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Abstract
Controllability of combustion characteristics in combustion systems, specifically for internal combustion engines, is vital 
for environmental compliance. This study experimentally investigated the simultaneous effects of the porous medium (PM) 
application and biodiesel addition on the spray and combustion characteristics of the gasoline–biodiesel blended fuel. A 
ring-shaped metal PM with 10 or 20 pores per inch pore density (PPI) is installed in a constant-volume combustion chamber 
for fuel injection through it. Varied blends of gasoline–biodiesel fuel (volume fraction: 5–15%) are tested at three different 
temperatures (750–1050 K). The results showed that the blended fuel spray interaction with the PM enhanced the fuel dis-
persion within the combustion chamber. The spray-projected area fraction increased by 4.4% and 28.2%, with the 10 and 20 
PPI PM. The porous medium lowered the combustion pressure, temperature, heat release rate, extended ignition delay, and 
prolonged combustion duration, facilitating homogeneous combustion. The pressure decrease was around 12% and 59%, 
and the ignition delay increase was 223% and 263% for the 10 and 20 PPI PM. Conversely, biodiesel addition increased the 
combustion pressure, temperature, and heat release rate while reducing the ignition delay time. While the pressure increase 
was more than 100%, the PM reduced it by around 50%. The ignition delay reduction was around 50%, but the PM could 
increase it from 5 to 218%. Therefore, PM and biodiesel applications can be combined to address high emissions of gaso-
line–biodiesel blended fuel in free-spray combustion and the prolonged ignition delay associated with PM.
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Introduction

Recent assessments have revealed that internal combustion 
(IC) engines will not be replaced by all-electric vehicles, at 
least for the heavy vehicle sector, in the coming years, and 
the transition will require decades [1]. Therefore, enhancing 
the efficiency of IC engines and reducing their emissions 
remain top priorities for researchers.

Conventional diesel engines are favorable owing to their 
simplicity and cost-effectiveness. Compression ignition 
(CI) engines outperform spark ignition (SI) engines due to 
their higher compression ratios and the absence of pumping 

losses, resulting in lower hydrocarbons (HC) and carbon 
monoxide (CO) emissions. However, they must contend with 
higher nitrogen oxide  (NOx) and particulate matter emis-
sions while striving to maintain their efficiency. Recently, 
gasoline compression ignition (GCI) engines, which utilize 
gasoline-like fuels in CI engines, have shown promise [2, 
3]. Nevertheless, the primary challenge in commercializing 
GCI engines lies in controlling combustion characteristics 
and instabilities. Gasoline and gasoline-like fuels exhibit low 
reactivity and resist autoignition under specific engine loads 
during compression ignition. Consequently, various methods 
have been proposed to address combustion instability in GCI 
engines, including injection strategies, exhaust gas residual 
(EGR), biodiesel blending, and oxygen content adjustment 
[4].

Moreover, commercially available gasoline and other low-
octane fuels typically possess lower lubricity and viscosity 
compared to diesel. Therefore, the successful implementa-
tion of GCI technology in existing systems optimized for 
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diesel necessitates fuel characteristics improvement. Conse-
quently, several studies have concentrated on enhancing the 
fuel characteristics through blended fuels [5, 6]. Researchers 
have also investigated the combined effects of altering fuel 
octane numbers, variations in air intake conditions, exhaust 
gas recirculation, and fuel injection pressure [7, 8]. Addi-
tionally, researchers have focused on injection quantity and 
timing, exploring strategies such as double injection, ozone 
addition coupled with two-stage direct injection, varying 
injector spray angles, and pilot injection.

Among the mentioned approaches for improving the fuel 
specifications to yield the desired combustion properties in 
GCI engines, the biodiesel addition has shown an acceptable 
performance. Biodiesel is defined as monoalkyl esters of 
long-chain fatty acids rooted in renewable fatty raw materi-
als. The typical sources of raw materials are vegetable oil, 
animal oil, waste, and recycled oil [9, 10]. Environmental 
impacts of the waste cooking oil disposal, resulting in soil 
contamination, make it a good choice for biodiesel produc-
tion. Biodiesel of waste cooking oil has similar specifica-
tions to diesel. Besides, it has 21–31% by mass of oxygen-
ated compounds in its structure, which promotes complete 
combustion. It is claimed that biodiesel combustion releases 
44% less CO than diesel and contains no aromatic and sulfur 
compounds [11]. Intensified research has consistently been 
implemented to optimize biodiesel production methods and 
produce more cost-effectively [9, 12–14]. To study the per-
formance of biodiesel in improving gasoline characteristics, 
Thongchai et al. [15] have compared the spray characteristic 
of gasoline-biodiesel blended fuel (5% biodiesel) with the 
neat gasoline fuel in a constant-volume combustion chamber 
(CVCC). They reported that the spray penetration length of 
the blended fuel was like neat diesel fuel. In their experi-
ments, the higher ambient pressure resulted in the increased 
spray cone angle of the blended fuel. Duy et al. [16] have 
also studied the spray characteristics of gasoline-biodiesel 
blended fuel in a CVCC under GCI engine conditions. They 
reported that increased biodiesel fraction in the blended 
fuel results in increased spray penetration length due to 
the fuel characteristics and the alteration in fuel injection 
momentum.

