between pilot and main injections
ρij Correlation coefficient of variables i and j
COVij Covariance of variables i and j
σi, σj Standard deviations of variable i and j, respectively
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