Considering the combustion characteristics of gasoline-
biodiesel blended. Das et al. [17] studied the performance 
of a blended fuel with 5% and 20% volume fraction of bio-
diesel in a CVCC. Their results showed that the addition of 
biodiesel shortened the ignition delay, which was due to the 
oxygen content in the biodiesel. In their study, they investi-
gated the effects of the ambient temperature. However, they 
did not consider the effects of the oxygen concentration on 
the combustion characteristics, and their experiments were 
limited to a constant oxygen concentration of 15%. Vu et al. 
[18] have investigated the ignition and combustion charac-
teristics of the gasoline-biodiesel blend in a CVCC. Their 

study included the effects of different ambient conditions 
(gas density of 5 kg  m−3 and 15 kg  m−3, ambient tempera-
ture of 800–1200 K, and oxygen content of 10–21%). They 
reported that the higher ambient oxygen and temperature 
could reduce the ignition delay. Their study did not consider 
the impacts of the biodiesel concentration and was done at 
a constant biodiesel volume fraction of 20%. Zhong et al. 
[19] have studied the spray and combustion characteristics 
of gasoline-hydrogenated catalytic biodiesel (HCB) blended 
fuel in a CVCC. They considered different ambient tempera-
tures (800–900 K) and oxygen concertation (10–21%). They 
concluded that the ignition delay declines as the quantity of 
HCB increases. The ignition delay and flame liftoff length 
of blended fuel with 50% gasoline and 50% biodiesel were 
closer to diesel. In another study, Zhong et al. [20] inves-
tigated the autoignition characteristics of gasoline-HCB 
blended fuel at equivalence ratios of 0.5–1.5, temperature of 
655–870 K, and pressures of 10 and 15 bar. They presented 
a simulation model with an acceptable accuracy for predict-
ing the impacts of pressure, blending, and equivalence ratio 
on the ignition delay time. In a study, Nam et al. [21] have 
also confirmed that the increase in ambient temperature and 
growth of biodiesel proportion in the blended fuel reduces 
the ignition delay time. However, their study was done with 
a constant equivalence ratio of 0.5.

In addition to the mentioned strategies for controlling 
combustion instability in GCI engines, previous studies 
have shown that besides the common applications of the 
porous medium (PM) such as heat exchangers, cryogen-
ics, thermal insulation, and thermal energy storages [22], 
its application in combustion systems, such as burners, can 
yield stable combustion in a wide range of fuel properties 
and air/fuel ratios [23]. PM applications have also proven 
beneficial in controlling combustion characteristics in IC 
engines [24–27]. Higher projected spray area and multi-jet 
formation after the fuel spray interaction with the PM result 
in better air entrainment and air–fuel mixture homogeniza-
tion [28, 29]. Numerical studies have primarily centered on 
the heat storage capacity of PM and its impact on combus-
tion zone temperature [30, 31]. Liu et al. [32] proposed a 
two-zone model, establishing that the delay in diesel igni-
tion in PM depends on the initial PM temperature. Moham-
madi et al. [33] conducted a numerical study, revealing that 
the direct methane injection into PM led to homogeneous 
mixture formation and a 30% reduction in CO emissions. 
Certain numerical studies have indicated that PM could sig-
nificantly reduce  NOx emissions in PM-equipped engines.

Ehyaei et al. [34] have reported that engine efficiency 
increases by benefiting the PM heat recovery in the combus-
tion process of a typical engine. Cypris et al. [35] utilized an 
electrically heated constant-volume PM reactor and injected 
diesel fuel into it for compression ignition. They argued 
that the combustion pressure peak was lower because of the 
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decrease in combustion temperature, which resulted from 
heat storage in the PM. Therefore, a lower amount of  NOx 
was expected. Experimental investigations on real engines 
have also shown the positive role of PM in decreasing emis-
sions. Some studies have reported a 70% decrease in CO 
and HC emissions, a 27% decline in fuel consumption, and 
insignificant growth in  NOx emission with porous media in 
the air manifold of the Otto engine [36]. In an investigation, 
installing the PM in the piston region of a diesel engine has 
resulted in a decrease in combustion pressure alongside a 
thermal efficiency decrease of around 20% and  NOx emis-
sions reduction [37]. Another experiment with the PM in the 
piston bowl showed a considerable decline in the average 
peak cylinder temperature and pressure. Besides, applying 
PM with  Al2O3 and  ZrO2 materials results in a higher igni-
tion delay than SiC PM [38]. The fuel spray interaction with 
PM can enhance the fuel–air mixture formation and homog-
enization in the combustion chamber [39, 40]. Some experi-
ments have aimed to deepen the understanding of this issue. 
Sohrabiasl et al. [41] proposed using metal PM for fuel spray 
interaction. They reported that the axis line of spray was 
moved upward after interaction with metal PM, and the PM 
with higher pore density showed significant signs of fuel 
rebound from the PM. They didn’t test the performance of 
the metal PM in the combustion process. Shahangian et al. 
[42] conducted an experimental study on diesel combus-
tion in the presence of a ceramic PM and found that the 
maximum combustion pressure was lower with PM. They 
didn’t consider the effects of ambient oxygen on the com-
bustion characteristics. Some experimental studies of the 
spray interaction with the PM have shown that PM poros-
ity plays a critical role in spray formation structure after 
interaction with the PM [28, 43]. Thermodynamic modeling 
studies have also demonstrated that the peak temperature in 

a combustion chamber filled with PM is decreased with the 
reduction in the PM pores diameter [44]. Another signifi-
cant PM characteristic in the fuel spray formation process is 
its permeability. Permeability is a measure of the frictional 
resistance of the medium to fluid flow or, in other terms, 
the drag force of the fluid on the material. When the PM 
porosity decreases, its tortuosity and specific surface area 
increase, resulting in reduced permeability [39, 45].

This study's primary goal is to offer benefits from the 
combined effects of PM application and the addition of 
biodiesel to gasoline for controlling the fuel compression 
ignition in GCI engines, substituting the already suggested 
intricate strategies. In unique experiments, with the pres-
ence of a metal (nickel) PM with pores density of 10 and 
20 pores per inch (PPI), the combustion characteristics of 
gasoline–biodiesel fuel blends containing a 5–15% volume 
fraction of biodiesel were investigated. The material of the 
selected PM is metallic to eliminate the disadvantages of 
the ceramic foams, such as low porosity and closed pores, 
which were used in previous studies. Key parameters were 
measured, including fuel spray-projected area, combus-
tion pressure rise, temperature rise, ignition delay, and heat 
release pattern. These properties are critical for combustion 
and emission control, particularly in GCI engines.

A summary of the most relevant studies available in the 
literature is presented in Tables 1 and 2.

Experimental setup and methodology

Experimental setup

This study utilized a cylindrical steel vessel (CVCC) with 
a diameter and length of 135 mm and a volume of 1.7 L to 

Table 1  Summary of the studies on the gasoline-biodiesel blended fuel performance in GCI combustion mode

Author(s) Research type Main findings

Khoa et al. [4] Experimental Gasoline-biodiesel blended fuel increased the combustion stability in GCI engines
Peng et al. [5] Experimental Port fuel injection/direct injection strategy with EGR could reduce  NOx with the most negligible side 

effects
Singh et al. [6] Experimental Using blended fuel increased engine performance and decreased emissions
Jiang et al. [7] Experimental The GCI engine showed superior performance using gasoline with a research octane number of 70 and 

heating the intake air
Jiang et al. [8] Experimental EGR can significantly lower the GCI engine NOx emissions
Thongchai et al. [15] Experimental The spray penetration length of the gasoline-biodiesel blended fuel with 5% biodiesel was like neat diesel 

fuel
Duy et al. [16] Experimental Increasing biodiesel fraction in the gasoline-biodiesel blended fuel resulted in increased spray penetration
Das et al. [17] Experimental The addition of biodiesel reduced the ignition delay of gasoline compression ignition
Vu et al. [18] Experimental Higher ambient oxygen and temperature reduced the ignition delay of gasoline-biodiesel blended fuel
Zhong et al. [19] Experimental Ignition delay decreases as the quantity of biodiesel increases in the gasoline-biodiesel blended fuel
Nam et al. [21] Experimental Increased ambient temperature and biodiesel proportion in the blended fuel reduced the ignition delay 

time
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investigate the spray and combustion characteristics of the 
blended fuel for the GCI concept. The PM pieces used had 
pore densities of 10 and 20 PPI and were manufactured from 
nickel. They were produced by directional metal solidifi-
cation from a superheated liquid state under an overpres-
sure and high vacuum environment. The PM produced with 
this technique has high porosity (almost 90%) and a highly 
open cell structure, which is appropriate for application in 
the spray process of IC engines. The ring-shaped PM had 
a diameter of 60 mm, thickness of 10 mm, and height of 
20 mm. Figure 1 provides an illustrative representation of 
the CVCC and the PM position in the CVCC, and Fig. 2 
shows an overview of the experimental setup.

Table 3 lists the fuel specifications. The biodiesel in this 
study was produced using a transesterification technique 
from the waste cooking oil (WCO).

A preheating combustion process provided the required 
temperature and pressure conditions for the main fuel 
(blended fuel) compression ignition. During the mixture 
preparation phase of the preheating combustion event, 
electrical heater elements were employed to elevate the 
temperature of the gas mixture confined within the CVCC. 
The initial gas temperature was accurately monitored using 
a type-K thermocouple, and the initial gas pressure was 
measured utilizing an absolute pressure sensor. A vacuum 

pump removed the air inside the CVCC before the mixture 
preparation. The gas pressure fluctuations within the CVCC 
during and after combustion events were monitored using an 
AVL piezoelectric transducer, type GU12P, with less than 
0.3% linearity error (piezoelectric sensors are very stable 
in their long lifetime). The calibration of the pressure sen-
sor was checked by a Druck company pressure calibrator. 
The pressure was recorded with an AVL INDISET 620 data 
acquisition unit, featuring a time resolution of 0.01 ms. The 
fuel was injected into the CVCC by a high-pressure injector 
equipped with eight sac-hole nozzles featuring a 0.12-mm 
orifice.

The CVCC was designed with two glasses to facilitate 
optical observations. The cold spray (non-combusting) injec-
tion process was captured using a Motion Blitz CUBE3 high-
speed camera (maximum resolution: 512 × 512 at 2500 fps) 
using the Schlieren technique. Images were captured at a 
speed of 13,632 fps and a resolution of 160 × 94 pixels.

Experiment conditions and procedure

For the cold spray tests, high-pressure fuel injection was 
conducted through the PM to assess the impacts of the PM 
on the blended fuel spray characteristics. The chamber 
pressure was maintained at 1 atm. The high-speed camera 

Table 2  Summary of the studies on the PM application in the fuel spray and combustion processes

Author(s) Research type Main findings

Shahangian et al. [28] Experimental The fuel spray interaction with the PM resulted in better air entrainment and air–fuel mixture homog-
enization

Zhou et al. [30] Numerical PM application resulted in homogeneous combustion and controlled temperature in the combustion 
chamber

Sharma et al. [31] Numerical The PM application reduced the peak temperature and pressure in IC engines
Liu et al. [32] Numerical The ignition timing in the PM of an IC engine equipped with PM depended primarily on the initial PM 

temperature
Mohammadi et al. [33] Numerical The PM reduced the CO emissions in an IC engine fueled by Methane
Ehyaei et al. [34] Numerical PM could store the heat of the exhaust gas of an IC engine and reuse the heat to expedite the liquid fuel 

evaporation
Cypris et al. [35] Experimental Applying the PM in a combustion chamber reduced the combustion peak pressure
Tangestani et al. [36] Experimental The PM in the air manifold of an Otto engine reduced CO,  CO2, HC emissions, and fuel consumption 

and increased  NOx

Saravanan et al. [37] Experimental The engine efficiency decreased by around 20%, and NOx emissions were reduced by installing the PM 
in the piston

Das et al. [38] Experimental Peak cylinder temperature and pressure by installing the PM in the piston
Dong et al. [39] Numerical PM application enhanced the formation of fuel–air mixtures and homogenization in the combustion 

chamber
Zhao et al. [40] Numerical PM application increased the homogenization of the fuel–air mixtures in the combustion chamber
Sohrabiasl et al. [41] Experimental The PM with high pore density showed significant signs of fuel rebound from the PM when the spray 

interacted with it
Shahangian et al. [42] Experimental Applying the PM in a CVCC reduced the maximum combustion pressure
Shahangian et al. [43] Experimental PM porosity had a significant role in spray formation structure after interaction with the PM
Saghaei et al. [44] Numerical Peak temperature in a combustion chamber filled with PM decreased with the reduction in the diameter 

of the PM pores
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Fig. 1  a Photograph of the 
CVCC, b photograph show-
ing the position of PM in the 
CVCC, and images showing the 
shape of c PM10 and d PM20
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Fig. 2  Schematic of the experimental setup for combustion tests
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recorded the fuel injection process, and MATLAB codes 
were prepared to analyze the resulting images using image 
processing techniques.

In the combustion tests, the pressure and heat required 
for fuel compression ignition of the fuel (engine-like con-
ditions) were generated through the combustion of natural 
gas with the appropriate excess air. The preheating mixture 
with a density of 3.5 kg  m−3 was prepared by the partial 
pressure measurement of the natural gas and a synthetic air 
made of 50% volume  O2 and 50% volume  N2 in the CVCC. 
Subsequently, the mixture was ignited by a spark plug. The 
amount of air was adjusted to ensure the necessary oxygen 
content remained after the combustion of the preheating 
mixture for the primary fuel (gasoline and biodiesel) com-
bustion. EGR was simulated by modifying the  O2 volume 
to 15%. The fuel injection pressure, a determining factor in 
the fuel spray formation, was adjusted to 600 bar to ensure 
the gasoline compression ignition occurrence [19]. The tests 
were conducted at three different temperatures at which the 
fuel injection was started (SOI), namely T1, T2, and T3. The 
temperature range was selected as it falls within the low-
temperature combustion (LTC) range. LTC encompasses the 
combustion process at a lower temperature and sufficiently 
lean to avoid the high  NOx and soot formation zones in CI 
engines [18, 46]. Considering the results of previous exper-
imental studies, the PM pore density, which significantly 
impacts the PM’s spray formation and heat storage capacity, 
was defined as 10 and 20 PPI to meet the PM application 
requirements in the IC engines’ combustion process [27, 42]. 
Since this study intended to investigate the strategies for aid-
ing the gasoline compression ignition in GCI engines, the 
added biodiesel fraction to the blended fuel was 5–15%. This 
amount of biodiesel was sufficient to significantly impact the 
fuel properties, such as lubricity, and combustion behavior, 
such as ignition delay time [17]. The test conditions are sum-
marized in Table 4.

Considering that the gas inside the CVCC is ideal and 
that combustion occurs as a constant-volume process, the 
heat release rate (HRR) can be correlated with the gas pres-
sure using the first law of thermodynamics as described by 
Eq. (1) [42], and the heat transfer to the chamber wall as a 

function of the gas temperature inside the CVCC is esti-
mated using Eq. (2).

In Eqs. (1) and (2), Qn is the net heat release (NHR), 
calculated by measuring the CVCC pressure variation over 
time. Qg is gross heat release (GHR—energy released by the 
fuel combustion), which is calculated by subtracting the heat 
transfer to the CVCC wall from the net heat release, γ = cp/cv, 
Qht is the heat transfer from the CVCC to the ambient 
through the chamber walls, and V is the CVCC volume. The 
heat transfer to the CVCC wall exists all the time, including 
during the precombustion and primary combustion, and is 
mainly a function of the gas temperature inside the CVCC, 
temperature of the CVCC wall, and ambient temperature. 
Therefore, in this work, the heat transfer to the chamber wall 
was assessed by fitting an exponential function of gas tem-
perature by utilizing the data of the gas temperature decrease 
due to the heat transfer to the CVCC wall before the main 
combustion event. Consequently, the gross heat release rate 
(GHRR) is calculated with Eq. (3) yielded by summing the 
net heat release rate (NHRR), which is obtained by measur-
ing the CVCC pressure fluctuations (dP/dt in Eq. 1) and cal-
culating the CVCC heat transfer rate (Eq. 2). As mentioned 
earlier, since the heat transfer rate is a function of the gas 
temperature inside the CVCC, it is calculated individually 
for each condition of the designed experiments.

The three primary sources of uncertainty in these meas-
urements are the repeatability of the preheating gas mix-
ture combination, the opening behavior of the fuel injector 
needle, and the unpredictable turbulent behavior of the fuel 
spray. Five tests were performed under the same experi-
mental conditions to validate the repeatability of the test 

(1)
dQn

dt
=

dQg

dt
−

dQht

dt
=

1

� − 1
V
dP

dt

(2)
dQ

ht

dt
= AeBT

(3)GHRR =
dQg

dt
=

dQn

dt
+

dQht

dt

Table 3  Specifications of fuels

Property Testing standard Unit Value

Gasoline Biodiesel

Density ASTM D4052 g  mL−1 0.760 0.874
Low Heating 

Value
ASTM D240 MJ  Kg−1 43.65 41.97

Sulfur Content ASTM D5453 PPM 18.4 15
Water & Sediment ASTM D2709 vol% –  < 0.01
Water Content ASTM D6304 PPM 95 –

Table 4  Test condition for the combusting fuel spray tests

Property Quantity

Ambient temperature/K T1 ≈ 750, 
T2 ≈ 900, 
T3 ≈ 1050

Injection pressure/bar 600
Injection duration/μs 2000
PM pore density/PPI 10, 20
Biodiesel volume fraction/% 0, 5, 10, 15



7571Experimental study of simultaneous effects of porous medium and biodiesel application on spray…

results. The uncertainty of the experiments was calculated 
for a confidence level of 95% with Eq. (4), where tS is the 
Student’s distribution factor, σ is the standard deviation, N 
is the number of tests, and xm represents the mean value of 
the measurements [47]. The results yielded a standard devia-
tion of 0.06 and an uncertainty of 7.9% for the maximum 
pressure rise.

Results and discussion

Effects of the PM on the blended fuel spray

The spray-projected area is a crucial parameter in fuel atomi-
zation, significantly influencing air–fuel mixing quality, a 
prerequisite for efficient air entrainment. A larger spray 
area implies a greater portion of the injected fuel coming 
into contact with the surrounding air, leading to accelerated 
evaporation of fuel droplets within the combustion cham-
ber [48]. Figure 3 illustrates the penetration of the GB10 
blended fuel spray into the combustion chamber over time. 
The fuel-rich core of the spray remains close to the PM even 
after 3.5 ms for PM20, indicating more pressure loss com-
pared to the PM10 scenario. Signs of the multi-jet splitting 
effect on the fuel spray emphasized by Weclas et al. [49] 
were observed for PM10 when t = 0.4 ms.

Figure 4 presents the projected spray area fraction of 
the total combustion chamber space covered by the pro-
jected spray area when the spray reached the end wall of 
the combustion chamber computed by image processing 

(4)Un(%) =
tS�
√

N

∕xm

techniques and writing a code in MATLAB [50]. The free 
spray reaches the end wall within a mere 0.5 ms, while the 
fuel requires 3.5 ms for the PM case to reach the end wall. 
Biodiesel fuels have higher density, viscosity, and surface 
tension values than gasoline and diesel. Thus, with the 
addition of biodiesel to gasoline fuel, the fuel viscosity 
and density increase. The rise in the viscosity and sur-
face tension of the fuel will increase the spray penetra-
tion length due to resistance against break up. The higher 
density also causes higher momentum flux and promotes 
higher penetration length. However, the higher viscosity 
and density increase the internal losses in the fuel injec-
tor and impose a delay in the start time of fuel exit from 
the injector tip. This delay in the injection start causes the 
gasoline to have greater penetration at the beginning of the 
injection. After a definite time, blended fuel will have a 
higher penetration rate. Comparing the PM cases reveals 
that the fuel dispersion within the space for PM10 is more 
than that for PM20 at 1 ms, but PM20 disperses the fuel 
in the combustion chamber space more than PM10. The 
projected spray area for the blended fuel is lower than 
that of pure gasoline in the free-spray scenario, a con-
sequence of less effective spray breakup, which is con-
sistent with the results reported in previous studies [51]. 
Although the PM application extended the projected area, 
the higher viscosity and density of the blended fuel had 
a detrimental impact on PM performance, particularly in 
the case of higher pore densities. For example, the final 
spray-projected area for the PM20 with a 15% biodiesel 
volume fraction is almost equal to that of free spray with 
the same quantity of biodiesel.

FS

t = 0 ms t = 0.1 ms t = 0.4 ms

PM10

t = 0 ms t = 0.4 ms t = 3.5 ms

PM20

t = 0 ms t = 0.4 ms t = 3.5 ms

Fig. 3  Free spray of GB10 and its interaction with PM over time
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Effects of the PM on the blended fuel combustion 
characteristics

Pressure and temperature rise

The combustion chamber pressure and temperature varia-
tions during the free spray of the gasoline–biodiesel fuel 
blend at three different SOI temperatures are shown in 
Fig. 5. Notably, as the biodiesel volume fraction increased, 
the pressure and temperature in the combustion chamber 
increased significantly. However, as temperature increased 
with the augmentation of the biodiesel volume fraction, the 
differences in pressure and temperature growth became less 
pronounced. The gas pressure rises higher at lower temper-
atures. This increase in pressure is primarily attributed to 
longer ignition delays at lower temperatures, leading to more 
extensive premixed combustion and a higher chamber pres-
sure. Reduced emissions of CO, HC, and particulate mat-
ter are expected when using biodiesel. However, the  NOx 
formation is enhanced due to the increased oxygen content 
in the fuel and high combustion temperature. Notably, the 
actual flame temperature of biodiesel may exceed that of 
fossil fuels. This effect is attributed to lower radiative heat 
transfer from soot through the flame, as biodiesel combus-
tion generates less particulate matter [52].

Figure 6 depicts the effects of adding biodiesel to gasoline 
on the temperature and pressure in the presence of PM. Even 
with applying PM, the pressure and temperature increased 
with the addition of biodiesel. Compared with the free-spray 
cases, PM application almost entirely compensated for the 
consequences of biodiesel addition. The maximum tempera-
ture for the free spray with 15% volume of biodiesel was 
approximately 180 K, whereas the maximum temperature 
was approximately 120 K for PM20. The performance of PM 
in the combustion peak temperature reduction is a good sub-
stitute for high levels of EGR in CI engines, which has the 
intrinsic consequences of high CO emissions and decreased 
fuel conversion efficiency.

Heat release

Figure 7 presents the fuel’s GHRR (gross heat release rate) 
and GHR (gross heat release). The GHRR peak of the 
blended fuel is significantly higher than that of pure gaso-
line. For example, the maximum GHRR at the temperature 
of T3 is 0.18 kJ  ms−1 for the free-spray case, whereas the 
maximum GHRR is 0.31 kJ  ms−1 for the GB10 blended fuel. 
The difference between the peak GHRR diminishes as the 
temperature increases, and the GHR of the blended fuel is 
greater than that of pure gasoline.

When the biodiesel volume fraction increases, some 
factors affect the higher heat release rate. Increasing the 

biodiesel volume fraction enhances the blended fuel den-
sity, resulting in a higher initial injector needle lift. There-
fore, although the blended fuel spray breakup is weaker 
than pure gasoline, pure gasoline's initial mass flow rate 
is less than that of blended fuel. Therefore, the fraction of 
fuel burned in the premixed combustion phase is higher 
for blended fuel. The higher quantity of the fuel burned in 
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premixed combustion mode and the oxygen in the blended 
fuel result in a higher fuel heat release. The impact of 
premixed combustion on heat release regarding the SOI 
temperature is also evident for blended fuel; as the SOI 
temperature increases, the ignition delay decreases, less 
premixed combustion dominates, and therefore, the peak 
heat release is lower for  T3 than  T1.

Figure 8 displays the GHRR and GHR of the fuel blended 
with PM. PM continues to play a pivotal role in extending 
the GHRR. However, for the blended fuel, the rate substan-
tially increased. Although the maximum GHRR of pure gas-
oline is approximately 0.08 kJ  s−1 for PM10 and 0.03 kJ  s−1 
for PM20, with GB10, the corresponding values are 0.11 and 
0.07, respectively. Considering the impact of the PM pore 
density, it is observed that a higher amount of heat absorp-
tion relative to the free-spray and PM10 cases occurs in the 
case of PM20, which results from the higher heat storage 
capacity. The extended heat release for PM20 implies the 
combustion continuation in the broader volume of space and 

within the PM structure, in addition to a gradual release of 
stored heat by the PM. This extended heat release results in 
a more homogenous temperature distribution in the combus-
tion chamber, which is essential for the LTC concept.

Figure 9 illustrates the blended fuel’s net heat release 
(NHR). The NHR increased significantly when the biodiesel 
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volume fraction increased. Moreover, the difference between 
the NHR of the blended fuels decreased as the biodiesel 
fraction increased. For instance, for the PM10 case, although 
the NHR peak for GB5 was 131% higher than GB0, for 
GB15, the maximum NHR was only 3.1% higher than that 
for GB10.

Ignition delay time

The current study defines the ignition delay time as the 
interval between the fuel injection's start and the CVCC 
pressure rise due to fuel ignition. Figure 10a plots the com-
puted ignition delays of pure gasoline with the presence of 
the PM at three SOI temperatures. The pre-ignition reac-
tion rate accelerates as the temperature increases, decreas-
ing ignition delay time. PM application notably influences 
ignition delay growth, which is significantly higher at 
lower temperatures. As the PM pore density increases, the 
ignition delay increases owing to the delay in spray pen-
etration in the combustion chamber, showing the impact 
of the PM structure properties on the combustion. This 

trend indicates that combustion does not occur in the PM 
structure at low temperatures. The non-occurrence of fuel 
combustion in the PM complies with the numerical study 
of Zhao [22], which deduced that the compression ignition 
in the PM structure does not occur at a temperature below 
1000 K. However, as the PM pore density increases at high 
temperatures, the expedited air–fuel mixture preparation 
process, including vaporization, significantly impacts the 
ignition delay time owing to the higher heat capacity of 
the PM. The ignition delay is a strong function of the PM 
structure’s temperature and fuel properties. Thus, higher 
PM structure temperatures can reduce ignition delay by 
expediting fuel evaporation.

Figure 10b plots the ignition delay times for the free-
spray and PM cases with biodiesel addition. Gasoline has 
a high resistance to autoignition, and as expected, the addi-
tion of biodiesel shortens the ignition delay time. In par-
ticular, the biodiesel's oxygen content and the fuel's cetane 
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augmentation were the main factors responsible for the 
decrease in ignition delay. For the free-spray case, adding 
5% biodiesel to gasoline significantly affected the ignition 
delay time, and the ignition delay times for adding 10% and 
15% biodiesel were approximate to that for 5% biodiesel. 
Furthermore, adding biodiesel from 5 to 15% PM signifi-
cantly reduced the ignition delay.

Lengthier ignition delay due to applying PM can provide 
enough time for the mixture preparation process, which is 
crucial for LTC combustion. By using metal PMs such as 
nickel foams used in this study, it is possible to control the 
ignition delay time mostly and impose the desired combus-
tion characteristics such as ignition delay time and lean com-
bustion occurrence by electrical heating of the PM. Besides 
that, the nickel PM has good electrical conductance and heat 
transfer properties, guaranteeing a uniform PM structure 
temperature. It presented good mechanical resistance under 
high-pressure and temperature conditions during the tests of 
this work and showed no sign of failure.

Comparing the effects of the PM application 
on the blended fuel combustion

Considering the effects of PM application and biodiesel 
addition on the combustion characteristics, Table 5 shows 
the quantities of the pressure rise and ignition delay time (the 
ignition delay time is assumed for an engine with a rotational 
speed of 1000 RPM) in different cases and compares them 
with those of the free-spray cases. Considering the incre-
ments in combustion pressure and temperature, the PM had 
diminished the effects of biodiesel addition remarkedly. For 
instance, while a 15% volume fraction of biodiesel addition 
had resulted in a 118% pressure increase in the free-spray 
case, the pressure increase by application of PM20 is around 
52%. The PM also significantly influences the ignition delay 
time. For example, while the decrease in the ignition delay 
time due to a 15% volume fraction of biodiesel addition was 
approximately 63%, the ignition delay time increased only 
5% by application of PM10, which implies that the PM has 
compensated the effects of the biodiesel addition on the igni-
tion delay time. Therefore, considering specific solutions 
proposed in the literature to overcome the emission and per-
formance criteria for GCI engines, the combined effects of 
PM and biodiesel should be regarded seriously.
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Table 5  Effects of PM application on combustion characteristics of blended fuel

Characteristics Case Biodiesel volume fraction

0% 5% 10% 15%

Quantity Variation/% Quantity Variation/% Quantity Variation/% Quantity Variation/%

Pressure rise/bar FS 0.952 – 1.952 105 2.074 118 2.077 118
PM10 0.836 − 12 1.931 103 1.917 101 1.976 107
PM20 0.389 − 59 1.417 49 1.376 44 1.444 52

Ignition delay/
crank angle 
degree

FS 4.98 – 2.28 − 54 1.98 − 60 1.86 − 63
PM10 16.08 223 10.8 117 5.94 19 5.22 5
PM20 18.06 263 15.84 218 14.1 183 12.96 160
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Conclusions

This study investigated the effects of PM application in the 
fuel injection process and biodiesel addition to gasoline on 
fuel spray evolution and compression ignition at different 
temperatures. The main aim of this research was to recom-
mend ideas to tackle the challenges in gasoline compression 
ignition to expedite the development of GCI engines, which 
are more efficient and environmentally friendly than conven-
tional IC engines. The results revealed interesting trends and 
findings regarding the maximum pressure and temperature 
rise, ignition delay time, gross heat release rate, and cumula-
tive gross heat release. The significant findings of this study 
are summarized as follows.

1. The SOI temperature significantly affects the heat 
release of the blended gasoline–biodiesel fuel. In lower 
temperatures, the peak heat release is higher. When the 
temperature increases, the difference between the heat 
release of the blended fuels with different biodiesel frac-
tions diminishes.

2. Although PM application delays the entrance of the fuel 
into the combustion chamber, the interaction of the fuel 
spray with the PM structure yields a better air–fuel mix-
ture and accelerates the air–fuel homogenization. PM 
can play a vital role in improving the poor air–fuel mix-
ing process and spray breakup characteristics of blended 
fuels with biodiesel; this is achieved by dispersing the 
fuel droplets and facilitating the proper space and time 
for air–fuel mixture formation.

3. PM application reduces the combustion pressure and 
temperature, which are crucial for emission control. It 
is mainly due to the heat absorption by the PM struc-
ture. The temperature and pressure decreased by 74% 
concerning the free spray of the GB10 case as the PM 
pore density increased to 20 PPI.

4. PM application increases the ignition delay time. The 
ignition delay time increase is more pronounced with 
an increase in the PM porosity, reaching 263% for the 
PM with a pore density of 20 PPI for GB0 free spray 
and 218% for GB5. Moreover, PM application lowers 
the peak heat release rate and extends the heat release 
duration, resembling homogeneous combustion.

5. The opposite effects of PM and biodiesel on combustion 
characteristics, including ignition delay, pressure rise, 
temperature rise, heat release rate, and fuel spray evo-
lution in the gasoline compression ignition mode, can 
positively affect emissions, specifically those produced 
during the premixed and diffusion-controlled combus-

tion phases. Therefore, incorporating porous media in 
the combustion process of gasoline–biodiesel blended 
fuel can optimize air–fuel mixing and combustion char-
acteristics.

Overall, this paper highlights the current study presented 
the benefits of biodiesel addition to gasoline and PM appli-
cation for controlling gasoline combustion in GCI engines. 
Generally, the biodiesel addition increased the combustion 
peak pressure and temperature and reduced the ignition 
delay time and combustion duration, while the PM applica-
tion had the opposite impact. However, this study had some 
potential limitations. The selection of natural gas for the 
preheating process resulted in high water vapor production, 
necessitating the total CVCC cleansing after each experi-
ment. Substituting natural gas with other gases with less 
hydrogen in the molecular structure will expedite the experi-
ments' performance.

Additionally, although a definite time was allocated for 
the homogeneity of the precombustion gases in the CVCC, 
the temperature inside the CVCC may not have been thor-
oughly homogenous. Performing the tests with a CVCC 
equipped with a mixer will create an ambient with a more 
homogenous temperature inside the CVCC and increase the 
results’ repeatability. Considering the possible effects of the 
injector tip distance with the PM on the fuel spray formation 
and the ambient oxygen concertation (EGR ratio) on the 
combustion characteristics, future works must consider these 
factors as the probable tools to yield a more sophisticated 
strategy for combustion control. Moreover, an optical study 
of the blended fuel in the presence of PM combustion will 
provide more in-depth data on the spray formation and igni-
tion delay of the blended fuel in the CVCC.
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